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PREFACE

In 2017, RIKEN celebrated its 100th year. The Nishina Center’s history goes
back 86 years from the inauguration of Yoshio Nishina’s Laboratory in RIKEN.

At the Centennial Exchange Event held on December 21, a rice pounding festival
was held in front of the RIBF building. We should be proud of the fact that we
have been holding such exchange parties, that is, a barbecue in summer and rice
pounding in winter, for a long time. The Nishina Center has borne the history
of RIKEN for many years beyond our own research that started with the legacy
of Yoshio Nishina. The first cyclotron developed by Nishina and completed in
1937 would now be 80 years old if alive. Its magnet escaped the fate of being
thrown into the sea, has been revived as the magnet of the third cyclotron, and
is currently being displayed at the site of the Japan Radioisotope Association
located in Komagome.

The year 2017 marked the RIKEN Wako campus’ 50th anniversary as well. It
was Wako where our predecessors completed the 4th cyclotron and to which
RIKEN relocated its headquarters. A symbol of RIKEN’s relocation to Wako
and now a monument in front of the fountain, the 4th cyclotron was the sig-
nificant backdrop of the tree planting of the “Nishina Tomoka” cherry blossom
and the unveiling ceremony of the monument commemorating the discovery of
nihonium that took place at the 50th anniversary of the Wako campus held on June 7. Our research, which requires
large-scale facilities, cannot be easily conducted in other places and is therefore prone to becoming highly indigenous.
For this reason, as in the past, we will continue to lead and represent research history at the Wako campus. As a
matter of fact, it has been 30 years since the 5th cyclotron/RIKEN ring cyclotron RRC started its operation.

On December 4 and 5, a symposium commemorating the 10th anniversary of the RIBF was held. It can be said
that our RIBF has attained highly remarkable success over the past 10 years since the 9th cyclotron SRC started
its operation. All of the experimental facilities have been placed as planned. With the beam intensity increasing
every year, the RIBF’s performance is unparalleled in the world. International cooperation is further expanding, with
experimental equipment brought in from across the globe. The highlighted articles of this volume of the Accelerator
Progress Report clearly show the blooming of the RIBF.

So, what will happen in the next ten years? Nuclear research will make a huge leap worldwide. SPIRAL-2 in France,
FAIR in Germany, FRIB in the US, and RAON in Korea will begin operations. Such intense competition will surely
open a new horizon in the field of nuclear research. With these challenges coming our way, we will need to make new
discoveries by taking advantage of our competitive edge and coming up with new research ideas.

On March 14, the “Commemorative Ceremony to Celebrate the Naming of the New Element Nihonium” was held
with his Imperial Highness the Crown Prince in attendance. We were honored to have the Crown Prince give a speech
about how, as a high school student, he had to draw the periodic table on 30 sheets of paper as homework. From
here on, high school students will write “Nh” on the periodic table. With the discovery of nihonium, a supplementary
budget of 4 billion yen has been provided. With this budget, a new experimental building has been built GARIS-2
relocated to the E6 Laboratory and has been running smoothly since December, a good start for the experiment to
search for element 119.

In fiscal year 2018, RIKEN will enter its 4th midterm, which will last for seven years. It is the aim of the Nishina
Center to achieve higher goals, promote the RIBF enhancement plan, and discover elements 119 and 120. Things are
looking good for the future of the Nishina Center. Let us all move forward as one.

Hideto En’yo
Director
RIKEN Nishina Center for Accelerator-Based Science
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I. HIGHLIGHTS OF THE YEAR 
 
 
 
 
 
 
 
 
 
 
 

<< Selection process of highlights >> 
 
Highlights are selected by a two-step process. In the first step, a referee who reviews a manuscript decides 
whether she/he would recommend it as one of the highlights. 
Members of the editorial board then make additional recommendations if they think an important contribution 
has not been recommended by the referee. 
 
The second step involves the editor-in-chief proposing a list of highlights based on the recommendation given 
above to the editorial board. After discussing the scientific merits and uniqueness of the manuscripts from 
viewpoints of experts/non-experts, the editorial board makes the final decision. 





Persistence of the Z = 28 shell gap around 78Ni: first spectroscopy of
79Cu†

L. Olivier,∗1 S. Franchoo,∗1 M. Niikura,∗2 Z. Vajta,∗3 D. Sohler,∗3 P. Doornenbal,∗4 A. Obertelli,∗4,∗5

Y. Tsunoda,∗6 T. Otsuka,∗2,∗4,∗6 G. Authelet,∗5 H. Baba,∗4 D. Calvet,∗5 F. Château,∗5 A. Corsi,∗5 A. Delbart,∗5

J.-M. Gheller,∗5 A. Gillibert,∗5 T. Isobe,∗4 V. Lapoux,∗5 M. Matsushita,∗7 S. Momiyama,∗2 T. Motobayashi,∗4

H. Otsu,∗4 C. Péron,∗5 A. Peyaud,∗5 E. Pollacco,∗5 J.-Y. Roussé,∗5 H. Sakurai,∗2,∗4 C. Santamaria,∗4,∗5

M. Sasano,∗4 Y. Shiga,∗4,∗8 S. Takeuchi,∗4 R. Taniuchi,∗2,∗4 T. Uesaka,∗4 H. Wang,∗4 K. Yoneda,∗4 F. Browne,∗9

L. Chung,∗10 Z. Dombradi,∗3 F. Flavigny,∗1 F. Giacoppo,∗11 A. Gottardo,∗1 K. Hadyńska-Klęk,∗11 Z. Korkulu,∗3

S. Koyama,∗2 Y. Kubota,∗4,∗7 J. Lee,∗12 M. Lettmann,∗13 C. Louchart,∗13 R. Lozeva,∗14 K. Matsui,∗2,∗4

T. Miyazaki,∗2 S. Nishimura,∗4 K. Ogata,∗15 S. Ota,∗7 Z. Patel,∗16 E. Sahin,∗11 C. Shand,∗16 P.-A. Söderström,∗4

I. Stefan,∗1 D. Steppenbeck,∗7 T. Sumikama,∗17,∗4 D. Suzuki,∗1 V. Werner,∗13 J. Wu,∗4,∗18 and Z. Xu∗12

The shell model constitutes one of the main build-
ing blocks of our understanding of nuclear structure.
Its robustness is well proven for nuclei close to the val-
ley of stability, where it successfully predicts and ex-
plains the occurrence of magic numbers. However, the
magic numbers are not universal throughout the nu-
clear chart and their evolution far from stability, ob-
served experimentally over the last decades, has gener-
ated much interest. With 28 protons and 50 neutrons,
the 78Ni nucleus is expected to be one of the most
neutron-rich doubly magic nuclei. Up to now, no evi-
dence has been found for the disappearance of the shell
closures at Z = 28 and N = 50, even if recent stud-
ies hint at a possible weakening of the N = 50 magic
number below 78Ni. The half-life of 78Ni was deter-
mined at 122.2(5.1) ms, rather suggesting a survival of
magicity, and calculations predict a first excited state
in 78Ni above 2 MeV. But so far no information on the
spectroscopy of 78Ni is available and the behavior of
the πf7/2 orbital, of primary importance as one of the
orbitals defining the Z = 28 gap, is elusive. Access to
this hole state is possible through proton transfer or
knock-out reactions.

In our experiment performed at the Radioactive Iso-
tope Beam Factory (RIBF), a 238U beam with an en-
ergy of 345 MeV per nucleon and an average inten-

† Condensed from Phys. Rev. Lett. 119, 192501 (2017)
∗1 IPN, CNRS and University of Paris-Saclay
∗2 Department of Physics, University of Tokyo
∗3 Institute for Nuclear Research, MTA Atomki
∗4 RIKEN Nishina Center
∗5 Irfu, CEA and University of Paris-Saclay
∗6 CNS, University of Tokyo
∗7 CNS, University of Tokyo
∗8 Department of Physics, Rikkyo University
∗9 School of Computing Engineering and Mathematics, Uni-

versity of Brighton
∗10 INST, Vinatom
∗11 Department of Physics, University of Oslo
∗12 Department of Physics, University of Hong Kong
∗13 IKP, Technical University of Darmstadt
∗14 IPHC and University of Strasbourg
∗15 RCNP, Osaka University
∗16 Department of Physics, University of Surrey
∗17 Department of Physics, Tohoku University
∗18 State Key Laboratory of Nuclear Physics and Technology,

University of Peking

sity of 12 pnA was sent on a 3-mm thick 9Be target.
The secondary 80Zn beam, with an average intensity
of 260 particles per second, was selected in the BigRips
separator. The isotopes before and after the secondary
target placed at the end of BigRips were identified
event-by-event in the BigRips and ZeroDegree spec-
trometers, respectively, with the tof-Bρ-∆E method.
The detector set-up installed between the two spectro-
meters was composed of the Minos device mounted
inside the Dali-2 γ-ray multidetector. Minos consisted
of a liquid-hydrogen target of 102 mm long surrounded
by a cylindrical time-projection chamber (TPC). The
79Cu nucleus was produced mainly through proton
knock-out from the incoming 80Zn isotopes, the (p, 3p)
channel contributing with 8%. The emitted protons
were tracked in the TPC, while the beam trajectory
was given by two parallel-plate avalanche counters be-
fore the target. The interaction vertex was recon-
structed with 95% efficiency and 5-mm uncertainty
FWHM along the beam axis. The Dali-2 array, com-
prising 186 NaI scintillator crystals, yielded a photo-
peak efficiency with add-back of 27% and an energy
resolution of σ = 45 keV for a 1 MeV transition emit-
ted at 250 MeV per nucleon.

We carried out the first spectroscopy of 79Cu and
compared the results with MCSM calculations. The
calculations show the restoration of the single-particle
nature of the low-lying states, which is supported by
the experiment. There is no significant knock-out feed-
ing to the excited states below 2.2 MeV, indicating that
the Z = 28 gap remains large. The ability to describe
the 79Cu nucleus as a valence proton outside a 78Ni
core presents us with indirect evidence of the magic
character of the latter.
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Decay properties of neutron-rich nuclei around mass A = 100

S. Nishimura,∗1 A. Algora,∗2 V. Phong,∗3,∗1 S. Go,∗1 J. Liu,∗4,∗1 G. Lorusso,∗5,∗1 K. P. Rykaczewski,∗6

J. L. Tain,∗2 R. K. Grzywacz,∗7 J. Agramunt,∗2,∗1 N. Brewer,∗6 C. Bruno,∗7 R. Caballero-Folch,∗9

T. Davinson,∗8 I. Dillmann,∗9 A. Estrade,∗10 N. Fukuda,∗1 G. Kiss,∗11,∗1 K. Matsui,∗12,∗1 A. I. Morales,∗2

N. Nepal,∗9 A. Tarifeño-Saldivia,∗13 A. Tolosa-Delgado,∗2 R. Yokoyama,∗7 D. S. Ahn,∗1 H. Baba,∗1

F. Calvino,∗13 C. Domingo-Pardo,∗2 T. Isobe,∗1 S. Kubono,∗1 H. Sakurai,∗12,∗1 P.-A. Söderström,∗14,∗1

T. Sumikama,∗1 H. Suzuki,∗1 H. Takeda,∗1 M. Wolińska-Cichocka,∗15 P. Woods,∗8 J. Wu,∗16,∗1

and the BRIKEN Collaboration

The neutron-rich nuclei around the mass A ∼ 100
are expected to have rapid changes in nuclear shapes
and possible shape coexistence. The decay properties
are expected to be sensitive to the structural changes
and are desired to be measured experimentally.1) The
β-decay half-lives T1/2 and the delayed-neutron emis-
sion probabilities Pn in the mass A = 90−125 are con-
sidered as critical physics inputs in the astrophysical
rapid-neutron capture process (r process), where the
underestimation of r-process distribution in the mass
A = 110–125 as well as the origin of elemental devia-
tion of Zr to Cd (Z = 40–48) in the extremely metal-
poor stars are still open questions.2)

The BRIKEN project, which aims to survey sev-
eral hundreds of decay properties toward the neutron
drip-line, has been launched at RIBF. The progeni-
tors of the r-process elements in the mass A = 90–
125 were produced following the projectile fission of a
345 MeV/nucleon 238U beam with primary beam in-
tensity of above 60 pnA. Two data sets centered on
100Br and 115Nb isotopes in the BigRIPS separator
were collected with 2- and 2.5-days of measurement
times, respectively. The selected and identified iso-
topes were transported through the ZeroDegree spec-
trometer and implanted into two types of β-counting
systems, namely WAS3ABi Si array3) and segmented-
YSO scintillation detector,4) which were positioned
in the center of the state-of-the-art neutron detector
BRIKEN at the F11 focal point. BRIKEN consists
of 140 3He neutron proportional counters arranged in
a high-density polyethylene (HDPE: 90×90×75 cm3)
matrix to achieve constant detection efficiency of above
65% up to neutron energies of 1 MeV.5) In addition,
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Fig. 1. Particle-identification plot and the areas of isotopes

for unknown Pn and unknown T1/2, respectively.

two high-purity Ge clover detectors were inserted from
side-holes of the HDPE and placed in closed geome-
try of the β-counters to maximize the γ-ray detection
efficiency. The experiment was conducted successfully
and the problematic backgrounds of neutrons and light
particles were securely reduced by closing the stainless-
steel collimators prepared at the F2 focal plane.
The particle identification plot of the accumulated

measurement is shown in Fig. 1. A careful analysis
of β decay, γ rays, and neutrons in coincident mea-
surement is in progress for one hundred isotopes to de-
duce T1/2, Pn, the multi-neutron emitters (Pxn), new
isomers, and level schemes of low-lying states. These
decay properties are expected to give significant feed-
back to nuclear theories and improve the reliability of
r-process abundance in the network calculations.
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Discovery of new isotopes 81, 82Mo and 85, 86Ru and a determination of
the particle instability of 103Sb†

H. Suzuki,∗1 T. Kubo,∗1 N. Fukuda,∗1 N. Inabe,∗1 D. Kameda,∗1 H. Takeda,∗1 K. Yoshida,∗1 K. Kusaka,∗1

Y. Yanagisawa,∗1 M. Ohtake,∗1 H. Sato,∗1 Y. Shimizu,∗1 H. Baba,∗1 M. Kurokawa,∗1 K. Tanaka,∗1

O. B. Tarasov,∗2 D. P. Bazin,∗2 D. J. Morrissey,∗2 B. M. Sherrill,∗2 K. Ieki,∗3 D. Murai,∗3 N. Iwasa,∗4

A. Chiba,∗4 Y. Ohkoda,∗4 E. Ideguchi,∗5 S. Go,∗5 R. Yokoyama,∗5 T. Fujii,∗5 D. Nishimura,∗6 H. Nishibata,∗7

S. Momota,∗8 M. Lewitowicz,∗9 G. DeFrance,∗9 I. Celikovic,∗9 and K. Steiger∗10

We discovered four new isotopes, 81, 82Mo and
85, 86Ru, using the BigRIPS separator1) at the RIKEN
RI Beam Factory. Furthermore, we obtained the first
clear evidence for the particle instability of 103Sb. The
upper limits of the half-lives of particle-unbound iso-
topes 81Nb, 85Tc, and 103Sb were deduced.

Proton-rich radioactive isotopes (RI) were produced
from a 345-MeV/nucleon 8–9 pnA 124Xe52+ beam im-
pinged on a 4-mm-thick Be target by projectile frag-
mentation. Two BigRIPS settings were conducted; one
is 85Ru setting for producing the RIs with atomic num-
bers Z = 42–44, and the other is 105Te setting for
Z = 51–53. We performed particle identification (PID)
by deducing Z and the mass-to-charge ratio, A/Q, of
the fragments based on the TOF-Bρ-∆E method in
the second stage of the BigRIPS.2)

In the 85Ru setting, four new isotopes 81, 82Mo and
85, 86Ru were observed as shown in Fig. 2 of the original
article†. The numbers of the observed counts were 1, 6,
1, and 35, respectively. To confirm the existence of the
new isotopes, mass number, A, and charge number, Q,
were deduced from TOF and TKE measured between
the F7 and F12 foci downstream of the BigRIPS. Fig-
ure 1 shows the Z vs A − 2Q plot, in which the fully
stripped events were selected. The new isotopes were
clearly observed again. This re-identification strongly
reinforces the discovery of the new isotopes especially
for 81Mo and 85Ru, which were observed only 1 count
each.
The Z vs A/Q PID plot of 105Te setting is shown

in Fig. 2. No new isotopes were observed in this
setting. 103Sb was not observed, although the other
N − Z = +1 isotopes, 99In, 101Sn, and 105Te, were
clearly observed, indicating the particle instability of
103Sb. The upper limit of the half life of 103Sb was

† Condensed from the article in Phys. Rev. C 96, 034604
(2017)
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deduced from its expected production-yield based on
the yield systematics of neighboring isotopes and the
TOF between the target and the F7 focus. Assuming
the observation limit of 1 count, the upper limit of its
half life was deduced to be 46 ns.
The upper limits of the half-lives of 81Nb and 85Tc

were deduced to be 40 and 43 ns, respectively.
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Decay properties of neutron-rich nuclei around mass A = 100

S. Nishimura,∗1 A. Algora,∗2 V. Phong,∗3,∗1 S. Go,∗1 J. Liu,∗4,∗1 G. Lorusso,∗5,∗1 K. P. Rykaczewski,∗6

J. L. Tain,∗2 R. K. Grzywacz,∗7 J. Agramunt,∗2,∗1 N. Brewer,∗6 C. Bruno,∗7 R. Caballero-Folch,∗9

T. Davinson,∗8 I. Dillmann,∗9 A. Estrade,∗10 N. Fukuda,∗1 G. Kiss,∗11,∗1 K. Matsui,∗12,∗1 A. I. Morales,∗2

N. Nepal,∗9 A. Tarifeño-Saldivia,∗13 A. Tolosa-Delgado,∗2 R. Yokoyama,∗7 D. S. Ahn,∗1 H. Baba,∗1

F. Calvino,∗13 C. Domingo-Pardo,∗2 T. Isobe,∗1 S. Kubono,∗1 H. Sakurai,∗12,∗1 P.-A. Söderström,∗14,∗1

T. Sumikama,∗1 H. Suzuki,∗1 H. Takeda,∗1 M. Wolińska-Cichocka,∗15 P. Woods,∗8 J. Wu,∗16,∗1

and the BRIKEN Collaboration

The neutron-rich nuclei around the mass A ∼ 100
are expected to have rapid changes in nuclear shapes
and possible shape coexistence. The decay properties
are expected to be sensitive to the structural changes
and are desired to be measured experimentally.1) The
β-decay half-lives T1/2 and the delayed-neutron emis-
sion probabilities Pn in the mass A = 90−125 are con-
sidered as critical physics inputs in the astrophysical
rapid-neutron capture process (r process), where the
underestimation of r-process distribution in the mass
A = 110–125 as well as the origin of elemental devia-
tion of Zr to Cd (Z = 40–48) in the extremely metal-
poor stars are still open questions.2)

The BRIKEN project, which aims to survey sev-
eral hundreds of decay properties toward the neutron
drip-line, has been launched at RIBF. The progeni-
tors of the r-process elements in the mass A = 90–
125 were produced following the projectile fission of a
345 MeV/nucleon 238U beam with primary beam in-
tensity of above 60 pnA. Two data sets centered on
100Br and 115Nb isotopes in the BigRIPS separator
were collected with 2- and 2.5-days of measurement
times, respectively. The selected and identified iso-
topes were transported through the ZeroDegree spec-
trometer and implanted into two types of β-counting
systems, namely WAS3ABi Si array3) and segmented-
YSO scintillation detector,4) which were positioned
in the center of the state-of-the-art neutron detector
BRIKEN at the F11 focal point. BRIKEN consists
of 140 3He neutron proportional counters arranged in
a high-density polyethylene (HDPE: 90×90×75 cm3)
matrix to achieve constant detection efficiency of above
65% up to neutron energies of 1 MeV.5) In addition,
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Fig. 1. Particle-identification plot and the areas of isotopes

for unknown Pn and unknown T1/2, respectively.

two high-purity Ge clover detectors were inserted from
side-holes of the HDPE and placed in closed geome-
try of the β-counters to maximize the γ-ray detection
efficiency. The experiment was conducted successfully
and the problematic backgrounds of neutrons and light
particles were securely reduced by closing the stainless-
steel collimators prepared at the F2 focal plane.
The particle identification plot of the accumulated

measurement is shown in Fig. 1. A careful analysis
of β decay, γ rays, and neutrons in coincident mea-
surement is in progress for one hundred isotopes to de-
duce T1/2, Pn, the multi-neutron emitters (Pxn), new
isomers, and level schemes of low-lying states. These
decay properties are expected to give significant feed-
back to nuclear theories and improve the reliability of
r-process abundance in the network calculations.
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Discovery of 72Rb: A nuclear sandbank beyond the proton drip line†

H. Suzuki,∗1 L. Sinclair,∗1,∗2 P.-A. Söderström,∗1,∗3,∗4 G. Lorusso,∗1,∗5,∗6 P. Davies,∗2 L. S. Ferreira,∗7

E. Maglione,∗8 R. Wadsworth,∗2 J. Wu,∗1,∗9 Z. Y. Xu,∗10 S. Nishimura,∗1 P. Doornenbal,∗1 D. S. Ahn,∗1

F. Browne,∗1,∗11 N. Fukuda,∗1 N. Inabe,∗1 T. Kubo,∗1 D. Lubos,∗1,∗12 Z. Patel,∗1,∗6 S. Rice,∗1,∗6 Y. Shimizu,∗1

H. Takeda,∗1 H. Baba,∗1 A. Estrade,∗13 Y. Fang,∗14 J. Henderson,∗2 T. Isobe,∗1 D. Jenkins,∗2 S. Kubono,∗1

Z. Li,∗9 I. Nishizuka,∗15 H. Sakurai,∗1,∗10 P. Schury,∗1,∗16 T. Sumikama,∗15,∗1 H. Watanabe,∗17,∗18 and
V. Werner∗19,∗3

We have discovered two new isotopes, 72Rb and 77Zr,
around the proton drip line by using the BigRIPS sep-
arator at the RIKEN RI Beam Factory. 73Rb, which is
an unbound nuclide, was not observed. The observa-
tion of 72Rb, which is an odd-odd nuclide and beyond
the unbound nuclide 73Rb, shows the diffuseness of the
proton drip line and a possibility of “sandbanks” be-
yond it.
Proton-rich radioactive isotopes (RI) with atomic

numbers Z = 35–40 were produced from a 345-
MeV/nucleon 30–35 pnA 124Xe52+ beam impinging on
a 4-mm-thick Be target by projectile fragmentation.
We performed the particle identification (PID) by de-
ducing Z and the mass-to-charge ratio, A/Q, of the
fragments based on the TOF-Bρ-∆E method1) using
the standard detectors in the second stage of the Bi-
gRIPS and F11IC.
The Z vs A/Q PID plot is shown in Fig. 1. One

event of 77Zr and 14 events of 72Rb were clearly ob-
served, while 73Rb was not observed. Assuming yield
systematics of the neighboring nuclei around 73Rb and
its TOF value, the upper limit of the half life was de-
duced to be 81 ns, which is consistent with the previous
result in Ref. 2). The half life of 72Rb was deduced to
be 103(22) ns.
The energies of the emitted protons, Ep, were es-

† Condensed from the article in Phys. Rev. Let. 119, 192503
(2017)
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the limits of known isotopes as of September 2017.
73Rb was evaluated to be a known isotope.3) A proton-

unbound excited state was observed by a beta-delayed

proton decay of 73Sr.4)

timated from the half lives of these proton decays by
using the formalism of proton emission from deformed
nuclei in Refs. 5, 6). In the 72Rb case, a 5+ → 5/2−

proton decay with Ep = 800–900 keV was suggested,
assuming mirror symmetry in the spin-parity. How-
ever, we cannot explicitly exclude the possibility of a
transition of the 9+ → 9/2+ isomeric state with a bro-
ken mirror symmetry. The upper limit of the half life of
73Rb leads to Ep > 600 keV, assuming a 3/2− ground
state from the mirror nuclide. These Ep values agree
well with the values predicted from the atomic mass
evaluation.7,8)

We have estimated the contribution of 73Rb to the
two-proton bypass of 72Kr, which is a waiting point
in the rapid-proton process in an X-ray burst. From
Ep > 600 keV in 73Rb, no two-proton capture occurs,
implying that 72Kr is a strong waiting point in this
nucleosynthetic network.
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Determination of fusion barrier distributions from quasielastic
scattering cross sections towards superheavy nuclei synthesis†

T. Tanaka,∗1,∗2 Y. Narikiyo,∗1,∗2 K. Morita,∗1,∗2 K. Fujita,∗1,∗2 D. Kaji,∗1 K. Morimoto,∗1 S. Yamaki,∗1,∗3

Y. Wakabayashi,∗1 K. Tanaka,∗1,∗4 M. Takeyama,∗1,∗5 A. Yoneda,∗1 H. Haba,∗1 Y. Komori,∗1 S. Yanou,∗1

B. JP. Gall,∗1,∗6 Z. Asfari,∗1,∗6 H. Faure,∗1,∗6 H. Hasebe,∗1 M. Huang,∗1 J. Kanaya,∗1 M. Murakami,1

A. Yoshida,∗1 T. Yamaguchi,∗3 F. Tokanai,∗1,∗7 T. Yoshida,∗1,∗7 S. Yamamoto,∗1,∗2 Y. Yamano,∗1,∗2

K. Watanabe,∗1,∗2 S. Ishizawa,∗1,∗5 M. Asai,∗8 R. Aono,∗9 S. Goto,∗9 K. Katori,∗1 and K. Hagino∗10,∗11

The excitation functions for quasielastic (QE) cross
sections were measured for the reactions relevant to
the synthesis of superheavy nuclei, the 48Ca+208Pb,
50Ti+208Pb, and 48Ca+248Cm systems. Owing to the
excellent performance of the gas-filled-type recoil ion
separator GARIS and the focal plane detector system,
the QE scattering events were effectively separated
from deep-inelastic (DI) events and precise barrier dis-
tributions were deduced for all of these systems.

Coupled-channels calculations1) were performed by
taking into account the couplings to the vibrational
and rotational excitations in the colliding nuclei, as
well as the neutron transfer processes before contact.
The experimental data are well reproduced by the cal-
culations, which demonstrates the importance of in-
cluding channel couplings in all of the systems. The
maxima of the barrier distribution were shown to co-
incide in energy with the peak of the 2n evaporation
residue cross sections2–5) in the reactions of 48Ca and
50Ti on 208Pb target. For the hot fusion reaction, the
evaporation residue cross sections6,7) peak at an en-
ergy well above the barrier region. This clearly sug-
gests that the evaporation residue cross sections are
enhanced at energies that correspond to a compact col-
lision geometry with the projectile impacting the side
of the deformed target nucleus.

From the results presented in this paper, we con-
clude that a measurement of the barrier distribution
provides a powerful tool for understanding the under-
lying reaction dynamics for an unknown very heavy
nuclei. In particular, it provides an effective way to de-
termine the optimal bombarding energy. Importantly,
this determination is independent of theoretical pre-
dictions that may include a large model dependence.
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are for the 48Ca+208Pb, 50Ti+208Pb, and 48Ca+248Cm

systems, respectively. The corresponding QE bar-

rier distribution (middle panels) and the evaporation

residue cross sections reported at different center-of-

mass energies from the syntheses of No, Rf, and Lv

evaporation residues2–7) (lower panels) are also shown.

Red symbols indicate the experimental data from this

work, for which the error bars include only the statis-

tical uncertainty. Green symbols indicate the experi-

mental data for mixed QE and DI events. These data

points provide an upper limit for dσQE/dσR. Blue solid

curves indicate the best fit of the coupled-channels cal-

culation. Blue dashed curves show the results of the

single-channel calculations with the same internuclear

potential as that used for the blue solid lines.
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Discovery of 72Rb: A nuclear sandbank beyond the proton drip line†

H. Suzuki,∗1 L. Sinclair,∗1,∗2 P.-A. Söderström,∗1,∗3,∗4 G. Lorusso,∗1,∗5,∗6 P. Davies,∗2 L. S. Ferreira,∗7

E. Maglione,∗8 R. Wadsworth,∗2 J. Wu,∗1,∗9 Z. Y. Xu,∗10 S. Nishimura,∗1 P. Doornenbal,∗1 D. S. Ahn,∗1

F. Browne,∗1,∗11 N. Fukuda,∗1 N. Inabe,∗1 T. Kubo,∗1 D. Lubos,∗1,∗12 Z. Patel,∗1,∗6 S. Rice,∗1,∗6 Y. Shimizu,∗1

H. Takeda,∗1 H. Baba,∗1 A. Estrade,∗13 Y. Fang,∗14 J. Henderson,∗2 T. Isobe,∗1 D. Jenkins,∗2 S. Kubono,∗1

Z. Li,∗9 I. Nishizuka,∗15 H. Sakurai,∗1,∗10 P. Schury,∗1,∗16 T. Sumikama,∗15,∗1 H. Watanabe,∗17,∗18 and
V. Werner∗19,∗3

We have discovered two new isotopes, 72Rb and 77Zr,
around the proton drip line by using the BigRIPS sep-
arator at the RIKEN RI Beam Factory. 73Rb, which is
an unbound nuclide, was not observed. The observa-
tion of 72Rb, which is an odd-odd nuclide and beyond
the unbound nuclide 73Rb, shows the diffuseness of the
proton drip line and a possibility of “sandbanks” be-
yond it.
Proton-rich radioactive isotopes (RI) with atomic

numbers Z = 35–40 were produced from a 345-
MeV/nucleon 30–35 pnA 124Xe52+ beam impinging on
a 4-mm-thick Be target by projectile fragmentation.
We performed the particle identification (PID) by de-
ducing Z and the mass-to-charge ratio, A/Q, of the
fragments based on the TOF-Bρ-∆E method1) using
the standard detectors in the second stage of the Bi-
gRIPS and F11IC.
The Z vs A/Q PID plot is shown in Fig. 1. One

event of 77Zr and 14 events of 72Rb were clearly ob-
served, while 73Rb was not observed. Assuming yield
systematics of the neighboring nuclei around 73Rb and
its TOF value, the upper limit of the half life was de-
duced to be 81 ns, which is consistent with the previous
result in Ref. 2). The half life of 72Rb was deduced to
be 103(22) ns.
The energies of the emitted protons, Ep, were es-
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73Rb was evaluated to be a known isotope.3) A proton-

unbound excited state was observed by a beta-delayed

proton decay of 73Sr.4)

timated from the half lives of these proton decays by
using the formalism of proton emission from deformed
nuclei in Refs. 5, 6). In the 72Rb case, a 5+ → 5/2−

proton decay with Ep = 800–900 keV was suggested,
assuming mirror symmetry in the spin-parity. How-
ever, we cannot explicitly exclude the possibility of a
transition of the 9+ → 9/2+ isomeric state with a bro-
ken mirror symmetry. The upper limit of the half life of
73Rb leads to Ep > 600 keV, assuming a 3/2− ground
state from the mirror nuclide. These Ep values agree
well with the values predicted from the atomic mass
evaluation.7,8)

We have estimated the contribution of 73Rb to the
two-proton bypass of 72Kr, which is a waiting point
in the rapid-proton process in an X-ray burst. From
Ep > 600 keV in 73Rb, no two-proton capture occurs,
implying that 72Kr is a strong waiting point in this
nucleosynthetic network.
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Direct mass measurement of neutron-rich calcium isotopes, 55–57Ca

S. Michimasa,∗1 M. Kobayashi,∗1 Y. Kiyokawa,∗1 S. Ota,∗1 D. S. Ahn,∗2 H. Baba,∗2 G. P. A. Berg,∗3
M. Dozono,∗1 N. Fukuda,∗2 T. Furuno,∗4 E. Ideguchi,∗5 N. Inabe,∗2 T. Kawabata,∗4 S. Kawase,∗6 K. Kisamori,∗1

K. Kobayashi,∗7 T. Kubo,∗8,∗9 Y. Kubota,∗2 C. S. Lee,∗1 M. Matsushita,∗1 H. Miya,∗1 A. Mizukami,∗10
H. Nagakura,∗7 D. Nishimura,∗11 H. Oikawa,∗10 H. Sakai,∗2 Y. Shimizu,∗2 A. Stolz,∗9 H. Suzuki,∗2 M. Takaki,∗1

H. Takeda,∗2 S. Takeuchi,∗12 H. Tokieda,∗1 T. Uesaka,∗2 K. Yako,∗1 Y. Yamaguchi,∗1 Y. Yanagisawa,∗2
R. Yokoyama,∗13 K. Yoshida,∗2 and S. Shimoura∗1

The mass of atomic nuclei is a fundamental quantity
as it reflects the sum of all interactions within the nu-
cleus, which is a quantum many-body system comprised
of two kinds of fermions, protons and neutrons. Changes
in the shell structures in nuclei far from stability can be
directly probed by mass measurements.

The shell evolution of the neutron 2p1/2 and 1f5/2 or-
bitals in neutron-rich calcium region has attracted much
attention over recent years. The presence of a large sub-
shell gap at N = 34 between the orbitals in the Ca
isotopes was theoretically predicted,1) and the measure-
ment of E(2+1 ) in 54Ca suggested the possible onset of
a sizable subshell closure at N = 34.2) One of the most
critical information on existence of the subshell gap at
N = 34 is the atomic masses of the calcium isotopes
beyond N = 34. We challenged the first mass mea-
surements of neutron-rich Ca isotopes beyond N = 34
to probe shell evolution of the neutron 2p1/2 and 1f5/2
orbitals.

The experiment was performed at the Radioactive Iso-
tope Beam Factory (RIBF) at RIKEN, which is operated
by RIKEN Nishina Center and Center for Nuclear Study,
University of Tokyo. The masses were measured directly
by the TOF-Bρ technique. Neutron-rich isotopes were
produced by fragmentation of a 70Zn primary beam at
345 MeV/nucleon in a 9Be target. The fragments were
separated by the BigRIPS separator,3) and transported
in the High-Resolution Beam Line to the SHARAQ spec-
trometer.4) Details on the experimental setup and anal-
ysis procedure can be found in the previous report.5)

We obtained evolution of the two-neutron separa-
tion energies (S2n) of neutron-rich Ca isotopes from the
atomic masses of 55–57Ca, as shown in Fig. 1. In the fig-
ure, the squares represent the experimental S2n values
determined for the first time. The circles are the liter-
ature values obtained from AME2016.6) The solid lines
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Fig. 1. The two-neutron separation energies in neutron-
rich Ca isotopes. Squares indicate values determined
for the first time, and circles are literature values from
AME2016.6) The solid lines show theoretical predic-
tions.7–10)

indicate the theoretical predictions by using KB3G,7)
MBPT,8) IM-SRG,9) and modified SDPF-MU10) inter-
actions. The empirical energy gaps across the Fermi
surface in nuclei were evaluated by S2n(N)−S2n(N +1)
based on Ref. 11). The empirical energy gap at N = 34
is close to that at N = 32, and slightly smaller than that
at N = 28. Therefore, the experimental result indicates
a sizable energy gap of subshells in 54Ca, which is com-
parable to that at 52Ca. However the gap is not as large
as recent predictions by SDPF-MU and IM-SRG inter-
actions. We are preparing a physics article to report
the shell evolution in neutron-rich Ca isotopes beyond
N = 34.
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Observation of new neutron-rich isotopes among fission fragments
from in-flight fission of 345 MeV/nucleon 238U: search for new

isotopes conducted concurrently with decay measurement campaigns†
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The elucidation of the limit of nuclear existence
is not only one of the fundamental subjects in nu-
clear physics but also a method of understanding
the nature of nuclei. The search for new iso-
topes using the in-flight fission of a 238U beam
was conducted concurrently with decay measure-
ments, during the so-called EURICA campaigns,1)

at the RIKEN Nishina Center RI Beam Factory.
We have identified the following 36 new neutron-rich
isotopes: 104Rb, 113Zr, 116Nb, 118,119Mo, 121,122Tc,
125Ru, 127,128Rh, 129,130,131Pd, 132Ag, 134Cd, 136,137In,
139,140Sn, 141,142Sb, 144,145Te, 146,147I, 149,150Xe,
149,150,151Cs, 153,154Ba, and 154,155,156,157La.
The fission fragments produced via in-flight fission of

the 238U beam were separated and identified in flight
using the BigRIPS separator.2) We ran five different
separator settings, which we refer to as the Sn, Pd,
Rh, Nb, and Te settings, respectively, according to
the subject of each EURICA experiment. The particle
identification (PID) was performed by using the TOF-
Bρ-∆E method,3) in which the mass-to-charge ratio
A/Q and the atomic number Z of fragments were de-
rived by measuring the time of flight (TOF), magnetic
rigidity (Bρ), and energy loss (∆E).
Figure 1 shows a two-dimensional PID plot of Z ver-

sus A/Q for the Sn setting. The red solid lines in
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the figures indicate the boundary between known iso-
topes and new isotopes. The relative root-mean-square
(rms) Z resolutions and the relative rms A/Q resolu-
tions achieved for fully stripped peaks are typically
0.37 and 0.038%, respectively, for the Sn setting. Ow-
ing to the excellent A/Q resolution and background
removal that was achieved, we could clearly identify
new isotopes.
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Direct mass measurement of neutron-rich calcium isotopes, 55–57Ca
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H. Nagakura,∗7 D. Nishimura,∗11 H. Oikawa,∗10 H. Sakai,∗2 Y. Shimizu,∗2 A. Stolz,∗9 H. Suzuki,∗2 M. Takaki,∗1

H. Takeda,∗2 S. Takeuchi,∗12 H. Tokieda,∗1 T. Uesaka,∗2 K. Yako,∗1 Y. Yamaguchi,∗1 Y. Yanagisawa,∗2
R. Yokoyama,∗13 K. Yoshida,∗2 and S. Shimoura∗1

The mass of atomic nuclei is a fundamental quantity
as it reflects the sum of all interactions within the nu-
cleus, which is a quantum many-body system comprised
of two kinds of fermions, protons and neutrons. Changes
in the shell structures in nuclei far from stability can be
directly probed by mass measurements.

The shell evolution of the neutron 2p1/2 and 1f5/2 or-
bitals in neutron-rich calcium region has attracted much
attention over recent years. The presence of a large sub-
shell gap at N = 34 between the orbitals in the Ca
isotopes was theoretically predicted,1) and the measure-
ment of E(2+1 ) in 54Ca suggested the possible onset of
a sizable subshell closure at N = 34.2) One of the most
critical information on existence of the subshell gap at
N = 34 is the atomic masses of the calcium isotopes
beyond N = 34. We challenged the first mass mea-
surements of neutron-rich Ca isotopes beyond N = 34
to probe shell evolution of the neutron 2p1/2 and 1f5/2
orbitals.

The experiment was performed at the Radioactive Iso-
tope Beam Factory (RIBF) at RIKEN, which is operated
by RIKEN Nishina Center and Center for Nuclear Study,
University of Tokyo. The masses were measured directly
by the TOF-Bρ technique. Neutron-rich isotopes were
produced by fragmentation of a 70Zn primary beam at
345 MeV/nucleon in a 9Be target. The fragments were
separated by the BigRIPS separator,3) and transported
in the High-Resolution Beam Line to the SHARAQ spec-
trometer.4) Details on the experimental setup and anal-
ysis procedure can be found in the previous report.5)

We obtained evolution of the two-neutron separa-
tion energies (S2n) of neutron-rich Ca isotopes from the
atomic masses of 55–57Ca, as shown in Fig. 1. In the fig-
ure, the squares represent the experimental S2n values
determined for the first time. The circles are the liter-
ature values obtained from AME2016.6) The solid lines
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Fig. 1. The two-neutron separation energies in neutron-
rich Ca isotopes. Squares indicate values determined
for the first time, and circles are literature values from
AME2016.6) The solid lines show theoretical predic-
tions.7–10)

indicate the theoretical predictions by using KB3G,7)
MBPT,8) IM-SRG,9) and modified SDPF-MU10) inter-
actions. The empirical energy gaps across the Fermi
surface in nuclei were evaluated by S2n(N)−S2n(N +1)
based on Ref. 11). The empirical energy gap at N = 34
is close to that at N = 32, and slightly smaller than that
at N = 28. Therefore, the experimental result indicates
a sizable energy gap of subshells in 54Ca, which is com-
parable to that at 52Ca. However the gap is not as large
as recent predictions by SDPF-MU and IM-SRG inter-
actions. We are preparing a physics article to report
the shell evolution in neutron-rich Ca isotopes beyond
N = 34.
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Identification of New Neutron-rich Isotopes in the Rare-Earth
Region Produced by 345 MeV/nucleon 238U†

N. Fukuda,∗1 T. Kubo,∗1,∗11 D. Kameda,∗1 N. Inabe,∗1 H. Suzuki,∗1 Y. Shimizu,∗1 H. Takeda,∗1 K. Kusaka,∗1
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N. Iwasa,∗2 A. Chiba,∗2 T. Yamada,∗2 E. Ideguchi,∗3 S. Go,∗3 R. Yokoyama,∗3 T. Fujii,∗3 H. Nishibata,∗4

K. Ieki,∗5 D. Murai,∗5 S. Momota,∗6 D. Nishimura,∗7 Y. Sato,∗8 J. Hwang,∗8 S. Kim,∗8 O. B. Tarasov,∗9

D. J. Morrissey,∗9 and G. Simpson∗10

Searches for new isotopes at the RIKEN RI Beam
Factory1) have been conducted since its commission-
ing in 2007, expanding the region of accessible nu-
clei in the nuclear chart.2–6) To explore the un-
charted region of far-from-stability nuclei, we per-
formed a search for new isotopes in the neutron-
rich rare-earth region using a 345 MeV/nucleon
238U beam with the BigRIPS in-flight separa-
tor.7) We observed a total of 29 new neutron-
rich isotopes: 153Ba, 154,155,156La, 156,157,158Ce,
156,157,158,159,160,161Pr, 162,163Nd, 164,165Pm, 166,167Sm,
169Eu, 171Gd, 173,174Tb, 175,176Dy, 177,178Ho, and
179,180Er.
Neutron-rich nuclei in the rare-earth region were

produced by the in-flight fission of a 345 MeV/nucleon
238U beam with a beryllium target. The intensity of
the 238U beam was approximately 0.2–0.3 particle nA.
The experiment was carried out with two different set-
tings of the BigRIPS separator, each of which was
aimed at the discovery of new neutron-rich isotopes
in the region of atomic number Z of around 59 and
64, which are referred to as the Pr and Gd settings,
respectively. The target thicknesses were 4.0 mm and
4.9 mm for the Pr and Gd settings, respectively. The
particle identification (PID) was performed event-by-
event based on the ∆E-TOF-Bρ method, deducing Z
and the mass-to-charge ratio A/Q of the fragments.8)

Figures 1(a) and 1(b) show the Z vs A/Q PID plots
obtained with the Pr and Gd settings, respectively.
New isotopes are clearly identified in the plots, thanks
to the excellent relative A/Q resolutions of 0.034% and
0.036% for the Pr and Gd settings, respectively.
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Fig. 1. Particle identification plots of Z vs A/Q for the

fragments produced in the 238U + Be reaction at

345 MeV/nucleon: (a) data obtained with the Pr set-

ting during a 54.3-hour measurement period and (b)

data obtained with the Er setting during a 45.8-hour

measurement period. The red lines indicate the known

limit. The new isotopes observed in this work are indi-

cated by the red solid circles.
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Direct mass measurement of a T1/2 = 10 ms nucleus with a relative
precision of 10−7 level

M. Wada,∗1,∗2 Y. Ito,∗2,∗8 P. Schury,∗1 S. Kimura,∗2,∗6 M. Rosenbusch,∗2 D. Kaji,∗2 K. Morimoto,∗2 H. Haba,∗2
S. Ishizawa,∗2,∗4 A. Niwase,∗2,∗3 H. Miyatake,∗1 X. Y. Watanabe,∗1 H. Hirayama,∗1 J. Y. Moon,∗7 A. Takamine,∗2

T. Tanaka,∗3,∗2 K. Morita,∗3,∗2 and H. Wollnik∗5

Comprehensive mass measurement of all available nu-
clides is an important mission for nuclear physics, in par-
ticular for understanding astronomical nucleosynthesis.
So far masses of 2300 nuclei were experimentally deter-
mined with relative precisions of better than 1 ppm while
other 1000 nuclei were identified; however, the masses
are still unknown.1) The half-lives of those unmeasured
nuclei are distributed in a few orders of magnitude, but
dominantly in 10–100 ms range (Fig. 1).

In the past, there were no universal mass spectrome-
ters suited for very short-lived nuclei having half-lives
of ≈10 ms if a relative precision of 10−7 level is re-
quired. We developed a multi-reflection time-of-flight
(MRTOF) mass spectrograph2) to cover the blanc zone
at the GARIS-II facility of RIBF. Fusion-evaporation
products were separated from the primary beam by the
gas filled recoil ion separator and the energetic RI-beams
were then thermalized in a cryogenic gas cell. The ther-
mal ions in the gas cell were extracted by a traveling
wave rf carpet and accumulated in the two stages of a
triplet rf ion trap system. The bunched ions in the trap
were provided to the MRTOF for time of flight mea-
surements. The main purpose of this setup was to mea-
sure relatively long-lived trans uranium elements such
as Md or Es,3) so that the setting was not for quick
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Fig. 3. Plot of mass precision as a function of the half-
life with different mass measurement devices. With the
MRTOF ≈80 nuclides were measured in FY2016–17.3–6)

extraction and short trap sequence. The average trans-
port time from GARIS-II to MRTOF was about 30 ms.
Even with this condition, we could measure the mass
of 219Ra having a half-life of 10 ms with a precision of
2×10−7(Fig. 2).

Figure 3 shows correlations between the mass pre-
cisions and half-lives for various mass spectrometers.
Present 219Ra measurement placed a milestone at the
blanc zone.

References
1) W. J. Huang et al., Chinese Phys. C 41, 030002 (2017).
2) P. Schury et al., Nucl. Instrum. Methods B 335, 39

(2014).
3) Y. Ito et al., Phys. Rev. Lett. 120, 152501 (2018).
4) P. Schury et al., Phys. Rev. C 95, 011305(R) (2017).
5) S. Kimura et al., Int. J. Mass Spectrom. 430, 134 (2018).
6) M. Rosenbusch et al., arXiv: 1801.02823.

Identification of New Neutron-rich Isotopes in the Rare-Earth
Region Produced by 345 MeV/nucleon 238U†

N. Fukuda,∗1 T. Kubo,∗1,∗11 D. Kameda,∗1 N. Inabe,∗1 H. Suzuki,∗1 Y. Shimizu,∗1 H. Takeda,∗1 K. Kusaka,∗1

Y. Yanagisawa,∗1 M. Ohtake,∗1 K. Tanaka,∗1 K. Yoshida,∗1 H. Sato,∗1 H. Baba,∗1 M. Kurokawa,∗1 T. Ohnishi,∗1

N. Iwasa,∗2 A. Chiba,∗2 T. Yamada,∗2 E. Ideguchi,∗3 S. Go,∗3 R. Yokoyama,∗3 T. Fujii,∗3 H. Nishibata,∗4

K. Ieki,∗5 D. Murai,∗5 S. Momota,∗6 D. Nishimura,∗7 Y. Sato,∗8 J. Hwang,∗8 S. Kim,∗8 O. B. Tarasov,∗9

D. J. Morrissey,∗9 and G. Simpson∗10

Searches for new isotopes at the RIKEN RI Beam
Factory1) have been conducted since its commission-
ing in 2007, expanding the region of accessible nu-
clei in the nuclear chart.2–6) To explore the un-
charted region of far-from-stability nuclei, we per-
formed a search for new isotopes in the neutron-
rich rare-earth region using a 345 MeV/nucleon
238U beam with the BigRIPS in-flight separa-
tor.7) We observed a total of 29 new neutron-
rich isotopes: 153Ba, 154,155,156La, 156,157,158Ce,
156,157,158,159,160,161Pr, 162,163Nd, 164,165Pm, 166,167Sm,
169Eu, 171Gd, 173,174Tb, 175,176Dy, 177,178Ho, and
179,180Er.
Neutron-rich nuclei in the rare-earth region were

produced by the in-flight fission of a 345 MeV/nucleon
238U beam with a beryllium target. The intensity of
the 238U beam was approximately 0.2–0.3 particle nA.
The experiment was carried out with two different set-
tings of the BigRIPS separator, each of which was
aimed at the discovery of new neutron-rich isotopes
in the region of atomic number Z of around 59 and
64, which are referred to as the Pr and Gd settings,
respectively. The target thicknesses were 4.0 mm and
4.9 mm for the Pr and Gd settings, respectively. The
particle identification (PID) was performed event-by-
event based on the ∆E-TOF-Bρ method, deducing Z
and the mass-to-charge ratio A/Q of the fragments.8)

Figures 1(a) and 1(b) show the Z vs A/Q PID plots
obtained with the Pr and Gd settings, respectively.
New isotopes are clearly identified in the plots, thanks
to the excellent relative A/Q resolutions of 0.034% and
0.036% for the Pr and Gd settings, respectively.

† Condensed from the article in J. Phys. Soc. Jpn. 87, 014202
(2018)
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Fig. 1. Particle identification plots of Z vs A/Q for the

fragments produced in the 238U + Be reaction at

345 MeV/nucleon: (a) data obtained with the Pr set-

ting during a 54.3-hour measurement period and (b)

data obtained with the Er setting during a 45.8-hour

measurement period. The red lines indicate the known

limit. The new isotopes observed in this work are indi-

cated by the red solid circles.
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Supernova equation of state based on realistic nuclear forces†

H. Togashi,∗1,∗2 K. Nakazato,∗3 Y. Takehara,∗4 S. Yamamuro,∗4 H. Suzuki,∗4 and M. Takano∗2,∗5

The equation of state (EOS) for hot nuclear matter
is one of the main ingredients in astrophysical sim-
ulations, such as core-collapse supernovae, cooling of
protoneutron stars, black hole formations, and binary
neutron star mergers. In order to describe the proper-
ties of nuclear matter in these simulations, a nuclear
EOS table containing various thermodynamic quanti-
ties in wide ranges of the baryon number density nB,
proton fraction Yp, and temperature T is necessary.
Therefore, it is not an easy task to construct a nuclear
EOS suitable for the astrophysical simulations. In fact,
a limited number of nuclear EOSs are currently avail-
able for the core-collapse simulations.1) Furthermore,
high-density uniform matter is treated with the phe-
nomenological models in those EOSs. Under these cir-
cumstances, we have recently constructed a new nu-
clear EOS table based on realistic nuclear forces.2)

For uniform nuclear matter, the EOS is constructed
with the cluster variational method. At zero tempera-
ture, we calculate the energy per nucleon as an expec-
tation value of the realistic nuclear Hamiltonian com-
posed of the Argonne v18 two-body and Urbana IX
three-body potentials with the Jastrow wave function
in the two-body cluster approximation. The obtained
energies for pure neutron matter and symmetric nu-
clear matter are in good agreement with the results
of the more sophisticated Fermi hypernetted chain
(FHNC) variational calculations by Akmal et al.3) At
finite temperature, the free energy per nucleon for uni-
form nuclear matter was calculated with an extension
of the variational method by Schmidt and Pandhari-
pande.4) The obtained results for pure neutron matter
and symmetric nuclear matter are also in good agree-
ment with those obtained using FHNC calculations.5)

For non-uniform nuclear matter, we adopt the
Thomas-Fermi approximation following the method by
Shen et al.6) In this method, non-uniform nuclear mat-
ter is assumed to be a mixture of free neutrons, free
protons, alpha particles, and a single species of heavy
nuclei that is located at the center of a Wigner-Seitz
cell in a body-centered cubic lattice. We then calcu-
late the free energy per nucleon for non-uniform matter
by minimizing the average free energy density of the
Wigner-Seitz cell with respect to the parameters spec-
ifying the density distributions of particles in the cell.

† Condensed from the article in Nucl. Phys. A 961, 78 (2017).
∗1 RIKEN Nishina Center
∗2 Waseda Research Institute for Science and Engineering,

Waseda University
∗3 Faculty of Arts and Science, Kyushu University
∗4 Department of Physics, Tokyo University of Science
∗5 Department of Pure and Applied Physics, Waseda Univer-

sity

Table 1. Ranges of temperature T , proton fraction Yp, and

baryon mass density ρB in the table of the variational

EOS. At the top of the last column, “+1” represents

the case at T = 0 MeV.

Parameter Min Max Mesh Number

log10(T ) [MeV] −1.00 2.60 0.04 91 + 1

Yp 0 0.65 0.01 66

log10(ρB) [g/cm
3] 5.1 16.0 0.1 110

Finally, we determine the thermodynamically favor-
able state for each nB, Yp, and T , by comparing the
free energy for non-uniform nuclear matter with that
for uniform nuclear matter. The obtained free energy
and related thermodynamic quantities are tabulated in
ranges of nB, Yp, and T , as shown in Table 1. Here,
the baryon mass density ρB is defined as ρB = munB

with mu being the atomic mass unit.
The obtained EOS for various nB, Yp, and T is rea-

sonable as compared with the Shen EOS.6) It is also
found that the critical temperature with respect to the
liquid–gas phase transition decreases more moderately
with Yp for our EOS. Furthermore, masses of heavy nu-
clides are slightly larger than those of the Shen EOS in
neutron-rich nuclear matter. As reported in Refs. 2, 7),
those results are caused by the fact that the density
derivative coefficient of the symmetry energy L of our
EOS is smaller than that of the Shen EOS.

To the best of our knowledge, this is the first nuclear
EOS for astrophysical simulations based on realistic
nuclear forces. In the near future, we will extend the
present EOS so as to take into account the additional
hyperon degrees of freedom at finite temperature, be-
cause the hyperon mixing is expected to strongly affect
the EOS of dense matter at high densities. In fact, we
have already calculated the EOS of hyperonic matter
at zero temperature by using the cluster variational
method.8)

The EOS table constructed in this study is open for
general use in the studies of nuclear physics and astro-
physics. The complete EOS table is available on the
Web at http://www.np.phys.waseda.ac.jp/EOS/.
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Single electron yields of charm and bottom hadron decays in central
Au+Au collisions at

√
sNN = 200 GeV

K. Nagashima∗1,∗2 for the PHENIX collaboration

Heavy quarks (charm and bottom) are sensitive
probes of the Quark-Gluon Plasma (QGP) created
in high-energy nuclear collisions. The modification
of their phase-space distributions in the QGP reflects
strongly the dynamics because they are generated in
the early stage of collisions, not destroyed by the strong
interaction and subsequently propagate through the
QGP. Therefore, the transport properties of the QGP,
the diffusion coefficient D, can be studied from the
measurements of heavy quarks.
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Fig. 1. The invariant yield of charm and bottom hadron

decay electrons as a function of pT.

The PHENIX collaboration at the Relativistic
Heavy Ion Collider has measured the large modifica-
tion of the momentum and angular distributions of
inclusive heavy flavor decay electrons in the QGP.1)

Recently the silicon vertex detector was installed in
PHENIX to measure precisely the displaced vertices,
where the distribution of the distance of closest ap-
proach (DCA) of the track to the primary vertex allows
the separation of electrons from charm and bottom
hadron decays. PHENIX silicon vertex detector has
achieved a sufficient DCA resolution, approximately
60 µm at pT > 2.5 GeV/c, for the separation because
heavy flavor hadrons have the longer life time, cτ(D0)
= 123 µm, cτ(B0) = 456 µm. PHENIX has estab-

∗1 Department of Physics, Hiroshima University
∗2 RIKEN Nishina Center

lished the unfolding method to a separation of charm
and bottom hadron decay electrons using Bayesian in-
ference techniques applied simultaneously to the yield
and DCA distributions.2)

In 2014–2016, PHENIX collected 20 billion events in
Au+Au at

√
s
NN

= 200 GeV, which is 20 times larger
than the 2011 dataset. This dataset allows to measure
the charm and bottom yields as a function of a colli-
sion centrality and impose a strong constraint on the-
ory. The invariant yield of charm and bottom hadron
decay electrons in the most central Au+Au at

√
sNN =

200 GeV is measured in the 2014 data set as shown in
Fig. 1.
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Fig. 2. The bottom electron fraction as a function of pT
compared to model predictions.

The bottom electron fraction (b→e/c + b→e) is
compared to model predictions as shown in Fig. 2.
Based on model predictions, we find that the diffu-
sion coefficient of QGP is approximately 4 m2/s which
indicates the strong coupling of QGP, and the radia-
tive energy loss model can reproduce well at high pT
(> 5 GeV/c).3)
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Supernova equation of state based on realistic nuclear forces†

H. Togashi,∗1,∗2 K. Nakazato,∗3 Y. Takehara,∗4 S. Yamamuro,∗4 H. Suzuki,∗4 and M. Takano∗2,∗5

The equation of state (EOS) for hot nuclear matter
is one of the main ingredients in astrophysical sim-
ulations, such as core-collapse supernovae, cooling of
protoneutron stars, black hole formations, and binary
neutron star mergers. In order to describe the proper-
ties of nuclear matter in these simulations, a nuclear
EOS table containing various thermodynamic quanti-
ties in wide ranges of the baryon number density nB,
proton fraction Yp, and temperature T is necessary.
Therefore, it is not an easy task to construct a nuclear
EOS suitable for the astrophysical simulations. In fact,
a limited number of nuclear EOSs are currently avail-
able for the core-collapse simulations.1) Furthermore,
high-density uniform matter is treated with the phe-
nomenological models in those EOSs. Under these cir-
cumstances, we have recently constructed a new nu-
clear EOS table based on realistic nuclear forces.2)

For uniform nuclear matter, the EOS is constructed
with the cluster variational method. At zero tempera-
ture, we calculate the energy per nucleon as an expec-
tation value of the realistic nuclear Hamiltonian com-
posed of the Argonne v18 two-body and Urbana IX
three-body potentials with the Jastrow wave function
in the two-body cluster approximation. The obtained
energies for pure neutron matter and symmetric nu-
clear matter are in good agreement with the results
of the more sophisticated Fermi hypernetted chain
(FHNC) variational calculations by Akmal et al.3) At
finite temperature, the free energy per nucleon for uni-
form nuclear matter was calculated with an extension
of the variational method by Schmidt and Pandhari-
pande.4) The obtained results for pure neutron matter
and symmetric nuclear matter are also in good agree-
ment with those obtained using FHNC calculations.5)

For non-uniform nuclear matter, we adopt the
Thomas-Fermi approximation following the method by
Shen et al.6) In this method, non-uniform nuclear mat-
ter is assumed to be a mixture of free neutrons, free
protons, alpha particles, and a single species of heavy
nuclei that is located at the center of a Wigner-Seitz
cell in a body-centered cubic lattice. We then calcu-
late the free energy per nucleon for non-uniform matter
by minimizing the average free energy density of the
Wigner-Seitz cell with respect to the parameters spec-
ifying the density distributions of particles in the cell.

† Condensed from the article in Nucl. Phys. A 961, 78 (2017).
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Table 1. Ranges of temperature T , proton fraction Yp, and

baryon mass density ρB in the table of the variational

EOS. At the top of the last column, “+1” represents

the case at T = 0 MeV.

Parameter Min Max Mesh Number

log10(T ) [MeV] −1.00 2.60 0.04 91 + 1

Yp 0 0.65 0.01 66

log10(ρB) [g/cm
3] 5.1 16.0 0.1 110

Finally, we determine the thermodynamically favor-
able state for each nB, Yp, and T , by comparing the
free energy for non-uniform nuclear matter with that
for uniform nuclear matter. The obtained free energy
and related thermodynamic quantities are tabulated in
ranges of nB, Yp, and T , as shown in Table 1. Here,
the baryon mass density ρB is defined as ρB = munB

with mu being the atomic mass unit.
The obtained EOS for various nB, Yp, and T is rea-

sonable as compared with the Shen EOS.6) It is also
found that the critical temperature with respect to the
liquid–gas phase transition decreases more moderately
with Yp for our EOS. Furthermore, masses of heavy nu-
clides are slightly larger than those of the Shen EOS in
neutron-rich nuclear matter. As reported in Refs. 2, 7),
those results are caused by the fact that the density
derivative coefficient of the symmetry energy L of our
EOS is smaller than that of the Shen EOS.

To the best of our knowledge, this is the first nuclear
EOS for astrophysical simulations based on realistic
nuclear forces. In the near future, we will extend the
present EOS so as to take into account the additional
hyperon degrees of freedom at finite temperature, be-
cause the hyperon mixing is expected to strongly affect
the EOS of dense matter at high densities. In fact, we
have already calculated the EOS of hyperonic matter
at zero temperature by using the cluster variational
method.8)

The EOS table constructed in this study is open for
general use in the studies of nuclear physics and astro-
physics. The complete EOS table is available on the
Web at http://www.np.phys.waseda.ac.jp/EOS/.
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Are two nucleons bound in lattice QCD for heavy quark masses?†

T. Iritani∗1 for HAL QCD Collaboration

The interactions between hadrons are important for
understanding the origin of the matter. These inter-
actions are described by quantum chromodynamics.
There are two approaches to study two-hadron systems
based on lattice QCD. In the direct method, one ex-
tracts the eigenenergy of a two-particle system through
temporal correlation. In the HAL QCD method, po-
tential is determined by spatial correlation.

These two methods should be equivalent. How-
ever, in the previous studies on heavy quarks masses,
deuterons and dineutrons have been found to be bound
in the direct method and unbound in the HAL QCD
method. In a series of papers,1,2) we reported that the
direct method experiences systematic uncertainties re-
sulting from elastic scattering states.

In the direct method, the energy shift is measured
using the temporal correlation where the ground state
is dominant. For example, inelastic excitation can be
neglected around 1 fm. However, in two-particle sys-
tems, there are elastic scattering states, whose gap
is considerably smaller than that of inelastic scatter-
ing states. Typically, ground state saturation requires
O(10) fm. Owing to its slow convergence, one might
misidentify the ground state energy around 1.5 fm.
To resolve such a fake measurement problem, we pro-

pose a simple check of the energy shift (∆EL) using the
scattering phase shift, δ0(k), which is given by

k cot δ0(k) =
1

πL

∑
n⃗∈Z3

1

|n⃗|2 − |kL/(2π)|2
(1)

according to Lüscher’s finite volume formula, where
k is given by ∆EL = 2

√
m2

B + k2 − 2mB in a fi-
nite box of volume L3. The bound state corresponds
to the pole of the S-matrix at k cot δ0(k)|k2=−κ2

0
=

−
√
−k2|k2=−κ2

0
, which is determined by the extrap-

olation of k cot δ0(k) using effective range expansion
(ERE), i.e., k cot δ0(k) ≃ 1/a0 + (1/2)reffk

2 + · · ·. In
addition, the pole satisfies the physical residue condi-
tion by

d

dk2
[k cot δ0(k)]

���
k2=−κ2

0

<
d

dk2

[
−
√
−k2

]���
k2=−κ2

0

. (2)

However, none of the previous works analyze the bound
state correctly based on the finite volume method. We
re-examine their results carefully. For example, Fig. 1
shows the scattering phase shift obtained by Yamazaki
et al.3) for NN(1S0) and NPLQCD Coll.4) for NN(3S1).
The ERE in the upper panel shows singular behavior,
while the EREs in the lower panel are inconsistent with

† Condensed from the article in Physical Review D 96, 034521

(2017)1)
∗1 RIKEN Nishina Center

Fig. 1. Scattering phase shift (Upper) NN(1S0) in Ya-

mazaki et al.3) (Lower) NN(3S1) in NPLQCD Coll.4)

The red (blue) band denotes the fitted ERE for k2 < 0

(k2 > 0).

each other. Moreover, ERE (NPL2015) violates the
physical pole condition. These EREs suggest that the
ground state is not measured correctly. We have con-
cluded that there are serious uncertainties about the
existence of two-nucleon bound states for heavy quark
masses in all previous studies.1)

While the temporal correlation in the direct method
experiences elastic scattering states, we define po-
tential through spatial correlation in the HAL QCD
method, which does not encounter this problem. Fur-
theremore, we show the reliability of the HAL QCD
method.5)
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Origin of the fake eigen energy of the two-baryon system
in lattice QCD†

T. Iritani∗1 for HAL QCD Collaboration

Both the direct and HAL QCD methods are used
to study two-hadron systems in lattice QCD. In previ-
ous studies for large pion masses,2) the direct method
showed that both dineutron and deuteron are bound.
However, the HAL QCD method suggests that these
are unbound. In the series of papers,3,4) we pointed out
that these discrepancies originate from the misidentifi-
cation of the ground state in the direct method due to
the scattering states,3) which can be revealed by some
simple tests using Lüscher’s finite volume formula.4)

In the direct method, one measures the energy eigen-
value. It is estimated by the plateau value of the effec-
tive energy shift, which is given by

∆Eeff(t) ≡
1

a
log

[∑
r⃗

R(r⃗, t)

]/[∑
r⃗

R(r⃗, t+ a)

]
(1)

using the R-correlator

R(r⃗, t) ≡ ⟨0|T{B(x⃗+ r⃗, t)B(x⃗, t)}J (0)|0⟩
{CB(t)}2

, (2)

where J (B) is a source(sink) operator and the baryon
propagator CB(t) ≡ ⟨B(t)B̄(0)⟩. It converges to the
ground state energy at a large time, where the ground
state is saturated. For example, the inelastic state be-
comes negligible around 1 fm, while the elastic exci-
tation in the two-baryon system remains even around
O(10) fm, which causes a fake plateau-like structure
around 1.5 fm in the actual calculations.
Such a fake plateau problem can be checked by the

source dependence.3) Figure 1 shows the effective en-
ergy shift of ΞΞ(1S0) at mπ = 0.51 GeV using the wall
and the smeared sources. There is a plateau-like struc-
ture around t ∼ 15a ≃ 1.5 fm, but it depends on the
source, which means either (or both) of the results is
fake.

Since the time-dependent HAL QCD method uses
both the ground and the scattering states simultane-
ously to extract the interaction, it does not require the
ground-state saturation. In this method, the potential
is defined from the R-correlator, and some systematic
uncertainties are shown to be under control.1)

Using the correct eigen energies ∆En and eigen-
function Ψn(r), which are obtained by solving H ≡
H0 + V (r) with the HAL QCD potential V (r) in the
finite box, the R-correlator is expanded by

R(p⃗ = 0, t)≃
∑
r⃗

∑
n

anΨn(r⃗)e
−∆Ent=

∑
n

bne
−∆Ent (3)
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Fig. 1. The effective energy shift using the wall and the

smeared source for ΞΞ(1S0) at mπ = 0.51 GeV. The

lattice size L = 48 with the lattice spacing a ≃ 0.09 fm.

Fig. 2. Reconstructed ∆Eeff(t) and its convergence.

The contamination coefficients bn are determined from
the orthogonality of Ψn(r⃗).

Figure 2 shows the ∆Eeff(t) reconstructed using a
low-lying bn and ∆En, which well reproduces the fake
plateau. The ground-state saturation of the smeared
source is estimated to be around t ∼ 100a ∼ 10 fm
at L = 48. This result proves the advantages of the
HAL QCD method, and the direct measurement of the
two-baryon system is not practical.
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Are two nucleons bound in lattice QCD for heavy quark masses?†

T. Iritani∗1 for HAL QCD Collaboration

The interactions between hadrons are important for
understanding the origin of the matter. These inter-
actions are described by quantum chromodynamics.
There are two approaches to study two-hadron systems
based on lattice QCD. In the direct method, one ex-
tracts the eigenenergy of a two-particle system through
temporal correlation. In the HAL QCD method, po-
tential is determined by spatial correlation.

These two methods should be equivalent. How-
ever, in the previous studies on heavy quarks masses,
deuterons and dineutrons have been found to be bound
in the direct method and unbound in the HAL QCD
method. In a series of papers,1,2) we reported that the
direct method experiences systematic uncertainties re-
sulting from elastic scattering states.

In the direct method, the energy shift is measured
using the temporal correlation where the ground state
is dominant. For example, inelastic excitation can be
neglected around 1 fm. However, in two-particle sys-
tems, there are elastic scattering states, whose gap
is considerably smaller than that of inelastic scatter-
ing states. Typically, ground state saturation requires
O(10) fm. Owing to its slow convergence, one might
misidentify the ground state energy around 1.5 fm.
To resolve such a fake measurement problem, we pro-

pose a simple check of the energy shift (∆EL) using the
scattering phase shift, δ0(k), which is given by

k cot δ0(k) =
1

πL

∑
n⃗∈Z3

1

|n⃗|2 − |kL/(2π)|2
(1)

according to Lüscher’s finite volume formula, where
k is given by ∆EL = 2

√
m2

B + k2 − 2mB in a fi-
nite box of volume L3. The bound state corresponds
to the pole of the S-matrix at k cot δ0(k)|k2=−κ2

0
=

−
√
−k2|k2=−κ2

0
, which is determined by the extrap-

olation of k cot δ0(k) using effective range expansion
(ERE), i.e., k cot δ0(k) ≃ 1/a0 + (1/2)reffk

2 + · · ·. In
addition, the pole satisfies the physical residue condi-
tion by

d

dk2
[k cot δ0(k)]

���
k2=−κ2

0

<
d

dk2

[
−
√

−k2
]���

k2=−κ2
0

. (2)

However, none of the previous works analyze the bound
state correctly based on the finite volume method. We
re-examine their results carefully. For example, Fig. 1
shows the scattering phase shift obtained by Yamazaki
et al.3) for NN(1S0) and NPLQCD Coll.4) for NN(3S1).
The ERE in the upper panel shows singular behavior,
while the EREs in the lower panel are inconsistent with

† Condensed from the article in Physical Review D 96, 034521

(2017)1)
∗1 RIKEN Nishina Center

Fig. 1. Scattering phase shift (Upper) NN(1S0) in Ya-

mazaki et al.3) (Lower) NN(3S1) in NPLQCD Coll.4)

The red (blue) band denotes the fitted ERE for k2 < 0

(k2 > 0).

each other. Moreover, ERE (NPL2015) violates the
physical pole condition. These EREs suggest that the
ground state is not measured correctly. We have con-
cluded that there are serious uncertainties about the
existence of two-nucleon bound states for heavy quark
masses in all previous studies.1)

While the temporal correlation in the direct method
experiences elastic scattering states, we define po-
tential through spatial correlation in the HAL QCD
method, which does not encounter this problem. Fur-
theremore, we show the reliability of the HAL QCD
method.5)
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Λc → N form factors from lattice QCD and
phenomenology of Λc → n ℓ+νℓ and Λc → pµ+µ− decays†

S. Meinel∗1,∗2

The Λc → N transition form factors are relevant
both for the charged-current decays Λc → n ℓ+νℓ and
for the GIM-suppressed neutral-current decays Λc →
p ℓ+ℓ−. In this work, the first lattice QCD calcula-
tion of the Λc → N form factors was performed, and
predictions were made for the rates and angular distri-
butions of the aforementioned decays. The calculation
was based on lattice gauge field ensembles generated
by the RBC and UKQCD Collaborations,1) with 2+1
flavors of domain wall fermions. Two lattice spacings,
a ≈ 0.11 fm and a ≈ 0.085 fm, and pion masses in
the range 230 MeV ≲ mπ ≲ 350 MeV were used. The
form factors were extrapolated to the continuum limit
and the physical pion mass via modified z expansions.

The Λc → n e+νe differential decay rate predicted
using the form factor results is shown in Fig. 1. This
decay not yet been observed in experiments. The in-
tegrated decay rate obtained here is higher than most
previous theoretical estimates.

In the effective-field-theory analysis, c → u ℓ+ℓ−

decays such as Λc → p µ+µ− receive contributions
both from quark-bilinear operators, whose matrix el-
ements are given by the form factors calculated here,
and from four-quark and gluonic operators2) that con-
tribute through nonlocal matrix elements containing
an additional insertion of the quark electromagnetic
current. For the Λc → p µ+µ− differential branching
fraction, a perturbative treatment of these nonlocal
matrix elements3) yields the blue dashed curve shown
in Fig. 2. It is, however, well known that intermediate
light-meson resonances enhance the matrix elements
of the four-quark operators by several orders of mag-
nitude. A simple Breit-Wigner model for the contribu-
tions from the ρ0, ω, and ϕ resonances gives the orange
curve in Fig. 2.

The LHCb Collaboration recently performed a
search for Λc → p µ+µ− decays,4) and reported an
upper limit of B(Λc → p µ+µ−) < 7.7 × 10−8 in
the dimuon mass region excluding ±40 MeV inter-
vals around mω and mϕ. This measurement constrains
new-physics contributions to the Wilson coefficients C9

and C10 to be of order O(1). While the theoretical pre-
dictions for the Λc → p µ+µ− decay rate are very unre-
liable, the forward-backward asymmetry in the angu-
lar distribution is nonzero only in the presence of new
physics, and a measurement would provide a clean test
of the Standard Model.

† Condensed from the article in arXiv:1712.05783
∗1 RIKEN Nishina Center
∗2 Department of Physics, University of Arizona
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ϕ resonances. Also indicated is the upper limit obtained
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Lattice QCD calculation of neutral D-meson mixing matrix elements†

E. T. Neil∗1,∗2 for the Fermilab Lattice and MILC Collaborations

The various weak decays of heavy quark flavors pro-
vide a stringent test of the electroweak sector of the
Standard Model, and can be of great importance in
constraining models of new physics beyond the Stan-
dard Model (BSM) which have non-trivial flavor struc-
ture.1) In order to interpret experimental results for
these decays, it is essential to disentangle the elec-
troweak or BSM effects of interest from the contri-
butions due to the strong force (QCD). Lattice QCD
provides a way to numerically calculate the required
strong matrix elements at high precision and with full
control of systematic effects.

We consider the process of mixing between the neu-
tral D0 and D̄0 mesons, which is not a decay but
does involve flavor-changing weak processes (the charm
quantum number changes by ∆C = 2 units.) The
presence of down-type quarks in Standard Model con-
tributions to this process through box diagrams allows
D mixing to provide unique and complementary in-
formation on potential new physics compared to kaon
and bottom-quark mixing and decay. Furthermore, the
contributions of bottom quarks to D mixing are highly
suppressed, which in turn suppresses CP violation from
the Standard Model; searches for CP violation in D
mixing are therefore very sensitive to new physics.

Our calculation uses lattice gauge theory to com-
pute the set of five QCD matrix elements O1 through
O5 which contribute to D-mixing. We use a set of
gauge ensembles generated by the MILC collaboration
with Nf = 2+1 dynamical quarks, using the “asqtad”
improved staggered fermion formulation and tadpole-
improved Luscher-Weisz gauge action. We study 14
ensembles with different values for the lattice spacing
a and average pion mass MRMS

π ; global fits using stag-
gered chiral perturbation theory then allow us to ex-
trapolate simultaneously to the physical quark mass
point and the continuum limit.

Following a careful analysis of sources of system-
atic error, we obtain for the five matrix elements
in the MS-NDR scheme at µ = 3 GeV the val-
ues ⟨O1⟩ = 0.0805(55)(16), ⟨O2⟩ = −0.1561(70)(31),
⟨O3⟩ = 0.0464(31)(9), ⟨O4⟩ = 0.2747(129)(55), ⟨O5⟩ =
0.1035(71)(21), where the first error bar shows the
combined statistical and systematic error, and the sec-
ond shows the estimated uncertainty due to quenching
of the charm quark in our simulations.

We can apply our matrix element results to place
constraints on models of new physics, using the exper-
imental measurements3) of D-mixing. As an example,

† Condensed from the article in Phys. Rev. D 97, 3, 034513
(2018)

∗1 RIKEN Nishina Center
∗2 Department of Physics, University of Colorado, Boulder

Fig. 1. Bounds on a specific model of new physics in which

the Higgs has flavor-violating couplings,2) using recent

experimental results on the complex D-mixing param-

eter x12
3) and our new lattice QCD results for the

D-mixing matrix elements. Colored regions are ex-

cluded at the indicated statistical significance. Com-

plex phases of the Yukawa couplings Yuc and Ycu are

marginalized over.

we consider a specific model2) in which the Higgs boson
has flavor-violating couplings to quarks and leptons.
Integrating out the Higgs field at low energy gives an
effective Hamiltonian

HNP
∆C=2 = −Y ⋆

uc
2

2m2
h

O2 −
Y 2
cu

2m2
h

Ō2 −
YcuYuc

m2
h

O4 (1)

where in front of the operators we show Wilson coef-
ficients at the scale mh. The Wilson coefficients are
run down to a renormalization scale of 3 GeV at which
our lattice QCD matrix elements are computed, and
then used to convert to an experimental prediction
for the D-mixing parameter x12 based on the size of
the Yukawa couplings Ycu and Yuc. The resulting con-
straints are shown in Fig. 1.
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Λc → N form factors from lattice QCD and
phenomenology of Λc → n ℓ+νℓ and Λc → pµ+µ− decays†

S. Meinel∗1,∗2

The Λc → N transition form factors are relevant
both for the charged-current decays Λc → n ℓ+νℓ and
for the GIM-suppressed neutral-current decays Λc →
p ℓ+ℓ−. In this work, the first lattice QCD calcula-
tion of the Λc → N form factors was performed, and
predictions were made for the rates and angular distri-
butions of the aforementioned decays. The calculation
was based on lattice gauge field ensembles generated
by the RBC and UKQCD Collaborations,1) with 2+1
flavors of domain wall fermions. Two lattice spacings,
a ≈ 0.11 fm and a ≈ 0.085 fm, and pion masses in
the range 230 MeV ≲ mπ ≲ 350 MeV were used. The
form factors were extrapolated to the continuum limit
and the physical pion mass via modified z expansions.

The Λc → n e+νe differential decay rate predicted
using the form factor results is shown in Fig. 1. This
decay not yet been observed in experiments. The in-
tegrated decay rate obtained here is higher than most
previous theoretical estimates.

In the effective-field-theory analysis, c → u ℓ+ℓ−

decays such as Λc → p µ+µ− receive contributions
both from quark-bilinear operators, whose matrix el-
ements are given by the form factors calculated here,
and from four-quark and gluonic operators2) that con-
tribute through nonlocal matrix elements containing
an additional insertion of the quark electromagnetic
current. For the Λc → p µ+µ− differential branching
fraction, a perturbative treatment of these nonlocal
matrix elements3) yields the blue dashed curve shown
in Fig. 2. It is, however, well known that intermediate
light-meson resonances enhance the matrix elements
of the four-quark operators by several orders of mag-
nitude. A simple Breit-Wigner model for the contribu-
tions from the ρ0, ω, and ϕ resonances gives the orange
curve in Fig. 2.

The LHCb Collaboration recently performed a
search for Λc → p µ+µ− decays,4) and reported an
upper limit of B(Λc → p µ+µ−) < 7.7 × 10−8 in
the dimuon mass region excluding ±40 MeV inter-
vals around mω and mϕ. This measurement constrains
new-physics contributions to the Wilson coefficients C9

and C10 to be of order O(1). While the theoretical pre-
dictions for the Λc → p µ+µ− decay rate are very unre-
liable, the forward-backward asymmetry in the angu-
lar distribution is nonzero only in the presence of new
physics, and a measurement would provide a clean test
of the Standard Model.

† Condensed from the article in arXiv:1712.05783
∗1 RIKEN Nishina Center
∗2 Department of Physics, University of Arizona

0.0 0.5 1.0 1.5

q2 [GeV2]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

d
Γ
/d

q2
/|V

cd
|2

[p
s−

1
G
eV

−2
]

Λc → n e+νe

Fig. 1. The Λc → n e+νe differential decay rate, without

the factor of |Vcd|2.

0.0 0.5 1.0 1.5

q2 [GeV2]

10−14

10−13

10−12

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

d
B/

d
q2

[G
eV

−2
]

LHCb 90% CL
↓

Λc → p µ+µ−

Resonances
Perturbative SM

Fig. 2. The Λc → p µ+µ− differential branching fraction,

calculated using effective Wilson coefficients from per-

turbation theory (blue dashed curve) or using a Breit-

Wigner model for the contributions from the ρ0, ω, and

ϕ resonances. Also indicated is the upper limit obtained

by LHCb.4)

References
1) Y. Aoki et al., (RBC and UKQCD Collaborations),

Phys. Rev. D 83, 074508 (2011).
2) S. de Boer, B. Müller, D. Seidel, J. High Energy Phys.

1608, 091 (2016).
3) S. de Boer, Eur. Phys. J. C 77, 11, 801 (2017).
4) R. Aaij et al., (LHCb Collaboration), arXiv:1712.07938.

- 15 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅰ. HIGHLIGHTS OF THE YEAR



A prototype novel laser-melting sampler for analyzing ice cores
with high depth resolution and high throughput

M. Maruyama,∗1 M. Yumoto,∗1 K. Kase,∗1 K. Takahashi,∗2 Y. Nakai,∗2 S. Wada,∗1 Y. Yano,∗2 and Y. Motizuki∗2

A new facility for analyzing ice cores is being prepared
jointly by the RIKEN Nishina Center Astro-Glaciology
Research Group (AGG) and the RIKEN Center for Ad-
vanced Photonics in Room B35 (50 m2) in the main re-
search building at Wako. The mission of the facility is to
analyze ice cores with high depth (temporal) resolution
and high throughput to obtain concentration profiles of
various isotopes such as 18O/16O and various ions such
as SO4

2− and NO3
−. The ice cores that we study have

been drilled by the Japanese Antarctic Research Expe-
dition (JARE) at Dome Fuji station in East Antarctica.
From the data obtained, one can elucidate the long-term
history of climate changes, and even the history of so-
lar activities and possible supernova explosions in our
galaxy. Such astro-related research was initiated by the
AGG and their activity so far was summarized in the
RIKEN APR special issue.1)

One of the major components of our facility is a newly
installed prefabricated freezer container (3 m wide× 5 m
long × 3 m high). The temperature in the container is
controlled at −20◦C. The inside of this container is par-
titioned into two areas: a storage area where valuable ice
cores are kept clean and frozen, and an ice core sampling
area where a new system (under development) for ap-
plying the laser-melting technique will be installed. The
other components are isotope analyzers and ion chro-
matography systems for measuring the concentrations
of isotopes and ions in the samples collected automat-
ically as described below. They will be placed outside
the container at room temperature.

Figure 1 depicts the schematic diagram of a prototype
laser-melting sampler. The sampler consists of a contin-
uous wave fiber laser (λ =1.55 µm), optical switching
devices, optical fibers (0.25 mm ϕ), needles (0.7 mm ϕ),
and a computer that controls the positions of the sam-
pling nozzles and the motorized stage on which an ice
core is placed. The laser beam delivered by the optical
fiber is radiated on the target ice core surface, and the
melted water of 1 mL (enough volume for precision anal-
ysis) thereby obtained is sucked up through the needle
and transported into a vial bottle by a peristaltic tube
pump at a pressure drop of 1 atm. The needle and the
tube are kept over 0◦C by the heater windings.
We conducted several performance tests for this proto-

type. Figure 2 shows one of the results: holes as small as
2 mm ϕ were made on ice 5 mm apart by laser-melting.
For this performance test, a laser beam with a power of
1 W was irradiated, and the sampling speed was mea-
sured to be 26 min/mL. We are optimizing the irradia-
tion conditions via such performance tests. In addition,

∗1 RIKEN Center for Advanced Photonics
∗2 RIKEN Nishina Center

Fig. 1. A schematic view of the ice-core laser-melting sam-

pler. The bottom image shows a sampling nozzle.

Fig. 2. Photos of a performance test.

we are developing an automated multi-nozzle system to
realize high throughput, which is the mission of our fa-
cility.

The new system obviously has advantages over our
previous work on ice core sampling, which was per-
formed manually using electric band saw machines and
ceramic knifes. Our new technique is different from the
heater-melting continuous flow analysis method2) for the
following reasons: 1) sampling zones, either holes or hor-
izontal planes, are discrete to avoid mixing with each
other, and 2) the amount of sampling ice is adequately
minimized for precision analysis.

This system will make it possible to analyze ice cores
at a high depth resolution of 1 mm scale, which corre-
sponds to the temporal resolution of ∼1 month in the
case of a Dome Fuji ice core. Since the new JARE
ice core drilling project has been approved and is in
progress, it will become possible to study the correla-
tions between climate and solar activity, and the galac-
tic supernova rate of the past 1,000,000 years. We thank
K. Eto and M. Kawada of Tokyo Denki Univ. for helping
us with our measurements.
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Production of vanadium-ion beam from RIKEN 28 GHz SC-ECRIS

Y. Higurashi,∗1 J. Ohnishi,∗1 and T. Nakagawa∗1

Following the last super-heavy element (SHE) (Z =
113) search experiment1) in 2012, an experiment to
search for new SHEs (Z = 119 and 120) was planned
for which intense beams of vanadium (V) and chromium
(Cr) ions were strongly required. Therefore, we started
test experiments to produce a V-ion beam from RIKEN
28 GHz SC-ECRIS.2) The main feature of the ion source
is that it has six solenoid coils for producing a mirror
magnetic field. By using this ion source, we can pro-
duce magnetic-field distributions of various shapes from
classical Bmin to flat Bmin.3)

To produce V vapor, we used a high temperature
oven4) of the same type as that used for the production
of uranium (U) vapor. The metal V was installed in
the crucible of the high-temperature oven and heated
by resistance heating up to ∼1900◦C. This temperature
to obtain sufficient vapor. To avoid the chemical reac-
tion between the metal V and W crucible at the high
temperature, we used a ceramic crucible (Y2O3) as the
W crucible as shown in Fig. 1.

Figure 2 shows the charge state distribution of the
highly charged V-ion beam. To produce plasma, we
used oxygen gas as an ionized gas. Binj, Bmin, Br,
and Bext were 2.3, 0.5, 1.4, and 1.5 T, respectively.
The extraction voltage was 12.6 kV, which is the re-
quired extraction voltage to obtain a V-ion beam of
6.0 MeV/nucleon with the RIKEN ring cyclotron for
the experiment. The injected microwave power and gas
pressure were ∼1.0 kW and ∼7.1 × 10−5 Pa, respec-
tively. We used the two-frequency (18 and 28 GHz)
plasma heating method5) to stabilize the beam inten-
sity. The electric power of the high-temperature oven
was ∼720 W. Under this condition, we produced V13+

of ∼100 eµA. In our recent experiment, we observed
that the emittance of the ion beam was strongly af-
fected by the aberration of the analyzing magnet. To
minimize this effect, we need to provide a focused ion
beam. For this reason, to minimize the emittance, we
optimized the beam size in the analyzing magnet with
a focusing solenoid coil installed after the ion source,
and we obtained beam parameter products of 200 mm
mrad (four rms x-emittance) and 188 mm mrad (four
rms y-emittance) after the analyzing magnet.

In December 2017, a stable V13+ beam of ∼85 eµA
was successfully produced for 15 days without break for
the experiment. The average consumption rate of the
material was ∼1.9 mg/h. Using the present crucible of
the high-temperature oven, metal V of ∼1.6 gr can be
installed. Therefore, it is estimated that one can pro-
duce an intense beam (V13+ of ∼85 eµA) for longer than
one month without break under the present condition.

∗1 RIKEN Nishina Center

Fig. 1. Schematic of the high-temperature oven.

Fig. 2. Charge-state distribution of the highly charged V
ion beam.
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A new facility for analyzing ice cores is being prepared
jointly by the RIKEN Nishina Center Astro-Glaciology
Research Group (AGG) and the RIKEN Center for Ad-
vanced Photonics in Room B35 (50 m2) in the main re-
search building at Wako. The mission of the facility is to
analyze ice cores with high depth (temporal) resolution
and high throughput to obtain concentration profiles of
various isotopes such as 18O/16O and various ions such
as SO4

2− and NO3
−. The ice cores that we study have

been drilled by the Japanese Antarctic Research Expe-
dition (JARE) at Dome Fuji station in East Antarctica.
From the data obtained, one can elucidate the long-term
history of climate changes, and even the history of so-
lar activities and possible supernova explosions in our
galaxy. Such astro-related research was initiated by the
AGG and their activity so far was summarized in the
RIKEN APR special issue.1)

One of the major components of our facility is a newly
installed prefabricated freezer container (3 m wide× 5 m
long × 3 m high). The temperature in the container is
controlled at −20◦C. The inside of this container is par-
titioned into two areas: a storage area where valuable ice
cores are kept clean and frozen, and an ice core sampling
area where a new system (under development) for ap-
plying the laser-melting technique will be installed. The
other components are isotope analyzers and ion chro-
matography systems for measuring the concentrations
of isotopes and ions in the samples collected automat-
ically as described below. They will be placed outside
the container at room temperature.

Figure 1 depicts the schematic diagram of a prototype
laser-melting sampler. The sampler consists of a contin-
uous wave fiber laser (λ =1.55 µm), optical switching
devices, optical fibers (0.25 mm ϕ), needles (0.7 mm ϕ),
and a computer that controls the positions of the sam-
pling nozzles and the motorized stage on which an ice
core is placed. The laser beam delivered by the optical
fiber is radiated on the target ice core surface, and the
melted water of 1 mL (enough volume for precision anal-
ysis) thereby obtained is sucked up through the needle
and transported into a vial bottle by a peristaltic tube
pump at a pressure drop of 1 atm. The needle and the
tube are kept over 0◦C by the heater windings.
We conducted several performance tests for this proto-

type. Figure 2 shows one of the results: holes as small as
2 mm ϕ were made on ice 5 mm apart by laser-melting.
For this performance test, a laser beam with a power of
1 W was irradiated, and the sampling speed was mea-
sured to be 26 min/mL. We are optimizing the irradia-
tion conditions via such performance tests. In addition,

∗1 RIKEN Center for Advanced Photonics
∗2 RIKEN Nishina Center

Fig. 1. A schematic view of the ice-core laser-melting sam-

pler. The bottom image shows a sampling nozzle.

Fig. 2. Photos of a performance test.

we are developing an automated multi-nozzle system to
realize high throughput, which is the mission of our fa-
cility.

The new system obviously has advantages over our
previous work on ice core sampling, which was per-
formed manually using electric band saw machines and
ceramic knifes. Our new technique is different from the
heater-melting continuous flow analysis method2) for the
following reasons: 1) sampling zones, either holes or hor-
izontal planes, are discrete to avoid mixing with each
other, and 2) the amount of sampling ice is adequately
minimized for precision analysis.

This system will make it possible to analyze ice cores
at a high depth resolution of 1 mm scale, which corre-
sponds to the temporal resolution of ∼1 month in the
case of a Dome Fuji ice core. Since the new JARE
ice core drilling project has been approved and is in
progress, it will become possible to study the correla-
tions between climate and solar activity, and the galac-
tic supernova rate of the past 1,000,000 years. We thank
K. Eto and M. Kawada of Tokyo Denki Univ. for helping
us with our measurements.
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Doughnut-shaped gas cell for KEK Isotope Separation System†

Y. Hirayama,∗1 Y.X. Watanabe,∗1 M. Mukai,∗2,∗3,∗1 M. Oyaizu,∗1 M. Ahmed,∗1,∗3 H. Ishiyama,∗4 S.C. Jeong,∗4

Y. Kakiguchi,∗1 S. Kimura,∗2,∗3 J.Y. Moon,∗4 J.H. Park,∗4 P. Schury,∗1 M. Wada,∗1,∗2 and H. Miyatake∗1

We have developed the KEK Isotope Separation
System (KISS)1) to study the β-decay properties of
neutron-rich isotopes with neutron numbers around N
= 126 for astrophysics research.2) KISS uses a laser
ion source to produce pure low-energy ion beams of
neutron-rich isotopes in the region around N = 126,
which are produced in multi-nucleon transfer reactions
by impinging a stable 136Xe beam with an energy of ap-
proximately 10 MeV/nucleon on a 198Pt target.3) The
extraction efficiency from the laser ion source, namely
an argon gas cell, was as low as 0.01%. The low extrac-
tion efficiency stems from the plasma induced by the
primary beam injection into the gas cell, which is be-
lieved to reduce the ionization efficiency and selectivity
of the laser ionized atoms.

It is straightforward to increase the production
yields of unstable nuclei by increasing the primary
beam intensity. However, the plasma effect obstructs
the increase of beam intensity. To overcome the dif-
ficulty, we have developed a doughnut-shaped argon
gas cell with a rotating target. Figure 1 shows a
schematic 3D view of the doughnut-shaped gas cell.
The doughnut-shaped gas cell has an aperture for
transporting the primary beam without entering the
gas cell and a large window (polyimide foil 5 µm
in thickness) for implanting the target-like fragments
(TLFs) recoiling out of a rotating 198Pt target. Ow-
ing to the characteristic large emission angles of TLFs,
the TLFs could be injected into the gas cell with high
efficiency.

To study the performance of the doughnut-shaped
gas cell with a rotating target, we performed
on-line experiments using a 136Xe20+ beam with
10.75 MeV/nucleon and a maximum intensity of
60 pnA. Figure 2 shows the measured extraction yield
of 199Pt+ as a function of primary beam intensity. The
black square and red circles in Fig. 2 indicate the mea-
sured extraction yields with the use of the old and new
gas cells, respectively. The extraction yields were ap-
proximately 20 pps at 20 pnA with the use of the old
gas cell and approximately 260 pps at 50 pnA with
the use of the new doughnut-shaped gas cell. These
results clearly indicate that the doughnut-shaped gas
cell increased the extraction efficiency by suppressing

† Condensed from the article in Nucl. Instr. Meth. B412, 11
(2017)
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cle and Nuclear Studies (IPNS), High Energy Accelerator
Research Organization (KEK)

∗2 RIKEN Nishina Center
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Fig. 1. Schematic view of the doughnut-shaped gas cell.

The colored lines indicate the calculated argon gas flow

trajectories connected to the gas outlet, based on the

exact geometry. The color code indicates the calculated

velocity (m/s) of the argon gas flow. Here, the pressure

of the argon gas was 88 kPa.

the plasma effect. Moreover, we could increase the ex-
traction yields by increasing the primary beam inten-
sity up to 50 pnA owing to the new gas cell. However,
we observed a decrease of the extraction yield as the
primary beam intensity was increased beyond 60 pnA.
This result indicates that we could not completely sup-
press the plasma effect, and further improvements are
required to the KISS gas cell system. This will be the
focus of our future research.

Fig. 2. Measured extraction yields as a function of primary

beam intensity with the use of the old and new gas cells.

Statistical error bars are smaller than the symbols.
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Development of an off-axis electron beam source for cold highly
charged ion generation in a linear combined ion trap

N. Kimura,∗1,∗2 H. Kato,∗3 K. Okada,∗1 N. Nakamura,∗4 N. Ohmae,5 H. Katori,5,∗6 and M. Wada∗7,∗2

Some particular transitions in highly charged ions
(HCI) are sensitive to possible time variation of the
fine structure constant. High-precision spectroscopy
of such transitions can be a new probe for the ver-
ification of fundamental physics.1,2) To perform such
spectroscopy, ion trapping and cooling of HCI are in-
dispensable. Schmöger et al.3) observed Coulomb crys-
tallization of highly charged Ar in a linear RF trap;
however, no spectroscopy has been performed yet. We
designed and constructed a compact cryogenic setup in
which a microscopic electron beam ion trap (µ-EBIT)
and a linear RF trap are enclosed.4) In this setup, HCI
are generated in the µ-EBIT, while laser-cooled Be+

ions are stored in the linear RF trap. Since the two
traps are arranged collinearly, the center axis line must
be reserved for the cooling laser path. Additionally,
preserving the super-high vacuum necessary for storing
HCI precludes the use of any hot electron source. We
developed a cold cathode electron beam source with
an “off-axis” geometry to fulfill such constraints.

Figure 1 shows the geometry of the electron beam
source with electron beam trajectories, which are sim-
ulated by SIMION8.0 code. The cold cathode has a
through hole for the laser path, and a Coniferous Car-
bon Nano Structure (CCNS) is generated on the sur-
face in advance.5) When a high voltage is applied to
the anode, field emission electrons are extracted from
the cathode surface. The emitted electrons fly accord-
ing to the electron optics, and some fraction of them
will reach the trap region with the energy given by the
cathode voltage.

After an aging process was performed by applying
high voltages for a long time under ultra-high vacuum
condition, we obtained an I-V characteristic plot of
the electron beam source, as shown in Fig. 2. The cir-
cle plots represent the electron beam intensity reaching
the trap region and the square plots represent the total
emission from the cold cathode. The electric current
(I ) and voltage (V ) were measured by monitoring the
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power supply output while changing the anode voltage.
The cathode voltage was fixed at 300 V. A typical in-
tensity of >0.1 mA at 300 eV in the trap region with
an efficiency of >50% was achieved.

In order to focus the electron beam in the µ-EBIT,
a strong magnetic field needs to be applied using hand
wound coils of a superconducting wire.4) As the next
step, will generate HCI such as Ho14+ in the µ-EBIT,
and try to crystallize the HCI in the linear RF trap by
sympathetic cooling with laser-cooled Be+.

Fig. 1. Sketch of electron beam source with trajectories

calculated using SIMION 8.0.

Fig. 2. I-V plot of electron beam of 300 eV.
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Doughnut-shaped gas cell for KEK Isotope Separation System†

Y. Hirayama,∗1 Y.X. Watanabe,∗1 M. Mukai,∗2,∗3,∗1 M. Oyaizu,∗1 M. Ahmed,∗1,∗3 H. Ishiyama,∗4 S.C. Jeong,∗4

Y. Kakiguchi,∗1 S. Kimura,∗2,∗3 J.Y. Moon,∗4 J.H. Park,∗4 P. Schury,∗1 M. Wada,∗1,∗2 and H. Miyatake∗1

We have developed the KEK Isotope Separation
System (KISS)1) to study the β-decay properties of
neutron-rich isotopes with neutron numbers around N
= 126 for astrophysics research.2) KISS uses a laser
ion source to produce pure low-energy ion beams of
neutron-rich isotopes in the region around N = 126,
which are produced in multi-nucleon transfer reactions
by impinging a stable 136Xe beam with an energy of ap-
proximately 10 MeV/nucleon on a 198Pt target.3) The
extraction efficiency from the laser ion source, namely
an argon gas cell, was as low as 0.01%. The low extrac-
tion efficiency stems from the plasma induced by the
primary beam injection into the gas cell, which is be-
lieved to reduce the ionization efficiency and selectivity
of the laser ionized atoms.

It is straightforward to increase the production
yields of unstable nuclei by increasing the primary
beam intensity. However, the plasma effect obstructs
the increase of beam intensity. To overcome the dif-
ficulty, we have developed a doughnut-shaped argon
gas cell with a rotating target. Figure 1 shows a
schematic 3D view of the doughnut-shaped gas cell.
The doughnut-shaped gas cell has an aperture for
transporting the primary beam without entering the
gas cell and a large window (polyimide foil 5 µm
in thickness) for implanting the target-like fragments
(TLFs) recoiling out of a rotating 198Pt target. Ow-
ing to the characteristic large emission angles of TLFs,
the TLFs could be injected into the gas cell with high
efficiency.

To study the performance of the doughnut-shaped
gas cell with a rotating target, we performed
on-line experiments using a 136Xe20+ beam with
10.75 MeV/nucleon and a maximum intensity of
60 pnA. Figure 2 shows the measured extraction yield
of 199Pt+ as a function of primary beam intensity. The
black square and red circles in Fig. 2 indicate the mea-
sured extraction yields with the use of the old and new
gas cells, respectively. The extraction yields were ap-
proximately 20 pps at 20 pnA with the use of the old
gas cell and approximately 260 pps at 50 pnA with
the use of the new doughnut-shaped gas cell. These
results clearly indicate that the doughnut-shaped gas
cell increased the extraction efficiency by suppressing

† Condensed from the article in Nucl. Instr. Meth. B412, 11
(2017)
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Fig. 1. Schematic view of the doughnut-shaped gas cell.

The colored lines indicate the calculated argon gas flow

trajectories connected to the gas outlet, based on the

exact geometry. The color code indicates the calculated

velocity (m/s) of the argon gas flow. Here, the pressure

of the argon gas was 88 kPa.

the plasma effect. Moreover, we could increase the ex-
traction yields by increasing the primary beam inten-
sity up to 50 pnA owing to the new gas cell. However,
we observed a decrease of the extraction yield as the
primary beam intensity was increased beyond 60 pnA.
This result indicates that we could not completely sup-
press the plasma effect, and further improvements are
required to the KISS gas cell system. This will be the
focus of our future research.

Fig. 2. Measured extraction yields as a function of primary

beam intensity with the use of the old and new gas cells.

Statistical error bars are smaller than the symbols.
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TINA - a silicon tracker for transfer reactions

P. Schrock,∗1 Y. Beaujeault-Taudiere,∗2 N. Imai,∗1 K. Iribe,∗3 N. Kitamura,∗1 J. H. Ong,∗4 D. Suzuki,∗5

T. Teranishi,∗3 and K. Wimmer∗6

Transfer reactions are powerful tools in nuclear
physics to study the structure of atomic nuclei. In (d, p)
transfer, for instance, one neutron is added to a nu-
cleus populating a single-particle orbital. Respective
measurements reveal important information about the
shell structure, such as the appearance of closed shells
(magic numbers) in exotic nuclear matter.1)

The recently commissioned OEDO beamline2) of
CNS and RIKEN can provide beams with the neces-
sary intensities at low energies (10–20 MeV/nucleon),
offering experimental access to regions of the nuclear
chart that were hitherto inaccessible for (d, p) studies.
To utilize OEDO for transfer reactions, the silicon

detector setup called TINA has been developed and
successfully used in two experiments. TINA is a joint
project of CNS, RCNP Osaka, and RIKEN Nishina
Center. It is designed for the position and energy
measurements of recoiling light particles (protons) from
transfer reactions in inverse kinematics.
The first (existing) version of TINA is shown in

Fig. 1. It consists of six telescopes, each with a YY1-
type silicon strip and CsI detectors. It has been used
at Kyushu University Tandem Accelerator and at the
OEDO facility. At Kyushu, a 12C beam impinged on a
deuterated Ti target.3) The obtained kinematics curve
(energy of YY1 vs. lab angle) of the recoiling light par-
ticles is shown in Fig. 2. Deuterons from elastic scat-
tering as well as protons from transfer to the ground
state and some excited states were observed.

CsICsI YY1YY1

Fig. 1. Photograph of TINA during use in the OEDO Day 0

experiment.
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In the OEDO Day 0 experiment in November 2017,
77,79Se beams were energy-degraded and irradiated onto
a CD2 target. The light recoiling particle identifica-
tion (PID) plot obtained with TINA is shown in Fig. 3,
where the energy loss measured with the silicon detec-
tors are plotted against the remaining energy deposited
in the CsI crystals. Protons, deuterons, and tritons can
clearly be distiguished.
An upgrade to implement highly granular DSSD de-

tectors with GET readout electronics4) is ongoing. The
upgraded TINA will be well-suited for future transfer
studies at OEDO. TINA is also compact enough to be
coupled with 4π γ-ray detector arrays.
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Fig. 2. Kinematics plot of light recoiling particles obtained

with a 12C beam on a deuterated target.
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Fig. 3. PID plot for light reaction products obtained in the

OEDO Day 0 experiment.
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Spot size estimation for laser aiming system of ion microbeam
irradiation using a tapered glass capillary optics

K. Sato,∗1,∗2 T. Ikeda,∗1,∗2 K. Hirose,∗1,∗2 M. Matsubara,∗2 T. Masuyama,∗2 T. Minowa,∗2 and W.-G. Jin∗2

In order to investigate the response of living cells to
radiation, micrometer-sized beams are used to shoot a
small structure inside the cell. A microbeam irradiation
system has been developed at RIKEN, employing MeV
H/He ions generated by the Pelletron accelerator and ta-
pered glass capillary optics, whose beam inlet and outlet
diameters are ∼1 mm and several micrometer, respec-
tively.1) HeLa cells2) and E-coli. cells3) were irradiated
using this system. Since the high accuracy needed to
shoot the targets should be achieved easily, the installa-
tion of an aiming system utilizing laser micro spot has
been scheduled. The capillary can transmit both ions
and laser at the same time. The aiming system provides
the laser microbeam needed to spotlight the target prior
to ion irradiation. When the excitation light of a specific
fluorescent protein or fluorescent dye is selected as the
spotlight, only the labeled target in a microscopic view
will be irradiated by the ion microbeam.

The laser transmission experiments have been carried
out with tapered glass capillary optics in Toho Uni-
versity. The power of the transmitted beam was well-
reproduced by a simulation with a precisely measured
capillary shape.4) The beam power was measured by us-
ing a power meter based on a photodiode whose sensi-
tive area was 10 mm× 10 mm. In order to determine
the laser spot size, a microscopic imaging technique is
needed. Figure 1 shows our method, which records the
spot shape on a fluorescent-bead screen located L mm-
downstream of the capillary outlet; it was set up at the
Quantum Electronics Lab. in Toho Univ., using a laser
beam from an Ar+ laser source (wavelength λ = 488 nm,
CW power = 15 mW). The screen consists of fluorescent
beads, 2 µm in diameter, which can shift the λ from
488 nm (input laser) to around 508 nm (fluorescence).
A band pass filter attached at the eye piece suppresses
the input laser intensity by 10−6, except for λ = 510
with a width of 20 nm. The spot images were taken
by a digital camera and analyzed for L > 1 mm in a
previous work.5)

This year, we introduced another microscope to deter-
mine L precisely and succeeded in achieving measure-
ments of L down to 17 µm, which is short enough to
spotlight the cell targets in the range of 4 MeV He2+ ions
in water. The spot shape for L > 1 mm was similar to
that of a Fraunhofer diffraction pattern, which is known
as the ring images for a parallel laser beam entering a
small aperture. Although a finite beam divergence dur-
ing transmission does not follow the Fraunhofer formula,
the obtained similarity for L > 1 mm inspires Fresnel
pattern for L < 100 µm, where higher-order outer rings

∗1 RIKEN Nishina Center
∗2 Department of Physics, Toho University

Fig. 1. Fluorescent beads, 2 µm in diameter, shift the wave-

length from 488 nm (input laser) to around 508 nm (fluo-

rescence) in order to observe the spot shape at a specific

distance.

Fig. 2. The spot size as a function of the capillary outlet

diameter at L = 17 µm and λ = 488 nm.

are strongly suppressed. This is highly advantageous for
spotlighting a small target. We succeeded in performing
spot size estimation, for the first time, using the precise
L-determination system. Figure 2 shows the results of
spot size as a function of outlet diameter at L = 17 µm.
The full spot width at half (or 20%) maxima for each
spot is represented by a square (or circular) symbol. The
dashed line is a guide to show the case when the spot size
is equal to the outlet size. We confirmed that smaller
spots are obtained for smaller outlet capillaries without
any higher-order rings. The estimation included the cal-
ibration of non-linearity of light intensity at the camera
and the suppression of the halation effect due to cross-
talk between the fluorescent beads. The installation of
the system to a beam line of the Pelletron accelerator is
in progress.
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TINA - a silicon tracker for transfer reactions

P. Schrock,∗1 Y. Beaujeault-Taudiere,∗2 N. Imai,∗1 K. Iribe,∗3 N. Kitamura,∗1 J. H. Ong,∗4 D. Suzuki,∗5

T. Teranishi,∗3 and K. Wimmer∗6

Transfer reactions are powerful tools in nuclear
physics to study the structure of atomic nuclei. In (d, p)
transfer, for instance, one neutron is added to a nu-
cleus populating a single-particle orbital. Respective
measurements reveal important information about the
shell structure, such as the appearance of closed shells
(magic numbers) in exotic nuclear matter.1)

The recently commissioned OEDO beamline2) of
CNS and RIKEN can provide beams with the neces-
sary intensities at low energies (10–20 MeV/nucleon),
offering experimental access to regions of the nuclear
chart that were hitherto inaccessible for (d, p) studies.
To utilize OEDO for transfer reactions, the silicon

detector setup called TINA has been developed and
successfully used in two experiments. TINA is a joint
project of CNS, RCNP Osaka, and RIKEN Nishina
Center. It is designed for the position and energy
measurements of recoiling light particles (protons) from
transfer reactions in inverse kinematics.
The first (existing) version of TINA is shown in

Fig. 1. It consists of six telescopes, each with a YY1-
type silicon strip and CsI detectors. It has been used
at Kyushu University Tandem Accelerator and at the
OEDO facility. At Kyushu, a 12C beam impinged on a
deuterated Ti target.3) The obtained kinematics curve
(energy of YY1 vs. lab angle) of the recoiling light par-
ticles is shown in Fig. 2. Deuterons from elastic scat-
tering as well as protons from transfer to the ground
state and some excited states were observed.

CsICsI YY1YY1

Fig. 1. Photograph of TINA during use in the OEDO Day 0

experiment.
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In the OEDO Day 0 experiment in November 2017,
77,79Se beams were energy-degraded and irradiated onto
a CD2 target. The light recoiling particle identifica-
tion (PID) plot obtained with TINA is shown in Fig. 3,
where the energy loss measured with the silicon detec-
tors are plotted against the remaining energy deposited
in the CsI crystals. Protons, deuterons, and tritons can
clearly be distiguished.
An upgrade to implement highly granular DSSD de-

tectors with GET readout electronics4) is ongoing. The
upgraded TINA will be well-suited for future transfer
studies at OEDO. TINA is also compact enough to be
coupled with 4π γ-ray detector arrays.
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Fig. 2. Kinematics plot of light recoiling particles obtained

with a 12C beam on a deuterated target.

 (MeV)CsIE
5 10 15 20

 (M
eV

)
S

i
E

2

4

6

8

0

5

10

15

20

25

30

35Protons

Deuterons

Tritons

Fig. 3. PID plot for light reaction products obtained in the

OEDO Day 0 experiment.
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Magnetic moments and ordered states in pyrochlore iridates
Nd2Ir2O7 and Sm2Ir2O7 studied by muon-spin relaxation†

R. Asih,∗1,∗2 N. Adam,∗1,∗3 S. S. Mohd-Tajudin,∗1,∗3 D. P. Sari,∗1,∗2 K. Matsuhira,∗4 H. Guo,∗5

M. Wakeshima,∗6 Y. Hinatsu,∗6 T. Nakano,∗2 Y. Nozue,∗2 S. Sulaiman,∗3 M. I. Mohammed-Ibrahim,∗3

P. K. Biswas,∗7 and I. Watanabe∗1,∗2,∗3,∗8

Pyrochlore iridates, R2Ir2O7 (R227, R = Nd, Sm,
Eu, Gd, Tb, Dy, or Ho), which have the relatively
large spin-orbit coupling (SOC) inherent in Ir 5d elec-
trons and a d-f exchange interaction, have been sug-
gested to show peculiar electronic properties.1) R227
also shows metal-insulator transitions (MITs) at TMI,
which seems to be accompanied by magnetic transi-
tions. TMI gradually decreases from 141 K for R = Ho
to 117 K for R = Sm with the increasing ionic radius
of the trivalent R ion. TMI suddenly drops to 33 K for
Nd227, and no MIT is observed in Pr227, which shows
metallic behavior.2) Owing to difficulties in observing
Ir magnetic ordering by means of neutron studies in
these compounds, muon-spin relaxation (µSR) studies
have been proven to directly confirm the appearance
of long-range magnetic ordering (LRO) in some of the
R227 compounds.3–5)

In this study, we investigate the magnetic orderings
and structures of Nd227 and Sm227, which are partic-
ularly important as they lie in the boundary of MIT.
In the case of Nd227, we observed the additional LRO
of Nd moments below 10 K and found a saturated in-
ternal field at the muon site (Hint) of approximately
530 G at 1.5 K, which confirmed indications suggested
by previous neutron scattering6) and µSR studies.5) In
the case of Sm227, spontaneous muon-spin precession
was observed below TMI = 117 K, which indicated the
appearance of LRO of Ir moments below TMI. The
parameters obtained from the fitting to the zero-field
µSR data on Sm227 are shown in Fig. 1. The solid line
in Fig. 1(a) indicates the temperature dependence of
the resistivity, showing a clear transition at TMI. The
internal field at the muon site, Hint, rapidly increases
just below TMI and saturates at the temperature region
between 60 K and 20 K. With further decrease in tem-
perature, Hint decreases below approximately 10 K. As
shown in Fig. 1(b), the relaxation rate λ1 is relatively
constant in the paramagnetic region at T > TMI and
then increases below TMI, forming a peak at approxi-

† Condensed from the article in J. Phys. Soc. Jpn. 86, 024705
(2017)
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Fig. 1. Temperature dependences of (a) internal field at

the muon sites Hint, (b) slow relaxation rate λ1, and

(c) damping rate of the muon-spin precession λ2. The

broken line indicates TMI = 117 K. The area T > TMI

indicates the paramagnetic region. The temperature

dependence of the resistivity of Sm2Ir2O7 is displayed

in (a) by the solid line as a reference MIT.

mately 10 K, which indicates a slowing-down behavior
toward an LRO below this temperature. This, there-
fore, suggests the appearance of the additional LRO of
Sm moments below 10 K. Increases in the damping rate
of the muon-spin precession are also observed below
10 K and near the TMI, as indicated in Fig. 1(c), which
further indicates a broadening of the distribution of
Hint. Dipole-field calculations at the possible muon
stopping site show that the all-in all-out spin struc-
ture most convincingly explained the present µSR re-
sults with the lower limits of the magnetic-ordered mo-
ments determined as 0.12 µB/Ir

4+ and 0.2 µB/Nd
3+

in Nd227 and 0.3 µB/Ir
4+ and 0.1 µB/Sm

3+ in Sm227.
Further analysis indicated that the spin coupling be-
tween Ir and Nd/Sm moments was ferromagnetic for
Nd227 and antiferromagnetic for Sm227.
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Effect of Fe substitution on Cu-spin dynamics in the electron-doped
cuprates Eu2−xCexCuO4+α−δ

Risdiana,∗1 M. Manawan,∗1 Fitrilawati,∗1 L. Safriani,∗1 T. Saragi,∗1 and I. Watanabe∗2

The effect of impurities on the Cu-spin dynamics in
high-Tc cuprates has attracted great research interest
in relation to the mechanism of high-Tc superconductiv-
ity. In the hole-doped cuprates of La2−xSrxCu1−yZnyO4

(LSCZO),1,2) the non-magnetic imputity Zn tends to
slow down the Cu-spin fluctuations in the whole su-
perconducting regime. In the electron-doped cuprates
of the Pr1−xLaCexCu1−yZnyO4,

3) on the other hand,
the time spectra are independent of the Zn con-
centration, which is probably due to the strong ef-
fect of the Pr3+ moment. For Ni substitution ef-
fects, in La2−xSrxCu1−yNiyO4, a hole-trapping ef-
fect together with the stripe-pinning effect of Ni was
clearly observed.4) As an electron doped system, we
prepared samples without the Pr3+ moment, namely
Eu1.85Ce0.15Cu1−yNiyO4+α−δ (ECCNO),5) in order to
clarify the effects of Ni on the Cu-spin dynamics. As
shown in Fig. 1, the development of the Cu-spin correla-
tion is induced at low temperatures through Ni substitu-
tion. Importantly, in the µSR time spectra of ECCNO,
the trace of the development of the Cu-spin correlation
was observed at low temperatures for the Ni-substituted
samples. However, no clear evidence of the Ni substitu-
tion effect on the Cu-spin dynamics has been obtained
yet.

The effect of Fe substitution on Cu-spin dynamics
has attracted much attention owing to the significant
effect of its large magnetic moment on the superconduc-
tivity. In hole-doped systems, it has been found that
the magnetic transition temperature and magnetic cor-
relation are enhanced through 1% Fe substitution in a
wide range of hole concentrations at which supercon-
ductivity appears in Fe-free La2−xSrxCuO4.

6) On the
other hand, the effects of magnetic impurities on the
Cu-spin dynamics in electron-doped systems have not
yet been reported, which prevents us from drawing a
clear conclusion on the relation between the dynami-
cal stripe correlations and superconductivity in electron-
doped cuprates. Therefore, partial substitution by Fe
in electron-doped cuprates is a potential method of us-
ing an impurity to study the Cu-spin dynamics in the
electron-doped system.

Figure 2 shows the µSR time spectra of
Eu1.85+yCe0.15−yCu1−yFeyO4+α−δ (ECCFO) with y =
0.005, 0.01, 0.02, and 0.03 at various temperatures. For
all samples, the spectra show an exponential-type de-
polarization behavior at temperatures below ∼50 K.
Gaussian-type depolarization behavior was only ob-
served at temperatures above ∼200 K, which is higher
than the corresponding temperature of the ECCNO
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Fig. 1. µSR spectra of Eu1.85Ce0.15Cu1−yNiyO4+α−δ with y

= 0, 0.01, 0.02, and 0.05 at various temperatures.5)

Fig. 2. µSR spectra of Eu1.85+yCe0.15−yCu1−yFeyO4+α−δ

with y = 0.005, 0.01, 0.02, and 0.03 at various tempera-

tures.

sample at y = 0.02. These results also indicate the trace
of development of the Cu-spin correlation. The coherent
precession of muon spins are observed below 50 K, sug-
gesting the existence of a static magnetic ground state.
The trace of stabilization of the Cu-spin fluctuations

by Fe substitution indicates a possibility that the stripe
model can globally explain high-Tc superconductivity as
in the case of hole-doped systems.
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metallic behavior.2) Owing to difficulties in observing
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In this study, we investigate the magnetic orderings
and structures of Nd227 and Sm227, which are partic-
ularly important as they lie in the boundary of MIT.
In the case of Nd227, we observed the additional LRO
of Nd moments below 10 K and found a saturated in-
ternal field at the muon site (Hint) of approximately
530 G at 1.5 K, which confirmed indications suggested
by previous neutron scattering6) and µSR studies.5) In
the case of Sm227, spontaneous muon-spin precession
was observed below TMI = 117 K, which indicated the
appearance of LRO of Ir moments below TMI. The
parameters obtained from the fitting to the zero-field
µSR data on Sm227 are shown in Fig. 1. The solid line
in Fig. 1(a) indicates the temperature dependence of
the resistivity, showing a clear transition at TMI. The
internal field at the muon site, Hint, rapidly increases
just below TMI and saturates at the temperature region
between 60 K and 20 K. With further decrease in tem-
perature, Hint decreases below approximately 10 K. As
shown in Fig. 1(b), the relaxation rate λ1 is relatively
constant in the paramagnetic region at T > TMI and
then increases below TMI, forming a peak at approxi-
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Fig. 1. Temperature dependences of (a) internal field at

the muon sites Hint, (b) slow relaxation rate λ1, and

(c) damping rate of the muon-spin precession λ2. The

broken line indicates TMI = 117 K. The area T > TMI

indicates the paramagnetic region. The temperature

dependence of the resistivity of Sm2Ir2O7 is displayed

in (a) by the solid line as a reference MIT.

mately 10 K, which indicates a slowing-down behavior
toward an LRO below this temperature. This, there-
fore, suggests the appearance of the additional LRO of
Sm moments below 10 K. Increases in the damping rate
of the muon-spin precession are also observed below
10 K and near the TMI, as indicated in Fig. 1(c), which
further indicates a broadening of the distribution of
Hint. Dipole-field calculations at the possible muon
stopping site show that the all-in all-out spin struc-
ture most convincingly explained the present µSR re-
sults with the lower limits of the magnetic-ordered mo-
ments determined as 0.12 µB/Ir

4+ and 0.2 µB/Nd3+

in Nd227 and 0.3 µB/Ir
4+ and 0.1 µB/Sm

3+ in Sm227.
Further analysis indicated that the spin coupling be-
tween Ir and Nd/Sm moments was ferromagnetic for
Nd227 and antiferromagnetic for Sm227.
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One-pot three-component double-click method for synthesis of
[67Cu]-labeled biomolecular radiotherapeutics†

K. Fujiki,∗1 S. Yano,∗2 T. Ito,∗3 Y. Kumagai,∗3 Y. Murakami,∗3 O. Kamigaito,∗2 H. Haba,∗2 and K. Tanaka∗1,∗4,∗5

A one-pot three-component double-click process to
prepare tumor-targeting agents for cancer radiother-
apy is described here. By utilizing DOTA (or
NOTA) containing tetrazines (DOTA: 1, 4, 7, 10-
tetraazadodecane-1, 4, 7, 10-tetraacetic acid, NOTA:
1, 4, 7-triazacyclononane-1, 4, 7-triacetic acid) and the
TCO-substituted aldehyde (TCO: trans-cyclooctene),
the two click reactions, the tetrazine ligation (an in-
verse electron-demand Diels-Alder cycloaddition)1) and
the RIKEN click (a rapid 6π-azaelectrocyclization),2–8)

could simultaneously proceed under mild conditions to
afford the covalent attachment of the DOTA or NOTA,
which forms a bioavailable stable complex with copper
(II), to biomolecules such as albumin and anti-IGSF4
antibody without altering their activities (Fig. 1).
Subsequently, the radiolabeling of DOTA- or NOTA-

attached albumin and anti-IGSF4 antibody (a tumor-
targeting antibody) with 67Cu as a promising β−/γ-
e-mitting theranostic radionuclide having a half-life of
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Fig. 1. (a) One-pot three-component click labeling of 
albumin and anti-IGSF4 antibody as a cancer-targeting 
agent. (b) Affinities of intact and labeled anti-IGSF4 
antibodies to IGSF4 analyzed by ELISA. DMF = 
N,N-dimethyl formamide, ELISA = enzyme-linked 
immunosorbent assay. 
 

Subsequently, the radiolabeling of DOTA- or 
NOTA-attached albumin and anti-IGSF4 antibody (a 
tumor-targeting antibody) with 67Cu as a promising β−/γ-e- 
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mitting theranostic radionuclide having a half-life of 62 h, 
which is compatible with radioimmunotherapy, could be 
achieved by mixing DOTA- or NOTA-attached albumin and 
anti-IGSF4 antibody with RIs and subsequent purification 
by Amicon filtration; a separate experiment with 65Zn was 
conducted for comparison (Fig. 2 and Table 1). 67Cu and 
65Zn could be produced in the 70Zn(d,αn)67Cu and 
natCu(d,x)65Zn reactions at the AVF cyclotron. Our work 
provides a new and operationally simple method for 
introducing 67Cu to biomolecules, which is an important 
process for preparing clinically relevant tumor-targeting 
agents. 

Fig. 2. Radiolabelings of DOTA or NOTA-attached 
albumins and anti-IGSF4 antibody. 
 
Table 1. Radiochemical yields (RCY) of 67Cu and 65Zn. 
Entry Chelator-attached 

biomolecules 
Added [65Zn] or 

[67Cu]a 
(Radioactivities) 

RCYb 

(%) 

1 DOTA-albumin 7b [65Zn] (300 kBq) 80 
2 DOTA-albumin 7b [67Cu] (11 MBq) 72 
3 DOTA-anti-IGSF4 

mAb 9a 
[67Cu] (11 MBq) 51 

4 NOTA-albumin 8 [67Cu] (11 MBq) 19 
5 NOTA-anti-IGSF4 

mAb 9b 
[67Cu] (11 MBq) 7 

a) Specific activities of 67Cu and 65Zn were 110 MBq/μg and 
125 MBq/μg, respectively. 
b) RCY (Radiochemical yield) was obtained from the 
radioactivity of the purified radiolabeled product against the 
added [65Zn] or [67Cu]. 
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62 h, which is compatible with radioimmunotherapy,
could be achieved by mixing DOTA- or NOTA-attached
albumin and anti-IGSF4 antibody with RIs and sub-
sequent purification by Amicon filtration; a separate
experiment with 65Zn was conducted for comparison
(Fig. 2 and Table 1). 67Cu and 65Zn could be pro-
duced in the 70Zn(d, αn)67Cu and natCu(d, x)65Zn re-
actions at the AVF cyclotron. Our work provides a new
and operationally simple method for introducing 67Cu to
biomolecules, which is an important process for prepar-
ing clinically relevant tumor-targeting agents.
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Cross section measurement to produce 99Mo through alpha-induced
reactions on natural Zr

T. Murata,∗1,∗2 M. Aikawa,∗2,∗3 M. Saito,∗2,∗3 N. Ukon,∗2,∗4 Y. Komori,∗2 H. Haba,∗2 and S. Takács∗5

Radiopharmaceuticals containing 99mTc (T1/2 =
6.0 h) produced from the decay of 99Mo (T1/2 = 66 h)
are used worldwide for imaging in diagnostic nuclear
medicine. Although nuclear reactors provide sufficient
global supplies of 99Mo, unplanned shutdowns due to
technical issues disrupt these supplies. In addition,
the nuclear waste created by fission reactions in the
nuclear reactors is a problem. Therefore, 99Mo pro-
duction routes other than neutron-induced fission are
needed.

One of the reactions that creates 99Mo is the
96Zr(α,n)99Mo reaction. However, previously obtained
experimental cross section data1,2) and TALYS Eval-
uated Nuclear Data Library (TENDL)3) for this reac-
tion exhibit discrepancies in their peak positions. It
is very important to provide reliable and consistent
cross section data for evaluation of the isotope produc-
tion yields. Therefore, we performed an experiment to
measure the cross sections for this reaction.

The cross sections of the 96Zr(α,n)99Mo reaction
were measured using the standard stacked-foil acti-
vation method and off-line high-resolution high-purity
Germanium (HPGe) γ-ray spectrometry. Natural Zr
foils (purity: 99.2%, thickness: 20.3 µm; Nilaco Corp.,
Japan) having 96Zr isotopic abundance of 2.80% and
natural Ti foils (purity: 99.6%, thickness: 5.3 µm; Ni-
laco Corp., Japan) for the natTi(α,x)51Cr monitor re-
action were stacked together as a target. This stacked
target was then mounted in a target holder that also
served as a Faraday cup, and irradiated by a 51-MeV
alpha beam with an average intensity of 203.6 pnA for
2 h at the RIKEN Azimuthally Varying Field (AVF)
cyclotron. The alpha particle energy in the i-th foil
Ei was derived using the stopping power calculated by
Stopping and Range of Ions in Matter (SRIM) soft-
ware.4)

After a cooling time of 12 h to reduce the back-
grounds, the γ-ray spectra on each foil were mea-
sured using high-resolution γ-ray spectrometry with
a HPGe detector. The characteristic 739-keV γ-line
(Iγ= 12.20%) from the decay of 99Mo in the Zr foils
and the 320-keV γ-line (Iγ= 9.91%) from the decay of
51Cr in the Ti foils were measured to derive the cross
sections of the 96Zr(α,n)99Mo and natTi(α,x)51Cr re-
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∗2 RIKEN Nishina Center
∗3 Graduate School of Biomedical Science and Engineering,

Hokkaido University
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Fig. 1. Experimental cross sections of 96Zr(α,n)99Mo reac-

tion in comparison with previously reported experimen-

tal data and TENDL data.

actions, respectively. The distance between the mea-
sured foil and detector was optimized to maintain a
dead time lower than 10%. To obtain the production
cross sections of the assessed radionuclide σ(Ei), the
well-known activation formula was used.

The measured production cross sections of 99Mo are
shown in Fig. 1, along with available previous data1,2)

and the TENDL data.3) Our result shows that the peak
is located in the vicinity of 14 MeV with a cross sec-
tion value of approximately 210 mb, differing from the
results of earlier studies.

In this work, the cross sections of the 96Zr(α,n)99Mo
reaction were measured using standard methods, i.e.,
the stacked target method, activation technique, and
high-resolution γ-ray spectrometry. The newly mea-
sured cross section data were compared with previously
reported experimental data and the TENDL data. The
peak of the deduced excitation function was higher
than that given by the previous data and was located
at approximately 14 MeV. To confirm this excitation
function behavior, we will repeat this experiment in
detail in the energy range of 10 to 20 MeV.
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One-pot three-component double-click method for synthesis of
[67Cu]-labeled biomolecular radiotherapeutics†

K. Fujiki,∗1 S. Yano,∗2 T. Ito,∗3 Y. Kumagai,∗3 Y. Murakami,∗3 O. Kamigaito,∗2 H. Haba,∗2 and K. Tanaka∗1,∗4,∗5

A one-pot three-component double-click process to
prepare tumor-targeting agents for cancer radiother-
apy is described here. By utilizing DOTA (or
NOTA) containing tetrazines (DOTA: 1, 4, 7, 10-
tetraazadodecane-1, 4, 7, 10-tetraacetic acid, NOTA:
1, 4, 7-triazacyclononane-1, 4, 7-triacetic acid) and the
TCO-substituted aldehyde (TCO: trans-cyclooctene),
the two click reactions, the tetrazine ligation (an in-
verse electron-demand Diels-Alder cycloaddition)1) and
the RIKEN click (a rapid 6π-azaelectrocyclization),2–8)

could simultaneously proceed under mild conditions to
afford the covalent attachment of the DOTA or NOTA,
which forms a bioavailable stable complex with copper
(II), to biomolecules such as albumin and anti-IGSF4
antibody without altering their activities (Fig. 1).
Subsequently, the radiolabeling of DOTA- or NOTA-

attached albumin and anti-IGSF4 antibody (a tumor-
targeting antibody) with 67Cu as a promising β−/γ-
e-mitting theranostic radionuclide having a half-life of
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Fig. 1. (a) One-pot three-component click labeling of 
albumin and anti-IGSF4 antibody as a cancer-targeting 
agent. (b) Affinities of intact and labeled anti-IGSF4 
antibodies to IGSF4 analyzed by ELISA. DMF = 
N,N-dimethyl formamide, ELISA = enzyme-linked 
immunosorbent assay. 
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mitting theranostic radionuclide having a half-life of 62 h, 
which is compatible with radioimmunotherapy, could be 
achieved by mixing DOTA- or NOTA-attached albumin and 
anti-IGSF4 antibody with RIs and subsequent purification 
by Amicon filtration; a separate experiment with 65Zn was 
conducted for comparison (Fig. 2 and Table 1). 67Cu and 
65Zn could be produced in the 70Zn(d,αn)67Cu and 
natCu(d,x)65Zn reactions at the AVF cyclotron. Our work 
provides a new and operationally simple method for 
introducing 67Cu to biomolecules, which is an important 
process for preparing clinically relevant tumor-targeting 
agents. 

Fig. 2. Radiolabelings of DOTA or NOTA-attached 
albumins and anti-IGSF4 antibody. 
 
Table 1. Radiochemical yields (RCY) of 67Cu and 65Zn. 
Entry Chelator-attached 

biomolecules 
Added [65Zn] or 

[67Cu]a 
(Radioactivities) 

RCYb 

(%) 

1 DOTA-albumin 7b [65Zn] (300 kBq) 80 
2 DOTA-albumin 7b [67Cu] (11 MBq) 72 
3 DOTA-anti-IGSF4 

mAb 9a 
[67Cu] (11 MBq) 51 

4 NOTA-albumin 8 [67Cu] (11 MBq) 19 
5 NOTA-anti-IGSF4 

mAb 9b 
[67Cu] (11 MBq) 7 

a) Specific activities of 67Cu and 65Zn were 110 MBq/μg and 
125 MBq/μg, respectively. 
b) RCY (Radiochemical yield) was obtained from the 
radioactivity of the purified radiolabeled product against the 
added [65Zn] or [67Cu]. 
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62 h, which is compatible with radioimmunotherapy,
could be achieved by mixing DOTA- or NOTA-attached
albumin and anti-IGSF4 antibody with RIs and sub-
sequent purification by Amicon filtration; a separate
experiment with 65Zn was conducted for comparison
(Fig. 2 and Table 1). 67Cu and 65Zn could be pro-
duced in the 70Zn(d, αn)67Cu and natCu(d, x)65Zn re-
actions at the AVF cyclotron. Our work provides a new
and operationally simple method for introducing 67Cu to
biomolecules, which is an important process for prepar-
ing clinically relevant tumor-targeting agents.
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Analysis of carbon ion-induced mutations by exome sequencing of an
unselected rice population

H. Ichida,∗1 R. Morita,∗1 Y. Shirakawa,∗1 Y. Hayashi,∗1 and T. Abe∗1

Massively parallel sequencing technology has been
utilized in many areas of biology including mutation
analysis, by using a large amount of gene and genome
sequencing information to achieve a comprehensive
and genome-wide analysis. Heavy-ion beams are one
of the physical mutagens that are classified as high-
LET radiation and are known to induce double strand
breaks of DNA in a cell along with its track. The re-
sulting mutations, including deletions, insertions, in-
versions and base substitutions, that occur on the
genome can cause the inactivation and/or temporal
change of gene expressions that are necessary for mor-
phogenesis. We have developed a custom-designed
oligonucleotide probe library to capture entire exons
within the rice genome, which targets a total of 300,746
genomic loci at the same time. We also developed a
bioinformatics pipeline to map the sequencing reads to
the reference Nipponbare genome sequence and iden-
tify reliable mutations in a highly paralleled way by
using the “HOKUSAI” parallel computing system op-
erated by the Advanced Center for Computing and
Communication, RIKEN. In addition to these previous
efforts to make the genome-based mutation detections,
we developed a pre-mixed target capture procedure to
further reduce the usage of the custom-designed tar-
get capture oligonucleotide probes, which takes nearly
half of the overall cost in whole exome sequencing, by
mixing multiple libraries with different index sequences
prior to the target capturing: this reduces the per-
sample oligonucleotide probe usage to 1/8th of that of
the original protocol.

In the present study, we analyzed a total of 110 in-
dependent M2 lines from carbon-ion beam irradiations
(12C6+, 135 MeV/u, LET: 30 keV/µm, 150 Gy) to
Nipponbare rice seeds, the water content of which was
adjusted to 13%. The irradiated seeds were grown in
a paddy field, and the M2 seeds were harvested from
each line. In each line, 10 to 15 plants were grown
in soil, and an equal amount of leaf blades were col-
lected from each plant and subjected to genomic DNA
extraction and sequencing library preparation. As a
control, 8 pools of non-irradiated Nipponbare plants
were also processed in the same maner. A total of 8
libraries were mixed together prior to the target cap-
turing and then sequenced in a half lane on a HiSeq
4000 instrument. The obtained sequencing dataset was
processed using our bioinformatics pipeline described
above. As a result, the number of mutations within the
target region of whole exome capturing was between 3
and 26 in each line (Fig. 1). The average number of

∗1 RIKEN Nishina Center

mutations was 9.06 ± 0.37 (average ± standard er-
ror) per line. There were a total of 997 mutations,
which consisted of 573 base substitutions, 372 dele-
tions, 36 insertions, 13 substitutions, and 3 inversions,
identified from the irradiated M2 lines. The percentage
of deletions and insertions, against all detected muta-
tions, was 40.9%, which was consistent with the previ-
ously described characteristics of mutations induced by
highly accelerated heavy-ion beams, which often cause
nucleotide substitutions and deletions and insertions
of less than 100 bp.1) In contrast, no mutation was
identified in non-irradiated Nipponbare pools, indicat-
ing that the mutations detected from the carbon-ion-
irradiated samples were likely to be induced by the
mutagenesis.

Based on an interpolation from the proportion of
target exon regions against the entire genome (the to-
tal length of the target exon regions is 9.12% of the
length of the entire genome), roughly 100 mutations
are expected to be induced in the entire genome. This
might be an underestimation due to the difference in
biological significance between protein-encoding exons
and other genomic regions, which are mostly intergenic
regions and repetitive elements; however, this estima-
tion was of the same order as our previous results (175
to 549 mutations per genome in the 12 mutants ana-
lyzed) obtained from the whole genome sequencing of
morphological mutants in rice.2)
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carbon-ion irradiated rice M2 lines (Nos. 1–64).
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Effect of LET on mutational function revealed by whole-genome
resequencing of Arabidopsis mutants†

Y. Kazama,∗1 K. Ishii,∗1 T. Hirano,∗1,∗2 T. Wakana,∗1 M. Yamada,∗1 S. Ohbu,∗1 and T. Abe∗1

Heavy-ion irradiation is a powerful mutagen that pos-
sesses high linear energy transfer (LET). Since the value
of LET affects DNA lesion formation in several aspects,
including the efficiency and density of double-stranded
break along the particle path,1,2) mutations induced af-
ter the DNA lesion repair would also be affected by
the value of LET. Whole-genome resequencing is an
effective way to assess the effect of the value of LET
on mutation induction, and provides sufficient number
of mutations from each mutant to perform statistical
analyses.3) Here, we investigated the differences in the
mutation type induced by irradiation with two repre-
sentative ions, namely C ions (LET: 30.0 keV/µm) and
Ar ions (LET: 290 keV/µm), by whole-genome rese-
quencing of the Arabidopsis mutants produced by these
irradiations.
Dry seeds of A. thaliana were irradiated with C ions

(30.0 keV/µm) or Ar ions (290 keV/µm) with doses
found to induce 95% survival rates and the highest mu-
tation frequencies.4) For the C-ion and Ar-ion irradi-
ations, doses of 50 and 400 Gy were adopted, respec-
tively. Eight mutants showing morphological pheno-
types were screened in the M2 generation after each
irradiation. Then, the phenotypes of the mutants were
confirmed in the M3 generation. In total, 16 mu-
tants were selected, and DNA pools were extracted
from 40 plants of their individual progeny. The ex-
tracted DNA was sequenced using the HiSeq 2500 and
HiSeq 4000 sequencing systems (Illumina Inc., https:
//www.illumina.com). The obtained reads were input
into AMAP, as described previously.5)

The rearrangements including translocations and
large deletions (≥ 100 bp) that were induced by Ar ions
were 4.6 times more frequent than those induced by the
C ions; the average number of rearrangements in a mu-
tant genome was 10.3 and 2.3 for Ar ions and C ions, re-
spectively (Fig. 1). These differences were statistically
significant (P < 0.01; two-sided Welch’s t-test). Both
Ar and C ions induce rearrangements. However, more
complicated rearrangements occurred following Ar-ion
irradiation, in which fragments of several hundred kbp
to several Mbp were produced and joined with direction
or positions different from those of the original ones.
Conversely, Ar ions induced small mutations including
base substitutions and small indels (< 100 bp), which
were 2.3-fold less frequent than C ions: the average
number of small mutations in a mutant genome was
18.3 and 41.6 for Ar ions and C ions, respectively. This

† Condensed from the article in Plant J. 92, 1020 (2017)
∗1 RIKEN Nishina Center
∗2 Faculty of Agriculture, University of Miyazaki

Fig. 1. Mutations in each of the eight mutants induced by C-

and Ar-ion irradiation. The rearrangements are plotted

as lines on the interior of the circles. Small mutations

are indicated by lines on the exterior of the circles. The

mutations in each mutant are differently colored.

Table 1. Sum of homozygously mutated genes detected in

eight mutants.

difference was also statistically significant (P < 0.01;
two-sided Student’s t-test).
The effects on gene mutations were also different be-

tween C-ion and Ar-ion irradiations. The sum of ho-
mozygously mutated genes in eight individual mutants
after irradiation with Ar and C ions are shown in Ta-
ble 1. After C-ion irradiation, amino-acid changes were
frequently observed, which were caused by small muta-
tions. On the other hand, Ar-ion irradiation frequently
induced truncations of genes or losses of whole genes
caused by rearrangements.
These data demonstrate that the nature of mutations

is significantly different between beams with different
LET values. Such a selective irradiation will be a pow-
erful tool for forward genetics as well as studies on chro-
mosomal rearrangements in conjunction with the tech-
nics of mutation detection through high-throughput se-
quencing.
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Analysis of carbon ion-induced mutations by exome sequencing of an
unselected rice population

H. Ichida,∗1 R. Morita,∗1 Y. Shirakawa,∗1 Y. Hayashi,∗1 and T. Abe∗1

Massively parallel sequencing technology has been
utilized in many areas of biology including mutation
analysis, by using a large amount of gene and genome
sequencing information to achieve a comprehensive
and genome-wide analysis. Heavy-ion beams are one
of the physical mutagens that are classified as high-
LET radiation and are known to induce double strand
breaks of DNA in a cell along with its track. The re-
sulting mutations, including deletions, insertions, in-
versions and base substitutions, that occur on the
genome can cause the inactivation and/or temporal
change of gene expressions that are necessary for mor-
phogenesis. We have developed a custom-designed
oligonucleotide probe library to capture entire exons
within the rice genome, which targets a total of 300,746
genomic loci at the same time. We also developed a
bioinformatics pipeline to map the sequencing reads to
the reference Nipponbare genome sequence and iden-
tify reliable mutations in a highly paralleled way by
using the “HOKUSAI” parallel computing system op-
erated by the Advanced Center for Computing and
Communication, RIKEN. In addition to these previous
efforts to make the genome-based mutation detections,
we developed a pre-mixed target capture procedure to
further reduce the usage of the custom-designed tar-
get capture oligonucleotide probes, which takes nearly
half of the overall cost in whole exome sequencing, by
mixing multiple libraries with different index sequences
prior to the target capturing: this reduces the per-
sample oligonucleotide probe usage to 1/8th of that of
the original protocol.

In the present study, we analyzed a total of 110 in-
dependent M2 lines from carbon-ion beam irradiations
(12C6+, 135 MeV/u, LET: 30 keV/µm, 150 Gy) to
Nipponbare rice seeds, the water content of which was
adjusted to 13%. The irradiated seeds were grown in
a paddy field, and the M2 seeds were harvested from
each line. In each line, 10 to 15 plants were grown
in soil, and an equal amount of leaf blades were col-
lected from each plant and subjected to genomic DNA
extraction and sequencing library preparation. As a
control, 8 pools of non-irradiated Nipponbare plants
were also processed in the same maner. A total of 8
libraries were mixed together prior to the target cap-
turing and then sequenced in a half lane on a HiSeq
4000 instrument. The obtained sequencing dataset was
processed using our bioinformatics pipeline described
above. As a result, the number of mutations within the
target region of whole exome capturing was between 3
and 26 in each line (Fig. 1). The average number of

∗1 RIKEN Nishina Center

mutations was 9.06 ± 0.37 (average ± standard er-
ror) per line. There were a total of 997 mutations,
which consisted of 573 base substitutions, 372 dele-
tions, 36 insertions, 13 substitutions, and 3 inversions,
identified from the irradiated M2 lines. The percentage
of deletions and insertions, against all detected muta-
tions, was 40.9%, which was consistent with the previ-
ously described characteristics of mutations induced by
highly accelerated heavy-ion beams, which often cause
nucleotide substitutions and deletions and insertions
of less than 100 bp.1) In contrast, no mutation was
identified in non-irradiated Nipponbare pools, indicat-
ing that the mutations detected from the carbon-ion-
irradiated samples were likely to be induced by the
mutagenesis.

Based on an interpolation from the proportion of
target exon regions against the entire genome (the to-
tal length of the target exon regions is 9.12% of the
length of the entire genome), roughly 100 mutations
are expected to be induced in the entire genome. This
might be an underestimation due to the difference in
biological significance between protein-encoding exons
and other genomic regions, which are mostly intergenic
regions and repetitive elements; however, this estima-
tion was of the same order as our previous results (175
to 549 mutations per genome in the 12 mutants ana-
lyzed) obtained from the whole genome sequencing of
morphological mutants in rice.2)
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Single-neutron knockout from 20C and the structure of 19C†

J.W. Hwang,∗1,∗2 S. Kim,∗1,∗2 Y. Satou,∗1 N. A. Orr,∗3 Y. Kondo,∗4,∗2 T. Nakamura,∗4,∗2 J. Gibelin,∗3

N. L. Achouri,∗3 T. Aumann,∗5 H. Baba,∗2 F. Delaunay,∗3 P. Doornenbal,∗2 N. Fukuda,∗2 N. Inabe,∗2

T. Isobe,∗2 D. Kameda,∗2 D. Kanno,∗4,∗2 N. Kobayashi,∗4,∗2 T. Kobayashi,∗6,∗2 T. Kubo,∗2 S. Leblond,∗3

J. Lee,∗2 F. M. Marques,∗3 R. Minakata,∗4,∗2 T. Motobayashi,∗2 D. Murai,∗7 T. Murakami,∗8 K. Muto,∗6

T. Nakashima,∗4,∗2 N. Nakatsuka,∗8 A. Navin,∗9 S. Nishi,∗4,∗2 S. Ogoshi,∗4,∗2 H. Otsu,∗2 H. Sato,∗2

Y. Shimizu,∗2 H. Suzuki,∗2 K. Takahashi,∗6 H. Takeda,∗2 S. Takeuchi,∗2 R. Tanaka,∗4,∗2 Y. Togano,∗10

A. G. Tuff,∗11 M. Vandebrouck,∗12 and K. Yoneda∗2

The unbound states of 19C have been investigated
using the one-neutron knockout reaction. 19C has a
well established 1n halo structure with a weakly bound
s-wave neutron. The almost degenerate 0d5/2 and
1s1/2 orbitals are expected to govern the low-lying level
structure of 19C, comprising 1/2+, 3/2+, and 5/2+

states.1) Theoretically, while most shell models suggest
that these states are closely located below 1 MeV, their
ordering has remained uncertain. Experimentally, a
few studies have reported the low-lying states includ-
ing 3/2+1 and 5/2+1 . There is an argument of the bound
nature of 5/2+1 provided by recent measurements.2)

The 20C beam of 280 MeV/nucleon at mid-
target was produced from BigRIPS with using a
345 MeV/nucleon 48Ca primary beam (∼100 pnA).
The secondary beam impinged on a secondary carbon
target (1.8 g/cm2) in front of the SAMURAI spectrom-
eter to produce 19C.3) The decay products, including
18C and a neutron, were detected using SAMURAI and
NEBULA neutron array. Note that the measurement
was a part of the first experimental campaign using
SAMURAI to study the light neutron-rich nuclei.4)

Figures 1 show the relative energy (Erel) spectrum
for the 18C + n system containing a narrow thresh-
old resonance and two peaks at higher energies. The
positions were determined to be at 0.036(1), 0.84(4),
and 2.31(3) MeV by fitting analysis with R-matrix
lineshapes convoluted with the experimental resolu-
tion. The longitudinal momentum distributions for
each resonance show clear ℓ characters compared with
Glauber model calculation.5) Such results allow the
spin-parity assignment of 5/2+1 and 1/2−1 for the levels

† Condensed from the article in Phys. Lett. B 769, 503-508
(2017)
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Fig. 1. Relative energy spectrum for the 18C + n system

up to (a) 0.5 MeV and (b) 5 MeV. The solid (green),

dashed (red), and dot-dashed (blue) curves represent

the lineshapes of the results of the fit, individual reso-

nances, and background, respectively.

at Ex =0.62(9) and 2.89(10) MeV with Sn = 0.58(9)
MeV. Spectroscopic factors were also found to agree
with the shell-model calculations. The valence neu-
tron configuration of the 20Cg.s. is thus expected to
have a significant 0d25/2 contribution together with the

known 1s21/2 component. The level scheme of 19C is
well described by the shell model with YSOX inter-
action based on the monopole-based universal interac-
tion.6)
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Observation of isoscalar and isovector dipole excitations in 20O†

N. Nakatsuka,∗1,∗2 H. Baba,∗2 N. Aoi,∗10 T. Aumann,∗3 R. Avigo,∗5,∗14 S. R. Banerjee,∗12 A. Bracco,∗5,∗14

C. Caesar,∗3 F. Camera,∗5,∗14 S. Ceruti,∗5,∗14 S. Chen,∗13,∗2 V. Derya,∗4 P. Doornenbal,∗2 A. Giaz,∗5,∗14

A. Horvat,∗3 K. Ieki,∗11 N. Imai,∗7 T. Kawabata,∗1 K. Yoneda,∗2 N. Kobayashi,∗8 Y. Kondo,∗9 S. Koyama,∗8

M. Kurata-Nishimura,∗2 S. Masuoka,∗7 M. Matsushita,∗7 S. Michimasa,∗7 B. Millon,∗5 T. Motobayashi,∗2

T. Murakami,∗1 T. Nakamura,∗9 T. Ohnishi,∗2 H. J. Ong,∗10 S. Ota,∗7 H. Otsu,∗2 T. Ozaki,∗9 A. T. Saito,∗9

H. Sakurai,∗2,∗8 H. Scheit,∗3 F. Schindler,∗3 P. Schrock,∗3 Y. Shiga,∗11,∗2 M. Shikata,∗9 S. Shimoura,∗7

D. Steppenbeck,∗2 T. Sumikama,∗6,∗2 I. Syndikus,∗3 H. Takeda,∗2 S. Takeuchi,∗2 A. Tamii,∗10 R. Taniuchi,∗8

Y. Togano,∗9 J. Tscheuschner,∗3 J. Tsubota,∗9 H. Wang,∗2 O. Wieland,∗5 K. Wimmer,∗8,∗2 Y. Yamaguchi,∗7

and J. Zenihiro∗2

The electric dipole response, or E1 response, is
one of the most interesting properties of atomic nu-
clei. In medium to heavy neutron-rich nuclei, the elec-
tric dipole excitation is fragmented into a low-energy
region around the neutron separation energy, so-
called Pygmy dipole resonance.1,2) Recent experimen-
tal studies on 40,48Ca,6) 74Ge,7) 124Sn,8) 138Ba,9) and
140Ce9,10) have demonstrated that low-energy dipole
excitations exhibit a specific isospin character, some-
times referred to as “isospin splitting.” They demon-
strated that some dipole excitations, mostly in the
low-energy region, were populated by both isoscalar
and isovector probes. In this work, the isospin charac-
ter of low-energy dipole excitations in neutron-rich un-
stable nucleus 20O was investigated, for the first time
in unstable nuclei. The experiment was performed at
Radioactive Isotope Beam Factory (RIBF). The 20O
beam impinged on two different reaction targets, a
2.45(5) mm gold target as an isovector probe, and a
317(28) mg/cm2 liquid helium target as an isoscalar
probe. The decay γ rays from the excited beam par-
ticles were detected with large volume LaBr3 crystals
from INFN Milano.3) Two low-energy dipole states at
energies of 5.36(5) MeV (1−1 ) and 6.84(7) MeV (1−2 ),
previously known to be populated by the Coulomb
excitation,4,5) were consistently populated both by
the isoscalar and isovector probe. The decay scheme
of those states were determined by the γ-γ coinci-
dence analysis, and the decay branch via the 2+1 state
(1.67 MeV) was observed.
In order to extract the cross sections and tran-
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sition strengths, a distorted-wave Born approxima-
tion (DWBA) analysis was performed by using the
Ecis97 code.12) As nuclear potential, we employed
the theoretically developed global optical potential de-
scribed in Refs. 13–15). The transition strengths of
the 1− states were determined in the same manner,
by including both the Coulomb and nuclear contribu-
tions in either system, with the assumption that the
Coulomb potential contributed only to the isovector
dipole strength and the nuclear potential contributed
only to the isoscalar dipole strength. The Harakeh-
Dieperink dipole form factor11) was employed to de-
termine the isoscalar dipole strength. The strengths
were determined so that the experimental cross sec-
tions from both the 20O+α and 20O+Au systems were
reproduced by the same isoscalar and isovector dipole
strengths. The 1−1 state (5.36(5) MeV) had an isoscalar
dipole strength of 2.70(32)% in ISD EWSR, while the
1−2 state (6.84(7) MeV) had a strength of 0.67(12)%
in Isoscalar dipole energy-weighted sum-rule fraction
(ISD EWSR). These states, however, have comparable
isovector dipole strengths: B(E1)↑ = 3.57(20)× 10−2

e2fm2 for the 1−1 state and B(E1)↑ = 3.79(26)× 10−2

e2fm2 for the 1−2 state. The results indicate that low-
energy dipole excitations in 20O exhibit a dual charac-
ter. The difference in isoscalar response suggests that
these states have different underlying structures.
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Neutron-neutron correlation in Borromean nucleus 11Li
via the (p, pn) reaction

Y. Kubota,∗1,∗2 A. Corsi,∗3 G. Authelet,∗3 H. Baba,∗2 C. Caesar,∗4 D. Calvet,∗3 A. Delbart,∗3 M. Dozono,∗1

J. Feng,∗5 F. Flavigny,∗6 J.-M. Gheller,∗3 J. Gibelin,∗7 A. Giganon,∗3 A. Gillibert,∗3 K. Hasegawa,∗8,∗2

T. Isobe,∗2 Y. Kanaya,∗9,∗2 S. Kawakami,∗9,∗2 D. Kim,∗10,∗2 Y. Kiyokawa,∗1 M. Kobayashi,∗1 N. Kobayashi,∗11

T. Kobayashi,∗8,∗2 Y. Kondo,∗12,∗2 Z. Korkulu,∗13,∗2 S. Koyama,∗11,∗2 V. Lapoux,∗3,∗2 Y. Maeda,∗9

F. M. Marqués,∗7 T. Motobayashi,∗2 T. Miyazaki,∗11 T. Nakamura,∗12,∗2 N. Nakatsuka,∗14,∗2 Y. Nishio,∗15,∗2

A. Obertelli,∗3,∗2 A. Ohkura,∗15,∗2 N. A. Orr,∗7 S. Ota,∗1 H. Otsu,∗2 T. Ozaki,∗12,∗2 V. Panin,∗2 S. Paschalis,∗4

E. C. Pollacco,∗3 S. Reichert,∗16 J.-Y. Roussé,∗3 A. T. Saito,∗12,∗2 S. Sakaguchi,∗15,∗2 M. Sako,∗2

C. Santamaria,∗3,∗2 M. Sasano,∗2 H. Sato,∗2 M. Shikata,∗12,∗2 Y. Shimizu,∗2 Y. Shindo,∗15,∗2 L. Stuhl,∗2

T. Sumikama,∗8,∗2 M. Tabata,∗15,∗2 Y. Togano,∗12,∗2 J. Tsubota,∗12,∗2 T. Uesaka,∗2 Z. H. Yang,∗2

J. Yasuda,∗15,∗2 K. Yoneda,∗2 and J. Zenihiro∗2

Since a theoretical prediction was made by Migdal,1)

a hypothetical bound state of two neutrons, dineu-
tron, has attracted much attention. The neutron-
neutron correlation caused by the dineutron is ex-
pected to appear in weakly bound systems, such as
the Borromean nucleus 11Li. There have been exten-
sive studies to search for such a correlation in 11Li.
E1 strengths deduced from Coulomb dissociation cross
sections have been used by employing the E1 clus-
ter sum rule to characterize their correlation.2) How-
ever, the model dependence was not negligible owing
to the 9Li core excitation and the final-state interac-
tions.3) The kinematically complete measurement of
the quasi-free (p, pn) reaction was thus performed with
Borromean nuclei 11Li, 14Be, and 17,19B at the RIBF so
as to determine the neutron momentum distributions
that provide more direct information of the ground-
state correlation.4)

The measurement required a high luminosity to have
as much statistics as possible. For this purpose, the
15-cm-thick liquid hydrogen target MINOS5) was in-
troduced. The SAMURAI spectrometer6) contributed
to minimize experimental biases originating from the
geometrical acceptance. A missing-mass setup com-
posed of the neutron detector WINDS,7) the recoil pro-
ton detector RPD, and the gamma-ray detector array
DALI28) was newly configured for realizing the quasi-
free (p, pn) measurement.

As a measure of the dineutron correlation in 11Li, the
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∗11 Department of Physics, University of Tokyo
∗12 Department of Physics, Tokyo Institute of Technology
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opening angle of two valence neutrons cos θY was re-
constructed from momentum vectors of all the particles
involved in the reaction. The obtained cos θY distribu-
tion is shown in Fig. 1. The geometrical acceptance
of the experimental setup was corrected by performing
a Monte-Carlo simulation. The asymmetric distribu-
tion indicates an admixture of different parity states
and the dineutron correlation in 11Li. The asymme-
try obtained in the present work is weaker than that
in the previous work employing the neutron removal
reaction by using a carbon target.9) We presume that
the dineutron correlation was overestimated in the pre-
vious study because of the sensitivity of the probe; the
probe used in the previous study is only sensitive to
the nuclear surface, where the dineutron correlation is
expected to develop.
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Observation of isoscalar and isovector dipole excitations in 20O†

N. Nakatsuka,∗1,∗2 H. Baba,∗2 N. Aoi,∗10 T. Aumann,∗3 R. Avigo,∗5,∗14 S. R. Banerjee,∗12 A. Bracco,∗5,∗14
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T. Murakami,∗1 T. Nakamura,∗9 T. Ohnishi,∗2 H. J. Ong,∗10 S. Ota,∗7 H. Otsu,∗2 T. Ozaki,∗9 A. T. Saito,∗9
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and J. Zenihiro∗2

The electric dipole response, or E1 response, is
one of the most interesting properties of atomic nu-
clei. In medium to heavy neutron-rich nuclei, the elec-
tric dipole excitation is fragmented into a low-energy
region around the neutron separation energy, so-
called Pygmy dipole resonance.1,2) Recent experimen-
tal studies on 40,48Ca,6) 74Ge,7) 124Sn,8) 138Ba,9) and
140Ce9,10) have demonstrated that low-energy dipole
excitations exhibit a specific isospin character, some-
times referred to as “isospin splitting.” They demon-
strated that some dipole excitations, mostly in the
low-energy region, were populated by both isoscalar
and isovector probes. In this work, the isospin charac-
ter of low-energy dipole excitations in neutron-rich un-
stable nucleus 20O was investigated, for the first time
in unstable nuclei. The experiment was performed at
Radioactive Isotope Beam Factory (RIBF). The 20O
beam impinged on two different reaction targets, a
2.45(5) mm gold target as an isovector probe, and a
317(28) mg/cm2 liquid helium target as an isoscalar
probe. The decay γ rays from the excited beam par-
ticles were detected with large volume LaBr3 crystals
from INFN Milano.3) Two low-energy dipole states at
energies of 5.36(5) MeV (1−1 ) and 6.84(7) MeV (1−2 ),
previously known to be populated by the Coulomb
excitation,4,5) were consistently populated both by
the isoscalar and isovector probe. The decay scheme
of those states were determined by the γ-γ coinci-
dence analysis, and the decay branch via the 2+1 state
(1.67 MeV) was observed.
In order to extract the cross sections and tran-
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sition strengths, a distorted-wave Born approxima-
tion (DWBA) analysis was performed by using the
Ecis97 code.12) As nuclear potential, we employed
the theoretically developed global optical potential de-
scribed in Refs. 13–15). The transition strengths of
the 1− states were determined in the same manner,
by including both the Coulomb and nuclear contribu-
tions in either system, with the assumption that the
Coulomb potential contributed only to the isovector
dipole strength and the nuclear potential contributed
only to the isoscalar dipole strength. The Harakeh-
Dieperink dipole form factor11) was employed to de-
termine the isoscalar dipole strength. The strengths
were determined so that the experimental cross sec-
tions from both the 20O+α and 20O+Au systems were
reproduced by the same isoscalar and isovector dipole
strengths. The 1−1 state (5.36(5) MeV) had an isoscalar
dipole strength of 2.70(32)% in ISD EWSR, while the
1−2 state (6.84(7) MeV) had a strength of 0.67(12)%
in Isoscalar dipole energy-weighted sum-rule fraction
(ISD EWSR). These states, however, have comparable
isovector dipole strengths: B(E1)↑ = 3.57(20)× 10−2

e2fm2 for the 1−1 state and B(E1)↑ = 3.79(26)× 10−2

e2fm2 for the 1−2 state. The results indicate that low-
energy dipole excitations in 20O exhibit a dual charac-
ter. The difference in isoscalar response suggests that
these states have different underlying structures.
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Differential cross section of proton elastic scattering from neutron-rich
6He at 200 A MeV and high momentum transfers

S. Chebotaryov,∗1,∗2 S. Sakaguchi,∗3 T. Uesaka,∗1 W. Kim∗2

on behalf of the SAMURAI13 collaboration

Recently, an experiment on p–6He elastic scattering
at 200 A MeV was carried out at the RIKEN RI-beam
factory (RIBF) by using the SAMURAI spectrome-
ter.1) Details of the experimental setup and data anal-
ysis procedure were described in previous reports.2,3)
In this report, the measured differential cross sections
are presented. The main distinguishing feature of the
obtained p–6He cross section data is the highest mo-
mentum transfer region covered (q = 1.7–2.8 fm−1),
which makes the present data valuable to deduce 6He
density distribution in the interior of the nucleus with
high precision.

The measured cross sections of p–4He and p–6He
elastic scattering are shown in Fig. 1. The data of
p–4He elastic scattering were taken to confirm the va-
lidity of the experimental setup and data analysis pro-
cedure by comparing them to existing data measured
in normal kinematics by Moss et al.4) Good agreement
was obtained between the present and existing p–4He
data without any normalization. The systematic er-
ror was determined to be 9.4% and is the major con-
tribution to the total uncertainty except at the most
backward angles, at which statistical error dominates.
The slope of the elastic scattering cross section is de-
termined by the matter radius of the probed nucleus.
The difference in slopes of the measured p-4,6He cross
sections show that the radius of 6He is larger than that
of 4He. Such a considerable difference of their magni-
tudes could also be attributed to the weakly bound na-
ture of the 6He nucleus because scattering at large mo-
mentum transfers can easily cause the break-up of 6He,
reducing the yield of p–6He elastic scattering events
compared to that of p–4He.

Figure 2 shows the obtained data and a summary
of theoretical predictions, which were published be-
fore the experimental run. The predictions are based
on different reaction models and density distributions
of 6He. Relativistic impulse approximation (RIA), t-
and g-matrix folding models can adequately describe
elastic scattering at the incident energy of the present
work, making them suitable for the theoretical inter-
pretation of the experimental result. A fit to the
present data using one of these reaction models allows
us to deduce 6He density, especially in the interior re-
gion of the nucleus. The results of such an analysis
will be submitted to a journal in the near future.
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Fig. 1. Measured and existing4) differential cross sections
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Fig. 2. Comparison of the present experimental result to
predictions based on different reaction models.5–7)
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Two methods for invariant mass reconstruction
from events with multiple charged particles

S. Koyama∗1,∗2 and H. Otsu∗2 for SAMURAI08 collaboration

Invariant mass spectroscopy is one of the techniques
to explore unbound states of nuclei. Relative en-
ergy (Er) or the energy above threshold energy is re-
constructed from four-momenta of decay particles. Ex-
perimental resolution is important since the level den-
sity above particle thresholds is higher than that be-
low particle thresholds and unbound states have finite
width. Another important aspect is acceptance. These
two aspects often compete with each other.

The SAMURAI spectrometer is developed to inves-
tigate unbound states of nuclei. In the standard setup
with the SAMURAI magnet, we install four multi-wire
drift chambers, BDC1, BDC2, FDC1, and FDC2, to
measure the four-momentum of a charged particle.1)

FDC1 is placed between the target and the SAMU-
RAI magnet, while FDC2 is placed at the downstream
of the magnet. By using positions and angles mea-
sured by these detectors, we can deduce the direction
vector and the magnetic rigidity of a charged parti-
cle, which is converted to the four-momentum. For
invariant mass reconstruction from events with multi-
ple charged particles such as α decay into 2 charged
particles of α + residue, positions of each charged par-
ticle have to be deduced with both FDC1 and FDC2.
The positions are separated at FDC2 for particles with
different A/Z values, while the positions can be close
at FDC1. The cell size of FDC1 is 10 mm, and the
requirement of deducing 2 positions with FDC1 can
limit the acceptance, especially for a small opening an-
gle corresponding to a low Er. The four-momenta of
charged particles can be deduced only from the reac-
tion point on the target, positions and angles deduced
from FDC2, and the magnetic field map of the SAMU-
RAI magnet2) without FDC1, though the resolution of
the direction vector is worse than with FDC1. There-
fore, we performed two different methods to deduce
Er, without FDC1 and with FDC1. The former yields
a worse resolution but full acceptance, while the latter
achieves a better resolution but with biased acceptance
for two particles, especially for a small spatial separa-
tion at the FDC1 location.

We analyzed the data of the SAMURAI08 exper-
iment3) in which the α decay of 16C∗ is investigated.
We used known unbound states of 12B and 11B to com-
pare the two methods. Figure 1 shows Er spectra of
12B reconstructed from the 8Li + α decay channel. A
clear peak is visible at Er = 2.75 MeV in both spec-
tra, without FDC1 (black line) and with FDC1 (red
line). The better resolution with FDC1 allows us to
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Fig. 1. Er spectra for 12B∗ → 8Li + α. The black line

represents the Er reconstructed without FDC1, while

the red line represents that reconstructed with FDC1.

find another peak at Er = 0.90 MeV, while the corre-
sponding peak is not so clear without FDC1. Figure 2
shows Er spectra of 11B reconstructed from the 7Li +
α decay channel. 11B has doublet unbound states at
Er = 0.52 and 0.61 MeV with negligible width. The
doublet peaks are not well separated without FDC1,
while a dip between the doublet peaks can be seen
with FDC1. With FDC1, the resolution (σ) of Er is
approximately 0.04

√
Er MeV, while the acceptance is

approximately 80% of that without FDC1.
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Fig. 2. Same as Fig. 1 but for 11B∗ → 7Li + α.

In summary, two methods to reconstruct invariant
mass were evaluated. Both methods have advantages
and disadvantages. They should be used as per the
intended application.
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Differential cross section of proton elastic scattering from neutron-rich
6He at 200 A MeV and high momentum transfers

S. Chebotaryov,∗1,∗2 S. Sakaguchi,∗3 T. Uesaka,∗1 W. Kim∗2

on behalf of the SAMURAI13 collaboration

Recently, an experiment on p–6He elastic scattering
at 200 A MeV was carried out at the RIKEN RI-beam
factory (RIBF) by using the SAMURAI spectrome-
ter.1) Details of the experimental setup and data anal-
ysis procedure were described in previous reports.2,3)
In this report, the measured differential cross sections
are presented. The main distinguishing feature of the
obtained p–6He cross section data is the highest mo-
mentum transfer region covered (q = 1.7–2.8 fm−1),
which makes the present data valuable to deduce 6He
density distribution in the interior of the nucleus with
high precision.

The measured cross sections of p–4He and p–6He
elastic scattering are shown in Fig. 1. The data of
p–4He elastic scattering were taken to confirm the va-
lidity of the experimental setup and data analysis pro-
cedure by comparing them to existing data measured
in normal kinematics by Moss et al.4) Good agreement
was obtained between the present and existing p–4He
data without any normalization. The systematic er-
ror was determined to be 9.4% and is the major con-
tribution to the total uncertainty except at the most
backward angles, at which statistical error dominates.
The slope of the elastic scattering cross section is de-
termined by the matter radius of the probed nucleus.
The difference in slopes of the measured p-4,6He cross
sections show that the radius of 6He is larger than that
of 4He. Such a considerable difference of their magni-
tudes could also be attributed to the weakly bound na-
ture of the 6He nucleus because scattering at large mo-
mentum transfers can easily cause the break-up of 6He,
reducing the yield of p–6He elastic scattering events
compared to that of p–4He.

Figure 2 shows the obtained data and a summary
of theoretical predictions, which were published be-
fore the experimental run. The predictions are based
on different reaction models and density distributions
of 6He. Relativistic impulse approximation (RIA), t-
and g-matrix folding models can adequately describe
elastic scattering at the incident energy of the present
work, making them suitable for the theoretical inter-
pretation of the experimental result. A fit to the
present data using one of these reaction models allows
us to deduce 6He density, especially in the interior re-
gion of the nucleus. The results of such an analysis
will be submitted to a journal in the near future.
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predictions based on different reaction models.5–7)
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Electric dipole responses of 50Ca and 52Ca

Y. Togano,∗1,∗2 T. Nakamura,∗3,∗2 T. Kobayashi,∗4,∗2 T. Aumann,∗5,∗6 H. Baba,∗2 K. Boretzky,∗6,∗2

A. Bracco,∗7 F. Browne,∗2 F. Camera,∗7 H. Chae,∗8 S. Chen,∗2 N. Chiga,∗2 H. Choi,∗8 L. Cortés,∗2

F. Delaunay,∗9 D. Dell'Aquila,∗10 Z. Elekes,∗11,∗2 Y. Fujino,∗1,∗2 I. Ga²pari¢,∗12,∗2 J. Gibelin,∗9 K. I. Hahn,∗13

Z. Halasz,∗11,∗2 A. Horvat,∗4 K. Ieki,∗1,∗2 T. Inakura,∗14 T. Isobe,∗2 D. Kim,∗13,∗2 G. Kim,∗13 H. Ko,∗8

Y. Kondo,∗3,∗2 D. Körper,∗6 S. Koyama,∗15,∗2 Y. Kubota,∗2 I. Kuti,∗11 M. Matsumoto,∗3,∗2 A. Matta,∗9

B. Million,∗7 T. Motobayashi,∗2 I. Murray,∗2 N. Nakatsuka,∗16,∗2 N. Orr,∗9 H. Otsu,∗2 V. Panin,∗2 S. Y. Park,∗13

W. Rodriguez,∗17 D. Rossi,∗4 A. T. Saito,∗3,∗2 M. Sasano,∗2 H. Sato,∗2 Y. Shimizu,∗2 H. Simon,∗6,∗2 L. Stuhl,∗18
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The electric dipole (E1) strength distributions
in 50Ca and 52Ca were measured using relativistic
Coulomb excitation.
The equation of state (EOS) of neutron-rich matter

is important to understand the properties of neutron-
rich nuclei and astrophysical events, such as super-
novae and neutron-star mergers. The constraint on
the density dependence of the symmetry energy, the
isospin-asymmetric part of EOS, is important to eval-
uate the EOS of neutron-rich matter, while it is not
well constrained experimentally.
Recent theoretical work showed that the pygmy

dipole resonance (PDR) and the dipole polarizability
αD of nucleus is well correlated to the density depen-
dence of the symmetry energy close to saturation den-
sity.1) PDR is the low-energy E1 mode located at the
excitation energies of about 6 to 10 MeV. It is indi-
cated that the PDR strength of Ca isotopes rapidly
increases from 48Ca to 54Ca, and the strength in these
nuclei is well correlated with the density dependence of
the symmetry energy.2) The dipole polarizability αD

corresponds to the inversely energy weighted sum of
E1 strength distribution, and it is pointed out as a less
model-dependent observable for the extraction of the
symmetry energy parameters.3) Given that the PDR
of neutron-rich Ca isotopes and αD are correlated to
the density dependence of the symmetry energy, the
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Coulomb excitation of 50Ca and 52Ca was performed
to measure their E1 responses.
The experiment was performed using the SAMU-

RAI spectrometer4) at RIBF. The secondary beams of
50Ca and 52Ca were produced via fragmentation of a
345 MeV/nucleon 70Zn beam on a 10-mm thick Be tar-
get. The 50Ca and 52Ca beams were separated using
the BigRIPS with an Al degrader with a thickness of 5
mm placed at the focal plane F1. For the 50Ca beam,
an additional 1-mm thick Al degrader was placed at
the focal plane F5 to increase the purity of 50Ca. At
the focal planes F3, F5 and F7, 1-mm-thick plastic
scintillators are installed. The 50Ca and 52Ca beams
were impinged on Pb and C secondary targets. The
typical 50Ca and 52Ca intensities were 14 and 1 kHz,
respectively.
The 50Ca and 52Ca beams were monitored event-

by-event using two 0.2-mm thick plastic scintillators
(SBTs), an ionization chamber (ICB), and two drift
chambers (BDC1 and BDC2) placed at the upstream
of the secondary target. The γ-ray detector CATANA
5) and 8 large-volume LaBr3 detectors were placed
to surround the secondary target to measure the de-
excitation γ-rays from the reaction residues. The
outgoing charged particles were characterized using
the detectors located at the entrance and exit of the
SAMURAI magnet with 2.7T at the center. Two drift
chambers (FDC1 and FDC2) and a plastic scintilla-
tor wall (HODF24) were used to identify the charged
particles and reconstruct their momenta. The outgo-
ing neutrons were detected by the combination of the
NeuLAND demonstrator6) and NEBULA.
The data analysis is now in progress.
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Many-neutron systems: search for
superheavy 7H and its tetraneutron decay

F. M. Marqués∗1 and Z. Yang∗2 for the SAMURAI34 and R3B-NeuLAND Collaborations

Many-neutron systems represent a fundamental
question in Nuclear Physics. Since there is no firm
theoretical claim about their existence as a bound or
resonant state, their observation would require a deep
reconsideration of our understanding of nuclei in gen-
eral, and the strong force in particular. Two of these
systems have attracted most of the attention over the
last decades, 4n and 7H (that decays into t+4n). How-
ever, all the past experiments had in common several
issues: they did not measure the four neutrons; the
statistics and/or resolution were very low; and some
results were in contradiction with each other.

The goal of the NP1512-SAMURAI34 experiment,1)

carried out in July 2017, was to provide the definitive
proof of existence of both 7H and 4n, and, in case of a
positive answer, their detailed spectroscopy. Concern-
ing the issues noted above, we proposed to obtain very
high statistics (several 104 complete events) and reso-
lution (about 100 keV) and, by detecting the four neu-
trons for the first time, have access to the decay proper-
ties and correlations within the system. In particular,
the fact of measuring the neutrons in the decay t+4n
provides a unique opportunity to observe even very
broad 4n resonances (undetectable using missing mass
techniques), since any resonance would be unambigu-
ously identified through the angular anti-correlation
between the triton and the neutrons.

We measured the reaction 8He(p, 2p)3H+4n in com-
plete kinematics (see Fig. 1) at the SAMURAI2) fa-
cility of RIBF. The setup was similar to the one
of the NP1312-SAMURAI21 experiment.3) The sec-
ondary beam of 8He at 150 MeV/nucleon and 105 pps
was produced by the fragmentation of an 18O primary
beam at 220 MeV/nucleon on a beryllium target, then
selected by BigRIPS, and finally sent onto the 15 cm
MINOS liquid-hydrogen target.4) The beam was de-
tected by two plastic scintillators (SBTs) and tracked
with two drift chambers (BDC1 and BDC2). The re-
action was tagged through the detection of both the
target and knocked-out protons with the MINOS TPC
(trajectories) and 36 crystals of DALI2 arranged in a
cylindrical configuration around the target (energies).

The outgoing triton was tracked by the two drift
chambers (FDC0 and FDC2) at the two sides of the
SAMURAI dipole magnet, with a 2.4 T field, and de-
tected by the 40 scintillator bars of the extended ho-
doscope (HODOF+HODOP). The four neutrons were
detected with the combination of NEBULA5) and four
double-planes of NeuLAND,6) with an estimated ef-

∗1 LPC-Caen, France
∗2 RIKEN Nishina Center

�8He �

� (7H)

�

����

Fig. 1. Schematic view of the 8He(p, 2p)3H+4n reaction on

the MINOS target.

ficiency ε4n ∼ 1%. Moreover, since the complete 7-
body kinematics are overdetermined, they can be re-
constructed from the momenta of only 3 of the neu-
trons. This method can be crucial if the ground states
of 7H and/or 4n were very close to threshold, since at
such low energies the 3n efficiency can be about 20
times higher than the 4n one.

In order to validate the use of DALI2, originally de-
veloped as a γ-ray array, for the detection of high-
energy protons, a test with an 80 MeV proton beam
was done at CYRIC, and before the experiment cosmic
runs were undertaken with the crystals placed along
their three main directions, with the corresponding en-
ergy peaks covering a range of 30–90 MeV. In addition,
the elastic scattering of protons was measured during
the first hours with a 150 MeV proton beam, leading
to clear kinematic lines.

The 8He beam intensity and quality were stable dur-
ing the 6-day run. The online analysis showed the
proper operation of the different multidetectors, as well
as of their correlations. The MINOS TPC trajectories
and the high-energy hits in DALI2 showed the char-
acteristic p-p back-to-back azimuthal pattern. Tritons
were clearly identified in the hodoscope at the pre-
dicted location. The neutron multiplicities exhibited
the expected distributions for different reaction chan-
nels, and a very preliminary analysis of those multiplic-
ities in the 8He(p, 2p)3H channel, including causality
conditions, lead to an estimate of several 104 complete
2p+t+4n events during the whole run, consistent with
our proposal goal. The data analysis is in progress.
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The electromagnetic properties of neutron-rich nu-
clei provide insight into their structure and dynam-
ics.1) The low-lying dipole strength of neutron-halo
systems is of particular interest. The heaviest bound
helium isotopes 6He and 8He are two- and four-neutron
halo nuclei with a clear α plus 2n and 4n structure,
respectively. After electromagnetic excitation, they
mainly decay via two- and four-neutron emission. The
6He breakup has been measured previously by Au-
mann et al.,2) while ab initio calculations have been
carried out by Bacca et al.3,4) The existing data cover
excitation energies up to 7MeV, while the full low-
energy response predicted by the theory extends up to
20MeV.4) Therefore, it is necessary to measure up to
higher energies to study the complete region of interest.
For 8He, only the 2n-breakup channel has been mea-
sured previously by Meister et al.5) Nothing is known
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so far about the 4n-channel, where 8He breaks up into
4He and four neutrons, because of the experimental
difficulties of measuring four neutrons in coincidence.
In July 2017, the SAMURAI37 experiment was per-

formed with the purpose of extending the existing
data for 6He with better statistics and measuring
the breakup of 8He, both up to excitation energies
of approximately 15MeV. The multi-neutron decay
of 6He and 8He after heavy-ion-induced electromag-
netic excitation has been measured in complete kine-
matics to study the dipole response of these nuclei.
The combination of the neutron detectors NEBULA
and R3B-NeuLAND demonstrator at the SAMURAI6)

setup and the high beam intensities available at RIBF
made the measurement of the 4n-breakup channel pos-
sible for the first time. A primary 18O beam with
an energy of 220MeV/nucleon was used to produce
secondary beams of 6He and 8He with an energy of
180MeV/nucleon and a beam rate of 100 kHz, which
were then guided to the SAMURAI spectrometer.
The experimental method is based on the measure-

ment of the differential cross section dσ(E1)/dE via
the invariant-mass method, which allows us to extract
the dipole-strength distribution dB(E1)/dE and the
photo-absorption cross section. To excite 6He and 8He
electromagnetically, a Pb target was used. Addition-
ally, a series of targets with increasing Z, namely CH2,
C, Ti and Sn, was used to study precisely the nuclear
contribution to the cross section. This is especially im-
portant in the region of high excitation energy, where
the electromagnetic excitation might not be dominant.
The data analysis is in progress.
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The possible existence of a four-neutron system as
well as its properties has been a long-lasting ques-
tion in nuclear physics that can be traced back to the
mid-1960s.1) A recent experiment carried out at the
SHARAQ spectrometer uncovered 4 candidate events
for a 4n ground-state resonance at E4n = 0.83 ±
0.65(stat) ± 1.25(syst) MeV with a 4.9σ significance
level generated in a 4He(8He,8 Be) reaction.2) This
measurement triggered new enthusiasm for both the-
oretical and experimental investigations of the tetra-
neutron system. State-of-the-art ab initio theory in-
deed supports the existence of a low-lying 4n reso-
nance.3–5) However, the definite experimental evidence
is still pending.

To this end, we have performed an experiment at
SAMURAI6) to investigate the 4n system via a new
method, i.e., the measurement of 8He(p, pα)4n at large
momentum transfer using a secondary 8He beam at
an energy of 156 MeV/nucleon impinging on a liquid-
hydrogen target of 5 cm thickness from the MINOS
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Fig. 1. Kinematics of the 8He(p, pα)4n reaction.

system. The 8He nucleus is expected to be a suitable
environment to form the 4n system in a ground-state
resonance and the reaction process described above
will allow for its unambiguous identification. As a
consequence of the reaction kinematics (see Fig. 1) all
outgoing particles are largely separated in momentum
space, i.e., final-state interactions are minimized and
the reaction products of interest have a clean signature.

The 4n-energy spectrum will be deduced from the
momenta of all charged particles via the missing-mass
technique to identify the possible resonance and to de-
termine its energy and width. Neutrons have been
measured in addition with the combination of the
neutron detectors R3B-NeuLAND demonstrator and
NEBULA, allowing for a kinematically complete in-
vestigation of the reaction and the study of the 4n de-
cay properties with lower but sufficient statistics. To
reduce systematic uncertainties of the missing-mass re-
construction, an invariant-mass measurement for 6He,
i.e., 6He(p, pα)2n has been carried out for the purpose
of calibration. The data analysis is in progress.
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The electromagnetic properties of neutron-rich nu-
clei provide insight into their structure and dynam-
ics.1) The low-lying dipole strength of neutron-halo
systems is of particular interest. The heaviest bound
helium isotopes 6He and 8He are two- and four-neutron
halo nuclei with a clear α plus 2n and 4n structure,
respectively. After electromagnetic excitation, they
mainly decay via two- and four-neutron emission. The
6He breakup has been measured previously by Au-
mann et al.,2) while ab initio calculations have been
carried out by Bacca et al.3,4) The existing data cover
excitation energies up to 7MeV, while the full low-
energy response predicted by the theory extends up to
20MeV.4) Therefore, it is necessary to measure up to
higher energies to study the complete region of interest.
For 8He, only the 2n-breakup channel has been mea-
sured previously by Meister et al.5) Nothing is known
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so far about the 4n-channel, where 8He breaks up into
4He and four neutrons, because of the experimental
difficulties of measuring four neutrons in coincidence.
In July 2017, the SAMURAI37 experiment was per-

formed with the purpose of extending the existing
data for 6He with better statistics and measuring
the breakup of 8He, both up to excitation energies
of approximately 15MeV. The multi-neutron decay
of 6He and 8He after heavy-ion-induced electromag-
netic excitation has been measured in complete kine-
matics to study the dipole response of these nuclei.
The combination of the neutron detectors NEBULA
and R3B-NeuLAND demonstrator at the SAMURAI6)

setup and the high beam intensities available at RIBF
made the measurement of the 4n-breakup channel pos-
sible for the first time. A primary 18O beam with
an energy of 220MeV/nucleon was used to produce
secondary beams of 6He and 8He with an energy of
180MeV/nucleon and a beam rate of 100 kHz, which
were then guided to the SAMURAI spectrometer.
The experimental method is based on the measure-

ment of the differential cross section dσ(E1)/dE via
the invariant-mass method, which allows us to extract
the dipole-strength distribution dB(E1)/dE and the
photo-absorption cross section. To excite 6He and 8He
electromagnetically, a Pb target was used. Addition-
ally, a series of targets with increasing Z, namely CH2,
C, Ti and Sn, was used to study precisely the nuclear
contribution to the cross section. This is especially im-
portant in the region of high excitation energy, where
the electromagnetic excitation might not be dominant.
The data analysis is in progress.
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Experimental evidence collected in the last years
show the disappearance of the shell closures at N = 8,
20 and 28 in various neutron-rich isotopes, as well as
the appearance of new magic numbers, such as N = 32
and 34 for Ca isotopes.1,2) Given that N = 40, which
corresponds to the filling of the fp neutron shells, is
predicted to be a sub-shell closure, the study of the
structure of N = 40 isotones can provide insight into
the mechanism governing shell evolution. A low col-
lectivity is observed in 68Ni, consistent with the magic
character of N = 40.3) However, for the Fe and Cr iso-
topes, a monotonous decrease of the 2+ energy with
increasing neutron number is observed.4,5) Such a de-
crease, which extends beyond N = 40, indicates a
rapid increase of collectivity when removing protons
from the f7/2 shell. For the case of the Ti isotopes,

measurements of the 2+ energy of 58, 60Ti6,7) do not
show an unexpected decrease towards N = 40, al-
though it has been suggested that full consideration of
the g9/2 orbital is required to understand the structure

at N = 40.7) To further understand the shell evolution
in N = 40 isotones towards the supposedly doubly-
magic 60Ca, the measurement of the first excited 2+
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state of 62Ti is necessary.
In the third SEASTAR campaign, 62Ti was pro-

duced by proton knock-out of 63V at 250 MeV/nucleon
on the MINOS liquid hydrogen target.9) The 63V
isotopes were produced by fragmentation of a
345 MeV/nucleon primary beam of 70Zn impinging on
a 10-mm Be target and separated using the BigRIPS
spectrometer. The average intensity of the Zn beam
was 250 pnA, and the average rate of 63V was 3 pps.
The MINOS target, of 150 mm length, was placed
at the F13 experimental area, in front of the SAMU-
RAI magnet. Reaction products were identified on an
event-by-event basis using the standard SAMURAI de-
tectors.8) NEBULA and NeuLAND neutron detectors
were also used during the experiment. γ-rays emitted
by the reaction products were detected using the up-
graded DALI2+ array,10) consisting of 226 NaI detec-
tors surrounding MINOS. The ongoing data analysis
has already provided the incoming particle identifica-
tion as shown in Fig. 1.

Fig. 1. Incoming particle ID. 63V is labeled in red.
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Evidence for the existence of a new “magic number,”
N = 34, has been obtained from the level structure of
54Ca1) while there may not be a corresponding shell
gap in Ti2,3) isotopes. This has created recent interest
to study the evolution of neutron-rich scandium iso-
topes. These nuclei lie between Ca and Ti and the
evolution of proton orbitals can reveal the nature of
the magic numbers at N = 34, recently shown to van-
ish in 55Sc,4) and the N = 40 pf -shell closure. In this
case the valence proton occupies the πf7/2 orbital, in-
teracting with νf5/2 orbital in 57, 59, 61Sc.

The DALI2+ array has been coupled with the wide
acceptance SAMURAI spectrometer5) in the third
SEASTAR campaign. This made the measurement of
the energies of low-lying states of a large number of
isotopes in the previously discussed mass region pos-
sible. The radioactive beams were produced by a pri-
mary 70Zn beam at 345 MeV/nucleon impinging on a
10-mm-thick 9Be target. The BigRIPS fragment sep-
arator6) was used for the identification and separation
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Fig. 1. Particle identification in BigRIPS after gating on
55–61Sc in SAMURAI.

of the secondary beams. The Sc isotopes of interest
were produced by knock-out reactions in MINOS,7)
consisting of a 150-mm-thick LH2 target surrounded
by an active TPC. Gamma rays were measured with
the DALI2+ array, consisting of 226 NaI(Tl) detec-
tors surrounding MINOS. The reaction products were
identfied event-by-event using two drift chambers and
a hodoscope plastic-scintillator array after Brho anal-
ysis in the SAMURAI magnet. NEBULA and Neu-
LAND were used in addition for neutron detection.
Figure 1 shows all reaction channels producing 55–61Sc.

In a preliminary analysis, the γ rays reported in
Ref. 4) for 55Sc were identified in the data from the
neutron knock-out reaction, 56Sc (p,pn) 55Sc. The full
analysis of 55–61Sc is on-going.
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Shell evolution at N = 40 towards 60Ca: Spectroscopy of 62Ti
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Experimental evidence collected in the last years
show the disappearance of the shell closures at N = 8,
20 and 28 in various neutron-rich isotopes, as well as
the appearance of new magic numbers, such as N = 32
and 34 for Ca isotopes.1,2) Given that N = 40, which
corresponds to the filling of the fp neutron shells, is
predicted to be a sub-shell closure, the study of the
structure of N = 40 isotones can provide insight into
the mechanism governing shell evolution. A low col-
lectivity is observed in 68Ni, consistent with the magic
character of N = 40.3) However, for the Fe and Cr iso-
topes, a monotonous decrease of the 2+ energy with
increasing neutron number is observed.4,5) Such a de-
crease, which extends beyond N = 40, indicates a
rapid increase of collectivity when removing protons
from the f7/2 shell. For the case of the Ti isotopes,

measurements of the 2+ energy of 58, 60Ti6,7) do not
show an unexpected decrease towards N = 40, al-
though it has been suggested that full consideration of
the g9/2 orbital is required to understand the structure

at N = 40.7) To further understand the shell evolution
in N = 40 isotones towards the supposedly doubly-
magic 60Ca, the measurement of the first excited 2+
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state of 62Ti is necessary.
In the third SEASTAR campaign, 62Ti was pro-

duced by proton knock-out of 63V at 250 MeV/nucleon
on the MINOS liquid hydrogen target.9) The 63V
isotopes were produced by fragmentation of a
345 MeV/nucleon primary beam of 70Zn impinging on
a 10-mm Be target and separated using the BigRIPS
spectrometer. The average intensity of the Zn beam
was 250 pnA, and the average rate of 63V was 3 pps.
The MINOS target, of 150 mm length, was placed
at the F13 experimental area, in front of the SAMU-
RAI magnet. Reaction products were identified on an
event-by-event basis using the standard SAMURAI de-
tectors.8) NEBULA and NeuLAND neutron detectors
were also used during the experiment. γ-rays emitted
by the reaction products were detected using the up-
graded DALI2+ array,10) consisting of 226 NaI detec-
tors surrounding MINOS. The ongoing data analysis
has already provided the incoming particle identifica-
tion as shown in Fig. 1.

Fig. 1. Incoming particle ID. 63V is labeled in red.
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The production of neutron-rich nuclei through one-
nucleon knockout (p, 2p) reactions has been successfully
demonstrated with the MINOS setup.1) In future RIBF
experiments, a method to remove more than one proton
with a reasonable rate will be required for the produc-
tion of more neutron-rich nuclei. At present there is
no consensus on the best reaction for two-proton re-
moval. In this work, the performance of the (d, 3pn)
reaction with the MINOS setup as a candidate of the
two-proton knockout driver in future RIBF experiments
is discussed. the results of a recent nuclear transmuta-
tion experiment at RIBF2) show an encouraging indica-
tion that the production cross sections of neutron-rich
nuclei are larger with a deuteron target than with a pro-
ton target. In this report, cross sections of the (p, 3p)
and (d, 3pn) reactions on a 58Ti beam are shown and
discussed.

The experiment was carried out using the SAMURAI
spectrometer after the third SEASTAR campaign3) in
May 2017. A secondary cocktail beam including 58Ti
was produced with projectile fragmentation reactions
of a primary 70Zn beam at 345 MeV/u impinging on a
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beryllium target. The experimental setup was the same
as that of the SEASTAR experiment, except for the
target material. The target was liquid deuterium with
a thickness of 2.6 g/cm2. The 58Ti beam with an initial
energy of 240 MeV/u loses its energy by 90 MeV/u
in the target. The measured cross section is the one
averaged over 150–240 MeV/u. The secondary beam
and fragments were identified event by event using the
∆E–TOF–Bρ method.
Figure 1 summarizes preliminary results of the cross-

section ratio for a deuteron target to a proton target.
The ratio of interaction cross sections is greater than
one and less than two. This is due to a well-known
eclipse effect proposed by Glauber.4) The result for
two-proton removal cross sections shows a significantly
larger value of ∼ 3, while that for one-proton removal
is not so different from the interaction cross section re-
sult. This fact implies possible advantages of a deuteron
target to produce neutron-rich nuclei.

Data for other isotopes in the cocktail beam will pro-
vide us with a global feature of the cross section ra-
tio and reaction analyses for the data will reveal why
a deuteron target is so efficient removing two protons
from neutron-rich nuclei.
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Fig. 1. Ratio of cross sections for a deuteron target to a

proton target. σtotal: interaction cross section (σd/σp).
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Study on the impact parameter dependence
on the trigger efficiency for the SπRIT experiment
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The main objective of the SAMURAI Pion-
Reconstruction and Ion-Tracker (SπRIT) project is to
place a constraint on the density dependence of the
nuclear equation of state (EOS). In particular, the
isospin asymmetric term of the EOS, which is called
symmetry energy, plays an important role not only in
unstable nuclei but also in neutron stars. Currently,
the density dependence of symmetry energy is poorly
constrained at around twice the saturation density.1)

It is proposed that charged π mesons from heavy-
ion (HI) collisions at energies of several hundreds of
MeV/nucleon could be a useful probe for the symmetry
energy at supra-saturation densities.2) At intermediate
energies, π mesons are produced from the decay of ∆
resonance states, which are excited from the nucleon-
nucleon (NN) scattering in HI collisions. The π meson
production cross-section depends on the NN scattering
cross-section, which depends on the impact parameter.
Therefore, central collisions will produce higher statis-
tics of π mesons, and will be a region of interest in this
experiment.
In the spring of 2016, we performed an experi-

ment at RIBF with collisions between various Sn iso-
topes at 270 MeV/nucleon.3) The SπRIT-TPC4) inside
the SAMURAI spectrometer was used to detect the
charged particles. To provide a trigger signal focusing
on the central collision, a combination of two kinds of
detectors—KATANA veto5) and Kyoto multiplicity ar-
ray6)—was utilized. It consisted of an array of plastic
paddles and Multi-Pixel Photon Counter for use in the
magnetic field of 0.5 T. The KATANA veto was placed
downstream from the SπRIT-TPC, enabling us to veto
peripheral collisions, which involve high-Z spectator
particles. The Kyoto multiplicity array covered both
sides of the SπRIT-TPC to detect central collisions by
setting a threshold on the sideward-moving charged
particle multiplicity. For regular data acquisition runs,
the trigger condition required Z less than 20 in the
KATANA veto and a multiplicity greater than four in
the Kyoto multiplicity array.
The dependece of impact parameter on the trigger

efficiency in regular runs has been studied by using
Monte Carlo simulation with event generators. As
a HI collision generator, JQMD-2.0 in PHITS7) Ver.
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2.880 and UrQMD8) Ver. 3.4 were used to reproduce
132Sn+124Sn reactions at 270 MeV/nucleon. Figure 1
shows the trigger efficiency curve as a function of the
impact parameter. For both models, about 100% trig-
ger efficiency was obtained for central collisions with
impact parameters of 0–2 fm. However, significant
model dependence is found in semi-central collisions
with impact parameters of 5–9 fm. For a more proper
model parametrization, it would be necessary to com-
pare the experimental observables with further simu-
lations.
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Fig. 1. Trigger efficiency curves as a function of impact

parameter in the regular runs.

Further analysis on the impact parameter determi-
nation using the reconstructed track in SπRIT-TPC is
now under way.
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H. Törnqvist,∗19 V. Vaquero,∗23 V. Wagner,∗3 S. Wang,∗24 V. Werner,∗3 X. Xu,∗20 H. Yamada,∗18 D. Yan,∗24

Z. H. Yang,∗2 M. Yasuda,∗18 and L. Zanetti∗3

The production of neutron-rich nuclei through one-
nucleon knockout (p, 2p) reactions has been successfully
demonstrated with the MINOS setup.1) In future RIBF
experiments, a method to remove more than one proton
with a reasonable rate will be required for the produc-
tion of more neutron-rich nuclei. At present there is
no consensus on the best reaction for two-proton re-
moval. In this work, the performance of the (d, 3pn)
reaction with the MINOS setup as a candidate of the
two-proton knockout driver in future RIBF experiments
is discussed. the results of a recent nuclear transmuta-
tion experiment at RIBF2) show an encouraging indica-
tion that the production cross sections of neutron-rich
nuclei are larger with a deuteron target than with a pro-
ton target. In this report, cross sections of the (p, 3p)
and (d, 3pn) reactions on a 58Ti beam are shown and
discussed.

The experiment was carried out using the SAMURAI
spectrometer after the third SEASTAR campaign3) in
May 2017. A secondary cocktail beam including 58Ti
was produced with projectile fragmentation reactions
of a primary 70Zn beam at 345 MeV/u impinging on a
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beryllium target. The experimental setup was the same
as that of the SEASTAR experiment, except for the
target material. The target was liquid deuterium with
a thickness of 2.6 g/cm2. The 58Ti beam with an initial
energy of 240 MeV/u loses its energy by 90 MeV/u
in the target. The measured cross section is the one
averaged over 150–240 MeV/u. The secondary beam
and fragments were identified event by event using the
∆E–TOF–Bρ method.
Figure 1 summarizes preliminary results of the cross-

section ratio for a deuteron target to a proton target.
The ratio of interaction cross sections is greater than
one and less than two. This is due to a well-known
eclipse effect proposed by Glauber.4) The result for
two-proton removal cross sections shows a significantly
larger value of ∼ 3, while that for one-proton removal
is not so different from the interaction cross section re-
sult. This fact implies possible advantages of a deuteron
target to produce neutron-rich nuclei.

Data for other isotopes in the cocktail beam will pro-
vide us with a global feature of the cross section ra-
tio and reaction analyses for the data will reveal why
a deuteron target is so efficient removing two protons
from neutron-rich nuclei.
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Fig. 1. Ratio of cross sections for a deuteron target to a

proton target. σtotal: interaction cross section (σd/σp).

σ−1p: one proton removal cross section. σ−2p: two-

proton removal cross section.
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Status of collective flow analysis for SπRIT-TPC experiment
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The successful observation of gravitational waves
from a neutron star merger1) highlights the importance
of the nuclear Equation of State (EoS). Heavy ion col-
lisions are an appropriate tool to evaluate the nuclear
EoS at supra-saturation. In nuclear EoS at a density
more than that of normal nuclear matter (ρ > 2ρ0),
the isospin symmetry energy term includes large un-
certainly in theory, because of the lack of experimental
data. In a previous work, the π−/π+ production ra-
tio was a super soft EoS;2) however, the proton and
neutron collective flow analysis3) was inconsistent.
The SAMURAI Pion-Reconstruction and Ion-

Tracker-Time-Projection Chamber (SπRIT-TPC)
project was proposed to constrain the EoS using differ-
ent isospin asymmetry systems with 132Sn and 108Sn
beams at 270 MeV/u on 112Sn and 124Sn targets at
SAMURAI in RIBF. Multiple observations, such as
π−/π+ production ratio, proton and neutron collective
flow, and H3/He3 production ratio, will be obtained to
study the EoS for heavy ion collisions.

The collective flow of neutron and proton is expected
to be sensitive to the isospin symmetry potential be-
cause it could minimize the influence of the isoscalar
potential.4) In this paper, recent results for the collec-
tive flow analysis will be discussed.

The SπRIT-TPC is described in Ref. 5) NeuLAND
was installed 8.8 m downstream from the target to de-
tect neutrons emitted around the mid-rapidity region.
Trigger devices, KATANA array6) and Multiplicity ar-
ray7) were installed surrounding the SπRIT-TPC.
The strength of the collective flow is analyzed from

the azimuthal distribution with respect to a reaction
plane. The reaction plane orientation angle, Ψ , is de-
termined event by event. The azimuthal angle of the
reaction plane is defined as the sum of the transverse
momentum unit vector.

Ψ =

∑m
i ωi sin(nϕi)∑m
i ωi cos(nϕi)

(1)

∆Ψsub = ΨA −ΨB (2)

The coefficient ω is 1 if rapidity is larger than the center
of rapidity, otherwise it is −1.
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The geometrical acceptance of the SπRIT-TPC is
limited and asymmetric in the azimuthal angle, so it
was necessary to apply a flattening correction.8) Tracks
were randomly selected from independent events to
create “mixed” events. To check the feasibility of de-
termining the reaction plane with this flattening cor-
rection applied, two sub-events of equal multiplicity
were formed event by event. The reaction planes ΨA

and ΨB were measured from the sub-events, and the
opening angle of two sub-events, ∆Ψsub, is plotted in
Fig. 1. The real events are plotted as red circles, which
show an enhancement at ∆Ψsub = 0 indicating the
ability of determining the reaction plane from the mea-
surements. The mixed events are plotted as green cir-
cles, which show a flat distribution indicating that the
detector bias has been removed. It was confirmed that
the reaction plane could be determined using sub-event
correlations with SπRIT-TPC. More detailed analysis
is on going.
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Fig. 1. Opening angle of reaction planes determined by two

sub-events Red and green circles show real and mixed

events, respectively.
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Gamma decay of unbound neutron-hole states in 133Sn†
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The region around the doubly magic nucleus 132Sn
(N = 82 and Z = 50) is of particular interest for nu-
clear structure investigations. Nuclei with a few nucle-
ons outside this closed-shell core provide direct infor-
mation about the evolution of nucleon-nucleon corre-
lations, quadrupole collectivity and single-particle en-
ergies. In this context, the low-lying states in the
neutron-rich nucleus 133Sn, which consists of a single
neutron coupled to the doubly-magic nucleus 132Sn,
provide information about the position of the neutron
single-particle orbitals belonging to the N = 82–126
major shell. Neutron single-particle energies of 854,
1367, 1561, and 2002 keV for the 2p3/2, 2p1/2, 0h9/2

and 1f5/2 orbitals, respectively, relative to the 1f7/2
orbital, have been established combining the informa-
tion from both β decay and (d, p) neutron-transfer ex-
periments.1,2) The neutron single-hole states in 133Sn
are expected to have excitation energies above Sn =
2.402(4) MeV and to decay via neutron emission me-
diated by the strong interaction.
In an experiment performed in April 2015 at the

RI Beam Factory (RIBF), excited states in the nu-
cleus 133Sn were investigated by in-beam γ-ray spec-
troscopy. These states in 133Sn were populated knock-
ing out a neutron from a slightly heavier nucleus,
134Sn, at relativistic energies. The exotic nuclei to be
investigated were produced by the in-flight fission of a
345 MeV/nucleon 238U beam with an average intensity
of 15 pnA, impinging on a 4-mm thick Be target. In the
BigRIPS in-flight separator, the Bρ-∆E-Bρ method
was used in order to select and identify a secondary
beam of 134Sn. The identified 134Sn ions then impinged
with a kinetic energy of 165 MeV/nucleon on a 3-mm
thick C target. The γ radiation emitted in the decay of
excited states was detected using the γ-ray spectrom-
eter DALI2 which was installed surrounding the sec-
ondary target. Reaction products from the secondary
target were identified using the ZeroDegree spectrom-
eter.3)

Figure 1 shows the Doppler-corrected γ-ray spec-

† Condensed from the article in Phys. Rev. Lett. 118, 202502
(2017)
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Fig. 1. Doppler-corrected γ-ray spectrum (for γ-ray mul-

tiplicity Mγ = 1 after add back) of 133Sn populated

via one-neutron knockout from 134Sn. The response

function fit to the experimental spectrum is shown by

the thick red line while the individual components are

shown as thin black lines. The background is indicated

as the gray area. The inset shows the high-energy re-

gion of the spectrum on a linear scale.

trum measured in coincidence with 134Sn ions detected
in BigRIPS and 133Sn nuclei detected in the ZD spec-
trometer. Besides the known γ rays emitted in the
decay of the single-particle states (transitions at 513,
854, 1561, and 2002 keV), clearly additional γ strength
is observed above the neutron separation energy, reach-
ing up to about 5.5 MeV. These excited states are in-
terpreted as neutron-hole states that are populated fol-
lowing the knock-out of a neutron from the closed N =
50–82 shell of the 134Sn projectile ion. These neutron-
hole states are expected to decay via neutron emission
because they are situated far above the neutron sepa-
ration energy. However, the ability of γ-ray emission
to compete with neutron decay is explained taking into
account the structure of the initial and final states and
the resultant wave-function overlap. Our study raises
the question whether, due to nuclear structure effects,
the γ-ray emission may play a much more significant
role than generally assumed in the decay of highly ex-
cited states populated following β decay in the region
southeast of 132Sn.
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The successful observation of gravitational waves
from a neutron star merger1) highlights the importance
of the nuclear Equation of State (EoS). Heavy ion col-
lisions are an appropriate tool to evaluate the nuclear
EoS at supra-saturation. In nuclear EoS at a density
more than that of normal nuclear matter (ρ > 2ρ0),
the isospin symmetry energy term includes large un-
certainly in theory, because of the lack of experimental
data. In a previous work, the π−/π+ production ra-
tio was a super soft EoS;2) however, the proton and
neutron collective flow analysis3) was inconsistent.
The SAMURAI Pion-Reconstruction and Ion-

Tracker-Time-Projection Chamber (SπRIT-TPC)
project was proposed to constrain the EoS using differ-
ent isospin asymmetry systems with 132Sn and 108Sn
beams at 270 MeV/u on 112Sn and 124Sn targets at
SAMURAI in RIBF. Multiple observations, such as
π−/π+ production ratio, proton and neutron collective
flow, and H3/He3 production ratio, will be obtained to
study the EoS for heavy ion collisions.

The collective flow of neutron and proton is expected
to be sensitive to the isospin symmetry potential be-
cause it could minimize the influence of the isoscalar
potential.4) In this paper, recent results for the collec-
tive flow analysis will be discussed.

The SπRIT-TPC is described in Ref. 5) NeuLAND
was installed 8.8 m downstream from the target to de-
tect neutrons emitted around the mid-rapidity region.
Trigger devices, KATANA array6) and Multiplicity ar-
ray7) were installed surrounding the SπRIT-TPC.
The strength of the collective flow is analyzed from

the azimuthal distribution with respect to a reaction
plane. The reaction plane orientation angle, Ψ , is de-
termined event by event. The azimuthal angle of the
reaction plane is defined as the sum of the transverse
momentum unit vector.

Ψ =

∑m
i ωi sin(nϕi)∑m
i ωi cos(nϕi)

(1)

∆Ψsub = ΨA −ΨB (2)

The coefficient ω is 1 if rapidity is larger than the center
of rapidity, otherwise it is −1.

∗1 RIKEN Nishina Center
∗2 NSCL and Dept. of Phys. & Ast., Michigan State University
∗3 Department of Physics, Korea University
∗4 Department of Physics, Kyoto University
∗5 IFJ PAN, Kraków
∗6 Faculty of Physics, Astronomy and Applied Computer Sci-

ence, Jagiellonian University, Kraków
∗7 Rare Isotope Science Project, Institute for Basic Science
∗8 Cyclotron Institute, Texas A&M University

The geometrical acceptance of the SπRIT-TPC is
limited and asymmetric in the azimuthal angle, so it
was necessary to apply a flattening correction.8) Tracks
were randomly selected from independent events to
create “mixed” events. To check the feasibility of de-
termining the reaction plane with this flattening cor-
rection applied, two sub-events of equal multiplicity
were formed event by event. The reaction planes ΨA

and ΨB were measured from the sub-events, and the
opening angle of two sub-events, ∆Ψsub, is plotted in
Fig. 1. The real events are plotted as red circles, which
show an enhancement at ∆Ψsub = 0 indicating the
ability of determining the reaction plane from the mea-
surements. The mixed events are plotted as green cir-
cles, which show a flat distribution indicating that the
detector bias has been removed. It was confirmed that
the reaction plane could be determined using sub-event
correlations with SπRIT-TPC. More detailed analysis
is on going.
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events, respectively.
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Shell evolution beyond Z = 28 and N = 50: spectroscopy of 81–84Zn†
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The Shell Evolution and Search for Two-plus states
At the RIBF (SEASTAR) experimental campaigns
were conducted at the Radioactive Isotope Beam Fac-
tory (RIBF). For the experiments a 238U primary beam
was accelerated to 345 MeV/nucleon and subsequently
impinged onto a 3 mm thick 9Be production target at
the entrance of the BigRIPS separator. Secondary fis-
sion beams of interest were then selected within Bi-
gRIPS using the Bρ-∆E-Bρ technique. The results
presented here on neutron-rich Zn isotopes were ob-
tained from settings centered on 79Cu and 85Ga in the
first (2014) and second (2015) SEASTAR campaigns,
respectively.

Fig. 1. Doppler corrected γ-ray spectrum of 84Zn.

The incoming ions were impinged on the liquid H2

target of the MINOS device, while the resulting γ rays
were detected with the DALI2 high-efficiency NaI(Tl)
array. Low-lying excited states in the neutron-rich
81–84Zn isotopes have been investigated. The 4+1 state
in 82Zn and the 2+1 and 4+1 states in 84Zn (see Fig. 1)
were observed for the first time. In addition, γ-ray
transition were identified in odd-mass 81, 83Zn. The
main experimental conclusion of the work is that the
magicity is confined to neutron number N = 50 only,
as indicated by the increased R4/2 = E(4+)/E(2+) ra-
tios in 82, 84Zn when compared to than in the neutron-
magic 80Zn nucleus.
A magic or semi-magic core can be distorted as va-

lence nucleons are added to a closed shell. The samar-
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ium isotopes present a typical case. Shape evolution
proceeds from a seniority level pattern in N = 82
semi-magic 144Sm, to a vibrational pattern at N =
86 in 148Sm, and finally a rotational one at N = 92
in 154Sm. At N = 84 146Sm provides the transition
between the seniority and vibrational schemes. In the
case of Zn isotopes, with only two protons outside the
Z = 28 shell, the situation is rather different. As de-
duced from the present experiment for the first time,
the proton-neutron correlations are strong enough for
a rapid change from the semi-magic structure at N =
50 to a collective structure at N = 52. This is partly
due to the weak Z = 28 sub-magic structure, which
is a consequence of the repulsive nature of the tensor
force between the proton f7/2 and the fully occupied
neutron g9/2 orbits.

The experimental results were compared to three
state-of-the- art shell-model calculations (see Fig. 2),
considering different model spaces. They all correctly
predict that the 82, 84Zn isotopes exhibit collective-like
character. The good agreement between experiment
and theory suggests that breaking the 78Ni core pro-
vides a significant contribution to low-lying states be-
yond Z = 28 and N = 50.

Fig. 2. Systematics of R4/2 = E(4+)/E(2+) for Zn iso-

topes. The filled symbols are from this work. The

results of the Ni78-II,1) A3DA-m,2) and PFSDG-U3)

shell-model calculations are also indicated. The line at

R4/2 = 2 indicates the vibrational limit.
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Robustness of the N = 34 shell closure: First spectroscopy of 52Ar
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It is now well known that magic numbers are not uni-
versal across the nuclear landscape and that new shell
closures may emerge in exotic nuclei. For example, a
new subshell closure at N = 34 has been predicted for
neutron-rich nuclei.1) On the experimental side, the sys-
tematics of the E(2+1 ) of Ti isotopes show no evidence
for the existence of the N = 34 shell gap.2) Recently, the
E(2+1 ) of 54Ca was measured to be ∼0.5 MeV smaller
than that of 52Ca.3) This drop was attributed to the
larger ground state correlation energy of 52Ca, and the
results were interpreted as confirming the N = 34 magic
number in Ca isotopes. For 52Ar, no spectroscopic in-
formation has been measured; however, its E(2+1 ) was
predicted to be the highest among Ar isotopes with N
> 20.4) The spectroscopy of 52Ar thus offers a unique
chance to explore the robustness of the N = 34 subshell
closure and pin down the mechanism of its emergence.

The measurement of 52Ar was performed at the
RIBF as part of the third campaign of the SEASTAR
program. The fast radioactive beam containing
53K, amongst other products, was produced by frag-
mentation of a ∼220 pnA 70Zn primary beam at
345 MeV/nucleon on a 10-mm thick Be target. The
constituents were identified using the BigRIPS frag-
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Fig. 1. Particle identification after the secondary target.

ment separator with the ∆E-TOF-Bρ method. The
incident beam, magnetically centered on 53K, was im-
pinged on a 150-mm thick MINOS5) liquid hydrogen
target to induce proton-removal reactions. The recoil
protons were detected by the MINOS TPC tracker5) to
reconstruct the reaction vertex. The MINOS efficiency
was measured to be 90(5)%. The kinematic energy and
intensity of the 53K beam in front of the target were
∼240 MeV/nucleon and 1.0 pps, respectively. The reac-
tion residues passed through the SAMURAI6) magnet
with a central magnetic field of 2.7 T, and were iden-
tified by a 24-element plastic hodoscope and two for-
ward drift chambers. Figure 1 shows the particle iden-
tification of the reaction residues. The de-excitation
γ rays from the reaction residues were measured by
the upgraded DALI2+ array,7) which consists of 226
NaI(Tl) crystals. The preliminary Doppler-corrected
γ-ray spectrum of 52Ar was obtained, and a clear (2+1
→ 0+1 ) candidate peak was found. Evidence for other
transitions in 52Ar requires further analysis.
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Shell evolution beyond Z = 28 and N = 50: spectroscopy of 81–84Zn†

C. M. Shand,∗1 Zs. Podolyák,∗1 M. Górska,∗2 P. Doornenbal,∗3 A. Obertelli,∗3,∗4 F. Nowacki,∗5 T. Otsuka,∗6

K. Sieja,∗5 J. A. Tostevin,∗1 and Y. Tsunoda∗6 for the SEASTAR collaboration

The Shell Evolution and Search for Two-plus states
At the RIBF (SEASTAR) experimental campaigns
were conducted at the Radioactive Isotope Beam Fac-
tory (RIBF). For the experiments a 238U primary beam
was accelerated to 345 MeV/nucleon and subsequently
impinged onto a 3 mm thick 9Be production target at
the entrance of the BigRIPS separator. Secondary fis-
sion beams of interest were then selected within Bi-
gRIPS using the Bρ-∆E-Bρ technique. The results
presented here on neutron-rich Zn isotopes were ob-
tained from settings centered on 79Cu and 85Ga in the
first (2014) and second (2015) SEASTAR campaigns,
respectively.

Fig. 1. Doppler corrected γ-ray spectrum of 84Zn.

The incoming ions were impinged on the liquid H2

target of the MINOS device, while the resulting γ rays
were detected with the DALI2 high-efficiency NaI(Tl)
array. Low-lying excited states in the neutron-rich
81–84Zn isotopes have been investigated. The 4+1 state
in 82Zn and the 2+1 and 4+1 states in 84Zn (see Fig. 1)
were observed for the first time. In addition, γ-ray
transition were identified in odd-mass 81, 83Zn. The
main experimental conclusion of the work is that the
magicity is confined to neutron number N = 50 only,
as indicated by the increased R4/2 = E(4+)/E(2+) ra-
tios in 82, 84Zn when compared to than in the neutron-
magic 80Zn nucleus.
A magic or semi-magic core can be distorted as va-

lence nucleons are added to a closed shell. The samar-

† Condensed from the article in Phys. Lett. B 737, 492 (2017)
∗1 Department of Physics, University of Surrey
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∗3 RIKEN Nishina Center
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∗6 Center for Nuclear Study, University of Tokyo

ium isotopes present a typical case. Shape evolution
proceeds from a seniority level pattern in N = 82
semi-magic 144Sm, to a vibrational pattern at N =
86 in 148Sm, and finally a rotational one at N = 92
in 154Sm. At N = 84 146Sm provides the transition
between the seniority and vibrational schemes. In the
case of Zn isotopes, with only two protons outside the
Z = 28 shell, the situation is rather different. As de-
duced from the present experiment for the first time,
the proton-neutron correlations are strong enough for
a rapid change from the semi-magic structure at N =
50 to a collective structure at N = 52. This is partly
due to the weak Z = 28 sub-magic structure, which
is a consequence of the repulsive nature of the tensor
force between the proton f7/2 and the fully occupied
neutron g9/2 orbits.

The experimental results were compared to three
state-of-the- art shell-model calculations (see Fig. 2),
considering different model spaces. They all correctly
predict that the 82, 84Zn isotopes exhibit collective-like
character. The good agreement between experiment
and theory suggests that breaking the 78Ni core pro-
vides a significant contribution to low-lying states be-
yond Z = 28 and N = 50.

Fig. 2. Systematics of R4/2 = E(4+)/E(2+) for Zn iso-

topes. The filled symbols are from this work. The

results of the Ni78-II,1) A3DA-m,2) and PFSDG-U3)

shell-model calculations are also indicated. The line at

R4/2 = 2 indicates the vibrational limit.
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First Spectroscopic study of 56Ca
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The first measurement of low-lying excited states of
56Ca was performed as part of the third SEASTAR1)

(Shell Evolution And Search for Two-plus energies At
the RIBF) campaign in May 2017. In a simple shell-
model description, this nucleus has two neutrons in
the f5/2 orbital outside the closed (sub)-shell nucleus
54Ca.2) The location of its 2+1 energy gives a measure-
ment of the difference between 0+ and 2+ two-body
matrix elements in ν(f5/2)

2, which is of importance to
understand the nature of the very neutron-rich, poten-
tial closed (sub)-shell nucleus 60Ca. Theoretical pre-
dictions of this energy level vary from 0.5 to 2 MeV;
therefore, its experimental determination is desirable.

A 70Zn beam accelerated to 345 MeV/nucleon im-
pinged on a 10-mm thick 9Be primary target with
an average intensity of ∼160 pnA at the entrance
of the BigRIPS separator to produce the radioactive
secondary beam. BigRIPS was tuned to select and
identify particles of interest via the measurement of
Bρ, ∆E and ToF by using standard beamline detec-
tors. The particle identification of BigRIPS is shown in
Fig. 1. The average production rate of 57Sc nuclei was
13.6 s−1. To induce knock-out reactions populating
low-lying states in 56Ca, the secondary beam impinged
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∗13 Department of Physics, Royal Institute of Technology
∗14 Institute for Nuclear Science & Technology, VINATOM
∗15 GSI Helmholtzzentrum Darmstadt
∗16 Institut für Kernphysik, Universität zu Köln
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Fig. 1. BigRIPS particle identification (left) and SAMU-

RAI particle identification for 57Sc secondary beam

(right). The 57Sc(p, 2p)56Ca channel is selected.

on the 150-mm-length LH2 target of the MINOS de-
vice.3) The beam energy in front of the secondary tar-
get was measured to be ∼250 MeV/nucleon. The up-
graded DALI24) array, which contains 226 NaI(Tl) de-
tectors, was used to measure gamma rays emitted from
the in-flight particles. The reaction residues were iden-
tified using the SAMURAI spectrometer.5) The identi-
fication of the residues from the 57Sc secondary beam
is also shown in Fig. 1, from which the 56Ca isotopes
are selected.

Currently, the gamma-ray spectrum in coincidence
with the 57Sc(p, 2p)56Ca reaction channel is under
analysis. This preliminary energy spectrum shows a
candidate peak of the 2+1 → 0+1 transition observed at
an energy consistent with the aforementioned range of
theoretical predictions. The spectra coincident with
other reaction channels, which produce 56Ca, are also
under analysis.
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Triaxiality of neutron-rich 84,86,88Ge from low-energy spectra

M. Lettmann,∗1 V. Werner,∗1 N. Pietralla,∗1 P. Doornenbal,∗2 A. Obertelli,∗3,∗2,∗1 T. R. Rodŕıguez,∗4

K. Sieja,∗5 and the SEASTAR 15 collaboration

Spectroscopic measurements of 84,86,88Ge were per-
formed within the SEASTAR campaign in 2015.1) The
spectroscopic results and theoretical predictions in-
spired intensive discussions of triaxial features for the
Ge isotopic chain. Two elementary models, which de-
scribe the nucleus as a rigid triaxial rotor or as softly
shaped, are competing in this region. Both models de-
scribe the breaking of the axial symmetry of the Bohr
Hamiltonian2) by introducing the triaxial deformation
parameter γ, which ranges from 0◦ (prolate shape) to
60◦ (oblate shape), and the axial elongation β. The
maximum of triaxiality is reflected by γ = 30◦. The
rigid triaxial rotor model by Davydov and co-workers3)

considers a well-defined minimum for the potential en-
ergy surface while the model by Wilets and Jean4)

treats the potential independent of γ, introducing γ-
softness. The difference between the soft and rigid
cases is manifested in the energy spacing between the
odd and even members of the γ band. In the case of
a rigid triaxial rotor, the odd-spin levels are located
closer to the lower-lying even spin levels, whereas the
odd spin levels are located closer to the higher-lying
even spin levels in the case of a γ-soft nucleus. This
energy difference is referred to as staggering.5,6)

At the RIBF, a 238U beam with an energy of
345 MeV/u was impinged on a 3-mm-thick 9Be target
at the entrance of BigRIPS.7) The isotopes of interest
were identified by BigRIPS and ZeroDegree spectrom-
eter in two different settings. The Ge isotopes were
produced by knockout reactions inside the MINOS8)

LH2 target and the emitted γ radiation was detected
with DALI2.9) The TPC of MINOS8) was used to im-
prove the Doppler correction.

In total, 16 transitions in 84,86,88Ge have been ob-
served, ten of which were so far unknown. For 86Ge
and 88Ge, new level schemes are proposed, which are
shown in Fig. 1 in red. The experimental results are
compared to a shell model calculation and a symmetry-
conserving configuration mixing Gogny (SCCM) calcu-
lation in Fig. 1. The predicted sequences of states are
in good agreement with the experimental results, al-
though both theories overestimate the level energies in
all cases. Nevertheless, the predicted R4/2 ≈ 2.5 agrees
with the data. Both calculations suggest a low-lying
γ band, which indicates some amount of triaxiality in
both isotopes. Furthermore, both theories predict a
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Fig. 1. Systematics of the 86,88Ge level energies from ex-

periment compared to theoretical predictions from shell

model (SM) and symmetry-conserving configuration

mixing Gogny (SCCM) calculations.

3+1 state of 86Ge that is closer to the 2+2 state than to
the 4+2 state of the γ band. A promising candidate for
this state is observed through a 380(8)-keV transition
of 86Ge, because the strongest decay of the 3+1 state
is expected to the 2+2 state. As highlighted before,
the staggering5,6) in the γ band should take a posi-
tive value for a rigid triaxial rotor. This would be the
case for a well-deformed rotor with E(J) ∼ J(J+1) as
well, though in such a case, the γ-band head is at much
higher values. So far only one nucleus in the medium-
heavy mass region A < 100 is known with rigid triax-
ial features. This nucleus is 76Ge, where a staggering
S(4) = 0.091(2) was found.10) With the level assign-
ments presented in Fig. 1, a value of S(4) = 0.20(4)
results for 86Ge, pointing to an even larger degree of
triaxiality in the ground state than assigned to 76Ge.
This results agrees with the predictions of both theo-
ries.
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The first measurement of low-lying excited states of
56Ca was performed as part of the third SEASTAR1)

(Shell Evolution And Search for Two-plus energies At
the RIBF) campaign in May 2017. In a simple shell-
model description, this nucleus has two neutrons in
the f5/2 orbital outside the closed (sub)-shell nucleus
54Ca.2) The location of its 2+1 energy gives a measure-
ment of the difference between 0+ and 2+ two-body
matrix elements in ν(f5/2)

2, which is of importance to
understand the nature of the very neutron-rich, poten-
tial closed (sub)-shell nucleus 60Ca. Theoretical pre-
dictions of this energy level vary from 0.5 to 2 MeV;
therefore, its experimental determination is desirable.

A 70Zn beam accelerated to 345 MeV/nucleon im-
pinged on a 10-mm thick 9Be primary target with
an average intensity of ∼160 pnA at the entrance
of the BigRIPS separator to produce the radioactive
secondary beam. BigRIPS was tuned to select and
identify particles of interest via the measurement of
Bρ, ∆E and ToF by using standard beamline detec-
tors. The particle identification of BigRIPS is shown in
Fig. 1. The average production rate of 57Sc nuclei was
13.6 s−1. To induce knock-out reactions populating
low-lying states in 56Ca, the secondary beam impinged
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Fig. 1. BigRIPS particle identification (left) and SAMU-

RAI particle identification for 57Sc secondary beam

(right). The 57Sc(p, 2p)56Ca channel is selected.

on the 150-mm-length LH2 target of the MINOS de-
vice.3) The beam energy in front of the secondary tar-
get was measured to be ∼250 MeV/nucleon. The up-
graded DALI24) array, which contains 226 NaI(Tl) de-
tectors, was used to measure gamma rays emitted from
the in-flight particles. The reaction residues were iden-
tified using the SAMURAI spectrometer.5) The identi-
fication of the residues from the 57Sc secondary beam
is also shown in Fig. 1, from which the 56Ca isotopes
are selected.

Currently, the gamma-ray spectrum in coincidence
with the 57Sc(p, 2p)56Ca reaction channel is under
analysis. This preliminary energy spectrum shows a
candidate peak of the 2+1 → 0+1 transition observed at
an energy consistent with the aforementioned range of
theoretical predictions. The spectra coincident with
other reaction channels, which produce 56Ca, are also
under analysis.
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Precise measurement of the 4He(8He,8Be) reaction
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Nuclei composed of only neutrons have been dis-
cussed for over a half century. However, their exis-
tence has not been confirmed. In 2002, a candidate
bound state of the tetra-neutron, which consists of four
neutrons, was reported.1) An ab-initio calculation sug-
gested that there might be a tetra-neutron (4n) res-
onance, but a bound 4n was not reproduced.2) An
experimental search for the 4n resonance state con-
ducted using the exothermic double charge exchange
(DCX) 4He(8He,8Be)4n reaction was performed at the
SHARAQ spectrometer in RIBF.3) As a result, four
candidate events of the resonance state were found
with a 4.9σ significance level, and the excitation energy
of 4n was determined as E4n = 0.83 ± 0.65 (stat.) ±
1.25 (syst.) MeV, which is close to the threshold.
To decide that the tetra-neutron state is a bound

(E4n < 0) or resonance (E4n > 0) state, it is necessary
to reduce the systematic uncertainty for the excitation
energy of 4n. Then, we performed a new measurement
to obtain more statistics than the previous experiment
and reduce the uncertainty of the energy of the 4n
state.

The 1H(3H,3He) reaction with the same magnetic
rigidity of the 8He beam (8.3 Tm) was used to de-
termine a missing-mass calibration. Thus, the energy
can be calibrated without changing the magnet set-
tings. This is the reason why we do not have to con-
sider the scaling errors of magnetic fields. The accu-
racy of the excitation energy of 4n is evaluated to be
approximately 100 keV, which originated from the un-
certaintly of the energy reference.

In order to obtain more statistics than the previ-
ous experiment, the intensity of the 8He secondary
beam of 186 MeV/nucleon was approximately twice
that in the previous experiment (3.5 × 106 cps at F3
focal plane).4) At the “F3 (achromatic focus for beam
trigger),” “F6 (dispersive focus),” and “S0 (achro-
matic focus for the secondary target),” low-pressure
multi-wired drift chambers (LP-MWDCs) were used
for tracking the beam. Events for the physics run
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∗8 Department of Physics, the University of Tokyo

were triggered by the S2 plastic scintillator at the focal
plane of the SHARAQ spectrometer. Because of the
high-rate beam condition, a single event may contain
multiple hits at the drift chambers over several beam
bunches of 13.7 MHz (RF frequency), considering the
maximum drift time for the MWDCs is comparable to
the interval of the beam bunch. Hence it is necessary
to treat information of the redundant planes and other
detectors.

In order to estimate the number of true four-neutron
events, a strict cut satisfying the condition that the two
clusters at the cathode planes of S2 have consistent en-
ergy signals with 2 α particles oeiginating in the 8Be
is analyzed. A preliminary analysis shows an similar
event pattern in a spectrum as a function of the mo-
menta of 8He and 8Be that is similar to the previous
experiment. Considering the analyzed area of the de-
cay cone of 8Be, we expect approximately 2–3 times
more statistics than the previous experiment.

A more precise calibration for the missing-mass spec-
trum taking into account the energy loss and straggling
at the detectors and the target to reduce systematic er-
rors will be performed concurrently.

In summary, we are still attempting to purify true
events for increasing statistics with careful rejection
conditions for the background. In parallel, missing-
mass calibration will be tuned up to increase the ac-
curacy of the 4n energy. Further analysis is ongoing.
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Measurement of 77, 79Se(d, p)78, 80Se reactions as
a surrogate for 79Se(n, γ)80Se reaction
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To design a facility for decommissioning the spent
fuel from nuclear power plants containing long-lived
fission products (LLFPs), more nuclear reaction data
is needed. Within the ImPACT program, thus far
several nuclear reactions of LLFPs produced by Bi-
gRIPS impinging on nuclear and proton targets have
been measured.1) Because of the longer mean free path,
the transmutation with neutrons can be applied more
efficiently. However, since both the neutron and the
LLFPs are unstable, the measurement of the neutron-
induced cross section requires a neutron facility, in ad-
dition to enriched radioactive targets. Instead, the re-
action cross-section can be determined in an indirect
way employing a surrogate reaction.
It is generally assumed that the (n, γ) cross sec-

tion separates into two parts: the formation of the
compound state and it’s subsequent decay. The first
term can be calculated using the optical model po-
tentials with global parameters. On the other hand,
the theoretical estimates of the second process are
uncertain,and need to be validated by experiments.2)

The present work aims to determine the γ emission
probability from unbound states of 80Se by using the
(d , p) reaction as a surrogate for the 79Se(n, γ)80Se
reaction. The method will be tested by measuring
the 77Se(d,p)78Se reaction, which is the surrogate for
77Se(n, γ)78Se, which was previously measured.4)

The 77,79Se beams were produced using the 238U
beam impinging on a 3-mm-thick 9Be target. By using
this relatively thin primary target and a thick 15-mm
Al degrader at F1, a purity of approximately 40% was
achieved. Since the total intensity at F3 was approx-
imately 1 MHz, beam particles were identified by the
time-of-flight between F3 and F5 measured with dia-
mond detectors alone. The beam energy was further
degraded at F5 using a 3.5-mm-thick Al degrader, re-
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Fig. 1. A/Q spectrum measured at S1 focal plane for the

events coincident with the protons detected with TiNA.

sulting in a final value of 26 MeV/nucleon. The OEDO
facility3) was employed to reduce the spatial spread of
the beam, resulting in a beam spot of 30 mm FWHM
on the secondary target.
The beam from OEDO impinged on a CD2 target of

4 mg/cm2 to induce the one-nucleon transfer reaction.
The recoiled particles were identified by employing the
SSD-CsI(Tl) array, TiNA,5) which covered 100 to 150◦

in the laboratory frame. The excitation energies of the
state populated in 78Se (80Se) were determined from
the measured four-momenta of the protons and the
direction of the incident beam.
The outgoing beam-like particles were identified

with the dE-E-Bρ method, shown in Fig. 1, using the
momentum determined by the horizontal position at
the S1 focal plane. This will allow for a determination
of the γ-ray emission probability as a function of exci-
tation energy based on the fraction of (N+1,Z) nuclei
to (N,Z) residues detected in coincidence with protons
in TiNA. Further analysis is ongoing.
The work was funded by ImPACT Program of Coun-

cil for Science, Technology, and Innovation (Cabinet
Office, Government of Japan).
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Precise measurement of the 4He(8He,8Be) reaction
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Y. Maeda,∗6 F. M. Marqués,∗7 M. Matsushita,∗1 T. Nakamura,∗5 N. Orr,∗7 H. Sakai,∗2 H. Sato,∗2 P. Schrock,∗1
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Nuclei composed of only neutrons have been dis-
cussed for over a half century. However, their exis-
tence has not been confirmed. In 2002, a candidate
bound state of the tetra-neutron, which consists of four
neutrons, was reported.1) An ab-initio calculation sug-
gested that there might be a tetra-neutron (4n) res-
onance, but a bound 4n was not reproduced.2) An
experimental search for the 4n resonance state con-
ducted using the exothermic double charge exchange
(DCX) 4He(8He,8Be)4n reaction was performed at the
SHARAQ spectrometer in RIBF.3) As a result, four
candidate events of the resonance state were found
with a 4.9σ significance level, and the excitation energy
of 4n was determined as E4n = 0.83 ± 0.65 (stat.) ±
1.25 (syst.) MeV, which is close to the threshold.

To decide that the tetra-neutron state is a bound
(E4n < 0) or resonance (E4n > 0) state, it is necessary
to reduce the systematic uncertainty for the excitation
energy of 4n. Then, we performed a new measurement
to obtain more statistics than the previous experiment
and reduce the uncertainty of the energy of the 4n
state.

The 1H(3H,3He) reaction with the same magnetic
rigidity of the 8He beam (8.3 Tm) was used to de-
termine a missing-mass calibration. Thus, the energy
can be calibrated without changing the magnet set-
tings. This is the reason why we do not have to con-
sider the scaling errors of magnetic fields. The accu-
racy of the excitation energy of 4n is evaluated to be
approximately 100 keV, which originated from the un-
certaintly of the energy reference.

In order to obtain more statistics than the previ-
ous experiment, the intensity of the 8He secondary
beam of 186 MeV/nucleon was approximately twice
that in the previous experiment (3.5 × 106 cps at F3
focal plane).4) At the “F3 (achromatic focus for beam
trigger),” “F6 (dispersive focus),” and “S0 (achro-
matic focus for the secondary target),” low-pressure
multi-wired drift chambers (LP-MWDCs) were used
for tracking the beam. Events for the physics run
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were triggered by the S2 plastic scintillator at the focal
plane of the SHARAQ spectrometer. Because of the
high-rate beam condition, a single event may contain
multiple hits at the drift chambers over several beam
bunches of 13.7 MHz (RF frequency), considering the
maximum drift time for the MWDCs is comparable to
the interval of the beam bunch. Hence it is necessary
to treat information of the redundant planes and other
detectors.

In order to estimate the number of true four-neutron
events, a strict cut satisfying the condition that the two
clusters at the cathode planes of S2 have consistent en-
ergy signals with 2 α particles oeiginating in the 8Be
is analyzed. A preliminary analysis shows an similar
event pattern in a spectrum as a function of the mo-
menta of 8He and 8Be that is similar to the previous
experiment. Considering the analyzed area of the de-
cay cone of 8Be, we expect approximately 2–3 times
more statistics than the previous experiment.

A more precise calibration for the missing-mass spec-
trum taking into account the energy loss and straggling
at the detectors and the target to reduce systematic er-
rors will be performed concurrently.

In summary, we are still attempting to purify true
events for increasing statistics with careful rejection
conditions for the background. In parallel, missing-
mass calibration will be tuned up to increase the ac-
curacy of the 4n energy. Further analysis is ongoing.
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Spallation reaction study of 136Xe on proton, deuteron and carbon
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Spallation reactions have been attracting consider-
able interest for their usefulness in the fundamental
research to produce unstable nuclei1) as well as in ap-
plications to transmute nuclear waste in accelerator-
driven systems (ADS).2) For these two purposes, it is
important to have a comprehensive understanding of
the spallation reaction mechanism both experimentally
and theoretically. 136Xe is a good candidate for both
the fields. For the fundamental research, fragmenta-
tion and/or spallation of 136Xe is well known to be
one of the power tools to access unstable nuclei. On
the other hand, 136Xe is a stable isotope neighboring
the long-lived fission product 137Cs, whose spallation
reaction has been studied recently for nuclear waste
transmutation.3) The experimental data of 136Xe will
be a good benchmark for the theoretical calculations of
137Cs. The comparison between the reaction of 136Xe
and 137Cs is critical for checking the validity of the
model calculation and clarifying the reaction mecha-
nism. Several experiments have been performed for
spallation reactions of 136Xe at reaction energies of
500 AMeV4) and 1000 AMeV.5) In the present work,
the proton-, deuteron-, and carbon-induced reactions
of 136Xe at 168 AMeV have been studied.
The experiment was performed using BigRIPS and

ZeroDegree spectrometer.The setup was the same as
the one for 137Cs.3) The average intensity of the 136Xe
beams was 2.6×103 particles per second.
The isotopic distributions of the cross sections ob-

tained in the present work are plotted in Fig. 1. In
general, the cross sections on carbon (σC) are simi-
lar to the ones on deuteron (σd). The Cs isotopes in
Fig. 1(a) are produced by charge-exchange reactions
(∆Z = +1). In this channel, both σC and σd are
smaller than the cross sections on proton (σp). This
behavior of the charge-exchange reaction is consistent
with the studies of 137Cs and 90Sr at 185 AMeV.3) For
the Xe isotopes, σd is similar to σp; both are larger
than σC. For the I and Te isotopes, σd and σC becomes
larger than σp, especially in the neutron-deficient side.
Such cross-section differences may be caused by the
deposited energy. Deuteron and carbon have more nu-
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cleons than proton leading to the deposition of a higher
energy relative to proton. This enables a large evapo-
ration of nucleons.
The EPAX6) calculations are plotted in Fig. 1, in

order to compare them with the experimental re-
sults. For both carbon and deuteron, EPAX calcula-
tions underestimate the cross sections, especially in the
neutron-deficient side for the Xe, I, and Te isotopes. In
the case of proton, EPAX was found to underestimate
the cross sections by for the Xe and I isotopes. For the
Te isotopes, EPAX overestimated the cross sections
in the neutron-deficient side. For the cross sections
on proton, the differences between the EPAX calcula-
tions and experimental results are similar to the ones
observed in the reactions of 137Cs.3)

Fig. 1. Isotopic distribution of the cross sections for prod-

ucts from cesium element to tellurium element pro-

duced in the reaction 136Xe + p(circle), 136Xe +

d(square), and 136Xe + C(triangle) at 168 AMeV.

EPAX calculations are displayed for comparison. The

error bar shows the statistical uncertainties.

Analysis is ongoing. This work was supported by the
ImPACT Program of the Council for Science, Tech-
nology and Innovation (Cabinet Office, Government of
Japan).
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Measurements of new beta-delayed neutron emission properties
around doubly magic 78Ni
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The measurement of new beta-delayed (multi) neu-
tron emission (βxn) properties for nuclei near doubly-
magic 78Ni has been performed in May 2017 at RIKEN.
Exotic nuclei produced with the 345 MeV/nucleon 238U
beam and 9Be target, were studied by means of Bi-
gRIPS and using the world-largest array of 3He counters
BRIKEN,1) a highly segmented array of Silicon detec-
tors AIDA2) and 2 Ge clovers. This hybrid setup has
nearly 70% efficiency for detecting one neutron hav-
ing up to 1 MeV and over 50% for 5 MeV energy.
The BigRIPS setting was maximized for the transmis-
sion of 84Zn. The isotopes between 74Co-78Co up to
97Kr-100Kr were produced and identified. This 3-day
run with 30 to 50 particle-nA beam intensity yielded
over 7000 78Ni ions implanted into AIDA (analysis
A. Tolosa-Delgado). The 77Cu test case resulted in
β1n branching ratio P1n = 29(1)% in a good agree-
ment with the known value of 30.3(22)%.3) The β1n
and β2n values for 86Ga decay4) known as 60(10)% and
20(10)%, respectively, were obtained more precisely as
59(3)% and 16(1)%, see Fig. 1. Over 20 new P1n values
have been measured. Predicted β2n decay mode5,6) has
been inspected in over 14 isotopes yielding for the first
time P2n values, e.g., for the activities of 84Zn, 87Ga,
89Ge, 90As and 91As. New half-lives (T1/2) have been
measured using selective time and space correlation be-
tween ion, beta, and neutron signals, see 87Ga decay
in Fig. 1. New data on the βxn branching ratios to-
gether with newly measured half-lives will be used to
verify and further develop beta decay modeling,7) in
particular modeling of the competition of the β1n/2n
decay modes. Large set of new Pxn and T1/2 values,
obtained near and beyond doubly-magic waiting point
nucleus 78Ni, will help to develop further the analysis
of heavy nuclei production within the astrophysical r-
process, occurring, e.g., at the merging neutron star en-
vironment.8) Preliminary data analysis was performed
by N. Brewer, B. Rasco and R. Yokoyama.
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tified 87Ga ions in AIDA.
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Spallation reaction study of 136Xe on proton, deuteron and carbon
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Spallation reactions have been attracting consider-
able interest for their usefulness in the fundamental
research to produce unstable nuclei1) as well as in ap-
plications to transmute nuclear waste in accelerator-
driven systems (ADS).2) For these two purposes, it is
important to have a comprehensive understanding of
the spallation reaction mechanism both experimentally
and theoretically. 136Xe is a good candidate for both
the fields. For the fundamental research, fragmenta-
tion and/or spallation of 136Xe is well known to be
one of the power tools to access unstable nuclei. On
the other hand, 136Xe is a stable isotope neighboring
the long-lived fission product 137Cs, whose spallation
reaction has been studied recently for nuclear waste
transmutation.3) The experimental data of 136Xe will
be a good benchmark for the theoretical calculations of
137Cs. The comparison between the reaction of 136Xe
and 137Cs is critical for checking the validity of the
model calculation and clarifying the reaction mecha-
nism. Several experiments have been performed for
spallation reactions of 136Xe at reaction energies of
500 AMeV4) and 1000 AMeV.5) In the present work,
the proton-, deuteron-, and carbon-induced reactions
of 136Xe at 168 AMeV have been studied.
The experiment was performed using BigRIPS and

ZeroDegree spectrometer.The setup was the same as
the one for 137Cs.3) The average intensity of the 136Xe
beams was 2.6×103 particles per second.
The isotopic distributions of the cross sections ob-

tained in the present work are plotted in Fig. 1. In
general, the cross sections on carbon (σC) are simi-
lar to the ones on deuteron (σd). The Cs isotopes in
Fig. 1(a) are produced by charge-exchange reactions
(∆Z = +1). In this channel, both σC and σd are
smaller than the cross sections on proton (σp). This
behavior of the charge-exchange reaction is consistent
with the studies of 137Cs and 90Sr at 185 AMeV.3) For
the Xe isotopes, σd is similar to σp; both are larger
than σC. For the I and Te isotopes, σd and σC becomes
larger than σp, especially in the neutron-deficient side.
Such cross-section differences may be caused by the
deposited energy. Deuteron and carbon have more nu-

∗1 RIKEN Nishina Center
∗2 Faculty of Science, Hokkaido University
∗3 Department of Applied Physics, University of Miyazaki
∗4 Department of Physics, University of Tokyo
∗5 Graduate School of Medicine, Hokkaido University
∗6 Department of Advanced Energy Engineering Science,

Kyushu University
∗7 Department of Physics, Rikkyo University

cleons than proton leading to the deposition of a higher
energy relative to proton. This enables a large evapo-
ration of nucleons.
The EPAX6) calculations are plotted in Fig. 1, in

order to compare them with the experimental re-
sults. For both carbon and deuteron, EPAX calcula-
tions underestimate the cross sections, especially in the
neutron-deficient side for the Xe, I, and Te isotopes. In
the case of proton, EPAX was found to underestimate
the cross sections by for the Xe and I isotopes. For the
Te isotopes, EPAX overestimated the cross sections
in the neutron-deficient side. For the cross sections
on proton, the differences between the EPAX calcula-
tions and experimental results are similar to the ones
observed in the reactions of 137Cs.3)

Fig. 1. Isotopic distribution of the cross sections for prod-

ucts from cesium element to tellurium element pro-

duced in the reaction 136Xe + p(circle), 136Xe +

d(square), and 136Xe + C(triangle) at 168 AMeV.

EPAX calculations are displayed for comparison. The

error bar shows the statistical uncertainties.

Analysis is ongoing. This work was supported by the
ImPACT Program of the Council for Science, Tech-
nology and Innovation (Cabinet Office, Government of
Japan).
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Beta-neutron-gamma spectroscopy of beta-delayed neutron emitters
around doubly-magic 78Ni

K. Rykaczewski,∗1 N. Brewer,∗1 B. Rasco,∗1 J. M. Allmond,∗1 D. Stracener,∗1 S. Nishimura,∗2 N. Fukuda,∗2

K. Matsui,∗2 P. Vi,∗2 H. Baba,∗2 J. Liu,∗2 S. Go,∗2 G. Kiss,∗2 S. Kubono,∗2 H. Sakurai,∗2 D. Ahn,∗2

H. Suzuki,∗2 H. Takeda,∗2 H. Ueno,∗2 R. Yokoyama,∗3 R. Grzywacz,∗3 T. King,∗3 M. Madurga,∗3 M. Singh,∗3

J. L. Tain,∗4 J. Agramunt,∗4 A. Tolosa-Delgado,∗4 A. Algora,∗4 B. Rubio,∗4 A. Tarifeno-Saldivia,∗5 F. Calvino,∗5

I. Dillmann,∗6 R. Caballero-Foch,∗6 T. Davinson,∗7 C. Griffin,∗7 A. Estrade,∗8 N. Nepal,∗8 R. Surman,∗9

G. Lorusso,∗10 A. Korgul,∗11 K. Miernik,∗11 and M. Wolińska-Cichocka∗12 for the BRIKEN Collaboration

The experiment focused on beta-neutron-gamma
spectroscopy of βn-emitters nuclei around 78Ni
has been performed during 10 days in November
2017 at RIKEN. Exotic nuclei produced with the
345 MeV/nucleon 238U beam reaching nearly 70
particle-nA and 9Be target, were studied by BRIKEN
Collaboration1) by means of BigRIPS. BRIKEN ar-
ray has been modified in comparison to its first round
of experiments, in order to achieve larger gamma ef-
ficiency. The AIDA implantation and decay array
has been replaced by four smaller double-sided Si-strip
counters of WASABI2) and complemented by a posi-
tion sensitive detector based on YSO scintillator de-
veloped at the UTK. It allowed us to move two Ge
clovers of ORNL CLARION array few cm closer to the
ion implantation and decay counters increasing gamma
counting efficiency. This hybrid setup has kept its high
efficiency for detecting beta-delayed neutrons.1) The
BigRIPS setting was maximized for the transmission
of 82Cu. Isotopes between 61V–69V up to 95Br–97Br
were produced and identified. In comparison to the
first run,3) the counting statistics for most exotic ions
was increased by about an order of magnitude, e.g.,
over 60,000 78Ni ions were produced and new Co to
Ga isotopes were observed in the particle identifica-
tion plot.4) The on-line results for the gamma spec-
tra recorded after the implantation of 78Ni fragments
are presented in Fig. 1. On should note an intense
283 keV gamma transition observed in the correlation
with beta and one neutron signals. It identifies new
lowest energy level at 284 keV in 77Cu, not observed
through the recent extensive study of 77Ni beta-gamma
decay identifying the lowest (3/2+) state at 293 keV.5)

It points to the discovery potential and selectivity of
experiments adding efficient neutron detection to the
beta-gamma counting. On-line evaluation pointed to
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Fig. 1. Low-energy part of gamma spectra following 78Ni

decay. Upper part displays beta-gamma data, while

lower panel selects beta-1n-gamma correlations (on-line

analysis P. Vi and J. Liu).

the evidence for a gamma transition
observed in the decays of 81Cu and 82Cu and inter-

preted as the de-excitation of the 1/2+ state to the
5/2+ ground state in the N = 50 isotone 81Zn, com-
pare N = 50 83Ge structure6) studied through 83Ga
and 84Ga decays. New data on the observed beta-
gamma and beta-xn-gamma correlations together with
newly measured half-lives and beta-delayed xn branch-
ing ratios will be used to verify and further develop the
modeling of nuclear structure evolution and following
beta decay properties at and beyond N = 50 shell clo-
sure.
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Measuring the β-decay properties of Na-Al species located
at the neutron drip line
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The β-delayed neutron emission is a process that can
occur when the neutron separation energy in the daugh-
ter nucleus (Sn) is smaller than the energy window for
the β-decay (Qβ). The delayed neutron emission is
characterized by the emission probability (Pn) which
that yields information on both the β-strength distri-
bution and the level structure of the daughter nucleus.1)

The existing nuclear structure models approach the
delayed neutron emission from different directions, de-
pending on their underlying theoretical bases.2–5) The
difficulties in describing the neutron emission probabil-
ities arise from the need to describe in detail the beta
strength of the nucleus, implying an intimate knowledge
of its single particle structure.
Of particular importance are the data on multiple

neutron emission, as they provide valuable insight into
the competition between γ-, one- and multi-neutron
emission in highly exotic nuclei. Current models typ-
ically assume no competition between the various de-
excitation channels, and emit as many neutrons as ener-
getically possible. To improve the predictive powers of
macroscopic models and our understanding of nuclear
structure in general, more data are required.
The latest atomic mass evaluation lists 2451 isotopes,

from which 300/138/58 are energetically allowed de-
layed 2/3/4 neutron emitters. So far only 23 P2n,
4 P3n, and only 1 P4n values were measured.6) The
beta delayed neutron emission measurements at RIKEN
(BRIKEN) project offers a unique opportunity to study
this rare decay mode. The BRIKEN7) setup consists of
140 3He gas-filled proportional counters embedded in a
high-density polyethylene moderator. The neutron de-
tector and two CLARION-type clover HPGe detectors
are placed surrounding the AIDA DSSSD array,8) which
contains six layers of highly segmented Si detectors for
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Fig. 1. Time distribution of the β particles emitted after

the decay of 37Na. Red and black circles show the data

with and without neutron signals in coincidence at the

BRIKEN detector, respectively.

the detection of implantations and beta electrons.
In April 2017, the first measurement addressing the

multiple neutron emission was conducted in parasitic
mode, together with a new isotope search experiment,9)

targeting the very neutron-rich species in the Na-Al
region. The secondary beams, produced using a 345-
MeV/nucleon energy 48Ca primary beam impinging on
a 20-mm thick Be target, were identified and purified
using the BigRIPS spectrometer. They were then trans-
ported through the ZD spectrometer to reach the decay
station located at the F11 focal plane.
The position and time correlations between the im-

plantation and subsequent decay events were used
to derive the half-lives of eight (35,37Na, 38,40Mg,
40,41,42Al, and 43Si) isotopes for the first time. Fig-
ure 1 shows the time distributions of β and β-n decays
37Na isotope.

A more detailed analysis is in progress. The new data
will constrain the theoretical models, and although in
some cases the statistics is poor it will be used to op-
timize the recently accepted NP1712-RIBF159 experi-
ment.
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The experiment focused on beta-neutron-gamma
spectroscopy of βn-emitters nuclei around 78Ni
has been performed during 10 days in November
2017 at RIKEN. Exotic nuclei produced with the
345 MeV/nucleon 238U beam reaching nearly 70
particle-nA and 9Be target, were studied by BRIKEN
Collaboration1) by means of BigRIPS. BRIKEN ar-
ray has been modified in comparison to its first round
of experiments, in order to achieve larger gamma ef-
ficiency. The AIDA implantation and decay array
has been replaced by four smaller double-sided Si-strip
counters of WASABI2) and complemented by a posi-
tion sensitive detector based on YSO scintillator de-
veloped at the UTK. It allowed us to move two Ge
clovers of ORNL CLARION array few cm closer to the
ion implantation and decay counters increasing gamma
counting efficiency. This hybrid setup has kept its high
efficiency for detecting beta-delayed neutrons.1) The
BigRIPS setting was maximized for the transmission
of 82Cu. Isotopes between 61V–69V up to 95Br–97Br
were produced and identified. In comparison to the
first run,3) the counting statistics for most exotic ions
was increased by about an order of magnitude, e.g.,
over 60,000 78Ni ions were produced and new Co to
Ga isotopes were observed in the particle identifica-
tion plot.4) The on-line results for the gamma spec-
tra recorded after the implantation of 78Ni fragments
are presented in Fig. 1. On should note an intense
283 keV gamma transition observed in the correlation
with beta and one neutron signals. It identifies new
lowest energy level at 284 keV in 77Cu, not observed
through the recent extensive study of 77Ni beta-gamma
decay identifying the lowest (3/2+) state at 293 keV.5)

It points to the discovery potential and selectivity of
experiments adding efficient neutron detection to the
beta-gamma counting. On-line evaluation pointed to
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Fig. 1. Low-energy part of gamma spectra following 78Ni

decay. Upper part displays beta-gamma data, while

lower panel selects beta-1n-gamma correlations (on-line

analysis P. Vi and J. Liu).

the evidence for a gamma transition
observed in the decays of 81Cu and 82Cu and inter-

preted as the de-excitation of the 1/2+ state to the
5/2+ ground state in the N = 50 isotone 81Zn, com-
pare N = 50 83Ge structure6) studied through 83Ga
and 84Ga decays. New data on the observed beta-
gamma and beta-xn-gamma correlations together with
newly measured half-lives and beta-delayed xn branch-
ing ratios will be used to verify and further develop the
modeling of nuclear structure evolution and following
beta decay properties at and beyond N = 50 shell clo-
sure.
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Measurement of β-delayed neutron emission probabilities for
progenitors of the A = 130 r-process abundance peak
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The first observation of a merger of two neutron
stars,1) with both gravitational and electromagnetic
wave signals, offers tantalizing opportunities to finally
identify the astrophysical site of the r-process. The
new observations will increase the demand for precise
nuclear data necessary to reach a detailed understand-
ing of the r-process mechanism. The r-process abun-
dance peak around A = 130 is of particular interest
because its shape and position is very sensitive to the
the neutron-richness of the astrophysical environment,
as its formation reflects the break-out of the reaction
flow from the N = 82 classical waiting point isotopes.
However, the effect on the final r-process abundance is
obscured by a numbers of β-delayed neutron emitters
along the decay path back to stability. In fact, the β-
delayed neutron emission probabilities (Pn values) in
the region south-east of 132Sn have a most pronounced
effect on the final r-process abundance, according to
the recent sensitivity study in Ref. 2).

In June 2017, we have performed an experiment to
study the decay properties of the β-delayed neutron
emitters in the mass region A = 130 near the dou-
bly magic nucleus 132Sn. These neutron-rich isotopes
were produced by the projectile fragmentation of a
345 MeV/nucleon 238U beam on a Be target, before
being purified and identified by the BigRIPS spectrom-
eter. They were then transported through the Zero-
degree spectrometer to reach the decay station located
at the F11 focal plane. In the decay station, the active
stopper array AIDA3) was placed at a central position
for the implantation of nuclei of interested, and it de-
tected their subsequent β decay. The AIDA detector
is a stack of six 8×8 cm2 DSSDs with 128×128 pixels
each. Neutrons emitted from the β decay of ions im-
planted in AIDA were detected by the BRIKEN neu-
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Fig. 1. Particle identification plot for isotopes transported

to the decay station at F11, indicating the most

neutron-rich isotopes for each element.

tron detector array4) consisting of 140 gas-filled 3He
counters, which were inside a large moderation block
made of high-density polyethylene. In addition, two
clover-type high-purity Germanium detectors were em-
ployed to measure β-delayed and isomeric γ rays.
The particle identification plot combining data of

the two settings of the experiment, centered at 130Ag
and 140Xe, is shown in Fig. 1. The data analysis is
ongoing. Preliminary results indicate that new or im-
proved measurements of Pn values will be obtained for
over 40 isotopes, and for 11 isotopes in the case of half-
lives. These new measurements would make a signif-
icant contribution to the available experimental data
for r-process models.
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β-delayed neutron emission probabilities for understanding the
formation of the r-process rare-earth peak
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The main signatures of the rapid-neutron capture pro-
cess (so-called r-process) are the three large abundance
maxima in the solar-system composition at masses of
A∼80, 130, and 195, which are related to the flow of
matter through the three neutron shell closures at N=50,
82, and 126. In contrast to these three characteris-
tic peaks, there is a small—but distinct—peak around
A∼160, that corresponds to the region of rare-earth el-
ements. From the astrophysics point of view, the most
interesting feature of the rare-earth peak (REP) is that,
contrary to the three main maxima that form during (n,
γ) ↔ (γ, n) equilibrium, the REP originates later, after
neutron exhaustion, thus representing a unique oppor-
tunity to study the late-time environmental conditions.

Although several different production mechanisms
were suggested, most models agree on the fact that
β-delayed neutron emission plays a crucial role in the
REP formation.1–3) Recently, the largest and most ef-
ficient β-delayed neutron detector4) was built by the
BRIKEN collaboration at the RIKEN Nishina Center
to study systematically the decay of very neutron-rich
nuclei across the nuclear chart. The so-called BRIKEN
neutron detector consists of 140 3He gas-filled propor-
tional counters embedded in a high-density polyethylene
moderator. The neutron detector and two CLARION-
type clover HPGe detectors are placed around the AIDA
DSSSD array,5) which contains six layers of highly seg-
mented Si detectors for the detection of implantations
and beta electrons.

The NP1612-RIBF148 experiment is focused on the
measurement of the β-delayed neutron emitters, which
are critical for the formation of the REP in the solar
system abundances. In an exploratory run (∼25% to-
tal beamtime), performed in June 2017, the β decays of
exotic Pr-Gd species were studied at the Radioactive Iso-
tope Beam Factory. A 50-pnA-intensity 238U beam was
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Fig. 1. PID of the exploratory run for the NP1612-RIBF148

experiment.

accelerated up to an energy of 345 MeV/nucleon before
it was incident on a 4-mm-thick Be target to produce
radioactive secondary beams by in-flight fission. The
nuclei of interest were separated and identified in the
BigRIPS spectrometer, transported through the Zero-
Dregree spectrometer and implanted in the AIDA array.
Figure 1 (top) shows the particle identification matrix
for the statistics accumulated during the first 24 h. The
bottom panel of Fig. 1 shows the projection of the PID
matrix on the A/Q axis for the Nd isotopes; the A/Q
resolution achieved—less than 0.05%—ensures a good
separation of fully- stripped and H-like ions. The re-
sults of the exploratory run are promising; for the first
time ever, key REP progenitors3) have become accessi-
ble and the study of their beta decay properties will be
possible thanks to the use of the state-of-the-art detec-
tors BRIKEN and AIDA. Our intention is to continue
the experiment as soon as the 238U beam is available
again.
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Study of the superallowed 0+ → 0+ β decay of 70Br†
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One of the core concepts of the Electroweak Stan-
dard Model (ESM) is the unitarity of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix which describes
the mixing between the three families of quarks. In-
creasingly high-precision measurements of the CKM
matrix elements are required to set the limits on any
possible physics beyond the ESM. The largest matrix
element, the up-down term Vud, can be extracted from
high-precision measurements of half-lives, masses, and
branching ratios of superallowed β transitions between
Jπ = 0+, T = 1 analog states starting in N = Z nu-
clei.1) In this report we provide the most precise half-
life measurement for the T = 1 (Jπ = 0+) ground
state of the heavy self-conjugate nucleus 70Br and the
first estimate of the total branching fraction decaying
through the first 2+ state in the daughter nucleus, 70Se.
The 70Br nuclei were produced in the fragmenta-

tion of a 78Kr primary beam at 345 MeV/nucleon and
38 pnA colliding with a 5-mm thick Be target. After
separation and selection in the BigRIPS separator, the
nuclei were implanted in the WAS3ABi active stopper,
surrounded by the EURICA γ-ray spectrometer.2)

Standard delayed-coincidence techniques were ap-
plied to study the β decay of 70Br, including an exhaus-
tive evaluation of the factors that could influence the
half-life measurement.3) As an example, Fig. 1 shows

† Condensed from the article in Phys. Rev. C 95, 064327
(2017)
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Fig. 1. Measured half-lives for the T = 1 (Jπ = 0+) ground

state (empty triangles) and isomeric ratios for the T = 0

(Jπ = 9+) isomer (full dots) in 70Br as a function of the

fitting range (a) and the β threshold (b).

the half-life of the T = 1 (Jπ = 0+) ground state as
a function of the fitting range (a) and the β threshold
(b). The average half-life deduced is shown as a thick
continuous line and the total error as dotted-dashed
lines. The isomeric ratio of the T = 0 (Jπ = 9+)
state is also shown for each lifetime fit and, in thick
dashed line, the overall deduced value. The resulting
half-lives for the T = 0 (Jπ = 9+) isomer and the
T = 1 (Jπ = 0+) ground state, t1/2 = 2157+53

−49 ms
and t1/2 = 78.42± 0.51 ms, respectively, are the most
precise values reported hitherto in the literature.

The branching ratio of the superallowed 0+ → 0+

transition, R = 97.94±1.75%, was estimated from the
measured γ imbalance of the 2+1 level in 70Se, as de-
scribed in Ref. 3). This has allowed for a first estimate
of the Ft value associated with this decay, calling for
a new mass measurement of 70Br in order to confirm
the Conserved Vector Current hypothesis.1)

The analyses of the 70,71Kr β and 71Kr isomer decays
are in progress.
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Results on 64As decay measured at BigRIPS
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We have performed an experiment at RIKEN to
study the decay of the Tz= −2 exotic nucleus 64Se.
Some preliminary results have been presented in
Refs. 1) and 2). As shown in in Fig. 1 several nuclei
are produced in the decay chain of 64Se. This includes
the Tz= −1 64As, where little is known and there is
no information on the β delayed protons. Fortunately
64As is produced directly in the primary reaction. By
placing the implantation condition on 64As we have
obtained an improved value for the T1/2 and the first
experimental information on the β delayed protons.
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Fig. 1. Scheme showing the full decay chain of 64Se. Pink

colour indicates 64As, the nucleus study in the report.

Both 64Se and 64As were produced in the fragmen-
tation of a 345 MeV/u 78Kr beam with typical inten-
sity of 200 pnA on a Be target. The fragments were
separated in flight using BigRIPS and implanted in
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WAS3ABi double-sided Si strip detectors. The im-
plantation setup was surrounded by the Ge Array (EU-
RICA).

In Figs. 2 and 3 we present the first experimental
spectrum of the β delayed protons and the fit of the
T1/2 of 64As derived from the correlations between the
implanted 64As ions in WAS3ABi and the particle de-
cay in the same pixel. The proton spectrum was cali-
brated as in Ref. 2) and the T1/2 analysis is described
in Ref. 1). Information on the β delayed γ rays of 64As
is presented in a separate contribution to this Acceler-
ator Progress Report.
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Study of the superallowed 0+ → 0+ β decay of 70Br†

A. I. Morales,∗1 A. Algora,∗1,∗2 B. Rubio,∗1 K. Kaneko,∗3 J. Agramunt,∗1 V. Guadilla,∗1 A. Montaner-Pizá,∗1
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One of the core concepts of the Electroweak Stan-
dard Model (ESM) is the unitarity of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix which describes
the mixing between the three families of quarks. In-
creasingly high-precision measurements of the CKM
matrix elements are required to set the limits on any
possible physics beyond the ESM. The largest matrix
element, the up-down term Vud, can be extracted from
high-precision measurements of half-lives, masses, and
branching ratios of superallowed β transitions between
Jπ = 0+, T = 1 analog states starting in N = Z nu-
clei.1) In this report we provide the most precise half-
life measurement for the T = 1 (Jπ = 0+) ground
state of the heavy self-conjugate nucleus 70Br and the
first estimate of the total branching fraction decaying
through the first 2+ state in the daughter nucleus, 70Se.
The 70Br nuclei were produced in the fragmenta-

tion of a 78Kr primary beam at 345 MeV/nucleon and
38 pnA colliding with a 5-mm thick Be target. After
separation and selection in the BigRIPS separator, the
nuclei were implanted in the WAS3ABi active stopper,
surrounded by the EURICA γ-ray spectrometer.2)

Standard delayed-coincidence techniques were ap-
plied to study the β decay of 70Br, including an exhaus-
tive evaluation of the factors that could influence the
half-life measurement.3) As an example, Fig. 1 shows
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(2017)
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Fig. 1. Measured half-lives for the T = 1 (Jπ = 0+) ground

state (empty triangles) and isomeric ratios for the T = 0

(Jπ = 9+) isomer (full dots) in 70Br as a function of the

fitting range (a) and the β threshold (b).

the half-life of the T = 1 (Jπ = 0+) ground state as
a function of the fitting range (a) and the β threshold
(b). The average half-life deduced is shown as a thick
continuous line and the total error as dotted-dashed
lines. The isomeric ratio of the T = 0 (Jπ = 9+)
state is also shown for each lifetime fit and, in thick
dashed line, the overall deduced value. The resulting
half-lives for the T = 0 (Jπ = 9+) isomer and the
T = 1 (Jπ = 0+) ground state, t1/2 = 2157+53

−49 ms
and t1/2 = 78.42± 0.51 ms, respectively, are the most
precise values reported hitherto in the literature.

The branching ratio of the superallowed 0+ → 0+

transition, R = 97.94±1.75%, was estimated from the
measured γ imbalance of the 2+1 level in 70Se, as de-
scribed in Ref. 3). This has allowed for a first estimate
of the Ft value associated with this decay, calling for
a new mass measurement of 70Br in order to confirm
the Conserved Vector Current hypothesis.1)

The analyses of the 70,71Kr β and 71Kr isomer decays
are in progress.
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γ rays identified in the decay chain of 64Se measured with EURICA
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In a separate contribution to this Accel. Prog. Rep.1)

we have presented the preliminary results for the β de-
layed proton spectrum of 64As decay and its T1/2. This
was needed in order to fully understand the decay chain
following the decay of 64Se (see Fig. 1 in the separate
contribution). Here we present some γ spectra that
will help us to determine the complete decay chain.
All of the data for the two contributions come from an
experiment performed at RIKEN using the fragmen-
tation of a 345 MeV/nucleon 78Kr beam with typical
intensity of 200 pnA on a Be target. The fragments
were separated in flight using the BigRIPS separator
and implanted in three WAS3ABi double-sided Si strip
detectors. The implantation setup was surrounded by
the EUROBALL-RIKEN Cluster Array (EURICA).2)

It consisted of 12 Euroball IV type HPGe cluster detec-
tors, each consisting of seven tapered, hexagonal HPGe
crystals at a nominal distance of 22 cm from the center.
We have analysed the γ spectra in prompt coincidence
with β signals happening in WAS3ABI in correlation
with the implantation signals happening in the same
pixel with the conditions set on 64Se (T1/2 = 22.5 ms),
64As (T1/2 = 63.4 ms), and 63Ge (T1/2 = 153.3 ms).
The corresponding γ spectra in “addback” mode (con-
sidering the full cluster as a single detector) are shown
in Fig. 1. In green are the gamma lines which appear
in the spectrum with the condition on 64Se implan-
tation and not on the other two. Consequently they
are identified as γ rays associated with the beta de-
cay of 64Se. Similarly, the lines marked in pink appear
with the condition on 64Se (as daughter activity) and
64As and disappear when the condition is set on 63Ge,
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Fig. 1. Spectra showing the γ rays measured with the Ge

array EURICA in correlation with implantation signal

happening in WASABI with conditions on 64Se, 64As,

and 63Ge implanted ions (see text).

and are consequently associated with the β decay of
64As. Finally the γ rays associated with the decay of
63Ge are marked in red. Other possible activities in
the decay chain have longer half-lives. No β delayed γ
radiation was observed in any of the three cases prior
to this work. The corresponding level schemes are in
preparation.

References
1) P. Aguilera et al., in this report.
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Isomer-decay spectroscopy of 67Fe and reaction-channel dependency
of isomeric ratios from interactions in the MINOS proton target
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In this report, we discuss the properties of the iso-
meric state in 67Fe. While the existence of this isomer
is already well established, its nature is still unknown.

The data were obtained using the EURICA1,2) setup
during the SEASTAR campaign in 20143) by fissioning
a 345 MeV/u 238U beam on a 3 mm-thick beryllium
target. Knockout reactions occured in the liquid hy-
drogen target of MINOS,4) installed at the F8 focal
plane. At the final focal plane the EURICA array was
used for measuring the energy and time between im-
plantation and detection of the γ rays. In this experi-
ment only six EURICA clusters were active. A total of
∼ 3×107 67Fe nuclei were implanted in a stopper in the
center of EURICA. Approximately 96% of these im-
plantation were from unreacted 67Fe secondary beam,
the rest were reaction products in MINOS.

Using the BigRIPS and ZeroDegree information the
implanted nuclei could be separated into the main
reaction channels: 68Co(p, 2p)67Fe, 238U fission, and
68Fe(p, pn)67Fe with isomeric ratios of 56%, 36%, and
28%, respectively. Thus, the isomeric ratio is highest
in the proton knock-out channel, but also significant
in the other channels. In the Fig. 1, the γ-ray spectra
are shown, normalized to the number of incoming ions.

One possible interpretation of the different isomeric
ratios is found in the difference in the states of the
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γ

Fig. 1. Spectra of γ rays following isomeric decay separated

into the main reaction channels normalised to the re-

spective number of incoming ions.

ternary beam. For 68Co there are two long-lived states
that can serve as effective ground state configurations
of 1− and 7− based on πf7/2 ⊗ νg9/2. Knocking out a
f7/2 proton could then leave a g9/2 neutron in an ex-
cited state, that in turn decays to the isomeric state.
With 68Fe in a 0+ ground state, and no other known
long lived configurations, the still relatively high iso-
meric ratio from neutron knockout can be explained
by the breaking of a νg29/2 neutron-pair. In summary,
such a picture would be consistent with a νg9/2-based
isomer over a νp1/2 ground-state.
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γ rays identified in the decay chain of 64Se measured with EURICA
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In a separate contribution to this Accel. Prog. Rep.1)

we have presented the preliminary results for the β de-
layed proton spectrum of 64As decay and its T1/2. This
was needed in order to fully understand the decay chain
following the decay of 64Se (see Fig. 1 in the separate
contribution). Here we present some γ spectra that
will help us to determine the complete decay chain.
All of the data for the two contributions come from an
experiment performed at RIKEN using the fragmen-
tation of a 345 MeV/nucleon 78Kr beam with typical
intensity of 200 pnA on a Be target. The fragments
were separated in flight using the BigRIPS separator
and implanted in three WAS3ABi double-sided Si strip
detectors. The implantation setup was surrounded by
the EUROBALL-RIKEN Cluster Array (EURICA).2)

It consisted of 12 Euroball IV type HPGe cluster detec-
tors, each consisting of seven tapered, hexagonal HPGe
crystals at a nominal distance of 22 cm from the center.
We have analysed the γ spectra in prompt coincidence
with β signals happening in WAS3ABI in correlation
with the implantation signals happening in the same
pixel with the conditions set on 64Se (T1/2 = 22.5 ms),
64As (T1/2 = 63.4 ms), and 63Ge (T1/2 = 153.3 ms).
The corresponding γ spectra in “addback” mode (con-
sidering the full cluster as a single detector) are shown
in Fig. 1. In green are the gamma lines which appear
in the spectrum with the condition on 64Se implan-
tation and not on the other two. Consequently they
are identified as γ rays associated with the beta de-
cay of 64Se. Similarly, the lines marked in pink appear
with the condition on 64Se (as daughter activity) and
64As and disappear when the condition is set on 63Ge,
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Fig. 1. Spectra showing the γ rays measured with the Ge

array EURICA in correlation with implantation signal

happening in WASABI with conditions on 64Se, 64As,

and 63Ge implanted ions (see text).

and are consequently associated with the β decay of
64As. Finally the γ rays associated with the decay of
63Ge are marked in red. Other possible activities in
the decay chain have longer half-lives. No β delayed γ
radiation was observed in any of the three cases prior
to this work. The corresponding level schemes are in
preparation.
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Beta-decay half-lives of 78Kr fragments from Cu to Ge
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C. Magron,∗1 J. Agramunt,∗2 A. Algora,∗2,∗3 V. Guadilla,∗2 A. Montaner-Piza,∗2 A. I. Morales,∗2

S. E. A. Orrigo,∗2 B. Rubio,∗2 D. S. Ahn,∗4 P. Doornenbal,∗4 N. Fukuda,∗4 N. Inabe,∗4 G. G. Kiss,∗4 T. Kubo,∗4

S. Kubono,∗4 S. Nishimura,∗4 H. Sakurai,∗4,∗5 Y. Shimizu,∗4 C. Sidong,∗4 P.-A. Söderström,∗4 T. Sumikama,∗4
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The most commonly observed decay process for
proton-rich nuclei is β+ decay. Further away from
stability, the Q value of this process increases and
the proton separation energy decreases, allowing β-
delayed proton (βp) emission. The half-lives and pro-
ton branching ratios of nuclei near the proton drip line,
especially around Z = 30− 40, are of particular inter-
est for astrophysical rp-process (rapid-proton capture)
calculations in X-ray bursts on the surface of accret-
ing neutron stars. The beta and beta-delayed proton
decays compete with the rapid-proton capture process.

Nuclei in this mass region were produced and iden-
tified with unprecedented statistics at RIBF in 2015
within the RIBF4R1 experiment.1) The fragments
were produced by fragmentation of a 78Kr beam
(350 MeV/A and 150 pnA) on a Be target. After
the selection and identification by the BigRIPS frag-
ment separator, the nuclei were implanted in the silicon
detectors of the WAS3ABi setup2) surrounded by the
EURICA γ-detector array.3)

The position and time correlations between the im-
plantation and subsequent decay events provide the
time distribution used to determine the half-lives of
the nuclei of interest. The fit function is composed
of the contribution of the parent nucleus, the daugh-
ter nuclei for the different decay branches (β and βp
decays) and a constant background. The background
component of the function is extracted from a fit of
negative times between implantation and decay.

More accurate half-lives and proton branching ra-
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Fig. 1. Time distributions of 55Cu, 56Cu, 60Ga, 65As and
63Ge with their respective β-decay half-lives determined

in this work. The dotted red lines are the contributions

of the isotopes of interest, whereas the full red lines

represent the sums of the decay of interest and a con-

stant background. In the case of 55Cu, the additional

light blue line is the contribution of the daughter decay

(55Ni), also included in sum line.

tios were obtained from the analysis of the experiment.
The values for the βp emitters 57Zn, 61Ge, 65Se, 68Kr
and 69Kr were previously reported in Ref. 4). Further-
more, new half-life values of the β emitters 55Cu, 56Cu,
60Ga, 65As and 63Ge were determined. Their fit and
time distributions are shown in Fig. 1. Half-life values
with a better precision than literature were obtained,
providing new inputs to future rp-process calculations.
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3) P. A. Söderström et al., Nucl. Instrum. Methods B 317,

649 (2013).
4) T. Goigoux et al., RIKEN Accel. Prog. Rep. 50, 35

(2017).

- 60 -

RIKEN Accel. Prog. Rep. 51 (2018) Ⅱ-1. Nuclear Physics



Isomer spectroscopy of 92, 94Se in the SEASTAR 2015 experiment
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We report on the analysis of the isomer spectroscopy
of 92, 94Se conducted during the SEASTAR 2015 cam-
paign of experiments.1) Neutron-rich nuclei were pro-
duced via the in-flight fission of a 345-MeV/nucleon 238U
primary beam colliding with a 9Be target. The frag-
ments were selected with BigRIPS, previously tuned to
produce a radioactive beam centered around 95Br. This
secondary beam impinged on a 99(1)-mm LH2 target
of the MINOS device placed at F8, producing neutron-
rich selenium nuclei via knockout reactions. The ejec-
tiles were transported through the ZeroDegree spectrom-
eter, where particle identification was conducted via
the TOF-Bρ-∆E measurement to deduce the mass-to-
charge ratio (A/Q) and atomic number (Z). The ob-
tained PID histogram is shown in Fig. 1.

The nuclei were implanted on the silicon layers of the
AIDA stopper placed at the end of the ZeroDegree spec-
trometer. The existence and decay of isomeric states
of the implanted ions were studied using the EURICA
array comprised of HP Ge detectors.2,3) The obtained
spectra for delayed γ rays are shown in Fig. 2. All
the reported transitions for these isotopes4,5) were ob-
served. For 92Se, new transitions were found at 67, 353
and 1252 keV. For 94Se, the isomeric state was observed
for the first time, with new transitions having energies
of 495, 822, 752, and 1180 keV.

Several analysis steps such as add-back reconstruc-
tion, background subtraction, efficiency and time-walk
correction, and γγ coincidences have been conducted to
identify the γ rays emitted after the isomeric decay and
their placement in the level schemes, which have been
extended. In both nuclei, a single isomeric state has
been found because the half-lives for the individual tran-
sitions, measured from their time spectra, are consistent
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with each other. The isomeric half-lives were obtained
from the exponential fit of the time spectrum obtained
after adding events of individual transitions, leading to
T1/2 = 15.7(7) µs for 92Se and T1/2 = 0.68(5) µs for 94Se.

For 92Se, the isomeric decay occurs because of an
E2 67-keV transition with a decay strength of approxi-
mately 1 W.u. The comparison between BrICC calcula-
tions and experimental intensities allowed the multipo-
larity assignment. In the context of Nilsson schemes of
state-of-the-art beyond mean-field (BMF) theories, the
isomeric decay likely corresponds to a 9−→7− transition
between two oblate quasi neutron states. For 94Se an
oblate K-isomer is suggested, decaying via a 7−→6+1 E1
transition with an energy of 495 keV. The spin quantum
numbers were tentatively assigned assuming the simplest
high-K quasiparticle couplings near the Fermi surface, in
both cases near β∼−0.24, involving the 11/2[505] level.
A prolate-to-oblate transition between 90−94Se56−60 is
predicted by BMF theories recently used for the neigh-
bouring 98, 100Kr.6) It seems to be supported by the ex-
perimental systematics and the decay pattern between
the low-lying levels observed during the isomeric decay.

References
1) P. Doornenbal et al., RIKEN Accel. Prog. Rep. 49, 35

(2016).
2) P.-A. Söderström et al., Nucl. Instrum. Methods B, 317,

649 (2013).
3) S. Nishimura et al., Prog. Theor. Exp. Phys. 2012,

03C006 (2012).
4) S. Chen et al., Phys. Rev. C 95, 041302(R) (2017).
5) D. Kameda et al., Phys. Rev. C 86, 054319 (2012).
6) F. Flavigny et al., Phys. Rev. Lett. 118, 242501 (2017).
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The most commonly observed decay process for
proton-rich nuclei is β+ decay. Further away from
stability, the Q value of this process increases and
the proton separation energy decreases, allowing β-
delayed proton (βp) emission. The half-lives and pro-
ton branching ratios of nuclei near the proton drip line,
especially around Z = 30− 40, are of particular inter-
est for astrophysical rp-process (rapid-proton capture)
calculations in X-ray bursts on the surface of accret-
ing neutron stars. The beta and beta-delayed proton
decays compete with the rapid-proton capture process.

Nuclei in this mass region were produced and iden-
tified with unprecedented statistics at RIBF in 2015
within the RIBF4R1 experiment.1) The fragments
were produced by fragmentation of a 78Kr beam
(350 MeV/A and 150 pnA) on a Be target. After
the selection and identification by the BigRIPS frag-
ment separator, the nuclei were implanted in the silicon
detectors of the WAS3ABi setup2) surrounded by the
EURICA γ-detector array.3)

The position and time correlations between the im-
plantation and subsequent decay events provide the
time distribution used to determine the half-lives of
the nuclei of interest. The fit function is composed
of the contribution of the parent nucleus, the daugh-
ter nuclei for the different decay branches (β and βp
decays) and a constant background. The background
component of the function is extracted from a fit of
negative times between implantation and decay.

More accurate half-lives and proton branching ra-
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Fig. 1. Time distributions of 55Cu, 56Cu, 60Ga, 65As and
63Ge with their respective β-decay half-lives determined

in this work. The dotted red lines are the contributions

of the isotopes of interest, whereas the full red lines

represent the sums of the decay of interest and a con-

stant background. In the case of 55Cu, the additional

light blue line is the contribution of the daughter decay

(55Ni), also included in sum line.

tios were obtained from the analysis of the experiment.
The values for the βp emitters 57Zn, 61Ge, 65Se, 68Kr
and 69Kr were previously reported in Ref. 4). Further-
more, new half-life values of the β emitters 55Cu, 56Cu,
60Ga, 65As and 63Ge were determined. Their fit and
time distributions are shown in Fig. 1. Half-life values
with a better precision than literature were obtained,
providing new inputs to future rp-process calculations.

References
1) B. Blank et al., Phys. Rev. C 93, 061301(R) (2016).
2) S. Nishimura et al., RIKEN Accel. Prog. Rep. 46, 182

(2013).
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γ-decaying isomers and isomeric ratios in the 100Sn region†
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The structure of the heaviest N = Z doubly magic
nucleus 100Sn and the nuclei in its vicinity has been
investigated in depth both experimentally and theo-
retically.1) Isomeric states in these exotic isotopes con-
tain valuable experimental information on some of the
research topics in this region of nuclides, such as the
robustness of the N = Z = 50 shells and the role of
the proton-neutron interaction in N ∼ Z nuclei.
This report contains a summary of results from the

EURICA Xe campaign in 2013 on the γ-decaying iso-
mers in the 100Sn region. Proton-rich isotopes in 100Sn
region were produced from fragmentation reactions of
124Xe on a 9Be target, and were separated and identi-
fied through BigRIPS and the ZeroDegree spectrome-
ter at the RIBF. They were implanted in WAS3ABi,2)

and time-delayed γ rays emitted from the isomers of
the implanted nuclei were detected with EURICA3) for
half-life (T1/2) measurements.
Several new results were found: the discovery of

a (4+) isomer in 92Rh; the excitation energy of the
(15+) isomer in 96Ag, and the T1/2 of the (6+) isomer
in 98Cd. Figure 1 shows the electromagnetic transi-
tion strengths derived from half-life measurements of
γ-decaying isomers observed in this experiment, as well
as the theoretical values from different shell model
(SM) calculations. The SLGM interaction4) uses a
model space of proton and neutron (2p1/2, 1g9/2) or-
bitals above the 76Sr core. The other SM approaches
are described in the original article. Two sets of pro-
ton and neutron effective charges (a) and (b) were em-
ployed to gauge and account for core polarization ef-
fects. A good agreement between experimental and
theoretical transition strengths was found in general.
However, the transition strengths were significantly
lower than predicted in 92,93Ru. On the other hand,
experimental transition strengths of the core-excited
(12+) isomer in 98Cd exceeding SM predictions may
be related to the increased proton core polarization
in light, even-mass Sn isotopes.5) Further theoretical
efforts are needed to address these discrepancies.

In addition, experimental isomeric ratios of both γ-
decaying and β-decaying isomers were determined and
compared with the abrasion-ablation model6,7) cou-
pled to the sharp cutoff model. A good agreement
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Fig. 1. Experimental electromagnetic transition strengths

of isomers measured in this work and shell model calcu-

lations. See the text for details on the different models.

between experimental and theoretical values was ob-
tained for positive-parity isomers with J > 4.

No experimental signature of an isomer in 100Sn was
found, which was hypothesized from SM.8,9) With as-
sumptions from SM calculations and the theoretical
isomeric ratio, limits on the γ-ray energy and T1/2 were
proposed on the isomer in 100Sn.
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Coexisting Single-Particle and Collective Structures in 137Sb
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Fig. 1. γ-ray spectrum obtained from the β-decay of 137Sn

in the current work.

The structure of the nucleus is governed by a delicate
interplay between single-particle and collective states.
Currently it is unclear how collective modes develop in
nuclei in very neutron-rich regions far from stability,
which are difficult to access experimentally. Collectiv-
ity occurs when the integrated proton-neutron interac-
tion is able to overcome the pairing force. Experimen-
tal measurements have shown that reduced pairing was
found to be necessary to correctly describe the struc-
tures of 136Sn1) and 72,74Ni,2) which possess significant
seniority (broken pair) mixing. It is therefore interest-
ing to search for the development of collective modes
in nuclei east of 132Sn. The very neutron-rich nucleus
137Sb consists of a single valence proton coupled to
136Sn and its structure is most appropriate for testing
the proton–neutron part of shell-model effective inter-
actions. A decay scheme of this nucleus has been con-
structed via β- and β-n decay spectroscopy data taken
at RIBF, RIKEN during the EURICA campaign.

The experimental spectrum obtained is presented
in Fig. 1. It was possible to construct a first level
scheme using γ − γ coincidences, along with the β-n
decay data of 138Sn, shown in Fig. 2. The ground state
spin of the parent 137Sn nucleus was determined from
the β-n feeding of known spin (4−) and (2−) levels in
136Sb. The 137Sb ground-state spin of (7/2+) was as-
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Fig. 2. Level scheme of 137Sb obtained in the current work.

signed from the β and β-n feeding intensities to levels
in 136,137Te. In particular the observed feeding to spin
(2+) − (6+) levels in 136Te agrees best with a (7/2+)
ground-state spin assignment. It is important to note
that the first excited state in 137Sb receives no direct
feeding from the β-n decay of 138Sn, allowing a spin of
(5/2+) to be assigned.

The experimental level scheme has been compared
to the results obtained from shell-model calculations3)

and level systematics. The calculations predict a set
of four low-lying states with spins of 1/2+, 3/2+, 5/2+,
and 7/2+ all within an energy range of 0–400 keV, with
other states in this spin range at energies >700 keV. As
three low-lying states in 137Sb appear to be fed directly
from β decay there is considerable unseen population
from the γ decay of higher lying levels.

The wavefunctions of the four lowest-lying states of
137Sb are calculated to be different in nature. For
example the 7/2+ state has a predominantly single-
particle character, whereas the 1/2+ and 3/2+ states
are more fragmented, with seniority-3, and higher, cou-
plings making up >70% of the wavefunction. The lat-
ter is a sign of the breakdown of independent single-
particle behavior and emergening collectivity. Indeed
the theoretical results point towards the coexistence
of single-particle and weakly collective states near the
ground state of 137Sb.
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γ-decaying isomers and isomeric ratios in the 100Sn region†
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The structure of the heaviest N = Z doubly magic
nucleus 100Sn and the nuclei in its vicinity has been
investigated in depth both experimentally and theo-
retically.1) Isomeric states in these exotic isotopes con-
tain valuable experimental information on some of the
research topics in this region of nuclides, such as the
robustness of the N = Z = 50 shells and the role of
the proton-neutron interaction in N ∼ Z nuclei.
This report contains a summary of results from the

EURICA Xe campaign in 2013 on the γ-decaying iso-
mers in the 100Sn region. Proton-rich isotopes in 100Sn
region were produced from fragmentation reactions of
124Xe on a 9Be target, and were separated and identi-
fied through BigRIPS and the ZeroDegree spectrome-
ter at the RIBF. They were implanted in WAS3ABi,2)

and time-delayed γ rays emitted from the isomers of
the implanted nuclei were detected with EURICA3) for
half-life (T1/2) measurements.
Several new results were found: the discovery of

a (4+) isomer in 92Rh; the excitation energy of the
(15+) isomer in 96Ag, and the T1/2 of the (6+) isomer
in 98Cd. Figure 1 shows the electromagnetic transi-
tion strengths derived from half-life measurements of
γ-decaying isomers observed in this experiment, as well
as the theoretical values from different shell model
(SM) calculations. The SLGM interaction4) uses a
model space of proton and neutron (2p1/2, 1g9/2) or-
bitals above the 76Sr core. The other SM approaches
are described in the original article. Two sets of pro-
ton and neutron effective charges (a) and (b) were em-
ployed to gauge and account for core polarization ef-
fects. A good agreement between experimental and
theoretical transition strengths was found in general.
However, the transition strengths were significantly
lower than predicted in 92,93Ru. On the other hand,
experimental transition strengths of the core-excited
(12+) isomer in 98Cd exceeding SM predictions may
be related to the increased proton core polarization
in light, even-mass Sn isotopes.5) Further theoretical
efforts are needed to address these discrepancies.

In addition, experimental isomeric ratios of both γ-
decaying and β-decaying isomers were determined and
compared with the abrasion-ablation model6,7) cou-
pled to the sharp cutoff model. A good agreement
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Fig. 1. Experimental electromagnetic transition strengths

of isomers measured in this work and shell model calcu-

lations. See the text for details on the different models.

between experimental and theoretical values was ob-
tained for positive-parity isomers with J > 4.

No experimental signature of an isomer in 100Sn was
found, which was hypothesized from SM.8,9) With as-
sumptions from SM calculations and the theoretical
isomeric ratio, limits on the γ-ray energy and T1/2 were
proposed on the isomer in 100Sn.
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Investigation of octupole correlations of neutron-rich Z ∼ 56 isotopes
by β-γ spectroscopy
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Neutron-rich Ba isotopes (Z = 56, N ∼ 88) are ex-
pected to have a significant octupole collectivity due
to the interactions between orbitals with ∆j = ∆l = 3
around the Fermi surface. Recently, the reflection-
asymmetric shape, octupole deformation, has been
reported in 144Ba by Bucher et al.1) The theoreti-
cal calculations exhibit different predictions for oc-
tupole correlations in this region. For example, the
microscopic-macroscopic method2) predicts some β3

values, whereas the Hartree-Fock calculation3) argues
that there is no state with a dipole moment relevant
to the octupole collectivity. Therefore, experimental
studies of more neutron-rich Ba isotopes are required.

We performed the β-γ spectroscopy of the 150Cs
decay at RIBF using the in-flight fission of a
345 MeV/nucleon 238U beam bombarding a 3-mm
thick Be target. Fission fragments were identified by
the TOF-Bρ-∆E method using BigRIPS.4) The sec-
ondary beam was implanted into an active stopper
WAS3ABi,5) which consists of five layers of double-
sided-silicon-strip detectors for ion-β correlation. The
γ rays from the implanted nuclei were detected using
EURICA,6) an array of 12-cluster Ge detectors.
The γ-ray energy spectrum of the 150Cs decay is

shown in Fig. 1. The ion-β time window was set to
0.2 s considering the previously reported half-life of
150Cs, 0.84(8) ms.7) Since the peak count was small,
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Fig. 1. (a) The preliminary γ-ray energy spectrum of the

β decay from 150Cs to 150Ba. The red curve shows the

estimated continuum background. (b) The significance

spectrum by a likelihood ratio test.

a log-likelihood ratio test was performed for the en-
ergy spectrum. The significance spectrum is shown in
Fig. 1(b). The background was estimated by smooth-
ing and scaling the energy spectrum with a time win-
dow of 2-to-10 s after ion implantation. We requested
4σ as a confidence level to identify significant peaks in
the spectrum. There are three significant peaks at en-
ergies of 100, 200, and 597 keV. The peak at 200 keV
is not assigned to an excited state of 150Ba because it
became more pronounced in a spectrum with a longer
time window up to 2 s than 0.2 s. Analysis on the 100-
and 597-keV γ-ray is in progress.
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First result of elastic electron scattering from 132Xe
at the SCRIT facility†
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For the first time, nuclear charge density distribu-
tion was extracted from only 108 nuclei target (132Xe)
at the SCRIT (Self-Confining Radioactive Isotope Tar-
get) electron scattering facility,1,2) which has been con-
structed at RIKEN to realize electron scattering off
unstable nuclei. The data were taken in 2016, and re-
ported in the previous report.3)

Figures 1(a)–(c) show the reconstructed vertex dis-
tributions of scattered electrons along the beam and
at vertical positions. The background contributions
from residual gases are shown in Figs. 1(a) and (c)
as blue histograms. It was found that the target ions
were clearly trapped in the SCRIT by the transverse
focusing force given by the electron beam itself and
the electrostatic potential well provided by both ends
of the electrodes.
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Fig. 1. Reconstructed vertex distributions of scattered elec-

trons. Panels (a) and (c) show the vertex point distri-

butions with and without the target ions. Panel (b)

shows the scatter plot of the vertex point distribution

with the target ions.

Figure 2 shows the differential cross sections multi-
plied by luminosity for elastic electron scattering. By
changing the electron beam energies, a wide range of
momentum transfer can be covered. The lines in Fig. 2
represent the elastic scattering cross sections calcu-
lated by a phase shift calculation code DREPHA,4)

assuming nuclear charge density distributions. In the
present analysis, a two-parameter Fermi distribution,
ρ(r) = ρ0/(1 + exp (4 ln 3(r − c)/t)), is assumed to

† Condensed from the article in Phys. Rev. Lett. 118, 262501
(2017)
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extract the nuclear charge distribution. The lumi-
nosity is also considered as a fitting parameter, be-
cause the study of the luminosity monitor (LMon)5)

to determine the absolute value of luminosity is un-
der way. The achieved luminosity is evaluated to
be around 1×1027 cm−2s−1 on average. From this
analysis, the most probable values (c = 5.42+0.11

−0.08 fm,

t = 2.71+0.29
−0.38 fm, and

⟨
r2
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= 4.79+0.12
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tained.
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dashed line),6) and the beyond-relativistic-mean-field
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uated in this analysis.

This work demonstrates that the SCRIT technique
enables us to perform electron scattering experiment
for unstable nuclear targets. The RI production for
experiments on unstable nuclei has already started.2)

Electron scattering off short-lived unstable nuclei will
be realized in near future.
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Neutron-rich Ba isotopes (Z = 56, N ∼ 88) are ex-
pected to have a significant octupole collectivity due
to the interactions between orbitals with ∆j = ∆l = 3
around the Fermi surface. Recently, the reflection-
asymmetric shape, octupole deformation, has been
reported in 144Ba by Bucher et al.1) The theoreti-
cal calculations exhibit different predictions for oc-
tupole correlations in this region. For example, the
microscopic-macroscopic method2) predicts some β3

values, whereas the Hartree-Fock calculation3) argues
that there is no state with a dipole moment relevant
to the octupole collectivity. Therefore, experimental
studies of more neutron-rich Ba isotopes are required.

We performed the β-γ spectroscopy of the 150Cs
decay at RIBF using the in-flight fission of a
345 MeV/nucleon 238U beam bombarding a 3-mm
thick Be target. Fission fragments were identified by
the TOF-Bρ-∆E method using BigRIPS.4) The sec-
ondary beam was implanted into an active stopper
WAS3ABi,5) which consists of five layers of double-
sided-silicon-strip detectors for ion-β correlation. The
γ rays from the implanted nuclei were detected using
EURICA,6) an array of 12-cluster Ge detectors.
The γ-ray energy spectrum of the 150Cs decay is

shown in Fig. 1. The ion-β time window was set to
0.2 s considering the previously reported half-life of
150Cs, 0.84(8) ms.7) Since the peak count was small,
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Fig. 1. (a) The preliminary γ-ray energy spectrum of the

β decay from 150Cs to 150Ba. The red curve shows the

estimated continuum background. (b) The significance

spectrum by a likelihood ratio test.

a log-likelihood ratio test was performed for the en-
ergy spectrum. The significance spectrum is shown in
Fig. 1(b). The background was estimated by smooth-
ing and scaling the energy spectrum with a time win-
dow of 2-to-10 s after ion implantation. We requested
4σ as a confidence level to identify significant peaks in
the spectrum. There are three significant peaks at en-
ergies of 100, 200, and 597 keV. The peak at 200 keV
is not assigned to an excited state of 150Ba because it
became more pronounced in a spectrum with a longer
time window up to 2 s than 0.2 s. Analysis on the 100-
and 597-keV γ-ray is in progress.
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Complete set of deuteron analyzing powers from d⃗p elastic scattering
at 190 MeV/nucleon†

K. Sekiguchi,∗1,∗2 H. Witała,∗3 T. Akieda,∗1 D. Eto,∗1 H. Kon,∗1 Y. Wada,∗1 A. Watanabe,∗1 S. Chebotaryov,∗4
M. Dozono,∗5 J. Golak,∗3 H. Kamada,∗6 S. Kawakami,∗7 Y. Kubota,∗5 Y. Maeda,∗5 K. Miki,∗1 E. Milman,∗4

A. Ohkura,∗8 H. Sakai,∗2 S. Sakaguchi,∗8 N. Sakamoto,∗2 M. Sasano,∗2 Y. Shindo,∗8 R. Skibiński,∗3 H. Suzuki,∗2
M. Tabata,∗8 T. Uesaka,∗2 T. Wakasa,∗8 K. Yako,∗5 T. Yamamoto,∗7 Y. Yanagisawa,∗2 and J. Yasuda∗8

All the deuteron analyzing powers, iT11, T21, T20

and T22, for elastic deuteron-proton (dp) scattering
have been measured with a polarized deuteron beam
at 186.6 MeV/nucleon at the angles in the center of
mass system of θc.m. = 39◦–165◦. These data, together
with our previously reported deuteron analyzing pow-
ers taken at different energies, constitute a solid basis
to guide the theoretical investigations of three-nucleon
forces (3NFs).

Our new deuteron analyzing powers and the previ-
ously measured data at 70 and 135 MeV/nucleon to-
gether with the elastic cross section data in the energy
region of interest, are compared with the results of 3N
Faddeev calculations based on the standard nucleon–
nucleon (NN) potentials1) alone or combined with the
TM99 3NF.2) The AV18 NN potential is also com-
bined with the Urbana IX 3NF.3) Parts of the data
are shown in Figs. 1a), c), and e). Predicted 3NF ef-
fects localized at backward angles are supported only
partially by the data. The data are also compared to
predictions based on locally regularized chiral NN po-
tentials.4) The N4LO chiral potential predictions are
close to the semi-phenomenological NN results for the
measured observables. At 190 MeV, the N4LO NN pre-
dictions are generally away from the data. This would
indicate the effects of 3NF contributions that were ne-
glected in our calculations. An estimation of the the-
oretical truncation uncertainties in the consecutive or-
ders of chiral expansion (Figs. 1b), d), and f)) suggests
that the observed discrepancies between this modern
theory and the data could probably be explained by
including chiral 3NF’s in future calculations.
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Fig. 1. Elastic dp scattering deuteron tensor analyzing
power T22 at incoming nucleon laboratory energies of
E = 70 MeV: a) and b), 135 MeV: c) and d), and
190 MeV: e) and f). In a), c), and e) the blue shaded
band indicates predictions of standard NN potentials1)

and the red shaded band indicates predictions when they
are combined with the TM99 3NF. The dashed black
curve represents the prediction of the AV18+Urbana IX
combination. The solid green curve shows prediction
of the locally regularized (regulator R = 0.9 fm) N4LO
chiral potential. In b), d), and f), the estimated theo-
retical uncertainties at different order of chiral expansion
are shown by the bands of increasing width at: N4LO
(blue), N3LO (magenta), N2LO (green), and NLO (yel-
low). The black circles are dp data taken at RIKEN.
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Single-particle states and collective modes:
magnetic moment of 75mCu
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Atomic nuclei show dual features, the single-particle
shell nature and collective modes, which compete with
each other to express the actual nuclear structure. For
an attempt to describe the structural variety of un-
stable nuclei by using unified and general models, it
is necessary to understand how the shell evolves in
unstable-nuclei regions, and how the shell competes
with the collectivity. In the present study, we demon-
strate the precision analysis of this competition by fo-
cusing on the magnetic moment of an isomeric state
of a neutron-rich nucleus 75Cu,1,2) where an intriguing
shell evolution along the Cu isotopic chain has been
reported.3–5)

The experimental magnetic moment measurement
was conducted at the BigRIPS at RIBF, taking advan-
tage of a spin-aligned RI beam obtained in a scheme
of two-step projectile fragmentation with a technique
of momentum-dispersion matching.6) The 75Cu beam
with a spin alignment of 30(5)% was produced by one
proton removal from 76Zn, which was a fission prod-
uct of 238U. The magnetic moment was determined
with the time-differential perturbed angular distribu-
tion (TDPAD) method. Owing to the high spin align-
ment realized with the two-step scheme, the oscillation
in the TDPAD spectrum was observed with a signif-
icance larger than 5σ. The magnetic moment of the
66.2-keV isomer with spin parity 3/2− was determined
for the first time to be µ = 1.40(6)µN.
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Fig. 1. Systematics of the magnetic moments for odd-A Cu

isotopes. Filled and open circles represent experimental
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tively. The filled red circle represents the result ob-

tained in this work. The solid green and blue lines rep-

resent the MCSM calculations for the 3/2− states and

the 5/2− states, respectively, with the 20 ≤ (N,Z) ≤ 56

model space.7) µ(πp3/2) and µ(πf5/2) denote the pro-

ton Schmidt values for p3/2 and f5/2, respectively.

The magnetic moment, thus obtained, shows a con-
siderable deviation from the Schmidt value, µ =
3.05µN, for the p3/2 orbital. Figure 1 shows the sys-
tematics of magnetic moments of the 3/2− and 5/2−

states, where deviation from the Schmidt values ap-
pears to be maximal at 75Cu. The analysis of the mag-
netic moment with the help of state-of-the-art shell-
model calculations7) reveals that the trend of the de-
viation corresponds to the effect of the core excitation.
Furthermore, it was found that the low-lying states in
75Cu are, to a large extent, of single-particle nature on
top of a correlated 74Ni core.
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Complete set of deuteron analyzing powers from d⃗p elastic scattering
at 190 MeV/nucleon†

K. Sekiguchi,∗1,∗2 H. Witała,∗3 T. Akieda,∗1 D. Eto,∗1 H. Kon,∗1 Y. Wada,∗1 A. Watanabe,∗1 S. Chebotaryov,∗4
M. Dozono,∗5 J. Golak,∗3 H. Kamada,∗6 S. Kawakami,∗7 Y. Kubota,∗5 Y. Maeda,∗5 K. Miki,∗1 E. Milman,∗4
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M. Tabata,∗8 T. Uesaka,∗2 T. Wakasa,∗8 K. Yako,∗5 T. Yamamoto,∗7 Y. Yanagisawa,∗2 and J. Yasuda∗8

All the deuteron analyzing powers, iT11, T21, T20

and T22, for elastic deuteron-proton (dp) scattering
have been measured with a polarized deuteron beam
at 186.6 MeV/nucleon at the angles in the center of
mass system of θc.m. = 39◦–165◦. These data, together
with our previously reported deuteron analyzing pow-
ers taken at different energies, constitute a solid basis
to guide the theoretical investigations of three-nucleon
forces (3NFs).

Our new deuteron analyzing powers and the previ-
ously measured data at 70 and 135 MeV/nucleon to-
gether with the elastic cross section data in the energy
region of interest, are compared with the results of 3N
Faddeev calculations based on the standard nucleon–
nucleon (NN) potentials1) alone or combined with the
TM99 3NF.2) The AV18 NN potential is also com-
bined with the Urbana IX 3NF.3) Parts of the data
are shown in Figs. 1a), c), and e). Predicted 3NF ef-
fects localized at backward angles are supported only
partially by the data. The data are also compared to
predictions based on locally regularized chiral NN po-
tentials.4) The N4LO chiral potential predictions are
close to the semi-phenomenological NN results for the
measured observables. At 190 MeV, the N4LO NN pre-
dictions are generally away from the data. This would
indicate the effects of 3NF contributions that were ne-
glected in our calculations. An estimation of the the-
oretical truncation uncertainties in the consecutive or-
ders of chiral expansion (Figs. 1b), d), and f)) suggests
that the observed discrepancies between this modern
theory and the data could probably be explained by
including chiral 3NF’s in future calculations.
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Fig. 1. Elastic dp scattering deuteron tensor analyzing
power T22 at incoming nucleon laboratory energies of
E = 70 MeV: a) and b), 135 MeV: c) and d), and
190 MeV: e) and f). In a), c), and e) the blue shaded
band indicates predictions of standard NN potentials1)

and the red shaded band indicates predictions when they
are combined with the TM99 3NF. The dashed black
curve represents the prediction of the AV18+Urbana IX
combination. The solid green curve shows prediction
of the locally regularized (regulator R = 0.9 fm) N4LO
chiral potential. In b), d), and f), the estimated theo-
retical uncertainties at different order of chiral expansion
are shown by the bands of increasing width at: N4LO
(blue), N3LO (magenta), N2LO (green), and NLO (yel-
low). The black circles are dp data taken at RIKEN.
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Track reconstruction of recoil particles in CAT-S at RIBF113:
132Sn(d,d’) measurement

S. Ota,∗1 H. Tokieda,∗1 C. Iwamoto,∗1 M. Dozono,∗1 U. Garg,∗2 S. Hayakawa,∗1 K. Kawata,∗1 N. Kitamura,∗1

M. Kobayashi,∗1 S. Masuoka,∗1 S. Michimasa,∗1 A. Obertelli,∗3,∗4 D. Suzuki,∗4 R. Yokoyama,∗1 J. Zenihiro,∗4

H. Baba,∗4 O. Beliuskina,∗1 S. Chebotaryov,∗4 P. Egelhof,∗5 T. Harada,∗6 M. N. Harakeh,∗7 K. Howard∗2

N. Imai,∗1 M. Itoh,∗8 Y. Kiyokawa,∗1 C. S. Lee,∗1 Y. Maeda,∗9 Y. Matsuda,∗8 E. Milman,∗4 V. Panin,∗4
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T. Uesaka,∗4 Y. N. Watanabe,∗12 K. Wimmer,∗1,∗4,∗12 K. Yako,∗1 Y. Yamaguchi,∗1 Z. Yang,∗4 and K. Yoneda∗4

The equation of state (EoS) of nuclear matter not
only governs the femto-scale quantum many-body sys-
tem, namely nuclei, but also plays an important role in
the structure of neutron stars and in supernova phe-
nomena. In particular, the EoS of isospin asymmet-
ric nuclear matter has attracted much interest from
the viewpoint of the existence of heavy neutron stars.
The asymmetric term of incompressibility, Kτ , can be
a benchmark for various EoSs because it can be di-
rectly deduced from the energies of the isoscalar giant
monopole resonance (ISGMR) measured along an iso-
topic chain, such as tin isotopes.1) The present value
of Kτ is −550±100 MeV and its error is larger than
those of other parameters of the EoS. In order to im-
prove the Kτ value, the measurement on the isotopic
chain should be extended to unstable nuclei. A doubly
magic tin isotope, 132Sn, has been chosen as a flagship
for the measurements of unstable tin isotopes because
of its large isospin asymmetry and double magic na-
ture. The measurement of deuterium inelastic scatter-
ing off 132Sn was performed at RIBF in RIKEN. The
typical intensities of the secondary beam at F3 and F7
were 8.5×105 and 3.2×105 particles per second, respec-
tively. The main components of the secondary beam
were 132Sn, 133Sb, and 134Te with purities of 21%, 46%,
and 25% at F7, respectively.

The excitation energy and scattering angle in
the center-of-mass frame are extracted by means of
missing-mass spectroscopy, for which the range and
angle of the low-energy recoil deuteron must be mea-
sured. In order to measure such low-energy recoils,
a gaseous active target system CAT-S2) with 0.4-atm
deuterium gas has been employed as target and de-
tector simultaneously. In this paper, we report the
present status of track reconstruction for recoil parti-
cles stopping in CAT-S. Before the track reconstruc-
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tion, a cluster of hits as a candidate track is searched
for. The detailed procedure of track finding was re-
ported by Tokieda et al.3) Here, we focus on the en-
ergy calibration of each pad and track reconstruction
for the hit cluster found by the track-finding process.

CAT-S has an active are of approximately 10×10-
cm2. Primary electrons produced by energy deposition
along the trajectory of the recoil particle drift toward
the THGEM and readout pad. The drift velocity is
currently assumed to be 1 cm/µs according to the sim-
ulation using Garfield for 0.4-atm deuterium gas with
an electric field of 1 kV/cm/atm. The lateral diffusion
coefficient is assumed to be 0.04 cm1/2, which yields
a charge spreading of 2 mm in one standard deviation
for a drift length of 25 cm. In the procedure of track
reconstruction, the charge spreading should be taken
into account.

The track reconstruction is performed in a two-fold
manner. First, the track in the plane defined by the
drift direction (Y) and axis perpendicular to beam (X)
is deduced by using a linear fit of position in this plane.
The position along the drift direction is calculated from
the leading-edge timing multiplied by the drift veloc-
ity. The position along the X-axis is the centroid of
each pad. Second, the track in the plane defined by the
beam axis (Z) and the X-axis is reconstracted by fitting
the calculated charges to the measured charges by tak-
ing the diffusion and the resolution into account. The
second part of track reconstruction requires energy cal-
ibration. A set of trial calibration parameters is used
to deduce the realistic energy calibration parameter
after comparing the measured charge with the one cal-
culated from the best-fit track. The charge resolution
can be estimated from the distribution of the difference
between the measured and calculated charge. The typ-
ical charge resolution after correction is less than 10%.
The analyses for particle identification, improvement
of track reconstruction using iteration, merging beam
particle identification and so on are in progress.

References
1) T. Li et al., Phys. Rev. Lett. 99, 162503 (2007).
2) S. Ota et al., J. Radioanal. Nucl. Chem. 305, 907–911

(2015).
3) H. Tokieda et al., CNS Annual Report 2016, 53 (2018).

- 68 -

RIKEN Accel. Prog. Rep. 51 (2018) Ⅱ-1. Nuclear Physics



Atomic masses of intermediate-mass neutron-deficient nuclei with

sub-ppm precision via multireflection time-of-flight mass
spectrograph†

S. Kimura,∗1,∗2 Y. Ito,∗3 D. Kaji,∗2 P. Schury,∗4 M. Wada,∗4,∗2 H. Haba,∗2 T. Hashimoto,∗5 Y. Hirayama,∗4

M. MacCormick,∗6 H. Miyatake,∗4 J. Y. Moon,∗5 K. Morimoto,∗2 M. Mukai,∗1,∗2 I. Murray,∗6,∗2 A. Ozawa,∗1

M. Rosenbusch,∗2 H. Schatz,∗7 A. Takamine,∗2 T. Tanaka,∗8,∗2 Y. X. Watanabe,∗4 and H. Wollnik∗9

Accurate, high-precision nuclear mass data around
N = Z line are very important in several fields, e.g.,
rp–process and unitarity of the CKM matrix. The half
lives of their key nuclei are of the order of several tens
to several hundreds of milliseconds. The multireflec-
tion time-of-flight mass spectrograph (MRTOF-MS)1)

has an advantage in the mass measurements of these
short-lived nuclei. However there are no actual re-
sults of on-line MRTOF-MS measurements with the
required precision, δm/m � 10−8, so far.
We demonstrated high-precision mass measurements

of 63Cu, 64−66Zn, 65−67Ga, 65−67Ge, 67As, 78,81Br,
79Kr, 80,81Rb, and 79,80Sr utilizing MRTOF-MS com-
bined with the gas-filled recoil ion separator GARIS-
II.2) Two different fusion-evaporation reactions—
natS(36Ar, X) and natTi(36Ar, X)—were used for pro-
ducing these nuclides. The masses of these nuclides
were determined by the single reference method using
isobaric references of well-known mass.
The results are summarized in Fig. 1. There are

some inconsistencies with the 2016 Atomic Mass Eval-
uation (AME16) values. In order to understand them,
two reliability requirements were imposed on the mass
values: (i) there must be no contamination with unre-
solvable isomers, (ii) there are no undue influences of
intense neighboring peaks. Among the masses that
were inconsistent with AME16, two were found to
meet the reliability criteria, and we propose new mass
excess values: ME(67Ge) = −62675.2(46) keV and
ME(81Br) = −77955.4(53) keV. These mass values
were previously deduced through indirect measure-
ments. This result reinforces the need for direct mass
measurements of all nuclides, even for stable isotopes,
if their masses were previously evaluated by indirect
techniques.
The relative mass precision in the present study

spans the range from δm/m = 4.1×10−7 to 3.5×10−8.
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Fig. 1. Differences between the present measurement re-

sults and the AME16 values. Purple lines represent the

error bands of the AME16 values. The open symbols

indicate data derived from spectral peaks insufficiently

separated from adjacent spectral peaks.

In the most precise measurement, which was that of
65Ga, a mass uncertainty of 2.1 keV was obtained.
This result shows that mass measurements satisfying
the requirement of the CKMmatrix, δm/m < 5×10−8,
can be achieved with MRTOF-MS, given sufficient
statistics.
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Track reconstruction of recoil particles in CAT-S at RIBF113:
132Sn(d,d’) measurement
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The equation of state (EoS) of nuclear matter not
only governs the femto-scale quantum many-body sys-
tem, namely nuclei, but also plays an important role in
the structure of neutron stars and in supernova phe-
nomena. In particular, the EoS of isospin asymmet-
ric nuclear matter has attracted much interest from
the viewpoint of the existence of heavy neutron stars.
The asymmetric term of incompressibility, Kτ , can be
a benchmark for various EoSs because it can be di-
rectly deduced from the energies of the isoscalar giant
monopole resonance (ISGMR) measured along an iso-
topic chain, such as tin isotopes.1) The present value
of Kτ is −550±100 MeV and its error is larger than
those of other parameters of the EoS. In order to im-
prove the Kτ value, the measurement on the isotopic
chain should be extended to unstable nuclei. A doubly
magic tin isotope, 132Sn, has been chosen as a flagship
for the measurements of unstable tin isotopes because
of its large isospin asymmetry and double magic na-
ture. The measurement of deuterium inelastic scatter-
ing off 132Sn was performed at RIBF in RIKEN. The
typical intensities of the secondary beam at F3 and F7
were 8.5×105 and 3.2×105 particles per second, respec-
tively. The main components of the secondary beam
were 132Sn, 133Sb, and 134Te with purities of 21%, 46%,
and 25% at F7, respectively.

The excitation energy and scattering angle in
the center-of-mass frame are extracted by means of
missing-mass spectroscopy, for which the range and
angle of the low-energy recoil deuteron must be mea-
sured. In order to measure such low-energy recoils,
a gaseous active target system CAT-S2) with 0.4-atm
deuterium gas has been employed as target and de-
tector simultaneously. In this paper, we report the
present status of track reconstruction for recoil parti-
cles stopping in CAT-S. Before the track reconstruc-
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tion, a cluster of hits as a candidate track is searched
for. The detailed procedure of track finding was re-
ported by Tokieda et al.3) Here, we focus on the en-
ergy calibration of each pad and track reconstruction
for the hit cluster found by the track-finding process.

CAT-S has an active are of approximately 10×10-
cm2. Primary electrons produced by energy deposition
along the trajectory of the recoil particle drift toward
the THGEM and readout pad. The drift velocity is
currently assumed to be 1 cm/µs according to the sim-
ulation using Garfield for 0.4-atm deuterium gas with
an electric field of 1 kV/cm/atm. The lateral diffusion
coefficient is assumed to be 0.04 cm1/2, which yields
a charge spreading of 2 mm in one standard deviation
for a drift length of 25 cm. In the procedure of track
reconstruction, the charge spreading should be taken
into account.

The track reconstruction is performed in a two-fold
manner. First, the track in the plane defined by the
drift direction (Y) and axis perpendicular to beam (X)
is deduced by using a linear fit of position in this plane.
The position along the drift direction is calculated from
the leading-edge timing multiplied by the drift veloc-
ity. The position along the X-axis is the centroid of
each pad. Second, the track in the plane defined by the
beam axis (Z) and the X-axis is reconstracted by fitting
the calculated charges to the measured charges by tak-
ing the diffusion and the resolution into account. The
second part of track reconstruction requires energy cal-
ibration. A set of trial calibration parameters is used
to deduce the realistic energy calibration parameter
after comparing the measured charge with the one cal-
culated from the best-fit track. The charge resolution
can be estimated from the distribution of the difference
between the measured and calculated charge. The typ-
ical charge resolution after correction is less than 10%.
The analyses for particle identification, improvement
of track reconstruction using iteration, merging beam
particle identification and so on are in progress.
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Decay measurement of 283Cn produced in the 238U(48Ca,3n) reaction
using GARIS-II†

D. Kaji,∗1 K. Morimoto,∗1 H. Haba,∗1 Y. Wakabayashi,∗1 M. Takeyama,∗1,∗2 S. Yamaki,∗1,∗3 Y. Komori,∗1

S. Yanou,∗1 S. Goto,∗1,∗4 and K. Morita∗1,∗5

A new gas-filled recoil ion separator GARIS-II1) will
be utilized for new superheavy element (SHE) search,
precise mass measurement of SHE nuclide, and SHE
chemistry and spectroscopy. In this work, the produc-
tion and decay properties of 283Cn were investigated as
the first step towards the identification of SHE beyond
Z = 118.
The 251.8 MeV 48Ca11+ beam was provided by the

RIKEN heavy-ion linear accelerator (RILAC). The
238U3O8 targets were prepared on 3-µm Ti backing
foils using an electro-deposition technique. On an aver-
age, the thickness of the 238U targets was 312 µg/cm2

as 238U3O8. The sixteen sector-targets with 15-mm
width were mounted on a rotating wheel of 300-mm
diameter. The target was irradiated by a beam with
an average intensity of 0.93 particle µA. The wheel
was rotated at 2000 rpm during irradiation. The to-
tal beam dose was accumulated to 2.2 × 1018 dur-
ing the net irradiation time of 4.5 days. The evapora-
tion residues of interest were separated in-flight from
the primary beam and other reaction products using
GARIS-II. The inside of the separator’s chamber was
filled with pure helium at a gas pressure of 70 Pa.
The magnetic rigidity for measuring 283Cn was set to
2.23 Tm. The focal plane detector (FPD) of GARIS-
II consists of double sided Si detectors (DSSD). The
DSSD is surrounded by six side Si-detectors (SSDs),
which form the DSSD box.
The decay events originating from the products in

the reaction 48Ca + 238U were searched using the po-
sition correlations between mother and daughter nuclei
at the same pixel within 100 s. As a result, two de-
cay chains were found, as shown in Fig. 1. The first
chain was an ER-SF, which consisting of 172 MeV (=
167 + 5) two-fold fission, and it was found 14.4 s after
the implantation of ER with 12.2 MeV into DSSD. On
the other hand, the decay pattern of ER-α-SF in the
second chain was different from that of the first one.
The 9.45(5) MeV α-decay was observed 5.4 s after the
implantation of ER with 11.8 MeV into DSSD. Finally,
154 ms after the α-decay, a two-fold fission event with
179 MeV (= 137 + 42) was detected at the same pixel.
During the net irradiation time of 4.5 days, we ob-
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Fig. 1. The two observed decay chains produced in the

reaction 48Ca + 238U → 286Cn∗ at a beam energy of

251.8 MeV. The DSSD-ID number, pixel number in the

horizontal (X) and vertical (Y) directions, and kinetic

energy of ER are given, as well as the decay energy and

time for each α-decay and/or SF.

served no other coincidence events between the signals
from DSSD and SSD, indicating that our setup has a
high sensitivity to SF events. The observed decay en-
ergy and time distributions for each generation in the
correlated chains indicates good agreement with the
reported data on 283Cn and 287Fl, which were studied
using recoil separator DGFRS,2,6) SHIP,4) and BGS.5)

The cross-section of σ3n = 2.0+2.7
−1.3 pb obtained in

this work was consistent with the reported values of
σ3n = 2.5+1.8

−1.1 and 0.72+0.58
−0.35 pb from both DGFRS3)

and SHIP,4) respectively.
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Yield development of KEK isotope separation system
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We have been developing the KEK Isotope Separa-
tion System (KISS)1) for the lifetime measurements of
neutron-rich (n-rich) nuclei around N = 126, which is
relevant to the r-process nucleosynthesis.2) The multi-
nucleon transfer reaction between the 136Xe beam and
the 198Pt target is considered as one of the promising
candidates for the efficient production of those n-rich
nuclei.3) The reaction products are thermalized and
neutralized in a gas cell filled with argon gas. They are
transported to the exit of the gas cell by a laminar gas
flow, where they are irradiated by lasers to be element-
selectively ionized using the laser resonance ionization
technique. The extracted ions are mass-separated to
be implanted into an aluminized Mylar tape, where β-
γ spectroscopy is performed to measure their lifetimes
and nuclear structures.
Only the vicinity of the target nucleus could be ac-

cessed in the transfer of a few neutrons and protons
at the present KISS, because of the limited extrac-
tion efficiency and acceptable beam intensity. The
yield development is essential for KISS to achieve life-
time measurements of n-rich nuclei around N = 126.
The GRAZING calculations4) predict more produc-
tion yields when using the 238U beam than the 136Xe
beam. We performed an R&D experiment using the
238U beam in order to investigate its feasibility.
The doughnut-shaped gas cell5) was introduced to

accept intense beams. A rotating 198Pt target of
12.5 mg/cm2 thickness was bombarded by a 238U
beam that was accelerated up to 10.75 MeV/nucleon
by RRC. The beam energy on the target was
tuned by rotating energy degraders to approximately
8.9 MeV/nucleon, which is the optimal value in the
calculations. The multi-segmented proportional gas
counter6) was used to detect β-rays from the extracted
radioactive isotopes in order to identify them by mea-
suring their lifetimes.
The extraction of 199,201Pt, 196,197Ir and 196Os was

confirmed in the experiment. Crosses in the upper
panel of Fig. 1 show the extraction yields of 199Pt
as a function of the 238U beam intensity. They are
smaller than those with the 136Xe beam (circles) for all

∗1 Wako Nuclear Science Center (WNSC), Institute of Parti-
cle and Nuclear Studies (IPNS), High Energy Accelerator
Research Organization (KEK)

∗2 RIKEN Nishina Center
∗3 Department of Physics, University of Tsukuba
∗4 Institute for Basic Science (IBS)
∗5 Research Reactor Institute, Kyoto University
∗6 School of Physics and Nuclear Energy Engineering, Beihang

University
∗7 Department of Physics, Osaka University

beam intensities, and the discrepancy becomes larger
as the beam intensity increases. The lower panel shows
a comparison between the extraction yields of vari-
ous isotopes with the 238U beam (crosses (26 pnA)
and diamonds (36 pnA)) and the 136Xe beam (circles
(50 pnA)). The extraction yields with the 238U beam
were smaller than those with the 136Xe beam by about
one order of magnitude in contrast to the expectations
from the GRAZING calculations. The reduction in
extraction yields with the 238U beam is supposed to
be caused by the re-neutralization of the laser-ionized
atoms by the radiation from the dense plasma in the
argon gas induced by the scattered 238U beam. We
will investigate such a plasma effect systematically us-
ing the beam of a lighter nucleus.
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Decay measurement of 283Cn produced in the 238U(48Ca,3n) reaction
using GARIS-II†

D. Kaji,∗1 K. Morimoto,∗1 H. Haba,∗1 Y. Wakabayashi,∗1 M. Takeyama,∗1,∗2 S. Yamaki,∗1,∗3 Y. Komori,∗1

S. Yanou,∗1 S. Goto,∗1,∗4 and K. Morita∗1,∗5

A new gas-filled recoil ion separator GARIS-II1) will
be utilized for new superheavy element (SHE) search,
precise mass measurement of SHE nuclide, and SHE
chemistry and spectroscopy. In this work, the produc-
tion and decay properties of 283Cn were investigated as
the first step towards the identification of SHE beyond
Z = 118.
The 251.8 MeV 48Ca11+ beam was provided by the

RIKEN heavy-ion linear accelerator (RILAC). The
238U3O8 targets were prepared on 3-µm Ti backing
foils using an electro-deposition technique. On an aver-
age, the thickness of the 238U targets was 312 µg/cm2

as 238U3O8. The sixteen sector-targets with 15-mm
width were mounted on a rotating wheel of 300-mm
diameter. The target was irradiated by a beam with
an average intensity of 0.93 particle µA. The wheel
was rotated at 2000 rpm during irradiation. The to-
tal beam dose was accumulated to 2.2 × 1018 dur-
ing the net irradiation time of 4.5 days. The evapora-
tion residues of interest were separated in-flight from
the primary beam and other reaction products using
GARIS-II. The inside of the separator’s chamber was
filled with pure helium at a gas pressure of 70 Pa.
The magnetic rigidity for measuring 283Cn was set to
2.23 Tm. The focal plane detector (FPD) of GARIS-
II consists of double sided Si detectors (DSSD). The
DSSD is surrounded by six side Si-detectors (SSDs),
which form the DSSD box.
The decay events originating from the products in

the reaction 48Ca + 238U were searched using the po-
sition correlations between mother and daughter nuclei
at the same pixel within 100 s. As a result, two de-
cay chains were found, as shown in Fig. 1. The first
chain was an ER-SF, which consisting of 172 MeV (=
167 + 5) two-fold fission, and it was found 14.4 s after
the implantation of ER with 12.2 MeV into DSSD. On
the other hand, the decay pattern of ER-α-SF in the
second chain was different from that of the first one.
The 9.45(5) MeV α-decay was observed 5.4 s after the
implantation of ER with 11.8 MeV into DSSD. Finally,
154 ms after the α-decay, a two-fold fission event with
179 MeV (= 137 + 42) was detected at the same pixel.
During the net irradiation time of 4.5 days, we ob-
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Fig. 1. The two observed decay chains produced in the

reaction 48Ca + 238U → 286Cn∗ at a beam energy of

251.8 MeV. The DSSD-ID number, pixel number in the

horizontal (X) and vertical (Y) directions, and kinetic

energy of ER are given, as well as the decay energy and

time for each α-decay and/or SF.

served no other coincidence events between the signals
from DSSD and SSD, indicating that our setup has a
high sensitivity to SF events. The observed decay en-
ergy and time distributions for each generation in the
correlated chains indicates good agreement with the
reported data on 283Cn and 287Fl, which were studied
using recoil separator DGFRS,2,6) SHIP,4) and BGS.5)

The cross-section of σ3n = 2.0+2.7
−1.3 pb obtained in

this work was consistent with the reported values of
σ3n = 2.5+1.8

−1.1 and 0.72+0.58
−0.35 pb from both DGFRS3)

and SHIP,4) respectively.
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The structure and decay of high-K isomers in 187Ta

P. M. Walker,∗1 H. Watanabe,∗2,∗3 Y. Hirayama,∗4 Zs. Podolyak,∗1 Yu. A. Litvinov,∗5 F. G. Kondev,∗6

G. J. Lane,∗7 H. Miyatake,∗4 Y. X. Watanabe,∗4 M. Mukai,∗4 S. Kimura,∗4 A. Murad,∗4 M. Oyaizu,∗4

Y. Kakiguchi,∗4 and J. H. Park∗8

High-K isomers in the neutron-rich, mass 180–190 re-
gion are predicted to be exceptionally favoured energet-
ically,1) leading to the expectation of long half-lives that
may exceed those of the corresponding ground states.
At the same time, a prolate-to-oblate shape transition is
predicted to result in prolate high-K isomers co-existing
with oblate low-K states.2) Furthermore, the hexade-
capole deformation is predicted to reach a maximum,3)

which will influence both the single-particle states which
are close to the neutron and proton Fermi surfaces, and
the K-mixing effects. The unique features of this shape-
transition/high-K region are related to reinforcing ef-
fects, with both the proton and neutron Fermi levels be-
ing high in their respective shells. However, experimen-
tal investigation is at an early stage on account of the
neutron richness, combined with the refractory chemi-
cal properties of key elements, which severely limit the
experimental opportunities.

Progress in the last decade includes the discovery4)

of long-lived (> 1 s) isomers at MeV excitation ener-
gies in 183,184,186Hf (Z = 72) and 187Ta (Z = 73) in
the experimental storage ring at GSI, exploiting projec-
tile fragmentation reactions. Now we report progress
with the KISS (KEK Isotope Separation System)5) fa-
cility at RIKEN, giving access to detailed spectroscopic
investigation of these high-K isomers, populated using
multi-nucleon transfer (MNT) reactions. The technique
is complementary to other isomer studies in the neutron-
rich rare-earth region at RIKEN, including recent exper-
iments with EURICA (see Ref. 6) for example) where
the greatest sensitivity is for T1/2 < 1 s, and projectile-
fission reactions have been employed.

The study of long-lived (> 1 s) isomers at KISS5)

makes use of an Ar gas stopping cell that avoids the
chemical problems often associated with the Z = 72–79
refractory elements. Z selectivity is achieved by laser
resonance ionization, and there is mass separation with
a dipole magnet. The KISS detection system includes
four super-Clover germanium detectors for γ rays, and
a multi-segmented proportional gas counter7) for low-
background β particles, X-rays and conversion electrons.
There a tape transport system that is synchronized with
beam pulsing for half-life selection.
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Fig. 1. Gamma rays associated with laser-ionized 187Ta reac-

tion products, measured at the tape-implantation point

and with β-counter coincidences. Two different tape-

cycle times are illustrated. The longer cycle (900 s beam-

on, 900 s beam-off, tape movement) in the upper panel

shows γ rays from the ground-state decay (T1/2 = 140 s)

while the shorter cycle (30 s beam-on, 30 s beam-off, tape

movement) in the lower panel shows different transitions

(e.g. those labelled) which are candidates for the shorter-

lived isomeric decay (T1/2 < 22 s).

In a recent test experiment (July 2017) on neutron-
rich Ta isotopes, yields of 185g,186m+g,187gTa have been
measured following MNT reactions between a 136Xe
beam (50 pnA at 7.2 A.MeV) and a natural W target.
Under these conditions, β-delayed γ rays from the 187Ta
ground state were identified for the first time, and can-
didate isomeric decays were observed, as illustrated in
Fig. 1. Note that the 201 and 273 keV transitions (up-
per panel) are known transitions from in-beam studies8)

of 187 W, though no previous measurements of 187Ta
β-decay to 187 W have been reported. This establishes
the capability to produce separated beams of neutron-
rich Ta isotopes, and hence the viability of the technique
for future spectroscopic studies.
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Nuclear spectroscopy of 196,197,198Ir isotopes
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For improving the accuracy of theoretical β-decay
half-lives (T1/2) for the r-process nuclei relevant to the
3rd peak in the r-abundances, a systematic experimental
study of nuclear structures around N = 126 is required.
We performed half-life measurements of 196,197,198Ir (Z
= 77, N = 119, 120, 121) at KISS1) to extract the refrac-
tory elements of the neutron-rich nuclei produced by the
multi-nucleon transfer reaction 136Xe + 198Pt.2) We also
measured their hyperfine structure (HFS) to estimate
the wave-function from the nuclear electromagnetic mo-
ment, spin, and quadrupole deformation parameter.

The extracted ions from KISS are implanted on an
aluminized Mylar tape, and then β-rays emitted from
the unstable nuclei are detected by the multi-segmented
proportional gas-counter.3) For the half-life measure-
ment, growth and decay curves were measured when the
time sequence of the KISS beam on/off = 1.5/4 T1/2.
After the confirmation of the half-lives and the extrac-
tion yields, the HFS spectra of the extracted nuclei were
measured by counting the β-rays as a function of the
excitation laser wavelength.

The typical time spectrum of the β-decay of 198Ir is
shown in Fig. 1. The fitting curve, which consists of one
parent nucleus and a constant background, is shown by
the red line. The half-lives of 196,197,198Ir were evalu-
ated to be 51(4) s, 6.1(4) min, and 8.9(4) s, respectively.
These values are in good agreement with the values in
a literature,4), i.e., 52(1) s, 5.8(5) min, and 8(1) s. The
yields of more than 5 pps were high enough to perform
the HFS measurements.

The magnetic dipole moment µ and the isotope shift
of 196,197,198Ir were deduced from the fittings of the mea-
sured HFS spectra. The µ values of odd-A Ir and Au
(Z = 79) isotopes of Iπ = 3/2+5) are shown in Fig. 2.
The evaluated µ value of 197Ir shows a similar system-
atic trend in gold isotopes. The µ values of 197Ir and
199Au are about two times larger than the values of the
lighter odd-A isotopes, which are close to the Schmidt
value 0.12 of the πd3/2 orbit. A larger µ suggests a
larger deformation of 197Ir and 199Au.

The HFS also yields the nuclear mean-square charge
radius and the quadrupole deformation parameters |β2|,
as shown in Fig. 3. The variations of |β2| at A = 196–198
seem to be consistent with the trend of the theoretical
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Fig. 1. Measured growth and decay time spectra for 198Ir.
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values given by the FRDM model6) which predicts the
shape transition from a prolate to an oblate shape be-
tween A = 196 and 197. Further study of the nuclear
structures of 196–198Ir isotopes is in progress for the pub-
lication.
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The structure and decay of high-K isomers in 187Ta

P. M. Walker,∗1 H. Watanabe,∗2,∗3 Y. Hirayama,∗4 Zs. Podolyak,∗1 Yu. A. Litvinov,∗5 F. G. Kondev,∗6

G. J. Lane,∗7 H. Miyatake,∗4 Y. X. Watanabe,∗4 M. Mukai,∗4 S. Kimura,∗4 A. Murad,∗4 M. Oyaizu,∗4

Y. Kakiguchi,∗4 and J. H. Park∗8

High-K isomers in the neutron-rich, mass 180–190 re-
gion are predicted to be exceptionally favoured energet-
ically,1) leading to the expectation of long half-lives that
may exceed those of the corresponding ground states.
At the same time, a prolate-to-oblate shape transition is
predicted to result in prolate high-K isomers co-existing
with oblate low-K states.2) Furthermore, the hexade-
capole deformation is predicted to reach a maximum,3)

which will influence both the single-particle states which
are close to the neutron and proton Fermi surfaces, and
the K-mixing effects. The unique features of this shape-
transition/high-K region are related to reinforcing ef-
fects, with both the proton and neutron Fermi levels be-
ing high in their respective shells. However, experimen-
tal investigation is at an early stage on account of the
neutron richness, combined with the refractory chemi-
cal properties of key elements, which severely limit the
experimental opportunities.

Progress in the last decade includes the discovery4)

of long-lived (> 1 s) isomers at MeV excitation ener-
gies in 183,184,186Hf (Z = 72) and 187Ta (Z = 73) in
the experimental storage ring at GSI, exploiting projec-
tile fragmentation reactions. Now we report progress
with the KISS (KEK Isotope Separation System)5) fa-
cility at RIKEN, giving access to detailed spectroscopic
investigation of these high-K isomers, populated using
multi-nucleon transfer (MNT) reactions. The technique
is complementary to other isomer studies in the neutron-
rich rare-earth region at RIKEN, including recent exper-
iments with EURICA (see Ref. 6) for example) where
the greatest sensitivity is for T1/2 < 1 s, and projectile-
fission reactions have been employed.

The study of long-lived (> 1 s) isomers at KISS5)

makes use of an Ar gas stopping cell that avoids the
chemical problems often associated with the Z = 72–79
refractory elements. Z selectivity is achieved by laser
resonance ionization, and there is mass separation with
a dipole magnet. The KISS detection system includes
four super-Clover germanium detectors for γ rays, and
a multi-segmented proportional gas counter7) for low-
background β particles, X-rays and conversion electrons.
There a tape transport system that is synchronized with
beam pulsing for half-life selection.
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Fig. 1. Gamma rays associated with laser-ionized 187Ta reac-

tion products, measured at the tape-implantation point

and with β-counter coincidences. Two different tape-

cycle times are illustrated. The longer cycle (900 s beam-

on, 900 s beam-off, tape movement) in the upper panel

shows γ rays from the ground-state decay (T1/2 = 140 s)

while the shorter cycle (30 s beam-on, 30 s beam-off, tape

movement) in the lower panel shows different transitions

(e.g. those labelled) which are candidates for the shorter-

lived isomeric decay (T1/2 < 22 s).

In a recent test experiment (July 2017) on neutron-
rich Ta isotopes, yields of 185g,186m+g,187gTa have been
measured following MNT reactions between a 136Xe
beam (50 pnA at 7.2 A.MeV) and a natural W target.
Under these conditions, β-delayed γ rays from the 187Ta
ground state were identified for the first time, and can-
didate isomeric decays were observed, as illustrated in
Fig. 1. Note that the 201 and 273 keV transitions (up-
per panel) are known transitions from in-beam studies8)

of 187 W, though no previous measurements of 187Ta
β-decay to 187 W have been reported. This establishes
the capability to produce separated beams of neutron-
rich Ta isotopes, and hence the viability of the technique
for future spectroscopic studies.

References
1) G. D. Dracoulis, P. M. Walker, F. G. Kondev, Rep. Prog.

Phys. 79, 076301 (2016).
2) H. L. Liu, F. R. Xu, P. M. Walker, C. A. Bertulani, Phys.

Rev. C 83, 067303 (2011).
3) P. Moller et al., At. Data Nucl. Data Tables 109–110, 1

(2016).
4) M. W. Reed et al., Phys. Rev. Lett. 105, 172501 (2010).
5) Y. Hirayama et al., Nucl. Instrum. Methods Phys. Res. B

353, 4 (2015); 376, 52 (2016); 412, 11 (2017).
6) H. Watanabe et al., Phys. Lett. B 760, 641 (2016).
7) M. Mukai et al., Nucl. Instrum. Methods Phys. Res. A

884, 1 (2018).
8) T. Shizuma et al., Phys. Rev. C 77, 047303 (2008).

- 73 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅱ-1. Nuclear Physics



Ground-state electromagnetic moments of 21O
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T. Sato,∗1 W. Y. Kim,∗2 T. Fujita,∗1,∗4 L. C. Tao,∗1,∗5 T. Egami,∗1,∗6 D. Tominaga,∗1,∗6 T. Kawaguchi,∗1,∗6

M. Sanjo,∗1,∗6 W. Kobayashi,∗1,∗6 K. Imamura,∗1,∗7 Y. Nakamura,∗1,∗7 G. Georgiev,∗8 J. M. Daugas,∗1,∗9

and H. Ueno∗1

As a continuation of our previous report,1) here we
would like to give an overview of the intermediate re-
sults of analysis of the spectra obtained in the 21O
β-NMR experiment conducted at RIPS, RIBF. In the
experiment, the 21O beam was produced from a 22Ne
beam at 69 AMeV on a Be target in a projectile-
fragmentation reaction involving one neutron pick-up.

In g-factor measurements, the beta-NMR2) tech-
nique was applied to the 21O ions implanted into the
CaO stopper crystal. The Larmor frequency, and
hence the g-factor, have been straightforwardly deter-
mined from the spectrum obtained with a single-sweep
width of 14 kHz (red triangles in Fig. 1) and the value
of the 21O magnetic moment µ(21O) ≈ 1.5 µN was
preliminary deduced.

In order to measure the electric quadrupole mo-
ment, the 21O beam was implanted into a single crys-
tal of TiO2 to provide the electric-field gradient nec-
essary for the β-NQR3) measurements. The obtained
β-NQR spectrum is shown on Fig. 2. Although the
statistics does not allow us to directly distinguish the
anticipated double-resonance structure of the spec-
trum,4) the preliminary result of the least-chi-square
fitting with a double-Gaussian function is consistent
with the expected double-peak nature of the spectrum.
The actual value of the quadrupole moment can be ex-
tracted from peak I, which corresponds to the substi-
tutional implantation site in TiO2. From the fitting
curve in Fig. 2, νQ ≈ 151.5 kHz was preliminarily ob-
tained. However, the final analysis and error assign-
ments for both magnetic and quadrupole moments are
in progress and will be reported later.

In terms of nuclear structure, at first glance, the
neutron-rich 21O appears to be a “normal” nucleus well
characterized by a pure 1d5/2 single particle configura-
tion. However, the theoretical interpretation of these
results and the evolution of nuclear structure from 19O
to 23O are still under discussion and will be described
elsewhere.
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Fig. 1. β-NMR spectrum of 21O in a CaO crystal. The
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Fig. 2. β-NQR spectrum of 21O in the TiO2 single crys-

tal. The red line represents the least-chi-square fitting

with a double-Gaussian function taking into account

the physical expectations based on previous works.4)

The interval between the two peaks is a fixed value de-

fined by the ratio between the electric-field gradients of

two different implantation sites in TiO2. For the defi-

nition of νQ, see Ref. 5).
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β-NQR measurement of the 23Ne ground state
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Y. Sasaki,∗3 K. Totsuka,∗3 K. Doi,∗3 T. Yada,∗3 K. Asahi,∗1 Y. Ishibashi,∗6 K. Imamura,∗7 T. Fujita,∗8

G. Georgiev,∗9 and J. M. Daugas∗10

In this report, we present some results of the ex-
perimental program NP1612-RRC47. The aim of this
experiment is to search for an appropriate single crys-
tal for the β-NMR measurement of Ne isotopes and
to measure its electric field gradient at the sitting site
of Ne, as the first step to the nuclear electromagnetic
moment measurement of neutron-rich Ne isotopes. In
the present study, we applied the β-NQR method1) to
the spin-polarized 23Ne, the ground-state Q moment
of which has been well-studied,2) implanted into the
ZnO single crystal.
The experiment was conducted using the RIKEN

projectile fragment separator (RIPS). A radioactive
23Ne beam was obtained from the single-neutron
pickup reaction of 22Ne at 70 MeV/nucleon on a 0.25-
mm thick Be target. In order to produce spin polariza-
tion, the primary beam was injected with a tilt angle
of 2◦ with respect to the spectrometer entrance (F0),
where the Be target was located. Fragments were ac-
cepted at a finite angle θ = 1◦–3◦ to the primary beam
direction, and the center of the momentum distribu-
tion (∆p/p ≤ | ± 0.25%|) was selected at momentum
dispersive focal plane F1. A secondary beam of 23Ne
with a purity higher than 90% was separated with a
321-mg/cm2 thick Al wedge degrader. The intensity
of the spin-polarized 23Ne was 5×104 pps with a 22Ne
beam intensity of 400 pnA.
The spin-polarized 23Ne was implanted in a ZnO

single crystal (28 mm × 20 mm × 0.5 mm, inclined
at 45◦ to the horizontal plane), which was located at
the center of the β-NMR apparatus. The c-axis of
the ZnO single crystal was along the vertical axis. A
static magnetic field of 0.5 T was applied to the crystal
parallel to its c-axis, and an oscillating magnetic field
was applied by a pair of RF coils perpendicular to the
static magnetic field. The crystal was cooled to T ∼
50 K to achieve a longer spin-lattice relaxation time
than the 23Ne β-decay half-life (T1/2 = 37 s).
The β rays from the β decay of 23Ne was detected

through a vacuum chamber wall, made of 1-mm thick
fiber-reinforced plastic, by two β-ray telescopes which
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were located above and below the crystal. Each tele-
scope consists of a stack of three 1.0-mm thick plastic
scintillators. The telescopes cover approximately 50%
of the entire solid angle.
In the experiment, we first measured the g-factor of

the 23Ne ground state with a NaF polycrystalline stop-
per by the β-NMR method to confirm the polarization
of the 23Ne beam. In this measurement, we observed a
nuclear magnetic resonance at 1653.8(5) kHz; thus, a
g-factor of g = 0.43305(14) was deduced. The obtained
g-factor is consistent with the literature values g =
0.432(4)3) and 0.43268(36).4) The polarization of the
23Ne beam was also determined to be AP = 5.0(4)%.
After measuring the g-factor, we performed the β-

NQR measurement of 23Ne by using the ZnO single
crystal. Figure 1 shows the obtained β-NQR spectrum
of 23Ne in the ZnO single crystal. In the figure, a clear
β-ray asymmetry change is found at νQ(= eqQ/h) =
1.08(5)×103 kHz. From the obtained νQ and the Q
moment [Q = 145(13) emb],2) the electric field gradi-
ent q was determined to be |q| = 31(3)×1019 [V/m2].
Now, we are ready to measure the ground-state elec-
tromagnetic moments of neutron-rich Ne isotopes.
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As a continuation of our previous report,1) here we
would like to give an overview of the intermediate re-
sults of analysis of the spectra obtained in the 21O
β-NMR experiment conducted at RIPS, RIBF. In the
experiment, the 21O beam was produced from a 22Ne
beam at 69 AMeV on a Be target in a projectile-
fragmentation reaction involving one neutron pick-up.

In g-factor measurements, the beta-NMR2) tech-
nique was applied to the 21O ions implanted into the
CaO stopper crystal. The Larmor frequency, and
hence the g-factor, have been straightforwardly deter-
mined from the spectrum obtained with a single-sweep
width of 14 kHz (red triangles in Fig. 1) and the value
of the 21O magnetic moment µ(21O) ≈ 1.5 µN was
preliminary deduced.

In order to measure the electric quadrupole mo-
ment, the 21O beam was implanted into a single crys-
tal of TiO2 to provide the electric-field gradient nec-
essary for the β-NQR3) measurements. The obtained
β-NQR spectrum is shown on Fig. 2. Although the
statistics does not allow us to directly distinguish the
anticipated double-resonance structure of the spec-
trum,4) the preliminary result of the least-chi-square
fitting with a double-Gaussian function is consistent
with the expected double-peak nature of the spectrum.
The actual value of the quadrupole moment can be ex-
tracted from peak I, which corresponds to the substi-
tutional implantation site in TiO2. From the fitting
curve in Fig. 2, νQ ≈ 151.5 kHz was preliminarily ob-
tained. However, the final analysis and error assign-
ments for both magnetic and quadrupole moments are
in progress and will be reported later.

In terms of nuclear structure, at first glance, the
neutron-rich 21O appears to be a “normal” nucleus well
characterized by a pure 1d5/2 single particle configura-
tion. However, the theoretical interpretation of these
results and the evolution of nuclear structure from 19O
to 23O are still under discussion and will be described
elsewhere.
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26mAl proton resonant elastic scattering with CRIB
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26Al is known as the first specific radioactivity dis-
covered with extraterrestrial origins.1) The observed
spatial and velocity profiles of galactic 26Al provide
insights to nucleosynthesis and galactic chemical evo-
lution. In this context, the stellar nuclear reactions
which produce and destroy 26Al should be sufficiently
constrained by experimental data when possible, in or-
der to reduce the uncertainties on the ejected mass of
26Al calculated in various stellar models. Knowledge
of the reaction rate of radiative proton capture on the
low-lying isomeric state 26mAl(p, γ) is still lacking, par-
ticularly at higher excitation energies when the two
species 26g,mAl are expected to be in thermal equilib-
rium (> 1 GK).
We performed the first measurement of mixed

26g,mAl proton elastic scattering at the CNS low-
energy RI beam separator (CRIB)2) to search for low-
spin states with large Γp which may influence the
26mAl(p, γ) rate. Considering the isomer’s excitation
energy of 228 keV, the typical operating resolution of
CRIB (∆p

p ∼ 1%) is insufficient to distinguish the two
26Al species event by event. To make the measurement
tractable, we considered that the 26Mg(p, n)26Al reac-
tion cross section shows anticorrelated yield for 26g,mAl
depending on Ec.m.

3) as well as that the previous mea-
surement of 26gAl(p, p) showed only Rutherford scat-
tering over the measured energy range.4)

We produced the cocktail beam inflight via the
26Mg(p, n)26Al reaction in inverse kinematics. A pri-
mary beam of 26Mg8+ was extracted from the Hyper-
ECR ion source, accelerated up to 6.65 MeV/u by the
AVF cyclotron, and delivered to CRIB with typical
intensities of 25–50 pnA. The 26Mg beam impinged
on the CRIB cryogenic production target, which con-
tained H2 at 130–290 Torr at an effective temperature
of 90 K over 8 cm (0.4 to 0.8 mg cm−2). By varying the
H2 gas pressure as well as a removable Havar energy de-
grader foil upstream of the production target, we could
control Ec.m. and hence the isomeric purity of the cock-
tail beam. We regularly monitored the isomeric purity
using β-decay measurements in a beam pulsing mode.
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Fig. 1. Example laboratory residual proton energy spectra

obtained near 0◦. The isomeric purity of (b) is higher

than (a).

The decay measurements were interpreted with the as-
sistance of Geant4 simulations, and we found the iso-
meric purity was approximately 40–60% depending on
the experimental conditions. The 26Al cocktail beams
had an average intensity of 1.5× 105 pps, 93% purity,
and on-target energies of 68, 83, and 93 MeV

To measure the physics of interest, the 26Al beam
was tracked with two PPACs before fully stopping in a
7.5 mg cm−2 CH2 foil which served as a proton target.
Scattered protons were measured at forward labora-
tory angles with ∆E–E silicon telescopes. Background
contributions from carbon in the polyethylene target
were evaluated by intermittently exchanging the CH2

foil with a 10.6 mg cm−2 carbon foil. Examples of
the preliminary laboratory proton energy spectra are
shown in Fig. 1. The background contribution from
carbon (scaled to the number of incident 26Al ions)
looks smooth, and hints of some peak-like structures
seem to emerge when the isomeric purity is higher.
These preliminary results look promising for our future
analysis, where we will add all the kinematic conditions
including all energy losses to obtain the proton scat-
tering excitation function in the center-of-mass frame.
Finally, we plan to extract resonance parameters with
an R-matrix analysis.
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Development of a high density 7Be beam at CRIB

A. Inoue,∗1 A. Tamii,∗1 H. Yamaguchi,∗2 K. Abe,∗2 S. Adachi,∗1 S. Hayakawa,∗2 J. Isaak,∗1 N. Kobayashi,∗1

H. Shimizu,∗2 and L. Yang∗2

The 7Li problem is a discrepancy between the stan-
dard Big-Bang Nucleosynthesis (BBN) model and ob-
servations. Our research goal is to measure the cross
section of the 7Be(d, p) reaction to solve this 7Li prob-
lem. A recent theoretical BBN model predicts a pri-
mordial 7Li abundance that is 3 times larger than the
recent precise observation.1) This difference is quite
large, while the theoretical calculation reproduces the
abundance of the other light nuclei well. One possi-
ble scenario to solve the problem, which has not been
included yet in the BBN model, is that 7Be was de-
stroyed in the nuclear reaction after the Big Bang. The
7Be(d, p)8Be and the 7Be(n, α)4He reactions are two
promising processes for destroying 7Be. We are focus-
ing on the 7Be(d, p)8Be reaction since the contribution
from 7Be(d, p)8Be is suggested to be larger that from
7Be(n, α)4He.2,3)

We are developing an unstable 7Be target for high-
resolution measurement of the 7Be(d, p)8Be reaction
in normal kinematics. This is a big technical challenge
since 7Be is an unstable nucleus. We suggested to make
the 7Be target by implantation in a host material. This
is called the Implantation method. The development is
ongoing at CRIB, Center for Nuclear Study (CNS),
University of Tokyo. The first experiment was per-
formed in June 2016. The primary beam was 7Li2+ at
5.6 MeV/nucleon. The secondary beam was produced
by the 1H(7Li, 7Be) reaction by employing a cryogenic
hydrogen gas target. The gas thickness is 8 cm and
the gas pressure was 760 Torr. The secondary beam
energy was 4.0 MeV/nucleon. A 10-µm thick gold foil
as a host target was irradiated with the 7Be beam after
an energy degrader made of gold with a thickness of
15 µm and a collimator with a diameter of 3 mm. We
evaluated the amount of the implanted 7Be by detect-
ing 477 keV γ rays with a LaBr3 detector after the im-
plantation. The γ ray is emitted through the electron
capture decay of 7Be with a branching ratio of 10.4%.
We obtained 1.3×1011 (4.3×1010/mm2) 7Be particles
after 19 hours of irradiation. The average beam in-
tensity was 6.3 ×105/mm2. However, the number of
the 7Be particles is almost 10 times smaller than our
estimation from the maximum intensity (～106/mm2)
of CRIB’s previous performance. We suspect that the
beam spot size and the beam profile at F2 were not
fully optimized for the high-intensity 7Be beam down-
stream of the collimator and not maintained at a fixed
position during the long irradiation time since we did
not check the 7Be beam profile when the beam inten-
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sity was increased. This is because it was not possible
to count such a high intensity beam directly.

Based on the result of the experiment in 2016, we
performed a development experiment at CRIB to opti-
mize the beam line optics and obtain an intense beam
of 7Be, in April 2017. Previously, the beam profile
was checked with the PPAC detector at CRIB. How-
ever the PPAC detector is not a detector for such a
high rate, so we could not count the high intensity
beam with the existing detector. To solve this issue,
we installed a metal mesh at F1 and a plastic scin-
tillator at F2 to count the beam intensity. This was
a new trial at CRIB. The metal mesh was used to re-
duce the 7Be beam intensity, and hence we could count
the 7Be beam intensity directly by the plastic scintil-
lator. In this experiment, we tuned the ion-optical
parameters and the steerer on the beam line for the
best-positioning and focusing of the secondary 7Be,
by counting the intensity with the plastic scintillator.
We achieved 6.8×106/mm2 as the average beam inten-
sity after the optimization of the settings of beam-line
optics. We obtained 1.2×1012 (1.7×1011/mm2) 7Be
particles with 7-hours irradiation. As the next step,
we plan to measure the 7Be(d, p) reaction at Japan
Atomic Energy Agency, tandem facility. The 7Be tar-
get will be produced at CRIB before the (d, p) reac-
tion measurement, planned for 2018. About 8.2×1012

(2.6×1012/mm2) 7Be ions will be implanted in 2 days
of irradiation.

Fig. 1. Plane view of CRIB, where the Q1, Q2, Q3, and M3

magnets and the steerer were optimized in the present

work. The installation of the mesh at F1 and the plastic

scintillator at F2 was a new trial at CRIB to count the

high intensity beam. The 7Be beam was counted after

the 3 mm diameter collimator.
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26mAl proton resonant elastic scattering with CRIB

D. Kahl,∗1 H. Shimizu,∗2 H. Yamaguchi,∗2 K. Abe,∗2 O. Beliuskina,∗2 S. M. Cha,∗3 K. Y. Chae,∗3 A. A. Chen,∗4
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26Al is known as the first specific radioactivity dis-
covered with extraterrestrial origins.1) The observed
spatial and velocity profiles of galactic 26Al provide
insights to nucleosynthesis and galactic chemical evo-
lution. In this context, the stellar nuclear reactions
which produce and destroy 26Al should be sufficiently
constrained by experimental data when possible, in or-
der to reduce the uncertainties on the ejected mass of
26Al calculated in various stellar models. Knowledge
of the reaction rate of radiative proton capture on the
low-lying isomeric state 26mAl(p, γ) is still lacking, par-
ticularly at higher excitation energies when the two
species 26g,mAl are expected to be in thermal equilib-
rium (> 1 GK).
We performed the first measurement of mixed

26g,mAl proton elastic scattering at the CNS low-
energy RI beam separator (CRIB)2) to search for low-
spin states with large Γp which may influence the
26mAl(p, γ) rate. Considering the isomer’s excitation
energy of 228 keV, the typical operating resolution of
CRIB (∆p

p ∼ 1%) is insufficient to distinguish the two
26Al species event by event. To make the measurement
tractable, we considered that the 26Mg(p, n)26Al reac-
tion cross section shows anticorrelated yield for 26g,mAl
depending on Ec.m.

3) as well as that the previous mea-
surement of 26gAl(p, p) showed only Rutherford scat-
tering over the measured energy range.4)

We produced the cocktail beam inflight via the
26Mg(p, n)26Al reaction in inverse kinematics. A pri-
mary beam of 26Mg8+ was extracted from the Hyper-
ECR ion source, accelerated up to 6.65 MeV/u by the
AVF cyclotron, and delivered to CRIB with typical
intensities of 25–50 pnA. The 26Mg beam impinged
on the CRIB cryogenic production target, which con-
tained H2 at 130–290 Torr at an effective temperature
of 90 K over 8 cm (0.4 to 0.8 mg cm−2). By varying the
H2 gas pressure as well as a removable Havar energy de-
grader foil upstream of the production target, we could
control Ec.m. and hence the isomeric purity of the cock-
tail beam. We regularly monitored the isomeric purity
using β-decay measurements in a beam pulsing mode.
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Fig. 1. Example laboratory residual proton energy spectra

obtained near 0◦. The isomeric purity of (b) is higher

than (a).

The decay measurements were interpreted with the as-
sistance of Geant4 simulations, and we found the iso-
meric purity was approximately 40–60% depending on
the experimental conditions. The 26Al cocktail beams
had an average intensity of 1.5× 105 pps, 93% purity,
and on-target energies of 68, 83, and 93 MeV

To measure the physics of interest, the 26Al beam
was tracked with two PPACs before fully stopping in a
7.5 mg cm−2 CH2 foil which served as a proton target.
Scattered protons were measured at forward labora-
tory angles with ∆E–E silicon telescopes. Background
contributions from carbon in the polyethylene target
were evaluated by intermittently exchanging the CH2

foil with a 10.6 mg cm−2 carbon foil. Examples of
the preliminary laboratory proton energy spectra are
shown in Fig. 1. The background contribution from
carbon (scaled to the number of incident 26Al ions)
looks smooth, and hints of some peak-like structures
seem to emerge when the isomeric purity is higher.
These preliminary results look promising for our future
analysis, where we will add all the kinematic conditions
including all energy losses to obtain the proton scat-
tering excitation function in the center-of-mass frame.
Finally, we plan to extract resonance parameters with
an R-matrix analysis.
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Experimental setup of the 6He(p, n) measurement at HIMAC and
identification of the charge-exchange (p, n) reaction channel

M. Sasano,∗1 L. Stuhl,∗1,∗2 J. Gao,∗1,∗3 K. Yako,∗2 Y. Kubota,∗1 Z. Yang,∗1 J. Zenihiro,∗1 V. Panin,∗1

Z. Korkulu,∗1 E. Takada,∗4 H. Baba,∗1 and T. Uesaka∗2

As reported in another article1) in this volume, we
performed a measurement of the 6He(p, n) reaction in
the SB2 course at HIMAC in the winter of 2017 (H391
experiment). In this report, the setup used in the HI-
MAC experiment is presented with a preliminary result
of the analysis to identify the (p, n) reaction channel.

Fig. 1. (top) Layout of the experimental setup used in

the HIMAC H391 experiment. (bottom) Particle-

identification plot of reaction residues. The vertical and

horizontal axes correspond to the energy losses in HD0

and HD1 (E0 and E1), respectively. The units are QDC

channels.

Figure 1 (top) shows the layout of the experimental
setup. In the experiment, a secondary beam of 6He at
123 MeV/nucleon was produced through a fragmenta-
tion reaction with a 160 MeV/nucleon primary beam
of 11B. The resulting cocktail beam had a total inten-
sity of 2×104 particles/s, containing 6He with a purity

∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, University of Tokyo
∗3 School of Physics, Peking University
∗4 National Institute of Radiological Sciences (NIRS)

of 96%. The particle identification (PID) of the beam
particles was performed on an event-by-event basis by
using the energy loss information in the SBT plastic
scintillator. The secondary beam was impinged on a
polyethylene target with a thickness of 7 mm. The
recoil neutrons were detected using the PANDORA2)

neutron detectors surrounding the target. The ho-
doscope bars were placed downstream of the target to
identify the reaction residues produced in the (p, n) re-
action from the incident 6He particles. Depending on
the excitation energy, the daughter nucleus, i.e. 6Li,
decays into multiple reaction residues of light nuclei
such as protons, neutrons, and tritons. With the aim
of distinguishing such events, the hodoscope setup con-
sisted of three layers: the first layer was used to identify
6Li only, while the other two layers were segmented so
as to detect light nuclei. HD0 (HD1-8) had a plastic
scintillator plate with dimensions of 240W × 80H ×
2D mm3 (100W × 1000H × 10D mm3). HD0 covered
the solid angle for 6Li particles emitted at angles up
to 7◦, which was sufficient to measure the (p, n) re-
action at scattering angles up to 15◦ in the center-of-
mass system. As a parasitic setup, the silicon detector
setup developed for SAMURAI heavy-ion proton ex-
periments was also installed.
Figure 1 (bottom) shows a PID plot of reaction

residues obtained by comparing the charge information
in the hodoscope in the first layer (HD0) and that in
the second layer immediately behind HD0 (HD2), after
selecting events corresponding to 6He beam particles.
The data shown here were accumulated within a two
hour run. The most intense PID blob corresponds to
the events in which the 6He beam particles penetrated
both HD0 and HD2 (unreacted events). The blob
around (E0, E1) = (1600, 1100) is due to the events
in which the 6Li beam particles penetrated both HD0
and HD2, corresponding to the (p, n) reaction chan-
nel. The 6Li events are clearly separated from the un-
reacted events in this two-dimensional plot. We have
an issue that the energy loss information in HD2 for
the unreacted channel has a long tail for higher QDC
values. For clarifying the origin of this tail, we are
planning to analyze the waveform data of HD2 taken
by the CAEN digtizer modules reported in another ar-
ticle3) in this volume. The analysis is in progress.
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RI beam production at BigRIPS in 2017

D. S. Ahn,∗1 N. Fukuda,∗1 H. Suzuki,∗1 Y. Shimizu,∗1 H. Takeda,∗1 T. Sumikama,∗1 N. Inabe,∗1 J. Amano,∗1,∗2

K. Kusaka,∗1 Y. Yanagisawa,∗1 M. Ohtake,∗1 T. Komatsubara,∗1 H. Sato,∗1 K. Yoshida,∗1 and H. Ueno∗1

The radioactive isotope (RI) beam production at
the BigRIPS fragment separator1) in 2017 is presented
here. Table 1 summarizes the experimental programs
that involved the use of the BigRIPS separator dur-
ing this period and the RI beams produced for each
experiment.
The spring beam time started with a 48Ca primary

beam in March. The experiment was performed to
search for the existence of a new 39Na isotope and to
determine the neutron dripline of neon isotopes.2) The
parasite BRIKEN experiment was performed to mea-
sure the multi-neutron emission probabilities.
Four experiments were conducted in the 70Zn beam

campaign that was started in April. The 40, 50, 52Ca
beams were delivered to the SAMURAI spectrometer
to measure the electric dipole response of the neutron-
rich Ca isotopes. The experiment to search for new
neutron-rich isotopes was performed with the BigRIPS
separator in the region of 60Ca isotope.3) A total of 8
new isotopes was identified in the preliminary analy-
sis. The SEASTER experiment was performed with
63V, 57Sc, 53K to understand the evolution of the shell
structure towards the dripline.

Table 1. List of experimental programs and RI beams produced at the BigRIPS separator in 2017.

Primary beam 
(Period) Proposal No. Course RI beams 

48Ca
345 MeV/nucleon 
(Mar. 30 – Apr. 2) 

DA16-01-01 ZeroDegree 

PE16-04 ZeroDegree 

39Na, 36Ne
40Mg,37Na (parasite experiment) 

70Zn
345 MeV/nucleon 
(Apr. 11 – May 15) 

SAMURAI NP1312-SAMURAI9R1-01 
NP1406-RIBF44R1-02 BigRIPS 

SAMURAI NP1512-SAMURAI38R1&39R2-01 
DA17-01-01 SAMURAI 

44, 50, 52Ca
52-54Ar, 53Cl, 57K, 52, 54, 60Ca, 50S
63V, 57Sc, 53K
53K

238U 
345 MeV/nucleon 
(May 30 – Jun. 21) 

NP1512-RIBF139-02 
NP1406-RIBF127R1-02 
NP1406-RIBF128-02 
NP1612-RIBF148-01 

ZeroDegree 

BigRIPS 
ZeroDegree 

MS-EXP17-02 
MS-EXP17-04 
IMPACT17-01 SHARAQ 

167Sm, 149Xe, 130Ag, 84Zn

200W
238U (primary beam)
79Se, 107Pd

18O 
220 MeV/nucleon 
(Jun. 24 – July 14) 

SAMURAI 1H, 6, 8He
SAMURAI 6, 8He

NP1406-SAMURAI19R1-01 
NP1512-SAMURAI37-01 
NP1512-SAMURAI34-01 SAMURAI 1H, 8He

238U 
345 MeV/nucleon 

(Oct. 21 – Nov. 30) 

SHARAQ 93Zr, 107Pd
ZeroDegree 82Cu
SHARAQ 
PALIS 

ZeroDegree 

ZeroDegree 

77, 79Se
66Cu
100Br, 102Sr, 106Zr, 112Mo, 115Nb
126, 128Pd, 132Sn

IMPACT17-02-01 
DA17-02-01 
IMPACT17-02-02 
MS-EXP17-03 
NP1512-RIBF139-03 
NP1612-RIBF148-02 
NP1306-RIBF102-01 
MS-EXP17-05 Rare-RI Ring 78Ge

∗1 RIKEN Nishina Center
∗2 Department of Physics, Rikkyo University

Seven experiments were conducted in the 238U beam
campaign that was started in May. The 167Sm, 149Xe,
130Ag, 84Zn beams were delivered to the ZeroDegree
spectrometer for BRIKEN experiments. The 200W
beam was produced for neutron-rich nuclei around the
N = 126 using a projectile-fragmentation of the 238U
beam as a machine study.4) The 79Se and 107Pd beams
were produced for OEDO commissioning with the Im-
PACT program.
The spring beam time ended with an 18O beam cam-

paign, in which three experiments were performed.
The 1H and 6, 8He beams were produced for the
SAMURAI experiment.
In the autumn beam time, the 238U beam campaign

was started in October with eight experiments. The
93Zr, 107Pd, and 77, 79Se isotope beams were provided
with the ImPACT program. The BRIKEN experi-
ments were performed to measure the multi-neutron
emission probabilities and to search for new isotopes.5)

An experiment with two-step reaction scheme was
performed to measure the production cross sections
of the 125–128Pd beam from the 132Sn beam using
the BigRIPS and the ZeroDegree spectrometer.6) The

Experimental setup of the 6He(p, n) measurement at HIMAC and
identification of the charge-exchange (p, n) reaction channel

M. Sasano,∗1 L. Stuhl,∗1,∗2 J. Gao,∗1,∗3 K. Yako,∗2 Y. Kubota,∗1 Z. Yang,∗1 J. Zenihiro,∗1 V. Panin,∗1

Z. Korkulu,∗1 E. Takada,∗4 H. Baba,∗1 and T. Uesaka∗2

As reported in another article1) in this volume, we
performed a measurement of the 6He(p, n) reaction in
the SB2 course at HIMAC in the winter of 2017 (H391
experiment). In this report, the setup used in the HI-
MAC experiment is presented with a preliminary result
of the analysis to identify the (p, n) reaction channel.

Fig. 1. (top) Layout of the experimental setup used in

the HIMAC H391 experiment. (bottom) Particle-

identification plot of reaction residues. The vertical and

horizontal axes correspond to the energy losses in HD0

and HD1 (E0 and E1), respectively. The units are QDC

channels.

Figure 1 (top) shows the layout of the experimental
setup. In the experiment, a secondary beam of 6He at
123 MeV/nucleon was produced through a fragmenta-
tion reaction with a 160 MeV/nucleon primary beam
of 11B. The resulting cocktail beam had a total inten-
sity of 2×104 particles/s, containing 6He with a purity

∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, University of Tokyo
∗3 School of Physics, Peking University
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of 96%. The particle identification (PID) of the beam
particles was performed on an event-by-event basis by
using the energy loss information in the SBT plastic
scintillator. The secondary beam was impinged on a
polyethylene target with a thickness of 7 mm. The
recoil neutrons were detected using the PANDORA2)

neutron detectors surrounding the target. The ho-
doscope bars were placed downstream of the target to
identify the reaction residues produced in the (p, n) re-
action from the incident 6He particles. Depending on
the excitation energy, the daughter nucleus, i.e. 6Li,
decays into multiple reaction residues of light nuclei
such as protons, neutrons, and tritons. With the aim
of distinguishing such events, the hodoscope setup con-
sisted of three layers: the first layer was used to identify
6Li only, while the other two layers were segmented so
as to detect light nuclei. HD0 (HD1-8) had a plastic
scintillator plate with dimensions of 240W × 80H ×
2D mm3 (100W × 1000H × 10D mm3). HD0 covered
the solid angle for 6Li particles emitted at angles up
to 7◦, which was sufficient to measure the (p, n) re-
action at scattering angles up to 15◦ in the center-of-
mass system. As a parasitic setup, the silicon detector
setup developed for SAMURAI heavy-ion proton ex-
periments was also installed.
Figure 1 (bottom) shows a PID plot of reaction

residues obtained by comparing the charge information
in the hodoscope in the first layer (HD0) and that in
the second layer immediately behind HD0 (HD2), after
selecting events corresponding to 6He beam particles.
The data shown here were accumulated within a two
hour run. The most intense PID blob corresponds to
the events in which the 6He beam particles penetrated
both HD0 and HD2 (unreacted events). The blob
around (E0, E1) = (1600, 1100) is due to the events
in which the 6Li beam particles penetrated both HD0
and HD2, corresponding to the (p, n) reaction chan-
nel. The 6Li events are clearly separated from the un-
reacted events in this two-dimensional plot. We have
an issue that the energy loss information in HD2 for
the unreacted channel has a long tail for higher QDC
values. For clarifying the origin of this tail, we are
planning to analyze the waveform data of HD2 taken
by the CAEN digtizer modules reported in another ar-
ticle3) in this volume. The analysis is in progress.
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Table 2. Number of experiments performed using RI beams in each year.

Year 238U 124Xe 86Kr 78Kr 70Zn 48Ca 18O 16O 14N 4He 2H Yearly 
total 

2007 4 1 5 
2008 2 4 6 
2009 3 3 3 1 10 
2010 10 1 2 1 14 
2011 4 2 2 8 
2012 6 3 1 4 6 20 
2013 4 2 3 9 
2014 11 1 3 1 1 17 
2015 15 6 4 1 26
2016 13 1 6 2 22 
2017 13 4 2 3 22 
Total 75 8 1 6 6 36 17 1 5 1 3 159 

Fig. 1. RI beams produced in 2017 and the production yield measured from March 2007 to December
2017 at the BigRIPS separator.

autumn beam time ended with a machine study of the
Rare-RI Ring experiment using the 78Ge beam.

The number of experiments using the RI beams at
the BigRIPS separator is summarized in Table 2 for
various primary beams in each year. A total of 159 ex-
periments have been performed so far. Figure 1 shows
the RI beams produced in 2017 at the BigRIPS sep-
arator on the chart of nuclides with red squares.The
number of RI beams produced in 2017 is 50. The pro-
duction yields for 1593 RI beams were measured from
March 2007 to December 2017, and they are indicated

using green color. The yellow color indicates the known
isotopes.
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Observation of new neutron-rich Mn, Fe, Co, Ni, and Cu isotopes
in the vicinity of 78Ni†
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The neutron-rich nucleus 78Ni is expected to be a
doubly magic nucleus with the proton magic number
28 and the neutron magic number 50. To study the
magicity of 78Ni far from the stability line, the pro-
duction of new isotopes beyond 78Ni, such as the pre-
vious discovery of neutron-rich isotopes at RIBF,1) is
the first step.

In the present study, new isotopes in the vicinity
of 78Ni were produced via the in-flight fission reac-
tion of a primary 238U beam with a higher inten-
sity than the previous one.1) The beam energy was
345 MeV/nucleon and the average intensity was 6.84
particle nA. The fission fragments were purified in the
BigRIPS separator and transported to the ZeroDe-
gree spectrometer. For particle identification, the time
of flight (TOF) and magnetic rigidities in the second
stage of BigRIPS, as well as the energy loss in a mul-
tisampling ionization chamber (MUSIC) placed at the
end of the ZeroDegree spectrometer, were measured.
The atomic number, Z, and the mass-to-charge ratio,
A/Q, were deduced as shown in Fig. 1. A significance
test using p values was performed for 8 new isotopes
73Mn, 76Fe, 77,78Co, 80,81,82Ni, and 83Cu, as described

† Condensed from the article in Phys. Rev. C 95, 051601(R)
(2017)
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Neutron Number

47 48 49 50 51 52 53 54

P
ro

d
u

c
ti

o
n

 C
ro

ss
 S

e
c
ti

o
n

 (
a
b

)

1−10

1

10

210

3
10

410

5
10

6
10

7
10

    Cu

    Ni

    Co

    Fe

    Mn

73Mn 76Fe

78Co

79Co

80Ni

81Ni
82Ni

83Cu

Fig. 2. Production cross section as a function of the neu-

tron number. The lines present model predictions.2)

in the previous study.1) The p values, which are all
less than 1%, show evidence for these isotopes includ-
ing the cases of 76Fe, 81Ni, and 82Ni with a single event.
The production cross sections, shown in Fig. 2, were
also checked and found to be consistent with model
predictions.2)
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Table 2. Number of experiments performed using RI beams in each year.

Year 238U 124Xe 86Kr 78Kr 70Zn 48Ca 18O 16O 14N 4He 2H Yearly 
total 

2007 4 1 5 
2008 2 4 6 
2009 3 3 3 1 10 
2010 10 1 2 1 14 
2011 4 2 2 8 
2012 6 3 1 4 6 20 
2013 4 2 3 9 
2014 11 1 3 1 1 17 
2015 15 6 4 1 26
2016 13 1 6 2 22 
2017 13 4 2 3 22 
Total 75 8 1 6 6 36 17 1 5 1 3 159 

Fig. 1. RI beams produced in 2017 and the production yield measured from March 2007 to December
2017 at the BigRIPS separator.

autumn beam time ended with a machine study of the
Rare-RI Ring experiment using the 78Ge beam.

The number of experiments using the RI beams at
the BigRIPS separator is summarized in Table 2 for
various primary beams in each year. A total of 159 ex-
periments have been performed so far. Figure 1 shows
the RI beams produced in 2017 at the BigRIPS sep-
arator on the chart of nuclides with red squares.The
number of RI beams produced in 2017 is 50. The pro-
duction yields for 1593 RI beams were measured from
March 2007 to December 2017, and they are indicated

using green color. The yellow color indicates the known
isotopes.
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New isotope of 39Na and the neutron dripline of neon isotopes using
a 345 MeV/nucleon 48Ca beam

D. S. Ahn,∗1 N. Fukuda,∗1 H. Suzuki,∗1 Y. Shimizu,∗1 H. Takeda,∗1 T. Sumikama,∗1 H. Ueno,∗1 K. Yoshida,∗1

N. Inabe,∗1 H. Sato,∗1 H. Baba,∗1 T. Komatsubara,∗1 Y. Yanagisawa,∗1 K. Kusaka,∗1 M. Ohtake,∗1 H. Otsu,∗1

T. Kubo∗1,∗2 O. B. Tarasov,∗1,∗2 B. M. Sherrill,∗1,∗2 D. J. Morrissey,∗1,∗2 D. Bazin,∗1,∗2 T. Nakamura,∗1,∗3

J. Amano,∗1,∗4 N. Iwasa,∗1,∗5 S. Ishikawa,∗1,∗5 T. Sakakibara,∗1,∗5 and H. Geissel∗1,∗6

The neutron dripline drawn between bound and un-
bound nuclei is important to verify the mass models
and to understand nuclear structures. In 2014 exper-
iment,1) a search for 33F and 36Ne isotopes was per-
formed to determine the neutron dripline. The non-
observation for these isotopes indicates that they are
unbound.
In April 2017, the experiment (proposal number:

DA16-01-01) was carried out, aiming to search the exis-
tence of a new 39Na (Z = 11, N = 28) isotope as shown
in Fig. 1 and to determine the neutron dripline for neon
isotopes. High statistics data of 36Ne isotope were also
obtained to confirm the previous non-observation.

Fig. 1. New isotope of 39Na with the neutron number

N=28 and neutron dripline.

The neutron-rich neon and sodium isotopes were
produced by the projectile-fragmentation of a 48Ca
beam with an energy of 345 MeV/nucleon at RIKEN
RIBF. The high-intensity beam made it possible to
search the neutron dripline. The magnetic rigidity
(Bρ) of the first dipole magent using the BigRIPS2)

separator was tuned for the 39Na isotope. Two wedge-
shaped degraders at the F1 and F5 dispersive foci were
used to purify the RI beams. A thick collimator3) made
of an SUS material with 50-cm thickness was installed
at the F2 focal plane to reject tritons and other light
particles. The different Bρ value was tuned for the
36Ne isotope. The experimental conditions for 39Na
and 36Ne settings are summarized in Table 1.
The particle identification (PID) was conducted us-

ing the TOF-Bρ-∆E method.4) Figure 2 shows a pre-
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∗4 Department of Physics, Rikkyo University
∗5 Department of Physics, Tohoku University
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Table 1. Experimental conditions.

Settings 39Na 36Ne

Target Be 20 mm Be 20 mm
F1 degrader Al 15 mm Al 15 mm
F5 degrader Al 7 mm Al 7 mm

Bρ 9.155 Tm 9.4077 mm
Momentum acceptance ± 3% ± 3%

liminary PID plot for the 39Na setting. The new
isotope of 39Na was clearly observed. The non-
observation of any events corresponding to 38Na in-
dicates that it is unbound. In this experiment, we
also determined the dripline of neon isotopes with a
high confidence level. The detailed data analysis is
currently in progress.
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Fig. 2. Preliminary PID plot for the 39Na setting.
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Exploration of the 60Ca region
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The discovery of new nuclei in the proximity of drip
lines is an important benchmark for nuclear mass mod-
els, and hence for the understanding of nuclear force
and modeling the creation of elements. Recent mea-
surements at the NSCL1,2) have demonstrated that the
fragmentation of 76Ge and 82Se beams can be used
to produce new isotopes (NI) in the calcium region.
This work was extended at RIKEN using higher energy
and intensity in April–May 2017, when the NP1406-
RIBF44R1 experiment was carried out.
A 345 MeV/nucleon 70Zn beam with an intensity

of 225 pnA, which was accelerated by the RIKEN
RIBF accelerator complex, was fragmented in a series
of beryllium targets placed at the object position of
the BigRIPS fragment separator.3)

The experimental conditions for the NI production
runs are listed in Table 1. These settings were centered
on 50S, 53Cl, 54Ar, 57K, and 60Ca based on LISE++

calculations.5) Two aluminum wedge-shaped degraders
at the F1 and F5 dispersive planes were used at full
BigRIPS momentum acceptance to separate and purify
the RI beams.
The particle identification (PID) was conducted us-

ing the ToF-Bρ-∆E-TKE method described in the ap-
pendix to the previous work.6) Figure 2 shows the pre-

Fig. 1. The region of the chart of nuclides studied. The

solid line is the limit of bound nuclei from the KTUY

mass model.4) The nuclei in the green squares were

newly observed in this work.
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Table 1. Experimental conditions for NI production runs.

Settings 50S 53Cl 54Ar 57K 60Ca

Target(Be) [mm] 20 15 10 10 15

Bρ01 [Tm] 7.35 7.8 8.0 8.0 7.35

F1 degrader [mm] 3 3 3 3 3

F5 degrader [mm] 3 1 1 1 3

Time [h] 8.9 23.5 11.2 17.0 38.9

Fig. 2. PID plot of NI production runs.

liminary Z vs. A/q PID summary plot for all NI pro-
duction runs. We observed a total of 9 new neutron-
rich nuclei during the 100 hours of NI search: 47P, 49S,
52Cl, 54Ar, 57,59K, 59,60Ca, 62Sc.
Production cross sections, secondary reaction contri-

butions, and momentum distributions runs were per-
formed. The data are under analysis.
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New isotope of 39Na and the neutron dripline of neon isotopes using
a 345 MeV/nucleon 48Ca beam
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The neutron dripline drawn between bound and un-
bound nuclei is important to verify the mass models
and to understand nuclear structures. In 2014 exper-
iment,1) a search for 33F and 36Ne isotopes was per-
formed to determine the neutron dripline. The non-
observation for these isotopes indicates that they are
unbound.
In April 2017, the experiment (proposal number:

DA16-01-01) was carried out, aiming to search the exis-
tence of a new 39Na (Z = 11, N = 28) isotope as shown
in Fig. 1 and to determine the neutron dripline for neon
isotopes. High statistics data of 36Ne isotope were also
obtained to confirm the previous non-observation.

Fig. 1. New isotope of 39Na with the neutron number

N=28 and neutron dripline.

The neutron-rich neon and sodium isotopes were
produced by the projectile-fragmentation of a 48Ca
beam with an energy of 345 MeV/nucleon at RIKEN
RIBF. The high-intensity beam made it possible to
search the neutron dripline. The magnetic rigidity
(Bρ) of the first dipole magent using the BigRIPS2)

separator was tuned for the 39Na isotope. Two wedge-
shaped degraders at the F1 and F5 dispersive foci were
used to purify the RI beams. A thick collimator3) made
of an SUS material with 50-cm thickness was installed
at the F2 focal plane to reject tritons and other light
particles. The different Bρ value was tuned for the
36Ne isotope. The experimental conditions for 39Na
and 36Ne settings are summarized in Table 1.
The particle identification (PID) was conducted us-

ing the TOF-Bρ-∆E method.4) Figure 2 shows a pre-

∗1 RIKEN Nishina Center
∗2 FRIB/NSCL, Michigan State University
∗3 Department of Physics, Tokyo Institute of Technology
∗4 Department of Physics, Rikkyo University
∗5 Department of Physics, Tohoku University
∗6 GSI Helmholtzzentrum für Schwerionenforschung

Table 1. Experimental conditions.

Settings 39Na 36Ne

Target Be 20 mm Be 20 mm
F1 degrader Al 15 mm Al 15 mm
F5 degrader Al 7 mm Al 7 mm

Bρ 9.155 Tm 9.4077 mm
Momentum acceptance ± 3% ± 3%

liminary PID plot for the 39Na setting. The new
isotope of 39Na was clearly observed. The non-
observation of any events corresponding to 38Na in-
dicates that it is unbound. In this experiment, we
also determined the dripline of neon isotopes with a
high confidence level. The detailed data analysis is
currently in progress.
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Fig. 2. Preliminary PID plot for the 39Na setting.
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New isotope search conducted concurrently with BRIKEN campaign
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In order to measure new β-delayed neutron emission
properties for near doubly magic nucleus 78Ni using the
world-largest array of 3He counters BRIKEN,1) the ex-
periment was performed at the RIKEN Nishina Center
RI Beam Factory (RIBF). The nuclei of interst were
produced by the in-flight fission of a 345 MeV/nucleon
238U beam colliding with a 3.87-mm-thick Be target.
The primary beam intensity was 56.6 particle nA on
average. Fission fragments were separated and identi-
fied using the superconducting in-flight separator Bi-
gRIPS.2) In order to separate and purify the RI beams,
two wedge-shaped energy degraders were placed at the
F1 and F5 dispersive foci. The typical counting rate
at the F3 and F7 achromatic foci were 545.4 Hz and
102.4 Hz, respectively. Table 1 summarizes the exper-
imental conditions. The BigRIPS setting in this work
included regions of new isotopes on the more neutron
rich side. This allowed us to search for new isotopes in
parallel with the measurements of the BRIKEN cam-
paign.

Table 1. Summary of the experimental conditions.

Target (mm) Be 3.87
Bρ a (Tm) 8.272

Degrader at F1 (mm) Al 5.01
Degrader at F5 (mm) Al 3.45

F1 slit (mm) +58.0 / −64.2
F2 slit (mm) +20.0 / −20.0
F5 slit (mm) +110.0 / −110.0
F7 slit (mm) +25.0 / −25.0

Central particle 82Cu
Irradiation time (h) 191.8

Live time of DAQ (%) 95.5
Trigger rate (Hz) 97.8

Total dose 2.44× 1017

a The values from the magnetic fields of the first dipole
magnet.

Particle identification (PID) was performed using
the ∆E-TOF-Bρ method in which the energy loss
(∆E), time of flight (TOF), and magnetic rigidity (Bρ)
were measured to allow the event-by-event determina-
tion of atomic number Z and mass-to-charge ratio A/Q
of fragments.3) The PID was confirmed by measuring
the delayed γ-rays emitted from short-lived isomers,
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Fig. 1. Two-dimensional PID plot of Z versus A/Q. Red
line indicates the limit of known isotopes5–7) as of Jan-
uary 2018.

such as 92Br and 94Br, by using two clover-type high-
purity germanium detectors placed at the F7 achro-
matic focus; this technique is called isomer tagging.4)

Figure 1 shows a two-dimensional PID plot of Z ver-
sus A/Q. The solid red line indicates the limit of iden-
tified isotopes5–7) as of January 2018. The relative
root mean square (rms) Z resolution and the relative
rms A/Q resolution were typically 0.61% and 0.081%,
respectively. We can see some candidates for new iso-
topes such as 79Co, 84Cu, 86Zn, and 93As.

Detailed analysis is currently in progress.8)
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Production of neutron-rich nuclei in the vicinity of N = 126
by means of projectile fragmentation of 345 MeV/nucleon 238U
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The neutron-rich nuclei located along the neutron
closed shell N = 126 are of great importance for in-
vestigating the evolution of N = 126 shell closure, as
well as for understanding the r-process of stellar nu-
cleosynthesis. Experimental information, however, are
scarcely available, due to the difficulties in producing
these unstable nuclei. Recently, a multi-nucleon trans-
fer reaction with a stable beam was experimentally in-
vestigated, and it has proved to be a promising method
for producing neutron-rich nuclei around N = 126.1)

Another prospective reaction for producing these nu-
clei is the fragmentation of heavy projectiles such as
lead and uranium. The lightest N = 126 nucleus so
far, 202Os, was produced by the projectile fragmenta-
tion of a 1 GeV/nucleon 238U beam.2)

To access the unexploited region around N =
126, we conducted an experiment aimed at produc-
ing neutron-rich nuclei around N = 126 by means
of the projectile fragmentation of a high-intensity
345 MeV/nucleon 238U beam using the BigRIPS in-
flight separator3) at the RIKEN RI Beam Factory.4)

The intensity of the 238U beam was 45 particle nA on
average. The production target, which was made of
beryllium, was 5 mm thick. The setting of the Bi-
gRIPS separator was optimized for the production of
200W, where the magnetic rigidity Bρ settings before
and after F3 were tuned for hydrogen-like and helium-
like 200W ions with charge stateQ = 73 and 72, respec-
tively. We employed the two-stage isotope separation
mode to sufficiently purify the neutron-rich isotope
beams of interest, in which the aluminum degraders

Table 1. Experimental conditions for 200W setting

Production target Be 5 mm
Bρ 6.8000 Tm

Degraders Al 5 mm at F1, Al 1 mm at F5
Intensity of 238U 45 pnA
Running time 8 hours

F1 slit ±32 mm (±1.5% in ∆p/p)
F2 slit ±10 mm
F5 slit ±48 mm
F7 slit ±25 mm

Total rate at F1 ≈ 109 Hz
Total rate at F3 2.5× 105 Hz
Total rate at F7 30 Hz
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Fig. 1. Particle identification plot of Z vs A/Q for frag-

ments produced in the 238U + Be reaction. The frag-

ments with Z > 70 were produced by the projectile

fragmentation. The N = 126 isotones are expected to

be located on the red dotted line. The location of 200W

is indicated by the red solid circle, where no events were

observed. The blobs in the red dashed circle correspond

to the events whose charge states change at F5. The

blobs in the red dotted circle correspond to the fission-

originated contaminants.

were installed not only at the F1 but also at the F5
foci. The details of experimental conditions are sum-
marized in Table 1. The particle identification (PID)
was obtained event by event on the basis of the ∆E-
TOF-Bρ method, thus deducing the atomic number Z
and the mass-to-charge ratio A/Q of the fragments.5)

Figure 1 shows the Z vs A/Q PID plot for fragments
produced in the 238U+Be reaction. The neutron-rich
nuclei around N = 126 were produced and identified
as shown in the figure, although the resolving power of
PID needs to be improved. No events were observed
for 200W in the present short-time measurement of 8 h.
An elaborate data analysis is currently in progress.
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New isotope search conducted concurrently with BRIKEN campaign

Y. Shimizu,∗1 N. Fukuda,∗1 K. P. Rykaczewski,∗2 R. K. Grzywacz,∗3 J. L. Tain,∗4 I. Dillmann,∗5
S. Nishimura,∗1 H. Takeda,∗1 H. Suzuki,∗1 D. S. Ahn,∗1 N. Inabe,∗1 K. Yoshida,∗1 H. Ueno,∗1 N. T. Brewer,∗2
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In order to measure new β-delayed neutron emission
properties for near doubly magic nucleus 78Ni using the
world-largest array of 3He counters BRIKEN,1) the ex-
periment was performed at the RIKEN Nishina Center
RI Beam Factory (RIBF). The nuclei of interst were
produced by the in-flight fission of a 345 MeV/nucleon
238U beam colliding with a 3.87-mm-thick Be target.
The primary beam intensity was 56.6 particle nA on
average. Fission fragments were separated and identi-
fied using the superconducting in-flight separator Bi-
gRIPS.2) In order to separate and purify the RI beams,
two wedge-shaped energy degraders were placed at the
F1 and F5 dispersive foci. The typical counting rate
at the F3 and F7 achromatic foci were 545.4 Hz and
102.4 Hz, respectively. Table 1 summarizes the exper-
imental conditions. The BigRIPS setting in this work
included regions of new isotopes on the more neutron
rich side. This allowed us to search for new isotopes in
parallel with the measurements of the BRIKEN cam-
paign.

Table 1. Summary of the experimental conditions.

Target (mm) Be 3.87
Bρ a (Tm) 8.272

Degrader at F1 (mm) Al 5.01
Degrader at F5 (mm) Al 3.45

F1 slit (mm) +58.0 / −64.2
F2 slit (mm) +20.0 / −20.0
F5 slit (mm) +110.0 / −110.0
F7 slit (mm) +25.0 / −25.0

Central particle 82Cu
Irradiation time (h) 191.8

Live time of DAQ (%) 95.5
Trigger rate (Hz) 97.8

Total dose 2.44× 1017

a The values from the magnetic fields of the first dipole
magnet.

Particle identification (PID) was performed using
the ∆E-TOF-Bρ method in which the energy loss
(∆E), time of flight (TOF), and magnetic rigidity (Bρ)
were measured to allow the event-by-event determina-
tion of atomic number Z and mass-to-charge ratio A/Q
of fragments.3) The PID was confirmed by measuring
the delayed γ-rays emitted from short-lived isomers,
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Fig. 1. Two-dimensional PID plot of Z versus A/Q. Red
line indicates the limit of known isotopes5–7) as of Jan-
uary 2018.

such as 92Br and 94Br, by using two clover-type high-
purity germanium detectors placed at the F7 achro-
matic focus; this technique is called isomer tagging.4)

Figure 1 shows a two-dimensional PID plot of Z ver-
sus A/Q. The solid red line indicates the limit of iden-
tified isotopes5–7) as of January 2018. The relative
root mean square (rms) Z resolution and the relative
rms A/Q resolution were typically 0.61% and 0.081%,
respectively. We can see some candidates for new iso-
topes such as 79Co, 84Cu, 86Zn, and 93As.

Detailed analysis is currently in progress.8)
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Cross-section measurement of neutron-rich Pd isotopes produced
from an RI beam of 132Sn at 280 MeV/nucleon

H. Suzuki,∗1 K. Yoshida,∗1 N. Fukuda,∗1 H. Takeda,∗1 Y. Shimizu,∗1 D. S. Ahn,∗1 T. Sumikama,∗1 N. Inabe,∗1

T. Komatsubara,∗1 H. Sato,∗1 Z. Korkulu,∗1 K. Kusaka,∗1 Y. Yanagisawa,∗1 M. Ohtake,∗1 H. Ueno,∗1

S. Michimasa,∗2 N. Kitamura,∗2 K. Kawata,∗2 N. Imai,∗2 O. B. Tarasov,∗1,∗3 T. Kubo,∗1,∗3,∗4 D. P. Bazin,∗1,∗3

J. Nolen,∗1,∗5 and W. F. Henning∗1,∗5,∗6

We performed an experiment to measure the pro-
duction cross sections of 125–128Pdfrom a radioactive-
isotope (RI) beam of 132Sn by using the BigRIPS sepa-
rator and the ZeroDegree spectrometer at the RIKEN
RI Beam Factory (RIBF) in November 2017.
In-flight fission of 238U beam is a useful method for

the production of mid-heavy neutron-rich isotopes. At
RIBF, approximately 120 new isotopes have been pro-
duced from the 238U beam, and various nuclei, such as
a double-magic nuclide, 132Sn, are supplied for many
experiments. However, the production cross sections
decrease drastically for more exotic nuclei. Thus, the
nuclei in a very neutron-rich region, such as the ones
involved with the rapid process in nucleosynthesis, are
difficult to be produced by the in-flight fission of 238U.

Another method of RI-beam production is an ISOL
technique, by which greater yields of RIs are produced
in the target by a proton beam even at the same beam
power as the 238U beam for in-flight fission. However,
the extraction efficiency is not good, especially for ex-
otic nuclei with short half-lives.
To solve these problems, a two-step reaction

scheme1) was proposed for the efficient production of
very neutron-rich nuclei. First, a long-lived RI such
as 132Sn, which has a half-life of 40 s, is produced by
an ISOL and reaccelerated by post-accelerators. Then,
objective exotic nuclei, such as 125–128Pd,are produced
by fragmentation by impinging on a secondary target.
By using this scheme, one may obtain greater yields of
neutron-rich nuclei than those obtained by direct pro-
duction through the in-flight fission of the 238U beam.

Production cross sections up to 125Pd were already
measured at GSI;2) thus, we measured those of more
neutron-rich Pd isotopes. A 132Sn beam was produced
from a 40-pnA 345-MeV/nucleon 238U86+ beam im-
pinging on a 4-mm-thick Be target. Its energy was
280 MeV/nucleon, the intensity was 30 kHz, and the
purity was 50%. The neutron-rich Pd isotopes were
produced at a 6-mm-thick Be target at F8. The parti-
cle identification (PID) of the isotopes was performed
by deducing the atomic number, Z, and mass-to-
charge ratio, A/Q, of the fragments based on the TOF-
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Fig. 1. The Z versus A/Q PID plots in the ZeroDegree

spectrometer. (a) The 126Pd setting. (b) The 128Pd

setting.

Bρ-∆E method in the ZeroDegree spectrometer, which
is essentially the same method as the one in BigRIPS.3)

LaBr3 crystal was installed at F11 for measuring
the total kinetic energy. Two ZeroDegree settings—
the 126Pd setting and the 128Pd setting—were ap-
plied for measuring the cross sections of 125, 126Pd and
127, 128Pd, respectively.
The Z vs A/Q PID plots for the nuclei produced

from the 132Sn beam are shown in Fig. 1. Many iso-
topes including 125–128Pd are observed. Further anal-
yses, such as the improvement of the A/Q resolution
and the removal of background events, are in progress.
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We performed an experiment to measure the pro-
duction cross sections of 125–128Pdfrom a radioactive-
isotope (RI) beam of 132Sn by using the BigRIPS sepa-
rator and the ZeroDegree spectrometer at the RIKEN
RI Beam Factory (RIBF) in November 2017.
In-flight fission of 238U beam is a useful method for

the production of mid-heavy neutron-rich isotopes. At
RIBF, approximately 120 new isotopes have been pro-
duced from the 238U beam, and various nuclei, such as
a double-magic nuclide, 132Sn, are supplied for many
experiments. However, the production cross sections
decrease drastically for more exotic nuclei. Thus, the
nuclei in a very neutron-rich region, such as the ones
involved with the rapid process in nucleosynthesis, are
difficult to be produced by the in-flight fission of 238U.

Another method of RI-beam production is an ISOL
technique, by which greater yields of RIs are produced
in the target by a proton beam even at the same beam
power as the 238U beam for in-flight fission. However,
the extraction efficiency is not good, especially for ex-
otic nuclei with short half-lives.
To solve these problems, a two-step reaction

scheme1) was proposed for the efficient production of
very neutron-rich nuclei. First, a long-lived RI such
as 132Sn, which has a half-life of 40 s, is produced by
an ISOL and reaccelerated by post-accelerators. Then,
objective exotic nuclei, such as 125–128Pd,are produced
by fragmentation by impinging on a secondary target.
By using this scheme, one may obtain greater yields of
neutron-rich nuclei than those obtained by direct pro-
duction through the in-flight fission of the 238U beam.

Production cross sections up to 125Pd were already
measured at GSI;2) thus, we measured those of more
neutron-rich Pd isotopes. A 132Sn beam was produced
from a 40-pnA 345-MeV/nucleon 238U86+ beam im-
pinging on a 4-mm-thick Be target. Its energy was
280 MeV/nucleon, the intensity was 30 kHz, and the
purity was 50%. The neutron-rich Pd isotopes were
produced at a 6-mm-thick Be target at F8. The parti-
cle identification (PID) of the isotopes was performed
by deducing the atomic number, Z, and mass-to-
charge ratio, A/Q, of the fragments based on the TOF-
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Bρ-∆E method in the ZeroDegree spectrometer, which
is essentially the same method as the one in BigRIPS.3)

LaBr3 crystal was installed at F11 for measuring
the total kinetic energy. Two ZeroDegree settings—
the 126Pd setting and the 128Pd setting—were ap-
plied for measuring the cross sections of 125, 126Pd and
127, 128Pd, respectively.
The Z vs A/Q PID plots for the nuclei produced

from the 132Sn beam are shown in Fig. 1. Many iso-
topes including 125–128Pd are observed. Further anal-
yses, such as the improvement of the A/Q resolution
and the removal of background events, are in progress.
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Mesic nuclei with a heavy antiquark †

Y. Yamaguchi∗1 and S. Yasui∗2

Multiflavor nuclei are one of the interesting top-
ics of research in the field of hadron and nuclear
physics. Strangeness nuclei such as kaonic and hy-
pernuclei have been extensively studied both experi-
mentally and theoretically.1) As a new direction, new
flavors such as charm and bottom are studied, and nu-
clei with these flavors have different properties from
those of strangeness nuclei.2) Such multiflavor nuclei
are important for studying (i) hadron and nucleon in-
teraction, (ii) the properties of hadrons in a nuclear
medium, and (iii) the effect of impurities on nuclear
properties. These are related to the fundamental prob-
lems in quantum chromodynamics (QCD).

We study the bound and resonant systems of the
heavy meson (P = D̄ or B) and the nucleus with nu-
cleon number A = 16, · · · , 208, where the D̄ (B) meson
is a pseudoscalar meson composed of a charm (bottom)
antiquark c̄ (b̄), and a light quark q = u, d. The D̄ (B)
mesons in nuclei have no qq̄ annihilation, and therefore
the bound state is stable against strong decay. The
attraction between the heavy meson and nucleon N ,
where the PN −P ∗N mixing plays an important role,
has been discussed. P ∗ is a vector meson of c̄q or b̄q,
and the small mass splitting of P and P ∗ due to the
heavy quark spin symmetry3) enhances the PN−P ∗N
mixing effect.

We analyze the mesic nuclei as two-body systems of
the P meson and the nucleus. The P -nucleus potential
is given by the folding potential,

Vfold(r) =

∫
V PN (r − r′)ρ(r′)d3r′, (1)

with the P -nucleon potential V PN (r) and the nucleon
number distribution function ρ(r). As for the potential
V PN (r), we employ the one pion exchange potential
(OPEP). The OPEP is given by the Born term of the
pion exchange scattering amplitude described by the
effective Lagrangians. Although the PN−P ∗N mixing
gives coupled-channel potentials, it can be expressed as
a single channel potential,

V PN (r) = V11(r) + V12(r)
ψE
2

ψE
1

+ V13(r)
ψE
3

ψE
1

, (2)

where Vij(r) is the (i, j) component of the OPEP,
and ψE

i is i component of the eigenfunction of the
PN system.4,5) Here, we focus on the OPEP in the
I(JP ) = 0(1/2−) state, because it is the most attrac-
tive one. The distribution function ρ(r) is given by

† Condensed from the article in Prog. Theor. Exp. Phys.
2017, 093D02 (2017)
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Fig. 1. Energy obtained for the D̄-nucleus systems with

S-wave for various nucleon numbers A.

ρ(r) =
ρ0

1 + exp [(r −R) /a]
, (3)

where ρ0 = 0.17 fm−3, a = 0.54 fm, and R is chosen
to satisfy

∫
ρ(r)d3r = A.6)

To obtain the bound and resonant states of the two-
body P -nucleus system, the Schrödinger equations are
solved for the nucleon number A = 16, . . . , 208. As
a result, many states are obtained for the P -nucleus
systems with S, P , D, and F -waves. Figure 1 shows
the energy obtained for the D̄-nucleus systems with
S-wave. We see that the binding energy increases as
the nucleon number A increases. For states with P ,
D and F -waves, the resonances are also obtained by
the centrifugal barrier. We also found many bound
and resonant states in the bottom sector. The binding
energy and number of bound states of the B-nucleus
are larger than those of the D̄-nucleus, because small
mass splitting between B and B∗ mesons enhances the
attraction from the OPEP. The information on the en-
ergy spectra of mesic nuclei with a heavy antiquark
will be useful for future experiments at the Facility for
Antiproton and Ion Research (FAIR), the Japan Pro-
ton Accelerator Research Complex (J-PARC), the Rel-
ativistic Heavy Ion Collider (RHIC), the Large Hadron
Collider (LHC), and so forth.
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Interplay between isoscalar and isovector correlations
in neutron-rich nuclei†

I. Hamamoto∗1,∗2 and H. Sagawa∗1,∗3

The interplay between isoscalar (IS) and isovector
(IV) correlations has been an attractive and centrally
placed topic in the study of nuclear structure. In the
analysis of scattering data by IS particles such as α par-
ticles it is often assumed that IS particles excite only
IS strength. This assumption is generally incorrect if
N̸=Z for the target nuclei. For example, in nuclei with
neutron excess, IS operators excite IS moments, but
the strong neutron-proton forces may tend to main-
tain the local ratio of neutrons to protons. Then, the
presence of neutron excess N>Z implies that IV mo-
ments may also be excited by IS particles.1) The ex-
change of the above roles of IS and IV excitations in
the response is expected to be true as well. That is, IV
operators may produce IS moments generally in nuclei
with N ̸=Z except for the case in which the IS moment
corresponds to the center of mass motion.

To study this issue, we employ the self-consistent
Hartree-Fock (HF) plus the random-phase approxi-
mation (RPA) with Skyrme interactions in neuron-
rich oxygen isoyopes, simultaneously including both
IS and IV interactions. The RPA response function
is estimated in coordinate space to properly take into
account the continuum effect for the IS compression
dipole (ISCD) operator:2)

Dλ=1, τ=0
µ =

∑
i

(
r3i −

5

3
⟨r2⟩ri

)
Y1µ(r̂i). (1)

Figure 1 shows the calculated RPA strength for the
ISCD operator. We note the following points. (a) We
very often obtain a large portion of ISCD strength in
an energy interval several MeV above the threshold.
This large strength appearing at an energy much lower
than the energy of the ISCD giant resonance (GR),
which is recognized as a very broad “resonance” found
for Ex>24 MeV in Fig. 1, originates from the possi-
ble presence of occupied weakly bound low-ℓ neutron
orbits together with the strong r-dependence (r3) of
the ISCD operator. (b) When IV interaction is in-
cluded on top of IS interaction, the heights of many
lower-lying IS peaks become lower and the peak en-
ergies may shift to slightly higher energies via the IV
components contained in those IS peaks because of the
repulsive nature of the IV interaction. (c) There are
some peaks denoted by the solid curve, which may not

† Condensed from the article in Phys. Rev. C96, 064312
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be understood in the manner above (b). An example
is the broad peak around 18.5 MeV in the solid curve.
The IS peaks around 14.0 and 18.5 MeVn have no triv-
ial corresponding peaks in the dotted curve. The same
behavior is also found in the response for the IV dipole
operator interchanging the roles of IV and IS correla-
tions; the IV dipole peak appears at approximately
14 MeV only when both IS and IV interactions are
included in the RPA response. We may call the rel-
atively broad peak around Ex = 14 MeV pigmy res-
onance with both isoScalar and isoVector correlations
(“iS-iV pigmy resonance”). The pigmy resonance is
interpreted as neither the IS strength induced by a
strong IV peak nor the IV strength induced by a strong
IS peak, owing to the presence of neutron excess. It
is a relatively broad resonance having an energy much
lower than the energies of both IVD GR and ISCD
GR, but it gathers the collectivity of low-lying IS and
IV strengths. The strong neutron-proton interaction
can be responsible for controlling the isospin structure
of normal modes. In this study, it is explicitly shown
that in the scattering by isoscalar (isovector) particles
on N ̸=Z even-even nuclei isovector (isoscalar) strength
in addition to isoscalar (isovector) strength may be
populated.
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New interpretation of pairing anti-halo effect†

K. Hagino∗1,∗2,∗3 and H. Sagawa∗4,∗5

The pairing anti-halo effect is a phenomenon by
which a pairing correlation suppresses the divergence
of nuclear radius, which happens for single-particle
states with orbital angular momenta of l = 0 and
1 in the limit of vanishing binding energy. This
phenomenon was originally proposed based on the
Hartree-Fock-Bogoliubov (HFB) theory. Although the
HFB method provides a clear mathematical interpre-
tation of the pairing anti-halo effect, its physical mech-
anism is less transparent. The aim of this paper is to
propose a more intuitive idea on the pairing anti-halo
effect, using a three-body model. This model is formu-
lated to include many-body correlations beyond the
HFB model, providing a complementary opportunity
to clarify the concept based on the HFB method. It
can be used to test whether the pairing anti-halo effect
is specific only to the mean-field treatment or not.

The Hamiltonian for the three-body model reads1)

H = ĥ(1) + ĥ(2) + vpair(r⃗1, r⃗2) +
p⃗1 · p⃗2
mc

, (1)

where ĥ is a single-particle (s.p.) Hamiltonian and
vpair(r⃗1, r⃗2) is the pairing interaction between the two
valence neutrons. The last term is the two-body part
of the recoil kinetic energy of the core nucleus.

The eigen-functions ψnljm(r⃗) of ĥ is given by

ψnljm(r⃗) = ϕnlj(r)Yjlm(r̂) =
unlj(r)

r
Yjlm(r̂), (2)

where ϕnlj(r) and Yjlm(r̂) are the radial and spin angu-
lar parts of the s.p. wave function, respectively. Using
these eigen-functions, the two-particle wave function
for the ground state of the three-body system with
spin-parity of Jπ = 0+ is given as

Ψ(r⃗1, r⃗2) =
∑

n,n′,l,j

Cnn′lj [ψnlj(r⃗1)ψn′lj(r⃗2)]
J=0, (3)

where the coefficients Cnn′lj are calculated by di-
agonalizing the three-body Hamiltonian (1). The
one-particle density constructed with this two-particle
wave function is given by

ρ(r⃗) =

∫
dr⃗′|Ψ(r⃗, r⃗′)|2 =

1

4π

∑
k,l,j

����
ũklj(r)

r

����
2

, (4)

where ũklj(r) is defined as ũklj(r) ≡
∑

n Cnklj unlj(r).
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Fig. 1. The radial part of the quasi-particle wave function,

ũ2s1/2(r), defined in Eq. (4), for the weakly bound 2s1/2
state in 24O. In the uncorrelated case, the two valence

neutrons occupy the 2s1/2 state at ϵ = −0.275 MeV,

while the continuum states are also taken into account

in the three-body model calculations. A zero-range

pairing interaction is employed, which yields a ground

state energy of Eg.s. = −2.46 MeV. The solid line

shows the total wave function, while the dashed and

dot-dashed lines denote its bound state and continuum

state contributions, respectively.

Note that this is in a similar form as the one-
particle density in the HFB approximation, especially
if the quasi-particle wave function is expended on the
Hartree-Fock basis, unlj .

2)

The solid line in Fig. 1 shows the radial dependence
of the quasi-particle wave function for the weakly-
bound 2s1/2 state; that is, ũklj(r) with (klj) = 2s1/2
in 24O. The dashed and dot-dashed lines show its de-
composition into the bound state and the continuum
state contributions, respectively. They are defined as

ũklj(r) = ũ
(b)
klj(r) + ũ

(c)
klj(r)

=
∑

n=2s1/2

Cnklj unlj(r)+
∑

n=cont.

Cnklj unlj(r). (5)

The main feature of this quasi-particle wave function
is that the bound state and continuum state contri-
butions largely cancel each other outside the potential
while the two components contribute coherently in the
inner region. We recognise that the localization due
to a coherent superposition of continuum states is the
same mechanism as the formation of a localized wave
packet. This is an essential ingredient of the pairing
anti-halo effect, that is, the formation of a localized
wave packet induced by a pairing interaction.
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Interplay between isoscalar and isovector correlations
in neutron-rich nuclei†

I. Hamamoto∗1,∗2 and H. Sagawa∗1,∗3

The interplay between isoscalar (IS) and isovector
(IV) correlations has been an attractive and centrally
placed topic in the study of nuclear structure. In the
analysis of scattering data by IS particles such as α par-
ticles it is often assumed that IS particles excite only
IS strength. This assumption is generally incorrect if
N̸=Z for the target nuclei. For example, in nuclei with
neutron excess, IS operators excite IS moments, but
the strong neutron-proton forces may tend to main-
tain the local ratio of neutrons to protons. Then, the
presence of neutron excess N>Z implies that IV mo-
ments may also be excited by IS particles.1) The ex-
change of the above roles of IS and IV excitations in
the response is expected to be true as well. That is, IV
operators may produce IS moments generally in nuclei
with N ̸=Z except for the case in which the IS moment
corresponds to the center of mass motion.

To study this issue, we employ the self-consistent
Hartree-Fock (HF) plus the random-phase approxi-
mation (RPA) with Skyrme interactions in neuron-
rich oxygen isoyopes, simultaneously including both
IS and IV interactions. The RPA response function
is estimated in coordinate space to properly take into
account the continuum effect for the IS compression
dipole (ISCD) operator:2)

Dλ=1, τ=0
µ =

∑
i

(
r3i −

5

3
⟨r2⟩ri

)
Y1µ(r̂i). (1)

Figure 1 shows the calculated RPA strength for the
ISCD operator. We note the following points. (a) We
very often obtain a large portion of ISCD strength in
an energy interval several MeV above the threshold.
This large strength appearing at an energy much lower
than the energy of the ISCD giant resonance (GR),
which is recognized as a very broad “resonance” found
for Ex>24 MeV in Fig. 1, originates from the possi-
ble presence of occupied weakly bound low-ℓ neutron
orbits together with the strong r-dependence (r3) of
the ISCD operator. (b) When IV interaction is in-
cluded on top of IS interaction, the heights of many
lower-lying IS peaks become lower and the peak en-
ergies may shift to slightly higher energies via the IV
components contained in those IS peaks because of the
repulsive nature of the IV interaction. (c) There are
some peaks denoted by the solid curve, which may not
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Fig. 1. RPA strength of the isoscalar compression dipole
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be understood in the manner above (b). An example
is the broad peak around 18.5 MeV in the solid curve.
The IS peaks around 14.0 and 18.5 MeVn have no triv-
ial corresponding peaks in the dotted curve. The same
behavior is also found in the response for the IV dipole
operator interchanging the roles of IV and IS correla-
tions; the IV dipole peak appears at approximately
14 MeV only when both IS and IV interactions are
included in the RPA response. We may call the rel-
atively broad peak around Ex = 14 MeV pigmy res-
onance with both isoScalar and isoVector correlations
(“iS-iV pigmy resonance”). The pigmy resonance is
interpreted as neither the IS strength induced by a
strong IV peak nor the IV strength induced by a strong
IS peak, owing to the presence of neutron excess. It
is a relatively broad resonance having an energy much
lower than the energies of both IVD GR and ISCD
GR, but it gathers the collectivity of low-lying IS and
IV strengths. The strong neutron-proton interaction
can be responsible for controlling the isospin structure
of normal modes. In this study, it is explicitly shown
that in the scattering by isoscalar (isovector) particles
on N ̸=Z even-even nuclei isovector (isoscalar) strength
in addition to isoscalar (isovector) strength may be
populated.
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Role of deformation in odd-even staggering in reaction cross sections
for 30,31,32Ne and 36,37,38Mg isotopes†

Y. Urata,∗1 K. Hagino,∗1,∗2 and H. Sagawa∗3,∗4

We discuss the role of the pairing anti-halo effect
in the observed odd-even staggering in reaction cross
sections for 30,31,32Ne and 36,37,38Mg isotopes by tak-
ing into account the ground state deformation of these
nuclei. We construct the ground state density for
the 30,31Ne and 36,37Mg nuclei based on a deformed
Woods-Saxon potential, while for the 32Ne and 38Mg
nuclei we also take into account the pairing correlation
using the Hartree-Fock-Bogoliubov (HFB) method.

We consider the collision of a deformed projectile
nucleus with a spherical target nucleus and compute
the reaction cross sections, σR. To this end, we em-
ploy the Glauber theory, which is based on the eikonal
approximation and the adiabatic approximation to the
rotational motion of a deformed nucleus. That is, we
first fix the orientation angle of the deformed nucleus
and then take an average of the resultant cross section
over all the orientation angles:1)

σR =
1

4π

∫
dΩσR(Ω), (1)

where Ω is the angle of the symmetric axis of the de-
formed nucleus in the laboratory frame, and σR(Ω) is
the reaction cross section for a fixed Ω.
We analyze the experimental data at an incident en-

ergy E = 240 MeV/nucleon with a 12C target. We use
the same density for 12C as that given in Ref. 2), while
we use the same parameters given in Ref. 3) for the
profile function, ΓNN in the Glauber model calcula-
tions.

The reaction cross sections for the 30,31,32Ne nuclei
evaluated at Sn(

31Ne) = 0.3 MeV are shown in Fig. 1,
along with a comparison to the experimental interac-
tion cross sections.4) We also show the result of a pre-
vious analysis based on the spherical density distribu-
tions at a similar one neutron separation energy.5) One
can see that the odd-even staggering can still be repro-
duced by taking into account the nuclear deformation.
Notice that the degree of the staggering is lower in the
present calculation compared to the previous spherical
calculation because the valence neutron in 31Ne fully
occupies the 1p3/2 level in the spherical case, while the
occupation probability for the p3/2 level decreases from
unity in the deformed case. We also checked the effect
of pairing correlations on the odd-even staggering with
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Fig. 1. Reaction cross sections for the 30,31,32Ne + 12C re-

action at E = 240 MeV/nucleon evaluated at the one
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mental interaction cross sections taken from Ref. 4).
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Ref. 5) based on the spherical density distributions is
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the deformed wave functions. We found that the reac-
tion cross section for 32Ne is not sensitive to the value
of the average pairing gap as long as it is large enough.

We have also investigated the role of nuclear defor-
mation in the odd-even staggering observed in reaction
cross sections for Mg isotopes. We have shown that the
deformation mainly decreases the degree of odd-even
staggering, as in the Ne isotopes, because of the ad-
mixture of several angular momentum states in a de-
formed single-particle wave function. Despite this, the
odd-even staggering persists even with finite deforma-
tion when the one neutron separation energy is small
enough. These results strongly indicate that the pair-
ing anti-halo effect indeed contributes to the observed
odd-even staggering in reaction cross sections.
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Enhancement of pairing fluctuation in neutron-rich Mg isotopes
studied by Skyrme QRPA calculation

M. Yamagami ∗1

Nuclei close to the drip line often exhibit novel fea-
tures that do not appear in stable nuclei. An exam-
ple is dineutron correlation, which is the strong spa-
tial correlation between two neutrons of a Cooper pair.
The pair excitation into continuum states (continuum
effect) plays a key role to create the strong correla-
tion. Dineutron correlation has been extensively inves-
tigated both experimentally and theoretically in light-
mass nuclei such as 11Li. We also expect dineutron cor-
relation in medium-heavy neutron-rich nuclei, for ex-
ample, around 40Mg,1) which are accessible in RIKEN
RIBF. However, no evidence has been obtained thus
far. In this study, we discuss Kπ = 0+ isoscalar
quadrupole excitations in neutron-rich Mg isotopes as
a probe of dineutron correlation. We emphasize the
continuum effect for the collectivity of excitations.

At first, we solve the Hartree-Fock-Bogoliubov
(HFB) equation by using the Fourier-series expansion
method. The Skyrme SkM* parametrization and the
mixed-type density-dependent zero-range pairing force
are employed. The pairing correlation is active among
single-particle states with the energies εk satisfying
|εk − λ| < Ecut. Here, λ is the chemical potential and
Ecut is the cut-off energy. On top of the HFB states,
we solve the quasiparticle random phase approxima-
tion (QRPA) equation in the matrix form.2)

The ground states of 34,36,38,40Mg have quadrupole
deformations β2 = 0.243, 0.262, 0.265, and 0.259,
and neutron pairing gaps ∆n = 2.13, 2.05, 2.02,
and 2.04 MeV in our calculation. Figure 1 (upper)
shows the excitation energies E of the Kπ = 0+

isoscalar quadrupole excited states |ν⟩. Figure 2 shows
the transition strength of quadruple-pair excitations

B(P
(ad)
20 ) = | ⟨ν|P †

20 |0⟩ |2 with the quadrupole-pair ad-

ditional operator P †
20. The results with Ecut = 6, 8,

10, and 12 MeV are compared. Here, Ecut = 6 is a typ-
ical value in stable nuclei. A larger Ecut increases the
coupling to continuum states. We found the large en-

hancement of B(P
(ad)
20 ) as a function of Ecut in

38,40Mg,
the neutron chemical potentials of which λn = −1.57

and −0.77 MeV satisfy |λn| < ∆n. Here, the B(P
(ad)
20 )

with Ecut = 12 MeV is small at approximately 10% in
40Mg from the converged value of 215 fm4 from extrap-
olation with the exponential-type function of Ecut.
Figure 1 (lower) shows the isoscalar transition

strength B(IS2) = | ⟨ν| r2Y20 |0⟩ |2. This vibration
of matter density is induced by the fluctuation of
neutron-pair occupation among Nilsson orbits with dif-

∗1 Department of Computer Science and Engineering, Univer-
sity of Aizu

ferent spatial shapes. In 34Mg, the prolate-type or-
bits [330]1/2 and [321]3/2 and the oblate-type orbit
[202]3/2 are involved. In 38,40Mg, the prolate-type or-
bits [310]1/2 and [301]1/2 and the oblate-type orbit
[303]7/2 are the main contributors. The large pairing
fluctuation enhances the B(IS2) around 40Mg. Actu-
ally, the ratio of B(IS2) in 40Mg and 34Mg is 1.32 with
Ecut = 12 MeV, while 1.01 with Ecut = 6 MeV.

In conclusion, we discussed the pairing fluctuation
and the induced B(IS2) values of Kπ = 0+ isoscalar
quadruple excitations in neutron-rich Mg isotopes. We

predicted the enhancement of B(P
(ad)
20 ) by the contin-

uum effect in 38,40Mg. This phenomenon suggests the
presence of dineutron correlation and can be observed
by a two-neutron transfer experiment. The B(IS2)
values also contain indispensable information about
the shell structure and pairing properties.

Fig. 1. Excitation energies E and B(IS2) values of the

Kπ = 0+ excitations in neutron-rich Mg isotopes.

Fig. 2. Transition strength of quadruple-pair excitations

B(P
(ad)
20 ) of the Kπ = 0+ excitations. The results with

Ecut = 6, 8, 10, and 12 MeV are compared.
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Role of deformation in odd-even staggering in reaction cross sections
for 30,31,32Ne and 36,37,38Mg isotopes†

Y. Urata,∗1 K. Hagino,∗1,∗2 and H. Sagawa∗3,∗4

We discuss the role of the pairing anti-halo effect
in the observed odd-even staggering in reaction cross
sections for 30,31,32Ne and 36,37,38Mg isotopes by tak-
ing into account the ground state deformation of these
nuclei. We construct the ground state density for
the 30,31Ne and 36,37Mg nuclei based on a deformed
Woods-Saxon potential, while for the 32Ne and 38Mg
nuclei we also take into account the pairing correlation
using the Hartree-Fock-Bogoliubov (HFB) method.

We consider the collision of a deformed projectile
nucleus with a spherical target nucleus and compute
the reaction cross sections, σR. To this end, we em-
ploy the Glauber theory, which is based on the eikonal
approximation and the adiabatic approximation to the
rotational motion of a deformed nucleus. That is, we
first fix the orientation angle of the deformed nucleus
and then take an average of the resultant cross section
over all the orientation angles:1)

σR =
1

4π

∫
dΩσR(Ω), (1)

where Ω is the angle of the symmetric axis of the de-
formed nucleus in the laboratory frame, and σR(Ω) is
the reaction cross section for a fixed Ω.

We analyze the experimental data at an incident en-
ergy E = 240 MeV/nucleon with a 12C target. We use
the same density for 12C as that given in Ref. 2), while
we use the same parameters given in Ref. 3) for the
profile function, ΓNN in the Glauber model calcula-
tions.

The reaction cross sections for the 30,31,32Ne nuclei
evaluated at Sn(

31Ne) = 0.3 MeV are shown in Fig. 1,
along with a comparison to the experimental interac-
tion cross sections.4) We also show the result of a pre-
vious analysis based on the spherical density distribu-
tions at a similar one neutron separation energy.5) One
can see that the odd-even staggering can still be repro-
duced by taking into account the nuclear deformation.
Notice that the degree of the staggering is lower in the
present calculation compared to the previous spherical
calculation because the valence neutron in 31Ne fully
occupies the 1p3/2 level in the spherical case, while the
occupation probability for the p3/2 level decreases from
unity in the deformed case. We also checked the effect
of pairing correlations on the odd-even staggering with
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Fig. 1. Reaction cross sections for the 30,31,32Ne + 12C re-

action at E = 240 MeV/nucleon evaluated at the one

neutron separation energy of 31Ne of Sn = 0.3 MeV.

The filled circles with error bars indicate the experi-

mental interaction cross sections taken from Ref. 4).

For comparison, the result of the previous analysis in

Ref. 5) based on the spherical density distributions is

also shown by the dashed line.

the deformed wave functions. We found that the reac-
tion cross section for 32Ne is not sensitive to the value
of the average pairing gap as long as it is large enough.

We have also investigated the role of nuclear defor-
mation in the odd-even staggering observed in reaction
cross sections for Mg isotopes. We have shown that the
deformation mainly decreases the degree of odd-even
staggering, as in the Ne isotopes, because of the ad-
mixture of several angular momentum states in a de-
formed single-particle wave function. Despite this, the
odd-even staggering persists even with finite deforma-
tion when the one neutron separation energy is small
enough. These results strongly indicate that the pair-
ing anti-halo effect indeed contributes to the observed
odd-even staggering in reaction cross sections.
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Testing constant-temperature approach for nuclear level density†

N. Dinh Dang,∗1 N. Quang Hung,∗2 and L. T. Quynh Huong∗3

According to thermodynamics, the nuclear temper-
ature is a parameter, which is defined from the nuclear
level density (NLD) ρ(E) as

T =

[
∂ ln ρ(E)

∂E

]−1

. (1)

In the first model for NLD proposed by Bethe, the
NLD is approximately described as exp(2

√
aE∗) with

the level-density parameter a. The nuclear temper-
ature T , defined from Eq. (1), is then proportional
to the square root of the excitation energy E∗, viz
T ≃

√
E∗/a, i.e. it increases with E∗. However

this model fails to describe the NLD at low excita-
tion energies below the particle separation threshold.
The constant-temperature (CT) model, suggested by
Gilbert and Cameron,1) assumes that the NLD at low
excitation energies (E∗ ≤ 10 MeV) can be described
by a constant temperature T , namely

ρ(E∗) =
1

T
e(E

∗−E0)/T ≡ B(T )eE
∗/T , (2)

with B(T ) = [TeE0/T ]−1, where T and E0 are obtained
by fitting to the experimental NLD. This model has be-
come increasingly popular in the study of NLD in re-
cent years, where it has been suggested that its validity
can be extended to much higher excitation energies up
to E∗ around 20 MeV for 60Ni and 60Co isotopes.2)

Therefore, it is highly desirable to analyze the validity
of this phenomenological model by using a microscopic
model, which is able to describe the NLD in both low
as well as resonance energies. Recently a unified ap-
proach has been proposed to simultaneously describe
both the NLD and radiative strength function (RSF)
based on the solution of exact pairing (EP) problem
in combination with the independent-particle model
(IPM), which is referred to as EP+IPM hereafter.4)

In the present work, by using the NLD predicted
within the EP+IPM method, which agrees well with
the experimental data, the nuclear temperature T is
calculated from the derivative of logarithm of NLD (1).
This temperature T increases almost linearly with the
excitation energy E∗. However this increase is rela-
tively slow so that T can be considered as a constant
of around 0.5 MeV at 0 < E∗ ≤ 10 MeV. Meanwhile, in
60Ni, the CT model can describe rather well the exper-
imentally extracted NLD with a constant temperature
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Fig. 1. Comparison of NLDs obtained from the CT model

(2) and experimental NLDs for 60Ni.

between 1.3 ≤ T ≤ 1.5 MeV up to E∗ = 20 MeV, i.e.
much higher than the particle separation threshold, in
excellent agreement with the experimental finding of
Ref. 2) (Fig. 1). It is also shown that pairing plays
an important role in maintaining this nearly-constant
value of temperature at low excitation energy. In this
way, the EP+IPM offers a consistent description of
the NLD, which goes smoothly from the low-energy
region E∗ ≤ 5 MeV to the higher one (up to 20 MeV
for Ni isotopes and 10 MeV for Yb isotopes) without
the need of matching the CT model at low energy and
the Fermi-gas one at high energy, as often done by
using the composite level-density formula.1) Last but
not least, the fact that the NLD at low excitation en-
ergy, even at E∗ = 0, can be well described by the CT
model at a constant nonzero temperature also supports
the suggestion of introducing a ground-state’s effective
temperature.5)
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Giant dipole resonance and shape transitions in hot and rotating
88Mo†

A. K. Rhine Kumar,∗1 P. Arumugam,∗2 N. Dinh Dang,∗3 and I. Mazumdar∗4

The exploration of extremes of nuclear landscape
has unraveled several interesting phenomena, leading
to a better understanding of the nuclear force. The
giant dipole resonance (GDR) has been considered as
a unique and powerful tool to investigate the nuclear
structure properties at these extreme conditions. The
most important experimental observable for the GDR
is the cross section (σ) as a function of the photon en-
ergy, from which one can extract the centroid energies
and the GDR width (Γ ). These observables could ef-
fectively reflect the structure of the nuclear state on
which the GDR is built.
In a recent work,1) the GDR γ-rays emitted from

highly excited 88Mo nucleus which is formed in the
reaction 48Ti + 40Ca, and a number of daughter nu-
clei created along the cooling path of the compound
nucleus were measured. The data analysis indicates
the possibility of Γ saturation at higher angular mo-
mentum (I) values. In this article, we study the GDR
properties of the hot and rotating compound nucleus
88Mo at different excitation energies within the ther-
mal shape fluctuation model (TSFM) built on the
microscopic-macroscopic approach for the free energy
calculations and a macroscopic approach for the GDR
calculations.
We calculate the average GDR cross section of a

nucleus with a given Z and N at a given average T
(Tave) and having a probability distribution for I, as

σave(Tave) =
∑

i σ(Tave,Ii)C(i)∑
i C(i) where Ii is the spin of

the ith step of the statistical decay of the compound
nucleus and C(i) are the corresponding spin counts. As
the first step, it is very important to analyze, whether
the average GDR cross sections σave(Tave) of a nucleus
obtained by considering the Tave and the probability
distribution of I are similar or not, to the GDR cross
sections σ(Tave, Iave) of a nucleus obtained with the
Tave and average I (Iave) values obtained from the same
probability distributions. The Iave is estimated from

the probability distribution of I as, Iave =
∑

i IiC(i)∑
i C(i) .

An important conclusion from these analysis is that
it is not necessary to calculate the theoretical σ at each
value of T and I obtained in the probability distribu-
tion with their respective weights, instead the σ ob-
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Fig. 1. The GDR width Γ of 88Mo calculated using TSFM

at two different excitation energies are plotted as a func-

tion of T . The filled upward triangles connected with

solid line represent Γ of the final σ [Γ (Tave)], where σ of

the daughter nuclei are obtained by considering the Tave

and the angular momentum probability distributions.

The filled downward triangles connected with dashed

line [Γ (Tave, Iave)] and filled circles connected with

dash-dotted line [ΓLDM(Tave, Iave)] represent the Γ of

the final σ, where σ of the daughter nuclei are obtained

by considering the Tave and Iave within the TSFM with

free energies obtained from microscopic-macroscopic

approach and liquid drop model (LDM), respectively.

The experimental results are taken for Ref. 1). The

widths obtained within the (Phonon damping model)

PDM and Lublin-Strasbourg drop (LSD) model taken

from Ref. 1) are also shown with open circles and open

triangles. The lines are drawn just to guide the eyes.

tained at the average values of T and I are good enough
to compare with the experimental data. In Fig. 1
we compare the Γ of 88Mo calculated using TSFM
at two different excitation energies. In the range of
2 ≲ T ≲ 3 MeV, the data suggest a slower increase in
the Γ whereas the our results and the PDM suggest a
larger increase.
At higher T , as I increases the free energy surfaces

shows a gamma-softness before the nucleus undergoes
a Jacobi shape transition. Considering the role of en-
hanced fluctuations at higher T and the Coriolis split-
ting of GDR components at higher I the GDR width
of 88Mo nucleus will not saturate at high T and I.

Reference
1) M. Ciema�la et al., Phys. Rev. C 91, 054313 (2015).

Testing constant-temperature approach for nuclear level density†

N. Dinh Dang,∗1 N. Quang Hung,∗2 and L. T. Quynh Huong∗3

According to thermodynamics, the nuclear temper-
ature is a parameter, which is defined from the nuclear
level density (NLD) ρ(E) as

T =

[
∂ ln ρ(E)

∂E

]−1

. (1)

In the first model for NLD proposed by Bethe, the
NLD is approximately described as exp(2

√
aE∗) with

the level-density parameter a. The nuclear temper-
ature T , defined from Eq. (1), is then proportional
to the square root of the excitation energy E∗, viz
T ≃

√
E∗/a, i.e. it increases with E∗. However

this model fails to describe the NLD at low excita-
tion energies below the particle separation threshold.
The constant-temperature (CT) model, suggested by
Gilbert and Cameron,1) assumes that the NLD at low
excitation energies (E∗ ≤ 10 MeV) can be described
by a constant temperature T , namely

ρ(E∗) =
1

T
e(E

∗−E0)/T ≡ B(T )eE
∗/T , (2)

with B(T ) = [TeE0/T ]−1, where T and E0 are obtained
by fitting to the experimental NLD. This model has be-
come increasingly popular in the study of NLD in re-
cent years, where it has been suggested that its validity
can be extended to much higher excitation energies up
to E∗ around 20 MeV for 60Ni and 60Co isotopes.2)

Therefore, it is highly desirable to analyze the validity
of this phenomenological model by using a microscopic
model, which is able to describe the NLD in both low
as well as resonance energies. Recently a unified ap-
proach has been proposed to simultaneously describe
both the NLD and radiative strength function (RSF)
based on the solution of exact pairing (EP) problem
in combination with the independent-particle model
(IPM), which is referred to as EP+IPM hereafter.4)

In the present work, by using the NLD predicted
within the EP+IPM method, which agrees well with
the experimental data, the nuclear temperature T is
calculated from the derivative of logarithm of NLD (1).
This temperature T increases almost linearly with the
excitation energy E∗. However this increase is rela-
tively slow so that T can be considered as a constant
of around 0.5 MeV at 0 < E∗ ≤ 10 MeV. Meanwhile, in
60Ni, the CT model can describe rather well the exper-
imentally extracted NLD with a constant temperature

† Condensed from the article in Phys. Rev. C 96, 054321
(2017)
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Fig. 1. Comparison of NLDs obtained from the CT model

(2) and experimental NLDs for 60Ni.

between 1.3 ≤ T ≤ 1.5 MeV up to E∗ = 20 MeV, i.e.
much higher than the particle separation threshold, in
excellent agreement with the experimental finding of
Ref. 2) (Fig. 1). It is also shown that pairing plays
an important role in maintaining this nearly-constant
value of temperature at low excitation energy. In this
way, the EP+IPM offers a consistent description of
the NLD, which goes smoothly from the low-energy
region E∗ ≤ 5 MeV to the higher one (up to 20 MeV
for Ni isotopes and 10 MeV for Yb isotopes) without
the need of matching the CT model at low energy and
the Fermi-gas one at high energy, as often done by
using the composite level-density formula.1) Last but
not least, the fact that the NLD at low excitation en-
ergy, even at E∗ = 0, can be well described by the CT
model at a constant nonzero temperature also supports
the suggestion of introducing a ground-state’s effective
temperature.5)
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Level density and thermodynamics in hot rotating 96Tc nucleus†

B. Dey,∗1 D. Pandit,∗2 S. Bhattacharya,∗3 N. Quang Hung,∗4 N. Dinh Dang,∗5 L. Tan Phuc,∗4 D. Mondal,∗2
S. Mukhopadhyay,∗2 S. Pal,∗2 A. De,∗6 and S. R. Banerjee∗2

One of the basic aims in diverse fields of science
(physics, chemistry, and biology) is understanding the
small system, which manifests many striking properties
due to its tiny dimension. The study of thermodynamic
properties of such small system like atomic nucleus, in
spite of being an arduous task, is highly imperative
as those properties describe how such systems respond
to the changes in their environment. In addition, the
knowledge of nuclear thermodynamics also enables us
to understand the presence of pairing phase transition
in the nucleus, whose effect was included in the nuclear
theory after the Bardeen-Cooper-Schrieffer (BCS) the-
ory. Thus, the study of nuclear thermodynamics has
gained much enthusiasm in the recent past.

Measuring the nuclear level density (NLD) is the start-
ing point to obtain the thermodynamic quantities (TQ)
of atomic nuclei. Earlier, the NLD was measured be-
low the particle threshold energy at very low angular
momentum J and extrapolated to the higher energy by
using the functional form of the Fermi-Gas model to
estimate the TQs. But, the knowledge of the NLD func-
tional form is not yet satisfactory due to the lack of ex-
perimental data at high E∗ and J . Therefore, it would
be better if one could measure the NLD below and above
the particle threshold, and compare the measured data
with a consistent theoretical calculation to investigate
TQs of atomic nuclei. In the present work,1) the angular
momentum gated NLDs in the excitation energies range
of E∗ ∼ 5–15 MeV are extracted by using the evapo-
rated neutron energy spectra in the 4He+93Nb reaction
and compared with the results of different microscopic
calculations.

The experimental NLD along with the results of dif-
ferent theoretical calculations for J = 12 and 16 h̄ are
shown in Fig. 1. It is observed that EP+IPM (ex-
act pairing plus independent particle model) explains
rather well the experimental data and thus it was used to
extract the thermodynamic properties of 96Tc nucleus.
The TQ of 96Tc have been estimated using EP+IPM
NLDs for J = 12 and 16 h̄ as shown in Fig. 2. It is quite
interesting to note that the free energy, entropy, and av-
erage energy show the correct trend as that observed in
the nearby 96Mo nucleus.2) However, the bump in the
heat capacity (signature of pairing phase transition) of
96Tc is not as pronounced as that seen in 96Mo,2) in spite
of being the same mass. This difference might come from

† Condensed from the article in Phys. Rev. C 96, 054326 (2017)
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∗2 Variable Energy Cyclotron Centre, Kolkata
∗3 Barasat Govt. College, Kolkata
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Fig. 1. Angular momentum gated NLD (symbols) along with
the results of different theoretical calculations.

Fig. 2. Angular momentum gated TQs as functions of tem-
perature obtained using EP+IPM level densities.

the pairing property of odd-odd 96Tc nucleus, which is
weaker than that in even-even 96Mo. It is also observed
that the angular momentum does not have much effect
on the nature of the TQs. However, at low T , there is a
noticeable change in the heat capcity due to the angular
momentum. Therefore, it would be very interesting to
study the angular momentum effect on the pairing phase
transition in even-even systems in future.
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Shell-model description of magnetic dipole bands in 105Sn

M. Honma,∗1 T. Otsuka,∗2,∗3,∗4,∗5 T. Mizusaki,∗6 Y. Utsuno,∗7,∗8 N. Shimizu,∗8 and M. Hjorth-Jensen∗4,∗9,∗10

Because of the well-developed shell closure at N ,
Z = 50, Sn isotopes have often been studied using the
shell model by considering only valence neutrons. How-
ever, several states have been observed in light Sn iso-
topes that would be described by the configurations with
a broken 100Sn core. One interesting example is the
high-spin regular band that decays mainly by M1 tran-
sitions.1) This band has been interpreted by the “shears
mechanism” using the tilted-axis cranking model.2) In
this report, we present the results of our trial to de-
scribe this magnetic dipole band using the shell model,
taking 105Sn as an example.
The adopted model space consists of the proton

(0g9/2, 1d5/2, 0g7/2) orbits and the neutron (1d5/2,
0g7/2, 0h11/2, 2s1/2, 1d3/2) orbits. The effective in-

teraction is prepared by combining the SNBG13) inter-
action as neutron-neutron and proton-proton part, the
P1GD5G34) interaction for proton-neutron part among
the relevant orbits if defined, and for the rest parts the
microscopic interaction5) based on the realistic N3LO
interaction.6) The bare single-particle energies (SPEs)
for the neutron orbits are adjusted so as to reproduce
the effective SPEs obtained by the SNBG1 interaction
at 114Sn. The SPE of the proton 0g9/2 orbit is taken
from the P1GD5G3 interaction, and the rest are deter-
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Fig. 1. Energy levels of 105Sn. The experimental data are taken from Refs. 1, 7). The shell-model results

are obtained using the code MSHELL64.8) The width of the arrow drawn in the shell-model results
is proportional to the branching ratio.
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mined so that the effective SPEs agree with those of
the neutrons at 100Sn. In order to ensure the computa-
tional feasibility, up to 5 nucleons are allowed to excite
into the proton (1d5/2, 0g7/2) orbits or neutron (0h11/2,
2s1/2, 1d3/2) orbits.

The calculated band structure is shown in Fig. 1. One
can find reasonable agreement between the experimen-
tal data and the shell-model results. The E2 and M1
transition probabilities are calculated by using the ef-
fective charge ep = 1.6, en = 0.8, and the effective
spin g-factors geff = 0.74gfree. The calculated nega-
tive parity band 43/2−1 -41/2

−
1 -39/2

−
1 -· · · decays mainly

by M1 transitions, consistently with the experiment.
The typical B(M1) value within the band is ∼ 1µ2

N ,
while the B(E2) value is at most 0.08e2b2, indicat-
ing the M1 dominance. In addition to this band, the
shell-model results give a positive-parity M1-dominant
band 39/2+2 -37/2

+
3 -35/2

+
2 -· · ·, on top of the 23/2+2 state.

The dominant configurations in the calculated wave
functions are π(g9/2)

−1(g7/2)
1ν(g7/2d5/2)

4(h11/2)
1 and

π(g9/2)
−1(g7/2)

1ν(g7/2d5/2)
5 relative to the 100Sn closed

core for the negative and the positive parity bands, re-
spectively. However, the purity of these configurations
is gradually lost for lower spin states, and the feature of
the “shears mechanism,” i.e., a rapid decrease of B(M1)
with increasing spin, is not clear.
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Level density and thermodynamics in hot rotating 96Tc nucleus†

B. Dey,∗1 D. Pandit,∗2 S. Bhattacharya,∗3 N. Quang Hung,∗4 N. Dinh Dang,∗5 L. Tan Phuc,∗4 D. Mondal,∗2
S. Mukhopadhyay,∗2 S. Pal,∗2 A. De,∗6 and S. R. Banerjee∗2

One of the basic aims in diverse fields of science
(physics, chemistry, and biology) is understanding the
small system, which manifests many striking properties
due to its tiny dimension. The study of thermodynamic
properties of such small system like atomic nucleus, in
spite of being an arduous task, is highly imperative
as those properties describe how such systems respond
to the changes in their environment. In addition, the
knowledge of nuclear thermodynamics also enables us
to understand the presence of pairing phase transition
in the nucleus, whose effect was included in the nuclear
theory after the Bardeen-Cooper-Schrieffer (BCS) the-
ory. Thus, the study of nuclear thermodynamics has
gained much enthusiasm in the recent past.

Measuring the nuclear level density (NLD) is the start-
ing point to obtain the thermodynamic quantities (TQ)
of atomic nuclei. Earlier, the NLD was measured be-
low the particle threshold energy at very low angular
momentum J and extrapolated to the higher energy by
using the functional form of the Fermi-Gas model to
estimate the TQs. But, the knowledge of the NLD func-
tional form is not yet satisfactory due to the lack of ex-
perimental data at high E∗ and J . Therefore, it would
be better if one could measure the NLD below and above
the particle threshold, and compare the measured data
with a consistent theoretical calculation to investigate
TQs of atomic nuclei. In the present work,1) the angular
momentum gated NLDs in the excitation energies range
of E∗ ∼ 5–15 MeV are extracted by using the evapo-
rated neutron energy spectra in the 4He+93Nb reaction
and compared with the results of different microscopic
calculations.

The experimental NLD along with the results of dif-
ferent theoretical calculations for J = 12 and 16 h̄ are
shown in Fig. 1. It is observed that EP+IPM (ex-
act pairing plus independent particle model) explains
rather well the experimental data and thus it was used to
extract the thermodynamic properties of 96Tc nucleus.
The TQ of 96Tc have been estimated using EP+IPM
NLDs for J = 12 and 16 h̄ as shown in Fig. 2. It is quite
interesting to note that the free energy, entropy, and av-
erage energy show the correct trend as that observed in
the nearby 96Mo nucleus.2) However, the bump in the
heat capacity (signature of pairing phase transition) of
96Tc is not as pronounced as that seen in 96Mo,2) in spite
of being the same mass. This difference might come from

† Condensed from the article in Phys. Rev. C 96, 054326 (2017)
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Fig. 1. Angular momentum gated NLD (symbols) along with
the results of different theoretical calculations.

Fig. 2. Angular momentum gated TQs as functions of tem-
perature obtained using EP+IPM level densities.

the pairing property of odd-odd 96Tc nucleus, which is
weaker than that in even-even 96Mo. It is also observed
that the angular momentum does not have much effect
on the nature of the TQs. However, at low T , there is a
noticeable change in the heat capcity due to the angular
momentum. Therefore, it would be very interesting to
study the angular momentum effect on the pairing phase
transition in even-even systems in future.
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Effect of pairing on the wobbling motion in odd-A nuclei†

K. Sugawara-Tanabe1,2 and K. Tanabe3

As an indicator of a triaxial rotor, wobbling motion
was proposed by Bohr and Mottelson,1) and experi-
mental data showing wobbling modes have been re-
ported only in odd-Z nuclei of Lu isotopes,2) 167Ta,3)

and 135Pr.4) The wobbling motion is originally defined
in classical mechanics5) as a precessional motion of an-
gular momentum I⃗ around the axis either with the
maximum or the minimum moment of inertia (MoI)
of the rotating body. Quantum mechanically, the in-
cremental alignment of I⃗ along the wobbling axis with
the maximum or the minimum MoI is in one unit1,6,7).
In odd-Z nuclei, we found that in addition to the in-
cremental alignment of I⃗ along the wobbling axis, the
incremental alignment of R⃗ = I⃗ − j⃗ along the same
axis is also in one unit (see Fig. 9 and Fig. 15 in
Ref. 7)), where j⃗ is the single-particle angular momen-
tum. Moreover, the D2 invariance requires that the
yrast wobbling band appears for the levels for which
I − j=odd.

The microscopic theory for nuclear rotational mo-
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Fig. 1. Alignments of ⟨R2
x⟩1/2, ⟨R2

y⟩1/2, and ⟨R2
z⟩1/2 for

the I-dependent MoI as functions of I. The solid and

open circles correspond to ⟨R2
x⟩1/2 and ⟨R2

y⟩1/2, while
solid and open triangles correspond to ⟨R2

z⟩1/2. The

solid lines are for the levels with I − j=even, while the
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tion includes an important Coriolis anti-pairing (CAP)
effect,8) i.e., the Coriolis force originating from the ro-
tation starts to dissolve the pair in the special high-
spin single-particle orbital, and finally the cranking
formula for MoI reduces to the rigid (rig) MoI. We
have obtained the analytical formula for the I depen-
dence of MoI9) for both odd- and even-Z nuclei by
applying the second-order perturbation approximation
to the self-consistent Hartree-Fock-Bogoliubov (HFB)
equation under the number and I constraints. To
simulate the behavior of the I dependence of MoI,
we assume a two-parameter fit for the rigid MoI J0,
J0(I − b)/(I + a) for highly excited states as in Lu
isotopes,6) and J0/[1 + exp{−(I − b)/a}] for slightly
excited states as in 135Pr.7)

Figure 1 shows the alignments of R⃗ for the case
of the slightly excited states in 135Pr, where the x-
axis represents the maximum MoI. The parameter set
J0=25 MeV−1, a=7.5 and b=15.5 for j=11/2 simu-
lates the experimental data quite well (see Figs. 17 and

18 in Ref. 7)). Figure 1 shows that ⟨R2
x⟩

1/2
I ∼ ⟨R2

x⟩
1/2
I

for I − j =even and ⟨R2
x⟩

1/2
I+2 − ⟨R2

x⟩
1/2
I ∼2. There-

fore, the difference of ⟨R2
x⟩1/2 between the solid and

dashed lines is almost one, indicating that the incre-
mental alignment of ⟨R2

x⟩1/2 for I − j=odd is less by
one unit compared with that for I − j=even, which
is associated with the excitation of the wobbling mo-
tion. A similar behavior is found for ⟨I2x⟩1/2 in this
I-dependent rig MoI.

Because the wobbling mode is related to the rota-
tional motion of the rotor, the RPA treatment, which
is useful for small-amplitude vibrational motion, is not
applicable to the wobbling mode.
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Application of a Coulomb energy density functional for atomic
nuclei: Case studies of local density approximation and generalized

gradient approximation†

T. Naito,∗1,∗2 R. Akashi,∗1 and H. Z. Liang∗2,∗1

The exchange (x) and correlation (c) energy den-
sity functionals Ex [ρ] and Ec [ρ] formulated for elec-
tron systems are tested in the context of atomic nuclei,
respectively. Both the local density approximation
(LDA) and generalized gradient approximation (GGA)
functionals are investigated. For quantitative calcu-
lations, we employed the experimental charge-density
distributions ρch

1) of the selected nuclei as inputs of
ground-state density distributions.
When it is assumed that the energy density εi de-

pends only on the density at r locally as

Ei [ρ] =

∫
εi (ρ (r)) ρ (r) dr (i = x, c), (1)

this approximation is called the LDA. In the GGA,
the energy density depends not only on the density
distribution ρ but also on its gradient |∇ρ| at r locally
as

Ei [ρ] =

∫
εi (ρ (r) , |∇ρ (r)|) ρ (r) dr (i = x, c).

(2)
The GGA exchange energy density weighted with

ρch (r) for 208Pb is shown in Fig. 1. The LDA re-
sult is shown with the long-dashed line, and those
given by the GGA functionals B88,2) PW91,3) PBE,4)

and PBEsol5) are shown with the short-dashed, dot-
dashed, solid, and dot-dot-dashed lines, respectively.
The surface is defined as the region that has a density
between 90% and 10% of the maximum density.
For the exchange Coulomb energies, it is found that

the deviation between the LDA and GGA,

∆Ex =
EGGA

x − ELDA
x

EGGA
x

, (3)

ranges from around 11% in 4He to around 2.2% in
208Pb, by taking the PBE functional as an example
of the GGA. From light to heavy nuclei, it is seen that
∆Ex shown in Fig. 2 behaves in a very similar way as
the deviation between the Hartree-Fock-Slater approx-
imation and the exact Hartree-Fock given by Le Bloas
et al .6) In this sense, the GGA exchange functionals
of electron systems can be applied in a straightfor-
ward manner with practical accuracy to atomic nuclei.
Furthermore, the numerical cost of GGA is O

(
N3

)
,

whereas that cost of exact Hartree-Fock is O
(
N4

)
for

† Condensed from the article in Phys. Rev. C 97,
044319 (2018)
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Fig. 2. Deviation between the LDA and GGA in Ex defined

as Eq. (3) as a function of A.

self-consistent calculations. In contrast, the correla-
tion Coulomb energy density functionals of electron
systems are not applicable for atomic nuclei, because
these functionals are not separable and the nuclear in-
teraction determines the properties of atomic nuclei.
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Effect of pairing on the wobbling motion in odd-A nuclei†

K. Sugawara-Tanabe1,2 and K. Tanabe3

As an indicator of a triaxial rotor, wobbling motion
was proposed by Bohr and Mottelson,1) and experi-
mental data showing wobbling modes have been re-
ported only in odd-Z nuclei of Lu isotopes,2) 167Ta,3)

and 135Pr.4) The wobbling motion is originally defined
in classical mechanics5) as a precessional motion of an-
gular momentum I⃗ around the axis either with the
maximum or the minimum moment of inertia (MoI)
of the rotating body. Quantum mechanically, the in-
cremental alignment of I⃗ along the wobbling axis with
the maximum or the minimum MoI is in one unit1,6,7).
In odd-Z nuclei, we found that in addition to the in-
cremental alignment of I⃗ along the wobbling axis, the
incremental alignment of R⃗ = I⃗ − j⃗ along the same
axis is also in one unit (see Fig. 9 and Fig. 15 in
Ref. 7)), where j⃗ is the single-particle angular momen-
tum. Moreover, the D2 invariance requires that the
yrast wobbling band appears for the levels for which
I − j=odd.

The microscopic theory for nuclear rotational mo-
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Fig. 1. Alignments of ⟨R2
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y⟩1/2, and ⟨R2
z⟩1/2 for

the I-dependent MoI as functions of I. The solid and

open circles correspond to ⟨R2
x⟩1/2 and ⟨R2
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solid and open triangles correspond to ⟨R2

z⟩1/2. The

solid lines are for the levels with I − j=even, while the

dashed lines for those with I − j=odd.

† Condensed from the talk in Int. Symp. on “Perspectives of
the physics of nuclear structure”, Nov. 1-4, The Univ. of
Tokyo (2017)

∗1 RIKEN Nishina Center
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tion includes an important Coriolis anti-pairing (CAP)
effect,8) i.e., the Coriolis force originating from the ro-
tation starts to dissolve the pair in the special high-
spin single-particle orbital, and finally the cranking
formula for MoI reduces to the rigid (rig) MoI. We
have obtained the analytical formula for the I depen-
dence of MoI9) for both odd- and even-Z nuclei by
applying the second-order perturbation approximation
to the self-consistent Hartree-Fock-Bogoliubov (HFB)
equation under the number and I constraints. To
simulate the behavior of the I dependence of MoI,
we assume a two-parameter fit for the rigid MoI J0,
J0(I − b)/(I + a) for highly excited states as in Lu
isotopes,6) and J0/[1 + exp{−(I − b)/a}] for slightly
excited states as in 135Pr.7)

Figure 1 shows the alignments of R⃗ for the case
of the slightly excited states in 135Pr, where the x-
axis represents the maximum MoI. The parameter set
J0=25 MeV−1, a=7.5 and b=15.5 for j=11/2 simu-
lates the experimental data quite well (see Figs. 17 and

18 in Ref. 7)). Figure 1 shows that ⟨R2
x⟩

1/2
I ∼ ⟨R2

x⟩
1/2
I

for I − j =even and ⟨R2
x⟩

1/2
I+2 − ⟨R2

x⟩
1/2
I ∼2. There-

fore, the difference of ⟨R2
x⟩1/2 between the solid and

dashed lines is almost one, indicating that the incre-
mental alignment of ⟨R2

x⟩1/2 for I − j=odd is less by
one unit compared with that for I − j=even, which
is associated with the excitation of the wobbling mo-
tion. A similar behavior is found for ⟨I2x⟩1/2 in this
I-dependent rig MoI.

Because the wobbling mode is related to the rota-
tional motion of the rotor, the RPA treatment, which
is useful for small-amplitude vibrational motion, is not
applicable to the wobbling mode.

References
1) A. Bohr, B. R. Mottelson, in Nuclear Structure, (Ben-

jamin, Reading, MA, 1975), II, Chap. 4, pp.190–194.
2) S. W. Ødeg̊ard et al., Phys. Rev. Lett. 86, 5866 (2001).
3) D. J. Hartley et al., Phys. Rev. C 80, 041304(R) (2009).
4) J. T. Matta, et al., Phys. Rev. Lett. 114, 082501 (2015).
5) L. D. Landau, E. M. Lifshitz, in Mechanics, (Pergamon

Press Ltd., Oxford/London, 1960), Sect. 37, pp.116–
121.

6) K. Tanabe, K. Sugawara-Tanabe, Phys. Rev. C 77,
064318 (2008).

7) K. Tanabe, K. Sugawara-Tanabe, Phys. Rev. C 95,
064315 (2017).

8) B. R. Mottelson, J. G. Valatin, Phys. Rev. Lett. 5, 511
(1960).

9) K. Tanabe, K. Sugawara-Tanabe, Phys. Rev. C 91,
034328 (2015).

- 97 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅱ-2. Nuclear Physics (Theory)



Joint project for large-scale nuclear structure calculations in 2017

N. Shimizu,∗1 J. Menéndez,∗1 T. Miyagi,∗1 S. Yoshida,∗2 T. Otsuka,∗3,∗1,∗2 and Y. Utsuno∗4,∗1

We have been promoting a joint project for large-
scale nuclear structure calculations since the year
2002 based on a collaboration agreement between
the RIKEN Accelerator Research Facility (currently
RIKEN Nishina Center) and Center for Nuclear Study,
the University of Tokyo. Currently, we maintain 16 PC
servers for large-scale nuclear structure calculations.
Based on this project, we performed shell-model calcu-
lations of the various nuclides that have been measured
or are proposed to be measured at the RIKEN RI Beam
Factory and other facilities, such as 35Mg,1) 136Ba,
138Ce, and 135La under various collaborations with
many experimentalists. In parallel, we performed sev-
eral theoretical studies for understanding the nuclear
structure. Among them, we briefly show three theoret-
ical achievements: shell-model study of the beta-decay
properties of neutron-rich nuclei,2) the development of
an ab initio nuclear structure calculation,3) and the
theoretical estimation of nuclear matrix elements that
are essential for surveying physics beyond the standard
model.4–6)

In order to discuss the systematic properties of
the beta decay of neutron-rich nuclei, we performed
large-scale shell-model calculations with sd+ pf + sdg
model space and evaluated the contributions from both
Gamow-Teller and first-forbidden transitions for the
78 nuclei with 13 ≤ Z ≤ 18 and 22 ≤ N ≤ 34.2)

The obtained beta-decay half-lives and delayed neu-
tron emission rates remarkably agree with experimen-
tal data. This indicates the validity of large-scale shell-
model calculations for nuclei in the neutron rich region.
The shell-model results predict that the first-forbidden
transition has a non-negligible contribution to the half-
lives in N > 30 nuclei. We also discuss the emergence
of the Gamow-Teller giant resonance and its origin.
In order to investigate the medium-heavy nuclei

based on the underlying nuclear interactions in an
ab initio way, the unitary-model-operator approach3)

(UMOA) has been developed. In the UMOA, the
many-body Hamiltonian is transformed by a uni-
tary transformation such that the one-particle-one-
hole and two-particle-two-hole excitations do not oc-
cur. We calculated the binding energies and radii of
4He and several oxygen isotopes using the similarity-
renormalization-group evolved chiral effective-field-
theory interaction consisting of two-nucleon and three-
nucleon forces. The resulting binding energies success-
fully reproduce the experimental data. On the other
hand, the calculated radii are underestimated com-

∗1 Center for Nuclear Study, The University of Tokyo
∗2 Department of Physics, The University of Tokyo
∗3 RIKEN Nishina Center
∗4 Japan Atomic Energy Agency

pared to the experimental values. This situation is
consistent with the recent studies by the other ab ini-
tio methods. For a unified description of binding ener-
gies and radii, further improvements about the nuclear
force are expected.
We performed calculations for determining of the

nature of dark matter and neutrinos in experiments
using atomic nuclei. On the one hand, we obtained
the nuclear matrix element for the interaction of dark
matter particles with nuclei via the coupling of nucle-
ons to the Higgs boson.4) Our results included for the
first time the coupling of the Higgs boson to two nu-
cleons via pion-exchange currents. The uncertainty on
the matrix element was reduced by roughly an order
of magnitude. On the other hand we studied the nu-
clear matrix elements of neutrinoless double-beta de-
cay, when it is mediated by heavy sterile neutrinos.5)

Contrary to the light-neutrino-exchange channel, dif-
ferent many-body methods agree well when heavy neu-
trinos are exchanged. This result suggests that long-
range nuclear correlations are responsible for the dis-
agreement between matrix elements in the standard
light-neutrino-exchange channel. In addition, we inves-
tigated the double Gamow-Teller strength distribution
of double-beta decay emitters, such as 48Ca. We the-
oretically predict a linear relation between the nuclear
matrix elements of the double Gamow-Teller transition
and the 0νββ decay.6)
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scale nuclear structure calculations since the year
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In order to discuss the systematic properties of
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large-scale shell-model calculations with sd+ pf + sdg
model space and evaluated the contributions from both
Gamow-Teller and first-forbidden transitions for the
78 nuclei with 13 ≤ Z ≤ 18 and 22 ≤ N ≤ 34.2)

The obtained beta-decay half-lives and delayed neu-
tron emission rates remarkably agree with experimen-
tal data. This indicates the validity of large-scale shell-
model calculations for nuclei in the neutron rich region.
The shell-model results predict that the first-forbidden
transition has a non-negligible contribution to the half-
lives in N > 30 nuclei. We also discuss the emergence
of the Gamow-Teller giant resonance and its origin.
In order to investigate the medium-heavy nuclei

based on the underlying nuclear interactions in an
ab initio way, the unitary-model-operator approach3)
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many-body Hamiltonian is transformed by a uni-
tary transformation such that the one-particle-one-
hole and two-particle-two-hole excitations do not oc-
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4He and several oxygen isotopes using the similarity-
renormalization-group evolved chiral effective-field-
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pared to the experimental values. This situation is
consistent with the recent studies by the other ab ini-
tio methods. For a unified description of binding ener-
gies and radii, further improvements about the nuclear
force are expected.
We performed calculations for determining of the

nature of dark matter and neutrinos in experiments
using atomic nuclei. On the one hand, we obtained
the nuclear matrix element for the interaction of dark
matter particles with nuclei via the coupling of nucle-
ons to the Higgs boson.4) Our results included for the
first time the coupling of the Higgs boson to two nu-
cleons via pion-exchange currents. The uncertainty on
the matrix element was reduced by roughly an order
of magnitude. On the other hand we studied the nu-
clear matrix elements of neutrinoless double-beta de-
cay, when it is mediated by heavy sterile neutrinos.5)

Contrary to the light-neutrino-exchange channel, dif-
ferent many-body methods agree well when heavy neu-
trinos are exchanged. This result suggests that long-
range nuclear correlations are responsible for the dis-
agreement between matrix elements in the standard
light-neutrino-exchange channel. In addition, we inves-
tigated the double Gamow-Teller strength distribution
of double-beta decay emitters, such as 48Ca. We the-
oretically predict a linear relation between the nuclear
matrix elements of the double Gamow-Teller transition
and the 0νββ decay.6)
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Proton- and deuteron-induced reactions on 107Pd and 93Zr
at 20–30 MeV/nucleon

M. Dozono,∗1 N. Imai,∗1 S. Michimasa,∗1 T. Sumikama,∗2 N. Chiga,∗2 S. Ota,∗1 O. Beliuskina,∗1 S. Hayakawa,∗1

K. Iribe,∗3 C. Iwamoto,∗1 S. Kawase,∗4 K. Kawata,∗1 N. Kitamura,∗1 S. Masuoka,∗1 K. Nakano,∗4 P. Schrock,∗1

D. Suzuki,∗2 R. Tsunoda,∗1 K. Wimmer,∗5 D. S. Ahn,∗2 N. Fukuda,∗2 E. Ideguchi,∗6 K. Kusaka,∗2 H. Miki,∗7

H. Miyatake,∗8 D. Nagae,∗2 M. Nakano,∗9 S. Ohmika,∗2 M. Ohtake,∗2 H. Otsu,∗2 H. J. Ong,∗6 S. Sato,∗9

H. Shimizu,∗1 Y. Shimizu,∗2 H. Sakurai,∗2 X. Sun,∗2 H. Suzuki,∗2 M. Takaki,∗1 H. Takeda,∗2 S. Takeuchi,∗7

T. Teranishi,∗3 H. Wang,∗2 Y. Watanabe,∗4 Y. X. Watanabe,∗8 H. Yamada,∗7 H. Yamaguchi,∗1 R. Yanagihara,∗6

L. Yang,∗1 Y. Yanagisawa,∗2 K. Yoshida,∗2 and S. Shimoura∗1

The nuclear transmutation of long-lived fission prod-
ucts (LLFPs), which are produced in nuclear reac-
tors, is one of the candidate techniques for the re-
duction and/or reuse of LLFPs. To design optimum
pathways of the transmutation process, several nu-
clear reactions have been studied by using LLFPs as
secondary beams. The studies indicate that proton-
and/or deuteron-induced reactions at intermediate en-
ergy (100–200 MeV/nucleon) are sufficiently effective
for the LLFP transmutation.1–3) For a systematic
study, we performed an experiment of proton- and
deuteron-induced reactions on 107Pd and 93Zr at 20–
30 MeV/nucleon by using the OEDO beam line.4)

Secondary beams were produced by the in-flight fis-
sion of a 238U primary beam at 345 MeV/nucleon on a
Be target with a thickness of 3 mm. The beams were
degraded and purified by using an Al degrader at F1
and further degraded by using another Al degrader at
F5. The beam energies were 32 MeV/nucleon in front
of the secondary targets. For 107Pd, another setting
was used to study the reaction at a lower beam energy
of 26 MeV/nucleon. The beam particles were identified
by the time-of-flight (TOF) between F3 and F5 mea-
sured with diamond detectors. The OEDO system was
used to reduce the beam spot size, and the resulting
size was 30 mm in FWHM on the secondary target.
A schematic view of the setup around the secondary

target is shown in Fig. 1. The secondary targets, H2

and D2, were prepared as high-pressure cooled gas tar-
gets. The temperature was 40 K, and the pressure was
adjusted to 7.5(15) mg/cm

2
for H2 (D2). In order to

obtain the background contribution, empty-target mea-
surements were also carried out.
Reaction residues were analyzed by the SHARAQ

spectrometer and detected by two PPACs and an ion-
ization chamber located at the focal plane. In order to

∗1 Cener for Nuclear Study, the University of Tokyo
∗2 RIKEN Nishina Center
∗3 Department of Physics, Kyushu University
∗4 Department of Advanced Energy Engineering Science,

Kyushu University
∗5 Department of Physics, the University of Tokyo
∗6 Research Center for Nuclear Physics, Osaka University
∗7 Department of Physics, Tokyo Institute of Technology
∗8 WNSC, IPNS, KEK
∗9 Department of Physics, Rikkyo University

Fig. 1. Schematic view of the experimental setup.

Fig. 2. Correlation of proton number Z and mass-to-charge

ratio A/Q of reaction residues produced from a 107Pd

beam at 32 MeV/nucleon and a H2 target.

cover a broad range of reaction products, several differ-
ent Bρ settings were applied in SHARAQ. The particle
identification (PID) was performed with the TOF-Bρ-
∆E-E method. An example of the PID is shown in
Fig. 2. In addition to the 107Pd beam events, Ag iso-
tope events are seen. Further analysis is ongoing.
This work was funded by the ImPACT Program of

the Council for Science, Technology and Innovation
(Cabinet Office, Government of Japan).
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Measurement of isotopic production cross sections of proton- and
deuteron-induced spallation reactions on 93Zr at 200 MeV/nucleon

S. Kawase,∗1 Y. Watanabe,∗1 K. Nakano,∗1,∗2 J. Suwa,∗1,∗2 H. Wang,∗2 N. Chiga,∗2 H. Otsu,∗2 H. Sakurai,∗2

S. Takeuchi,∗3 and T. Nakamura∗3 for ImPACT-RIBF collaboration

Proton- and deuteron-induced spallation reac-
tions are considered as the candidate processes
for the transmutation of long-lived fission prod-
ucts (LLFPs). In our previous study on the
proton- and deuteron-induced reactions on LLFP
93Zr at 105 MeV/nucleon,1) the isotopic production
cross sections in few-nucleon removal channels were
largely overestimated in the model calculations using
PHITS.2) To improve the reliability of the reaction
model calculations, further systematic experimental
data are required over a wide range of reaction en-
ergies. In this study, the isotopic production cross sec-
tions of the proton- and deuteron-induced spallation
reactions on 93Zr at 200 MeV/nucleon were measured
in an inverse kinematics condition.

The experiment was conducted at the SAMURAI
beamline3) at RIBF. The secondary beam, including
93Zr at 200 MeV/nucleon, was generated via inflight
fission of 238U and selected by using BigRIPS. The typ-
ical total rate of the beam was 5 kcps, and the purity
of 93Zr was 33%. Then, the beam bombarded a liquid
hydrogen and a liquid deuterium target.4) The reac-
tion products were identified by using the SAMURAI
spectrometer.3) The isotopic production cross sections
were derived from the number of incident 93Zr beams
and that of the generated isotopes.

The isotopic production cross sections of the
proton- and deuteron-induced reactions on 93Zr at
200 MeV/nucleon are shown in Fig. 1. The black cir-
cles and the red diamonds indicate the proton-induced
cross sections (σp) and the deuteron-induced cross sec-
tions (σd), respectively. The error bars indicate only
the statistical uncertainties.

Enhancement of the cross sections at 90Zr and 89Y,
which have a neutron magic number N = 50, was ob-
served as in the case of 105 MeV/nucleon measure-
ment.1) The effect of shell closure is still important in
the interpretation of the spallation reaction cross sec-
tions at 200 MeV/nucleon, despite the high reaction
energy compared to nucleon separation energies.

In Fig. 1, the experimental results are compared to
the model calculations by using the particle and heavy-
ion transport code system (PHITS) 2.82.2) The spal-
lation reactions have been well described as a two-step
process composed of the formation of prefragments via
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Fig. 1. Isotopic production cross sections of the proton- and

deuteron-induced reactions on 93Zr at 200 MeV/nucleon.

an intra-nuclear cascade process and the de-excitation
process of the prefragments by evaporation of light
particles. In this work, the Liège Intranuclear Cas-
cade model (INCL 4.6)5) and the generalized evapo-
ration model (GEM)6) were employed for these pro-
cesses. The lines in Fig. 1 show the cross sections cal-
culated by using PHITS. The black dashed line and the
red solid line correspond to σp and σd, respectively.

The general behavior of the isotopic production cross
sections are apparently well reproduced by the PHITS
calculation; however, the mass-number distributions
are shifted to heavier isotopes especially in proton-odd
isotopes (Nb and Y). The production cross section of
92Y is considerably overestimated in both the proton-
and deuteron-induced cases. These can probably be
understood by the poor reproduction of the excita-
tion energy of reaction residue after the direct process,
which is pointed out in Ref. 1). The models used in
PHITS are expected to be improved in near future af-
ter close analyses of the spallation reaction data over
a wide range of incident energies.

This work was funded by ImPACT Program of
Council for Science, Technology and Innovation (Cab-
inet Office, Government of Japan).
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Measurement of double-differential neutron yields for
345 MeV/nucleon 238U incidence on Cu†

K. Sugihara,∗1,∗2 N. Shigyo,∗1,∗2 A. Akashio,∗1 and K. Tanaka∗1

The validation of Monte Carlo simulation codes on
radiation shielding with a uranium beam is required for
future upgrades of RIBF. Experimental data of double-
differential neutron thick target yields (TTY) are desired
as a neutron source term in the radiation shielding de-
sign. We have started to measure neutron energy spectra
by the time-of-flight (TOF) method.

The experiment was carried out around the F10 cham-
ber at the ZeroDegree Spectrometer. The experimental
arrangement is shown in Fig. 1.

The 345 MeV/nucleon 238U beam which was not
pulsed irradiated a Cu target. The bunch width of the
beam was less than 1 ns and its repetition rate was about
18 MHz. The thickness of the target was 10 mm, which
was longer than the range of the beam ion.

Neutrons produced in the target were measured with
two sizes of NE213 liquid organic scintillators. The small
scintillator with a length and diameter of 5.08 cm was
set at 0◦. The large ones with a length and diame-
ter of 12.7 cm were located at 45◦ and 90◦. To deter-
mine the threshold level, light outputs of the scintillators
were calibrated with γ-ray sources, 60Co, 241Am-Be and
244Cm-13C. A 2 mm thick plastic scintillator was set as a
veto detector to distinguish non-charged particle events
in front of each neutron detector. Neutron kinetic en-
ergy was determined by the TOF method in which the
start and stop signal came from the neutron scintillator
and the RF signal of the superconducting ring cyclotron.
The flight path lengths from the target to the detectors
were shown in Fig. 1.

Figure 2 shows the TOF spectrum at 90◦. The hor-
izontal axis is the time difference between the RF sig-
nal and the neutron detector. The TDC resolution was
0.027 ns/ch. The peak at 1350 ch was the prompt γ-ray
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Fig. 1. Experimental arrangement.
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from the uranium incident reactions. Neutron energy
will be determined with the use of the time difference
between each neutron and the prompt γ-ray event. Low-
energy neutrons from the preceding beam bunch were
overlapped in the TOF gate. The contribution of these
neutrons was about 2% at the highest neutron energy
point for 0◦ and substracted from the TOF spectrum.

Neutron events were extracted by using the difference
of the decay part of the signal pulse between the neutron
and γ-ray1) because the NE213 scintillator was sensitive
to not only neutrons but also γ-rays. Figure 3 illustrates
the two-dimensional plot of the total pulse of scintillator
light output signal (horizontal axis) and the decay part
of it (vertical axis). Neutron and γ-ray events are clearly
separated in the low light output region.

The neutron TTY is under analysis and will be com-
pared with calculation results by Monte Carlo codes.
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Measurement of isotopic production cross sections of proton- and
deuteron-induced spallation reactions on 93Zr at 200 MeV/nucleon

S. Kawase,∗1 Y. Watanabe,∗1 K. Nakano,∗1,∗2 J. Suwa,∗1,∗2 H. Wang,∗2 N. Chiga,∗2 H. Otsu,∗2 H. Sakurai,∗2

S. Takeuchi,∗3 and T. Nakamura∗3 for ImPACT-RIBF collaboration

Proton- and deuteron-induced spallation reac-
tions are considered as the candidate processes
for the transmutation of long-lived fission prod-
ucts (LLFPs). In our previous study on the
proton- and deuteron-induced reactions on LLFP
93Zr at 105 MeV/nucleon,1) the isotopic production
cross sections in few-nucleon removal channels were
largely overestimated in the model calculations using
PHITS.2) To improve the reliability of the reaction
model calculations, further systematic experimental
data are required over a wide range of reaction en-
ergies. In this study, the isotopic production cross sec-
tions of the proton- and deuteron-induced spallation
reactions on 93Zr at 200 MeV/nucleon were measured
in an inverse kinematics condition.

The experiment was conducted at the SAMURAI
beamline3) at RIBF. The secondary beam, including
93Zr at 200 MeV/nucleon, was generated via inflight
fission of 238U and selected by using BigRIPS. The typ-
ical total rate of the beam was 5 kcps, and the purity
of 93Zr was 33%. Then, the beam bombarded a liquid
hydrogen and a liquid deuterium target.4) The reac-
tion products were identified by using the SAMURAI
spectrometer.3) The isotopic production cross sections
were derived from the number of incident 93Zr beams
and that of the generated isotopes.

The isotopic production cross sections of the
proton- and deuteron-induced reactions on 93Zr at
200 MeV/nucleon are shown in Fig. 1. The black cir-
cles and the red diamonds indicate the proton-induced
cross sections (σp) and the deuteron-induced cross sec-
tions (σd), respectively. The error bars indicate only
the statistical uncertainties.

Enhancement of the cross sections at 90Zr and 89Y,
which have a neutron magic number N = 50, was ob-
served as in the case of 105 MeV/nucleon measure-
ment.1) The effect of shell closure is still important in
the interpretation of the spallation reaction cross sec-
tions at 200 MeV/nucleon, despite the high reaction
energy compared to nucleon separation energies.

In Fig. 1, the experimental results are compared to
the model calculations by using the particle and heavy-
ion transport code system (PHITS) 2.82.2) The spal-
lation reactions have been well described as a two-step
process composed of the formation of prefragments via
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Fig. 1. Isotopic production cross sections of the proton- and

deuteron-induced reactions on 93Zr at 200 MeV/nucleon.

an intra-nuclear cascade process and the de-excitation
process of the prefragments by evaporation of light
particles. In this work, the Liège Intranuclear Cas-
cade model (INCL 4.6)5) and the generalized evapo-
ration model (GEM)6) were employed for these pro-
cesses. The lines in Fig. 1 show the cross sections cal-
culated by using PHITS. The black dashed line and the
red solid line correspond to σp and σd, respectively.

The general behavior of the isotopic production cross
sections are apparently well reproduced by the PHITS
calculation; however, the mass-number distributions
are shifted to heavier isotopes especially in proton-odd
isotopes (Nb and Y). The production cross section of
92Y is considerably overestimated in both the proton-
and deuteron-induced cases. These can probably be
understood by the poor reproduction of the excita-
tion energy of reaction residue after the direct process,
which is pointed out in Ref. 1). The models used in
PHITS are expected to be improved in near future af-
ter close analyses of the spallation reaction data over
a wide range of incident energies.

This work was funded by ImPACT Program of
Council for Science, Technology and Innovation (Cab-
inet Office, Government of Japan).
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Construction of implantation beam line for the verification test of
107Pd transmutation

Y. Miyake,∗1 N. Ikoma,∗1,∗2 N. Chiga,∗1 A. Uchiyama,∗1 A. Takagi,∗1,∗3 H. Hasebe,∗1 K. Takahashi,∗1

Y. V. Sahoo,∗1 T. Sasaki,∗1,∗2 H. Sakurai,∗1,∗4 and H. Okuno∗1,∗2

The nuclear transmutation of long-lived fission prod-
ucts (LLFP) is one of the solutions for the disposal of
high-level radioactive waste.1) It allows LLFP to be con-
verted into stable or short-lived nuclides and rare met-
als including LLFP to be reused. Palladium is a use-
ful material for industrial use and one of the target nu-
clides for recycling by nuclear transmutation. To inves-
tigate reasonable nuclear reaction paths for 107Pd, an
experiment to obtain the cross sections for proton- and
deuteron-induced spallation in inverse kinematics was
conducted at the RIKEN Radioactive Isotope Beam Fac-
tory (RIBF).2) The experimental results implied 107Pd
can be converted into 106Pd by a proton or deuteron.
However, considering the actual system, LLFP should
be irradiated by ion beams.

In order to investigate the feasibility of this system,
we conducted a verification test to transmute 107Pd by
deuteron beams produced by the accelerator. To prepare
a 107Pd target, we procured 107Pd-condensed material,
in which the concentration of 107Pd is 15%. In addition,
it is necessary to concentrate 107Pd up to almost 100% in
the sample to detect the nuclear transmutation reaction
effectively. We constructed the ion-implantation beam
line to concentrate 107Pd.
In this paper, the construction of the implantation

beam line for the verification test of 107Pd transmuta-
tion and some experimental results of the implantation
samples are reported.

The implantation beam line consists of an ion source,
an 80-cm-radius double-focusing 90◦ bending magnet, a
target chamber, and other components. The ion source
is a negative plasma-sputter-type ion source.3) Negative
ions of palladium are produced from the palladium tar-
get and extracted with an acceleration voltage of 20 kV.
Palladium ion beams are mass-analyzed and focused on
the target in the target chamber. A single slit with a
diameter of 2, 3, 5, or 10 mm and an electrically sup-
pressed Faraday cup are also placed in it. The beam
size on the target was approximately 3 mm with the slit.
The target material was a carbon foil with a thickness
of approximately 300 µg/cm2.
The experiment with 105Pd has been conducted prior

to that with 107Pd. The typical beam current is between
10 and 20 nA for 105Pd. Two implantation samples were
prepared in order to detect the transmutation of 105Pd:
one is for the analysis with deuteron irradiation, and the
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Fig. 1. Implantation beam line for 107Pd concentration.
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Fig. 2. ICP-MS results of the implantation sample. The ver-

tical axis shows the number of ions detected by ICP-MS,

and the horizontal axis shows the mass number of ions.

other is for the analysis without the irradiation.
After the implantation, palladium was extracted from

the target foil by reverse aqua regia and perchlolic acid,
and investigated by ICP-MS. Figure 2 shows the results
of ICP-MS. 105Pd was successfully concentrated up to
approximately 98% and separated from other palladium
isotopes.

Implantation samples will be irradiated by deuteron
produced by AVF Ring Cyclotron at RIKEN RIBF in
the future and the isotopic ratio of palladium will be
measured by thermal ionization mass spectrometry.

This work was supported by the ImPACT Program
of the Council for Science, Technology and Innovation
(Cabinet Office, Government of Japan).
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A study of additional uncertainties from fit boundaries using
a new code for multi-reflection time-of-flight data

M. Rosenbusch,∗1 Y. Ito,∗2 P. Schury,∗3 M. Wada,∗1,∗3 D. Kaji,∗1 K. Morimoto,∗1 H. Haba,∗1 S. Kimura,∗1,∗4

H. Koura,∗5 M. MacCormick,∗6 H. Miyatake,∗3 J. Y. Moon,∗7 K. Morita,∗1,∗8 I. Murray,∗1,∗6 T. Niwase,∗8

A. Ozawa,∗4 M. Reponen,∗1 A. Takamine,∗1 T. Tanaka,∗1,∗8 and H. Wollnik∗9

Raw data of the isotopes 210−214Ra and 210−214Ac,
measured with the RIKEN-KEK multi-reflection time-
of-flight mass spectrograph (MRTOF-MS),1,2) has
been analyzed using a new code for mass evaluation.
It has been developed to investigate uncertainties of
time-of-flight (TOF) fits, which are not covered by the
uncertainty provided by the fit routine. Additional ef-
fects can occur if the extracted TOF value from the fit
depends on the choice of boundary conditions. Such
conditions can be the fitting range, and for binned
data, the choice of the bin size as well as the choice
of bin origin (starting position of the first bin).

The code is a wrapping program around the
maximum-likelihood estimator provided by the library
ROOT/CERN3) and enables repeated fits to the TOF
data with various bin sizes, bin origins (see bottom
of figure), and fitting ranges around the peak center.
Due to the change of conditions, every new data fit
will converge at a slightly different TOF. However, un-
less the choice of boundaries is not obviously wrong,
as e.g., the fitting range so large that a neighbor peak
influences the result, there is no reason to consider any
of those choices as incorrect. Such variation of results
is not generally covered by the uncertainties obtained
from the fitting routine as the optimizer works only
with the data and parameter limits given by the user.

For MRTOF-MS spectra recorded over a time span
of 20 min up to several hours, another degree of free-
dom arises when correcting for TOF drifts (tempera-
ture and voltage dependent). The data of the reference
ions is split into subsets containing a certain number
of experimental sweeps, the TOF of the reference ions
in each subset is obtained from a fit, and then the
data is summed up again with adjusted time origins
to eliminate the drifts. However, if not all fluctuation
frequencies are resolvable, the variation of the number
of sweeps will cause changes in the final mass value,
which is not fully predictable. The top of the figure
shows the mass results of a selected data set as a func-
tion of the number of sweeps for each subset.
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A full analysis with different bin sizes, bin widths,
bin origins, and number of sweeps per subset has been
performed for all data sets of the measured Ac/Ra iso-
topes.4) The result of the full analysis is an additional
average scattering, which is covered when multiply-
ing the statistical uncertainty by a factor of about 1.3.
This value approaches the Birge ratio of about 1.2 from
those isotopes for which a sufficient number of indepen-
dent data sets could be measured. For low-statistics
data, such an evaluation can provide a reasonable es-
timation of the uncertainty. A thorough future study
can give more accurate answer how strong the scatter-
ing of mass results can be caused by the choice of the
fit boundaries rather than caused by the data itself.
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Construction of implantation beam line for the verification test of
107Pd transmutation

Y. Miyake,∗1 N. Ikoma,∗1,∗2 N. Chiga,∗1 A. Uchiyama,∗1 A. Takagi,∗1,∗3 H. Hasebe,∗1 K. Takahashi,∗1

Y. V. Sahoo,∗1 T. Sasaki,∗1,∗2 H. Sakurai,∗1,∗4 and H. Okuno∗1,∗2

The nuclear transmutation of long-lived fission prod-
ucts (LLFP) is one of the solutions for the disposal of
high-level radioactive waste.1) It allows LLFP to be con-
verted into stable or short-lived nuclides and rare met-
als including LLFP to be reused. Palladium is a use-
ful material for industrial use and one of the target nu-
clides for recycling by nuclear transmutation. To inves-
tigate reasonable nuclear reaction paths for 107Pd, an
experiment to obtain the cross sections for proton- and
deuteron-induced spallation in inverse kinematics was
conducted at the RIKEN Radioactive Isotope Beam Fac-
tory (RIBF).2) The experimental results implied 107Pd
can be converted into 106Pd by a proton or deuteron.
However, considering the actual system, LLFP should
be irradiated by ion beams.

In order to investigate the feasibility of this system,
we conducted a verification test to transmute 107Pd by
deuteron beams produced by the accelerator. To prepare
a 107Pd target, we procured 107Pd-condensed material,
in which the concentration of 107Pd is 15%. In addition,
it is necessary to concentrate 107Pd up to almost 100% in
the sample to detect the nuclear transmutation reaction
effectively. We constructed the ion-implantation beam
line to concentrate 107Pd.
In this paper, the construction of the implantation

beam line for the verification test of 107Pd transmuta-
tion and some experimental results of the implantation
samples are reported.

The implantation beam line consists of an ion source,
an 80-cm-radius double-focusing 90◦ bending magnet, a
target chamber, and other components. The ion source
is a negative plasma-sputter-type ion source.3) Negative
ions of palladium are produced from the palladium tar-
get and extracted with an acceleration voltage of 20 kV.
Palladium ion beams are mass-analyzed and focused on
the target in the target chamber. A single slit with a
diameter of 2, 3, 5, or 10 mm and an electrically sup-
pressed Faraday cup are also placed in it. The beam
size on the target was approximately 3 mm with the slit.
The target material was a carbon foil with a thickness
of approximately 300 µg/cm2.
The experiment with 105Pd has been conducted prior

to that with 107Pd. The typical beam current is between
10 and 20 nA for 105Pd. Two implantation samples were
prepared in order to detect the transmutation of 105Pd:
one is for the analysis with deuteron irradiation, and the
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Fig. 1. Implantation beam line for 107Pd concentration.
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Fig. 2. ICP-MS results of the implantation sample. The ver-

tical axis shows the number of ions detected by ICP-MS,

and the horizontal axis shows the mass number of ions.

other is for the analysis without the irradiation.
After the implantation, palladium was extracted from

the target foil by reverse aqua regia and perchlolic acid,
and investigated by ICP-MS. Figure 2 shows the results
of ICP-MS. 105Pd was successfully concentrated up to
approximately 98% and separated from other palladium
isotopes.

Implantation samples will be irradiated by deuteron
produced by AVF Ring Cyclotron at RIKEN RIBF in
the future and the isotopic ratio of palladium will be
measured by thermal ionization mass spectrometry.
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EXFOR Compilation of RIBF data in 2017

D. Ichinkhorloo,∗1 M. Aikawa,∗1,∗2 S. Ebata,∗1 S. Imai,∗3 S. Jagjit,∗1 N. Otuka,∗2,∗4 and M. Kimura∗1

Nuclear reaction data are used in various fields, e.g.
nuclear physics, engineering and medicine. Accessi-
ble databases are therefore required worldwide. One
such database open to the public is the EXFOR (EX-
change FORmat) library, which is maintained by the
International Network of Nuclear Reaction Data Cen-
tres (NRDC) under the auspices of the International
Atomic Energy Agency (IAEA).1) The Hokkaido Uni-
versity Nuclear Reaction Data Centre (JCPRG)2) is a
member of NRDC and compiles charged-particle and
photon induced nuclear reaction data obtained in the
institutes located in Japan. About 10% of charged-
particle nuclear reaction data in the EXFOR library is
contributed by JCPRG.
Our compilation process involves the following steps.

Papers in agreement with the EXFOR scope are ba-
sically surveyed in peer-reviewed journals. Informa-
tion to be compiled includes bibliographic information,
experimental setup, physical quantities and numerical
data, respectively. The information is retrieved from
the papers, formatted and input into the database.
During the compilation process, the corresponding au-
thors are contacted for queries over the contents of
paper and requests for numerical data.
JCPRG has cooperated with the RIKEN Nishina

Center for compilation of data obtained in RIBF since
2010. In this article, we report our activities related
to the RIBF data. In 2017, we compiled three new
papers including the experiment data of RIBF. Out
of the three papers, the corresponding authors of two
papers provided us the numerical data for compilation.
The compiled data are accessible by the entry numbers
listed in Table 1.
Figure 1 shows the number of papers compiled from

2011 and already reserved for compilation in 2018. The
number in 2017 is rather small in comparison with the
yearly average of 13.7 papers between 2011 and 2016
due to reassignment of compilation staff. Thirteen pa-
pers were already reserved for compilation as listed in
Table 1. The entries of ten papers among them have
been prepared in the EXFOR format and are waiting
for transmission to IAEA.
We have established an effective procedure to com-

pile all new publications during the last seven-year col-
laboration with the RIKEN Nishina Center. There-
fore, most of the recent experimental nuclear reaction
data are provided by the corresponding authors. This
cooperation is valuable and effective, and therefore it
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Hokkaido University
∗4 NDS, IAEA

is needed to be continued for rapid and reliable com-
pilation.

Table 1. Entry numbers assigned to papers of RIBF data

compiled and to be compiled.

Status Entry number Total

Compiled E25063) E25184) E25395) 3

E25006) E25047) E25078)
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Compiling E252212) E254213) E254314) 13
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Fig. 1. Number of papers including RIBF data already

compiled until 2017 and reserved for compilation in

2018.
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Monte-Carlo simulation of transmutation based on experimental
nuclear data

S. Ebata,∗1 D. Ichinkhorloo,∗1 and M. Aikawa∗1,∗2

The management of long-lived fission products
(LLFPs) in nuclear reactors is one of the most impor-
tant tasks in nuclear engineering. The transmutation
of LLFPs is a promising technology to reduce and reuse
high-level radioactive nuclear wastes. Reaction cross
sections of the transmutation are fundamental and es-
sential information in nuclear applications. The cross
sections of proton- and deuteron-induced reactions on
the LLFPs 93Zr and 107Pd were measured using the
inverse kinematics technique in RIBF.1,2)

Furthermore, macroscopic simulations based on a re-
alistic condition are essential for the feasibility study
of the transmutation. A Monte-Carlo simulation code
PHITS3) is adopted and used to design the nuclear
applications for the transmutation of LLFPs in our
project. However the transmutation reaction cross sec-
tions calculated using PHITS are partially different
from the experiment data.1,2) To avoid the discrepan-
cies, we need to induce the recent experimental data
directly in simulations. A function named Frag Data
is implemented in PHITS to use external cross section
data. By using this function, we can reflect the exper-
imental data in the macroscopic simulations.

The Frag Data function requires an external data
file of cross sections for each reaction system consist-
ing of a target and projectile. The file includes the
total, production and double differential cross sections
of each outgoing particle for several incident energies.
The production cross sections of heavy residual nu-
clei in a target could be obtained in previous experi-
ments.1,2) The double differential cross sections of sec-
ondary light particles (neutron, proton, deuteron and
4He) are also required because the data are expected
to have large effects on the transmutation. The cross
sections of such light particles, however, were not mea-
sured in the experiments. Therefore, we adopt results
for the secondary particles calculated using the default
PHITS simulation as inputs of the file.

For the simulation of the proton-induced reaction,
the process to prepare the Frag Data input files is
as follows. First, simulations for 100- and 200-MeV
proton-induced reactions on thin 107Pd and 93Zr tar-
gets (5 µm thickness) were performed with the trial
number set to 106. From the simulations, the double
differential cross sections of the secondary light parti-
cles were obtained and inserted into the file. Next, the
experimental data, e.g. production cross section of the
residual nuclei (49 isotopes from Ag to Mo for 107Pd
and 44 from Nb to Br for 93Zr), were inserted. After

∗1 Faculty of Science, Hokkaido University
∗2 RIKEN Nishina Center

the preparation of the Frag Data file, we can perform
PHITS simulations of a more realistic situation based
on the experimental data.

A simulation using the Frag Data function for
proton-induced reactions on a thin 107Pd target was
performed for confirmation. The simulation result of
production cross sections of Ag isotopes (open squares)
is shown in Fig. 1, which is compared with the experi-
mental data (filled squares) and the result without the
Frag Data function (filled circles). We can confirm that
the result with the Frag Data function reproduces the
same result as the experiments.
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Fig. 1. Production cross sections of Ag isotopes in the
107Pd+p reaction at 200 MeV.

The Frag Data function in PHITS can directly im-
port bare experimental data of cross sections to sim-
ulations. We performed simulations of transmutation
with the function and then confirmed the reproduction
of experimental cross sections. Based on the Frag Data
files, we can perform macroscopic simulations with re-
alistic conditions for the feasibility study of transmu-
tation.

This work was funded by the ImPACT Program of
the Council for Science, Technology and Innovation
(Cabinet Office, Government of Japan).
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EXFOR Compilation of RIBF data in 2017

D. Ichinkhorloo,∗1 M. Aikawa,∗1,∗2 S. Ebata,∗1 S. Imai,∗3 S. Jagjit,∗1 N. Otuka,∗2,∗4 and M. Kimura∗1

Nuclear reaction data are used in various fields, e.g.
nuclear physics, engineering and medicine. Accessi-
ble databases are therefore required worldwide. One
such database open to the public is the EXFOR (EX-
change FORmat) library, which is maintained by the
International Network of Nuclear Reaction Data Cen-
tres (NRDC) under the auspices of the International
Atomic Energy Agency (IAEA).1) The Hokkaido Uni-
versity Nuclear Reaction Data Centre (JCPRG)2) is a
member of NRDC and compiles charged-particle and
photon induced nuclear reaction data obtained in the
institutes located in Japan. About 10% of charged-
particle nuclear reaction data in the EXFOR library is
contributed by JCPRG.
Our compilation process involves the following steps.

Papers in agreement with the EXFOR scope are ba-
sically surveyed in peer-reviewed journals. Informa-
tion to be compiled includes bibliographic information,
experimental setup, physical quantities and numerical
data, respectively. The information is retrieved from
the papers, formatted and input into the database.
During the compilation process, the corresponding au-
thors are contacted for queries over the contents of
paper and requests for numerical data.
JCPRG has cooperated with the RIKEN Nishina

Center for compilation of data obtained in RIBF since
2010. In this article, we report our activities related
to the RIBF data. In 2017, we compiled three new
papers including the experiment data of RIBF. Out
of the three papers, the corresponding authors of two
papers provided us the numerical data for compilation.
The compiled data are accessible by the entry numbers
listed in Table 1.
Figure 1 shows the number of papers compiled from

2011 and already reserved for compilation in 2018. The
number in 2017 is rather small in comparison with the
yearly average of 13.7 papers between 2011 and 2016
due to reassignment of compilation staff. Thirteen pa-
pers were already reserved for compilation as listed in
Table 1. The entries of ten papers among them have
been prepared in the EXFOR format and are waiting
for transmission to IAEA.
We have established an effective procedure to com-

pile all new publications during the last seven-year col-
laboration with the RIKEN Nishina Center. There-
fore, most of the recent experimental nuclear reaction
data are provided by the corresponding authors. This
cooperation is valuable and effective, and therefore it

∗1 Faculty of Science, Hokkaido University
∗2 RIKEN Nishina Center
∗3 Institute for the Advancement of Higher Education,

Hokkaido University
∗4 NDS, IAEA

is needed to be continued for rapid and reliable com-
pilation.

Table 1. Entry numbers assigned to papers of RIBF data

compiled and to be compiled.

Status Entry number Total

Compiled E25063) E25184) E25395) 3

E25006) E25047) E25078)

E25119) E251510) E251611)

Compiling E252212) E254213) E254314) 13

E254915) E255316) E255417)

E255718)
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Fig. 1. Number of papers including RIBF data already

compiled until 2017 and reserved for compilation in

2018.
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Final result of nuclear dependence on AN for forward neutron
production in polarized p+A collisions at

√
sNN = 200 GeV†

M. Kim∗1,∗2 for the PHENIX collaboration

In high-energy hadron collisions, most of the energy
goes to the forward region. Yet the particle produc-
tion mechanism in this region is not well understood,
because a small momentum transfer preclude the ap-
plication of perturbative QCD, and diffractive pro-
cesses are not well modeled or interpreted. Therefore,
measurements of forward particle production may con-
tribute crucially to the theoretical model development.
Furthermore the measurement of the transverse-single-
spin asymmetry AN

1) can elucidate processes that are
not visible in the cross-section data. In the case of
forward neutron production in high-energy p + p col-
lisions, the one-pion exchange (OPE) model had been
developed, and it explained cross-section data.2) How-
ever, AN calculated from this model is approximately
an order smaller than that measured in the PHENIX
experiment.1,2) In order to explain these data, an inter-
ference between spin-flip π exchange and non-spin-flip
a1-Reggeon exchange amplitudes was introduced.2)

In 2015, RHIC achieved the world’s first high-energy
polarized proton-nucleus collisions. In this report, the
AN results of forward neutron production at

√
sNN =

200 GeV p+p, p+Al, and p+Au collisions measured in
the PHENIX experiment are presented. Neutrons at
0.3< θ <2.2 mrad and xF >0.5 are measured using the
zero-degree calorimeter (ZDC), which is a Čerenkov
sampling hadron calorimeter with an X-Y hodoscope
consisting of plastic strip scintillators. In addition, cor-
relation with charged particle production is measured
by two beam-beam counters (BBCs), which are located
in the lower pseudorapidity ±(3.0–3.9). The back-
ground fraction in p+p collision is not negligible; there-
fore, background asymmetry was subtracted using the
data taken in 2008, when a charge veto counter was
installed in front of the ZDC. The smearing of AN due
to the detector resolution is estimated by PYTHIA6
and GEANT3 simulation and then corrected.

The A dependence of AN is shown in Fig. 1. ZDC
inclusive neutrons show a strong A dependence, with a
large AN accompanying a sign change at Au. This re-
sult is unexpected from the current π and a1-Reggeon
exchange model in which the possible A dependence is
from nuclear absorption.3) The A dependence is even
more drastic when both BBCs are vetoed (ZDC⊗BBC-
veto), showing an even larger AN at Au and a sign
change at Al. In contrast, when both BBCs are fired

† Condensed from the article in Phys. Rev. Lett. 120, 022001
(2018)
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∗2 RIKEN Nishina Center
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Fig. 1. AN of forward neutrons in p + p, p + Al, and

p + Au collisions for ZDC inclusive, ZDC⊗BBC-tag,

and ZDC⊗BBC-veto. Color bars represent systematic

uncertainties. Statistical uncertainties are smaller than

the marker size.

(ZDC⊗BBC-tag), the A dependence is moderate, and
the sign remains negative. This work was announced
through a press release by BNL and RIKEN.4)

In a recently published paper,5) this A dependence of
AN is explained by the contribution of electromagnetic
(EM) processes as follows. In large Z nuclei, neutrons
are produced from ultraperipheral collisions (UPC) as
well as a decay product of ∆ produced from proton
excitation by a virtual photon flux from the nucleus.
This process is enhanced (suppressed) in ZDC⊗BBC-
veto (tag). The AUPC

N is calculated with the virtual
photon flux simulated by STARLIGHT and the AN of
γ∗+p↑ → π++n obtained from the MAID2007 unitary
isobar model. The sum of AUPC

N and AOPE
N reproduced

ZDC inclusive AN .
In order to understand this interesting result even

deeper, the measurement of pT and energy dependence
on AN is ongoing.
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Coulomb-nuclear interference effects on forward π0 production in
polarized-proton–nucleus collisions

G. Mitsuka∗1

It was reported from the PHENIX experiment at
BNL-RHIC that the transverse single spin asymme-
try, denoted as AN, for forward neutrons measured in
transversely polarized-proton–nucleus (pA) collisions
at

√
sNN = 200GeV is far different from that in

proton–proton (pp) collisions at
√
s = 200GeV.1)

I presented in Refs. 2–3) that ultra-peripheral pA
collisions (UPCs, also known as Primakoff effects) con-
tribute to the measured AN modestly in pAl collisions
and significantly in pAu collisions, and that UPCs to-
gether with hadronic interactions successfully explain
the PHENIX results. In UPCs, virtual photons (γ∗)
emitted from the relativistic nucleus interact with the
polarized protons and then produce the neutrons and
other particles.
In the Monte Carlo simulations discussed in

Refs. 2–3), electromagnetic effects (UPCs) and hadronic
effects are taken into account independently. How-
ever, the interference between these two effects, called
the Coulomb-nuclear interference (CNI) effects, would
have nonzero amplitudes in the very small momentum-
transfer region. In this report, I present the implemen-
tation of the CNI effects for forward π0s in polarized-
proton–nucleus collisions. Forward π0 production is
described by a simpler mechanism than that for for-
ward neutrons. Natural units h̄ = c = 1 are used
throughout.
The scattering amplitude M for single pion produc-

tion in the CNI effects is given by

M = eiϕ MC +MH , (1)

where ϕ is the Coulomb phase, MC is the Coulomb
scattering amplitude, and MH is the hadronic scatter-
ing amplitude. The Coulomb scattering amplitude via
a one-photon exchange is expressed as

MC = Ze(pb + p2)µ
F (q2)

q2
⟨p1, k|Jµ|pa⟩, (2)

where ⟨p1, k|Jµ|pa⟩ is the γ∗ + p → p + π0 transition
current4) and F (q2) is the form factor. The kinematic
variables are defined in Fig. 1. The hadronic scattering
amplitude via a one-Pomeron exchange5) is obtained
by replacing a virtual photon with a Pomeron in Fig. 1:

MH =FA gπNN FπN∗N (p21f )FIPNN∗(p21f )A
NN
IP (s, q2)/2s

× ū(p1)iγ5SN (s1)γ
µ u(pa)ū(p2)γµu(pb) , (3)

where nuclear effects are taken into account in FA,
gπNN is the pion-nucleon coupling constant, SN is the

∗1 RIKEN Nishina Center

off-shell nucleon propagator, FπN∗N and FIPNN∗ are
the form factors at each vertex, ANN

IP is the IPNN
elastic scattering amplitude, s = (pa + pb)

2, and s1 =
(p1 + k)2.











Fig. 1. Diagram of the amplitudes driven by the photon

(γ∗) or Pomeron (IP ) exchange in proton-nucleus colli-

sions.

The differential cross section for single π0 production
is expressed with the Källén function λ(x, y, z) ≡ x2 +
y2 + z2 − 2xy − 2yz − 2zx as

dσ

dq2
=

π2|M |2

8λ(s,m2
p,m

2
p)(2π)

5

∫
λ(s1,m

2
p,m

2
π)

1/2

s1
ds1.

(4)

Figure 2 shows the cross section in pAu collisions at√
sNN = 200GeV. The dominant amplitude transits

from Coulomb to hadronic at q2 ∼ 0.02 GeV2. This
indicates that single spin asymmetries for forward π0s,
most likely produced below 0.1 GeV2, are significantly
modified by the interference between the Coulomb and
hadronic interactions.
The estimation of single-spin asymmetries and ex-

tension of the presented framework to forward neu-
trons will be a topic of future investigation.
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Fig. 2. Differential cross sections for Coulomb (blue dot-

ted), hadronic (red dashed), and CNI effects (black

solid).
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Preparatory work toward measurement of the azimuthal anisotropy
of heavy quark electrons in Au+Au collisions at

√
sNN = 200 GeV

Y. Ueda∗1,∗2 for the PHENIX Collaboration

The azimuthal anisotropy (v2) of heavy (charm and
bottom) quarks is a good probe for the study of
the quark gluon plasma (QGP). Perturbative QCD
(pQCD) calculations can be applied in the produc-
tion of heavy quark pairs and fragmentation into heavy
quark hadrons. It allows a precise comparison of the
measured v2 of heavy quark hadrons, that of their de-
cay electrons, and theoretical models.
In 2007, v2 of single electrons from c and b hadron

decay was measured, without their separation, in
Au+Au collisions,1) leading to an unexpected discov-
ery of substantial v2. The detailed study of v2 of heavy
quarks, i.e. measurement of v2 with c and b hadron
separation, has been recognized to be important; how-
ever, it is difficult due to their small yields.
A silicon vertex tracker (VTX) consisting of four lay-

ers of silicon detectors was installed in the PHENIX ex-
periment in 2011, in order to separate electrons from
c and b hadrons by using the distance of closest ap-
proach (DCA) method. The tracks of charged parti-
cles in the PHENIX central arm are projected back-
ward from the drift chamber (DC) and associated to
hits in the VTX. The DCA is calculated for each as-
sociated VTX track, to statistically separate electrons
from the semileptonic decays of c and b hadrons, based
on the correlation between the DCA and the lifetime
of the parent hadron. PHENIX collected about 15 bil-
lion minimum bias Au+Au events at

√
sNN = 200 GeV

in 2014. The new dataset should be large enough to
study c and b hadrons with statistical separation.
For the precise v2 measurement utilizing the DCA

method, it is necessary to understand the background
(BG) in the DCA distribution, and to precisely deter-
mine the reaction plane (RP), which is defined as the
plane containing the beam axis and the impact param-
eter vector between the two colliding nuclei.
The BG is expected to include the mismatched com-

ponent (due to mismatching of tracks in DC and
VTX, especially in high-multiplicity events), hadrons
misidentified as electrons, decay electrons from kaons
and quarkonia, and photonic electrons. The study of
the mismatched component is described in this review.
It is estimated with a method called small angle rota-
tion (SAR) using VTX and DC, where each VTX track
is rotated by a small angle. The rotated track is no
longer connected to the true DC track, and can only
be misconnected randomly to resemble the mismatched
component. It has been found through simulation

∗1 RIKEN Nishina Center
∗2 Department of Physics, Hiroshima University

studies that this BG contains two subcomponents:
mis-reconstruction of fake tracks and mis-connection of
real tracks. The simulated DCA distribution is shown
in Fig. 1 (left), with the mis-reconstruction due to the
random association of hits in red with a broad tail, and
the mis-connection in blue with a large central peak.
The blue subcomponent shows the possibility that a
VTX track accidentally matches with another real DC
track after the rotation due to the high-multiplicity
environment.
The RP resolution is studied as a function of colli-

sion centrality. The RP is mainly measured with two
forward detectors in PHENIX, the beam beam coun-
ters (BBC), and the forward silicon vertex trackers
(FVTX), on both sides of the nominal collision point
along the beam axis. The observed v2 needs to be cor-
rected for the RP resolution.2) The RP resolution has
been evaluated for the two detectors using the three
sub-event method, from the difference of RPs mea-
sured with three different detectors,2) i.e. the north
and south side of BBC (or FVTX) and the central
arm. The results are shown in Fig. 1 (right), where
the larger the parameter is, the better the RP resolu-
tion is. The black and red points show the RP res-
olutions with BBC and FVTX, respectively. The RP
resolutions with the two detectors have a similar trend,
while that with FVTX is about twice better than that
with BBC. The study will be continued with FVTX,
which is better suited for the v2 measurement.
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Coulomb-nuclear interference effects on forward π0 production in
polarized-proton–nucleus collisions

G. Mitsuka∗1

It was reported from the PHENIX experiment at
BNL-RHIC that the transverse single spin asymme-
try, denoted as AN, for forward neutrons measured in
transversely polarized-proton–nucleus (pA) collisions
at

√
sNN = 200GeV is far different from that in

proton–proton (pp) collisions at
√
s = 200GeV.1)

I presented in Refs. 2–3) that ultra-peripheral pA
collisions (UPCs, also known as Primakoff effects) con-
tribute to the measured AN modestly in pAl collisions
and significantly in pAu collisions, and that UPCs to-
gether with hadronic interactions successfully explain
the PHENIX results. In UPCs, virtual photons (γ∗)
emitted from the relativistic nucleus interact with the
polarized protons and then produce the neutrons and
other particles.
In the Monte Carlo simulations discussed in

Refs. 2–3), electromagnetic effects (UPCs) and hadronic
effects are taken into account independently. How-
ever, the interference between these two effects, called
the Coulomb-nuclear interference (CNI) effects, would
have nonzero amplitudes in the very small momentum-
transfer region. In this report, I present the implemen-
tation of the CNI effects for forward π0s in polarized-
proton–nucleus collisions. Forward π0 production is
described by a simpler mechanism than that for for-
ward neutrons. Natural units h̄ = c = 1 are used
throughout.
The scattering amplitude M for single pion produc-

tion in the CNI effects is given by

M = eiϕ MC +MH , (1)

where ϕ is the Coulomb phase, MC is the Coulomb
scattering amplitude, and MH is the hadronic scatter-
ing amplitude. The Coulomb scattering amplitude via
a one-photon exchange is expressed as

MC = Ze(pb + p2)µ
F (q2)

q2
⟨p1, k|Jµ|pa⟩, (2)

where ⟨p1, k|Jµ|pa⟩ is the γ∗ + p → p + π0 transition
current4) and F (q2) is the form factor. The kinematic
variables are defined in Fig. 1. The hadronic scattering
amplitude via a one-Pomeron exchange5) is obtained
by replacing a virtual photon with a Pomeron in Fig. 1:

MH =FA gπNN FπN∗N (p21f )FIPNN∗(p21f )A
NN
IP (s, q2)/2s

× ū(p1)iγ5SN (s1)γ
µ u(pa)ū(p2)γµu(pb) , (3)

where nuclear effects are taken into account in FA,
gπNN is the pion-nucleon coupling constant, SN is the
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off-shell nucleon propagator, FπN∗N and FIPNN∗ are
the form factors at each vertex, ANN

IP is the IPNN
elastic scattering amplitude, s = (pa + pb)

2, and s1 =
(p1 + k)2.











Fig. 1. Diagram of the amplitudes driven by the photon

(γ∗) or Pomeron (IP ) exchange in proton-nucleus colli-

sions.

The differential cross section for single π0 production
is expressed with the Källén function λ(x, y, z) ≡ x2 +
y2 + z2 − 2xy − 2yz − 2zx as
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Figure 2 shows the cross section in pAu collisions at√
sNN = 200GeV. The dominant amplitude transits

from Coulomb to hadronic at q2 ∼ 0.02 GeV2. This
indicates that single spin asymmetries for forward π0s,
most likely produced below 0.1 GeV2, are significantly
modified by the interference between the Coulomb and
hadronic interactions.
The estimation of single-spin asymmetries and ex-

tension of the presented framework to forward neu-
trons will be a topic of future investigation.
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Study of azimuthal anisotropy of charged particles in Au+Au
collisions at

√
sNN = 200 GeV at RHIC-PHENIX

R. Nishitani∗1,∗2 for the PHENIX Collaboration

It has been established that the high temperature
and high dense matter, quark gluon plasma (QGP),
was produced in the gold-gold collision by the relativis-
tic heavy ion collider (RHIC) at the Brookhaven Na-
tional Laboratory (BNL) in the United States. QGP is
a form of matter in which quarks and gluons strongly
interact with each other. It was found that it is a “per-
fect fluid” having almost no viscosity. The quantitative
research on the QGP properties is progressing. One of
the discoveries that was made at the RHIC is a strong
elliptical flow, in which the particles generated by nu-
clear collision come out with anisotropy, not uniformly
with respect to the reaction plane. In this report, we
describe the analysis of the azimuthal anisotropy pa-
rameter (v2), which represents the difference in yield
between the in and out of planes, in order to investigate
the properties of the energy loss mechanism resulting
from the different interacting lengths with QGP when
high transverse momentum particles are emitted.1,2)

The parameter v2 is calculated from the azimuthal
angle Φ of the reaction plane using the south and north
of the Beam-Beam Counter (BBC) and the azimuthal
angle Ψ of the emitted particles. This is called the “re-
action plane method.”3) In this method, v2 is quanti-
fied by the Fourier coefficient in the following equation:

dN/d(Φ −Ψ) ∝ 1 + 2v2cos[2(Φ −Ψ)] (1)

The angle Φ is determined from the density of the az-
imuthal angle of the particles detected in the forward
and backward BBC for each event. In addition, since
the value of vmeasured

2 observed in the experiment is
influenced by the detector, we can obtain vtrue2 from
the following formula with the correction factor Creso.

vtrue2 = vmeasured
2 /Creso (2)

The detectors used for the measurement of the plane
in this analysis are the south and north of the BBC
and Central Arm Detectors (CNT). The resolution of
the reaction plane Creso is obtained using the three
sub method, which uses these three detectors. The
result of the resolution of the reaction plane measured
in step of 5% is shown in Fig. 1, which shows that the
resolution is at most 20–25%. When the resolution
is large, it is possible to measure the reaction plane
with good performance. On the other hand, for low
centrality (0∼10%), the resolution is small, because
the eccentricity of the reaction region is small. For
high centrality (30%∼), the resolution decreases due
to the reduction in the number of particles.
∗1 RIKEN Nishina Center
∗2 Department of Physics, Nara Women’s University
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Fig. 1. Resolution of the reaction plane to centrality.4)

The following event selections are required for this
analysis.

• Collision vertex is within ±10 cm from the origin
in the beam axis direction,

• One or more hits in both BBC South and BBC
North. In addition, the following track selections
are required,

• 5 or 6 hits with Drift Chamber (DC) and Pad
Chamber 1,

• Transverse momentum pT > 0.5 GeV/c
• The hit position in the beam axis direction at DC
is ±75 cm,

• χ square cut on the tracking
• Position matching cut (< 3σ)
• E/p cut (0.2 < E/p < 0.8)

I will remove the background even more by turning
the above cuts with a detailed study, especially about
the E/p cut.
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Single transverse spin asymmetry (AN) in polarized p + Au collisions
at

√
sNN = 200 GeV

J. H. Yoo∗1,∗2 for the PHENIX collaboration

A proton is basically composed of many sea quarks
and gluons in addition to the three valence quarks.
According to the early European Muon Collaboration
(EMC) data in the 80 s, the contribution of quarks
and antiquarks to the entire proton’s spin value (1/2)
is less than 30%. As a result, the rest should come
from the gluon spin and the orbital motions of quarks,
antiquarks and gluons. The detailed spin structure of
the proton can be revealed by investigating the lon-
gitudinal and transverse components. In particular,
the transverse spin structure of the proton can pro-
vide some insight into the orbital angular momentum
component of the partons (quarks and gluons) in the
proton.

Transverse single spin asymmetries (AN) are rele-
vant to the transverse spin structure of the proton. Ini-
tially, the AN of hadrons produced in the transversely
polarized p+p collision was expected to be small; how-
ever, experiments instead measured large asymmetries
of up to AN ≈ 40% in the forward direction. To bet-
ter describe the large AN measurements, the theoreti-
cal framework has been extended to include transverse
momentum dependent (TMD) distributions and multi-
parton dynamics (higher twist effects).1) At least two
TMD effects have been proposed to explain the ob-
served nonzero asymmetries. The first effect, known
as the Sivers effect, correlates the proton spin with the
partonic transverse momentum kT.

1,2) The second ef-
fect, known as the Collins effect, describes the coupling
of a transverse quark polarization (transversity) and a
transverse spin dependent fragmentation from a struck
quark into a hadron.1,3) A proton + nucleus (p + A)
collision gives a parton distribution and transverse mo-
mentum distribution in the nucleus by comparing it
with the nucleon parton distribution function (PDF).
Generally accepted cold nuclear matter (CNM) effects
are “nuclear shadowing,” “gluon saturation,” “radia-
tive energy loss,” and the “Cronin effect.” Nuclear
shadowing implies the modification of the parton dis-
tribution functions within a nucleus. The gluon satu-
ration signifies the saturation of the gluon distribution
function. The radiative energy loss implies the mod-
ification of the momentum fraction of partons due to
multiple soft scattering. Finally, the Cronin effect im-
plies broadening of the transverse momentum distri-
bution due to multiple scattering of incident partons.
Until recently, the transverse spin structure and CNM
had been studied separately. The RHIC Run15 exper-

∗1 RIKEN Nishina Center
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Fig. 1. AN measured at both forward and backward ra-

pidity in p + p, p + Al and p + Au collision for J/Ψ

mesons.1)

iment was the first high-energy transversely polarized
proton (p ↑) and nuclear collision in the world. This
unique collision experiment allows us to explore the
spin degree of freedom in the CNM effects.

The results for AN in forward and backward J/Ψ
production in p ↑ +p, p ↑ +Al, p ↑ +Au collisions
is shown in in Fig. 1. These results indicate that the
nuclear dependence of AN for J/Ψ production is not
small. Compared to the AN of p ↑ +p collisions, the
observed asymmetry in p ↑ +Au collisions is larger
in absolute value and has opposite sign. Moreover,
the AN of neutral pions and inclusive charged hadrons
in p ↑ +p have previously been measured with the
PHENIX midrapidity spectrometer. These asymme-
tries have been found to be consistent with zero. In
addition to a p ↑ +p collision, the AN of neutral pions
in a p ↑ +A collision has already been analyzed. The
analysis of AN of charged pions in the midrapidity re-
gion in a polarized p + A collision is in progress. AN

measurements with two species of nuclei (Al and Au)
will allow us to study the A dependence of AN and the
CNM effects in the system of transversely polarized
protons colliding with nuclei.
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Study of azimuthal anisotropy of charged particles in Au+Au
collisions at

√
sNN = 200 GeV at RHIC-PHENIX

R. Nishitani∗1,∗2 for the PHENIX Collaboration

It has been established that the high temperature
and high dense matter, quark gluon plasma (QGP),
was produced in the gold-gold collision by the relativis-
tic heavy ion collider (RHIC) at the Brookhaven Na-
tional Laboratory (BNL) in the United States. QGP is
a form of matter in which quarks and gluons strongly
interact with each other. It was found that it is a “per-
fect fluid” having almost no viscosity. The quantitative
research on the QGP properties is progressing. One of
the discoveries that was made at the RHIC is a strong
elliptical flow, in which the particles generated by nu-
clear collision come out with anisotropy, not uniformly
with respect to the reaction plane. In this report, we
describe the analysis of the azimuthal anisotropy pa-
rameter (v2), which represents the difference in yield
between the in and out of planes, in order to investigate
the properties of the energy loss mechanism resulting
from the different interacting lengths with QGP when
high transverse momentum particles are emitted.1,2)

The parameter v2 is calculated from the azimuthal
angle Φ of the reaction plane using the south and north
of the Beam-Beam Counter (BBC) and the azimuthal
angle Ψ of the emitted particles. This is called the “re-
action plane method.”3) In this method, v2 is quanti-
fied by the Fourier coefficient in the following equation:

dN/d(Φ −Ψ) ∝ 1 + 2v2cos[2(Φ −Ψ)] (1)

The angle Φ is determined from the density of the az-
imuthal angle of the particles detected in the forward
and backward BBC for each event. In addition, since
the value of vmeasured

2 observed in the experiment is
influenced by the detector, we can obtain vtrue2 from
the following formula with the correction factor Creso.

vtrue2 = vmeasured
2 /Creso (2)

The detectors used for the measurement of the plane
in this analysis are the south and north of the BBC
and Central Arm Detectors (CNT). The resolution of
the reaction plane Creso is obtained using the three
sub method, which uses these three detectors. The
result of the resolution of the reaction plane measured
in step of 5% is shown in Fig. 1, which shows that the
resolution is at most 20–25%. When the resolution
is large, it is possible to measure the reaction plane
with good performance. On the other hand, for low
centrality (0∼10%), the resolution is small, because
the eccentricity of the reaction region is small. For
high centrality (30%∼), the resolution decreases due
to the reduction in the number of particles.
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Fig. 1. Resolution of the reaction plane to centrality.4)

The following event selections are required for this
analysis.

• Collision vertex is within ±10 cm from the origin
in the beam axis direction,

• One or more hits in both BBC South and BBC
North. In addition, the following track selections
are required,

• 5 or 6 hits with Drift Chamber (DC) and Pad
Chamber 1,

• Transverse momentum pT > 0.5 GeV/c
• The hit position in the beam axis direction at DC
is ±75 cm,

• χ square cut on the tracking
• Position matching cut (< 3σ)
• E/p cut (0.2 < E/p < 0.8)

I will remove the background even more by turning
the above cuts with a detailed study, especially about
the E/p cut.
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Operation summary of the RHICf experimet

J.S. Park,∗1∗2 for the RHICf collaboration

The RHICf forward (RHICf) experiment is an exper-
iment that can provide information about soft QCD
physics. One of the measurements in the RHICf ex-
periment is the measurement of energy spectra of for-
ward neutral particles. Another measurement in the
RHICf experiment is the measuerment of transeverse
single-spin asymmetry (AN ) of forward neutral parti-
cles. These measurements are expected to contibute
to the determination of Feyman scaling and the pro-
duction mechanism of forward neutral particles.1) The
main detector in the RHICf experiment is the the LHCf
detector that is an electromagnetic calorimeter used
in LHCf experiment which is optimized for detecting
π0s.2) In addition to the RHICf detector, the data
from the STAR ZDC, VPD, BBC, and Roman pot
were read-out so that a combined analysis could be
performed.

The RHICf experiment was performed from 21st
June to 26th June in 2017 at STAR IR in RHIC.
The RHICf detector was installed immediately in front
of the west ZDC.3) The RHICf detector consists of a
large tower and a small tower so that π0 can be de-
tected more effectively. The RHICf experiment was
performed using a horizontally polarized beam (ra-
dial polarized beam) and the detector location was ad-
justed at 3 different heights to extend the transverse
momentum (PT ) measurement range:1) i) the height
of the large tower center is the same as the height of
the collision point (6 hours), ii) the height of the small
tower center is the same as the height of the collision
point (12 hous) and iii) the height of the small tower
center is 24 mm greater than the height of the col-
lision point (8 hours). The operation was completed
with 3 kinds of triggers which enhance single showers,
π0s. and high-energy electromagnetic (EM) showers4)

during 5 RHIC fills and the total run time was approx-
imately 23 hours. Proton-proton collisions proceeded
at β∗ = 8 m and

√
s = 510 GeV with the radial polar-

ization P ∼ 0.5.
During the operation time, the monitoring system

achieved stable polarization measurement with satis-
factory precision, with a reasonably reconstructed π0

invariant mass and correlation between STAR ZDC
and the RHICf detector.5) Figure 1 shows the recon-
structed invariant mass of photon pair events showing
a peak at the rest mass of π0 from quick offline data
analysis in the operation time. The peak location is
slightly different from the true π0 mass because the
energy calibration was not perfect in the quick analy-

∗1 Department of Physics and Astronomy, Seoul National Uni-
versity

∗2 RIKEN Nishina Center

sis. Figure 2 shows the accumulated number of events
during the operation time.

The RHICf experiment was completed successfully
under a stable beam condition with STAR detectors
and the data showed a reasonable π0 mass spectrum
with sufficiet statistics and correlation with STAR
ZDC as expected.
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RHICf-STAR common operation in
√
s = 510 GeV proton-proton

collisions

M. Ueno∗1,∗2 for the RHICf collaboration

The RHIC forward (RHICf) experiment1,2) and the
STAR experiment4) had a joint operation in June
2017.3) During the RHICf operation, RHICf took
about 1.1 × 108 events in total, and 80% of the
events were common with STAR. At the RHICf-STAR
joint data taking, we recorded the data of the STAR
detector, Zero Degree Calorimeter (ZDC),5) Beam
Beam Counter (BBC),6) and Vertex Position Detec-
tor (VPD)7) together. These common data are useful
for the improvement of physics performance. In this
report, the improvement of energy resolution for neu-
trons is discussed.
The RHICf detector has two independent calorime-

ter towers, which are composed of tungsten plates, 16
layers of GSO scintillators, and 4 X-Y hodoscopes of
GSO bar bundles.1) The thickness of the RHICf detec-
tor is 44 radiation length and 1.6 interaction length.
The STAR-ZDC detectors were installed on both sides
of the STAR IP. The detector was installed 18 m away
from the STAR interaction point in front of the west-
side STAR ZDC, as shown in Fig. 1. The particle
identification between photons and neutrons is per-
formed by using the difference in detector response.
The hadronic showers induced by neutrons develop
in deeper layers than the electromagnetic showers in-
duced by photons. Because the RHICf detector thick-
ness is not enough to contain hadronic showers, these
shower particles leak out from the detector and hit
the STAR-ZDC. An MC simulation study by Geant4
shows that the energy resolution for neutrons is ex-
pected to be improved from 40% to 20% by combining
the RHICf data and ZDC data.
The correlation between the RHICf detected energy

and the STAR-ZDC detected energy was confirmed by
the data. Figure 2 shows the correlation between the
RHICf raw energy and the STAR-ZDC ADC sum when
the beam center was set at the RHICf small calorimeter

Fig. 1. Schematic location view of the RHICf detector (left)

and the STAR-ZDC (right).
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Fig. 2. Correlation between RHICf detected energy and

the STAR-ZDC detected energy. The horizontal axis

shows the RHICf raw energy and the vertical axis shows

STAR-ZDC ADC sum. The RHICf detector, which

consists of two calorimeter towers, was installed at the

west side of the STAR interaction point. Only the

west side STAR-ZDC ADC sum shows correlation with

RHICf raw energy.

tower (TS tower). The upper figures show the results
of the west-side STAR ZDC and the lower figures show
the results of the east-side STAR ZDC. Figure 2 shows
that there is a correlation between the west side STAR-
ZDC and RHICf raw data. On the other hand, there
is no correlation between the east side STAR-ZDC and
RHICf raw data. These results indicate that the event
matching between the RHICf and STAR data worked
correctly. Analysis of common operation data is on
going.
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Operation summary of the RHICf experimet

J.S. Park,∗1∗2 for the RHICf collaboration

The RHICf forward (RHICf) experiment is an exper-
iment that can provide information about soft QCD
physics. One of the measurements in the RHICf ex-
periment is the measurement of energy spectra of for-
ward neutral particles. Another measurement in the
RHICf experiment is the measuerment of transeverse
single-spin asymmetry (AN ) of forward neutral parti-
cles. These measurements are expected to contibute
to the determination of Feyman scaling and the pro-
duction mechanism of forward neutral particles.1) The
main detector in the RHICf experiment is the the LHCf
detector that is an electromagnetic calorimeter used
in LHCf experiment which is optimized for detecting
π0s.2) In addition to the RHICf detector, the data
from the STAR ZDC, VPD, BBC, and Roman pot
were read-out so that a combined analysis could be
performed.

The RHICf experiment was performed from 21st
June to 26th June in 2017 at STAR IR in RHIC.
The RHICf detector was installed immediately in front
of the west ZDC.3) The RHICf detector consists of a
large tower and a small tower so that π0 can be de-
tected more effectively. The RHICf experiment was
performed using a horizontally polarized beam (ra-
dial polarized beam) and the detector location was ad-
justed at 3 different heights to extend the transverse
momentum (PT ) measurement range:1) i) the height
of the large tower center is the same as the height of
the collision point (6 hours), ii) the height of the small
tower center is the same as the height of the collision
point (12 hous) and iii) the height of the small tower
center is 24 mm greater than the height of the col-
lision point (8 hours). The operation was completed
with 3 kinds of triggers which enhance single showers,
π0s. and high-energy electromagnetic (EM) showers4)

during 5 RHIC fills and the total run time was approx-
imately 23 hours. Proton-proton collisions proceeded
at β∗ = 8 m and

√
s = 510 GeV with the radial polar-

ization P ∼ 0.5.
During the operation time, the monitoring system

achieved stable polarization measurement with satis-
factory precision, with a reasonably reconstructed π0

invariant mass and correlation between STAR ZDC
and the RHICf detector.5) Figure 1 shows the recon-
structed invariant mass of photon pair events showing
a peak at the rest mass of π0 from quick offline data
analysis in the operation time. The peak location is
slightly different from the true π0 mass because the
energy calibration was not perfect in the quick analy-
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sis. Figure 2 shows the accumulated number of events
during the operation time.

The RHICf experiment was completed successfully
under a stable beam condition with STAR detectors
and the data showed a reasonable π0 mass spectrum
with sufficiet statistics and correlation with STAR
ZDC as expected.
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Beam polarization monitor in
√
s = 510 GeV polarized

proton-proton collisions at the RHICf experiment

M. H. Kim∗1,∗2 for the RHICf collaboration

A new experiment, RHIC forward1) (RHICf), has
measured the transverse single spin asymmetry, AN ,
of very forward particle productions in

√
s = 510 GeV

polarized proton-proton collisions at the Relativistic
Heavy Ion Collider (RHIC) in June, 2017.2) AN is de-
fined as a left-right asymmetry of the production cross
section to beam polarization. It plays an important
role in the study of the production mechanism of very
forward particles, particularly from the view points of
diffractive and non-diffractive interactions. The AN of
mainly very forward neutrons, π0, and γ with a trans-
verse momentum (pT ) up to 1 GeV/c can be studied
in detail in the RHICf experiment.

In order to measure the AN of very forward particles
precisely, a new electromagnetic calorimeter (RHICf
detector), which had been originally developed for the
LHCf experiment at CERN,3) was installed in front
of a hadron calorimeter4) (ZDC) at STAR to improve
the position resolution of the detected particles. The
RHICf detector consists of small (TS) and large (TL)
towers. Each tower is composed of 17 layers of tung-
sten plates, 16 layers of GSO plates, and 4 position-
sensitive layers of thin GSO bars. ZDC has been used
as a polarization monitor by calculating the raw asym-
metry (ϵN ) of neutron-like events using a STAR scaler
board. One scaler board is composed of 32 bits, and
each bit has a flag of 0 or 1 for every entry depending
on whether an event satisfies a specific condition. Fi-
nally, it gives the number of counts for each of 232 types
of events. However, because the ZDC was screened by
the RHICf detector at operation, there was no guar-
antee that the ZDC monitor works as well as it used
to. Owing to the non-negligible interaction length of
the RHICf detector, a hadronic shower was expected
to be generated in 30% of the neutrons. Therefore, we
connected two scaler bits to each tower of the RHICf
detector and measured the ϵN of each by

ϵN =
N↑ −RN↓

N↑ +RN↓ (1)

as the second beam-polarization monitor, where N↑

(N↓) is the number of scaler counts with the proton
polarized up (down) when a shower is generated at the
RHICf detector. Events for which three successive lay-
ers at one of the towers were greater than 45 MeV were
chosen based on a Monte-Carlo study. This condition
is called shower trigger hereafter. R is a correction
factor that compensates for the difference in the num-
ber of collisions between up and down polarization.
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Fig. 1. Measured ϵN depending on run number.

Because N is proportional to the production cross sec-
tion, AN can be studied using ϵN .

Calculated ϵN with different run numbers that lasted
longer than 20 minutes are described in Fig. 1. We had
three types of physics runs depending on the detector
positions, and each run lasted 30 minutes if there was
no critical issue. This is the result when the beam
height is 24 mm below the center of TS. The stability
of beam polarization can be confirmed by ϵN , which
was conserved within 10% error. If the polarization
direction was changed or the ratio of polarized beam
decreased, the amplitude of ϵN would approach to zero.
Neutrons are dominant in the shower-triggered events.
The signs of ϵN show good agreement with the negative
sign of AN for very forward neutron production.5) ϵN
at TL is more diluted than at TS because the gamma
contamination is more enhanced at TL than at TS.

The production cross-section asymmetry of very for-
ward particles was studied using the RHICf detector
with scaler bits. However, because there is a limit in
the reconstruction of particle information with it, fur-
ther issues remain in the detector data analysis.
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DAQ performances of the RHICf operation in 2017

H. Menjo∗1,∗2 and K. Sato∗2,∗3 for the RHICf collaboration

The RHIC forward (RHICf) experiment,1) measur-
ing very forward neutral particles, photons, neutrons,
and π0 s, produced in 510 GeV proton-proton collisions
at RHIC, has successfully completed a 4-day opera-
tion in June 2017. The data acquisition (DAQ) system
of the RHICf experiment was developed based on the
system of the LHCf experiment2) as well as the detec-
tor. The RHICf detector consists of two sampling and
imaging calorimeters. Each calorimeter is composed of
tungsten plates, 16 layers of GSO scintillators and 4 X-
Y hodoscopes of GSO bar bundles. Trigger signals are
generated by a logic based on the energy deposit on the
scintillator layers, which is implemented on a system
with discriminator modules and a field programmable
gate array (FPGA) board.3) In the logic, three trigger
modes were implemented as follows;

• Shower trigger is implemented for detecting any
electromagnetic (EM) showers and hadronic show-
ers induced by photons and neutrons. This trigger
is issued when each of any three successive layers
has an energy deposit greater than 45 MeV.

• π0 trigger is specialized to detect photon pairs
from π0 decays. This trigger is issued when EM
showers are detected in both the calorimeters si-
multaneously.

• High-EM trigger is newly introduced for the
RHICf experiment to increase the statistics of
high-energy photon events (> 100 GeV). The trig-
ger is issued when the 4th layer in either calorime-
ter has an energy deposit greater than 500 MeV.

These trigger signals were mixed after being pre-
scaled down by factors of 8–30 for shower triggers and
1–4 for high-EM triggers. The rate of π0 triggers is
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the lowest among the three trigger modes and its pre-
scaling factor was always set to 1 (no pre-scaling). The
event rates of these triggers strongly depend on the op-
eration conditions such as the detector position with
respect to the beam axis. The raw rate of shower trig-
gers was 6–30 kHz, and it was scaled down to approx-
imately 1 kHz after the pre-scaling. These pre-scaling
factors were optimized occasionally during the oper-
ation to keep the final trigger rate to approximately
1 kHz, which corresponds to the DAQ condition with
approximately 50% of the DAQ live fraction. Figure 1
shows the total trigger rate and rates of the three trig-
gers. The rates decreased during an operation period
because of the decrease of beam intensity, while the
rate suddenly increased in some moments owing to re-
optimizations of the pre-scaling factors.

Figure 2 shows the raw spectra of measured total
visible energy ΣdE obtained in the EM-shower events.
The number of EM showers in the π0 trigger events
is mostly comparable with that in the shower trigger
events. The high-EM trigger successfully worked to
enrich high-energy EM shower events in the recoded
data. The number of photon events in the high-EM-
triggered events is larger than that in the shower trig-
gered events by a factor of approximately 10 in the
region of ΣdE > 3 GeV, corresponding to photon en-
ergies greater than approximately 100 GeV.
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Beam polarization monitor in
√
s = 510 GeV polarized

proton-proton collisions at the RHICf experiment

M. H. Kim∗1,∗2 for the RHICf collaboration

A new experiment, RHIC forward1) (RHICf), has
measured the transverse single spin asymmetry, AN ,
of very forward particle productions in

√
s = 510 GeV

polarized proton-proton collisions at the Relativistic
Heavy Ion Collider (RHIC) in June, 2017.2) AN is de-
fined as a left-right asymmetry of the production cross
section to beam polarization. It plays an important
role in the study of the production mechanism of very
forward particles, particularly from the view points of
diffractive and non-diffractive interactions. The AN of
mainly very forward neutrons, π0, and γ with a trans-
verse momentum (pT ) up to 1 GeV/c can be studied
in detail in the RHICf experiment.

In order to measure the AN of very forward particles
precisely, a new electromagnetic calorimeter (RHICf
detector), which had been originally developed for the
LHCf experiment at CERN,3) was installed in front
of a hadron calorimeter4) (ZDC) at STAR to improve
the position resolution of the detected particles. The
RHICf detector consists of small (TS) and large (TL)
towers. Each tower is composed of 17 layers of tung-
sten plates, 16 layers of GSO plates, and 4 position-
sensitive layers of thin GSO bars. ZDC has been used
as a polarization monitor by calculating the raw asym-
metry (ϵN ) of neutron-like events using a STAR scaler
board. One scaler board is composed of 32 bits, and
each bit has a flag of 0 or 1 for every entry depending
on whether an event satisfies a specific condition. Fi-
nally, it gives the number of counts for each of 232 types
of events. However, because the ZDC was screened by
the RHICf detector at operation, there was no guar-
antee that the ZDC monitor works as well as it used
to. Owing to the non-negligible interaction length of
the RHICf detector, a hadronic shower was expected
to be generated in 30% of the neutrons. Therefore, we
connected two scaler bits to each tower of the RHICf
detector and measured the ϵN of each by

ϵN =
N↑ −RN↓

N↑ +RN↓ (1)

as the second beam-polarization monitor, where N↑

(N↓) is the number of scaler counts with the proton
polarized up (down) when a shower is generated at the
RHICf detector. Events for which three successive lay-
ers at one of the towers were greater than 45 MeV were
chosen based on a Monte-Carlo study. This condition
is called shower trigger hereafter. R is a correction
factor that compensates for the difference in the num-
ber of collisions between up and down polarization.
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Fig. 1. Measured ϵN depending on run number.

Because N is proportional to the production cross sec-
tion, AN can be studied using ϵN .

Calculated ϵN with different run numbers that lasted
longer than 20 minutes are described in Fig. 1. We had
three types of physics runs depending on the detector
positions, and each run lasted 30 minutes if there was
no critical issue. This is the result when the beam
height is 24 mm below the center of TS. The stability
of beam polarization can be confirmed by ϵN , which
was conserved within 10% error. If the polarization
direction was changed or the ratio of polarized beam
decreased, the amplitude of ϵN would approach to zero.
Neutrons are dominant in the shower-triggered events.
The signs of ϵN show good agreement with the negative
sign of AN for very forward neutron production.5) ϵN
at TL is more diluted than at TS because the gamma
contamination is more enhanced at TL than at TS.

The production cross-section asymmetry of very for-
ward particles was studied using the RHICf detector
with scaler bits. However, because there is a limit in
the reconstruction of particle information with it, fur-
ther issues remain in the detector data analysis.

References
1) RHICf Collaboration: LOI, arXiv:1401.1004; RHICf

proposal: arXiv:1409.4860.
2) J. S. Park for the RHICf Collaboration, in this report.
3) LHCf Collaboration, JINST 3, S08006 (2008).
4) C. Adler et al., Nucl. Instrum. Meth. A 470, 488 (2001).
5) A. Adare et al., Phys. Rev. D 88, 032006 (2013).

- 115 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅱ-4. Hadron Physics



Fragmentation function measurements in Belle†

R. Seidl,∗1 F. Giordano,∗2 A. Vossen,∗3 H. Li,∗3 W. W. Jacobs,∗3 M. Grosse-Perdekamp,∗2 C. Van Hulse,∗4

and G. Schnell∗4,∗5

Fragmentation functions (FFs) tell us about the
transition of asympotically free, nearly massless par-
tons into confined, massive final-state hadrons. They
therefore provide important information on some of
the main open questions in nuclear physics, confine-
ment and chiral symmetry breaking. Furthermore,
FFs can be used as a tool to extract parton distri-
bution functions in semi-inclusive DIS and hadron-
hadron collisions. Belle has previously measured po-
larization dependent interference fragmentation func-
tions,1) needed to access the quark transversity dis-
tribution in a collinear factorization framework. The
related unpolarized baseline FF was not available.
Recently, inclusive di-hadron cross sections were ex-
tracted as a function of invariant mass and fractional
energy z = 2Ehh/

√
s for any hadron and charge com-

bination.2) The di-hadrons had to emerge in the same
hemisphere as calculated via the event-shape variable
thrust in order to be sensitive to the fragmentation of
predominantly one parton into two hadrons, unlike the
previous di-hadron publication3) which focused more
on single hadron fragmentation. The cross sections for
unlike-sign pion pairs can be seen in Fig. 1 where they
are compared to various pythia fragmentation tunes.
The overall fractional energy behavior is generally well
reproduced in the pythia default tune, while the mass
structure above 1 GeV is better described by tunes
with larger fragmentation into higher spin states.
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Fig. 1. Unlike-sign di-pion cross sections as a function of

mππ in bins of z (black circles), compared to various

fragmentation tunes in pythia.
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Various resonances are visible in the extracted cross
sections for opposite-sign pion pairs. Using MC their
origin can be resolved as shown in Fig. 2. One can iden-
tify various resonances such as the K0

S and ρ mesons as
well as the Cabbibo-suppressed decay of theD0 meson.
In the data also the f0(980) is clearly visible while it
is not well modeled in the MC. Additionally, di-pions
from a common origin, such as from η or ω decays
or pions from different levels of the same decay chain
can also show up as enhancements. Direct fragmen-
tation with no common ancestors provide the gener-
ally smooth and dominant contribution to the mass
spectra. Similar figures for other hadron combinations
and details on the correction chain leading from raw
yields to cross sections can be found in the actual pub-
lication. For unlike-sign pion-kaon combinations the
K∗ and the D0 decays stand out while for the unlike-
sing kaon pairs the ϕ0 contributes prominently. For all
like-sign combinations no resonances exist while some
enhancements from common decays are visible.
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Fig. 2. Comparison of unlike-sign di-pion cross sections

(data points) as a function of mππ in bins of z with

the relative contribution from various parents in MC.

Other fragmentation function measurements are
currently ongoing such as explicit transverse momen-
tum dependent fragmentation functions, Λ polarizing
fragmentation4) and various spin dependent fragmen-
tation functions.
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Status of measurements of Drell–Yan process at FNAL SeaQuest

K. Nakano,∗1,∗2 Y. Goto,∗2 Y. Miyachi,∗3 K. Nagai,∗1,∗4 W. Saito,∗1 S. Sawada,∗2,∗5 T.-A. Shibata,∗1,∗2 and
H. Yamada∗1 for the E906/SeaQuest Collaboration

The partonic structure of the proton is one of
the most vital topics in the present study of hadron
physics. The SeaQuest experiment is being carried out
at Fermi National Accelerator Lab (FNAL) in USA
to investigate the partonic structure with the Drell–
Yan process. In the Drell–Yan process, a quark in one
hadron and an anti-quark in another hadron annihilate
into a virtual photon and then decay into a lepton pair
as q+ q̄ → γ∗ → l++ l−, as shown in Fig. 1. The cross
section at the leading order of αS is expressed as

d2σ

dxBdxT
=

4πα2

9xBxT

1

s

∑
i

ei
2·

{
qBi (x

B)q̄Ti (x
T) + q̄Bi (x

B)qTi (x
T)

}
, (1)

where x is the Bjorken scaling variable, s is the
square of the center-of-mass energy of two interact-
ing hadrons, qi(x) is the parton distribution function
of a flavor i, and the superscripts “B” and “T” denote
partons in the beam hadron and target hadron, respec-
tively. When the process is measured at forward rapid-
ity as SeaQuest does, the second term

(
q̄Bi (x

B)qTi (x
T)

)
of Eq. (1) becomes negligible since xB ≫ xT and
q̄(xB) ∼ 0 at large xB. This implies that a quark
mostly originates from the beam with xB and an anti-
quark from the target with xT. Therefore, the Drell–
Yan process at forward rapidity is directly proportional
to the anti-quark distributions, q̄(x).

SeaQuest utilizes the proton beam extracted from
the FNAL Main Injector with E = 120 GeV as well as
several types of targets to cover wide physics topics.
Liquid hydrogen (LH2) and deuterium (LD2) targets
are used for the measurement of the Drell–Yan pro-
cesses in p + p and p + d reactions. Carbon, iron,
and tungsten targets are also used for the p + A re-
action. The SeaQuest spectrometer detects the final-
state muon pair of the Drell–Yan process, the details
of which were reported in the past.2) SeaQuest ac-
quired physics data from November 2013 to July 2017
with a summer accelerator shutdown each year. It has
recorded 1.4 × 1018 beam protons on targets, and is
actively analyzing approximately 40% of the recorded
data.

The primary purpose of SeaQuest is to measure the
flavor asymmetry of light anti-quarks (ū and d̄) in
the proton. Since a large asymmetry has been ob-
served by the NMC, NA51, and E866/NuSea experi-
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∗3 Faculty of Science, Yamagata University
∗4 Academia Sinica, Taiwan
∗5 Institute of Particle and Nuclear Studies, KEK

ments, various theoretical models are being examined
to understand the origin of this flavor asymmetry.1)

SeaQuest analyzed high-mass Drell–Yan events in p+p
and p+d reactions and obtained a preliminary result of
d̄(x)/ū(x) at 0.10 < x < 0.58, as reported last year.3)

Further analyses are being performed to improve the
statistics and measurement accuracy.

Another purpose of SeaQuest with p + p and p + d
reactions is to measure the angular distribution of
final-state leptons in the Drell–Yan process. The an-
gular distribution is theoretically predicted to satisfy
the Lam-Tung relation but was found by several ex-
periments to violate it. This violation can originate
from, for example, QCD higher-order radiation and the
Boer-Mulders effect.4) It can be investigated further
with high-precision data from SeaQuest. The angular
dependence of the detection efficiency is being studied
in detail by tuning detector responses and background
distributions in simulation.5)

SeaQuest also measures the nuclear effect via the
Drell–Yan process in p + A reactions. Approximately
1/5 of the beam protons were applied to the carbon,
iron and tungsten targets. The nuclear effect is defined
as the difference in per-nucleon cross sections between

p+A and p+p, namely
σp+A/A
σp+p

̸= 1. It involves various

physics mechanisms and is widely examined by mea-
surements and theories. SeaQuest is first focusing on
the Drell–Yan process in the large-xT region (≳ 0.2) to
extract the partonic energy loss in cold nuclear mat-
ter.6) Background events in p + A reactions are being
identified in detail, where the rates of all background
types are different from those in p+ p.7)

q

q

l

l

hBeam

hTarget

X

X

*

Fig. 1. Feynman diagram of the Drell–Yan process.
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Fragmentation function measurements in Belle†

R. Seidl,∗1 F. Giordano,∗2 A. Vossen,∗3 H. Li,∗3 W. W. Jacobs,∗3 M. Grosse-Perdekamp,∗2 C. Van Hulse,∗4

and G. Schnell∗4,∗5

Fragmentation functions (FFs) tell us about the
transition of asympotically free, nearly massless par-
tons into confined, massive final-state hadrons. They
therefore provide important information on some of
the main open questions in nuclear physics, confine-
ment and chiral symmetry breaking. Furthermore,
FFs can be used as a tool to extract parton distri-
bution functions in semi-inclusive DIS and hadron-
hadron collisions. Belle has previously measured po-
larization dependent interference fragmentation func-
tions,1) needed to access the quark transversity dis-
tribution in a collinear factorization framework. The
related unpolarized baseline FF was not available.
Recently, inclusive di-hadron cross sections were ex-
tracted as a function of invariant mass and fractional
energy z = 2Ehh/

√
s for any hadron and charge com-

bination.2) The di-hadrons had to emerge in the same
hemisphere as calculated via the event-shape variable
thrust in order to be sensitive to the fragmentation of
predominantly one parton into two hadrons, unlike the
previous di-hadron publication3) which focused more
on single hadron fragmentation. The cross sections for
unlike-sign pion pairs can be seen in Fig. 1 where they
are compared to various pythia fragmentation tunes.
The overall fractional energy behavior is generally well
reproduced in the pythia default tune, while the mass
structure above 1 GeV is better described by tunes
with larger fragmentation into higher spin states.
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Fig. 1. Unlike-sign di-pion cross sections as a function of

mππ in bins of z (black circles), compared to various

fragmentation tunes in pythia.
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Various resonances are visible in the extracted cross
sections for opposite-sign pion pairs. Using MC their
origin can be resolved as shown in Fig. 2. One can iden-
tify various resonances such as the K0

S and ρ mesons as
well as the Cabbibo-suppressed decay of theD0 meson.
In the data also the f0(980) is clearly visible while it
is not well modeled in the MC. Additionally, di-pions
from a common origin, such as from η or ω decays
or pions from different levels of the same decay chain
can also show up as enhancements. Direct fragmen-
tation with no common ancestors provide the gener-
ally smooth and dominant contribution to the mass
spectra. Similar figures for other hadron combinations
and details on the correction chain leading from raw
yields to cross sections can be found in the actual pub-
lication. For unlike-sign pion-kaon combinations the
K∗ and the D0 decays stand out while for the unlike-
sing kaon pairs the ϕ0 contributes prominently. For all
like-sign combinations no resonances exist while some
enhancements from common decays are visible.
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Fig. 2. Comparison of unlike-sign di-pion cross sections

(data points) as a function of mππ in bins of z with

the relative contribution from various parents in MC.

Other fragmentation function measurements are
currently ongoing such as explicit transverse momen-
tum dependent fragmentation functions, Λ polarizing
fragmentation4) and various spin dependent fragmen-
tation functions.
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Design of the innermost layer module of the silicon tracking detector
for the sPHENIX experiment

Y. Yamaguchi,∗1 Y. Akiba,∗1 D. Cacace,∗2 E. Desmond,∗2 T. Hachiya,∗1,∗3 Y. Kawashima,∗1,∗4 E. Mannel,∗2

H. Masuda,∗1,∗4 G. Mitsuka,∗1 I. Nakagawa,∗1 R. Nouicer,∗2 R. Pisani,∗2 K. Shiina,∗1,∗4 and M. Tsuruta∗1,∗4

High energy heavy ion collisions are the most suit-
able tool to study the properties of Quark Gluon
Plasma (QGP), which is an extreme hot and dense
QCD matter where quarks and gluons are free from
confinement inside hadrons. The Relativistic Heavy
Ion Collider (RHIC) can provide heavy ion collisions
with an enough energy to create QGP experimentally.
sPHENIX is a new RHIC experiment for QGP study
and is scheduled to start data taking from 2021. We
are in charge of construction of the intermediate sili-
con tracking detector (INTT)1) which plays an impor-
tant role on charged particle tracking together with the
monolithic active pixel sensors (MAPS) and the time
projection chamber (TPC). INTT makes a good track-
ing together with MAPS and TPC and also helps to
resolve pile-up events by its excellent timing resolution.
We have designed the innermost INTT layer (L0)

sensitive to z-position while the other three layers are
ϕ-sensitive. Figure 1 shows the drawings of an L0 sin-
gle cell and a module consisting of ten cells on one
high density interconnect circuit (HDI). One L0 sensor

Fig. 1. The drawings of an L0 single cell and a module

consisting of ten cells on HDI.

has 5 cells and a FPHX readout chip is wire-bonded
to each cell. The z-length of a single cell is 18 mm
and it is divided into 128 strips. The width of the
cell is optimized through the Geant4 based simula-
tion. Figure 2 shows the simulated L0 acceptance with
different ϕ-widths. 1M electron events are simulated
within the L0 coverage assuming all electrons are emit-
ted at z = 0. Unavoidable 3.2% loss of the acceptance
comes from the 2 mm-gap in the z-direction between
two modules. 8.5 mm of ϕ-width keeps the maximum
acceptance with the minimum occupancy. 48 L0 mod-
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Fig. 2. The simulated L0 acceptance with different ϕ-

widths.

ules are integrated into one barrel like rotor blades as
shown in Fig. 3. The tilt angle of each module is set
to 15◦ with a 1 mm-gap between neighboring modules
for realistic engineering.

Fig. 3. L0 module alignment from the beam view.

The first prototype sensors and HDIs are being man-
ufactured by HAMAMATSU Photonics K.K. and Ya-
mashita Material Co.+REPIC, respectively. They will
be assembled into the first L0 module.

Reference
1) I. Nakagawa et al., in this report.
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Covariant calculation of quark distribution functions in ρ+-meson†

Y. Ninomiya,∗1 W. Bentz,∗1,∗2 and I. C. Cloët∗3

Spin-1 hadrons are characterized by three elastic
form factors (FFs) and four leading-twist parton distri-
bution functions (PDFs). As compared to the familiar
spin-1/2 case, the new functions for the spin-1 case are
the quadrupole FF and the tensor polarized PDF, both
carrying important information on the orbital motion
of the constituents. Recent calculations1) have shown
that the quadrupole form factor of the ρ+ meson is
of opposite sign compared to the deuteron. It is then
of interest to compare their tensor polarized PDFs as
well.
In this work we use the Nambu-Jona-Lasinio (NJL)

model as an effective quark theory of QCD to calcu-
late the nine T -even transverse momentum-dependent
quark distribution functions (TMDs) of the ρ+ me-
son in a completely covariant way. Important effects
of quark confinement are included via the use of the
proper-time regularization scheme, which avoids un-
physical thresholds for the decay of hadrons into free
quarks. Integration of the TMDs over the transverse
quark momentum components leaves the four PDFs,
namely the unpolarized f(x), helicity g(x), transver-
sity h(x), and tensor polarized fLL(x) distribution
functions.2) Our results for these four PDFs are shown
in Fig. 1 at the model scale of Q2

0 = 0.16 GeV2, and in
Fig. 2 at the scale Q2 = 5 GeV2.
Our function fLL(x) is related to the function b1(x)

of Ref. 4) by b1(x) =
1
2fLL(x), and its partonic inter-

pretation at the model scale can be expressed as

fLL(x) = q(0)(x)− 1

2

(
q(1)(x) + q(−1)(x)

)
,

where q(λ)(x) = q
(λ)
↑ + q

(λ)
↓ (x) is the unpolarized va-

lence quark distribution in a longitudinally polarized
ρ+ meson with spin projection λ = 0 and λ = ±1. Ac-
cordingly, the function fLL(x) satisfies the sum rules

∫ 1

0

dx fLL(x) =

∫ 1

0

x dx fLL(x) = 0 ,

which simply mean that the valence quark number and
momentum are independent of the hadron’s spin state.
Our result for the spin sum at the model scale is

∫ 1

0

dx g(x) = 0.56.

This means that the total valence quark and anti-
quark contribution to the spin of the ρ meson is 56%,

† Condensed from an article by Yu Ninomiya et al., Phys. Rev.
C 96, 045206 (2017).
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Fig. 1. The unpolarized (f(x)), helicity (g(x)), transversity

(h(x)) and tensor polarized (fLL(x)) PDFs of the ρ+

meson at the model scale Q2
0 = 0.16 GeV2.
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Fig. 2. The four PDFs of the ρ+ meson, multiplied by x, at

the scale Q2 = 5 GeV2. The NLO non-singlet DGLAP

evolution was performed3) to evolve the PDFs of Fig. 1

from 0.16 GeV2 to 5 GeV2.

which implies a substantial contribution of 44% from
the quark orbital angular momentum. Our result for

the tensor charge is
∫ 1

0
dxh(x) = 0.94, which is close

to the naive quark model expectation of unity.
In a qualitative comparison between our tensor po-

larized PDF of the ρ+ meson and the HERMES Col-
laboration data for the deuteron5) we find a similar
behavior as functions of x, but the overall sign is op-
posite and the magnitude is larger for the case of the
ρ+ meson by roughly one order.
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ΣN and ΛN interactions from 2 + 1 flavor lattice QCD with almost
physical masses

H. Nemura,∗1,∗2 S. Aoki,∗2,∗3,∗4 T. Doi,∗2,∗5 S. Gongyo,∗2 T. Hatsuda,∗2,∗5 Y. Ikeda,∗1,∗2 T. Inoue,∗2,∗6

T. Iritani,∗2 N. Ishii,∗1,∗2 T. Miyamoto,∗2,∗3 and K. Sasaki∗2,∗3

Nuclear force and strangeness nuclear forces provide
an important starting point to understand how hyper-
nuclei are bound, in which hyperons (or strange quarks)
are embedded in normal nuclei as “impurities.” De-
termining how such a baryon-baryon (BB) interaction
is described from a fundamental perspective is a chal-
lenging problem in physics. Although a normal nucleus
is successfully described by utilizing the high precision
nucleon-nucleon (NN) potentials together with a three-
nucleon force a quantitatively same-level description of a
hypernucleus is still difficult because of the large uncer-
tainties of hyperon-nucleon (Y N) and hyperon-hyperon
(Y Y ) interactions; those Y N and Y Y potentials are not
well constrained from experimental data owing to the
short life time of hyperons. A recent experimental study
shows a tendency to repulsive Σ-nucleus interaction1)

and only a four-body Σ-hypernucleus (4ΣHe) is observed;
these results suggest a repulsive nature of the ΣN in-
teraction. Such quantitative understanding is useful to
study the properties of hyperonic matter inside neutron
stars, where the recent observations of a massive neu-
tron star heavier than 2M⊙ might raise a problem of
the hyperonic equation of state (EOS) employed in such
a study. Furthermore, better understanding of Y N and
Y Y is becoming increasingly important owing to the ob-
servation of the binary neutron star merger.

During the last decade a new lattice QCD approach
to study a hadron-hadron interaction was proposed. In
this approach, the interhadron potential is obtained by
means of the lattice QCD measurement of the Nambu-
Bethe-Salpeter (NBS) wave function. The observables
such as the phase shifts and the binding energies are cal-
culated by using the resultant potential. A large scale
lattice QCD calculation is now in progress2) to study the
baryon interactions from NN to ΞΞ by measuring the
NBS wave functions for 52 channels3) from the 2+1 fla-
vor lattice QCD by employing the almost physical quark
masses corresponding to (mπ,mK) ≈ (146, 525) MeV
and large volume (La)4 = (96a)4 ≈ (8.1 fm)4 with the
lattice spacing a ≈ 0.085 fm.

Figure 1 shows the scattering phase shifts of ΣN sys-
tem with isospin I = 3/2 obtained from the nearly physi-
cal point lattice QCD calculation through parametrized
analytical functions.2) The top left panel in the figure
shows the scattering phase shift in the 1S0 channel; the

∗1 Research Center for Nuclear Physics, Osaka University
∗2 RIKEN Nishina Center
∗3 Yukawa Institute for Theoretical Physics, Kyoto University
∗4 Center for Computational Sciences, University of Tsukuba
∗5 iTHEMS Program and iTHES Research Group, RIKEN
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Fig. 1. Scattering (bar-)phase shifts and mixing angle of

the I = 3/2 ΣN system, δ(1S0) in the 1S0 state (up-

per left), and δ̄0 (upper right), δ̄2 (lower left), and ε̄1
(lower right) in the 3S1 −3 D1 states, obtained from the

nearly physical point lattice QCD calculation on a volume

(96a)4 ≈(8.1 fm)4 with the lattice spacing a ≈ 0.085 fm

and (mπ,mK) ≈ (146, 525) MeV through parametrized

analytical functions.2)

present result shows that the interaction in the 1S0 chan-
nel is attractive on average. The other three panels in
Fig. 1 show the bar-phase shifts and mixing angle in the
3S1 −3 D1 states, δ̄0 (upper right), δ̄2 (lower left), and
ε̄1 (lower right); the phase shift δ̄0 shows the interaction
is repulsive while the phase shift δ̄2 behaves around al-
most zero degree. The present results are qualitatively
consistent with group theoretical classification based on
a quark model which is useful for clarifying the general
behavior of various BB interactions in the S-wave; the
ΣN I = 3/2 3S1 −3 D1 belongs to 10 which is almost
Pauli forbidden while the ΣN I = 3/2 1S0 belongs to
27, which is the same as NN 1S0. The present S-wave
(dominated) phase shifts, the repulsive (attractive) be-
havior of δ̄0 (δ(1S0)), augur well for future quantitative
conclusions with larger statistics. Further calculations
to obtain physical quantities with increased statistics are
in progress and will be reported elsewhere.
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P -wave ππ scattering and the ρ resonance from lattice QCD†

C. Alexandrou,∗1,∗2 L. Leskovec,∗3 S. Meinel,∗3,∗4 J. Negele,∗5 S. Paul,∗2 M. Petschlies,∗6 A. Pochinsky,∗5

G. Rendon,∗3 and S. Syritsyn∗7,∗4

The study of hadron-hadron scattering and reso-
nance properties using lattice QCD is a rapidly grow-
ing field.1) There are now many calculations of I = 1,
P -wave ππ scattering, in which the ρ resonance ap-
pears, but a number of questions remain open. For
example: Which models best describe the energy-
dependence of the phase shift? How large is the non-
resonant contribution? How exactly do mρ and gρππ
depend on the quark masses?

In this work, we have begun to address some of these
questions using a high-statistics calculation with 2+ 1
flavors of clover fermions at a pion mass of approxi-
mately 320 MeV. The lattice size was 323 × 96 with
a lattice spacing of a ≈ 0.114 fm; we constructed
the relevant hadronic correlation functions using a
method based on forward, sequential, and stochastic
quark propagators, which has a favorable volume scal-
ing compared with the distillation method introduced
in Ref. 2). We extracted the lowest two or three en-
ergy levels in eight different irreducible representations
with total momenta up to (1, 1, 1) 2πL , carefully study-
ing systematic uncertainties associated with the choice
of fit method and fit range in Euclidean time. The
ππ scattering phase shift values obtained from the lat-
tice energy levels using Lüscher’s method are shown in
Fig. 1.

We performed fits of several different models for the√
s-dependence of the phase shift: two purely reso-

nant Breit-Wigner models (without or with a Blatt-
Weisskopf barrier factor), as well as the combination of
these models with three different parameterizations of
a nonresonant contribution. The fit results for the non-
resonant contribution were consistent with zero. We
found that the minimal Breit-Wigner model

δℓ(s) = arctan

√
sΓ(s)

m2
ρ − s

, Γ(s) =
g2ρππ
6π

k3

s
, (1)

which depends only on the two parameters mρ and
gρππ, was sufficient to describe our data. The curve
corresponding to this model is also shown in Fig. 1.
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Fig. 1. Lattice QCD results for the I = 1, P -wave ππ

scattering phase shift as a function of the ππ invari-

ant mass. The data points were obtained by apply-

ing Lüscher’s method individually to each energy level,

while the curve was obtained by fitting the parame-

ters of the minimal Breit-Wigner model directly to the

whole energy spectrum.

A comparison of lattice results for mρ at several dif-
ferent heavier-than-physical pion masses revealed sub-
stantial scale setting ambiguities. It is therefore better
to compare dimensionless ratios such as mρ/mN and
mπ/mN , where mN is the lattice result for the nucleon
mass from the same ensemble of gauge configurations.
Our calculation gives

mρ

mN
= 0.7476(38)(23) at

mπ

mN
= 0.2968(13), (2)

and gρππ = 5.69(13)(16). The most recent lattice re-
sults obtained with 2 + 1 flavors of clover fermions
(Refs. 3–5) along with this work) are consistent with
a linear dependence of mρ/mN on mπ/mN , with
mρ/mN reaching the experimental value at the physi-
cal pion mass.
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ΣN and ΛN interactions from 2 + 1 flavor lattice QCD with almost
physical masses

H. Nemura,∗1,∗2 S. Aoki,∗2,∗3,∗4 T. Doi,∗2,∗5 S. Gongyo,∗2 T. Hatsuda,∗2,∗5 Y. Ikeda,∗1,∗2 T. Inoue,∗2,∗6

T. Iritani,∗2 N. Ishii,∗1,∗2 T. Miyamoto,∗2,∗3 and K. Sasaki∗2,∗3

Nuclear force and strangeness nuclear forces provide
an important starting point to understand how hyper-
nuclei are bound, in which hyperons (or strange quarks)
are embedded in normal nuclei as “impurities.” De-
termining how such a baryon-baryon (BB) interaction
is described from a fundamental perspective is a chal-
lenging problem in physics. Although a normal nucleus
is successfully described by utilizing the high precision
nucleon-nucleon (NN) potentials together with a three-
nucleon force a quantitatively same-level description of a
hypernucleus is still difficult because of the large uncer-
tainties of hyperon-nucleon (Y N) and hyperon-hyperon
(Y Y ) interactions; those Y N and Y Y potentials are not
well constrained from experimental data owing to the
short life time of hyperons. A recent experimental study
shows a tendency to repulsive Σ-nucleus interaction1)

and only a four-body Σ-hypernucleus (4ΣHe) is observed;
these results suggest a repulsive nature of the ΣN in-
teraction. Such quantitative understanding is useful to
study the properties of hyperonic matter inside neutron
stars, where the recent observations of a massive neu-
tron star heavier than 2M⊙ might raise a problem of
the hyperonic equation of state (EOS) employed in such
a study. Furthermore, better understanding of Y N and
Y Y is becoming increasingly important owing to the ob-
servation of the binary neutron star merger.

During the last decade a new lattice QCD approach
to study a hadron-hadron interaction was proposed. In
this approach, the interhadron potential is obtained by
means of the lattice QCD measurement of the Nambu-
Bethe-Salpeter (NBS) wave function. The observables
such as the phase shifts and the binding energies are cal-
culated by using the resultant potential. A large scale
lattice QCD calculation is now in progress2) to study the
baryon interactions from NN to ΞΞ by measuring the
NBS wave functions for 52 channels3) from the 2+1 fla-
vor lattice QCD by employing the almost physical quark
masses corresponding to (mπ,mK) ≈ (146, 525) MeV
and large volume (La)4 = (96a)4 ≈ (8.1 fm)4 with the
lattice spacing a ≈ 0.085 fm.

Figure 1 shows the scattering phase shifts of ΣN sys-
tem with isospin I = 3/2 obtained from the nearly physi-
cal point lattice QCD calculation through parametrized
analytical functions.2) The top left panel in the figure
shows the scattering phase shift in the 1S0 channel; the
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Fig. 1. Scattering (bar-)phase shifts and mixing angle of

the I = 3/2 ΣN system, δ(1S0) in the 1S0 state (up-

per left), and δ̄0 (upper right), δ̄2 (lower left), and ε̄1
(lower right) in the 3S1 −3 D1 states, obtained from the

nearly physical point lattice QCD calculation on a volume

(96a)4 ≈(8.1 fm)4 with the lattice spacing a ≈ 0.085 fm

and (mπ,mK) ≈ (146, 525) MeV through parametrized

analytical functions.2)

present result shows that the interaction in the 1S0 chan-
nel is attractive on average. The other three panels in
Fig. 1 show the bar-phase shifts and mixing angle in the
3S1 −3 D1 states, δ̄0 (upper right), δ̄2 (lower left), and
ε̄1 (lower right); the phase shift δ̄0 shows the interaction
is repulsive while the phase shift δ̄2 behaves around al-
most zero degree. The present results are qualitatively
consistent with group theoretical classification based on
a quark model which is useful for clarifying the general
behavior of various BB interactions in the S-wave; the
ΣN I = 3/2 3S1 −3 D1 belongs to 10 which is almost
Pauli forbidden while the ΣN I = 3/2 1S0 belongs to
27, which is the same as NN 1S0. The present S-wave
(dominated) phase shifts, the repulsive (attractive) be-
havior of δ̄0 (δ(1S0)), augur well for future quantitative
conclusions with larger statistics. Further calculations
to obtain physical quantities with increased statistics are
in progress and will be reported elsewhere.
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Computing the nucleon charge and axial radii directly
at Q2 = 0 in lattice QCD†

N. Hasan,∗1,∗2 J. Green,∗3 S. Meinel,∗4,∗5 M. Engelhardt,∗6 S. Krieg,∗1,∗2 J. Negele,∗7 A. Pochinsky,∗7

and S. Syritsyn∗4,∗8

The square of the proton electric charge radius is
defined as

r2E = −6
dGE

dQ2

∣∣∣∣
Q2=0

, (1)

where GE is the proton electric form factor and −Q2 =
(p′ − p)2 is the square of the four-momentum transfer.
In view of the proton radius puzzle,1) reliable lattice
QCD calculations of rE are needed. The conventional
approach involves computing GE at several discrete
values of the momenta allowed by the boundary con-
ditions of the lattice, followed by a fit of the form factor
shape that then allows the evaluation of the derivative
with respect to Q2. The fit of the form factor shape
may introduce a systematic uncertainty that is difficult
to quantify.

In this work, we investigated an alternative approach
that allows the lattice computation of r2E and other
momentum derivatives of nucleon matrix elements di-
rectly at Q2 = 0. In this method, momentum deriva-
tives of quark propagators are taken symbolically at
zero momentum2) before performing the path integral
over the gauge fields. We implemented this method
to extract the nucleon isovector magnetic moment and
charge radius as well as the isovector induced pseu-
doscalar form factor at Q2 = 0 and the axial radius.
For comparison, we also determined these quantities
with the conventional approach, using the z-expansion
method3) to fit the form factor shape. The calculation
was done at the physical pion mass, on a 644 lattice
with 2 + 1 flavors of clover fermions.

Some of our results are shown in Fig. 1 and Table 1.
The results from the z expansion and from the deriva-
tive method are consistent with each other, which pro-
vides a valuable cross-check. Compared to the z ex-
pansion, the derivative method suffers from larger sta-
tistical uncertainties, especially for the radii, which we
obtained from second-order derivatives with respect to
p.
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Jülich
∗3 NIC, Deutsches Elektronen-Synchroton, Zeuthen
∗4 RIKEN Nishina Center
∗5 Department of Physics, University of Arizona
∗6 Department of Physics, New Mexico State University
∗7 Center for Theoretical Physics, Massachusetts Institute of

Technology
∗8 Department of Physics and Astronomy, Stony Brook Uni-

versity

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

G
v E

standard method
z-expansion fit
Derivative method
Kelly

0.0 0.1 0.2 0.3 0.4
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

G
v M

standard method
z-expansion fit
Derivative method
Kelly

Q2 (GeV2)

Fig. 1. Results for the nucleon isovector electric and mag-

netic form factors. The black curve shows a fit to

electron-nucleon scattering data.4)

Table 1. Summary of our results at Q2 = 0.

Quantity z-expansion derivative

µv T/a = 10 3.899(38) 3.898(54)
summation 4.75(15) 4.46(33)

(r2E)
v [fm2] T/a = 10 0.608(15) 0.603(29)

summation 0.787(87) 0.753(273)

Gv
P (0) T/a = 10 75(1) 69(1)

summation 137(7) 137(15)

(r2A)
v [fm2] T/a = 10 0.249(12) 0.288(61)

summation 0.295(68) −0.120(492)
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Phenomenology of Λb → Λcτ ν̄ using lattice QCD calculations†

A. Datta,∗1,∗2 S. Kamali,∗3 S. Meinel,∗3,∗4 and A. Rashed∗1,∗5

In the Standard Model, the electroweak interactions
are lepton-flavor-universal. Consequently, the ratios of
branching fractions

R(D) =
B(B → Dτν̄)

B(B → Dℓν̄)
, (1)

R(D∗) =
B(B → D∗τ ν̄)

B(B → D∗ℓν̄)
, (2)

where ℓ = e, µ, depend only on the lepton and hadron
masses and the hadronic form factors. The exper-
imental measurements of R(D) and R(D∗) by the
Babar, Belle, and LHCb collaborations exceed the
Standard-Model predictions with a combined signifi-
cance of 4.1σ,1) hinting at the existence of new funda-
mental interactions that violate lepton-flavor univer-
sality.

The underlying b → cτ ν̄ transition can also be
probed with the baryonic decay Λb → Λcτ ν̄, in par-
ticular by measuring the ratio

R(Λc) =
B(Λb → Λcτ ν̄)

B(Λb → Λcℓν̄)
. (3)

A precise Standard-Model prediction of R(Λc) using
the Λb → Λc vector and axial vector form factors from
lattice QCD was given in Ref. 2).

In this work, we studied the effects of several new-
physics scenarios that have been proposed to explain
the excesses in R(D(∗)) on the decay Λb → Λcτ ν̄.
Because some of these scenarios generate tensor cou-
plings, we also determined the Λb → Λc tensor form
factors from lattice QCD.

We demonstrated that a future measurement of
R(Λc) can tightly constrain all of the couplings gL, gR,
gS , gP , and gT in the b → cτ ν̄ effective Hamiltonian.
We also analyzed six different leptoquark models,
where we constrained the model parameters using the
experimental measurements of R(D), R(D∗), the Bc

lifetime τBc , and the upper limits on B(B → K(∗)νν̄).
As an example, Fig. 1 shows the correlations between
the predicted values of RRatio

Λc
= R(Λc)/R(Λc)SM and

RRatio
D∗ = R(D∗)/R(D∗)SM for the SU(2)-singlet and

SU(2)-doublet scalar leptoquarks S1 and R2, and for
the SU(2)-singlet vector leptoquark U1 (the latter is
a particularly attractive model, which can simultane-
ously explain hints of lepton-flavor-university violation
seen in b → sℓ+ℓ− decays3)). Our analyses show that
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Fig. 1. Correlations between RRatio
Λc

= R(Λc)/R(Λc)SM and

RRatio
D∗ = R(D∗)/R(D∗)SM in three different leptoquark

scenarios. The points sample the region of couplings al-

lowed by experimental measurements of R(D), R(D∗),

τBc , and B(B → K(∗)νν̄).

a future measurement of R(Λc) can be helpful in dis-
criminating between the different models.
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A pilot study of proton decay matrix elements at physical quark mass

Y. Aoki,∗1,∗2 T. Izubuchi,∗3,∗2 Y. Kuramashi,∗4,∗5 and E. Shintani∗5

Proton decay is a smoking-gun signal of the physics
beyond the standard model (BSM). Grand unified the-
ory (GUT) is the most natural origin of such an event
if observed. Despite no clear signal of the supersym-
metry or any BSM phenomena at LHC, the idea of
unifying the known fundamental interactions is still
attractive. Estimate of the QCD contribution of the
proton decay matrix element is needed to test GUTs
against the proton lifetime bound obtained in the ex-
periment. Also a reliable estimate of the matrix ele-
ments is desirable for planning the future generation
proton decay detectors.

The proton decay matrix elements are obtained by
numerical computation using lattice QCD. So far, the
2+1 flavor computations have provided the matrix el-
ements with extrapolation to the physical ud quark
mass from the results at unphysically large masses.
This procedure yields one of the largest systematic
uncertainties. Settling this systematics is important1)

and possible using current lattice gauge field ensembles
generated at the physical point.

We use gauge field configurations of 2+1 fla-
vor QCD generated with non-perturbatively O(a)-
improved Wilson fermions by the PACS collabora-
tion.2) As pointed in the previous works (see e.g.3)),
computations using the three-point functions are
mandatory to obtain the matrix elements of a proton
decaying into a pseudoscalar (and an anti lepton). Be-
fore jumping into the calculation of the three point
functions the values of some optimization parameters
needs to be fixed. One of them is the smearing function
of the quark fields which enter in the interpolation op-
erator of the proton. The smearing parameter is tuned
so that the ground state proton reasonably dominates
the two point correlation function of the proton oper-
ator. As a bi-product of such a computation, the low
energy constants of the proton decay can be extracted
with almost no additional computational cost.

One of the low energy constants α is defined as

⟨0|(uTCPLd)PRu(0)|p⟩ = αPRup, (1)

where u and d in the left hand side are u and d quark
operators. PL(R) is left (right) handed projection op-
erator to Dirac spinor. The proton p to vacuum matrix
element defines the low energy constant α appearing in
the right hand side, where up denotes the Dirac spinor
of the proton at rest.

Figure 1 shows a ratio of the two point functions
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Fig. 1. Local computation α(t) with t being the time sep-

aration of the source and sink operators. A low energy

constant α is extracted from the asymptotic plateau.

relevant to the computation of α, which is extracted
from the asymptotic plateau of this figure. Hokusai
supercomputer at RIKEN has been used to obtain the
results. The figure compares two different lattice vol-
umes 644 and 964. It shows a good plateau and show
consistency between two different volumes.

We need several further steps to obtain α in the
physical unit (GeV3) and renormalized in a convenient
renormalization scheme for phenomenological use. For
the renormalization one needs to solve the operator
mixing due to an explicit chiral symmetry breaking of
the Wilson fermion formulation. The non-perturbative
renormalization4) can be applied to solve the mixing
and at the same time to obtain the totally renormalized
operator in the MS scheme. Finally the lattice cutoff
cubed 1/a3 needs to be multiplied.

This pilot study has shown that we have reasonably
a good signal for the low energy constant at the physi-
cal quark mass. It gives a confidence to obtain a good
signal for the relevant matrix element as the signal/
noise ratio of the low energy constant and the relevant
matrix element are of similar size in the previous com-
putations. We therefore plan to calculate the three
point functions for the proton decay matrix elements
on Hokusai in next fiscal year.
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Unified scenario for composite right-handed neutrinos
and dark matter†

H. Davoudiasl,∗1 P. P. Giardino,∗1 E. T. Neil,∗2,∗3 and E. Rinaldi∗3

The Standard Model of particle physics is our most
precise theoretical description of Nature and it has
been tested to great precision in high energy parti-
cle colliders, like LHC. However, we know it represents
only a partial description and the most notable missing
ingredients are neutrino masses and dark matter, for
which there exists a wealth of experimental evidence.
From the theoretical point of view, it is interest-

ing to entertain the possibility that these two physi-
cal phenomena are related and emerge from a unified
underlying dynamics. In this paper we introduce a
new “dark sector” with a confining force, similar to
the one of Quantum Chromodynamics (QCD), based
on the dark gauge group SU(3)D and with three dark
quarks. This dark sector has small interactions with
the Standard Model particles, but more interestingly
it contains a large number of composite states (dark
mesons, dark baryons etc...) which can be used to
successfully construct a low-energy theory with dark
matter and right-handed neutrinos.
The construction starts from the dark sector La-

grangian LDQCD for the SU(3)D theory, which is well
known and identical to the QCD one with three flavors,
and proceeds with the addition of three types of higher-
dimensional operators, deriving from different high-
energy effective scales ΛX , such that L = LDQCD+Leff :

Leff =
H̃∗L̄f [ψ

3
i ]

Λ3
f

+
[ψ6

i ]

Λ5
N

+
ψ̄iψiH

†H

ΛH
+H.C., (1)

where H̃∗ = ϵabH
a∗, withH the Standard Model Higgs

doublet, and Lf is a lepton doublet of the Standard
Model family f = 1, 2, 3. In Eq. (1) i = 1, 2, 3 and [ψn

i ]
represents any SU(3)D singlet and Lorentz invariant
combinations of n ψi quarks that are Z2 even. The Z2

symmetry imposed upon the operators in the theory is
necessary to have a stable dark matter candidate.
It is important to note that the nature of the opera-

tors in Eq. (1) is determined by confinement of the dark
gauge group, giving rise to composite states: e.g. the
operator [ψ3

i ] will transmute into a dark baryonic-like
operator below the confinement scale µD such that the
first term in Eq. (1) describes the interaction between
the Higgs, the leptons and a “dark neutron” state, the
second term describes oscillations between “dark neu-
trons,” and the third terms describes masses for the

† Condensed from the article in Phys. Rev. D 96, 115003
(2017)
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Fig. 1. The figure shows the separation of energy scales.

dark quarks. The dark neutron oscillations are nec-
essary to create neutrino masses: in our framework,
dark neutrons are identified with right-handed neutri-
nos. Hence, the low-energy description in Eq. (1) will
give rise to neutrino masses

mν ∼ µ10
D v2H

Λ6
fΛ

5
N

, (2)

where vH ≈ 246 GeV is the electroweak energy scale.
The other scales in Eq. (2) are chosen to reproduce the
current known limits for neutrino masses of the order
of mν ≲ 0.1 eV: µD ∼ 1 TeV and Λf,N ∼ 10 TeV.

The confining nature of the dark sector is also re-
sponsible for the presence of a dark matter candidate
in the spectrum. Similarly to QCD, the lightest com-
posite particles are dark mesons, states that are made
of a pair of dark quark and dark anti-quark. With-
out loss of generality, we assume that the dark quark
masses generated by interactions with the Higgs boson
are small and hierarchically distributed m1 < m2 <
m3 ≪ µD. Hence, the octet of lightest mesons com-
prises the three states

P ∼ ψ̄1ψ2, κ ∼ ψ̄1ψ3, κ′ ∼ ψ̄2ψ3, (3)

their antiparticles, and two linear combinations P ′ and
P ′′ of the flavor-diagonal bilinear ψ̄iψi, analogues of
the π0 and η in QCD.
We will denote these states collectively with the sym-

bol Π, and their masses are compared to the other
scales in the theory in Fig. 1. The “dark kaons” κ and
κ′, containing only one ψ3, are the only states that
are odd under the Z2 symmetry, because we assume
that Z2(ψ3) = −1 = −Z2(ψ1,2). The dark kaons are
the lightest Z2-odd hadrons and κ will provide a dark
matter candidate in this model, since Mκ < Mκ′ . The
mass of κ is related to the confinement scale through a
low-energy effective chiral description of the spectrum
(similar to QCD) yielding Mκ ∼ 10 GeV. Such a light
mass for composite dark matter is very interesting from
the experimental point of view, and our scenario can
be probed in future experimental setups.

A pilot study of proton decay matrix elements at physical quark mass

Y. Aoki,∗1,∗2 T. Izubuchi,∗3,∗2 Y. Kuramashi,∗4,∗5 and E. Shintani∗5

Proton decay is a smoking-gun signal of the physics
beyond the standard model (BSM). Grand unified the-
ory (GUT) is the most natural origin of such an event
if observed. Despite no clear signal of the supersym-
metry or any BSM phenomena at LHC, the idea of
unifying the known fundamental interactions is still
attractive. Estimate of the QCD contribution of the
proton decay matrix element is needed to test GUTs
against the proton lifetime bound obtained in the ex-
periment. Also a reliable estimate of the matrix ele-
ments is desirable for planning the future generation
proton decay detectors.

The proton decay matrix elements are obtained by
numerical computation using lattice QCD. So far, the
2+1 flavor computations have provided the matrix el-
ements with extrapolation to the physical ud quark
mass from the results at unphysically large masses.
This procedure yields one of the largest systematic
uncertainties. Settling this systematics is important1)

and possible using current lattice gauge field ensembles
generated at the physical point.

We use gauge field configurations of 2+1 fla-
vor QCD generated with non-perturbatively O(a)-
improved Wilson fermions by the PACS collabora-
tion.2) As pointed in the previous works (see e.g.3)),
computations using the three-point functions are
mandatory to obtain the matrix elements of a proton
decaying into a pseudoscalar (and an anti lepton). Be-
fore jumping into the calculation of the three point
functions the values of some optimization parameters
needs to be fixed. One of them is the smearing function
of the quark fields which enter in the interpolation op-
erator of the proton. The smearing parameter is tuned
so that the ground state proton reasonably dominates
the two point correlation function of the proton oper-
ator. As a bi-product of such a computation, the low
energy constants of the proton decay can be extracted
with almost no additional computational cost.

One of the low energy constants α is defined as

⟨0|(uTCPLd)PRu(0)|p⟩ = αPRup, (1)

where u and d in the left hand side are u and d quark
operators. PL(R) is left (right) handed projection op-
erator to Dirac spinor. The proton p to vacuum matrix
element defines the low energy constant α appearing in
the right hand side, where up denotes the Dirac spinor
of the proton at rest.

Figure 1 shows a ratio of the two point functions
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Fig. 1. Local computation α(t) with t being the time sep-

aration of the source and sink operators. A low energy

constant α is extracted from the asymptotic plateau.

relevant to the computation of α, which is extracted
from the asymptotic plateau of this figure. Hokusai
supercomputer at RIKEN has been used to obtain the
results. The figure compares two different lattice vol-
umes 644 and 964. It shows a good plateau and show
consistency between two different volumes.

We need several further steps to obtain α in the
physical unit (GeV3) and renormalized in a convenient
renormalization scheme for phenomenological use. For
the renormalization one needs to solve the operator
mixing due to an explicit chiral symmetry breaking of
the Wilson fermion formulation. The non-perturbative
renormalization4) can be applied to solve the mixing
and at the same time to obtain the totally renormalized
operator in the MS scheme. Finally the lattice cutoff
cubed 1/a3 needs to be multiplied.

This pilot study has shown that we have reasonably
a good signal for the low energy constant at the physi-
cal quark mass. It gives a confidence to obtain a good
signal for the relevant matrix element as the signal/
noise ratio of the low energy constant and the relevant
matrix element are of similar size in the previous com-
putations. We therefore plan to calculate the three
point functions for the proton decay matrix elements
on Hokusai in next fiscal year.

References
1) A. Martin, G. Stavenga, Phys. Rev. D 85, 095010

(2012).
2) Y. Kuramashi, talk given at Lattice 2017.
3) Y. Aoki, T. Izubuchi, E. Shintani, A. Soni, Phys. Rev.

D 96, 014506 (2017).
4) Y. Aoki, C. Dawson, J. Noaki, Soni, Phys. Rev. D 75,

014507 (2007).

- 125 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅱ-6. Particle Physics



Empirical formulae of the masses of elementary particles

Y. Akiba∗1

particle formula calculated(c) measured(m) |c/m− 1|
e 1/(12π2)ϵ

1/3
0 (1 + (1/4)(1/(6π)2))−1Mpl 0.511002 MeV 0.510998946± 0.0000000031 MeV 5.9× 10−6

µ 3/2ϵ
1/3
0 (1− 1/(2π) + 3/(4π)2)−1Mpl 105.6594 MeV 105.6583745± 0.0000024 MeV 9.6× 10−6

τ 9πϵ
1/3
0 (1− 1/(8π) + (5/4)(1/(6π)2))−1Mpl 1.77684 GeV 1.77686± 0.12 GeV 1.9× 10−5

t 8× (6π)2ϵ
1/3
0 Mpl 172.1 GeV 173.4± 0.75 GeV 7.5× 10−3

c 12ϵ
1/3
0 Mpl 1.24 GeV 1.28± 0.025 GeV(MS at mc) 3.4× 10−2

u 8× (6π)−2ϵ
1/3
0 Mpl 2.07 MeV 2.15± 0.15 MeV (MS at 2 GeV) 3.8× 10−2

b 3× 2−1/12(6π)ϵ
1/3
0 Mpl 4.33 GeV 4.18± 0.03 GeV(MS at mb) 3.6× 10−2

s ϵ
1/3
0 Mpl 91.8 MeV 93.8± 2.4 MeV (MS at 2 GeV) 2.1× 10−2

d (6π)−1ϵ
1/3
0 Mpl 4.87 MeV 4.7± 0.2 MeV (MS at 2 GeV) 3.6× 10−2

Z 1/(8π2)ϵ
1/4
0 (1 + (1/11)(1/(2π)2))−1Mpl 91.1883 GeV 91.1876± 0.0021 GeV 7.4× 10−6

W 2−1/4/(8π2)ϵ
1/4
0 (1− (19/11)(1/(2π)2))−1Mpl 80.373 GeV 80.385± 0.015 GeV 1.9× 10−4

H 21/2/(8π2)ϵ
1/4
0 (1 + (14/11)(1/(2π)2))−1Mpl 125.22 GeV 125.1± 0.2 GeV 1.0× 10−3

I report emprical formulae of the masses of charged
leptons (e, µ, τ), quarks (t, c, u, b, s, d), gauge bosons
(Z,W ), and Higgs boson (H). The formulae yield the
masses in terms of the Planck mass Mpl and a dimen-
sionless constant ϵ0 = 2 × (6π)−48. There is no ad-
justable parameter in the formulae.
The mass values calculated using the formulae are

compared with measured values. For the calculation,
the value of Planck mass from CODATA1) is used:

Mpl = 1.220910± 0.000029× 1019 GeV.

The measured values of particle masses are taken from
PDG2016.2) The mass of a quark is dependent on the
scale and the scheme. In the PDG review, the mass
of quarks other than the t quark are given in the MS
scheme at µ = 2 GeV for the u, d, s quarks and at
µ = mq for the b and c quarks. For the t quark, the
measured mass is considered to be the pole mass. The
formula for a quark is assumed to yield the MS mass
at the Z boson mass mZ . The first-order renormalized
group equation (RGE) below is used to correct for the
mass value at mZ to the mass at the scale the PDG
uses:

m(t)

m0
= exp

(
−
∫

αs(t)

π
dt

)
,

where t = logµ2 and αs(t) is the running QCD cou-
pling constant at the scale µ. The value of αs(t) in the
PDG2016 review is used for the calculation.
The formulae, the calculated values (c) using the

formulae, the measured values (m), and difference
|c/m − 1| are summarized in the table above. The
calculation reproduce the measured mass values well.
The agreement is within the uncertainty of the mea-
sured mass or the Planck mass (2.4× 10−5).

∗1 RIKEN Nishina Center

There is a pattern in the formulae. The formulae
can be summarized as

ml =
1

2
Nl(6π)

nlϵ
1/3
0 (1 + δl)

−1Mpl,

mq = 2cqNq(6π)
nqϵ

1/3
0 Mpl,

mB =
2cB

8π2
ϵ
1/4
0 (1 + δB)

−1Mpl,

where ml, mq, and mB are the masses of charged lep-
tons, quarks, and bosons, respectively. Nl and Nq are
small positive integers, nl and nq are integers ranging
from −2 to 2, and δl and δB are small real numbers.
cb = −1/12 and cq = 0 for all other quarks, and cZ = 0,
cW = −1/4, and cH = 1/2. The pattern suggests the
existence of a rule that determines the formulae. Note
that all fermion masses are order of (6π)nf ϵ

1/3
0 with

−2 ≤ nf ≤ 2 and the boson masses are of the order

of 1/8π2ϵ
1/4
0 . Presumaby, this part is the main part

of the mass, and (1 + δl) and (1 + δB) are correction
factors due to interactions.
Note that the value of ϵ0 is consistent with the prod-

uct of the Hubble constant H0 and the Planck time
tpl = 1/Mpl:

H0 × tpl = (1.211± 0.014)× 10−61

ϵ0 ≡ 2× (6π)−48 = 1.220608× 10−61

Here, the WMAP 9 year value of H0 is used. This
suggests that the masses of elementary particles are
related to the expansion of space-time.
A theoretical model that can explain these formulae

is under development.
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Exact algebraic separability criterion for two-qubit systems†

K. Fujikawa∗1 and C. H. Oh∗2

A conceptually simpler proof of the separability cri-
terion for two-qubit systems, which is referred to as
“Hefei inequality” in literature,1) is analyzed. This
inequality gives a necessary and sufficient separabil-
ity criterion for any mixed two-qubit system unlike
the Bell-CHSH inequality2,3) which cannot test mixed-
states such as the Werner state4) when regarded as
a separability criterion. The original derivation of
this inequality1) emphasized the uncertainty relation of
complementary observables; however, we show that the
uncertainty relation does not play any role in the actual
derivation and that the Peres-Hodrodecki condition5)

is solely responsible for the inequality. Our deriva-
tion, which contains technically novel aspects such as
an analogy to the Dirac equation, sheds light on this
inequality and on the fundamental issue of the to ex-
tent to which the uncertainty relation can provide a
test of entanglement. This separability criterion is il-
lustrated for an exact treatment of the Werner state.

Our starting point is the fact that the general pure
two-qubit states are brought to the standard form by
the Schmidt decomposition

|Φ⟩ = (u⊗ v)[s1|+⟩ ⊗ |−⟩ − s2e
iδ|−⟩ ⊗ |+⟩] (1)

with

|+⟩ =
(

1
0

)
, |−⟩ =

(
0
1

)
, (2)

and real numbers s21 + s22 = 1 and δ. Namely, the
states are parametrized by s1, s2, δ and two unitary
matrices u and v. It is then shown that this system is
represented formally in terms of a 4-dimensional Dirac
notation.

We then obtain the inequalities (separability crite-
rion)

⟨P−⟩2ρ ≥ ⟨γ3γ0P−⟩2ρ + ⟨γ2γ0P−⟩2ρ + ⟨γ1γ0P−⟩2ρ,
⟨P+⟩2ρ ≥ ⟨γ3γ0P+⟩2ρ + ⟨γ2γ0P−⟩2ρ + ⟨γ1γ0P−⟩2ρ, (3)

where P± = (1± γ5)/2 and

⟨γ3γ0P±⟩ρ ≡ Trγ3γ0P±ρ, (4)

for example, using the Peres-Horodecki criterion with-
out referring to the uncertainty relations.

As for the test of the Werner state4) which is defined
by

ρw =
1

4
(1− β)1+ β|ψs⟩⟨ψs| (5)
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with the singlet state |ψs⟩ = (1/
√
2)[|+⟩|−⟩ − |−⟩|+⟩],

we obtain

1 ≥ β + 2β. (6)

We thus conclude that the separability condition of the
Werner state is equivalent to

β ≤ 1

3
, (7)

which agrees with the result of a more explicit analysis
of ρw.

4) This in particular implies that β > 1
3 stands

for an inseparable state.
We have re-analyzed one of the representative in-

equalities proposed in Ref. 1) and have shown that
the uncertainty relations cannot be alternative to the
Peres-Horodecki condition in the analysis of entangle-
ment for general two-qubit systems. The “Hefei in-
equality,” however, stands for a rare algebraic criterion
that is applicable to any mixed state that cannot be
tested by the Bell-CHSH inequality in general,2,3) as
was illustrated by an exact treatment of the Werner
state.

Here, in comparison with the criterions of separabil-
ity of two-qubit systems, we briefly mention a corre-
sponding test of the separability of systems with two
continuous degrees of freedom.6–8) In the problem of
two-party continuum case with two-dimensional con-
tinuous phase space freedom (p, q) in each party, it is
possible to re-formulate the problem such that8)

(1) the uncertainty relation leads to a necessary con-
dition for separable two-party systems,

(2) the derived condition is sufficient to prove the
separability of two-party Gaussian systems.

Namely, the uncertainty relation without referring
to the Peres-Horodecki criterion5) provides a neces-
sary and sufficient separability condition for two-party
Gaussian systems.

References
1) S. Yu, J.-W. Pan, Z.-B. Chen, Y.-D. Zhang, Phys. Rev.

Lett. 91, 217903 (2003).
2) Bell J S 1964, Physics, 1, 195 (1964).
3) J. F. Clauser, M. A. Horne, A. Shimony, R. A. Holt,

Phys. Rev. Lett. 23, 880 (1969).
4) R. F. Werner, Phys. Rev. A 40, 4277 (1989).
5) A. Peres, Phys. Rev. Lett. 77, 1413 (1996).

P. Horodecki, Phys. Lett. A 232, 333 (1997).
6) R. Simon, Phys. Rev. Lett. 84, 2726 (2000).
7) L. M. Duan, G. Giedke, J. I. Cirac, P. Zoller, Phys. Rev.

Lett. 84, 2722 (2000).
8) K. Fujikawa, Phys. Rev. A 80, 012315 (2009).

K. Fujikawa, Phys. Rev. A 79, 032334 (2009).

Empirical formulae of the masses of elementary particles

Y. Akiba∗1

particle formula calculated(c) measured(m) |c/m− 1|
e 1/(12π2)ϵ

1/3
0 (1 + (1/4)(1/(6π)2))−1Mpl 0.511002 MeV 0.510998946± 0.0000000031 MeV 5.9× 10−6

µ 3/2ϵ
1/3
0 (1− 1/(2π) + 3/(4π)2)−1Mpl 105.6594 MeV 105.6583745± 0.0000024 MeV 9.6× 10−6

τ 9πϵ
1/3
0 (1− 1/(8π) + (5/4)(1/(6π)2))−1Mpl 1.77684 GeV 1.77686± 0.12 GeV 1.9× 10−5

t 8× (6π)2ϵ
1/3
0 Mpl 172.1 GeV 173.4± 0.75 GeV 7.5× 10−3

c 12ϵ
1/3
0 Mpl 1.24 GeV 1.28± 0.025 GeV(MS at mc) 3.4× 10−2

u 8× (6π)−2ϵ
1/3
0 Mpl 2.07 MeV 2.15± 0.15 MeV (MS at 2 GeV) 3.8× 10−2

b 3× 2−1/12(6π)ϵ
1/3
0 Mpl 4.33 GeV 4.18± 0.03 GeV(MS at mb) 3.6× 10−2

s ϵ
1/3
0 Mpl 91.8 MeV 93.8± 2.4 MeV (MS at 2 GeV) 2.1× 10−2

d (6π)−1ϵ
1/3
0 Mpl 4.87 MeV 4.7± 0.2 MeV (MS at 2 GeV) 3.6× 10−2

Z 1/(8π2)ϵ
1/4
0 (1 + (1/11)(1/(2π)2))−1Mpl 91.1883 GeV 91.1876± 0.0021 GeV 7.4× 10−6

W 2−1/4/(8π2)ϵ
1/4
0 (1− (19/11)(1/(2π)2))−1Mpl 80.373 GeV 80.385± 0.015 GeV 1.9× 10−4

H 21/2/(8π2)ϵ
1/4
0 (1 + (14/11)(1/(2π)2))−1Mpl 125.22 GeV 125.1± 0.2 GeV 1.0× 10−3

I report emprical formulae of the masses of charged
leptons (e, µ, τ), quarks (t, c, u, b, s, d), gauge bosons
(Z,W ), and Higgs boson (H). The formulae yield the
masses in terms of the Planck mass Mpl and a dimen-
sionless constant ϵ0 = 2 × (6π)−48. There is no ad-
justable parameter in the formulae.
The mass values calculated using the formulae are

compared with measured values. For the calculation,
the value of Planck mass from CODATA1) is used:

Mpl = 1.220910± 0.000029× 1019 GeV.

The measured values of particle masses are taken from
PDG2016.2) The mass of a quark is dependent on the
scale and the scheme. In the PDG review, the mass
of quarks other than the t quark are given in the MS
scheme at µ = 2 GeV for the u, d, s quarks and at
µ = mq for the b and c quarks. For the t quark, the
measured mass is considered to be the pole mass. The
formula for a quark is assumed to yield the MS mass
at the Z boson mass mZ . The first-order renormalized
group equation (RGE) below is used to correct for the
mass value at mZ to the mass at the scale the PDG
uses:

m(t)

m0
= exp

(
−
∫

αs(t)

π
dt

)
,

where t = logµ2 and αs(t) is the running QCD cou-
pling constant at the scale µ. The value of αs(t) in the
PDG2016 review is used for the calculation.
The formulae, the calculated values (c) using the

formulae, the measured values (m), and difference
|c/m − 1| are summarized in the table above. The
calculation reproduce the measured mass values well.
The agreement is within the uncertainty of the mea-
sured mass or the Planck mass (2.4× 10−5).
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There is a pattern in the formulae. The formulae
can be summarized as

ml =
1

2
Nl(6π)

nlϵ
1/3
0 (1 + δl)

−1Mpl,

mq = 2cqNq(6π)
nqϵ

1/3
0 Mpl,

mB =
2cB

8π2
ϵ
1/4
0 (1 + δB)

−1Mpl,

where ml, mq, and mB are the masses of charged lep-
tons, quarks, and bosons, respectively. Nl and Nq are
small positive integers, nl and nq are integers ranging
from −2 to 2, and δl and δB are small real numbers.
cb = −1/12 and cq = 0 for all other quarks, and cZ = 0,
cW = −1/4, and cH = 1/2. The pattern suggests the
existence of a rule that determines the formulae. Note
that all fermion masses are order of (6π)nf ϵ

1/3
0 with

−2 ≤ nf ≤ 2 and the boson masses are of the order

of 1/8π2ϵ
1/4
0 . Presumaby, this part is the main part

of the mass, and (1 + δl) and (1 + δB) are correction
factors due to interactions.
Note that the value of ϵ0 is consistent with the prod-

uct of the Hubble constant H0 and the Planck time
tpl = 1/Mpl:

H0 × tpl = (1.211± 0.014)× 10−61

ϵ0 ≡ 2× (6π)−48 = 1.220608× 10−61

Here, the WMAP 9 year value of H0 is used. This
suggests that the masses of elementary particles are
related to the expansion of space-time.
A theoretical model that can explain these formulae

is under development.
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Conformal Quantum Mechanics and Sine-Square Deformation†

T. Tada∗1,∗2

In Refs. 1,2), it was shown that sine-square defor-
mation (SSD)3) for two-dimensional (2D) conformal
field theory (CFT)4) can be understood by introduc-
ing a new quantization scheme called “dipolar quanti-
zation.” The basic idea was generalized in Ref. 5) to
incorporate the entanglement Hamiltonian and other
interesting deformations of 1D CFT. Here, we exam-
ine whether the idea of dipolar quantization is appli-
cable to the one-dimensional (1D) case, which is called
conformal quantum mechanics (CQM) and was first
studied in the seminal paper by de Alfaro, Fubini, and
Furlan.6)

CQM can be realized by the following Lagrangian:

L =
1

2
(q̇(t))2 − g

2

1

q(t)2
, (1)

where t is the 1D “spacetime” coordinate. The La-
grangian Eq. (1) is invariant under the following trans-
formations:

t → t′ =
at+ b

ct+ d
, ad− bc = 1, (2)

q(t) → q′(t′) =
1

ct+ d
q(t), (3)

which constitute 1D conformal transformations.
The transformation Eq. (2) for t can be conveniently

decomposed into the following three components:
Translation, with a = d = 1 and c = 0, giving

t → t+ b. (4)

Dilatation, with a = 1/d and b = c = 0, giving

t → a2t. (5)

Special conformal transformation (SCT), with a = d =
1 and b = 0, giving

t → t

ct+ 1
. (6)

The above transformations are generated by the fol-
lowing operators, respectively:

H = P0 =
1

2
p(t)2 +

g

2

1

q(t)2
, (7)

D = −1

4
(p(t)q(t) + q(t)p(t)) , (8)

K0 =
1

2
q(t)2. (9)

In Ref. 6), de Alfaro, Fubini, and Furlan introduced

† Condensed from the article in arXiv:1712.09823.
∗1 RIKEN Nishina Center
∗2 RIKEN iTHEMS

the new operator

R ≡ 1

2

(
aP0 +

1

a
K0

)
, (10)

and proposed to regard it, instead of H, as the time-
translation operator, i.e., the Hamiltonian. Here, we
introduce another operator

R̄ ≡ H −K =
1

2
p(t)2 +

1

2

g

q(t)2
− 1

2
q(t)2, (11)

and showed that it corresponds to the thermal density
operator. Therefore, R̄ is reminiscent of the entangle-
ment Hamiltonian in 2D CFT case.

R : c
(2)

= 1 H : c
(2)

= 0 R̄ : c
(2)

= −1

Fig. 1. Time translation on the Poincaré disk. On the

boundary of the disk (thick line), “time flow” is uni-

form without a fixed point for R, while it is limited to

the finite region bounded by the two fixed points for

R̄. H exhibits marginal behavior, and it has one fixed

point at infinity. The connection to dipolar quantiza-

tion is apparent in this depiction.

As for SSD, from the symmetry consideration, we
identify the original Hamiltonian H = P0 as the SSD
Hamiltonian. Figure 1 depicts the time flow generated
by these three operators on the Poincaré disk.
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Measurements of nitric acid formation in humidified air
by proton irradiation

Y. Nakai,∗1 S. Tomita,∗2 R. Suganuma,∗2 S. Hattori,∗3 K. Kobayashi,∗3 Y. Shiina,∗2 S. Ishino,∗3 N. Yamamoto,∗2

and K. Sasa∗4

Gas-phase particle formation by the irradiation of
ionizing particles (ionizing radiations) is an important
process involving condensable chemical species, such as
a water, nitric acid, and sulfuric acid, under condi-
tions of atmospheric pressure and temperature. This
phenomenon, the so-called “ion-induced nucleation,”
has attracted attention as one of the important pro-
cesses leading to cloud particle formation in the atmo-
sphere.1,2) Sulfuric and nitric acids are thought to be
important chemical species for the nucleation processes
in the atmosphere. However, the detailed processes of
such acid formations by the irradiation of ionizing par-
ticles have not been identified experimentally. Further-
more, large injection of ionizing particles into the atmo-
sphere, such as solar proton events, causes an increase
of the atmospheric nitric acid.3) For understanding the
influences of such injection events on the atmospheric
environment, laboratory experiments on nitric acid for-
mation by ionizing particle irradiation potentially can
provide helpful information. Therefore, we investigated
the formation processes of sulfuric and nitric acids by
the irradiation of protons. As the first step, we per-
formed experiments for nitric acid formation in humid-
ified air by the irradiation of a proton beam.

The setup for the present experiment consists of a hu-
midified sample-gas generator, an irradiation chamber,
a monitor for the sample gas pressure, and a filter-pack
holder used for collecting the nitric acid that forms in
the sample gas. Wet air was generated by bubbling pure
air in ultra-pure water. The sample gas was produced
by mixing the wet air with pure dry air. The humidity
of the sample gas was adjusted by controlling the flow
rates of the wet and dry gases. The total flow rate of
the sample gas was maintained at 2.5 SLM (Standard
Liters per Minute) using mass flow controllers. The
humidity of the sample gas was monitored using a dew-
point meter. The sample gas was introduced into the
irradiation chamber consisting of a borosilicate glass
nipple tube with a length of 25 cm. The 6 MeV proton
beam delivered from the 6 MV Pelletron accelerator at
Tandem accelerator complex in University of Tsukuba
was introduced into the irradiation chamber through a
polyimide-film window. The proton beam penetrates
along the glass tube, as well as the sample gas flow.
After irradiation by protons, the sample gas was trans-
ported into the filter holder in which three kinds of

∗1 RIKEN Nishina Center
∗2 Institute of Applied Physics, University of Tsukuba
∗3 School of Materials and Chemical Technology, Tokyo Insti-

tute of Technology
∗4 Tandem Accelerator Complex, University of Tsukuba

Fig. 1. Concentrations of gas-phase nitric acid in the

proton-irradiated gas versus beam intensities (prelimi-

nary).

filters were stacked along the gas flow to collect the
gas-phase nitric acid and other chemical species in the
irradiated gas (Filter-pack method4)). A polyamide
membrane filter was used for collecting the gas-phase

nitric acid. The collected nitric acid on the polyamide
filter was dissolved in 40 mL ultra- pure water. The
amount of nitric anion, NO3

−, in the solution was mea-
sured using ion chromatography analysis. The amount
of nitric acid in the irradiated gas was estimated from
those of NO3

− ions in the solution under the assump-
tion that the collection efficiency of the gas-phase nitric
acid with the polyamide filter was 100%.

Figure 1 shows the preliminarily results for the con-
centrations of the gas-phase nitric acid produced in the
proton-irradiated gas under the condition of 1 atm pres-
sure, ∼42% relative humidity, and ∼296 K tempera-
ture; the concentration was estimated by dividing the
amount of collected nitric acid by the total volume of
gas passing through the filters. It is found that the pro-
duction of nitric acid is almost proportional to the beam
intensity. Certain factors, such as collection efficiency
of the gas-phase nitric acid, are yet to be considered.
Further analysis and consideration are now proceeding.
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Cooling down test of prototype accelerator system based on SC-QWR

K. Ozeki,∗1 O. Kamigaito,∗1 N. Sakamoto,∗1 K. Suda,∗1 Y. Watanabe,∗1 and K. Yamada∗1

The construction of a prototype accelerator system
based on the superconducting quarter-wavelength res-
onator (QWR)1–3) was completed in March 2017. Sub-
sequently, cooling down tests of the system and excita-
tion tests of the QWR were conducted for a number of
times. In this contribution, the results of the cooling
down tests are reported.

Figure 1 shows an overview of the prototype acceler-
ator system (cryomodule) seen from the beam axis. A
thermal shield, which is made of aluminum and enfolded
by super insulation, is installed just inside the vacuum
vessel. The thermal shield is cooled down using a cry-
ocooler, SHI CH-110L.4) In order to cut off vibration of
the cryocooler, the cryocooler and thermal shield had
been connected using thermal contact wires that con-
sist of oxygen-free copper braid wires. A medium such
as Apiezon-N or indium had not been applied on the
contact faces between the thermal contact wire and the
cryocooler or thermal shield.

As a result of the test, liquid helium was filled up to a
helium buffer tank, and the excitation of the QWR at
a cryogenic temperature was successful. However, we
faced a problem in that the temperature of the thermal
shield was much higher than expected. While the cry-
ocooler is cooled to below 30 K, the temperature of the
bottom of the thermal shield, which was connected di-
rectly to the cryocooler via the thermal contact wires,
was approximately 70 K. At the design phase of the
cryomodule, we had assumed the temperature of the
thermal shield to be 40 K. Possible causes for the much
higher temperature of the thermal shield are as follows:
the thermal contact resistance at the contact faces was
too large, or the thermal conduction of the thermal con-
tact wires was too small. At the design phase, these
elements had not been estimated sufficiently. The ther-
mal conduction between the cryocooler and the thermal
shield must be improved.

In order to obtain information for the improvement, a
cooling test of the thermal contact wire was performed.
The setup of the test is shown in Fig. 2. An aluminum
plate, which simulated the thermal shield, was con-
nected to the cryocooler via a thermal contact wire. A
heater was attached to the aluminum plate. By vary-
ing the heater power, temperatures at various points
were measured with several conditions of the thermal
contact faces: no medium, Apiezon-N, and indium.

The application of Apiezon-N showed the best ther-
mal conduction, but it did not show a drastic improve-
ment compared with no medium. More importantly, it
was found that the temperature difference between the
two ends of the thermal contact wire was very large.
This fact suggests that the thermal conduction of the

∗1 RIKEN Nishina Center

Fig. 1. Overview of the cryomodule.

Fig. 2. Setup of the cooling test of the thermal contact wire.

The entire system was installed in a vacuum chamber.

thermal contact wire itself is not good. Based on this
result, a refinement of the structure and an increase of
the number of thermal contact wires are being consid-
ered for better thermal conduction.

This work was funded by ImPACT Program of Coun-
cil for Science, Technology and Innovation (Cabinet Of-
fice, Government of Japan).
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Transfer of GARIS-II and charge-state multiplier (CSM) cavities

Y. Watanabe,∗1 M. Kase,∗1 E. Ikezawa,∗1 N. Fukunishi,∗1 M. Fujimaki,∗1 O. Kamigaito,∗1 M. Komiyama,∗1

K. Kumagai,∗1 T. Maie,∗1 K. Yamada,∗1 K. Suda,∗1 K. Ozeki,∗1 N. Sakamoto,∗1 A. Uchiyama,∗1 T. Watanabe,∗1

H. Yamasawa,∗1 K. Morimoto,∗1 D. Kaji,∗1 K. Kaneko,∗2 M. Tamura,∗2 T. Ohki,∗2 K. Oyamada,∗2

H. Yamauchi,∗2 A. Yusa,∗2 S. Fukuzawa,∗2 M. Hamanaka,∗2 S. Ishikawa,∗2 K. Kobayashi,∗2 R. Koyama,∗2

T. Nakamura,∗2 M. Nishida,∗2 M. Nishimura,∗2 J. Shibata,∗2 N. Tsukiori,∗2 and K. Yadomi∗2

An upgrade of the RILAC has been proceeding since
FY 2016 to date, as follows: (1) the construction of a
stage for the new 28 GHz SC-ECR and the installa-
tion of the 28 GHz SC-ECR, (2) the construction of a
hot laboratory for RI production, (3) the installation
of a superconducting RILAC (sRILAC), and (4) the in-
stallation of a helium cooling system for the sRILAC.
The RILAC will have an upgrade, which involves re-
placing the four CSM cavities1) (A3 - A6) with three
superconducting cryomodules. Therefore, these CSM
cavities were transferred from the LINAC building in
2017. GARIS-II2) (including a beam transfer (BT) line)
was also transferred from the LINAC building to the
Nishina building, to perform experiments with a high-
intensity Vanadium (V) beam and to continue experi-
ments during construction. In this paper, we report on
the transfer of GARIS-II and the CSM cavities. Dur-
ing the transfer, there were three important points to
be considered. First, we had to perform the transfer
for approximately four months, because of the beam
time, the extension and reconstruction of the LINAC
building, and some regular maintenances of the acceler-
ator facilities. Second, we had to keep some temporary
storage places for GARIS-II and the CSM cavities, to
arrange a period for carrying in. Third, we had to de-
termine a transport route and a method to reverse the
top and bottom of the D1 dipole magnet (heaviest mag-
net, weight: 16 tons) of GARIS-II. This reversal was to
change the beam deflection of GARIS-II, because of the
interference with a shield door of the E6 room. Table 1
shows the transfer schedule of GARIS-II and the four
CSM cavities. A transfer schedule, a transport route,
and some temporary storage places were planned by
April. In June, the magnets of GARIS-II were car-
ried out from the LINAC building in the following or-
der: Q2, Q3, Q1, D2, BT line, and D1 magnet. Some
radioactived chambers and the D1 magnet were tem-
porarily placed in the radiation-controlled area (MB2
floor in front of the SRC room) of the RIBF building,
and the other magnets and BT line were placed in the
D-crane area (the central machine hatch) of the RIBF
building. After GARIS-II was carried out, the two CSM
cavities were carried out from the LINAC building in
July, in the following order: CSM-A6 and A5. Cou-
plers, tuners, cryopumps, turbo molecular pumps, and
cooling water hoses were removed from the CSM cav-
ities in advance. The vertical space in the transport
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Table 1. Transfer schedule of GARIS-II and CSM in 2017.
 
 

 







 
                                                 

route was insufficient because of an existing BT line
and the low shield door. Therefore, the CSM cavi-
ties and its stages were carried out separately. Sub-
sequently, the other two CSM cavities (CSM-A3 and
A4) were also carried out with their accessories, ampli-
fiers, and control panels from the LINAC building in
July. These four radioactive cavities and their acces-
sories were temporarily placed on the MB2 floor, and
some amplifiers and control panels were placed in the
D-crane area. Here, the D1 dipole magnet was reversed
with the C-crane (40 ton) in the BigRIPS room in July,
and was divided into the upper yoke and lower yoke in
order to transfer it using a 10 ton-crane of the E6 room.
The transport route of GARIS-II was from the MB2
floor or the D-crane area to the E6 room, through the
machine hatch of the Nishina building and the under-
ground passage. Although the entrance of the E6 room
was narrow, the D1 dipole magnet was carefully trans-
ferred in July. GARIS-II was installed immediately on
some new stages over the D2 magnet of RIPS, and it
was checked for vacuum leak after alignment. The old
CSM-A6 cavity was used as the new D6-BEA (beam
energy adjuster) in the D room. The D6-BEA was
transferred from the MB2 floor to the D room, through
the D-crane area and the side of the CNS building,
in August, and was immediately installed between the
QDD61 and QDD62 magnets. it was checked for vac-
uum leak after alignment. Then, the frequency of the
D6-BEA was modified in September. Finally, the three
remaining CSM cavities were transferred from the MB2
floor to the E21 room of the RIBF building, through
the D-crane area and the north-machine hatch, in Au-
gust, and were stored on the north side of the SCRIT
area. After the transfer, some infrastructure and the
BT lines to these infrastucture were installed or modi-
fied. The operational checks of GARIS-II and D6-BEA
were conducted in December, and the first beam time
of GARIS-II with the V beam commenced.
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Magnet power supplies for GARIS-II

K. Kumagai,∗1 K. Morimoto,∗1 and D. Kaji∗1

The superheavy element production team at RIKEN
Nishina Center is planning to produce the elements with
atomic numbers z = 119 and 120. For early implemen-
tation of the project, we planned to relocate GARIS-II1)
from RILAC to the downstream of RRC. The produc-
tion of new elements will be accelerated by irradiation
in parallel with GARIS-III, which will be newly built
in RILAC in FY2018. The GARIS-II was relocated to
the E6 experimental room. The vanadium beam accel-
erated by RILAC2 and RRC is guided to GARIS-II after
passing through the RIPS-Q6 magnet.

The magnets of GARIS-II consist of two bending mag-
nets and three quadrupole magnets. Two quadrupole
magnets and a set of steering magnets were placed up-
stream of GARIS-II magnets for beam transport. Since
the power supplies used in RILAC have been used for
GARIS-III, other power supplies had to be prepared.
Table 1 summarizes the requested specifications of the
power supply for the GARIS-II magnets and their cur-
rent and voltage specifications. The detectors used in
GARIS-II are susceptible to noise. When a power sup-
ply using thyristors as a pre-regulator was used for ex-
citing a dipole magnet in GARIS-I, which was installed
in RILAC, the noise affected the detectors in some cases.
We decided to apply existing power supplies which use
a saturable reactor as a pre-regulator as power sup-
plies for five GARIS-II magnets. The four power sup-
plies used for the RIKEN Projectile-fragment Separator
(RIPS) and a power supply used in the past for the E2
dipole magnet were used. These supplies are already
used not only for RIPS magnets but also for the in-
jection/extraction magnet for the fRC cyclotron and a
magnet for beam transport to the E5 experimental room.
The connection between the power supply and the mag-
nets for each beam course could be switched using the
switching board placed in the E4 experimental room.
Since the switching board was able to switch only to
two courses (RIPS or fRC/BT), the switching sequence
in the board was modified so that it could be switched to
three courses (RIPS, fRC/BT and GARIS-II). Figure 1
shows the switching sequence of power supplies.

The maximum current of the power supply connected
to GARIS2-D1 is nearly 2 times larger than the allowable
current of the magnet. To prevent operational errors,
a voltage sensor is planned to be installed in February
2018 on the load terminal to turn off the power when
the voltage is higher than the allowable voltage of the
magnet. It will be installed.

The power supplies that excite the double quadrupole
magnets and a set of steering magnets placed upstream
of GARIS-II were switched from the triplet quadrupole
(QTD17) and a set of steering magnets (STH16) on the
beam transport line to fRC. The switching board was

∗1 RIKEN Nishina Center

Fig. 1. Switching sequence of the connections of RIPS,
fRC/BT and GARIS-II magnets.

Table 1. Specifications of power supplies for GARIS-II mag-
nets.

relocated from the E4 experimental room, where it was
used previously, to a place near the beam transport line
in the D room.

After the wiring and the protection interlock test,
the current output test for GARIS-II magnets was per-
formed. It is necessary to adjust the power supplies
so that stable current can be fed to both magnets on
RIPS, fRC and GARIS-II. Most power supplies could
feed stable current without matching adjustment of the
feedback circuit. For the E2 dipole magnet power sup-
ply, the output current was stabilized by replacing the
3-terminal regulator that generate voltage of ±15 V DC
for the error amplifier and the capacitors around it in
the feedback loop circuit.

The commissioning of GARIS-II started in December
2017. The power supplies performed satisfactorily. In
FY2018, DC current transformers will be installed to
measure the precise current of power supplies.
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Residual Gas Effect in LEBT on the Transverse Emittance of
Multiply-Charged Heavy Ion Beams Extracted from ECRIS†

T. Nagatomo,∗1 V. Tzoganis,∗1,∗2 J. P. Mira,∗1,∗3 T. Nakagawa,∗1 and O. Kamigaito∗1

When operating the electron cyclotron resonance ion
source (ECRIS) with high-intensity beam extraction, we
often experience the beam current changing in accor-
dance with the pressure of the low energy beam trans-
port (LEBT). After the LEBT is vented, the beam inten-
sity is sometimes higher than usual, before we evacuate it
to the reachable vacuum degree. Space-charge compen-
sation is the one of the possible mechanism that cause
the phenomenon as discussed by Toivanen et al.,1) and it
should be an advantage when high-intensity ion beams
are extracted from the ECRIS. Thus, we investigated
the effects of residual gas in the LEBT on the transverse
phase space distribution of the 40Ar beam, e.g., correla-
tion between the beam profile and emittance, by using
the pepper-pot emittance meter (PPEM).2)

Figure 1 shows the RIKEN 18-GHz superconducting
ECRIS (SC-ECRIS) with the following LEBT. Initially,
without the gas injection into the LEBT, the SC-ECRIS
was tuned for the Ar11+ beam current to be maximum,
typically ∼ 70 μA, with a 10-kV extraction voltage and
a 600-W microwave. The total beam current extracted
from the SC-ECRIS was estimated as 0.9 mA from the
electric current of the extraction voltage source. The
PPEM, by which the four-dimensional transverse phase
space distribution was obtained, was positioned before
the solenoid lens to avoid the beam-optics complica-
tions caused by the helical motion of the beam trav-
eling through the lens. In order to control the residual
gas pressure from 10−5 to 10−3 Pa, we intentionally in-
jected the neutral Ar gas through the variable leak valve
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Fig. 1. Schematic of the RIKEN 18-GHz SC-ECRIS, LEBT,
and PPEM.

† Condensed from the article in the Proc. of 17th Int. Conf. on
Ion Sources (ICIS2017), Geneva, Switzerland, October 2017,
in press
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Fig. 2. Obtained beam profile (upper) and horizontal emit-
tance (lower) of 40Ar9+ beam by using PPEM.

attached at the gas injection port of the magnet chamber
in Fig. 1.

Figure 2 shows the beam profile (x-y plot) and the
horizontal emittance (x-x′ plot) of 40Ar9+ beam at the
LEBT pressure of 1.2 × 10−5 Pa (no gas injection) and
1.4×10−3 Pa (Ar-gas injection). From Fig. 2, the beam
intensity of the central area of the hollow triangle-shaped
beam profile appears to increase with Ar-gas injection.
However, by selecting a minor component in the emit-
tance plot, a similarly shaped beam profile is clearly
separated from the main component. From the system-
atic studies on the Ar beams from 7+ to 12+, the para-
site component is concluded as the Ar beam with other
charge that captures an electron before the analyzing
magnet. For example, the Ar10+ beam, which is ex-
tracted as Ar11+ from the ECRIS, captures an electron
during the travel to the magnet, and is bend by the
magnet with the charge of 10+, can mix in the Ar9+
beam because of their similar Bρ’s. In addition, from
the obtained M/Q spectra, the valleys between the Ar
peaks become shallower as the LEBT pressure exceeds
10−4 Pa by the Ar-injection. Thus, we found that the
other charge exchanges and the multiple scatterings with
the residual gas are no longer negligible at the LEBT
pressure of 10−4 Pa. In the case of ∼10−5 Pa, we de-
tected no significant signs of these effects nor the space-
charge compensation.
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An innovative method for 12C4+ suppression in 18O6+ beam production
in an electron cyclotron resonance ion source†

H. Muto,∗1 Y. Ohshiro,∗2 Y. Kotaka,∗2 H. Yamaguchi,∗2 Y. Sakemi,∗2 M. Kase,∗1 S. Kubono,∗1,∗2

and S. Shimoura∗1

It is a major and complex task to accelerate an ion
that has the same charge to mass ratio with strong con-
taminant ions, such as 12C4+ in the 18O6+ beam. An
innovative method has been developed to suppress the
contaminant ions in the Electron Cyclotron Resonance
(ECR) ion source by introducing Li vapor. The ion dis-
tribution inside the ECR zone was obtained by the op-
tical analysis of ions inside the ECR ion source. The
12C4+ ions were suppressed as much as by a factor of
10, whereas the 18O6+ beam changed little with the use
of this technique.

A 14 GHz Hyper-Electron Cyclotron Resonance
(Hyper-ECR) ion source has been successfully used as an
injector for the RIKEN Azimuthal Varying Field (AVF)
cyclotron.1) A grating monochromator was installed at
the Hyper-ECR ion source, and the emitted light inten-
sities of gaseous and metal ions were observed during
ion beam tuning.2,3) Recently, the 18O6+ beam was pro-
duced at the Hyper-ECR ion source and injected into
the RIKEN AVF cyclotron. After the beam time was
started, the users noticed a significant contamination of
the 18O6+ beam with the 12C4+ ions. The plasma cham-
ber is not hydrocarbon free, and a counter-flow of rotary
oil is also suspected for the presence of the carbon atoms.
During the beam tuning process, the charge distribution
of ions extracted from ECR plasma was measured by a
magnetic beam analyzer and a Faraday cup. However,
the charge to mass ratio (q/m) of 18O6+ is 0.33335, and
that of 12C4+ is 0.33333. Even our high-resolution AVF
cyclotron (Δm/m =1/12000) is unable to separate these
two ions.

During the experiment a total beam current of the
q/m =1/3 ranged from 30 to 50 μA. Although the 12C4+

beam current contaminating the main beam had to be
measured, a direct measurement was impossible. There-
fore, we measured the light intensity of the C IV line
spectrum during the beam experiment.4,5) The strength
of the light intensity measured by a photomultiplier and
a digital voltmeter constantly showed 2.5 mV through-
out the experiment. Figure 1 shows the light intensity of
the C IV line spectrum from the residual gas plasma as
a function of the analyzed 12C4+ beam intensity. From
this result, the 2.5 mV light intensity corresponded to
the 12 μA of 12C4+ beam intensity. Therefore, the con-
tamination ratio of the 12C4+ ions in the total beam was
24∼40%.

When an 7Li2+ beam was produced and extracted
from the Hyper-ECR ion source, there was no C IV light

† Condensed from the article in Rev. Sci. Instrum. 89, 016103
(2018).
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Fig. 1. Light intensity of C IV line spectrum as a function of

an analyzed 12C4+ beam intensity.

Fig. 2. Time chart of 16O6+ beam intensity and C IV light

intensity with 7Li crucible in operation.

intensity present.
Then, we attempted to tune the 16O6+ ion beam while

vaporizing a small quantity of Li atoms in the plasma
chamber. Figure 2 shows a time chart of 16O6+ ion beam
current and C IV light intensity under 16O6+ ion beam
tuning with Li evaporation.

By adjusting the distance between the Li crucible and
plasma, the brightness of the Li II light intensity was
kept at 1.1 mV. To prevent excessive Li crucible heating,
the C IV light intensity was kept at less than 0.9 mV,
and the beam current was controlled at 48 μA of 16O6+.
The 12C4+ beam current became ∼1.0 μA when this C
IV brightness was converted into the beam current as
shown in Fig. 1. The amount of impurities was dras-
tically improved to around 2% from 40% by the Li ion
pumping effect.
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Renewal of control system and driving mechanism of cavity tuning
devices for RILAC Rebuncher

K. Yamada,∗1 T. Ohki,∗2 K. Oyamada,∗2 K. Suda,∗1 and N. Sakamoto∗1

The RIKEN Linear Accelerator (RILAC) is used
as an injector to the RIBF accelerator complex for
heavy-ions up to krypton. For example, 48Ca beam
is accelerated by a cascade of the RILAC, RIKEN
Ring Cyclotron (RRC), Intermediate-stage Ring Cy-
clotron (IRC), and Superconducting Ring Cyclotron
(SRC). The rebuncher called X5-REB and located at
the beam transport line from the RILAC to the RRC
is required for this operation to adjust the longitudi-
nal bunch length because of the long distance of the
beam transport line.1) The rebuncher system was built
approximately 30 years ago2,3) and showed problems
such as low stability of rf voltage and phase because
of old low-level (LL) circuits; less reproducibility of
the driving mechanism for frequency tuning devices;
and insufficient usability of local and remote control.
Therefore, the control system as well as the driving
mechanism of cavity tuning devices were upgraded to
overcome these problems.

We replaced the old control system with a new sys-
tem using a programmable logic controller (PLC), as
shown in Fig. 1. The right side is a controller cabinet
including the PLC, and the other side comprises the LL
circuits and a transistor wide-band amplifier (WBA).
The LL circuits were newly fabricated with rf voltage
stability of ±0.1% and phase stability of ±0.1◦. These
circuits are compatible with the standard LL circuits
of the RIBF. The frequency of the LL circuits ranges
are from 36 to 76.4 MHz. The WBA was not new but
unused with a maximum output power of 500 W and
frequency range of 34–90 MHz. The local operation
was performed using a graphical touch panel similar to
those used in other rf devices of the RIBF. The remote
operation was integrated into the operation terminal of
the RILAC2 by using SCADA software of Wanderware
InTouch.

A cavity of the X5-REB has five driving devices:
two side tuners (L and R) for the coarse tuning of res-
onant frequency, a shorting plate for the coarse tuning
of resonant frequency, a trimmer for the fine tuning of
frequency, and an rf power coupler. The old driving
mechanism, except for the shorting plate, used a lin-
ear actuator with a rack and pinion-geared reversible
motor, the amount of rotation and driving speed of
which were impossible to control. In addition, the ac-
tuator had a large backlash. Thus, we modified the
four sets of driving mechanism excluding the short-
ing plate to use as a stepping motor and a trapezoidal
screw. The reversible motor of the shorting plate was

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

replaced with a new one because of deterioration. Fig-
ure 2 shows the cavity and the part of driving devices
of the X5-REB after the modification. Tuner L and
power coupler cannot be seen in the figure.

Owing to these modifications, the stability of the
rf voltage and phase, the reproducibility of position
for each tuning device and the usability were greatly
improved; this contributed to the stabilization of beam
during the RIBF experiment.

Fig. 1. New control system after the upgrade. Motor

drivers are mounted on the backside of the PLC.

Fig. 2. Cavity and frequency tuning devices of the X5-REB

after the modification.
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Installation of new central region for energy upgrade
at RIKEN AVF cyclotron

J. Ohnishi,∗1 A. Goto,∗1 and Y. Kotaka∗2

We changed the structure of the central region of the
AVF cyclotron to a new one in September 2017. The
new structure is the same as the one that was beam-
tested in August 2016, except that a part of the inner
wall of its RF shield was scraped by hand so that the
inflector can be rotated. In the beam test that was con-
ducted in 2016, protons were successfully accelerated to
an energy of 30 MeV with harmonic H = 1 accelera-
tion mode. However, the structure was reverted to the
previous one because the transmission efficiency of 5-
MeV/nucleon 56Fe15+ beam was 10% and worse than
half of the conventional efficiencies.1) Although the in-
jection acceptance for the original (S1) and new (S2)
structures had been calculated in 2016, more detailed
simulations including a buncher located at I36 (2.03 m
above the median plane of the cyclotron) were executed
again in 2017.
Figure 1 shows the injection acceptance sizes of 12-

MeV/nucleon deuterons for S1 and S2. The injection
acceptance is defined as the phase-space size of the par-
ticles accelerated beyond a radius of 180 mm. The ab-
scissa indicates the relative phase angle to the RF at the
starting point of the tracking calculation located just
above the buncher. Both the dee voltages were 40 kV.
The injection acceptances for S1 and S2 were almost the
same. The same applies to the other beams. Consid-
ering the results of the beam test that was conducted
in 2016, the extraction efficiencies for S2 may be worse
than those for S1. The reasons for this are not clear
because simulations for the extraction efficiencies were
not done sufficiently due to the involvement of many ad-
justable parameters. On the other hand, in the machine
time of 9.1-MeV/nucleon 12B4+ performed in July 2017,
only half of the beam current of 300 particle nA that was
requested by the experimenters could be supplied. This
was due to large beam losses in the first turn for S1, be-
cause this beam needed high acceleration voltages. The
new structure S2 can reduce the injection beam losses
for beams that need high voltages. Therefore, from these
two points, we decided to install S2 again and to use it
in the machine time for the experiments.
Figure 2 shows a comparison of the transmission ef-

ficiencies before and after the installation of S2. The
transmission efficiencies are defined as the ratio of
the beam currents of Faraday cups FC-I36 and FC-
C01 located at the injection and extraction beam lines
of the cyclotron. The transmission efficiency of 9.1-
MeV/nucleon 12B4+ beams increased four times and the
extracted beam current reached 800 particle nA. Al-
though the transmission efficiencies depend on the kind

∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, the University of Tokyo

0

100

200

300

-160 -120 -80 -40 0 40 80 120 160 200

A
cc

ep
ta

nc
e (
pm

m
m

ra
d)

Phase (deg)

x
 S1
 S2

0

100

200

300

-160 -120 -80 -40 0 40 80 120 160 200
A

cc
ep

ta
nc

e (
pm

m
m

ra
d)

Phase (deg)

y

 S1
 S2

Fig. 1. Injection acceptance sizes for 12-MeV/nucleon

deuterons in two orthogonal directions.

0%

10%

20%

30%

40%

d+
12

MeV/u

B4+
9.1

MeV/u

Kr20+
3.8

MeV/u

Ar11+
3.8

MeV/u

C4+
7.0

MeV/u

p
12

MeV

Fe15+
5

MeV/u

Ne7+
5

MeV/u

Tr
an

sm
iss

io
n 

ef
fic

ie
nc

y

Fig. 2. Transmission efficiencies of the AVF cyclotron after

and before the installation of the new structure S2. Filled

bars indicate the transmission efficiencies after the instal-

lation and empty bars indicate those before the installa-

tion.

of beams and the time for operational adjustment of
the cyclotron, it seems that the transmission efficien-
cies for S2 are as good as those for S1 or much better
in some cases. Moreover, in the machine study after
the installation of S2, we succeeded in accelerating 14-
MeV/nucleon deuterons which could not be accelerated
before. However, while their injection efficiency was 40–
50% as high as other beams, the extraction efficiencies
were poor, approximately 10%, which is too low and can
supply only weak beams of 1–2 particle µA. Since the in-
crease in the energy of deuterons are strongly requested
by experimenters, we plan to do beam simulations and
machine study to increase the extraction efficiencies for
14 MeV/nucleon deuterons.

Reference
1) J. Ohnishi et al., RIKEN Accel. Prog. Rep. 50, 145

(2017).

Renewal of control system and driving mechanism of cavity tuning
devices for RILAC Rebuncher

K. Yamada,∗1 T. Ohki,∗2 K. Oyamada,∗2 K. Suda,∗1 and N. Sakamoto∗1

The RIKEN Linear Accelerator (RILAC) is used
as an injector to the RIBF accelerator complex for
heavy-ions up to krypton. For example, 48Ca beam
is accelerated by a cascade of the RILAC, RIKEN
Ring Cyclotron (RRC), Intermediate-stage Ring Cy-
clotron (IRC), and Superconducting Ring Cyclotron
(SRC). The rebuncher called X5-REB and located at
the beam transport line from the RILAC to the RRC
is required for this operation to adjust the longitudi-
nal bunch length because of the long distance of the
beam transport line.1) The rebuncher system was built
approximately 30 years ago2,3) and showed problems
such as low stability of rf voltage and phase because
of old low-level (LL) circuits; less reproducibility of
the driving mechanism for frequency tuning devices;
and insufficient usability of local and remote control.
Therefore, the control system as well as the driving
mechanism of cavity tuning devices were upgraded to
overcome these problems.

We replaced the old control system with a new sys-
tem using a programmable logic controller (PLC), as
shown in Fig. 1. The right side is a controller cabinet
including the PLC, and the other side comprises the LL
circuits and a transistor wide-band amplifier (WBA).
The LL circuits were newly fabricated with rf voltage
stability of ±0.1% and phase stability of ±0.1◦. These
circuits are compatible with the standard LL circuits
of the RIBF. The frequency of the LL circuits ranges
are from 36 to 76.4 MHz. The WBA was not new but
unused with a maximum output power of 500 W and
frequency range of 34–90 MHz. The local operation
was performed using a graphical touch panel similar to
those used in other rf devices of the RIBF. The remote
operation was integrated into the operation terminal of
the RILAC2 by using SCADA software of Wanderware
InTouch.

A cavity of the X5-REB has five driving devices:
two side tuners (L and R) for the coarse tuning of res-
onant frequency, a shorting plate for the coarse tuning
of resonant frequency, a trimmer for the fine tuning of
frequency, and an rf power coupler. The old driving
mechanism, except for the shorting plate, used a lin-
ear actuator with a rack and pinion-geared reversible
motor, the amount of rotation and driving speed of
which were impossible to control. In addition, the ac-
tuator had a large backlash. Thus, we modified the
four sets of driving mechanism excluding the short-
ing plate to use as a stepping motor and a trapezoidal
screw. The reversible motor of the shorting plate was

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

replaced with a new one because of deterioration. Fig-
ure 2 shows the cavity and the part of driving devices
of the X5-REB after the modification. Tuner L and
power coupler cannot be seen in the figure.

Owing to these modifications, the stability of the
rf voltage and phase, the reproducibility of position
for each tuning device and the usability were greatly
improved; this contributed to the stabilization of beam
during the RIBF experiment.

Fig. 1. New control system after the upgrade. Motor

drivers are mounted on the backside of the PLC.

Fig. 2. Cavity and frequency tuning devices of the X5-REB

after the modification.
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Improvement of injection beam-orbit analysis of AVF cyclotron

Y. Kotaka,∗1 Y. Ohshiro,∗1 H. Yamaguchi,∗1 N. Imai,∗1 Y. Sakemi,∗1 T. Nagatomo,∗2 M. Kase,∗2 J. Ohnishi,∗2

A. Goto,∗2 K. Hatanaka,∗3 H. Muto,∗4 and S. Shimoura∗1

In order to increase the beam intensity of the AVF
cyclotron, the injection beam transport system must be
improved. As the first step of this improvement, we
have developed a calculation method of the beam orbit
down to the center of the AVF cyclotron from the ion
source by using the 4-dimenssional emittance measured
with a pepper-pot emittance monitor1) (PEM IH10), as
shown in Fig. 1. One feature of our calculation method
was the use of the 3D magnetic field calculated with a
calculation code to take into account the fringe fields of
electromagnets. The other was to implement a space
charge effect.2–4)

As reported previously, the beam-orbit calculation
with such magnetic-field distributions of solenoid coils
and quadrupole magnets was successful.2) Therefore, we
also renewed the model of the dipole magnet DMI23
shown in Fig. 1 from the hard-edge model of a dipole
magnet with a fringing field and pole-face rotations5) to
3D magnetic-field distributions. The result did not dif-
fer from that of the previous model. However, this has
helped us to find a practical beam energy by calculat-
ing the beam orbit with the 3D dipole magnetic field
including the fringing field.

In order to improve the calculation of the space charge
effect, we formulated a multistep-ellipse model instead
of a single-ellipse model. In the single-ellipse model, the
shape and beam-intensity distribution of the beam cross
section are approximated by an ellipse and by a uni-
form distribution, respectively. However, the real beam-
intensity distribution is not uniform.3) Therefore, we in-
creased the number of ellipses that keep the center and
give each ellipse the amount of beam elements that exist
within it.

To construct the equation of motion (EOM),4) a stan-
dard ellipse must be defined by the combination of
the average, standard deviation, and correlation of the
beam-intensity distribution. Multistep ellipses are made
by evenly dividing the ellipse, the radius of which is 6
times larger than the radius of the standard ellipse, into
30 ellipses.

First, the EOM including the space charge effect for
the beam element in the innermost ellipse is constructed.
Then, the EOM for the beam element located between
the second and first innermost ellipse is constructed from
the second ellipse. For the outer ellipses, the EOM is
constructed accordingly. The beam elements beyond the
outermost ellipse are neglected.

The result of the multistep-ellipse model is shown in

∗1 Center for Nuclear Study, University of Tokyo
∗2 RIKEN Nishina Center
∗3 RCNP, Osaka University
∗4 Center of General Education, Tokyo University of Science,

Suwa

Fig. 1. Injection beam line of the AVF cyclotron.

Fig. 2. (Left) Beam-intensity distribution measured with

I23viewer. (Middle) Beam-intensity distribution calcu-

lated by the single-ellipse model. (Right) Beam-intensity

distribution calculated by the multistep-ellipse model.

The ion beam is 4He2
+ at 15.4 keV and 250 eµA.

Fig. 2. Ion beam measured is 4He2
+ at 15.4 keV and

250 eµA. The left of Fig. 2 shows a beam-intensity dis-
tribution measured by I23viewer, which is a beam viewer
and is shown in Fig. 1. The middle of Fig. 2 shows a
beam-intensity distribution calculated using the single-
ellipse model. The radius of the single ellipse is 1.8 times
larger than the radius of the standard ellipse. The right
of Fig. 2 shows a beam-intensity distribution calculated
using the multistep-ellipse model. It can be seen that the
multistep-ellipse model reproduces the measured distri-
bution better than the single-ellipse model.6) The reason
for this is thought to be that each beam distribution of
the cross section on the beam axis is close to the real
distribution.
By these improvements, the shapes of the beam de-

duced from the calculated beam orbit have become close
to the measured ones. In addition, we plan to find a
method to evaluate these differences of shapes quanti-
tatively. However, the calculated central position and
beam angle were not always the same as in the measure-
ment. This is a problem to be improved in the future.
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Radiation monitoring for cycrotrons in RIBF

M. Nakamura,∗1 K. Yamada,∗1 A. Uchiyama,∗1 H. Okuno,∗1 and M. Kase∗1

Recently, we attempted to monitor the radiation due
to beam loss in the RIBF by using ionization cham-
bers (ICs).1) Usually, we investigate the radiation from
the electrostatic diffraction channel (EDC) at RRC and
SRC. We would input the alarm signal from these ICs
to the beam interlock system (BIS).2,3) However, in the
case of the 238U86+ beam, for example, RRC, fRC, IRC
and SRC are used. Hence, we have installed the ICs
near the EDC of fRC and IRC. This time, we attempted
to input the alarm signal from the IC near the EDC of
IRC to BIS.

We considered the alarm levels of the IC from the
signals of the thermocouples (TCs) set at the septum
of RRC and SRC.2,3) According to this method, when
the temperature difference between the TC set near the
beam-irradiated part of the septum and the temperature
of the cooling water of the septum become 10◦C,4) the
alarm signal is input to the BIS. Hence, we compared the
temperature difference on the septum with the signal of
the IC near the EDC of IRC in the machine time of
the 238U86+ beam. The result is shown in Fig. 1. The
data showed little dispersion and the calibration curve in
Fig. 1 can be drawn. From this curve, we can recognize
that the voltage of the IC became about 8.5 V when the
temperature difference on the septum reached to 10◦C,
as showed by the red dotted line in Fig. 1.

From October 10 to November 30, the 238U86+ ion
beam was accelerated to 345 MeV/nucleon. The IC sig-
nal from 9:00 on 10/19/2017 to 9:00 on 10/20/2017 is
shown in Fig. 2(a). The adjustment for high intensity
beam was started from about 11:30 on 10/19 and con-
tinued to about 9:00 on 10/20. In this figure, we could
observe many peaks whose intensities ranged from 3 V
to 7 V.

The IC signal from 9:00 on 11/19/2017 to 9:00 on
11/20/2017 is shown in Fig. 2(b). From 9:00 on 11/19 to
9:00 on 11/20, the ion beam current was increased from
about 5800 enA to 6000 enA. These ion beam currents
reached the maximum values during this machine time
of 238U86+ ion beam. However, in Fig. 2(b), we could
observe signals whose intensities were only about 1–3 V
and about 3.5 V at maximum.

We performed investigations by inputting the alarm
signal to the BIS during the machine time of 238U86+ ion
beam. However, in this term, we could not observe sig-
nals stronger than 8.5 V which was the estimated alarm
level. Then the BIS from the IC near the EDC of IRC
did not act in this term. From these results, we could
consider that the operation of the IRC in the machine
time of 238U86+ was completed favorably.
In future, we will investigate the beam loss at the EDC

of IRC using other beams in addition to the 238U86+

beam. In addition, in next time, we will investigate the
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Fig. 1. Correlation of IC voltage and the temperature differ-

ence on the septum.

Fig. 2. Signals from the IC installed near the EDC of IRC.

a) The signal when the beam was adjusted.

b) The signal when the full beam was used.

alarm signal from fRC to BIS.
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Improvement of injection beam-orbit analysis of AVF cyclotron

Y. Kotaka,∗1 Y. Ohshiro,∗1 H. Yamaguchi,∗1 N. Imai,∗1 Y. Sakemi,∗1 T. Nagatomo,∗2 M. Kase,∗2 J. Ohnishi,∗2

A. Goto,∗2 K. Hatanaka,∗3 H. Muto,∗4 and S. Shimoura∗1

In order to increase the beam intensity of the AVF
cyclotron, the injection beam transport system must be
improved. As the first step of this improvement, we
have developed a calculation method of the beam orbit
down to the center of the AVF cyclotron from the ion
source by using the 4-dimenssional emittance measured
with a pepper-pot emittance monitor1) (PEM IH10), as
shown in Fig. 1. One feature of our calculation method
was the use of the 3D magnetic field calculated with a
calculation code to take into account the fringe fields of
electromagnets. The other was to implement a space
charge effect.2–4)

As reported previously, the beam-orbit calculation
with such magnetic-field distributions of solenoid coils
and quadrupole magnets was successful.2) Therefore, we
also renewed the model of the dipole magnet DMI23
shown in Fig. 1 from the hard-edge model of a dipole
magnet with a fringing field and pole-face rotations5) to
3D magnetic-field distributions. The result did not dif-
fer from that of the previous model. However, this has
helped us to find a practical beam energy by calculat-
ing the beam orbit with the 3D dipole magnetic field
including the fringing field.

In order to improve the calculation of the space charge
effect, we formulated a multistep-ellipse model instead
of a single-ellipse model. In the single-ellipse model, the
shape and beam-intensity distribution of the beam cross
section are approximated by an ellipse and by a uni-
form distribution, respectively. However, the real beam-
intensity distribution is not uniform.3) Therefore, we in-
creased the number of ellipses that keep the center and
give each ellipse the amount of beam elements that exist
within it.

To construct the equation of motion (EOM),4) a stan-
dard ellipse must be defined by the combination of
the average, standard deviation, and correlation of the
beam-intensity distribution. Multistep ellipses are made
by evenly dividing the ellipse, the radius of which is 6
times larger than the radius of the standard ellipse, into
30 ellipses.

First, the EOM including the space charge effect for
the beam element in the innermost ellipse is constructed.
Then, the EOM for the beam element located between
the second and first innermost ellipse is constructed from
the second ellipse. For the outer ellipses, the EOM is
constructed accordingly. The beam elements beyond the
outermost ellipse are neglected.

The result of the multistep-ellipse model is shown in
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Fig. 1. Injection beam line of the AVF cyclotron.

Fig. 2. (Left) Beam-intensity distribution measured with

I23viewer. (Middle) Beam-intensity distribution calcu-

lated by the single-ellipse model. (Right) Beam-intensity

distribution calculated by the multistep-ellipse model.

The ion beam is 4He2
+ at 15.4 keV and 250 eµA.

Fig. 2. Ion beam measured is 4He2
+ at 15.4 keV and

250 eµA. The left of Fig. 2 shows a beam-intensity dis-
tribution measured by I23viewer, which is a beam viewer
and is shown in Fig. 1. The middle of Fig. 2 shows a
beam-intensity distribution calculated using the single-
ellipse model. The radius of the single ellipse is 1.8 times
larger than the radius of the standard ellipse. The right
of Fig. 2 shows a beam-intensity distribution calculated
using the multistep-ellipse model. It can be seen that the
multistep-ellipse model reproduces the measured distri-
bution better than the single-ellipse model.6) The reason
for this is thought to be that each beam distribution of
the cross section on the beam axis is close to the real
distribution.
By these improvements, the shapes of the beam de-

duced from the calculated beam orbit have become close
to the measured ones. In addition, we plan to find a
method to evaluate these differences of shapes quanti-
tatively. However, the calculated central position and
beam angle were not always the same as in the measure-
ment. This is a problem to be improved in the future.
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Update plan of the existing beam interlock system for the RIBF†

M. Komiyama,∗1 A. Uchiyama,∗1 M. Fujimaki,∗1 N. Fukunishi,∗1 M. Hamanaka,∗2 and T. Nakamura∗2

We report on the update plan of the existing beam
interlock system (BIS). The BIS is a system that pro-
tects the hardware of RIBF accelerators from potential
damage caused by accidental irradiation of high-power
heavy-ion beams.1) It was designed to stop beams within
10 ms after receiving an alarm signal from the accelera-
tor and beam transport line components. On receiving
an alarm signal, the BIS outputs a signal to one of the
beam choppers installed just below the ion source, which
deflects the beam immediately. The BIS was developed
based on the Melsec-Q series programmable logic con-
trollers (PLCs). The hardware configuration of the BIS
is shown in the left part of Fig. 1.

The existing BIS began its operation in 2006, along
with the beam commissioning of RIBF. In addition to an
increase in the number of input signals to the BIS over
10 years of operation, too much information is shared
among all the stations through optical links in the BIS.
The response time becomes 15–20 ms, which is greater
than its design value. On the other hand, the beam
power has exceeded 10 kW recently, and beam opera-
tion at the level of several tens of kW is expected in
the near future.2) To handle higher-power beams more
safely, a response speed of 10 ms or less is required for the
BIS, in order to suppress the hardware damage caused
by high-power beams. In addition, a greater number
of components than those included in the present BIS
have to be carefully monitored because subtler failures
can potentially cause severe accidents in the case of very
high-power beams. However, there is a limit for the ex-
isting BIS to reduce the response speed for the increasing
number of associated components. Therefore, we have
commenced the development of the next-generation BIS
(hereinafter, BIS2), which is designed to have advanced
performance and convenience in operation compared to
the existing BIS.

The BIS2 implements interlock logic, which is funda-
mentally equivalent to that of the existing BIS. Based
on the operation experience of more than 10 years of the
existing BIS, we decided to develop the BIS2 system by
ourselves from scratch. Furthermore, we designed it to
reduce the amount of data shared between different sta-
tions in the BIS2 in order to reduce the response time. In
the BIS2, only the output signal status is shared among
stations. As a device satisfying the above requirements,
we adopted the FA-M3 PLC system. As a prototype of
the BIS2, we adopt the two-station configuration; how-
ever, there is no technical limit to the number of stations
and the number of I/O points included in the BIS2.

† Condensed from the article in Proc. ICALEPCS2017.
TUPHA028
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Fig. 1. Hardware configuration of the existing BIS (left) and
the BIS2 (right).

The right part of Fig. 1 shows the hardware con-
stitution and the process flow of the BIS2 proto-
type. The system employs a multi-CPU configuration;
the sequence CPU, the Linux-based CPU (hereinafter,
F3RP61 CPU), I/O modules, and FL-net module are
mounted on one station, and the sequence CPU, I/O
modules, and FL-net module are mounted on the other
station. We plan to have coupled operation of the BIS2
to the main RIBF control system based on EPICS. Inter-
lock logic is implemented in the sequence CPU, because
high-speed processing and high reliability are required.
Such high-speed processing is not necessary for setting
and monitoring the interlock signal; these functions are
implemented in the F3RP61 CPU. We execute EPICS on
the F3RP61 CPU and access it from the upper-level PC
via Ethernet. The interlock signal information transfer
between two stations is performed through FL-net: an
open network protocol used for interconnection between
controllers.

We plan to apply the BIS2 prototype to the AVF
cyclotron and its low-energy experimental facility, as a
first step in the RIBF BIS upgrade. By simulating the
AVF cyclotron facility, we conducted basic performance
tests. First, we verified that the BIS2 prototype out-
puts signals correctly when the pattern of input signals
is changed. Next, we measured the signal transmission
speed in the system using an oscilloscope. As a result,
the average response time in the same station was found
to be 1.4 ms, and when the signal input and output were
carried out at different stations, the average response
time was 3.8 ms. The measured response speed is better
than the specification required in the BIS2 development.
Online operation of the BIS2 prototype at the AVF site
is scheduled in 2018.
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Upgrade of server systems for RIBF control

A. Uchiyama,∗1 M. Komiyama,∗1 and N. Fukunishi∗1

The RIBF control system is composed of many server
for various services. Generally, in order to use them sta-
bly without having any serious machine trouble, they
should be replaced by new ones appropriately. In this
progress report, we will report on the technology used in
the upgraded server systems of the RIBF control system.
For the accelerator control system, various kinds of data
related to the accelerator components and beams accel-
erated by them, such as vacuum pressures and beam
currents, are stored regularly into a data archive sys-
tem. The archived data is useful for troubleshooting
and checking the accelerator condition during daily op-
erations. In the RIBF control system, RIBFCAS has
been utilized since 2009.1) It is a PostgreSQL-based
data archive system and the data is acquired from the
database and visualized as a GUI chart. NVMe SSD
(NVM Express Solid State Drive) was installed as the
main storage of the RIBFCAS to realize fast data ac-
cessing performance. On the other hand, high redun-
dancy was not available for RIBFCAS. Although RAID
1/5/6/10, which are constructed using multiple physical
disk drives, are widely used as the data storage virtual-
ization technology to realize redundant storage systems,
RAID was not adopted in the RIBFCAS main storage
system, because RAID with NVMe SSD increases the
cost and has a finite writing life. Therefore, in the pre-
vious system, when a disk failure occurred in the NVMe
SSD, the services of RIBFCAS were not available until
the NVMe SSD was recovered from the failure. In or-
der to secure redundancy of RIBFCAS with the use of
NVMe SSD, we have newly designed a database clus-
ter for RIBFCAS in that we have constructed the Post-
greSQL cluster consisting of a master server and a slave
server (See Fig. 1). As the main storage of the database,
the master server is based on RAID 10 with Serial At-
tached SCSI disks, and NVMe SSDs manufactured by
Memblaze2) (PBlaze4) are installed in the slave server.
Utilizing the replication function, the data stored in the
master server is synchronized to the slave server. Since
RIBFCAS clients always access the synchronized data of
NVMe SSDs in the slave server, it is possible to search
and acquire data in a short time. Even when a hard-
ware trouble happens for NVMe SSDs, the RIBFCAS
clients can access the archived data stored in the mas-
ter server by assigning the master server’s IP address to
the slave server’s host name through DNS. As a result,
we have succeeded in securing redundancy in RIBFCAS
and improving the data response by more than 2 times
compared with the previous RIBFCAS.

Since the updating of RIBFCAS has been successfully
completed, we have also updated a MyDAQ23) system,
which is another data archive system based on MySQL
and uses a similar technique as that of RIBFCAS with

∗1 RIKEN Nishina Center

Fig. 1. System chart of the RIBFCAS DB cluster.

NVMe SSDs. The MyDAQ2 system obtains data from
each device through an Ethernet and stores them in
a MySQL-based database such that users can retrieve
the stored data by using an associated Web applica-
tion. In the case of RIBF control system, the updated
MyDAQ2 system adopts MySQL 5.1; it consists of a
writing database (master server) and a reading database
(slave server), and performs a database replication func-
tion similar to that of PostgreSQL for RIBFCAS clus-
ter. The Apache HTTP server is deployed on the same
NVMe SSDs as the MyDAQ2 database is stored, and it
provides HTTP service. As a result, when 30 days of
data is displayed by the MyDAQ2 Web application, the
display speed is improved by about two times compared
with the conventional system.

We updated the database cluster for RIBFCAS and
MyDAQ2 successfully in 2017. We plan to update a
cluster of the virtual machines in Apr. 2018. About 40
virtual machines, which are constructed using VMware
vSphere, are currently running on three physical servers
of the RIBF control system.4) To manage the image files
for the virtual machines, NetApp FAS2240 is adopteda
as a network attached storage (NAS) and the physi-
cal servers utilize the image file via network file system
(NFS). We will upgrade the memory and CPU of the
physical server,and also replace the existing FAS2240
with NetApp FAS2620A to further integrate services
other than databases. Additionally, since a backup task
consumes a large amount of network resources in the
RIBF control system, it is difficult to run the task ev-
eryday except during maintenance periods each year. In
order to solve these inconveniences, we will newly install
a 10 Gbps network for backup purposes and shorten the
backup time.
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Maintenance of vacuum equipment of accelerators

S. Watanabe,∗1 Y. Watanabe,∗1 E. Ikezawa,∗1 N. Sakamoto,∗1 N. Yamada,∗1 M. Kase,∗1 K. Oyamada,∗2

M. Nishida,∗2 K. Yadomi,∗2 J. Shibata,∗2 and A. Yusa∗2

This annual report shows the maintenance of vac-
uum equipment in accelerators in 2017.

First, the maintenance procedure of vacuum equip-
ment in RILAC is described. The worst condition of
vacuum in RILAC was in cavity No.5. The pressure of
the vacuum in the cavity was 1.0× 10−3 Pa in Febru-
ary 2017. Vacuum leak points were investigated using
a helium leak detector. However, the location of the
leak point was not identified because the behavior of
the helium gas was complicated. In November 2017,
an inner cylinder and a drift tube in cavity No.5 were
investigated. The drift tube was placed on the inner
cylinder. The space outside the inner cylinder was vac-
uum and the space inside the cylinder was atmosphere.
A gap between the drift tube and inner cylinder was
sealed using an O-ring. To find the location of vacuum
leak, a dye penetrant inspection material was used.
Accordingly, the vacuum leak point was found in the
O-ring between the drift tube and inner cylinder. Al-
though the O-ring should be replaced with a new one,
it was a special product and there was no spare. An
order was thus passed to a supplier (Sumitomo LTD)
for an O-ring.

The maintenance of vacuum in cyclotrons was car-
ried out as follows. At AVF, in January 2017, as a
compressor of a cryopump did not work so that a turbo
molecular pump (TMP) was installed in place of the
cryopump, and the AVF was pumped down through
the TMP. In February 2017, a vacuum leak was de-
tected at an insulator of RF No.2, and the correspond-
ing O-ring was replaced with a new one. The pres-
sure of the vacuum was thus improved. In August
2017, a broken angle valve connected with a TMP in
DTL was replaced with a new one. The RIKEN ring
cyclotron (RRC) showed leaks at two locations: one
at the bellows connected with RF No.2 and another
was due to a pressure increase of 1.2 × 10−5 Pa in N-
sector. The leak in the bellows was treated with a
sealing agent, however, the location of the leak point
was not confirmed. The N-sector was divided into two
spaces separated by a membrane with one part in high
vacuum and the other in low vacuum. The pressure in
the high-vacuum which was in the order of 10−5 Pa,
could not be decreased. Although the location of the
vacuum leak was checked using a helium leak detec-
tor, the leak point was not found. If there was no
leak outside the N-sector, the space of high vacuum
would be connected with that of low vacuum. The he-
lium leak detector was connected to the space of low

∗1 RIKEN Nishina Center
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vacuum. When helium gas was inleted into the space
of high vacuum, the leak detector reacted. Thus the
connection between the two spaces was confirmed by
creating holes in the membrane. As such gas in the
low vacuum space flows into the high vacuum space
through the holes. However, the condition of the mem-
brane could not be known. To confirm the condition,
a Dee of the N-sector was removed in August 2017.
The location of the leak point in the bellows and the
connection between the spaces of high and low vac-
uum were investigated. When the Dee was removed,
a crack on the surface of the bellows was confirmed.
To solve this problem, the bellow should be replaced
with a new one. However a large-scale repair work is
needed to replace the bellows; this requires a consid-
erable amount of time and a huge budget. Therefore,
the vacuum leak at the bellows was tentatively treated
with a sealing agent. Moreover, the inside of the Dee
or N-sector could be observed after the removal of the
Dee. Two holes were confirmed on the membrane. Gas
in the low vacuum space flowed into the high vacuum
space, and the pressure in the high vacuum space in-
creased. The ion beams were deviated from orbit and
hit the membrane, thus creating holes. Therefore, the
problem of high pressure in the space of high vacuum
must be solved. To decrease the pressure in the high-
vacuum space, the pressure in the low vacuum space
was reduced. This reduction in the high-vacuum space
occurs because inlet flow of gas from the space of low
vacuum reduces with pressure reduction. To reduce
the pressure in the space of low vacuum, a TMP with
a pumping speed of 50 L/s, connected to this space
was replaced with a TMP of larger pumping speed of
220 L/s. After replacing the TMP, the pressure in
the high-vacuum space was reduced in the order of
4× 10−6 Pa.
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Operation report 2017 for Nishina and RIBF water-cooling systems

T. Maie,∗1 K. Kusaka,∗1 M. Ohtake,∗1 Y. Watanabe,∗1 E. Ikezawa,∗1 M. Kase,∗1 M. Oshima,∗2 H. Hirai,∗2

K. Kobayashi,∗3 A. Yusa,∗3 and J. Shibata∗3

1 Operation condition

In FY2017, the Nishina and RIBF water-cooling
systems were operated for seven months, respectively.
These operation periods correspond to the scheduled
beam service time of RIBF, i.e., five months. In addi-
tion, the Nishina’s water-cooling system was used not
only for full RIBF operation but also for AVF stan-
dalone and AVF+RRC operations.

2 Trouble report

Fortunately, during FY2017, there was no significant
problem that resulted in beam service interruption for
both the Nishina and RIBF water-cooling systems.
However, they were affected by minor problems.in ad-
dition problems such as water leaks, cooling facilities
often stopped owing to a blackout and trouble of CGS
(cogeneration system) due to thundervolts in FY2017.

3 Periodic maintenance

During the shutdown period of the accelerator, the
following activities were carried out as part regular
maintenance.

(1) Cleaning of the cooling towers
(2) Inspection and overhauling of the cooling-water

pumps
(3) Inspection of the inverter of the RIBF water-

cooling pumps
(4) Inspection and overhauling of the air compressor
(5) Replacement of some superannuated hoses,

joints and valves used in the system
(6) Cleaning of the strainers and filters used in the

deionized water production system
(7) Extension of the sensing wires of the water leak-

age alarm to floors of new areas
(8) Switching electricity during planned power fail-

ure as well as restoration of each device
(9) Securement of minimum power at low load op-

eration of CGS

4 Establishment and improvememt

We relocated the cooling facilities for GARIS 2 be-
cause GARIS 2 was moved from the Rilac to the
Nishina building this year. As a future will plan , we
plan to establish a cooling facility for RILAC RF super-

∗1 RIKEN Nishina Center
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Fig. 1. Photograph of the RIBF Cooling water pump main-

tenance.

conducting acceleration cavity Moreover, we a schedule
the reinforcement of the RRC cooling system, enhance-
ment of the fRC RF cooling system, and establishment
of new Faraday cup G01 cooling facility.
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Maintenance of vacuum equipment of accelerators
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This annual report shows the maintenance of vac-
uum equipment in accelerators in 2017.

First, the maintenance procedure of vacuum equip-
ment in RILAC is described. The worst condition of
vacuum in RILAC was in cavity No.5. The pressure of
the vacuum in the cavity was 1.0× 10−3 Pa in Febru-
ary 2017. Vacuum leak points were investigated using
a helium leak detector. However, the location of the
leak point was not identified because the behavior of
the helium gas was complicated. In November 2017,
an inner cylinder and a drift tube in cavity No.5 were
investigated. The drift tube was placed on the inner
cylinder. The space outside the inner cylinder was vac-
uum and the space inside the cylinder was atmosphere.
A gap between the drift tube and inner cylinder was
sealed using an O-ring. To find the location of vacuum
leak, a dye penetrant inspection material was used.
Accordingly, the vacuum leak point was found in the
O-ring between the drift tube and inner cylinder. Al-
though the O-ring should be replaced with a new one,
it was a special product and there was no spare. An
order was thus passed to a supplier (Sumitomo LTD)
for an O-ring.

The maintenance of vacuum in cyclotrons was car-
ried out as follows. At AVF, in January 2017, as a
compressor of a cryopump did not work so that a turbo
molecular pump (TMP) was installed in place of the
cryopump, and the AVF was pumped down through
the TMP. In February 2017, a vacuum leak was de-
tected at an insulator of RF No.2, and the correspond-
ing O-ring was replaced with a new one. The pres-
sure of the vacuum was thus improved. In August
2017, a broken angle valve connected with a TMP in
DTL was replaced with a new one. The RIKEN ring
cyclotron (RRC) showed leaks at two locations: one
at the bellows connected with RF No.2 and another
was due to a pressure increase of 1.2 × 10−5 Pa in N-
sector. The leak in the bellows was treated with a
sealing agent, however, the location of the leak point
was not confirmed. The N-sector was divided into two
spaces separated by a membrane with one part in high
vacuum and the other in low vacuum. The pressure in
the high-vacuum which was in the order of 10−5 Pa,
could not be decreased. Although the location of the
vacuum leak was checked using a helium leak detec-
tor, the leak point was not found. If there was no
leak outside the N-sector, the space of high vacuum
would be connected with that of low vacuum. The he-
lium leak detector was connected to the space of low
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vacuum. When helium gas was inleted into the space
of high vacuum, the leak detector reacted. Thus the
connection between the two spaces was confirmed by
creating holes in the membrane. As such gas in the
low vacuum space flows into the high vacuum space
through the holes. However, the condition of the mem-
brane could not be known. To confirm the condition,
a Dee of the N-sector was removed in August 2017.
The location of the leak point in the bellows and the
connection between the spaces of high and low vac-
uum were investigated. When the Dee was removed,
a crack on the surface of the bellows was confirmed.
To solve this problem, the bellow should be replaced
with a new one. However a large-scale repair work is
needed to replace the bellows; this requires a consid-
erable amount of time and a huge budget. Therefore,
the vacuum leak at the bellows was tentatively treated
with a sealing agent. Moreover, the inside of the Dee
or N-sector could be observed after the removal of the
Dee. Two holes were confirmed on the membrane. Gas
in the low vacuum space flowed into the high vacuum
space, and the pressure in the high vacuum space in-
creased. The ion beams were deviated from orbit and
hit the membrane, thus creating holes. Therefore, the
problem of high pressure in the space of high vacuum
must be solved. To decrease the pressure in the high-
vacuum space, the pressure in the low vacuum space
was reduced. This reduction in the high-vacuum space
occurs because inlet flow of gas from the space of low
vacuum reduces with pressure reduction. To reduce
the pressure in the space of low vacuum, a TMP with
a pumping speed of 50 L/s, connected to this space
was replaced with a TMP of larger pumping speed of
220 L/s. After replacing the TMP, the pressure in
the high-vacuum space was reduced in the order of
4× 10−6 Pa.
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Measurement of electron density and temperature in plasma window
with diameter of 10 mm

N. Ikoma,∗1,∗2 T. Sasaki,∗1,∗3 H. Okuno,∗1 S. Namba,∗4 and T. Kikuchi∗5

The ImPACT Fujita program1) aims to transmute the
LLFP into stable or short-lived nuclei. A scheme utiliz-
ing neutrons generated by bombarding deuteron beams
on the liquid lithium target has been studied. When the
target is irradiated by a high-power beam, lithium vapor
is generated. In order to separate the vacuum beam line
from the target, the use of plasma window (PW) has
been proposed. The original PW2) has an aperture of
2.36 mm in diameter. However, a beam with a diameter
of 100 mm or more is expected in our project. Therefore,
we started to test a new PW with a diameter of 10 mm
based on the PW developed by Namba et al.,3) in order
to study the possibility of enlargement of the diameter.
In the viscous flow through a circular pipe with a con-

stant diameter, the conductance is obtained from the
Hagen-Poiseuille equation.

C =
πr4

8ηL

(
P1 + P2

2

)
[m3/s] (1)

Here, C, r, L, and η are the conductance, radius, length
of pipe, and gas viscosity, respectively. P1 and P2 are the
upstream and downstream pressure, respectively. PW
separates the vacuum by high viscosity accompanying
the high temperature of the arc plasma.
Figure 1 shows the experimental setup. Helium gas

was introduced from the upstream side of the PW. The
helium gas was ionized in the PW, and was evacuated
by a mechanical booster pump. The flow rate Q was
controlled, and the pressures P1 and P2 were measured.
Spectroscopic measurement of visible light was also

carried out to investigate the plasma characteristics.
The light emitted from the plasma was split into two
paths, and focused on to two spectrometers. The elec-
tron density ne was determined from the Stark broaden-
ing of the Hβ line. In addition, the electron temperature
Te was determined from the Boltzmann plot by using the
transition intensity of He I 2p3P-nd3D.

The results are summarized in Table 1. As the flow
rate was increased, the electron density was also in-
creased. On the other hand, the electron temperature
was decreased. The electron density was increased with
the gas density, while the plasma was cooled by collision
with neutral particles.
The pressure P1 was increased with flow rate. But the

contribution of plasma may be greater in the condition
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of smaller flow rate, because PW exploits its high tem-
perature. We compared the dependency of P1 on the
flow rate under the condition with and without plasma,
as shown in Fig. 2. The dotted line shows the fitting
result by the power function. P1 with plasma was 1.43
times larger than that without plasma in the condition
of 1 [std L/min]. On the other hand, the factor was 1.38
in the condition of 2 [std L/min]. It was confirmed that
the enhancement of P1 by igniting plasma was slightly
high at low flow rate condition. In order to obtain the
relation in pressure, diameter, and required input power
for a diameter of 100 mm, we plan to carry out the ex-
periment with larger diameter.
This work was supported by the RIKEN Junior Re-

search Associate Program. In addition, this work was
funded by the ImPACT Program of Council for Science,
Technology and Innovation (Cabinet Office, Government
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Fig. 1. Experimental setup.

Table 1. Experimental result for PW.

Q [std L/min] P1 [kPa] ne [1/cm3] Te [eV]

1 8.21 1.94×1014 2.69

2 10.3 2.48×1014 0.192

Fig. 2. Dependency of P1 on flow rate.
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Measurement of electron density and temperature in plasma window
with diameter of 10 mm

N. Ikoma,∗1,∗2 T. Sasaki,∗1,∗3 H. Okuno,∗1 S. Namba,∗4 and T. Kikuchi∗5

The ImPACT Fujita program1) aims to transmute the
LLFP into stable or short-lived nuclei. A scheme utiliz-
ing neutrons generated by bombarding deuteron beams
on the liquid lithium target has been studied. When the
target is irradiated by a high-power beam, lithium vapor
is generated. In order to separate the vacuum beam line
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been proposed. The original PW2) has an aperture of
2.36 mm in diameter. However, a beam with a diameter
of 100 mm or more is expected in our project. Therefore,
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based on the PW developed by Namba et al.,3) in order
to study the possibility of enlargement of the diameter.
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stant diameter, the conductance is obtained from the
Hagen-Poiseuille equation.
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upstream and downstream pressure, respectively. PW
separates the vacuum by high viscosity accompanying
the high temperature of the arc plasma.
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by a mechanical booster pump. The flow rate Q was
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tron density ne was determined from the Stark broaden-
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Te was determined from the Boltzmann plot by using the
transition intensity of He I 2p3P-nd3D.

The results are summarized in Table 1. As the flow
rate was increased, the electron density was also in-
creased. On the other hand, the electron temperature
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the gas density, while the plasma was cooled by collision
with neutral particles.
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Pulse-shape data taking with double-sided strip silicon detector

D. Suzuki,∗1 Y. Beaujeault-Taudière,∗2 H. Baba,∗1 and T. Isobe∗1

A new silicon detector array, TiNA, is currently un-
der development for missing mass spectroscopy using
radioactive isotope beams provided by the RIBF. The
energy and angle of recoiling ions off the target will
be obtained from strip silicon detectors that consti-
tute the array and will be used to deduce excitation
energies and differential reaction cross sections. The
double sided strip silicon detector type TTT of Micron
Semiconductor Ltd, which has 10 × 10 cm2 active area
divided into 128 strips of 0.7 mm in width, is adopted.
The array encompasses four TTT detectors, totaling
about 1,000 strips. One challenge in realizing TiNA is
the readout electronics system. It should ensure signals
from this large number of highly condensed strips to be
read out efficiently and without losing the resolution.
Given the coupling with γ-ray detectors envisioned in
future, compactness to save space around the target
area is another key quality of electronics. The capa-
bility of pulse-shape analysis, which provides various
advantages in noise cancellations or particle identifica-
tion, is also desirable.
In this study, a TTT detector was tested using the

GET (General Electronics for TPCs) system. It is a
generic, reconfigurable and comprehensive electronics
and data acquisition system for nuclear physics in-
strumentation of up to 33,792 channels.1) While de-
veloped for large-scale time-projection chambers such
as the SπRIT TPC,2) the GET system is also an at-
tractive option for other gaseous and semiconductor
detectors that require the waveform digitizing capabil-
ity and efficient data taking. A front-end board AsAd
of 23 × 16 cm2 alone can pulse-shape and digitize a to-
tal of 256 signals. Each AsAd board has four applica-
tion specific integrated circuit chip AGET with a 512-
deep circular capacitor array, which records the time-
evolution of the input signal at the maximum writing
frequency of 100 MHz.
The test was carried out at the GET test bench of

the RIBF, which consisted of one AsAd and one con-
centration board CoBo. For simplicity, only 32 strips
on the junction side surface were read out and all other
strips were shorted. The junction side was biased to
−40 V, while the Ohmic side was grounded. The se-
lected 32 strips were routed through a 1.6-cm-wide flat
cable made by the flexible printed circuit board tech-
nology. A biasing board and a diode protection circuit
board ZAP were added between the feedthrough and
the AsAd board. The charge collected from the Ohmic
side was fed to a preamplifier to generate an external
trigger. A standard 241Am source was measured. We

∗1 RIKEN Nishina Center
∗2 NPAC, Université Paris-Sud, Université Paris-Saclay

successfully operated the GET system with different
settings in external and internal trigger modes, or in
full and partial read out modes, which will help flexibly
configure the circuit depending on experiments in fu-
ture. In the analysis, we realized a common pattern of
noise that occured in all connected channels likely due
to electromagnetic interferences. This noise was can-
celed by subtracting the waveform of a strip without
a signal (Fig. 1). The energy resolution without any
treatment was over 100 keV FWHM, which was im-
proved by this subtraction to about 70 keV FWHM.
This resolution is comparable to 50 keV obtained at the
same test bench using a NIM-standard spectroscopic
amplifier model 671 of ORTEC. The result shows the
GET system to be a viable option for silicon detectors.
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Fig. 1. Example of waveform data with a standard α source

using GET electronics. The writing frequency was set

to 25 MHz, which corresponds to a full range of 20 µs

over 512-deep capacitor array. The pulse shaping was

configured with a 1-µs peaking time. The data in red

and blue were obtained from two strips with and with-

out a hit of an alpha particle, respectively. A common

pattern of noise is seen in both channels. The noise is

canceled in the data in black obtained by subtracting

the data in blue without a hit.
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Stress Test of digital DAQ system for PANDORA

J. Gao,∗1,∗2 L. Stuhl,∗2,∗3 M. Sasano,∗2 K. Yako,∗3 Y. Kubota,∗2 Z. Yang,∗2 J. Zenihiro,∗2 V. Panin,∗2

Z. Korkulu,∗2 E. Takada,∗4 H. Baba,∗2 and T. Uesaka∗2

Programable digitizers are employed in the data ac-
quisition (DAQ) system of the PANDORA project.1)

The aim of the PANDORA project is to build a neu-
tron detection system with real-time neutron-gamma
discrimination capability for the study of (p,n) reac-
tions. We use a very low energy threshold to avoid
loss of neutron events. This increases the background
counting rate. For a high beam intensity, this can be
a problem. In this work, stress tests were performed
to confirm the system works with high trigger rates for
future (p,n) experiments.

CAEN 730-series is a family of 14-bit, 500 M Sam-
ples/s Flash ADC Waveform Digitizers.2) According
to the manual,3) the speed of data transfer through an
optical fiber from the digitizers to a computer is up to
80 MB/s. The DPP-PSD (digital pulse processing for
the pulse shape discrimination) firmware4) is capable
for our purpose. A parameter corresponding to the
particle type can be calculated in the firmware and a
threshold can be set to filter events.5) The digitizer can
be configured to dump the waveform (waveform mode)
or to dump only the time and charge information (list
mode). Stress tests were conducted for both modes.

The hardware configuration for the tests is shown
in Fig. 1. To suit the experimental situation of ac-
quiring data from at least 15 PANDORA scintilator
bars (each has signal on both side) and some auxil-
liary detectors, we combined two 16-channel modules
(V1730B) and one 8-channel module (V1730D) using
a daisy chain. Each digitizer was configured to “paired
mode,” in which one digitizer is triggered only if both
channels of a pair, e.g. ch0 and ch1, are triggered. A
LUPO(Logic Unit for Programmable Operation) mod-
ule6) was used to generate a 62.5 MHz signal to syn-
chronize the three boards. Test input signals were gen-
erated from a pulser. We used a software called dig-
iTES developed by CAEN7) to control the digitizers
and to acquire data. Originally, with digiTES, only
boards that were of exactly the same model could be
used together. We modified the program for using dif-
ferent boards. Other conditions for the stress test is
shown in Table 1 along with the results.

For the waveform mode test, we configured the dig-
itizer to acquire waveforms with 300 sampling points
for each pulse. In this configuration, the digitizer can
work with a low inefficiency up to 10 kHz input pulse
frequency. This corresponds to a data transfer rate of
24 MB/s. As some events have already been lost in

∗1 School of Physics, Peking University
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10 Hz test, we can assume that the maximium data
transfer speed is under 24 MB/s. This is only 30%
of the 80 MB/s marked in the manual. We will work
around this issue as the waveform can help us improve
the charge and time resolution in future applications.

For the list mode test, the digitizers can work fine
under a trigger rate of 10 kHz. However, higher rates
such as 100 kHz are too much for digitizers. Based
on the result of the 100 kHz test, we can expect the
maximium inefficiency-free trigger rate for digitizers to
be around 36 kHz.
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Fig. 1. Hardware diagram for the digitizers stress test.

Table 1. Result of stress testing.

acquiring number of Pulser live time(%)
mode channels frequency(kHz)

waveform 4 ∼ 10 92.3
4 ∼ 200 <5

list 40 ∼ 2 99.9
40 ∼ 10 100.0
40 ∼ 100 36.0

This work is funded by China scholarship Council,
KAKENHI project 16H06716, the Japan Society for
the Promotion of Science, and a Kurata Grant from
the Kurata Memorial Hitachi Science and Technology
Foundation.
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loss of neutron events. This increases the background
counting rate. For a high beam intensity, this can be
a problem. In this work, stress tests were performed
to confirm the system works with high trigger rates for
future (p,n) experiments.
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80 MB/s. The DPP-PSD (digital pulse processing for
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for our purpose. A parameter corresponding to the
particle type can be calculated in the firmware and a
threshold can be set to filter events.5) The digitizer can
be configured to dump the waveform (waveform mode)
or to dump only the time and charge information (list
mode). Stress tests were conducted for both modes.

The hardware configuration for the tests is shown
in Fig. 1. To suit the experimental situation of ac-
quiring data from at least 15 PANDORA scintilator
bars (each has signal on both side) and some auxil-
liary detectors, we combined two 16-channel modules
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a daisy chain. Each digitizer was configured to “paired
mode,” in which one digitizer is triggered only if both
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erated from a pulser. We used a software called dig-
iTES developed by CAEN7) to control the digitizers
and to acquire data. Originally, with digiTES, only
boards that were of exactly the same model could be
used together. We modified the program for using dif-
ferent boards. Other conditions for the stress test is
shown in Table 1 along with the results.

For the waveform mode test, we configured the dig-
itizer to acquire waveforms with 300 sampling points
for each pulse. In this configuration, the digitizer can
work with a low inefficiency up to 10 kHz input pulse
frequency. This corresponds to a data transfer rate of
24 MB/s. As some events have already been lost in
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Development of a high resolution neutron detector HIME

A. T. Saito,∗1,∗2 T. Nakamura,∗1,∗2 Y. Kondo,∗1,∗2 T. Isobe,∗2 S. Takeuchi,∗1,∗2 Y. Togano,∗2,∗3

SAMURAI 20, SAMURAI 27, and SAMURAI 36 Collaboration

A high-granularity neutron detector array HIME
is newly designed for multiple-neutron detection with
good timing and position resolution as well as high effi-
ciency. The high granularity enables us to perform the
tracking of recoiled protons produced by (n, p) elastic
scattering and knockout reactions such as 12C(n, np),
cleanly eliminating neutron crosstalk background by
using the kinematics and causality of (n, p) elastic scat-
tering. In this report, we show the result of a commis-
sioning experiment aiming at the establishment of a
proton tracking method and the evaluation for two-
neutron detection with a very low decay energy by
simulation.
Figure 1 shows a schematic view of HIME, composed

of 48 bars of plastic scintillator modules, each of which
has a size of 2 cm(T)×4 cm(V)×100 cm(H). HIME
has five layers, and three pieces of thin plastic scin-
tillator modules are equipped to veto charged-particle
backgrounds.

Fig. 1. Schematic view of HIME. Each module of HIME is

coupled to two phototubes at both ends to obtain the

light-output and timing information. A half of VETO

modules is drawn.1)

The commissioning experiment was carried out as
a parasitic run of SAMURAI 20, 27, and 36. Details
are described in Ref. 2). Figure 2 shows examples of
tracks obtained by the recoil proton tracking analy-
sis. We could successfully establish a proton tracking
technique for the first time.
The performance of the proton tracking analysis for

eliminating neutron crosstalk background was evalu-
ated by GEANT4 simulation for two-neutron detection
in the decay of 26O into 24O+2n (Erel = 18 keV3)).
This is one of the most difficult cases because the two
neutrons are emitted in a small angle. Figure 3 shows
the relative energy spectrum after eliminating neutron

∗1 Department of Physics, Tokyo Institute of Technology
∗2 RIKEN Nishina Center
∗3 Department of Physics, Rikkyo University

crosstalk background by a conventional method de-
scribed in Ref. 4) (blue) and by the proton tracking
analysis (red). The proton tracking method yields a
detection efficiency that is 1.5 times higher than that
with the conventional method. The simulated relative
energy resolution is 30 keV (FWHM), which is much
better than that in a previous experiment (∆Erel =
110 keV3)). These results show that the proton track-
ing analysis of HIME is a powerful method for two-
neutron detection, and the proton tracking method can
be applied to the detection of more than two neutrons
in the future.
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Development and test of the dual-gain ASIC preamplifier boards for
the GLAST silicon-strip detectors

V. Panin,∗1 Z. Elekes,∗2 Z. Halász,∗2 G. Hegyesi,∗2 C. Dósa,∗2 L. Trache,∗3 A. Chilug,∗3 I. Stefanescu,∗3

D. Tudor,∗3 M. Sasano,∗1 L. Stuhl,∗1,∗4 J. Gao,∗1,∗5 K. Yako,∗4 Y. Kubota,∗1 Z. Yang,∗1 Z. Yoneda,∗1

J. Zenihiro,∗1 Z. Korkulu,∗1 E. Takada,∗6 H. Baba,∗1 and T. Uesaka∗1,∗4

Dual-gain ASIC preamplifier boards have been de-
veloped for the GLAST-type silicon trackers aiming
at coincident measurements of heavy ions and protons
from the breakup reactions in HI-proton experiments
at SAMURAI.1) The dual-gain ASIC chips were suc-
cessfully tested in the previous HIMAC experiment2)

using a prototype printed-circuit board (PCB) with
limited readout capabilities. The new design of the
PCB has been developed in MTA Atomki (Hungary)
in collaboration with RIKEN Nishina Center based on
the previously established ASIC technology.
A single PCB is equipped with two ASIC chips for

the instrumentation of 16 strips in total of a silicon-
strip detector. Preamplified low-gain and high-gain
output signals from the chips are separated on the PCB
and sent to the external processing circuit HINP,3)

which implements triggering and amplifier functions
for further signal processing. In addition, each PCB
is equipped with an auxiliary connector, which dis-
tributes the test pulse signal as well as the bias volt-
age for the chips and silicons sensors. Four PCBs can
be assembled into a compact stack-like structure, as
shown in the Fig. 1, which can be mounted close to
the silicon sensor to enable operation of the preampli-
fiers inside the vacuum chamber.

Input signal from the SSD

Low-gain 
output 

to HINP

High-gain 
output

 to HINP

Bias and test signal inputs

ASIC ASIC

Fig. 1. Preamplifier boards for the GLAST silicon trackers.

The left figure shows a single PCB. The right figure

shows the assembly of the four PCBs into a compact

stack.
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Fig. 2. Arrangement of the GLAST silicon detectors with

preamplifier boards for the test experiment in HIMAC.

The four new preamplifier boards were manufac-
tured in MTA Atomki and were sent to RIKEN for
the test measurements. The test was carried out in
the parasitic mode during the H391 experiment in HI-
MAC.4,5) A double layer of the GLAST silicon detec-
tors and the preamplifier PCBs were arranged together
inside a vacuum chamber, as shown in Fig. 2. Thirty-
two horizontal strips and 32 vertical strips were read-
out by the PCBs. The entire structure was exposed
to an incident beam consisting primarily of 6He ions
with a small contamination of 3H and 9Li particles
at an energy of 123 MeV/nucleon and average beam
rate of 2×104 particles/second. The temperature of
the ASIC chips was continuously monitored via a set
of thermoelements integrated into the support struc-
ture in close proximity to the chips. The temperature
stabilized around 36◦C throughout the measurements.
The signals from Z = 1, 2, and 3 were successfully

observed in the measurements, which allowed us to re-
construct the individual particle tracks in the silicon
detectors. A detailed analysis of the experimental data
is currently in progress.
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Development and test of the dual-gain ASIC preamplifier boards for
the GLAST silicon-strip detectors
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Dual-gain ASIC preamplifier boards have been de-
veloped for the GLAST-type silicon trackers aiming
at coincident measurements of heavy ions and protons
from the breakup reactions in HI-proton experiments
at SAMURAI.1) The dual-gain ASIC chips were suc-
cessfully tested in the previous HIMAC experiment2)

using a prototype printed-circuit board (PCB) with
limited readout capabilities. The new design of the
PCB has been developed in MTA Atomki (Hungary)
in collaboration with RIKEN Nishina Center based on
the previously established ASIC technology.
A single PCB is equipped with two ASIC chips for

the instrumentation of 16 strips in total of a silicon-
strip detector. Preamplified low-gain and high-gain
output signals from the chips are separated on the PCB
and sent to the external processing circuit HINP,3)

which implements triggering and amplifier functions
for further signal processing. In addition, each PCB
is equipped with an auxiliary connector, which dis-
tributes the test pulse signal as well as the bias volt-
age for the chips and silicons sensors. Four PCBs can
be assembled into a compact stack-like structure, as
shown in the Fig. 1, which can be mounted close to
the silicon sensor to enable operation of the preampli-
fiers inside the vacuum chamber.

Input signal from the SSD

Low-gain 
output 

to HINP

High-gain 
output

 to HINP

Bias and test signal inputs

ASIC ASIC

Fig. 1. Preamplifier boards for the GLAST silicon trackers.

The left figure shows a single PCB. The right figure

shows the assembly of the four PCBs into a compact

stack.
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Fig. 2. Arrangement of the GLAST silicon detectors with

preamplifier boards for the test experiment in HIMAC.

The four new preamplifier boards were manufac-
tured in MTA Atomki and were sent to RIKEN for
the test measurements. The test was carried out in
the parasitic mode during the H391 experiment in HI-
MAC.4,5) A double layer of the GLAST silicon detec-
tors and the preamplifier PCBs were arranged together
inside a vacuum chamber, as shown in Fig. 2. Thirty-
two horizontal strips and 32 vertical strips were read-
out by the PCBs. The entire structure was exposed
to an incident beam consisting primarily of 6He ions
with a small contamination of 3H and 9Li particles
at an energy of 123 MeV/nucleon and average beam
rate of 2×104 particles/second. The temperature of
the ASIC chips was continuously monitored via a set
of thermoelements integrated into the support struc-
ture in close proximity to the chips. The temperature
stabilized around 36◦C throughout the measurements.
The signals from Z = 1, 2, and 3 were successfully

observed in the measurements, which allowed us to re-
construct the individual particle tracks in the silicon
detectors. A detailed analysis of the experimental data
is currently in progress.
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The SAMURAI191) experiment at the RIKEN RIBF
aimed at producing 4n resonances with (p, pα) quasi-
free scattering of a 156 AMeV 8He beam at large mo-
mentum transfer. A 5 cm thick liquid-hydrogen target
(MINOS) with a diameter of 4 cm was used. A luminos-
ity of ∼ 1028 cm−2s−1 was achieved. To obtain the 4n
energy, the momenta of all outgoing particles were mea-
sured with high accuracy and the particle energy loss
in the target was determined with essential vertex re-
construction. Reaction vertex positions in the target
were determined by a newly developed silicon vertex
tracker by TUM and RIKEN, which consists of six single
sided silicon detector layers with an active area of ∼ 5 x
8 cm2 and a thickness and pitch size of 100 µm each.2)
As shown in Fig. 1 the detectors are grouped in three
units for X and Y determination at distances of 0.6,
12.6 and 24.6 cm with respect to the end of the target
container in a vacuum chamber. The target container
is thermally shielded from the first detector layer by a
2 um thick aluminized Mylar foil.

All 3708 detector segments are individually read out
by the ASIC chip APV25S1.3) The digital data are col-
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lected by a TRB3 board developed by GSI, which can
handle trigger rates of up to 50 kHz, and they are time
stamped for synchronization with the BABIRL-DAQ
used for the other parts of the experiment.

Fig. 1. Installed detectors in the reaction chamber.

With a typical equivalent noise charge of ∼ 7 keV, a
single channel energy threshold of 38 keV was used to re-
duce event multiplicities. This is a critical parameter as
the average energy loss of the proton from the reaction
is ∼ 60 keV per detector only. As the ASIC’s analogue
range is ∼ 8 MIPs (Minimum ionizing particle), signals
from α-particles may exceed the range. A sophisticated
pulse-shape algorithm can separate α-particles from the
reaction from the 8He beam particles hitting the detec-
tors at a high rate. From the redundant position mea-
surement of 3 points per track we deduce an average
transverse vertex resolution of σx,y ∼ 60 µm. Owing to
the small opening angle of charged reaction residues of
interest the resolution along the beam line is σz ∼ 1 mm
without straggling. As next steps we will further inves-
tigate the detection efficiency, the tracking towards the
SAMURAI detectors, hit multiplicities and transverse
momenta.
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First implementation of the new segmented implantation detector for
decay studies with BRIKEN array
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J. Heideman,∗1 A. Keeler,∗1 J. Liu,∗4 S. Nishimura,∗4 V. Phong,∗4∗5 M. Rajabali,∗6 B. Rasco,∗2

K. Rykaczewski,∗2 D. Stracener,∗2 J. L. Tain,∗3 A. Tolosa-Delgade,∗3 M. Wolinska-Cichocka,∗7

and the BRIKEN collaboration

A new implantation detector was developed at the
University of Tennessee and implemented for the first
time during the October 2017 BRIKEN1) campaign.
The detector is an evolved version of the array pro-
posed previously2) but uses YSO instead of a plastic
scintillator. The developments were driven primarily
by the need to have a fast trigger detector for the neu-
tron time-of-flight array VANDLE.3,4) The benefits of
using an inorganic-crystal scintillator such as YSO are
its high effective atomic number (Z = 35) and den-
sity (4.4 g/cm3) which result in a short range of beta
particles. Both properties should enable a very high
detection efficiency and good spatial correlation be-
tween ions and decay, thereby providing a good alter-
native to DSSDs. The YSO scintillator is also very
fast and radiation hard, and therefore, it can be used
with high rates. The disadvantage of using this high-
Z material is its relatively high absorption for the γ-
rays, which has to be considered with measurements at
energies below Eγ = 100 keV. The detector unit con-
sisted of a segmented YSO crystal and flat-panel multi-
anode photomultiplier (Hamamatsu H8500 or H12700
series). The readout from the photomultiplier used
a resistive-network scheme for event position deter-
mination. The signals were digitized and integrated
with the BRIKEN digital data acquisition system. The
YSO crystal was 5-mm thick and was assembled from
1 × 1 mm2 segments arranged in a 48 × 48 array, as
shown in Fig. 1. The isolation among segments of the
detector, the cover of the detector face, and the sides
used ESR (3M) reflector material. The YSO array was
attached to the photomultiplier with a 2-mm quartz
diffuser glass. The detector unit was enclosed in a
3D printed light-tight enclosure with a thin front win-
dow. It was placed inside the BRIKEN matrix directly
behind the WAS3ABI5) detector array with the YSO
crystal centered between two clover detectors. Dur-
ing the DA17-02 experiment ions with Z < 30 were
partially implanted in the YSO detector enabling the
ability to test the ion-implantation correlation perfor-
mance of the detectors. Light yield for heavy ions in
the YSO is unknown. It was critical to establish exper-
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imentally the optimum operating voltage that avoids
the saturation of the photomultiplier and enables the
detection of signals induced by ions and betas. The
explored range of voltages was from 550 V to 1200 V.
The electronic signals from the Anger logic and com-
mon dynode were split into two electronic tracks. One
set of signals was dedicated to measuring heavy ions
and was fed directly into electronics; the other signals
used fast amplifiers and were needed to record beta
particles. Owing to a very high light yield and very
efficient light collection, the system had to be oper-
ated at a relatively low voltage of 575 V during the
experiment. Despite the resulting small amplification,
we were able to detect signals induced by beta parti-
cles with a very high efficiency of at least 65%. We
observed moderate distortion of the image which will
be corrected by the selection of a more appropriate
voltage divider. The detector operation was very sta-
ble throughout the experiment. The advantages of the
simplicity of operation of this new detector were clearly
demonstrated.

Fig. 1. (Left) Segmented YSO scintillator before coupling

to the photomultiplier. (Right) Implantation profile

recorded by the segmented YSO detector.
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and was fed directly into electronics; the other signals
used fast amplifiers and were needed to record beta
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Preparation of the VANDLE array for beta decay studies at RIBF

S. Go,∗1 R. Grzywacz,∗2 J. Bundgaard,∗2 J. Heideman,∗2 T. King,∗2 M. Madurga,∗2 M. M. Rajabali,∗3

M. Singh,∗2 and R. Yokoyama∗2 for the VANDLE collaboration

Owing to the recent developments of RIBF beams
to produce neutron-rich nuclei, the frontier of decay
spectroscopy reached nuclei far from stability where
delayed neutron emission dominates beta decay. The
energy measurements of neutrons provides the beta-
decay strength distribution above the neutron sepa-
ration energy. The strength distribution reflects the
nuclear structure and allows to predict the decay prop-
erties of even more exotic nuclei. One of the experi-
mental techniques to determine the energy of delayed
neutrons is the neutron-time-of-flight measurement.
The Versatile Array of Neutron Detectors at Low

Energy (VANDLE)1) has been constructed at the Uni-
versity of Tennessee. We recently reported strong beta-
delayed neutron emissions in 83,84Ga decay2) from Ho-
lifield Radioactive Ion Beam Facility at Oak Ridge Na-
tional Laboratory with the array. Part of the array is
recently being moved to RIKEN RIBF. The modules of
plastic scintillators with dimensions of 3×6×120 cm3.
Both sides of the scintillator are made of Eljen EJ-
2003) or Bicron BC4084) coupled with PMTs and the
time for each left and right signal is averaged to get the
position independent time. The detectors cover about
20% of the solid angle around the decay station with
a 1 m TOF base. The use of digital data acquisition
is essential to achieve good timing resolution. Pixie-16
digitizing modules from XIA LLC allow the digitizing
of the signals from detectors sampled at 250 MS/s.

Fig. 1. Part of the VANDLE array setup at RIBF B3F.

The delayed neutron will be detected by the array and

the time-of-flight provides neutron energy.

∗1 RIKEN Nishina Center
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During the BRIKEN experiment6) in November 2017,
we tested our data acquisition system, in particular,
we tested the time stamping capability needed for syn-
chronization with BigRIPS.
While the VANLDE array provides good timing res-

olution for neutron detection, it is also important to
develop an implantation detector to give the start
timing with good timing resolution. We developed
a new, fast timing implantation detector that uses
various types of inorganic scintillators and position-
sensitive photomultiplier.5) The implantation detec-
tor which was developed for the experiment at RIBF
consists of a segmented YSO scintillator coupled with
position-sensitive PMT. The performance of the detec-
tor was confirmed during the BRIKEN experiment.7)

Combining the fast-timing implantation detector and
the VANDLE array will provide sufficient timing res-
olution for neutron-time-of flight measurement. The
construction process for the full VANDLE array for ex-
periments will be completed in the beginning of 2018.
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Timing performance of a mirror-type MCP detector use for mass
measurements at the Rare RI Ring

Z. Ge,∗1,∗2,∗5 S. Naimi,∗1 D. Nagae,∗1 Y. Abe,∗1 S. Omika,∗1,∗2 F. Suzaki,∗1 H. F. Li,∗1,∗5 T. Uesaka,∗1
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High resolution time-of-flight (TOF) measurements
are crucial for mass measurements via TOF methods
such as in-ring isochronous TOF or beam-line Bϱ-
TOF. To characterize and optimize the timing res-
olution of a mirror-type micro-channel plate (MCP)
detector1) with a timing anode, an experiment aimed
at studying the performance of the detector was con-
ducted at HIMAC (Heavy Ion Medical Accelerator in
Chiba). We demonstrate preliminary online results of
the timing detector which can be used for the revo-
lution time measurement inside the Rare RI Ring2)

(R3), start TOF of the total TOF for in-ring circula-
tion, beam-line TOF measurement for beam-line mass
determination and velocity reconstruction for in-ring
mass correction.

To investigate the properties of the detector,
a primary beam of 84Kr36+ at the energy of
200 MeV/nucleon is used. The experimental setup is
shown in Fig. 1(a). The setup consisted of two paral-
lel plate avalanche chambers (PPACs) for beam track-
ing, one electrostatic MCP detector, two plastic scin-
tillators for intrinsic timing resolution deduction of the
mirror detector. The MCP with a diameter of 40 mm is
mounted on a triangular detector structure as shown in
Fig. 1(b). The conversion foil is made of mylar (2 µm)
coated with aluminium. The accelerating grid consist-
ing of gold-plated tungsten (W+Au) wires (40 µm in
diameter) possesses a distance of 8 mm from the con-
version foil with a 1 mm pitch, and wires (W+Au) for
the inner and outer mirror grids are arranged with a
3 mm pitch. During the experiment, the high volt-
age (HV) potential of the MCP, accelerating grid and
inner mirror were set at 2.5 kV and the accelerating
HV of the foil and outer mirror grid were varied. The
timing resolution for isochronous and non-isochronous
condition3) has both been studied by the experiment
and simulation performed via SIMION4) as shown in
Figs. 1(c) and (d). The distance between the outer
mirror and inner mirror is 20 mm for isochronous con-
dition, while it is 8 mm for the non-isochronous condi-
tion. As demonstrated from Figs. 1(c) and (d), when
the accelerating HV is increased, the timing resolution
improves for both configurations with the correspond-
ing settings.
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As can be seen from Figs. 1(c) and (d), the trends
of timing resolution (only statistical errors included)
as a function of the accelerating HV for the simula-
tion and experimental results are consistent with each
other. Simulation results show that a timing resolution
of less than 20 ps could be achieved. However, the ex-
perimental results could not be achieved and seem to
be saturated around 40 ps for both conditions. One
possibility could be systematic error from the data ac-
quisition electronics. The detection efficiency reaches
∼ 96% by suitable arrangement of the MCP position
on the support plate of the triangular structure from
the theoretical calculation of the electromagnetic mo-
tion of the secondary electrons inside the detector.

Fig. 1. (a) Schematic diagram of the setup for HIMAC

experiment. (b) The side view of the MCP detector

structure. (c) and (d) depict the timing resolution (in

σ) as function of the accelerating HV potential (the HV

difference between the accelerating grid and conversion

foil) for isochronous and non-isochronous condition, re-

spectively. The red points are simulation results and

the blue points display the experimental results. The

HV values described in this report are all negative and

in the unit of kV, and values in brackets correspond to

(accelerating HV, outer mirror HV).
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Timing performance of a mirror-type MCP detector use for mass
measurements at the Rare RI Ring

Z. Ge,∗1,∗2,∗5 S. Naimi,∗1 D. Nagae,∗1 Y. Abe,∗1 S. Omika,∗1,∗2 F. Suzaki,∗1 H. F. Li,∗1,∗5 T. Uesaka,∗1

Y. Yamaguchi,∗1 M. Wakasugi,∗1 T. Yamaguchi,∗1,∗2,∗3 N. Tadano,∗2 K. Wakayama,∗2 A. Ozawa,∗1,∗3

S. Suzuki,∗3 T. Moriguchi,∗1,∗3 H. Arakawa,∗2 K. Inomata,∗2 T. Kobayashi,∗2 G. Lorusso,∗4 and Y. Yano∗1

High resolution time-of-flight (TOF) measurements
are crucial for mass measurements via TOF methods
such as in-ring isochronous TOF or beam-line Bϱ-
TOF. To characterize and optimize the timing res-
olution of a mirror-type micro-channel plate (MCP)
detector1) with a timing anode, an experiment aimed
at studying the performance of the detector was con-
ducted at HIMAC (Heavy Ion Medical Accelerator in
Chiba). We demonstrate preliminary online results of
the timing detector which can be used for the revo-
lution time measurement inside the Rare RI Ring2)

(R3), start TOF of the total TOF for in-ring circula-
tion, beam-line TOF measurement for beam-line mass
determination and velocity reconstruction for in-ring
mass correction.

To investigate the properties of the detector,
a primary beam of 84Kr36+ at the energy of
200 MeV/nucleon is used. The experimental setup is
shown in Fig. 1(a). The setup consisted of two paral-
lel plate avalanche chambers (PPACs) for beam track-
ing, one electrostatic MCP detector, two plastic scin-
tillators for intrinsic timing resolution deduction of the
mirror detector. The MCP with a diameter of 40 mm is
mounted on a triangular detector structure as shown in
Fig. 1(b). The conversion foil is made of mylar (2 µm)
coated with aluminium. The accelerating grid consist-
ing of gold-plated tungsten (W+Au) wires (40 µm in
diameter) possesses a distance of 8 mm from the con-
version foil with a 1 mm pitch, and wires (W+Au) for
the inner and outer mirror grids are arranged with a
3 mm pitch. During the experiment, the high volt-
age (HV) potential of the MCP, accelerating grid and
inner mirror were set at 2.5 kV and the accelerating
HV of the foil and outer mirror grid were varied. The
timing resolution for isochronous and non-isochronous
condition3) has both been studied by the experiment
and simulation performed via SIMION4) as shown in
Figs. 1(c) and (d). The distance between the outer
mirror and inner mirror is 20 mm for isochronous con-
dition, while it is 8 mm for the non-isochronous condi-
tion. As demonstrated from Figs. 1(c) and (d), when
the accelerating HV is increased, the timing resolution
improves for both configurations with the correspond-
ing settings.
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As can be seen from Figs. 1(c) and (d), the trends
of timing resolution (only statistical errors included)
as a function of the accelerating HV for the simula-
tion and experimental results are consistent with each
other. Simulation results show that a timing resolution
of less than 20 ps could be achieved. However, the ex-
perimental results could not be achieved and seem to
be saturated around 40 ps for both conditions. One
possibility could be systematic error from the data ac-
quisition electronics. The detection efficiency reaches
∼ 96% by suitable arrangement of the MCP position
on the support plate of the triangular structure from
the theoretical calculation of the electromagnetic mo-
tion of the secondary electrons inside the detector.

Fig. 1. (a) Schematic diagram of the setup for HIMAC

experiment. (b) The side view of the MCP detector

structure. (c) and (d) depict the timing resolution (in

σ) as function of the accelerating HV potential (the HV

difference between the accelerating grid and conversion

foil) for isochronous and non-isochronous condition, re-

spectively. The red points are simulation results and

the blue points display the experimental results. The

HV values described in this report are all negative and

in the unit of kV, and values in brackets correspond to

(accelerating HV, outer mirror HV).
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Delay-line Anode for MCP-based Position Sensitive Detector
at Rare RI Ring

H. F. Li,∗1,∗2,∗3,∗4 Z. Ge,∗1,∗5 S. Naimi,∗1 D. Nagae,∗1 Y. Abe,∗1 T. Uesaka,∗1 T. Yamaguchi,∗1,∗5,∗6 F. Suzaki,∗1

Y. Yamaguchi,∗1 M. Wakasugi,∗1 S. Omika, ∗1,∗5 K. Wakayama,∗5 H. Arakawa,∗5 A. Ozawa,∗1,∗6 S. Suzuki,∗1,∗6

and T. Moriguchi∗1,∗6

Rare RI Ring1) (R3) is a newly developed mass spec-
trometer for the measurement of exotic nuclei with a
high precision of 10−6. In order to achieve this goal,
beam diagnostics need to be on the beam line (includ-
ing BigRIPS, SHARAQ, and R3 injection)1) for sev-
eral reasons: (1) velocity measurement with a preci-
sion of 10−4 is needed for mass determination;2) (2)
in order to improve the transport efficiency, emittance
matching should be applied, which requires emittance
measurement before the ring.3,4) To achieve a preci-
sion of 10−4 for the velocity measurement, new posi-
tion sensitive detectors with energy loss as low as 10−5

are needed, which cannot be achieved by conventional
PPAC. High position resolution (< 1 mm) and high ef-
ficiency (∼100%) are also needed. For these detectors,
it is very important to use position sensitive anodes
for collecting the secondary electrons. To achieve high
position resolution, we chose 2D delay-line anode for
Micro-Channel-Plate (MCP) based detectors. The re-
sult of the calibration and position resolution of the
anode is shown in this report.
A mask with several holes (the size of the holes were

1 mm and 0.5 mm in diameter) was placed on the
MCP, whose active area had a diameter of 120 mm,
as illustrated in Fig. 1. We used the vacuum gauge as

MCP
-2400V

electrons
mask for calibration

Fig. 1. Principle of the MCP with 2-D delay line anode;

the MCP was placed in vacuum (3.5× 10−3 Pa).
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Fig. 2. (a) Image produced by the electrons that pass

through the mask’s holes and hit the MCP; (b), (c)

Accuracy of the points in slice I and II in (a) by using

linear and quadratic functions; the error bar represents

the σ of the peak.

the source of electrons to calibrate the position of the
anode. For each dimension of the delay-line anode, the
sum of the times from the two ends, Tsum, should be
constant, see Fig. 1. We chose 3σ of Tsum as a gate to
cut the noise signal in both dimensions. The time in-
formation of each hole was obtained by projecting the
points in the X axis and Y axis, and by fitting it using
the Gauss function. It is not possible to use a linear
function to calibrate the relationship between the time
and position. Therefore, a quadratic function is chosen
since it has a higher accuracy as shown in Fig. 2(b)(c).
The position information of the holes after calibration
is shown in Fig. 2(a). For holes with a diameter of
1 mm, the resolution in both the x and y directions is
smaller than 0.6 mm in σ, which is required for high-
resolution position sensitive detector.
An MCP with a delay-line anode that has a res-

olution smaller than 0.6 mm in σ is adequate for a
position sensitive detector. One detector has already
been developed and is under testing.5) In the coming
years, other position sensitive detectors with the same
delay-line anode will be developed.
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Improvement of detection efficiency of time-of-flight detector with
large effective area

S. Ishizawa,∗1,∗2 K. Morimoto,∗1 D. Kaji,∗1 and F. Tokanai∗3

A time-of-flight (TOF) detector was developed in a
large entrance foil of 140 mm in diameter for GARIS-
II.1) One of the important characteristics of the TOF
detector is the detection efficiency for charged particles
passing through the TOF detector. The TOF detec-
tor consists of an entrance foil, three wire grids for
the formation of electric fields, two side panels, and a
micro-channel plate (MCP), as shown in Fig. 1.

Fig. 1. Schematic view of the TOF detector and typical ap-

plied voltage. When the charged particles pass through

the TOF detector, secondary electrons (SEs) are emit-

ted from the entrance foil and guided to the MCP along

the electrostatic field.

In previous work,2) it was found that the detection
efficiency decreased in the horizontal space of a region
more than ±30 mm away from the center of the en-
trance foil. This is because there are cases where the
SEs emitted from edge of the entrance foil are not col-
lected at the MCP.

In order to improve this problem, correction voltages
were newly applied to the side panels of the TOF de-
tector for the modification of electric field in the hor-
izontal space. The detection efficiency was checked
by impinging alpha particles from an 241Am standard
source on the entrance foil. Nine Si detectors were set
with suitable intervals behind the TOF detector and
operated in coincidence mode. Thus, the position de-
pendence of the detection efficiency was obtained as
shown in Fig. 2. The detection efficiency was defined
as the ratio NTOF /NSi, where NTOF and NSi are the
number of alpha particles detected by the TOF and
that detected by Si detectors, respectively. The cor-
rection voltages for the side panels were −350 V lower
than the applied voltage for the upper surface of the
MCP, the accelerating wire grid, and the inner mirror

∗1 RIKEN Nishina Center
∗2 Graduate School of Science and Engineering, Yamagata Uni-
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wire grid.
As a result, we improved of the detection efficiency

up to 99% at the edge region of the entrance foil with
the correction voltage. The improvement can be ver-
ified by comparison with the trajectories of the elec-
trons using an ion optics simulation program (SIMION
3D),3) as shown in Fig. 3.

Fig. 2. Measured detection efficiency at the entrance foil in

the horizontal space. The horizontal axis indicates the

incident position of alpha particles.

Fig. 3. Simulation results of trajectories of SEs obtained

using SIMION 3D. The equipotential lines (blue) and

the electronic tracks (red) are calculated with an cor-

rection voltage of 0 V (a, c) and −350 V (b, d). MCP

is indicated by the white region (a, b).
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Performance test of low-pressure MWDC
for missing mass spectroscopy at BigRIPS

T. Nishi,∗1 S.Y. Matsumoto,∗2 H. Fujioka,∗2,∗1 K. Itahashi,∗1 T. Kawabata,∗2,∗1 Y. Matsuda,∗3,∗1 K. Miki,∗4

M. Miwa,5,∗1 M. Takaki,∗6 Y.K Tanaka,∗7,∗1 T. Uesaka,∗1 Y.N. Watanabe,∗8,∗1 K. Yako∗6 and J. Zenihiro∗1

In December 2017, we conducted a performance
test for a new low-pressure multi-wire drift chamber
(MWDC) using proton beams to evaluate tracking res-
olution and efficiency, as well as their stability under
a high-rate beam condition. In this paper, we report
the online results of the test experiment.

The MWDC is developed as a tracking detector at
the F5 focal plane in BigRIPS, mainly for two exper-
iments of missing mass spectroscopy: a precise mea-
surement of deeply bound pionic atoms via the (d, 3He)
reaction1) (piAF) and a search for double Gamow-
Teller giant resonance (DGTGR) via the (12C, 12Be)
reaction.2) In these experiments, the tracking detector
is required for (1) the detection of light ions under a
high-rate background condition (an order of MHz tri-
ton in the DGTGR experiment and proton in the piAF
experiment) and (2) operation in vacuum to avoid mul-
tiple scattering from a vacuum window. For these ex-
periments, we designed and constructed the new low-
pressure MWDCs.3)

The test experiment was conducted in 1.5 days at
CYRIC, Tohoku University, by using primary pro-
ton beams of 30 MeV/u. The beam energy was se-
lected to simulate the energy loss of the signal 3He
of 120 MeV/u in the pionic atom experiment. The
beam was detected and identified by two plastic scintil-
lators at the upstream and downstream of the MWDCs
as shown in Fig. 1. MWDC consists of 9 planes
(XX’X”(0◦), UU’U”(+30◦), VV’V”(−30◦)), and is op-
erated with pure isobutane gas at 13.3 kPa. Figure 2
shows the evaluated detection efficiency as a function
of the voltage applied to cathode planes and potential
wires. As shown in the figure, the single-plane effi-
ciency is greater than 98% with a voltage of higher than
−1300 V. The plane resolution and stability under
the high-rate condition are also evaluated with volt-
age of −1350 V. Though the precise evaluation is still
in progress, the position resolution is apparently bet-
ter than 0.5 mm (FWHM), which satisfies the experi-
mental requirement. The stability test of the MWDC
was performed with ≃ 100 kHz proton beams. The
condition is comparable with the expected high-rate
background in BigRIPS in terms of the space charge
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∗5 Department of Physics, Toho University
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∗8 Department of Physics, University of Tokyo

effect. Under this severe condition, we confirmed that
the detection efficiency does not change by more than
a few percent.

From the above results, we found that the MWDC
shows satisfactory performance for the experiments at
BigRIPS. The precise analysis is ongoing.

Beam

Plastic 

Scintillator

Fig. 1. New constructed MWDCs and plastic scintillators

placed on the beam line at CYRIC.
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a function of voltage for cathode planes and potential
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Development of the gaseous Xe scintillation detector

J. Zenihiro,∗1 T. Harada,∗1,∗6 S. Terashima,∗1,∗2 Y. Matsuda,∗1,∗3 S. Ota,∗4 H. Sakaguchi,∗1,∗5 K. Kawata,∗4
S. Ishida,∗1,∗3 Y. Kasamatsu,∗1,∗3 and E. Takada∗7

RIBF can provide very intense RI beams, but we can-
not fully utilize this ability because of the radiation dam-
ages of the existing detectors for particle identification.
We need a new detector with a good radiation hardness
as well as a good energy and/or timing resolution.

For this purpose, we proposed a Xe gas scintillation
detector. Xe gas has a small work function (∼ 20 eV),
its time response for the scintillation process is relatively
fast, and the wavelength of the scintillation photons is
approximately 175 nm.1) The performance of the Xe gas
scintillation for high-energy heavy-ion particles has not
been fully measured so far.

The detector consists of an Al chamber filled with
high-pressure (1 ∼ 5 atm) and pure (99.999%) Xe gas,
two 5-mm-thick and 80-mm-ϕ synthetic silica glass win-
dows, and two PMTs (Hamamatsu, R6041-406). Scin-
tillation photons produced in the Xe gas go through the
two silica glass windows on both sides of the chamber
and finally reach the photo-cathode of the PMTs.

To study the performance of this new detector, we
carried out a test experiment at HIMAC in November
2017 (H390). A secondary beam with a mass-to-charge
ratio A/Z of approximately 2.28 at 300 MeV/nucleon
was produced by the fragmentation of a primary 132Xe
beam at 400 MeV/nucleon with a 9-mm-thick Be target.
The cocktail beam (1 k ∼ 100 k particles/spill) was de-
livered to the Xe detector through the SB2 beam line.2)
In addition to the Xe detector, a 100-µm-thick plastic
scintillator and a 300-µm-thick Si detector were used for
reference.

Figure 1 shows the raw signals of the left (yellow) and
right (green) PMTs from the Xe detector at 1 and 4 atm
in the upper and lower panels, respectively. Two com-

Fig. 1. Raw signals of the Xe detector monitored by an os-
cilloscope. The left panel shows the signals when the Xe
gas pressure is 1 atm, while the right shows that at 4 atm.
One division of the horizontal axis is 100 ns, and that of
the vertical axis is 50 mV for the left and 200 mV for the
right.
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Fig. 2. Particle identification plot of the secondary beam.
The x and y axes correspond to the energy loss for 4-
atm Xe in QDC channels and the time of flight in TDC
channels, respectively.
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Fig. 3. Atomic number spectrum around 50 deduced from
the energy-loss information of the Xe detector.

ponents were found in the scintillation process. We also
checked the signals at 2, 3, and 5 atm, which shows that
the ratio of the slow component decreases as a function
of pressure.

The energy resolutions at 1 and 4 atm for the 132Xe
primary beam are approximately 1.2% and 0.8%, respec-
tivley. The timing resolution is approximately 100 ps in
sigma and does not change between 1 and 4 atm. In
Fig. 2, the correlation between the mean QDC value of
the Xe detector at 4 atm and the time of flight is plotted.
The secondary beam particles with Z up to 55 are clearly
identified. The Z spectrum around 50 was deduced from
the energy-loss information of the Xe detector, as shown
in Fig. 3. The root-mean-square resolution of ∆Z = 0.2
(5σ separation) is achieved.

These results are very promising for the high-intensity
and heavy RI-beam experiments. A more detailed anal-
ysis is in progress.
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Fig. 2. Particle identification plot of the secondary beam.
The x and y axes correspond to the energy loss for 4-
atm Xe in QDC channels and the time of flight in TDC
channels, respectively.

h2
Entries 99996
Mean 52.45
RMS 1.475
Underflow 4.518e+04
Overflow 17
Integral 3.884e+04

 / ndf 2χ 27.51 / 7
Constant 22.8±1656
Mean 0.00±52.99
Sigma 0.0020±0.1908

Z
50 51 52 53 54 55 56

Co
un

t

0

200
400
600
800

1000
1200
1400
1600
1800 h2

Entries 99996
Mean 52.45
RMS 1.475
Underflow 4.518e+04
Overflow 17
Integral 3.884e+04

 / ndf 2χ 27.51 / 7
Constant 22.8±1656
Mean 0.00±52.99
Sigma 0.0020±0.1908

Fig. 3. Atomic number spectrum around 50 deduced from
the energy-loss information of the Xe detector.

ponents were found in the scintillation process. We also
checked the signals at 2, 3, and 5 atm, which shows that
the ratio of the slow component decreases as a function
of pressure.

The energy resolutions at 1 and 4 atm for the 132Xe
primary beam are approximately 1.2% and 0.8%, respec-
tivley. The timing resolution is approximately 100 ps in
sigma and does not change between 1 and 4 atm. In
Fig. 2, the correlation between the mean QDC value of
the Xe detector at 4 atm and the time of flight is plotted.
The secondary beam particles with Z up to 55 are clearly
identified. The Z spectrum around 50 was deduced from
the energy-loss information of the Xe detector, as shown
in Fig. 3. The root-mean-square resolution of ∆Z = 0.2
(5σ separation) is achieved.

These results are very promising for the high-intensity
and heavy RI-beam experiments. A more detailed anal-
ysis is in progress.
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Development of α-ToF detector for correlation measurement of
atomic masses and decay properties of superheavy nuclides

T. Niwase,∗1,∗2 M. Wada,∗3,∗1 P. Schury,∗3 Y. Ito,∗1,∗6 M. Rosenbusch,∗1 D. Kaji,∗1 K. Morimoto,∗1 H. Haba,∗1

S. Ishizawa,∗1,∗4 K. Morita,∗1,∗2 and H. Wollnik∗5

The atomic mass is a unique quantity for each nu-
cleus. Precise mass measurement allows us to identify
the atomic number as well as the mass number of a
nucleus. Recently, we measured the masses of fusion-
evaporation products1–4) provided from GARIS-II5) by
using an MRTOF mass spectrograph.6) We plan to
measure the masses of hot-fusion superheavy nuclei
(SHN) to identify the nuclides. The expected event
rate is of the order of one event per day. We should
accurately distinguish a true event from a large num-
ber of background events which might have originated
from scattered ions or molecular ions. For this pur-
pose, we have developed an α-ToF detector. The time
correlation between a time-of-flight (ToF) signal and
successive α-decay signals can discriminate such back-
ground events.

Impact plate

Trajectory of
Secondary Electron

Incoming Ions

ToF
signal

Material coated
SSD (S-3590)

α/SF
Signal

Wire grid

Fig. 1. Schematic of the α-ToF detector. The impact plate

is appoximately 3 mm thick.

The α-ToF detector is made of a commercial Mag-
neToF detector (ETP 14DM572) and a Si PIN diode
(Hamamatsu S-3590), as shown in Fig. 1. When a
heavy ion is incident on the impact plate of the Mag-
neToF, secondary electrons are emitted from the im-
pact plate and the electrons are isochronously trans-
ported by a magnetic field and amplified by an elec-
tron multiplier to provide a timing signal of the ion.
We replaced the impact plate with an Au+MgO-or
Au+Al2O3-coated Si PIN diode.

We tested the detector by using an 241Am alpha
source, and results are shown in Fig. 2. The upper
panel shows the count-rate ratio of the coincident tim-
ing signal to the α-ray signal. The efficiency of the tim-
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State University
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ing signal was greater than 90% for 5-MeV α-particles
with both coating materials when −2100 V was applied
to the impact plate. The lower panel of Fig. 2 shows
the correlation mapping of ToF and α-ray energy. The
start signal of ToF was made by the triangle roof ToF
detector7) and the stop signal was the timing signal of
the α-ToF. The vertical axis indicates the α-ray en-
ergy measured by the α-ToF. The distance between
the triangle-roof ToF and the α-ToF was 27 cm.
We confirmed that the correlation between the tim-

ing signal and the decay energy can be measured us-
ing the α-ToF. We will use the α-ToF for the mass-
measurement experiment of SHN using the GARIS-
II+MRTOF setup, which is scheduled for FY2018-
2019.
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Fig. 2. Count-rate ratio of timing signals coincident with

the α-ray signal (upper panel). Correlation mapping of

ToF and energy (lower panel).
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DALI2+ at the RIKEN Nishina Center RIBF

I. Murray,∗1,∗2 F. Browne,∗2 S. Chen,∗3,∗2 M. L. Cortés,∗2 P. Doornenbal,∗2 H. Sakurai,∗2,∗7 J. Lee,∗4
M. MacCormick,∗1 W. Rodriguez,∗5 V. Vaquero,∗6 D. Steppenback,∗2 and K. Wimmer∗7

The utilization of large arrays of sensitive γ-ray detec-
tors in combination with fast beams and a reaction tar-
get, is a powerful approach to interrogate nuclear struc-
ture.1) This technique, known as in-beam γ ray spec-
troscopy and often in association with additional particle
detectors, permits access to observables such as excited
state energies, transition probabilities, exclusive and dif-
ferential cross-sections, deformation lengths and param-
eters, state lifetimes and exclusive parallel momentum
distributions. Highlights of RIKEN in-beam γ ray spec-
troscopy results can be found in the references.2–4)

The Detector Array for Low Intensity Radiation
(DALI) was constructed in 1995 for observing nu-
clear reactions with a low yield.5) DALI originally con-
sisted of 60 6× 6× 12 cm3 thallium-doped sodium iodide
(NaI(Tl)) scintillators arranged around a reaction target
to cover a large solid angle. The granularity of the detec-
tor array permitted a correction to the Doppler shifted
γ-rays at RI beam velocities of v/c ∼ 0.3.

DALI was supplemented with additional NaI(Tl) de-
tectors up to a total of 186 in 20026) and renamed
DALI2. With the opening of the RIBF facility, where
the RI beam velocities are v/c ∼ 0.6, DALI2’s greater
angular resolution and detection efficiency was integral
to its continuing success.

In the spring of 2017, DALI2 was further upgraded
to DALI2+ by the inclusion of additional new detec-
tors to the array, bringing the total to 226. Poorly
performing older detectors were substituted. A render-
ing of the new arrangement is shown in Fig. 1. Addi-
tional support structures were fabricated to accommo-
date the new detectors. The simulated full-energy-peak
efficiency (FEP) and inherent energy resolution of the
DALI2 and DALI2+ configurations for various photon
energies (in a centre-of-mass (CM) frame) are listed in
Table 1. The beam pipe, shield, target thickness, beam
velocity distribution and individual detector resolutions
are not included in the simulations. The γ-rays are emit-
ted isotropically in the CM frame and Doppler corrected.
The small reduction in FEP efficiency of the DALI2+
configuration is a consequence of the reduced angular
coverage. The smaller opening angles of the detectors
lead to an increase in inherent energy resolution because
of Doppler correction.

DALI2+ was employed for the first time for the third
SEASTAR campaign.7–9) It surrounded the liquid hy-
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Reaction target

RI beam

Fig. 1. A 3D rendering of the half sector of DALI2+.

Table 1. GEANT4 simulated FEP efficiencies and inherent
energy resolution of the DALI2 and DALI2+ arrays.
(without add-back / with 15 cm radius add-back6))

v/c = 0 v/c = 0.6

Eγ (MeV) eff. (%) eff. (%) FWHM (keV)

DALI2 & standard target position

0.5 41/48 42/51 38/43
1.0 25/33 25/36 76/85
2.0 14/20 15/25 150/161

DALI2+ & standard target position

0.5 37/43 40/48 38/43
1.0 22/29 24/34 76/85
2.0 13/19 15/23 139/155

DALI2+ & MINOS target position

0.5 36/42 39/48 36/41
1.0 22/29 24/34 72/80
2.0 12/18 14/23 138/146

drogen target of MINOS10) which was situated between
BigRIPS11) and SAMURAI12) spectrometers.
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Improvement of the maintenance environment for Ge detectors

H. Sato,∗1 T. Komatsubara,∗1 N. Chiga,∗1 H. Takeda,∗1 T. Koike,∗1,∗2 and K. Yoshida∗1

During the delivery of the secondary beams at the
BigRIPS separator, we usually confirm and calibrate
the particle identification by detecting delayed γ rays
emitted from known isomers by using two clover-type
germanium (Ge) detectors placed at F7.1,2) We mainly
use ORTEC GMX-clover-S Ge detectors, which are
tagged as ORTEC#1, #2, #3, and #4. Each clover
Ge detector consists of four pure Ge crystals, each with
its own output channel. Radiative backgrounds (such
as fast neutrons) could damage the detectors, leading
to a reduction in energy resolution during usage. In ad-
dition, a good vacuum is required for low temperature
operation with liquid nitrogen (LN2). Therefore, peri-
odic annealing and vacuum pumping should be applied
to the detectors. For this purpose, we have started the
maintenance of the clover Ge detectors since 2016.

First of all, preparation room No.1 on B2F at the
Nishina building was cleaned up. At first, when we
checked each detector, channels 2, 3 and 4 of OR-
TEC#4 did not output any signals. The FETs and
hybrid-ICs on the preamplifiers were replaced, and
then the signal outputs for each channel were recov-
ered. Next, we prepared a new vacuum pumping sys-
tem (dry pump: 250 L/min, and TMP: 51 L/s), which
has three ports for parallel pumping operation. We
also designed and produced a vacuum valve operator,
which is used when pumping the detector, at much
lower cost than the commercially available ones. The
ORTEC Ge detector does not have a heater inside the
detector cryostat. Therefore a rod heater and a tem-
perature controller were designed and produced for an-
nealing. The rod heater is inserted into an LN2 de-
war from the top port and the bottom of the dewar is
heated. The crystals are heated indirectly via a cold
finger (a copper rod) connecting the crystals and the
bottom of the dewar. A photo of this vacuum pumping
and annealing system is shown in Fig. 1.

In the annealing process, the vacuum is typically
kept at 10−6 to 10−7 Torr. The end cap is wrapped by
a ribbon heater and aluminum foils to help the heating
of the crystals. We tried a few annealing conditions,
and found out that typically, annealing at 80◦C for 3
to 4 weeks is suitable for our case. The cooling time to
reach room temperature (∼22◦C) is typically 30 hours.
The example of the effect of the annealing process is
shown in Fig. 2. Figure 2(a) shows the spectrum of
60Co taken before using the Ge detector in the exper-
iments. Figure 2(b) shows the spectrum taken after
usage from 2017.4.3 to 2017.5.7 (primary beam was
70Zn in this period). By annealing over a 35 day pe-
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riod, with initial temperature of 22◦C, maximum tem-
perature of 80◦C, and final temperature of 22◦C, the
resolution was recovered as shown in Fig. 2(c). As the
next step, we will try to tune and modify the electri-
cal components including preamplifiers since annealing
alone did not completely recover the intrinsic energy
resolution (several keV).

Fig. 1. The pumping and annealing system.

Fig. 2. Example of 60Co spectrum: (a) before MT, (b) after

MT, (c) after annealing process.
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Overview of silicon strip sensor detector development
for sPHENIX experiment

I. Nakagawa,∗1 Y. Akiba,∗1 D. Cacace,∗2 E. Desmond,∗2 T. Hachiya,∗2,∗3 Y. Kawashima,∗1,∗4 E. Mannel,∗2

H. Masuda,∗1,∗4 G. Mitsuka,∗1 R. Nouicer,∗2 R. Pisani,∗2 K. Shiina,∗1,∗4 M. Tsuruta,∗1,∗4 and Y. Yamaguchi∗1

The intermediate tracker (INTT)1,2) is a barrel type
tracker to be implemented outside of another tracking
device MVTX detector near the beam pipe and cov-
ering central rapidity region of the sPHENIX collision
point as shown in Fig. 1. The development of INTT is
now in the second generation prototype testing stage.
Shown in Fig. 2 is the INTT ladder prototype for lay-
ers 1 to 3. Various response tests have been executed
and resulting performances are found to be satisfac-
tory.3) Further tests will be performed using cosmic
rays in the test bench. An external trigger using scin-
tillators is under development for the measurement.4)

These prototypes are to be tested with a beam at Fer-
milab in March, 2018. A three-layer telescope setup is
under preparation for the beam test. In parallel, the
third generation silicon sensors for the layers 1 to 3 are
already under manufacture and they are expected to
be the pre-production version.

INTT4 layers

MVTX

Beam Pipe

Fig. 1. Layout of inner tracking systems of the sPHENIX

experiment. The beam pipe is lapped with 3 layers of

MVTX and 4 layers of INTT detectors.

The study was made to optimize the design of the
layer-0.7) Due to the closest distance from the collision
point, the layer-0 is designed to reduce its channel oc-
cupancy of the detector by charged particles as much
as possible. As shown in Fig. 3, the first prototype for
the layer-0 silicon and the high density interconnect
(HDI) readout cable have been manufactured and to
be tested in spring of 2018. The HDI of layer-0 is de-
signed to be narrower than that of layers 1 to 3 since
number of signal lines are fewer.
The biggest technical challenge in the R&D pro-
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Fig. 2. The INTT ladder prototype for layers 1 to 3. The

ladder consisted of silicon sensors, FPHX readout chips

used for former silicon detector in the PHENIX experi-

ment, a high density interconnect (HDI) readout cable

and a support structure.

  

























  

Fig. 3. R&D schedule of INTT.

cess of the INTT is a design of its bus extender ca-
ble. Due to the requirement of long signal transmission
(∼ 1.3 m) within a limited space, standard flat flexi-
ble cables can not be used. A development of a high
density multi-layered flexible cable have started effec-
tively in spring of 2017.5) One of key developments is
to make the differential signal line width as narrow as
possible and achieve the higher density in order to sat-
isfy the compactness of the cable. We are about to
get to the latest technology limit of the line width for
1.3 m distance.
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ble cables can not be used. A development of a high
density multi-layered flexible cable have started effec-
tively in spring of 2017.5) One of key developments is
to make the differential signal line width as narrow as
possible and achieve the higher density in order to sat-
isfy the compactness of the cable. We are about to
get to the latest technology limit of the line width for
1.3 m distance.

References
1) I. Nakagawa et al., Accel. Prog. Rep. 48, (2015).
2) I. Nakagawa et al., Accel. Prog. Rep. 49, 106 (2016).
3) H. Masuda, in this report.
4) K. Shiina, in this report.
5) T. Hachiya, in this report.
6) M. Tsuruta, in this report.
7) Y. Yamaguchi, in this report.

Development of long multi-layered flexible cable of silicon sensor
detector for sPHENIX experiment

M. Tsuruta,∗1,∗2 Y. Akiba,∗1 D. Cacace,∗5 E. Desmond,∗5 T. Hachiya,∗1,∗3 Y. Kawashima,∗1,∗2 T. Kondo∗4
E. Mannel,∗5 H. Masuda,∗1,∗2 G. Mitsuka,∗1 I. Nakagawa,∗1 R. Nouicer,∗5 R. Pisani,∗5 K. Shiina,∗1,∗2 and

Y. Yamaguchi∗1

The progress in the new development of the bus
extender1) for the sPHENIX intermediate tracker
(INTT) is reported. The INTT composed of silicon strip
sensors. Due to a tight space budget around the colli-
sion area, the space to run signal cables for INTT is
strictly limited. Thus, high density signal transfer ca-
bles are required to send signals from silicon sensors to
the front-end readout electronics by 1.3 m. The addi-
tional requirements to the cable are flexibility and the
impedance matching with circuits to be connected to.
As defined in the Eqs. (1) and (2), one of the key essences
is the signal line width and pitch.

Zdif = 2× Z0 exp
(
1− 0.374e−2.9 S

D

)
(1)

Z0 =
60
√
ϵr

ln

(
4D

0.67π(0.8W + d)

)
(2)

Here, Zdif and Z0 are differential and characteristic
impedance, and ϵr is the relative dielectric constant. For
given impedance, the narrower the line width, the thin-
ner the cable can be. Thus we need to design the signal
line width as narrow as possible for the cable to be flex-
ible.

In order to judge the technological limit of a finest
width and pitch of the signal line of long flexible print ca-
bles (FPCs), we measured a 1.3-m long sample FPC, as

Fig. 1. Cross section of differential signal lines. S and W

are line width and pitch, respectively. D and d are thick-
ness between ground planes and thickness of signal layer,
respectively.

Fig. 2. Sample FPC
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Fig. 3. Observed line width (y-axis) of the sample FPC
(black) and its mask(red). The x-axis is the transverse
distance from the edge of the sample FPC.

Fig. 4. Observed line widths of the new prototype FPC
(blue) superimposed on these of the sample FPC.

shown in Fig. 2, manufactured by the Print-Electronics
Laboratory. The measurement was conducted for 32 sig-
nal lines whose width were designed to be 120 µm.

The observed line widths are plotted in Fig. 3 (black
symbols). As can be guided by the curve showing a
sine function fitting, the observed line-width oscillates
by 10 µm with a constant (< 1 mm) repetition. Most
likely, the origin is propagated from the mask itself used
at an exposure process. As shown by black symbols, al-
most exact pattern was observed in the mask. Therefore,
we employed a higher precision mask printer to produce
the next-round prototype FPC. The resulting line-width
data are superimposed in Fig. 4 on top of previous mea-
surements of the sample FPC. As is apparent from the
Fig. 4, the new mask successfully provided much better
precision (3 µm) of the line width. There found 10 µm
offset in the line width between the FPC and the mask.
This offset can be diminished by design the line width
10 µm narrower for the mask on purpose.
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Research and development of very long and dense data bus for
sPHENIX INTT detector
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sPHENIX is a major upgrade project of the PHENIX
experiment at RHIC.1) The aim of sPHENIX is to ex-
plore the properties of the quark-gluon medium cre-
ated in high energy heavy ion collisions by using the
jets and bottom quarkonia as probes. sPHENIX con-
sists of a tracking detector system followed by electro-
magnetic and hadron calorimeters with a superconduct-
ing solenoid magnet. INTT is an intermediate tracker,
which is a silicon detector sandwiched between the
MAPS silicon detector and the time projection chamber,
as shown in Fig. 1.2,3) The space available for INTT is
small, and the readout electronics (ROC) needs to be
placed at least 105 cm away from the detector. INTT is
also designed to have a good timing resolution to resolve
the collision timing in some beam crossings. In addition,
we reuse the ROC of the PHENIX forward silicon vertex
detector for INTT. Thus, the interface for the electron-
ics is also pre-defined. This indicates that the data bus
for INTT must satisfy the following requirements:

• at least 120-cm long,
• flexible form to fit the tight space,
• a data rate of 200 mega bits per second,
• 100-ohm differential impedance, Zdiff , of LVDS data

transfer,
• 62 (124) differential pairs (signal lines) for one lad-

der.

It is challenging to meet all the requirements for the data
bus because a long data bus and high-speed transfer of
the signal are contradictory. There is no commercial
data bus in the market. We carried out research and
development of the data bus through an electromagnetic
field simulation and by making prototypes.

First, we designed a data bus made from a flexible
printed circuit board (FPC) because FPC is capable
of establishing a high-density data line with impedance
control. We studied the signal integrity by simulation
with the realistic layer structure of the FPC, which has
a line width (l) and space (s) between lines of 150 µm
as shown in Fig. 2. Here, Zdiff is calculated based on
the intrinsic impedance Z0 and the space between the
pair.4) From the result, we found that the thickness (w)
of FPC should be 400 µm to make Zdiff 100 ohm. A thick
FPC is usually made by gluing some thin sheets of FPC
to each other. However the adhesive to glue the FPC
causes a significant loss of signal for the long data bus
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Fig. 1. INTT detector in the sPHENIX tracking system.
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w

Fig. 2. Cross-sectional view of the FPC.

because of a large dielectric tangent of the adhesive. To
solve this problem, we need a thick FPC material with a
small dielectric tangent. A liquid crystal polymer (LCP)
is a material. Thick LCP sheets (100 µm) with a small
dielectric tangent are available in the market.

Second, we studied the uniformity of line and space
which is key to keep the impedance for the long data
bus. The widths of the signal lines and spaces between
the signal lines for the 120-cm-long FPC are measured
to examine how accurately the manufacturer produces
the FPC.4) We found that the line width changed pe-
riodically depending on the position of the FPC. After
further investigation, we pinned down the cause of the
problem as the printed circuit on the mask film for the
FPC production.

Third, we produced the first version of the proto-
type FPC to verify our solutions. The prototype FPC
has a strip-line structure with 72 signal lines. We are
now measuring the line and spaces of the prototype and
studying the electrical properties such as impedance, sig-
nal loss, and signal distortion.

We plan to make the second and third versions of the
prototype in 2018 to ensure that the data bus for INTT
meets all the requirements, and mass production will be
performed in 2019.
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MAPS silicon detector and the time projection chamber,
as shown in Fig. 1.2,3) The space available for INTT is
small, and the readout electronics (ROC) needs to be
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also designed to have a good timing resolution to resolve
the collision timing in some beam crossings. In addition,
we reuse the ROC of the PHENIX forward silicon vertex
detector for INTT. Thus, the interface for the electron-
ics is also pre-defined. This indicates that the data bus
for INTT must satisfy the following requirements:

• at least 120-cm long,
• flexible form to fit the tight space,
• a data rate of 200 mega bits per second,
• 100-ohm differential impedance, Zdiff , of LVDS data

transfer,
• 62 (124) differential pairs (signal lines) for one lad-

der.

It is challenging to meet all the requirements for the data
bus because a long data bus and high-speed transfer of
the signal are contradictory. There is no commercial
data bus in the market. We carried out research and
development of the data bus through an electromagnetic
field simulation and by making prototypes.

First, we designed a data bus made from a flexible
printed circuit board (FPC) because FPC is capable
of establishing a high-density data line with impedance
control. We studied the signal integrity by simulation
with the realistic layer structure of the FPC, which has
a line width (l) and space (s) between lines of 150 µm
as shown in Fig. 2. Here, Zdiff is calculated based on
the intrinsic impedance Z0 and the space between the
pair.4) From the result, we found that the thickness (w)
of FPC should be 400 µm to make Zdiff 100 ohm. A thick
FPC is usually made by gluing some thin sheets of FPC
to each other. However the adhesive to glue the FPC
causes a significant loss of signal for the long data bus
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Fig. 2. Cross-sectional view of the FPC.

because of a large dielectric tangent of the adhesive. To
solve this problem, we need a thick FPC material with a
small dielectric tangent. A liquid crystal polymer (LCP)
is a material. Thick LCP sheets (100 µm) with a small
dielectric tangent are available in the market.

Second, we studied the uniformity of line and space
which is key to keep the impedance for the long data
bus. The widths of the signal lines and spaces between
the signal lines for the 120-cm-long FPC are measured
to examine how accurately the manufacturer produces
the FPC.4) We found that the line width changed pe-
riodically depending on the position of the FPC. After
further investigation, we pinned down the cause of the
problem as the printed circuit on the mask film for the
FPC production.

Third, we produced the first version of the proto-
type FPC to verify our solutions. The prototype FPC
has a strip-line structure with 72 signal lines. We are
now measuring the line and spaces of the prototype and
studying the electrical properties such as impedance, sig-
nal loss, and signal distortion.

We plan to make the second and third versions of the
prototype in 2018 to ensure that the data bus for INTT
meets all the requirements, and mass production will be
performed in 2019.
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Commissioning of the OEDO beamline
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The OEDO system was proposed to produce focused
slow-down radioactive-ion (RI) beams in RIBF1) and
has been installed in the High-Resolution Beamline
(HRB) in the end of fiscal year 2016.2) The commis-
sioning of the OEDO beamline has been performed in
June 15–21, 2017.
A schematic view of the OEDO beamline and detec-

tor setup is shown in Fig. 1. The main components
of the OEDO system are a radio-frequency deflector
(RFD) synchronized with the cyclotron’s RF and 2 sets
of superconducting triplet quadrupole (STQ) magnets.
For matching to the ion optics of the OEDO system,
the momentum dispersion from the BigRIPS to FE9
was tuned to be 13 mm/% at FE9. An Al degrader
at FE9 slows down RIs to less than 50 MeV/nucleon.
The inset of Fig. 1 shows calculated ion trajectories of
the OEDO system on the horizontal plane. The first
STQ in the figure provides point-to-parallel transport,
resulting in a strong correlation between the angular
and time components of the beam. The second STQ
works as inverse transformation of the first one. The
RFD periodically changes the RI’s horizontal angles in
order to align them in parallel. The aligned RIs focus
at FE11 through the central trajectory in the second
half of the OEDO system.
In the commissioning run, long-lived fission prod-

Fig. 1. Schematic view of the OEDO beamline. The ion

optics in the OEDO system are also shown.
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ucts 79Se and 107Pd were produced from a 345-
MeV/nucleon 238U beam. The beam energy of 79Se
(107Pd) was tuned to be 170 (180) MeV/nucleon in
BigRIPS and 45± 2 (33± 0.5) MeV/nucleon at FE11
after energy reduction by degraders and detectors.
Figure 2 displays correlations between the arrival

timing at FE10 and the horizontal hit position at
FE11, where Figs. 2(a) and (b) show those without and
with RFD operation, respectively. The figures demon-
strate that the RFD focuses the 79Se beam and can
adjust the beam position. The FE11 horizontal beam
spot size was reduced from 25 mm to 15 mm in FWHM,
as shown in Fig. 3.

Fig. 2. Ion-optical effect of RFD for beam focusing.

Fig. 3. Beam focusing of 79Se at FE11 with and without

RFD.

The OEDO beamline was successfully launched.
Further data analysis is ongoing to improve the trans-
mission of the beamline and to develop an effective
tuning procedure for upcoming physics experiments.
This work was funded by ImPACT Program of

Council for Science, Technology and Innovation (Cab-
inet Office, Government of Japan).
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Optimization of sextupole magnets in the BigRIPS fragment
separator for a high-purity RI beam
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The purification of radioactive-isotope (RI) beams
is one of the most important issues especially for nu-
clear reaction studies with the intensity of 105 parti-
cles per second or more, to reduce the total beam rate
at beam-line detectors, which are used for the parti-
cle identification of RI beams. The reaction studies
for the long-lived fission products at a low energy of
20 or 50 MeV/nucleon are typical examples.1) The first
stage of the BigRIPS fragment separator is used for the
separation of RI beams.2) Higher-order aberrations of
the ion optics in the separator have negative influences
on not only the beam size and transmission efficiency
but also the separation from contaminants. Sextupole
magnets have been employed to reduce the higher-
order aberrations of one given isotope in standard op-
tics. For the contaminants, however, the higher-order
aberrations remained. In the present study, the sex-
tupole magnets were optimized for the separation of
contaminants to obtain high-purity RI beams.
One of the largest aberrations is the focus shift

as a function of the momentum. It is given by the
(x|aδBρ) term of the ion optical matrix elements, where
a is the beam angle in the x direction, and δBρ =
(Bρ − Bρ0)/Bρ0. The magnetic rigidity, Bρ, is used
instead of the momentum to consider both the given
isotope and other contaminants. The aberration of
(x|aδBρ) was removed by two sextupole magnets be-
tween two dipole magnets, D1 and D2, in the first
stage. However, extra aberrations appeared. The
aberrations were compensated by two more sextupole
magnets with the opposite polarity in standard optics.
The magnetic rigidity of the contaminants is

changed by a wedge-shaped degrader placed between
D1 and D2. The focus shift of contaminants can be re-
moved by the forth sextupole magnet after D2, but in
standard optics, the shift increased because of the op-
posite polarity. To reduce the aberrations not only for
the given isotope but also for the contaminants, the po-
larity of the forth sextupole magnet was inverted, and
the first one before D1 was not used, for simplicity in
the present study. Figure 1 shows the third order cal-
culation of the ion optics of the first stage of BigRIPS
by using the COSY INFINITY code.3)

A 93Zr beam was used to test this optimization. A
4-mm-thick Al wedge degrader was used for the isotope
separation. The dependece of a and δBρ on x at F2
were measured for 93Zr and neighboring isotopes. The
sextupole magnets were tuned so as to cancel out the
a and δBρ dependences. Figure 2 shows the a versus
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direction at F2 for (a) 93Zr without SX, (b) 92Zr with-
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momentum distribution was ±3%.

x plot for 93Zr with and without the sextupole mag-
nets. The blur at the large a region in Fig. 2(a) was
reduced by applying the sextupole magnets as shown
in Fig. 2(c). The distribution obtained for 92Zr was
similar to that for 93Zr, as shown in Fig. 2(d). The
separation between these isotopes was improved from
1.7σ to 2.5σ.
This work was funded by ImPACT Program of

Council for Science, Technology and Innovation (Cab-
inet Office, Government of Japan).
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The purification of radioactive-isotope (RI) beams
is one of the most important issues especially for nu-
clear reaction studies with the intensity of 105 parti-
cles per second or more, to reduce the total beam rate
at beam-line detectors, which are used for the parti-
cle identification of RI beams. The reaction studies
for the long-lived fission products at a low energy of
20 or 50 MeV/nucleon are typical examples.1) The first
stage of the BigRIPS fragment separator is used for the
separation of RI beams.2) Higher-order aberrations of
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on not only the beam size and transmission efficiency
but also the separation from contaminants. Sextupole
magnets have been employed to reduce the higher-
order aberrations of one given isotope in standard op-
tics. For the contaminants, however, the higher-order
aberrations remained. In the present study, the sex-
tupole magnets were optimized for the separation of
contaminants to obtain high-purity RI beams.
One of the largest aberrations is the focus shift

as a function of the momentum. It is given by the
(x|aδBρ) term of the ion optical matrix elements, where
a is the beam angle in the x direction, and δBρ =
(Bρ − Bρ0)/Bρ0. The magnetic rigidity, Bρ, is used
instead of the momentum to consider both the given
isotope and other contaminants. The aberration of
(x|aδBρ) was removed by two sextupole magnets be-
tween two dipole magnets, D1 and D2, in the first
stage. However, extra aberrations appeared. The
aberrations were compensated by two more sextupole
magnets with the opposite polarity in standard optics.
The magnetic rigidity of the contaminants is

changed by a wedge-shaped degrader placed between
D1 and D2. The focus shift of contaminants can be re-
moved by the forth sextupole magnet after D2, but in
standard optics, the shift increased because of the op-
posite polarity. To reduce the aberrations not only for
the given isotope but also for the contaminants, the po-
larity of the forth sextupole magnet was inverted, and
the first one before D1 was not used, for simplicity in
the present study. Figure 1 shows the third order cal-
culation of the ion optics of the first stage of BigRIPS
by using the COSY INFINITY code.3)

A 93Zr beam was used to test this optimization. A
4-mm-thick Al wedge degrader was used for the isotope
separation. The dependece of a and δBρ on x at F2
were measured for 93Zr and neighboring isotopes. The
sextupole magnets were tuned so as to cancel out the
a and δBρ dependences. Figure 2 shows the a versus
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direction at F2 for (a) 93Zr without SX, (b) 92Zr with-
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x plot for 93Zr with and without the sextupole mag-
nets. The blur at the large a region in Fig. 2(a) was
reduced by applying the sextupole magnets as shown
in Fig. 2(c). The distribution obtained for 92Zr was
similar to that for 93Zr, as shown in Fig. 2(d). The
separation between these isotopes was improved from
1.7σ to 2.5σ.
This work was funded by ImPACT Program of

Council for Science, Technology and Innovation (Cab-
inet Office, Government of Japan).
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Improvement of transmission efficiency for the rare-RI ring
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The injection and extraction efficiency of the rare-
RI ring (R3) is one of the main factors used to de-
termine the feasibility of experiments. Based on the
triggered events for injection that are generated at the
F3 focal plane of BigRIPS, the required extraction effi-
ciency from R3 is 1% or more for the region where the
production rate is 0.1 cps. However, the extraction ef-
ficiency in the third machine study,1) where unstable
nuclei were successfully extracted for the first time,
was less than 0.2% for the reference particle of 78Ge.
This is insufficient to conduct an experiment within
a reasonable beamtime period using R3. This report
describes the improvement of transmission efficiency
obtained in the fourth machine study using new beam
injection optics.
The particles produced and identified in the first

stage of BigRIPS are transported to R3 through a long
beam line including the SHARAQ spectrometer. Re-
cently, the OEDO system2) was completed on the long
beam line by installing new magnets and rearranging
the existing magnets as shown in Fig. 1. Because the
standard OEDO optics is not suited for our injection,
we recalculated the injection optics from F3 of Bi-
gRIPS to R3. Achromatic (F-E9, S0) and momentum-
dispersive (F4, F5, F6, and F-E7) focal planes were
arranged in the long beam line to ensure that the trans-
mission efficiency from F3 to S0 is close to 100%. The
section from S0 is very important when considering
the injection optics. It is necessary to consider disper-
sion matching in the horizontal direction while paying
attention not to diverge in the vertical direction, be-
cause after the SHARAQ spectrometer, the apertures
of the beam ducts are narrower compared with the for-
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Fig. 1. Long beam transport line from BigRIPS to R3 with

OEDO system.
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0.1

Fig. 2. Transmission efficiency of 78Ge. The ILC2 is lo-

cated just before the injection septa of R3. The RMD4

and ELC are located in the next straight section of the

kicker and the region after extraction, respectively. The

achieved extraction efficiency was larger than 1% as in-

dicated by the red circle in the ELC column.

mer stage. In the fourth machine study, we carefully
performed emittance matching between the injection
beam emittance and the acceptance of R3. This is be-
cause, emittance mismatch was the main cause of the
poor extraction efficiency of the third machine study.3)

The matching point is the kicker center; however, there
was no position detector there. Therefore, two PPACs
at ILC2 were used to adjust the beam emittance.
Figure 2 shows the result of the transmission effi-

ciency of 78Ge. There is no emittance gate at F3. The
excitation timing and magnetic field strength of the
kicker are optimized. The circulation time at R3 is
about 700 µs. The injection efficiency is better than
the previous one as indicated in the RMD4 column.
The extraction efficiency is also improved by more than
10 times as indicated in the ELC column.
Experiments using R3 are now ready to be con-

ducted for regions where sufficient statistics could be
obtained. Because further improvement in transmis-
sion efficiency is very useful when conducting experi-
ments at extremely rare-RI regions in the near future,
we aim for a measurement efficiency of 20%.
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Investigation of transmission efficiency loss at Rare-RI Ring

S. Naimi,∗1 Y. Yamaguchi,∗1 Y. Abe,∗1 D. Nagae,∗1 S. Omika,∗1,∗2 A. Ozawa,∗3 F. Suzaki,∗1 T. Uesaka,∗1

M. Wakasugi,∗1 and T. Yamaguchi∗2 for the Rare RI Ring collaboration

We have conducted a test experiment at the Rare-
RI Ring (Fig. 1) using Rare Isotopes (RIs) produced
from 238U beam on Be target at RIBF.1) The aim
was to demonstrate the mass measurement principle
of Rare Isotopes using the Rare-RI Ring.1,2) In this
experiment, the total transmission efficiency at the ex-
traction (ELC) was very low (0.14%), which is not
suited for mass measurement of RIs with very low
yield. To investigate the origin of the efficiency loss, we
have conducted simulation using MOCADI. As it can
be seen from Fig. 2, the transmission efficiency loss
is dominated by loss at the injection (between ILC2
and Kicker) and extraction (between Kicker and ELC).
In order to investigate the reason for such large drop
in efficiency, we examined the emittance evolution at
the injection. Since it was not possible to measure
the emittance during the experiment, we deduce the
emittance from elements matrix calculated in COSY







Fig. 1. Overview of the Rare-RI Ring (R3).

Fig. 2. MOCADI simulation of transmission efficiency.
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Fig. 3. Horizontal and vertical beam emittance at the

Kicker compared to Rare-RI Ring acceptance. Typi-

cal beam emittance was around 50 ∼ 80 mm ·mrad.

Infinity based on the initial experimental emittance.
We compared the emittance at Kicker magnets to the
Rare-RI Ring acceptance in Fig. 3. It is clear that
there is a mismatch between the beam emittance and
the storage ring acceptance, especially in the horizon-
tal direction, since the dispersion matching condition
should be also satisfied for a stable particle motion in
the ring.3) The total transmission in Fig. 2 is overesti-
mated by simulation (experimental value 0.14%). We
believe this is due to observed vertical and horizontal
shift of the beam, which is still under investigation.
We can also evaluate the efficiency from the inter-

section of the beam emittance and the storage ring ac-
ceptance taking into account the physical aperture of
the injection septum located at the ring entrance. The
evaluated efficiency after the Kicker is consistent with
experimental efficiency of about 2% measured behind
the Kicker. From this result, we conclude that the loss
in transmission efficiency is mainly due to emittance
mismatch between the beam emittance and the Rare-
RI Ring acceptance. A compromise between dispersion
matching and emittance matching should be found in
order to increase the transmission efficiency. For this
purpose, we designed a new injection optics, which was
tested end of November 2017. We have improved the
over all transmission efficiency by 13 times. Details of
the simulation and results are discussed in details in
Ref. 4).
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Isochronous condition in Rare RI Ring

Y. Abe,∗1 Y. Yamaguchi,∗1 M. Wakasugi,∗1 D. Nagae,∗1 S. Naimi,∗1 S. Omika,∗1,∗3 A. Ozawa,∗1,∗2 F. Suzaki,∗1
T. Uesaka,∗1 T. Yamaguchi,∗1,∗2,∗3 and for the Rare RI Ring collaboration

The Rare RI Ring (R3) is an isochronous storage ring
used to measure masses of short-lived rare nuclei. The
expected precision of the measured masses is of the or-
der of 10−6. The precision of the isochronism is one
of the key issues regarding R3, because it directly de-
termines the precision in mass determination for poor
statistics, which are expected for rarely produced exotic
nuclei. Two magnets at both ends of each sector are
additionally equipped with ten trim coils to form the
isochronous magnetic field with a precision of 1 ppm
over a wide range of momentum values. The isochro-
nism of the order of 1 ppm is realized by adjusting the
currents of the trim coils.

In the third machine study, we used secondary beams
around 78Ge nuclei, and the isochronous condition was
tuned to 78Ge. Figure 1(a) shows the two-dimensional
plot of events for 78Ge, and the histogram of the rev-
olution time (b). The isochronism was achieved as
5.4×10−6 in σ, within the momentum range of ±0.3%.1)
The obtained isochronism has not yet reached to the
target value of 1 ppm. As can be seen in Fig. 1(a), the
revolution time is still slightly correlated to the momen-
tum due to imperfections in the isochronous conditions.

We performed a fourth machine study in Novem-
ber by using the same secondary beams to improve
the isochronism. Figure 2 shows the results obtained
after fine tuning the trim coils in this experiment.
The isochronism was improved, and was achieved as
3.7 × 10−6 in σ. This seems to come from the insta-
bility of the main magnetic field in R3 caused by the
instability of the power supply. In fact, the magnetic
field measured using an NMR probe fluctuated within
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Fig. 1. Result of isochronism measurements in the third ma-
chine study. (a) Correlation(s) between revolution time
and the momentum difference for 78Ge. (b) Distribution
of revolution time of 78Ge with Gaussian fitting (broken
line).
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Fig. 3. Trend graphs obtained in one day; (a) Magnetic field
measured by NMR probe. (b) Room temperature. (c)
DCCT value of main power supply.

8.5 × 10−6 of the full width during the measurements.
We cannot see a strong correlation between the revo-
lution time and the magnetic field; however, it would
be necessary to reduce the fluctuation of the magnetic
field to further improve the isochronism.

The above measurement time was about one hour.
However, a longer time, such as several days, is neces-
sary for mass measurements of exotic nuclei. Figure 3
shows the trends of the magnetic field, room tempera-
ture, and DCCT value of the main power supply during
one day. These data were obtained four days after the
magnets were excited. In order to measure the masses
of exotic nuclei with high precision, it may be necessary
to introduce technology to reduce the effect of this drift
in the near future.
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Present status of data analysis of commissioning experiment
using exotic nuclei

D. Nagae,∗1 S. Omika,∗1,∗2 Y. Abe,∗1 Y. Yamaguchi,∗1 F. Suzaki,∗1 K. Wakayama,∗2 N. Tadano,∗2
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T. Suzuki,∗2 S. Suzuki,∗3 T. Moriguchi,∗3 M. Amano,∗3 D. Kamioka,∗3 A. Ozawa,∗3 S. Naimi,∗1 Z. Ge,∗1,∗2

Y. Yanagisawa,∗1 H. Suzuki,∗1 H. Baba,∗1 S. Michimasa,∗4 S. Ota,∗4 G. Lorusso,∗5 Yu.A. Litvinov,∗6

M. Wakasugi,∗1 T. Uesaka,∗1 and Y. Yano∗1

The Rare RI Ring1) is an isochronous storage ring
constructed to measure the masses of short-lived rare
nuclei using the time-of-flight (TOF) measurement
method. In 2016, we performed a commissioning ex-
periment using exotic nuclei with well-known masses2)

to confirm the feasibility and principle of mass deter-
mination using the following equation:

m1

q
=

m0

q

T1

T0

�����
1− β2

1

1−
(
T1

T0
β1

)2 , (1)

where m0,1/q denote the mass-to-charge ratio of the
reference particle and particle of interest, respectively;
T0,1 are the revolution times of these particles; and
β1 is the velocity of the particle of interest. Because
the isochronous condition is adjusted for the reference
particle, isochronism is not fulfilled for the particles
of interest. To evaluate masses of nuclei with non-
isochronism, we correct their revolution time T1 by the
velocity measured upstream.
Exotic nuclei around 78Ge were produced by in-flight

fission of a 345 MeV/nucleon primary beam of 238U on
a 10-mm thick 9Be target. We identified these nuclei
before the F3 achromatic focus of BigRIPS. These nu-
clei were injected into the ring using the individual
injection method with the fast kicker system.3) The
isochronous magnetic field in the ring was adjusted for
the reference particle 78Ge with a precision of 5.4 ppm
for a momentum spread of ± 0.3%.4) The exotic nuclei
79As, 77Ga, 76Zn, and 75Cu were successfully stored
for about 0.7 ms and extracted from the ring. These
particles, 79As, 78Ge, 77Ga, 76Zn, and 75Cu, were cir-
culated 1904 turns, 1880 turns, 1855 turns, 1828 turns,
and 1801 turns, respectively. T0,1 for each nuclei were
deduced from the TOF between the S0 achromatic fo-
cus of SHARAQ and the ring exit ELC, and the turn
number. β1 was deduced from Bρ and the TOF be-
tween the F3 achromatic focus of BigRIPS and S0.
Figure 1 shows the deviations of experimental m/q

from their literature values listed in AME20165) as
a function of m/q. The mass accuracies prelimi-
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nary obtained for 79As, 77Ga, 76Zn, and 75Cu were
−2.2× 10−5, 1.9 × 10−5, 2.5 × 10−5, and 3.5 × 10−5,
respectively. The statistical uncertainty that is taken
into account comes from measurements of T0 (∼ 10−6)
and T1 (∼ 10−6∼−5). Systematic uncertainty coming
from β determination is of the order of about 10−5.

A notable difference is observed between the exper-
imental m/q and their literature values. The disagree-
ment comes from the difference between the measured
β1 and in-ring β1, which is due to the position-sensitive
detector PPAC that was used at F6 for momentum tag-
ging. Further analysis for correction of this effect is in
progress. For future experiments, a position-sensitive
detector with thin foil is needed to reduced the dis-
agreement. Such a detector is now under develop-
ment.6,7)

m/q

m
/q

E
X

P
 -

 m
/q

lit

 2.35  2.40  2.45  2.50  2.55  2.60  2.65

3.0 × 10-5

1.0 × 10-5

-1.0 × 10-5

-2.0 × 10-5

-3.0 × 10-5

0.0 

5.0 × 10-5

4.0 × 10-5

2.0 × 10-5

79As

77Ga
76Zn

75Cu

Prelim
inary

Fig. 1. Differences between the m/q values obtained in this

analysis and the corresponding values from the litera-

ture.5) The error bars that are shown contain only sta-

tistical contributions.
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The Rare RI Ring1) is an isochronous storage ring
constructed to measure the masses of short-lived rare
nuclei using the time-of-flight (TOF) measurement
method. In 2016, we performed a commissioning ex-
periment using exotic nuclei with well-known masses2)

to confirm the feasibility and principle of mass deter-
mination using the following equation:
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where m0,1/q denote the mass-to-charge ratio of the
reference particle and particle of interest, respectively;
T0,1 are the revolution times of these particles; and
β1 is the velocity of the particle of interest. Because
the isochronous condition is adjusted for the reference
particle, isochronism is not fulfilled for the particles
of interest. To evaluate masses of nuclei with non-
isochronism, we correct their revolution time T1 by the
velocity measured upstream.
Exotic nuclei around 78Ge were produced by in-flight

fission of a 345 MeV/nucleon primary beam of 238U on
a 10-mm thick 9Be target. We identified these nuclei
before the F3 achromatic focus of BigRIPS. These nu-
clei were injected into the ring using the individual
injection method with the fast kicker system.3) The
isochronous magnetic field in the ring was adjusted for
the reference particle 78Ge with a precision of 5.4 ppm
for a momentum spread of ± 0.3%.4) The exotic nuclei
79As, 77Ga, 76Zn, and 75Cu were successfully stored
for about 0.7 ms and extracted from the ring. These
particles, 79As, 78Ge, 77Ga, 76Zn, and 75Cu, were cir-
culated 1904 turns, 1880 turns, 1855 turns, 1828 turns,
and 1801 turns, respectively. T0,1 for each nuclei were
deduced from the TOF between the S0 achromatic fo-
cus of SHARAQ and the ring exit ELC, and the turn
number. β1 was deduced from Bρ and the TOF be-
tween the F3 achromatic focus of BigRIPS and S0.
Figure 1 shows the deviations of experimental m/q

from their literature values listed in AME20165) as
a function of m/q. The mass accuracies prelimi-
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nary obtained for 79As, 77Ga, 76Zn, and 75Cu were
−2.2× 10−5, 1.9 × 10−5, 2.5 × 10−5, and 3.5 × 10−5,
respectively. The statistical uncertainty that is taken
into account comes from measurements of T0 (∼ 10−6)
and T1 (∼ 10−6∼−5). Systematic uncertainty coming
from β determination is of the order of about 10−5.

A notable difference is observed between the exper-
imental m/q and their literature values. The disagree-
ment comes from the difference between the measured
β1 and in-ring β1, which is due to the position-sensitive
detector PPAC that was used at F6 for momentum tag-
ging. Further analysis for correction of this effect is in
progress. For future experiments, a position-sensitive
detector with thin foil is needed to reduced the dis-
agreement. Such a detector is now under develop-
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The progress of on-line commissioning study on parasitic production
of low-energy RI-beam system (PALIS) at BigRIPS

T. Sonoda,∗1 M. Wada,∗2 M. Reponen,∗3 I. Katayama,∗1 V. Sonnenschein,∗4 M. Oohashi,∗4 H. Tomita,∗4

S. Nishimura,∗1 H. Iimura,∗5 T. M. Kojima,∗1 A. Deuk Soon,∗1 N. Fukuda,∗1 T. Kubo,∗1 K. Kusaka,∗1

N. Inabe,∗1 Y. Shimizu,∗1 H. Suzuki,∗1 H. Takeda,∗1 Y. Yanagisawa,∗1 K. Yoshida,∗1 F. Arai,∗1 S. Arai,∗1

Y. Ito,∗1 M. Rosenbusch,∗1 K. Okada,∗6 P. Schury,∗2 and H. Wollnik∗7

The progress of the on-line commissioning study
on parasitic production of low-energy RI-beam sys-
tem (PALIS)1) is reported. The beam time was dedi-
cated for 24 hours in FY2017. Although PALIS can op-
erate in a parasitic manner during the BigRIPS main
experiment, the present commissioning study was used
a main beam. The main aim of this experiment, which
is the confirmation of photo-ionized RI-ions after ther-
malization in the gas cell, was not achieved in this lim-
ited experimental period. However, the ion extraction
behaviors in terms of the degrader thickness and laser
wavelength were investigated during RI-beam implan-
tation to the gas cell.
The main beam was chosen from Cu isotopes such

as 66Cu (5 × 104 pps/pnA primary beam) and 68Cu
(2×104 pps/pnA primary beam), other isotope beams
such as 67Ni (5 × 102 pps/pnA primary beam) were
also included. We adjusted the primary beam intensity
from 0.01 pnA to 10 pnA. The RI-beams were first de-
celerated by a copper degrader, where the energy was
reduced from around 280 to 10 MeV/nucleon, and then
thermalized in the gas cell. A part of the RI-beams are
stopped within the finite gas cell. In the case of 68Cu,
we estimated a stopping efficiency of about 10% by
LISE calculation, when the gas cell pressure is set at
one atmosphere of argon gas. When the high energy
RI-beams enter the gas cell, gas ionization occurs by
the beam itself. These ions comprise of mainly ar-
gon ions, and impurity ions included in the gas. We
detected these ions in the high-vacuum region, after
the ions were extracted from the gas cell and trans-
ported to the ion detector via SPIG and QMS in the
differential pumping region. Figure 1 shows the ion
intensity around mass 68 (a.m.u) when the degrader
thickness was varied (circle points scaled by the left
vertical axis). We remark that the behavior of this
ion signal is consistent with the calculated estimation
from the stopping efficiency (square points scaled by
the right vertical axis). We confirmed that the number
of ions produced by RI-beams is maximum, when the
stopping efficiency is maximum.
As we could not find the photo-ionized radioac-
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tive Cu ion signal, we confirmed the performance of
the laser ionization, extraction and ion transportation
by using stable copper atoms that were evaporated
from a filament. As shown in Fig. 2, photo-ionized
63–65Cu ions were observed even when RI-beams were
implanted into the gas cell. In the next beam time,
we will further investigate the stopping efficiency, op-
timum size of the gas cell and space charge effect.
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Improved wide bandwidth mass analysis with MRTOF-MS

P. Schury,∗1 M. Wada,∗1,∗2 M. Rosenbusch,∗2 Y. Ito,∗2 H. Haba,∗2 Y. Hirayama∗1 D. Kaji,∗2 S. Kimura,∗1,∗2,∗3
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In recent studies of fusion-evaporation reactions
using GARIS-II,1) higher order evaporation chan-
nel (pxn, αxn, etc.) products were observed with
the multi-reflection time-of-flight mass spectrograph2)

(MRTOF-MS). As exemplified in Fig. 1, in many cases,
such products had A/q sufficiently different from the
neutron evaporation products of primary interest as to
make a different number of laps within the MRTOF.
As a result, they have a different flight path than the
reference ions, which complicates the mass analysis.
We have previously3) developed an analytic frame-

work for making use of such wide mass bandwidth
spectra. However, the technique was only accurate
on the few-ppm level—sufficient for identification, but
insufficient for the precision mass analysis we desire.
While the earlier technique was useful at identification
of ions within a large mass bandwidth, it was also com-
plicated and required at least two measurements be
performed in series under substantially similar condi-
tions, making it prone to errors from e.g. slight voltage
drifts. Utilizing our presently unique ion preparation
trap geometry, we have been able to modify the oper-
ation of the MRTOF to allow two measurements to be
made nearly in parallel, a scheme we call “concomitant
referencing.” This in turn has allowed for development
of an improved method to determine the masses of ions
within a large mass bandwidth.
In the present implementation of concomitant refer-

encing, the measurement cycle is split into two sub-
cycles. Reference ions making different number of laps
in each of the sub-cycles are utilized to precisely deter-
mine the circulation period, Tref , of the reference ions
during the measurement. We then use the original
wide mass bandwidth analysis method to determine
the number of laps analyte ions made in the MRTOF,
and to determine theirm/q with sufficient accuracy for
identification . Once the number of laps are known, the
measured Tref is used to adjust the reference ion ToF,
tref , to match the flight path of the analyte ion:

t′ref = tref −∆n · Tref , (1)

where ∆n is the difference in laps between reference
and analyte. Finally, t′ref is used in the single-reference
analysis methodology5) to determine the analyte ion’s
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where t0 is an inherent delay between the ions leaving
the flat ion trap and the start of the TDC, previously4)

determined to be t0=45(5) ns.
Offline tests with 85,87Rb have demonstrated an

accurate relative mass accuracy of δm
m ∼10−7 up to

∆n=4. This makes MRTOF mass spectrometry
highly-competitive with storage rings6–8) in terms of
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of an improved method to determine the masses of ions
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Surface temperature measurements of the high power beam dump of
the BigRIPS separator

K. Yoshida,∗1 Y. Yanagisawa,∗1 Z. Korkulu,∗1 H. Takeda,∗1 K. Kusaka,∗1 N. Fukuda,∗1 and T. Kubo∗1,∗2

The surface temperatures of the high-power beam
dump1,2) of the BigRIPS separator were measured dur-
ing the irradiation of the 48Ca beam with a beam power
of 8.3 kW in order to evaluate the cooling power of the
beam dump. The beam dump consists of the side dump
and the exit dump. The two exit beam dumps with
1 mm and 3 mm wall thicknesses were designed to han-
dle various ion beams up to 238U with intensities of up
to 1 pµA.2) The exit beam dump with 3 mm wall thick-
ness and the side dump were constructed in 2007. Since
then, they have been successfully operated with various
beams. The design of the beam dumps was based on the
sophisticated thermal model simulation;1,2) however, its
validity has not been well verified because of the limita-
tion of available beam intensity. With the intense 48Ca
beam, which recently became available, temperatures of
the inner-side exit beam dump were measured by us-
ing the thermocouples mounted on the dump.3) The ob-
served temperatures were consistent with the thermal
model simulations, indicating that the beam dump has
the expected cooling power. However, the results have
some ambiguity. The highest temperature in the beam
dump is expected at the beam impinging surface, but
the thermocouples measure temperatures 3 mm behind
the dump surface. In order to obtain clearer results,
measurements of the surface temperature are highly de-
sired.

The surface temperature of the outer-side exit dump
was measured with the compact thermo-viewer cam-
era IP160 manufactured by OPTRIS. The camera was
placed at the side window of the beam dump chamber,
as shown in Fig. 1. A vacuum window made out of
BaF2 was used to observe the infrared image of the dump
surface, which was irradiated with the 48Ca beam hav-
ing an energy of 345 MeV/n and intensity of 500 pnA.
The beam size on the dump surface was estimated to be
20 mm (X) and 30 mm (Y) from the separately mea-
sured beam emittance. A BaF2 crystal with a thickness
of 13 cm was placed between the vacuum window and
the camera to reduce radiations (γ-rays and neutrons)
from the beam dump. For further reduction of radia-
tions, 20 cm thick concrete shielding blocks surrounded
the camera. Cooled water, with a temperature of 13◦C,
pressure of 1.0 MPa, and flow speed of 10 m/s, were sup-
plied to the dump as the coolant. The temperatures were
also measured by using a thermocouple (TC) mounted
on the dump 3 mm behind the dump surface.

The observed thermal image is shown in Fig. 2. The
beam hitting portion of the beam dump is seen as a hot
spot. Its size is about 30 mm (X) × 10 mm (Y), and the
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Fig. 1. Setup for the surface temperature measurement of

the beam dump.

Fig. 2. Thermal image of the beam dump with 8.3 kW 48Ca

beam irradiation.

temperatures are 62 and 23◦C according to the beam
on and off. The temperatures of the TC are 15.4 and
13.6◦C. The temperatures observed by the camera need
to be corrected for the emissivity and the attenuation of
the vacuum window and the BaF2 crystal. The calibra-
tion data was taken by changing the temperatures of the
cooling water in off-line condition. The observed tem-
peratures varied from 23 to 32◦C when temperatures of
the dump varied from 15 to 45◦C. With the assumption
of the linear relation between both the temperatures,
the observed temperature 65◦C corresponds to an ac-
tual temperature of 147◦C.
ANSYS4) simulation for this condition shows that the

spot temperature is 170◦C and the temperature at TC is
46◦C. Both temperatures are higher than the observed
ones. The observed temperatures can be reproduced by
modifying the beam size to 30 mm (X) and 22 mm (Y)
and shifting the center of the beam 0.6 mm downward
(this corresponds to 6 mm shift on the dump surface).
The observed spot size is also reproduced by the modi-
fication.
References
1) N. Fukuda et al., RIKEN Accel. Prog. Rep. 41, 119

(2008).
2) K. Yoshida et al., Nucl. Instrum. Methods B 317, 373

(2013).
3) K. Yoshida et al., RIKEN Accel. Prog. Rep. 49, 159

(2016).
4) ANSYS Inc. Product Release 18.0, USA.

- 171 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅱ-9. Instrumentation



Thermo-mechanical calculations of the high power beam dump of the
BigRIPS separator

Z. Korkulu,∗1 K. Yoshida,∗1 Y. Yanagisawa,∗1 and T. Kubo∗1,∗2,∗3

The beam dump is a critical component for the in-
flight fragment separator that uses high-power primary
beams at the RI Beam Factory (RIBF). The exit beam
dump and side dump of the BigRIPS fragment separa-
tor were designed and constructed in 2007. The max-
imum beam power is planned to be 82 kW for 238U
at 345 MeV/nucleon, and most of the beam power is
dissipated to a target and a beam dump. The beam
dump system has been successfully operated so far, al-
though the available beam power is still less than the
goal power value. The temperature of the beam dump
was measured and the observed temperature was com-
pared with the value calculated by the finite element
analysis (FEA).1) An important aspect in high-power
beam dump design is to limit the maximal temperature
due to beam energy loss in the material. Controlling
this absorbed power is a key challenge. The technical
challenges include overheating and excessive thermo-
mechanical stress load variations caused by the high
beam intensity. Since the available beam intensity is
lower than the goal value, the finite element thermal
analysis code, ANSYS,2) was used to study these tech-
nical issues for 1 particle µA which corresponds to a
beam power of 82 kW in the case of 238U. Steady state
structural FEA was performed to estimate the static
stress around the exit beam dump.
To perform the thermo-mechanical simulation a 3D

solid model of the exit beam dump was considered and
meshed with high-order tetrahedral elements, which
is shown in Fig. 1. The exit dump is a V-shaped
CuCrZr plate equipped with screw tubes (M8 1.25-
pitch screw formed every 14 mm) as cooling channels.3)

Cooled water with a temperature of 13◦C, a pressure
of 1.0 MPa, and a flow speed of 10 m/s was supplied
to the dump as the coolant. The heat transfer coeffi-
cient of the screw tube was calculated (using JAERI
formula4)) and used in the simulation. The mechan-
ical temperature-dependent properties of the CuCrZr
for the FEA are taken from similar work.5) The lit-
erature results show that the CuCrZr alloy exhibits
good strength and plasticity simultaneously between
room temperature and 350◦C. The value of the ulti-
mate tensile strength is 308±15 MPa at 350◦C. This
ensures that the CuCrZr alloy has enough strength to
be applied under the high temperature condition.
Figure 1 shows the solid model of the exit beam

dump and the result of the equivalent stress on the
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Fig. 1. Calculated equvialent (von-Misses) stress on the

exit beam dump.

exit beam dump by the static structural analysis. The
beam size at the stopping location was estimated from
the first-order optics calculation of the BigRIPS sepa-
rator with respect to the primary beam trajectory. In
the calculation, the input power was given as the heat
generation, which is approximately 49 W/mm3. The
maximum temperature of the beam center is approx-
imately 355◦C and the maximum von-Misses stress is
291 MPa under the above mentioned conditions.
The simulation results showed that the maximum

temperature exceeds the critical limit (350◦C) to avoid
creep and softening under irradiation for the CuCrZr
alloy while the maximum stress is found at the limit
of the ultimate tensile strength. The thermal creep ef-
fect needs to be considered at a temperature more than
350◦C. When the thermal and thermo-mechanical data
can be measured, the beam dump should be tested
with a high intensity beam in order to understand and
characterize the thermo-mechanical challenges and val-
idate simulation results.
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Thermo-mechanical calculations of the high power beam dump of the
BigRIPS separator

Z. Korkulu,∗1 K. Yoshida,∗1 Y. Yanagisawa,∗1 and T. Kubo∗1,∗2,∗3
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tor were designed and constructed in 2007. The max-
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at 345 MeV/nucleon, and most of the beam power is
dissipated to a target and a beam dump. The beam
dump system has been successfully operated so far, al-
though the available beam power is still less than the
goal power value. The temperature of the beam dump
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pared with the value calculated by the finite element
analysis (FEA).1) An important aspect in high-power
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due to beam energy loss in the material. Controlling
this absorbed power is a key challenge. The technical
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analysis code, ANSYS,2) was used to study these tech-
nical issues for 1 particle µA which corresponds to a
beam power of 82 kW in the case of 238U. Steady state
structural FEA was performed to estimate the static
stress around the exit beam dump.
To perform the thermo-mechanical simulation a 3D

solid model of the exit beam dump was considered and
meshed with high-order tetrahedral elements, which
is shown in Fig. 1. The exit dump is a V-shaped
CuCrZr plate equipped with screw tubes (M8 1.25-
pitch screw formed every 14 mm) as cooling channels.3)

Cooled water with a temperature of 13◦C, a pressure
of 1.0 MPa, and a flow speed of 10 m/s was supplied
to the dump as the coolant. The heat transfer coeffi-
cient of the screw tube was calculated (using JAERI
formula4)) and used in the simulation. The mechan-
ical temperature-dependent properties of the CuCrZr
for the FEA are taken from similar work.5) The lit-
erature results show that the CuCrZr alloy exhibits
good strength and plasticity simultaneously between
room temperature and 350◦C. The value of the ulti-
mate tensile strength is 308±15 MPa at 350◦C. This
ensures that the CuCrZr alloy has enough strength to
be applied under the high temperature condition.
Figure 1 shows the solid model of the exit beam

dump and the result of the equivalent stress on the
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exit beam dump by the static structural analysis. The
beam size at the stopping location was estimated from
the first-order optics calculation of the BigRIPS sepa-
rator with respect to the primary beam trajectory. In
the calculation, the input power was given as the heat
generation, which is approximately 49 W/mm3. The
maximum temperature of the beam center is approx-
imately 355◦C and the maximum von-Misses stress is
291 MPa under the above mentioned conditions.
The simulation results showed that the maximum

temperature exceeds the critical limit (350◦C) to avoid
creep and softening under irradiation for the CuCrZr
alloy while the maximum stress is found at the limit
of the ultimate tensile strength. The thermal creep ef-
fect needs to be considered at a temperature more than
350◦C. When the thermal and thermo-mechanical data
can be measured, the beam dump should be tested
with a high intensity beam in order to understand and
characterize the thermo-mechanical challenges and val-
idate simulation results.
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Present status of the beam transport line from SRC to BigRIPS

K. Kusaka,∗1 K. Yoshida,∗1 M. Ohtake,∗1 and Y. Yanagisawa∗1

The beam transport line that delivers a primary beam
extracted from SRC to the BigRIPS target has been
operated since 2007 and is called the “T-course” beam
line. The T-course beam line consists of three bending
magnets and 17 quadrupoles.1,2) All of them are of the
resistive type, and the maximum magnetic rigidity of the
beam line is 8.0 Tm. Two identical 50◦ bending magnets
DMT2 and DMT3 in the T-course are “2-Tesla” room-
temperature dipoles, the maximum current of which is
650 A. Here we report the incident we faced in 2017 at
the DMT3 magnet.

Since the DMT2 and DMT3 magnets are designed as
high-field resistive-type magnets with sufficiently uni-
form field distribution, saddle-shaped correction coils
are installed in the gap of the magnet in addition to the
main coils. The main and correction coils are excited in
series with one power supply. As shown in Fig. 1, the
12-layer main coil consists of 6 double pancakes in which
a 13.5× 13.5 mm hollow conductor is wound 6 times in
each layer. For the correction coils, a 14× 10 mm rect-
angular hollow conductor of is wound 6 times in each
layer, forming a 2-layer double pancake. The correction
coil end is located between the main coil and the pole
end.

At the beginning of the uranium beam time in Octo-
ber 2017, we found that one of the correction coils in the
DMT3 magnet was damaged. Figure 2 shows the exci-
tation voltage at each pancake of the DMT3 coils logged
on October 14. The voltage of the lower correction coil
was unstable and much lower than that of upper cor-
rection coil. We concluded that the layer isolation of
the lower correction coil was damaged. We then investi-
gated the lower correction coil by inserting a fiberscope
CCD camera into the space between the main coils of
the DMT3 magnet. Damage to the epoxy isolation be-
tween the coil layers was found at many places on the
outer circumference of the lower correction coil (Fig. 3).

In order to proceed with the scheduled beam time, we
have isolated the lower correction coil from the excita-
tion circuit, and the DMT3 magnet was re-excited after
increasing the flow rate of the cooling water for the coils.
After beam-time suspension for 5 days, a uranium beam
was transported from SRC to the BigRIPS target and
scheduled experiments were performed. The excitation
current of the DMT3 magnet during the beam time was
approximately 647 A, which is close to the maximum
current of 650 A. The temperature and excitation volt-
age of the DMT3 coils were carefully monitored during
the beam time.

A new correction coil is being fabricated at Toshiba,
and the disassembly of the DMT3 magnet and installa-
tion of the new coil is scheduled for March 2018. The
origin of the incident is under investigation.
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Fig. 1. Schematic of the upper-half cross section of the

DMT3 magnet.

Fig. 2. Excitation voltage at each pancake of the DMT3 coils.

Fig. 3. Damaged correction coil of the DMT3 magnet.
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Present status of ERIS at the SCRIT electron scattering facility

T. Ohnishi,∗1 S. Ichikawa,∗1 and M. Wakasugi∗1

The Electron-beam-driven RI separator for SCRIT
(ERIS)1) at the SCRIT electron scattering facility2) is
an online isotope separator system used to produce low-
energy RI beams for electron scattering experiments of
unstable nuclei. Recently, ion stacking and pulse ex-
traction were performed at ERIS in order to inject RI
beams into a dc-to-pulse converter named fringing-RF-
field activated dc-to-pulse converter (FRAC).3) The re-
sults were reported in Ref. 4). In the present year, we
modified the ionization chamber to increase the inten-
sity of ion beams. In this paper, we report the results
and present status of ERIS.

Figure 1 shows a schematic of the new ionization
chamber of ERIS. The new ionization chamber consists
of a curved cathode, an ionization chamber (anode),
and entrance and exit grids. The entrance grid is a
curved tungsten-wire mesh. The wire diameter of the
mesh is 30 µm, and the mesh pitch is 0.85 mm. The
entrance and exit grids are connected to the ionization
chamber through an insulator. Ion stacking and ex-
traction are controlled by switching the voltage of the
exit grid. Neutral atoms enter the ionization chamber,
passing through the cathode. They are ionized by col-
lision with thermionic electrons emitted from the cath-
ode, which is maintained at approximately 2000◦C.

Though ionization occurs everywhere inside the ion-
ization chamber, ions located near the exit hole are
mainly extracted, because the potential is low enough
for ion extraction only around the exit hole owing to
its small diameter of 2.5 mm. To increase the num-
ber of ions near the exit hole, the focusing of electron
beams on the exit hole is proposed using a new curved
cathode and a curved entrance grid, as shown in Fig. 1.
The bending of the cathode and entrance grid was de-
termined based on the electron track simulation using
the SIMION code.5)

The properties of the new ionization chamber were
studied using 10-keV 132Xe ion beams. The voltages
of the cathode and anode were set to 0 and 180 V, re-
spectively. The exit-grid voltages at the stacking and
extraction points were 185 and 0 V, respectively. The
entrance-grid voltage needed to prevent the escape of
ions from the entrance grid was 200 V. This voltage is
higher than the voltage in the case of the non-curved en-
trance grid, 182 V,4) which indicates the large difference
of potential distribution between the curved and non-
curved electrodes. Under the same condition for the
anode current, ∼20 mA, the ion beam currents with the
curved and non-curved electrodes were approximately
2 and 6 nA, respectively. Pulse shapes measured at the
exit of ERIS with the curved and non-curved electrodes

∗1 RIKEN Nishina Center

are shown in Fig. 2. The stacking time was 10 ms, and
the extraction period was 300 µs. These pulse shapes
are plotted as the ratio of the pulse beam current to the
continuous beam current. With the curved electrodes,
it takes almost 1.5 ms to extract all of the stacked ions.
In the case of the non-curved electrodes, the stacked
ions are extracted within 0.5 ms. These results show
that the ionization with the curved electrodes occurs
mainly far from the exit hole contrary to the calculated
results. More detailed calculation including the effect
of the space charge and other effects is needed in order
to understand the obtained results.

In summary, we tested the new ionization chamber
with the curved electrodes at ERIS. The expected im-
provement of the ion beam intensity was not observed.
More detailed study and developments are in process.

Fig. 1. Schematic of the new ionization chamber of ERIS.

Fig. 2. Pulse shapes extracted from ERIS after the stack-
ing. The pulse shape is plotted as the ratio of the pulse
beam current to the continuous beam current. The red
and blue shapes are measured with the curved and non-
curved electrodes, respectively.
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the SIMION code.5)

The properties of the new ionization chamber were
studied using 10-keV 132Xe ion beams. The voltages
of the cathode and anode were set to 0 and 180 V, re-
spectively. The exit-grid voltages at the stacking and
extraction points were 185 and 0 V, respectively. The
entrance-grid voltage needed to prevent the escape of
ions from the entrance grid was 200 V. This voltage is
higher than the voltage in the case of the non-curved en-
trance grid, 182 V,4) which indicates the large difference
of potential distribution between the curved and non-
curved electrodes. Under the same condition for the
anode current, ∼20 mA, the ion beam currents with the
curved and non-curved electrodes were approximately
2 and 6 nA, respectively. Pulse shapes measured at the
exit of ERIS with the curved and non-curved electrodes
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are shown in Fig. 2. The stacking time was 10 ms, and
the extraction period was 300 µs. These pulse shapes
are plotted as the ratio of the pulse beam current to the
continuous beam current. With the curved electrodes,
it takes almost 1.5 ms to extract all of the stacked ions.
In the case of the non-curved electrodes, the stacked
ions are extracted within 0.5 ms. These results show
that the ionization with the curved electrodes occurs
mainly far from the exit hole contrary to the calculated
results. More detailed calculation including the effect
of the space charge and other effects is needed in order
to understand the obtained results.

In summary, we tested the new ionization chamber
with the curved electrodes at ERIS. The expected im-
provement of the ion beam intensity was not observed.
More detailed study and developments are in process.

Fig. 1. Schematic of the new ionization chamber of ERIS.

Fig. 2. Pulse shapes extracted from ERIS after the stack-
ing. The pulse shape is plotted as the ratio of the pulse
beam current to the continuous beam current. The red
and blue shapes are measured with the curved and non-
curved electrodes, respectively.
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Progress in the dc-to-pulse converter FRAC

M. Wakasugi,∗1 M. Togasaki,∗1 T. Ohnishi,∗1 K. Kurita,∗2 R. Toba,∗3 M. Watanabe,∗1 and K. Yamada∗2

An appropriate dc-to-pulse converter is required at
the SCRIT electron scattering facility,1,2) where a con-
tinuous radioactive ion beam from the ISOL, called
ERIS,3) has to be converted to a pulsed beam with
a duration of 300–500 µs to inject target ions into
the SCRIT device. We developed a new type of a
dc-to-pule converter, named fringing-Rf-field activated
dc-to-pule Converter (FRAC), by utilizing the fring-
ing RF field at both ends of RFQ rods. It is based
on an RFQ linear trap technique and works under
an ultra-high-vacuum condition. Ions continuously in-
jected into FRAC are decelerated by the alternating
longitudinal electric field produced in the distorted RF
field appearing around both ends of the RFQ rods.
They are accumulated in FRAC for a significantly long
time, stacked during the FRAC operation period, and
consequently ejected as a high-intensity pulsed beam.
This edge effect notably appears only when the energy
of incoming ions is less than several eV at the injection
barrier and the energy spread is considerably small.

There are barrier electrodes with an aperture 6 mm
in diameter at both ends of the RFQ rods. A slightly
lower voltage, VBI , compared to the ion beam energy
is applied to the injection barrier electrode to accept
the continuously incoming beam, and the beam is de-
celerated to a few eV at the injection barrier. The dc
voltage, VRFQ, which is lower than that at the injection
barrier by typically 20 V, is applied to the RFQ rods to
form a longitudinal potential well for ion confinement,
and the ejection barrier voltage is set to be higher than
the ion energy. The “basic operation mode” in which
the continuous ion beam is injected into FRAC with
the fixed DC potential structure as mentioned above,
successfully contributed to the first electron scattering
experiment for the 132Xe iosotope.4)

We attempted other operation modes to enhance
the dc-to-pulse conversion efficiency toward the ex-
periments for radioactive isotopes. They are two-step
stacking, in which the pre-pulsed beams produced by
the grid switching at the ion source are injected into
FRAC and stacked again in FRAC for 1 s. The pre-
pulsed beam has a duration of 200 µs, repetition rate
of 500 Hz, and the duty of 0.1. The injection bar-
rier potential is synchronously switched between open
and close with the pre-pulsed beam arrival. This is
a “synchronous pulse injection (SPI) mode” Since we
found the energy spread of the pre-pulsed beam is dou-
bled relative to that of the dc beam owing to the shift
of the most-probable energy with time, we suppressed
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the energy-to-time correlation by modulating VBI and
VRFQ to trace the energy shift when the beam is in-
jected. This is an advancement of the SPI mode, and
it is called the “modulated injection barrier (MIB)
mode.” Another operation mode is a “ramped RFQ
voltage (RRV) mode,” in which VRFQ is ramped down
during a FRAC operation period with a rate of 10 V/s.
This procedure expands the longitudinal phase volume
for the ion stacking, adiabatically moves the formerly
stacked ions to a lower energy region, and provides free
space for the later incoming ions. Although the energy
spread of the output pulsed beam becomes wider, a
higher dc-to-pulse conversion efficiency is expected.

The waveforms of the output pulsed beams in these
operation modes are shown in Fig. 1. The output
pulsed beam intensity was enhanced by a factor of 2.5
for the SPI mode, a factor of 4.5 for the MIB mode,
and a factor of 10 for the RRV mode relative to the
basic operation mode. The dc-to-pulse conversion ef-
ficiencies at an operation frequency of 1 Hz are, for
instance, 0.8% in the basic operation mode, 2.1% in
the SPI mode, 3.4% in the MIB mode, and 5.6% in the
RRV mode. While the dc ion beam intensity was prac-
tically 4.6 nA, in this measurement, a high-intensity
pulsed beam containing 1.6×109 ions was obtained at
1 Hz.

Fig. 1. Waveforms of the output pulsed beam obtained in

four operation modes.
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Improvements on the racetrack microtron at SCRIT

A. Enokizono,∗1 T. Hori,∗1 M. Wakasugi,∗1 and M. Watanabe∗1

The SCRIT group has successfully performed its
first physics experiment using stable 132Xe target1) and
opened a new window to the research of unstable nu-
clei by means of electron scattering. An upgrade of
the SCRIT facility is currently in progress, aiming at
the world’s first electron scattering experiment using
short-lived RI targets.
For the SCRIT experiment, a racetrack microtron

(RTM; Fig. 1) was used to inject the electron beam
not only into a storage ring but also into the Electron-
beam-driven RI separator for SCRIT (ERIS) to irra-
diate a uranium target to generate RIs.2) A typical
output power of the electron beam is currently ∼20 W
(with 20 Hz operation), but 1 kW is required to gen-
erate a sufficient number of 132Sn to achieve the lu-
minosity of more than 1026 cm−2s−1. As such a high
power RTM needs massive modifications, e.g., a new
modulator power supply, we decided to improve the
20 W beam power up to 50 W by using the current
RTM configuration with several minor upgrades be-
fore the future 1 kW upgrade. For example, a study
of a gun-grid-pulsing device and its upgrade plan was
reported by Watanabe et al.3) In addition to the up-
grade, the cause of electron-beam instabilities must be
determined out and fixed. The RTM device is already
20 years old, and some of its components are becoming
the source of the instabilities. We found that a surface
of a ceramic RF coupler was carbonized and blackened,
as shown in Fig. 1 (inset). As such a carbonized cou-
pler is known to be easily discharged at a high power
input, we carefully polished the surface. Further, we
found that the charge-up of a ceramic duct coupler for
the CT monitor located at the exit of the electron gun
causes beam instability, and the shape of the beam

Fig. 1. Overview of SCRIT RTM device.
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Fig. 2. Trend of the vacuum at RTM cavity in the past six

years. TMPs were upgraded in August 2017.

profile monitored by a camera installed after the CT
monitor was observed to change. After installing an
additional SUS pipe to hide the ceramic part from the
electron beam, the beam profile stabilized. We are also
attempting to stabilize the RF power input, e.g., the
klystron module and the power variator, in the waveg-
uide.
The RTM operation is also frequently disrupted by

arc detections especially at higher RF power inputs,
and it unfortunately reduces the duty factor of the ex-
periment time. This issue is considered to be caused
partly by the discharge inside a cavity chamber, and in
such a case, the vacuum improvement of the chamber
could be helpful. A better vacuum is also important
for a stable operation and longer lifetime of RF com-
ponents. The two (400 L + 300 L) TMPs attached
to the chamber were replaced with two larger (520 L
+ 520 L) TMPs. A typical vacuum range during the
RTM operation was 2–8×10−5 Pa, as shown in Fig. 2,
and with the TMP upgrade, the vacuum was improved
by more than 20%. Note that the seasonal dependence,
which presumably originates from the temperature in
the RTM room, results in a difference in the vacuum
by a factor of 3–4. Therefore, it is also important to
control the room temperature or develop a new cooling
system for the cavity chamber.
In summary, the improvements of the RTM at

SCRIT are in progress to achieve a stable operation
at ∼50 W. This work must be successfully completed
before the future RTM upgrade to 1 kW operation.
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grade, the cause of electron-beam instabilities must be
determined out and fixed. The RTM device is already
20 years old, and some of its components are becoming
the source of the instabilities. We found that a surface
of a ceramic RF coupler was carbonized and blackened,
as shown in Fig. 1 (inset). As such a carbonized cou-
pler is known to be easily discharged at a high power
input, we carefully polished the surface. Further, we
found that the charge-up of a ceramic duct coupler for
the CT monitor located at the exit of the electron gun
causes beam instability, and the shape of the beam
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profile monitored by a camera installed after the CT
monitor was observed to change. After installing an
additional SUS pipe to hide the ceramic part from the
electron beam, the beam profile stabilized. We are also
attempting to stabilize the RF power input, e.g., the
klystron module and the power variator, in the waveg-
uide.
The RTM operation is also frequently disrupted by

arc detections especially at higher RF power inputs,
and it unfortunately reduces the duty factor of the ex-
periment time. This issue is considered to be caused
partly by the discharge inside a cavity chamber, and in
such a case, the vacuum improvement of the chamber
could be helpful. A better vacuum is also important
for a stable operation and longer lifetime of RF com-
ponents. The two (400 L + 300 L) TMPs attached
to the chamber were replaced with two larger (520 L
+ 520 L) TMPs. A typical vacuum range during the
RTM operation was 2–8×10−5 Pa, as shown in Fig. 2,
and with the TMP upgrade, the vacuum was improved
by more than 20%. Note that the seasonal dependence,
which presumably originates from the temperature in
the RTM room, results in a difference in the vacuum
by a factor of 3–4. Therefore, it is also important to
control the room temperature or develop a new cooling
system for the cavity chamber.
In summary, the improvements of the RTM at

SCRIT are in progress to achieve a stable operation
at ∼50 W. This work must be successfully completed
before the future RTM upgrade to 1 kW operation.
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Electron energy stabilization at the electron gun in RTM

M. Watanabe,∗1 A. Enokizono,∗1 T. Hori,∗1,∗2 and M. Wakasugi∗1

We have been upgrading1) a racetrack microtron2)

(RTM) as an electron injector for the electron stor-
age ring SR2 and ISOL-type nuclei source, ERIS3)

(electron-beam-driven RI separator for SCRIT), at the
SCRIT facility.4) For both the apparatuses, a stable
electron beam in two specifications of current and en-
ergy is important to accomplish reliable and continuous
measurement of electron scattering in unstable nuclei.
In addition to stability, a high power beam is necessary
to maintain a good signal-to-noise ratio in the electron
scattering measurement results.

The electron beam energy of 150 MeV from the RTM
is determined by the mechanical design and magnetic
field of the dipole magnets of the RTM. If the electron
acceleration by the RF cavities is insufficient or unsta-
ble, the beam at the middle points in the RTM do not
reach the designed energy and fail to exit the RTM. In
order to accelerate the electron beam up to the designed
energy, the RF power for the acceleration and electron
beam current from the DC electron gun should be bal-
anced at a certain ratio. Therefore, the stability of the
DC electron gun with a maximum energy of 80 keV is
important for the RTM and all of the facility.

We measured the stability of the DC electron gun
of the RTM. The black line in Fig. 1 shows the time
dependence of the voltage of the electron gun cathode,
which corresponds to the electron beam energy at a
test voltage of 1.45 kV, extractor-grid voltage of 200 V,
cathode filament voltage of 6.1 V, and grid pulse width
of 5 µs without any special treatment for stability. The
voltage drop is 20 to 40 V during the grid pulse, except
for the pulse switching noise. This voltage drop directly
corresponds to the drop in energy of the electron beam,
which results in different electron beam passes in the
transport line and finally changes the beam current go-
ing into the RF cavities of the RTM. As a consequence,
the outgoing 150 MeV electron beam becomes unstable

Simple solutions to reduce the instability include the
installation of a high-current power supply as the DC
voltage source of the gun, or the installation of a capac-
itor with high capacitance at the cathode to maintain
the voltage. We tested the effects of the capacitances.
The blue line and red line in Fig. 1 show the results of
installing the 8.4 nF ceramic capacitor and 100 nF oil
capacitor, respectively. The voltage drops were appar-
ently reduced by these capacitors. The 8.4 nF ceramic
capacitor reduces the voltage drop by half, while the
100 nF oil capacitor reduces it by more than 10 times.
In general, the oil capacitor is not good at high-speed
time ranges; however the result shows that it still works
sufficiently in the microsecond time range.
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around the switching noise of the grid pulse.

In Fig. 2, the same data shown in Fig. 1 are shown for
a different time range of 600 ns. The high speed oscilla-
tions of the data originate from the switching electronic
circuit of the grid pulse. Compared to the black line,
both the 8.4 nF ceramic and 100 nF oil capacitors re-
duce the high speed noise of more than 10 MHz by sim-
ilar amounts. This means that the ceramic capacitors
are good in the speed range of 10 MHz.

This result shows that the installation of a capaci-
tor at the electron gun cathode electrode stabilizes the
electron beam voltage of the RTM. Therefore, we are
planning to install a larger oil capacitor of 500 nF at
the electron gun cathode.
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High pressure cold gas target system with large capacity for low-energy
beam at RIBF

R. Nakajima,∗1 S. Koyama,∗2 M. Kurata-Nishimura,∗3 N. Chiga,∗3 H. Otsu,∗3 and X. Sun∗3

The use of low-energy beams (20 to 50 MeV/nucleon)
with large atomic numbers (Z > 40) in experiments at
RIBF has been attracting attention in recent years. We
are developing hydrogen and deuterium targets for cross-
section measurements at a low beam energy. For the
cross-section measurements, the uniformity of the target
thickness is very important. Polyethylene and deuter-
ated polyethylene films are often used as hydrogen and
deuterium targets since it is easy to produce those tar-
gets with good uniformity. However, the carbon nu-
clei in such polyethylene targets create a background
signal in the cross-section measurement. In RIBF, a
cryogenic proton and alpha target system (CRYPTA)
has been developed and used in experiments with high-
energy beams.1) Since CRYPTA uses thin harbor foils as
the target window, the background from carbon nuclei is
lower than in the conventional film targets. However, it
is difficult to realize a thin and uniform-thickness target
cell with a liquid target system, owing to the bulging of
the window. The non-uniformity becomes considerably
large especially in a thin target for low-energy beams.
The current liquid target system does not satisfy the re-
quirements of the cross-section measurement with low-
energy beams. In order to reduce the non-uniformity, a
high-pressure cold gas target was employed instead of the
liquid target. Since the density of the hydrogen in the
gas phase is much lower than that in the liquid phase, we
can make the length of the target longer than that of the
liquid target with the same substantial thickness. Owing
to the high length of the target, the effect of the bulging
becomes small and the non-uniformity is reduced. We
developed a high-pressure cold gas target system with
large capacity by modifying CRYPTA. The stability of
this system during a cross-section measurement with a
low-energy beam was studied.

There were mainly three improvements made to
CRYPTA for the gas target: (1) Total power of the
heating system was increased from 10 W to 25 W by
adding three heaters. (2) New target cells for a high-
pressure gas with large capacity were built. The length
of the target cells are 50 mm and 70 mm. A heat shield
from radiant heat was attached to the cell with 50-mm
length. The heat shield was not attached to the 70 mm
cells owing to the geometrical limitation. (3) The tar-

Table 1. Summary of the operation of the new target cells

Gas Target Length Temperature Pressure Target Thickness Heat Shield Operating Time Rate of Temperature
H2 70 mm 39.25 K 4.03×105 Pa 18.78 mg/cm2 × 4.4 h 1.28 K/h
H2 50 mm 32.29 K 4.04×105 Pa 17.23 mg/cm2 ◦ 90.5 h 0.13 K/day
D2 50 mm 35.99 K 4.01×105 Pa 28.63 mg/cm2 ◦ 60.5 h −0.01 K/day
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Fig. 1. Correlation with operation time and temperature
change during the experiment.

get windows were also replaced with new ones with a
Harvar foil of 10-µm thickness and 36 mm diameter in
oder to endure the high pressure. A thermometer was
installed at the target cell and the lowest temperature of
the system. The error of the thermometer is 0.01 K. To
keep the target thickness constant, we isolated the tar-
get cell. We applied feedback to the lowest temperature
in the system so that the gas did not transform into the
liquid phase. In order for the gas target to be stable, it
is required that the changes of target temperature and
pressure are small and that the pressure is not more than
5.0×105 Pa, at which the target has never been tested.

Figure 1 shows the change of temperature at the tar-
get cells during the experiment. The temperature of the
target cell with 50-mm thickness was stable, while that
of the 70-mm cell increased by 1.28 K/h. Because the
70-mm target cell was not covered with the heat shield,
molecules floating in a circumference of the chamber
were attracted to the surface of the cold cell, which is
expected to be a source of heat. The conditions of oper-
ation are summarized in Table 1. Because the pressure
change becomes 4.3×105 Pa or less even in the two weeks
of operation, this is very useful for experiments in RIBF.
In conclusion, high-pressure and large-capacity cold gas
target systems were constructed for cross-section mea-
surement at a low beam energy at RIBF. By using this
system with a heat shield, we confirmed its stability.
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Resonance ionization spectroscopy of Nb utilizing a narrowband
injection-locked Titanium:Sapphire laser

M. Reponen,∗1,∗3 V. Sonnenschein,∗2 T. Sonoda,∗1 H. Tomita,∗2 M. Oohashi,∗2 D. Matsui,∗2 and M. Wada∗1,∗4

Hyperfine structures and isotope shifts in electronic
transitions contain readily available model-free infor-
mation on the single-particle and bulk properties of
exotic nuclei, namely the nuclear spin, magnetic dipole
and electric quadrupole moments as well as changes in
root-mean-square charge radii.1)

Recently, the implementation of resonance ioniza-
tion spectroscopy (RIS) in a low-temperature super-
sonic gas jet2) utilizing a narrowband first step ex-
citation has gained considerable interest.3) An opti-
mal solution to combine high pulse powers required
for efficient ionization with a narrow bandwidth is the
pulsed amplification of a narrow-band continuous wave
(CW) laser. While for high-gain dye lasers a single
pass amplification is sufficient, the lower gain Tita-
nium:Sapphire gain medium requires a different ap-
proach. In a regenerative amplifier, the cavity length
is locked to a multiple of the seed wavelength allowing
Titanium:Sapphire -based lasers to reach a final out-
put power of several kW (during the pulse) from the
few mW of CW input.
In this work, we present a pulsed injection-locked Ti-

tanium:Sapphire laser for the PALIS laser laboratory4)

based on a design presented in Ref. 5). Numerous ad-
vancements over the previous iterations have been in-
cluded into the design to improve stability and usabil-
ity. These include design choices such as mounting the
cavity mirrors directly on the baseplate and position-
ing the laser feet to minimize the vibration sensitivity.
Furthermore, the laser was designed to accept the seed
laser via a fiber input thus improving reproducibility
when, for example, modifying the Master laser setup.
The laser cavity was designed for flexibility. It can

be reconfigured to two different round-trip lengths and
crystal locations in order to operate the laser with dif-
ferent pulse width and gain modes. The longer cav-
ity round-trip configuration allows us to extend the
tuning range using birefringent plates and has a intra-
cavity second harmonic generation option. The latter
option can lead to increased second harmonic power
and, more importantly, to high-quality beams required
by the long laser transport path at PALIS.
The laser has been shown to perform as designed

with a tuning range across the whole Master laser
range, with a 30% slope efficiency. Importantly, the
laser was applied to hyperfine spectroscopy of 93Nb
(See Fig. 1). These measurements yielded a total
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Fig. 1. An example hyperfine spectra for transition

4d45s a 6D0
1/2 → 4d35s5p y 6D1/2 in 93Nb.

FWHM of ∼ 400 MHz and hyperfine A coefficient of
1866± 8 MHz for the ground state and 1536± 7 MHz
for the first excited state in a good agreement with
the literature values.6) Possible future goals for nio-
bium include the determination of the efficiency of
the newly developed ionization scheme and its appli-
cation for RIS of radioactive niobium isotopes, as well
as studying the possibility to separate the 93mNb iso-
mer from the ground state for the application in in-
tegrated fast neutron dosimetry.7) In conclusions, the
injection-locked Titanium:Sapphire laser system has
been demonstrated to be ready for high-resolution in-
gas-jet spectroscopy at the PALIS facility in the near
future.
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Development of co-located 129Xe and 131Xe nuclear spin masers
with external feedback scheme†

T. Sato,∗1,∗2 Y. Ichikawa,∗1,∗2 S. Kojima,∗2 C. Funayama,∗2 S. Tanaka,∗2 T. Inoue,∗3,∗4,∗1 A. Uchiyama,∗4,∗1

A. Gladkov,∗1,∗5 A. Takamine,∗1 Y. Sakamoto,∗2 Y. Ohtomo,∗2 C. Hirao,∗2 M. Chikamori,∗2 E. Hikota,∗2

T. Suzuki,∗2 M. Tsuchiya,∗2 T. Furukawa,∗6 A. Yoshimi,∗7,∗1 C. P. Bidinosti,∗8 T. Ino,∗9 H. Ueno,∗1

Y. Matsuo,∗10,∗1 T. Fukuyama,∗11 N. Yoshinaga,∗12 Y. Sakemi,∗13,∗4 and K. Asahi∗1,∗2

Precision measurement of the frequency of a nuclear
spin is important in fundamental physics experiments
such as searches for an electric dipole moment. To
achieve high precision, we have developed a nuclear
spin maser with an external feedback framework,1–3)

which enables us to extend the spin precession far be-
yond the transverse relaxation time. In our previous
works on 129Xe, the frequency precision was found to
be limited by the changes in the environmental mag-
netic field and the effective magnetic field due to the
Fermi contact interaction between a Xe atom and a
Rb atom. In order to eliminate the sources of uncer-
tainty, we newly introduced a 131Xe maser as a co-
magnetometer for the 129Xe experiment. In addition
to the frequency drift caused by the change in envi-
ronmental fields, the system of 129Xe and 131Xe co-
located in a common cell can eliminate the frequency
instability that stems from the change in the effective
magnetic field, because the interaction strengths be-
tween 129Xe-Rb and 131Xe-Rb4) are almost the same.
Thus, comagnetometry using 131Xe may provide more
efficient cancellation of uncertainties for the 129Xe ex-
periments, as compared to that using 3He, which has
been widely used in this field. The shortened measure-
ment time due to quadrupole relaxation, which is one
of the difficulties for the 131Xe comagnetometer, can
be overcome by introducing the maser scheme.

In order to investigate the long-term stability of the
masers, frequency responses (i.e., susceptibilities) to
operational parameters of the experiment (magnetic
field, cell temperature, power and frequency of laser
lights) were measured. By combining the obtained
susceptibilities and the measured instabilities of the
individual parameters, the maser frequency instabili-
ties caused by the parameters were evaluated. Fig-

† Condensed from the article in Phys. Lett. A 382, 588–594
(2018)
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ure 1 shows the standard deviation of the maser fre-
quency evaluated from the drifts in the cell tempera-
ture (which leads to change in the Rb number density,
and hence change in the effective magnetic field) and
environmental magnetic fields as a function of the av-
eraging time. It was found that frequency drifts due
to the magnetic effects on 129Xe were reduced by two
orders of magnitude by applying the appropriate cor-
rection based on the measured 131Xe spin precession
frequency. This result indicates the efficient perfor-
mance of the proposed comagnetometry using 131Xe
co-located with 129Xe. Because of the enhanced sta-
bility of masers, the frequency drifts at a level of µHz
associated with the drifts in the power of the laser
lights were also revealed. Experimental investigation
of the origin of this instability and its reduction are
subjects of our ongoing work.

Fig. 1. Long-term stability of masers and the evaluated

contribution from the instabilities of magnetic effects.

Closed symbols represent the evaluated contributions

from the frequency instabilities due to magnetic ef-

fects for frequency of masers. Hatched band represents

the error associated with the evaluated standard devi-

ation of maser frequency σν . Open symbols represent

the measured standard deviations of the frequency of

masers.
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Searching optimum measurement conditions of the laser-microwave
double resonance for the atoms stopped in superfluid helium

M. Sanjo,∗1,∗2 K. Imamura,∗2,∗3 A. Takamine,∗2 T. Fujita,∗2,∗4 T. Egami,∗1,∗2 D. Tominaga,∗1,∗2
W. Kobayashi,∗1,∗2 Y. Nakamura,∗2,∗3 T. Wakui,∗2,∗5 T. Furukawa,∗2,∗6 H. Ueno,∗2 and Y. Matsuo∗1,∗2

We have developed a laser spectroscopic method
named OROCHI (Optical RI-atoms Observation in Con-
densed Helium as Ion catcher) aiming at nuclear struc-
ture studies of unstable nuclei with low production yields
and short lifetimes. In OROCHI, highly energetic ion
beams are efficiently caught as neutralized atoms in su-
perfluid helium (He II) owing to its high density. In
addition, the absorption wavelength of atoms in He II is
significantly blue-shifted due to the effect of surround-
ing He atoms while the emission wavelength is almost
the same as that in vacuum. This enables us to detect
photons emitted from the atoms with low background by
removing the excitation-laser stray light. Consequently,
we can measure Zeeman and hyperfine structure (HFS)
splittings with a high sensitivity by applying laser-RF
and laser-microwave (MW) double resonance methods
to the atoms in He II.

So far, we have succeeded in observing the laser MW
double resonance (LMDR) signals for 104 particles per
second (pps) Rb ion beams with an energy of 66 A
MeV.1,2) However, the LMDR signal intensities were in-
sufficient to realize measurements of the HFS splitting
for lower intensity ion beams of less than 103 pps. In
general, it is expected that the higher-power laser and
MW irradiations lead to higher resonance peak heights in
LMDR spectroscopy. In order to estimate the optimum
measurement conditions, it is necessary to experimen-
tally and quantitatively investigate the laser and MW

Laser power (mW)

Fig. 1. Laser power dependence of LMDR intensities for dif-
ferent MW powers. The upper and lower figures show
the result using Rb cells containing He buffer gas of
1.3× 104 Pa and 1.0× 105 Pa, respectively.
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power dependence of LMDR signal intensities. As a pi-
lot study, we measured the laser power dependence of
LMDR signal intensities for different MW powers using
a glass cell containing Rb vapor with He buffer gas (“Rb
cell”).

We irradiated the Rb atoms in the cell with a cir-
cularly polarized laser light (wavelength: 794 nm), and
applied a magnetic field to the atoms, parallel to the
laser axis, in order to generate and maintain spin polar-
ization. On scanning the MW frequency, we observed
a resonant peak at the MW frequency corresponding to
the HFS splitting in the ground state of 85Rb. We mea-
sured the LMDR signal intensities (defined as resonant
peak heights in LMDR – background) for different laser
powers when the MW powers were 6.0 W, 3.5 W, 1.9 W,
and 0.15 W.

Figure 1 shows the laser power dependence of LMDR
intensities for different MW powers with two different Rb
cells containing 1.3× 104 Pa and 1.0× 105 Pa He buffer
gas. The stronger the laser and MW we applied, the
higher the LMDR intensities we observed. However, the
intensities were saturated at a certain laser power. The
higher He buffer gas pressure case required higher laser
power for saturation. This means that the laser excita-
tion cross section was decreased because of the effect of
pressure broadening. The absorption spectral line width
in 1.3× 104 Pa He gas is of the order of 1 GHz and that
in He II is of the order of 1 THz. Therefore, the laser
excitation probability is estimated to decrease by the or-
der of 103 in He II similar that in to Ref. 3). We can
roughly estimate that the saturation of LMDR signal in-
tensities needs 103 times more laser power density in He
II compared to that in He gas. In the previous online
experiment, we performed the experiment with 100 mW
laser power (diameter: 2 mm), which corresponds to a
laser excitation probability of 1.68×103 s−1. Our present
result implies that this value was too low to saturate the
LMDR signal intensities, and that it was in a linearly
increasing region at a low laser power, as depicted in
Fig. 1.

The laser power can be increased without increasing
the laser stray light by using the newly developed de-
tection system.4) Now, we can irradiate atoms with up
to 1 W laser by using a Ti:Sa laser. By using a laser
power of 1 W, the LMDR intensities are expected to be
increased by a factor of 10.
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Optimizing the conditions to measure the hyperfine splitting
in the µp ground state

A. Vacchi,∗1,∗2,∗3 K. Ishida,∗1 E. Mocchiutti,∗3 and E. Furlanetto∗2,∗3 on behalf of the FAMU collaboration

Experimental studies were performed during 2017 at
Port 1 of the RIKEN RAL facility, in preparation for
the measurement of the hyperfine splitting in the 1S
state of muonic hydrogen ∆Ehfs(µ− p)1S, to allow the
choice of the final layout and confirm the details of the
foreseen methodology.1–6) By measuring the transition
∆Ehfs(µ− p)1S in µp with a precision of < 10−5, the ex-
periment will provide the Zemach radius of the proton rZ
with high precision, allowing diesntanglement of the dis-
cordant theoretical values. The level of discrepancy be-
tween the values of rZ as extracted from the normal and
muonic hydrogen atoms will be quantified, a result that
is also important for the not yet explained anomalies on
the charge rch radius of the proton. The physical process
behind this experiment is as follows: µp are formed in a
mixture of hydrogen and a higher-Z gas. When a photon
is absorbed at resonance-energy ∆Ehfs ≈ 0.182 eV, in sub-
sequent collisions with the surrounding H2 molecules, the
µp is quickly de-excited and and accelerated by ∼2/3 of
the excitation energy. The observable is the time distribu-
tion of the K X-rays emitted from the µZ formed by muon
transfer (µp) + Z → (µZ)∗ + p, a reaction whose rate de-
pends on the µp kinetic energy. The maximal response,
to the tuned laser wavelength, of the time distribution of
K X-ray from the (µZ)∗ cascade indicates the resonance.

During 2017, using the set of beam-hodoscopes7) de-
veloped for this purpose, it has been possible to show
the adaptability of the beam to our layout and to verify
its shape and position. Figure 1 shows the total charge
deposited in the hodoscope, an increase of about 10% in-
dicates that by tuning the beam optics a muon beam in-
tensity increase was obtained.

Subsequently, as an addition to the previously per-
formed measurements (in 2016) of the muon transfer rate
to oxygen at different temperatures, the same FAMU
cryogenic gas target8) was used to perform a detailed
study of the shape of the background underneath the
peaks of the x-rays characterizing the delayed transition

Fig. 1. Total charge detected by the hodoscope before (red
dashed line) and after (black solid line) the tuning of the
magnets and, in the insert, the two dimensional beam pro-
file of 1 mm per strip.
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Fig. 2. Upper panel, shows the delayed nitrogen X-rays lines
at a temperature of 47 K. In the lower panel the same
spectrum is shown at a temperature of 42 K.

of the muon from µp to oxygen. The target loaded with
high purity hydrogen was exposed to the 57 MeV/c muon
beam, the x-ray spectra was detected with LaBr fast de-
tectors.9)

During the following phase, dedicated to extending the
temperature range of the 2016 transfer rate measure-
ments, it was discovered with great disappointment that
the custom delivered gas mixture was badly polluted with
nitrogen. Since it was impossible to obtain a new delivery
on time, by virtue of necessity and to obtain useful data,
we investigated the condensation temperature limits of
the heavy elements in the available mixture. Under the
assumption of perfect gases and the Dalton law, we can
calculate that the gas condensation on the internal vessel
surface occur at 54 K for oxygen and 46 K for nitrogen,
however in our experimental conditions of pressurized gas
mixture, this needs to be verified experimentally.

The delayed nitrogen X-rays lines, at the temperature
of 47 K, is shown in the upper panel of Fig. 2. At 42 K the
nitrogen lines disappear and pure hydrogen background
distribution remains visible in the lower panel. The equip-
ment used in the 2017 experiments performed as expected
except for the gas contamination. This has restricted our
program especially the possibility to extend the study of
transfer rate to oxygen at higher temperatures.
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Neutron spin filter with dynamic nuclear polarization
using photo-excited triplet electron for T-violation search

in a compound nucleus

S. Takada,∗1,∗2 K. Tateishi,∗1 Y. Wakabayashi,∗3 Y. Ikeda,∗3 Y. Otake,∗3 T. Yoshioka,∗2 and T. Uesaka∗1

In a compound nucleus (e.g. 139La+n, 81Br+n), par-
ity violation is enhanced due to the interference be-
tween s-wave and p-wave amplitudes. It is theoreti-
cally predicted that time reversal (T-) violation can be
also enhanced by the same mechanism.1) We are plan-
ning an experiment for sensitive T-violation search us-
ing a polarized neutron beam. The p-wave resonances
of the candidate nuclei are observed in the energy range
of 0.1–100 eV. For this purpose, we need a neutron spin
filter that is suitable for the energy region.

A neutron spin filter can polarize the neutron beam
by passing it through a spin-polarized media, for exam-
ple 1H or 3He because their cross-sections have a large
helicity dependence. In particular, 1H has flat cross-
section of 20 barn in the wide energy range mentioned
above. Therefore, we selected neutron spin filter using
1H media.
A solid-state of 1H doped media is often polarized by

Dynamic Nuclear Polarization (DNP). DNP is a tech-
nique of transferring spin polarization from electrons
to nuclei with microwave irradiation. We applied DNP
with photo-exited triplet electron spin (Triplet-DNP)2)

because it can be used at a relatively high tempera-
ture (> 77 K) and in a low magnetic field (< 1 T)
compared to the conventional DNP method. The neu-
tron spin filter with Triplet-DNP was first developed at
the Paul Scherrer Institut (PSI) in Switzerland. They
achieved 1H polarization of 70% using a naphthalene
crystal with the size of 5× 5× 5 mm3 in 0.36 T and at
25 K,3,4) and evaluated its performance using a polar-
ized neutron beam in the meV region.

The neutron spin filter is characterized with a neu-
tron transmittance T , a neutron polarization Pn, and
a figure of merit (FOM) which is defined as follows:

T = exp (−(nσ0 + n′σ′
0)d) cosh (P1Hn∆σd), (1)

Pn = tanh (P1Hn∆σd), (2)

FOM = P 2
nT, (3)

where σ0 and ∆σ are the spin-independent and spin-
dependent cross section of 1H, respectively. σ′

0 is the
spin-independent cross section of other nuclei. n and
n′ are the density of 1H and other nuclei. d and P1H

are the thickness and polarization of the filter. Here,
the naphthalene crystal (C10H8) is assumed as a filter
media. Based on the expression, a 15 mm thickness
of the neutron spin filter can conform to the wide en-
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ergy range. In addition, we need large acceptance of
the spin filter to obtain high statistics. Therefore, we
develop ϕ15× 15 mm3 of the spin filter.

A setup of the neutron spin filter with Triplet-DNP
is shown in Fig. 1. Triplet-DNP is carried out at 0.3 T
and 100 K. A single crystal of naphthalene doped with
deuterated pentacene with a size of ϕ15 × 15 mm3 is
used as a filter. To polarize such a huge crystal, a
high-power laser was implemented.

Fig. 1. Setup of the neutron polarization system using

Triplet-DNP.

We are planning to check the performance of the
neutron spin filter at RIKEN Accelerator-driven com-
pact Neutron source (RANS) next year. We will mea-
sure the position dependence of polarization in the spin
filter. In November and December 2017, we carried the
existing polarization system to RANS and measured
the position resolution to check whether performance
measurement is possible. Since the position resolution
was about 2 mm, it is possible to sufficiently measure
the position dependence of the polarization and the
transmittance of the spin filter.
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Trigger selector system for BigRIPS DAQ

H. Baba,∗1 T. Ichihara,∗1 T. Isobe,∗1 T. Ohnishi,∗1 K. Yoshida,∗1 Y. Watanabe,∗1 S. Ota,∗2 S. Shimoura,∗2

S. Takeuchi,∗1,∗3 D. S. Ahn,∗1 N. Fukuda,∗1 Y. Shimizu,∗1 H. Suzuki,∗1 and H. Takeda∗1

A new trigger selector system has been introduced
for the BigRIPS data acquisition (DAQ) system. One
of the advantages of this system is that trigger signals
could be switched by a web-interface controller without
physically chaining connections between trigger-related
circuits. This function will help the RI-beam tuning in
BigRIPS because the trigger for the BigRIPS DAQ is
frequently switched to obtain profiles of RI beams at
each focal plane. In addition, it is possible to configure
a complex trigger condition by applying logic gates of
AND, OR, and NOT for triggers from each focal plane.
The new system consists of five Generic Trigger Op-

erator1) (GTO) modules and a web-interface controller
coded in the PHP language. A connection diagram of
the system is shown in Fig. 1. This system is divided
into three sections: the focal plane section, trigger logic
section, and trigger output section. The trigger signal
for the measurement is hierarchically selected by these
three sections. GTO modules with selector firmware2)

(SELGTO) are used for the focal plane and trigger out-
put sections. To configure complex trigger conditions
in the trigger logic section, new firmware for the logic
unit has been developed and implemented in the GTO
module (LUGTO). LUGTO has 20 input channels and
8 output channels. Up to 8 logic conditions, a combina-
tion circuit of input signals with AND, OR, and NOT
logic gates can be configured in LUGTO.
In the focal plane section, the signals from plastic

scintillators and PPACs at the F1–F12 focal planes
are separately connected to three SELGTO modules.
Here, signals named as F1–F12 Beam are produced and
sent to the trigger logic section. For example, the F2
Beam signal is defined from the selection of signals from
F2Plastic, F2PPAC1, and F2PPAC2 detectors. By us-
ing LUGTO in the trigger logic section, coincidence
triggers named as BigRIPS, ZeroDegree, and dE can
be configured by signals labeled as F1–F7 Beam, F8–
F11 Beam and F3–F7dE (energy-loss gate at each fo-
cal plane), respectively. For example, the BigRIPS (Ze-
roDegree) trigger can be defined as F3Beam×F7Beam
(F8Beam×F11Beam). Finally, the trigger output is de-
termined by choosing signals of BigRIPS, down-scaled
BigRIPS (BigRIPS(1/n)), ZeroDegree, dE, etc. in the
trigger output section.
The trigger configuration is selected from the web-

interface controller as shown in Fig. 2. The settings in
GTO modules are updated on pushing the “Save” but-
ton. However, these settings will be lost when a power
cycle occurs. The “EEPWrite” button is used to keep
configurations permanently in GTO modules. Compo-
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Fig. 1. Diagram of signal connections.

Fig. 2. Screenshot of the web-interface controller.

nents of the web-interface contoller can be customized by
a text setting file to facilitate the modification of trigger
connections.
This trigger selector system for the BigRIPS DAQ has

been in operation since from April 2018, enabling us to
perform RI-beam tuning efficiently.
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nents of the web-interface contoller can be customized by
a text setting file to facilitate the modification of trigger
connections.
This trigger selector system for the BigRIPS DAQ has

been in operation since from April 2018, enabling us to
perform RI-beam tuning efficiently.
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Beam preparation for industrial utilization of Ar, Kr, Xe,
and Au beams

A. Yoshida∗1 and T. Kambara∗1

Through the fee-based industrial utilization of RIBF
facilities, a space-use semiconductor company has been
using Ar and Kr beams at the E5A beam line1) a few
times in a year. The client irradiates semiconductor de-
vices in the air to test the radiation tolerance of single
event effects (SEEs).

Figure 1 shows the configuration for the irradiation. A
uniform beam-flux distribution is achieved2) with wob-
bler magnets and a beam scattering foil placed 4.5 m
upstream of a vacuum separation window. Downstream
of the window, an air-ionization chamber (IC1) that con-
sists of a stack of 24 µm-thick Al-Mylar foils is used as a
total beam intensity monitor for all beams. To monitor
beam intensity below 1 M cps, a thin plastic scintillator
(PL) covered by a 48-µm-thick Al-Mylar foil is used. An
adjustable energy degrader follows to control the LET,
where the beam energy is adjusted by inserting up to ten
Al foils with thickness ranging from 5 to 975 µm. At the
sample irradiation position, the range value of the beam
is measured using a small air-ionization chamber (IC2),
and the beam energy is measured with a replaceable Si-
detector stack (SSDs) 2 mm in total thickness.

As a next step, the client plans to use heavier beams
with a higher linear energy transfer (LET) for the SEE
test. Therefore, we have studied the characteristics of
136Xe and 197Au beams in the air. In Table 1, the mea-
surement results and the irradiation parameters for the
Xe and Au beams are summarized and compared with
those of Ar and Kr beams. Since the Xe and Au beams
are slow, we minimized the thickness of materials in the
beam line. The vacuum separation window was replaced
with a 25-µm thick Kapton foil. For the Xe beam, we
used a 100-µm-thick PL scintillator, while for the Au
beam, we did not use a PL scintillator or a beam scatter-
ing foil. The air path lengths Lair1 and Lair2 indicated
in Fig. 1 were minimized as well.

We first measured the range of the beams in Al at the
exit of the energy degrader. On increasing the degrader
thickness, the IC2 current increased until the Bragg peak
and dropped at the range of the ions. From this mea-
sured range of values, we obtained the maximum beam
energy on a sample placed in the air by referring to the
thickness-energy relation from SRIM3) calculations. In
the same manner, the SSDs were energy-calibrated by
changing the degrader thickness.

From the measured energy spectra of SSDs, the LET
peak value and its 1σ width in a Si sample were calcu-
lated. The corresponding range of values of the beam
in Si is listed. According to the client, a beam range
of 50–100 µm is indispensable for the SEE test of usual
semiconductor devices. A high-LET condition near the

∗1 RIKEN Nishina Center

Fig. 1. Irradiation setup at the E5-A beam line.

Table 1. Summary of irradiation parameters.

Bragg peak was also measured by controlling the thick-
ness of the degrader.
From this result, the 136Xe beam is available for

the SEE test with a LET value ranging from 47 to
67 MeV/(mg/cm2). On the other hand, the maximum
energy of the 197Au beam in the air corresponds to its
maximum LET at the Bragg peak. More detailed infor-
mation on the E5A beam line is provided in our home
page.4)
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Evaluation of radioactivity in semiconductor samples
by Kr-ion beam irradiation

T. Kambara∗1 and A. Yoshida∗1

On the basis of a fee-based facility-sharing program,
RIKEN provides heavy-ion beams from RIKEN Ring
Cyclotron (RRC) to private companies for the irra-
diation of semiconductor devices to be used in satel-
lites. By using the accelerated heavy ions, the clients
simulate the single-event effects (SEEs) of the devices
caused by heavy-element components of cosmic rays.
The samples are irradiated at the E5A beamline1) in
the atmosphere, and the linear energy transfer (LET)
of the beam can be adjusted with an energy-degrader
system. During the irradiation, the samples become
radioactive through two processes: (1) nuclear reac-
tions in the sample induced by the beam and (2) the
injection of secondary nuclides produced in upstream
materials. The secondary nuclides contaminate the
beam and affect the LET distribution, while the nu-
clear reactions in the sample may contribute to SEEs.
To assess the beam contamination and to understand
the irradiation effects in industrial utilization, we stud-
ied the radionuclides in the irradiated samples by em-
ploying a radiochemical method.

In March 2017, during beam preparation and charac-
terization for a client’s beam utilization, we irradiated
test samples with a 84Kr beam under the same con-
dition as the client’s irradiations. A 70-MeV/nucleon
84Kr beam from the RRC passed through a 50-µm-
thick Au foil as a scatterer, a Kapton window separat-
ing vacuum and the atmosphere, an ionization cham-
ber, a 0.1-mm-thick plastic scintillator, an energy de-
grader consisting of a 586-µm-thick aluminum layer,
and an approximately 305-mm-thick atmosphere, fol-
lowing which it impinged a test sample of Si wafers
(100-mm diameter and 0.5-mm thickness) or acrylic
plates (75 mm × 80 mm, 1-mm thickness), where two
identical plates were stacked for each material. The Si
test sample was selected to simulate the clients’ sam-
ple of semiconductor devices, and the acrylic resin was
used to distinguish different activation processes. The
yield of the secondary nuclides from the upstream ma-
terials should be independent of the sample materials,
whereas that of the reaction products in the samples
should be dependent. The number of the ions was ap-
proximately 4.5× 1010 for the Si wafers and 5.5× 1010

for the acrylic plates during irradiation for 10 min. Ac-
cording to SRIM calculation,2) the ions impinged the
sample at 25 MeV/nucleon, which corresponded to an
LET of approximately 19 MeV/(mg/cm2) in Si, and
the primary 84Kr ions stopped in the first plate of the
stack. In the following, we report the analyses of the
first plate, which had most of the radioactivity.

∗1 RIKEN Nishina Center

We measured the gamma rays from the irradiated
samples with Ge detectors; for the Si wafer, we per-
formed measurements 9 times from 7 min to 91 days
after the irradiation, and for the acrylic plate, we per-
formed measurements 9 times from 10 min to 106 days.
We analyzed the observed gamma-ray peaks according
to the transition energies, lifetimes, and branching ra-
tios, and we identified 61 radionuclides from 24Na to
104Ag in the Si wafer and 49 nuclides from 24Na to
93mMo in the acrylic plate. Subsequently, we extrap-
olated the decay curves of radioactivity to the end of
the irradiation time to obtain the production rates of
the nuclides and deduced their production probabili-
ties normalized to one incident 84Kr ion.

Figure 1 shows some of the obtained nuclide-
production probabilities. Nuclides with atomic num-
ber Z ≤ 36 have similar production probabilities be-
tween the Si and acrylic samples, except for a few
small-Z nuclides, which indicates that these consist
mainly of secondary nuclides produced in the upstream
materials. The production probabilities of nuclides
with 37 ≤ Z ≤ 42 are similar or higher in the acrylic
sample compared with the Si sample; in particular,
those of 83Rb and 84Rb are three to four times higher.
Nuclides with Z > 42 are found only in the Si sample,
which indicates that these nuclides are only produced
by nuclear reactions in the Si sample.

Fig. 1. Production probabilities of nuclides from 24Na to
98Rh obtained by the gamma-ray measurements.
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Computing and network environment at the RIKEN Nishina Center

T. Ichihara,∗1 Y. Watanabe,∗1 and H. Baba∗1

We are operating Linux cluster systems1,2) at the
RIKEN Nishina Center (RNC).

Figure 1 shows the current configuration of the
Linux servers at the RNC. The major part of the sys-
tems is installed in the 1F server room of the RIBF
building that is equipped with emergency power sup-
ply and UPS systems, which ensure the non-stop op-
eration of the computing system, even during power
outages. We replaced the UPS systems (20 kVA) in
December 2017, which were installed in 2005.

The host RIBF.RIKEN.JP is used as the mail server,
NFS server of the user home directory, and the NIS
master server. This is the core server for the RIBF
Linux cluster with approximately 700 registered user
accounts. Because six years had passed since the in-
stallation of this server, we replaced it with a new
server, HP-DL380G9 with SL7.4 OS in January 2018.
At the same time, the RAID for user home directory
/rarf/u/ was replaced.
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Fig. 1. Configuration of the RIBF Linux cluster.
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Fig. 2. Mail trends:message categories in 2017.

We installed three RAID units for RIBFDATA02
and RIBFDATA03 in 2012 for data analysis and raw
data storage of RIBF experiments, as shown in Fig. 2.
Each RAID consists of 24 units of 3 TB Hard Disk
Drives(HDD), Seagate ST33000650SS. Suddenly af-
ter October 2017, we encountered frequent failures of
HDDs of these RAIDs. Because of the redundancy of
the RAID6 system, RAID volume is healthy up to the
simultaneous failure of two HDDs. However, we en-
countered successive failures of three HDDs, resulting
in volume failure of the RAID. After the investigation,
we noticed that the Seagate 3 TB HDD used in the
RAID is very fragile.3) Therefore, we decided to replace
all the HDDs (72 units) of these RAIDs with reliable
HGST 6 TB HDDs. This will be done by March 2018.
After the replacement, the capacity of the RAID will
double and reliability will increase.

The hosts RIBFSMTP1/2 are the mail gateway,
which are used for tagging spam mails and isolat-
ing virus-infected mails. The latest version of Sophos
Email Protection-Advanced (PMX 6.4.1) has been in-
stalled. Figure 2 shows the mail trends in 2017. Ap-
proximately 39% of the incoming mails were blocked
by PMX ip-blocker.

An anonymous ftp server, FTP.RIKEN.JP, is man-
aged and operated at the RNC. Major Linux distri-
butions, including Scientific Linux, Ubuntu, and Cen-
tOS, are mirrored daily for the convenience of their
users and for facilitating high-speed access. An HP-
DL380G6 server was installed in 2009, and it was re-
placed by HP-DL380G9 with SL7.4 OS in June 2017.
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CCJ operations in 2017

S. Yokkaichi,∗1 H. En’yo,∗1 T. Ichihara,∗1 and Y. Watanabe∗1

1 Overview

The RIKEN Computing Center in Japan (CCJ)1)

commenced operations in June 2000 as the largest off-
site computing center for the PHENIX2) experiment
being conducted at RHIC. Since then, CCJ has been
providing numerous services as a regional computing
center in Asia. We have transferred several hundred
TBs of raw data files and nDSTa) files from the RHIC
Computing Facility (RCF)3) to CCJ.
Many analysis and simulation projects are being car-

ried out at CCJ, and these projects are listed on the
web page http://ccjsun.riken.go.jp/ccj/proposals/.
As of December 2017, CCJ has contributed to 43 pub-
lished papers and 42 doctoral theses.

2 Computing hardware and software

The network configuration and the computing hard-
ware (nodes) and software (OS, batch queuing systems,
database engine, etc.) are almost same as described
in the previous APR.1) We had 28 computing nodes,
of which 18 nodes were purchased in Mar. 2009 and
10 nodes were purchased in Mar. 2011. In 2017, two
old nodes out of these were retired. Thus, in total,
368 (=8×16 nodes + 24×10 nodes ) jobs can be pro-
cessed simultaneously by these computing nodes using
a batch queuing system LSF.4) The version of LSF is
9.1, which was upgraded from 8.0.0 in Mar. 2016.b)

One database (postgreSQL5)) server and one AFS6)

server are operated in order to share the PHENIX com-
puting environment. Now, only the SL57) environment
is shared by the computing nodes, which have approx-
imately 0.9 TB of library files. We have two data-
transfer servers, on which the grid environment8) is
installed for the data transfer to/from RCF. Two new
data-transfer servers will be delivered in Jan. and Mar.
in 2018. After the deployment of the two, the current
two servers will be retired. Data transfer of the order
of 100 TB from J-PARC and BNL will be performed
in the future.

Moreover, two login servers, one main server (users’
home directory, NIS, DNS, NTP), and two disk servers
are operated. In July 2017, a disk server machine was
replaced by HP DL180 Gen9, which has 25.5 TB of
SATA RAID6. In August 2017, a login server machine
was replaced by HP DL20 server with SL7.4.

Table 1 lists the number of malfunctioning SATA or

∗1 RIKEN Nishina Center
a) term for a type of summary data files in PHENIX
b) It was performed in 2016 and should be written in the pre-

vious APR.1)

SAS disks in the HP servers, namely, computing nodes
and NFS/AFS servers.

The current total power of the four UPSs is 40 KVA,
in which one 10-KVA UPS will require an exchange
of batteries soon. Downsizing of the machine rooms
(258/260 in Main Bldg.) was planned in 2017, but it
has been postponed.

3 Joint operation with ACCC/HOKUSAI

CCJ and the RIKEN Integrated Cluster of Clusters
(RICC) have been jointly operated since July 2009. In
April 2015, a new system named “HOKUSAI Great-
wave” was launched by RIKEN ACCC9) and the joint
operation with CCJ has been continued, including
a new hierarchical archive system in which approxi-
mately 900 TB of CCJ data are stored. The dedi-
cated usage of 10 nodes, a legacy of old RICC, was
also continued and ended in June 2017, at the time
of deployment of the new cluster system “HOKUSAI
BigWaterFall” by ACCC.

The usage of BigWaterFall, which has 840
nodes/33600 CPU cores, by CCJ has not been started
yet. It is planned to use one of the “container tech-
nologies” (such as “Docker”10)) to share the comput-
ing environment of PHENIX, in place of NFS, which
was used in the old “dedicated” system. When NFS is
not used, the nodes can also be used by other users of
Hokusai, which results in more efficient usage of Hoku-
sai’s CPUs.

Table 1. Number of malfunctioning HDDs in HP servers

(calculation nodes and NFS/AFS servers) in 2011–2017,

including nodes retired in 2017.

Type (Size) total 2017 ’16 ’15 ’14 ’13 ’12 ’11
SATA (1 TB) 192 18 8 14 11 16 20 9
SATA (2 TB) 120 10 2 10 0 2 5 4
SATA (4 TB) 10 - - - - - - -
SAS(146 GB) 38 1 5 3 2 0 1 1
SAS (300 GB) 26 1 0 1 1 0 0 1

References
1) S. Yokkaichi et al., RIKEN Accel. Prog. Rep. 50, 225

(2017).
2) http://www.phenix.bnl.gov/

3) https://www.racf.bnl.gov/

4) http://www-03.ibm.com/systems/technicalcomputing/

platformcomputing/products/lsf/index.html

5) http://www.postgresql.org/

6) http://www.openafs.org/

7) http://www.scientificlinux.org/

8) http://www.globus.org/toolkit/docs/latest-stable/

gridftp/

9) http://accc.riken.jp/

10) https://www.docker.com/
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in the previous APR.1) We had 28 computing nodes,
of which 18 nodes were purchased in Mar. 2009 and
10 nodes were purchased in Mar. 2011. In 2017, two
old nodes out of these were retired. Thus, in total,
368 (=8×16 nodes + 24×10 nodes ) jobs can be pro-
cessed simultaneously by these computing nodes using
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is shared by the computing nodes, which have approx-
imately 0.9 TB of library files. We have two data-
transfer servers, on which the grid environment8) is
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data-transfer servers will be delivered in Jan. and Mar.
in 2018. After the deployment of the two, the current
two servers will be retired. Data transfer of the order
of 100 TB from J-PARC and BNL will be performed
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Moreover, two login servers, one main server (users’
home directory, NIS, DNS, NTP), and two disk servers
are operated. In July 2017, a disk server machine was
replaced by HP DL180 Gen9, which has 25.5 TB of
SATA RAID6. In August 2017, a login server machine
was replaced by HP DL20 server with SL7.4.
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The current total power of the four UPSs is 40 KVA,
in which one 10-KVA UPS will require an exchange
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April 2015, a new system named “HOKUSAI Great-
wave” was launched by RIKEN ACCC9) and the joint
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mately 900 TB of CCJ data are stored. The dedi-
cated usage of 10 nodes, a legacy of old RICC, was
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nologies” (such as “Docker”10)) to share the comput-
ing environment of PHENIX, in place of NFS, which
was used in the old “dedicated” system. When NFS is
not used, the nodes can also be used by other users of
Hokusai, which results in more efficient usage of Hoku-
sai’s CPUs.
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(calculation nodes and NFS/AFS servers) in 2011–2017,

including nodes retired in 2017.
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Anomalous peak effect in 122-type iron-based superconductors

T. Tamegai,∗1 N. Ito,∗1 S. Pyon,∗1 A. Ichinose,∗2 A. Yoshida,∗3 and T. Kambara∗3

Iron-based superconductors (IBSs) have attracted
considerable attention due to their potential for high-
field applications. In such applications, the critical cur-
rent density, Jc, has to be reasonably large even under
strong magnetic field. Introduction of artificial pinning
centers in terms of heavy-ion irradiation, which creates
columnar defects (CDs), is one of the promising ways to
enhance Jc.

1) The effects of heavy-ion irradiation have
been studied in 122-type IBSs.2–4) The first attempt to
create CDs in Ba(Fe,Co)2As2 made its Jc more than five
times larger compared with unirradiated crystals.2) Jc
has been enhanced to ∼15 MA/cm2 in (Ba,K)Fe2As2 by
irradiating various kinds of heavy ions.3) Theoretically,
it is predicted that further enhancement of Jc is possible
by dispersing the direction of CDs, thereby suppressing
the motion of kinks and promoting flux entanglements.
In fact, we have confirmed that Jc in (Ba,K)Fe2As2 can
be enhanced by ∼30% by dispersing the direction of
CDs.5) In the course of such studies, we discovered an
anomalous peak effect in (Ba,K)Fe2As2 when CDs are
introduced at angles of θCD = 15◦ or more.5) The peak
of Jc as a function of magnetic field appears at about
1/3 of the matching field BΦ (= nΦ0, n: density of CDs,
Φ0: flux quantum).
In the present experiment, we studied how the

anomalous peak effect shows up in another IBSs,
Ba(Fe0.93Co0.07)2As2 (Tc ∼ 24 K). U ion irradiation of
2.6 GeV has been performed at the RI Beam Factory
at RIKEN Nishina Center at a total dose of BΦ = 8 T.
U ions are irradiated from two directions at ±θCD with
θCD = 0◦ to 30◦. Jc is evaluated by measuring the mag-
netization of the sample with the help of the extended
Beam model.
Figure 1(a) shows the magnetic field dependence of

Jc at 25 K in (Ba0.6K0.4)Fe2As2 (θCD = ±15◦) for the
field angle from the c-axis, θH, from 0◦ to 20.6◦. As we
have mentioned above, an anomalous peak effect shows
up at around H ∼ 1/3BΦ . It should be noted that
the anomalous peak is strongly suppressed when the di-
rection of the magnetic field is away from the average
direction of CDs. The magnetic field dependence of Jc
in Ba(Fe0.93Co0.07)2As2 (θCD = ±15◦) from T = 2 K
to 20 K with the field parallel to the c-axis is shown
in Fig. 1(b). Unlike the case of (Ba0.6K0.4)Fe2As2, no
anomalous peaks are observed at H ∼ 1/3BΦ at any
temperature. The weak anomalies observed below 5 kOe
are due to the self-field effect as we have discussed in
Ref. 4). In order to reveal the origin of the difference
in the Jc behavior between the two materials, scanning
transmission electron microscopy (STEM) observations

∗1 Department of Applied Physics, The University of Tokyo
∗2 Central Research Institute of Electric Power Industry, Electric

Power Engineering Research Laboratory
∗3 RIKEN Nishina Center

Fig. 1. Magnetic field dependence of Jc in (a) (Ba0.6K0.4)Fe2As2
(T = 25 K, BΦ = 8 T, θCD = ±15◦) and (b)

Ba(Fe0.93Co0.07)2As2 (BΦ = 8 T, θH = 0◦, θCD = ±20◦).

Fig. 2. STEM images of CDs created by 2.6 GeV U irradia-

tion (BΦ = 8 T) in (a) (Ba0.6K0.4)Fe2As2 (θCD = ±20◦)

and in (b) Ba(Fe0.93Co0.07)2As2 (θCD = ±30◦).

have been made. Figures 2(a) and (b) show STEM
images for (Ba0.6K0.4)Fe2As2 and Ba(Fe0.93Co0.07)2As2.
The defects created by 2.6 GeV U irradiation are almost
continuous CDs in the case of (Ba0.6K0.4)Fe2As2, while
they are strongly discontinuous in Ba(Fe0.93Co0.07)2As2.
Such discontinuity of CDs are believed to make the effect
of splay insignificant in Ba(Fe0.93Co0.07)2As2, leading to
the suppression of the anomalous peak effect.

References
1) L. Civale et al., Phys. Rev. Lett. 81, 45 (1991).
2) Y. Nakajima et al., Phy. Rev. B 80, 012510 (2009).
3) F. Ohtake et al., Physica (Utrecht) 518, 47 (2015).
4) T. Tamegai et al., Supercond. Sci. Technol. 25, 084008

(2012).
5) A. Park et al., Phy. Rev. B 97, 064516 (2018).
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Evolution of Kr precipitates in Kr-implanted Al as observed by
the channelling method†

E. Yagi∗1 and S. Takagi∗2

It was discovered that heavy inert gases (Ar, Kr, and
Xe) implanted into metals at room temperature precip-
itate in bubbles into a solid phase (solid precipitates) in
the high-pressure state. It became possible to produce
inert gas solids at room temperature by a rather sim-
ple technique, i.e., ion implantation, without applying a
high-pressure technique, and transmission electron mi-
croscopy (TEM) became feasible. Since then, the struc-
ture of inert gas solids, which are the simplest atomic
solids, and the process from nucleation to formation of
inert gas solids have been extensively studied mainly by
TEM. TEM is very useful for investigating visible-sized
bubbles and a lot of data on their structure and be-
haviour have been obtained. For invisible small-sized
defects such as those in the initial stage of nucleation,
channelling analysis is particularly useful, because it can
provide direct information on the lattice location of im-
planted atoms.

In this study, processes from nucleation to formation
of solid Kr precipitates in Al implanted with Kr atoms
at room temperature are discussed. In previous stud-
ies, experiments were performed for four different im-
plantation doses, 1, 4, 10× 1014, and 1× 1016 Kr/cm2,
by the channelling method and/or TEM. By the chan-
nelling method, it was suggested that at low implanta-
tion doses, Kr atoms interact strongly with vacancies in-
troduced during Kr-implantation to form various types
of Kr-vacancy (V ) complexes and they act as nucleation
centres for the Kr precipitates. According to the TEM,
at a dose of 1× 1015 Kr/cm2, a number of cavities were
observed, while, at a dose of 1× 1016 Kr/cm2, the pres-
ence of epitaxially aligned fcc solid Kr precipitates with
a 1.3 times larger lattice parameter than that of Al was
observed. Between the stages of nucleation and forma-
tion of solid Kr precipitates, the initial stage of growth
of Kr precipitates to bubbles and a key process towards
the epitaxial alignment of solid Kr precipitates remain
unclear. The objectives of this study are to elucidate
such unresolved processes through a change in the site
occupancy of Kr atoms with dose and to discuss the evo-
lution of Kr precipitates from nucleation to formation of
solid Kr precipitates. Therefore, the channelling exper-
iment is extended to the specimens implanted with four
higher doses from 2×1015 to 8×1015 Kr/cm2 at intervals
of 2× 1015 Kr/cm2.

Kr-implantation was carried out at room tempera-
ture at 50 keV into Al single crystal slices. Channelling
angular scan was performed at room temperature by
Rutherford backscattering spectroscopy (RBS) with a

† Condensed from the article in J. Phys. Soc. Jpn. 85 124601
(2016)

∗1 RIKEN Nishina Center
∗2 Department of Physics, Chuo University

He+ beam of 1.02 MeV accelerated by a tandem accel-
erator.

In the range of dose up to 2× 1015 Kr/cm2, Kr atoms
are distributed over substitutional (S), tetrahedral (T ),
octahedral (O), and random (R) sites. With increasing
dose, the fractions of T and S site occupancies decrease,
while those of O and R sites increase. The T and O
site occupancies are a result of the formation of Kr-V
complexes; a Kr atom traps four vacancies (KrV4) or six
vacancies (KrV6) to take configuration similar to triva-
cancy or pentavacancy, and is displaced to a T or an
O site, respectively. The R site occupancy is attributed
to Kr atoms associated with larger vacancy clusters. At
low implantation doses, a Kr atom interacts with vacan-
cies in its vicinity in the displacement cascade produced
by the implantation of the Kr atom itself, because the
overlapping of cascades is not significant. Such Kr-V
complexes act as nucleation centres for the growth to
Kr precipitates. With increasing dose, the overlapping
of cascades becomes significant. In the initial stage of
growth of Kr precipitates, not only existing Kr atoms
at S sites but also additionally implanted Kr atoms mi-
grate to Kr-V complexes, especially Kr associated large
vacancy clusters, to be trapped, being assisted by mobile
vacancies created by additional implantation (radiation-
enhanced diffusion of Kr atoms). Thus, the fraction
of Kr atoms associated with large vacancy clusters in-
creases, resulting in Kr bubbles, which are in the fluid
state. The fraction of the T site occupancy also de-
creases, while that of the O site occupancy increases.

At doses higher than 2 × 1015 Kr/cm2, the fraction
of the T site occupancy disappears, and that of the
O site occupancy decreases. Instead, the displaced O
(dis-O) site occupancy newly appears. This is inter-
preted as follows: small clusters of Kr atoms located
at O and dis-O sites, the latter of which are displaced
from O sites by about 0.4 Å in the ⟨112⟩ or ⟨110⟩ direc-
tion, are formed on the planes parallel to {111} planes
at the bubble-matrix interface. They are precursors for
the two dimensional growth of Kr layers in parallel to
{111} planes with ordered arrangement of Kr atoms in
the layers at higher implantation doses. With increasing
dose to 8 × 1015 Kr/cm2, bubbles, in which the pres-
sure reaches the threshold value for solidification, solid-
ify into an epitaxially aligned fcc structure. The ordered
Kr layers act as a trigger for the formation of epitaxially
aligned solid Kr precipitates. In the solidification, the
increase in the internal pressure of bubbles by absorbing
interstitials introduced during Kr implantation is impor-
tant, as reported in previous channelling studies.1)
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Magnetism of the antiferromagnetic spin-3/2 dimer compound
CrVMoO7 having an antiferromagnetically ordered state†

M. Hase,∗1 Y. Ebukuro,∗2 H. Kuroe,∗2 M. Matsumoto,∗3 A. Matsuo,∗4 K. Kindo,∗4 J. R. Hester,∗5 T. J. Sato,∗6

and H. Yamazaki∗7

In a magnetically ordered state, two types of
magnetic excitations exist: gapless transverse-mode
(Nambu-Goldstone mode) and gapped longitudinal-
mode (amplitude Higgs mode) excitations. The for-
mer is well known as spin wave excitation. The
longitudinal-mode (L-mode) was observed by inelastic
neutron scattering experiments in the pressure-induced
magnetically ordered state of TlCuCl3, which is a three-
dimensional (3D) interacting antiferromagnetic (AF)
spin-1/2 dimer compound.1–3) While the L-mode has
weak intensity and spontaneously decays into a pair of
transverse-modes, it is well defined in the ordered state
in the vicinity of the quantum critical point for 3D sys-
tems.4)

As for low-dimensional systems, it is difficult to ob-
serve the L-mode in longitudinal susceptibility by in-
elastic neutron scattering, since the longitudinal sus-
ceptibility exhibits an infrared singularity that can ob-
scure the amplitude peak at a finite energy. In terms
of scalar susceptibility, however, the L-mode can be
well defined both in 2D and 3D systems. In magnetic
systems, the L-mode was actually observed by Raman
scattering experiments (which can measure the scalar
susceptibility) in the pressure-induced ordered state of
KCuCl3 and in the magnetic-field-induced ordered state
of TlCuCl3.

5–7)

According to the results of theoretical investigations
on interacting AF spin-cluster compounds, the L-mode
excitations can be observed in the antiferromagneti-
cally ordered state that appears on cooling under atmo-
spheric pressure and zero magnetic field.8) A shrinkage
of the ordered magnetic moments by quantum fluctu-
ations leads to a large intensity of the L-mode excita-
tions. If the ground state of the isolated spin cluster is
a spin-singlet state, the shrinkage of ordered moments
can be expected in an ordered state that is generated
by introducing intercluster interactions. We expect that
an interacting AF spin-3/2 dimer model can be applied
to the compound CrVMoO7, judging from its crystal
structure (Fig. 1).9,10)

We studied the magnetic properties of CrVMoO7 in
powder form, using magnetization, specific heat, elec-
tron spin resonance, neutron diffraction, and inelastic

† Condensed from the article in Phys. Rev. B 95, 144429 (2017)
∗1 Research Center for Advanced Measurement and Character-

ization, NIMS
∗2 Department of Physics, Sophia University
∗3 Department of Physics, Shizuoka University
∗4 ISSP, The University of Tokyo
∗5 Australian Center for Neutron Scattering, ANSTO
∗6 IMRAM, Tohoku University
∗7 RIKEN Nishina Center

Fig. 1. The unit cell of CrVMoO7. An AF spin-3/2 dimer

is formed by two neighboring Cr3+ ions with a distance

of 3.01 Å.

neutron scattering measurements. An antiferromagnet-
ically ordered state appeared below TN = 26.5± 0.8 K.
The magnetic susceptibility at high temperatures was
close to that calculated for the isolated AF spin-3/2
dimer with an intradimer interaction of J = 25 ± 1 K
and g = 1.92±0.02. We were able to explain the magne-
tization curves on the basis of the interacting AF spin-
3/2 dimer model with an effective interdimer interac-
tion of Jeff = 8.8± 1 K. The magnitude of the ordered
moment was 0.73(2)µB, which is much smaller than the
classical value of ∼3µB. Using inelastic neutron scat-
tering measurements, the magnetic excitations were ob-
served, and the results were qualitatively explained on
the basis of the interacting AF spin-3/2 dimer model.
In conclusion, CrVMoO7 is a rare spin-dimer com-

pound that shows an antiferromagnetically ordered
state under atmospheric pressure and zero magnetic
field. Though we could not confirm the L-mode in this
study, the magnetic excitations of L-mode would be ob-
servable in single crystalline CrVMoO7.
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Evolution of Kr precipitates in Kr-implanted Al as observed by
the channelling method†

E. Yagi∗1 and S. Takagi∗2

It was discovered that heavy inert gases (Ar, Kr, and
Xe) implanted into metals at room temperature precip-
itate in bubbles into a solid phase (solid precipitates) in
the high-pressure state. It became possible to produce
inert gas solids at room temperature by a rather sim-
ple technique, i.e., ion implantation, without applying a
high-pressure technique, and transmission electron mi-
croscopy (TEM) became feasible. Since then, the struc-
ture of inert gas solids, which are the simplest atomic
solids, and the process from nucleation to formation of
inert gas solids have been extensively studied mainly by
TEM. TEM is very useful for investigating visible-sized
bubbles and a lot of data on their structure and be-
haviour have been obtained. For invisible small-sized
defects such as those in the initial stage of nucleation,
channelling analysis is particularly useful, because it can
provide direct information on the lattice location of im-
planted atoms.

In this study, processes from nucleation to formation
of solid Kr precipitates in Al implanted with Kr atoms
at room temperature are discussed. In previous stud-
ies, experiments were performed for four different im-
plantation doses, 1, 4, 10× 1014, and 1× 1016 Kr/cm2,
by the channelling method and/or TEM. By the chan-
nelling method, it was suggested that at low implanta-
tion doses, Kr atoms interact strongly with vacancies in-
troduced during Kr-implantation to form various types
of Kr-vacancy (V ) complexes and they act as nucleation
centres for the Kr precipitates. According to the TEM,
at a dose of 1× 1015 Kr/cm2, a number of cavities were
observed, while, at a dose of 1× 1016 Kr/cm2, the pres-
ence of epitaxially aligned fcc solid Kr precipitates with
a 1.3 times larger lattice parameter than that of Al was
observed. Between the stages of nucleation and forma-
tion of solid Kr precipitates, the initial stage of growth
of Kr precipitates to bubbles and a key process towards
the epitaxial alignment of solid Kr precipitates remain
unclear. The objectives of this study are to elucidate
such unresolved processes through a change in the site
occupancy of Kr atoms with dose and to discuss the evo-
lution of Kr precipitates from nucleation to formation of
solid Kr precipitates. Therefore, the channelling exper-
iment is extended to the specimens implanted with four
higher doses from 2×1015 to 8×1015 Kr/cm2 at intervals
of 2× 1015 Kr/cm2.

Kr-implantation was carried out at room tempera-
ture at 50 keV into Al single crystal slices. Channelling
angular scan was performed at room temperature by
Rutherford backscattering spectroscopy (RBS) with a
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He+ beam of 1.02 MeV accelerated by a tandem accel-
erator.

In the range of dose up to 2× 1015 Kr/cm2, Kr atoms
are distributed over substitutional (S), tetrahedral (T ),
octahedral (O), and random (R) sites. With increasing
dose, the fractions of T and S site occupancies decrease,
while those of O and R sites increase. The T and O
site occupancies are a result of the formation of Kr-V
complexes; a Kr atom traps four vacancies (KrV4) or six
vacancies (KrV6) to take configuration similar to triva-
cancy or pentavacancy, and is displaced to a T or an
O site, respectively. The R site occupancy is attributed
to Kr atoms associated with larger vacancy clusters. At
low implantation doses, a Kr atom interacts with vacan-
cies in its vicinity in the displacement cascade produced
by the implantation of the Kr atom itself, because the
overlapping of cascades is not significant. Such Kr-V
complexes act as nucleation centres for the growth to
Kr precipitates. With increasing dose, the overlapping
of cascades becomes significant. In the initial stage of
growth of Kr precipitates, not only existing Kr atoms
at S sites but also additionally implanted Kr atoms mi-
grate to Kr-V complexes, especially Kr associated large
vacancy clusters, to be trapped, being assisted by mobile
vacancies created by additional implantation (radiation-
enhanced diffusion of Kr atoms). Thus, the fraction
of Kr atoms associated with large vacancy clusters in-
creases, resulting in Kr bubbles, which are in the fluid
state. The fraction of the T site occupancy also de-
creases, while that of the O site occupancy increases.

At doses higher than 2 × 1015 Kr/cm2, the fraction
of the T site occupancy disappears, and that of the
O site occupancy decreases. Instead, the displaced O
(dis-O) site occupancy newly appears. This is inter-
preted as follows: small clusters of Kr atoms located
at O and dis-O sites, the latter of which are displaced
from O sites by about 0.4 Å in the ⟨112⟩ or ⟨110⟩ direc-
tion, are formed on the planes parallel to {111} planes
at the bubble-matrix interface. They are precursors for
the two dimensional growth of Kr layers in parallel to
{111} planes with ordered arrangement of Kr atoms in
the layers at higher implantation doses. With increasing
dose to 8 × 1015 Kr/cm2, bubbles, in which the pres-
sure reaches the threshold value for solidification, solid-
ify into an epitaxially aligned fcc structure. The ordered
Kr layers act as a trigger for the formation of epitaxially
aligned solid Kr precipitates. In the solidification, the
increase in the internal pressure of bubbles by absorbing
interstitials introduced during Kr implantation is impor-
tant, as reported in previous channelling studies.1)
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Investigation of single-event effect observed in GaN-HEMT

Y. Nakada,∗1 E. Mizuta,∗1 S. Kuboyama,∗1 and H. Shindou∗1

Wide bandgap semiconductor devices, such as GaN
and SiC, are attractive for next-generation satellites
to reduce the energy losses in high-power and high-
frequency systems. Although Si is still the dominant ma-
terial used in space systems, there is a strong demand
for new more efficient new devices. For GaN-HEMTs,
the single event effects (SEEs) for tele-communication
or radar components have already been evaluated. How-
ever, there are few reports for power-handling applica-
tions. For use in satellite power applications, it is neces-
sary to resolve SEE mechanisms and take some appro-
priate steps.

In this study, we report the results of evaluating SEE
on GaN-HEMT for power-handling applications. Table 1
lists the details of ions that were used for the evaluation
in this study. Figure 1 shows device structures. The
GaN-HEMT in this study is a commercial off-the-shelf
600 V device.

Typical experiment results are shown in Fig. 2. Fig-
ure 2(a) shows the change of IDS during irradiation as a
function of Xe fluence at VGS=0 V. Devices were irradi-
ated sequentially in steps of 20 V. Figure 2(b) shows IDS

and IGS at the end of each irradiation run as a function
VDS. Therefore, the curves indicate the increase of leak-
age current induced by the heavy ions. For Xe ions, the
leakage current increased continuously as the fluence in-
creased in the range of 300–360 V, and finally the device
was destroyed at 380 V because of excessive current. The
continuous behavior suggests that the damages occur at
localized damage sites introduced by each ion strike. For
tests with Kr ions that at VGS=0 V, the leakage current
does not increase up to 500 V, and the device was sud-
denly destroyed at 520 V because of excessive current.
On the other hand, for a test at VGS=+0.95 V, device
destruction did not occur until the rated voltage of the
device. It is assumed that the reason why the device
was not broken at VGS=+0.95 V was the voltage drop
between the drain and source due to the current flowing
between the drain and source. The difference of behav-
iors between Xe and Kr ions might be attributable to
the difference of LETs to create the damage sites. From
Fig. 2, it can be seen that a large current flow between
the drain and source. However, because the source pad
of this device was connected to the substrate, to distin-
guish the current pass, a detailed electrical measurement
was performed after cutting the connection between the
source and substrate. Figure 3 shows the leak current be-
tween the drain and substrate after irradiation. Clearly,
a conduction pass was observed between the drain and
substrate.

To confirm the electrical pass between the drain and
substrate, charge collection measurements with Kr ions

∗1 Research and Development Directorate, Japan Aerospace Ex-
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Table 1. Characteristics of the
ion species.

Ion 86Kr 136Xe
Energy [MeV] 1600 2567
Range [um] 0.951 98.3

LET (GaN surface)
[MeV · cm2/mg] 18.0 36.2
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Fig. 1. Device structure.
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Fig. 2. Irradiation experiment results of GaN-HEMT.

were performed before breakdown. In the measurements,
the sample device works as a solid-state detector (SSD)
for the particle-energy analyzing system, and the col-
lected charge spectra are shown in Fig. 4. The figure also
shows that charges flow between the drain and substrate.
Moreover, the peak corresponds to the charge collected
in the entire geometric active area on the Si substrate.
Additionally, the collected charge is enhanced at a higher
bias voltage. However, the maximum collected charge is
approximately 1.0 pC, which is much less than the charge
deposited in the Si substrate, approximately 70 pC. The
active layer and Si substrate are electrically connected
by a charge column generated by an ion, but the con-
ductivity disappears while a small portion of the charge
deposited in the Si substrate is collected.

In this experiment, the SEE in GaN-HEMT was ob-
served. It is assumed that one failure mode of this GaN-
HEMT is the electrical connection between the active
layer and Si substrate due to ion incidence. On the other
hand, this phenomenon might depend on the angle of ion
incidence or portions on which ions are incident. In fu-
ture work, it is necessary to change these parameters and
to investigate another failure mode.
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Profile measurements of laser beam for the aiming system
of ion microbeam irradiation with glass capillaries

K. Hirose,∗1,∗2 T. Ikeda,∗1,∗2 K. Sato,∗1,∗2 M. Matsubara,∗2 T. Masuyama,∗2 T. Minowa,∗2 and W.-G. Jin∗2

Ion beam irradiation on biological objects has played
an important role in applications such as cancer ther-
apy, mutation induction in plants, etc., which are based
on DNA damaging. The mechanism of DNA repair can
be investigated by performing microbeam irradiation to
a small area of the nucleus in order to artificially in-
duce accumulation of proteins for repairing. One of the
methods for producing the microbeams for irradiation
on cell nuclei involves the use of tapered glass capillary
optics whose beam inlet and outlet diameters are ∼1 mm
and several micrometer, respectively. A microbeam ir-
radiation system employing a glass capillary and MeV
H/He ions generated by Pelletron accelerator has been
developed at RIKEN.1) So far, irradiation experiments
have been performed on HeLa cells,2) E-coli. cells,3) and
medaka embryos. To maintain a high accuracy while
shooting the targets, we introduce an aiming system that
utilizes laser µm-spot for a cell and sub-mm-spot for in-
sects. The laser spotlight is generated by the glass cap-
illary, which is also used to produce the ion microbeam,
because the capillary can transmit both ions and laser
at the same time. In the case of the aiming system, the
transmitted laser is used to spotlight the target prior to
ion irradiation. When the wavelength of the laser is se-
lected as the excitation energy of a specific fluorescent
protein or fluorescent dye, only the labeled target to be
irradiated will be recognized.
The laser transmission experiments have been carried

out with tapered glass capillary optics in Toho Univer-
sity. The transmission characteristic was studied by
comparing the transmitted laser powers of the experi-
mental and simulated results. The simulation, including
the real capillary shape, showed good agreement with
the experimental data.4) In order to apply this technique
to the aiming system for a sub-mm-sized target on the
surface of a small live insect in air, profile measurements
of the laser spot should be performed to define the spot
size as the area having a power density larger than the
threshold density to detect the fluorescence from the tar-
get. In this case, the irradiation distance will be several
millimeter.
The profiles of the laser beams extracted from the

glass capillaries were measured at Quantum Electronics
Lab. in Toho Univ. The laser beam from an Ar+ laser
source (wavelength = 488 nm, CW power = 15 mW)
was introduced into an aperture having a diameter of
1 mm, followed by a tapered glass capillary. The glass
capillaries with a beam inlet of 1.8 mm in diameter were
fabricated by the authors so that the outlet sizes range
from 5.7 to 21.5 µm. The capillary entrance surface was

∗1 RIKEN Nishina Center
∗2 Department of Physics, Toho University

Fig. 1. Extracted laser profile. The vertical axis represents

the power density when the target is located 14 mm

downstream of the capillary outlet whose diameter is

21.5 µm.

covered with silver paste to prevent the laser from trans-
mitting through the glass wall. Due to refraction, some
fraction of the laser beam in the capillary penetrates the
inner wall and travels outside toward the downstream,
which forms a serious background in the power measure-
ment of the beam extracted only from the capillary out-
let. To avoid the background, the bottle shaped region
of the capillary, which has the maximum taper angle, is
also covered with the silver paste. The power of the ex-
tracted beam was measured using a power meter based
on a photodiode.
For the first time, the power densities of the devel-

oped aiming laser at the 21.5 and 11.7 µm capillary out-
lets were obtained as 0.40 and 1.26 µW/µm2, respec-
tively, which were 104 and 327 times larger than those
at the inlets, where the input power was measured to
be 9.8 mW. Figure 1 shows the laser microbeam pro-
file for the capillary outlet with a diameter of 21.5 µm,
employing apertures of various sizes to cut the beam
profile. The horizontal axis represents the angle with
respect to the capillary direction, and the vertical axis
represents the power density when the target is located
14 mm downstream of the capillary outlet. The density
map was measured, also for the first time, to estimate
the spot size at the target in terms of sufficient excita-
tion light area. The plot shows that the effective spot
area is limited to within about 3◦ with respect to the
spot center. The calibration measurement of the center
position difference between the ion microbeam and the
laser spot using the Pelletron accelerator is in progress.
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2) Y. Iwai et al., Appl. Phys. Lett. 92, 023509 (2008).
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Investigation of single-event effect observed in GaN-HEMT

Y. Nakada,∗1 E. Mizuta,∗1 S. Kuboyama,∗1 and H. Shindou∗1

Wide bandgap semiconductor devices, such as GaN
and SiC, are attractive for next-generation satellites
to reduce the energy losses in high-power and high-
frequency systems. Although Si is still the dominant ma-
terial used in space systems, there is a strong demand
for new more efficient new devices. For GaN-HEMTs,
the single event effects (SEEs) for tele-communication
or radar components have already been evaluated. How-
ever, there are few reports for power-handling applica-
tions. For use in satellite power applications, it is neces-
sary to resolve SEE mechanisms and take some appro-
priate steps.

In this study, we report the results of evaluating SEE
on GaN-HEMT for power-handling applications. Table 1
lists the details of ions that were used for the evaluation
in this study. Figure 1 shows device structures. The
GaN-HEMT in this study is a commercial off-the-shelf
600 V device.

Typical experiment results are shown in Fig. 2. Fig-
ure 2(a) shows the change of IDS during irradiation as a
function of Xe fluence at VGS=0 V. Devices were irradi-
ated sequentially in steps of 20 V. Figure 2(b) shows IDS

and IGS at the end of each irradiation run as a function
VDS. Therefore, the curves indicate the increase of leak-
age current induced by the heavy ions. For Xe ions, the
leakage current increased continuously as the fluence in-
creased in the range of 300–360 V, and finally the device
was destroyed at 380 V because of excessive current. The
continuous behavior suggests that the damages occur at
localized damage sites introduced by each ion strike. For
tests with Kr ions that at VGS=0 V, the leakage current
does not increase up to 500 V, and the device was sud-
denly destroyed at 520 V because of excessive current.
On the other hand, for a test at VGS=+0.95 V, device
destruction did not occur until the rated voltage of the
device. It is assumed that the reason why the device
was not broken at VGS=+0.95 V was the voltage drop
between the drain and source due to the current flowing
between the drain and source. The difference of behav-
iors between Xe and Kr ions might be attributable to
the difference of LETs to create the damage sites. From
Fig. 2, it can be seen that a large current flow between
the drain and source. However, because the source pad
of this device was connected to the substrate, to distin-
guish the current pass, a detailed electrical measurement
was performed after cutting the connection between the
source and substrate. Figure 3 shows the leak current be-
tween the drain and substrate after irradiation. Clearly,
a conduction pass was observed between the drain and
substrate.

To confirm the electrical pass between the drain and
substrate, charge collection measurements with Kr ions

∗1 Research and Development Directorate, Japan Aerospace Ex-
ploration Agency

Table 1. Characteristics of the
ion species.

Ion 86Kr 136Xe
Energy [MeV] 1600 2567
Range [um] 0.951 98.3

LET (GaN surface)
[MeV · cm2/mg] 18.0 36.2
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Fig. 1. Device structure.
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Fig. 2. Irradiation experiment results of GaN-HEMT.

were performed before breakdown. In the measurements,
the sample device works as a solid-state detector (SSD)
for the particle-energy analyzing system, and the col-
lected charge spectra are shown in Fig. 4. The figure also
shows that charges flow between the drain and substrate.
Moreover, the peak corresponds to the charge collected
in the entire geometric active area on the Si substrate.
Additionally, the collected charge is enhanced at a higher
bias voltage. However, the maximum collected charge is
approximately 1.0 pC, which is much less than the charge
deposited in the Si substrate, approximately 70 pC. The
active layer and Si substrate are electrically connected
by a charge column generated by an ion, but the con-
ductivity disappears while a small portion of the charge
deposited in the Si substrate is collected.

In this experiment, the SEE in GaN-HEMT was ob-
served. It is assumed that one failure mode of this GaN-
HEMT is the electrical connection between the active
layer and Si substrate due to ion incidence. On the other
hand, this phenomenon might depend on the angle of ion
incidence or portions on which ions are incident. In fu-
ture work, it is necessary to change these parameters and
to investigate another failure mode.
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First measurement of magnetic correlations in T⋆-214 cuprate

K. M. Suzuki,∗1 S. Asano,∗1 I. Watanabe,∗2 and M. Fujita∗1

Superconductivity in copper oxides is considered to
appear with either hole- or electron-doping into an
antiferromagnetic Mott insulator. However, the ap-
pearance of superconductivity in a parent compound
has been recently reported for R2CuO4 (R = Pr, Nd,
Sm, Eu) with the Nd2CuO4-type structure.1) An ab-
initio calculation supports the fact that the T’ struc-
tured compound with CuO4 coplanar coordination has
a rather metallic ground state, in contrast to the Mott
insulating state of T structured compound with CuO6

octahedra.2) These results suggest the dominant role of
Cu coordination in determining the physical properties
of CuO2 plane.

There is another 214 system, namely, T⋆-structured
copper oxide which has the intermediate crys-
tal structure between the T and T’ structures
with CuO5 pyramid coordination. T⋆-structured
Nd2−x−yCexSryCuO4 is known to exhibit supercon-
ductivity below Tc ∼ 32 K after heat treatment under
high oxygen pressures.3) Although the T⋆ compound
is suitable for a study of the relation between the Cu
coordination and the physical properties, only little is
known about the magnetism of the T⋆-structured com-
pound.

We performed muon spin rotation/relaxation (µSR)
measurements to investigate the magnetism of the T⋆

compound. We chose La1−x/2Eu1−x/2SrxCuO4 (LE-
SCO) as a target substance because magnetic rare
earth ions are absent and thereby µSR data can be sim-
ply analyzed as the intrinsic signal from Cu2+ spins.
The pelletized polycrystals were fired at 1050◦C in air.
Subsequently, the as-sintered samples were annealed
under high oxygen pressure of 400 atm at 500◦C for
60 h to obtain superconducting (SC) samples with
Tc = 20–30 K. The heat treatment was performed
in the Koike Laboratory in Tohoku University. Zero-
field µSR measurements were performed on both as-
sintered and annealed samples using the spectrometer
CHRONUS installed at Port 4, RIKEN-RAL.

Figure 1 shows the zero-field µSR time spectra
for the as-sintered LESCO with x = 0.16. A slow
Gaussian-type decay can be observed in the time spec-
tra at high temperatures above 30 K. Upon cool-
ing, the muon spin relaxation changes gradually and
an exponential-type decay component appears below
10 K, suggesting the development of electronic mag-
netic correlations. No evidence of oscillatory behav-
ior down to the lowest temperature of 5.0 K indicates
the absence of long range magnetic order in this com-
pound. In the as-sintered LESCO, the temperature

∗1 Institute for Materials Research, Tohoku University
∗2 RIKEN Nishina Center

below which the muon spin relaxation begins to de-
velop, tends to decrease with hole doping from ∼30 K
(x = 0.14) to ∼ 15 K (x = 0.24). This is basically the
same trend as the doping evolution of magnetic corre-
lations in La2−xSrxCuO4 (LSCO) and YBa2Cu3O7−δ.
Compared to as-sintered T’ compounds in which the
long-range magnetic order is formed at low tempera-
tures, spin correlation is rather weak in the T⋆ com-
pound. The in-plane defects possibly cut off the su-
perexchange paths between the neighboring Cu and O
ions in the T⋆ compounds, resulting in the degradation
of spin correlations, while partially existing apical oxy-
gens do not directly break the superexchange coupling
in the T⋆ compound.

The SC samples of LESCO with x = 0.14 and 0.18
do not show any indication of the development of muon
spin relaxation down to 2 K. Therefore, it was revealed
that the oxygen annealing weakens the magnetic cor-
relations in the T ⋆-214 copper oxides. Furthermore,
the absence of magnetic order in the SC LESCO with
x = 0.14 and 0.18 is consistent with the result for
LSCO with hole concentrations comparable to those
of LESCO. To elucidate the universality of magnetism
in the T and T⋆ compounds, further measurements on
underdoped LESCO are needed. Further investigation
of the precise crystal structures before and after the
oxygen annealing is also necessary to understand the
physical properties of the T⋆-structured system and
thier relation to local structures.

0

5

10

15

0 2 4 6 8 10

30 K

21 K

11 K

6.8 K

5.4 K

5.0 K

A
sy

m
m

et
ry

 (%
)

Time (µsec)

La
1-x/2

Eu
1-x/2

Sr
x

CuO
4

x = 0.16 as-sintered

Fig. 1. The µSR time spectra for as-sintered and non-SC

La1−x/2Eu1−x/2SrxCuO4 with x = 0.16.

References
1) M. Naito et al., Physica (Utrecht) 523, 28 (2016).
2) C. Weber et al., Nat. Phys. 6, 574 (2010).
3) J. Akimitsu et al., Jpn. J. Appl. Phys. 27, L1859 (1988).

- 195 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅲ-2. Atomic & Solid State Physics (Muon)



Nano-size effect on Néel temperature and magnetic ordering of
La2CuO4

S. Winarsih,∗1,∗2 F. Budiman,∗3 H. Tanaka,∗3 and I. Watanabe∗1,∗2,∗4

Finite-size effects of antiferromagnetic materials,
which refer to the reduction in particle size of antiferro-
magnetic materials until they become nanoscale sized,
have received much attention in recent years.1,2) As pre-
dicted by Néel, there will be uncompensated spin from
the surface due to the reduction in particle size of antifer-
romagnetic materials until they become nanoscale sized.
Because of this, antiferromagnetic nanoparticles exhibit
superparamagnetic properties, and the physical proper-
ties of antiferromagnetic nanoparticles will change.3)

La2CuO4 (LCO) is chosen because it is one of the typ-
ical Mott insulating systems and is the parental com-
pound of the superconducting high-Tc cuprate; there-
fore, this work can provide the basic knowledge for
studying the size effect on Mott insulating systems.4)

Prof. Tanaka’s group as our collaborator the grain size
can be controlled to be in the nanoscale range. As far as
we know, there has been no similar research on high-Tc

cuprates so far.
A previous measurement, which investigated other

nanoparticle systems, proved that dc magnetic suscepti-
bility cannot measure the TN value of an antiferromag-
netic material.5) The transition temperature obtained by
this measurement is the blocking temperature or freez-
ing temperature of the antiferromagnetic material, and
not TN.

5) In this case, muon spin relaxation (µSR) was
used to investigate the magnetic ordering of this mate-
rial. Prof. Tanaka’s group has already performed the dc
susceptibility measurement of LCO 96 nm.6) Therefore,
we can compare and analyze the results from suscepti-
bility measurement and µSR measurement.
Zero-Field (ZF) µSR measurement at RAL, UK, us-

ing single pulsed muon beam, was carried out in order
to detect the muon spin precession of the material. The
ZF-µSR time spectrum at various temperatures is shown
in Fig. 1. The muon spin precession can be clearly seen
to start from 35 K, indicating that antiferromagnetic
(AF) ordering starts at this temperature; however, the
precession disappears at 100 K. This suggests that the
Néel temperature TN of this material is between 35 K
and 100 K. The value of TN is significantly reduced com-
pared to bulk LCO, which has TN = 240 ± 10 K.4)

Figure 2(a) depicts the temperature dependence of the
internal field, Hint. Hint is zero at 100 K, since no muon
precession is observed at this temperature; it increases
with a decrease in temperature and reaches a saturated
internal field of 400 G. The same tendency ofHint depen-
dence on temperature and the same saturated internal

∗1 Department of Physics, Universitas Indonesia
∗2 RIKEN Nishina Center
∗3 Department of Human Intelligence Systems, Kyushu Institute

of Technology
∗4 Department of Physics, Hokkaido University

field value is observed for LCO bulk material. However,
in the bulk material, Hint is zero at 250 K. It means
that although TN decreases with reduction in particle
size, the average magnetic moment and magnetic inter-
action are still the same.

The damping rate of muon spin precession, which is
caused by the static and dynamic field dependence of
this material on temperature, is demonstrated in Fig. 2.
The damping rate seems to increase for temperatures
below 100 K, achieve a maximum value at 35 K, and
then decrease for temperatures below 35 K. The muon
spin depolarization dependence of this material on tem-
perature, which is shown in Fig. 2(c), also has the same
tendency. It is indicated that below 35 K, the spin fluc-
tuation slows down and there is an alignment of the
magnetic moments of Cu2+; this means that long range
ordering starts at temperatures below 35 K.

We plan to complete ZF data between 35 K and 100 K
in order to evaluate the TN, and we are going to analyze
the internal field of this material to find out whether it
is coming from the static or dynamic spin fluctuation by
measuring the Longitudinal Field (LF)-µSR. Besides, we
plan to measure the other LCO nanoparticle whose par-
ticle size is different from that of this material. Hence,
the analysis on the nano-size effect on Néel temperature
and magnetic properties can be confirmed.

Fig. 1. ZF-µSR time spec-
trum of La2CuO4 with 
particle size of 96 nm.

Fig. 2. Temperature depen-
dence of (a) the internal field at 
the muon site; (b) the damping 
rate of muon spin precession; 
and (c) muon spin depolariza-
tion rate of La2CuO4 96 nm.
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Effect of Supercell Calculation on Muon Sites in La2CuO4

M. R. Ramadhan,∗1,∗3 M. I. Mohamed-Ibrahim,∗2 S. Sulaiman,∗2 and Watanabe∗1,∗2,∗3

The muon spin relaxation (µSR) is a powerful tool
for investigating the electronic states of Cu-based high-
Tc superconducting oxides. It is important to under-
stand the µSR data of the base material, La2CuO4

(LCO), especially in the magnetically ordered states,
as it provides an insight to the other phases of this ma-
terial. Although the µSR data can provide information
on the local magnetic fields at the muon site, it is not
so easy to obtain the details of the electronic structure
surrounding the muons, which is the origin of the local
fields at the muon site. This is because, we need to
have the exact information on where the muon is lo-
cated inside the material. Several attempts have been
made to tackle this problem in the past.1–3) However,
a unified method to obtain the muon positions inside
the material has not yet been established.
In this study, the effect of supercell calculation on

muon sites inside La2CuO4 system were investigated.
DFT method was applied to determine possible muon
sites in LCO. To account for the correlation energy of
the strongly localized copper 3d orbitals, we employed
Hubbard correction within our calculations (DFT +
U) with the Hubbard parameter U = 10 eV, which
opens the gap in the Fermi level of the system (2.6 eV)
showing an insulating nature as predicted in the exper-
iments. Three minimum potentials were found at po-
sitions near the apical and planar oxygens, which cor-
respond well to the µSR experimental results shown
in Fig. 1. These three positions (M1, M2, and M3)
were set to be the initial muon positions on a 4× 2× 4
LCO supercell for subsequent calculations in order to
include the effect of local deformations caused by the
presence of muons inside the material, as the inclusion
of lattice deformations were found to be important to
simulate the muon presence in the system realistically.
The local deformations induced by muons on each site
is shown in Fig. 2. From our current results, it was
observed that M1 and M3 relaxation will affect the
position of Cu inside the octahedra and the nearest
planar oxygen. M2 relaxation only affects the near-
est planar oxygen in the system without shifting the
Cu atoms. It was also observed from our calculation
that the magnetic moment on the nearest Cu atom is
changed by the presence of a muon. The initial value of
0.7 µB in the case without the muon system is slightly
lowered by the presence of muon. However, these local
deformations do not change the insulating and antifer-
romagnetic nature for our material.
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Fig. 1. Three minimum positions observed by the DFT

method (muon positions are enlarged for clarity).

Fig. 2. Comparison of CuO6 octahedra after relaxation (a)

Without muon (b) M1 (c) M2 (d) M3.
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Nano-size effect on Néel temperature and magnetic ordering of
La2CuO4

S. Winarsih,∗1,∗2 F. Budiman,∗3 H. Tanaka,∗3 and I. Watanabe∗1,∗2,∗4

Finite-size effects of antiferromagnetic materials,
which refer to the reduction in particle size of antiferro-
magnetic materials until they become nanoscale sized,
have received much attention in recent years.1,2) As pre-
dicted by Néel, there will be uncompensated spin from
the surface due to the reduction in particle size of antifer-
romagnetic materials until they become nanoscale sized.
Because of this, antiferromagnetic nanoparticles exhibit
superparamagnetic properties, and the physical proper-
ties of antiferromagnetic nanoparticles will change.3)

La2CuO4 (LCO) is chosen because it is one of the typ-
ical Mott insulating systems and is the parental com-
pound of the superconducting high-Tc cuprate; there-
fore, this work can provide the basic knowledge for
studying the size effect on Mott insulating systems.4)

Prof. Tanaka’s group as our collaborator the grain size
can be controlled to be in the nanoscale range. As far as
we know, there has been no similar research on high-Tc

cuprates so far.
A previous measurement, which investigated other

nanoparticle systems, proved that dc magnetic suscepti-
bility cannot measure the TN value of an antiferromag-
netic material.5) The transition temperature obtained by
this measurement is the blocking temperature or freez-
ing temperature of the antiferromagnetic material, and
not TN.

5) In this case, muon spin relaxation (µSR) was
used to investigate the magnetic ordering of this mate-
rial. Prof. Tanaka’s group has already performed the dc
susceptibility measurement of LCO 96 nm.6) Therefore,
we can compare and analyze the results from suscepti-
bility measurement and µSR measurement.

Zero-Field (ZF) µSR measurement at RAL, UK, us-
ing single pulsed muon beam, was carried out in order
to detect the muon spin precession of the material. The
ZF-µSR time spectrum at various temperatures is shown
in Fig. 1. The muon spin precession can be clearly seen
to start from 35 K, indicating that antiferromagnetic
(AF) ordering starts at this temperature; however, the
precession disappears at 100 K. This suggests that the
Néel temperature TN of this material is between 35 K
and 100 K. The value of TN is significantly reduced com-
pared to bulk LCO, which has TN = 240 ± 10 K.4)

Figure 2(a) depicts the temperature dependence of the
internal field, Hint. Hint is zero at 100 K, since no muon
precession is observed at this temperature; it increases
with a decrease in temperature and reaches a saturated
internal field of 400 G. The same tendency ofHint depen-
dence on temperature and the same saturated internal
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field value is observed for LCO bulk material. However,
in the bulk material, Hint is zero at 250 K. It means
that although TN decreases with reduction in particle
size, the average magnetic moment and magnetic inter-
action are still the same.

The damping rate of muon spin precession, which is
caused by the static and dynamic field dependence of
this material on temperature, is demonstrated in Fig. 2.
The damping rate seems to increase for temperatures
below 100 K, achieve a maximum value at 35 K, and
then decrease for temperatures below 35 K. The muon
spin depolarization dependence of this material on tem-
perature, which is shown in Fig. 2(c), also has the same
tendency. It is indicated that below 35 K, the spin fluc-
tuation slows down and there is an alignment of the
magnetic moments of Cu2+; this means that long range
ordering starts at temperatures below 35 K.

We plan to complete ZF data between 35 K and 100 K
in order to evaluate the TN, and we are going to analyze
the internal field of this material to find out whether it
is coming from the static or dynamic spin fluctuation by
measuring the Longitudinal Field (LF)-µSR. Besides, we
plan to measure the other LCO nanoparticle whose par-
ticle size is different from that of this material. Hence,
the analysis on the nano-size effect on Néel temperature
and magnetic properties can be confirmed.

Fig. 1. ZF-µSR time spec-
trum of La2CuO4 with 
particle size of 96 nm.

Fig. 2. Temperature depen-
dence of (a) the internal field at 
the muon site; (b) the damping 
rate of muon spin precession; 
and (c) muon spin depolariza-
tion rate of La2CuO4 96 nm.
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Modulated Kubo-Toyabe functions to study fluctuated weak
magnetism and muon diffusion at pseudogap state of underdoped

La2−xSrxCuO4

M. D. Umar∗1,∗2 and I. Watanabe∗1,∗2

One of the interesting puzzles for understanding the
nature state of the pseudogap at the cuprate-based high-
temperature superconductor is the discrepancy between
neutron scattering and muon spin relaxation experi-
ments in the detection of spontaneous magnetic order
by, for instance, orbital (loop) current or intra-unit-cell
(IUC) magnetic order. A neutron scattering experiment
on YBCO1) has shown the presence of an ordered mag-
netic state preserving the translational symmetry of the
underlying lattice, indicating the orbital current model.
This result was also supported earlier by an angle-
resolved photoemission spectroscopy (ARPES) experi-
ment, which confirmed time-reversal-symmetry break-
ing (TRSB) at the pseudogap state of Bi-2212.2) Con-
trary to Neutron scattering and ARPES results, µSR
has confirmed the absence of TRSB associated with the
spontaneous ordered magnetic state in the single crys-
tal of LSCO.3) However, using a pulse-µSR experiment,
Watanabe et al.4) strongly indicated the presence of
weak magnetism at the pseudogap state in a polycrys-
talline LSCO sample.
A theoretical study5) on the effect of screening charge

density on a muon (point charge) has been proposed
to explain the discrepancy. To confirm the presence
of weak magnetism associated with the orbital current
model or IUC magnetic order due to the screening pro-
cess, by applying the Kubo-Golden Formula, we have
extended known Kubo-Toyabe functions (muon spin re-
laxation functions) for four scenarios of the internal field
distribution of nuclear moments on muon sites broad-
ened by a comparable weak magnetism. The scenarios
of two independent sources include a Gaussian distribu-
tion (nuclear moments) broadened by a delta-function
distribution (ordered magnetic state in a polycrystalline
sample), Lorentzian distribution, and Voigtian distribu-
tion. Another possibility for nuclear moments belonging
to a Voigtian distribution broadened by weak sources
with a Lorentzian distribution has been developed.
Since muon diffusion and the dynamic behavior of

weak magnetism in the dependence of temperature and
doping concentration can also possibly occur in a µSR
experiment, we have extended muon spin relaxation
functions for dynamic cases (modulated Kubo-Toyabe
functions). The dynamic cases are constructed by ap-
plying a strong collision model with a modulated inter-
nal field on muon sites treated as a Markovian process.
The equations of the modulated Kubo-Toyabe function
for the developed scenarios exist in the Volterra integral
equation, and they can be solved numerically. In our
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ve been implementing the numerical solution of Volterra 
integral equation in Mathematica software with the 
trapezoidal method, in which every area of the partitioned 
integration interval is approached as a trapezoid.  
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Pig. 2. Line shapes of muon spin relaxation function for 
the summation of internal fields from the ordered magnetic 
state of a polycrystalline sample and nuclear moments in 
the longitudinal-field (LF) condition plotted for different 
ratios of the applied longitudinal field (ω0=γμBLF) to the 
field from the ordered magnetic state (ω=γμB).   
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Pig. 2. Line shapes of muon spin relaxation function for 
the summation of internal fields from the ordered magnetic 
state of a polycrystalline sample and nuclear moments in 
the longitudinal-field (LF) condition plotted for different 
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Fig. 2. Line shapes of muon spin relaxation function for the
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state of a polycrystalline sample and nuclear moments in
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the field from the ordered magnetic state (ω = γµB).

ongoing research, we have been implementing the nu-
merical solution of Volterra integral equation in Mathe-
matica software with the trapezoidal method, in which
every area of the partitioned integration interval is ap-
proached as a trapezoid.
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Study of Implanted Muons in YBa2Cu3O6

I. Ramli,∗1,∗2 S. S. Mohd-Tajudin,∗3 S. Sulaiman,∗3 M. I. Mohamed-Ismail,∗3 and I. Watanabe∗1,∗2

Since the discovery of cuprate-based high-Tc super-
conductivity, enormous efforts in both experimental
and theoretical studies have invested to understand its
superconductivity mechanism. However, this mech-
anism is still unclear and debatable. YBa2Cu3O6

(YBCO6) is one of the mother compunds of cuprate-
based high-Tc superconductors. This system shows
antiferromagnetic (AF) ordering with TN = 350 K.1)

The AF ordering of this system disappears by dop-
ing, YBa2Cu3O6+x, and superconductivity appears.2)

We study the magnetic and electronic properties of
YBCO6 by using the muon-spin resonance (µSR) tech-
nique. This technique is extremely sensitive to probe
local magnetism but has a limitation, because muon
sites in the lattice and perturbation by muons to the
host system are unknown.3)

Therefore, we have been developing the method to
estimate muon sites in YBCO6 by using density func-
tional theory (DFT) which is implemented in Vienna
Ab-initio Simulation Package (VASP). Based on the
µSR experimental data of YBCO6 below TN , three
muon-spin precession components are observed, indi-
cating the presence of three different kinds of muon
sites in this system.

We first calculate the density of state and the band
structure to confirm the insulator state in this sys-
tem. Considering strong electron correlation among
cuprate ions in this system, we optimize the exchange-
correlation function and the value of Hubbard param-
eter (U). The second step is to calculate the potentials
in this system under the same condition as that in the
first step. In the calculation of the potential, the pseu-
dopotential for hydrogen is used, because a muon is
considered to be a light isotope of a proton. As a muon
has a positive charge, it prefers to be located at sites
of the local minimum of the potential. Thus the local
minimum site can be regarded as the initial muon site.
We found three kinds of muon sites (marked M1-M3)
in YBCO6 as shown in Fig. 1.

To investigate the effect of the presence of a muon
in the system, we performed calculation by placing a
muon at the initial site in the 4x4x2 supercell and al-
lowing the lattice to be relaxed. Then, we got the final
site of the muon, the change of local electronic states
and spatial spin distributions.

We are also developing the program to calculate in-
ternal fields at the muon stopping sites. In this pro-
gram, we considered zero point energy (ZPE) vibra-
tion of a muon because the muon is a light particle.
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Fig. 1. Possible muon sites in YBCO6 estimated from our

DFT calculations. Yellow area indicates the isosurface

at 500 meV.

The density distribution of the muon extends over the
amplitude of the ZPE vibration. The density distribu-
tion of muon was calculated by solving the Schrödinger
equation for the wave function of muon around the
local minimum of potential in the range up to 1.5
angstrom. By taking all those results into account,
we calculated the internal fields at each kind of muon
site to be 116 G for the M1, 335 G for the M2, and
446 G for the M3 sites.

From previous µSR measurements for the antifer-
omagnetic phase of YBCO, Brewer et al. found one
muon spin precession frequency in YBCO6.2 which cor-
responds to the internal field 300 G4) and Nishida et al.
found two additional muon spin precession frequencies
which correspond to the internal fields of 100–150 G
and 1.8 kG. The amplitude of muon spin precession for
the 1.8 kG is less than 1%.5) The calculated values on
the internal fields for the M1 and M2 sites are com-
patible with the experimental results, 100–150 G and
300 G, respectively. However, the calculated value for
the M3 site is not compatible. To clarify the origin of
this discrepancy in the values for the M3 site, the µSR
measurement for the high-quality YBCO single crystal
and further checking the calculation for the M3 site are
still ongoing
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Modulated Kubo-Toyabe functions to study fluctuated weak
magnetism and muon diffusion at pseudogap state of underdoped

La2−xSrxCuO4

M. D. Umar∗1,∗2 and I. Watanabe∗1,∗2

One of the interesting puzzles for understanding the
nature state of the pseudogap at the cuprate-based high-
temperature superconductor is the discrepancy between
neutron scattering and muon spin relaxation experi-
ments in the detection of spontaneous magnetic order
by, for instance, orbital (loop) current or intra-unit-cell
(IUC) magnetic order. A neutron scattering experiment
on YBCO1) has shown the presence of an ordered mag-
netic state preserving the translational symmetry of the
underlying lattice, indicating the orbital current model.
This result was also supported earlier by an angle-
resolved photoemission spectroscopy (ARPES) experi-
ment, which confirmed time-reversal-symmetry break-
ing (TRSB) at the pseudogap state of Bi-2212.2) Con-
trary to Neutron scattering and ARPES results, µSR
has confirmed the absence of TRSB associated with the
spontaneous ordered magnetic state in the single crys-
tal of LSCO.3) However, using a pulse-µSR experiment,
Watanabe et al.4) strongly indicated the presence of
weak magnetism at the pseudogap state in a polycrys-
talline LSCO sample.
A theoretical study5) on the effect of screening charge

density on a muon (point charge) has been proposed
to explain the discrepancy. To confirm the presence
of weak magnetism associated with the orbital current
model or IUC magnetic order due to the screening pro-
cess, by applying the Kubo-Golden Formula, we have
extended known Kubo-Toyabe functions (muon spin re-
laxation functions) for four scenarios of the internal field
distribution of nuclear moments on muon sites broad-
ened by a comparable weak magnetism. The scenarios
of two independent sources include a Gaussian distribu-
tion (nuclear moments) broadened by a delta-function
distribution (ordered magnetic state in a polycrystalline
sample), Lorentzian distribution, and Voigtian distribu-
tion. Another possibility for nuclear moments belonging
to a Voigtian distribution broadened by weak sources
with a Lorentzian distribution has been developed.
Since muon diffusion and the dynamic behavior of

weak magnetism in the dependence of temperature and
doping concentration can also possibly occur in a µSR
experiment, we have extended muon spin relaxation
functions for dynamic cases (modulated Kubo-Toyabe
functions). The dynamic cases are constructed by ap-
plying a strong collision model with a modulated inter-
nal field on muon sites treated as a Markovian process.
The equations of the modulated Kubo-Toyabe function
for the developed scenarios exist in the Volterra integral
equation, and they can be solved numerically. In our
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we have extended muon spin relaxation functions for 
dynamic cases (modulated Kubo-Toyabe functions). The 
dynamic cases are constructed by applying a strong 
collision model with a modulated internal field on muon 
sites treated as a Markovian process. The equations of the 
modulated Kubo-Toyabe function for the developed 
scenarios exist in the Volterra integral equation, and they 
can be solved numerically. In our ongoing research, we ha- 
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ve been implementing the numerical solution of Volterra 
integral equation in Mathematica software with the 
trapezoidal method, in which every area of the partitioned 
integration interval is approached as a trapezoid.  
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diffusion at pseudogap state of underdoped La2-xSrxCuO4 

 
M. D. Umar,＊1,＊2 and I. Watanabe＊1,＊2 

 
 One of the interesting puzzles for understanding the 

nature state of the pseudogap at the cuprate-based 
high-temperature superconductor is the discrepancy 
between neutron scattering and muon spin relaxation 
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broadened by a delta-function distribution (ordered 
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distribution, and Voigtian distribution. Another possibility 
for nuclear moments belonging to a Voigtian distribution 
broadened by weak sources with a Lorentzian distribution 
has been developed.   

Since muon diffusion and the dynamic behavior of weak 
magnetism in the dependence of temperature and doping 
concentration can also possibly occur in a SR experiment, 
we have extended muon spin relaxation functions for 
dynamic cases (modulated Kubo-Toyabe functions). The 
dynamic cases are constructed by applying a strong 
collision model with a modulated internal field on muon 
sites treated as a Markovian process. The equations of the 
modulated Kubo-Toyabe function for the developed 
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can be solved numerically. In our ongoing research, we ha- 
                                               
＊1  RIKEN Nishina Center 
＊2  Department of Physics, Hokkaido University 
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Pig. 2. Line shapes of muon spin relaxation function for 
the summation of internal fields from the ordered magnetic 
state of a polycrystalline sample and nuclear moments in 
the longitudinal-field (LF) condition plotted for different 
ratios of the applied longitudinal field (ω0=γμBLF) to the 
field from the ordered magnetic state (ω=γμB).   
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ongoing research, we have been implementing the nu-
merical solution of Volterra integral equation in Mathe-
matica software with the trapezoidal method, in which
every area of the partitioned integration interval is ap-
proached as a trapezoid.
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µSR study of FeSe1−xSx around nematic critical point

Y. Tanabe,∗1 R. Asih,∗2,∗3,∗4 I. Watanabe,∗2,∗3 A. Takimoto,∗1 T. Urata,∗1 and K. Tanigaki∗1,∗5

Iron-based superconductors (FeSCs) provide an in-
triguing platform where the spin and orbital degree
of freedom can contribute to the emergence of exotic
phenomena including high temperature superconduc-
tivity. Superconductivity was usually observed in most
FeSCs when antiferromagnetism in the parent materi-
als was suppressed by chemical doping, indicating the
competition between superconductivity and antiferro-
magnetism.1) On the other hand, another electronic
state called electronic nematicity was clarified where
the lattice C4 symmetry is spontaneously broken by
some electronic origin.2) The relation between super-
conductivity and electronic nematicity is one of key
piece to understand the complex phase diagram. The
recent nonmagnetic nematic states in FeSe may provide
an opportunity to clarify this key piece. By sulfur dop-
ing on the selenium site, electronic nematicity was sup-
pressed and superconductivity tended to be enhanced
around the nematic critical point.3) This may indicate
a competitive relationship between superconductivity
and electronic nematicity, whereas the magnetic phase
diagram is still controversial in the FeSe1−xSx system.
In this report, we studied the magnetic phase diagram
of FeSe1−xSx (0.09 ≤ x ≤ 0.15) from the view of elec-
trical transport and muon spin relaxation.

From electrical transports, the electronic phase di-
agram of FeSe1−xSx was still unclear below the su-
perconducting transition temperatures. Figure 1(b)–
(d) shows the temperature dependence of the electrical
resistivity in FeSe1−xSx single crystals under various
magnetic fields (Bs). At zero magnetic fields, the re-
sistivity curves showed a kink due to the tetragonal to
the orthorhombic structural transition at temperature
ranges from 30–60 K in the present sulfur doping range.
At low temperatures, superconducting transitions were
observed at around 10 K. Both the superconducting
transition temperature (Tc) and the structural transi-
tion temperature (Ts) were summarized in Fig. 1(a).
By sulfur doping, Ts continuously decreased and disap-
peared around x = 0.16 together with the broad maxi-
mum of Tc around 0.125. Since the electronic nematic
phase were previously clarified below x = 0.15 in the
orthorhombic phase, the normal state resistivity curves
unveiled by high magnetic fields would provide further
information about the relationship between supercon-
ductivity and electronic nematicity. Under the mag-
netic fields, the resistivity curves showed a suppression
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Fig. 1. (a) Electrical phase diagram of FeSe1−xSx. (b)–(d)

Electrical resistivity curves for x = 0.09 − 0.15 under

various magnetic fields. (e) µSR time spectra for x =

0.15 from 1.7 K to 20 K.

of Tc with an increase in B. For x = 0.125 − 0.15,
other kink structures tended to be developed around
5 K, which resemble resistivity curves for the pressure
induced antiferromagnetic transition in FeSe.4) To clar-
ify the hidden magnetic phase below Tc, we carried out
the zero field (ZF) µSR measurements in FeSe1−xSx
as shown in Fig. 1(e). ZF-µSR showed the relatively
exponential-like time spectra from 1.7 K to 20 K, being
similar with those of the FeSe single crystal. All spectra
considerably overlapped. These demonstrated no devel-
opment of magnetism where anomalies were detected in
the resistivity curves under high magnetic fields.

For x = 0.125–0.15, resistivity anomalies under high
magnetic fields suggested a development of another new
phase at low temperatures whereas no development of
magnetism was detected by the ZF-µSR measurements.
An origin of resistivity anomaly is still unclear in the
present states. Since the nonmagnetic nematic quan-
tum critical point (QCP) would be a key to understand
the mechanism of the superconductivity from the com-
parison to the magnetic QCP, further studies clarifying
an origin of low temperature anomalies in resistivity
curves may be important to understand the relation-
ship between superconductivity, magnetism and elec-
tronic nematicity.
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Caged-type superconductor Sc5Ru6Sn18 probed by µSR

Dinesh Kumar,∗1 C. N. Kuo,∗1 F. Astuti,∗2,∗3 M. K. Lee,∗1 C. S. Lue,∗1 I. Watanabe,∗2,∗3 and L. J. Chang∗1,∗4

Superconductors with caged-type structures have at-
tracted considerable attention among researchers be-
cause of their fascinating characteristics, such as heavy
fermion superconductivity and exciton-mediated su-
perconductivity. These compounds crystallize in the
tetragonal structure having space group I4 1/acd and
consist of three-dimensional skeletons that surround
large atomic cages, in which small atoms are situ-
ated. One such type of caged compound is R5Rh6Sn18
(R = Sc, Y, Lu), which exhibits superconductiv-
ity at 5 K (Sc), 3 K (Y) and 4 K (Lu),1) where
R occupies sites of different symmetry.2) Supercon-
ducting gap structures and ZF-µSR have been stud-
ied in Lu5Rh6Sn18 and Y5Rh6Sn18,

3,4) where the
time-reversal-symmetry-broken phenomenon has been
observed below Tc in both compounds. However,
Lu5Rh6Sn18 is a strong-coupling s-wave superconduc-
tor with isotropic gap; while Y5Rh6Sn18 reveals an
anisotropic superconducting gap with a point node.
These experimental results in sharp contrast motivate
us to study the time-reversal-symmetry-broken mech-
anism in the R5M6Sn18 (R = Sc, Y, Lu; M = Co, Rh,
Ru, and Ir) family. Sc5Ru6Sn18 is the first compound
for our studies. Sc5Ru6Sn18 has Tc ≈ 3.5 K. The T 3

dependence of electronic heat capacity (Ce) below Tc

at zero field clearly indicates that Sc5Ru6Sn18 has an
anisotropic superconducting gap with a point node.

In the ZF-µSR measurement, the sample tempera-
ture was changed in the ZF condition from approxi-
mately 30 K (> TC) down to 1.6 K (< TC). The sam-
ple was cooled down using a helium-flow cryostat in the
He exchange gas, maintaining good temperature homo-
geneity. The time dependence of A(t), which is called
the µSR time spectrum, was measured. Figure 1(a)
shows the µSR time spectrum measured at various
temperatures crossing Tc. Time spectra were analyzed
by using the function A(T ) = A0GKT × exp(−λt),
subtracting the background signals coming from the
sample holder. Here, A0 is the initial asymmetry at
t = 0. GKT is the static Gaussian Kubo-Toyabe func-
tion to describe static internal fields, which come from
surrounding nuclear moments, and are randomly dis-
tributed at a muon site. This term can be treated as
a temperature-independent parameter from the view-
point of the µSR time window.5) λ is the muon-spin de-
polarization rate, which is considered related to the dy-
namic spin fluctuation of surrounding electronic spins
around the muon. The solid lines are the best-fit re-
sults obtained by using this analytical function. Fig-
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Fig. 1. (a) ZF-µSR time spectra of Sc5Ru6Sn18 measured

at various temperatures. The solid lines are the best-fit

results obtained by using the analysis function, A(T ) =

A0GKT×exp(−λt). (b) Temperature dependence of the

muon-spin relaxation rate obtained from the analysis by

using the function A(T ) = A0GKT × exp(−λt).

ure 1(b) shows the fitting of time spectra. λ increases
with decreasing temperature, which was obtained from
temperatures above Tc. This would mean that some
electronic spins remain in the sample, causing this
muon-spin depolarization behavior.

An important observation in this ZF-µSR measure-
ment is the temperature-independent behavior of λ be-
low approximately 10 K, even crossing Tc. No change
in λ means that the time spectrum does not change
any more below 10 K even in the superconducting
phase. In the case of the conventional superconducting
state with the BCS type s-wave Cooper pair symmetry,
there is no change in the time spectrum and we do not
see any effect on the ZF-µSR data from the supercon-
ducting electronic state. On the other hand, the ZF-
µSR time spectrum is modified by the appearance of a
spontaneous internal magnetic field below Tc when the
time reversal symmetry (TRS) is broken. Such a case
can occur in the case of the p-wave Cooper pair sym-
metry, as has been proved in the case of Sr2RuO4.

6)

As shown in Fig. 1(b), the time spectrum does not
show any changes in its shape within statistical er-
rors; we can conclude that the TRS breaking of the
superconducting state is unlikely in this system, even
though the appearance of point-node structures on the
superconducting gap state is suggested from the heat
capacity measurement. This result would restrict the
discussion of the model of the superconducting mech-
anism by excluding the possibility of the formation of
the p-wave symmetry.
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µSR study of FeSe1−xSx around nematic critical point

Y. Tanabe,∗1 R. Asih,∗2,∗3,∗4 I. Watanabe,∗2,∗3 A. Takimoto,∗1 T. Urata,∗1 and K. Tanigaki∗1,∗5

Iron-based superconductors (FeSCs) provide an in-
triguing platform where the spin and orbital degree
of freedom can contribute to the emergence of exotic
phenomena including high temperature superconduc-
tivity. Superconductivity was usually observed in most
FeSCs when antiferromagnetism in the parent materi-
als was suppressed by chemical doping, indicating the
competition between superconductivity and antiferro-
magnetism.1) On the other hand, another electronic
state called electronic nematicity was clarified where
the lattice C4 symmetry is spontaneously broken by
some electronic origin.2) The relation between super-
conductivity and electronic nematicity is one of key
piece to understand the complex phase diagram. The
recent nonmagnetic nematic states in FeSe may provide
an opportunity to clarify this key piece. By sulfur dop-
ing on the selenium site, electronic nematicity was sup-
pressed and superconductivity tended to be enhanced
around the nematic critical point.3) This may indicate
a competitive relationship between superconductivity
and electronic nematicity, whereas the magnetic phase
diagram is still controversial in the FeSe1−xSx system.
In this report, we studied the magnetic phase diagram
of FeSe1−xSx (0.09 ≤ x ≤ 0.15) from the view of elec-
trical transport and muon spin relaxation.

From electrical transports, the electronic phase di-
agram of FeSe1−xSx was still unclear below the su-
perconducting transition temperatures. Figure 1(b)–
(d) shows the temperature dependence of the electrical
resistivity in FeSe1−xSx single crystals under various
magnetic fields (Bs). At zero magnetic fields, the re-
sistivity curves showed a kink due to the tetragonal to
the orthorhombic structural transition at temperature
ranges from 30–60 K in the present sulfur doping range.
At low temperatures, superconducting transitions were
observed at around 10 K. Both the superconducting
transition temperature (Tc) and the structural transi-
tion temperature (Ts) were summarized in Fig. 1(a).
By sulfur doping, Ts continuously decreased and disap-
peared around x = 0.16 together with the broad maxi-
mum of Tc around 0.125. Since the electronic nematic
phase were previously clarified below x = 0.15 in the
orthorhombic phase, the normal state resistivity curves
unveiled by high magnetic fields would provide further
information about the relationship between supercon-
ductivity and electronic nematicity. Under the mag-
netic fields, the resistivity curves showed a suppression
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Fig. 1. (a) Electrical phase diagram of FeSe1−xSx. (b)–(d)

Electrical resistivity curves for x = 0.09 − 0.15 under

various magnetic fields. (e) µSR time spectra for x =

0.15 from 1.7 K to 20 K.

of Tc with an increase in B. For x = 0.125 − 0.15,
other kink structures tended to be developed around
5 K, which resemble resistivity curves for the pressure
induced antiferromagnetic transition in FeSe.4) To clar-
ify the hidden magnetic phase below Tc, we carried out
the zero field (ZF) µSR measurements in FeSe1−xSx
as shown in Fig. 1(e). ZF-µSR showed the relatively
exponential-like time spectra from 1.7 K to 20 K, being
similar with those of the FeSe single crystal. All spectra
considerably overlapped. These demonstrated no devel-
opment of magnetism where anomalies were detected in
the resistivity curves under high magnetic fields.

For x = 0.125–0.15, resistivity anomalies under high
magnetic fields suggested a development of another new
phase at low temperatures whereas no development of
magnetism was detected by the ZF-µSR measurements.
An origin of resistivity anomaly is still unclear in the
present states. Since the nonmagnetic nematic quan-
tum critical point (QCP) would be a key to understand
the mechanism of the superconductivity from the com-
parison to the magnetic QCP, further studies clarifying
an origin of low temperature anomalies in resistivity
curves may be important to understand the relation-
ship between superconductivity, magnetism and elec-
tronic nematicity.
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Spin fragmentation in Nd2Ir2O7 and its carrier-doped dependence

R. Asih,∗1,∗2 J. Angel,∗1,∗3 K. Matsuhira,∗4 T. Nakano,∗2 Y. Nozue,∗2 and I. Watanabe∗1,∗2,∗3

Pyrochlore iridates, R2Ir2O7 (R227, R is a rare-earth
element), provide an ideal platform of strongly frus-
trated systems to study the interplay between electron-
electron correlation (U ) and spin-orbit interaction (SOI)
given from 5d electrons of Ir4+.1) Among R227, Nd227
stands out as a fascinating system because of the ad-
ditional interesting properties. Nd227 exhibits metal-
lic behavior and undergoes metal-insulator transition
(MIT) at TMI= 33 K.2) µSR and neutron-scattering
studies on Nd227 showed the appearance of a long-range
magnetic ordering (LRO) of Ir4+ moments below TMI

followed by an additional LRO of Nd3+ moments be-
low 10 K.3–5) With such progressive reports, however,
the sizes of the magnetic ordered moments remain de-
batable. A reduction in the Nd3+ moments was found
in the recent neutron study6) compared with those esti-
mated from the previous study3) and crystal electric field
(CEF) analysis,7) which is argued to be attributed to a
strong quantum fluctuation. This argument was also
indicated from µSR results on Nd227, which show an
appreciable reduction on the internal field at the muon
site (Hint) compared with other R227 compounds.4,5)
These results signify a possible magnetic fragmentation
in Nd227, where ordered and fluctuating phases occur si-
multaneously. The onset of magnetic ordering on Nd227
was also reported to be suppressed by hole doping via
Ca2+ substitution on the Nd3+ site, and TMI was found
to gradually decrease by increasing the Ca concentra-
tion.8) In this study, we investigated the existence of
magnetic fragmentation in Nd227 and Ca-doped Nd227,
(Nd1−xCax )2Ir2O7.

Longitudinal-field (LF-µSR) measurements were per-
formed to confirm the emergence of fluctuations in the
ordered phase of the compounds. Figure 1 displays
the temperature dependence of the relaxation rate λ of
(Nd1−xCax )2Ir2O7 for x = 0.00, 0.05, 0.07 and 0.10 un-
der an applied field of 3.6 T. An appreciable peak in λ
was observed at higher temperatures compared with or-
dered and meta-transition temperatures. For x = 0.07
and 0.10, a clear peak was observed at about 20 K de-
spite the fact that neither muon-spin precession nor a
slowing-down behavior was observed under the zero-field
(ZF) condition at this temperature. These results may
indicate that Nd and/or Ir have low-lying spin fluctua-
tions, which can be easily changed by temperatures and
magnetic fields. Figure 2 shows the field dependence of
the relaxation rate measured in Nd227 at 50 K (param-
agnetic state), 15 K (ordered state of Ir moments), and
1.5 K (ordered state of Ir and Nd moments). λ increases
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Fig. 1. Temperature dependence of the relaxation rate λ of
(Nd1−xCax )2Ir2O7 for x = 0.00, 0.05, 0.07, and 0.10 un-
der the applied field of 3.6 T.

Fig. 2. Field dependence of the relaxation rate λ of Nd2Ir2O7

at 1.5 K, 15 K, and 50 K.

with an increase in the applied field at 50 K and shows a
peak around 2.5 T at 15 K, which signifies that the spec-
trum density of the spin fluctuations shifts down to the
lower frequency side with decreasing temperature fol-
lowed by the change in the dynamics of spins. At 1.5 K,
λ remains about 0.6 µs−1 in the ZF condition, and then,
it decreases exponentially with an increasing field show-
ing Redfield-like behavior, which indicates the mainte-
nance of the spin fluctuation even in the ordered state,
i.e., a magnetic-fragmentation is realized in Nd227. To
further discuss the scheme of spin-fluctuations in these
compounds, it is necessary to collect more data points
at different temperatures and applied fields.
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Spin dynamics in the S = 1/2 zigzag spin chain magnets K2CuCl2SO4

and Na2CuCl2SO4

M. Fujihala,∗1 S. Mitsuda,∗1 and I. Watanabe∗2

The S = 1/2 Heisenberg chain is an outstanding and
versatile model system in quantum many-body physics.
The cuprate is known to exhibit magnetic properties
of the quantum spin chain, thus providing access to
the experimental study of spin chains with various
perturbations. Among these are frustrated intrachain
exchange interactions, staggered g tensors, staggered
Dzyaloshinskii-Moriya (DM) interactions, or disorder.

We recently succeeded in synthesizing the pure-phase
of a new compound Na2CuCl2SO4. This compound
has the same crystal structure as K2CuCl2SO4 and
K2CuBr2SO4.

1) On first inspection, the ferromagnetic
nearest-neighbor interaction J1 and the antiferromag-
netic next-nearest-neighbor interaction J2 through the
Cu-Cl(Br)-Cu path seem to compete, however, it was
reported that the linear spin chains along the a-axis
are formed by the exchange interaction J through
the Cu-Cl(Br)-Cl(Br)-Cu path in K2CuCl2SO4 and
K2CuBr2SO4. In addition, from the crystal structure
information, these two compounds feature substantial
DM interactions that are uniform within each chain,
but are anti-parallel in adjacent chains. Therefore, we
consider that Na2CuCl2SO4 has the unique spin frus-
tration induced by the DM interaction.

Further, we succeeded to grow large single crystals
(∼10 mm3). Therefore, Na2CuCl2SO4 is suitable for
observing the spin dynamics along and perpendicular
to the spin chain by both muon spin rotation and re-
laxation (µSR) and inelastic neutron scattering. The
temperature dependence of the total specific heat di-
vided by temperature C/T and the magnetic suscep-
tibility are shown in Figs. 1(a) and (b). Short-range
correlation is developed around 5 K, and the long-
range magnetic ordering is observed at TN = 0.5 K.
The INS data measured at 1.5 K in the (h, 1.5, 0) scat-
tering plane reveals a spinon continuum, indicating
that the Tomonaga-Luttinger liquid state is realized in
Na2CuCl2SO4 above TN. Then, in order to investigate
the spin fluctuations in Na2CuCl2SO4, we performed
µSR measurements at the RIKEN-RAL Muon facility
at the Rutherford-Appleton Laboratory, UK.

The crystal orientations were determined by Laue X-
ray diffraction. The crystal was cut into slices along
the bc-plane with a homogeneous thickness of 3 mm,
and it was mounted on a silver sample holder. Powder
sample of Na2CuCl2SO4 was prepared by milling single
crystals.

A clear oscillation indicative of the long-range mag-
netic order was observed at 0.3 K in zero field
(Fig. 2(a)). The weak LF asymmetries for T > 0.6 K
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Fig. 1. (a) Temperature dependence of the total specific

heat divided by temperature C/T . (b) Temperature

dependence of magnetic susceptibility measured at 1 T

(open red circles). The grey solid line represents the the-

oretical curve of the linear spin chain model with a AFM

interaction J = 15.5 K.
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The gray lines are the corresponding fits to the data.

(b) Temperature dependence of the muon spin relax-

ation rate in Na2CuCl2SO4 measured in longitudinal

field 50 G.

are fitted by the stretched exponential function a(t) =
a1 exp[−(λt)β ] + aBG, where a1 is an intrinsic asymme-
try, aBG is a constant background, λ is the muon spin
relaxation rate, and β is the stretching exponent. We
observe a decrease in the λ with increasing temperature
above 1 K in the full time window, 0–20 µs as shown in
Fig. 2(b). This behavior is expected in the TLL system;
they have been seen in other spin-liquid candidates.2)

Further the analyses of our µSR spectrum measured in
both the single crystal and the powder sample are now
in progress.
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Spin fragmentation in Nd2Ir2O7 and its carrier-doped dependence

R. Asih,∗1,∗2 J. Angel,∗1,∗3 K. Matsuhira,∗4 T. Nakano,∗2 Y. Nozue,∗2 and I. Watanabe∗1,∗2,∗3

Pyrochlore iridates, R2Ir2O7 (R227, R is a rare-earth
element), provide an ideal platform of strongly frus-
trated systems to study the interplay between electron-
electron correlation (U ) and spin-orbit interaction (SOI)
given from 5d electrons of Ir4+.1) Among R227, Nd227
stands out as a fascinating system because of the ad-
ditional interesting properties. Nd227 exhibits metal-
lic behavior and undergoes metal-insulator transition
(MIT) at TMI= 33 K.2) µSR and neutron-scattering
studies on Nd227 showed the appearance of a long-range
magnetic ordering (LRO) of Ir4+ moments below TMI

followed by an additional LRO of Nd3+ moments be-
low 10 K.3–5) With such progressive reports, however,
the sizes of the magnetic ordered moments remain de-
batable. A reduction in the Nd3+ moments was found
in the recent neutron study6) compared with those esti-
mated from the previous study3) and crystal electric field
(CEF) analysis,7) which is argued to be attributed to a
strong quantum fluctuation. This argument was also
indicated from µSR results on Nd227, which show an
appreciable reduction on the internal field at the muon
site (Hint) compared with other R227 compounds.4,5)
These results signify a possible magnetic fragmentation
in Nd227, where ordered and fluctuating phases occur si-
multaneously. The onset of magnetic ordering on Nd227
was also reported to be suppressed by hole doping via
Ca2+ substitution on the Nd3+ site, and TMI was found
to gradually decrease by increasing the Ca concentra-
tion.8) In this study, we investigated the existence of
magnetic fragmentation in Nd227 and Ca-doped Nd227,
(Nd1−xCax )2Ir2O7.

Longitudinal-field (LF-µSR) measurements were per-
formed to confirm the emergence of fluctuations in the
ordered phase of the compounds. Figure 1 displays
the temperature dependence of the relaxation rate λ of
(Nd1−xCax )2Ir2O7 for x = 0.00, 0.05, 0.07 and 0.10 un-
der an applied field of 3.6 T. An appreciable peak in λ
was observed at higher temperatures compared with or-
dered and meta-transition temperatures. For x = 0.07
and 0.10, a clear peak was observed at about 20 K de-
spite the fact that neither muon-spin precession nor a
slowing-down behavior was observed under the zero-field
(ZF) condition at this temperature. These results may
indicate that Nd and/or Ir have low-lying spin fluctua-
tions, which can be easily changed by temperatures and
magnetic fields. Figure 2 shows the field dependence of
the relaxation rate measured in Nd227 at 50 K (param-
agnetic state), 15 K (ordered state of Ir moments), and
1.5 K (ordered state of Ir and Nd moments). λ increases
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Fig. 1. Temperature dependence of the relaxation rate λ of
(Nd1−xCax )2Ir2O7 for x = 0.00, 0.05, 0.07, and 0.10 un-
der the applied field of 3.6 T.

Fig. 2. Field dependence of the relaxation rate λ of Nd2Ir2O7

at 1.5 K, 15 K, and 50 K.

with an increase in the applied field at 50 K and shows a
peak around 2.5 T at 15 K, which signifies that the spec-
trum density of the spin fluctuations shifts down to the
lower frequency side with decreasing temperature fol-
lowed by the change in the dynamics of spins. At 1.5 K,
λ remains about 0.6 µs−1 in the ZF condition, and then,
it decreases exponentially with an increasing field show-
ing Redfield-like behavior, which indicates the mainte-
nance of the spin fluctuation even in the ordered state,
i.e., a magnetic-fragmentation is realized in Nd227. To
further discuss the scheme of spin-fluctuations in these
compounds, it is necessary to collect more data points
at different temperatures and applied fields.
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Study of Magnetic Ordering by p-orbital in RbO2 using µSR

F. Astuti,∗1,∗2 M. Miyajima,∗3 R. Asih,∗2,∗4 I. Watanabe,∗1,∗4 and T. Kambe∗3

Alkali metal superoxides AO2 (A= Na, K, Rb, Cs)
present an interesting example of magnetic materi-
als based on p-elements. This become the first ex-
ample of an inorganic quantum spin system with un-
paired π-electrons.1) Alkalimetal superoxides adopt
the rocksalt-type crystal structure and two oxygen
atoms form a dumbbell shaped structure sharing one
excess electron, O2

−, which is known as the “superox-
ide” anion. This leads to one unpaired spin (S=1/2)
in a pair of degenerate π∗ (antibonding) molecular or-
bitals. The magnetic ordering of KO2, RbO2, and
CsO2 have been observed at temperatures of 7 K, 15 K,
and 9.6 K, respectively by using specific heat measure-
ment.2) The Tomonaga Luttinger Liquid (TLL) model
suggested for CsO2 is supposed to present a field-
induced magnetic order related to the TLL state.3)

Therefore, detailed investigation on the magnetic
properties near or in the zero-field (ZF) condition is
strongly required to describe the magnetically ordered
state appearing in CsO2 and other alkali metal super-
oxides. Last year, we have carried out µSR measure-
ments in RbO2 at the RIKEN-RAL muon facility by
using the pulsed muon beam. At that time, we felt
that the sample quality was not so good. For that rea-
son, in the next beam time, we improved the sample
quality and measured the new batch of RbO2 samples.

No clear muon-spin precession was seen at any tem-
perature (Fig. 1), however the decrease in the initial
asymmetry around the suggested TN was clearly ob-
served. The anomaly was also observed at ∼15 K as
shown in Fig. 2(a).
The asymmetry parameter can represent the mag-

netic volume fraction. By comparing the asymmetry
parameters in Fig. 2(b), it seems that the new sample
has bigger magnetic volume fraction than the old sam-
ple. It means that we succesfully improved the sample
quality.
The decrease in the initial asymmetry possibly

means that the magnetically ordered state appears
causing the depolarization behavior faster than the ob-
servable limit of the pulsed muon facility. This ordered
state might accomodate the fast muon-spin precession.
Therefore, it is indispensable to test RbO2 by using
the continuous muon beam in order to detect clear evi-
dence of the appearance of magnetically ordered states.
As we expected, the result of µSR measurement at PSI,
Switzerland, by using continuous muon beam showed
clear-muon spin precession at the temperature ∼15 K,
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Fig. 1. ZF-µSR time spectrum for RbO2 for the first 10

microsecond from 17 K down to base temperature.
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Fig. 2. (a) Temperature dependence of the initial asym-

metry and relaxation rate of the ZF-µSR time spec-

trum measured at the RIKEN-RAL Muon Facility. The

anomaly in the µSR measurement is observed at 15 K

around the suggested TN. (b) Comparison between the

new and old RbO2 samples. The result of the old sam-

ple has been reported in RIKEN APR 2016 Vol.50.

indicating long-range magnetic ordered state (the re-
sult is not shown in this report).
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Muon spin relaxation study on the new organic spin liquid material
λ-(STF)2GaCl4

T. Minamidate,∗1 D. P. Sari,∗2,∗3 N. Matsunaga,∗1 and I. Watanabe∗2

Research on quantum spin liquid (QSL) states in
frustrated quantum magnetism is a critical issue in
the field of condensed matter physics. In recent
research, some candidate QSL materials have been
found in molecular-based organic systems, such as
κ-(ET)2Cu2(CN)3

1) and EtMe3Sb[Pd(dmit)2]2.
2) The

spin systems in these salts have been well described as
an antiferromagnetic (AF) spin system with a nearly
equilateral regular triangular lattice. Recently, we
found a new candidate QSL material, λ-(STF)2GaCl4,
which is related to the organic superconductor λ-
(BETS)2GaCl4. As shown in Fig. 1, down to 2 K,
the static susceptibility of λ-(STF)2GaCl4 is very well
described by the AF Heisenberg model with a regular
triangular lattice, which is the typical behavior of the
QSL system.3) In contrast to the good agreement of the
susceptibility behavior, the calculated geometry of the
spin interaction in λ-(STF)2GaCl4 is quite distorted
from the regular triangle. Therefore, it can be the key
material to investigate the stabilization mechanism of
the QSL state.

Fig. 1. Temperature dependence of the static susceptibility

of λ-(STF)2GaCl4. The solid line is the susceptibility

curve calculated for the S = 1/2 AF Heisenberg model

in a triangular lattice with an exchange coupling con-

stant J/kB = −165 K.3)

We succeeded in synthesizing a high-quality sample
of λ-(STF)2GaCl4 with the total mass ∼ 75 mg and
conducted ZF-µSR measurement down to 0.3 K. Fig-
ure 2 shows the µSR time spectra measured at 0.3 K
in ZF and under an LF of 100 G. The ZF-µSR time
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spectrum is well described by the simple exponential
function. Since the µSR time spectrum is well decou-
pled by applying LF of 100 G, there is no static inter-
nal field due to AF long-range ordering. On the other
hand, we can see a slow relaxation behavior even at
0.3 K under an LF of 100 G. This implies that there
are some effects of fluctuating internal fields originat-
ing from surrounding electronic spins, and the sample
does not show the long-range AF ordering although it
has a strong AF interaction J/kB ∼ −165 K, at least
down to 0.3 K.
This behavior is similar to that observed in the

µSR measurement for the first organic QSL salt, κ-
(ET)2Cu2(CN)3.

4) Additionally, the authors of Ref. 4)
found that the LF-µSR time spectrum is described by
a two-component exponential function and pointed out
that the system undergoes phase separation into para-
magnetic islands and a singlet phase at a low temper-
ature. Therefore, we are now planning an additional
experiment for λ-(STF)2GaCl4 to observe the spin be-
havior in the range between ZF and an LF of 100 G.
With the progress of this research, the microscopic spin
dynamics in the QSL state and the stabilization mech-
anism of the QSL state in a distorted lattice system
can probably be clarified.

Fig. 2. Muon spin depolarization curves of λ-(STF)2GaCl4
at 0.3 K under zero field and a longitudinal field of

100 G.
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Study of Magnetic Ordering by p-orbital in RbO2 using µSR

F. Astuti,∗1,∗2 M. Miyajima,∗3 R. Asih,∗2,∗4 I. Watanabe,∗1,∗4 and T. Kambe∗3

Alkali metal superoxides AO2 (A= Na, K, Rb, Cs)
present an interesting example of magnetic materi-
als based on p-elements. This become the first ex-
ample of an inorganic quantum spin system with un-
paired π-electrons.1) Alkalimetal superoxides adopt
the rocksalt-type crystal structure and two oxygen
atoms form a dumbbell shaped structure sharing one
excess electron, O2

−, which is known as the “superox-
ide” anion. This leads to one unpaired spin (S=1/2)
in a pair of degenerate π∗ (antibonding) molecular or-
bitals. The magnetic ordering of KO2, RbO2, and
CsO2 have been observed at temperatures of 7 K, 15 K,
and 9.6 K, respectively by using specific heat measure-
ment.2) The Tomonaga Luttinger Liquid (TLL) model
suggested for CsO2 is supposed to present a field-
induced magnetic order related to the TLL state.3)

Therefore, detailed investigation on the magnetic
properties near or in the zero-field (ZF) condition is
strongly required to describe the magnetically ordered
state appearing in CsO2 and other alkali metal super-
oxides. Last year, we have carried out µSR measure-
ments in RbO2 at the RIKEN-RAL muon facility by
using the pulsed muon beam. At that time, we felt
that the sample quality was not so good. For that rea-
son, in the next beam time, we improved the sample
quality and measured the new batch of RbO2 samples.

No clear muon-spin precession was seen at any tem-
perature (Fig. 1), however the decrease in the initial
asymmetry around the suggested TN was clearly ob-
served. The anomaly was also observed at ∼15 K as
shown in Fig. 2(a).
The asymmetry parameter can represent the mag-

netic volume fraction. By comparing the asymmetry
parameters in Fig. 2(b), it seems that the new sample
has bigger magnetic volume fraction than the old sam-
ple. It means that we succesfully improved the sample
quality.
The decrease in the initial asymmetry possibly

means that the magnetically ordered state appears
causing the depolarization behavior faster than the ob-
servable limit of the pulsed muon facility. This ordered
state might accomodate the fast muon-spin precession.
Therefore, it is indispensable to test RbO2 by using
the continuous muon beam in order to detect clear evi-
dence of the appearance of magnetically ordered states.
As we expected, the result of µSR measurement at PSI,
Switzerland, by using continuous muon beam showed
clear-muon spin precession at the temperature ∼15 K,
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Fig. 1. ZF-µSR time spectrum for RbO2 for the first 10

microsecond from 17 K down to base temperature.
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Fig. 2. (a) Temperature dependence of the initial asym-

metry and relaxation rate of the ZF-µSR time spec-

trum measured at the RIKEN-RAL Muon Facility. The

anomaly in the µSR measurement is observed at 15 K

around the suggested TN. (b) Comparison between the

new and old RbO2 samples. The result of the old sam-

ple has been reported in RIKEN APR 2016 Vol.50.

indicating long-range magnetic ordered state (the re-
sult is not shown in this report).
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Superconducting gap symmetry in organic superconductor
λ-(BETS)2GaCl4 studied by µSR with DFT

D. P. Sari,∗1,∗2 H. Aizawa,∗3 T. Koretsune,∗4 H. Seo,∗5 and I. Watanabe∗2

The superconducting gap symmetry determination in
λ-(BETS)2GaCl4 has been intriguing, since the super-
conducting state of this organic superconductor may
be linked to that of the isostructural compound, λ-
(BETS)2FeCl4, showing a field-induced superconductiv-
ity in the fields > 17 T.1) We have performed trans-
verse field µSR in fields of 150 Oe down to 0.3 K at
ISIS Muon Facility in the UK. The temperature de-
pendence of superfluid density was best described by
the s+d-wave with a dominant s-wave component.2)

Motivated by the µSR result, we have performed the
first-principles electronic structure calculations with the
generalized-gradient approximation on the basis of the
density functional theory (DFT). The VASP software
package adopting the plane-wave basis set with cutoff
energies of 500 meV was used. The ground state charge
densities were computed using 4 × 4 × 4 k-point sam-
pling and crystal structure information from Ref. 3)
was used. Furthermore, we constructed maximally lo-
calized Wannier orbitals on BETS dimers to make the
tight-binding energy band (dimer model) reproduce the
band structure of DFT based on the experimental crys-
tal data. The calculation was done by using the HOKU-
SAI RIKEN supercomputer.

Figure 1 shows the DFT band energy of λ-
(BETS)2GaCl4. Since the system has four BETS
molecules or two BETS dimers, contributing to the elec-
tronic properties, in one unit cell, there exist two bands
close to the Fermi level. Those two bands were well re-
produced by the dimer model with the parameter trans-
fer integral, in the unit of meV, as follows: tc = 64, td1
= 52, td2 = 13, td3 = 76, td4 = 64, te = −17. Accord-
ingly, the Fermi surface was consisting of an open sheet
and a closed pocket as shown in the bottom right panel
of Fig. 1.

The superconducting gap was then calculated by us-
ing the Random Phase Approximation (RPA) method
following the extended Hubbard model,

H=
∑
⟨i,j⟩

tijc
†
iσcjσ+

∑
i

Uni↑ni↓+
∑

⟨i,j⟩,σ,σ′

Vijniσnjσ, (1)

where t is the transfer integral, and U and V are
intra- and inter-dimer interactions. We assumed a spin-
fluctuation-mediated superconductor in the spin singlet
channel. U = 0.2 eV was introduced in the calculation
in order to investigate the low-energy interaction on the
BETS dimer.4) The result is shown in Fig. 2 showing
that the red colored area is the result from RPA. More-
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Fig. 1. DFT band structures of λ-(BETS)2GaCl4. The tight-binding

band structure using a dimer model with parameter inter-dimer

transfer integral tc− te is shown as a broken line. The upper right

panel shows a 2 × 2 molecular arrangement of the a-c conducting

plane. The grey ellipse represents a BETS dimer and c–e repre-

sents inter-dimer transfer integral. The bottom right panel is the

Fermi surface.

α=1 α=2

Fig. 2. Superconducting gap function from the band indexes 1 and

2, which are bands from the open sheet and closed pocket Fermi

surface, respectively. The red and blue colored areas denote the

RPA result and fitting result, respectively.

over, the pairing symmetry from RPA was then fitted
to a linear combination of defined pairing symmetries in
the k-space, with the basis functions as follows:

isotropic s-wave: fs0(kx, ky) = 1
extended s-wave: fs1(kx, ky) = 2[cos(kx) + cos(ky)]
dx2−y2 -wave: fdx2−y2 (kx, ky)=2[cos(kx)−cos(ky)]. (2)

The fitting result is shown in the blue-colored area of
Fig. 2. We found that there exists a finite dx2−y2-wave
component in conjunction with s-wave components from
the contribution of two bands mentioned above. How-
ever, this mixture symmetry of s+dx2−y2 indicates only
one order parameter since the superconducting gap looks
almost continuous along the Fermi surface, as shown in
Fig. 2. Thus, from the µSR and DFT calculation we
assign a new type of superconducting gap symmetry in
λ-(BETS)2GaCl4, s+ d-wave.
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Effect of light irradiation on charge carrier dynamics in active layer
hybrid solar cells

L. Safriani,∗1 Risdiana,∗1 Fitrilawati,∗1 A. Bahtiar,∗1 A. Aprilia,∗1 D. Puspita Sari,∗2 J. Angel,∗2

and I. Watanabe∗2

Solar power generation is a key method for generating
electronic power. Several researchers have attempted to
achieve higher performance of the solar cells and more
effective materials for use in cells. The discovery of
conjugated polymers, such as Polythiophene (PT) and
its derivatives, attracted much attention owing to their
chemical and thermal stability as well as their potential
use as an absorbing solar spectrum material (active layer)
in solar cells. The most necessary property of these ac-
tive layers is their ability to transfer the charge carrier
resulting from the absorption of solar spectrum. In par-
ticular, Poly(3-hexylthiophene)/P3HT has considerable
research interest, because it shows the highest hole mo-
bility among the series of Poly(3-alkylthiophene).1) In our
previous muon Spin Relaxation (µSR) study, the charge
carrier mobility in P3HT was found to change from
one-dimensional to a three-dimensional model, which is
strongly dependent on their molecular structure and tem-
perature.2,3)

Recently, the so-called hybrid (organic-inorganic) so-
lar cell was developed owing to the combined advantage
between organic material (P3HT) and inorganic mate-
rial such as ZnO, which ensures better performance for
practical application. ZnO is inorganic material with
high electron mobility and can be easily prepared as elec-
tron acceptor to dissociate excitons formed in conjugated
polymer as the active material of solar cells. ZnO can be
prepared as a nanoparticle that can resolve the problem
of small diffusion range of P3HT.4) The existence of ZnO
in active layer will support charge transfer from P3HT
to electrode of solar cell because the conduction band
of ZnO is lower than that of low unoccupied molecular
orbital (LUMO) of P3HT.
We studied the microscopic intrinsic charge carrier dy-

namics in active material of P3HT:ZnO along and per-
pendicular to the chain by using the longitudinal field
(LF) µSR method. We found that the charge carrier
mobility changes from intrachain to interchain diffusion
above 25 K for P3HT:ZnO. We also have measured charge
carrier dynamics of P3HT:ZnO with light irradiation.
Figure 1 shows the asymmetry data of P3HT:ZnO at 10,
15, 25, and 300 K for various longitudinal magnetic field
values with (red data) and without (black data) light ir-
radiation. We found small changes of asymmetry when
light irradiation on condition and off condition, however
we cannot observe significant effect probably due to low
intensity of light irradiation.
Figure 2 show the longitudinal-field dependence of re-

laxation rate λ1 of P3HT:ZnO nanoparticles at 10, 15,
25, and 300 K. Without light irradiation, for the low-
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Fig. 1. The asymmetry data of P3HT:ZnO at 10, 15, 25, and

300 K for various longitudinal magnetic field values.
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Fig. 2. The longitudinal-field HLF dependence of relaxation

rate λ1 of P3HT:ZnO nanoparticles at 10, 15, 25, and

300 K.

est temperature of 10 K, λ ∼ H−0.5 is clearly displayed
indicating one-dimensional intra-chain diffusion. In con-
trast, for the same temperature, light irradiation dis-
played λ ∼ C −H0.5 curve, indicating three-dimensional
inter-chain diffusion. Thus, it is clearly seen that with
light irradiation, temperature crossover occurred from
one-dimensional to three-dimensional at the lower tem-
perature of 10 K compared to that in a previous result
at 25 K.5)
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Superconducting gap symmetry in organic superconductor
λ-(BETS)2GaCl4 studied by µSR with DFT

D. P. Sari,∗1,∗2 H. Aizawa,∗3 T. Koretsune,∗4 H. Seo,∗5 and I. Watanabe∗2

The superconducting gap symmetry determination in
λ-(BETS)2GaCl4 has been intriguing, since the super-
conducting state of this organic superconductor may
be linked to that of the isostructural compound, λ-
(BETS)2FeCl4, showing a field-induced superconductiv-
ity in the fields > 17 T.1) We have performed trans-
verse field µSR in fields of 150 Oe down to 0.3 K at
ISIS Muon Facility in the UK. The temperature de-
pendence of superfluid density was best described by
the s+d-wave with a dominant s-wave component.2)

Motivated by the µSR result, we have performed the
first-principles electronic structure calculations with the
generalized-gradient approximation on the basis of the
density functional theory (DFT). The VASP software
package adopting the plane-wave basis set with cutoff
energies of 500 meV was used. The ground state charge
densities were computed using 4 × 4 × 4 k-point sam-
pling and crystal structure information from Ref. 3)
was used. Furthermore, we constructed maximally lo-
calized Wannier orbitals on BETS dimers to make the
tight-binding energy band (dimer model) reproduce the
band structure of DFT based on the experimental crys-
tal data. The calculation was done by using the HOKU-
SAI RIKEN supercomputer.

Figure 1 shows the DFT band energy of λ-
(BETS)2GaCl4. Since the system has four BETS
molecules or two BETS dimers, contributing to the elec-
tronic properties, in one unit cell, there exist two bands
close to the Fermi level. Those two bands were well re-
produced by the dimer model with the parameter trans-
fer integral, in the unit of meV, as follows: tc = 64, td1
= 52, td2 = 13, td3 = 76, td4 = 64, te = −17. Accord-
ingly, the Fermi surface was consisting of an open sheet
and a closed pocket as shown in the bottom right panel
of Fig. 1.

The superconducting gap was then calculated by us-
ing the Random Phase Approximation (RPA) method
following the extended Hubbard model,

H=
∑
⟨i,j⟩

tijc
†
iσcjσ+

∑
i

Uni↑ni↓+
∑

⟨i,j⟩,σ,σ′

Vijniσnjσ, (1)

where t is the transfer integral, and U and V are
intra- and inter-dimer interactions. We assumed a spin-
fluctuation-mediated superconductor in the spin singlet
channel. U = 0.2 eV was introduced in the calculation
in order to investigate the low-energy interaction on the
BETS dimer.4) The result is shown in Fig. 2 showing
that the red colored area is the result from RPA. More-
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Fig. 1. DFT band structures of λ-(BETS)2GaCl4. The tight-binding

band structure using a dimer model with parameter inter-dimer

transfer integral tc− te is shown as a broken line. The upper right

panel shows a 2 × 2 molecular arrangement of the a-c conducting

plane. The grey ellipse represents a BETS dimer and c–e repre-

sents inter-dimer transfer integral. The bottom right panel is the

Fermi surface.

α=1 α=2

Fig. 2. Superconducting gap function from the band indexes 1 and

2, which are bands from the open sheet and closed pocket Fermi

surface, respectively. The red and blue colored areas denote the

RPA result and fitting result, respectively.

over, the pairing symmetry from RPA was then fitted
to a linear combination of defined pairing symmetries in
the k-space, with the basis functions as follows:

isotropic s-wave: fs0(kx, ky) = 1
extended s-wave: fs1(kx, ky) = 2[cos(kx) + cos(ky)]
dx2−y2 -wave: fdx2−y2 (kx, ky)=2[cos(kx)−cos(ky)]. (2)

The fitting result is shown in the blue-colored area of
Fig. 2. We found that there exists a finite dx2−y2-wave
component in conjunction with s-wave components from
the contribution of two bands mentioned above. How-
ever, this mixture symmetry of s+dx2−y2 indicates only
one order parameter since the superconducting gap looks
almost continuous along the Fermi surface, as shown in
Fig. 2. Thus, from the µSR and DFT calculation we
assign a new type of superconducting gap symmetry in
λ-(BETS)2GaCl4, s+ d-wave.
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Electron Transport Studies in Biological Molecules
with respect to Ageing Science

H. Rozak,∗1 W. Zaharim,∗2 F. Astuti,∗1,∗3 R. Asih,∗1,∗4 R. Samian,∗2 S. Samsudin,∗2 S. N. Abu Bakar,∗2

N. Ismail,∗2 I. Watanabe,∗1,∗3,∗4 M. I. Mohamed-Ibrahim,∗2 and S. Sulaiman∗2

The electron transport process in deoxyribonucleic
acid (DNA) is a very important biological phenomenon
but the process itself is not fully understood at the
microscopic level. DNA is the molecule that stores
genetic information in a living cell and the structure
of DNA consists of four bases. These four bases are
guanine (G), adenine (A), cytosine (C) and thymine
(T).1) Damages in DNA can lead to various types of
diseases such as cancers and neurological disorders.
There is a direct relationship between the damages in
DNA and ageing. We hypothesize that damages in
the DNA would alter the behavior of electron transfer
since DNA is well known as a good electron conductor.
If there are some defects in DNA, the electron transfer
in it will be disturbed, thus changing the electron mo-
tion. However, the degree and type of alterations are
yet unknown at the microscopic level. In order to un-
derstand this phenomenon, systematic studies on the
alteration of electron transfer in DNA are needed and
µSR is known to be useful in this respect as has been
demonstrated in the past on one-dimensional organic
molecules.2–4)

In this project, we used simple model molecules of
DNA where the sequence is less than 12 bases, which
would make it easier to interpret the results.
Experiments on the µ+ relaxation in guanine and

adenine have been conducted using an intense pulsed
beam µ+ at the RIKENRAL Muon Facility. All mea-
surements were conducted on the powder sample and
the weight of each sample was 50 mg. We measured
the muon-spin relaxation rate under various longitudi-
nal magnetic fields in the range between 0 T and 0.3 T
and the temperatures that we used to carry out our
experiment were at 100 K and 300 K. The observed re-
laxation functions, G(t), were fitted to the Risch-Kher
function.
Based on the curve in Fig. 1, at temperatures 100 K,

the µ+ relaxation function was found to depend on
the external field, where the initial asymmetry was in-
creased as the external magnetic field increased. Un-
fortunately, the muon spin precession did not show
clearly in this curve due to the limitation of the pulse
muon source at RAL. Therefore, it is better to repeat
the experiment involving guanine at PSI by using a
continuous beam to confirm the existence of the dia-
magnetic muon components which are strongly bound
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Fig. 1. µSR Time spectra in Guanine at 100 K under ex-

ternal longitudinal fields of 0, 200, 1000 and 2000 G.

Fig. 2. Relaxation parameter versus an external longitudi-

nal magnetic field for µ+ in guanine at a temperatures

of 100 K.

to the molecules. For the curve in Fig. 2, the rela-
tion parameter (Γ ) was found to take an inverse-field
dependence in guanine above 50 G, thus suggesting
existence of a quasi-1D rapid diffusion of electron in
DNA strands It is clear that the electron-transfer pro-
cess at the microscopic level was directly detected in
the present experiments as shown in Fig. 2.
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Approach to determination of muon stopping sites in proteins

Y. Sugawara,∗1 T. Fujita,∗1 A. D. Pant,∗2 E. Torikai,∗3,∗4 K. Ishida,∗5 W. Higemoto,∗4,∗6 K. Shimomura,∗2
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In order to explore the electron-transfer process in
life sciences, we have been carrying out µSR studies
using the electron labeling method on cytochrome c, a
protein which is a member of the respiratory chain in
mitochondria.1–3) In order to deepen the understand-
ing of the µSR data, we intend to determine the muon
stopping sites and the electronic structure. In addi-
tion, our LF µSR data showed a level crossing res-
onance (LCR) signature for cytochrome c indicating
that some portion of the muons have a strong energy
transfer at a specific LF to the surrounding species
at the stopping site (Fig. 1(b)). The observed LCR
data around 20 G was similar to that of polyglycine
(Fig. 1(c)) (F. L. Pratt, private communication). Pro-
teins are made of amino acids, which are linked by pep-
tide bonds, and polyglycine is the simplest polypep-
tide made of aliphatic (–CH2–) parts, peptide bonds
(–CONH–), terminal –COOH (or –COO−), and –NH2

(or –NH3
+) groups. The candidates of muon stop-

ping sites are peptide bonds (–CONH–) and terminal
–COOH or –NH2 (Fig. 1(a)).

Under such a background, we carried out µSR
measurements of triglycine, tetraglycine, and N-
methylacetamide (CH3CONHCH3), which is the sim-
plest molecule containing a peptide bond, and com-
pared the characteristics of the µSR data with those
of glycine, glycylglycine, and polyglycine.

The low LF µSR data of glycine were fitted well us-
ing the product of Kubo-Toyabe and Lorentzian func-
tions. LCR was not detected around 20 G, contrary to
the cases of cytochrome c and polyglycine. On the
other hand, the low LF µSR data of glycylglycine,
triglycine and tetraglycine were approximately fitted
with the Lorentzian function, and the LCR was ob-
served (Fig. 1(d)). In addition, the missing fraction of
the initial asymmetry of oligoglycine under zero mag-
netic field was approximately 20% of the full asym-
metry, and larger than that of glycine (approximately
10%). A similar tendency was observed in the µSR
data of N-methylacetamede at 10 K, although the qual-
ity of the data was inferior because the sample melted
during the treatment (melting point: 300 K), and a
cavity appeared in the sample cell. Taking the results
of theoretical calculations into account,4) muon would
stop at –COOH (or –COO−) moiety in glycine, and at
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Fig. 1. Schematic structure of protein (a) and longitudinal

field dependence of relaxation rates (λ) of cytochrome

c (18 K) (b), polyglycine (5 K) (c) and tetraglycine

(16 K) (d).

CO moiety of peptide bonds in oligoglycine.
The results indicate that the LCR data of cy-

tochrome c originates from the muon stopping at pep-
tide bonds.
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The electron transport process in deoxyribonucleic
acid (DNA) is a very important biological phenomenon
but the process itself is not fully understood at the
microscopic level. DNA is the molecule that stores
genetic information in a living cell and the structure
of DNA consists of four bases. These four bases are
guanine (G), adenine (A), cytosine (C) and thymine
(T).1) Damages in DNA can lead to various types of
diseases such as cancers and neurological disorders.
There is a direct relationship between the damages in
DNA and ageing. We hypothesize that damages in
the DNA would alter the behavior of electron transfer
since DNA is well known as a good electron conductor.
If there are some defects in DNA, the electron transfer
in it will be disturbed, thus changing the electron mo-
tion. However, the degree and type of alterations are
yet unknown at the microscopic level. In order to un-
derstand this phenomenon, systematic studies on the
alteration of electron transfer in DNA are needed and
µSR is known to be useful in this respect as has been
demonstrated in the past on one-dimensional organic
molecules.2–4)

In this project, we used simple model molecules of
DNA where the sequence is less than 12 bases, which
would make it easier to interpret the results.
Experiments on the µ+ relaxation in guanine and

adenine have been conducted using an intense pulsed
beam µ+ at the RIKENRAL Muon Facility. All mea-
surements were conducted on the powder sample and
the weight of each sample was 50 mg. We measured
the muon-spin relaxation rate under various longitudi-
nal magnetic fields in the range between 0 T and 0.3 T
and the temperatures that we used to carry out our
experiment were at 100 K and 300 K. The observed re-
laxation functions, G(t), were fitted to the Risch-Kher
function.
Based on the curve in Fig. 1, at temperatures 100 K,

the µ+ relaxation function was found to depend on
the external field, where the initial asymmetry was in-
creased as the external magnetic field increased. Un-
fortunately, the muon spin precession did not show
clearly in this curve due to the limitation of the pulse
muon source at RAL. Therefore, it is better to repeat
the experiment involving guanine at PSI by using a
continuous beam to confirm the existence of the dia-
magnetic muon components which are strongly bound

∗1 RIKEN Nishina Center
∗2 School of Distance Education, Universiti Sains Malaysia
∗3 Department of Physics, Hokaido University
∗4 Department of Physics, Osaka University

Fig. 1. µSR Time spectra in Guanine at 100 K under ex-

ternal longitudinal fields of 0, 200, 1000 and 2000 G.

Fig. 2. Relaxation parameter versus an external longitudi-

nal magnetic field for µ+ in guanine at a temperatures

of 100 K.

to the molecules. For the curve in Fig. 2, the rela-
tion parameter (Γ ) was found to take an inverse-field
dependence in guanine above 50 G, thus suggesting
existence of a quasi-1D rapid diffusion of electron in
DNA strands It is clear that the electron-transfer pro-
cess at the microscopic level was directly detected in
the present experiments as shown in Fig. 2.
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Time dependence of dipole width obtained by zero-field µSR for Al
and Al-0.5 at.%Si

K. Nishimura,∗1,∗2 K. Matsuda,∗1,∗2 T. Namiki,∗1 S. Lee,∗1 N. Nunomura,∗1 I. Watanabe,∗2 M. A. Jaward,∗2

and T. Matsuzaki∗2

Al-Mg-Si aluminum alloys are widely used for vehi-
cles, buildings, home appliances, etc., because of their
low weight, excellent formability and age hardenabil-
ity. The mechanical strength (hardness) of the alloy
depends on the density, size and structure of precipi-
tates consisting of Mg and Si atoms; dense nano-size
Mg2Si precipitates make the alloys harder.1–5) From
various studies on Al-Mg-Si alloys, vacancy behavior
is considered to play an important role in the aging
process, stimulating the diffusion of solute Mg and
Si atoms and the nucleation of Mg/Si/vacancy clus-
ters. Positron annihilation spectroscopy (PAS)3,4) and
muon spin relaxation spectroscopy (µSR)6,7) have been
successfully used to investigate the behavior of vacan-
cies and solute atoms in their clustering in Al-Mg-Si
alloys. Taking advantage of high beam intensity and
a high counting rate of muons at the ARGUS line, we
have observed the time dependence of the dipole width
(∆) via zero-field muon spin relaxation spectroscopy in
a pure (99.99%) aluminum and an Al-0.5at.%Si alloy
to understand the details of the clustering process of
solute atoms in Al-Mg-Si alloys.

All samples underwent heat treatment at 848 K for
1 h and subsequent quenching in ice water (STQ). Ap-
proximately 10 min after STQ, the sample was inserted
into the ARGUS muon spectrometer, and then zero-
field µSR measurement was started at a constant tem-
perature. Typical spin relaxation spectra obtained for
pure Al are shown in Fig. 1, in which the relaxation
rate obviously decreases with time; the relaxation rate
observed at 16 min after STQ (black circle) is larger
than that at 378 min (blue square). The observed
spin relaxation spectra were fit with the Kubo-Toyabe
function using the WIMDA program,8) and the dipole
widths (∆) deduced at three different temperatures are
plotted in Fig. 2. Surprisingly, they appear to decrease
linearly with time. The reduction of ∆ is most likely
ascribed to the annihilation of vacancies that are the
main trapping sites of muons at these temperatures.
The reason for the linear variation of ∆ vs. t is un-
clear.

Figure 3 shows the time dependence of ∆ in Al-0.5
at.%Si (described as Al-Si) obtained at 280 K, which
seems to change on a logarithmic scale. On the ∆ vari-
ation, there is obviously an effect of Si solutes that can
bind vacancies. It is also noticeable that there is a
change in the slope on the ∆ vs. log(t) curve at ap-

∗1 Department of Materials Science and Engineering, U.
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∗2 RIKEN Nishina Center

proximately 300 min. For a comparison, the time de-
pendence of ∆ in the Al-1.6 at.%Mg2Si (described as
Al-Mg2Si), which was previously reported,9) is shown
in Fig. 4. The similar change in the slope on the ∆ vs.
log(t) curve existed at approximately 150 min, which
takes place earlier than in Al-Si. The magnitude of
change of ∆ in Al-Mg2Si, however, is about one half of
that in Al-Si in the same time range. The difference of
the solute elements and the concentrations possibly af-
fects the time dependence of ∆ in Al-Si and Al-Mg2Si.

Fig. 1. (left) Zero-field muon spin relaxation spectra
obtained for the pure Al sample at 280 K.

Fig. 2. (right) Time dependencies of dipole width in
pure Al at 260, 280, and 300 K.

Fig. 3. (left) Time dependencies of dipole width in
the Al-0.5 at.%Si alloy at 280 K.

Fig. 4. (right) Time dependencies of dipole width in
the Al-1.6 at.%Mg2Si alloy at 280 K.9)
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µSR investigation of atomic structure and photocatalytic properties of
defects in rutile TiO2 crystal

H. Ariga-Miwa,∗1,∗2 H. Konno,∗1 K. Shimomura,∗3 K. Ishida,∗2 W. Higemoto,∗4 A. D. Pant,∗3 E. Torikai,∗4

K. Nagamine,∗3,∗5 and K. Asakura∗1

Photocatalysis is a promising process to solve the envi-
ronmental pollution problem and energy crisis, resulting
in a sustainable society. TiO2 is the most widely used
material for high efficiency photocatalysis. Since the dis-
covery of the Honda-Fujishima effect,1) many researches
have been carried out to understand the key factor for
the photocatalytic activities. Since photocatalysis sys-
tems are complex, their nature is strongly affected by
the crystal structure, surface area, number of surface hy-
droxyls, defect sites, and so on. Defect sites are one of
the most significant factors that determine the photocat-
alytic activities. However, the characterization of defect
sites has not been established yet, since in most cases
several types of defect sites coexist in photocatalysts.
For example, the pump-and-probe spectroscopy by the
femto-second laser for TiO2 nanocrystals suggested that
defect sites affect the electron-hole pair recombination
process, which depress the photocatalytic reaction by
extinguishing 90% of the excited electrons.2) On the
other hand, X. Chen et al. showed that a reduction of
TiO2 nanocrystals enhances solar-driven photocatalytic
activities.3) These results suggest that defects with dif-
ferent properties coexist in the TiO2 nanocrystal cata-
lysts. The best way to clarify photocatalytic properties
is to identify each defect site and track the electronic
properties during photocatalysis.
Our recent zero field µSR measurements of a reduced

rutile TiO2 single crystal at RIKEN-RAL showed atomic
structure around the defect sites. The µ-H complex in
oxygen vacancy was observed, which corresponds to two
hydrogens stabilized at the oxygen vacancy. The origin
of hydrogen is not clear yet. The purpose of the present
work is to clarify the origin of hydrogen by comparing
two types of rutile TiO2, prepared by Vernoulli method
(TiO2-H) and Floating Zone method (TiO2-noH). It is
known that TiO2-H includes hydrogen as impurity while
TiO2-noH does not.

The µSR measurements were performed at the
RIKEN-RAL Muon Facility. Mirror-polished rutile
TiO2 single crystals (25 × 25 × 0.5 mm3, Crystal Base)
oriented to the (110) plane were used. The oxygen va-
cancy was generated by performing reduction at 1173 K
for 2 hr under an ultra-high vacuum (0.5 × 10−8 Pa).
The sample was irradiated with flash lamp light from
the opposite side of the muon through a quartz glass

∗1 Institute of Catalysis, Hokkaido University
∗2 RIKEN Nishina Center
∗3 Insittue of Material Structure Science, KEK.
∗4 Advanced Science Research Center, Japan Atomic Energy

Agency
∗5 Department of Physics & Astronomy, University of California,

Riverside

by utilizing the sample cell developed by Prof. Torikai’s
group.
The ZF µSR spectra before and after reduction were

obtained for TiO2-H and TiO2-noH, respectively, at var-
ious temperatures from 4 K to room temperature. The
muon stabilized site for the TiO2 without oxygen va-
cancy, whose spectra are shown in Fig. 1(a), has been
reported by Shimomura et al.4) The site is next to the
lattice oxygen with which the muon bonds. Character-
istic oscillations for both the spectra suggest the exis-
tence of an isotropic magnetic field. The frequency was
0.8 MHz, corresponding to 5.9 mT at the muon site.
The possible origin for the isotropic magnetic field is
Ti3+, which exists at the second neighbor site of the
muon.4) Clear differences were observed after the re-
duction, which generated oxygen vacancies as shown in
Fig. 1(b). The oscillation in the TiO2-H spectra is at-
tributed to the interaction with hydrogen in the oxygen
vacancy, similar to what same as we previously found.
The small Lorentzian type relaxation observed for TiO2-
noH could be explained by the magnetic interaction with
nuclear spins of Ti (47Ti and 49Ti) (<0.2 mT), which
suggests that no µ-H interaction exists. The present
study strongly supports the existence of µ-H complex
in oxygen vacancy by interacting with the existing H in
TiO2-H.
In addition, the photocatalytic properties of µ-H com-

plex were examined by pump-and-probe measurements.
The details are still under analysis.

Fig. 1. Zero field µSR spectrum of rutile TiO2 (a) before

and (b) after reduction. Black and red dots correspond

to TiO2-H (6 K) and TiO2-noH (5 K).
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Al-Mg-Si aluminum alloys are widely used for vehi-
cles, buildings, home appliances, etc., because of their
low weight, excellent formability and age hardenabil-
ity. The mechanical strength (hardness) of the alloy
depends on the density, size and structure of precipi-
tates consisting of Mg and Si atoms; dense nano-size
Mg2Si precipitates make the alloys harder.1–5) From
various studies on Al-Mg-Si alloys, vacancy behavior
is considered to play an important role in the aging
process, stimulating the diffusion of solute Mg and
Si atoms and the nucleation of Mg/Si/vacancy clus-
ters. Positron annihilation spectroscopy (PAS)3,4) and
muon spin relaxation spectroscopy (µSR)6,7) have been
successfully used to investigate the behavior of vacan-
cies and solute atoms in their clustering in Al-Mg-Si
alloys. Taking advantage of high beam intensity and
a high counting rate of muons at the ARGUS line, we
have observed the time dependence of the dipole width
(∆) via zero-field muon spin relaxation spectroscopy in
a pure (99.99%) aluminum and an Al-0.5at.%Si alloy
to understand the details of the clustering process of
solute atoms in Al-Mg-Si alloys.

All samples underwent heat treatment at 848 K for
1 h and subsequent quenching in ice water (STQ). Ap-
proximately 10 min after STQ, the sample was inserted
into the ARGUS muon spectrometer, and then zero-
field µSR measurement was started at a constant tem-
perature. Typical spin relaxation spectra obtained for
pure Al are shown in Fig. 1, in which the relaxation
rate obviously decreases with time; the relaxation rate
observed at 16 min after STQ (black circle) is larger
than that at 378 min (blue square). The observed
spin relaxation spectra were fit with the Kubo-Toyabe
function using the WIMDA program,8) and the dipole
widths (∆) deduced at three different temperatures are
plotted in Fig. 2. Surprisingly, they appear to decrease
linearly with time. The reduction of ∆ is most likely
ascribed to the annihilation of vacancies that are the
main trapping sites of muons at these temperatures.
The reason for the linear variation of ∆ vs. t is un-
clear.

Figure 3 shows the time dependence of ∆ in Al-0.5
at.%Si (described as Al-Si) obtained at 280 K, which
seems to change on a logarithmic scale. On the ∆ vari-
ation, there is obviously an effect of Si solutes that can
bind vacancies. It is also noticeable that there is a
change in the slope on the ∆ vs. log(t) curve at ap-
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proximately 300 min. For a comparison, the time de-
pendence of ∆ in the Al-1.6 at.%Mg2Si (described as
Al-Mg2Si), which was previously reported,9) is shown
in Fig. 4. The similar change in the slope on the ∆ vs.
log(t) curve existed at approximately 150 min, which
takes place earlier than in Al-Si. The magnitude of
change of ∆ in Al-Mg2Si, however, is about one half of
that in Al-Si in the same time range. The difference of
the solute elements and the concentrations possibly af-
fects the time dependence of ∆ in Al-Si and Al-Mg2Si.

Fig. 1. (left) Zero-field muon spin relaxation spectra
obtained for the pure Al sample at 280 K.

Fig. 2. (right) Time dependencies of dipole width in
pure Al at 260, 280, and 300 K.

Fig. 3. (left) Time dependencies of dipole width in
the Al-0.5 at.%Si alloy at 280 K.

Fig. 4. (right) Time dependencies of dipole width in
the Al-1.6 at.%Mg2Si alloy at 280 K.9)
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Observation of Li in graphite by muonic x-rays

I. Umegaki,∗1 Y. Higuchi,∗1 K. Ninomiya,∗2 M. K. Kubo,∗3 Y. Kondo,∗1 H. Nozaki,∗1 K. Ishida,∗4

and J. Sugiyama∗1

In a Li-ion battery, Li reversely intercalates (dein-
terrcalates) into (from) electrodes as follows:

{
cathode : LiMO2 ⇔ MO2 + Li+ + e− (1)

anode : 6C + Li+ + e− ⇔ C6Li, (2)

where M is a transition metal ion, such as Co, Ni,
and/or Mn. For safety and high efficiency, these re-
actions should proceed homogeneously in both elec-
trodes. An inhomogeneous distribution or the segre-
gation of Li may cause overcharged states or a short
circuit in a battery. Therefore, it is important to know
how these reactions proceed in a Li-ion battery.

However, in order to study the distribution of Li
during the reactions, we need a non-destructive com-
positional analysis technique. Elemental analysis with
muonic x-rays (µXEA)1,2) is a suitable technique for
such a purpose. We succeeded in obtaining muonic
x-ray spectra of a cathode in J-PARC,3) where an
intense negative muon beam with low momentum is
available.4,5) In order to trace the movement of Li be-
tween electrodes in a Li-ion battery in the near future,
we attempted to observe Li in the anode of a Li-ion
battery as the next step by using a graphite anode
sheet.

The graphite anode sheet consists of a mixture of
graphite and a binder on a Cu foil. A Li-intercalated
graphite sheet was prepared by discharging a pouch
cell with an electrochemical analyzer. The composition
of the anode was confirmed as C6Li by inductively cou-
pled plasma optical emission spectrometry (ICP-OES).
The C6Li sheet was retrieved from the pouch cell and
was covered by Al laminate in an Al holder. The sam-
ple was set against the incident beam, and a detector
was arranged at an angle of 45◦ to the beam on port
4 at RIKEN RAL.

The muonic x-rays were detected by a Ge semicon-
ductor detector (Canberra), synchronizing with muon
pulses at a frequency of 50 Hz in ISIS. As a reference,
we also measured a graphite plate with 1 mm thick-
ness.

All signals observed as peaks for the C6Li sheet
were assigned to the muonic x-rays of Li, C, Cu, and
Al [Fig. 1(b)]. Since energy difference between C-Lβ
and Li-Kα is only 300 eV, it was difficult to distinguish
these two signals. It is found that the intensity of the
signal C-Lβ (18.4 keV) is (19.4±1.4)% of that of the
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Fig. 1. Muonic x-ray spectra for (a) a graphite plate and

(b) a C6Li sheet. Intensity is represented as the number

of counts per 180,000 pulses, corresponding to an hour.

signal C-Lα (14 keV) in the spectra obtained from the
graphite plate [Fig. 1(a)]. Assuming the same ratio
in C6Li, we subtracted the contribution from C-Lβ in
the peak observed around 18 keV. The intensity of the
signal Li-Kα is deduced as (8.6 ± 0.8)% of that of the
signal C-Lα.

We concluded that µXEA can also detect Li in the
Li-intercalated graphite anode of a Li-ion battery. This
result may lead to further development of µXEA as
a non-destructive compositional analysis technique for
Li-ion batteries.
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Development of the in-situ electronic-field-application µSR technique
and test application to multiferroic systems

R. Asih,∗1,∗2 Y. Taniguchi,∗3 Y. Tokunaga,∗3 T. Nakano,∗2 Y. Nozue,∗2 and I. Watanabe∗1,∗2

One advantage of the pulsed muon facility is that it
can be used to carry out in-situ measurements with ex-
ternal conditions applied from outside a sample, which
optimizes the timing of the application with the arrival
of the injected pulsed muon. One of the important
systems for external conditions is the in-situ electric-
field-application system, which is needed to carry out
µSR studies on some multiferroic systems. Since the
repetition rate of the pulsed muon beam at the ISIS
is 50 Hz and the life of the muon itself is less than
approximately 20 µs, there is no need to apply the ex-
ternal electric field continuously for more than 30 µs.
These conditions can decrease the duty factor. It is
well known that the magnetic properties in the mul-
tiferroic systems can be controlled by the electric field
and vice-versa. These systems are promising candidates
for industrial applications such as storage devices and
sensors. The new data acquisition (DAQ) system called
DAE-III is now available in the RIKEN-RAL Muon Fa-
cility, which consequently supports the development of
the electric-field-application condition.
In this study, we intend to apply this in-situ electric-

field-application system to investigate the spin dynam-
ics of multiferroic systems. We designed a simple sam-
ple holder for the in-situ electric-field-application sys-
tem, as shown in Fig. 1(b). The sample holder was
installed on the sample stick of JANIS cryostat, which
can reach the lowest temperature of 1.6 K. A single-
crystal sample of Dy0.75Gd0.25FeO3 arranged along the
c-direction [Fig. 1(a)] was placed between Ag foils
(thickness of 12.5 µm) and then flanked by two Al rings.
For electric insulation, Mylar sheets were inserted be-
tween the sample holder and metal backing plate of
JANIS. In the test experiment, an electric field of ap-
proximately 300 V, which is generated from the High
Voltage Switching Unit (HVSU) device, was applied be-
tween the sample and backing plate. By using this de-
signed sample holder, we aim to apply electric fields
up to approximately 300–500 V with a pulse length of
approximately 30 µs without any discharges in the He
exchange gas.
GdFeO3 is a typical system showing significant mul-

tiferroic behavior. This system has been synthesized
in 1956,1) but its multiferroicity has been recently con-
firmed.2) The spin system enters the static ferromag-
netically ordered state below TC = 2.5 K, and its spin
direction can be changed by the application of an elec-
tric field of approximately 2 kV/cm.2) The mutiferroic
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Fig. 1. (a) Six pieces of the single crystal Dy0.75Gd0.25FeO3.

(b) The designed sample holder for the in-situ electric-

field-application µSR at RIKEN-RAL Muon Facility.

Fig. 2. Time spectra of Dy0.75Gd0.25FeO3 at 8 K and 1.9 K.

Solid lines are fitting results as described in the text.

behavior of this system can be tuned by the substitution
of Dy for Gd.3) We first performed the measurement un-
der the zero-field condition to check the time spectra of
muon polarization. We found that there is no signifi-
cant difference in the time spectra above and below TC,
as shown in Fig. 2. The spectra were well fitted by a
single exponential function, A(t) = A exp(−λt), where
A is the initial asymmetry and λ is the relaxation rate.
The absence of spontaneous muon-spin precession be-
low TC is expected owing to a large magnetic moment
of Fe moments in the sample, which therefore cannot
be detected using a pulsed muon source. Further test
application on multiferroic compounds with a relatively
small moment, such as organic multiferroics, is needed
to check the in-situ electric-field-application system at
RIKEN-RAL Muon Facility.
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terrcalates) into (from) electrodes as follows:
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cathode : LiMO2 ⇔ MO2 + Li+ + e− (1)
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where M is a transition metal ion, such as Co, Ni,
and/or Mn. For safety and high efficiency, these re-
actions should proceed homogeneously in both elec-
trodes. An inhomogeneous distribution or the segre-
gation of Li may cause overcharged states or a short
circuit in a battery. Therefore, it is important to know
how these reactions proceed in a Li-ion battery.

However, in order to study the distribution of Li
during the reactions, we need a non-destructive com-
positional analysis technique. Elemental analysis with
muonic x-rays (µXEA)1,2) is a suitable technique for
such a purpose. We succeeded in obtaining muonic
x-ray spectra of a cathode in J-PARC,3) where an
intense negative muon beam with low momentum is
available.4,5) In order to trace the movement of Li be-
tween electrodes in a Li-ion battery in the near future,
we attempted to observe Li in the anode of a Li-ion
battery as the next step by using a graphite anode
sheet.

The graphite anode sheet consists of a mixture of
graphite and a binder on a Cu foil. A Li-intercalated
graphite sheet was prepared by discharging a pouch
cell with an electrochemical analyzer. The composition
of the anode was confirmed as C6Li by inductively cou-
pled plasma optical emission spectrometry (ICP-OES).
The C6Li sheet was retrieved from the pouch cell and
was covered by Al laminate in an Al holder. The sam-
ple was set against the incident beam, and a detector
was arranged at an angle of 45◦ to the beam on port
4 at RIKEN RAL.

The muonic x-rays were detected by a Ge semicon-
ductor detector (Canberra), synchronizing with muon
pulses at a frequency of 50 Hz in ISIS. As a reference,
we also measured a graphite plate with 1 mm thick-
ness.

All signals observed as peaks for the C6Li sheet
were assigned to the muonic x-rays of Li, C, Cu, and
Al [Fig. 1(b)]. Since energy difference between C-Lβ
and Li-Kα is only 300 eV, it was difficult to distinguish
these two signals. It is found that the intensity of the
signal C-Lβ (18.4 keV) is (19.4±1.4)% of that of the
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Fig. 1. Muonic x-ray spectra for (a) a graphite plate and

(b) a C6Li sheet. Intensity is represented as the number

of counts per 180,000 pulses, corresponding to an hour.

signal C-Lα (14 keV) in the spectra obtained from the
graphite plate [Fig. 1(a)]. Assuming the same ratio
in C6Li, we subtracted the contribution from C-Lβ in
the peak observed around 18 keV. The intensity of the
signal Li-Kα is deduced as (8.6 ± 0.8)% of that of the
signal C-Lα.

We concluded that µXEA can also detect Li in the
Li-intercalated graphite anode of a Li-ion battery. This
result may lead to further development of µXEA as
a non-destructive compositional analysis technique for
Li-ion batteries.
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Development of an intense mid-infrared coherent light source for
muonic hydrogen spectroscopy

S. Kanda,∗1 S. Aikawa,∗2 K. Ishida,∗1 M. Iwasaki,∗1 Y. Ma,∗1 Y. Matsuda,∗3 K. Midorikawa,∗4 Y. Oishi,∗5

S. Okada,∗6 N. Saito,∗4 M. Sato,∗5 A. Takamine,∗1 K. S. Tanaka,∗7 H. Ueno,∗1 S. Wada,∗4 and M. Yumoto∗4

The proton is a fundamental constituent of the mat-
ter. However, its internal structure is complicated
and perplexing. The internal structure of a proton
is described by the electric and magnetic form fac-
tors. These form factors appear in the charge ra-
dius which has been measured by using electron-proton
scattering and spectroscopy of hydrogen-like atoms.
Since the proton charge radius was determined by
the spectroscopy of Lamb shift in muonic hydrogen at
PSI,1) there has been a significant discrepancy between
the electronic and muonic measurement results of the
charge radius.2) Both the experiments have been vali-
dated; however, the discrepancy was reproduced.3,4)

Alternatively, the proton structure is expressed by
the Zemach radius, which is defined by a convolution
of the charge distribution with the magnetic moment
distribution. The Zemach radius can be extracted from
the hyperfine splitting (HFS) of muonic hydrogen as a
contribution arising from the finite volume effect of
the proton. We aim to determine the proton Zemach
radius via laser spectroscopy of the ground-state hy-
perfine splitting in muonic hydrogen. The HFS energy
of muonic hydrogen is 183 meV, and it corresponds to
a light having the wavelength of 6.8 µm. The hyperfine
transition is E1-forbidden, and an intense mid-infrared
coherent light source is essential to the experiment.
In order to perform precision spectroscopy of muonic

hydrogen HFS, a pulse energy of 20 mJ and a spectral
width of 100 MHz are required for the transition laser.
The coherent light with a wavelength of 6.8 µm is gen-
erated by an optical parametric oscillator (OPO) using
a ZnGeP2 (ZGP) nonlinear optical crystal. The OPO
is pumped with a Tm3+, Ho3+ co-doped YAG ceramic
laser. A quantum cascade laser (QCL) is adopted as
a narrowband seeder. The output beam of the OPO
is amplified by the ZGP optical parametric amplifiers
(OPAs). Figure 1 illustrates a diagram of the proposed
laser system.
As a first step to develop the laser system, the

Tm,Ho:YAG ceramic laser was developed. A YAG ce-
ramic rod was pumped by laser diodes and a quasi-
continuous light output was pulsated by an acousto-
optic Q-switch. A pulse energy of 20 mJ or higher and
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a pulse width of 150 ns or less are required for the
output beam of Tm,Ho:YAG ceramic laser. Figure 2
shows the measured pulse energy and pulse width of
the laser beam as a function of the current applied to
the laser diodes. A TEM00 mode beam profile was
obtained, and the beam radius was 1 mm. Sufficient
performance of the light source was achieved by align-
ment optimization of each optical component.
Since the development of pumping light source was

successful, the OPO pumped with the Tm,Ho:YAG ce-
ramic laser will be demonstrated as the next step. The
QCL as a seeder is under development and needs to be
tested.

Fig. 1. Diagram of the laser system. The system com-

prises of three stages: the Tm,Ho:YAG ceramic laser;

the QCL-seeded ZGP-OPO; and the ZGP-OPAs. A

quarter-waveplate is placed after the OPA to obtain a

circularly polarized light. In the spectroscopy experi-

ment, two sets of the laser system will be employed for

a total energy of 20 mJ.

Fig. 2. Output characteristics of the Tm,Ho:YAG ceramic

laser. The black circles correspond to the pulse energy,

which refers to the left ordinate. The red squares cor-

respond to the pulse width, which refers to the right

ordinate. The inset represents the beam profile.
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a ZnGeP2 (ZGP) nonlinear optical crystal. The OPO
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the laser beam as a function of the current applied to
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Solid-liquid extraction of Mo and W by Aliquat 336 from HCl
solutions toward extraction chromatography experiments of Sg†

Y. Komori,∗1,∗2 T. Yokokita,∗1,∗2 Y. Kasamatsu,∗2 H. Haba,∗1 A. Toyoshima,∗3 K. Toyomura,∗1 K. Nakamura,∗1

J. Kaneya,∗2 M. Huang,∗2 Y. Kudou,∗2 N. Takahashi,∗1 and A. Shinohara∗1

Chemical characterization of transactinide elements
with atomic number ≥ 104 is an attractive and chal-
lenging subject in the field of radiochemistry. Two
decades ago, Schädel et al. performed the pioneer-
ing cation-exchange experiment of seaborgium (Sg) in
5× 10−4 M HF/0.1 M HNO3

1) and 0.1 M HNO3
2) us-

ing an automated rapid chemistry apparatus (ARCA).
In the literature, it was reported that the fluoride
complexation of Sg was similar to that of its lighter
homologs, Mo and W. In their experiment, however,
Schädel et al. observed only four time-correlated events
from the daughters and granddaughters of 265Sga,b1,2)

produced in the 248Cm(22Ne, 5n)265Sga,b reaction be-
cause of the time-consuming α-sample preparation.
One of the possible methods of unambiguous identifica-
tion through detection of α-correlations from 265Sga,b

and its descendants is to adopt liquid scintillation
counting for the physically pre-separated 265Sga,b with
GARIS.3) This approach has high detection efficiency
and the sample preparation time is short. In parallel
with the development of the measurement apparatus,
it is also necessary to search for experimental condi-
tions applicable to 265Sga,b. In this study, we exam-
ined solid-liquid extraction of Mo and W in the Aliquat
336/HCl system as a model experiment for Sg.

90Mo (T1/2 = 5.7 h) and 173W (T1/2 = 7.6 min) were
simultaneously produced via the natGe(22Ne, xn)90Mo
and natGd(22Ne, xn)173W reactions, respectively, us-
ing Gd/Ge targets at the RIKEN K70 AVF cyclotron.
Reaction products recoiling out of the targets were con-
tinuously transported to the chemistry laboratory us-
ing a He/KCl gas-jet method. The transported prod-
ucts were deposited on the ARCA collection site for
5 min. The products were then dissolved in HCl
and subsequently fed into a microcolumn (1.0 mm i.d.
and 3.5 mm) filled with 52-wt.% Aliquat 336/CHP20Y
resin at a flow rate of 1 mL/min. The effluents were
collected in polypropylene (PP) tubes for every 50-
or 80-µL fraction. Then, the remaining products in
the column were stripped with 400–500 µL of 6 M
HNO3/0.01 M HF and collected in another PP tube.
These samples were assayed through γ-ray spectrome-
try with Ge detectors. We also performed batch ex-
periments with 93mMo and 181W using the Aliquat
336/CHP20Y resin in HCl solutions.

† Condensed from J. Radioanal. Nucl. Chem. 303, 1385
(2015).

∗1 Graduate School of Science, Osaka University
∗2 RIKEN Nishina Center
∗3 Advanced Science Research Center, Japan Atomic Energy

Agency

0 2 4 6 8 100

20

40

60

80

100

HCl concentration / M

%
E

xt

90Mo
173W

Fig. 1. Variation of %Ext values of 90Mo and 173W on 52-

wt. % Aliquat 336/CHP20Y column (1.0 mm i.d. and

3.5 mm) as a function of HCl concentration.

In the experiments involving the transactinide el-
ements and performed using the ARCA, chromato-
graphic separation was conducted with approximately
200 µL of the eluent (first fraction) and the remaining
radioactivities in the column were eluted by a strip-
ping solution as the second fraction.4) To evaluate the
extraction behaviors of Mo and W by this method, the
percent extraction (%Ext) on the resin was defined as

%Ext =
100A2

A1 +A2
(1)

where A1 indicates the amount of radioactivity eluted
with 200 µL of the effluent and A2 is that remaining
in the column with the effluent. The variation of the
%Ext values as a function of HCl concentration are
shown in Fig. 1.
In the figure, the %Ext values of Mo increase to 70%

in 2–4 M HCl and then decrease in 4–6 M, while those
of W are less than 20% for all examined concentrations.
The trend of the %Ext values, Mo>W, is qualitatively
consistent with the results of the batch experiments
performed with 93mMo and 181W. This indicates that
the extraction behaviors of Mo and W obtained with
ARCA reflect the chloride complex formation of these
elements, i.e., formation of the anionic oxochloro com-
plexes [MO2Cl3]

− (M = Mo and W) in 1–6 M HCl.5,6)

Under the present conditions, therefore, it is expected
that information on the chloride complexation of Sg
can be obtained by comparing its %Ext values with
those of Mo and W using our developed systems.
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Reversed-phase chromatography for element 105, Db
with Aliquat 336 resin from 2.7 M and 27 M HF solutions
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Elements with atomic number ≥ 104 are called super-
heavy elements. As aqueous chemical studies for element
105, Db, an anion-exchange experiment was performed
in 13.9 M hydrofluoric acid solution.1) However, the
chemical species of Db in HF solution is not still clear.
We have been studying a liquid-liquid and a solid-liquid
extraction of Nb and Ta which are lighter homologues of
Db with Aliquat 336 in solutions of various concentra-
tion of HF.2,3) In the liquid-liquid extraction, univalent
anionic complex of Nb and Ta were extracted, and it
was implied that the extracted species were [NbOF4]

−

or [NbF6] and [TaF6]
−.2) On the other hand, the results

of solid-liquid extraction with 52 wt% Aliquat 336 resin
lead indicated that the distribution coefficients, Kd, of
95gNb has the minimum value at 10 M HF, while those
of 179Ta gradually decrease with increasing HF concen-
tration.3) Because the adsorption behaviors of Nb and
Ta differed clearly, similarity with the homologues of
the character of Db could be clear by measuring the
dependence of Kd values of Db on HF concentration.
Because the results of Nb and Ta of on-line experiment
were good agreement with those of batch experiment in
2.7 M and 27 M HF, it is suggested that the chemical
formation of Nb and Ta of on-line experiment is same
with that of batch experiment.3) Therefore, 2.7 M and
27 M HF were decided as the condition of Db exper-
iment. In this study, we performed experiments of a
reversed-phase chromatography experiment of Db with
2.7 M and 27 M HF.
The isotope 262Db was produced in the 248Cm(19F,

5n)262Db reaction at the RIKEN K70 AVF cyclotron.
The small amount of natGd was induced in the Cm
target in order to monitor the state of the experi-
ment by measuring 170Ta which was produced in the
natGd(19F, xn)170Ta reaction. The reaction products
transported by the He/KCl gas-jet system were de-
posited on the collection part in Automated Rapid
Chemical Apparatus (ARCA) for 60 s. Then, the
products were dissolved in 2.7 M or 27 M HF solu-
tion and loaded on a small chromatographic column
(1.6 mm i .d . × 7.0 mm height) filled with the 52 wt%
Aliquat 336 resin at a flow rate of 1.0 mL/min. The
effluent was collected into a Ta disk as a primary frac-
tion. The adsorbed species on the column were stripped
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Fig. 1. The dependences of the adsorption yields of Nb, Ta,

Db on [HF]ini with 52 wt% Aliquat 336 resin.

with 6 M HNO3/0.015 M HF solution at a flow rate of
1.0 mL/min. The effluents was collected another Ta disk
as a secondary fraction. The both quantity of the pri-
mary and the secondary fraction was 150 µL. These Ta
disks were heated to dry the solution by halogen lamp,
then they were picked up into the automated rapid α/SF
detection system, RIDER, by robot arm to measure their
radioactivities. The Db experiments were performed for
596 times in 2.7 M HF and for 950 times in 27 M HF.
The average chemical yields of 170Ta were about 22% in
2.7 M HF and 18% in 27 M HF, respectively.
From the obtained α-spectra, the number of events

corresponding to 262Db (Eα = 8420–8740 keV)4) in
2.7 M HF were 10 in the 1st fraction and 2 in the 2nd
fraction. In 27 M HF, 24 events in 1st fraction and 3
events in 2nd fraction were observed. Considering the
contamination, the distribution of decay time and the
background, the adsorption yields on the 52 wt% Ali-
quat 336 resin which were estimated by radioactivity
ratio were 15.4% in 2.7 M HF and 14.8% in 27 M HF,
respectively. In Fig. 1, it was found that the adsorption
yields of Nb and Ta are almost 100% in the both cases of
2.7 M and 27 M HF, while those of Db are very smaller
than those of homologues. In addition, the adsorption
yields of Db are almost constant to [HF]ini. Therefore, if
the Kd values of Db are estimated from the adsorption
yield, the dependence of Kd values of Db on [HF]ini is
also constant. Because theKd values of Ta are decreased
with increasing [HF]ini,

3) the extraction behavior of Db
would not be like Ta at least. Therefore, it was sug-
gested that the fluoride complex formation of Db is not
similar to that of Ta.
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Solvent extraction of Rf in the Aliquat 336/HCl system using
flow-type extraction apparatus
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Superheavy elements (SHEs) with Z ≥ 104 are syn-
thesized by heavy-ion-induced nuclear reactions. It is
very difficult to investigate the chemical properties of
SHEs because of the low production rates and short
half-lives of these nuclides.1) In the solution chemistry of
SHEs, ion-exchange and extraction experiments were so
far performed for mainly element 104, Rf and 105, Db.
Especially for fluoride complexation, various interesting
data were obtained.1) To deepen the understanding of
the halide complexation of Rf, we aim at investigating
the chloride complexation of Rf. In our previous stud-
ies, we investigated the solid-liquid extraction behavior
of Rf using Aliquat 336 as an extractant by confirming
the extraction reaction equilibrium for the first time.2,3)

The distribution coefficient (Kd) of Rf was acquired. In
the results, the variation of the Kd value of Rf with HCl
concentration showed a slightly different tendency from
those of Zr and Hf, and the sequence of the Kd values
was different from that for fluoride complexation. In this
study, we developed an online solvent extraction appa-
ratus and performed solvent extraction experiments of
Zr, Hf, and Rf in the Aliquat 336/HCl system for further
investigation of the chloride complexation of Rf.

We first investigated the dependence of the distribu-
tion ratios (D) of Zr and Hf on Aliquat 336 concentration
([Aliquat 336]) by a batch method to determine the net
charge of the extracted anionic chloride complexes. We
used 7.8–11.2 M HCl as the aqueous phase and CHCl3
or CCl4 as the organic phase, and we used carrier-free
radiotracers of 88Zr (T1/2 = 83.4 d) and 175Hf (T1/2 =
70 d).

Consequently, the slopes in the logD versus log [Ali-
quat 336] plots of Zr and Hf were both 1.9 in CHCl3
as shown in Fig. 1, suggesting that the bivalent chloride
complex is extracted. On the other hand, the slopes
in CCl4 were 1.2 for both Zr and Hf, which suggests
that the monovalent chloride complex is dominantly ex-
tracted. These results imply that different chloride com-
plexes (net charge) would be extracted for different or-
ganic solvents: CHCl3 and CCl4.
A flow-type solvent extraction apparatus called the

flow Injection Solvent Extraction apparatus (ISE),
which is suitable for online extraction experiments with
short-lived isotopes of SHEs, was developed and its per-
formance was checked by solvent extraction with Zr and
Hf. Subsequently, as a model experiment of Rf, the
online liquid-liquid extraction using ISE was performed
with the AVF cyclotron in the Research Center for Nu-
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Fig. 1. Dependence of the D values of Zr and Hf on Aliquat

336 concentration in CHCl3 at 11.2 M HCl.

clear Physics, Osaka University (RCNP) by using 89mZr
(T1/2 = 4.18 min) and 173Hf (T1/2 = 23.4 h) produced
in the natSr(α, xn) and natYb(α, xn) reactions, respec-
tively. The D values acquired with ISE in 9.3–11.2 M
HCl were in good agreement with those acquired by the
batch method as shown in Fig. 1, suggesting applicabil-
ity of the present method to the Rf experiment.

Recently, we produced 261Rf (T1/2 = 68 s) and 169Hf
(T1/2 = 3.24 min) in the 248Cm(18O, 5n)261Rf and
natGd(18O, xn)169Hf reactions, respectively, by using the
RIKEN AVF cyclotron, and carried out the solvent ex-
traction of Rf in the Aliquat 336/HCl system (the or-
ganic solvent is CHCl3 or CCl4). The reaction prod-
ucts were transported by a He/KCl gas-jet system to
the chemistry room and dissolved in 9.3 M HCl with
a dissolution apparatus.3) The solution was injected to
ISE. After phase separation by ISE, we collected the two
phases on different Ta plates and the samples were as-
sayed by alpha-particle measurement by the automated
rapid α/SF detection system. After alpha particle mea-
surement, we measured γ-ray activities of 169Hf in the
samples with Ge detectors.

We carried out 667 extraction cycles. We observed
good reproducibility for the D values of Hf and the aver-
age D values of Hf are equivalent to the values obtained
in the batch experiment. The chemical yield including
dissolution efficiency was approximately 40%. In the
alpha-particle measurement, we detected 118 counts of
261Rf and 257No, and the D values of Rf are now under
analysis.

References
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Elements with atomic number ≥ 104 are called super-
heavy elements. As aqueous chemical studies for element
105, Db, an anion-exchange experiment was performed
in 13.9 M hydrofluoric acid solution.1) However, the
chemical species of Db in HF solution is not still clear.
We have been studying a liquid-liquid and a solid-liquid
extraction of Nb and Ta which are lighter homologues of
Db with Aliquat 336 in solutions of various concentra-
tion of HF.2,3) In the liquid-liquid extraction, univalent
anionic complex of Nb and Ta were extracted, and it
was implied that the extracted species were [NbOF4]

−

or [NbF6] and [TaF6]
−.2) On the other hand, the results

of solid-liquid extraction with 52 wt% Aliquat 336 resin
lead indicated that the distribution coefficients, Kd, of
95gNb has the minimum value at 10 M HF, while those
of 179Ta gradually decrease with increasing HF concen-
tration.3) Because the adsorption behaviors of Nb and
Ta differed clearly, similarity with the homologues of
the character of Db could be clear by measuring the
dependence of Kd values of Db on HF concentration.
Because the results of Nb and Ta of on-line experiment
were good agreement with those of batch experiment in
2.7 M and 27 M HF, it is suggested that the chemical
formation of Nb and Ta of on-line experiment is same
with that of batch experiment.3) Therefore, 2.7 M and
27 M HF were decided as the condition of Db exper-
iment. In this study, we performed experiments of a
reversed-phase chromatography experiment of Db with
2.7 M and 27 M HF.
The isotope 262Db was produced in the 248Cm(19F,

5n)262Db reaction at the RIKEN K70 AVF cyclotron.
The small amount of natGd was induced in the Cm
target in order to monitor the state of the experi-
ment by measuring 170Ta which was produced in the
natGd(19F, xn)170Ta reaction. The reaction products
transported by the He/KCl gas-jet system were de-
posited on the collection part in Automated Rapid
Chemical Apparatus (ARCA) for 60 s. Then, the
products were dissolved in 2.7 M or 27 M HF solu-
tion and loaded on a small chromatographic column
(1.6 mm i .d . × 7.0 mm height) filled with the 52 wt%
Aliquat 336 resin at a flow rate of 1.0 mL/min. The
effluent was collected into a Ta disk as a primary frac-
tion. The adsorbed species on the column were stripped
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Fig. 1. The dependences of the adsorption yields of Nb, Ta,

Db on [HF]ini with 52 wt% Aliquat 336 resin.

with 6 M HNO3/0.015 M HF solution at a flow rate of
1.0 mL/min. The effluents was collected another Ta disk
as a secondary fraction. The both quantity of the pri-
mary and the secondary fraction was 150 µL. These Ta
disks were heated to dry the solution by halogen lamp,
then they were picked up into the automated rapid α/SF
detection system, RIDER, by robot arm to measure their
radioactivities. The Db experiments were performed for
596 times in 2.7 M HF and for 950 times in 27 M HF.
The average chemical yields of 170Ta were about 22% in
2.7 M HF and 18% in 27 M HF, respectively.
From the obtained α-spectra, the number of events

corresponding to 262Db (Eα = 8420–8740 keV)4) in
2.7 M HF were 10 in the 1st fraction and 2 in the 2nd
fraction. In 27 M HF, 24 events in 1st fraction and 3
events in 2nd fraction were observed. Considering the
contamination, the distribution of decay time and the
background, the adsorption yields on the 52 wt% Ali-
quat 336 resin which were estimated by radioactivity
ratio were 15.4% in 2.7 M HF and 14.8% in 27 M HF,
respectively. In Fig. 1, it was found that the adsorption
yields of Nb and Ta are almost 100% in the both cases of
2.7 M and 27 M HF, while those of Db are very smaller
than those of homologues. In addition, the adsorption
yields of Db are almost constant to [HF]ini. Therefore, if
the Kd values of Db are estimated from the adsorption
yield, the dependence of Kd values of Db on [HF]ini is
also constant. Because theKd values of Ta are decreased
with increasing [HF]ini,

3) the extraction behavior of Db
would not be like Ta at least. Therefore, it was sug-
gested that the fluoride complex formation of Db is not
similar to that of Ta.
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Anion and cation exchanges of Zr, Hf, and Th in H2SO4

for chemical study of Rf

T. Yokokita,∗1 S. Yano,∗1 Y. Komori,∗1 and H. Haba∗1

Clarifying the chemical properties of superheavy el-
ements with atomic number Z ≥ 104 is an intriguing
and important subject. These elements are produced at
accelerators using heavy-ion-induced nuclear reactions.
The production rates of these elements are low, and their
half-lives are short (T1/2 ≤ 1 min). Thus, chemical stud-
ies on these elements are conducted on a single-atom
basis.1)

The solution chemistry of superheavy elements has
been studied mainly for element 104, Rf. In these stud-
ies, experiments on Rf and homologous elements have
been carried out under the same conditions, but for even
homologous elements, equilibrated data were obtained
in few conditions. Particularly, it was reported that the
chemical reaction kinetics between Zr and Hf are differ-
ent in H2SO4.

2) Thus, the observation of equilibration
and the equilibrated distribution data are very impor-
tant to characterize the sulfate complex formation of Rf.
In this work, we performed anion and cation exchange of
Zr, Hf, and Th by using ion-exchange resin and fiber to
search the rapid reaction system for the chemical study
of Rf.

We produced 88Zr and 175Hf in the 89Y(d, 3n) and
natLu(d, xn)175Hf reactions (nat = natural isotopic
abundance), respectively, by using the RIKEN AVF cy-
clotron. 234Th was obtained as an α-decay daughter
nuclide of 238U. These radiotracers were purified by an
anion-exchange method.

The ion-exchange experiments of Zr, Hf, and Th were
performed by the batch method using 0.1–36.3 mg of the
ion exchanger (anion-exchange resin (Mitsubishi Chem-
ical, MCI GEL AC08Y), anion-exchange fiber (Nichibi,
IEF-BrA-SA), cation-exchange resin (Mitsubishi Chem-
ical, MCI GEL CK08Y), or cation-exchange fiber
(Nichibi, IEF-MR-SC)) and 0.25 mL of 0.12–1.0 M
H2SO4. We also performed control experiments with-
out the resin. The distribution ratio (Qd) was obtained
according to Qd = (Ac − As)V/Asw, where Ac and As

denote the radioactivities in the control and extracted
solutions, respectively; V is the volume of the solution;
and w is the weight of the ion exchanger.

The dependence of the Qd values of Zr, Hf, and Th on
the shaking time is shown in Figs. 1(a), (b), and (c), re-
spectively. When using the anion-exchange resin, theQd

values of Zr, Hf, and Th are constant in the entire time
range studied. When using the anion-exchange fiber, the
Qd values of Zr, Hf, and Th become constant after 1 h,
2 h, and 10 s for Zr, Hf, and Th, respectively. When
using the cation-exchange resin, the Qd values become
constant after 10 min for Zr and Hf and after 10 s for Th.
When using the cation-exchange fiber, the Qd values of

∗1 RIKEN Nishina Center

Fig. 1. Variations of the Qd values of (a) 88Zr, (b) 175Hf, and

(c) 234Th on the shaking time in 0.1 M H2SO4.

Zr, Hf, and Th become constant after 2 h, 10 min, and
4 h, respectively. These results suggest that the anion-
exchange reaction reaches equilibrium within 10 s when
using the anion- exchange resin, and this reaction sys-
tem would be applicable for 261Rf (T1/2 = 68 s). On
the other hand, the time required to reach equilibria in
the ion-exchange reaction with the other ion exchangers
used in this work are relatively long compared to that
with the short-lived 261Rf. We found that the time re-
quired to reach the equilibrium with the ion-exchange
resin is shorter than that with the fiber for both an-
ion and cation exchange. We concluded that the ion-
exchange fibers are unavailable for experiments with the
short-lived 261Rf.
We also studied the variations of the distribution co-

efficients (Qd values in equilibrium condition) of Zr, Hf,
and Th on the anion-exchange resin to obtain compar-
ison data and to determine the appropriate experimen-
tal condition for Rf experiment. We would like to per-
form a similar experiment on Rf experiments by using
AMBER,3) to observe the equilibration of the anion-
exchange reaction, and to investigate the chemical prop-
erties of the sulfate complex of Rf.
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Solvent extraction behavior of Zr and Hf with 2-furoyltrifluoroacetone
as model experiments for rutherfordium (element 104)

K. Ooe,∗1,∗2 S. Kusakari,∗1 S. Goto,∗1 H. Haba,∗3 Y. Komori,∗3 and H. Kudo∗4

Our group has been investigating the solvent ex-
traction behavior of zirconium (Zr) and hafnium (Hf)
with chelating agents such as 2-thenoyltrifluoroacetone
(HTTA) and di-2-ethylhexylphosphoric acid (HDEHP)
as model experiments for the heavier homolog, ruther-
fordium (Rf).1–3) In our previous study, we extracted
Zr and Hf (extractant: HDEHP) with a rapid extrac-
tion apparatus by using a flow injection analysis (FIA)
technique.3) Although the distribution ratio (D) of Zr
and Hf increased more rapidly than those in the batch
method, it took more than several minutes to reach the
extraction equilibrium of Zr and Hf with the apparatus.
An experiment with HTTA using the apparatus showed
almost the same result; therefore, we planned to employ
another chelate extractant having faster extraction ki-
netics for the short-lived Rf experiment. In this study,
we used 2-furoyltrifluoroacetone (HFTA), which is a β-
diketone like HTTA, for extraction experiments of Zr
and Hf. This extractant has lower distribution constant
(Kd) and acid dissociation constant (pKa) values than
HTTA.4) Because lower Kd and pKa values lead to a
higher concentration of the coordinating anion, FTA−,
in the aqueous phase, HFTA may show faster kinetics
than HTTA. The extraction kinetics and mechanism for
Zr and Hf with HFTA were investigated by the batch
method. In addition, an extraction experiment using
the FIA apparatus was conducted.

Long-lived radionuclides of 88Zr (T1/2 = 83.4 d) and
175Hf (T1/2 = 70 d) were produced in the 89Y(d, 3n)88Zr
and natLu(d, xn)175Hf reactions, respectively, by using
the RIKEN K70 AVF cyclotron. These produced ra-
diotracers were separated and purified by an anion ex-
change and a solvent extraction method. In the batch
extraction experiment, 600µL of 1 M HNO3 solution
containing 88Zr and 175Hf tracers was mixed with the
same volume of 0.008–0.021 M HFTA/toluene solution.
The mixture was mechanically shaken at 25◦C and
then centrifuged. After the separation of each phase,
the samples of aqueous and organic phases were sub-
jected to γ-ray spectrometry using a Ge detector. In
the FIA experiment, aqueous (1 M HNO3) and organic
(0.018 M HFTA/toluene) phases were pumped with sy-
ringe pumps at the same flow rate of 30–100µL/min.
These two phases were mixed in an extraction coil
(Teflon capillary) with an inner diameter of 0.17 mm
and a length of 1–10 m. The aqueous and organic solu-
tions eluting from the extraction coil were collected in
a sample tube. After centrifugation, both phases were
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centrifugation, both phases were separated by pipetting into 
other sample tubes. The samples were then subjected to 
γ-ray spectrometry using a Ge detector. The  values of Zr 
and Hf were calculated from the following equation: 
 

 = o/ a, 
 
where  denotes the radioactivity of either 88Zr or 175Hf and 
the subscripts a and o refer to the aqueous and organic 
phase, respectively. 
  In the batch extraction experiment, the extraction 
equilibrium of Zr and Hf with HFTA was attained in 3–4 
min, showing faster kinetics than HTTA which required 
approximately 1 h for attaining equilibrium.5) The plots of 
log  of Zr and Hf against log [HFTA] showed linear 
relations with slopes of approximately 4 for both Zr and Hf. 
The slope indicates the number of HFTA molecules 
involved in the extraction reaction, and therefore, the 
extracted species would be Zr(FTA)4 and Hf(FTA)4.  

Figure 1 shows the dependence of the  values of Zr and 
Hf on contact time in the extraction coil of the FIA 
apparatus. The experiment in Fig. 1 was conducted at an 
increased temperature (45°C) because the acceleration of 
the extraction reaction by using the FIA apparatus at 25°C 
was insufficient. The result showed that the extraction 
equilibrium of Zr and Hf with HFTA using the FIA 
apparatus was attained in 30–40 s. This is a promising result 
for the extraction experiment of the short-lived 261Rf ( 1/2 = 
68 s) isotope. In the future, an on-line extraction experiment 
of Zr and Hf with the FIA apparatus coupled to a gas-jet 
transport system will be conducted.    
 
 
 
 
 
 
 
 
 
Fig. 1. Dependence of the D values of Zr and Hf on contact 
time in the extraction coil (inner diameter: 0.017 mm) of the 
FIA apparatus at 45°C.   
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Fig. 1. Dependence of the D values of Zr and Hf on contact

time in the extraction coil (inner diameter: 0.017 mm) of

the FIA apparatus at 45◦C.

separated by pipetting into other sample tubes. The
samples were then subjected to γ-ray spectrometry us-
ing a Ge detector. The D values of Zr and Hf were
calculated from the following equation:

D = Ao/Aa,

where A denotes the radioactivity of either 88Zr or 175Hf
and the subscripts a and o refer to the aqueous and
organic phase, respectively.
In the batch extraction experiment, the extraction

equilibrium of Zr and Hf with HFTA was attained in
3–4 min, showing faster kinetics than HTTA which re-
quired approximately 1 h for attaining equilibrium.5)

The plots of logD of Zr and Hf against log [HFTA]
showed linear relations with slopes of approximately 4
for both Zr and Hf. The slope indicates the number
of HFTA molecules involved in the extraction reaction,
and therefore, the extracted species would be Zr(FTA)4
and Hf(FTA)4.

Figure 1 shows the dependence of the D values of Zr
and Hf on contact time in the extraction coil of the FIA
apparatus. The experiment in Fig. 1 was conducted at
an increased temperature (45◦C) because the accelera-
tion of the extraction reaction by using the FIA appa-
ratus at 25◦C was insufficient. The result showed that
the extraction equilibrium of Zr and Hf with HFTA us-
ing the FIA apparatus was attained in 30–40 s. This is
a promising result for the extraction experiment of the
short-lived 261Rf (T1/2 = 68 s) isotope. In the future, an
on-line extraction experiment of Zr and Hf with the FIA
apparatus coupled to a gas-jet transport system will be
conducted.
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Anion and cation exchanges of Zr, Hf, and Th in H2SO4

for chemical study of Rf

T. Yokokita,∗1 S. Yano,∗1 Y. Komori,∗1 and H. Haba∗1

Clarifying the chemical properties of superheavy el-
ements with atomic number Z ≥ 104 is an intriguing
and important subject. These elements are produced at
accelerators using heavy-ion-induced nuclear reactions.
The production rates of these elements are low, and their
half-lives are short (T1/2 ≤ 1 min). Thus, chemical stud-
ies on these elements are conducted on a single-atom
basis.1)

The solution chemistry of superheavy elements has
been studied mainly for element 104, Rf. In these stud-
ies, experiments on Rf and homologous elements have
been carried out under the same conditions, but for even
homologous elements, equilibrated data were obtained
in few conditions. Particularly, it was reported that the
chemical reaction kinetics between Zr and Hf are differ-
ent in H2SO4.

2) Thus, the observation of equilibration
and the equilibrated distribution data are very impor-
tant to characterize the sulfate complex formation of Rf.
In this work, we performed anion and cation exchange of
Zr, Hf, and Th by using ion-exchange resin and fiber to
search the rapid reaction system for the chemical study
of Rf.

We produced 88Zr and 175Hf in the 89Y(d, 3n) and
natLu(d, xn)175Hf reactions (nat = natural isotopic
abundance), respectively, by using the RIKEN AVF cy-
clotron. 234Th was obtained as an α-decay daughter
nuclide of 238U. These radiotracers were purified by an
anion-exchange method.

The ion-exchange experiments of Zr, Hf, and Th were
performed by the batch method using 0.1–36.3 mg of the
ion exchanger (anion-exchange resin (Mitsubishi Chem-
ical, MCI GEL AC08Y), anion-exchange fiber (Nichibi,
IEF-BrA-SA), cation-exchange resin (Mitsubishi Chem-
ical, MCI GEL CK08Y), or cation-exchange fiber
(Nichibi, IEF-MR-SC)) and 0.25 mL of 0.12–1.0 M
H2SO4. We also performed control experiments with-
out the resin. The distribution ratio (Qd) was obtained
according to Qd = (Ac − As)V/Asw, where Ac and As

denote the radioactivities in the control and extracted
solutions, respectively; V is the volume of the solution;
and w is the weight of the ion exchanger.

The dependence of the Qd values of Zr, Hf, and Th on
the shaking time is shown in Figs. 1(a), (b), and (c), re-
spectively. When using the anion-exchange resin, theQd

values of Zr, Hf, and Th are constant in the entire time
range studied. When using the anion-exchange fiber, the
Qd values of Zr, Hf, and Th become constant after 1 h,
2 h, and 10 s for Zr, Hf, and Th, respectively. When
using the cation-exchange resin, the Qd values become
constant after 10 min for Zr and Hf and after 10 s for Th.
When using the cation-exchange fiber, the Qd values of

∗1 RIKEN Nishina Center

Fig. 1. Variations of the Qd values of (a) 88Zr, (b) 175Hf, and

(c) 234Th on the shaking time in 0.1 M H2SO4.

Zr, Hf, and Th become constant after 2 h, 10 min, and
4 h, respectively. These results suggest that the anion-
exchange reaction reaches equilibrium within 10 s when
using the anion- exchange resin, and this reaction sys-
tem would be applicable for 261Rf (T1/2 = 68 s). On
the other hand, the time required to reach equilibria in
the ion-exchange reaction with the other ion exchangers
used in this work are relatively long compared to that
with the short-lived 261Rf. We found that the time re-
quired to reach the equilibrium with the ion-exchange
resin is shorter than that with the fiber for both an-
ion and cation exchange. We concluded that the ion-
exchange fibers are unavailable for experiments with the
short-lived 261Rf.
We also studied the variations of the distribution co-

efficients (Qd values in equilibrium condition) of Zr, Hf,
and Th on the anion-exchange resin to obtain compar-
ison data and to determine the appropriate experimen-
tal condition for Rf experiment. We would like to per-
form a similar experiment on Rf experiments by using
AMBER,3) to observe the equilibration of the anion-
exchange reaction, and to investigate the chemical prop-
erties of the sulfate complex of Rf.
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Activation cross sections of α-induced reactions on natIn for 117mSn
production

M. Aikawa,∗1,∗2 M. Saito,∗1,∗2 Y. Komori,∗2 and H. Haba∗2

The radioisotope (RI) 117mSn (T1/2 = 13.76
d) decays with emission of both conversion elec-
trons (126.82, 129.369, and 151.56 keV) and γ rays
(158.56 keV). Further, this RI can be used as a bone
pain palliation agent, because the electrons and γ rays
are appropriate for therapy and imaging, respectively.
The production reactions of this RI have previously
been investigated and discussed; however, their pro-
duction in adequate quantities remains of much con-
cern.1) In this study, we focused on one of the reactions,
i.e., the 115In(α,x)117mSn reaction, the cross sections
of which have exhibited large discrepancies in previous
studies.2–4) Another experiment measuring the cross
sections of the reactions is, therefore, valuable.
The experiment was performed at the Azimuthally

Varying Field cyclotron of the RIKEN RI Beam Fac-
tory using well-established methods, e.g., the stacked
foil technique, activation method, and high-resolution
γ-ray spectrometry. Natural In foils (purity: 99.99%;
Nilaco, Japan) were stacked with natural Ti monitor
foils (purity: 99.6%; Nilaco, Japan). The thicknesses
of the In and Ti foils were estimated from the mea-
sured areas and weights of large foils (50 × 50 mm2)
and found to be 16.60 and 2.44 mg/cm2, respectively.
The stacked target consisted of 11 sets of In-In-Ti-Ti
foils (8 × 8 mm2) cut from the large foils. The first
foils on the downstream side of the beam were mea-
sured to compensate for the losses of the recoil prod-
ucts. However, the In foils were melted because of their
low melting point at 156.6◦C and could not be sepa-
rated after α beam irradiation. Each set of In foils
was therefore considered as one foil of 33.3 mg/cm2.
Irradiation with a 51.6-MeV α beam with an average
intensity of 202.1 nA was performed for 2 h. The inten-
sity and beam energy were measured by a Faraday-cup-
like target holder and the time-of-flight method using a
plastic scintillator monitor.5) The γ rays emitted from
the irradiated foils were measured by a high-resolution
high-purity Germanium detector.
The decay data6,7) are summarized in Table 1. Mea-

surement of the 156.02-keV γ-line (Iγ = 2.113%) from
the 117mSn decay was performed after a cooling time
of approximately 45 h. The cooling time was set
to be sufficiently long for decay of the parent nuclei,
117Sb (T1/2 = 2.80 h), 117gIn (T1/2 = 43.2 min), and
117mIn (T1/2 = 116.2 min). The γ-line at 158.56 keV
(Iγ = 86.4%) was not selected to avoid the overlapped
contribution of the 159.377-keV γ-line (Iγ = 68.3%)
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Table 1. Decay data for 117mSn and related nuclei

Nuclide T1/2 Eγ (keV) Iγ (%)

117mSn 13.76 d 156.02 2.113

158.56 86.4

47Sc 3.3492 d 159.381 68.3
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Fig. 1. Excitation function of 115In(α,x)117mSn reaction.

The result is compared with previous experimental

data2–4) and TENDL-2015.8)

from the 47Sc (T1/2 = 3.3492 d) in the Ti catcher
foils. The 115In(α,x)117mSn reaction cross sections es-
timated from the 115In abundance (95.71%) are shown
in Fig. 1, together with the previous experimental data
(open symbols)2–4) and the TENDL-2015 data (dashed
line).8) Among the three sets of experimental data,
the present result (filled symbols) is consistent with
Qaim et al. (1984).3) More detailed analysis regarding
117mSn and other RIs is currently being performed.
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Prodution cross sections of 169Yb and 167,168,170Tm isotopes in
deuteron-induced reactions on 169Tm†

M. Saito,∗1,∗2 M. Aikawa,∗1,∗2 Y. Komori,∗2 H. Haba,∗2 and S. Takács∗3

The 169Yb (T1/2 = 32.018 d, EC = 100%) radionu-
clide is an Auger electron and X-ray emitter, mak-
ing it suitable for brachytherapy.1,2) Previously mea-
sured experimental cross-section data suggest that the
deuteron-induced reaction on 169Tm3–5) is one of the
best candidates for the production of high-specific-
activity 169Yb owing to the large cross sections of the
(d,2n) reaction and 100% natural abundance of the tar-
get 169Tm. However, the available experimental cross-
section data of the 169Tm(d,2n)169Yb reaction have
relatively large uncertainties and are scattered; there-
fore, the excitation function is not defined properly.
We report cross-section data of the 169Tm(d,2n)169Yb
reaction using pure, thin metallic thulium foils as the
target material to reduce the uncertainty of the exper-
imental data.

The excitation functions of the deuteron-induced re-
actions on 169Tm were measured by using the stacked-
foil activation method and high-resolution γ-ray spec-
trometry of the irradiated target foils. The 169Tm
metallic target foils (purity: 99%, Goodfellow, UK)
were stacked with natTi (purity: 99.9%, Goodfellow,
UK) and 27Al foils (purity: >99.95%, Nilaco, Japan)
for monitoring the beam parameters and for degrading
the beam energy. The average thicknesses of Tm, Ti,
and Al foils were determined by measuring the sur-
face area and the weight of larger pieces of the foils
and were found to be 28.65, 4.95, and 13.44 mg/cm2,
respectively. The irradiation was performed at the
AVF cyclotron of the RIKEN RI Beam Factory. The
stacked target was irradiated for 75 min with a 24.36-
MeV deuteron beam having an average intensity of
135.6 nA, which was measured by a Faraday cup. The
incident beam energy was measured by the time-of-
flight method using plastic scintillator monitors.6) The
beam-energy degradation in the stacked target was cal-
culated using the SRIM code available online.7) The
γ-ray spectra of the activated foils were measured by
HPGe detectors. Nuclear decay data were taken from
the online NuDat 2.7 database.8)

The excitation function of the 169Tm(d,2n)169Yb
reaction was derived from the γ-line at 177.21-keV
(22.28%), as shown in Fig. 1, together with the pre-
viously measured experimental data,3–5) and the re-
sult of the TALYS calculation.9) Our peak energy is in
good agreement with the previous data3–5) although

† Condensed from the article in Appl. Radiat. Isot. 125, 23
(2017)
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Fig. 1. Excitation function of the 169Tm(d,2n)169Yb reac-

tion. The solid curve shows a spline fit over the experi-

mental data. The result is compared with the previous

experimental data3–5) and TENDL-2015.9)

the cross sections are slightly higher. In addition to
169Yb, we have measured the production cross sections
of 167,168,170Tm. The measured data of Tm isotopes
are not included in this report owing to the space limi-
tation, but all data are available in Appl. Radiat. Isot.
125, 23 (2017). The present results for the Tm isotope
production show good agreements with the previous
data in general.

In summary, we determined the cross sections of the
deuteron-induced reactions on 169Tm to produce 169Yb
and 167,168,170Tm by using the stacked-foil activation
method and γ-ray spectrometry. The thin metallic Tm
foils with Ti and Al foils were irradiated by a 24.36-
MeV deuteron beam. The obtained excitation func-
tions were compared with previous experimental data,
and good agreements were found in general. The ex-
citation function of the 169Tm(d,p)170Tm reaction is
reported for the first time.
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Activation cross sections of α-induced reactions on natIn for 117mSn
production

M. Aikawa,∗1,∗2 M. Saito,∗1,∗2 Y. Komori,∗2 and H. Haba∗2

The radioisotope (RI) 117mSn (T1/2 = 13.76
d) decays with emission of both conversion elec-
trons (126.82, 129.369, and 151.56 keV) and γ rays
(158.56 keV). Further, this RI can be used as a bone
pain palliation agent, because the electrons and γ rays
are appropriate for therapy and imaging, respectively.
The production reactions of this RI have previously
been investigated and discussed; however, their pro-
duction in adequate quantities remains of much con-
cern.1) In this study, we focused on one of the reactions,
i.e., the 115In(α,x)117mSn reaction, the cross sections
of which have exhibited large discrepancies in previous
studies.2–4) Another experiment measuring the cross
sections of the reactions is, therefore, valuable.
The experiment was performed at the Azimuthally

Varying Field cyclotron of the RIKEN RI Beam Fac-
tory using well-established methods, e.g., the stacked
foil technique, activation method, and high-resolution
γ-ray spectrometry. Natural In foils (purity: 99.99%;
Nilaco, Japan) were stacked with natural Ti monitor
foils (purity: 99.6%; Nilaco, Japan). The thicknesses
of the In and Ti foils were estimated from the mea-
sured areas and weights of large foils (50 × 50 mm2)
and found to be 16.60 and 2.44 mg/cm2, respectively.
The stacked target consisted of 11 sets of In-In-Ti-Ti
foils (8 × 8 mm2) cut from the large foils. The first
foils on the downstream side of the beam were mea-
sured to compensate for the losses of the recoil prod-
ucts. However, the In foils were melted because of their
low melting point at 156.6◦C and could not be sepa-
rated after α beam irradiation. Each set of In foils
was therefore considered as one foil of 33.3 mg/cm2.
Irradiation with a 51.6-MeV α beam with an average
intensity of 202.1 nA was performed for 2 h. The inten-
sity and beam energy were measured by a Faraday-cup-
like target holder and the time-of-flight method using a
plastic scintillator monitor.5) The γ rays emitted from
the irradiated foils were measured by a high-resolution
high-purity Germanium detector.
The decay data6,7) are summarized in Table 1. Mea-

surement of the 156.02-keV γ-line (Iγ = 2.113%) from
the 117mSn decay was performed after a cooling time
of approximately 45 h. The cooling time was set
to be sufficiently long for decay of the parent nuclei,
117Sb (T1/2 = 2.80 h), 117gIn (T1/2 = 43.2 min), and
117mIn (T1/2 = 116.2 min). The γ-line at 158.56 keV
(Iγ = 86.4%) was not selected to avoid the overlapped
contribution of the 159.377-keV γ-line (Iγ = 68.3%)
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Table 1. Decay data for 117mSn and related nuclei

Nuclide T1/2 Eγ (keV) Iγ (%)

117mSn 13.76 d 156.02 2.113

158.56 86.4

47Sc 3.3492 d 159.381 68.3
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Fig. 1. Excitation function of 115In(α,x)117mSn reaction.

The result is compared with previous experimental

data2–4) and TENDL-2015.8)

from the 47Sc (T1/2 = 3.3492 d) in the Ti catcher
foils. The 115In(α,x)117mSn reaction cross sections es-
timated from the 115In abundance (95.71%) are shown
in Fig. 1, together with the previous experimental data
(open symbols)2–4) and the TENDL-2015 data (dashed
line).8) Among the three sets of experimental data,
the present result (filled symbols) is consistent with
Qaim et al. (1984).3) More detailed analysis regarding
117mSn and other RIs is currently being performed.
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Production cross sections of 177gLu in α-induced reactions on natYb

M. Saito,∗1,∗2 M. Aikawa,∗1,∗2 T. Murata,∗2,∗3 N. Ukon,∗2,∗4 Y. Komori,∗2 H. Haba,∗2 and S. Takács∗5

Radioisotopes (RI) are used for therapy and diag-
nosis in nuclear medicine. The combination of both
therapy and diagnosis (Theranostics) is one of the hot
topics in the field. One of the candidate isotopes suit-
able for theranostics is 177gLu (T1/2 = 6.6 d).1) It emits
β particles (Emean = 134.2 keV) and γ rays (Eγ =
112.95 keV (Iγ = 6.17%) and 208.37 keV (10.36%)),
which are suitable for therapy and diagnosis, respec-
tively.

There are many possible reactions to produce
177gLu, e.g., neutron-induced reaction on 176Lu and
charged-particle-induced reactions on 174,176Yb. Cross
section data of such reactions are required to find the
best production route of 177gLu. Among them, we fo-
cused on the cross sections of 177gLu in α-induced reac-
tions on natYb, because we could find only one data set
for this reaction up to 40 MeV2) in a literature survey.
Therefore, we performed an experiment to measure the
excitation function of the reaction up to 50 MeV.

The experiment was performed at the AVF cyclotron
of the RIKEN RI Beam Factory by using a stacked-foil
activation method and high-resolution γ-ray spectrom-
etry. Thin metallic foils of natYb (purity: 99%, Good-
fellow Co., Ltd., UK) and natTi (purity: 99.6 %, Good-
fellow Co., Ltd., UK) for the monitor natTi(α,x)51Cr
reaction were stacked together as a target. The aver-
age thicknesses of the Yb and Ti foils were determined
by measuring the surface area and weight of the larger
pieces, three Yb foils (25×25 mm2) and one Ti foil
(50×100 mm2). Their average thicknesses were found
to be 16.43, 16.15, 16.93, and 2.40 mg/cm2, respec-
tively. The target foils (8×8 mm2) were cut from the
measured foils. The stacked target was irradiated by a
50-MeV α beam with an average intensity of 207 par-
ticle nA for 2 hours. The initial beam energy was de-
termined by using time of flight measurement,3) and
the energy degradation in the target was calculated
by using the SRIM code available online.4) The initial
uncertainty of the α-beam energy was estimated to be
±0.1 MeV, and it increased to ±1.1 MeV at the last
Yb foil. Nuclear decay data of 177gLu and 51Cr were
taken from the online NuDat 2.7 database.5)

Cross sections of the monitor natTi(α,x)51Cr reac-
tion were derived from the γ line of Eγ = 320.08 keV
(Iγ = 9.91%) and compared with the IAEA recom-
mended values6) to assess the beam parameters. Our
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Fig. 1. Cross sections of the natYb(α,x)177gLu reaction in

comparison with the previous data2) and TENDL-2015

data.7)

result shows a good agreement with the recommended
values, and suggests that no adjustment is neces-
sary for the beam parameters. Cross sections of the
natYb(α,x)177gLu reaction were also derived from the
γ line at Eγ = 208.37 keV (Iγ = 10.36%). The prelim-
inary result is shown in Fig. 1, together with the pre-
vious data2) and the TENDL-2015 data.7) Our result
shows a smooth and monotonical increase, indicating
disagreements with the other data.

In summary, we performed an experiment on the α-
induced reactions on natYb to produce 177gLu by using
a stacked-foil activation method. Thin metallic natYb
foils were irradiated by a 50-MeV α beam. Cross sec-
tion values were determined from the activity of the
produced radioisotopes by using high-resolution γ-ray
spectrometry. The result was compared with the pre-
vious data and the TENDL-2015 data. We found that
there are disagreements with the other data. A more
detailed analysis is required to finalize the cross sec-
tions and confirm this deviation.
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Activation cross sections of alpha-induced reactions on natural
tungsten for 186Re and 188Re production

N. Ukon,∗1,∗2 M. Aikawa,∗2,∗3 M. Saito,∗2,∗3 T. Murata,∗2,∗4 Y. Komori,∗2 H. Haba,∗2 and S. Takacs∗5

Radioisotopes (RI) are used for diagnosis and ther-
apy in nuclear medicine. 186Re is a β emitter with
a half-life of 3.72 days, a maximum β energy of
1.07 MeV, average penetration ranges of 1.1 mm in
soft tissue and 0.5 mm in bone, and a 9.47% γ-ray
emission at 137 keV. 188Re is a β emitter with a half-
life of 17 hours, maximum β energy of 2.12 MeV, and
15.61% γ-ray emission at 155 keV.1,2) Both isotopes
can be used for theranostics (therapy and diagnosis).

We focused on a process to produce 186,188Re
through alpha-induced reactions of natural tungsten
because we could find data for only one 43 MeV.3)

Therefore, we measured the excitation function of the
natW(α, x)186,188Re reactions up to 51 MeV.
The excitation functions of the natW(α, x)186,188Re

reaction were measured by the stacked-foil method,
activation method and high-resolution γ-ray spec-
troscopy. natW foils (purity: 99%, Goodfellow Co.,
Ltd., UK) were stacked with natTi foils (purity: 99%,
Goodfellow Co., Ltd., UK) for monitoring the beam
parameters and degrading the beam energy. The
thicknesses of the W and Ti foils were 15.03 and
2.23 mg/cm2, respectively.
The irradiation was performed at the RIKEN AVF

cyclotron. A 51 MeV alpha beam with an average in-
tensity of 209.7 pnA was irradiated on the target for
2 h. The incident beam energy was measured by the
time-of-flight method using plastic scintillator moni-
tors.4) The beam energy degraded in the stacked target
was calculated using the SRIM code available online.5)

The γ-ray spectra of the activated foils were measured
by an HPGe detector. Nuclear decay data were taken
from the online NuDat 2.7 database.6)

From the net peak areas of the 137.16- and 155.04-
keV γ-rays, the activation cross sections for the
natW(α, x)186,188Re reaction were deduced using the
standard activation formula

σ =
Tγλ

εdεγεtNtNb(1− e−λtb)e−λtc(1− e−λtm)

where Nt denotes the surface density of target atoms;
Nb the number of bombarding particles per unit time;
Tγ the number of counts in the photo-peak; εd the
detector efficiency; εγ the γ-ray abundances; εt the
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Fig. 1. Excitation functions of the natW(α, x)186,188Re re-

actions. The result is compared with a previous study3)

and TENDL-2015.7)

measurement dead time, which is the ratio of live time
to real time; λ the decay constant; tb the bombarding
time; tc the cooling time; and tm the acquisition time.

We found that our natW(α, x)186Re result is in good
agreement with previous data obtained by NE. Scott et
al.3) and the theoretical calculation (TENDL-2015).7)

On the other hand, the natW(α, x)188Re result shows
disagreements with the other data. TENDL-20157)
underestimates the cross section at all energies.
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Production cross sections of 177gLu in α-induced reactions on natYb

M. Saito,∗1,∗2 M. Aikawa,∗1,∗2 T. Murata,∗2,∗3 N. Ukon,∗2,∗4 Y. Komori,∗2 H. Haba,∗2 and S. Takács∗5

Radioisotopes (RI) are used for therapy and diag-
nosis in nuclear medicine. The combination of both
therapy and diagnosis (Theranostics) is one of the hot
topics in the field. One of the candidate isotopes suit-
able for theranostics is 177gLu (T1/2 = 6.6 d).1) It emits
β particles (Emean = 134.2 keV) and γ rays (Eγ =
112.95 keV (Iγ = 6.17%) and 208.37 keV (10.36%)),
which are suitable for therapy and diagnosis, respec-
tively.

There are many possible reactions to produce
177gLu, e.g., neutron-induced reaction on 176Lu and
charged-particle-induced reactions on 174,176Yb. Cross
section data of such reactions are required to find the
best production route of 177gLu. Among them, we fo-
cused on the cross sections of 177gLu in α-induced reac-
tions on natYb, because we could find only one data set
for this reaction up to 40 MeV2) in a literature survey.
Therefore, we performed an experiment to measure the
excitation function of the reaction up to 50 MeV.

The experiment was performed at the AVF cyclotron
of the RIKEN RI Beam Factory by using a stacked-foil
activation method and high-resolution γ-ray spectrom-
etry. Thin metallic foils of natYb (purity: 99%, Good-
fellow Co., Ltd., UK) and natTi (purity: 99.6 %, Good-
fellow Co., Ltd., UK) for the monitor natTi(α,x)51Cr
reaction were stacked together as a target. The aver-
age thicknesses of the Yb and Ti foils were determined
by measuring the surface area and weight of the larger
pieces, three Yb foils (25×25 mm2) and one Ti foil
(50×100 mm2). Their average thicknesses were found
to be 16.43, 16.15, 16.93, and 2.40 mg/cm2, respec-
tively. The target foils (8×8 mm2) were cut from the
measured foils. The stacked target was irradiated by a
50-MeV α beam with an average intensity of 207 par-
ticle nA for 2 hours. The initial beam energy was de-
termined by using time of flight measurement,3) and
the energy degradation in the target was calculated
by using the SRIM code available online.4) The initial
uncertainty of the α-beam energy was estimated to be
±0.1 MeV, and it increased to ±1.1 MeV at the last
Yb foil. Nuclear decay data of 177gLu and 51Cr were
taken from the online NuDat 2.7 database.5)

Cross sections of the monitor natTi(α,x)51Cr reac-
tion were derived from the γ line of Eγ = 320.08 keV
(Iγ = 9.91%) and compared with the IAEA recom-
mended values6) to assess the beam parameters. Our
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Fig. 1. Cross sections of the natYb(α,x)177gLu reaction in

comparison with the previous data2) and TENDL-2015

data.7)

result shows a good agreement with the recommended
values, and suggests that no adjustment is neces-
sary for the beam parameters. Cross sections of the
natYb(α,x)177gLu reaction were also derived from the
γ line at Eγ = 208.37 keV (Iγ = 10.36%). The prelim-
inary result is shown in Fig. 1, together with the pre-
vious data2) and the TENDL-2015 data.7) Our result
shows a smooth and monotonical increase, indicating
disagreements with the other data.

In summary, we performed an experiment on the α-
induced reactions on natYb to produce 177gLu by using
a stacked-foil activation method. Thin metallic natYb
foils were irradiated by a 50-MeV α beam. Cross sec-
tion values were determined from the activity of the
produced radioisotopes by using high-resolution γ-ray
spectrometry. The result was compared with the pre-
vious data and the TENDL-2015 data. We found that
there are disagreements with the other data. A more
detailed analysis is required to finalize the cross sec-
tions and confirm this deviation.
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Measurement of excitation functions of
the 206/207/208Pb(11B, x)212Fr reactions

Y. Komori,∗1 T. Yokokita,∗1 S. Yano,∗1 and H. Haba∗1

Francium (Fr) is the heaviest alkali metal with the
atomic number 87. It is one of the least-studied ele-
ments among the naturally occurring elements because
all its isotopes are short-lived; the half-life of its longest-
lived isotope, 223Fr, is only T1/2 = 21.8 min. Owing
to experimental difficulties, the chemical properties of
Fr have not been studied in detail so far. It is consid-
ered that the chemical properties of Fr are similar to
those of its lighter homolog, Cs. However, the chemi-
cal properties of Fr cannot be simply deduced from the
extrapolation from the lighter homologs because rela-
tivistic effects come into play in such a heavy atom as
Fr.1) Therefore, it is of great interest and importance to
clarify the chemical properties of Fr and to elucidate the
influence of relativistic effects on the chemical properties
of Fr. Recently, Haverlock et al reported on the complex
formation of Fr+ with calix[4]arene-bis(benzocrown-6)
(BC6B).2) They reported that Fr+ is more effectively
extracted with BC6B than Cs+; however, the reason
for the selectivity is unclear. We plan to investigate
the stability of the complex formation of Fr with crown
ethers by systematically varying their cavity size and
substituent group to understand their influences on the
selectivity in the complex formation and solvent extrac-
tion of Fr. In this study, we will use the long-lived iso-
tope 212Fr (T1/2 = 20 min), which can be produced in

the 206/207/208Pb(11B, x)212Fr reactions. Because no ex-
perimental excitation functions are available for these
reactions, we measured the excitation functions of the
206/207/208Pb(11B, x)212Fr reactions to optimize the pro-
duction conditions of 212Fr.
The excitation functions were measured using the

stacked-foil technique. The 206/207/208Pb targets were
prepared by vapor deposition on 3.1-µm Al foils (> 99%
chemical purity). The size of all foils was 10× 10 mm2.
The target stacks consist of 20 sets of 206Pb (99.51%-
enrichment, 791-µg/cm2 thickness), 207Pb (99.40%-
enrichment, 851-µg/cm2 thickness), or 208Pb (99.59%-
enrichment, 642 µg/cm2 thickness). The 3.1-µm Al foils
were inserted between the 206/207/208Pb targets to catch
212Fr atoms that recoiled out of the targets. Each stack
was irradiated for 10 min with a 100.9-MeV 11B beam
supplied from the RIKEN AVF cyclotron. The incident
beam energy was determined by time-of-flight measure-
ment.3) The average beam current was measured with a
Faraday cup and found to be 48.6, 48.8, and 50.0 pnA for
the 206Pb, 207Pb, and 208Pb stacks, respectively. After
the irradiation, each foil was subjected to γ-ray spec-
trometry with Ge detectors.

The radioactivity of 212Fr was determined from its
227.72-keV (γ-ray intensity Iγ = 42.6%) γ line. Figure 1
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Fig. 1. Excitation functions of the 206/207/208Pb(11B, x)212Fr

reactions.

shows the excitation functions measured for the first
time for the 206Pb(11B, 5n)212Fr, 207Pb(11B,6n)212Fr,
and 208Pb(11B,7n)212Fr reactions. The maximum cross
section for the production of 212Fr is available in the
206Pb(11B, 5n)212Fr reaction around 73.6 MeV.

Based on the measured excitation functions, we
will optimize the production condition of 212Fr in the
206Pb(11B, 5n)212Fr reaction for future chemistry stud-
ies of Fr using the multitarget He/KCl-jet transport sys-
tem.4) In this system, 4 sets of an 864-µg/cm2 206Pb
target on a 10-µm Be foil are placed in 12-mm-spacing
in 129-kPa He and are irradiated with a 11B beam at
an energy of 86 MeV. The beam energies on the four
206Pb targets are calculated to be in the range of 70–
79 MeV, which covers the peak region of the excitation
function of the 206Pb(11B, 5n)212Fr reaction. The 212Fr
atoms that recoiled out of the 206Pb target are thermal-
ized in the He gas, attached to KCl aerosol particles,
and transported through a Teflon capillary to a chem-
istry laboratory, where the solvent extraction of 212Fr
will be performed. 60 kBq 212Fr, which is sufficient ra-
dioactivity to study its solvent extraction behavior, is
available after the 1-min aerosol collection by assuming
a beam intensity of 300 particle nA, recoil efficiency of
48%, and gas-jet efficiency of 50%.
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Improved method for preparation of no-carrier added 28Mg tracer

H. Kikunaga,∗1,∗2 H. Haba,∗2 Y. Komori,∗2 and S. Yano∗2

Magnesium is involved in important physiological
activities such as many enzymatic reactions. The iso-
tope 28Mg, which has the longest half-life (21.6 h1))
among radioactive magnesium isotopes, is useful in bi-
ological sciences as a radioactive tracer.2,3) We plan
to provide a no-carrier added 28Mg tracer produced
in the 27Al(α, 3p) reaction to applicants through, for
example the Supply Platform of Short-lived Radioiso-
topes for Fundamental Research. In a precious pa-
per,4) we attempted to separate 28Mg from an Al tar-
get, focusing on reducing waste radioactive materials.
However, there was an unwanted problem that the ob-
tained tracer contained nuclide 7Be. In this work, we
report an improved method for the preparation of no-
carrier-added 28Mg tracer in addition to the procedure
of beryllium elimination.

Magnesium-28 was produced at either the RIKEN
K70 AVF Cyclotron or the AVF Cyclotron at CYRIC,
Tohoku University. The target stack of 7 Al foils
(99.9% pure) with a thickness of 100 µm was irradi-
ated with an α-particle beam with a beam energy of
50 MeV and a mean current of approximately 3 µA.
First, the conditions for the separation of 28Mg from

7Be were searched for. The irradiated Al targets were
dissolved in 12 M (mol/dm3) HCl. A portion of it,
containing 0.1 mmol of Al and trace amounts of 7Be,
24Na, and 28Mg, was heated to dryness and adjusted to
0.5 M oxalic acid. The solution was passed through a
cation exchange column (Muromac 50 W×8, 100–200
mesh, 1 mL), which adsorbs Al(III), 7Be,24Na, and
28Mg ions, following which the resin was washed with
7 mL of 0.5 M oxalic acid to eliminate Al(III) and 5 mL
of 0.2 M HF. The elution curves of the cation-exchange
separation is shown in Fig. 1. The 7Be ions are eluted
completely within 5 mL of 0.2 M HF, whereas the 24Na
and 28Mg ions are retained onto the column.
Next, the procedure to eliminate 7Be was incor-

porated into the previous procedure.4) The improved
chemical scheme is shown in Fig. 2. The irradiated
Al targets were dissolved in 9 M HCl and then di-
luted with water to 15 mL. The 28Mg isotopes were
co-precipitated with iron hydroxide by adding 2 mg of
Fe(III) and 15 mL of 6 M NaOH and separated from
Al, Na, and Be ions. The precipitation of iron hy-
droxide was dissolved in 9 M HCl. The solution was
passed through an anion exchange resin column (Muro-
mac 1×8, 100–200 mesh, 1 mL), which adsorbs Fe(III)
ions, and the resin was washed with additional 9 M
HCl. The eluate was heated to dryness and adjusted to
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0.5 M oxalic acid. The solution was passed through a
cation exchange resin column (Muromac 50W×8, 100–
200 mesh, 1 mL) to adsorb 28Mg isotopes. The resin
was washed with 0.2 M HF for Be elimination, 0.5 M
oxalic acid for Al elimination, and 0.5 M HCl for Na
elimination. The 28Mg isotopes were eluted from the
column with 2 M HCl.

The chemical yield of the separation procedure, de-
termined by γ-spectrometry of 28Mg, was approxi-
mately 85% and radioactivity other than 28Mg was not
detected in the Mg fraction.

Fig. 1. Elution curves for the cation exchange separation

of Be, Na, and Mg.

Fig. 2. Chemical procedure for the preparation of no-

carrier added 28Mg tracer.
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Measurement of excitation functions of
the 206/207/208Pb(11B, x)212Fr reactions

Y. Komori,∗1 T. Yokokita,∗1 S. Yano,∗1 and H. Haba∗1

Francium (Fr) is the heaviest alkali metal with the
atomic number 87. It is one of the least-studied ele-
ments among the naturally occurring elements because
all its isotopes are short-lived; the half-life of its longest-
lived isotope, 223Fr, is only T1/2 = 21.8 min. Owing
to experimental difficulties, the chemical properties of
Fr have not been studied in detail so far. It is consid-
ered that the chemical properties of Fr are similar to
those of its lighter homolog, Cs. However, the chemi-
cal properties of Fr cannot be simply deduced from the
extrapolation from the lighter homologs because rela-
tivistic effects come into play in such a heavy atom as
Fr.1) Therefore, it is of great interest and importance to
clarify the chemical properties of Fr and to elucidate the
influence of relativistic effects on the chemical properties
of Fr. Recently, Haverlock et al reported on the complex
formation of Fr+ with calix[4]arene-bis(benzocrown-6)
(BC6B).2) They reported that Fr+ is more effectively
extracted with BC6B than Cs+; however, the reason
for the selectivity is unclear. We plan to investigate
the stability of the complex formation of Fr with crown
ethers by systematically varying their cavity size and
substituent group to understand their influences on the
selectivity in the complex formation and solvent extrac-
tion of Fr. In this study, we will use the long-lived iso-
tope 212Fr (T1/2 = 20 min), which can be produced in

the 206/207/208Pb(11B, x)212Fr reactions. Because no ex-
perimental excitation functions are available for these
reactions, we measured the excitation functions of the
206/207/208Pb(11B, x)212Fr reactions to optimize the pro-
duction conditions of 212Fr.
The excitation functions were measured using the

stacked-foil technique. The 206/207/208Pb targets were
prepared by vapor deposition on 3.1-µm Al foils (> 99%
chemical purity). The size of all foils was 10× 10 mm2.
The target stacks consist of 20 sets of 206Pb (99.51%-
enrichment, 791-µg/cm2 thickness), 207Pb (99.40%-
enrichment, 851-µg/cm2 thickness), or 208Pb (99.59%-
enrichment, 642 µg/cm2 thickness). The 3.1-µm Al foils
were inserted between the 206/207/208Pb targets to catch
212Fr atoms that recoiled out of the targets. Each stack
was irradiated for 10 min with a 100.9-MeV 11B beam
supplied from the RIKEN AVF cyclotron. The incident
beam energy was determined by time-of-flight measure-
ment.3) The average beam current was measured with a
Faraday cup and found to be 48.6, 48.8, and 50.0 pnA for
the 206Pb, 207Pb, and 208Pb stacks, respectively. After
the irradiation, each foil was subjected to γ-ray spec-
trometry with Ge detectors.

The radioactivity of 212Fr was determined from its
227.72-keV (γ-ray intensity Iγ = 42.6%) γ line. Figure 1
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Fig. 1. Excitation functions of the 206/207/208Pb(11B, x)212Fr

reactions.

shows the excitation functions measured for the first
time for the 206Pb(11B, 5n)212Fr, 207Pb(11B,6n)212Fr,
and 208Pb(11B,7n)212Fr reactions. The maximum cross
section for the production of 212Fr is available in the
206Pb(11B, 5n)212Fr reaction around 73.6 MeV.

Based on the measured excitation functions, we
will optimize the production condition of 212Fr in the
206Pb(11B, 5n)212Fr reaction for future chemistry stud-
ies of Fr using the multitarget He/KCl-jet transport sys-
tem.4) In this system, 4 sets of an 864-µg/cm2 206Pb
target on a 10-µm Be foil are placed in 12-mm-spacing
in 129-kPa He and are irradiated with a 11B beam at
an energy of 86 MeV. The beam energies on the four
206Pb targets are calculated to be in the range of 70–
79 MeV, which covers the peak region of the excitation
function of the 206Pb(11B, 5n)212Fr reaction. The 212Fr
atoms that recoiled out of the 206Pb target are thermal-
ized in the He gas, attached to KCl aerosol particles,
and transported through a Teflon capillary to a chem-
istry laboratory, where the solvent extraction of 212Fr
will be performed. 60 kBq 212Fr, which is sufficient ra-
dioactivity to study its solvent extraction behavior, is
available after the 1-min aerosol collection by assuming
a beam intensity of 300 particle nA, recoil efficiency of
48%, and gas-jet efficiency of 50%.
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Production of no-carrier-added barium tracer of 135mBa

S. Yano,∗1 H. Haba,∗1 Y. Komori,∗1 T. Yokokita,∗1 and K. Takahashi∗1

The long-lived 133Ba isotope (half-life T1/2 = 10.51
y) is the only Ba isotope commercially available from
Japan Radioisotope Association. Since 133Ba is pro-
duced at a nuclear reactor, its specific radioactivity is
low with a typical value of approximately 0.5 MBqµg−1.
Barium-135m with T1/2 = 28.7 h can be produced from
the 133Cs(α, x)135mBa reaction by using a cyclotron.
Barium-135m emits a single 268.2-keV γ-ray, which
would be useful for radiotracer studies of Ba, espe-
cially for single- photon-emission computed tomography
(SPECT).1) In this work, we investigated a procedure
to produce 135mBa of high specific radioactivity by us-
ing the 133Cs(α, x)135mBa reaction and no-carrier-added
chemical separation.
CsCl powder (Sigma-Aldrich; chemical purity >

99.999%) was pressed into a disk of 10-mm diameter
and 240-mg cm−2 thickness at a pressure of 2 × 103 kg
cm−2 for 3 min. The CsCl pellet covered with a 10-µm
Al foil (chemical purity > 99.99%) was placed on a tar-
get holder. The target was irradiated for 30 min with
a 50-MeV alpha beam having an intensity of 3.0 µA at
the RIKEN AVF cyclotron. During the beam irradia-
tion, the target was cooled with circulating helium gas
(30 L min−1) and water (1.5 L min−1). The beam axis
was continuously rotated in a circle of diameter approx-
imately equal to 2 mm at 2 Hz to avoid local heating
of the target by using electromagnets on the beam line
of the RIKEN AVF cyclotron. After the irradiation,
135mBa was chemically separated from the target ma-
terial and by-products such as 135La and 132Cs by us-
ing a chromatography column filled with the Eichrom
Sr resin2) (Fig. 1). The radioactivity and radionuclidic
purity of the purified 135mBa were determined by γ-ray
spectrometry using a Ge detector. The chemical pu-
rity and specific radioactivity were evaluated by chem-
ical analysis using an inductively coupled plasma mass
spectrometer (ICP-MS). The γ-ray spectrum of the pu-
rified 135mBa is shown in Fig. 2. Only Ba isotopes of
131Ba, 133Ba, 133mBa, and 135mBa were identified. The
radioactivity of 135mBa was determined to be 2.25 MBq
at the end of bombardment (EOB). The chemical yield
of 135mBa was greater than 96%. Decontamination fac-
tors of 135La and 132Cs from 135mBa were evaluated
to be 103 and 105, respectively. The radionuclidic
purity of 135mBa was approximately 68% at the EOB.
The major radionuclidic impurity was 133mBa (T1/2 =
38.9 h) which was produced in the 133Cs(α, x)133mBa
reaction. Referring to the excitation functions for the
133Cs(α, x)135mBa and 133Cs(α, x)133mBa reactions in
the TENDL-2015 library,3) it is expected that the ra-
dionuclidic purity of 135mBa can be increased at lower
beam energies. In the ICP-MS analysis, only Cu
(1280 ng), U (160 ng), Zn (140 ng), and Ba (100 ng)
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were detected among the elements having atomic num-
ber Z ≥ 20 in the purified 135mBa with a contamination
level > 100 ng. The specific radioactivity of 135mBa was
then 23 MBq µg−1 at the EOB. This specific radioac-
tivity is two orders of magnitude larger than that of the
commercial 133Ba.

Based on the present results, we estimate that approx-
imately 80 MBq of the no-carrier-added 135mBa could be
produced after 24-h irradiation of the 240-mg cm−2 CsCl
target with the 50-MeV and 3-µA alpha beam. The ex-
pected specific radioactivity is approximately 830 MBq
µg−1.
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Trial of astatine separation using column chromatography

H. Ikeda,∗1,∗2,∗3 H. Kikunaga,∗2,∗3 Y. Komori,∗3 S. Yano,∗3 T. Yokokita,∗3 H. Haba,∗3 and H. Watabe∗1

Astatine (At) is one of the nuclides expected to be
applied for targeted α-particle therapy (TAT). Several
methods for At separation are known, but mainly two
methods (dry distillation1) and wet extraction2,3)) are
used. Dry distillation can obtain yield a pure solu-
tion of At, however complicated apparatus must be
constructed.1) On the other hand, although wet ex-
traction is a simple method, the aqueous solution is
contaminated with an organic solvent after back ex-
traction. In order to apply At for TAT, the separation
method has be improved further. In this work, column
chromatography was attempted as one of the improved
methods.

We produced 211At at RIKEN Nishina Center using
the 209Bi(α, 2n)211At reaction (29 MeV, 250 particle
nA, 30 min) and 210At at Cyclotron and Radioiso-
tope Center (CYRIC), Tohoku University using the
209Bi(α, 3n)210At reaction (50 MeV, 100 particle nA,
30 seconds). A bismuth oxide (Bi2O3) pellet was used
as the target. The irradiated target was dissolved in
2 mL of 4 M HCl containing 1 M NaHSO3, and 6 mL
of 0.84 M EDTA·2Na solution was added (stock solu-
tion).

Batch experiments of 5 fillers (anion-exchange resin,
cation exchange resin, activated carbon, alumina, and
cellulose) were conducted, in which 0.1 mL of fillers
were added to 1 mL of stock solution. These mix-
tures were shaken for 5 min and centrifuged for 10 min.
The fillers and supernatant was separated and their
radioactivity were measured (Table 1). A significant
amount of At was adsorbed on anion exchange resin
and activated carbon, however little At was adsorbed
on the other fillers.

We attempted column chromatography using anion-
exchange resin and activated carbon. 1 mL of stock
solution was charged into a filler (5 mmϕ × 4 mm), and
the column was eluted. In both cases, almost all At
was trapped in the column. Trapped At was not eluted
by concentrated HCl. However, At on the activated
carbon column was eluted by 10 M NaOH solution.
Thus we optimized the separation method (Fig. 1) and
drew the elution curve (Fig. 2). In the experiment,
85% of charged At was eluted by 10 column volumes
of 10 M NaOH solution. It is suggested that At is
oxidized to AtO(OH) at pH 14 which is the condition
of the eluent.4) This result suggested that AtO(OH) do
not adsorbed on activated carbon. We could harvest
high yield At easily.

However, the At solution was strongly alkaline.
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Table 1. Results of batch experiment (ratio of At%).

 
 
 
 
 






  



 









 

   

   

Fig. 1. Separation method of At using column chromatog-
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Fig. 2. Elution curve of At from activated carbon column.

Therefore, it is not possible to use this solution for
biological research (pre-clinical and clinical research).
In the future, we plan to test the removal method of
concentrated cations, consider another target dissolu-
tion method, and apply other fillers.
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Production of no-carrier-added barium tracer of 135mBa

S. Yano,∗1 H. Haba,∗1 Y. Komori,∗1 T. Yokokita,∗1 and K. Takahashi∗1

The long-lived 133Ba isotope (half-life T1/2 = 10.51
y) is the only Ba isotope commercially available from
Japan Radioisotope Association. Since 133Ba is pro-
duced at a nuclear reactor, its specific radioactivity is
low with a typical value of approximately 0.5 MBqµg−1.
Barium-135m with T1/2 = 28.7 h can be produced from
the 133Cs(α, x)135mBa reaction by using a cyclotron.
Barium-135m emits a single 268.2-keV γ-ray, which
would be useful for radiotracer studies of Ba, espe-
cially for single- photon-emission computed tomography
(SPECT).1) In this work, we investigated a procedure
to produce 135mBa of high specific radioactivity by us-
ing the 133Cs(α, x)135mBa reaction and no-carrier-added
chemical separation.
CsCl powder (Sigma-Aldrich; chemical purity >

99.999%) was pressed into a disk of 10-mm diameter
and 240-mg cm−2 thickness at a pressure of 2 × 103 kg
cm−2 for 3 min. The CsCl pellet covered with a 10-µm
Al foil (chemical purity > 99.99%) was placed on a tar-
get holder. The target was irradiated for 30 min with
a 50-MeV alpha beam having an intensity of 3.0 µA at
the RIKEN AVF cyclotron. During the beam irradia-
tion, the target was cooled with circulating helium gas
(30 L min−1) and water (1.5 L min−1). The beam axis
was continuously rotated in a circle of diameter approx-
imately equal to 2 mm at 2 Hz to avoid local heating
of the target by using electromagnets on the beam line
of the RIKEN AVF cyclotron. After the irradiation,
135mBa was chemically separated from the target ma-
terial and by-products such as 135La and 132Cs by us-
ing a chromatography column filled with the Eichrom
Sr resin2) (Fig. 1). The radioactivity and radionuclidic
purity of the purified 135mBa were determined by γ-ray
spectrometry using a Ge detector. The chemical pu-
rity and specific radioactivity were evaluated by chem-
ical analysis using an inductively coupled plasma mass
spectrometer (ICP-MS). The γ-ray spectrum of the pu-
rified 135mBa is shown in Fig. 2. Only Ba isotopes of
131Ba, 133Ba, 133mBa, and 135mBa were identified. The
radioactivity of 135mBa was determined to be 2.25 MBq
at the end of bombardment (EOB). The chemical yield
of 135mBa was greater than 96%. Decontamination fac-
tors of 135La and 132Cs from 135mBa were evaluated
to be 103 and 105, respectively. The radionuclidic
purity of 135mBa was approximately 68% at the EOB.
The major radionuclidic impurity was 133mBa (T1/2 =
38.9 h) which was produced in the 133Cs(α, x)133mBa
reaction. Referring to the excitation functions for the
133Cs(α, x)135mBa and 133Cs(α, x)133mBa reactions in
the TENDL-2015 library,3) it is expected that the ra-
dionuclidic purity of 135mBa can be increased at lower
beam energies. In the ICP-MS analysis, only Cu
(1280 ng), U (160 ng), Zn (140 ng), and Ba (100 ng)
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were detected among the elements having atomic num-
ber Z ≥ 20 in the purified 135mBa with a contamination
level > 100 ng. The specific radioactivity of 135mBa was
then 23 MBq µg−1 at the EOB. This specific radioac-
tivity is two orders of magnitude larger than that of the
commercial 133Ba.

Based on the present results, we estimate that approx-
imately 80 MBq of the no-carrier-added 135mBa could be
produced after 24-h irradiation of the 240-mg cm−2 CsCl
target with the 50-MeV and 3-µA alpha beam. The ex-
pected specific radioactivity is approximately 830 MBq
µg−1.
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Wet chemistry processes utilized in development of
211Rn/211At generator for targeted alpha therapy

Y. Shin,∗1 K. Kawasaki,∗2 N. Yamada,∗1

K. Washiyama,∗3 A. Yokoyama,∗2 I. Nishinaka,∗4 S. Yanou,∗5 and H. Haba∗5

The short path length and high linear energy trans-
fer of alpha particles are expected to facilitate targeted
alpha therapy in tumor treatment. One of the promis-
ing nuclides among the various alpha emitters is 211At,
which has a half-life of 7.21 h. This nuclide attracts
much attention because of its suitable half life and the
expected chemical properties of the element, and this
has motivated a large number of preclinical studies on
At chemistry.1–3) As regards improvement of the 211At
availability, development of a 14.6-h 211Rn generator,
where 211Rn is a parent nuclide of 211At, can poten-
tially provide nuclides in a wider range of locations dis-
tant from the accelerator facilities in which they are
produced. However, At chemistry has not been well
studied in relation to Rn decay and further knowledge
is needed to control its behaviors in the required suc-
cessive chemical processes.4) The aim of this study was
to investigate the wet chemistry processes of At so as
to realize a 211Rn/211At generator that may facilitate
a prevalent technology.

Radon-211 was produced through irradiation of a
stack of Bi targets with 60-MeV 7Li3+ beams from the
Japan Atomic Energy Agency (JAEA) tandem accel-
erator via the 209Bi(7Li, 5n) 211Rn nuclear reaction.
After the irradiation, the Bi target was dissolved in
nitric acid solution and diluted with distilled water.
Then, the produced 211Rn was transferred to an or-
ganic phase, i.e., dodecane, through solvent extraction.
The trapped 211Rn was then allowed to stand for over
half a day to generate 211At. Back-extraction of 211At
was performed using alcohol with an oxidizing agent.

In this study, to obtain the 211At distribution ra-
tios between the dodecane and ethanol (EtOH) solu-
tion with an oxidizing agent, the Bi target, which was
irradiated at the RIKEN Azimuthally Variable Field
(AVF) cyclotron, was delivered to Kanazawa Univer-
sity, dissolved in nitric acid, and diluted to a 1 M
solution in acid concentration. The dodecane solu-
tion, into which At species were extracted from the
nitric acid solution, was subjected to extraction ex-
periments with and without an oxidization agent, i.e.,
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Fig. 1. Distribution values of 131I (open symbols) and 211At

(closed symbols) for extraction with (circles) and with-

out (triangles) an oxidizing agent.

N -Bromosuccinimide. The results were compared with
those of the same experiments performed with a com-
mercially available I-131 isotope.

After the back extraction to the EtOH solution, each
phase was subjected to measurements with a liquid
scintillation counter, to determine the back extraction
distribution, D, of 211At. Hence, we found that only
At exhibit a notable effect of oxidation, as shown in
Fig. 1. Here, the distributions were obtained from the
ratios of the radioactivity in the EtOH solution to that
in the dodecane. We also aimed to control the extrac-
tion behavior of the At from the nitric acid solution
by using an ionic liquid with a crown ether. For the
combination of 1-butyl-3-methylimidazolium Bis (tri-
fluoromethanesulfonyl) imide and 18-crown-6, the ex-
traction system was found to be promising because an
extraction rate of up to 90% was attained at low acid
concentrations.
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Development of Np standard material for
accelerator mass spectrometry

A. Yokoyama,∗1 A. Sakaguchi,∗2 K. Yamamori,∗3 Y. Hayakawa,∗1 J. Sekiguchi,∗2 S. Yanou,∗4 Y. Komori,∗4

T. Yokokita,∗4 and H. Haba∗4

Recently, there has been a rapid development in the
techniques of highly sensitive mass spectrometry. Sev-
eral elements or nuclides that were not supposed to be
applicable in that technique are now quantitatively an-
alyzed. Especially for long-lived actinide elements, the
techniques are becoming more and more important as
a promising alternative for radioactivity measurements.
The tracer nuclide for chemical recovery determination,
which has to be non-existent in nature and should not
be contained in target samples, is absolutely necessary
for that purpose. Tracers for several elements are avail-
able now; however, the tracer for neptunium has not
been developed, yet. We are searching for an appropri-
ate method for the production of Np-236 in the ground
state with a half life of 1.54×105 y as a candidate of the
tracer nuclide, from the viewpoints of both purity and
production rate.
In the present study, we perform Np tracer production

through the reaction of 232Th + 7Li and aim to apply
Np contamination in environmental samples.
For the irradiation of 7Li beam, two types of target

stacks were prepared. One includes several targets of
electrodeposited Th of ca. 1 mg/cm2 on Al foils, as
shown in Fig. 1. The other includes a thick target disc
of 100 mg/cm2 Th as shown at the bottom of the same
figure. The former stack was utilized to check the pro-
duction rate and interfering products depending on the
projectile energy dumped in the stacking targets, and
the latter was used to conduct a trial for the thick tar-
get production. Silver foils of natural abundance were
also used to monitor the beam intensity calculated from
the produced radioactivity of 111In during the irradia-
tion of 7Li as well as for monitoring the current with a
Faraday cup in the beam course.
We performed irradiation with 7Li ions of 42 MeV

from the RIKEN AVF cyclotron on the stack of thin
targets for 8.5 h at 0.6 pµA and on the thick target for
14 h 21 min at 0.2 pµA on average. In order to iso-
late Np atoms from the irradiated targets, the chemical
procedures were performed as follows. The target ma-
terial was dissolved in 3M HNO3 with Np-237 tracer
for checking the chemical recoveries and was dried by
heating. Then, the process of dissolving the residue in
conc. HNO3 and drying up was repeated three times.
Finally, the sample was dissolved again in conc. HCl,
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Fig. 1. Schematic illustration of target stacks for the reaction

of 232Th with 7Li ions.

Fig. 2. An example of γ spectrum of isolated Np solution

sample. Colored regions correspond to the most promi-

nent emission of U-X ray and γ emissions from Pa-233.

and adjusted to the 10 M HCl solution of 4 mL. The so-
lution was subjected to the separation procedure using
a TEVA resin column and treated with 10 M HCl, fol-
lowed by 3 M HNO3, for purification, and finally 0.1 M
HCl for elution of Np.
The purified samples of Np were subjected to γ spec-

trometry and α spectrometry to check the radiation
emitted from the by-products.
As a preliminary result, an example of γ spectrum of

the purified solution from one of the stacked targets is
shown in Fig. 2. Li ions were projected onto the tar-
get at 17.3 MeV. The spectrum shows that the final
solution from the sample was still contaminated by pro-
tactinium products. The intensities of uranium X-rays
following decay of Np-236m with a half life of 22.5 h sug-
gest that the production rate of Np-236g is greater than
5× 109 atoms/g-Th/h/pµA, assuming an isomeric ratio
of products, m/g, of ca. 5. The ratio was estimated from
the production data of the same nuclides in the proton
induced reaction of 238U.1) Analysis of the results is still
in progress and additional experiments are under plan-
ning at present.
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Wet chemistry processes utilized in development of
211Rn/211At generator for targeted alpha therapy

Y. Shin,∗1 K. Kawasaki,∗2 N. Yamada,∗1

K. Washiyama,∗3 A. Yokoyama,∗2 I. Nishinaka,∗4 S. Yanou,∗5 and H. Haba∗5

The short path length and high linear energy trans-
fer of alpha particles are expected to facilitate targeted
alpha therapy in tumor treatment. One of the promis-
ing nuclides among the various alpha emitters is 211At,
which has a half-life of 7.21 h. This nuclide attracts
much attention because of its suitable half life and the
expected chemical properties of the element, and this
has motivated a large number of preclinical studies on
At chemistry.1–3) As regards improvement of the 211At
availability, development of a 14.6-h 211Rn generator,
where 211Rn is a parent nuclide of 211At, can poten-
tially provide nuclides in a wider range of locations dis-
tant from the accelerator facilities in which they are
produced. However, At chemistry has not been well
studied in relation to Rn decay and further knowledge
is needed to control its behaviors in the required suc-
cessive chemical processes.4) The aim of this study was
to investigate the wet chemistry processes of At so as
to realize a 211Rn/211At generator that may facilitate
a prevalent technology.

Radon-211 was produced through irradiation of a
stack of Bi targets with 60-MeV 7Li3+ beams from the
Japan Atomic Energy Agency (JAEA) tandem accel-
erator via the 209Bi(7Li, 5n) 211Rn nuclear reaction.
After the irradiation, the Bi target was dissolved in
nitric acid solution and diluted with distilled water.
Then, the produced 211Rn was transferred to an or-
ganic phase, i.e., dodecane, through solvent extraction.
The trapped 211Rn was then allowed to stand for over
half a day to generate 211At. Back-extraction of 211At
was performed using alcohol with an oxidizing agent.

In this study, to obtain the 211At distribution ra-
tios between the dodecane and ethanol (EtOH) solu-
tion with an oxidizing agent, the Bi target, which was
irradiated at the RIKEN Azimuthally Variable Field
(AVF) cyclotron, was delivered to Kanazawa Univer-
sity, dissolved in nitric acid, and diluted to a 1 M
solution in acid concentration. The dodecane solu-
tion, into which At species were extracted from the
nitric acid solution, was subjected to extraction ex-
periments with and without an oxidization agent, i.e.,
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Fig. 1. Distribution values of 131I (open symbols) and 211At

(closed symbols) for extraction with (circles) and with-

out (triangles) an oxidizing agent.

N -Bromosuccinimide. The results were compared with
those of the same experiments performed with a com-
mercially available I-131 isotope.

After the back extraction to the EtOH solution, each
phase was subjected to measurements with a liquid
scintillation counter, to determine the back extraction
distribution, D, of 211At. Hence, we found that only
At exhibit a notable effect of oxidation, as shown in
Fig. 1. Here, the distributions were obtained from the
ratios of the radioactivity in the EtOH solution to that
in the dodecane. We also aimed to control the extrac-
tion behavior of the At from the nitric acid solution
by using an ionic liquid with a crown ether. For the
combination of 1-butyl-3-methylimidazolium Bis (tri-
fluoromethanesulfonyl) imide and 18-crown-6, the ex-
traction system was found to be promising because an
extraction rate of up to 90% was attained at low acid
concentrations.
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99Ru Mössbauer spectroscopy of Na-ion batteries of Na2RuO3 (IV)

K. Takahashi,∗1 Y. Kobayashi,∗1,∗2 H. Haba,∗2 and H. Ueno∗2

Na2RuO3 with a two-dimensional layered structure
of [RuO3]2− is expected as an electrode material for
next-generation Na-ion batteries.1–3) Until now, we
have studied the crystal structures and oxidation states
of Ru ions in Na2RuO3 and Na-Ru oxides with differ-
ent ratios of Na/Ru using X-ray diffraction patterns
and 99Ru Mössbauer spectroscopy. It was revealed
that the structures changed from two-dimensional to
three-dimensional properties with Na deficiencies. In
this paper, we report the result of the chemical states of
Ru ion in Na2RuO3 observed before and after a charg-
ing experiment. A sample of Na2RuO3 was prepared
through a solid-state reaction. A mixture of RuO2 and
NaHCO3 was pressed and sintered at 850 ◦C for 12 h in
Ar atmosphere. 95 wt% of Na2RuO3 was mixed with
5 wt% of amorphous carbon powder, and pressed to
create a pellet for electrochemical measurements. The
pellet sample and carbon rod were used as a cathode
and an anode, respectively. 1 mol/L NaPF6 in ethy-
lene carbonate and diethyl carbonate (1:1 by volume)
was used as an electrolyte. The charging experiment,
which was an anodic process (Na+ de-intercalation),
was conducted at 20 mA/g and 4.0 V for 0.5 h and
2.0 h in an Ar-filled glove box. After the charging
experiment, the Na2RuO3 electrode was washed with
anhydrous dimethyl carbonates and then dried in a
vacuum desiccator. For 99Ru Mössbauer spectroscopy,
the 99Rh (T1/2 = 15.0 d) of the source nuclide was
produced by the 99Ru(p, n)99Rh reaction in an AVF
cyclotron. 99Ru Mössbauer spectra were obtained by
employing a conventional arrangement with the source
and absorber maintained at 4.2 K in a liquid He cryo-
stat.4,5) The XRD pattern of Na2RuO3 after the charg-
ing experiment showed that interlayer distance was
significantly decreased from 5.45(1) Å to 5.18(3) Å.
It was indicated that Na+ ions were extracted from
the [Na1/3Ru2/3]O2 layers. The 99Ru Mössbauer spec-
trum of Na2RuO3 after charging for 0.5 h showed
two doublet peaks, as shown in Fig. 1. The spec-
trum was analyzed by D1 with an isomer shift (δ) of
−0.32(1) mm/s and a quadrupole splitting (∆EQ) of
0.28(2) mm/s and D2 with δ = +0.20(5) mm/s and
∆EQ = 1.52(8) mm/s. The ratio of absorption inten-
sities was D1:D2 = 85:15. The isomer shift of D2 is
a typical value of Ru5+, for example, +0.19 mm/s for
Ca2EuRuO6 and +0.11 mm/s for Na3RuO4. It was
found that the de-intercalation of Na+ ions increased
the oxidation state of the Ru ion from Ru4+ to Ru5+

and significantly distorted the octahedron of RuO6.
Further details of the electronic structure of Ru ions

∗1 Dep. of Eng. Sci., University of Electro-Commun.
∗2 RIKEN Nishina Center

in Na2RuO3 for the electrochemical procedure will be
discussed with density functional calculations.

Fig. 1. 99Ru Mössbauer spectrum of Na2RuO3 used as a
cathode after charging (20 mA/g, 4.0 V) for 0.5 h. The
blue and green lines correspond to components of D1
and D2, respectively. The spectrum was measured at
5.0 K.
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Fractionation of Zr-Hf in ferromanganese crusts

J. Inagaki,∗1 A. Sakaguchi,∗1 H. Haba,∗2 Y. Komori,∗2 and S. Yano∗2

Ferromanganese crusts (FMCs) are abyssobenthic
chemical sediments that consist mainly of Fe and Mn
oxide and hydroxide minerals, and are enriched with
trace and precious metals.1) As a result of their simi-
lar physicochemical properties, the elements zirconium
(Zr) and hafnium (Hf), which are concentrated in FMCs,
have a theoretically uniform ratio (Zr/Hf), and this
ratio is found in numerous systems. However, re-
cent developments in analytical techniques have al-
lowed observation of significant fractionation of these el-
ements between seawater (Zr/Hf∼45–350)2) and FMCs
(Zr/Hf∼57–88).1) In this study, we conducted adsorp-
tion experiments to clarify the concentrations and frac-
tionation mechanisms of Zr-Hf in FMCs using synthe-
sized minerals (ferrihydrite and δ-MnO2) and radio-Zr
and Hf tracers.
Radiotracers of 88Zr (T1/2 = 83.4 d), 89Zr (T1/2

= 78.4 h), and 175Hf (T1/2 = 70.0 d) were produced
in 89Y(d, 3n)88Zr, 89Y(p, n)89Zr, 175Lu(d, 2n)175Hf, and
175Lu(p, n)175Hf rections using the RIKEN Azimuthally
Varying Field cyclotron. The 88Zr, 89Zr, and 175Hf were
radiochemically purified following Haba et al. (2001),3)

and mixed with stable Zr or Hf in 1-M HCl solutions.
Appropriate amounts of these solutions were added to

5 mL/0.7 M NaCl solutions containing organic chelate
desferrioxamine B (DFOB) to obtain 0 µM, 5 µM, 1 µM,
100 nM, 10 nM and 1 nM solutions. The pH values of
these solutions were all adjusted to 8. DFOB, a kind
of siderophore present in the environment, has been
reported to affect the fractionation of Zr-Hf between
crustal rock and seawater.4) The speciations of these el-
ements in the solutions were confirmed as [Zr(DFOB)]+

and [Hf(DFOB)]+ via electron spray ionization time-of-
flight mass spectrometry. The activities of 88Zr, 89Zr,
and 175Hf were measured using a Ge detector after
stirring for 1 h. Synthesized ferrihydrite or δ-MnO2

(2.50 mg) was added to the solutions and stirred for
3 h at a pH of 8. Note that this stirring time was pre-
viously confirmed to be sufficient to achieve the equi-
librium condition required for the adsorption reactions.
The activities of the 88Zr, 89Zr, and 175Hf in the fil-
tered solutions were measured using a Ge detector. The
adsorption amounts to the solid phase were calculated
using the differences in the solution radioactivity before
and after filtration.
The Zr and Hf adsorption amounts are shown in

Fig. 1. Hf to δ-MnO2 yielded the largest adsorption
rate, with Zr to δ-MnO2, Hf to ferrihydrite, and Zr to
ferrihydrite following in order. The partition coefficients
(KD values) were calculated using the Zr and Hf concen-
tration ranges of in seawater, and it was clear that the

∗1 Graduate School of Pure and Applied Sciences, University of
Tsukuba

∗2 RIKEN Nishina Center

Fig. 1. Adsorption behavior of Zr (dashed line) and Hf (solid

line) on ferrihydrite (red) and δ-MnO2 (blue).

Table 1. Partition coefficients KD for Zr and Hf.

Hf underwent greater adsorption on both minerals than
the Zr, and that the Zr and Hf had greater adsorption
on δ-MnO2 than ferrihydrite, as apparent from Table 1.
Even though the complexation rates estimated

through radioactive isotope thin-layer chromatography
(87% for Zr and 79% for Hf) were considered, the ad-
sorption behaviors of these experiments did not change.
Furthermore, the ferrihydrite (232 m2/g) and δ-MnO2

(135 m2/g) surface areas obtained from Brunauer-
Emmett-Teller measurements did not affect the results.
It is predicted that the fractionation of Zr and Hf can be
caused by differences in the stabilities of the adsorption
processes. The binding energy differences between these
elements and DFOB/minerals are now being calculated
using density functional theory to observe their adsorp-
tion stabilities. This knowledge will allow us to discuss
the results of Zr-Hf fractionation results obtained from
our experimental systems.
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99Ru Mössbauer spectroscopy of Na-ion batteries of Na2RuO3 (IV)

K. Takahashi,∗1 Y. Kobayashi,∗1,∗2 H. Haba,∗2 and H. Ueno∗2

Na2RuO3 with a two-dimensional layered structure
of [RuO3]2− is expected as an electrode material for
next-generation Na-ion batteries.1–3) Until now, we
have studied the crystal structures and oxidation states
of Ru ions in Na2RuO3 and Na-Ru oxides with differ-
ent ratios of Na/Ru using X-ray diffraction patterns
and 99Ru Mössbauer spectroscopy. It was revealed
that the structures changed from two-dimensional to
three-dimensional properties with Na deficiencies. In
this paper, we report the result of the chemical states of
Ru ion in Na2RuO3 observed before and after a charg-
ing experiment. A sample of Na2RuO3 was prepared
through a solid-state reaction. A mixture of RuO2 and
NaHCO3 was pressed and sintered at 850 ◦C for 12 h in
Ar atmosphere. 95 wt% of Na2RuO3 was mixed with
5 wt% of amorphous carbon powder, and pressed to
create a pellet for electrochemical measurements. The
pellet sample and carbon rod were used as a cathode
and an anode, respectively. 1 mol/L NaPF6 in ethy-
lene carbonate and diethyl carbonate (1:1 by volume)
was used as an electrolyte. The charging experiment,
which was an anodic process (Na+ de-intercalation),
was conducted at 20 mA/g and 4.0 V for 0.5 h and
2.0 h in an Ar-filled glove box. After the charging
experiment, the Na2RuO3 electrode was washed with
anhydrous dimethyl carbonates and then dried in a
vacuum desiccator. For 99Ru Mössbauer spectroscopy,
the 99Rh (T1/2 = 15.0 d) of the source nuclide was
produced by the 99Ru(p, n)99Rh reaction in an AVF
cyclotron. 99Ru Mössbauer spectra were obtained by
employing a conventional arrangement with the source
and absorber maintained at 4.2 K in a liquid He cryo-
stat.4,5) The XRD pattern of Na2RuO3 after the charg-
ing experiment showed that interlayer distance was
significantly decreased from 5.45(1) Å to 5.18(3) Å.
It was indicated that Na+ ions were extracted from
the [Na1/3Ru2/3]O2 layers. The 99Ru Mössbauer spec-
trum of Na2RuO3 after charging for 0.5 h showed
two doublet peaks, as shown in Fig. 1. The spec-
trum was analyzed by D1 with an isomer shift (δ) of
−0.32(1) mm/s and a quadrupole splitting (∆EQ) of
0.28(2) mm/s and D2 with δ = +0.20(5) mm/s and
∆EQ = 1.52(8) mm/s. The ratio of absorption inten-
sities was D1:D2 = 85:15. The isomer shift of D2 is
a typical value of Ru5+, for example, +0.19 mm/s for
Ca2EuRuO6 and +0.11 mm/s for Na3RuO4. It was
found that the de-intercalation of Na+ ions increased
the oxidation state of the Ru ion from Ru4+ to Ru5+

and significantly distorted the octahedron of RuO6.
Further details of the electronic structure of Ru ions

∗1 Dep. of Eng. Sci., University of Electro-Commun.
∗2 RIKEN Nishina Center

in Na2RuO3 for the electrochemical procedure will be
discussed with density functional calculations.

Fig. 1. 99Ru Mössbauer spectrum of Na2RuO3 used as a
cathode after charging (20 mA/g, 4.0 V) for 0.5 h. The
blue and green lines correspond to components of D1
and D2, respectively. The spectrum was measured at
5.0 K.
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Desorption of 88Zr from soil with artificial digestive juices

T. Kubota,∗1,∗2 K. Iwata,∗1 S. Fukutani,∗1 T. Takahashi,∗1 S. Yanou,∗2 S. Shibata,∗2 H. Haba,∗2 and
S. Takahashi∗1

Some fission products in high-level radioactive waste
are planned to be recovered for reusing of valuable
materials and reducing waste volume. Zirconium is
one of such materials; however, the reuse of radioac-
tive nuclides in public requires safety assessment, clear-
ance level, and internal exposure assessment because
93Zr including fission products has a long half-life
(1.61× 106 y). The careful and reasonable evaluation
of the internal exposure, in particular, is of importance
for reuse in public.
Internal-exposure experiments on animals should be

conducted with materials that provide an easy mea-
surement and have no chemical toxicity. Zirconium-88
is the one of suitable zirconium isotopes for the exper-
iments because it is a gamma-emitting nuclide with an
adequately long half-life (83.4 d) and can be produced
as carrier-free isotopes from yttrium.
Although internal exposure is evaluated from the

migration of radio isotopes inside a living body, as a
preliminary experiment in this report, we have inves-
tigated the desorption property of 88Zr from contami-
nated soil samples with digestive juices in vitro before
using animals.
Zirconium-88 was produced by the bombardment of

yttrium metal with deuterons at the RIKEN AVF cy-
clotron and then purified by solvent extraction at Ky-
oto University Research Reactor Institute (KURRI).1)

The resulting solution of c.HCl was evaporated once
and prepared in 1 M HNO3 with a specific activity of
9.8× 104 Bq/mL as the initial solution.

Contaminated soil samples were prepared by the fol-
lowing methods. Soil collected from a farm field in
KURRI was dried at room temperature, ground to
pieces, and then sieved through 0.25 mm. An aliquot of
1 g of the soil was immersed into a zirconium solution,
which was prepared by mixing 0.2 mL of the initial
88Zr solution and ultra-pure water immediately before
immersion at a solid-to-solution ratio of 0.1 g/mL and
shaking reciprocally at 120 rpm for 48 h. Subsequently,
the soil was completely dried at 40◦C to obtain the ini-
tial contaminated soil.
The desorption of 88Zr from soil was investigated

based on methods described elsewhere.2,3) The con-
taminated soil was treated with the following four elu-
ent solutions: ultra-pure water, simple artificial gastric
acid (pH 1),4) artificial gastric juice (pH 1),3) and ar-
tificial gastrointestinal juice (pH 8).3) An aliquot of
0.2 g of contaminated soil was added into 20 mL of
each eluent, except artificial gastrointestinal juice, and

∗1 Kyoto University Research Reactor Institute
∗2 RIKEN Nishina Center

Table 1. Desorption ratio of 88Zr from soil samples.

Eluent Desorption ratio 
Ultra-pure water 0.09 ± 0.02 
Simple artificial gastric juice 0.17 ± 0.02 
Artificial gastric juice 0.17 ± 0.02 
Artificial gastrointestinal juice 0.22 ± 0.02 

the mixture was agitated at 120 rpm at 37◦C for 2 h.
As artificial gastrointestinal juice, an aliquot of 0.2 g of
contaminated soil first added into 5.45 mL of artificial
gastric juice was agitated at 120 rpm at 37◦C for 2 h,
following which the mixture was added with 14.55 mL
of artificial gastrointestinal juice and agitated under
the same condition. After agitation, the mixture was
centrifuged at 3000 rpm for 10 min. The comparison
of the specific activity to the initial activity yielded the
desorption ratio of 88Zr from contaminated soil.
The results of the desorption of 88Zr are listed in

Table 1. The desorption ratios were relatively low
with every eluent, and the difference between gas-
tric and gastrointestinal juices was almost negligible,
which showed that the adsorption of zirconium was
strong and independent of pH. Most of zirconium ad-
sorbed onto soil was directly excreted without desorp-
tion. Furthermore, taking account of the history of soil
in the environment, soil washed out by rain, for exam-
ple, would provide lesser desorption and, consequently,
lower inner exposure. Based on these results, internal
exposure experiments using animals will be conducted
in future work.
This work was funded by ImPACT Program of

Council for Science, Technology and Innovation (Cab-
inet Office, Government of Japan) and was supported
by the Supply Platform of Short-lived Radioisotopes
for Fundamental Research.
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Recruitment of Rad51 and phosphorylated DNA-PKcs after
heavy-ion irradiation of human normal fibroblast

M. Izumi∗1 and T. Abe∗1

DNA double-strand breaks (DSBs) caused by expo-
sure to ionizing radiation are the most lethal type of
damage because an accumulation of misrepaired or un-
repaired DSBs can lead to a loss of genetic informa-
tion and cell death. Accelerated heavy-ion particles
with a high linear energy transfer (LET) induce com-
plex clustered DNA damage including DSBs, which is
considered to be an obstacle to efficient repair. DSBs
are repaired primarily by non-homologous end joining
(NHEJ) or homologous recombination (HR) in mam-
malian cells.1) Our previous studies using the wild-type
CHO cell and two CHO mutant lines deficient in HR
or NHEJ suggest that HR is essential for survival after
exposure to high-LET ionizing radiation.2) However,
several lines of evidence suggest that NHEJ is also in-
volved in the repair of DSBs caused by high-LET ion-
izing radiation,3,4) and the repair mechanism remains
controversial in higher eukaryotes.
In this study, we investigated the foci formation of

Rad51 and phosphorylated DNA-PKcs (catalytic sub-
unit of DNA-dependent protein kinase), which are in-
volved in HR and NHEJ, respectively (Fig. 1). We
used human normal fibroblast NB1RGB cells since im-
mortal cell lines often lose genetic stability or check-
point control. The number of Rad51 foci and the per-
centage of Rad51foci-positive cells were maximized 3 h
after X-ray irradiation (Figs. 1A, B). On the other
hand, the number of Rad51 foci was almost maximized
at 1 h after C (LET = 80 keV/µm) or Ar-ion (LET
= 300 keV/µm) irradiation (Fig. 1A), suggesting that
high LET radiation stimulates HR. In NB1RGB cells
synchronized at a quiescent state (at the G0 phase)
by serum starvation, the formation of Rad51 foci was
not observed after X-ray, C-ion, or Ar-ion irradiation
since HR is dependent on DNA replication. The num-
ber of Rad51 foci and the percentage of Rad51 positive
cells gradually decreased as time proceeded after both
X-ray and heavy-ion irradiation (Figs. 1A, B).
The number of phosphorylated DNA-PKcs foci in

quiescent NB1RGB cells was twice that in logarithmi-
cally growing NB1RGB cells 1 h after X-ray irradia-
tion (Fig. 1C), suggesting that NHEJ and HR work
competitively. In contrast, the number of phospho-
rylated DNA-PKcs foci in quiescent cells was almost
the same as that in logarithmically growing cells af-
ter C or Ar-ion irradiation. These results suggest that
NHEJ does not recognize the fraction of DSBs caused
by heavy-ion irradiation, which is consistent with the
previous reports that HR is more relevant in the repair
of complex DNA damage.5,6) In addition, the number
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Fig. 1. Kinetics of the foci formation of Rad51 (A, B) and

phosphorylated DNA-PKcs (C, D) in logarithmically

growing NB1RGB cells (log) or synchronized cells at

a quiescent state (G0). Cells were irradiated by 5 Gy

of X-rays (circles), carbon-ions (triangles), and argon-

ions (squares), and foci were detected by indirect im-

munofluorescent staining 1–24 h post irradiation.

of phosphorylated DNA-PKcs foci and the percentage
of foci-positive cells decreased gradually as time pro-
ceeded after both X-ray and C-ion irradiation, whereas
the number of phorphorylated DNA-PKcs foci per-
sisted 24 h after Ar-ion irradiation in quiescent cells
(Figs. 1C, D), suggesting that NHEJ does not effi-
ciently repair DSBs after Ar-ion irradiation. We ob-
served that 53BP1 and Rif1, which facilitate NHEJ,
were co-localized with phosphorylated DNA-PKcs af-
ter the Ar-ion and X-ray irradiation (data not shown).
Therefore, even though the components for the initial
step of NHEJ were recruited to DSBs and DNA-PKcs
was activated, NHEJ was impaired at a later step after
Ar-ion irradiation.
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Low-dose high-LET heavy ion-induced bystander signaling (IV)

M. Tomita,∗1,∗2 T. Tsukada,∗2 and M. Izumi∗2

Radiation-induced bystander response (RIBR) is a
cellular response induced in non-irradiated cells that
received bystander signals from directly irradiated cells
within an irradiated cell population.1) RIBR induced
by low doses of high-LET radiation is an important is-
sue for the health of astronauts and in hadrontherapy.
Here, we investigated the underlying molecular mecha-
nisms and biological implications of RIBR induced by
such low doses of high-LET radiation.

We found that normal human fibroblasts cultured
confluent, which were harvested 16–24 h after exposure
to high-LET (1000 keV/µm) iron (Fe) ions, showed
the cell killing effect at low doses (≤ 0.2 Gy) higher
than that estimated by a linear extrapolation from
high doses. This enhanced cell killing effect could not
be observed in the cells harvested immediately after
irradiation.2) At 0.1 Gy, the average number of Fe-
ion traversals per cell nucleus was 0.11; however, the
surviving fraction was 0.84.3) These results suggested
that the enhanced cell killing effect at low doses was at
least partly caused by the induction of bystander re-
sponses. In addition, we established an optimal system
to assess the low doses of high-LET radiation-induced
bystander cell killing, and reported that gap-junction
intercellular communication (GJIC), cyclooxygenase-2
(COX-2), and nitric oxide (NO) were involved in its
signal transfer.3)

In our previous study using high-LET heavy-ion
microbeam and broadbeam,4) we showed that DNA
double-strand breaks (DSBs) and reproductive cell
death were induced by NO-mediated bystander re-
sponse in normal human fibroblasts. In addition, the
activation of NF-κB, Akt, and COX-2 by bystander
signaling depended on incubation time after irradia-
tion and presence of NO. In this study, we investigated
phosphorylation and accumulation of these bystander
signaling related molecules in the cells irradiated with
low doses of high-LET radiation.

Figure 1 shows phosphorylation and accumulation of
bystander signaling related molecules in normal human
fibroblasts, WI-38, irradiated with 0.1 Gy of 90 MeV/u
Fe ions (1000 keV/µm). WI-38 cells were cultured
on 25 cm2 plastic flasks for 1 week to form conflu-
ent monolayers and were pretreated with or without a
scavenger of NO, c-PTIO, (20 µM) 2 h before irradi-
ation with 0.1 Gy of Fe ions. Cells were harvested 3
and 6 h after irradiation followed by immunoblotting.
Phosphorylation of Akt at Ser473 and NF-κB p65 at
Ser536 and accumulation of COX-2 were observed in

∗1 Radiation Safety Research Center, Central Research Insti-
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∗2 RIKEN Nishina Center

the cell 3 h after irradiation and were efficiently in-
hibited by pretreatment with c-PTIO. Phosphorylated
histone H2AX at Ser139 is widely used as a surrogate
marker of DSBs. Phosphorylated histone H2AX was
observed at 3 and 6 h after irradiation. Prolonged
phosphorylation of H2AX at 6 h after irradiation was
inhibited by c-PTIO, although phosphorylation at 3 h
was not suppressed. NO-mediated prolonged phos-
phorylation of H2AX also indicated the induction of
bystander responses. These results suggest that NF-
κB/COX-2/prostaglandin E2 and NF-κB/iNOS/NO
pathways1,5) are activated in the cells irradiated with
low doses of high-LET radiation.

Fig. 1. Phosphorylation and accumulation of bystander

signaling related molecules. Normal human fibrob-

lasts, WI-38, were pretreated with or without c-PTIO

(20 µM) 2 h before irradiation with 0.1 Gy of 90 MeV/u

Fe ions (1000 keV/µm). Cells were harvested 3 and 6 h

after irradiation followed by immunoblotting.
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Results of whole-genome analysis of mahogany mutant

K. Tsuneizumi,∗1 H. Ichida,∗1 R. Morita,∗1 and T. Abe∗1

Heavy-ion-beam mutagenesis is generally recognized
as an effective method for mutation breeding.1,2) Al-
though this method was greatly successful with plants,
its application is limited for animals. Therefore, we
plan to acquire more basic data to set up optimal condi-
tions for the heavy-ion-beam irradiation system by using
Drosophila melanogaster (fruit fly) as the model.

In our previous study, we determined the suitable con-
dition for the large-scale screening of mutant lines of
heavy-ion-beam mutagenesis.3) To elucidate the biolog-
ical effect of heavy-ion-beam irradiation on the genome,
we established several mutants that expressed typical
phenotypes on eyes, wings, bodies, and bristles by a
carbon-ion beam irradiation.

In this report, we show the analysis of data obtained
from the whole-genome sequence of the mahogany (mah)
mutant. The mutant eye color is darker than that of the
wild type (Figs. 1a, b). This mutant line was established
by the condition with 50 keV/µm linear energy transfer
at 10 Gy dose level. Whole genome analysis revealed
that the causal mutation of mah was a large deletion
(Fig. 1c). An open reading frame of mah is 1,581 bp
and a 387 bp deletion was observed in the first exon of
a mah gene (Fig. 1c). An in-frame deletion produces a
mutated Mahogany protein from which 129 amino acid
residues were removed (Fig. 1c).

The role of the Mahogany protein (Mah) has an un-
known function. InterPro is a freely available database

TTCCCATTTGTCACGCTGCCG
81 82 83 84 85 86 87
PheProPheValThrLeuPro

GGAAGTCCAAAGCACATGCGG
210211212213214215216
GlySerProLysHisMetArg

Fig. 1. Phenotype of the mahogany mutant and the result of
whole-genome analysis.

a) Wild type eye color is vivid red. b) The mutant
eye color becomes darker than that of the wild type. c)
The alignments of genome and protein sequences at start
and end sites of the deletion. The top line indicates the
cDNA sequence. The middle line indicates the numbers
of amino acid residues. The bottom line indicates amino
acid sequence. The red texts represent deleted regions.

∗1 RIKEN Nishina Center

Fig. 2. Diagrams of protein domain analysis using InterPro
and deleted Mahogany protein.

a) A result data of domain analysis of Mahogany pro-
tein using InterPro database. The red box highlights the
deleted three transmembrane domains. b) A diagram of
wild type and deleted proteins of Mahogany. Full length
Mahogany protein consist of 527 amino acid residues.
The numbers indicate the numbers of amino acid residues
of the proteins. The deleted protein lacks 129 amino acid
residues (87–215).

used to classify protein sequences into families and to
predict the presence of important domains and sites.4)
InterPro analysis of the predicted protein Mah identified
11 transmembrane helices and a conserved domain found
in amino acid transporters (Fig. 2a). The deleted protein
lacks three putative transmembrane domains (Figs. 2a,
b). Both the amounts of ommochrome pigments and
pteridine pigments are decreased in classical mah mu-
tants.5) These results indicate that Mah function is re-
lated to both pigments transport in eye ommatidia.

Chemical mutagen mostly introduces point mutations
into genomic DNA. In this report, we confirmed that
heavy-ion-beam mutagenesis has diverse mutations, for
example small insertions, point mutations, small dele-
tions, and large deletions, in the animal genome. Cur-
rently, we are analyzing other mutants. The data will
be helpful for the elucidation of the biological effect of
heavy-ion-beam irradiation to the animal genome.

References
1) T. Abe et al., in Plant Mutation Breeding and Biotech-

nology, edited by Q. Y. Shu et al., (CABI, Oxfordshire,
2012), pp. 99.

2) A. Tanaka et al., J. Radiat. Res. 51, 223 (2010).
3) K. Tsuneizumi et al., RIKEN Accel. Prog. Rep. 49, 253

(2016).
4) A. Mitchell et al., Nucleic Acids Res. 43, D213 (2015).
5) J. Ferre et al., Biochem. Genet. 24, 545 (1986).

Low-dose high-LET heavy ion-induced bystander signaling (IV)

M. Tomita,∗1,∗2 T. Tsukada,∗2 and M. Izumi∗2

Radiation-induced bystander response (RIBR) is a
cellular response induced in non-irradiated cells that
received bystander signals from directly irradiated cells
within an irradiated cell population.1) RIBR induced
by low doses of high-LET radiation is an important is-
sue for the health of astronauts and in hadrontherapy.
Here, we investigated the underlying molecular mecha-
nisms and biological implications of RIBR induced by
such low doses of high-LET radiation.

We found that normal human fibroblasts cultured
confluent, which were harvested 16–24 h after exposure
to high-LET (1000 keV/µm) iron (Fe) ions, showed
the cell killing effect at low doses (≤ 0.2 Gy) higher
than that estimated by a linear extrapolation from
high doses. This enhanced cell killing effect could not
be observed in the cells harvested immediately after
irradiation.2) At 0.1 Gy, the average number of Fe-
ion traversals per cell nucleus was 0.11; however, the
surviving fraction was 0.84.3) These results suggested
that the enhanced cell killing effect at low doses was at
least partly caused by the induction of bystander re-
sponses. In addition, we established an optimal system
to assess the low doses of high-LET radiation-induced
bystander cell killing, and reported that gap-junction
intercellular communication (GJIC), cyclooxygenase-2
(COX-2), and nitric oxide (NO) were involved in its
signal transfer.3)

In our previous study using high-LET heavy-ion
microbeam and broadbeam,4) we showed that DNA
double-strand breaks (DSBs) and reproductive cell
death were induced by NO-mediated bystander re-
sponse in normal human fibroblasts. In addition, the
activation of NF-κB, Akt, and COX-2 by bystander
signaling depended on incubation time after irradia-
tion and presence of NO. In this study, we investigated
phosphorylation and accumulation of these bystander
signaling related molecules in the cells irradiated with
low doses of high-LET radiation.

Figure 1 shows phosphorylation and accumulation of
bystander signaling related molecules in normal human
fibroblasts, WI-38, irradiated with 0.1 Gy of 90 MeV/u
Fe ions (1000 keV/µm). WI-38 cells were cultured
on 25 cm2 plastic flasks for 1 week to form conflu-
ent monolayers and were pretreated with or without a
scavenger of NO, c-PTIO, (20 µM) 2 h before irradi-
ation with 0.1 Gy of Fe ions. Cells were harvested 3
and 6 h after irradiation followed by immunoblotting.
Phosphorylation of Akt at Ser473 and NF-κB p65 at
Ser536 and accumulation of COX-2 were observed in
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the cell 3 h after irradiation and were efficiently in-
hibited by pretreatment with c-PTIO. Phosphorylated
histone H2AX at Ser139 is widely used as a surrogate
marker of DSBs. Phosphorylated histone H2AX was
observed at 3 and 6 h after irradiation. Prolonged
phosphorylation of H2AX at 6 h after irradiation was
inhibited by c-PTIO, although phosphorylation at 3 h
was not suppressed. NO-mediated prolonged phos-
phorylation of H2AX also indicated the induction of
bystander responses. These results suggest that NF-
κB/COX-2/prostaglandin E2 and NF-κB/iNOS/NO
pathways1,5) are activated in the cells irradiated with
low doses of high-LET radiation.

Fig. 1. Phosphorylation and accumulation of bystander

signaling related molecules. Normal human fibrob-

lasts, WI-38, were pretreated with or without c-PTIO

(20 µM) 2 h before irradiation with 0.1 Gy of 90 MeV/u

Fe ions (1000 keV/µm). Cells were harvested 3 and 6 h

after irradiation followed by immunoblotting.
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Chromosomal rearrangement induced by high-LET heavy-ion-beam
irradiation in Parachlorella kessleri

K. Ishii,∗1 M. Asano,∗2 Y. Kazama,∗1 T. Abe,∗1 and S. Kawano∗2

Heavy-ion beams are used as an effective mutagen
that induces localized mutations owing to their high lin-
ear energy transfer (LET).1) Breeding with heavy-ion
beams has been attempted often on land plants and re-
cently on microalgae. Parachlorella kessleri (Chlorel-
lales, Trebouxiophyceae, Chlorophyta) is a type of uni-
cellular green algae that has received much attention as
a biological resource for biomass production. A P. kess-
leri mutant with high oil production has been pro-
duced by heavy-ion-beam irradiation.2) Recently, in a
land plant Arabidopsis thaliana, it has been reported
that an Ar ion beam (LET: 290 keV/µm) significantly
induced chromosomal rearrangements more frequently
than a C ion beam (LET: 30.0 keV/µm).3) In this
study, we produced P. kessleri mutants in which chro-
mosomes were fragmented by Ar-ion-beam and Fe-ion-
beam (LET: 640 keV/µm) irradiations. We performed
mutation analysis on those mutants to characterize the
nature of mutations induced by the high-LET heavy-ion
beams.

P. kessleri was irradiated with the Ar-and Fe-ion
beams with a dose of 75 Gy and cultured for 16–20 h
in a TAP medium at 23◦C under the continuous light
condition. For microscopic observation, both irradiated
and unirradiated cells were fixed by glutaraldehyde and
stained by SYBR Green I. A typical karyotype of the
wild type indicates that P. kessleri has seven chromo-
somes (Fig. 1A). On the other hand, chromosome frag-
mentation was observed in the irradiated cells (Fig. 1B–
C). Irradiated cell lines were established by single colony
isolation. Though some of these fragmented chromo-
somes were not inherited by descendant cells, the two
established lines (Fe75-1-3H and Ar75-1-3H) were con-
firmed to stably possess fragmented chromosomes by
pulsed field gel electrophoresis (data not shown).

The two established lines (Fe75-1-3H and Ar75-1-
3H) and the wild-type line were resequenced by the
MiSeq sequencing system (Illumina Inc., https://www.
illumina.com). Mutation analysis was conducted by
the mutation analysis pipeline AMAP as described pre-
viously4) with some modifications: we modified AMAP
to utilize the draft genome sequence (consisting of 400
scaffolds and 60 Mb in total) and the gene structure in-
formation (in the GTF format) of P. kessleri. As re-
arrangements defined previously3) as including indels
more than 100 bp and chromosomal rearrangements,
one inversion was detected in Ar75-1-2C. In Fe75-1-
3H, two inversions and three translocations were de-
tected. All of the three translocations were localized
in a region of approximately 2 kb of the genome, which

∗1 RIKEN Nishina Center
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Fig. 1. Karyotypes of P. kessleri. (A) Typical karyotype

of the wild type. (B–C) Typical karyotypes of cells after

irradiation with Ar- (B) and Fe-ion beams (C), indicating

that chromosomes were fragmented into 17 and 39 parts,

respectively.

Fig. 2. Mapped read sequences including only telomeric re-

peats. The gray bars indicate read sequences. The col-

ored lines on read sequences indicate single nucleotide

polymorphisms. The blue box indicates telomeric re-

peats.

may reflect the dense ionization produced by the high-
LET heavy-ion beam. To detect chromosome rearrange-
ments involving chromosome ends, reads that only in-
clude continuous (more than three units) telomeric re-
peat (TTTAGGG) were extracted from the resequenced
data and mapped to the draft genome sequence by
Burrows-Wheeler Aligner. One newly formed junction
with telomeric repeats in Ar75-1-2C was found (Fig. 2).
This junction possibly explains the stability of some of
the fragmented chromosomes. Alternatively, it was pos-
sibly the junction with internal telomere sequences. Flu-
orescence in situ hybridization that utilizes the genomic
sequence near the junction as a probe will provide infor-
mation based on which a hypothesis would be plausible.

In this study, it was revealed that the Ar and Fe ion
beams induced chromosome fragmentations in P. kess-
leri. Mutation analysis suggested that the fragmen-
tations were caused by localized DNA double-strand
breaks and that chromosome ends of stable fragmented
chromosomes possessed telomeric repeats. The complete
genome sequence will provide clearer information on the
nature of mutations induced by the high-LET heavy-ion
beam.
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Trials of mutation detection programs to detect structural variations
induced by heavy-ion beams in rice

R. Morita,∗1 H. Ichida,∗1 Y. Shirakawa,∗1 and T. Abe∗1

We screened rice mutants generated by heavy-ion-
beam irradiation and identified mutations using whole-
genome sequencing (WGS). A heavy-ion beam induces
both small mutations (single-nucleotide variants and
small insertions/deletions) and structural variations
(SVs) such as large deletions, inversions, and translo-
cations.1) The detection of SVs using short-read WGS
data is a challenging task compared with the detec-
tion of small mutations.2) We used the Pindel3) soft-
ware to detect SVs. Pindel can detect break points of
large deletions (< 10 kb) and small-size insertions (1–
20 bp).3) However, the heavy-ion beam can generate
deletions with lengths of over 10 kb.1) Therefore, be-
sides Pindel, another program is needed to detect the
SVs induced by the heavy-ion-beam irradiation.

In the present study, we tested two programs,
Delly4) and Manta,5) for detecting the SVs induced
by heavy-ion irradiation. We used a high-performance
bioinformatics pipeline6) incorporated with Delly and
Manta. The candidate mutations were visually con-
firmed by using Integrated Genomics Viewer (IGV).
We analyzed WGS data of 11 rice mutants induced
by carbon ion irradiations (12C6+, 50–175 Gy, LET:
30 keVµm−1). In the present study, we ignored
the candidates of heterozygous mutations detected by
Delly and Manta because all heterozygous mutations
were false-positives in our initial experiment (Data not
shown).

In the 11 mutants, there were 10 and 19 homozygous
candidates detected by Delly and Manta, respectively.
Of the 10 and 19 candidates detected by Delly and
Manta, 8 and 9 were positive mutations, respectively.
These data suggest that both programs detected pos-
itive mutations induced by carbon ions. Of the 8 and
9 positive mutations detected by Delly and Manta, 4
and 2 were also detected by Pindel. In other words,
both 4 mutations detected by Delly and 7 mutations
detected by Manta were not detected by Pindel. In
total, 8 independent mutations that were not detected
by Pindel were identified (Table 1), i.e. one mutation
(No. 1) was detected by Delly only, 4 mutations (No. 2,
5, 7, and 8) were detected by Manta only, and 3 muta-
tions (No. 3, 4, and 6) were detected by both programs.
Using IGV, we determined the types of each mutation.
One mutation (No. 1) was determined to be a dele-
tion (Table 1). The remaining mutations (No. 2, 3,
4, 5, 6, 7, and 8) were estimated to be translocations
(Table 1). We tried to design primer pairs around the
breakpoints of each mutation to confirm the existence
of mutation by PCR analysis. Around the mutation
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Fig. 1. PCR confirmation of 7 mutations. W indicates the

result of using wild-type DNA as the template, and m

indicates the result of using mutant DNA as the tem-

plate. The PCR pruducts are analyzed using MultiNA

MCE-202 (Shimadzu). DNA size markers are shown on

the left side.

Table 1. Structural variations detected by Delly and

Manta.

  





   

   

   

   

   

   

   

   

ND, not determined by

No. 4, a primer pair specific to the wild-type allele
could not be designed. When we performed PCR with
the 7 primer pairs using wild-type genomic DNA as
a template, each band was detected (Fig. 1, lane W).
However, no band was

detected when we used mutant genomic DNA as a
template (Fig. 1, lane m), indicating that the wild-
type alleles do not exist in these mutants. Our present
study indicated that both Delly and Manta are useful
programs to detect SVs in rice mutants induced by
heavy-ion irradiation.
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Chromosomal rearrangement induced by high-LET heavy-ion-beam
irradiation in Parachlorella kessleri

K. Ishii,∗1 M. Asano,∗2 Y. Kazama,∗1 T. Abe,∗1 and S. Kawano∗2

Heavy-ion beams are used as an effective mutagen
that induces localized mutations owing to their high lin-
ear energy transfer (LET).1) Breeding with heavy-ion
beams has been attempted often on land plants and re-
cently on microalgae. Parachlorella kessleri (Chlorel-
lales, Trebouxiophyceae, Chlorophyta) is a type of uni-
cellular green algae that has received much attention as
a biological resource for biomass production. A P. kess-
leri mutant with high oil production has been pro-
duced by heavy-ion-beam irradiation.2) Recently, in a
land plant Arabidopsis thaliana, it has been reported
that an Ar ion beam (LET: 290 keV/µm) significantly
induced chromosomal rearrangements more frequently
than a C ion beam (LET: 30.0 keV/µm).3) In this
study, we produced P. kessleri mutants in which chro-
mosomes were fragmented by Ar-ion-beam and Fe-ion-
beam (LET: 640 keV/µm) irradiations. We performed
mutation analysis on those mutants to characterize the
nature of mutations induced by the high-LET heavy-ion
beams.

P. kessleri was irradiated with the Ar-and Fe-ion
beams with a dose of 75 Gy and cultured for 16–20 h
in a TAP medium at 23◦C under the continuous light
condition. For microscopic observation, both irradiated
and unirradiated cells were fixed by glutaraldehyde and
stained by SYBR Green I. A typical karyotype of the
wild type indicates that P. kessleri has seven chromo-
somes (Fig. 1A). On the other hand, chromosome frag-
mentation was observed in the irradiated cells (Fig. 1B–
C). Irradiated cell lines were established by single colony
isolation. Though some of these fragmented chromo-
somes were not inherited by descendant cells, the two
established lines (Fe75-1-3H and Ar75-1-3H) were con-
firmed to stably possess fragmented chromosomes by
pulsed field gel electrophoresis (data not shown).

The two established lines (Fe75-1-3H and Ar75-1-
3H) and the wild-type line were resequenced by the
MiSeq sequencing system (Illumina Inc., https://www.
illumina.com). Mutation analysis was conducted by
the mutation analysis pipeline AMAP as described pre-
viously4) with some modifications: we modified AMAP
to utilize the draft genome sequence (consisting of 400
scaffolds and 60 Mb in total) and the gene structure in-
formation (in the GTF format) of P. kessleri. As re-
arrangements defined previously3) as including indels
more than 100 bp and chromosomal rearrangements,
one inversion was detected in Ar75-1-2C. In Fe75-1-
3H, two inversions and three translocations were de-
tected. All of the three translocations were localized
in a region of approximately 2 kb of the genome, which
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Fig. 1. Karyotypes of P. kessleri. (A) Typical karyotype

of the wild type. (B–C) Typical karyotypes of cells after

irradiation with Ar- (B) and Fe-ion beams (C), indicating

that chromosomes were fragmented into 17 and 39 parts,

respectively.

Fig. 2. Mapped read sequences including only telomeric re-

peats. The gray bars indicate read sequences. The col-

ored lines on read sequences indicate single nucleotide

polymorphisms. The blue box indicates telomeric re-

peats.

may reflect the dense ionization produced by the high-
LET heavy-ion beam. To detect chromosome rearrange-
ments involving chromosome ends, reads that only in-
clude continuous (more than three units) telomeric re-
peat (TTTAGGG) were extracted from the resequenced
data and mapped to the draft genome sequence by
Burrows-Wheeler Aligner. One newly formed junction
with telomeric repeats in Ar75-1-2C was found (Fig. 2).
This junction possibly explains the stability of some of
the fragmented chromosomes. Alternatively, it was pos-
sibly the junction with internal telomere sequences. Flu-
orescence in situ hybridization that utilizes the genomic
sequence near the junction as a probe will provide infor-
mation based on which a hypothesis would be plausible.

In this study, it was revealed that the Ar and Fe ion
beams induced chromosome fragmentations in P. kess-
leri. Mutation analysis suggested that the fragmen-
tations were caused by localized DNA double-strand
breaks and that chromosome ends of stable fragmented
chromosomes possessed telomeric repeats. The complete
genome sequence will provide clearer information on the
nature of mutations induced by the high-LET heavy-ion
beam.
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Comparison of LET effect of heavy-ion beam irradiation in rice

Y. Hayashi,∗1 K. Ichinose,∗1 Y. Shirakawa,∗1 S. Ohbu,∗1 H. Tokairin,∗1 T. Sato,∗1,∗2 and T. Abe∗1

Linear energy transfer (LET) is a contributing factor
in heavy-ion mutagenesis. Our previous study revealed
a LET-dependent effect in Arabidopsis thaliana. A LET
of 30 keV/µm is the most effective for inducing muta-
tion.1) Although a high LET of heavier ions such as Ar
and Fe resulted in a lower mutation frequency, they can
easily cause larger deletions and complex mutations.2–5)

In 2015, a new high-energy beam line called the WA-
CAME line was constructed, which enables the irradia-
tion of heavier ions with a longer range.6) The choice of
LET values for biological samples was extended by us-
ing this beam line. Knowledge about the LET effect in
model plants can be applied for other plants and is use-
ful for efficient mutagenesis. In this study, we examined
the effect of a higher LET of heavy-ion beam irradiation
in rice as another model plant.

Dry seeds of rice (Oryza sativa L. cv. Nipponbare)
with a water content of 13% were used for the experi-
ment. The seeds were placed into a plastic bag without
overlapping and vacuum-packed for irradiation treat-
ment. The seeds were irradiated with Ar (184 keV/µm,
289 keV/µm) and Fe (650 keV/µm). Ar (184 keV/µm)
is a high-energy beam produced using the WACAME
line. The doses of Ar ions and Fe ion were 10 to 50 Gy,
7.5 to 40 Gy, and 10 to 50 Gy, respectively. Survival
rates were estimated by counting plants surviving four
weeks after sowing. Figure 1 shows the survival curve af-
ter irradiation. A decrease of survival rate was observed
for a dose greater than 20 Gy with Ar (289 keV/µm)
irradiation. On the other hand, a decrease of survival
rate was observed for a dose greater than 30 Gy with
Ar (184 keV/µm) and Fe (650 keV/µm) irradiation. M1

plants from the irradiation with a high survival rate were
grown in a paddy field. M2 seeds were obtained individ-
ually from each M1 plant. The fertility was evaluated
using the number of fertile spikelets in the main panicle
of the M1 plant. Figure 2 shows the percentage of fertil-
ity in M1 plants. The mean value of the number of fertile
spikelets per panicle in control Nipponbare was 105.7 ±
16.24. The percentage of low-fertility plants increased
with the increase of dose at any LET value.

Chlorophyll-deficient mutants (CDM) were observed
in two-weeks-old M2 seedlings grown in a greenhouse.
Mutation rates were calculated based on the numbers of
M1 lines, which showed CDM in M2 generation. The
highest frequency of CDM was observed at 20–30 Gy of
Ar (184 keV/µm) irradiation (Table 1). Furthermore,
there was no severe decrease of fertility at a dose of
20 Gy. This result suggests the possibility of high effi-
ciency of the Ar-ion beam produced using the WACAME
line. We will conduct the genome sequencing of isolated
mutants to characterize the mutations irradiated at 184,
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Table 1. Effect of High-LET ion-beam irradiation on muta-

tion induction.
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289, and 650 keV/µm and compare the mutagenic effects
of higher-LET irradiation in rice.

References
1) Y. Kazama et al., Plant Biotech. 25, 113 (2008).
2) T. Hirano et al., Mutat. Res. 735, 19 (2012).
3) Y. Kazama et al., Genes Genet. Syst. 88, 189 (2013).
4) T. Hirano et al., Plant J. 82, 93 (2015).
5) Y. Kazama et al., Plant J. 92, 1020 (2017).
6) N. Fukunishi et al., Proc. 13th Int. Conf. on Heavy Ion

Accel. Tech. (2015), p. 42.

- 238 -

RIKEN Accel. Prog. Rep. 51 (2018) Ⅲ-4. Radiation Chemistry & Biology



Relationship between early-flowering mutation and LET-Gy
combination of ion beam irradiation in durum wheat

K. Murai,∗1 Y. Kazama,∗2 and T. Abe∗2

Durum wheat (Triticum turgidum ssp. durum) is a
tetraploid species with the genome constitution AABB
derived from two wild diploid ancestral species: the
A genome from T. urartu and the B genome from
Aegilops speltoides or another species classified in
the Sitopsis section. Therefore, the tetraploid du-
rum wheat genome contains duplicated homoeologous
genes, and this characteristic may increase the diffi-
culty of screening for mutants in durum wheat. To
avoid this problem, we have chosen the use of culti-
vated diploid einkorn wheat (T. monococcum) with
the Am genome, similar to the A genome in bread
wheat, for developing a large-scale mutant panel.1) and
screened and analyzed several mutants from the mu-
tant panel.2) However, durum wheat is an important
crop species for making pasta, and we have started to
make a mutant panel of durum wheat by heavy-ion
beam irradiation.
To avoid the rainy season for harvesting, early ma-

turing is one of the important properties of bread
wheat in East Asia, including Japan. Therefore, we
focused on identifying early-flowering mutations in the
screening of the mutant panel.
Dry seeds of the durum wheat cultivar “Langdon”

were irradiated with 15, 30, or 50 Gy of 12C6+ ions at
LET values of 30, 50, or 70 keVµm−1, or 2.5, 5.0, 7.5,
10, or 20 Gy of 40Ar17+ ions (290 keVµm−1) to deter-
mine the optimal conditions for mutant generation by
using the E5 beam line of the Ring Cyclotron (RRC) in
the RIKEN RI-beam factory. The M1 seedlings were
planted in the field in October 2014. The viability
rate for the Ar ion beam was reduced to less than 60%
with a dose greater than 7.5 Gy, and all plants died
when the dose was 10 or 20 Gy. The harvested seeds
from each individual M1 plant were used to produce
the next generation (M2) lines. 77–134 M2 lines (1068
lines in total) for each LET-Gy combination were sown
in October 2015 in the fields; ten seeds of each M2 line
were sown. The frequency of lines with albino plant(s)
among the ten plants was determined to assess the
comparative mutation ratio of the different irradiation
conditions. The frequency of albino plants in the M2

generation was different for different LET-Gy combi-
nations (data not shown). The highest ratio (>2.0%)
was observed for the LET50-30Gy treatment condi-
tion. On the other hand, the data of survival ratio
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Fig. 1. Appearance of early-flowering mutant plants in M2

generation. Percentages (%) of M2 lines segregating

mutant plants are shown in each LET-Gy combina-

tion of ion-beam irradiation. Red and blue bars indi-

cate moderately early-flowering and early-flowering mu-

tants, respectively.

suggests that LET70-15Gy treatment was the optimal
condition for durum wheat.3)

In the mutant screening in 2016, we observed mod-
erately early-flowering mutation within a few days
and early-flowering mutation before four days, com-
pared with the wild-type. Figure 1 shows the percent-
ages of the M2 lines segregating early-flowering mu-
tant(s). The moderately early-flowering mutants were
obtained under relatively moderate treatment condi-
tion of LET70-15Gy with C, whereas early-flowering
mutants were mainly obtained under harsher treat-
ment condition of 5.0 Gy with Ar.
Durum wheat cultivars are usually late-heading and

not suitable for cultivation in Japan, because we have
a rainy season from June to July. All known culti-
vars of durum wheat show pre-harvest sprouting when
subjected to prolonged rainfall before harvest. Fur-
thermore, durum wheat cultivars are susceptible to
the Fusarium head blight disease. To develop du-
rum wheat cultivars suitable for wide cultivation in
Japan, we are focusing on identifying mutations of
early-heading, short culm, and resistance against pre-
harvest sprouting and Fusarium head blight in durum
wheat by using heavy-ion beam mutagenesis.
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Comparison of LET effect of heavy-ion beam irradiation in rice

Y. Hayashi,∗1 K. Ichinose,∗1 Y. Shirakawa,∗1 S. Ohbu,∗1 H. Tokairin,∗1 T. Sato,∗1,∗2 and T. Abe∗1

Linear energy transfer (LET) is a contributing factor
in heavy-ion mutagenesis. Our previous study revealed
a LET-dependent effect in Arabidopsis thaliana. A LET
of 30 keV/µm is the most effective for inducing muta-
tion.1) Although a high LET of heavier ions such as Ar
and Fe resulted in a lower mutation frequency, they can
easily cause larger deletions and complex mutations.2–5)

In 2015, a new high-energy beam line called the WA-
CAME line was constructed, which enables the irradia-
tion of heavier ions with a longer range.6) The choice of
LET values for biological samples was extended by us-
ing this beam line. Knowledge about the LET effect in
model plants can be applied for other plants and is use-
ful for efficient mutagenesis. In this study, we examined
the effect of a higher LET of heavy-ion beam irradiation
in rice as another model plant.

Dry seeds of rice (Oryza sativa L. cv. Nipponbare)
with a water content of 13% were used for the experi-
ment. The seeds were placed into a plastic bag without
overlapping and vacuum-packed for irradiation treat-
ment. The seeds were irradiated with Ar (184 keV/µm,
289 keV/µm) and Fe (650 keV/µm). Ar (184 keV/µm)
is a high-energy beam produced using the WACAME
line. The doses of Ar ions and Fe ion were 10 to 50 Gy,
7.5 to 40 Gy, and 10 to 50 Gy, respectively. Survival
rates were estimated by counting plants surviving four
weeks after sowing. Figure 1 shows the survival curve af-
ter irradiation. A decrease of survival rate was observed
for a dose greater than 20 Gy with Ar (289 keV/µm)
irradiation. On the other hand, a decrease of survival
rate was observed for a dose greater than 30 Gy with
Ar (184 keV/µm) and Fe (650 keV/µm) irradiation. M1

plants from the irradiation with a high survival rate were
grown in a paddy field. M2 seeds were obtained individ-
ually from each M1 plant. The fertility was evaluated
using the number of fertile spikelets in the main panicle
of the M1 plant. Figure 2 shows the percentage of fertil-
ity in M1 plants. The mean value of the number of fertile
spikelets per panicle in control Nipponbare was 105.7 ±
16.24. The percentage of low-fertility plants increased
with the increase of dose at any LET value.

Chlorophyll-deficient mutants (CDM) were observed
in two-weeks-old M2 seedlings grown in a greenhouse.
Mutation rates were calculated based on the numbers of
M1 lines, which showed CDM in M2 generation. The
highest frequency of CDM was observed at 20–30 Gy of
Ar (184 keV/µm) irradiation (Table 1). Furthermore,
there was no severe decrease of fertility at a dose of
20 Gy. This result suggests the possibility of high effi-
ciency of the Ar-ion beam produced using the WACAME
line. We will conduct the genome sequencing of isolated
mutants to characterize the mutations irradiated at 184,

∗1 RIKEN Nishina Center
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Table 1. Effect of High-LET ion-beam irradiation on muta-

tion induction.
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289, and 650 keV/µm and compare the mutagenic effects
of higher-LET irradiation in rice.
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Analysis of DNA damage response in Cyrtanthus pollen after Ar-ion
beam irradiation

T. Hirano,∗1,∗2 A. Hanada,∗1 Y. Hayashi,∗2 T. Abe,∗2 and H. Kunitake∗1

Heavy-ion-beam mutagenesis has been applied for
various plant materials, and many mutants have suc-
cessfully been obtained through the screening process.
As one of the plant materials for the irradiation, pollen
was used for mutant induction.1,2) This implies that
the DNA damage induced by a heavy-ion beam would
be repaired during the double-fertilization process, and
the genomic information including mutations would
be transmitted to the next generation. DNA dam-
age response (DDR) in male gametes of Cyrtanthus
mackenii after C-ion beam (22.5 keV/µm) irradiation
has been reported, and the male gametes repaired the
DNA lesions during the pollen tube growth.3) In the
present study, we irradiated mature pollen of C. mack-
enii with an Ar-ion beam, which has a higher linear
energy transfer (LET) than the C-ion beam, and an-
alyzed the DDR in the male gametes. Moreover, we
compared the DDR after irradiation with Ar-ion and
C-ion beams.

Anthers of C. mackenii in 0.2-mL tubes were irradi-
ated with Ar ions (280 keV/ µm) at a dose of 2.5–40 Gy
and then stored at −20◦C. Pollen grains from the an-
thers were cultured in 2 mL of liquid pollen culture
medium at 25◦C in the dark.4) Sperm cell formation
in the pollen tube was observed after 4′,6-diamidino-2-
phenylindole staining of the pollen tube. Immunocyto-
chemical analysis for the evaluation of DDR in male ga-
metes was performed according to a protocol described
previously.3)

When the germination rate of the pollen grains and
pollen tube length were measured after 24 h of in vitro
culture, the germination rate and pollen tube length
in irradiated pollen showed no decrease compared to
non-irradiated pollen. These results were similar to
those for C-ion irradiation.3) Since C. mackenii forms
bicellular pollen, sperm cells are divided from a gener-
ative cell in the pollen tube. Although the sperm cell
formation rate was not decreased up to 10-Gy irradia-
tion, sperm-cell formation was inhibited by high-dose
irradiation of 20 and 40 Gy (Fig. 1). In the C-ion-
beam irradiation, the sperm-cell formation rates were
decreased to approximately 70% at 40 Gy and 30% at
80 Gy.3) Thus, it is interpreted that the Ar-ion beam
has a greater effect of inhibition of sperm-cell forma-
tion compared to the C-ion beam.

To investigate the cause of inhibition of sperm-cell
formation, male gametes were isolated from pollen
tubes and immunostained by using anti-α-tubulin an-
tibody for cell-cycle confirmation and by using anti-

∗1 Faculty of Agriculture, University of Miyazaki
∗2 RIKEN Nishina Center

Fig. 1. Sperm cell formation after Ar-ion beam irradiation.

Values ± SD are expressed relative to the unirradiated

control (value set at 100%).

phosphorylated histone H2AX (γH2AX) for the de-
tection of DNA double-strand breaks (DSBs) in the
chromosome. After 40-Gy irradiation, the cell cycle
in a part of the generative cells was arrested at the
metaphase in pollen mitosis II (PMII) at 24 h of cul-
ture. In the male gametes, proportions of metaphase
cells were 0% at 0 Gy, 1% at 10 Gy, and 35% at 40 Gy,
suggesting that cell-cycle arrest was induced by the
high-dose irradiation. The proportions of metaphase
cells at 24 h of culture after the C-ion-beam irradi-
ation were approximately 8% at 10 Gy and 11% at
40 Gy.3) These results indicated that one of the causes
of the inhibition of sperm-cell formation is the cell cy-
cle arrest. Approximately half of the metaphase cells
with 40-Gy Ar-ion irradiation showed γH2AX foci in
the chromosomes, indicating that unrepaired DSBs re-
mained in the genome. Therefore, a spindle assembly
checkpoint in the metaphase would be activated by
chromosomal lesions including the DSBs and arrested
in the cell cycle progression.

In the C-ion-beam irradiation, chromosomal bridges
were formed between the sperm cells, and generative-
cell-like sperm cells, which are defined as cells with
generative-cell-like nuclei and sperm-cell-like micro-
tubule arrays that completed PMII but failed in chro-
mosome separation, were also formed.3) We also ana-
lyzed the male gametes that completed PMII in the
Ar-ion-beam irradiation, and those data will be useful
for understanding the effects of heavy-ion-beam irra-
diation on male gametes.
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Isolation of C4 Flaveria bidentis mutants with reduced quenching of
chlorophyll fluorescence from heavy-ion-beam-mutagenized M2

population

T. Ogawa,∗1 M. Yamane,∗1 Y. Taniguchi,∗1 T. Furumoto,∗2 T. Abe,∗3 and Y. N. Munekage∗1

Plants using C4 photosynthesis exhibit higher CO2 as-
similation rates than plants using C3 photosynthesis un-
der low CO2 conditions. This C4 photosynthesis (except
for single-cell C4 photosynthesis) is usually achieved by
the operation of the C4 metabolic cycle between meso-
phyll (M) and bundle-sheath (BS) cells, which concen-
trates CO2 at the site of ribulose 1,5-bisphosphate car-
boxylase/oxygenase (RuBisCO) in BS cells.1) With an
aim to analyze the regulation of light-energy conversion
and metabolic cycle between two cells, we screened mu-
tants with a reduced quenching of chlorophyll fluores-
cence from a heavy-ion-beam-mutagenized M2 popula-
tion of C4 Flaveria bidentis (Asteraceae) which carries
NADP-malic enzyme-type C4 photosynthesis.

We first investigated the survival ratio of mutagenized
seedlings to evaluate the optimum condition for mutage-
nesis by the irradiation of a carbon-ion beam. F. biden-
tis seeds were irradiated at different dose levels ranging
from 25 to 300 Gy with a linear energy transfer (LET)
value of 30 keV/ µm (Table 1). The Number of seedlings
forming true leaves/total number of seedlings (true leaf
formation ratio), average true leaf length in 13-days-old
seedlings, and survival ratio 1 month after germination
decreased with the increase of dose level. Although the
true leaf formation ratio was only slightly affected at
50 Gy, the survival ratio was lower at 50 Gy than at
25 Gy. Therefore, we determined 25 Gy as an opti-
cal condition for mutagenesis. A large number of seeds
were mutagenized with a 25 Gy carbon-ion beam (M1)
and grown in a green house, and the next population of
seeds (M2) was corrected for screening.

Table 1. Survival ratio in F. bidentis M1 population at dif-

ferent dose levels. Average ±SD is shown for the true leaf

length. ∗P < 0.01.

Dose level,
Gy

True leaf 
formation ratio, % 

(n=50-70)

True leaf 
length, mm 

(n=25) 

Survival 
ratio, % 

(n=50-70)
Non- 

irradiation 
100 3.4 ± 2.2 100 

25 97 2.4 ± 1.8 * 94
50 97 3.4 ± 1.8 83
100 59 1.4 ± 3.1 * 10
150 62 1.3 ± 2.0 * 4
200 58 1.4 ± 2.2 * 0
300 3.9 0.3 ± 0.8 * 0

We used a chlorophyll fluorescence imaging system,
Maxi-Imaging-PAM (Walz, Germany), for screening mu-
tants. Chlorophyll fluorescence emitted from photo-
system II reflects the photosynthetic electron transport
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Fig. 1. Chlorophyll fluorescence imaging after exposure to

blue light of 500 µmol photons m−2 s−1 for 1 min. Orange

shows lower NPQ levels than green.

Fig. 2. Time courses of NPQ induction in white-light illumi-

nation at 270 µmol photons m−2 s−1 and relaxation of

NPQ in 3 min in dark.

state and light energy dissipation induced by the luminal
acidification of the thylakoid membrane, which is moni-
tored as nonphotochemical quenching (NPQ) of chloro-
phyll fluorescence.2) In the imaging system, the major-
ity of detected chlorophyll fluorescence was assumed to
be derived from chloroplasts in palisade M cells and a
minority was assumed to be derived from BS chloro-
plast because BS cells surround the vasculature imme-
diately beneath the palisade cells within leaves and con-
tain chloroplasts with reduced grana and PSII activity.

Six mutants named q1∼q6 with reduced NPQ were
isolated from a population of 860 M2 plants, which were
obtained from 180 M1 parents (Figs. 1 and 2). q1∼q3 or
q4 and q5 can possess identical mutation because those
were derived from the same parental batch, but at least
3 independent mutants were isolated from this screening
system. q1 and q4 showed lower CO2 assimilation rates
than the wild type (data not shown). Since coordinated
metabolism in M and BS cells is required for C4 photo-
synthesis, mutants isolated with this screening method
are expected to include defects in not only genes directly
related to NPQ induction but also genes related to the
regulation of C4 photosynthesis.
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Analysis of DNA damage response in Cyrtanthus pollen after Ar-ion
beam irradiation

T. Hirano,∗1,∗2 A. Hanada,∗1 Y. Hayashi,∗2 T. Abe,∗2 and H. Kunitake∗1

Heavy-ion-beam mutagenesis has been applied for
various plant materials, and many mutants have suc-
cessfully been obtained through the screening process.
As one of the plant materials for the irradiation, pollen
was used for mutant induction.1,2) This implies that
the DNA damage induced by a heavy-ion beam would
be repaired during the double-fertilization process, and
the genomic information including mutations would
be transmitted to the next generation. DNA dam-
age response (DDR) in male gametes of Cyrtanthus
mackenii after C-ion beam (22.5 keV/µm) irradiation
has been reported, and the male gametes repaired the
DNA lesions during the pollen tube growth.3) In the
present study, we irradiated mature pollen of C. mack-
enii with an Ar-ion beam, which has a higher linear
energy transfer (LET) than the C-ion beam, and an-
alyzed the DDR in the male gametes. Moreover, we
compared the DDR after irradiation with Ar-ion and
C-ion beams.

Anthers of C. mackenii in 0.2-mL tubes were irradi-
ated with Ar ions (280 keV/ µm) at a dose of 2.5–40 Gy
and then stored at −20◦C. Pollen grains from the an-
thers were cultured in 2 mL of liquid pollen culture
medium at 25◦C in the dark.4) Sperm cell formation
in the pollen tube was observed after 4′,6-diamidino-2-
phenylindole staining of the pollen tube. Immunocyto-
chemical analysis for the evaluation of DDR in male ga-
metes was performed according to a protocol described
previously.3)

When the germination rate of the pollen grains and
pollen tube length were measured after 24 h of in vitro
culture, the germination rate and pollen tube length
in irradiated pollen showed no decrease compared to
non-irradiated pollen. These results were similar to
those for C-ion irradiation.3) Since C. mackenii forms
bicellular pollen, sperm cells are divided from a gener-
ative cell in the pollen tube. Although the sperm cell
formation rate was not decreased up to 10-Gy irradia-
tion, sperm-cell formation was inhibited by high-dose
irradiation of 20 and 40 Gy (Fig. 1). In the C-ion-
beam irradiation, the sperm-cell formation rates were
decreased to approximately 70% at 40 Gy and 30% at
80 Gy.3) Thus, it is interpreted that the Ar-ion beam
has a greater effect of inhibition of sperm-cell forma-
tion compared to the C-ion beam.

To investigate the cause of inhibition of sperm-cell
formation, male gametes were isolated from pollen
tubes and immunostained by using anti-α-tubulin an-
tibody for cell-cycle confirmation and by using anti-
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Fig. 1. Sperm cell formation after Ar-ion beam irradiation.

Values ± SD are expressed relative to the unirradiated

control (value set at 100%).

phosphorylated histone H2AX (γH2AX) for the de-
tection of DNA double-strand breaks (DSBs) in the
chromosome. After 40-Gy irradiation, the cell cycle
in a part of the generative cells was arrested at the
metaphase in pollen mitosis II (PMII) at 24 h of cul-
ture. In the male gametes, proportions of metaphase
cells were 0% at 0 Gy, 1% at 10 Gy, and 35% at 40 Gy,
suggesting that cell-cycle arrest was induced by the
high-dose irradiation. The proportions of metaphase
cells at 24 h of culture after the C-ion-beam irradi-
ation were approximately 8% at 10 Gy and 11% at
40 Gy.3) These results indicated that one of the causes
of the inhibition of sperm-cell formation is the cell cy-
cle arrest. Approximately half of the metaphase cells
with 40-Gy Ar-ion irradiation showed γH2AX foci in
the chromosomes, indicating that unrepaired DSBs re-
mained in the genome. Therefore, a spindle assembly
checkpoint in the metaphase would be activated by
chromosomal lesions including the DSBs and arrested
in the cell cycle progression.

In the C-ion-beam irradiation, chromosomal bridges
were formed between the sperm cells, and generative-
cell-like sperm cells, which are defined as cells with
generative-cell-like nuclei and sperm-cell-like micro-
tubule arrays that completed PMII but failed in chro-
mosome separation, were also formed.3) We also ana-
lyzed the male gametes that completed PMII in the
Ar-ion-beam irradiation, and those data will be useful
for understanding the effects of heavy-ion-beam irra-
diation on male gametes.
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Development of flower color mutations from the light-yellow mutant
of spray-mum ‘Southern Chelsea’ by heavy-ion beam re-irradiation

M. Tamari,∗1 G. Watanabe,∗1 F. Tojima,∗1 Y. Hayashi,∗2 and T. Abe∗2

Heavy ion beam irradiation induces plant muta-
tion effectively, and is used for plant breeding.1) In
Kagoshima prefecture, we induced flower color muta-
tion on a pink-colored spray-mum cultivar ‘Southern
Chelsea’ (Registration number: 17847), using heavy
ion beam or soft X-ray irradiation. As a result, a
yellow flower ‘Southern Chelsea Yellow’ (Registration
number: 26523) was developed from the pink-colored
flower color. However, pure white mutants have not
been obtained from previous mutagenesis experiments.
We also reported that stem segments are more suit-
able for producing ‘Southern Chelsea’ mutants using
Ar-ion beam irradiation.2) In this report, we describe
the flower color variation that appeared due to the re-
irradiation of heavy ion beam on the in-vitro cultured
stem of the light-yellow mutant (B25CL-16) obtained
from ‘Southern Chelsea.’

Cultured stem segments of ‘B25CL-16’ with an ax-
illary bud were irradiated with Ar-ion beam (LET:
280 keV/ µm) or C-ion beam (LET: 23 keV/µm) at
doses from 0.5 to 3 Gy, and each treatment was car-
ried out with 40 stems. After irradiation, the stems of
each treatment were cultured using in vitro propaga-
tion. One month later, the elongated shoots of these
tissues were subcultured with the axillary bud sections
to separate the chimeric mutant sectors, and this was
repeated twice. The plantlets grown from subcultured
nodes were transferred to a greenhouse to investigate
the flower color mutation in August flowering cultiva-
tion.

The numbers of flower-color mutants obtained by
Ar-ion or C-ion beam irradiation were 89 out of 316
and 26 out of 275, respectively (Table 1, Fig. 1). In
the mutation induction of ‘B25CL-16,’ the mutants
in which the yellowish-white of flower petal were ob-
served also included the non-irradiated group. In the
cultivated chrysanthemum, the yellow pigment of the
flower petal is almost carotenoid, and the white flower
color is known to be obtained by the expression of
the gene encoding carotenoid cleavage dioxygenase 4a
(CmCCD4a).3) The yellow color mutants were thought
to be decreased expression of CmCCD4a. The mutants
of yellowish-white colors needs to be investigated with
regard to the petal pigment in order to clarify the rela-
tionship between the gene and secondary metabolite.

The present study was supported by the Council
for Science, Technology and Innovation (CSTI), Cross-
ministerial Strategic Innovation Promotion Program

∗1 Kagoshima Prefectural Institute for Agricultural Develop-
ment

∗2 RIKEN Nishina Center

Table 1. Flower-color mutation induced by heavy-ion

beam irradiation.

A B C 

Fig. 1. ‘B25CL-16’(A) and flower color mutation B: Yellow

C: Yellowish-white steak.

(SIP), “Technologies for creating next-generation agri-
culture, forestry and fisheries” (funding agency: Bio-
oriented Technology Research Advancement Institu-
tion, NARO).
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Effects of heavy-ion-beam irradiation on survival in Eisenia arborea

H. Yamada,∗1 Y. Hayashi,∗2 and T. Abe∗2

Along the coast of Hainan on the west coast of Su-
ruga Bay in Shizuoka prefecture, there once existed a
kelp forest of species such as Eisenia arborea (Fig. 1).
This kelp forest was a good fishing ground for shellfish
such as abalone. In addition, E. arborea was caught as
edible seaweed. However, the kelp forest disappeared,
along with shellfish, and fishery suffered serious eco-
nomic damage. Although measures to restore the kelp
forest have been taken subsequently, E. arborea has not
recovered. Therefore, we investigated survival in E. ar-
borea after irradiation with a heavy-ion beam and ex-
amined the optimum dose for creating useful properties
in E. arborea such as high growth and to contribute to
the recovery of the kelp forest.

Gametophytes of E. arborea were irradiated with an
Ar-ion beam (184 keVµm) at a dose range of 0.625–
20 Gy and with a C-ion beam (23 keVµm) at a dose
range of 5–100 Gy. After the irradiation, batches of
48 female and 48 male gametophytes (approximately
100 µm in length) were incubated at 20◦C with 12-h
photoperiods and a light intensity of 30 µmol m−2 s−1.
After 3 weeks of culture, they were measured with a mi-
croscope, and gametophytes not growing were deemed
to have died. Furthermore, to confirm the survival
again, gametophytes visually confirmed to be alive af-
ter 8–9 months of culture were regarded as surviving
individuals, and the survival rates were obtained.

Sporophytes of E. arborea (approximately 3 mm in
length) were irradiated with an Ar-ion beam at a dose
range of 1.25–10 Gy and with a C-ion beam at a dose
range of 10–100 Gy. After the irradiation, batches of
50 sporophytes were incubated at 20◦C with 12-h pho-
toperiods and a light intensity of 80 µmol m−2 s−1. The
survival rates were measured after 4 weeks of culture.

The survival rates after 3 weeks of gametophytes ir-
radiated with the Ar-ion beam showed a tendency to
decrease beyond a dose of 10 Gy in both male and fe-
male samples (Fig. 2). The survival rates after 3 weeks
of gametophytes irradiated with the C-ion beam de-
creased from 80 Gy in male samples and 100 Gy in
female samples (Fig. 3). The survival rates after 8–9
months of culture decreased and abruptly decreased for
Ar-ion-beam irradiation at 10 Gy and C-ion-beam irra-
diation at 80 Gy, respectively (Table 1), which almost
agreed with the results after 3 weeks of culture. The
survival rates of the sporophytes sharply decreased for
Ar-ion-beam irradiation at 7.5 Gy and C-ion-beam irra-
diation at 20 Gy, respectively (Fig. 2, 3). Susceptibility
to heavy-ion beams was higher in sporophytes than in
gametophytes.

Based on the above results, the optimum doses were

∗1 Shizuoka Prefectural Research Institute of Fishery
∗2 RIKEN Nishina Center

Fig. 1. Eisenia arborea.

Fig. 2. Survival rates of male and female gametophytes and

sporophytes 3 and 4 weeks after irradiation with an Ar-

ion beam, respectively.

Fig. 3. Survival rates of male and female gametophytes and

sporophytes 3 and 4 weeks after irradiation with a C-ion

beam, respectively.

Table 1. Survival rates of male and female gametophytes

8–9 months after irradiation with Ar and C-ion beams.

Ar  C

 control 10Gy  control 80Gy 

Male 100% 71%  100% 17% 

Female 50% 29%  94% 8% 

estimated as 2.5 and 5 Gy for gametophytes and sporo-
phytes irradiated with an Ar-ion beam, respectively;
20 and 40 Gy for gametophytes irradiated with a C-
ion beam; and 10 and 20 Gy for sporophytes irradiated
with C-ion beam. In the future, we will perform mutant
screening of the sporophytes in the M2 generations.

Development of flower color mutations from the light-yellow mutant
of spray-mum ‘Southern Chelsea’ by heavy-ion beam re-irradiation

M. Tamari,∗1 G. Watanabe,∗1 F. Tojima,∗1 Y. Hayashi,∗2 and T. Abe∗2

Heavy ion beam irradiation induces plant muta-
tion effectively, and is used for plant breeding.1) In
Kagoshima prefecture, we induced flower color muta-
tion on a pink-colored spray-mum cultivar ‘Southern
Chelsea’ (Registration number: 17847), using heavy
ion beam or soft X-ray irradiation. As a result, a
yellow flower ‘Southern Chelsea Yellow’ (Registration
number: 26523) was developed from the pink-colored
flower color. However, pure white mutants have not
been obtained from previous mutagenesis experiments.
We also reported that stem segments are more suit-
able for producing ‘Southern Chelsea’ mutants using
Ar-ion beam irradiation.2) In this report, we describe
the flower color variation that appeared due to the re-
irradiation of heavy ion beam on the in-vitro cultured
stem of the light-yellow mutant (B25CL-16) obtained
from ‘Southern Chelsea.’

Cultured stem segments of ‘B25CL-16’ with an ax-
illary bud were irradiated with Ar-ion beam (LET:
280 keV/ µm) or C-ion beam (LET: 23 keV/µm) at
doses from 0.5 to 3 Gy, and each treatment was car-
ried out with 40 stems. After irradiation, the stems of
each treatment were cultured using in vitro propaga-
tion. One month later, the elongated shoots of these
tissues were subcultured with the axillary bud sections
to separate the chimeric mutant sectors, and this was
repeated twice. The plantlets grown from subcultured
nodes were transferred to a greenhouse to investigate
the flower color mutation in August flowering cultiva-
tion.

The numbers of flower-color mutants obtained by
Ar-ion or C-ion beam irradiation were 89 out of 316
and 26 out of 275, respectively (Table 1, Fig. 1). In
the mutation induction of ‘B25CL-16,’ the mutants
in which the yellowish-white of flower petal were ob-
served also included the non-irradiated group. In the
cultivated chrysanthemum, the yellow pigment of the
flower petal is almost carotenoid, and the white flower
color is known to be obtained by the expression of
the gene encoding carotenoid cleavage dioxygenase 4a
(CmCCD4a).3) The yellow color mutants were thought
to be decreased expression of CmCCD4a. The mutants
of yellowish-white colors needs to be investigated with
regard to the petal pigment in order to clarify the rela-
tionship between the gene and secondary metabolite.

The present study was supported by the Council
for Science, Technology and Innovation (CSTI), Cross-
ministerial Strategic Innovation Promotion Program

∗1 Kagoshima Prefectural Institute for Agricultural Develop-
ment

∗2 RIKEN Nishina Center

Table 1. Flower-color mutation induced by heavy-ion

beam irradiation.

A B C 

Fig. 1. ‘B25CL-16’(A) and flower color mutation B: Yellow

C: Yellowish-white steak.

(SIP), “Technologies for creating next-generation agri-
culture, forestry and fisheries” (funding agency: Bio-
oriented Technology Research Advancement Institu-
tion, NARO).
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Aargon-ion-beam mutagenesis of the plant-symbiotic edible
mushroom Tricholoma matsutake†

H. Murata,∗1 T. Abe,∗2 H. Ichida,∗2 Y. Hayashi,∗2 T. Yamanaka,∗1 T. Shimokawa,∗1 and K. Tahara∗1

Tricholoma matsutake is a filamentous fungus that
produces prized mushrooms “matsutake” in associa-
tion with conifers.1,2) Currently, no cultivars allow the
fungus to fruit artificially, unlike commercially avail-
able edible mushrooms. Developing cultivars that are
suitable for spawn cultivation will greatly contribute to
the artificial cultivation of the plant-symbiotic mush-
rooms. We hypothesized that irradiation breeding
could help produce T. matsutake cultivars for fruit-
ing during spawn cultivation. In the present study, as
a prerequisite for generating T. matsutake mutants, we
analyzed the lethality of an argon-ion beam (40Ar17+,
95 MeV/u) and generated mutants; this nuclide was
used because it has an LET of 280 keV/µm with a
theoretical penetrating range in water of 8 mm, which
should be sufficient to penetrate the fungal mycelial
colony on an agar plate.

An argon-ion beam (0–300 Gy) was irradiated on
T. matsutake mycelia on agar plates, after which hy-
phae at the edge of the colony were picked and trans-
ferred onto fresh agars, conferring a lethality rate pro-
portional to the radiation dose (Fig. 1). Irradiation
with 100–150 Gy accelerated the killing, and that with
300 Gy exterminated the fungi (Fig. 1). Tricholoma
matsutake strain NBRC 33136, which had fewer aerial
hyphae, was more sensitive to the radiation, while
NBRC 108262 and NBRC 112911 with more aerial hy-
phae were somewhat resistant (Fig. 1). No putative
mutants were obtained based on mycelial morphology
during the lethality experiment. Therefore, we irra-
diated NBRC 33136 mycelia on agar plates at a dose
of 500 Gy and picked pieces from an internal portion
of the mycelia, rather than hyphae at the edge of the
colony; we hypothesized that with such a high dose,
the hyphae in less populated areas would be killed
completely, while mutants might occur in densely pop-
ulated areas.

The protocol conferred some putative mutants with
colony morphologies different from that of the wild-
type strain. Compared with the wild-type strain
(Fig. 2a), most of the putative mutants exhibited ab-
normal traits at the first screening, including thin
mycelial colonies (Fig. 2b), increased numbers of aerial
hyphae (Fig. 2c), hyphae that were bundled and grew
rather straight (Fig. 2d), and hyphae that were erect
(Fig. 2e); however, they generally reverted to the wild-
type phenotype during the second screening. Despite
such a problem, we isolated one relatively stable mu-

† Condensed from the article in Mycorrhiza 28, 171 (2018)
∗1 Forestry and Forest Products Research Institute
∗2 RIKEN Nishina Center

areas. 

 

 
Fig. 1. Lethality of argon-ion beam on T. matsutake (n=3).

Fig. 2. Mycelial morphology on agar plates of putative 

 
Fig. 2. Mycelial morphology on agar plates of putative

T. matsutake mutants. a The wild-type NBRC 33136.

b–e Putative mutants whose phenotypes reverted to

that of the wild-type after a culture transfer. f Puta-

tive mutant whose phenotype is relatively stable. Scale

bar: 5 mm.

tant, which had much fewer aerial hyphae and grew
solely in a planar manner on MMN+V8 agar plates
(Fig. 2f). While heavy-ion beams may be useful for
isolating mutants of T. matsutake, maintaining mu-
tants requires precautions to prevent given traits from
reverting after repetitively culturing their mycelia.
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Current status of development of ion microbeam device
with tapered glass capillary for biological use

T. Ikeda,∗1 M. Hamagaki,∗1 K. Sato,∗1,∗2 K. Hirose,∗1,∗2 M. Miwa,∗1,∗2 H. Sato,∗1 and T. Abe∗1

A microbeam irradiation system based on single ta-
pered glass capillary optics with thin end-window has
been developed at a beam line of the Pelletron tan-
dem accelerator in the Nishina R&D Building. The
microbeam is extracted through a several-µm diameter
outlet. The previous system (FY2006-2015) was used to
investigate only the cellular response to ion microbeam
hitting.1–4) The new system will irradiate samples of not
only (1) cells (transparent target), but also (2) the sur-
faces of small insects (not transparent). The correspond-
ing aims are (1) investigation of the mechanism of repair
of DNA by microbeam irradiation to a small area in the
nucleus to artificially induce accumulation of proteins
for the repairing, and (2) search for a specific gene that
corresponds to an active organ (horn, wing etc.) to de-
velop its structure or shape. The system will employ H+

ions of up to 3 MeV and He2+ ions of up to 4.5 MeV,
whose ranges after the end-window are approximately
130 µm and 20 µm in water, respectively. For the irra-
diation of cells, the ion energy is selected such that the
ion can be stopped inside the nucleus or can penetrate
the cell. For the irradiation of an insect that is alive in
air, the distance from the capillary outlet is several mm
for both H+ and He2+ beams, since air is about 1000
times thinner than water. One can select the ion species
according to their linear energy transfer (LET) of up
to about 80 and 230 keV/µm for H+ and He2+ in the
target, respectively. This means that single ion hitting
can cause a serious damage in the DNA. This year, the
following parts were installed or are in progress:

(a) Laser alignment system for capillary axis: a green
(wavelength = 532 nm, 1 mW max. for output) laser
source is positioned at the counter part of the capillary
beam line on the analyzing magnet so that the ion beam
axis can be visualized as the laser beam. The laser is
transmitted through the capillary optics. The system
allows users to reduce the alignment time from a few
hours to a few minutes. The inset photo in Fig. 1 shows a
diffraction ring pattern that is obtained when a capillary
is aligned precisely. The capillary is seen at the bottom
left part as a shining cone by the green laser.

(b) Prototype of vertically bending magnet of MeV ion
beams using neodymium magnets located in the vacuum
chamber: the magnetic field in the gap was measured
to be 6.4 kGauss. The gap will be tuned so that the
optimum bending angle of the ion beam will be obtained.

(c) Capillary holder with a remote-control tilt sys-
tem (Fig. 2): the actuators (SGSP-13ACTR-B0, SIG-
MAKOKI Co., LTD) for the horizontal and vertical tilt-
ing are controlled by Windows Tablet PCs through Eth-

∗1 RIKEN Nishina Center
∗2 Department of Physics, Toho University

Fig. 1. The beam line of the new microbeam system. The

symbols (a)–(e) are explained in the text. The degree of

vacuum level is kept better than 10−5 Pa.

Fig. 2. Capillary holder with a remote tilt system controlled

through Ethernet. The glass tube will be replaced with

a tapered glass capillary optics to produce microbeams.

ernet.
(d) Ion counting system to estimate the dose for the

irradiation: PIN photodiode sensor (S3590-09, Hama-
matsu) is connected to a charge-sensitive pre-amplifier
whose output signals are processed by NIM modules.
(e) An inverted microscope (IX73, OLYMPUS) and

a motorized XY stage system (BIOS-225T-OL, SIG-
MAKOKI Co., LTD) were purchased. The working dis-
tances of the stage are 110 and 75 mm for the X (left-
right) and Y directions, respectively, with a position res-
olution of 0.1 µm.
The next step is the irradiation to biological target for

the aims mentioned in the introduction section.
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Aargon-ion-beam mutagenesis of the plant-symbiotic edible
mushroom Tricholoma matsutake†

H. Murata,∗1 T. Abe,∗2 H. Ichida,∗2 Y. Hayashi,∗2 T. Yamanaka,∗1 T. Shimokawa,∗1 and K. Tahara∗1

Tricholoma matsutake is a filamentous fungus that
produces prized mushrooms “matsutake” in associa-
tion with conifers.1,2) Currently, no cultivars allow the
fungus to fruit artificially, unlike commercially avail-
able edible mushrooms. Developing cultivars that are
suitable for spawn cultivation will greatly contribute to
the artificial cultivation of the plant-symbiotic mush-
rooms. We hypothesized that irradiation breeding
could help produce T. matsutake cultivars for fruit-
ing during spawn cultivation. In the present study, as
a prerequisite for generating T. matsutake mutants, we
analyzed the lethality of an argon-ion beam (40Ar17+,
95 MeV/u) and generated mutants; this nuclide was
used because it has an LET of 280 keV/µm with a
theoretical penetrating range in water of 8 mm, which
should be sufficient to penetrate the fungal mycelial
colony on an agar plate.

An argon-ion beam (0–300 Gy) was irradiated on
T. matsutake mycelia on agar plates, after which hy-
phae at the edge of the colony were picked and trans-
ferred onto fresh agars, conferring a lethality rate pro-
portional to the radiation dose (Fig. 1). Irradiation
with 100–150 Gy accelerated the killing, and that with
300 Gy exterminated the fungi (Fig. 1). Tricholoma
matsutake strain NBRC 33136, which had fewer aerial
hyphae, was more sensitive to the radiation, while
NBRC 108262 and NBRC 112911 with more aerial hy-
phae were somewhat resistant (Fig. 1). No putative
mutants were obtained based on mycelial morphology
during the lethality experiment. Therefore, we irra-
diated NBRC 33136 mycelia on agar plates at a dose
of 500 Gy and picked pieces from an internal portion
of the mycelia, rather than hyphae at the edge of the
colony; we hypothesized that with such a high dose,
the hyphae in less populated areas would be killed
completely, while mutants might occur in densely pop-
ulated areas.

The protocol conferred some putative mutants with
colony morphologies different from that of the wild-
type strain. Compared with the wild-type strain
(Fig. 2a), most of the putative mutants exhibited ab-
normal traits at the first screening, including thin
mycelial colonies (Fig. 2b), increased numbers of aerial
hyphae (Fig. 2c), hyphae that were bundled and grew
rather straight (Fig. 2d), and hyphae that were erect
(Fig. 2e); however, they generally reverted to the wild-
type phenotype during the second screening. Despite
such a problem, we isolated one relatively stable mu-

† Condensed from the article in Mycorrhiza 28, 171 (2018)
∗1 Forestry and Forest Products Research Institute
∗2 RIKEN Nishina Center
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Fig. 1. Lethality of argon-ion beam on T. matsutake (n=3).
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Fig. 2. Mycelial morphology on agar plates of putative

T. matsutake mutants. a The wild-type NBRC 33136.

b–e Putative mutants whose phenotypes reverted to

that of the wild-type after a culture transfer. f Puta-

tive mutant whose phenotype is relatively stable. Scale

bar: 5 mm.

tant, which had much fewer aerial hyphae and grew
solely in a planar manner on MMN+V8 agar plates
(Fig. 2f). While heavy-ion beams may be useful for
isolating mutants of T. matsutake, maintaining mu-
tants requires precautions to prevent given traits from
reverting after repetitively culturing their mycelia.
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Program Advisory Committee meetings for nuclear physics and for
materials and life experiments

K. Yoneda,∗1 K. Ishida,∗1 H. Yamazaki,∗1 N. Imai,∗2 Y. X. Watanabe,∗3 K. Yako,∗2

H. Miyatake,∗3 M. Iwasaki,∗1 H. Ueno,∗1 and H. Sakai∗1

The Program Advisory Committees (PAC) are in
charge of reviewing the scientific proposals submitted
for the use of the accelerator facility of RIKEN Nishina
Center (RNC). Three PAC meetings were held in fiscal
year 2017; one for the proposals of nuclear physics (NP-
PAC), and two for the proposals of materials and life
experiments (ML-PAC). The NP-PAC reviewed exper-
imental proposals at RIBF, whereas the ML-PAC re-
viewed proposals at Rutherford Appleton Laboratory
(RAL) and RIBF.

NP-PAC

The 18th NP-PAC meeting was held from Decem-
ber 7–9, 2017,1) with attendance of 16 PAC members
including 8 new members. In this meeting, the exper-
imental proposals that utilize OEDO were called for
the first time.
In the 18th NP-PAC meeting, 36 proposals were re-

viewed, and 25 proposals were approved as grade S or
A. The outcome of the NP-PACmeeting is summarized
in Table 1.
The 18th NP-PAC members are as follows:

A. Bracco (INFN, the chair), D. Ackermann (GANIL),
A. Andreyev (University of York), I. Hamamoto (Uni-
versity of Lund/RNC), R. V. F. Janssens (University
of North Carolina at Chapel Hill), A. O. Macchiavelli
(LBNL), D. J. Morrissey (MSU), T. Nagae (Kyoto
University), H. Nakada (Chiba University), K. Ogata
(RCNP, Osaka University), T. Rauscher (Univer-
sity of Hertfordshire), K. Sekiguchi (Tohoku Univer-
sity), H. Simon (GSI), P. Van Duppen (KU Leuven),
Y. -H. Zhang (IMP). Angela Bracco from INFN be-
came a new chairperson of the meeting.

ML-PAC

The 14th and 15th ML-PAC meetings were held on
July 3, 2017, and January 11, 2018, respectively.2) The
proposal review was performed using only submitted
documents, i.e., no presentation was given by propo-
nents, as was done for the first time in the 13th ML-
PAC meeting. The outcome of the meeting is summa-
rized in Table 2.
The 14th and 15th ML-PAC members are as follows:

∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, the University of Tokyo
∗3 Wako Nulcear Science Center, Institute of Particle and Nu-

clear Studies, KEK

Table 1. Summary of the outcome of the 18th NP-PAC

meeting. The proposals ranked as S and A are treated

as the “approved” proposals.

18th NP-PAC (December 7–9, 2017)
requested approved

proposals (days) proposals (days)

GARIS (RILAC) 2 (57) 2 (53.5)
CRIB (AVF) 5 (38.5) 3 (17)
RIPS 1 (6) 1 (3)
KISS 3 (23.5) 3 (16.5)
BigRIPS/ZD 19 (133.5) 12 (50.5)
SHARAQ/OEDO 2 (16.5) 1 (10.5)
Rare RI Ring 1 (15) 1 (10.5)
SAMURAI 3 (27) 2 (15.5)

Total 36 (317) 25 (173.5)

Table 2. Summary of the outcome of the 14th and 15th

ML-PAC meetings. The RIBF proposals ranked as A

are treated as the “approved” proposals.

14th ML-PAC (July 3, 2017)
requested approved

proposals (days) proposals (days)

RAL 12 (52) 8 (26)
RIBF 3 (18.5) 2 (8)

Total 15 (70.5) 10 (34)

15th ML-PAC (January 11, 2018)
requested approved

proposals (days) proposals (days)

RAL 21 (87) 17 (47)
RIBF 1 (6.5) 1 (6.5)

Total 30 (199) 22 (82)

A. Hiller (ISIS, RAL, the chair), T. Azuma (RIKEN),
R. Kadono (KEK), A. Kawamoto (Hokkaido Univer-
sity), N. Kojima (Toyota RIKEN), K. Kubo (ICU),
P. Mendels (University of Paris), A. Shinohara (Osaka
University), S. Sulaiman (Universiti Sains Malaysia),
H. Yamase (NIMS), S. Yoshida (Thera Projects Asso-
ciates), and X. G. Zheng (Saga University).
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Beam-time statistics of RIBF experiments

K. Yoneda ∗1 and H. Sakai∗1

This report describes the statistics of the beam times
(BTs) at the RIBF facility in fiscal year (FY) 2017.
The BTs are categorized into the following two groups:
high-energy-mode and low-energy-mode BTs. In the
former mode, the beams are delivered in the acceler-
ation scheme of AVF, RILAC, or RILAC2 → RRC
→ (fRC → IRC →) SRC, where the accelerators in
parentheses can be skipped in cascade acceleration de-
pending on the beam species used. In the latter mode,
the acceleration scheme is AVF or RILAC (→ RRC).
The BTs in the high-energy mode were scheduled

from April to July and from October to November
2017, considering the restriction of utility-power use,
budgetary constraints, the maintenance schedule of the
accelerator system and co-generation system, etc. In
the series of experiments performed in spring, the pri-
mary beams of 70Zn, 238U, and 18O were provided to
users, and the 238U primary beam was provided in au-
tumn. Eleven experiments approved by the RIBF Pro-
gram Advisory Committees1) with an approved BT of
64.5 days were conducted. The facility development
programs used 4.5 days of BT; these are defined as ma-
chine study (MS) experiments. In addition, three nu-
clear transmutation experiments and two director dis-
cretionary expreiments were conducted as the Nishina
Center mission programs.
The summary of the high-energy-mode BTs in

FY2017 is given in Fig. 1 as a bar chart. User time
decreased compared to the BT in FY2016; this indi-
cates a relatively longer Nishina Center mission BT.
The total length of the MS is almost as short as the
length in FY2016. Even though there remain only few
newly-introduced facility device requiring beam tests,
the opportunities of machine studies should be pro-
moted as an investment for expanding the potential
capability and availability of the facility.
The summary of the low-energy mode is shown in

Fig. 2. Here, the BTs are classified based on the accel-
erator operation modes, i.e., AVF standalone, RILAC
standalone, and RRC. In FY2017, the total BT length
of the low-energy mode reduced compare to that in
FY2016 because of the RILAC shutdown started in the
middle of June 2017 for accelerator upgrade. The rela-
tively longer RRC time is mainly due to the start of the
long runs for superheavy element search in December
2017. It is anticipated that RRC will be mostly used
for the superheavy element search experiments until
RILAC becomes available again in 2019.

∗1 RIKEN Nishina Center

Fig. 1. Bar chart showing the BT statistics for high-energy-

mode experiments from FY2007 to FY2017. The accel-

erator tuning time and Nishina Center mission time are

not included.

Fig. 2. Bar chart showing the BT statistics for low-energy-

mode experiments from FY2007 to FY2017.
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Electric power condition of Wako campus in 2017

E. Ikezawa,∗1 M. Kato,∗2 H. Yamasawa,∗3 and M. Kase∗1

The monthly electrical power consumption data for
the RIKENWako campus (Wako) and RIKEN Nishina
Center (RNC) and the energy supply by the cogen-
eration systems (CGSs) in 2017 are shown in Fig. 1.
The average hourly electrical power consumption in
each day for RNC in 2017 is shown in Fig. 2. The
annual data of the electrical power consumption and
energy supply in 2017 are listed in Table 1. The to-
tal electrical power consumption of Wako in 2017 was
153,800 MWh, which is 4% lower than that in 2016.
The total electrical power consumption of RNC in 2017
was 73,694 MWh, which is 5% lower than that in 2016.
When RI Beam Factory (RIBF) experiments using an
uranium (238U) beam were conducted, the maximum
electrical power supply to Wako from the Tokyo elec-
tric power corporation (TEPCO) reached 20.7 MW
with a CGS output of 6.5 MW on June 1, 2017, and
the maximum electrical power consumption of RNC
reached 17.6 MW on June 2, 2017.

A complete overhaul of the gas turbine of CGS #1
after 4,000 hours of operation was performed from 28
August to 31 August, 2017.

A complete overhaul of the gas turbine of CGS #1
after 48,000 hours of operation is from 16 December,
2017 in progress, and is scheduled to be completed by
23 March, 2018.

Table 1. Annual data of electrical power consumption and energy supply in 2017.

Total (MWh) Note 

Percentage 

change form 

2016 

Wako purchase 117,524 Total electrical power supply to Wako from TEPCO 93%

Wako consumption 153,800 Wako electrical power consumption (CGSs + TEPCO) 96% 

RNC purchase 46,570 Total electrical power supply to RNC from TEPCO 85% 

CGS #1 27,124 CGS #1 total electrical power output 118% 

CGS #2 and #3 9,152 CGS #2 and #3 total electrical power output 96% 

RNC consumption 73,694 RNC total electrical power consumption 95% 

∗1 RIKEN Nishina Center

Fig. 1. Monthly electrical power consumption and energy.

Fig. 2. Average hourly electrical power consumption in

each day for RNC in 2017.
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Operation report on the ring cyclotrons in the RIBF accelerator
complex

M. Nishimura,∗1 K. Ozeki,∗2 T. Dantsuka,∗2 M. Fujimaki,∗2 T. Fujinawa,∗2 N. Fukunishi,∗2 S. Fukuzawa,∗1
M. Hamanaka,∗1 H. Hasebe,∗2 Y. Higurashi,∗2 E. Ikezawa,∗2 H. Imao,∗2 S. Ishikawa,∗1 O. Kamigaito,∗2

Y. Kanai,∗2 M. Kase,∗2 M. Kidera,∗2 K. Kobayashi,∗1 M. Komiyama,∗2 R. Koyama,∗1 K. Kumagai,∗2 T. Maie,∗2
M. Nagase,∗2 T. Nagatomo,∗2 T. Nakagawa,∗2 M. Nakamura,∗2 T. Nakamura,∗1 M. Nishida,∗1 J. Ohnishi,∗2

H. Okuno,∗2 N. Sakamoto,∗2 J. Shibata,∗1 K. Suda,∗2 N. Tsukiori,∗1 A. Uchiyama,∗2 S. Watanabe,∗2
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In this report, the operation of the ring cyclotrons in
the RIBF accelerator complex from Jan. to Dec. 2017
is presented. Table 1 presents a summary of the beams
accelerated by these cyclotrons. The “availability” in
the table represents the ratio of the actual beam time to
the scheduled beam time. For the old facility, multiple
experiments supplying identical beams are shown as a
block. For the new facility, each experiment is shown
separately because each operation is long-running.

In the old facility, the actual beam time was 870.5 h,
and the availability was 96.0%. Stable beams were sup-
plied as usual. In the RIBF, six machine times were
carried out. The total beam supply time was 2546.8 h,
and the availability was 91.3%.

The beam supply of 48Ca was started 1.5 days ahead
of schedule. The down time caused by the accelerator
was 4.5 h, which was spent to replace the charge stripper
foils.

The beam supply of 70Zn (1st) was started about 1
day later than scheduled, was stopped for three days
due to the vacuum leakage at the bellows in the injec-
tion beam line to the SRC, and was aborted due to the
vacuum leakage at a plastic insulation pipe used for the
ion source.

The maximum beam intensity of 70Zn (2nd), 250
particle nA, was about twice higher than ever before.
This intensity was achieved by changing the acceleration
mode from the variable-frequency mode to the fixed-
frequency mode using RILAC2. Because of a malfunc-

∗1 SHI Accelerator Service Ltd.
∗2 RIKEN Nishina Center

tion of the fRC RF-W, the beam supply was stopped
temporarily for beam tuning.

The averaged beam intensity of 238U (1st) over a week,
in which a high-intensity and stable beam was supplied,
was 52 particle nA. In order to repair the failed fRC
RF-W and fRC-EDC, the schedule for beam tuning was
readjusted and the beam time was extended for 0.5 day.

During the beam supply of 18O, a voltage breakdown
of the AVF spiral inflector took place. Therefore, the
maintenance of the insulator was carried out. The cryo-
genic pumps for the SRC valley box and the RRC RF#2
failed, possibly caused by radiation.

For the beam supply of 238U (2nd), the transmission
efficiency down to the A02 gas stripper was improved,
owing to the refinement of the RRC tuning and the
introduction of N2 gas-jet system to the gas stripper.
The supply of uranium vapor from the oven used in the
ion source was greatly reduced five times because of the
blockade in its ejection hole.

For the synthesis of the 119th element, the beam sup-
ply of 51V using RILAC2-RRC acceleration was started.
For the experiment, the beam energy adjuster (D6-
BEA) was installed in the D-room. In the experiment
conducted in Dec. 2017, beams decelerated to 4.50–
4.87 MeV/nucleon using both D6-BEA and rotating
charge strippers with various thicknesses were also sup-
plied. These beams were used for the experiment system
check.

Table 1. Summary of the accelerated beams in 2017.
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RILAC operation
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The RIKEN heavy-ion linac (RILAC) has been op-
erated throughout the reporting period and it has
supplied various ion beams for different experiments.
Some statistics regarding the operation of RILAC from
January 1 to December 31, 2017 are presented in Ta-
ble 1. The total beam service time of the RILAC ac-
counted for 77.6% of its operation time. The two op-
eration modes of the RILAC, namely the standalone
mode and the injection mode, in which the beam is
injected into the RIKEN Ring Cyclotron (RRC), ac-
counted for 77.7% and 22.3% of the total beam service
time of the RILAC, respectively. For experiments, a
2.675-MeV/nucleon 48Ca-ion beam accelerated by the
RILAC was injected into the RRC from March 25 to
April 2. Table 2 lists the beam service times in the
standalone mode of the RILAC, which were allotted
to the e2 and e3 beam courses in target room no. 1
in 2017. The e2 beam course was used in experiments
with GARIS2. The e3 beam course was used in exper-
iments with GARIS. Table 3 lists the operation time
of the 18-GHz ECR ion source in 2017.

We performed the following overhauls during the re-
porting period.

(1) In the RF systems, the DC high-voltage power
supplies were subjected to annual inspection.
The major components with mechanical parts
were subjected to simple inspection.

(2) All the cooling towers were subjected to monthly
inspection and annual cleaning.

(3) All the turbomolecular pumps were subjected to
annual inspection.

We faced the following mechanical problems during
the reporting period.

(1) Water was found to have splashed in the end
drift tube of the Charge-State Multiplier (CSM)
A3 and in the trimmer of the CSM A3 cavities
because of leakage from each cooling pipe. As a
stopgap measure, we repaired the pipes with a
repair material.

(2) The RILAC no. 5 cavity had a vacuum leak be-
cause of a deteriorated O-ring. We will replace
the O-rings of the cavities in 2018.

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

Table 1. Statistics of RILAC operation from January 1 to

December 31, 2017.

1592.2 hOperation time of RILAC

Mechanical problems 190.9 h

959.9 hStandalone RILAC

Injection into RRC 275.9 h

Total beam service time of RILAC 1235.8 h

Table 2. Beam service time of the standalone RILAC al-

lotted to each beam course in target room no. 1 in 2017.

Beam course %
e2 794.9 82.8
e3 165.0 17.2

Total 959.9 100.0

Total time (h)

Table 3. Operation time of the 18-GHz ECR ion source in

2017.

Ion
O 18 5 74.7
F 19 6 117.3

Ne 22 6 61.9
Mg 26 7 48.3
Si 30 8 57.4
S 34 10 58.1
Ar 40 11 120.0
Ca 48 10,11 296.8
Ti 50 11, 12, 13 1090.0
Xe 136 26 96.0
Au 197 28 72.0

2092.5

Total time (h)Mass Charge state

Total
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In this report, the operation of the ring cyclotrons in
the RIBF accelerator complex from Jan. to Dec. 2017
is presented. Table 1 presents a summary of the beams
accelerated by these cyclotrons. The “availability” in
the table represents the ratio of the actual beam time to
the scheduled beam time. For the old facility, multiple
experiments supplying identical beams are shown as a
block. For the new facility, each experiment is shown
separately because each operation is long-running.

In the old facility, the actual beam time was 870.5 h,
and the availability was 96.0%. Stable beams were sup-
plied as usual. In the RIBF, six machine times were
carried out. The total beam supply time was 2546.8 h,
and the availability was 91.3%.

The beam supply of 48Ca was started 1.5 days ahead
of schedule. The down time caused by the accelerator
was 4.5 h, which was spent to replace the charge stripper
foils.

The beam supply of 70Zn (1st) was started about 1
day later than scheduled, was stopped for three days
due to the vacuum leakage at the bellows in the injec-
tion beam line to the SRC, and was aborted due to the
vacuum leakage at a plastic insulation pipe used for the
ion source.

The maximum beam intensity of 70Zn (2nd), 250
particle nA, was about twice higher than ever before.
This intensity was achieved by changing the acceleration
mode from the variable-frequency mode to the fixed-
frequency mode using RILAC2. Because of a malfunc-

∗1 SHI Accelerator Service Ltd.
∗2 RIKEN Nishina Center

tion of the fRC RF-W, the beam supply was stopped
temporarily for beam tuning.

The averaged beam intensity of 238U (1st) over a week,
in which a high-intensity and stable beam was supplied,
was 52 particle nA. In order to repair the failed fRC
RF-W and fRC-EDC, the schedule for beam tuning was
readjusted and the beam time was extended for 0.5 day.

During the beam supply of 18O, a voltage breakdown
of the AVF spiral inflector took place. Therefore, the
maintenance of the insulator was carried out. The cryo-
genic pumps for the SRC valley box and the RRC RF#2
failed, possibly caused by radiation.

For the beam supply of 238U (2nd), the transmission
efficiency down to the A02 gas stripper was improved,
owing to the refinement of the RRC tuning and the
introduction of N2 gas-jet system to the gas stripper.
The supply of uranium vapor from the oven used in the
ion source was greatly reduced five times because of the
blockade in its ejection hole.

For the synthesis of the 119th element, the beam sup-
ply of 51V using RILAC2-RRC acceleration was started.
For the experiment, the beam energy adjuster (D6-
BEA) was installed in the D-room. In the experiment
conducted in Dec. 2017, beams decelerated to 4.50–
4.87 MeV/nucleon using both D6-BEA and rotating
charge strippers with various thicknesses were also sup-
plied. These beams were used for the experiment system
check.

Table 1. Summary of the accelerated beams in 2017.
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Operation report on the RIKEN AVF cyclotron for 2017
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The yearly report on the operation of the RIKEN
AVF cyclotron (denoted as AVF hereinafter) for the
period January–December 2017, is presented.
AVF has been used not only as an injector for the

RIKEN ring cyclotron RRC but also to supply various
ion beams directly to three beam courses (C03 for RI
production, E7A for nuclear experiment with CRIB,
and E7B for general-purpose) in its stand-alone opera-
tions, as schematically shown in Fig. 1. In the machine
studies performed in 2017, accelerated beams were ob-
served with a Faraday-cup at C01.

Fig. 1. Overview of the AVF cyclotron with three ion

sources, three experimental courses, and beam trans-

port line to RIKEN ring cyclotron RRC.

The yearly operation statistics and accelerated
beams of AVF are summarized in Tables 1 and 2, re-
spectively. The operation status was very fine and the
total operation time was 3951 h, of which only 13 h
involved temporary suspension due to the minor accel-
erator troubles.
For more details of AVF and RRC operations and

others, refer to Refs. 1) and 2).
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Table 1. AVF operation statistics. Statistics in 2016 are

also shown.

AVF operation statistics 2016 [h] 2017 [h]

Total 3365 3951

Stand-alone operation
Tuning of AVF 576 742
Fault of AVF 5 4
C01 machine study 0 32
C03 experiment 562 1113
E7A experiment 686 245
E7B experiment 73 597
Sub total 1897 2697

Operation as injector of RRC
Tuning of AVF 213 141
Fault of AVF 0 9
RRC-RARF experiment 842 564
RRC-RIBF experiment 414 549
Sub total 1468 1254

Table 2. Accelerated beams of AVF in 2017.

Particle Energy [MeV/u] Course

Stand-alone operation
p 12.0 C03, E7B
d 12.0 C01, C03, E7B
d 14.0 C01
α 6.50 E7B
α 7.18 C03, E7B
α 7.25 C03
α 12.5 C03, E7B

7Li 5.60 C03
7Li 6.00 C03
11B 7.82 C03
11B 9.10 C01, C03
18O 6.07 C03
18O 6.07 C03
19F 6.77 C03

26Mg 6.60 E7A

Operation as injector of RRC
12C 7.00 RRC-RARF
18O 4.51 RRC-RIBF
22Ne 3.97 RRC-RARF
40Ar 3.75 RRC-RARF
40Ar 3.75 RRC-IRC-RARF
40Ar 5.19 RRC-RARF
56Fe 5.00 RRC-RARF
84Kr 3.97 RRC-RARF
86Kr 3.78 RRC-RARF
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Present status of the liquid-helium supply and recovery system

T. Dantsuka,∗1 H. Okuno,∗1 M. Nakamura,∗1 M. Kase,∗1 S. Tsuruma,∗1 M. Ohshima,∗2 H. Miura,∗2

H. Shiraki,∗2 H. Hirai,∗2 and H. Hazama∗2

The liquid-helium supply and recovery system,1)

which can produce liquid helium at a liquefaction rate
of 200 L/h from pure helium gas, has been under sta-
ble operation since the beginning of April 2001. The
volumes of liquid helium supplied each year from 2001
to 2016 are shown in Fig. 1. During the period from
2001 to 2013, there was a gradual increase in the sup-
plied volume, with two declines in 2009 and 2011. In
2014, the supplied volume decreased because of a mal-
function of the system; however, in 2015, the supplied
volume returned to its original value. In 2016, the sup-
plied volume decreased.
The purity of helium gas recovered from the labora-

tories gradually improved after the construction of the
system was completed. At present, the impurity con-
centration in the recovered gas rarely exceeds 200 ppm.
The volume of helium gas recovered from each building
in the Wako campus as well as the volume transported
to the liquid helium supply and recovery system were
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Fig. 1. Volumes of liquid helium supplied to the various laboratories for each fiscal year from 2001 to
2016.
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measured. The recovery efficiency, which is defined as
the ratio of the amount of recovered helium gas to the
amount of supplied liquid helium, was calculated.
The recovery efficiency for the buildings on the

south side of the Wako campus, namely the Cooper-
ation Center building of the Advanced Device Labo-
ratory, Chemistry and Material Physics building, and
Nanoscience Joint Laboratory building, increased to
more than 85%.

Reference
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(2001).
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The yearly report on the operation of the RIKEN
AVF cyclotron (denoted as AVF hereinafter) for the
period January–December 2017, is presented.
AVF has been used not only as an injector for the

RIKEN ring cyclotron RRC but also to supply various
ion beams directly to three beam courses (C03 for RI
production, E7A for nuclear experiment with CRIB,
and E7B for general-purpose) in its stand-alone opera-
tions, as schematically shown in Fig. 1. In the machine
studies performed in 2017, accelerated beams were ob-
served with a Faraday-cup at C01.

Fig. 1. Overview of the AVF cyclotron with three ion

sources, three experimental courses, and beam trans-

port line to RIKEN ring cyclotron RRC.

The yearly operation statistics and accelerated
beams of AVF are summarized in Tables 1 and 2, re-
spectively. The operation status was very fine and the
total operation time was 3951 h, of which only 13 h
involved temporary suspension due to the minor accel-
erator troubles.
For more details of AVF and RRC operations and

others, refer to Refs. 1) and 2).
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Table 1. AVF operation statistics. Statistics in 2016 are

also shown.

AVF operation statistics 2016 [h] 2017 [h]

Total 3365 3951

Stand-alone operation
Tuning of AVF 576 742
Fault of AVF 5 4
C01 machine study 0 32
C03 experiment 562 1113
E7A experiment 686 245
E7B experiment 73 597
Sub total 1897 2697

Operation as injector of RRC
Tuning of AVF 213 141
Fault of AVF 0 9
RRC-RARF experiment 842 564
RRC-RIBF experiment 414 549
Sub total 1468 1254

Table 2. Accelerated beams of AVF in 2017.

Particle Energy [MeV/u] Course

Stand-alone operation
p 12.0 C03, E7B
d 12.0 C01, C03, E7B
d 14.0 C01
α 6.50 E7B
α 7.18 C03, E7B
α 7.25 C03
α 12.5 C03, E7B

7Li 5.60 C03
7Li 6.00 C03
11B 7.82 C03
11B 9.10 C01, C03
18O 6.07 C03
18O 6.07 C03
19F 6.77 C03

26Mg 6.60 E7A

Operation as injector of RRC
12C 7.00 RRC-RARF
18O 4.51 RRC-RIBF
22Ne 3.97 RRC-RARF
40Ar 3.75 RRC-RARF
40Ar 3.75 RRC-IRC-RARF
40Ar 5.19 RRC-RARF
56Fe 5.00 RRC-RARF
84Kr 3.97 RRC-RARF
86Kr 3.78 RRC-RARF
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Operation of the BigRIPS cryogenic plant

K. Kusaka,∗1 M. Ohtake,∗1 K. Yoshida,∗1 M. Ohshima,∗2 A. Mikami,∗2 H. Hazama,∗2 H. Miura,∗2 H. Shiraki,∗2
H. Hirai,∗2 M. Haneda,∗2 R. Sasaki,∗2 K. Kimura,∗2 M. Noguchi,∗3 and N. Suzuki∗3

Based on the RIBF beam time schedule, we performed
two continuous operations of the BigRIPS cryogenic
plant in 2017. The first operation period was from Feb.
28 to July 21 and the second was from Sept. 16 to Dec.
15 after the summer maintenance. The total operation
time of the compressor unit was 64,869 h.

At the beginning of the second operation, we had a sig-
nificant incident. When we started the refrigerator after
the purification operation, the interlock system stopped
the rotation of the expansion turbines. The reason was
poor cooling water flow caused by impurities in the cool-
ing water system. We found that the water pipelines for
the refrigerator system were badly blocked up by muddy
impurities and the pipes had rusted away (Fig. 1). Af-
ter flushing the water channels of the turbine system,
we started the refrigerator using the independent chiller
unit of ORION RKE3750A, and this temporary cooling
system worked well for 2 months of the second operation
period. We will replace the entire piping of the cooling
water system for the BigRIPS cryogenic plant in March
2018.

Except for the incident stated above, we operated the
cryogenic system without any trouble. Figure 2 shows
the vibration acceleration in the vertical and horizontal
directions as a function of the total operation time. We
have regularly measured the vibrations of the main com-
pressor unit both at the high-pressure and low-pressure
sides since 2015. After the replacement of the damaged
baring unit in Dec. 2016, which corresponds to the oper-
ation time of 59,218 h, the vibration acceleration stayed
less than 8 m/s2 and the compressor unit worked well
during the entire operation period in 2017.

Another important observation for the cryogenic sys-
tem is the low oil contamination in helium gas. By mea-
suring the operation interval of the drain valves of the
coalescer vessels in the compressor unit, the oil contami-
nation level of the coalescer vessels was evaluated.1) Fig-
ure 3 shows an estimate of the oil contamination level at
the entrance of the third coalescer vessel as a function
of the coalescer filter operation time. The navy blue,
green, and yellow diamonds represent the estimates for
the 2008–2009, 2010–2011, and 2012–2013 operations,
respectively. The coalescer filters used in these periods
were discontinued.2) The estimate for the 2014–2015 and
2016–2016 operations with the new coalescer filters are
shown with pink and red diamonds, respectively. The oil
contamination values measured using the oil check kit
are also shown. The open triangles, squares, and circles
represent the results for the 2008–2009, 2010–2011, and
2012–2013 operations. The results with new coalescer

∗1 RIKEN Nishina Center
∗2 Nippon Kucho Service Co., Ltd.
∗3 Mayekawa Mfg. Co., Ltd.

Fig. 1. Blocked cooling water piping for the turbines.
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Fig. 2. Vibration acceleration of the compressor unit.
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Fig. 3. Oil contamination at the entrance of the third coa-
lescer vessel.

filters for the 2014–2015, and, 2016–2017 operations are
indicated by the open diamonds and circles, respectively.
Both estimates of the oil contamination level are consis-
tent with each other, and the performance efficiency of
the new filter elements seems to be better than that of
the discontinued ones.
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Radiation safety management at RIBF
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The results of radiation monitoring at RIBF, car-
ried out at the border of the facility and the radiation-
controlled area are reported. The residual doses along
the accelerator setups are also presented. In 2017, 238U
beam of about 345 MeV/u was provided at an inten-
sity of 50 particle nA during May, June, October, and
November. A 48Ca beam of 500 particle nA was used
in April, a 70Zn beam of 300 particle nA was used in
April and May, and a 18O beam of 1000 particle nA
was used in June and July.

The dose rates at the boundary of the radiation-
controlled area were monitored. Neutron and γ-ray
monitors were used at three locations: roofs of the
RRC, IRC, and BigRIPS. Figure 1 shows the annual
neutron dose at these positions. In 2017, even the high-
est annual dose of 51 µSv/y at the IRC roof was lower
than the legal limit of 5.2 mSv/y.

The dose rates at the site boundary, where the le-
gal limit is 1 mSv/y, were monitored. Neutron and
γ-ray monitors were used, and the annual dose in 2017
was found to be lower than the detection limit after the
background correction. The detection limit of the neu-
tron monitor is 2 µSv/y and that of the γ-ray monitor
is 8 µSv/y. Therefore, it was inferred that the annual
dose at the boundary was less than 10 µSv/y, which is
considerably lower than the legal limit.

The residual radioactivity at the deflectors of the
cyclotrons was measured just before the maintenance
work.

The residual dose depends on factors such as the
beam intensity, accelerator operation time, and cool-
ing time. The dose rates from 1986 are shown in Fig. 2.
The dose rates for FRC, IRC, and SRC are shown for
years after 2006, when the RIBF operation started.
For AVF, the dose rate increased in 2006 because the
radioisotope production was started and the beam in-
tensity increased.

The residual radioactivity along the beam lines was
measured after almost every experiment. Figure 3
shows the locations of measurement points where high
residual doses were observed. Table 1 lists the dose
rates, beam conditions, and cooling time at the mea-
surement points. The maximum dose was 29 mSv/h
at point 14, which is in the vicinity of the G01 faraday
cup.

The radioactivity in the closed cooling system at Bi-
gRIPS was measured. The water for the F0 target, the

∗1 RIKEN Nishina Center
∗2 Japan Environment Research Corporation
∗3 Daiwa Atomic Engineering Corporation

Fig. 1. Radiation dose at the boundary of the radiation-

controlled area.

Fig. 2. Dose rates of residual radioactivity at the deflectors

of 5 cyclotrons.

exit beam dump, and the sidewall dump were sampled
in August. The water in the closed cooling systems
was replaced in August 2016; therefore, the detected
radioisotopes were generated during one year of oper-
ation in RIBF. The results are shown in Table 2. A
liquid scintillation counter was used for the low energy
β ray of 18 keV from H-3 nuclide. A Ge detector was
also used for γ rays emitted from other radionuclides.
The radionuclides, except for H-3, were already filtered
by an ion exchange resin in the closed cooling systems.
Although the overall value of contamination was less
than the legal limit for drain water, as shown in Ta-
ble 2, the water from the closed cooling system will
be dumped into the drain tank before the next opera-
tion to prevent contamination in the room in case of a
water leakage.

Operation of the BigRIPS cryogenic plant

K. Kusaka,∗1 M. Ohtake,∗1 K. Yoshida,∗1 M. Ohshima,∗2 A. Mikami,∗2 H. Hazama,∗2 H. Miura,∗2 H. Shiraki,∗2
H. Hirai,∗2 M. Haneda,∗2 R. Sasaki,∗2 K. Kimura,∗2 M. Noguchi,∗3 and N. Suzuki∗3

Based on the RIBF beam time schedule, we performed
two continuous operations of the BigRIPS cryogenic
plant in 2017. The first operation period was from Feb.
28 to July 21 and the second was from Sept. 16 to Dec.
15 after the summer maintenance. The total operation
time of the compressor unit was 64,869 h.

At the beginning of the second operation, we had a sig-
nificant incident. When we started the refrigerator after
the purification operation, the interlock system stopped
the rotation of the expansion turbines. The reason was
poor cooling water flow caused by impurities in the cool-
ing water system. We found that the water pipelines for
the refrigerator system were badly blocked up by muddy
impurities and the pipes had rusted away (Fig. 1). Af-
ter flushing the water channels of the turbine system,
we started the refrigerator using the independent chiller
unit of ORION RKE3750A, and this temporary cooling
system worked well for 2 months of the second operation
period. We will replace the entire piping of the cooling
water system for the BigRIPS cryogenic plant in March
2018.

Except for the incident stated above, we operated the
cryogenic system without any trouble. Figure 2 shows
the vibration acceleration in the vertical and horizontal
directions as a function of the total operation time. We
have regularly measured the vibrations of the main com-
pressor unit both at the high-pressure and low-pressure
sides since 2015. After the replacement of the damaged
baring unit in Dec. 2016, which corresponds to the oper-
ation time of 59,218 h, the vibration acceleration stayed
less than 8 m/s2 and the compressor unit worked well
during the entire operation period in 2017.

Another important observation for the cryogenic sys-
tem is the low oil contamination in helium gas. By mea-
suring the operation interval of the drain valves of the
coalescer vessels in the compressor unit, the oil contami-
nation level of the coalescer vessels was evaluated.1) Fig-
ure 3 shows an estimate of the oil contamination level at
the entrance of the third coalescer vessel as a function
of the coalescer filter operation time. The navy blue,
green, and yellow diamonds represent the estimates for
the 2008–2009, 2010–2011, and 2012–2013 operations,
respectively. The coalescer filters used in these periods
were discontinued.2) The estimate for the 2014–2015 and
2016–2016 operations with the new coalescer filters are
shown with pink and red diamonds, respectively. The oil
contamination values measured using the oil check kit
are also shown. The open triangles, squares, and circles
represent the results for the 2008–2009, 2010–2011, and
2012–2013 operations. The results with new coalescer

∗1 RIKEN Nishina Center
∗2 Nippon Kucho Service Co., Ltd.
∗3 Mayekawa Mfg. Co., Ltd.

Fig. 1. Blocked cooling water piping for the turbines.

0

5

10

15

20

25

52000 54000 56000 58000 60000 62000 64000 66000

A
cc

el
er

at
io

n 
[m

/s
2 ]

Operation Time [h]

HP Vertical HP Horizontal LP Vertical LP Horizontal

Fig. 2. Vibration acceleration of the compressor unit.

0

1

2

3

4

5

6

7

8

9

10

O
il 

Co
nt

am
in

at
io

n 
[w

t.
 p

pm
]

Operation Time of Coalescer Filters [h]

Fig. 3. Oil contamination at the entrance of the third coa-
lescer vessel.

filters for the 2014–2015, and, 2016–2017 operations are
indicated by the open diamonds and circles, respectively.
Both estimates of the oil contamination level are consis-
tent with each other, and the performance efficiency of
the new filter elements seems to be better than that of
the discontinued ones.

References
1) K. Kusaka et al., RIKEN Accel. Prog. Rep. 41, 309

(2010).
2) K. Kusaka et al., RIKEN Accel. Prog. Rep. 50, 285

(2017).
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The E-learning module, which can be accessed
anytime and from anywhere (even from the outside
RIKEN), has been used for the re-training to the ra-
diation workers at RIBF. About 660 radiation workers
have completed the training in 2017.

Fig. 3. Layout of the beam lines at RIBF. The measure-

ment locations listed in Table 1 are indicated.

Table 1. Dose rates measured at beam lines in 2017.

Points 1–24 indicate the locations where measurements

were taken as shown in Fig. 3.

Point
Dose
rate (M/

Dat
D)
e Particle Energy

(MeV/u)
Intensity

(pnA) 
Cooling 

time
(h) 

1 1000 8/4 d 12 10000 97
2 450 8/4 d 12 10000 97
3 500 8/4 d 12 10000 97
4 500 8/4 d 12 10000 97
5 280 12/12 6.5 10 291
6 800 8/4 C-12 135 1 186
7 400 8/4 C-12 135 1 186
8 200 12/12 U-238 10.75 1657 283
9 4000 12/12 U-238 50 390 282
10 3000 12/12 U-238 50 390 282
11 400 12/12 U-238 50 390 282
12 170 8/4 O-18 220 550 497
13 8600 8/4 O-18 220 550 497
14 29000 12/8 U-238 345 71 183
15 950 12/8 U-238 345 71 183
16 250 12/8 U-238 345 71 183
17 950 8/4 O-18 220 550 496
18 450 12/8 U-238 345 71 183
19 830 12/8 U-238 345 71 183
20 450 8/8 O-18 220 550 589
21 1780 8/8 O-18 220 550 589
22 1850 8/8 O-18 220 550 589
23 25000 12/8 U-238 345 71 183
24 189 8/8 O-18 220 550 589

Table 2. Concentrations of radionuclide in the cooling wa-

ter at BigRIPS, the allowable legal limits for drain wa-

ter, and the ratios of concentration to the allowable

limit.

Cooling
water Nuclide Concentration[a] Limit[b] Ratio to 

(Bq/cm3) limit [a/b](Bq/cm3) 
BigRIPS 
F0 target

H-3 6. 60 0.11
summation 0.11

BigRIPS
exit
beam 
dump 

H-3
Be-7
Co-57
Co-58
Mn-54

22. 
9.4e-31)

8.1e-4 
6.4e-4 
1.4e-3 

60 
30
4
1
1

0.37 
3.1e-4 
2.0e-4 
6.4e-4 
1.4e-3 

summation 0.37
BigRIPS
side-wall 
beam 
dump 

H-3 47. 60 0.79 

summation  0.79 

1) read as 9.4× 10-3 
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Operation of the Pelletron tandem accelerator

T. Ikeda,∗1 M. Hamagaki,∗2 and H. Sato∗1

The tandem accelerator (Pelletron 5SDH-2, 1.7 MV
max.) with two ion sources in the Nishina R&D Build-
ing (Fig. 1) is managed by the Detector Team of RNC.
The accelerator has three beam lines for (1) Rutherford
backscattering (RBS) spectrometry/elastic recoil detec-
tion analysis (ERDA), (2) a microbeam port, and (3)
multi-purpose use. The RF charge-exchange ion source,
called Alphatross, is mainly used for the extraction of
He− ions. Another source is the Source of Negative
Ions by Cesium Sputtering (SNICS). Almost all other
ions can be extracted from SNICS as negative ions, such
as H− and C−. Thus far, ion species of H, He, Li, B,
C, N, O, Si, Ti, Ni, Cu, and Au have been accelerated
with the two ion sources. The range of the ion beams
is several 10 µm at most for water (density = 1 g/cm3).
Only H+ can have ranges greater than 100 µm for wa-
ter. All experiments except for microbeam irradiation
with tapered glass capillaries should be performed in
vacuum chambers. However, heavy ions of several MeV,
such as Au ions, can provide stopping powers greater
than 200 keV/µm at only the surface layer of samples
or detector-sensitive areas. Since the experimental area
is approved as a second-class radiation-controlled area,
users for all measurements can access their setup even
during the beam irradiation time. The users are free
from any setup for remote control utilities. These are
advantages of the use of the Pelletron accelerator.

During the annual reporting period from Jan. 1 to
Dec. 31, 2017, the total machine time including machine
studies was 24 days, where the condition check of the ion
sources is not counted. The experiments in the machine
time and details of maintenance are described in this
report.

The ion species accelerated in this year were H+,
He+, He2+, C2+, C3+, and C4+, with energies ranging
from 1.0 to 7.2 MeV, as summarized in Table 1. Ex-
perimental studies on the following subjects were per-
formed.

(1) Ion irradiation on thin layers for the modification
and creation of micro-particles (4 days)

(2) Machine study of a proton microbeam using ta-
pered glass capillaries (6 days)

(3) Test of microbeam irradiation on single cells (8
days)

(4) ERDA experiments using carbon ions (3 days)
(5) Educational experiment of proton capture by a

carbon nucleus for Nishina School (3 days)
(6) Analyses using elastic scattering (RBS/ERDA) as

Wako joint-use equipment (0 days = no user)

In this year, the He ion source (Alphatross) was re-
paired because there was no machine time using the He
ion beam owing to the extremely low intensity of He−

∗1 RIKEN Nishina Center

Fig. 1. Pelletron tandem accelerator and beamlines in the

Nishina R&D Building. The tank colored blue is the po-

sition of operation, and the white one is for maintenance.

Fig. 2. Improvement of He plasma density to provide He ion

beams with sufficient intensities.

Table 1. Beam conditions and experiments conducted in the

tandem accelerator.

ions in the previous year. The reason for the low in-
tensity was found to be the aged deterioration of the
power supply for the confinement magnetic field and the
RF supply tubes. Figure 2 shows the change of the He
plasma densities between before and after the renewal
(Left and Right, respectively). Precise alignment of the
position of the source was also performed. The final
intensity of the He2+ beam at an irradiation port was
increased back to 50 particle nA.

For accurate positioning in the microbeam irradia-
tion, a laser beam alignment system was tested at BL-
E45. Glass capillary optics providing micrometer-sized
ion beams needs axis orientation with respect to the ini-
tial beam with accuracy of the order of mrad. The align-
ment time was successfully reduced from a few hours
down to a few minutes.

The E-learning module, which can be accessed
anytime and from anywhere (even from the outside
RIKEN), has been used for the re-training to the ra-
diation workers at RIBF. About 660 radiation workers
have completed the training in 2017.

Fig. 3. Layout of the beam lines at RIBF. The measure-

ment locations listed in Table 1 are indicated.

Table 1. Dose rates measured at beam lines in 2017.

Points 1–24 indicate the locations where measurements

were taken as shown in Fig. 3.
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ter at BigRIPS, the allowable legal limits for drain wa-

ter, and the ratios of concentration to the allowable

limit.
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Operation of fee-based activities by the industrial cooperation team

A. Yoshida,∗1 T. Kambara,∗1 H. Haba,∗1 and S. Yano∗1

The fee-based activities operated by the industrial
cooperation team in 2017, which are the utilization of
heavy-ion beams in the industry and the distribution
of radioisotopes, are summarized below.

RIKEN Nishina Center allows the use of the AVF cy-
clotron, RILAC, and RIKEN Ring Cyclotron (RRC)
by private companies in Japan for a fee.1) In 2017,
three clients successfully used fee-based beamtimes to
test space-use semiconductor devices. In February, one
client used a 39-MeV/A 136Xe beam at the E3A beam-
line of the RRC for approximately 8 h, and in March,
two clients used a 70-MeV/A 84Kr beam at the E5A
beamline for approximately 60 h in total.

Since 2007, RIKEN has distributed radioisotopes
(RIs) to users in Japan for a fee in collaboration with
the Japan Radioisotope Association2) (JRIA). The nu-
clides are 65Zn (T1/2 = 244 days), 109Cd (T1/2 = 463
days), 88Y (T1/2 = 107 days), and 85Sr (T1/2 = 65
days), produced by the RI Applications Team at the
AVF cyclotron. According to a material transfer agree-
ment (MTA) drawn between JRIA and RIKEN, JRIA
mediates the transaction of the RIs and distributes
them to users. 65Zn and 109Cd are delivered approx-
imately two weeks after the acceptance of an order.
85Sr and 88Y, which have shorter half-lives, are not
stocked like 65Zn and 109Cd but are rather produced
in a scheduled beamtime after an order is accepted.
Therefore, they are delivered two months or more af-
ter the acceptance of an order. Details can be found
in the online ordering system J-RAM3) of JRIA.
In 2017, we delivered no 109Cd, two shipments of

65Zn with a total activity of 5.5 MBq, two shipments
of 88Y with a total activity of 2 MBq, and a shipment
of 85Sr with an activity of 3.7 MBq. The final recipi-
ents of the RIs were three universities and one medical
research center.

Figure 1 shows the yearly trends in the number of
orders and the amounts of distributed RIs. Compared
with 2016, the amount of distributed 65Zn decreased
by 4, that of 88Y remained same, and that of 85Sr
increased by 3.7.

We are preparing to start the distribution of a new
RI 67Cu (T1/2 = 61.8 h) in spring 2018. Since its half-
life is very short, it will be produced in a scheduled
beamtime after an order is accepted. Details will be
announced in J-RAM.

∗1 RIKEN Nishina Center

Fig. 1. Number of orders (upper) and amount (lower) of

the RIs distributed yearly from 2007 to 2017. The dis-

tribution of 88Y started in 2010 and that of 85Sr in

2015.

References
1) http://ribf.riken.jp/sisetu-kyoyo/ (Japanese).
2) http://www.jrias.or.jp/ (Japanese),

http://www.jrias.or.jp/e/ (English).
3) https://www.j-ram.net/jram/DispatchTopPage.do

(Japanese).

- 258 -

RIKEN Accel. Prog. Rep. 51 (2018) Ⅳ. OPERATION RECORDS



Operation of fee-based activities by the industrial cooperation team

A. Yoshida,∗1 T. Kambara,∗1 H. Haba,∗1 and S. Yano∗1

The fee-based activities operated by the industrial
cooperation team in 2017, which are the utilization of
heavy-ion beams in the industry and the distribution
of radioisotopes, are summarized below.

RIKEN Nishina Center allows the use of the AVF cy-
clotron, RILAC, and RIKEN Ring Cyclotron (RRC)
by private companies in Japan for a fee.1) In 2017,
three clients successfully used fee-based beamtimes to
test space-use semiconductor devices. In February, one
client used a 39-MeV/A 136Xe beam at the E3A beam-
line of the RRC for approximately 8 h, and in March,
two clients used a 70-MeV/A 84Kr beam at the E5A
beamline for approximately 60 h in total.

Since 2007, RIKEN has distributed radioisotopes
(RIs) to users in Japan for a fee in collaboration with
the Japan Radioisotope Association2) (JRIA). The nu-
clides are 65Zn (T1/2 = 244 days), 109Cd (T1/2 = 463
days), 88Y (T1/2 = 107 days), and 85Sr (T1/2 = 65
days), produced by the RI Applications Team at the
AVF cyclotron. According to a material transfer agree-
ment (MTA) drawn between JRIA and RIKEN, JRIA
mediates the transaction of the RIs and distributes
them to users. 65Zn and 109Cd are delivered approx-
imately two weeks after the acceptance of an order.
85Sr and 88Y, which have shorter half-lives, are not
stocked like 65Zn and 109Cd but are rather produced
in a scheduled beamtime after an order is accepted.
Therefore, they are delivered two months or more af-
ter the acceptance of an order. Details can be found
in the online ordering system J-RAM3) of JRIA.
In 2017, we delivered no 109Cd, two shipments of

65Zn with a total activity of 5.5 MBq, two shipments
of 88Y with a total activity of 2 MBq, and a shipment
of 85Sr with an activity of 3.7 MBq. The final recipi-
ents of the RIs were three universities and one medical
research center.

Figure 1 shows the yearly trends in the number of
orders and the amounts of distributed RIs. Compared
with 2016, the amount of distributed 65Zn decreased
by 4, that of 88Y remained same, and that of 85Sr
increased by 3.7.

We are preparing to start the distribution of a new
RI 67Cu (T1/2 = 61.8 h) in spring 2018. Since its half-
life is very short, it will be produced in a scheduled
beamtime after an order is accepted. Details will be
announced in J-RAM.

∗1 RIKEN Nishina Center

Fig. 1. Number of orders (upper) and amount (lower) of

the RIs distributed yearly from 2007 to 2017. The dis-

tribution of 88Y started in 2010 and that of 85Sr in

2015.

References
1) http://ribf.riken.jp/sisetu-kyoyo/ (Japanese).
2) http://www.jrias.or.jp/ (Japanese),

http://www.jrias.or.jp/e/ (English).
3) https://www.j-ram.net/jram/DispatchTopPage.do

(Japanese).

 
 
 
 

V. EVENTS 





ImPACT-OEDO workshop

H. Otsu,∗1 N. Imai,∗2 S. Michimasa,∗2 T. Sumikama,∗1 D. Suzuki,∗1 K. Washiyama,∗3 Y. Watanabe,∗4 and
Y. X. Watanabe∗5

The ImPACT-OEDO workshop1) was held on July
13 and 14, 2017 at the RIKEN Wako campus. The
workshop was jointly organized by the RIKEN Nishina
Center and the Center for Nuclear Study, the Univer-
sity of Tokyo. A total of 70 participants with physics
or engineering backgrounds gathered from institutions
throughout Japan.

The project “Reduction and Resource Recycling of
High-level Radioactive Wastes through Nuclear Trans-
mutation” is one of the selected programs of the Im-
PACT (Impulsing Paradigm Change through Disruptive
Technologies) program under the initiative of the Cabi-
net Office. The project has been in operation since 2014
under the collaboration of a number of major research
institutes in Japan, including the RIKEN Nshina Cen-
ter. Its mission is to develop a new method to trans-
mutate long-lived fission products (LLFP) that would
otherwise remain highly toxic and to pave a realistic
path toward a sustainable society. At the RIBF and
other facilities, the collaboration has been conducting
a number of measurements of reaction rates of nuclei
identified as LLFPs. In parallel, theoretical studies have
been widely and actively carried out to interpret the ex-
perimental results and extract nuclear data that can be
incorporated into state-of-the-art simulation codes. In
addition, FY2017 is marked by the inauguration of the
OEDO beam line at the RIBF. This new beam line is
capable of decelerating fast radioactive isotope beams
of the RIBF down to energies below 50 MeV/nucleon.
With the OEDO beam line, the RIBF will enable reac-
tion measurements of LLFPs over a wide range of ener-
gies.

The ImPACT-OEDO workshop was organized to
overview and discuss a wide range of activities related
to nuclear data of LLFPs that have been carried out
in the ImPACT project. Another important goal is to
stimulate discussions on future experiments that will be
conducted at the OEDO beam line.

The two-day workshop started with an overview of
the ImPACT program by H. Sakurai (Nishina Center),
which was followed by another overview of the sub-
working group for nuclear data by S. Shimoura (Center
for Nuclear Study). A total of 29 speakers orally pre-
sented their activities and future plans in six sessions.
Four sessions were dedicated to recent or on-going stud-
ies, and the remaining two were focused on future ex-
periments at the OEDO beam line.

∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, University of Tokyo
∗3 Department of Physics, Tsukuba University
∗4 Department of Advanced Energy Enginnering Science,

Kyushu University
∗5 Wako Nuclear Science Center, KEK

The experiments reported include a series of reaction
studies of LLFPs at the RIBF using a beam of LLFPs
produced from the fission of a 238U beam. The reaction
products from spallation or Coulomb breakup reactions
of 107Pd or 93Zr were measured in flight. The deduced
cross sections to transmuate LLFPs into stable nuclei or
the inclusive total reaction cross sections were presented.
Another transmutation method under study uses muon
capture. Recent measurements of muon capture rates
and decay branches in the RCNP or in the RIKEN-RAL
facility were presented. These newly aquired data were
discussed in several reports on theoretical studies. One
major topic is related to the integration of the measured
data into widely-used nuclear reaction simulation codes
such as PHITS.2) It was discussed how the nuclear data
should be extracted from the measured data and be in-
putted into the code, in addition to how the results will
improve the applicability of the simulation to LLFPs.
Another direction in theoretical activities is to further
our understanding of nuclear reactions within the frame-
work of modern nuclear theory, such as the effective-
mean-field and direct-reaction formalisms, so that more
reliable predictions of nuclear data can be made. In ad-
dition to these experimental and theoretical studies, a
few engineering activities were reported. The talks on
the development of a new isotope separation method to
chemically isolate LLFPs and on a new superconducting
cavity as a key device for realizing intense beam accel-
eration highlighted the interdisciplinary nature of this
project.

The completion of the OEDO beam line was appreci-
ated by the audience. The development history and suc-
cessful in-beam commissioning were presented. The plan
of the first physics experiments was discussed. One en-
visioned experiment is to extract neutron capture cross
sections of the LLFP 79Se from (d, p) reaction cross sec-
tions using the so-called surrogate method. The reaction
mechanism behind this method was also discussed. The
other is to measure excitation functions of proton- and
deuteron-induced reactions of 107Pd. The participants
also had animated discussions on future experiments us-
ing energy-degraded RI beams that will be provided by
the OEDO beam line.

Works discussed in the workshop were supported by
the ImPACT program of the Council for Science, Tech-
nology and Innovation (Cabinet Office, Gouvernment of
Japan).

References
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2) K. Niita et al., Radiat. Meas. 41, 1080 (2006).
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Nishina School 2017

T. Motobayashi∗1 and H. Ueno∗2

The 11th Nishina School was held from July 24 to
August 4, 2017. The school aims at guiding Asian
undergraduate students who are deciding their future
field of study. A photograph taken at the beginning of
the school is shown in Fig. 1. Students and supervi-
sors from Peking University (PKU) and the University
of Hong Kong (HKU) joined this 11th School. High-
school students from Phillips Exeter Academy, USA,
along with their teachers, participated in most of the
School programs.

Fig. 1. Photograph of Nishina School 2017 participants.

The 11th School began with self-introductions by the
students of PKU and HKU, followed by welcome ad-
dresses by Hideto En’yo, Nishina Center Director and
Shunichiro Itakura, RIKEN’s Executive Director. The
first week is dedicated mostly to lectures and training
on a few subjects related to the nuclear reaction ex-
periment performed in the second week of the school.

The lectures were on a few basic topics for research,
including overviews of nuclear physics and nuclear as-
trophysics, the function of particle accelerators, and
methods of radiation measurements. Other lectures
were devoted to radiation safety, paper writing and
oral presentation, and issues that researchers may en-
counter in their future. The subjects of training were
electronic-pulse propagation and radiation detection.
The detectors, electronics, and data acquisition sys-
tems to be used in the experiment in the following
week were employed in the training.

The second-week program was focused on the reac-
tion experiment using proton beams from the Pelletron
accelerator at RIKEN Nishina Center. The students
were divided into four teams, which were in charge of
four different types of measurements. They designed
the experiment by first evaluating the feasibility of
measurements, then set the detectors around the reac-
tion target, and determined the conditions of beam ex-
posure based on their considerations. After the exper-
iment, they analyzed the experimental data obtained,

∗1 School Master
∗2 Chair, Nishina School Steering Committee

and finally made presentations on their results. The
reaction they studied was the radiative proton capture
by the 12C nucleus, which is relevant to the CNO cycle
hydrogen burning in stars.

Fig. 2. Experimental setup. Proton beams from the Pel-

letron accelerator hit a carbon target in the small vac-

uum chamber, and γ rays were measured by the NaI(Tl)

scintillator seen in the center of the photograph.

Figure 2 shows the experimental setup. Proton
beams with 1 MeV or 2 MeV energy bombarded a
carbon target, which stopped the protons to provide
a so-called thick target yield of the 12C(p,γ)13N reac-
tion. Two methods were employed for determination
of the resonance yield: detection of “in-beam” γ rays
emitted during the collision of the beam with the car-
bon target, and measurement of 13N activities by de-
tecting positron-annihilation photons or the 511-keV γ
line, known as the “activation” technique.

An example of the γ ray spectrum is shown in Fig. 3.
It is for the “in-beam” measurement with 2 MeV pro-
ton beams. Two distinct peaks, which are of relevance
in the experiment, are clearly seen. The four teams
could finally extract the capture cross sections for the
two resonances in 13N.

Fig. 3. An example of the γ ray spectra obtained for the

“in-beam” measurement for the 12C(p,γ)13N reaction

with 2 MeV proton beams. The two γ ray peaks cor-

respond respectively to the two low-lying resonances in
13N.

We thank all the staff members of the Nishina Center
who participated and helped the Nishina School 2017.

- 260 -

RIKEN Accel. Prog. Rep. 51 (2018) Ⅴ. EVENTS



IUPAP Meetings and Nuclear Science Symposium at Nihon-Bashi

H. En’yo∗1

IUPAP Commission 12 (C.12) and Working Group 9
(WG.9) meetings were held at the RIKEN Tokyo office
in Nihon-Bashi, Tokyo on August 29–30, 2017. Nihon-
Bashi means Japan-Bridge, and the 113th element ni-
honium is named after Nihon (Japan or Nippon). As
the name of the place suggests, the office is in a very
posh central district of Tokyo and in the same building
as Bank of America and Merrill Lynch.
Every two years, the meetings are organized together

with the Nuclear Science Symposium (NSS), in which
recent progress in nuclear physics and related devel-
opments are reviewed and discussed in the presence
of invited representatives from national funding agen-
cies worldwide. This year, representatives from South
Africa, Canada, France, Italy, Australia, USA, UK,
Japan, France, and China participated in the sympo-
sium.
During the symposium, special in-camera meetings

were held for the representatives of funding agen-
cies. These meetings are meant for representatives
to share the progress in nuclear science and exchange
the status of research in their countries, as well as to
see how their efforts fit into an international frame-
work. The agenda and slides from the symposium
can be found at http://www.triumf.info/hosted/

iupap/icnp/nss2017.html.
Shoji Nagamiya, who chaired the in-camera meet-

ings, presented the following briefing at the end of the
IUPAP WG.9 annual general meeting:

(1) The participants of the in-camera meetings rec-
ognized that an unprecedented era of nuclear sci-
ence will be realized, especially with the next-
generation of rare isotope beam facilities around
the world.

(2) They expressed concerns regarding the effect of
open-access policies on large nuclear science lab-
oratories and the implementation of user fees.

(3) They recommended that IUPAPWG.9 may take
a more explicit role in international cooperation
for large-scale nuclear science projects.

(4) They recommend that IUPAP WG.9 may pos-
itively consider as an “international project” a
project in which the share of responsibilities is
discussed in IUPAP WG.9 from the beginning
of the project by including all the stakeholder
countries.

(5) They also stressed the importance of small-scale
university-based nuclear science laboratories be-
cause these are essential training grounds for
young scientists.

∗1 RIKEN Nishina Center

Similar discussions were also made at the IUPAP
WG.9 annual general meeting. Shigeo Koyasu, the ex-
ecutive director of RIKEN, described the future plans
for operations of the Rare Isotope Beam Facility at
RIKEN. He suggested the possibility of asking the
users to bear the cost (collaboration fee) not for elec-
tricity, but rather for miscellaneous expenses from the
common fund for experiments.
There was a wide-ranging discussion of such user

fees in the meeting. A general concern is that, if one
facility implements such charges, other facilities would
then be forced by their funding agencies to follow suit.
This could have serious implications on the scientific
productivity and mobility of the international commu-
nity. Some opinions generally supported by the mem-
bers were as follows: (1) Beam time should be granted
based on scientific excellence. Any payment for beam
time contradicts this general principle. (2) There is
an established tradition among the user community to
share some of the operating costs, but such sharing is
not related to beam time. (3) The host institute must
be very clear about what these user fees can cover. The
funding agencies may prohibit the use of grant funds
to pay these, which might cut off a facility’s access to
talented scientists around the world.
Other issues discussed in IUPAP WG.9 include re-

ports from the Asian Nuclear Physics Association,
the US Nuclear Science Advisory Committee, the
Five Year Plan for TRIUMF in Canada, the Nu-
clear Physics European Collaboration Committee, the
Latin-America Community, and the South-African Iso-
tope Facility.

Nishina School 2017

T. Motobayashi∗1 and H. Ueno∗2

The 11th Nishina School was held from July 24 to
August 4, 2017. The school aims at guiding Asian
undergraduate students who are deciding their future
field of study. A photograph taken at the beginning of
the school is shown in Fig. 1. Students and supervi-
sors from Peking University (PKU) and the University
of Hong Kong (HKU) joined this 11th School. High-
school students from Phillips Exeter Academy, USA,
along with their teachers, participated in most of the
School programs.

Fig. 1. Photograph of Nishina School 2017 participants.

The 11th School began with self-introductions by the
students of PKU and HKU, followed by welcome ad-
dresses by Hideto En’yo, Nishina Center Director and
Shunichiro Itakura, RIKEN’s Executive Director. The
first week is dedicated mostly to lectures and training
on a few subjects related to the nuclear reaction ex-
periment performed in the second week of the school.

The lectures were on a few basic topics for research,
including overviews of nuclear physics and nuclear as-
trophysics, the function of particle accelerators, and
methods of radiation measurements. Other lectures
were devoted to radiation safety, paper writing and
oral presentation, and issues that researchers may en-
counter in their future. The subjects of training were
electronic-pulse propagation and radiation detection.
The detectors, electronics, and data acquisition sys-
tems to be used in the experiment in the following
week were employed in the training.

The second-week program was focused on the reac-
tion experiment using proton beams from the Pelletron
accelerator at RIKEN Nishina Center. The students
were divided into four teams, which were in charge of
four different types of measurements. They designed
the experiment by first evaluating the feasibility of
measurements, then set the detectors around the reac-
tion target, and determined the conditions of beam ex-
posure based on their considerations. After the exper-
iment, they analyzed the experimental data obtained,
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and finally made presentations on their results. The
reaction they studied was the radiative proton capture
by the 12C nucleus, which is relevant to the CNO cycle
hydrogen burning in stars.

Fig. 2. Experimental setup. Proton beams from the Pel-

letron accelerator hit a carbon target in the small vac-

uum chamber, and γ rays were measured by the NaI(Tl)

scintillator seen in the center of the photograph.

Figure 2 shows the experimental setup. Proton
beams with 1 MeV or 2 MeV energy bombarded a
carbon target, which stopped the protons to provide
a so-called thick target yield of the 12C(p,γ)13N reac-
tion. Two methods were employed for determination
of the resonance yield: detection of “in-beam” γ rays
emitted during the collision of the beam with the car-
bon target, and measurement of 13N activities by de-
tecting positron-annihilation photons or the 511-keV γ
line, known as the “activation” technique.

An example of the γ ray spectrum is shown in Fig. 3.
It is for the “in-beam” measurement with 2 MeV pro-
ton beams. Two distinct peaks, which are of relevance
in the experiment, are clearly seen. The four teams
could finally extract the capture cross sections for the
two resonances in 13N.

Fig. 3. An example of the γ ray spectra obtained for the

“in-beam” measurement for the 12C(p,γ)13N reaction

with 2 MeV proton beams. The two γ ray peaks cor-

respond respectively to the two low-lying resonances in
13N.

We thank all the staff members of the Nishina Center
who participated and helped the Nishina School 2017.
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International conference on nuclear physics at storage rings
(STORI2017)

M. Wakasugi∗1

The 10th international conference on nuclear physics
at storage rings (STORI2017) was held at Kanazawa
from November 13 to 18, 2017. The venue was the
Kanazawa theatre (Kageki-za), which is located in the
vicinity of the Kanazawa castle. The conference was
hosted by RIKEN Nishina center and sponsored by
Kanazawa city and Ishikawa prefecture.

(1) Participants and presentations
We had 73 participants in total, and the number of

country-specific participants are listed in Table 1. We
had 61 presentations in total, and the breakdown of
the presentations are as follows: 27 invited talks, 15
oral talks, and 19 poster presentations. Figure 1 shows
a conference photograph taken at the Kanazawa castle
during the excursion.

(2) Presented topics
The conference started on 0ct. 14th (Tue.), and we

had many active discussions during the week. A wide
range of topics relevant to storage rings and traps were
presented. On Tuesday, M. Steck presented the sta-
tus of GSI and the rather new facility for decelerated
RI beam, including the newly installed CRYRING, and
B. Juardo presented the topics on neutron induced re-
action at CRYRING. The topics that were presented
on physics experiments at ESR/GSI included nuclear
reactions such as a proton scattering using EXL and
laser spectroscopy. There were four talks on the re-
search going on at CERN, namely the status of the
ELENA project, the anti-matter subject at the AD,
the anti-proton annihilation experiment in the PANDA
project, and the ISOLTRAP equipped by a MRTOF.
The current status of the mass measurements using TI-
TAN at TRIUMF was reported. The mass measure-
ments at CSRe/IMP-CAS and the status of the new
project HIAF were presented as ongoing projects in
China. The other mass measurements for exotic nuclei
and some related detector developments at R3/RIKEN
and MRTOF/RIKEN were presented. The RIKEN

Table 1. Number of country-specific participants.

Country Participants Country Participants

Japan 37 Canada 1

Germany 15 Romania 1

China 10 Russia 1

Italy 2 U.K. 1

Switzerland 2 Korea 1

France 2 Total 73

∗1 RIKEN Nishina Center

RIBF facility and the achievements since its construc-
tion were overviewed by H. Sakurai, and the recent re-
sults at the SCRIT facility was reported. The status
of the NICA project at JINR/Dubna was reported by
E. Syresin. Atomic physics topics related to the cryo-
genic electrostatic storage rings at RIKEN and Max
Plank were presented. The high intensity light source
for nuclear physics in Romania and the muon g− 2 ex-
periment at Fermi Lab. were also interesting topics.
Experiments on fundamental physics problems such as
EDM and CP violation going on at COSY and RIKEN
were presented. Finally, two theorists, A. Surzhykov
and P. Indelicato, presented the capability of the QED
test in a storage ring.

(3) Poster presentation
We had 19 poster presentations on Friday after-

noon, and the international advisory committee gave
poster awards to L. Varga (GSI), B. Wu (IMP), and
H. Arakawa (Saitama U.).

(4) Excursion
In the excursion on Thursday afternoon, we con-

ducted a tour of the Kanazawa castle and the adja-
cent old town, and organized an experience-based tour
on gold leaf craftwork, which is a traditional special-
ity in Kanazawa. The participants enjoyed and learned
the history of Kanazawa and the traditional culture of
Japan.

(5) Next STORI2020
In this conference, the international advisory com-

mittee decided that the IPM-CSA will host the next
STORI conference, which will be held in 2020 at
Huizhon in China, where there is a planed cite of HIAF.

(6) Acknowledgment
We would like to specially thank the staffs of

Kanazawa Convention Bureau for their great help in
organizing the conference.

Fig. 1. Conference photograph taken at Kanazawa castle.
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International symposium on RI beam physics in the 21st century:
10th anniversary of RIBF

T. Isobe,∗1,∗2 Y.X. Watanabe,∗1,∗6 S. Ota,∗1,∗3 N. Aoi,∗4 N. Imai,∗3 T. Suda,∗5 T. Uesaka,∗2 D. Suzuki,∗2

Y. Ichikawa,∗2 T. Nakamura,∗1,∗7 K. Yoshida,∗1,∗8 and K. Yoneda∗2

The “International symposium on RI beam physics
in the 21st century: 10th anniversary of RIBF” (jointly
hosted by the RIBF User Executive Committee and
RIKEN Nishina Center) was held on 4th and 5th De-
cember, 2017. The RI Beam Factory celebrated its
10th anniversary in 2017. Since it started the deliv-
ery of RI beams in 2007, the RIBF has successfully
produced a lot of rare isotopes, and completed many
in nuclear physics. In the symposium, recent progress
in the physics of unstable nuclei, novel technologies in
RI-beam experiments, and future activities at RIBF
and other RI-beam facilities were discussed.

Fig. 1. Group photo of the symposium. The symposium

was held at the large conference room of the RIBF

building at RIKEN.

The number of participants was about 120. Figure 1
shows a group photo of the symposium. The program
mainly consisted of four physics categories: Nuclear
Structure, Equation of State, Nuclear Astrophysics,
and Superheavy elements. Four theorists were invited
to give review talks about the progress and perspec-
tives of nuclear structure, nuclear astrophysics, light
nuclear reactions and heavy nuclear reactions based on
the physics outputs from experimental studies curried
out in last decade. Further, presentations about the
future the RI experimental facility were given: FRIB
in USA, NuStar at FAIR in Germany, HIAF in China,
and RISP in Korea. Owing to the condensed topics
and presentations, the discussion regarding future RI

∗1 RIBF User Group Executive Committee
∗2 RIKEN Nishina Center
∗3 Center for Nuclear Study, The University of Tokyo
∗4 Research Center for Nuclear Physics, Osaka University
∗5 Research Center for Electron-Photon Science, Tohoku Uni-

versity
∗6 Wako Nuclear Science Center, Institute of Particle and Nu-

clear Studies, KEK
∗7 Department of Physics, Tokyo Institute of Technology
∗8 Department of Physics, Kyoto University

beam physics was very stimulated in the symposium.
The details of the symposium program can be found
in Ref. 1).

Finally, as a special session by the RIBF user ex-
ecutive committee, a ceremony to present the RIBF
thesis award to two winners was conducted, as shown
in Fig. 2, along with a special talk by the recip-
ients. The awards honor the achievements of Dr.
Kazuyuki Sekizawa (Faculty of Physics, Warsaw Uni-
versity of Technology) and Dr. Jin Wu (Argonne Na-
tional Laboratory) for the Ph.D theses titled “Multi-
nucleon Transfer Reactions and Quasifission Processes
in Time-Dependent Hartree-Fock Theory” (University
of Tsukuba in 2015) and “Beta-Decay Spectroscopy of
Z = 55–67 Neutron-Rich Nuclei” (Peking University
in 2016), respectively. The RIBF Thesis Award was
co-hosted by UEC and Nishina Center.

Fig. 2. Ceremony for RIBF theses award 2017. It was pre-

sented to Dr. Jin Wu (left) and Dr. Kazuyuki Sekizawa

(right). Certificates and plates were given to winners.

References
1) https://indico2.riken.jp/event/2541/.
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1. Organization  
1.1 Organization Chartas of March 31, 2018 （End of FY2017）
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1.2 Topics in FY2017 
 
In fiscal year 2017, RNC discovered 73 new isotopes. The total number of new isotopes discovered at the RIBF from 2010 will reach about 
194 in the near future. 

With regard to Superheavy Element Research, RNC succeeded in creating copernicium using GARIS-II which is suitable for hot 
fusion. It was RNC’s first step on the road to search for more new superheavy elements such as element 119. 

Having developed new technology to produce a large amount of At-211, RNC has distributed radioisotopes of At-211 to several 
universities and institutes engaged in radionuclide therapy research. 
 

Year Date Topics in Management 

2017 

Apr. 1 Newly appointed: 
Director of the RIKEN BNL Research Center: Hideto En’yo 

Aug. 4 Review of the Safety Management Group 

Oct. 30 Review of the Accelerator Applications Research Group 

Nov. 2 Review of the Instrumentation Development Group, the Research Instruments Group 
and the User Liaison and Industrial Cooperation Group 

 
 
2. Finances 
 
A transition of the RNC budget for the past five years is shown in following graph. 

 

 
 
3. Staffing 
 
At the start of FY 2017, there were 165 personnel affiliated with RNC and 392 researchers visiting RNC for research purpose. The 
following graphs show a breakdown of personnel into six categories as of April 1, 2017, and a transition of the number of each category. 
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4. Research publication 
 
The number of papers published annually from RNC is shown graphically using the data obtained from Thomson Reuters’ Web of Science 
Documents.  
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Citation analysis for the past five years  
As of April, 2018 

Year 

Indicators 
2013 2014 2015 2016 2017 

Total number of papers 354 322 288 347 294 

Total number of citations 5250 4503 2866 2329 797 

Number of papers in top 10% 58 69 56 51 39 

Percentage of papers in top 10% 16.4 21.4 19.4 14.7 13.4 

Number of papers in top 1% 7 6 3 3 9 

Percentage of papers in top 1% 1.98 1.86 1.04 0.86 3.09 

 
 
5. Management 
 
Headed by the RNC Director Hideto En'yo, the RIKEN Nishina Center for Accelerator-Based Science (RNC) consists of: 
  

 8 Laboratories 
 1 Research unit 
 9 Groups with 25 Teams 
 2 overseas research centers with 3 Groups  

as of the latter half of FY2017. There are also three 'Partner Institutes' which conduct research in the laboratories set up in RNC. RNC is 
managed by its Director who takes into consideration the majority decision of the RNC Coordination Committee. The Nishina Center 
Planning Office under the auspices of President of RIKEN is responsible for administrative matters of RNC. The management of RNC is 
supported by the following committees: 

 
 Scientific Policy Committee 
 Program Advisory Committee 
 RIBF Machine-Time Committee 
 Public Relations Committee 

 
There are also committees to support the President of RIKEN and/or the Director of RNC such as: 

 
 Scientific Policy Committee 
 Nishina Center Advisory Council with three subcommittees 
 RBRC Scientific Review Committee (SRC) 
 International Advisory Committee for the RIKEN-RAL Muon Facility 
 RBRC Management Steering Committee (MSC) 

 
 
Nishina Center for Accelerator-based Science 
 
Executive Members (as of March 31, 2018) 

Hideto EN'YO Director RNC, Chief Scientist, Director of Radiation Laboratory 
Hiroyoshi SAKURAI Deputy Director (RIBF Research), RNC, Chief Scientist, Radioactive Isotope Physics Laboratory,  
 Group Director, Nuclear Transmutation Data Research Group 
Walter F. HENNING Senior Advisor 
Yasushige YANO Senior Advisor 
Tohru MOTOBAYASHI Senior Advisor 

 
 

RNC Coordination Committee 
 
The following subjects relevant to the RNC management are deliberated under the chairmanship of the RNC Director: 
 

 Establishment of the new organization or reorganization in RNC 
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 Personnel management of RNC researchers 
 Research themes and research budget 
 Approval of the Partner Institutes 
 Evaluation of the management of RNC and the response to the recommendations by external evaluation  

The RNC Coordination Committee is held monthly. 
 
Members (as of March 31, 2018) 

Hideto EN'YO Director, RNC, Chief Scientist, Radiation Laboratory 
Hiroyoshi SAKURAI Deputy Director, RNC, Chief Scientist, Radioactive Isotope Physics Laboratory, Group Director,  
 Nuclear Transmutation Data Research Group  
Walter F. HENNING Senior Advisor, RNC 
Yasushige YANO Senior Advisor, RNC 
Tohru MOTOBAYASHI Senior Advisor, RNC 
Tetsuo HATSUDA Chief Scientist, Quantum Hadron Physics Laboratory 
Masahiko IWASAKI Chief Scientist, Advanced Meson Science Laboratory 
Tomohiro UESAKA Chief Scientist, Spin isospin Laboratory 
Hideki UENO Chief Scientist, Nuclear Spectroscopy Laboratory, Group Director, Research Instruments Group 
Toru TAMAGAWA Chief Scientist, High Energy Astrophysics Laboratory 
Emiko HIYAMA Chief Scientist, Strangeness Nuclear Physics Laboratory 
Kosuke MORITA Group Director, Research Group for Superheavy Element, Team Leader, Superheavy Element Production Team 
Osamu KAMIGAITO Group Director, Accelerator Group, Group Director, High-Intensity Accelerator R&D Group 
Hideyuki SAKAI Group Director, User Liaison and Industrial Cooperation Group 
Hiroki OKUNO Deputy Group Director, Accelerator Group, Team Leader, Accelerator R&D Team, Team Leader,  
 Cryogenic Technology Team, Team Leader, High-Power Target R&D Team 
Nobuhisa FUKUNISHI Deputy Group Director, Accelerator Group, Team Leader, Beam Dynamics & Diagnostics Team 
Masayuki KASE Deputy Group Director, Accelerator Group, Team Leader, Infrastructure Management Team 
Tomoko ABE Group Director, Accelerator Applications Research Group, Team Leader, Ion Beam Breeding Team 
Yoshitomo UWAMINO Group Director, Safety Management Group 
Masanori WAKASUGI Group Director, Instrumentation Development Group, Team Leader, Rare RI-ring Team, Team Leader, SCRIT Team 
Yuko MOTIZUKI Research Unit Leader, Astro-Glaciology Research Unit 
Eiji IKEZAWA Team Leader, RILAC Team 
Takashi ICHIHARA Vice Chief Scientist, Radioactive Isotope Physics Laboratory, Team Leader, Computing and Network Team 
Hideaki OTSU Team Leader, SAMURAI Team, Team Leader, Fast RI Data Team 
Naruhiko SAKAMOTO Team Leader, Cyclotron Team, Team Leader, High-Gradient Cavity R&D Team 
Hiromi SATO Team Leader, Detector Team  
Toshiyuki SUMIKAMA Team Leader, Slow RI Data Team 
Takahide NAKAGAWA Team Leader, Ion Source Team 
Hiromitsu HABA Team Leader, RI Applications Team 
Teiichiro MATSUZAKI Team Leader, Muon Data Team 
Koji MORIMOTO Team Leader, Superheavy Element Device Development Team 
Atsushi YOSHIDA Team Leader, Industrial Cooperation Team 
Koichi YOSHIDA Team Leader, BigRIPS Team 
Ken-ichiro YONEDA Team Leader, RIBF User Liasison Team 
Michiharu WADA Team Leader, SLOWRI Team 
Yasuyuki AKIBA Vice Chief Scientist, Radiation Laboratory, Group Leader, Experimental Group, RIKEN BNL Research Center 
Katsuhiko ISHIDA Vice Chief Scientist, Advanced Meson Science Laboratory 
Tsukasa TADA Vice Chief Scientist, Quantum Hadron Physics Laboratory 
Kanenobu TANAKA Deputy Group Director, Safety Management Group 
Yasushi WATANABE Deputy Team Leader, RIBF User Liaison Team 
Noriko SHIOMITSU Director, Nishina Center Planning Office 

 
 
 

Nishina Center Planning Office 
 
The Nishina Center Planning Office is responsible for the following issues:   

 Planning and coordination of RNC’s research program and system 
 Planning and management of RNC’s use of budget 
 Public relations activities 

 
Members (as of March 31, 2018) 

Noriko SHIOMITSU Director, Nishina Center Planning Office 
Kazunori MABUCHI Manager, Nishina Center Planning Office, Administration Manager, RBRC, Administration Manager, 
 RIKEN Facility Office at RAL 
Keiko IWANO Deputy Manager, Nishina Center Planning Office 
Hiroshi ITO Deputy Manager, Nishina Center Planning Office, Deputy Administration Manager, RBRC 

 

 
 
 

Citation analysis for the past five years  
As of April, 2018 

Year 

Indicators 
2013 2014 2015 2016 2017 

Total number of papers 354 322 288 347 294 

Total number of citations 5250 4503 2866 2329 797 

Number of papers in top 10% 58 69 56 51 39 

Percentage of papers in top 10% 16.4 21.4 19.4 14.7 13.4 

Number of papers in top 1% 7 6 3 3 9 

Percentage of papers in top 1% 1.98 1.86 1.04 0.86 3.09 

 
 
5. Management 
 
Headed by the RNC Director Hideto En'yo, the RIKEN Nishina Center for Accelerator-Based Science (RNC) consists of: 
  

 8 Laboratories 
 1 Research unit 
 9 Groups with 25 Teams 
 2 overseas research centers with 3 Groups  

as of the latter half of FY2017. There are also three 'Partner Institutes' which conduct research in the laboratories set up in RNC. RNC is 
managed by its Director who takes into consideration the majority decision of the RNC Coordination Committee. The Nishina Center 
Planning Office under the auspices of President of RIKEN is responsible for administrative matters of RNC. The management of RNC is 
supported by the following committees: 

 
 Scientific Policy Committee 
 Program Advisory Committee 
 RIBF Machine-Time Committee 
 Public Relations Committee 

 
There are also committees to support the President of RIKEN and/or the Director of RNC such as: 

 
 Scientific Policy Committee 
 Nishina Center Advisory Council with three subcommittees 
 RBRC Scientific Review Committee (SRC) 
 International Advisory Committee for the RIKEN-RAL Muon Facility 
 RBRC Management Steering Committee (MSC) 

 
 
Nishina Center for Accelerator-based Science 
 
Executive Members (as of March 31, 2018) 

Hideto EN'YO Director RNC, Chief Scientist, Director of Radiation Laboratory 
Hiroyoshi SAKURAI Deputy Director (RIBF Research), RNC, Chief Scientist, Radioactive Isotope Physics Laboratory,  
 Group Director, Nuclear Transmutation Data Research Group 
Walter F. HENNING Senior Advisor 
Yasushige YANO Senior Advisor 
Tohru MOTOBAYASHI Senior Advisor 

 
 

RNC Coordination Committee 
 
The following subjects relevant to the RNC management are deliberated under the chairmanship of the RNC Director: 
 

 Establishment of the new organization or reorganization in RNC 
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Yukari ONISHI Chief, Nishina Center Planning Office 
Kumiko SUGITA Chief, Nishina Center Planning Office  
Yuko OKADA Task-Specific Employee 
Aiko KAWAMURA Task-Specific Employee 
Miyoko NAITO Task-Specific Employee  
Rie KUWANA Temporary Staff 
 

Scientific Policy Committee 
 
The Scientific Policy Committee deliberates on the following issues: 

 
 Research measures and policies of RNC 
 Administration of research facilities under RNC's management  

The Committee members are selected among professionals within and outside RNC. The members were not chosen nor the Committee held 
in FY2017. 
 
 
 

Program Advisory Committee 
 
The Program Advisory Committee reviews experimental proposals submitted by researchers and reports the approval/disapproval of the 
proposals to the RNC Director. The Committee also reports to the RNC Director the available days of operation at RIBF or the Muon 
Facility at RAL allocated to researchers. The Committee is divided into three categories according to the research field.  

 Nuclear Physics Experiments at RIBF (NP-PAC): academic research in nuclear physics 
 Materials and Life Science Researches at RNC (ML-PAC): academic research in materials science and life science 
 Industrial Program Advisory Committee (In-PAC): non-academic research 

 
Program Advisory Committee for Nuclear Physics Experiments at RI Beam Factory (NP-PAC) 
 
The 18th NP-PAC was held on December 7−9, 2017 at RIBF.  
Members (as of March 31, 2018) 

Angela BRACCO (Chair) INFN  
Dieter ACKERMANN  GANIL  
Andrei ANDREYEV  University of York 
Ikuko HAMAMOTO Lund University 
Robert V.F. JANSSENS University of North Carolina at Chapel Hill 
Augusto O. MACCHIAVELLI Lawrence Berkeley National Laboratory 
David J. MORRISSEY Michigan State University 
Tomofumi NAGAE Kyoto University 
Hitoshi NAKADA                 Chiba University  
Alexandre OBERTELLI Technische Universität Darmstadt  
Kazuyuki OGATA RCNP, Osaka University 
Tomas RAUSCHER University of Basel 
Kimiko SEKIGUCHI Tohoku University  
Haik SIMON GSI 
Piet VAN DUPPEN K.U.Leuven 
Yuhu ZHANG Institute of Modern Physics, CAS 

 
Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC) 
 
The 15th ML-PAC was held on January 11−12, 2018 at RIBF.  
Members (as of March 31, 2018) 

Adrian HILLIER (Chair) ISIS, RAL(UK) 
Toshiyuki AZUMA RIKEN 
Ryosuke KADONO Institute of Materials Structure Science(KEK) 
Atsushi KAWAMOTO Hokkaido University 
Norimichi KOJIMA Toyota RIKEN 
Kenya KUBO ICU 
Philippe MENDELS Universite Paris-SUD(France) 
Atsushi SHINOHARA Osaka University 
Shukri SULAIMAN Universiti Sains Malaysia (Malaysia) 
Hiroyuki YAMASE NIMS 
Shigeo YOSHIDA Thera-Projects 
Xu-Guang ZHENG Saga University 
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Industrial Program Advisory Committee (In-PAC) 
 
The 7th In-PAC was held on January 19, 2018 at RNC.  
Members (as of March 31, 2018) 

Akihiro IWASE (Chair) Osaka Prefecture University 
Toshiyuki AZUMA RIKEN 
Kenya KUBO International Christian University 
Hitoshi NAKAGAWA National Agriclture and Food Research Organization. 
Nobuhiko NISHIDA Toyota Physical and Chemical Research Institute 
Yasushi AOKI Sumitomo Heavy Industries, Ltd 

 
 

Safety Review Committee 
 
The Safety Review Committee is composed of two sub committees, the Safety Review Committee for Accelerator Experiments and the 
Hot-Lab Safety Review Committee. These Committees review the safety regarding the usage of radiation generating equipment based on 
the proposal submitted to the RNC Director from the spokesperson of the approved experiment. 
 
Safety Review Committee for Accelerator Experiments 

 
Members (as of March 31, 2018) 

Hiromi SATO (Chair) Team Leader, Detector Team 
Kouji MORIMOTO Team Leader, Superheavy Element Device Development Team 
Eiji IKEZAWA Team Leader, RILAC Team 
Hiromitsu HABA Team Leader, RI Applications Team 
Shinichiro MICHIMASA Assistant Prof., Center for Nuclear Study, University of Tokyo 
Hidetoshi YAMAGUCHI Lecturer, Center for Nuclear Study, University of Tokyo 
Yutaka WATANABE Associate Professor, High Energy Accelerataor Reserch Organization, KEK 
Atsushi YOSHIDA Team Leader, Industrial Cooperation Team 
Koichi YOSHIDA Team Leader, BigRIPS Team 
Naoki FUKUDA Nishina Center Research Scientist, BigRIPS Team 
Naruhiko SAKAMOTO Team Leader, Cyclotron Team 
Daisuke SUZUKI   Research Scientist, Radioactive Isotope Physics Laboratory 
Juzo ZENIHIRO   Research Scientist, Spin Isospin Laboratory 
Yuichi ICHIKAWA   Research Scientist, Nuclear Spectroscopy Laboratory 

 
Ex officio members 

Yoshitomo UWAMINO Group Director, Safety Management Group 
Kanenobu TANAKA Deputy Group Director, Management Group 
Hisao SAKAMOTO Nishina Center Technical Scientist, Safety Management Group 

 
Hot-Lab Safety Review Committee 

 
Members (as of March 31, 2017) 

Masako IZUMI (Chair) Senior Research Scientist, Ion Beam Breeding Team 
Yoshitomo UWAMINO Group Director, Safety Management Group 
Hisao SAKAMOTO Nishina Center Technical Scientist, Safety Management Group 
Hiroki MUKAI Assigned Employee, Safety Management Group 
Kanenobu TANAKA Deputy Group Director, Safety Management Group 
Hiromitsu HABA Team Leader, RI Applications Team 
 
 
 

RIBF Machine Time Committee 
 
Upon request of the RNC Director, the RIBF Machine Time Committee deliberates on the machine time schedule of RIBF, and reports the 
results to him. 

 
Members (as of March 31, 2018) 

Hideyuki SAKAI (Chair) Group Director, User Liaison and Industrial Cooperation Group 
Tomoko ABE Group Director, Accelerator Applications Research Group 
Nobuhisa FUKUNISHI Deputy Group Director for Stable and Efficient Operation, Accelerator Group 
Osamu KAMIGAITO Group Director, Accelerator Group 

             Deputy Group Director for Energy -Effciency Management, Accelerator Group 
Kouji MORIMOTO Team Leader, Superheavy Element Research Device Development Team 
Hiroki OKUNO Deputy Group Director for Intensity Upgrade, Accelerator Group 

Masayuki KASE

 

Yukari ONISHI Chief, Nishina Center Planning Office 
Kumiko SUGITA Chief, Nishina Center Planning Office  
Yuko OKADA Task-Specific Employee 
Aiko KAWAMURA Task-Specific Employee 
Miyoko NAITO Task-Specific Employee  
Rie KUWANA Temporary Staff 
 

Scientific Policy Committee 
 
The Scientific Policy Committee deliberates on the following issues: 

 
 Research measures and policies of RNC 
 Administration of research facilities under RNC's management  

The Committee members are selected among professionals within and outside RNC. The members were not chosen nor the Committee held 
in FY2017. 
 
 
 

Program Advisory Committee 
 
The Program Advisory Committee reviews experimental proposals submitted by researchers and reports the approval/disapproval of the 
proposals to the RNC Director. The Committee also reports to the RNC Director the available days of operation at RIBF or the Muon 
Facility at RAL allocated to researchers. The Committee is divided into three categories according to the research field.  

 Nuclear Physics Experiments at RIBF (NP-PAC): academic research in nuclear physics 
 Materials and Life Science Researches at RNC (ML-PAC): academic research in materials science and life science 
 Industrial Program Advisory Committee (In-PAC): non-academic research 

 
Program Advisory Committee for Nuclear Physics Experiments at RI Beam Factory (NP-PAC) 
 
The 18th NP-PAC was held on December 7−9, 2017 at RIBF.  
Members (as of March 31, 2018) 

Angela BRACCO (Chair) INFN  
Dieter ACKERMANN  GANIL  
Andrei ANDREYEV  University of York 
Ikuko HAMAMOTO Lund University 
Robert V.F. JANSSENS University of North Carolina at Chapel Hill 
Augusto O. MACCHIAVELLI Lawrence Berkeley National Laboratory 
David J. MORRISSEY Michigan State University 
Tomofumi NAGAE Kyoto University 
Hitoshi NAKADA                 Chiba University  
Alexandre OBERTELLI Technische Universität Darmstadt  
Kazuyuki OGATA RCNP, Osaka University 
Tomas RAUSCHER University of Basel 
Kimiko SEKIGUCHI Tohoku University  
Haik SIMON GSI 
Piet VAN DUPPEN K.U.Leuven 
Yuhu ZHANG Institute of Modern Physics, CAS 

 
Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC) 
 
The 15th ML-PAC was held on January 11−12, 2018 at RIBF.  
Members (as of March 31, 2018) 

Adrian HILLIER (Chair) ISIS, RAL(UK) 
Toshiyuki AZUMA RIKEN 
Ryosuke KADONO Institute of Materials Structure Science(KEK) 
Atsushi KAWAMOTO Hokkaido University 
Norimichi KOJIMA Toyota RIKEN 
Kenya KUBO ICU 
Philippe MENDELS Universite Paris-SUD(France) 
Atsushi SHINOHARA Osaka University 
Shukri SULAIMAN Universiti Sains Malaysia (Malaysia) 
Hiroyuki YAMASE NIMS 
Shigeo YOSHIDA Thera-Projects 
Xu-Guang ZHENG Saga University 
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Hiroyoshi SAKURAI Chief Scientist, Radioactive Isotope Physics Laboratory  
Hideki UENO Chief Scientist, Nuclear Spectroscopy Laboratory, Group Director, Research Instruments Group 
Tomohiro UESAKA Chief Scientist, Spin Isospin Laboratory 
Yoshitomo UWAMINO Group Director, Safety Management Group 
Masanori WAKASUGI Group Director, Instrumentation Development Group 
Koichi YOSHIDA Team Leader, BigRIPS Team 
Ken-ichiro YONEDA Team Leader, RIBF User Liasion Team 

 
External members 

Kentaro YAKO Associate Professor, Center for Nuclear Study, University of Tokyo 
Hidetoshi YAMAGUCHI Lecturer, Center for Nuclear Study, University of Tokyo 
Michiharu WADA Professor, High Energy Accelerataor Reserch Organization, KEK 
 

Observers 
Hideto EN'YO Director, RNC 
Susumu SHIMOURA Director, Center for Nuclear Study, University of Tokyo 
Hiroari MIYATAKE Director, KEK Wako Nuclear Science Center 
Hiromitsu HABA Team Leader, RI Applications Team 
Kosuke MORITA Group Director, Research Group for Superheavy Element 
Tohru MOTOBAYASHI Senior Advisor, RNC 
Hideaki OTSU Team Leader, SAMURAI Team 
Atsushi YOSHIDA Team Leader, Industrial Cooperation Team 
Kanenobu TANAKA Deputy Group Director, Safety Management Group 
Tadaaki ISOBE               Senior Reserch Scientist, Radioactive Isotope Physics Laboratory 
Kazunori MABUCHI Manager, Nishina Center Planning Office 
 
 
 

Public Relations Committee 
 
Upon request of the RNC Director, the Public Relations Committee deliberates and coordinates the following matters: 

 
 Creating public relations system for RNC 
 Prioritization of the public relations activities for RNC 
 Other general and important matters concerning the public relations of RNC 

 

Members (as of March 31, 2018) 
Noriko SHIOMITSU (Chair) Director, Nishina Center Planning Office 
Hiroyoshi SAKURAI Deputy Director, RNC, Chief Scientist, Radioactive Isotope Physics Laboratory  
Tetsuo HATSUDA Chief Scientist, Quantum Hadron Physics Laboratory 
Tohru MOTOBAYASHI Senior Advisor 
Walter F. HENNING Senior Advisor 
Yasushige YANO Senior Advisor 
Masahiko IWASAKI Chief Scientist, Advanced Meson Science Laboratory 
Tomohiro UESAKA  Chief Scientist, Spin isospin Laboratory 
Hideki UENO Chief Scientist, Nuclear Spectroscopy Laboratory, Group Director, Research Instruments Group 
Toru TAMAGAWA Chief Scientist, High Energy Astrophysics Laboratory 
Emiko HIYAMA Chief Scientist, Strangeness Nuclear Physics Laboratory 
Kosuke MORITA Group Director, Research Group for Superheavy Element 
Osamu KAMIGAITO Group Director, Accelerator Group 
Hideyuki SAKAI Group Director, User Liaison and Industrial Cooperation Group 

 
 
 

RBRC Management Steering Committee (MSC) 
 
RBRC MSC is set up according to the Memorandum of Understanding between RIKEN and BNL concerning the collaboration on the Spin 
Physics Program at the Relativistic Heavy Ion Collider (RHIC). The 23rd MSC was held on June 15, 2017. 
 
Members (as of June 15, 2017) 

Yoichiro MATSUMOTO Executive Director, RIKEN 
Shoji NAGAMIYA Science Advisor, RIKEN 
Tetsuo HATSUDA             Progrum Director, RIKEN Interdisciplinary Theoretical and Mathematical Sciences Program 
Berndt MUELLER Associate Laboratory Director for Nuclear and Particle Physics, BNL 
Satoshi OZAKI Senior Scientist Emeritus, BNL  
David LISSAUER Deputy Chair, Physics Department, BNL 
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6. International Collaboration 
 

Country Partner Institute Objects RNC contact person 

Austria Stefan Meyer Institute for 
Subatomic Physics 

Experimental and theoretical hadron physics, 
especially in exotic hadronic atoms and 
meson and baryon nuclear bound states 

Masahiko IWASAKI, Chief Scientist, Advanced 
Meson Science Laboratory 

China China Nuclear Physics Society Creation of the council for China -Japan 
research collaboration on nuclear physics 

Hiroyoshi SAKURAI, Deputy Director, RNC, Chief 
Scientist, Radioactive Isotope Physics Laboratory 

 Peking University Nuclear Science Hiroyoshi SAKURAI, Deputy Director, RNC, Chief 
Scientist, Radioactive Isotope Physics Laboratory 

 Institute of Modern Physics, 
Chinese Academy of Science Physics of heavy ions Hiroyoshi SAKURAI, Deputy Director, RNC, Chief 

Scientist, Radioactive Isotope Physics Laboratory 

 School of Nuclear Science and 
Technology, Lanzhou University Framework Yue MA, Senior Research Scientist, Advanced 

Meson Science Laboratory 

 School of Physics, Nanjing 
University Framework Emiko HIYAMA, Chief Scientist, Strangeness 

Nuclear Physics Laboratory 

 

Department of Physics, Faculty of 
Science, The Univ. of Hong Kong 

Experimental and educational research 
collaboration in the area of experimental 
nuclear physics 

Hiroyoshi SAKURAI, Deputy Director, RNC, Chief 
Scientist, Radioactive Isotope Physics Laboratory 

School of physics, Nankai 
University Framework Emiko HIYAMA, Chief Scientist, Strangeness 

Nuclear Physics Laboratory 

Finland University of Jyvaskyla Basic nuclear physics and related 
instrumentation Michiharu WADA, Team Leader, SLOWRI Team 

France 
National Institute of Nuclear 
Physics and Particle Physics 
(IN2P3) 

Physics of heavy ions Tohru MOTOBAYASHI, Senior Advisor, RNC 

 CNRS, CEA,GANIL, Université 
Paris Sud, etc. 

Creation of an International Associated 
Laboratory (LIA) 
French-Japanese International Associated 
Laboratory for Nuclear Structure Problems 

Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 

 CEA-DSM The use of MINOS device at RIKEN Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 

 
SIMEM Graduate School, 
Department of Physics, Caen 
University 

Framework Tohru MOTOBAYASHI, Senior Advisor, RNC 

 

Centre National de la Rocherche 
Scientifique（CSRS）
Commissariat A L'Energie 
Atomique Et Aux Energies 
Alternatives (CEA) 

Research Collaboration in EXPAND
（Exploration Across the Neutron Dripline）
project 

Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 

Germany Technische Universität München Nuclear physics, hadron physics, nuclear 
astrophysics 

Emiko HIYAMA, Chief Scientist, Strangeness 
Nuclear Physics Laboratory 

 GSI Physics of heavey ions and accelerator Hiroyoshi SAKURAI, Deputy Director, RNC, Chief 
Scientist, Radioactive Isotope Physics Laboratory 

 Department of Physics, 
Technische Universität Darmstadt Framework Emiko HIYAMA, Chief Scientist, Strangeness 

Nuclear Physics Laboratory 

Hungary 
The Institute of Nuclear Research 
of the Hungarian Academy of 
Sciences (ATOMKI) 

Nuclear physics, Atomic Physics Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 

Indonesia ITB, UNPAD, ITS, UGM, UI Material science using muons at the 
RIKEN-RAL muon facility 

Masahiko IWASAKI, Chief Scientist, Advanced 
Meson Science Laboratoy 

 Universitas Hasanuddin 
Agricultural science and related fields 
involving heavy-ion beam mutagenesis using 
Indonesian crops 

Tomoko ABE, Group Director, Accelerator 
Applications Research Group 

Italy 
Applied Physics Division, 
National Institute for New 
Technologies, Energy and 
Environment (ENEA) 

Framework Tohru MOTOBAYASHI, Senior Advisor, RNC 

 
European Center for Theoretical 
Studies in Nuclear Physics and 
Related Areas (ECT*) 

Theoretical physics Tetsuo HATSUDA, Chief Scientist, Quantum 
Hadron Physics Laboratory 

 

Hiroyoshi SAKURAI Chief Scientist, Radioactive Isotope Physics Laboratory  
Hideki UENO Chief Scientist, Nuclear Spectroscopy Laboratory, Group Director, Research Instruments Group 
Tomohiro UESAKA Chief Scientist, Spin Isospin Laboratory 
Yoshitomo UWAMINO Group Director, Safety Management Group 
Masanori WAKASUGI Group Director, Instrumentation Development Group 
Koichi YOSHIDA Team Leader, BigRIPS Team 
Ken-ichiro YONEDA Team Leader, RIBF User Liasion Team 

 
External members 

Kentaro YAKO Associate Professor, Center for Nuclear Study, University of Tokyo 
Hidetoshi YAMAGUCHI Lecturer, Center for Nuclear Study, University of Tokyo 
Michiharu WADA Professor, High Energy Accelerataor Reserch Organization, KEK 
 

Observers 
Hideto EN'YO Director, RNC 
Susumu SHIMOURA Director, Center for Nuclear Study, University of Tokyo 
Hiroari MIYATAKE Director, KEK Wako Nuclear Science Center 
Hiromitsu HABA Team Leader, RI Applications Team 
Kosuke MORITA Group Director, Research Group for Superheavy Element 
Tohru MOTOBAYASHI Senior Advisor, RNC 
Hideaki OTSU Team Leader, SAMURAI Team 
Atsushi YOSHIDA Team Leader, Industrial Cooperation Team 
Kanenobu TANAKA Deputy Group Director, Safety Management Group 
Tadaaki ISOBE               Senior Reserch Scientist, Radioactive Isotope Physics Laboratory 
Kazunori MABUCHI Manager, Nishina Center Planning Office 
 
 
 

Public Relations Committee 
 
Upon request of the RNC Director, the Public Relations Committee deliberates and coordinates the following matters: 

 
 Creating public relations system for RNC 
 Prioritization of the public relations activities for RNC 
 Other general and important matters concerning the public relations of RNC 

 

Members (as of March 31, 2018) 
Noriko SHIOMITSU (Chair) Director, Nishina Center Planning Office 
Hiroyoshi SAKURAI Deputy Director, RNC, Chief Scientist, Radioactive Isotope Physics Laboratory  
Tetsuo HATSUDA Chief Scientist, Quantum Hadron Physics Laboratory 
Tohru MOTOBAYASHI Senior Advisor 
Walter F. HENNING Senior Advisor 
Yasushige YANO Senior Advisor 
Masahiko IWASAKI Chief Scientist, Advanced Meson Science Laboratory 
Tomohiro UESAKA  Chief Scientist, Spin isospin Laboratory 
Hideki UENO Chief Scientist, Nuclear Spectroscopy Laboratory, Group Director, Research Instruments Group 
Toru TAMAGAWA Chief Scientist, High Energy Astrophysics Laboratory 
Emiko HIYAMA Chief Scientist, Strangeness Nuclear Physics Laboratory 
Kosuke MORITA Group Director, Research Group for Superheavy Element 
Osamu KAMIGAITO Group Director, Accelerator Group 
Hideyuki SAKAI Group Director, User Liaison and Industrial Cooperation Group 

 
 
 

RBRC Management Steering Committee (MSC) 
 
RBRC MSC is set up according to the Memorandum of Understanding between RIKEN and BNL concerning the collaboration on the Spin 
Physics Program at the Relativistic Heavy Ion Collider (RHIC). The 23rd MSC was held on June 15, 2017. 
 
Members (as of June 15, 2017) 

Yoichiro MATSUMOTO Executive Director, RIKEN 
Shoji NAGAMIYA Science Advisor, RIKEN 
Tetsuo HATSUDA             Progrum Director, RIKEN Interdisciplinary Theoretical and Mathematical Sciences Program 
Berndt MUELLER Associate Laboratory Director for Nuclear and Particle Physics, BNL 
Satoshi OZAKI Senior Scientist Emeritus, BNL  
David LISSAUER Deputy Chair, Physics Department, BNL 
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Country Partner Institute Objects RNC contact person 

Korea Seoul National University Nishina School Hiroyoshi SAKURAI, Deputy Director, Chief 
Scientist, Radioactive Isotope Physics Laboratory 

 Department of Physics, 
Kyungpook National University Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 

Laboratory 

 College of Science, Yonsei 
University Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 

Laboratory 

 Department of Physics, Korea 
University Framework Hideto EN’YO, Chief Scientist, Radiation 

Laboratory  

 College of Natural Science, Ewha 
Women’s University Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 

Laboratory 

 College of Natural Sciences, 
INHA Univ. Framework Emiko HIYAMA, Chief Scientist, Strangeness 

Nuclear Physics Laboratory 

Malaysia Universiti Sains Malaysia Muon Science Isao WATANABE, Senior Research Scientist, 
Advanced Meson Science Laboratoy 

Poland 
the Henryk Niewodniczanski 
Institute of Nuclear 
Physics, Polish Academy of 
Sciences(IFPAN) 

Framework Hiroyoshi SAKURAI, Deputy Director, RNC, Chief 
Scientist, Radioactive Isotope Pfysicis Laboratory 

Romania 
“Horia Hulubei” National 
Institute of Physics and Nuclear 
Engineering Bucharest-Magurele, 
Romania 

Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 

Russia Joint Institute for Nuclear 
Research (JINR) Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 

Laboratory 

 Russian Research Center 
“Kurchatov Institute” Framework Hiroyoshi SAKURAI, Tomohiro UESAKA, Osamu 

KAMIGAITO, Masanori WAKASUGI 

Switzerland Paul Scherrer Institute Improve the performance and reliability of 
accelerator systems Osamu KAMIGAITO, Director, Accelerator Group 

 CERN RD-51 R&D programme for micro-pattern 
gas detectors (MPGD) 

Hideto EN’YO, Chief Scientist, Radiation 
Laboratory  

 CERN Collaboration in the ALICE Experiment as 
an Associate Member 

Hideto EN’YO, Chief Scientist, Radiation 
Laboratory  

UK The Science and Technology 
Facilities Council  

Muon science using the ISIS Facility at the 
Rutherford Appleton Laboratory 

Philip KING, Director of RIKEN-RAL muon 
facility 

 University of Surrey Theoretical physics Tetsuo HATSUDA, Chief Scientist, Quantum 
Hadron Physics Laboratory 

USA BNL The Spin Physics Program at the Relativistic 
Heavy Ion Collider (RHIC) 

Hideto EN’YO, Chief Scientist, Radiation 
Laboratory 

 Columbia University The development of QCDCQ Taku IZUBUCHI, Group Leader, Computing 
Group, RBRC 

 Michigan State University Comprehensive 
The use of TPC (Time Projection Chamber) 

Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 
Hiroyoshi SAKURAI, Deputy Director, RNC Chief 
Scientist, Radioactive Isotope Physics Laboratory, 
Tadaaki ISOBE, Senior Research Scientist, 
Radioactive Isotope Physics Laboratory 

Vietnam Vietnam Atomic Energy 
Commission Framework Tohru MOTOBAYASHI, Senior Advisor, RNC 

 
Institute of Physics, Vietnam 
Academy of Science and 
Technology 

Framework Hiroyoshi SAKURAI, Deputy Director, RNC, Chief 
Scientist, Radioactive Isotope Physics Laboratory 

Europe 
European Nuclear Science and 
Application 
Research2 

Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 
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7. Awards 
 

Awardee, Laboratory / Team Award Organization Date 

The Research Group for Superheavy Element HAPPY NEWS 2016 The Japan Newspaper Publishers & 
Editors Association Apr. 8 

The Element 113 Research Group The 2017 48th Seiun Awards Non- 
Section category The Japan Science Fiction Convention Aug. 26 

Yusuke KAZAMA, Contract Researcher at the Ion 
Breeding Team  BSJ Encouragement Prize  The Botanical Society of Japan(BSJ)  Sep. 9 

Naoki KIMURA, Student Trainee at the SLOWRI Team The Young Scientist Award The Atomic Collision Society of Japan Oct. 11 

Rachid NOUICER, Visiting Scientist at the Experiment 
Group of the RIKEN BNL Research Center APS Fellow The Atomic Collision Society of Japan Oct. 12 

Kosuke MORITA, Group Director of the Research Group 
for Superheavy Element 

The 76th Western Japan Culture 
Award Nishi Nihon Shimbunsha Nov. 13 

Taiki TANAKA, Junior Research Associate at the 
Superheavy Element Production Team, the members of the 
Research Group for Superheavy Element 

Papers of Editors' Choice The Physical Society of Japan Dec. 14 

Hiroshi SUZUKI, Visiting Scientist at Quantum Hadron 
Physics Laboratory The 2017 Yukawa-Kimura Prize Yukawa Institute for Theoretical 

Physics, Kyoto University Nov. 16 

Hiromitsu HABA, Team Leader at the RI Applications 
Team 

The BRAVE Prize and the Cosmo Bio 
Awar Cosmo Bio Mar. 5 

Yukari MATSUO, Senior Visiting Scientist at Nuclear 
Spectroscopy Laboratory 

The 8th Promotion and Nurturing of 
Female Researchers Contribution 
Award (Kodate Kashiko Award) 

The Japan Society of Applied Physics 
(JSAP) Mar. 17 

Naoki KIMURA, Student Trainee at the SLOWRI Team The 6th Student Presentation Award The Physical Society of Japan Mar. 23 

Sohtaro KANDA, Special Postdoctoral Researcher at the 
Advanced Meson Science Laboratory 

The 4th Student Encouragement 
Award for FY2017 

The Society of Muon and Meson 
Science of Japan Mar. 23 

Sohtaro KANDA, Special Postdoctoral Researcher at the 
Advanced Meson Science Laboratory 

The 12th (2018) Young Scientist 
Award The Physical Society of Japan Mar. 23 

Hajime TOGASHI, Special Postdoctoral Researcher at the 
Strangeness Nuclear Physics Laboratory 

The 12th (2018) Young Scientist 
Award The Physical Society of Japan Mar. 23 

Gaku MITSUKA, RBRC Researcher at the Experiment 
Group of the RIKEN BNL Research Center 

The 12th (2018) Young Scientist 
Award The Physical Society of Japan Mar. 23 

 
 
  

 

Country Partner Institute Objects RNC contact person 

Korea Seoul National University Nishina School Hiroyoshi SAKURAI, Deputy Director, Chief 
Scientist, Radioactive Isotope Physics Laboratory 

 Department of Physics, 
Kyungpook National University Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 

Laboratory 

 College of Science, Yonsei 
University Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 

Laboratory 

 Department of Physics, Korea 
University Framework Hideto EN’YO, Chief Scientist, Radiation 

Laboratory  

 College of Natural Science, Ewha 
Women’s University Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 

Laboratory 

 College of Natural Sciences, 
INHA Univ. Framework Emiko HIYAMA, Chief Scientist, Strangeness 

Nuclear Physics Laboratory 

Malaysia Universiti Sains Malaysia Muon Science Isao WATANABE, Senior Research Scientist, 
Advanced Meson Science Laboratoy 

Poland 
the Henryk Niewodniczanski 
Institute of Nuclear 
Physics, Polish Academy of 
Sciences(IFPAN) 

Framework Hiroyoshi SAKURAI, Deputy Director, RNC, Chief 
Scientist, Radioactive Isotope Pfysicis Laboratory 

Romania 
“Horia Hulubei” National 
Institute of Physics and Nuclear 
Engineering Bucharest-Magurele, 
Romania 

Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 

Russia Joint Institute for Nuclear 
Research (JINR) Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 

Laboratory 

 Russian Research Center 
“Kurchatov Institute” Framework Hiroyoshi SAKURAI, Tomohiro UESAKA, Osamu 

KAMIGAITO, Masanori WAKASUGI 

Switzerland Paul Scherrer Institute Improve the performance and reliability of 
accelerator systems Osamu KAMIGAITO, Director, Accelerator Group 

 CERN RD-51 R&D programme for micro-pattern 
gas detectors (MPGD) 

Hideto EN’YO, Chief Scientist, Radiation 
Laboratory  

 CERN Collaboration in the ALICE Experiment as 
an Associate Member 

Hideto EN’YO, Chief Scientist, Radiation 
Laboratory  

UK The Science and Technology 
Facilities Council  

Muon science using the ISIS Facility at the 
Rutherford Appleton Laboratory 

Philip KING, Director of RIKEN-RAL muon 
facility 

 University of Surrey Theoretical physics Tetsuo HATSUDA, Chief Scientist, Quantum 
Hadron Physics Laboratory 

USA BNL The Spin Physics Program at the Relativistic 
Heavy Ion Collider (RHIC) 

Hideto EN’YO, Chief Scientist, Radiation 
Laboratory 

 Columbia University The development of QCDCQ Taku IZUBUCHI, Group Leader, Computing 
Group, RBRC 

 Michigan State University Comprehensive 
The use of TPC (Time Projection Chamber) 

Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 
Hiroyoshi SAKURAI, Deputy Director, RNC Chief 
Scientist, Radioactive Isotope Physics Laboratory, 
Tadaaki ISOBE, Senior Research Scientist, 
Radioactive Isotope Physics Laboratory 

Vietnam Vietnam Atomic Energy 
Commission Framework Tohru MOTOBAYASHI, Senior Advisor, RNC 

 
Institute of Physics, Vietnam 
Academy of Science and 
Technology 

Framework Hiroyoshi SAKURAI, Deputy Director, RNC, Chief 
Scientist, Radioactive Isotope Physics Laboratory 

Europe 
European Nuclear Science and 
Application 
Research2 

Framework Tomohiro UESAKA, Chief Scientist, Spin Isospin 
Laboratory 
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8. Brief overview of the RI Beam Factory 
 

Intensity of Primary Beams 

 
Achieved beam intensities (as of March 2018) 

 

 238U    70 pnA (345 MeV/nucleon, Nov. 2017) 
 124Xe   102 pnA (345 MeV/nucleon, Apr. 2016) 
 86Kr    30 pnA (345 MeV/nucleon, Nov. 2007) 
 78Kr   486 pnA (345 MeV/nucleon, May. 2015) 
 70Zn    250 pnA (345 MeV/nucleon, May 2017) 
 48Ca   730 pnA (345 MeV/nucleon, Nov. 2016) 
 18O  1000 pnA (345 MeV/nucleon, Jun. 2010) 
 14N   400 pnA (250 MeV/nucleon, Oct. 2010) 
 4He  1000 pnA (250 MeV/nucleon, Oct. 2009) 
 d  1000 pnA (250 MeV/nucleon, Oct. 2010) 
 pol. d   120 pnA, P~80% (250 MeV/nucleon, May 2015) 
 
 

History of Beam Intensity Upgrade 
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Total beam time for experiments 

 

 
 
 

Total beam time allocated to BigRIPS experiments 
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Theoretical Research Division 
Quantum Hadron Physics Laboratory 

 
1. Abstract 

Atomic nuclei are made of protons and neutrons bound by the exchange of pion and other mesons. Also, protons and neutrons are 
made of quarks bound by the exchange of gluons. These strong interactions are governed by the non-Abelian gauge theory called the quantum 
chromodynamics (QCD). On the basis of theoretical and numerical analyses of QCD, we study the interactions between the nucleons, 
properties of the dense quark matter realized at the center of neutron stars, and properties of the hot quark-gluon plasma realized in the early 
Universe. Strong correlations common in QCD and cold atoms are also studied theoretically to unravel the universal features of the strongly 
interacting many-body systems. Developing perturbative and non-perturbative techniques in quantum field theory and string theory are of 
great importance not only to solve gauge theories such as QED and QCD, but also to find the theories beyond the standard model of elementary 
particles. Various theoretical approaches along this line have been attempted. 
 
2. Major Research Subjects 
(1) Perturbative and non-perturbative methods in quantum field theories 
(2) Theory of spontaneous symmetry breaking 
(3) Lattice gauge theory 
(4) QCD under extreme conditions 
(5) Nuclear and atomic many-body problems  
 
3. Summary of Research Activity 
(1) Perturbative and non-perturbative methods in quantum field theories 
(1-1) 10th order QED calculation and the lepton anomalous magnetic moments 
First preliminary value of the tenth-order QED contribution to the electron anomalous magnetic moment ae = (g−2)/2 was reported by us in 
2012. Since then, we have been improving and establishing its accuracy: We reevaluated the most difficult and large set of the Feynman 
diagrams by using advanced techniques of numerical calculation especially suitable to RIKEN’s supercomputer. As a result, we have obtained 
precise values for the eighth- and tenth-order terms. Assuming the validity of the standard model, it leads to the world-best value of the fine-
structure constant α−1(ae) = 137.035 999 1570(29)(27)(18)(331), where uncertainties are from the eighth-order term, tenth-order term, 
hadronic and electroweak terms, and the experimental measurement of ae. This is the most precise value of α available at present in the 
world and provides a stringent constraint on possible theories beyond the standard model. 
(1-2) Picard–Lefschetz theory and the sign problem 
Understanding strongly-correlated quantum field theories and many-body systems has been one of the ultimate goals in contemporary physics. 
Exact diagonalization of a Hamiltonian provides us with complete information on the system; however, it usually requires the huge 
computational cost and is limited to small systems. For large systems, numerical simulation on discretized spacetime lattice with quantum 
Monte Carlo method is a powerful ab initio tool based on the importance sampling. In many quantum systems of great interest, however, it 
suffers from the so-called sign problem; large cancellation occurs between positive and negative quantities to obtain physical signals, so that 
the computational time grows exponentially with the system size. So far, many attempts have been proposed overcome the sign problem, 
which include the two promising candidates, the complex Langevin method and the Lefschetz-thimble method. In particular, the Lefschetz-
thimble approach is a generalization of the steepest descent method for multiple oscillatory integrals. In the past few years, we have studied 
extensively the mathematical basis of the Lefschetz-thimble method as well as its practical applications to quantum systems such as the real-
time path integral for quantum tunneling, zero-dimensional bosonic and fermionic models, the one-site Hubbard model, and Polyakov-loop 
effective models for QCD.  We have shown that the interference among multiple Lefschetz thimbles is important to reproduce the general 
non-analytic behavior of the observables as a function of the external parameter. Such an interference is a key to understand the sign problem 
of finite-density QCD. 
(1-3) Functional renormalization group 
• BEC-BCS crossover in cold fermionic atoms 
We have developed a fermionic functional renormalization group (FRG) and applied this method to describe the superfluid phase transition 
of the two-component fermionic system with an attractive contact interaction. The connection between the fermionic FRG approach and the 
conventional Bardeen-Cooper-Schrieffer (BCS) theory with Gorkov and Melik-Barkhudarov (GMB) correction was clarified in the weak 
coupling region by using the renormalization group flow of the fermionic four-point vertex with particle-particle and particle-hole scatterings. 
To go beyond the BCS+GMB theory, coupled FRG flow equations of the fermion self-energy and the four-point vertex are studied under an 
Ansatz concerning their frequency/momentum dependence. We found that the fermion self-energy turns out to be substantial even in the 
weak coupling regime, and the frequency dependence of the four-point vertex is essential to obtain the correct asymptotic-ultraviolet behavior 
of the flow for the self-energy. The superfluid transition temperature and the associated chemical potential were evaluated in the region of 
negative scattering lengths. 
• Tricritical point of the superconducting transition 
The order of the phase transition in the Abelian Higgs model with complex scalar fields became of interest because of the analyses of the 
spontaneous symmetry breaking due to radiative corrections in 3+1 dimensions, and of a superconductor near the critical point with the 
dimensionally reduced Ginzburg-Landau theory. Indeed, the fluctuations of the gauge field were of great importance and may even turn the 
second-order transition to first-order at least for strongly type-I superconductors. We analyzed the order of the superconducting phase 
transition via the functional renormalization group approach: We derived for the first time fully analytic expressions for the β functions of 
the charge and the self-coupling in the Abelian Higgs model with N-component scalar field in d = 3 dimensions. The result supports the 
existence of two charged fixed-points: an infrared (IR) stable fixed point describing a second-order phase transition and a tricritical fixed 
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point controlling the region of the parameter space that is attracted by the former one. It was found that the region separating first and second-
order transitions can be uniquely characterized by the critical Ginzburg-Landau parameter, κc ≈ 0.62/ √ 2 for N=1. 
• Chiral dynamics under strong magnetic field 
The magnetic field is not only interesting as a theoretical probe to the dynamics of QCD, but also important in cosmology and astrophysics: 
A class of neutron stars called magnetars has a strong surface magnetic field of order 1010 T while the primordial magnetic field in early 
Universe is estimated to be even as large as ~ 1019 T. In non-central heavy-ion collisions at RHIC and LHC, a magnetic field of the strength 
~ 1015 T perpendicular to the reaction plane could be produced and can have impact on the thermodynamics and transport properties of the 
quark-gluon plasma. We investigated the quark-meson model in a magnetic field using the functional renormalization group equation beyond 
the local-potential approximation. We considered anisotropic wave function renormalization for mesons in the effective action, which allows 
us to investigate how the magnetic field distorts the propagation of neutral mesons. We found that the transverse velocity of mesons decreases 
with the magnetic field at all temperatures. Also, the constituent quark mass is found to increase with magnetic field, resulting in the crossover 
temperature that increases monotonically with the magnetic field. 
(1-4) Emergent spacetime 
In quantum field theories, symmetry plays an essential and exceptional role. Focusing on some proper symmetry and delving into its meaning 
have been proven to be one of the most fruitful strategies. A recent example is the SO(2, 4) symmetry in AdS/CFT correspondence which 
leads to unexpected connection between gravity and gauge theory defined in different dimensions.  We offer another example of quantum 
field theory where symmetry plays a central role and reveals interesting phenomena: Our focal point is the global conformal symmetry in 
two dimensional conformal field theory (2d CFT), which is homomorphic to SL(2, R). We have shown that 2d CFT admits a novel 
quantization which we call dipolar quantization. Usually the study of the quantum field theory starts by defining the spacetime where the 
field is situated. On the other hand, in our case, we first obtain quantum system and then the nature of spacetime emerges. This is in accordance 
with the general ideas of emergent spacetime such as those discussed in matrix models. 
 
(2) Theory of spontaneous symmetry breaking 
(2-1) Dispersion relations of Nambu-Goldstone modes at finite temperature and density 
We clarified the dispersion relations of Nambu-Goldstone (NG) modes associated with spontaneous breaking of internal symmetries at finite 
temperature and/or density. We showed that the dispersion relations of type-A and type-B NG modes are linear and quadratic in momentum, 
whose imaginary parts are quadratic and quartic, respectively. In both cases, the real parts of the dispersion relations are larger than the 
imaginary parts when the momentum is small, so that the NG modes can propagate for long distances. We derived the gap formula for NG 
modes in the presence of explicit symmetry breaking. We also discussed the gapped partners of type-B NG modes, when type-A and type-B 
NG modes coexist. 
(2-2) Effective field theory for spacetime symmetry breaking 
We studied the effective field theory for spacetime symmetry breaking from the local symmetry point of view. By gauging spacetime 
symmetries, the identification of Nambu-Goldstone (NG) fields and the construction of the effective action were performed based on the 
breaking pattern of diffeomorphism, local Lorentz, and isotropic Weyl symmetries as well as the internal symmetries including possible 
central extensions in nonrelativistic systems. Such a local picture provides a correct identification of the physical NG fields, while the standard 
coset construction based on global symmetry breaking does not. We also revisited the coset construction for spacetime symmetry breaking: 
Based on the relation between the Maurer-Cartan one-form and connections for spacetime symmetries, we classified the physical meanings 
of the inverse Higgs constraints by the coordinate dimension of broken symmetries. Inverse Higgs constraints for spacetime symmetries with 
a higher dimension remove the redundant NG fields, whereas those for dimensionless symmetries can be further classified by the local 
symmetry breaking pattern. 
(2-3) Nambu-Goldstone modes in dissipative systems 
Spontaneous symmetry breaking (SSB) in Hamiltonian systems is a universal and widely observed phenomena in nature, e.g., the electroweak 
and chiral symmetry breakings, superconductors, ferromagnets, solid crystals, and so on.  It is also known that the SSB occurs even in 
dissipative systems such as reaction diffusion system and active matters. The translational symmetry in the reaction diffusion system is 
spontaneously broken by a spatial pattern formation such as the Turing pattern in biology. The rotational symmetry is spontaneously broken 
in the active hydrodynamics which describes collective motion of biological organisms. We found that there exist two types of NG modes in 
dissipative systems corresponding to type-A and type-B NG modes in Hamiltonian systems. By taking the O(N) scalar model obeying a 
Fokker-Planck equation as an example, we have shown that the type-A NG modes in the dissipative system are diffusive modes, while they 
are propagating modes in Hamiltonian systems. We pointed out that this difference is caused by the existence of two types of Noether charges, 
QαR and QαA : QαR are symmetry generators of Hamiltonian systems, which are not generally conserved in dissipative systems. QαA are 
symmetry generators of dissipative systems described by the Fokker-Planck equation and are conserved. We found that the NG modes are 
propagating modes if QαR are conserved, while those are diffusive modes if they are not conserved.  
 
(3) Lattice gauge theory 
(3-1) Hadron interactions from lattice QCD 
One of the most important goals in nuclear physics is to determine baryon-baryon interactions directly from QCD. To achieve this goal, the 
HAL QCD Collaboration has been developing a novel lattice QCD formulation (HAL QCD method) and performing first-principles 
numerical simulations. We have calculated the spin-orbit forces for the first time from QCD by the HAL QCD method, and have observed 
the attraction in the 3P2 channel related to the P-wave neutron superfluidity in neutron star cores. Our calculation of the N-Ω interaction shows 
that this system is bound in the 5S2 channel. We have shown that the Ω-Ω interaction in the spin-singlet channel is in the unitary region where 
the scattering length becomes large. Three-nucleon forces have been calculated for several heavy quark masses. Our lattice calculations was 
extended to the heavy quark systems, e.g. the exotic tetraquark, Tcc and Tcs. Properties of the light and medium-heavy nuclei (4He, 16O, 40Ca) 
have been calculated by combining the nuclear many-body techniques and the nuclear forces obtained from lattice QCD. Also, we have 
theoretically and numerically shown that the Luscher’s method traditionally used in studying the hadron-hadron interactions does not lead to 
physical results for baryon-baryon interactions unless the lattice volume is unrealistically large, so that the HAL QCD method is the only 
reliable approach to link QCD to nuclear physics. 
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the computational time grows exponentially with the system size. So far, many attempts have been proposed overcome the sign problem, 
which include the two promising candidates, the complex Langevin method and the Lefschetz-thimble method. In particular, the Lefschetz-
thimble approach is a generalization of the steepest descent method for multiple oscillatory integrals. In the past few years, we have studied 
extensively the mathematical basis of the Lefschetz-thimble method as well as its practical applications to quantum systems such as the real-
time path integral for quantum tunneling, zero-dimensional bosonic and fermionic models, the one-site Hubbard model, and Polyakov-loop 
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To go beyond the BCS+GMB theory, coupled FRG flow equations of the fermion self-energy and the four-point vertex are studied under an 
Ansatz concerning their frequency/momentum dependence. We found that the fermion self-energy turns out to be substantial even in the 
weak coupling regime, and the frequency dependence of the four-point vertex is essential to obtain the correct asymptotic-ultraviolet behavior 
of the flow for the self-energy. The superfluid transition temperature and the associated chemical potential were evaluated in the region of 
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• Tricritical point of the superconducting transition 
The order of the phase transition in the Abelian Higgs model with complex scalar fields became of interest because of the analyses of the 
spontaneous symmetry breaking due to radiative corrections in 3+1 dimensions, and of a superconductor near the critical point with the 
dimensionally reduced Ginzburg-Landau theory. Indeed, the fluctuations of the gauge field were of great importance and may even turn the 
second-order transition to first-order at least for strongly type-I superconductors. We analyzed the order of the superconducting phase 
transition via the functional renormalization group approach: We derived for the first time fully analytic expressions for the β functions of 
the charge and the self-coupling in the Abelian Higgs model with N-component scalar field in d = 3 dimensions. The result supports the 
existence of two charged fixed-points: an infrared (IR) stable fixed point describing a second-order phase transition and a tricritical fixed 
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As a part of the High Performance Computing Infrastructure (HPCI) Project 5, we have completed the generation of (2+1)-flavor full QCD 
configurations with a large box, V = (8 fm)3, and with nearly physical pion mass, 145 MeV, on the 10 Pflops super computer “K”. We are 
currently in the process of calculations of baryon-baryon interactions using these configurations. 
(3-2) Momenta and Angular Momenta of Quarks and Gluons inside the Nucleon 
Determining the quark and gluon contributions to the spin of the nucleon is one of the most challenging problems in QCD both experimentally 
and theoretically. Since the quark spin is found to be small (~ 25% of the total proton spin) from the global analysis of deep inelastic scattering 
data, it is expected that the rest should come from the gluon spin and the orbital angular momenta of quarks and gluons. We made state-of-
the-art calculations (with both connected and disconnected insertions) of the momenta and the angular momenta of quarks and gluons inside 
the proton. The u and d quark momentum/angular momentum fraction extrapolated to the physical point is found to be 0.64(5)/0.70(5), while 
the strange quark momentum/angular momentum fraction is 0.024(6)/0.023(7), and that of the gluon is 0.33(6)/0.28(8). This implies that the 
quark spin carries a fraction of 0.25(12) of the proton spin. Also, we found that the quark orbital angular momentum, which turned out to be 
dominated by the disconnected insertions, constitutes 0.47(13) of the proton spin. 
 
(4) QCD under extreme conditions 
(4-1) Production and Elliptic Flow of Dileptons and Photons in the semi-Quark Gluon Plasma 
A notable property of peripheral heavy-ion collisions at RHIC and LHC is the elliptic flow which is a measure of the transfer of initial spatial 
anisotropy to momentum anisotropy. Both the PHENIX experiment at RHIC and the ALICE experiment at LHC have announced a puzzling 
observation; a large elliptic flow for photons, comparable to that of hadrons. We considered the thermal production of dileptons and photons 
at temperatures above the QCD critical temperature (Tc) on the basis of semi-QGP, a theoretical model for describing the quark-gluon plasma 
(QGP) near Tc. With realistic hydrodynamic simulations, we have shown that the strong suppression of photons in semi-QGP due to the 
inhibition of colored excitations tends to bias the elliptical flow of photons to that generated in the hadronic phase. This increases the total 
elliptic flow for thermal photons significantly towards the experimental data. 
(4-2) Deriving relativistic hydrodynamics from quantum field theory 
Hydrodynamics describes the spacetime evolution of conserved quantities, such the energy, the momentum, and the particle number. It does 
not depend on microscopic details of the system, so that it can be applied to many branches of physics from condensed matter to high-energy 
physics. One of the illuminating examples is the recent success of relativistic hydrodynamics in describing the evolution of QGP created in 
heavy-ion collisions. Inspired by the phenomenological success of relativistic hydrodynamics in describing QGP, theoretical derivations of 
the relativistic hydrodynamics have been attempted on the basis of the kinetic theory, the fluid/gravity correspondence, the non-equilibrium 
thermodynamics, and the projection operator method. In our study, a most microscopic and non-perturbative derivation of the relativistic 
hydrodynamics from quantum field theory was given on basis of the density operator with local Gibbs distribution at initial time. Performing 
the path-integral formulation of the local Gibbs distribution, we derived the generating functional for the non-dissipative hydrodynamics 
microscopically. Moreover, we formulated a procedure to evaluate dissipative corrections. 
(4-3) Hadron-quark crossover in cold and hot neutron stars 
We studied bulk properties of cold and hot neutron stars (NS) on the basis of the hadron-quark crossover picture where a smooth transition 
from the hadronic phase to the quark phase takes place at finite baryon density. By using a phenomenological equation of state (EOS) “CRover” 
which interpolates the two phases at around 3 times the nuclear matter density (ρ0), it is found that the cold NSs with the gravitational mass 
larger than two solar mass can be sustained. This is in sharp contrast to the case of the first-order hadron-quark transition. The radii of the 
cold NSs with the CRover EOS are in the narrow range (12.5±0.5) km which is insensitive to the NS masses. Due to the stiffening of the 
EOS induced by the hadron-quark crossover, the central density of the NSs is at most 4 ρ0 and the hyperon-mixing barely occurs inside the 
NS core. This constitutes a solution of the long-standing hyperon puzzle first pointed out by Takatsuka et al. The effect of color 
superconductivity (CSC) on the NS structures was also examined with the hadron-quark crossover picture. For the typical strength of the 
diquark attraction, a slight softening of the EOS due to two-flavor CSC takes place and the maximum mass is reduced by about 0.2 solar 
mass. The CRover EOS is generalized to the supernova matter at finite temperature to describe the hot NSs at birth. The hadron-quark 
crossover was found to decrease the central temperature of the hot NSs under isentropic condition. The gravitational energy release and the 
spin-up rate during the contraction from the hot NS to the cold NS were also estimated. 
 
(5) Nuclear and atomic many-body problems 
(5-1) Giant dipole resonance in hot nuclei 
Over the last several decades, extensive experimental and theoretical works have been done on the giant dipole resonance (GDR) in excited 
nuclei covering a wide range of temperature (T), angular momentum (J) and nuclear mass. A reasonable stability of the GDR centroid energy 
and an increase of the GDR width with T (in the range ~ 1−3 MeV) and J are the two well-established results. Some experiments have 
indicated the saturation of the GDR width at high T: The gradual disappearance of the GDR vibration at much higher T has been observed. 
Experiments on the Jacobi transition and the GDR built on superdeformed shapes at high rotational frequencies have been reported in a few 
cases. We have demonstrated that thermal pairing included in the phonon damping model (PDM) is responsible for the nearly constant width 
of GDR at low temperature T < 1 MeV. We have also shown that the enhancement observed in the recent experimentally extracted nuclear 
level densities in 104Pd at low excitation energy and various angular momenta is the first experimental evidence of the pairing reentrance in 
finite (hot rotating) nuclei. The results of calculations within the PDM were found in excellent agreement with the latest experimental data 
of GDR in the compound nucleus 88Mo. 
(5-2) Hidden pseudospin symmetries and their origins in atomic nuclei 
The quasi-degeneracy between single-particle orbitals, (n, l, j = l+1/2) and (n−1, l+2, j = l+3/2), indicates a hidden symmetry in atomic nuclei, 
the so-called pseudospin symmetry (PSS). Since the introduction of the concept of PSS in atomic nuclei, there have been comprehensive 
efforts to understand its origin. Both splittings of spin doublets and pseudospin doublets play critical roles in the evolution of magic numbers 
in exotic nuclei discovered by modern spectroscopic studies with radioactive ion beam facilities. Since the PSS was recognized as a relativistic 
symmetry in 1990s, many special features, including the spin symmetry (SS) for anti-nucleon, and other new concepts have been introduced. 
We have published a comprehensive review article (Liang et al., Phys. Rept. 2015) on the PSS and SS in various systems, including extensions 
of the PSS study from stable to exotic nuclei, from non-confining to confining potentials, from local to non-local potentials, from central to 
tensor potentials, from bound to resonant states, from nucleon to anti-nucleon spectra, from nucleon to hyperon spectra, and from spherical 
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to deformed nuclei. We also summarized open issues in this field, including the perturbative nature, the supersymmetric representation with 
similarity renormalization group, and the puzzle of intruder states. 
(5-3) Efimov Physics in cold atoms 
For ultra-cold atoms and atomic nuclei, the pairwise interaction can be resonant. Then, universal few-body phenomena such as the Efimov 
effect may take place. We carried out an exploratory study suggesting that the Efimov effect can induce stable many-body ground states 
whose building blocks are universal clusters. We identified a range of parameters in a mass and density imbalanced two-species fermionic 
mixture for which the ground state is a gas of Efimov-related universal trimers. An explicit calculation of the trimer-trimer interaction reveals 
that the trimer phase is an SU(3) Fermi liquid stable against recombination losses. We proposed to experimentally observe this phase in a 
fermionic mixture of 6Li-53Cr atoms. We have also written a comprehensive review article on theoretical and experimental advances in 
Efimov physics. 
(5-4) Supersymmetric Bose-Fermi mixtures 
Some special Bose-Fermi mixtures of cold atoms and molecules in optical lattices could be prepared in such a way as they exhibit approximate 
supersymmetry under the interchange of bosons and fermions. Since supersymmetry is broken at finite temperature and/or density, an analog 
of the Nambu-Goldstone excitation, dubbed the “Goldstino”, should appear. We evaluated the spectral properties of the Goldstino in a Bose-
Fermi mixture of cold atoms and molecules. We derived model independent results from sum rules obeyed by the spectral function. Also, by 
carrying out specific calculations with random phase approximation, analytic formula for the dispersion relation of Goldstino at small 
momentum was obtained.  
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As a part of the High Performance Computing Infrastructure (HPCI) Project 5, we have completed the generation of (2+1)-flavor full QCD 
configurations with a large box, V = (8 fm)3, and with nearly physical pion mass, 145 MeV, on the 10 Pflops super computer “K”. We are 
currently in the process of calculations of baryon-baryon interactions using these configurations. 
(3-2) Momenta and Angular Momenta of Quarks and Gluons inside the Nucleon 
Determining the quark and gluon contributions to the spin of the nucleon is one of the most challenging problems in QCD both experimentally 
and theoretically. Since the quark spin is found to be small (~ 25% of the total proton spin) from the global analysis of deep inelastic scattering 
data, it is expected that the rest should come from the gluon spin and the orbital angular momenta of quarks and gluons. We made state-of-
the-art calculations (with both connected and disconnected insertions) of the momenta and the angular momenta of quarks and gluons inside 
the proton. The u and d quark momentum/angular momentum fraction extrapolated to the physical point is found to be 0.64(5)/0.70(5), while 
the strange quark momentum/angular momentum fraction is 0.024(6)/0.023(7), and that of the gluon is 0.33(6)/0.28(8). This implies that the 
quark spin carries a fraction of 0.25(12) of the proton spin. Also, we found that the quark orbital angular momentum, which turned out to be 
dominated by the disconnected insertions, constitutes 0.47(13) of the proton spin. 
 
(4) QCD under extreme conditions 
(4-1) Production and Elliptic Flow of Dileptons and Photons in the semi-Quark Gluon Plasma 
A notable property of peripheral heavy-ion collisions at RHIC and LHC is the elliptic flow which is a measure of the transfer of initial spatial 
anisotropy to momentum anisotropy. Both the PHENIX experiment at RHIC and the ALICE experiment at LHC have announced a puzzling 
observation; a large elliptic flow for photons, comparable to that of hadrons. We considered the thermal production of dileptons and photons 
at temperatures above the QCD critical temperature (Tc) on the basis of semi-QGP, a theoretical model for describing the quark-gluon plasma 
(QGP) near Tc. With realistic hydrodynamic simulations, we have shown that the strong suppression of photons in semi-QGP due to the 
inhibition of colored excitations tends to bias the elliptical flow of photons to that generated in the hadronic phase. This increases the total 
elliptic flow for thermal photons significantly towards the experimental data. 
(4-2) Deriving relativistic hydrodynamics from quantum field theory 
Hydrodynamics describes the spacetime evolution of conserved quantities, such the energy, the momentum, and the particle number. It does 
not depend on microscopic details of the system, so that it can be applied to many branches of physics from condensed matter to high-energy 
physics. One of the illuminating examples is the recent success of relativistic hydrodynamics in describing the evolution of QGP created in 
heavy-ion collisions. Inspired by the phenomenological success of relativistic hydrodynamics in describing QGP, theoretical derivations of 
the relativistic hydrodynamics have been attempted on the basis of the kinetic theory, the fluid/gravity correspondence, the non-equilibrium 
thermodynamics, and the projection operator method. In our study, a most microscopic and non-perturbative derivation of the relativistic 
hydrodynamics from quantum field theory was given on basis of the density operator with local Gibbs distribution at initial time. Performing 
the path-integral formulation of the local Gibbs distribution, we derived the generating functional for the non-dissipative hydrodynamics 
microscopically. Moreover, we formulated a procedure to evaluate dissipative corrections. 
(4-3) Hadron-quark crossover in cold and hot neutron stars 
We studied bulk properties of cold and hot neutron stars (NS) on the basis of the hadron-quark crossover picture where a smooth transition 
from the hadronic phase to the quark phase takes place at finite baryon density. By using a phenomenological equation of state (EOS) “CRover” 
which interpolates the two phases at around 3 times the nuclear matter density (ρ0), it is found that the cold NSs with the gravitational mass 
larger than two solar mass can be sustained. This is in sharp contrast to the case of the first-order hadron-quark transition. The radii of the 
cold NSs with the CRover EOS are in the narrow range (12.5±0.5) km which is insensitive to the NS masses. Due to the stiffening of the 
EOS induced by the hadron-quark crossover, the central density of the NSs is at most 4 ρ0 and the hyperon-mixing barely occurs inside the 
NS core. This constitutes a solution of the long-standing hyperon puzzle first pointed out by Takatsuka et al. The effect of color 
superconductivity (CSC) on the NS structures was also examined with the hadron-quark crossover picture. For the typical strength of the 
diquark attraction, a slight softening of the EOS due to two-flavor CSC takes place and the maximum mass is reduced by about 0.2 solar 
mass. The CRover EOS is generalized to the supernova matter at finite temperature to describe the hot NSs at birth. The hadron-quark 
crossover was found to decrease the central temperature of the hot NSs under isentropic condition. The gravitational energy release and the 
spin-up rate during the contraction from the hot NS to the cold NS were also estimated. 
 
(5) Nuclear and atomic many-body problems 
(5-1) Giant dipole resonance in hot nuclei 
Over the last several decades, extensive experimental and theoretical works have been done on the giant dipole resonance (GDR) in excited 
nuclei covering a wide range of temperature (T), angular momentum (J) and nuclear mass. A reasonable stability of the GDR centroid energy 
and an increase of the GDR width with T (in the range ~ 1−3 MeV) and J are the two well-established results. Some experiments have 
indicated the saturation of the GDR width at high T: The gradual disappearance of the GDR vibration at much higher T has been observed. 
Experiments on the Jacobi transition and the GDR built on superdeformed shapes at high rotational frequencies have been reported in a few 
cases. We have demonstrated that thermal pairing included in the phonon damping model (PDM) is responsible for the nearly constant width 
of GDR at low temperature T < 1 MeV. We have also shown that the enhancement observed in the recent experimentally extracted nuclear 
level densities in 104Pd at low excitation energy and various angular momenta is the first experimental evidence of the pairing reentrance in 
finite (hot rotating) nuclei. The results of calculations within the PDM were found in excellent agreement with the latest experimental data 
of GDR in the compound nucleus 88Mo. 
(5-2) Hidden pseudospin symmetries and their origins in atomic nuclei 
The quasi-degeneracy between single-particle orbitals, (n, l, j = l+1/2) and (n−1, l+2, j = l+3/2), indicates a hidden symmetry in atomic nuclei, 
the so-called pseudospin symmetry (PSS). Since the introduction of the concept of PSS in atomic nuclei, there have been comprehensive 
efforts to understand its origin. Both splittings of spin doublets and pseudospin doublets play critical roles in the evolution of magic numbers 
in exotic nuclei discovered by modern spectroscopic studies with radioactive ion beam facilities. Since the PSS was recognized as a relativistic 
symmetry in 1990s, many special features, including the spin symmetry (SS) for anti-nucleon, and other new concepts have been introduced. 
We have published a comprehensive review article (Liang et al., Phys. Rept. 2015) on the PSS and SS in various systems, including extensions 
of the PSS study from stable to exotic nuclei, from non-confining to confining potentials, from local to non-local potentials, from central to 
tensor potentials, from bound to resonant states, from nucleon to anti-nucleon spectra, from nucleon to hyperon spectra, and from spherical 
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Strangeness Nuclear Physics Laboratory 

 
1. Abstract 

We proposed accurate calculation method called ‘Gaussian Expansion Method using infinitesimally shifted Gaussian lobe basis 
function’. When one proceeds to four-body systems, calculation of the Hamiltonian matrix elements becomes much laborious. In order to 
make the four-body calculation tractable even for complicated interactions, the infinitesimally-shifted Gaussian lobe basis function has 
been proposed. The GEM with the technique of infinitesimally-shifted Gaussians has been applied to various three-, four- and five-body 
calculations in hypernuclei, the four-nucleon systems, and cold-atom systems. As results, we succeeded in extracting new understandings in 
various fields. 
 
2. Major Research Subjects 
(1) Hypernuclear structure from the view point of few-body problem 
(2) Structure of exotic hadron system  
(3) quantum atomic system and ultra cold atomic system 
(4) Equation of state for neutron star 
 
3. Summary of Research Activity 
(1) Recently, at RIBF, they observed tetra neutron system to be bound or resonant state. Theoretically, it is requested to study this system 

theoretically.  We performed four-body calculation using NN realistic force and a phenomenological three-body force. We found that 
we need unrealistically strong three-body force to describe 4n system. 

(2) We investigate the effects of the odd-state part of bare ΛΛ interactions on the structure of neutron stars by constructing equations of 
state (EOSs) for uniform nuclear matter containing Λ and Σ− hyperons with use of the cluster variational method. The EOS obtained 
for NS matter becomes stiffer as the odd-state ΛΛ interaction becomes more repulsive, and correspondingly the maximum mass of NSs 
increases. 

(3) We calculate the universal spectrum of trimer and tetramer states in heteronuclear mixture of ultracold atoms with different masses in 
the vicinity of the heavy-light dimer threshold. We find that trimer and tetramer cross into the heavy-light dimer threshold at the same 
point and that as the mass ratio M/m decreases, the distance between the thresholds for trimer and tetramer states become smaller. 
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Sub Nuclear System Research Division 
Radiation Laboratory 

 
1. Abstract 

Nucleons, such as protons and neutrons, are a bound state of constituent quarks glued together with gluons. The detail structure of 
nucleons, however, is not well understood yet. Especially the mechanism to build up the spin of proton, which is 1/2, is a major problem in 
physics of the strong force. The research goal of Radiation Laboratory is to solve this fundamental question using the world first 
polarized-proton collider, realized at RHIC in Brookhaven National Laboratory (BNL) in USA. RHIC stands for Relativistic Heavy Ion 
Collider, aiming also to create Quark Gluon Plasma, the state of Universe just after the Big Bang, and study its property. RIKEN-BNL 
Research Center (RBRC) carries our core team at BNL for those exciting researches using the PHENIX detector. We have observed that the 
proton spin carried by gluons is finite and indeed sizable. We also identified W bosons in the electron/positron decay channel and in the 
muon decay channel, with which we are about to conclude how much anti-quarks carry the proton spin. Other than the activities at RHIC 
we are preparing and starting new experiments at J-PARC and Fermilab to study the nature of hadron. We are also performing technical 
developments such as novel ion sources, fine-pitch silicon pixel detectors and high-performance trigger electronics.  
 
2. Major Research Subjects 
1) Spin physics with relativistic polarized-proton collisions at RHIC  
2) Study of nuclear matter at high temperature and/or at high density  
3) Technical developments on radiation detectors and accelerators  
 
3. Summary of Research Activity 
(1) Experimental study of spin structure of proton using RHIC polarized proton collider  

[See also RIKEN-BNL Research Center Experimental Group for the activities at BNL]  
The previously published central neutral pion double spin asymmetries at the highest collision energies at RHIC of 510 GeV have been 

augmented with the release of charged pion double spin asymmetries in 2017 by PHENIX. The ordering of the three pion asymmetries 
allows a direct determination of the sign of the gluon polarization which has been found to be nonzero. The precision of the charged pion 
asymmetries is slightly limited due to the trigger capabilities in PHENIX but the results are consistent with a dominant, positive gluon 
contribution to the nucleon spin. With the valence quark spin contribution already reasonably well known, the contributions from sea 
quarks and orbital angular momenta remain to be understood. PHENIX has collected data to access the sea quark polarizations via leptonic 
decays of W bosons. Preliminary results have been obtained using all the data taken so far. The central rapidity electron decay channel 
results have been published while the forward muon decay channel results have been finalized and are submitted for publication. 

While orbital angular momentum cannot be directly accessed at RHIC, several transverse spin phenomena have been observed which 
relate to orbital angular momentum and the three-dimensional structure of the nucleon. These phenomena by themselves have become a 
major field of research as the dynamics of the strong interaction. During the 2015 RHIC operation, collisions of transversely polarized 
protons with Au and Al nuclei were provided for the first time. Two rather surprising results have been discovered here. First, the single 
transverse spin asymmetries for J/ψ particles which are found to be consistent with zero to even higher precisions, show distinctly nonzero 
asymmetries in proton-Au collisions at the lowest transverse momenta both if detected at slightly forward or backward regions with respect 
to the polarized beam. The mechanism for such a behavior is not known and the publication will initiate substantial theoretical discussions 
to resolve this. Also charged hadron single spin asymmetries have been observed in all three colliding systems. While a previously known 
nonzero forward asymmetry for positive hadrons was confirmed, a substantial reduction of these asymmetries for p + Al and p + Au 
collisions was observed. Such a reduction was predicted by several theoretical models describing the non-linear effects of high gluon 
densities in nuclei suggested by the so-called color-glass-condensate. 

In June of 2017, we installed an electro-magnetic calorimeter in the most forward area of the STAR experiment and took polarized 
proton collision data for neutral particle production (neutron, photon, neutral pion). The cross section measurement will give us new inputs 
to develop high-energy particle-collision models which are essential to understand air-shower from ultra-high energy cosmic rays. The 
asymmetry measurement will enable us to understand the hadron collision mechanism based on QCD. Some of us are participating in the 
Fermilab SeaQuest experiment as a pilot measurement of muon pairs from Drell-Yan process using a 120-GeV unpolarized proton at 
Fermilab. After finishing unpolarized measurements in 2017 to study the quark spin-orbit effect, a new measurement with a polarized 
proton target will start in 2018 to study the sea-quark orbit effect of the polarized proton in the target. For many jet related measurements 
fragmentation functions are necessary to gain spin and or flavor sensitivity. Those are currently extracted by some of us using the Belle data. 
In addition to using the fragmentation results with RHIC measurements, they will also provide the basis of several of the key measurements 
to be performed at the electron-ion collider. 
 
(2) Experimental study of quark-gluon plasma using RHIC heavy ion collider 

[See also RIKEN-BNL Research Center Experimental Group for the activities at BNL] 
We have completed several key measurements in the study of quark-gluon plasma at RHIC. As the top of them, we lead the analysis of 

the first thermal photon measurement in heavy ion collisions. The measurement indicates that the initial temperature reached in the central 
Au + Au collision at 200 GeV is about 350MeV, far above the expected transition temperature Tc ~ 170MeV, from hadronic phase to 
quark-gluon plasma. This work was rewarded by Nishina Memorial Prize given to Y. Akiba in 2011. We also measured direct photons in d + 
Au and direct photon flow strength v2 and v3 in Au + Au. 

We lead measurement of heavy quark (charm and bottom) using VTX, a 4 layer silicon vertex tracker which we jointly constructed 
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with US DOE. The detector was installed in PHENIX in 2011. Analysis of heavy quark using the silicon vertex detector is ongoing. The 
final results of the 2011 run was published in Physical Review C (Phys. Rev. C 93, 034904 (2016)). This is the first publication from VTX. 
The result showed that the electrons from bottom quark decay is suppressed for pT > 4 GeV/c, but the suppression factor is smaller than that 
of charm decay electrons for 3 < pT < 4 GeV/c. This is the first observation of bottom electron suppression in heavy ion collisions, and the 
first result that shows the bottom and charm suppression is different. PHENIX recorded approximately 10 times more data of Au + Au 
collisions in the 2014 run than the 2011 run. We report preliminary results of about 1/4 of the 2014 data in QM2017 conference, confirming 
the published results with 3 times of statistics. PHENIX recorded high statistics p + p and p + A data in 2015, and the doubled the Au + Au in 
2016. PHENIX concluded its data taking in the 2016 run. 

We have completed several key measurements in the study of quark-gluon plasma at RHIC. As the top of them, we lead the analysis 
of the first thermal photon measurement in heavy ion collisions. The measurement indicates that the initial temperature reached in the 
central Au + Au collision at 200 GeV is about 350 MeV, far above the expected transition temperature Tc ~ 170MeV, from hadronic phase 
to quark-gluon plasma. This work was rewarded by Nishina Memorial Prize given to Y. Akiba in 2011. We also measured direct photons in 
d + Au and direct photon flow strength v2 and v3 in Au + Au. 

We lead measurement of heavy quark (charm and bottom) using VTX, a 4 layer silicon vertex tracker which we jointly constructed 
with US DOE. The detector was installed in PHENIX in 2011. Analysis of heavy quark using the silicon vertex detector is ongoing. The 
final results of the 2011 run was published in Physical Review C (PRC93, 034904 (2016). This is the first publication from VTX. The 
result showed that the electrons from bottom quark decay is suppressed for pT > 4 GeV/c, but the suppression factor is smaller than that of 
charm decay electrons for 3 < pT < 4 GeV/c. This is the first observation of bottom electron suppression in heavy ion collisions, and the first 
result that shows the bottom and charm suppression is different. PHENIX recorded approximately 10 times more data of Au + Au collisions 
than the 2011 run in each of the 2014 and 2016 run. PHENIX recorded high statistics p + p and p + A data in 2015. 

PHENIX concluded its data taking in the 2016 run. We are now working on the data analysis of the high statistics data recorded in 
2014 to 2016 runs. 

In Wako we are operating a cluster computer system (CCJ) specialized to analyze huge data sets taken with the PHENIX detector. It 
consists of 28 nodes (18 old nodes and 10 new nodes) each of which has two CPUs and 10 sets of local disk for data repository (old node: 
quad-core CPU, 1TB disk, new node: six-core CPU, 2TB disk). There are 264 CPU cores and 380 TB disks in total. This configuration 
ensures the fastest disk I/O when each job is assigned to the node where the required data sets are stored. It is also important that this 
scheme doesn't require an expensive RAID system and network. Through this development we have established a fast and cost-effective 
solution in analyzing massive data.  

0.9 PB of data for the PHENIX experiment is stored in a hierarchical storage system which is a part of HOKUSAI GreatWave 
supercomputer system operated by the Advanced Center for Computing and Communication (ACCC). ACCC also provides 10 dedicated 
PC nodes for CCJ.  
 
(3) Study of properties of mesons and exotic hadrons with domestic accelerators 

Preparation of the experiment E16 at J-PARC Hadron experimental facility is underway with several Grant-in-Aids. This experiment 
aims to perform a systematic study of the spectral modification of low-mass vector mesons in nuclei to explore the physics of chiral 
symmetry breaking and restoration in dense nuclear matter, namely, the mechanism proposed by Nambu to generate most of hadron masses. 

The Gas Electron Multiplier (GEM) technology is adopted for the two key detectors, GEM Tracker (GTR) and Hadron-blind 
Cherenkov detector (HBD). We have joined the CERN-RD51 collaboration to acquire the read out technology for GEM. To improve 
electron-identification performance, lead-glass calorimeters (LG) are used in combination with HBD. The development phase of those 
detectors is over and we are in the production phase. The parts for six modules of GTR and two modules of HBD are delivered and their 
assembly processes have started. Read-out electronics and trigger logic modules were also developed and necessary parts are almost 
delivered. Amongst all the electronics, only the HBD trigger ASIC is still under development. Development of firmware on the trigger logic 
modules is also on-going. 

Due to the budgetary limitation, we aim to install a part of detectors at the beginning of experiment, eight modules of GTR/HBD/LG 
out of 26 modules in the full installation. The yield of phi mesons and sensitivity to the possible spectral modification with the 
eight-module configuration under the expected high-rate environment was evaluated by the Geant4 simulation taking into account the 
expected performance of the detectors and by using a newly-developed GEM-signal simulator. Based on this study, J-PARC PAC gave us a 
stage-2 approval on Jul. 2017, to the commissioning run (Run 0), which will be performed when the beam line is completed. Although with 
a significant delay from originally planned March 2016, the construction of the beam line by KEK will be completed in 2019 in order to 
realize experiments with the stage-2 approval. We are preparing the spectrometer toward the Run 0, which is scheduled on Oct. 2019.  

 
(4) Detector development for PHENIX experiment 

The PHENIX experiment proposes substantial detector upgrades to go along the expected accelerator improvements, including the 
future electron-ion collider “eRHIC”. The present PHENIX detector is repurposed to the sPHENIX (super PHENIX) detector replacing the 
present magnet with the Babar solenoid magnet at SLAC, and will be covered by the hadronic calorimeter which was absent in present 
RHIC experiment. The sPHENIX project is now funded by DOE, and RIKEN will participate in the construction of the inner silicon tracker 
(INTT). The R&D of the INTT has been in progress since 2015 and the 2nd generation prototype successfully demonstrated a designed 
performance as a result of the beam test executed at Fermilab in March 2018.  

We have been developing a plan to build a forward spectrometer to be added to the sPHENIX detector. With this addition, the 
fsPHENIX detector will have both hadronic and electromagnetic calorimetry as well as tracking in the forward rapidity region. This 
upgrade makes it possible to study forward jets and hadrons in jets which are of vital importance for the cold QCD program in polarized p + 
p and p + A collisions at RHIC. The fsPHENIX detector can be further upgraded to the ePHENIX detector to be used for electron-ion 
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Au and direct photon flow strength v2 and v3 in Au + Au. 
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collisions at eRHIC. We are preparing test bench to perform R&D for the forward hadron calorimeter. 
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Sub Nuclear System Research Division 
Advanced Meson Science Laboratory 

 
1. Abstract 

Particles like muons, pions, and kaons have finite life times, so they do not exist in natural nuclei or matters. By implanting these particles 
into nuclei/matters, exotic phenomena in various objects can be studied from new point of view. 

Kaon is the second lightest meson, which has strange quark as a constituent quark. It is expected that if one embed mesons into nuclei, 
the sizes of the nuclei become smaller and one can form a high-density object beyond the normal nuclear density. Study of this object could 
lead to better understanding of the origin of the mass of the matter, and may reveal the quark degree of freedom beyond the quark-confinement. 
The other example is the weak interaction in nuclear matter. It can only be studied by the weak decay of hypernuclei, which have Lambda 
particle in the nuclei. 

Muon provides even wider scope of studies, covering condensed matter physics as well as nuclear and atomic physics, and we are trying 
to extend the application field further into chemical and biological studies. For instance, stopping positively charged muon in a material, we 
obtain information on the magnetic properties or the local field at the muon trapped site (μSR). Injecting negatively charged muon to hydrogen 
gas, muonic hydrogen atom (μp) is formed. We are planning to measure μp hyperfine splitting energy to measure proton magnetic radius, 
which is complementary quantity to the proton charge radius and its puzzle lately attracts strong interest. We are also interested in precision 
measurement of muon property itself, such as muon anomalous magnetic moment (g − 2). 

In our research, we introduce different kind of impurities into nuclei / matters, and study new states of matter, new phenomena, or the 
object properties. 
 
2. Major Research Subjects 
(1) Study of meson property and interaction in nuclei 
(2) Origin of matter mass / quark degree of freedom in nuclei 
(3) Condensed matter and material studies with muon 
(4) Nuclear and particle physics studies via muonic hydrogen  
(5) Development of ultra cold muon beam, and its application from material science to particle physics 
 
3. Summary of Research Activity 
(1) Hadron physics at J-PARC, RIKEN-RIBF, GSI and SPring-8 

Kaon and pion will shed a new insight to the nuclear physics. The recent discovery of deeply bound pionic atom enables us to investigate 
the properties of mesons in nuclear matter. At RIKEN-RIBF, we are preparing precise experimental study of the pionic atom. We have also 
started next generation kaon experiments (E15 and E31) at J-PARC. In these experiments, we are aiming to determine the K�N interaction 
precisely, clarify the nature of kaon in nuclei, and Λ(1405) that could be K−p bound state. At Spring-8 and at GSI, we are also aiming to study 
omega and eta’ nuclei. By these experiments, we aim to be a world-leading scientific research group using these light meta-stable particles. 
(1-A) Deeply bound kaonic nuclei 

We have performed experimental exploration of theoretically predicted deeply bound kaonic nuclear states, such as the K−pp bound 
state. One of the most interesting features of the kaonic nucleus is the strong attraction of the K�NN interaction. Because of this strong 
attraction, the kaon in nucleus will attract surrounding nucleons resulting in extremely high-density object, which is several times larger than 
normal nuclear density. Measurement of the kaon properties at such high energy density will provide precious information on the origin of 
hadron masses and the chiral symmetry breaking and its partial restoration. 

The experiment J-PARC E15 aims to identify the nature of the K−pp bound state by the in-flight 3He(K−, n) reaction, which allows us to 
investigate such state both in the formation via the missing-mass spectroscopy using the emitted neutron, and in its decay via the invariant-
mass spectroscopy by detecting decay particles from K−pp. For the experiment, we constructed a dedicated spectrometer system at the 
secondary beam-line, K1.8BR, in the hadron hall of J-PARC.  

The first physics data-taking was carried out in March and May, 2013 with 6×109 kaons on 3He target, corresponding to a ~1% of the 
approved proposal. We successfully obtained semi-inclusive 3He(K−, n)X missing-mass spectrum, and found a tail structure just below the 
mass threshold of (K− + p + p) which cannot be explained by well-known processes and backgrounds. We also demonstrated an exclusive 
analysis by reconstructing 3He(K−, Λp)n events. To derive more information on the K�NN interaction by the exclusive measurement, we 
carried out the second physics data-taking in November-December, 2015 with 43×109 kaons on 3He target, in which 7 times more data was 
accumulated. We have been analyzing the new data set focusing on the 3He(K−, Λp)n channel, and a significant bump structure below the (K− 
+ p + p) mass threshold has been observed in the Λp invariant-mass spectrum. In addition, we have successfully observed Λ(1405)pn final 
state in K− + 3He reactions by reconstructing π±Σ∓pn events, which is of special importance to understand the production mechanism of the 
<K−pp> state via theoretically predicted Λ(1405)p → K−pp doorway process. To confirm whether or not the observed structure is the K−pp 
bound state, further analysis is currently in progress. 
(1-B) Precision X-ray measurement of kaonic atom 

Simultaneously with the above experiment (1-A), we have performed an X-ray spectroscopy of atomic 3d → 2p transition of negatively 
charged K-mesons captured by helium atoms. However, the energy resolution of the conventional semiconductor spectrometers is insufficient 
to see the K−-nucleus potential observed by atomic levels at zero energy. This is closely related to the problem on the existence of deeply 
bound kaonic states in nuclei, well below the atomic levels, and this is one of the biggest problems in strangeness nuclear physics. Aiming to 
provide a breakthrough from atomic level observation, we will perform high-resolution X-ray spectroscopy of kaonic atoms at a J-PARC 
hadron beam line using a novel cryogenic X-ray spectrometer: an array of superconducting transition-edge-sensor (TES) micro-calorimeters. 
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The spectrometer offers unprecedented energy resolution, which is about two orders of magnitude better than that of conventional 
semiconductor detectors. A spectrometer array of 240 pixels will have an effective area of about 20 mm2. In 2014, we have performed a 
proof-of-principle experiment by measuring pionic-atom X rays with a TES array at the πM1 beam line at the Paul Scherrer Institut (PSI), 
and successfully demonstrated the feasibility of TES-based exotic-atom x-ray spectroscopy in a hadron-beam environment. Based on the 
results, the kaonic-atom experiment at J-PARC was proposed in 2015 and will be conducted as the physics run in June 2018. 

Another important X-ray measurement of kaonic atom would be 2p → 1s transition of kaonic deuteron. We have measured same 
transition of kaonic hydrogen, but the width and shift from electro-magnetic (EM) value reflect only isospin average of the KNN interaction. 
We can resolve isospin dependence of the strong interaction by the measurement. We are presently preparing a proposal to J-PARC PAC to 
measure kaonic deuteron X-ray. 
(1-C) Deeply bound pionic atoms and η’ mesonic nuclei 

We have been working on precision spectroscopy of pionic atoms systematically, that leads to understanding of hidden non-trivial 
structure of the vacuum and origin of hadron masses. The precision data set stringent constraints on the chiral condensate at nuclear medium. 
We are presently preparing for the systematic high precision measurement of pionic tin isotopes at RIBF. A pilot experiment was performed 
in 2010, and showed a very good performance of the system. A main experiment was performed in 2014 and we achieved unprecedented 
resolution with much reduced systematic errors. A new experiment is being prepared with an improved setup. 

We are also working on spectroscopy of η' mesonic nuclei in GSI/FAIR. Theoretically, peculiarly large mass of η' is attributed to UA(1) 
symmetry and chiral symmetry breaking. As a result, large binding energy is expected for η' meson bound states in nuclei (η’-mesonic nuclei). 
First experiment was conducted in 2014 in GSI. We accumulated very high quality data in terms of the spectral resolution and the statistics 
and set constraints in the η'-nucleus interaction. A next generation experiment aims at improving the signal-to-background ratio and is in 
preparation. 

(1-D) Hadron physics at SPring-8/LEPS2 
Photo production of meson in nuclei is known to be a powerful tool to investigate property of the hadron in nuclear media. For this study, 

we started a new experimental project named LEPS2 (Laser Electron Photon at SPring-8 II) in this RIKEN Mid-term. The experimental hutch for 
LEPS2 at SPring-8 was constructed in March 2011, lead by RIKEN. The Large solenoid spectrometer magnet (2.96 m inner diameter × 
2.22 m length) was successfully transported from BNL (US) to SPring-8 and installed into LEPS2 hutch in 2011.  

One of the first physics programs is photo-production of η’ in nuclei. Especially (γ, p) is most important reaction channel, where we can 
perform missing mass spectroscopy by detecting forward going proton. One of the big advantages of photo-production reaction is that the 
initial reaction is expected to be much cleaner than the hadron channel. 

Detector construction for the first physics program is in progress. The 4π Electro-Magnetic calorimeter has been constructed and proton 
counter to detect forward going proton produced via (γ, p) reaction was partially installed in November 2013. Engineering run for the first 
experiment was performed in December 2013 to confirm performance of our detector system. Detector construction have been completed 
and 1st physics data taking was starting since 2014. Based on data collected, detail analysis to extract signal of η’-mesic nucleus, 
photoproduction of η etc are in progress. 
(2) Muon science at RIKEN-RAL branch 

The research area ranges over particle physics, condensed matter studies, chemistry and life science. Our core activities are based on the 
RIKEN-RAL Muon Facility located at the Rutherford-Appleton Laboratory (UK), which provides intense pulsed-muon beams. We have 
variety of important research activities such as particle / nuclear physics studies with muon's spin and condensed matter physics by muon 
spin rotation / relaxation / resonance (μSR). 
(2-A) Condensed matter/materials studies with μSR 

Two μSR spectrometer named CHRONUS and ARGUS are working together with ISIS standard data acquisition system, DAEII, with 
the front-end control system, SECI. Running a pulse-kicker system, we can perform two independent μSR experiments on CHRONUS and 
ARGUS at the same time, splitting double-pulse to share beam between the two. 

Among our scientific activities on μSR studies from year 2017 to 2018, following five subjects of material sciences are most important 
achievements at the RIKEN-RAL muon facility: 

1) Novel superconducting state having partial nodal gaps in the two-dimensional organic superconductor λ-[BETS]2GaCl4.
2) Tiny magnetic moments and spin structures of Ir4+, Nd3+ in carrier doped pyrochlore iridates (Y1−xCax)2Ir2O7.
3) Magnetism and spin dynamics in superoxides CsO2, NaO2 and RbO2.
4) Magnetic properties of the nano-cluster gold in the border of macro- and micro-scale
5) Effects of the spatial distributions of magnetic moments and muon positions estimated from density functional theory

(DFT) and dipole-field calculations. 
(2-B) Nuclear and particle physics studies via ultra cold muon beam and muonic atoms 

If we can improve muon beam emittance, timing and energy dispersion (so-called “ultra-slow muon”), then the capability of μSR study 
will be drastically improved. The ultra-slow muon beam can stop in thin foil, multi-layered materials and artificial lattices, so one can apply 
the μSR techniques to surface and interface science. The development of ultra-slow muon beam is also very important as the source of ultra-
cold (pencil-like small emittance) muon beam for muon g − 2 measurement. Therefore, we have been working on R&D study. 

We have been working on the “ultra-slow muon” generation by laser ionization of muonium atoms in vacuum (bound system of μ+ and 
electron) emitted after stopping “surface muon beam” in a material. In this mid-term, we are developing two key components, namely, high 
efficiency muonium generator at room temperature and high intensity ionization laser. The study of muonium generator has been done in 
collaboration with TRIUMF and KEK. In 2013, we demonstrated at least 10 times increase of the muonium emission efficiency by fabricating 
fine laser drill-holes on the surface of silica aerogel. In 2017, we further studied in detail which surface structure most contributes to the high 
yield. We also developed a high power Lyman-α laser based on novel laser crystal Nd:YGAG in collaboration with laser group at RIKEN. 
We are working on the growth of large laser amplifying crystal to further increase the Lyman-α power. In order to fully apply these new 
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developments to slow muon generation, we installed a new ultra-slow muon source chamber dedicated for silica aerogel in Port-3 with new 
features such as spin manipulation. We also plan measurement of the muonium emission rate by using µSR method, which should have 
sensitivity even to the muonium staying very close to the surface where the ionizing laser will be shot.  

Concerning the muonic atom, we are planning a new precise measurement of proton radius. A large discrepancy was found recently in 
the proton charge radius between the new precise value from muonic hydrogen atom at PSI and those from normal hydrogen spectroscopy 
and e-p scattering. We propose a precise measurement of Zemach radius (with charge and magnetic distributions combined) using the laser 
spectroscopy of hyperfine splitting energy in the muonic hydrogen atom. Preparation of the hydrogen target, mid-infrared laser and muon 
spin polarization detectors is in progress. This year, we started a measurement of the lifetime of the µp triplet state, for which there has been 
no measured value but only theoretical calculations. Keeping the triplet state is essential for the measurement of polarization caused by 
resonant laser excitation.  
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The spectrometer offers unprecedented energy resolution, which is about two orders of magnitude better than that of conventional 
semiconductor detectors. A spectrometer array of 240 pixels will have an effective area of about 20 mm2. In 2014, we have performed a 
proof-of-principle experiment by measuring pionic-atom X rays with a TES array at the πM1 beam line at the Paul Scherrer Institut (PSI), 
and successfully demonstrated the feasibility of TES-based exotic-atom x-ray spectroscopy in a hadron-beam environment. Based on the 
results, the kaonic-atom experiment at J-PARC was proposed in 2015 and will be conducted as the physics run in June 2018. 

Another important X-ray measurement of kaonic atom would be 2p → 1s transition of kaonic deuteron. We have measured same 
transition of kaonic hydrogen, but the width and shift from electro-magnetic (EM) value reflect only isospin average of the KNN interaction. 
We can resolve isospin dependence of the strong interaction by the measurement. We are presently preparing a proposal to J-PARC PAC to 
measure kaonic deuteron X-ray. 
(1-C) Deeply bound pionic atoms and η’ mesonic nuclei 

We have been working on precision spectroscopy of pionic atoms systematically, that leads to understanding of hidden non-trivial 
structure of the vacuum and origin of hadron masses. The precision data set stringent constraints on the chiral condensate at nuclear medium. 
We are presently preparing for the systematic high precision measurement of pionic tin isotopes at RIBF. A pilot experiment was performed 
in 2010, and showed a very good performance of the system. A main experiment was performed in 2014 and we achieved unprecedented 
resolution with much reduced systematic errors. A new experiment is being prepared with an improved setup. 

We are also working on spectroscopy of η' mesonic nuclei in GSI/FAIR. Theoretically, peculiarly large mass of η' is attributed to UA(1) 
symmetry and chiral symmetry breaking. As a result, large binding energy is expected for η' meson bound states in nuclei (η’-mesonic nuclei). 
First experiment was conducted in 2014 in GSI. We accumulated very high quality data in terms of the spectral resolution and the statistics 
and set constraints in the η'-nucleus interaction. A next generation experiment aims at improving the signal-to-background ratio and is in 
preparation. 

(1-D) Hadron physics at SPring-8/LEPS2 
Photo production of meson in nuclei is known to be a powerful tool to investigate property of the hadron in nuclear media. For this study, 

we started a new experimental project named LEPS2 (Laser Electron Photon at SPring-8 II) in this RIKEN Mid-term. The experimental hutch for 
LEPS2 at SPring-8 was constructed in March 2011, lead by RIKEN. The Large solenoid spectrometer magnet (2.96 m inner diameter × 
2.22 m length) was successfully transported from BNL (US) to SPring-8 and installed into LEPS2 hutch in 2011.  

One of the first physics programs is photo-production of η’ in nuclei. Especially (γ, p) is most important reaction channel, where we can 
perform missing mass spectroscopy by detecting forward going proton. One of the big advantages of photo-production reaction is that the 
initial reaction is expected to be much cleaner than the hadron channel. 

Detector construction for the first physics program is in progress. The 4π Electro-Magnetic calorimeter has been constructed and proton 
counter to detect forward going proton produced via (γ, p) reaction was partially installed in November 2013. Engineering run for the first 
experiment was performed in December 2013 to confirm performance of our detector system. Detector construction have been completed 
and 1st physics data taking was starting since 2014. Based on data collected, detail analysis to extract signal of η’-mesic nucleus, 
photoproduction of η etc are in progress. 
(2) Muon science at RIKEN-RAL branch 

The research area ranges over particle physics, condensed matter studies, chemistry and life science. Our core activities are based on the 
RIKEN-RAL Muon Facility located at the Rutherford-Appleton Laboratory (UK), which provides intense pulsed-muon beams. We have 
variety of important research activities such as particle / nuclear physics studies with muon's spin and condensed matter physics by muon 
spin rotation / relaxation / resonance (μSR). 
(2-A) Condensed matter/materials studies with μSR 

Two μSR spectrometer named CHRONUS and ARGUS are working together with ISIS standard data acquisition system, DAEII, with 
the front-end control system, SECI. Running a pulse-kicker system, we can perform two independent μSR experiments on CHRONUS and 
ARGUS at the same time, splitting double-pulse to share beam between the two. 

Among our scientific activities on μSR studies from year 2017 to 2018, following five subjects of material sciences are most important 
achievements at the RIKEN-RAL muon facility: 

1) Novel superconducting state having partial nodal gaps in the two-dimensional organic superconductor λ-[BETS]2GaCl4.
2) Tiny magnetic moments and spin structures of Ir4+, Nd3+ in carrier doped pyrochlore iridates (Y1−xCax)2Ir2O7.
3) Magnetism and spin dynamics in superoxides CsO2, NaO2 and RbO2.
4) Magnetic properties of the nano-cluster gold in the border of macro- and micro-scale
5) Effects of the spatial distributions of magnetic moments and muon positions estimated from density functional theory

(DFT) and dipole-field calculations. 
(2-B) Nuclear and particle physics studies via ultra cold muon beam and muonic atoms 

If we can improve muon beam emittance, timing and energy dispersion (so-called “ultra-slow muon”), then the capability of μSR study 
will be drastically improved. The ultra-slow muon beam can stop in thin foil, multi-layered materials and artificial lattices, so one can apply 
the μSR techniques to surface and interface science. The development of ultra-slow muon beam is also very important as the source of ultra-
cold (pencil-like small emittance) muon beam for muon g − 2 measurement. Therefore, we have been working on R&D study. 

We have been working on the “ultra-slow muon” generation by laser ionization of muonium atoms in vacuum (bound system of μ+ and 
electron) emitted after stopping “surface muon beam” in a material. In this mid-term, we are developing two key components, namely, high 
efficiency muonium generator at room temperature and high intensity ionization laser. The study of muonium generator has been done in 
collaboration with TRIUMF and KEK. In 2013, we demonstrated at least 10 times increase of the muonium emission efficiency by fabricating 
fine laser drill-holes on the surface of silica aerogel. In 2017, we further studied in detail which surface structure most contributes to the high 
yield. We also developed a high power Lyman-α laser based on novel laser crystal Nd:YGAG in collaboration with laser group at RIKEN. 
We are working on the growth of large laser amplifying crystal to further increase the Lyman-α power. In order to fully apply these new 
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神田聡太郎, “Laser spectroscopy of the hyperfine splitting in ground-state of muonic hydrogen atom,” 第 8 回 Muon 科学と加速器研究, つくば, 1 月

(2018)  
神田聡太郎,「超伝導計測のミューオン実験への応用」, TIA かけはし事業「簡単・便利な超伝導計測」研究会, 和光, 1 月(2018 年)  
佐久間史典, “Recent results of the KNN search at J-PARC, ” 2017 年度 KEK 理論センターJ-PARC 分室活動 総括研究会, J-PARC, 2 月(2018)  
岩崎雅彦,「K 中間子と原子核 (K-meson and nuclei) − Based on E15: Search for kaonic nuclear bound state」, KEK 理論センターJ-PARC 分室/JAEA

先端基礎研究センター共催研究会 「ヘビークォークハドロンとエキゾチックハドロンの構造」, J-PARC, 3 月(2018) 
橋本直,「J-PARC E15 実験における前方核子を用いたKNN 束縛状態の研究」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018) 
佐久間史典,「J-PARC E15 実験における πΣN 崩壊チャンネルを用いた KNN 束縛状態の研究」, 日本物理学会第 73 回年次大会, 東京理科大, 

野田, 3 月(2018) 
 山我拓巳,「Λpn 終状態におけるKNN 束縛状態の研究」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
岩崎雅彦,「J-PARC E15 実験の解析の進展と今後の展望」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
Omar Zhadyra, “Toward a study of Λ(1405) via the d(K−, Σπ) reaction,” 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
川﨑新吾,「J-PARC K1.8BR ビームラインにおける d(K−, n)反応による Λ(1405)粒子の精密分光実験の π0Σ0 終状態に関する解析状況 (3)」, 日

本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
井上謙太郎,「J-PARC K1.8BR ビームラインにおける d(K−, N)πΣ 反応を用いた Λ(1405)の精密分光実験の解析結果」, 日本物理学会第 73 回

年次大会, 東京理科大, 野田, 3 月(2018)  
石田勝彦,「陽子パズルに挑むミュオン水素原子超微細構造分光」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018) 
神田聡太郎, “Direct measurement of muonium ground state hyperfine splitting with high-intensity pulsed muon beam,” 日本物理学会第 73 回年次大

会, 東京理科大, 野田, 3 月(2018)  
神田聡太郎,「ミュオン水素原子分光実験のための中赤外光源の開発」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
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Sub Nuclear System Research Division 
RIKEN BNL Research Center 

 
1. Abstract 

The RIKEN BNL Research Center was established in April 1997 at Brookhaven National Laboratory with Professor T. D. Lee of 
Columbia University as its initial Director. It is funded by the Rikagaku Kenkyusho (RIKEN, The Institute of Physical and Chemical 
Research) of Japan. The Center is dedicated to the study of strong interactions, including spin physics, lattice QCD and RHIC physics 
through the nurturing of a new generation of young physicists. Professor Lee was succeeded by BNL Distinguished Scientist, N. P. Samios, 
who served until 2013. Dr. S. H. Aronson led the Center from 2013. After strong and significant leadership for 4 years, S. Aronson stepped 
down from Director in March 31st 2017. Hideto En’yo succeeds from JFY 2017.Support for RBRC was initially for five years and has been 
renewed four times, and presently extends to 2023. The Center is located in the BNL Physics Department. The RBRC Theory Group 
activities are closely and intimately related to those of the Nuclear Theory, High Energy Theory, and Lattice Gauge Theory Groups at BNL. 
The RBRC Experimental Group works closely with Radiation Laboratory at RIKEN, Wako, the RHIC Spin Group at BNL, the RHIC Spin 
Physics community, and the PHENIX collaboration. BNL provides office space, management, and administrative support. In addition, the 
Computational Science Initiative (CSI) and Information Technology Division (ITD) at BNL provide support for computing, particularly the 
operation and technical support for the RBRC 400 Teraflop QCDCQ (QCD Chiral Quark) lattice gauge theory computer. The Deputy 
Director of RBRC is R. Pisarski (BNL). D. Kharzeev (Stony Brook/BNL) is leader of the Theory Group. Y. Akiba (RIKEN) is 
Experimental Group leader with A. Deshpande (Stony Brook) deputy. T. Izubuchi (BNL) is Computing Group leader. 

  
 
2. Major Research Subjects 
Major research subjects of the theory group are 

(1) Heavy Ion Collision  
(2) Perturbative QCD  
(3) Phenomenological QCD 

Major research subjects of the computing group are  
(1) Search for new law of physics through tests for Standard Model of particle and nuclear physics  
(2) Dynamics of QCD and related theories  
(3) Theoretical and algorithmic development for lattice field theories, QCD machine design 

Major research subject of the experimental group are 
(1) Experimental Studies of the Spin Structure of the Nucleon 
(2) Study of Quark-Gluon Plasma at RHIC 
(3) sPHENIX detector construction  

 
3. Summary of Research Activity 

Summary of Research Activities of the three groups of the Center are given in the sections of each group. 
 
 
Members  

 
Director  

Hideto En’yo (concurrent: Director, Nishina Center for Accelerator-Based Science) 
 

Deputy Director 
Robert PISARSKI 

 
Administrative Staff 

Kazunori Mabuchi  (Administration Manager, Nishina Center 
Planning Office) 

Yasutaka AKAI (Deputy Administration Manager, Nishina Center 
Planning Office)                                   

Colleen MICHAEL (Administrative Assistant) 
Pamela ESPOSITO (Administrative Assistant) 
Maureen McNeill-Shea (Administrative Assistant) 

Hiroshi ITO (Deputy Administration Manager, Nishina Center 
Planning Office)

 
 

M.Iwasaki, “Search for Kaonic Bound States at JPARC,” 3rd Resonance Workshop in Bergamo, Camera di Commercio, Bergamo, Italy, October 2017.  
S. Kanda, “Precision laser spectroscopy of the ground state hyperfine splitting in muonic hydrogen,” NuFACT2017, Uppsala, Sweden, October 2017.  
K. Ishida, “Nuclear physics experiments using muons,” CSNS Seminar, Dongguan, China, December 2017. 
S. Kanda “Precision laser spectroscopy of the ground-state hyperfine splitting in muonic hydrogen atom,” FPUA2018, Nagoya, January 2018. 
K. Ishida, “Proton radius measurement from studies in muonic hydrogen,” International Symposium on Nucleon Structure, Yamagata, March 2018. 
 
[Domestic Conference] 

時安敦史,「LEPS 実験［γ-indeced］と LEPS2 での後続実験」, 第 1 回「ストレンジネス核物理を考える会」, 和光, 4 月(2017) 
石田勝彦,「ミューオン水素分光ー陽子半径の決定」, 核物理の将来 基礎物理班勉強会, 4 月(2017) 
石田勝彦,「ミュオン水素原子の超微細構造エネルギー測定による陽子 Zemach 半径決定」, 電子光理学研究センターセミナー, 仙台, 8 月

(2017) 
時安敦史,「Λ(1405) photoproduction at LEPS/LEPS2」, 第 5 回「ストレンジネス核物理を考える会」, 和光, 9 月(2017)  
川﨑新吾,「J-PARC K1.8BR ビームラインにおける d(K−,n)反応による Λ(1405)粒子の精密分光実験の π0Σ0 終状態に関する解析状況(2) 」, 日

本物理学会 2017 年秋季大会, 宇都宮大学, 9 月(2017) 
井上謙太郎,「J-PARC K1.8BR ビームラインにおける d(K−, N)πΣ 反応を用いた Λ(1405)の精密分光実験の解析状況」, 日本物理学会 2017 年秋

季大会, 宇都宮大学, 9 月(2017) 
神田聡太郎,「ミュオン水素原子の精密レーザー分光」, 日本物理学会 2017 年秋季大会, 宇都宮大, 9 月(2017) 
佐久間史典, “The latest results from J-PARC E15,” 新学術領域研究「実験と観測で解き明かす中性子星の核物質」第 6 回「中性子 星核物質」

研究会, RIKEN, 和光, 12 月(2017)  
石田勝彦,「理研 RAL ミュオン施設」, 第 8 回 Muon 科学と加速器研究, つくば, 1 月(2018) 
神田聡太郎, “Laser spectroscopy of the hyperfine splitting in ground-state of muonic hydrogen atom,” 第 8 回 Muon 科学と加速器研究, つくば, 1 月

(2018)  
神田聡太郎,「超伝導計測のミューオン実験への応用」, TIA かけはし事業「簡単・便利な超伝導計測」研究会, 和光, 1 月(2018 年)  
佐久間史典, “Recent results of the KNN search at J-PARC, ” 2017 年度 KEK 理論センターJ-PARC 分室活動 総括研究会, J-PARC, 2 月(2018)  
岩崎雅彦,「K 中間子と原子核 (K-meson and nuclei) − Based on E15: Search for kaonic nuclear bound state」, KEK 理論センターJ-PARC 分室/JAEA

先端基礎研究センター共催研究会 「ヘビークォークハドロンとエキゾチックハドロンの構造」, J-PARC, 3 月(2018) 
橋本直,「J-PARC E15 実験における前方核子を用いたKNN 束縛状態の研究」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018) 
佐久間史典,「J-PARC E15 実験における πΣN 崩壊チャンネルを用いた KNN 束縛状態の研究」, 日本物理学会第 73 回年次大会, 東京理科大, 

野田, 3 月(2018) 
 山我拓巳,「Λpn 終状態におけるKNN 束縛状態の研究」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
岩崎雅彦,「J-PARC E15 実験の解析の進展と今後の展望」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
Omar Zhadyra, “Toward a study of Λ(1405) via the d(K−, Σπ) reaction,” 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
川﨑新吾,「J-PARC K1.8BR ビームラインにおける d(K−, n)反応による Λ(1405)粒子の精密分光実験の π0Σ0 終状態に関する解析状況 (3)」, 日

本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
井上謙太郎,「J-PARC K1.8BR ビームラインにおける d(K−, N)πΣ 反応を用いた Λ(1405)の精密分光実験の解析結果」, 日本物理学会第 73 回

年次大会, 東京理科大, 野田, 3 月(2018)  
石田勝彦,「陽子パズルに挑むミュオン水素原子超微細構造分光」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018) 
神田聡太郎, “Direct measurement of muonium ground state hyperfine splitting with high-intensity pulsed muon beam,” 日本物理学会第 73 回年次大

会, 東京理科大, 野田, 3 月(2018)  
神田聡太郎,「ミュオン水素原子分光実験のための中赤外光源の開発」, 日本物理学会第 73 回年次大会, 東京理科大, 野田, 3 月(2018)  
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Sub Nuclear System Research Division 
RIKEN BNL Research Center  
Theory Group 

 
1. Abstract 

The efforts of the RBRC theory group are concentrated on the major topics of interest in High Energy Nuclear Physics and strongly 
interacting Chiral Matter. This includes: understanding of the Quark-Gluon Plasma; the nature of dense quark matter; the initial state in 
high energy collisions, the Color Glass Condensate; its evolution through a Glasma; spin physics, as is relevant for polarized hadronic 
collisions; physics relevant to electron-hadron collisions and the Electron-Ion Collider; quantum transport and the Chiral Magnetic Effect. 

Theory Group hosted many joint tenure track positions with universities in U.S. and Japan.    
 
2. Major Research Subjects 

(1) Heavy Ion Collisions  
(2) Perturbative Quantum Chromo-Dynamics (QCD)  
(3) Phenomenological QCD 
(4) Chiral Matter 

 
3. Summary of Research Activity 
(1) Phase diagram of QCD 

The heavy ion program at Relativistic Heavy Ion Collider (RHIC) at BNL is focused on the study of the properties of QCD matter at 
high energy densities and high temperatures. The RBRC Theory group performs research that supports and guides the experimental 
program at RHIC. In the past year, RBRC researchers had identified the possibility for the higher-order phase transitions in QCD (H. 
Nishimura, R. Pisarski, V. Skokov) by using the novel approach based on the matrix models.  

The first-principle studies of QCD phase diagram at finite baryon density using the lattice Monte Carlo approach are very difficult 
because of the so-called “sign problem.” The work by H. Nishimura and Y. Tanizaki, in collaboration with J. Verbaarschot of Stony Brook 
Nuclear Theory group, has proposed a new kind of the gradient flow method that can be used to alleviate this problem. 

An important feature of strongly interacting matter at finite baryon density is the liquid-gas phase transition. The paper by H. 
Nishimura (in collaboration with M. Ogilvie and K. Pangeni) develops a field-theoretic approach to the liquid-gas phase transition based on 
an effective 3D field theory. 

Quantum anomalies play an important role in QCD phase transitions. Y. Tanizaki, Y. Kikuchi (who will join the RBRC Theory group 
in 2018) and collaborators utilized the method of “anomaly matching” to obtain important constraints on the dynamics of deconfinement 
and chiral restoration phase transitions in QCD. They also used this method to study the vacuum structure of QCD at finite theta-angle. 

 
(2) QCD Matter at High Energy Density and at small x 

The RHIC experimental heavy ion program is designed to study the properties of matter at energy densities much greater than that of 
atomic nuclei. This includes the initial state of nucleus-nucleus collisions, the Color Glass Condensate, the intermediate state to which it 
evolves, the Glasma, and lastly the thermal state to which it evolves, the Quark-Gluon Plasma.  Theorists at the RBRC have made 
important contributions to all of these subjects.  

During the past year, V. Skokov (in collaboration with Y. Kovchegov, A. Dumitru, and others) investigated the role of classical gluon 
fields at small Bjorken x in generating the azimuthal anisotropy of hadrons produced in AA and pA collisions at RHIC. It has been found 
that the correlations inside the small x distributions effectively generate odd azimuthal harmonics in hadron distributions, with a long-range 
separation in rapidity. In collaboration with A. Kovner and M. Lublinsky, V. Skokov also investigated the possible effect of quark-gluon 
correlations at small x on the studies of the Chiral Magnetic Effect in pA collisions at RHIC. D. Kharzeev, in collaboration with W. Li and 
Z. Tu, investigated the role of fluctuating proton size on the CME studies in pA collisions, and found that these fluctuations induce a 
significant correlation between the direction of magnetic field and the reaction plane, enabling the observation of CME. 

 
The ongoing Isobar run at RHIC (made possible due to the RIKEN scientists working on Zr source) will establish or rule out the 

existence of the Chiral Magnetic Effect (originally proposed by RBRC theorists) in the quark-gluon plasma. During the past year, D. 
Kharzeev and H.-U. Yee, in collaboration with Y. Hirono, M. Mace and others have developed the Chiral Magneto-Hydodynamics 
(CMHD) approach to the Chiral Magnetic Effect (CME) in quark-gluon plasma. The first numerical results of CMHD have become 
available due to the collaboration of RBRC with the ECHO-QGP group. H.U. Yee and collaborators investigated dynamical instabilities in 
CMHD. D. Kharzeev and H.U. Yee, in collaboration with M. Stephanov, solved a long-standing puzzle of the apparent discrepancy 
between the field theory and the kinetic theory on the magnitude of the CME current at finite frequency. D. Kharzeev, with Y. Hirono and A. 
Sadofyev, proposed a new “chiral propulsion effect” for the chiral solitons on vortices in chiral media.  

 
The activity of RBRC members described above bridges the gap between fundamental theory and phenomenology of heavy ion 

collisions. This includes the lattice QCD studies, the analytical work on the dynamics of phase transitions, the development of 
hydrodynamical and kinetic theory approaches incorporating quantum anomalies, and phenomenology. Much of the current work in the 
field is based on the ideas originally developed by the RBRC theorists. 
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(3) Chiral Matter 
Much of the work done at the RBRC Theory group has broad implications beyond the domain of Nuclear and High Energy physics. 

One example is the Chiral Magnetic Effect, originally proposed to occur in quark-gluon plasma, but discovered recently in condensed 
matter systems, so-called Dirac and Weyl semimetals (the original experimental observation of CME was made at BNL in ZrTe5 in a paper 
co-authored by D. Kharzeev). It has become clear that RBRC can make a very substantial impact also on condensed matter physics, where 
the methods developed at RBRC can be applied to a new set of problems. Vice versa, some of the new theoretical developments in 
condensed matter physics can be utilized for the study of QCD matter. Because of this, the RBRC developed a new initiative on Chiral 
Matter focusing on the studies of quantum behavior in strongly interacting matter containing chiral fermions – this includes the quark-gluon 
plasma, electroweak plasma, Dirac and Weyl semimetals, and topological insulators.  

 
In the past year, the RBRC members within this new initiative obtained a number of new results. Some of them, with a direct 

relevance for the quark-gluon plasma, have been already described above; other results are of direct relevance for condensed matter physics. 
D. Kharzeev, Y. Tanizaki and Y. Kikuchi (a postdoc who will join RBRC in 2018), in collaboration with R. Meyer, found that asymmetric 
Weyl semimetals support a giant photocurrent as a result of chiral anomaly. D. Kharzeev, Y. Kikuchi and R. Meyer also proposed a new 
kind of dynamical CME in asymmetric Weyl semimetals that does not require an external source of chirality, and proposed an experiment 
to test their prediction. D. Kharzeev with his Stony Brook student S. Kaushik have identified a new type of quantum oscillations in the 
CME conductivity at finite doping. 

 
The Chiral Matter initiative has already broadened the impact of RBRC beyond the traditional domain of high-energy nuclear physics, 

and has extended the RBRC research into a new and extremely active area.  
 
 
Members  

 
Group Leader (Lab. Head) 

Dmitri KHARZEEV
 

Deputy Group Leader 
Robert PISARSKI  

 
RBRC Researchers 

Ho-Ung YEE (RHIC Physics Fellow) 
Yuya TANIZAKI (Special Postdoctoral Researcher) 

Hiromichi NISHIMURA (Special Postdoctoral Researcher) 
Vladimir SKOKOV (Special Postdoctoral Researcher) 

 
 

Sub Nuclear System Research Division 
RIKEN BNL Research Center  
Theory Group 

 
1. Abstract 

The efforts of the RBRC theory group are concentrated on the major topics of interest in High Energy Nuclear Physics and strongly 
interacting Chiral Matter. This includes: understanding of the Quark-Gluon Plasma; the nature of dense quark matter; the initial state in 
high energy collisions, the Color Glass Condensate; its evolution through a Glasma; spin physics, as is relevant for polarized hadronic 
collisions; physics relevant to electron-hadron collisions and the Electron-Ion Collider; quantum transport and the Chiral Magnetic Effect. 

Theory Group hosted many joint tenure track positions with universities in U.S. and Japan.    
 
2. Major Research Subjects 

(1) Heavy Ion Collisions  
(2) Perturbative Quantum Chromo-Dynamics (QCD)  
(3) Phenomenological QCD 
(4) Chiral Matter 

 
3. Summary of Research Activity 
(1) Phase diagram of QCD 

The heavy ion program at Relativistic Heavy Ion Collider (RHIC) at BNL is focused on the study of the properties of QCD matter at 
high energy densities and high temperatures. The RBRC Theory group performs research that supports and guides the experimental 
program at RHIC. In the past year, RBRC researchers had identified the possibility for the higher-order phase transitions in QCD (H. 
Nishimura, R. Pisarski, V. Skokov) by using the novel approach based on the matrix models.  

The first-principle studies of QCD phase diagram at finite baryon density using the lattice Monte Carlo approach are very difficult 
because of the so-called “sign problem.” The work by H. Nishimura and Y. Tanizaki, in collaboration with J. Verbaarschot of Stony Brook 
Nuclear Theory group, has proposed a new kind of the gradient flow method that can be used to alleviate this problem. 

An important feature of strongly interacting matter at finite baryon density is the liquid-gas phase transition. The paper by H. 
Nishimura (in collaboration with M. Ogilvie and K. Pangeni) develops a field-theoretic approach to the liquid-gas phase transition based on 
an effective 3D field theory. 

Quantum anomalies play an important role in QCD phase transitions. Y. Tanizaki, Y. Kikuchi (who will join the RBRC Theory group 
in 2018) and collaborators utilized the method of “anomaly matching” to obtain important constraints on the dynamics of deconfinement 
and chiral restoration phase transitions in QCD. They also used this method to study the vacuum structure of QCD at finite theta-angle. 

 
(2) QCD Matter at High Energy Density and at small x 

The RHIC experimental heavy ion program is designed to study the properties of matter at energy densities much greater than that of 
atomic nuclei. This includes the initial state of nucleus-nucleus collisions, the Color Glass Condensate, the intermediate state to which it 
evolves, the Glasma, and lastly the thermal state to which it evolves, the Quark-Gluon Plasma.  Theorists at the RBRC have made 
important contributions to all of these subjects.  

During the past year, V. Skokov (in collaboration with Y. Kovchegov, A. Dumitru, and others) investigated the role of classical gluon 
fields at small Bjorken x in generating the azimuthal anisotropy of hadrons produced in AA and pA collisions at RHIC. It has been found 
that the correlations inside the small x distributions effectively generate odd azimuthal harmonics in hadron distributions, with a long-range 
separation in rapidity. In collaboration with A. Kovner and M. Lublinsky, V. Skokov also investigated the possible effect of quark-gluon 
correlations at small x on the studies of the Chiral Magnetic Effect in pA collisions at RHIC. D. Kharzeev, in collaboration with W. Li and 
Z. Tu, investigated the role of fluctuating proton size on the CME studies in pA collisions, and found that these fluctuations induce a 
significant correlation between the direction of magnetic field and the reaction plane, enabling the observation of CME. 

 
The ongoing Isobar run at RHIC (made possible due to the RIKEN scientists working on Zr source) will establish or rule out the 

existence of the Chiral Magnetic Effect (originally proposed by RBRC theorists) in the quark-gluon plasma. During the past year, D. 
Kharzeev and H.-U. Yee, in collaboration with Y. Hirono, M. Mace and others have developed the Chiral Magneto-Hydodynamics 
(CMHD) approach to the Chiral Magnetic Effect (CME) in quark-gluon plasma. The first numerical results of CMHD have become 
available due to the collaboration of RBRC with the ECHO-QGP group. H.U. Yee and collaborators investigated dynamical instabilities in 
CMHD. D. Kharzeev and H.U. Yee, in collaboration with M. Stephanov, solved a long-standing puzzle of the apparent discrepancy 
between the field theory and the kinetic theory on the magnitude of the CME current at finite frequency. D. Kharzeev, with Y. Hirono and A. 
Sadofyev, proposed a new “chiral propulsion effect” for the chiral solitons on vortices in chiral media.  

 
The activity of RBRC members described above bridges the gap between fundamental theory and phenomenology of heavy ion 

collisions. This includes the lattice QCD studies, the analytical work on the dynamics of phase transitions, the development of 
hydrodynamical and kinetic theory approaches incorporating quantum anomalies, and phenomenology. Much of the current work in the 
field is based on the ideas originally developed by the RBRC theorists. 
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Sub Nuclear System Research Division 
RIKEN BNL Research Center  
Computing Group 

 
1. Abstract 

The computing group founded in 2011 as a part of the RIKEN BNL Research Center established at Brookhaven National Laboratory 
in New York, USA, and dedicated to conduct researches and developments for large-scale physics computations important for particle and 
nuclear physics. The group was forked from the RBRC Theory Group. 
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Figure:  The botT. plot is the overview of the Hadronic Vacuum Polarization (HVP) to muon anomalous magnetic moment shown at 

top-left. Our result (RBC/UKQCD 2018) is the first calculation to include QED and the strong isospin breaking (top-right). Our combined 
method of lattice QCD and R-ratio (circled) validates and improves the precision. From arXiv: 1801.07224. 

 
 
 
 

Sub Nuclear System Research Division 
RIKEN BNL Research Center  
Computing Group 

 
1. Abstract 

The computing group founded in 2011 as a part of the RIKEN BNL Research Center established at Brookhaven National Laboratory 
in New York, USA, and dedicated to conduct researches and developments for large-scale physics computations important for particle and 
nuclear physics. The group was forked from the RBRC Theory Group. 

The main mission of the group is to provide important numerical information that is indispensable for theoretical interpretation of 
experimental data from the first principle theories of particle and nuclear physics. Their primary area of research is lattice quantum 
chromodynamics (QCD), which describes the sub-atomic structures of hadrons, which allow us the ab-initio investigation for strongly 
interacting quantum field theories beyond perturbative analysis. 

The RBRC group and its collaborators have emphasized the necessity and importance of precision calculations, which will precisely 
check the current understandings of nature, and will have a potential to find a physics beyond the current standard model of fundamental 
physics. We have therefore adopted techniques that aim to control and reduce any systematic errors. This approach has yielded many 
reliable results. 

The areas of the major activities are R&D for high performance computers, developments for computing algorithms, and researches of 
particle, nuclear, and lattice theories. Since the inception of RBRC, many breakthroughs and pioneering works has carried out in 
computational forefronts. These are the use of the domain-wall fermions, which preserve chiral symmetry, a key symmetry for 
understanding nature of particle nuclear physics, the three generations of QCD devoted supercomputers, pioneering works for QCD 
calculation for Cabibbo-Kobayashi-Maskawa theory, QCD + QED simulation for isospin breaking, novel algorithm for error reduction in 
general lattice calculation. Now the chiral quark simulation is performed at the physical up, down quark mass, the precision for many basic 
quantities reached to accuracy of sub-percent, and the group is aiming for further important and challenging calculations, such as the full 
and complete calculation of CP violating K → ππ decay and ε’/ε, or hadronic contributions to muon’s anomalous magnetic moment g − 2.  
Another focus area is the nucleon’s shape, structures, and the motion of quarks and gluon inside nucleon called parton distribution, which 
provide theoretical guidance to physics for future Electron Ion Collider (EIC), Hyper Kamiokande, DUNE, or the origin of the current 
matter rich universe (rather than anti-matter). Some of members carry out interesting research on strong gauge dynamics other than QCD to 
get hints for the true nature of the Higgs particle or the Dark Matter, or even quantum gravity. 
 
2. Major Research Subjects 

(1) Search for new law of physics through tests for Standard Model of particle and nuclear physics, especially in the framework of the 
Cabibbo–Kobayashi–Maskawa (CKM), hadronic contributions to the muon's anomalous magnetic moment (g − 2) for FNAL and 
J-PARC’s experiments, as well as B physics at Belle II and LHCb.  

(2) Nuclear Physics and dynamics of QCD or related theories, including study for the structures of nucleons related to physics for 
Electron Ion Collider (EIC or eRHIC), Hyper Kamiokande, T2K, DUNE. 

(3) Theoretical and algorithmic development for lattice field theories, QCD machine (co-)design and code optimization. 
 
3. Summary of Research Activity 

In 2011, QCD with Chiral Quarks (QCDCQ), a third-generation lattice QCD computer that is a pre-commercial version of IBM’s Blue 
Gene/Q, was installed as an in-house computing resource at the RBRC. The computer was developed by collaboration among RBRC, 
Columbia University, the University of Edinburgh, and IBM. Two racks of QCDCQ having a peak computing power of 2 × 200 TFLOPS 
are in operation at the RBRC. In addition to the RBRC machine, one rack of QCDCQ is owned by BNL for wider use for scientific 
computing. In 2013, 1/2 rack of Blue Gene/Q is also installed by US-wide lattice QCD collaboration, USQCD. The group has also used the 
IBM Blue Gene supercomputers located at Argonne National Laboratory and BNL (NY Blue), and Hokusai and RICC, the super computers 
at RIKEN (Japan), Fermi National Accelerator Laboratory, the Jefferson Lab, and others. From 2016, the group started to use the 
institutional cluster both GPU and Intel Knight Landing (KNL) clusters installed at BNL and University of Tokyo extensively. 
 

Such computing power enables the group to perform precise calculations using up, down, and strange quark flavors with proper 
handling of the important symmetry, called chiral symmetry, that quarks have. The group and its collaborators carried out the first 
calculation for the direct breaking of CP (Charge Parity) symmetry in the hadronic K meson decay (K → ππ) amplitudes, ε’/ε, which 
provide a new information to CKM paradigm and its beyond. They also provide the hadronic contribution in muon’s anomalous magnetic 
moment (g − 2)μ. These calculation for ε’/ε, hadronic light-by-light of (g − 2), are long waited calculation in theoretical physics delivered 
for the first time by the group. The K → ππ result in terms of ε’/ε currently has a large error, and deviates from experimental results by 2.1 
σ. To collect more information to decide whether this deviation is from the unknown new physics or not, the group continues to improve 
the calculation in various way to reduce their error. Hadronic light-by-light contribution to (g − 2)μ is improved by more than two order of 
magnitudes compared to our previous results. As of 2018 summer, their calculation provide the most precise determination for the g − 2 
hadronic vacuum polarization (HVP), and only one calculation in the world for the hadronic light-by-light (HLbL) contribution. Other 
projects including flavor physics in the framework of the CKM theory for kaons and B mesons that include the new calculation of b-baryon 
decay, Λb → p; the electromagnetic properties of hadrons; the proton’s and neutron’s form factors and structure function including electric 
dipole moments; proton decay; nucleon form factors, which are related to the proton spin problem or neutrino-nucleon interaction; 

- 301 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅵ. RNC ACTIVITIES



 
Table: Summery of current physics program and their impacts 
 
 

 
Figure: Parton distribution function (blue) and the corresponding quasi-PDF in MSbar renormalization with the correct Kernel 
(red) and that from the original formula (purple) from arXiv:1801.03917. 
 
 

The RBRC group and its collaborators have emphasized the necessity and importance of precision calculations, which will provide 
stringent checks for the current understandings of nature, and will have a potential to find physics beyond the current standard model of 
fundamental physics. We have therefore adopted techniques that aim to control and reduce any systematic errors. This approach has yielded 
many reliable results, many of basic quantities are now computed within sub-percent accuracies. 

The group also delivers several algorithmic breakthroughs, which speed up generic lattice gauge theory computation. These novel 
technique divides the whole calculation into frequent approximated calculations, and infrequent expensive and accurate calculation using 
lattice symmetries called All Mode Averaging (AMA), or a compression for memory needs by exploiting the local-coherence of QCD 
dynamics. Together with another formalism, zMobius fermion, which approximate chiral lattice quark action efficiently, the typical 
calculation is now improved by a couple of orders of magnitudes, and more than an order of magnitude less memory needs compared to the 
traditional methods. RBRC group and its collaborators also provide very efficient and generic code optimized to the state-of-arts CPU or 
GPU, and also improve how to efficiently generate QCD ensemble. 
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T. Izubuchi, “Finite volume study for muon g − 2 light-by-light contribution,” Contribution talk at Lattice 2017, Granada, Spain,  18–24 June, 2017. 
T. Izubuchi, “Interplay between R-ratio and Lattice for the muon g − 2 HVP,” Invited talk at First Workshop of the Muon g − 2 Theory Initiative, June 4, 

2017, Q center, St. Charles, IL, USA. 
E. Neil, “Lattice Insights for Composite BSM Models,” High Energy/Cosmology Seminar, University of Wisconsin, Madison, WI. March 2017. 
E. Neil, “Lattice study of gauge theory with multiple fermion representations.,” RIKEN Lunch Seminar, Brookhaven National Laboratory, Upton, NY. 

May 2017. 
E. Neil, “Light composite scalars from lattice gauge theory beyond QCD.,” Particle Theory Seminar, Fermi National Accelerator Laboratory, Batavia, IL. 

September 2017. 
E. Neil, “Light composite scalar from Nf  =  8 lattice gauge theory,” Invited presentation, workshop on Continuum and Lattice Approaches to the Infrared 

Behavior of Conformal and Quasi-Conformal Gauge Theories, Simons Center for Geometry and Physics, Stony Brook, NY, January 2018. 
S. Meinel, “Charm baryon semileptonic decays with lattice QCD,” The 35th International Symposium on Lattice Field Theory, Granada, Spain, June 

2017. 
S. Meinel, “Weak decays of heavy mesons to multi-hadron final states,” Lattice QCD Workshop, Santa Fe, NM, August 2017. 
S. Meinel, “Flavor physics with charm and bottom baryons,” Theory Seminar, Jefferson Lab, Newport News, VA, September 2017. 
S. Meinel, “Hints for physics beyond the Standard Model in decays of beauty quarks,” Physics Department Colloquium, Old Dominion University, 

Norfolk, VA, September 2017. 
S. Meinel, “Heavy baryon decay form factors from lattice QCD,” Lattice Meets Continuum Workshop, Siegen, Germany, September 2017. 
S. Meinel, “Λb → Λc

(*) form factors from lattice QCD,” Challenges in Semileptonic B Decays, Mainz, Germany, April 2018. 
S. Meinel, “Opportunities for lattice QCD in quark and lepton flavor physics,” USQCD All Hands Meeting, Fermilab, Batavia, IL, April 2018. 
S. Meinel, “Flavor physics with charm and bottom baryons,” Cosmology Seminar, Arizona State University, Tempe, AZ, May 2018. 
S. Meinel, “Form factors for b hadron decays from lattice QCD,” Frontiers in Lattice Quantum Field Theory, Madrid, Spain, May 2018. 
Y. Aoki, “Topological susceptibility in Nf = 2 QCD at finite temperature,” Lattice 2017, Granada, Spain, June 19, 2017. 
Y. Aoki, “Spectral properties and S parameter of Nf = 8 QCD,” Brookhaven Forum, BNL, Oct. 11, 2017. 
Y. Aoki, “Lattice QCD and hadron structure,” plenary talk at DIS 2018, Kobe Japan, Apr. 16, 2018. 
Y. Aoki, “Fate of axial U(1) symmetry at two flavor chiral limit of QCD in finite temperature,” invited talk at XQCD 2018, FIAS, Frankfurt, Germany, 

May 21, 2018. 
L. Jin., “Pion Transition Form Factor (TFF) on Lattice: RBC results,” Second Plenary Workshop of the Muon g − 2 Theory Initiative, elmholtz-Institut 

Mainz, Mainz, Germany, June 18, 2018. 
L. Jin., “Operator product expansion analysis of Quasi-PDF.” ITP seminar, Peking University, Beijing, China, May 10, 2018. 
L. Jin., “HLbL contribution to the muon g − 2 on the lattice.,” Physics Seminar, University of Kentucky, Lexington, KY, April 12, 2018. 
L. Jin., “OPE analysis of quasi-PDFs.” Lattice PDF Workshop, University of Maryland, College Park, MD, April 6, 2018. 
L. Jin., “HLbL contribution to the muon g − 2 on the lattice: overall strategy,” Muon g − 2 Theory Initiative HLbL Working Group Workshop, University 

of Connecticut, Storrs, CT, March 12, 2018. 
L. Jin., “Hadronic light-by-light contribution to muon g − 2 with lattice QCD and infinite volume, continuum QED,” Theory Seminar, Jefferson Lab, 

Newport News, VA, January 8, 2018. 
L. Jin., “The muon anomalous magnetic moment.” SANTA FE WORKSHOP ON LATTICE QCD, Santa Fe, NM, August 29, 2017. 
E. Rinaldi, “Composite dark matter.” Invited Talk at the conference CIPANP18, Palm Springs, CA, USA, June 2018. 
E. Rinaldi, “How to test the gauge/gravity duality with lattice simulations.” Invited seminar at New York University, New York, NY, USA, May 2018. 
E. Rinaldi, “High-precision tests of the gauge/gravity duality and future applications.” Invited Talk at the workshop LBSM18 “Lattice for Beyond the 

Standard Model Physics,” University of Colorado, Boulder, CO, USA, April 2018 
E. Rinaldi, “What lattice gauge theory can do for dark matter searches?” Invited seminar at Stony Brook University, Stony Brook, NY, USA, February 

2018. 
E. Rinaldi, “The nucleon axial charge from Lattice QCD” Invited seminar at Lawrence Livermore National Laboratory, Livermore, CA, USA, January 

2018. 
E. Rinaldi, “Exploring signals of conformality in theories with many flavors: a LatKMI report” Invited talk at the workshop “Continuum and Lattice 

Approaches to the Infrared Behavior of Conformal and Quasi-Conformal Gauge Theories,” Stony Brook University, Simons Center for Geometry and 
Physics, Stony Brook, NY, USA, January 2018. 

E. Rinaldi, “Dark interactions and supercomputers,” Talk at “Brookhaven forum 2017: in search of new paradigms,” Brookhaven National Laboratory, 
Upton NY, USA, October 2017. 

E. Rinaldi, “Petaflops computing for the search of New Physics” Invited Talk at the inter-institutional meeting ITCPS2017 “Interdisciplinary Theoretical 
and Computational Physical Sciences,” Tokyo Institute of Technology, Tokyo, Japan, October 2017. 

E. Rinaldi, “The nucleon axial coupling from Lattice QCD” Seminar at RIKEN Nishina Center, Wako, Japan, October 2017. 
E. Rinaldi, “Lattice Field Theory results on new strong dynamics” Invited Talk at the workshop LFC17 “Old and new strong interactions from LHC to 

future colliders,” ECT*, Trento, Italy, September 2017. 
E. Rinaldi, “Flavor-singlet spectrum in multi-flavor QCD, SU(3) with Nf = 4, 8 and 12” Talk at Lattice 2017, Granada, Spain, June 2017. 
E. Rinaldi, “How to test the gauge/gravity duality with lattice simulations” Invited seminar at University of Oregon, Eugene, US, May 2017. 
E. Rinaldi, “The nucleon axial charge from lattice QCD” Seminar at RIKEN, BNL, Upton, US, May 2017. 
E. Rinaldi, “Many-flavor theories on the lattice” Invited talk at the workshop “Lattice for Beyond the Standard Model Physics,” Boston University, 

S. Meinel, “Λc → N form factors from lattice QCD and phenomenology of Λc → nℓ+νℓ and Λc → pu+μ- decays,” Phys. Rev. D 97, 034511 (2018). 
N. Hasan, J. Green, S. Meinel, M. Engelhardt, S. Krieg, J. Negele, A. Pochinsky, S. Syritsyn, “Computing the nucleon charge and axial radii directly at Q2 

= 0 in lattice QCD,” Phys. Rev. D 97, 034504 (2018). 
C. Alexandrou, S. Meinel, “P-wave ππ scattering and the ρ resonance from lattice QCD,” Phys. Rev. D 96, 034525 (2017). 
C. Rohrhofer, Y. Aoki, G. Cossu, H. Fukaya, L. Ya. Glozman, S. Hashimoto, C. B. Lang, S. Prelovsek, “Approximate degeneracy of J = 1 spatial 

correlators in high temperature QCD,” Phys. Rev. D 96, 094501 (2017). 
Y. Aoki, T. Izubuchi, E. Shintani, A. Soni, “Improved lattice computation of proton decay matrix elements,” Phys. Rev. D 96, 014506 (2017). 
C. C. Chang, E. Rinaldi et al., “Nucleon axial coupling from Lattice QCD,” EPJ Web Conf. 175, 01008 (2018). 
E. Rinaldi, E. Berkowitz, M. Hanada, J. Maltz, P. Vranas, “Toward Holographic Reconstruction of Bulk Geometry from Lattice Simulations,” JHEP 1802, 

042 (2018). 
HotQCD Collaboration (A. Bazavov, E. Rinaldi et al.), “Skewness and kurtosis of net baryon-number distributions at small values of the baryon chemical 

potential,” Phys. Rev. D 96, 074510 (2017). 
E. Berkowitz, E. Rinaldi et al., “Möbius domain-wall fermions on gradient-flowed dynamical HISQ ensembles,” Phys. Rev. D 96, 054513 (2017). 
B. Yoon, S. Syritsyn et al., “Nucleon transverse momentum-dependent parton distributions in lattice QCD: Renormalization patterns and discretization 

effects,” Phys. Rev. D 96, 094508 (2017). 
J.-W. Chen, L. Jin, H.-W. Lin, Y.-S. Liu, A. Schäfer, Y.-B. Yang, J.-H. Zhang, Y. Zhao, “First direct lattice-QCD calculation of the x-dependence of the 

pion parton distribution function,” arXiv: 1804.01483.* 
J.-W. Chen, L. Jin, H.-W. Lin, Y.-S. Liu, Y.-B. Yang, J.-H. Zhang, Y. Zhao, “Lattice Calculation of Parton Distribution Function from LaMET at 

Physical Pion Mass with Large Nucleon Momentum,” arXiv: 1803.04393.* 
J.-W. Chen, L. Jin et al., “Kaon Distribution Amplitude from Lattice QCD and the Flavor SU(3) Symmetry,” arXiv:1712.10025.* 
J.-W. Chen, Tomomi Ishikawa, L. Jin, H.-W. Lin, A. Schäfer, Y.-B. Yang, J.-H. Zhang, Y. Zhao, “Gaussian-weighted Parton Quasi-distribution,” arXiv: 

1711.07858.* 
J.-W. Chen, Tomomi Ishikawa, L. Jin, H.-W. Lin, Y.-B. Yang, J.-H. Zhang, Y. Zhao, “Operator classification for nonlocal quark bilinear on lattice,” 

arXiv:1710.01089.* 
J.-W. Chen, Tomomi Ishikawa, L. Jin, H.-W. Lin, Y.-B. Yang, J.-H. Zhang, Y. Zhao, “Parton distribution function with nonperturbative renormalization 

from lattice QCD,” Phys. Rev. D 97, 014505 (2018). 
 
 [Proceedings] 
(Original Papers)  
S. Hashimoto, B. Colquhoun, T. Izubuchi, T. Kaneko and H. Ohki, “Inclusive B decay calculations with analytic continuation,” EPJ Web Conf. 175, 

13006 (2018) . 
M. Abramczyk, Sinya Aoki, T. Blum, T. Izubuchi, H. Ohki and S. Syritsyn, “Computing nucleon EDM on a lattice,” EPJ Web Conf. 175, 06027  (2018). 
T. Izubuchi, Y. Kuramashi, C. Lehner and E. Shintani, “Lattice study of finite volume effect in HVP for muon g − 2,” EPJ Web Conf. 175, 06020 (2018) . 
P. Boyle, R. J. Hudspith, T. Izubuchi, A. Jüttner, C. Lehner, R. Lewis, K. Maltman, H. Ohki, A. Portelli, M. Spraggs, “|Vus| determination from inclusive 

strange tau decay and lattice HVP,” EPJ Web Conf. 175, 13011 (2018) . 
K. Maltman, R. Hudspith, T. Izubuchi, R. Lewis, H. Ohki, J. Zanotti, “The inclusive flavor-breaking τ-based sum rule determination of Vus,” Nucl. Part. 

Phys. Proc. 287–288, 25–28 (2017) . 
K. Maltman, R. Hudspith, T. Izubuchi, R. Lewis, H. Ohki, J. Zanotti, “|Vus| from T decays in theory,” PoS CKM2016, 030 (2017) . 
T. Izubuchi, M. Abramczyk, T. Blum, H. Ohki, S. Syritsyn, “Calculation of nucleon electric dipole moments induced by quark chromo-electric dipole 

moments,” PoS LATTICE2016, 398 (2017) . 
P. Boyle, V. Gülpers, J. Harrison, A. Jüttner, C. Lehner, A. Portelli, and C. Sachrajda, “Isospin Breaking Corrections to the HVP with Domain Wall 

Fermions,” EPJ Web Conf. 175, 06024 (2017), 1710.07190. 
M. A. Clark, C. Jung, and C. Lehner, “Multi-Grid Lanczos,” EPJ Web Conf. 175, 14023 (2017), 1710.06884. 
C. Lehner, “A precise determination of the HVP contribution to the muon anomalous magnetic moment from lattice QCD,” EPJ Web Conf. 175, 01024 

(2017), 1710.06874. 
V. Ayyar, D. C. Hackett, W. I. Jay, E. T. Neil, “Automated lattice data generation,” arXiv:1802.00851, EPJ Web Conf. 175, 09009 (2018). 
Fermilab Lattice and MILC Collaborations (Y. Liu, E. Neil et al.), “Bs → Kℓν Form Factors with 2 + 1 Flavors,” EPJ Web Conf. 175, 13008 (2018). 
V. Ayyar, D. Hackett, W. Jay, E. Neil, “Confinement study of an SU(4) gauge theory with fermions in multiple representations,” EPJ Web Conf. 175, 

08025 (2018) . 
V. Ayyar, T. DeGrand, D. C. Hackett, W. I. Jay, E. T. Neil, Y. Shamir, B. Svetitsky, “Chiral transition of SU(4) gauge theory with fermions in multiple 

representations,” EPJ Web Conf. 175, 08026 (2018) . 
S. Paul, S. Meinel et al., “ππ P-wave resonant scattering from lattice QCD,” EPJ Web Conf. 175, 05022 (2018). 
JLQCD Collaboration (K. Suzuki, Y.Aoki et al.), “Axial U(1) symmetry at high temperature in 2-flavor lattice QCD,” EPJ Web Conf. 175, 07025 (2018). 
JLQCD Collaboration (Sinya Aoki, Y.Aoki et al.), “Topological Susceptibility in Nf = 2 QCD at Finite Temperature,” EPJ Web Conf. 175, 07024 (2018). 
Christian Rohrhofer, Y. Aoki, Guido Cossu, Hidenori Fukaya, Leonid Glozman, S. Hashimoto, Christian B.Lang, Sasa Prelovsek, “Degeneracy of 

vector-channel spatial correlators in high temperature QCD,” EPJ Web Conf. 175, 07029 (2018). 
Y. Aoki et al., “Flavor-singlet spectrum in multi-flavor QCD,” EPJ Web Conf. 175, 08023 (2018). 
E. Berkowitz, E. Rinaldi et al., Calm Multi-Baryon Operators,” EPJ Web Conf. 175, 05029 (2018). 
 

Oral Presentations 
[International Conference etc.] 

T. Izubuchi, “Hadronic contributions to muon g − 2 – LQCD confronting the most precise experiments,” invited seminar at Department of Theoretical 
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Boston, USA, April 2017. 
E. Rinaldi, “How to test the gauge/gravity duality with lattice simulations,” Invited talk at the workshop “Quantum gravity, string theory and holography,” 

YITP, Kyoto, Japan, April 2017. 
E. Rinaldi, “Beyond the Standard Model physics with lattice simulations,” Invited seminar at Università di Roma 2, Tor Vergata, Roma, Italy, March 

2017. 
E. Rinaldi, “What lattice gauge theory can do for Dark Matter searches,” Invited seminar at Università di Roma 1, La Sapienza, Roma, Italy, February 

2017. 
H. Ohki, “Nucleon Electric dipole moments from lattice QCD,” The 7th KIAS Workshop on Particle Physics and Cosmopology and The 2nd 

KEK-NCTS-KIAS Workshop on Particle Physics Phenomenology, KIAS, Soul, Korea, November 10, 2017. 
H. Ohki, “|Vus| determination from inclusive strange tau decay and lattice HVP,” Lattice 2017, Granada, Spain, June 23, 2017, [Domestic Conference] 
T. Izubuchi, “Hadronic contributions to muon g − 2 – LQCD confronting the most precise experiments,” invited seminar at Department of Theoretical 

Physics (DTP) Tata Institute of Fundamental Research (TIFR), Mumbai, India, April 26, 2018. 
T. Izubuchi, “Leading disconnected diagram and other disconnected diagrams,” Invited presentation at Muon g − 2 Theory Initiative Hadronic 

Light-by-Light working group workshop, University of Connecticut, Storrs, CT March 12-14, 2018. 
T. Izubuchi, “Hadronic contributions to muon g − 2 and inclusive tau decay,” Invited seminar for Lattice Theory group, DESY, Zeuthen, June 26, 2017. 
T. Izubuchi, “Finite volume study for muon g − 2 light-by-light contribution,” Contribution talk at Lattice 2017, Granada, Spain, 18−24 June, 2017. 
T. Izubuchi, “Interplay between R-ratio and Lattice for the muon g − 2 HVP,” Invited talk at First Workshop of the Muon g − 2 Theory Initiative, June 4, 

2017, Q center, St. Charles, IL, USA. 
Y. Aoki,「QCDの有限温度相転移とトポロジー –サブ課題 A「QCD相転移」–」, 素粒子・原子核・宇宙「京からポスト京に向けて」シンポ
ジウム, 筑波大学東京キャンパス（東京都）, Feb 17, 2017. 

Y. Aoki,「有限温度 2フレーバーQCDのトポロジカル感受率」, 日本物理学会第 72回年次大会, 大阪大学, Mar. 18, 2017. 
Y. Aoki,「QCDの有限温度相転移とトポロジー –サブ課題 A「QCD相転移」–」, ポスト「京」重点課題 9研究報告会(5/31), 筑波大学 CCS, 

May 31, 2017. 
Y. Aoki, “Topology and axial U(1) symmetry at hight temperature in Nf = 2 QCD,” AICS seminar, Kobe RIKEN AICS, Jan. 15, 2018. 
Y. Aoki,「有限温度 2フレーバーQCDのトポロジカル感受率」, 日本物理学会 2017年秋期大会, 宇都宮大学, Sep. 12, 2017. 
H. Ohki,「New Inclusive Decay Analysis with Lattice QCD,” poster presentation at FY 2017 SPDR and FPR Research Report Session, RIKEN, Wako, 

Japan, January 31, 2018. 
H. Ohki, “Nucleon Electric Dipole Moments from Lattice QCD,” 10th International Workshop on Fundamental Physics Using Atoms (FPUA), Nagoya 

University, Nagoya, Japan, January 8, 2018. 
H. Ohki,「格子 QCD による核子構造の研究と標準模型を越えた物理 (Lattie QCD study of nucleon EDM and physics beyond the standard model)」, 

2017 JPS Autumn meeting, Utsunomiya University, Utsunomiya, Japan, September 14, 2017. 
H. Ohki,「核子(chromo)EDM 演算子の格子 QCD 計算 (Lattice calculation of the nucleon chromo-EDM)」, 2017 JPS Annual Meeting, Osaka 

University, Toyonaka, Japan, March 19, 2017. 
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Sub Nuclear System Research Division 
RIKEN BNL Research Center  
Experimental Group 

 
1. Abstract 

RIKEN BNL Research Center (RBRC) Experimental Group studies the strong interactions (QCD) using RHIC accelerator at 
Brookhaven National Laboratory, the world first heavy ion collider and polarized p + p collider. We have three major activities: Spin 
Physics at RHIC, Heavy ion physics at RHIC, and detector upgrades of PHENIX experiment at RHIC.  

We study the spin structure of the proton using the polarized proton-proton collisions at RHIC. This program has been promoted by 
RIKEN’s leadership. The first focus of the research is to measure the gluon spin contribution to the proton spin. Recent results from 
PHENIX π0 measurement and STAR jet measurement has shown that gluons in the proton carry about 30% of the proton spin. This is a 
major milestone of RHIC spin program. The second goal of the spin program is to measure the polarization of anti-quarks in the proton 
using W → e and W → μ decays. The results of W → e measurement was published. The final results of W → μ as submitted for 
publication.  

The aim of Heavy ion physics at RHIC is to re-create Quark Gluon Plasma (QGP), the state of Universe just after the Big Bang. Two 
important discoveries, jet quenching effect and strong elliptic flows, have established that new state of dense matter is indeed produced in 
heavy ion collisions at RHIC. We are now studying the property of the matter. Recently, we have measured direct photons in Au + Au 
collisions for 1 < pT < 3 GeV/c, where thermal radiation from hot QGP is expected to dominate. The comparison between the data and 
theory calculations indicates that the initial temperature of 300 MeV to 600 MeV is achieved. These values are well above the transition 
temperature to QGP, which is calculated to be approximately 160 MeV by lattice QCD calculations. 

We had major roles in detector upgrades of PHENIX experiment, namely, the silicon vertex tracker (VTX) and muon trigger upgrades. 
Both of the upgrade is now complete. The VTX is the main device to measure heavy quark (charm and bottom) production and the muon 
trigger is essential for W → μ measurement. The results from the first run with VTX detector in 2011 was published. The results show that 
electrons from bottom quark decay is strongly suppressed at high pT, but the suppression is weaker than that of charm decay electron for 3 
< pT < 4 GeV/c. We have recorded 10 times as much Au + Au collisions data in each of the 2014 run and 2016 run. The large dataset will 
produce definitive results on heavy quark production at RHIC. 

PHENIX completed its data taking in 2016. We are now working on R&D of intermediate silicon tracker INTT for sPHENIX, a new 
experiment at RHIC that will be installed in the PHENIX IR. 

 
2. Major Research Subjects 
(1) Experimental Studies of the Spin Structure of the Nucleon 
(2) Study of Quark-Gluon Plasma at RHIC 
(3) PHENIX detector upgrades 
 
3. Summary of Research Activity 

We study the strong interactions (QCD) using the RHIC accelerator at Brookhaven National Laboratory, the world first heavy ion 
collider and polarized p + p collider. We have three major activities: Spin Physics at RHIC, Heavy ion physics at RHIC, and detector 
upgrades of PHENIX experiment. 

 
(1) Experimental study of spin structure of proton using RHIC polarized proton collider 

How is the spin of proton formed with 3 quarks and gluons? This is a very fundamental question in Quantum Chromodynamics (QCD), 
the theory of the strong nuclear forces. The RHIC Spin Project has been established as an international collaboration between RIKEN and 
Brookhaven National Laboratory (BNL) to solve this problem by colliding two polarized protons for the first time in history. This project 
also has extended the physics capabilities of RHIC. 

The first goal of the Spin Physics program at RHIC is to determine the gluon contribution to proton spin. It is known that the spin of 
quark accounts for only 25% of proton spin. The remaining 75% should be carried either by the spin of gluons or the orbital angular 
momentum of quarks and gluons. One of the main goals of the RHIC spin program has been to determine the gluon spin contribution. 
Before the start of RHIC, there was little experimental constraint on the gluon polarization, ∆G.  

PHENIX measures the double helicity asymmetry (ALL) of π0 production to determine the gluon polarization. Our most recent 
publication of π0 ALL measurement at 510 GeV shows non-zero value of ALL, indicating that gluons in the proton is polarized. Global 
analysis shows that approximately 30% of proton spin is carried by gluons. 

 RHIC achieved polarized p + p collisions at 500 GeV in 2009. The collision energy increased to 510 GeV in 2012 and 2013. The 
main goal of these high energy p + p run is to measure anti-quark polarization via single spin asymmetry AL of the W production. We 
upgraded the muon trigger system to measure W → μ decays in the forward direction. With the measurement of W → e and W → μ, we can 
cover a wide kinematic range in anti-quark polarization measurement. The 2013 run is the main spin run at 510 GeV. PHENIX has recorded 
more than 150/pb of data in the run. The final results of the AL measurement in W → e channel in combined data of 2011 to 2013 was 
published. The high statistics results give strong constraints on the polarization of anti-quarks in the proton. The paper on the final results of 
W → μ was submitted for publication.  

RHIC has the first polarized proton nucleus collision run in 2015. In this run, we discovered a surprisingly large nuclear dependence of 
single spin asymmetry of very forward neutron. The paper of this discovery was published in Physical Review Letters. 
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Figure 1. Single spin asymmetry AL of electrons from W and Z decays. The AL is sensitive to the polarization of 
anti-quarks in the proton. The curves and the shaded region show theoretical calculations based on various polarized 
parton distribution (PDF) sets. The mid-rapidity points are published in Phys. Rev. D 93, 051103(R) (2016). From 
arXiv: 1804.04181 (submitted to Physical Review D) 

 

Figure 2. Single spin asymmetry AN of very forward neutron in p + p, p + Al, and p + Au collision. Published in Phys. 
Rev. Lett. 120, 022001 (2018). 

 
 
 (2) Experimental study of Quark-Gluon Plasma using RHIC heavy-ion collider 

The goal of high energy heavy ion physics at RHIC is study of QCD in extreme conditions i.e. at very high temperature and at very 
high energy density. Experimental results from RHIC have established that dense partonic matter is formed in Au + Au collisions at RHIC. 
The matter is very dense and opaque, and it has almost no viscosity and behaves like a perfect fluid. These conclusions are primarily based 
on the following two discoveries: 
• Strong suppression of high transverse momentum hadrons in central Au + Au collisions (jet quenching) 
• Strong elliptic flow 

These results are summarized in PHENIX White paper, which has approximately 2500 citations to date. 
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The focus of the research in heavy ion physics at RHIC is now to investigate the properties of the matter. RBRC have played the 
leading roles in some of the most important results from PHENIX in the study of the matter properties. These include (1) measurements of 
heavy quark production from the single electrons from heavy flavor decay (2) measurements of J/ψ production (3) measurements of 
di-electron continuum and (4) measurements of direct photons. 

The most important recent result is the measurement of direct photons for 1 < pT < 5 GeV/c in p + p and Au + Au through their 
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of direct photon yield in Au + Au over the scaled p + p data has been observed. Several hydrodynamical models can reproduce the central 
Au + A data within a factor of two. These models assume formation of a hot system with initial temperature of Tinit = 300 MeV to 600 MeV. 
This is the first measurement of initial temperature of quark gluon plasma formed at RHIC. These results are recently published in Physical 
Review Letters. Y. Akiba is the leading person of the analysis and the main author of the paper. He received 2011 Nishina memorial Prize 
mainly based on this work. 
 
(3) Detector upgrade 

The group had major roles in several PHENIX detector upgrades, namely, the silicon vertex tracker (VTX) and muon trigger upgrades. 
VTX is a high precision charged particle tracker made of 4 layers of silicon detectors. It is jointly funded by RIKEN and the US DOE. The 
inner two layers are silicon pixel detectors and the outer two layers are silicon strip detectors. Y. Akiba is the project manager and A. 
Deshpande is the strip system manager. The VTX detector was completed in November 2010 and subsequently installed in PHENIX. The 
detector started taking data in the 2011 run. With the new detector, we measure heavy quark (charm and bottom) production in p + p, A + A 
collisions to study the properties of quark-gluon plasma. The final result of the 2011 run was published. The result show that single 
electrons from bottom quark decay is suppressed, but not as strong as that from charm decay in low pT region (3 < pT < 4 GeV/c). This is 
the first measurement of suppression of bottom decay electrons at RHIC and the first observation that bottom suppression is smaller than 
charm. We have recorded 10 times as much Au + Au collisions data in each of the 2014 run and 2016 run. The large dataset will produce 
definitive results on heavy quark production at RHIC. A preliminary results on the elliptic flow strength v2 of b → e and c → e has been 
presented in Quark Matter 2018 conference.  

 
Figure 3. Preliminary results of the elliptic flow strength v2 of single electrons from charm and bottom decays. 
 

PHENIX completed its data taking in 2016. We are now working on R&D of intermediate silicon tracker INTT for sPHENIX, a new 
experiment at RHIC that will be installed in the PHENIX IR. A three ladder telescope of INTT prototype modules was tested in a 
beam test at FNAL. The prototype detector worked very well during the test. 

 
Figure 4. Three ladder telescope made from INTT silicon tracker prototype. The prototype detector was tested in a 
beam test at FNAL in February 2018. 
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arXiv: 1804.04181 (submitted to Physical Review D) 

 

Figure 2. Single spin asymmetry AN of very forward neutron in p + p, p + Al, and p + Au collision. Published in Phys. 
Rev. Lett. 120, 022001 (2018). 

 
 
 (2) Experimental study of Quark-Gluon Plasma using RHIC heavy-ion collider 

The goal of high energy heavy ion physics at RHIC is study of QCD in extreme conditions i.e. at very high temperature and at very 
high energy density. Experimental results from RHIC have established that dense partonic matter is formed in Au + Au collisions at RHIC. 
The matter is very dense and opaque, and it has almost no viscosity and behaves like a perfect fluid. These conclusions are primarily based 
on the following two discoveries: 
• Strong suppression of high transverse momentum hadrons in central Au + Au collisions (jet quenching) 
• Strong elliptic flow 

These results are summarized in PHENIX White paper, which has approximately 2500 citations to date. 

- 309 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅵ. RNC ACTIVITIES



 
 

Members  
 

Group Leader (Lab. Head)  
Yasuyuki AKIBA (Deputy Chief Scientist) 
 

Deputy Group Leader 
Abhay DESHPANDE 

 
RBRC Researcher 

Xiaorong WANG (RHIC Physics Fellow) 
Takashi HACHIYA (RIKEN BNL Fellow, Nara Women's 
University) 
Yorito YAMAGUCHI  
Gaku MITSUKA  
Takahito TODOROKI 
Megan CONORS (RHIC Physics Fellow) 

Yasushi WATANABE (RIKEN Spin Program Researcher, 
concurrent: Radiation Lab.) 

Yuji GOTO (RIKEN Spin Program Researcher, concurrent: 
Radiation Lab.) 

 
Itaru NAKAGAWA (RIKEN Spin Program Researcher, 

concurrent: Radiation Lab.) 
Takashi ICHIHARA (RIKEN Spin Program Researcher, 

concurrent: RI Physics Lab.) 
Atsushi TAKETANI (RIKEN Spin Program Researcher, 

concurrent: Neutoron Beam Technology Team, Advanced 
Photonics Technology development Group, RAP) 

Satoshi YOKKAICHI (RIKEN Spin Program Researcher, 
concurrent: Radiation Lab.) 

Ralf SEIDL (RIKEN Spin Program Researcher, concurrent: 
Radiation Lab.) 

 
Visiting Scientists 

Stefan BATHE (Baruch College University of New York) 
Rachid NOUICER (BNL) 
Masahiro OKAMURA (BNL) 

Takao SAKAGUCHI (BNL) 
Takashi SAKO (Nagoya University) 
Hiroaki MENJO (Nagoya University) 

 
 
List of Publications & Presentations  
  
Publications 
 [Journal] 

(Original Papers) 
G. Mitsuka, ”Recently measured large AN for forward neutron in p↑A collisions at �sNN = 200 GeV explained through simulations of ultraperipheral 

collisions and hadronic interactions,” Phys. Rev. C 95, 044908 (2017). 
 
Oral Presentations 
[International Conference etc.] 
 T. Hachiya, “Recent results on open and closed heavy flavor from PHENIX at RHIC,” ICHEP2016. 

T. Hachiya, “Recent heavy flavor measurements from PHENIX at RHIC,” ISMD2016. 
T. Hachiya, “Recent results on heavy flavor production at RHIC-PHENIX,” INPC2016. 
G. Mitsuka, ”Disentangling transverse single spin asymmetry for very forward neutrons in polarized pA collisions using ultra-peripheral collisions,” 25th 

International Workshop of Deep Inelastic Scattering (DIS2017). 
T. Hachiya, “Nuclear modification factor and flow of charm and bottom quarks in Au + Au collisions at �sNN = 200 GeV by the PHENIX Experiment,” 

(Quark Matter 2018). 
 
[Domestic Conference] 

G. Mitsuka, 「RHIC単スピン非対称測定に対する ultra-peripheral collisionの影響」, 日本物理学会 第 72回年次大会. 
 

Poster Presentations 
[International Conference etc.] 

G. Mitsuka, “sPHENIX Intermediate silicon tracker INTT,” Quark Matter 2017. 
 
 

Marta VERWEIJ (RHIC Physics Fellow) 

- 310 -

RIKEN Accel. Prog. Rep. 51 (2018) Ⅵ. RNC ACTIVITIES



Sub Nuclear System Research Division 
RIKEN Facility Office at RAL 

 
1. Abstract 

Our core activities are based on the RIKEN-RAL Muon Facility located at the Rutherford Appleton Laboratory (UK), which provides 
intense pulsed-muon beams. Muons have their own spins with 100% polarization, and can detect local magnetic fields and their 
fluctuations at muon stopping sites very precisely. The method to study characteristics of materials by observing time dependent changes of 
muon spin polarization is called “Muon Spin Rotation, Relaxation and Resonance (μSR method), and is applied to study electro-magnetic 
properties of insulating, metallic, magnetic and superconducting systems. Muons reveal static and dynamic properties of the electronic state 
of materials in the zero-field condition, which is the ideal magnetic condition for research on magnetism. We have carried out μSR 
investigations on frustrated pyrochlore systems, which have a variety of exotic ground states of magnetic spins, so the magnetism study of 
this system using muons is quite unique.  

The ultra-slow muon beam can be stopped in thin foil, multi-layered materials and artificial lattices, which enables us to apply the μSR 
techniques to surface and interface science. The development of an ultra-slow muon beam is also very important as a source of ultra-cold 
(pencil-like small emittance) muon beam for muon g − 2/EDM measurement. We have been developing muonium generators to create more 
muonium atoms in vacuum even at room temperature to improve beam quality compared with the conventional hot-tungsten muonium 
generator. We demonstrated a tremendous increase of the muonium emission efficiency by fabricating fine laser drill-holes on the surface of 
silica aerogel. We also developed a high power Lyman-alpha laser in collaboration with the Advanced Photonics group at RIKEN. The new 
laser will ionize muonium atoms 100 times more efficiently for slow muon beam generation. 

We are planning a major refurbishment of the muon facility, since the major part of the facility was built around 1994. The plan was 
discussed in 2017 and the areas and components that need refurbishment were identified. RIKEN and STFC/RAL also agreed on extension 
of the collaboration for another five years starting 2018. RAL will take over the facility ownershp and will be responsible for its operation 
and maintenance, while RIKEN will keep access to the facility with access charge to conduct its science program. 
 
2. Major Research Subjects 
(1) Materials science by muon-spin-relaxation method 
(2) Hyperfine interactions at muon sites studied by the computation science 
(3) Nuclear and particle physics studies via muonic atoms and ultra-cold muon beam 
 
3. Summary of Research Activity 
(1) Material Science at the RIKEN-RAL Muon Facility 

Muons have their own spins with 100% polarization, and can detect local magnetic fields and their fluctuations at muon stopping sites 
very precisely. The μSR method is applied to studies of newly fabricated materials. Muons enable us to conduct (1) material studies under 
external zero-field condition, (2) magnetism studies with samples without nuclear spins, and (3) measurements of muon spin relaxation 
changes over a wide temperature range with same detection sensitivity. The detection time range of local field fluctuations by μSR is 10-6 to 
10-11 second, which is an intermediate region between neutron scattering methods (10−10−10−12 second) and Nuclear Magnetic Resonance 
(NMR) (longer than 10−6 second). At Port-2 and 4 of the RIKEN-RAL Muon Facility, we have been performing μSR research on strong 
correlated-electron systems, organic molecules and biological samples to study electron structures, superconductivity, magnetism, 
molecular structures and crystal structures. 

In the period from 2017 to 2018, we have obtained excellent results, and the highlights are listed in the following, 
1) The superconducting gap state of λ-[BETS]2GaCl4 has both the s- and d-wave characters.  
2) A static ordering in the Ca-doped pyrochlore iridate; (Y1−xCax)2Ir2O7 is strongly suppressed by the carrier doping.  
3) A long-range magnetic ordering is observed in alkari-metal superoxides of CsO2 and RbO2 but not in NaO2.   
4) Missing of a static ordering is confirmed in both Au25 nano-clusters.  
5) The quantum spatial distribution of the muon by the zero-point vibration energy is clarified by density functional theory 

calculations by using the RIKEN supercomputing system. HOKUSAI. 
Result-1) One dimensional organic superconductor, λ-[BETS]2GaCl4, has a unique Fermi-surface structure with the four-fold nodal 

points. The estimation of the superconducting gap from computational analysis of μSR experimental data indicates a unique view of the 
supeconducting gap to be a mixed state of the major s-wave component and the minor d-wave one. Result-2) Static orderings of Ir magnetic 
spins are strongly suppressed by the carrier doping. A quantum critical change to the non-magnetic ground state is expected around x = 0.20 
being accompanied by changes in the transport properties. Result-3) The π electrons which are widely distributed on the O2 dumbbell in 
superoxides CsO2 and RbO2 are found to form static long-range orderings. The magnetic moment is quantitatively estimated in conjunction 
with density functional theory calculations and confirmed to shrink to less than a half in the magnetically ordered state. Result-4) Ground 
states of nano-cluster of Au with 25 atoms are concluded to be still nonmagnetic down to 0.3 K from the magnetic susceptibility, NMR and 
μSR measurements although those systems have been argued to show some static magnetic states. Result-5) The muon trapped in materials 
is confirmed to be spatially distributed around the local minimum potential position by the zero-point vibration energy, which is due to the 
muon’s physics character as a light particle. This quantum spatial distribution is now taken into account for the μSR data analysis with the 
similar quantum spatial distribution of magnetic moments.      

We are developing international collaborations on the muon science with Asian groups in order to organize new μSR experimental 
research themes and to develop muon-site calculation activities using computational method. We renewed MOU’s with Indonesian and 
Malaysian universities to enhance collaborative researches on the muon science at the RIKEN-RAL Muon Facility. We formed a new MOU 
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with Universitus Indonesia (UI) as a new partner to work on the muon science and student education. We are developing new collaborations 
in μSR experiments on strongly correlated systems with researchers from China, Taiwan and Korea including graduate students. 

 
(2) Ultra Slow (low energy) Muon Beam Generation and Applications 

A positive muon beam with thermal energy has been produced by laser ionization of muonium atoms (bound system of μ
+ and 

electron) emitted from hot tungsten surface with stopping surface muon beam at Port-3. The method generates a positive muon beam with 
acceleration energy from several 100 eV to several 10 keV, small beam size (a few mm) and good time resolution (less than 8 nsec). By 
stopping the ultra-slow muon beam in thin foil, multi-layered materials and artificial lattices, we can precisely measure local magnetic field 
in the materials, and apply the μSR techniques to surface and interface science. Since there has been no appropriate probe to study 
magnetism at surface and interface, the ultra-slow muon beam will open a new area of these research fields. In addition, the development of 
ultra-slow muon beam is very important as the source of ultra-cold (pencil-like small emittance) muon beam for muon g − 2/EDM 
measurement. It is essential to increase the slow muon beam production efficiency by 100 times for these applications. There are three key 
techniques in ultra-slow muon generation: production of thermal muonium, high intensity Lyman-alpha laser and the ultra-slow muon beam 
line. 

We have developed a high power Lyman-alpha laser in collaboration with the Advanced Photonics group at RIKEN. This development 
was funded mostly by the Grant-in-Aid for Scientific Research on Innovative Areas “Frontier in Materials, Life and Particle Science 
Explored by Ultra Slow Muon Microscope”. The new laser system was installed to J-PARC slow muon beam line and is being used for the 
generation of ultra-slow muons. In this development, we succeeded in synthesizing a novel ceramic-based Nd:YGAG crystal. We already 
achieved 10 times increase in Lyman-alpha intensity and are waiting the growth of a large crystal to achieve the goal of 100 times increase. 
This crystal can also be applicable to the flash-lamp based Lyman-alpha laser system of RIKEN-RAL to realize substantial improvement of 
the laser power at a much reduced cost. 

We also aimed to realize drastic improvements on the ultra-slow muon source with much reduced emittance. We have been developing 
muonium generators to create more muoniums in vacuum even at room temperature. In 2013, we demonstrated at least 10 times increase of 
the muonium emission efficiency in one of the silica aerogel samples with fine holes fabricated on the surface. The measurement was 
carried out at TRIUMF in collaboration with J-PARC muon g − 2/EDM group. In 2017, we carried out systematic study of muonium 
emission under various target conditions at TRIUMF in collaboration with Canadian collaborators who developped the method of stable 
production of various laser drill-holes.  

We are planning to feed these new techniques to RIKEN-RAL ultra-slow muon beam line to realize further improvement of ultra-slow 
muon technology. The muonium production target section, which had been designed with hot tungsten, was completely redesigned and 
rebuilt to use advantages of the new room temperature silica aerogel target, such as no need of thermal shielding and spin control by 
applying weak magnetic field, etc. In test experiment, we demonstrated a new powerful method of the muon stopping optimization in silica 
aerogel using muonium spin rotation.  

 
(3) New Proposal for Fundamental Physics 

We proposed the measurement of the proton radius by using the hyperfine splitting of the 1S states of muonic hydrogen. Recent 
measurement of the proton radius using muonic hydrogen at PSI revealed that the proton radius is surprisingly smaller than the radius so far 
measured using normal hydrogen spectroscopy and e-p scattering by more than 5 times their experimental precision. In contrast to the 
conventional measurement by means of electron, measurement with muonic hydrogen has larger sensitivity to the proton radius because the 
negative muon orbits closer to the proton, although there is no reason why these measurements can yield inconsistent results. The cause of 
the discrepancy is not understood yet, thus a new measurement with independent method is much anticipated.  

There are two independent experimental proposals to RIKEN-RAL PAC to measure the hyperfine splitting energy of the 1S energy 
levels by laser excitation from singlet ground state to triplet state. This energy splitting is sensitive to the Zemach radius, which is a 
convolution of charge and magnetic distributions inside proton. Both commonly search resonant excitation from singlet 1S (F = 0) to triplet 
1S (F = 1) using high intensity 6.7 μm excitation laser, but different schemes are proposed to detect the resonance. One is to detect muon 
transfer to the surrounding impurity atom by x-ray (European group), and the other is to detect the muon decay asymmetry recovery along 
the circularly polarized excitation laser, which selectively excites one of the F = 1 states and regenerates the muon spin polarization 
(RIKEN group). RIKEN-RAL PAC accepted both proposals for feasibility studies. 

RIKEN laser group made basic design of the laser system, based on their recent success on mid-infared (6 μm) high-power pulse laser 
system. There is no direct way to produce 6.7 μm lasers, so we started to test the wavelength conversion efficiency of the laser key 
components. Concerning the target, we need to stop muons in extremely low-density hydrogen target to substantially reduce the 
polarization quenching effect due to atomic collision. All the muons stopped in the material other than the target can be a background 
source. Thus, we carried out the measurement of long-life background level, and confirmed that the background dies out quickly before the 
laser is introduced. We also started the optimizaiton of the muon stopping in low-density gas target.  

 
(4) Other topics 

There were many demands for the use of negative muons for the non-destructive elements analysis using muonic x-rays. Especially its 
good depth sensitivity was clearly demonstrated. The applied objects so far are archaeological coins, sword, ship models, oxygen 
concentration measurement in levers, movement of Li concentration in batteries, etc. Several papers on this work have already been 
published both on the technique’s development and potential capabilities. Techniques developments such as new data aquisition system, 
pixel detector for imaging, and 3D imaging with rotating samples are in progress.  
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was funded mostly by the Grant-in-Aid for Scientific Research on Innovative Areas “Frontier in Materials, Life and Particle Science 
Explored by Ultra Slow Muon Microscope”. The new laser system was installed to J-PARC slow muon beam line and is being used for the 
generation of ultra-slow muons. In this development, we succeeded in synthesizing a novel ceramic-based Nd:YGAG crystal. We already 
achieved 10 times increase in Lyman-alpha intensity and are waiting the growth of a large crystal to achieve the goal of 100 times increase. 
This crystal can also be applicable to the flash-lamp based Lyman-alpha laser system of RIKEN-RAL to realize substantial improvement of 
the laser power at a much reduced cost. 

We also aimed to realize drastic improvements on the ultra-slow muon source with much reduced emittance. We have been developing 
muonium generators to create more muoniums in vacuum even at room temperature. In 2013, we demonstrated at least 10 times increase of 
the muonium emission efficiency in one of the silica aerogel samples with fine holes fabricated on the surface. The measurement was 
carried out at TRIUMF in collaboration with J-PARC muon g − 2/EDM group. In 2017, we carried out systematic study of muonium 
emission under various target conditions at TRIUMF in collaboration with Canadian collaborators who developped the method of stable 
production of various laser drill-holes.  

We are planning to feed these new techniques to RIKEN-RAL ultra-slow muon beam line to realize further improvement of ultra-slow 
muon technology. The muonium production target section, which had been designed with hot tungsten, was completely redesigned and 
rebuilt to use advantages of the new room temperature silica aerogel target, such as no need of thermal shielding and spin control by 
applying weak magnetic field, etc. In test experiment, we demonstrated a new powerful method of the muon stopping optimization in silica 
aerogel using muonium spin rotation.  

 
(3) New Proposal for Fundamental Physics 

We proposed the measurement of the proton radius by using the hyperfine splitting of the 1S states of muonic hydrogen. Recent 
measurement of the proton radius using muonic hydrogen at PSI revealed that the proton radius is surprisingly smaller than the radius so far 
measured using normal hydrogen spectroscopy and e-p scattering by more than 5 times their experimental precision. In contrast to the 
conventional measurement by means of electron, measurement with muonic hydrogen has larger sensitivity to the proton radius because the 
negative muon orbits closer to the proton, although there is no reason why these measurements can yield inconsistent results. The cause of 
the discrepancy is not understood yet, thus a new measurement with independent method is much anticipated.  

There are two independent experimental proposals to RIKEN-RAL PAC to measure the hyperfine splitting energy of the 1S energy 
levels by laser excitation from singlet ground state to triplet state. This energy splitting is sensitive to the Zemach radius, which is a 
convolution of charge and magnetic distributions inside proton. Both commonly search resonant excitation from singlet 1S (F = 0) to triplet 
1S (F = 1) using high intensity 6.7 μm excitation laser, but different schemes are proposed to detect the resonance. One is to detect muon 
transfer to the surrounding impurity atom by x-ray (European group), and the other is to detect the muon decay asymmetry recovery along 
the circularly polarized excitation laser, which selectively excites one of the F = 1 states and regenerates the muon spin polarization 
(RIKEN group). RIKEN-RAL PAC accepted both proposals for feasibility studies. 

RIKEN laser group made basic design of the laser system, based on their recent success on mid-infared (6 μm) high-power pulse laser 
system. There is no direct way to produce 6.7 μm lasers, so we started to test the wavelength conversion efficiency of the laser key 
components. Concerning the target, we need to stop muons in extremely low-density hydrogen target to substantially reduce the 
polarization quenching effect due to atomic collision. All the muons stopped in the material other than the target can be a background 
source. Thus, we carried out the measurement of long-life background level, and confirmed that the background dies out quickly before the 
laser is introduced. We also started the optimizaiton of the muon stopping in low-density gas target.  

 
(4) Other topics 

There were many demands for the use of negative muons for the non-destructive elements analysis using muonic x-rays. Especially its 
good depth sensitivity was clearly demonstrated. The applied objects so far are archaeological coins, sword, ship models, oxygen 
concentration measurement in levers, movement of Li concentration in batteries, etc. Several papers on this work have already been 
published both on the technique’s development and potential capabilities. Techniques developments such as new data aquisition system, 
pixel detector for imaging, and 3D imaging with rotating samples are in progress.  
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RIBF Research Division 
Radioactive Isotope Physics Laboratory 

 
1. Abstract 

This Laboratory works as one of core research groups conducting programs at the world-premiere heavy-ion accelerator facility of 
RIKEN “RI Beam Factory (RIBF).” The Laboratory explores exotic nuclear structures and dynamics in exotic nuclei that have never been 
investigated before, such as those with largely imbalanced proton and neutron numbers. Our aim is to develop new experimental techniques 
utilizing fast radioactive isotope (RI) beams at RIBF, to discover new phenomena and properties in exotic nuclei. The Laboratory is focusing 
three major subjects; shell evolution of very neutron-rich nuclei, the r-process path and equation-of-state in asymmetric nuclear matter. The 
Laboratory has initiated international collaborations for in-beam gamma spectroscopy, decay spectroscopy and heavy-ion induced reactions, 
and has formed a discussion forum for next generation gamma detectors. 
 
2. Major Research Subjects 
(1) Study of structure and dynamics of exotic nuclei through developments of new tools in terms of reaction- and technique-based 

methodology   
(2) Research on EOS in asymmetric nuclear matter via heavy-ion induced reactions  
(3) Detector developments for spectroscopy and reaction studies 
 
3. Summary of Research Activity 
(1) In-beam gamma spectroscopy 

In the medium and heavy mass region explored at RIBF, collective natures of nuclei are one of important subjects, which are obtained 
through production and observation of high excited and high spin states. To populate such states, heavy-ion induced reactions such as 
fragmentation, fission are useful. So far, we have developed two-step fragmentation method as an efficient method to identify and populate 
excited states, and lifetime measurements to deduce transition strength.  

Devices utilized for the in-beam gamma spectroscopy are ZeroDegree Spectrometer (ZDS) and a NaI array DALI2. Since the end of 
2008, the first spectroscopy on nuclei island-of-inversion region was performed, we have explored step-by-step new and unknown regions in 
the nuclear chart. The second campaign in 2009 was organized to study background components originating from atomic processes in a heavy 
target. Neutron-rich nuclei at N = 20 to 28 were studied in 2010. In 2011−2013, we conducted experiment programs for Ca-54, Ni-78, neutron-
rich nuclei at N = 82 and neutron-deficient nuclei at Z = 50.  

A multitude of data obtained with inelastic, nucleon knock-out, fragmentation channels have been analyzed and published. In 2011−2013, 
collective natures of Mg-36, 38 and Si-42 were both published in PRL. Excited states firstly observed in Ca-54 were reported in Nature to 
demonstrate a new nuclear magic number of 34. Fragmentation reaction has been found efficient for nuclei with A > 100 and low-lying 
excited state in Pd-126 has been successfully observed and reported in PRC. 

To further strengthen the in-beam gamma spectroscopy at RIBF, we have proposed a new setup of MINOS + DALI2 to search for the 
1st excited states in even-even neutron-rich nuclei with Z ~ 20 to 40. The program was submitted to the PAC 2013 as a new category “proposal 
for scientific program” and was S-ranked. A dedicated collaboration “SEASTAR” has been established as a subset of in-beam gamma 
collaboration “SUNFLOWER.” The two campaigns were organized in 2014 and 2015 to study very neutron-rich isotopes. In 2017, the third 
campaign was organized at the SAMURAI spectrometer, and bunch of structure data was obtained for very exotic nuclei at Z ~ 20. 

Concerning a next generation detector, a discussion forum has been established to write up a white paper on tracking germanium 
detectors and high-efficient crystal detectors such LaBr3 and GAGG. 
(2) Decay spectroscopy 

Beta- and isomer-spectroscopy is an efficient method for studying nuclear structure, especially for non-yrast levels. We had accumulated 
experimental techniques at the RIPS facility to investigate nuclear structure in light mass region via beta-gamma and beta-p coincidence. 
Concerning the medium and heavy mass region available at RIBF, we have developed two position-sensitive active-stoppers, strip-silicon 
detectors and a cylindrical active stopper called CAITEN, to achieve a low-background measurement by taking correlation between heavy 
ion stop position and beta-ray emission position. A site of decay-spectroscopy at the new facility of RIBF is the final focal plane of ZDS, 
where high precision of TOF in particle identification is obtained due to a long flight path from BigRIPS to ZDS. 

At the end of 2009, the first decay spectroscopy was organized with a minimum setup of four clover gamma detectors and silicon strip 
detectors, to study neutron-rich nuclei with A ~ 110. The first campaign was found successful and efficient to publish four letter articles in 
2011, two PRL’s and two PLB’s. One of the PRL papers is associated to the r-process path where half-lives for 18 neutron-rich nuclei were 
determined for the first time. The other PRL paper reported a finding of deformed magic number 64 in the Zr isotopes. 

The success of the first decay-spectroscopy campaign stimulated to form a new large-scale collaboration “EURICA,” where a twelve 
Euroball cluster array is coupled with the silicon-strip detectors to enhance gamma efficiency by a factor of 10. A construction proposal of 
“EURICA” was approved in the PAC 2011, and the commissioning was successfully organized in spring 2012. Since then, physics runs have 
been conducted for programs approved to survey nuclei of interest as many as possible, such as Ni-78, Pd-128, Sn-100. So far, 44 papers 
including 12 PRL’s and 10 PLB’s were published. One of the highlights is discovery of a seniority isomer in Pd-128, of which cascade gamma 
decay gives the energy of 1st excited state and robustness of N = 82 magic number, and the other is a half-life measurement for 110 neutron-
rich nuclei across the N = 82 shell gap, which shows implications for the mechanism and universality of the r-process path. The EURICA 
collaboration finished its physics programs in summer 2016. 

Beta-delayed neutron emission probability of medium and heavy neutron-rich nuclei is important to understand nuclear structure and 
the r-process path. In 2013, a new collaboration “BRIKEN” has been established to form a He-3 detector array. A present design of the array 

[Domestic Conference] 
石田勝彦,「ミューオン水素分光ー陽子半径の決定」, 核物理の将来 基礎物理班勉強会, 2017 年 4 月. 
石田勝彦,「ミュオン水素原子の超微細構造エネルギー測定による陽子 Zemach 半径決定」, 電子光理学研究センターセミナー、仙台、2017

年 8 月. 
神田聡太郎,「ミュオン水素原子の精密レーザー分光」, 日本物理学会 2017 年秋季大会, 宇都宮, 2017 年 9 月. 
神田聡太郎, “Laser spectroscopy of the hyperfine splitting in ground-state of muonic hydrogen atom,” 第 8 回 Muon 科学と加速器研究, つくば, 2018

年 1 月. 
石田勝彦,「理研 RAL ミュオン施設」, 第 8 回 Muon 科学と加速器研究, つくば, 2018 年 1 月. 
神田聡太郎,「超伝導計測のミューオン実験への応用」, TIA かけはし事業「簡単・便利な超伝導計測」研究会, 和光, 2018 年 1 月. 
神田聡太郎, “Direct measurement of muonium ground state hyperfine splitting with high-intensity pulsed muon beam,” 日本物理学会第 73 回年次大

会, 野田, 2018 年 3 月. 
神田聡太郎,「ミュオン水素原子分光実験のための中赤外光源の開発」, 日本物理学会第 73 回年次大会, 野田, 2018 年 3 月. 
石田勝彦,「陽子パズルに挑むミュオン水素原子超微細構造分光」, 日本物理学会第 73 回年次大会, 野田, 2018 年 3 月. 
 
 

- 315 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅵ. RNC ACTIVITIES



has neutron efficiency as high as 70% up to 3 MeV. The array was coupled with the AIDA silicon strip system. A construction proposal was 
approved at the PAC 2013 and three physics proposals have been approved. The commissioning run was conducted in autumn 2016. The 
major physics runs were conducted in 2017. 

The CAITEN detector was successfully tested with fragments produced with a Ca-48 beam in 2010. 
(3) Equation-of-state via heavy-ion central collisions 

Equation-of-state in asymmetric nuclear matter is one of major subjects in physics of exotic nuclei. Pi-plus and pi-minus yields in central 
heavy ion collisions at the RIBF energy are considered as one of EOS sensitive observables at the RIBF energy. To observe charged pions, a 
TPC for the SAMURAI spectrometer is being constructed under an international collaboration “SπRIT.” Construction proposal was submitted 
at the PAC 2012, and physics proposals were approved at the PAC 2012 and 2013. The physics runs were successfully conducted in spring 
2016. The data analysis is in progress to produce the first physics results. 

An international symposium “NuSYM” on nuclear symmetry energy was organized at RIKEN July 2010 to invite researchers in three 
sub-fields, nuclear structure, nuclear reaction and nuclear astrophysics, and to discuss nuclear symmetry energy together. Since then, the 
symposium series have been held every year and been useful to encourage theoretical works and to strengthen the collaboration. 
(4) Nucleon correlation and cluster in nuclei 

Nucleon correlation and cluster in nuclei are matters of central focus in a “beyond mean-field” picture. The relevant programs with in-
beam gamma and missing-mass techniques are to depict nucleon condensations and correlations in nuclear media as a function of density as 
well as temperature. Neutron-halo and –skin nuclei are objects to study dilute neutron matter at the surface. By changing excitation energies 
in neutron-rich nuclei, clustering phenomena and role of neutrons are to be investigated. 

In 2013, two programs were conducted at the SAMURAI spectrometer. One is related to proton-neutron correlation in the C-12 nucleus 
via p-n knockout reaction with a carbon target. The other is to search for a cluster state in C-16, which was populated via inelastic alpha 
scattering. The data is in preparation. 

A new project based on missing mass spectroscopy was launched to investigate an exotic cluster state in a very proton-rich nucleus. The 
experiment will be organized at GANIL with combination of RIKEN liquid hydrogen target CRYPTA and the MUST2 detector array in 2018. 
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日.  

D. Suzuki, “One neutron transfer (d, p) reactions,” ImPACT-OEDO workshop 2017, RIKEN Wako Campus, July 13 and 14, 2017.  
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X. Sun, “Reaction study of 136Xe on proton, deuteron and carbon at 168 AMeV,” Impact-OEDO Workshop, Center for Nuclear Study, University of Tokyo, 

Wako-shi, Saitama, Japan, July 13−14, 2017.  
磯部忠昭,「RIBF-SπRIT実験システムの開発」, 計測システム研究会, 函館アリーナ, 2017年 10月.  
磯部忠昭,「仮想計算機環境技術 dockerを用いた、大規模汎用クラスタにおける物理解析環境の開発」, 日本物理学会年次大会, 東京理科大
学, 2018年 3月.  
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[International Conference etc.] 

Y. Nakai, N. Watanabe, Y. Oba, “Hydrogenation of C60 deposited on a substrate under low temperature condition,” The 30th International Conference on 
Photonic, Electronic and Atomic Collisions, Cairns Australia, August 2017.  

 
[Domestic Conference] 

X. Sun, “Reaction study of 136Xe on proton, deuteron and carbon at 168 AMeV,” 2017 Symposium on Nuclear Data, Nuclear Data Division, Atomic Energy 
Society of Japan, Advanced Science Research Center, Japan Atomic Energy Agency, November 16−17, 2017.  
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RIBF Research Division 
Spin isospin Laboratory 

 
1. Abstract 

The Spin Isospin Laboratory pursues research activities putting primary focus on interplay of spin and isospin in exotic nuclei. 
Understanding nucleosyntheses in the universe, especially those in r- and rp-processes is another big goal of our laboratory.  

 Investigations on isospin dependences of nuclear equation of state, spin-isospin responses of exotic nuclei, occurrence of various 
correlations at low-densities, evolution of spin-orbit coupling are main subjects along the line. We are leading a mass measurement project 
with the Rare RI Ring project, too. Through the experimental studies, we will be able to elucidate a variety of nuclear phenomena in terms 
of interplay of spin and isospin, which will in turn, lead us to better understanding of our universe. 
   
2. Major Research Subjects 

(1) Direct reaction studies of neutron-matter equation of state 
(2) Study of spin-isospin responses with RI-beams 
(3) R-process nucleosynthesis study with heavy-ion storage ring 
(4) Application of spin-polarization technique to RI-beam experiments and other fields 
(5) Development of special targets for RI-beam experiments   

 
3. Summary of Research Activity 
(1) Direct reaction studies of neutron matter equation of state 

Direct reactions induced by light-ions serve as powerful tools to investigate various aspects of nuclei. We are advancing experimental 
programs to explore equation of state of neutron matter, via light-ion induced reactions with RI-beams. 

 
(1-a) Determination of a neutron skin thickness by proton elastic scattering 

A neutron skin thickness is known to have strong relevance to asymmetry terms of nuclear equation of state, especially to a term 
proportional to density. The ESPRI project aims at determining density distributions in exotic nuclei precisely by proton elastic scattering at 
200−300 MeV/nucleon. An experiment for 132Sn that is a flagship in this project has been successfully performed.  

 
(1-b) Asymmetry terms in nuclear incompressibility 

Nuclear incompressibility represents stiffness of nuclear matter. Incompressibility of symmetric nuclear matter is determined to be 
230±20 MeV, but its isospin dependence still has a large uncertainty at present. A direct approach to the incompressibility of asymmetric 
nuclear matter is an experimental determination of energies of isoscalar giant monopole resonances (GMR) in heavy nuclei. We have 
developed, in close collaboration with Center for Nuclear Study (CNS) of University of Tokyo, an active gas target for deuteron inelastic 
scattering experiments to determine GMR energies. The active gas target has been already tested with oxygen and xenon beams at HIMAC 
and finally has been applied to a 132Sn experiment at RIBF. 

 
(1-c) Multi-neutron and α-cluster correlations at low densities 

Occurrences of multi-neutron and α-cluster correlations are other interesting aspects of nuclear matter and define its low-density behavior. 
The multi-neutron and α-cluster correlations can be investigated with the large-acceptance SAMURAI spectrometer. The SAMURAI has 
been already applied to experiments to explore light neutron-rich nuclei close to the dripline. We plan to reinforce experimental capabilities 
of the SAMURAI by introducing advanced devices such as MINOS (Saclay) and NeuLAND (GSI). 

 
(1-d) Fission barrier heights in neutron-rich heavy nuclei 

The symmetry energy has a strong influence on fission barrier heights in neutron-rich nuclei. Knowledge on the fission barrier heights, 
which is quite poor at present, is quite important for our proper understanding on termination of the r-process. We are planning to perform, 
in collaboration with the TU Munich group, (p, 2p)-delayed fission experiments at the SAMURAI to determine the fission barrier heights in 
neutron-rich nuclei in Pb region. 
 
(2) Study of spin-isospin responses with RI-beams 

The study of spin-isospin responses in nuclei forms one of the important cores of nuclear physics. A variety of collective states, for 
example isovector giant dipole resonances, isobaric analogue states, Gamow-Teller resonances, have been extensively studied by use of 
electromagnetic and hadronic reactions from stable targets. 

The research opportunities can be largely enhanced with light of availabilities of radioactive isotope (RI) beams and of physics of 
unstable nuclei. There are three possible directions to proceed. The first direction is studies of spin-isospin responses of unstable nuclei via 
inverse-kinematics charge exchange reactions. A neutron-detector array WINDS has been constructed, under a collaboration of CNS, Tokyo 
and RIKEN, for inverse kinematics (p, n) experiments at the RI Beam Factory. We have already applied WINDS to the (p, n) experiments for 
12Be, 132Sn and plan to extend this kind of study to other exotic nuclei. 

The second direction is studies with RI-beam induced charge exchange reaction. RI-beam induced reactions have unique properties 
which are missing in stable-beam induced reactions and can be used to reach the yet-to-be-discovered states. We have constructed the 
SHARAQ spectrometer and the high-resolution beam-line at the RI Beam Factory to pursue the capabilities of RI-beam induced reactions as 
new probes to nuclei. One of the highlights is an observation of β+ type isovector spin monopole resonances (IVSMR) in 208Pb and 90Zr via 

- 324 -

RIKEN Accel. Prog. Rep. 51 (2018) Ⅵ. RNC ACTIVITIES



the (t, 3He) reaction at 300 MeV/nucleon.  
The third direction is studies of neutron- and proton-rich nuclei via stable-beam induced charge exchange reactions, which is conducted 

under collaboration with Research Center for Nuclear Physics (RCNP), Osaka University. We have performed the double charge exchange 
12C(18O, 18Ne)12Be reaction at 80 MeV/nucleon to investigate structure of a neutron-rich 12Be nucleus. Peaks corresponding to ground and 
excited levels in 12Be have been clearly observed. Another double charge exchange reaction, (12C, 12Be(02+)) are being used to search for 
double Gamow-Teller resonances. 
 
(3) R-process nucleosynthesis study with heavy-ion storage ring 

Most of the r-process nuclei become within reach of experimental studies for the first time at RI Beam Factory at RIKEN. The Rare RI 
Ring at RIBF is the unique facility with which we can perform mass measurements of r-process nuclei. Construction of the Rare RI Ring 
started in FY2012 in collaboration with Tsukuba and Saitama Universities. A major part of the ring has been completed and the commissioning 
run is planned in FY2014. 

We are planning to start precise mass measurements of r-process nuclei soon. A series of experiments will start with nuclei in the A=80 
region and will be extended to heavier region. 

 
(4) Application of spin-polarization technique to RI-beam experiments and other fields 
   A technique to produce nuclear polarization by means of electron polarization in photo-excited triplet states of aromatic molecules can 
open new applications. The technique is called “Tripletd-DNP”.  A distinguished feature of Triplet-DNP is that it works under a low magnetic 
field of 0.1−0.7 T and temperature higher than 100 K, which exhibits a striking contrast to standard dynamic nuclear polarization (DNP) 
techniques working in extreme conditions of several Tesla and sub-Kelvin. 
  We have constructed a polarized proton target system for use in RI-beam experiments. Recent experimental and theoretical studies have 
revealed that spin degrees of freedom play a vital role in exotic nuclei. Tensor force effects on the evolution of shell and possible occurrence 
of p-n pairing in the proton-rich region are good examples of manifestations of spin degrees of freedom. Experiments with the target system 
allow us to explore the spin effects in exotic nuclei. It should be noted that we have recently achieved a proton polarization of 40% at room 
temperature in a pentacene-d14 doped p-terphenyl crystal. 
  Another interesting application of Triplet-DNP is sensitivity enhancement in NMR spectroscopy of biomolecules. We started a new project 
to apply the Triplet-DNP technique to study protein-protein interaction via two-dimensional NMR spectroscopy, in close collaboration with 
biologists and chemists.  
 
(5) Development of special targets for RI-beam experiments 

For the research activities shown above, we are developing and hosting special targets for RI-beam experiments listed below: 
a) Polarized proton target (described in (4)) 
b) Thin solid hydrogen target  
c) MINOS (developed at Saclay and hosted by the Spin Isospin Laboratory) 
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The Spin Isospin Laboratory pursues research activities putting primary focus on interplay of spin and isospin in exotic nuclei. 
Understanding nucleosyntheses in the universe, especially those in r- and rp-processes is another big goal of our laboratory.  

 Investigations on isospin dependences of nuclear equation of state, spin-isospin responses of exotic nuclei, occurrence of various 
correlations at low-densities, evolution of spin-orbit coupling are main subjects along the line. We are leading a mass measurement project 
with the Rare RI Ring project, too. Through the experimental studies, we will be able to elucidate a variety of nuclear phenomena in terms 
of interplay of spin and isospin, which will in turn, lead us to better understanding of our universe. 
   
2. Major Research Subjects 

(1) Direct reaction studies of neutron-matter equation of state 
(2) Study of spin-isospin responses with RI-beams 
(3) R-process nucleosynthesis study with heavy-ion storage ring 
(4) Application of spin-polarization technique to RI-beam experiments and other fields 
(5) Development of special targets for RI-beam experiments   

 
3. Summary of Research Activity 
(1) Direct reaction studies of neutron matter equation of state 

Direct reactions induced by light-ions serve as powerful tools to investigate various aspects of nuclei. We are advancing experimental 
programs to explore equation of state of neutron matter, via light-ion induced reactions with RI-beams. 

 
(1-a) Determination of a neutron skin thickness by proton elastic scattering 

A neutron skin thickness is known to have strong relevance to asymmetry terms of nuclear equation of state, especially to a term 
proportional to density. The ESPRI project aims at determining density distributions in exotic nuclei precisely by proton elastic scattering at 
200−300 MeV/nucleon. An experiment for 132Sn that is a flagship in this project has been successfully performed.  

 
(1-b) Asymmetry terms in nuclear incompressibility 

Nuclear incompressibility represents stiffness of nuclear matter. Incompressibility of symmetric nuclear matter is determined to be 
230±20 MeV, but its isospin dependence still has a large uncertainty at present. A direct approach to the incompressibility of asymmetric 
nuclear matter is an experimental determination of energies of isoscalar giant monopole resonances (GMR) in heavy nuclei. We have 
developed, in close collaboration with Center for Nuclear Study (CNS) of University of Tokyo, an active gas target for deuteron inelastic 
scattering experiments to determine GMR energies. The active gas target has been already tested with oxygen and xenon beams at HIMAC 
and finally has been applied to a 132Sn experiment at RIBF. 

 
(1-c) Multi-neutron and α-cluster correlations at low densities 

Occurrences of multi-neutron and α-cluster correlations are other interesting aspects of nuclear matter and define its low-density behavior. 
The multi-neutron and α-cluster correlations can be investigated with the large-acceptance SAMURAI spectrometer. The SAMURAI has 
been already applied to experiments to explore light neutron-rich nuclei close to the dripline. We plan to reinforce experimental capabilities 
of the SAMURAI by introducing advanced devices such as MINOS (Saclay) and NeuLAND (GSI). 

 
(1-d) Fission barrier heights in neutron-rich heavy nuclei 

The symmetry energy has a strong influence on fission barrier heights in neutron-rich nuclei. Knowledge on the fission barrier heights, 
which is quite poor at present, is quite important for our proper understanding on termination of the r-process. We are planning to perform, 
in collaboration with the TU Munich group, (p, 2p)-delayed fission experiments at the SAMURAI to determine the fission barrier heights in 
neutron-rich nuclei in Pb region. 
 
(2) Study of spin-isospin responses with RI-beams 

The study of spin-isospin responses in nuclei forms one of the important cores of nuclear physics. A variety of collective states, for 
example isovector giant dipole resonances, isobaric analogue states, Gamow-Teller resonances, have been extensively studied by use of 
electromagnetic and hadronic reactions from stable targets. 

The research opportunities can be largely enhanced with light of availabilities of radioactive isotope (RI) beams and of physics of 
unstable nuclei. There are three possible directions to proceed. The first direction is studies of spin-isospin responses of unstable nuclei via 
inverse-kinematics charge exchange reactions. A neutron-detector array WINDS has been constructed, under a collaboration of CNS, Tokyo 
and RIKEN, for inverse kinematics (p, n) experiments at the RI Beam Factory. We have already applied WINDS to the (p, n) experiments for 
12Be, 132Sn and plan to extend this kind of study to other exotic nuclei. 

The second direction is studies with RI-beam induced charge exchange reaction. RI-beam induced reactions have unique properties 
which are missing in stable-beam induced reactions and can be used to reach the yet-to-be-discovered states. We have constructed the 
SHARAQ spectrometer and the high-resolution beam-line at the RI Beam Factory to pursue the capabilities of RI-beam induced reactions as 
new probes to nuclei. One of the highlights is an observation of β+ type isovector spin monopole resonances (IVSMR) in 208Pb and 90Zr via 
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RIBF Research Division 
Nuclear Spectroscopy Laboratory 

 
1. Abstract 
 The research group has conducted nuclear-physics studies utilizing stopped/slowed-down radioactive-isotope (RI) beams mainly at 
the RIBF facility. These studies are based on the technique of nuclear spectroscopy such as β-ray-detected NMR, γ-PAD (Perturbed Angular 
Distribution), laser, and Mӧssbauer among other methods that takes advantage of intrinsic nuclear properties such as nuclear spins, 
electromagnetic moments, and decay modes. In particular, techniques and devices for the production of spin-controlled RI beams have been 
developed and combined to the spectroscopic studies, which enable high-sensitivity measurements of spin precessions/resonances through a 
change in the angular distribution of radiations. Anomalous nuclear structures and properties of far unstable nuclei are investigated from 
thus determined spin-related observables. The group also aims to apply such techniques to interdisciplinary fields such as fundamental 
physics and materials science by exploiting nuclear probes. 
 
2. Major Research Subjects 
(1) Nuclear spectroscopy with spin-oriented RI beams 
(2) R&D studies for laser spectroscopy of stopped/slowed-down RI beams 
(3) Application of RI probes 
(4) Fundamental physics: Study of symmetry 
 
3. Summary of Research Activity 
(1) Nuclear spectroscopy with spin-oriented RI beams  

Measurements of static electromagnetic nuclear moments over a substantial region of the nuclear chart have been conducted for 
structure studies on the nuclei far from the β-decay stability. Utilizing nuclear spin orientation phenomena of RIs created in the 
projectile-fragmentation reaction, ground- and excited-state nuclear moments of nuclei far from the stability have been determined by 
means of the β-ray-detected nuclear magnetic resonance (β-NMR) and the γ-ray time differential perturbed angular distribution (γ-TDPAD) 
methods. To extend these observations to extremely rare RIs, development of a new apparatus to produce highly spin-polarized RI beams 
will be conducted by extending the atomic beam resonance method to fragmentation-based RI beams. 
(2) R&D studies for laser spectroscopy of stopped/slowed-down RI beams 

For the measurement of electromagnetic nuclear properties such as spin, isotope shift, and electromagnetic nuclear moments at RIBF, 
we have been conducting R&D studies on nuclear laser spectroscopy. One is development of a new laser-spectroscopy system utilizing 
superfluid helium (He II) as a stopping medium of energetic RI beams, where characteristic atomic properties of ions surrounded by liquid 
helium enable us to perform unique nuclear laser spectroscopy. The other is a system for collinear laser spectroscopy for a large variety of 
elements using slowed-down RI beams produced via projectile-fragmentation reaction at RIBF, which can be achieved only by a universal 
low-energy RI-beam delivery system SLOWRI. 
(3) Application of RI probes  

The application of RI and heavy ion beams as a probe for condensed matter studies is also conducted by the group. The microscopic 
material dynamics and properties have been investigated through the deduced internal local fields and the spin relaxation of RI probes 
based on various spectroscopies utilizing RI probes such as the β-NMR/nuclear quadrupole resonance (NQR) methods, in-beam Mӧssbauer 
spectroscopy and the γ-ray time differential perturbed angular correlation (γ-TDPAC) spectroscopy. 
(4) Fundamental physics: Study of symmetry  

The nuclear spins of stable and unstable isotopes sometimes play important roles in fundamental physics research. New experimental 
methods and devices have been developed for studies of the violation of time reversal symmetry (T-violation) using spin-polarized nuclei. 
These experiments aim to detect the small frequency shift in the spin precession arising from new mechanisms beyond the Standard Model.  
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西畑洸希, A. Gladkov, 川口高史, 上野秀樹, 市川雄一, 高峰愛子, 佐藤智哉, 川田敬太, 山崎展樹, 小林航, 三條真, L.C. Tao, 中村祐太郎, 浅
河拓光, 佐々木悠輔, 戸塚克, 土井一歩, 矢田智昭, 旭耕一郎, 石橋陽子, 今村慧, 藤田朋美, G. Georgiev, J.M. Daugas,「スピン偏極 23Ne ビ
ームを用いた単結晶電場勾配測定；中性子過剰 Ne基底状態電磁気モーメント測定に向けて」, 日本物理学会第 73回年次大会, 野田, 2018
年 3月 22–25日. 

藤枝亮, 笹尾登, 吉村太彦, 吉村浩司, 吉見彰洋, 植竹智, 宮本祐樹, 増田孝彦, 原秀明, 今村慧, 上垣外修一, 中川孝秀, 金井保之, 市川雄一, 
長友傑, 本田洋介, 坂上和之,「 量子イオンビーム (QIB) へ向けた Ba イオン源の開発」, 日本物理学会第 73回年次大会, 野田, 2018年 3
月 22–25日. 

福田直樹, 清水陽平, 鈴木宏, AHN DeukSoon, 竹田浩之, 炭竃聡之, 宮武宇也, 渡辺裕, 稲辺尚人, 西村俊二, 大津秀暁, 吉田光一, 上野秀樹, 
佐藤広海, 鈴木大介, 笹野匡紀, 磯部忠昭, 平山賀一, 家城和夫, 天野順貴,「238Uの入射核破砕反応を用いた N = 126 近傍の中性子過剰核
の生成」, 日本物理学会第 73回年次大会, 野田, 2018年 3月 22–25日. 
神田聡太郎, 石田勝彦, 岩崎雅彦, 上野秀樹, 大石裕, 岡田信二, 斎藤徳人, 佐藤将春, 高峰愛子, 松崎禎市郎, 馬越, 緑川克美, 湯本正樹, 和
田智之, 相川脩, 田中香津生, 松田恭幸,「ミュオン水素原子分光実験のための中赤外光源の開発」, 日本物理学会第 73 回年次大会, 野田, 
2018年 3月 22–25日. 

川田敬太, 大田晋輔, 堂園昌伯, 銭廣十三, 岩本ちひろ, 北村徳隆, 小林幹, 酒井英行, 笹野匡紀, 高木基伸, 増岡翔一朗, 道正新一郎, 横山
輪, 矢向謙太郎, Laszlo STUHL, 坂口治隆, 原田知也, 寺嶋知, 西畑洸希, 角田理恵子, 今井伸明,「59Coの入射核破砕反応による高スピンア
イソマービームの生成」, 日本物理学会第 73回年次大会, 野田, 2018年 3月 22–25日. 

角田佑介, 大塚孝治, 清水則孝, 富樫智章,「Sm 同位体の形状変化のモンテカルロ殻模型による研究」, 日本物理学会第 73回年次大会, 野田, 
2018年 3月 22–25日. 

吉田聡太, 清水則孝, 富樫智章, 大塚孝治,「ベイズ推定に基づく殻模型有効相互作用の解析」, 日本物理学会第 73回年次大会, 野田, 2018年
3月 22–25日. 

富樫智章, 角田佑介, 大塚孝治, 清水則孝,「モンテカルロ殻模型による Sn 同位体の系統的研究」, 日本物理学会第 73回年次大会, 野田, 2018
年 3月 22–25日. 

 
Poster Presentations 
[International Conference etc.] 

A. Gladkov, Y. Ishibashi, H. Yamazaki, Y. Ichikawa, A. Takamine, H. Nishibata, K. Asahi, T. Sato, W. Y. Kim, T. Fujita, L. C. Tao, T. Egami, 
D.Tominaga, T. Kawaguchi, M. Sanjo, W. Kobayashi, K. Imamura, Y. Nakamura, G. Georgiev, J. M. Daugas, H. Ueno, “Ground-state electromagnetic 
nuclear moments of 21O,” Advances in Radipactive Isotope Science (ARIS), Keystone, USA, May 28–June 2, 2017. 

W. Kobayashi, K. Imamura, T. Nishizaka, A. Takamine, M. Sanjo, T. Fujita, D. Tominaga, Y. Nakamura, Y. Ichikawa, T. Sato, H. Nishibata, A. Gladkov, 
L.C. Tao, T. Kawaguchi, T. Wakui, T. Furukawa, H. Ueno, Y. Matsuo, “Development of a low-background detection system for the laser-induced 
fluorescence from the atoms injected into superfluid helium,” Keystone, USA, May 28–June 2, 2017. 

 
[Domestic Conference] 
小林航, 今村慧, 江上魁, 西坂太志, 三條真, 藤田朋美, 富永大樹, 中村祐太郎, 高峰愛子, 涌井崇志, 古川武, 上野秀樹, 松尾由賀利,「低収量
不安定原子核の核構造研究に向けた超流動ヘリウム中原子からのレーザー誘起蛍光の低バックグラウンド検出系の開発」, 第 14回原子・
分子・光科学（AMO）討論会, 調布, 2017年 6月 30日–7月 1日. 

向井もも, 平山賀一, 渡辺裕, Schury Peter, 鷲山広平, Ahmed Murad, 垣口豊, 木村創大, 小沢顕, 小柳津充宏, Park Jinhyung, Moon Junyoung, 
上野秀樹, 和田道治, 宮武宇也,「Laser resonance isonization spectroscopy of 196–198Ir」, KEK Student Day, 2017年 10月 24日. 
土井一歩, 戸塚克, 小林航, 今村慧, 藤田朋美, 三條真, 矢田智昭, 高峰愛子, 涌井崇志, 古川武, 上野秀樹, 松尾由賀利,「超流動ヘリウム 

(He II) 中の低収量核原子の核構造研究に向けた光学クライオスタットの改良」, 日本物理学会第 73回年次大会, 2018年 3月 22–25日. 
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RIBF Research Division 
High Energy Astrophysics Laboratory 

 
1. Abstract 

Immediately after the Big Bang, the beginning of our universe, only hydrogen and helium existed. However, nuclear fusion in the 
interior of stars and the explosion of supernovae in the universe over the course of 13.8 billion years led to the evolution of a world 
brimming with the many different elements we have today. By using man-made satellites to observe X-rays and gamma-rays emitted from 
celestial objects, we are observing the synthesis of the elements at their actual source. Our goal is to comprehensively elucidate the 
scenarios for the formation of the elements in the universe, together with our research on sub-atomic physics using an accelerator.    
 
2. Major Research Subjects 

(1) Connect missing links of nucleosynthesis in our universe 
(2) Reveal the particle acceleration mechanism in astronomical objects, planets and inter-planetary space 
(3) Discover new physics in extremely strong magnetic and gravitational environment 
(4) Research and development of innovative X-ray and gamma-ray detectors 

 
3. Summary of Research Activity 

We have performed data analysis of Japanese X-ray satellite Hitomi, which was lost by an accident one month after the launch in 2016, 
and obtained many new research achievements on neutron stars, supernova remnants, galaxies, and cluster of galaxies. Some of them are 
verification of solar abundance of Perseus cluster, and non-detection of dark matter signal at 3.5 keV. We have contributed to the new X-ray 
polarimeter mission IXPE (Imaging X-ray Polarimeter Explorer) and provided gas electron multiplier foils. We have studied particle 
acceleration around Jupiter with Hisaki/Juno/Hubble space telescope, and pursued the gamma-ray emission mechanism of thundercloud. 
 
Members  

 
Chief Scientist (Lab. Head) 

Toru TAMAGAWA 
 

Contract Researchers 
Yuki OKURA  
Asami HAYATO  

Takao KITAGUCHI 

 
Special Postdoctoral Researchers 

Tomoki KIMURA  
Hirokazu ODAKA  

Toshio NAKANO 
Liyi GU 

 
Junior Research Associate 

Yuuki WADA (Univ.of Tokyo) 
 
Part-time Workers 

Yuki OKURA 
Kazuki NISHIDA  
Naoto MURATA 

Sonoe ODA  
Yuanhui ZHOU 

 
Visiting Researcher 

Asami HAYATO (JSPS Fellow)  
 
Visiting Scientists 

Yukikatsu TERADA (Saitama Univ.) 
Motohide KOKUBUN (JAXA) 
Masaki WAKABAYASHI (Jakulin Commercial Company LC) 
Aya BAMBA (Aoyama Gakuin Univ.) 
Naohisa INADA (National Institute of Tech., Nara College) 
Rohta TAKAHASHI (Tomakomai Nat'l College of Tech.) 
Toru MISAWA (Shinshu Univ.) 
Yoko TAKEUCHI (TIRI) 
Satoru KATSUDA (Chuo Univ.) 

Shin'ya YAMADA (Tokyo Metropolitan Univ.) 
Takao KITAGUCHI (Hiroshima Univ.) 
Teruaki ENOTO (Kyoto Univ.) 
Kazuki KOMIYA (TIRI) 
Hirofumi NODA (Tohoku Univ.) 
Yuki OKURA (NAOJ) 
Yuzuru Tawara (Nagoya Univ.) 
Ikuyuki Mitsuishi (Nagoya Univ.) 
Harufumi TSUCHIYA (JAEA) 

 
Student Trainees 

Megu KUBOTA (Tokyo Univ. of Sci.) Kazuki NISHIDA (Tokyo Univ. of Sci.) 
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Sonoe ODA (Tokyo Univ. of Sci.) 
Naoto MURATA (Tokyo Univ. of Sci.) 
Yuanhui ZHOU (Tokyo Univ. of Sci.) 

Miho OKUBO (Tokyo Univ. of Sci.) 
Takaya WAKAMATSU (Tokyo Univ. of Sci.)

 
 

 

List of Publications & Presentations 
[Journal] 
(Original Papers) * Subject to Peer Review 

The Hitomi collaboration, “Glimpse of the highly obscured HMXB IGR J16318-4848 with Hitomi,” Publ. Astron. Soc. Jpn. 70, 17 (2018).* 
The Hitomi collaboration, “Hitomi observations of the LMC SNR N 132 D: Highly redshifted X-ray emission from iron ejecta,” Publ. Astron. Soc. 

Jpn. 70, 16 (2018).* 
The Hitomi collaboration, “Hitomi X-ray studies of giant radio pulses from the Crab pulsar,” Publ. Astron. Soc. Jpn. 70, 15 (2018).* 
The Hitomi collaboration, “Search for thermal X-ray features from the Crab nebula with the Hitomi soft X-ray spectrometer,” Publ. Astron. Soc. 

Jpn. 70, 14 (2018).* 
The Hitomi collaboration, “Hitomi observation of radio galaxy NGC 1275: The first X-ray microcalorimeter spectroscopy of Fe-K α line emission from an 

active galactic nucleus,” Publ. Astron. Soc. Jpn. 70, 13 (2018).* 
The Hitomi collaboration, “Atomic data and spectral modeling constraints from high-resolution X-ray observations of the Perseus cluster with Hitomi,” 

Publ. Astron. Soc. Jpn. 70, 12 (2018).* 
The Hitomi collaboration, “Temperature structure in the Perseus cluster core observed with Hitomi,” Publ. Astron. Soc. Jpn. 70, 11 (2018).* 
The Hitomi collaboration, “Measurements of resonant scattering in the Perseus Cluster core with Hitomi SXS,” Publ. Astron. Soc. Jpn. 70, 10 

(2018).* 
The Hitomi collaboration, “Atmospheric gas dynamics in the Perseus cluster observed with Hitomi,” Publ. Astron. Soc. Jpn. 70, 9 (2018).* 
R. Fujimoto et al., “Performance of the helium dewar and the cryocoolers of the Hitomi soft x-ray spectrometer,” J. Astron. Telesc. Instrum. Syst. 

4, 011208 (2018).* 
M. Tsujimoto et al., “In-orbit operation of the soft x-ray spectrometer onboard the Hitomi satellite.” J. Astron. Telesc. Instrum. Syst. 4, 

011205 (2018). * 
Y. Yamamoto, H. Togashi, T. Tamagawa, T. Furumoto, N. Yasutake, Th. A. Rijken, “Neutron-star radii based on realistic nuclear interactions,” 

Phys. Rev. C 96, 065804 (2017).* 
The Hitomi collaboration, “Solar abundance ratios of the iron-peak elements in the Perseus cluster,” Nature 551, 478–480, (2017).* 
The Hitomi collaboration, “Hitomi Constraints on the 3.5 keV Line in the Perseus Galaxy Cluster,” Astrophys. J. 837, L15–23 (2017).* 
T. Hayashi, T. Kitaguchi, M. Ishida, “X-ray reflection from cold white dwarfs in magnetic cataclysmic variables,” Mon. Not. R. Astron Soc. 474, 

1810–1825 (2017).* 
K. Miyaoka et al., “Multiwavelength study of X-ray luminous clusters in the Hyper Suprime-Cam Subaru Strategic Program S16A field,” 

Publ. Astron. Soc. Jpn. 70, S22 (2017).* 
T. Enoto, S. Shibata, T. Kitaguchi, Y. Suwa, T. Uchide, H, Nishioka, S. Kisaka, T. Nakano, H. Murakami, K. Makishima, “Magnetar Broadband  

X-Ray Spectra correlated with Magnetic Fields: Suzaku Archive of SGRs and AXPs Combined with NuSTAR, Swift, and RXTE,” 
Astrophys. J. Suppl. Ser. 231, 8 (2017).* 

F. M. Fornasini et al., “The NuSTAR Hard X-Ray Survey of the Norma Arm Region,” Astrophys. J. Suppl. Ser. 229, 33 (2017).* 
I. Yoshikawa, F. Suzuki, R. Hikida, K. Yoshioka, G. Murakami, F. Tsuchiya, C. Tao, A. Yamazaki, T. Kimura, H. Kita, H. Nozawa, M. Fujimoto, 

“Volcanic activity on Io and its influence on the dynamics of the Jovian magnetosphere observed by EXCEED/Hisaki in 2015,” Earth Planets 
Space 69, 110 (2017).* 

R. Koga et al., “The time variation of atomic oxygen emission around Io during a volcanic event observed with Hisaki/EXCEED,” Icarus, 299, 
300–307 (2017).* 

J. Kinrade et al., “An isolated, bright cusp aurora at Saturn,” J. Geophys. Res. 122, 6121−6138 (2017).*  
J. D. Nichols et al., “Response of Jupiter’s auroras to conditions in the interplanetary medium as measured by the Hubble Space Telescope and 

Juno,” Geophys. Res. Lett. 44, 7643−7652 (2017).* 
M. Kuwabara, K. Yoshioka, G. Murakami, F. Tsuchiya, T. Kimura, A. Yamazaki, I. Yoshikawa, “The geocoronal responses to the geomagnetic 

disturbances,” J. Geophys. Res. 122, 1269–1276 (2017).* 
K. Yoshioka et al., “Radial variation of sulfur and oxygen ions in the Io plasma torus as deduced from remote observations by Hisaki,” J. Geophys. 

Res. Space Physics 122, 2999-3012 (2017).* 
K. Masunaga et al., “Dawn-dusk difference of periodic oxygen EUV dayglow variations at Venus observed by Hisaki,” Icarus 292, 102–110 (2017).* 
B. W. Grefenstette, V. C. Bhalerao, W. Rick, F. A. Harrison, T. Kitaguchi, K. K. Madsen, P. H. Mao, H. Miyasaka, V. Rana, “Ground calibration of 

the spatial response and quantum efficiency of the CdZnTe hard X-ray detectors for NuSTAR,” Proceedings of the SPIE, 10392, 1039207 
(2017). 

 
[Oral Presentations] 
(International Conference etc.) 

T. Tamagawa, “Coincident observation and localization of GW counterparts in X-ray band,” LSST Detection of Optical Counterparts of 
Gravitational Waves, New York, USA, May 2017. 

T. Tamagawa, “X-ray observations of neutron stars,” Hadron and Nuclear Physics 2017, Wako, Japan, December 2017. 
T. Kimura, et al., “Transient brightening of Jupiter’s aurora observed by the Hisaki satellite and Hubble Space Telescope during approach phase of 

the Juno spacecraft,” American Geophysical Union Fall meeting 2017, New Orleans, USA, December 2017. 
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T. Kimura, “Multi-wavelength observations of Jupiter’s aurora during Juno’s cruise phase,” Planetary Space Weather Meeting, Toulouse, France, 
October 2017. 

T. Kimura, “Development of virtual observatory database for Hisaki, planetary space weather meeting,” Toulouse, France, October 2017. 
T. Kimura, “Transient brightening of Jupiter’s aurora observed by the Hisaki satellite and Hubble Space Telescope during approach phase of the Juno 

spacecraft,” National Astronomical Observatory of Japan Solar Seminar, October 2017. 
T. Kimura, “Transient brightening of Jupiter ’s aurora observed by the Hisaki satellite and Hubble Space Telescope during approach phase of the Juno 

spacecraft,” Magnetospheres of Outer Planets 2017, Swedish Institute of Space Physics, Uppsala, Sweden, June 2017. 
T. Kimura, “Status report of Hisaki meta-database development,” JSPS Sakura project meeting, Paris Observatory, France, September 2017. 
T. Kimura et al., “Transient brightening of Jupiter’s aurora observed by the Hisaki satellite and Hubble Space Telescope during approach phase of 

the Juno spacecraft,” International Space Science Institute, Bern, Switzerland, September 2017. 
T. Kimura et al., “Transient brightening of Jupiter ’s aurora observed by the Hisaki satellite and Hubble Space Telescope during approach phase of the 

Juno spacecraft,” European Planetary Science Congress, Latvia, September 2017. 
T. Kimura et al., “Auroral explosion at Jupiter observed by the Hisaki satellite and Hubble Space Telescope during approaching phase of the Juno 

spacecraft,” Japan Geoscience Union Meeting 2017, Makuhari, Japan, May 2017. 
 

(Domestic Conference) 
勝田哲, A. Fabio, 冨永望, 福井康雄, 平賀純子, 小山勝二, S. -H. Lee, 森浩二, 長瀧重博, 大平豊, P. Robert, 佐野栄俊, 武内陽子, 玉川
徹, 辻直美, 常深博, 内山泰伸,「 超新星残骸 RX J1713.7-3946 からの熱的Ｘ線放射の発見」,日本天文学会 2017 年秋季年会, 北海道
大学, 2017年9 月. 

玉川徹 ほか IXPE-J team,「X線偏光観測衛星 IXPEへの緊急参加」, 日本天文学会 2017 年秋季年会, 北海道大学, 2017年 9 月. 
周圓輝, 村田直人, 窪田恵, 小田苑会, 大久保美穂, 若松孝也, 玉川徹, 中野俊男, 早藤麻美, 岩切渉, 北口貴雄, 榎戸輝揚 ,「偏光観
測衛星 IXPE 搭載用 GEM の画像処理を用いた品質検査法の開発」,日本天文学会 2017 年秋季年会, 北海道大学, 2017年 9 月. 
早藤麻美, 中野俊男, 玉川徹, 岩切渉, 北口貴雄, 榎戸輝揚, 窪田恵,「高エネルギー X 線を検出するマイクロパターン TPC 型 X 
線偏光計の開発」, 日本天文学会 2017 年秋季年会, 北海道大学, 2017年9月. 
北口貴雄, 深沢泰司, 水野恒史, 玉川徹, 早藤麻美, 岩切渉, 中野俊男, 榎戸輝揚,「光電子追跡型Ｘ線偏光計の機械学習による偏光応
答モデルの開発」, 日本天文学会 2017 年秋季年会, 北海道大学, 2017年9月. 
中野俊男, 玉川徹, 早藤麻美, 岩切渉, 北口貴雄, 榎戸輝揚, 窪田恵,「Time Projection Chamber とフーリエ合成による撮像偏光計の基
礎研究」, 日本天文学会 2017 年秋季年会, 北海道大学, 2017年9 月. 
石崎欣尚 ほかXARM Resolve チーム  ,「X 線 天 文 衛 星 代 替 機 ( X A R M )  搭載の軟 X 線分光器 Resolve の検討状況」, 日本
天文学会 2017 年秋季年会, 北海道大学, 2017年9 月. 
宮岡敬太, 岡部信広, 北口貴雄, 深澤泰司, 大栗真宗, HSC Cluster Members,「Subaru/HSC サーベイ領域にある重量級銀河団の X 線
観測による質量推定 III」,  日本天文学会 2017 年秋季年会, 北海道大学, 2017年9月. 

大野雅功 ほか「ひとみ」HXI/SGD チーム ,「『ひとみ (ASTRO-H)』搭載軟ガンマ線検出器における軌道上バックグラウンドの理解」,
日本天文学会 2017 年秋季年会, 北海道大学, 2017年9月. 
和田有希, 湯浅孝行, 中澤知洋, 牧島一夫, 林多佳由, 石田学,「矮新星 GK Persei の X 線スペクトル解析による白色矮星質量の推
定」, 日本天文学会 2017 年秋季年会, 北海道大学 , 2017年 9月. 
山本安夫, 玉川徹, 安武伸俊 ,「中性子星半径の観測とハイペロン混合」, 日本物理学会 2017 年秋季大会, 宇都宮大学, 9月 (2017). 
楳本大悟, 土屋晴文, 中澤知洋, 湯浅孝行, 榎戸輝揚, 牧島一夫, 古田禄大, 玉川徹, 伊藤伸泰 ,「GROWTH 実験 2014 年度データを
用いた雷雲ガンマ線のイベント探索法の改善」, 日本物理学会 2017 年秋季大会, 宇都宮大学, 2017年9 月. 

古田禄大, 中澤知洋, 和田有希, 楳本大悟, 榎戸輝揚, 湯浅孝行, 土屋晴文, 牧島一夫 ほか GROWTH コラボレーション,「モンテ
カルロシミュレーションによる雷雲ガンマ線放射モデルの構築」, 日本物理学会 2017 年秋季大会, 宇都宮大学, 9月 (2017). 

中澤知洋 ほか GROWTH コラボレーション ,「雷雲ガンマ線の地上観測の現状と 2017 年の GROWTH 実験計画」, 日本物理学会 2017 
年秋季大会, 宇都宮大学, 2017年9月. 

玉川徹, 三石郁之, 郡司修一, 水野恒史, 早藤麻美, 北口貴雄, 中野俊男, 岩切渉, 榎戸輝揚, 深沢泰司, 林田清 ,「X 線偏光観測衛星 
IXPE への国際協力 」,  第 18 回宇宙科学シンポジウム, 宇宙科学研究所/JAXA, 2018年 1月. 

玉川徹, 早藤麻美, 北口貴雄, 岩切渉, 中野俊男, 三石郁之, 郡司修一, 深沢泰司, 水野恒史, 榎戸輝揚, 林田清 ほか IXPE-J チーム ,
「X 線偏光観測衛星 IXPE への参加現状」, 日本天文学会 2018 年春季年会, 千葉大学, 2018年3月. 
三石郁之, 二村泰介, 清水貞行, 田原譲, 立花一志, 大西崇文, 玉川徹 ,「X 線偏光観測衛星 IXPE 搭載 X 線望遠鏡用受動型熱制御
素子サーマルシールドの開発 (2) 」, 日本天文学会 2018 年春季年会, 千葉大学, 2018年3月. 

二村泰介, 清水貞行, 田原譲, 三石郁之, 立花一志, 大西崇文, 立花健二, 玉川徹 ,「IXPE 搭載 X 線望遠鏡用サーマルシールドの開発
における環境試験 (2) 」, 日本天文学会 2018 年春季年会, 千葉大学, 2018年3 月. 

若松孝也, 大久保美穂, 窪田恵, 周圓輝, 小田苑会, 早藤麻美, 中野俊男, 北口貴雄, 岩切渉, 玉川徹, 榎戸輝揚,「高エネルギー X 
線の偏光を検出するマイクロパターンTPC型偏光計の開発」, 日本天文学会 2018 年春季年会, 千葉大学, 2018年3月. 

石原雅士, 三石郁之, 中野慎也, 田村啓輔, 宮田喜久子, 立花一志, 西田和樹, 玉川徹,  岩切渉,  Philip  Kaaret,「軟 X 線全天観測超小
型衛星 HaloSat の性能評価とサイエンス検討 (2) 」, 日本天文学会 2018 年春季年会, 千葉大学, 2018年3月. 
内田悠介 ほか SGD チーム, 「ひとみ」コラボレーション,「X 線天文衛星「ひとみ」搭載 SGD によるかに星雲からの偏光ガンマ線
の観測」, 日本天文学会 2018 年春季年会, 千葉大学, 2018年3 月. 
楊冲, 深沢泰司, 岡部信広, 宮岡敬太, 北口貴雄 ,「XMM 衛星データを用いた MCXC J0157.4-0550 の 2 次元温度密度構造の解
析」, 日本天文学会 2018 年春季年会, 千葉大学, 2018年3月. 

寺田幸功,「X 線衛星代替機 XARM における科学運用計画 」,  日本天文学会 2018 年春季年会,  千葉大学, 2018年 3月. 
真貝寿明, 玉川徹, 野田篤司, 香取秀俊, 牧野淳一郎, 戎崎俊一,「光格子時計を用いた重力波検出法の提案」, 日本物理学会第 73 回年次
大会, 東京理科大学, 2018年3月. 

Sonoe ODA (Tokyo Univ. of Sci.) 
Naoto MURATA (Tokyo Univ. of Sci.) 
Yuanhui ZHOU (Tokyo Univ. of Sci.) 

Miho OKUBO (Tokyo Univ. of Sci.) 
Takaya WAKAMATSU (Tokyo Univ. of Sci.)

 
 

 

List of Publications & Presentations 
[Journal] 
(Original Papers) * Subject to Peer Review 

The Hitomi collaboration, “Glimpse of the highly obscured HMXB IGR J16318-4848 with Hitomi,” Publ. Astron. Soc. Jpn. 70, 17 (2018).* 
The Hitomi collaboration, “Hitomi observations of the LMC SNR N 132 D: Highly redshifted X-ray emission from iron ejecta,” Publ. Astron. Soc. 

Jpn. 70, 16 (2018).* 
The Hitomi collaboration, “Hitomi X-ray studies of giant radio pulses from the Crab pulsar,” Publ. Astron. Soc. Jpn. 70, 15 (2018).* 
The Hitomi collaboration, “Search for thermal X-ray features from the Crab nebula with the Hitomi soft X-ray spectrometer,” Publ. Astron. Soc. 

Jpn. 70, 14 (2018).* 
The Hitomi collaboration, “Hitomi observation of radio galaxy NGC 1275: The first X-ray microcalorimeter spectroscopy of Fe-K α line emission from an 

active galactic nucleus,” Publ. Astron. Soc. Jpn. 70, 13 (2018).* 
The Hitomi collaboration, “Atomic data and spectral modeling constraints from high-resolution X-ray observations of the Perseus cluster with Hitomi,” 

Publ. Astron. Soc. Jpn. 70, 12 (2018).* 
The Hitomi collaboration, “Temperature structure in the Perseus cluster core observed with Hitomi,” Publ. Astron. Soc. Jpn. 70, 11 (2018).* 
The Hitomi collaboration, “Measurements of resonant scattering in the Perseus Cluster core with Hitomi SXS,” Publ. Astron. Soc. Jpn. 70, 10 

(2018).* 
The Hitomi collaboration, “Atmospheric gas dynamics in the Perseus cluster observed with Hitomi,” Publ. Astron. Soc. Jpn. 70, 9 (2018).* 
R. Fujimoto et al., “Performance of the helium dewar and the cryocoolers of the Hitomi soft x-ray spectrometer,” J. Astron. Telesc. Instrum. Syst. 

4, 011208 (2018).* 
M. Tsujimoto et al., “In-orbit operation of the soft x-ray spectrometer onboard the Hitomi satellite.” J. Astron. Telesc. Instrum. Syst. 4, 

011205 (2018). * 
Y. Yamamoto, H. Togashi, T. Tamagawa, T. Furumoto, N. Yasutake, Th. A. Rijken, “Neutron-star radii based on realistic nuclear interactions,” 

Phys. Rev. C 96, 065804 (2017).* 
The Hitomi collaboration, “Solar abundance ratios of the iron-peak elements in the Perseus cluster,” Nature 551, 478–480, (2017).* 
The Hitomi collaboration, “Hitomi Constraints on the 3.5 keV Line in the Perseus Galaxy Cluster,” Astrophys. J. 837, L15–23 (2017).* 
T. Hayashi, T. Kitaguchi, M. Ishida, “X-ray reflection from cold white dwarfs in magnetic cataclysmic variables,” Mon. Not. R. Astron Soc. 474, 

1810–1825 (2017).* 
K. Miyaoka et al., “Multiwavelength study of X-ray luminous clusters in the Hyper Suprime-Cam Subaru Strategic Program S16A field,” 

Publ. Astron. Soc. Jpn. 70, S22 (2017).* 
T. Enoto, S. Shibata, T. Kitaguchi, Y. Suwa, T. Uchide, H, Nishioka, S. Kisaka, T. Nakano, H. Murakami, K. Makishima, “Magnetar Broadband  

X-Ray Spectra correlated with Magnetic Fields: Suzaku Archive of SGRs and AXPs Combined with NuSTAR, Swift, and RXTE,” 
Astrophys. J. Suppl. Ser. 231, 8 (2017).* 

F. M. Fornasini et al., “The NuSTAR Hard X-Ray Survey of the Norma Arm Region,” Astrophys. J. Suppl. Ser. 229, 33 (2017).* 
I. Yoshikawa, F. Suzuki, R. Hikida, K. Yoshioka, G. Murakami, F. Tsuchiya, C. Tao, A. Yamazaki, T. Kimura, H. Kita, H. Nozawa, M. Fujimoto, 

“Volcanic activity on Io and its influence on the dynamics of the Jovian magnetosphere observed by EXCEED/Hisaki in 2015,” Earth Planets 
Space 69, 110 (2017).* 

R. Koga et al., “The time variation of atomic oxygen emission around Io during a volcanic event observed with Hisaki/EXCEED,” Icarus, 299, 
300–307 (2017).* 

J. Kinrade et al., “An isolated, bright cusp aurora at Saturn,” J. Geophys. Res. 122, 6121−6138 (2017).*  
J. D. Nichols et al., “Response of Jupiter’s auroras to conditions in the interplanetary medium as measured by the Hubble Space Telescope and 

Juno,” Geophys. Res. Lett. 44, 7643−7652 (2017).* 
M. Kuwabara, K. Yoshioka, G. Murakami, F. Tsuchiya, T. Kimura, A. Yamazaki, I. Yoshikawa, “The geocoronal responses to the geomagnetic 

disturbances,” J. Geophys. Res. 122, 1269–1276 (2017).* 
K. Yoshioka et al., “Radial variation of sulfur and oxygen ions in the Io plasma torus as deduced from remote observations by Hisaki,” J. Geophys. 

Res. Space Physics 122, 2999-3012 (2017).* 
K. Masunaga et al., “Dawn-dusk difference of periodic oxygen EUV dayglow variations at Venus observed by Hisaki,” Icarus 292, 102–110 (2017).* 
B. W. Grefenstette, V. C. Bhalerao, W. Rick, F. A. Harrison, T. Kitaguchi, K. K. Madsen, P. H. Mao, H. Miyasaka, V. Rana, “Ground calibration of 

the spatial response and quantum efficiency of the CdZnTe hard X-ray detectors for NuSTAR,” Proceedings of the SPIE, 10392, 1039207 
(2017). 

 
[Oral Presentations] 
(International Conference etc.) 

T. Tamagawa, “Coincident observation and localization of GW counterparts in X-ray band,” LSST Detection of Optical Counterparts of 
Gravitational Waves, New York, USA, May 2017. 

T. Tamagawa, “X-ray observations of neutron stars,” Hadron and Nuclear Physics 2017, Wako, Japan, December 2017. 
T. Kimura, et al., “Transient brightening of Jupiter’s aurora observed by the Hisaki satellite and Hubble Space Telescope during approach phase of 

the Juno spacecraft,” American Geophysical Union Fall meeting 2017, New Orleans, USA, December 2017. 
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武内陽子, 小宮一毅 , 玉川徹 ,「放電抑制を目指した LTCC- GEM の開発 」,  日本物理学会第 73 回年次大会, 東京理科大学, 2018
年3月. 

和田有希, 古田禄大, 榎戸輝揚, 中澤知洋, 湯浅孝行, 奥田和史, 牧島一夫, 佐藤光輝, 佐藤陽祐, 中野俊男, 鈴木寛大, 楳本大悟, 
土屋晴文 ,「落雷による光核反応の発見：地上観測による中性子と陽電子の検出 」,  日本物理学会第 73 回年次大会, 東京理科大
学, 2018年3月. 

古田禄大, 和田有希, 榎戸輝揚, 中澤知洋, 湯浅孝行, 奥田和史, 牧島一夫, 佐藤光輝, 佐藤陽祐, 中野俊男, 楳本大悟, 土屋晴文 ,「落
雷による光核反応の発見：シミュレーションによるデータ解釈」, 日本物理学会第 73 回年次大会, 東京理科大学, 2018年3月. 
榎戸輝揚, 和田有希, 古田禄大, 中澤知洋, 湯浅孝行, 奥田和史, 牧島一夫, 佐藤光輝, 佐藤陽祐, 中野俊男, 楳本大悟, 土屋晴文 ,
「雷雲ガンマ線の観測プロジェクトと雷での光核反応の検出」, 日本物理学会第 73 回年次大会, 東京理科大学, 2018年3月. 

北口貴雄,「光電子追跡型Ｘ線偏光計の機械学習による偏光応答モデルの構築」, 第 14回 MPGD 研究会, 岩手, 2017年12月. 
北口貴雄,「Ｘ線偏光計の光電子トラッキングへの機械学習の応用」,  ASTRO-AI 研究会, 仙台, 2017年 9月). 
中野俊男,「超新星残骸の観測と中性子星の磁場進化」, 日本 SKA パルサー・突発天体研究会, 茨城, 2018年1月. 
木村智樹,「リモートセンシングと探査機その場観測の連携で取り組む回転惑星磁気圏のリコネクションと粒子加速」, 磁気リコネクショ
ン・粒子加速勉強会, 東京大学, 2017年6月. 
木村智樹 ほか, “Brightening of Jupiter’s aurora observed by the Hisaki satellite and Hubble Space Telescope during Juno’s approach phase,” 
地球電磁気・地球惑星圏学会第 142 回総会, 京都大学, 2017年10月. 
木村智樹 ほか,「ひさき衛星による木星磁気圏観測とグローバル MHD シミュレーションの連携解析の概要」, 地球電磁気・地球惑星圏学
会第 142 回総会, 京都大学, 2017年10月. 
玉川 徹,「ガス電子増幅フォイルの X 線検出器ならびに X線発生装置への応用 」,  学振 186委員会・第 24回研究会, 東京大学, 2017年

7月. 
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RIBF Research Division 
Astro-Glaciology Research Unit 

 
Summary of Research Activities 

Our Astro-Glaciology Research Unit promotes both experimental and theoretical studies to open up the new interdisciplinary research 
field of astro-glaciology, which combines astrophysics and glaciology.  

On the experimental side, we analyze ice cores drilled at the Dome Fuji station, in Antarctica, in collaboration with the National 
Institute of Polar Research (NIPR, Tokyo). These ice cores are time capsules. In particular, the ice cores obtained at Dome Fuji are known 
to be unique because they contain much more information on conditions in the stratosphere than any other ice cores recovered from other 
locations in either hemisphere. This means that there are significant advantages in using Dome Fuji ice cores if we wish to study 
astronomical phenomena of the past. Since gamma-rays and high-energy protons that are emitted in certain astronomical processes affect 
the chemical and isotopic compositions in the stratosphere but not those in the troposphere, we have been measuring: 

(1) Variations in the nitrate ion (NO3−) concentrations in the ice cores, in an effort to establish a new proxy for supernova explosions in 
our own galaxy as well as past solar activity. 

(2) Variations in the water isotopes (18O and 2H) in the ice cores, in order to construct in more detail records of past changes in the 
temperature of the surface of the earth; and 

(3) Variations in the nitrogen isotope (15N) in the nitrates contained in the ice cores, in order to investigate the possibility of utilizing 
15N as a new and more stable proxy for galactic supernovae explosions and past solar activity. 

In the case of items (1), (2), and (3), our analyses of Dome Fuji ice cores cover the most recent 2000 years. The temporal resolution of 
the results of our research is currently 12 months. We intend to compare the results obtained in item (1) with those in item (2), in order to 
understand better the relationships between solar activity and long-term changes in the temperature of the earth. The underlying 
assumptions in item (2) are already well accepted in glaciology. Item (3) refers to one of the very first measurements of 15N concentrations 
in ice cores. 

On the theoretical side, we are simulating numerically: 
(4) Changes in the chemical composition of the stratosphere induced by gamma-rays and/or high-energy particles emitted from 

explosive astronomical phenomena, such as galactic supernovae and solar proton events; and 
(5) The explosive nucleosynthesis (including the r-process, the rapid neutron capture process, which creates elements heavier than 

iron) that arises in the environment of core-collapse supernova explosions. 
Items (4) and (5) in our list, the chemical composition of the stratosphere and explosive nucleosynthesis, are very important in 

solar–terrestrial research and nuclear astrophysics; furthermore, these simulations provide a theoretical support when considering the 
characteristics of supernova explosions and solar activity, as seen in our ice core data. These studies are also important because it is 
necessary to discount the effects of the meteorological noise.  

It is noteworthy that the as yet not fully understood frequency of supernova explosions in our galaxy is crucial to an understanding of 
the r-process nucleosynthesis. The results obtained from items (1) and (3) are expected to reveal the average rate of supernova explosions in 
our galaxy during the past million years of ice deposition. 

 
 

Members  
 

Research Unit Leader (Lab. Head) 
Yuko MOTIZUKI 

 
Research & Technical Scientists 

Kazuya TAKAHASHI (Senior Research Scientist) Yoichi NAKAI (Senior Research Scientist) 
 
Senior Visiting Scientist 

Yasushige YANO (Nishina Memorial Foundation) 
 
Visiting Scientists 

Hideharu AKIYOSHI (Nat‘l Inst. for Environ. Studies) 
Hideki MADOKORO (Mitsubishi Heavy Ind., Ltd.) 

Akira HORI (Kitami Inst. of Tech.) 
Kenji TANABE (Okayama Univ. of Sci.) 

 
Part-time Workers 

Yuma HASEBE  
 

Satomi NEGISHI

  Student Trainees 
Yuma HASEBE (Saitama Univ.)

武内陽子, 小宮一毅 , 玉川徹 ,「放電抑制を目指した LTCC- GEM の開発 」,  日本物理学会第 73 回年次大会, 東京理科大学, 2018
年3月. 

和田有希, 古田禄大, 榎戸輝揚, 中澤知洋, 湯浅孝行, 奥田和史, 牧島一夫, 佐藤光輝, 佐藤陽祐, 中野俊男, 鈴木寛大, 楳本大悟, 
土屋晴文 ,「落雷による光核反応の発見：地上観測による中性子と陽電子の検出 」,  日本物理学会第 73 回年次大会, 東京理科大
学, 2018年3月. 

古田禄大, 和田有希, 榎戸輝揚, 中澤知洋, 湯浅孝行, 奥田和史, 牧島一夫, 佐藤光輝, 佐藤陽祐, 中野俊男, 楳本大悟, 土屋晴文 ,「落
雷による光核反応の発見：シミュレーションによるデータ解釈」, 日本物理学会第 73 回年次大会, 東京理科大学, 2018年3月. 
榎戸輝揚, 和田有希, 古田禄大, 中澤知洋, 湯浅孝行, 奥田和史, 牧島一夫, 佐藤光輝, 佐藤陽祐, 中野俊男, 楳本大悟, 土屋晴文 ,
「雷雲ガンマ線の観測プロジェクトと雷での光核反応の検出」, 日本物理学会第 73 回年次大会, 東京理科大学, 2018年3月. 

北口貴雄,「光電子追跡型Ｘ線偏光計の機械学習による偏光応答モデルの構築」, 第 14回 MPGD 研究会, 岩手, 2017年12月. 
北口貴雄,「Ｘ線偏光計の光電子トラッキングへの機械学習の応用」,  ASTRO-AI 研究会, 仙台, 2017年 9月). 
中野俊男,「超新星残骸の観測と中性子星の磁場進化」, 日本 SKA パルサー・突発天体研究会, 茨城, 2018年1月. 
木村智樹,「リモートセンシングと探査機その場観測の連携で取り組む回転惑星磁気圏のリコネクションと粒子加速」, 磁気リコネクショ
ン・粒子加速勉強会, 東京大学, 2017年6月. 
木村智樹 ほか, “Brightening of Jupiter’s aurora observed by the Hisaki satellite and Hubble Space Telescope during Juno’s approach phase,” 
地球電磁気・地球惑星圏学会第 142 回総会, 京都大学, 2017年10月. 
木村智樹 ほか,「ひさき衛星による木星磁気圏観測とグローバル MHD シミュレーションの連携解析の概要」, 地球電磁気・地球惑星圏学
会第 142 回総会, 京都大学, 2017年10月. 
玉川 徹,「ガス電子増幅フォイルの X 線検出器ならびに X線発生装置への応用 」,  学振 186委員会・第 24回研究会, 東京大学, 2017年

7月. 
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List of Publications & Presentations  
  
Publications 
 [Journal] 

(Original Papers) *Subject to Peer Review  
E. Tsantini, T. Minami, K. Takahashi, and M. A. C. Ontiveros, “Analysis of sulfur isotopes to identify the origin of cinnabar in the Roman wall paintings 

from Badalona (Spain),” J. Arcaeological Science, 18, 300−307 (2018).* 
Y. Nakai, S. Tomita, R. Suganuma, S. Hattori, K. Kobayashi, Y. Shiina, S. Ishino, N. Yamamoto and K. Sasa, “Measurements for nitric acid formation in 

a humidified air by proton irradiation,” RIKEN Accel. Prog. Rep. 51, in press.* 
M. Maruyama, M. Yumoto, K. Kase, K. Takahashi, Y. Nakai, S. Wada, Y. Yano and Y. Motizuki, “A prototype novel laser-melting sampler for analyzing 

ice cores with high depth resolution and high throughput,” RIKEN Accel. Prog. Rep. 51, in press.* 
Kenji Tanabe and Yuko Motizuki, “R Aquarii and Gamma Ray Astronomy,” Proceedings of Science (PoS), in press.* 
Y. Motizuki, H. Motoyama, Y. Nakai, K. Suzuki, Y. Iizuka and K. Takahashi, “Overview of the chemical composition and characteristics of Na+ and Cl– 

distributions in shallow samples from Antarctic ice core DF01 (Dome Fuji) drilled in 2001,” Geochemical J. 51, 3, 293−298 (2017), 
doi:10.2343/geochemj.2.0458 (Open Access article).* 

Y. Nakai, Y. Motizuki, M. Maruyama, Y. Hasebe, H. Akiyoshi, T. Imamura, “Box-model simulation for influence of solar proton events on the middle 
atmosphere,” RIKEN Accel. Prog. Rep. 50, 143 (2017).* 

Y. Motizuki, H. Motoyama, Y. Nakai, K. Suzuki, Y. Iizuka and K. Takahashi, “Characteristics of Na+ and Cl– distributions in shallow samples from an 
Antarctic ice core DF01 (Dome Fuji) drilled in 2001: Result of strong atmospheric high-pressure blocking events?” RIKEN Accel. Prog. Rep. 50, 144 
(2017).* 

Y. Motizuki, K. Takahashi, Y. Nakai, Y. Iizuka, K. Suzuki, H. Motoyama, “Overview of the chemical composition and characteristics of Na+ and Cl– 
distributions in samples from Antarctic ice core DF01 (Dome Fuji) drilled in 2001,” RIKEN Accel. Prog. Rep. 49, 133 (2017).* 

Y. Nakai, Y. Motizuki, M. Maruyama, H. Akiyoshi, T. Imamura, “Box-model simulation for variation of atmospheric chemical composition caused by 
solar energetic particles,” RIKEN Accel. Prog. Rep. 49, 132 (2017).* 

Y. Hasebe, Y. Motizuki, Y. Nakai, K. Takahashi, “Diagnose oscillation properties observed in an annual ice-core oxygen isotope record obtained from 
Dronning Maud Land, Antarctica,” RIKEN Accel. Prog. Rep. 49, 131 (2017).* 

 
[Book] 
(Original Papers) *Subject to Peer Review 
望月優子, 佐藤勝彦,『シリーズ現代の天文学第1巻 人類の住む宇宙 第2版』, pp. 99–144（「第3章 元素の起源」）, 岡村定矩他編, 日本評
論社, 2017年3月.* 
望月優子,『Newtonライト 周期表』（協力）, ニュートンプレス, 2017年12月. 
望月優子,「ナイスステップな研究者から見た変化の新潮流」, 文部科学省機関紙STI Horizon, 2017年第3巻1号, pp. 17–20.* 
Y. Motizuki, “Six Years of cross-disciplinary studies at the Astro-Glaciology Research Unit: Astronomical signatures in polar ice cores,” RIKEN Accel. 

Prog. Rep. 50, S-80 (2017). 
 

 
Oral Presentations 
[International Conference etc.] 

(Invited talk) S. Hayashi and Y. Motizuki, “Mighty minority of women in Astronomy in Japan,” IMU-led, ICSU-sponsored Workshop on “Gender gap in 
mathematical and other natural sciences", Taipeh, Taiwan, Nov. 7–8, 2017. 

(Invited talk) K. Tanabe and Y. Motizuki, “Symbiotic Binary R Aquarii and Gamma-ray Astronomy,” PALERMO WORKSHOP 2017 “The Golden Age 
of Cataclysmic Variables and Related Objects – IV,” Palermo, Italy, Sep. 11–16, 2017. 

(Invited talk) Yuko Motizuki, “Supernova signatures in polar ice cores,” International Symposium on Origin of Matter and Evolution of Galaxies 2017 
(OMEG 2017), Daejeon, Korea, June 27–30, 2017. 

T. Minami, E. Tsantini, and K. Takahashi, “Effect of Gypsum on Sulfur Isotope Ratio of Vermilion Painted on Gypsum Wall,” the Colloquium 
Spectroscopicum Internationale XL, Pisa, Italy, June, 2017. 

(Invited talk) H. Akiyoshi, Y. Nakai, Y. Motizuki, T. Imamura, Y. Yamashita, “A preliminary result of NOx and ozone change simulation for a solar 
proton event using a nudged CCM and box chemistry model,” Int. Workshop on Solar Cycle Activity and Impact on Climate for The 2nd PSTEP 
International symposium (PSTEP-2) , Kyoto, March 22, 2017. 

 
[Domestic Conference] 
（招待講演）秋吉英治, 中井陽一, 望月優子, 今村隆史, 山下陽介,「化学気候モデルを用いた太陽プロトンイベントのオゾンと気候に及ぼす
影響に関する研究 – 化学ボックスモデル＋3次元化学輸送モデルによるシミュレーション – 」, 名古屋, PSTEP報告会, 2018年 3月 29–30
日. 
高橋和也, 望月優子, 中井陽一,「アイスコア詳細解析を見据えた硫黄同位体比分析の高感度化の試み」, 国立極地研究所研究集会「南極ド
ームふじ氷床深層アイスコアの解析による気候・環境変動の研究の新展開」, 立川, 2018年 3月 28–29日. 
（招待講演）望月優子,「アイスコアからさぐる天文・宇宙のサイエンス – 過去の超新星爆発と太陽活動, 地球への影響 – 」, 埼玉大学理
学部物理量子力学特別講義, さいたま, 2018年 1月 22日. 

（招待講演）望月優子,「南極アイスコアからひもとく私たちの宇宙と地球の歴史」, 日本天文学会秋季年会公開講演会, 札幌, 2017 年 9 月
10日. 
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高橋和也, 「同位体分析法から見た墳墓出土朱の産地変遷 – 大和政権による朱の政治的利用 – 」, 日本分析化学会第77回分析化学討論会, 
京都市, 2017年5月. 

（招待講演）望月優子,「宇宙と生命とのつながり～生命と元素、星、宇宙のリズム～」, 理化学研究所 和光地区一般公開サイエンスレクチ
ャー, 和光, 2017年 4月 22日. 
望月優子,「日本天文学会における女性理事・委員の割合と今後について – 日本天文学会及び IAUにおける女性研究者割合の推移も含めて 

– 」, 女性天文研究者の会, 日本天文学会春季年会, 福岡, 2017年 3月 18日. 
望月優子, 中井陽一, 高橋和也, ほかドームふじ氷床コア解析チーム,「南極氷床コアに刻まれた超新星カシオペアA の爆発年代」, 日本天文
学会春季年会, 福岡, 2017年3月17日. 

(招待講演) 望月優子, 埼玉大学理学部物理量子力学特別講義「アイスコアからさぐる天文・宇宙のサイエンス – 過去の超新星爆発と太陽活
動、地球への影響 – 」, さいたま, 2017年1月23日. 

(招待講演) 中井陽一, 第36回北海道大学低温科学研究所セミナー「太陽プロトン現象に誘起される地球中層大気の微量成分濃度変化 – ボッ
クスモデルシミュレーションによるイオン化学反応の影響の研究 – 」, 札幌, 2017年1月19日. 

 
Poster Presentations 
[International Conference etc.] 

K. Takahashi, “New method for comprehensive detection of trace elements in environmental or biochemical materials using an 
electron-cyclotron-resonance ion-source mass spectrometer”(A poster paper), the 4th World Congress on Mass Spectrometry, London, UK, June 2017. 

Y. Nakai, N. Watanabe, Y. Oba, “Hydrogenation of C60 deposited on a substrate under low temperature condition” (A poster paper), The 30th International 
Conference on Photonic, Electronic and Atomic Collisions, Cairns Australia, August 2017. 
 

 

List of Publications & Presentations  
  
Publications 
 [Journal] 

(Original Papers) *Subject to Peer Review  
E. Tsantini, T. Minami, K. Takahashi, and M. A. C. Ontiveros, “Analysis of sulfur isotopes to identify the origin of cinnabar in the Roman wall paintings 

from Badalona (Spain),” J. Arcaeological Science, 18, 300−307 (2018).* 
Y. Nakai, S. Tomita, R. Suganuma, S. Hattori, K. Kobayashi, Y. Shiina, S. Ishino, N. Yamamoto and K. Sasa, “Measurements for nitric acid formation in 

a humidified air by proton irradiation,” RIKEN Accel. Prog. Rep. 51, in press.* 
M. Maruyama, M. Yumoto, K. Kase, K. Takahashi, Y. Nakai, S. Wada, Y. Yano and Y. Motizuki, “A prototype novel laser-melting sampler for analyzing 

ice cores with high depth resolution and high throughput,” RIKEN Accel. Prog. Rep. 51, in press.* 
Kenji Tanabe and Yuko Motizuki, “R Aquarii and Gamma Ray Astronomy,” Proceedings of Science (PoS), in press.* 
Y. Motizuki, H. Motoyama, Y. Nakai, K. Suzuki, Y. Iizuka and K. Takahashi, “Overview of the chemical composition and characteristics of Na+ and Cl– 

distributions in shallow samples from Antarctic ice core DF01 (Dome Fuji) drilled in 2001,” Geochemical J. 51, 3, 293−298 (2017), 
doi:10.2343/geochemj.2.0458 (Open Access article).* 

Y. Nakai, Y. Motizuki, M. Maruyama, Y. Hasebe, H. Akiyoshi, T. Imamura, “Box-model simulation for influence of solar proton events on the middle 
atmosphere,” RIKEN Accel. Prog. Rep. 50, 143 (2017).* 

Y. Motizuki, H. Motoyama, Y. Nakai, K. Suzuki, Y. Iizuka and K. Takahashi, “Characteristics of Na+ and Cl– distributions in shallow samples from an 
Antarctic ice core DF01 (Dome Fuji) drilled in 2001: Result of strong atmospheric high-pressure blocking events?” RIKEN Accel. Prog. Rep. 50, 144 
(2017).* 

Y. Motizuki, K. Takahashi, Y. Nakai, Y. Iizuka, K. Suzuki, H. Motoyama, “Overview of the chemical composition and characteristics of Na+ and Cl– 
distributions in samples from Antarctic ice core DF01 (Dome Fuji) drilled in 2001,” RIKEN Accel. Prog. Rep. 49, 133 (2017).* 

Y. Nakai, Y. Motizuki, M. Maruyama, H. Akiyoshi, T. Imamura, “Box-model simulation for variation of atmospheric chemical composition caused by 
solar energetic particles,” RIKEN Accel. Prog. Rep. 49, 132 (2017).* 

Y. Hasebe, Y. Motizuki, Y. Nakai, K. Takahashi, “Diagnose oscillation properties observed in an annual ice-core oxygen isotope record obtained from 
Dronning Maud Land, Antarctica,” RIKEN Accel. Prog. Rep. 49, 131 (2017).* 

 
[Book] 
(Original Papers) *Subject to Peer Review 
望月優子, 佐藤勝彦,『シリーズ現代の天文学第1巻 人類の住む宇宙 第2版』, pp. 99–144（「第3章 元素の起源」）, 岡村定矩他編, 日本評
論社, 2017年3月.* 
望月優子,『Newtonライト 周期表』（協力）, ニュートンプレス, 2017年12月. 
望月優子,「ナイスステップな研究者から見た変化の新潮流」, 文部科学省機関紙STI Horizon, 2017年第3巻1号, pp. 17–20.* 
Y. Motizuki, “Six Years of cross-disciplinary studies at the Astro-Glaciology Research Unit: Astronomical signatures in polar ice cores,” RIKEN Accel. 

Prog. Rep. 50, S-80 (2017). 
 

 
Oral Presentations 
[International Conference etc.] 

(Invited talk) S. Hayashi and Y. Motizuki, “Mighty minority of women in Astronomy in Japan,” IMU-led, ICSU-sponsored Workshop on “Gender gap in 
mathematical and other natural sciences", Taipeh, Taiwan, Nov. 7–8, 2017. 

(Invited talk) K. Tanabe and Y. Motizuki, “Symbiotic Binary R Aquarii and Gamma-ray Astronomy,” PALERMO WORKSHOP 2017 “The Golden Age 
of Cataclysmic Variables and Related Objects – IV,” Palermo, Italy, Sep. 11–16, 2017. 

(Invited talk) Yuko Motizuki, “Supernova signatures in polar ice cores,” International Symposium on Origin of Matter and Evolution of Galaxies 2017 
(OMEG 2017), Daejeon, Korea, June 27–30, 2017. 

T. Minami, E. Tsantini, and K. Takahashi, “Effect of Gypsum on Sulfur Isotope Ratio of Vermilion Painted on Gypsum Wall,” the Colloquium 
Spectroscopicum Internationale XL, Pisa, Italy, June, 2017. 

(Invited talk) H. Akiyoshi, Y. Nakai, Y. Motizuki, T. Imamura, Y. Yamashita, “A preliminary result of NOx and ozone change simulation for a solar 
proton event using a nudged CCM and box chemistry model,” Int. Workshop on Solar Cycle Activity and Impact on Climate for The 2nd PSTEP 
International symposium (PSTEP-2) , Kyoto, March 22, 2017. 

 
[Domestic Conference] 
（招待講演）秋吉英治, 中井陽一, 望月優子, 今村隆史, 山下陽介,「化学気候モデルを用いた太陽プロトンイベントのオゾンと気候に及ぼす
影響に関する研究 – 化学ボックスモデル＋3次元化学輸送モデルによるシミュレーション – 」, 名古屋, PSTEP報告会, 2018年 3月 29–30
日. 

高橋和也, 望月優子, 中井陽一,「アイスコア詳細解析を見据えた硫黄同位体比分析の高感度化の試み」, 国立極地研究所研究集会「南極ド
ームふじ氷床深層アイスコアの解析による気候・環境変動の研究の新展開」, 立川, 2018年 3月 28–29日. 
（招待講演）望月優子,「アイスコアからさぐる天文・宇宙のサイエンス – 過去の超新星爆発と太陽活動, 地球への影響 – 」, 埼玉大学理
学部物理量子力学特別講義, さいたま, 2018年 1月 22日. 

（招待講演）望月優子,「南極アイスコアからひもとく私たちの宇宙と地球の歴史」, 日本天文学会秋季年会公開講演会, 札幌, 2017 年 9 月
10日. 
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RIBF Research Division 
Research Group for Superheavy Element 

 
1. Abstract 

The elements with their atomic number Z > 103 are called as trans-actinide or superheavy elements.  The chemical properties of 
those elements have not yet been studied in detail. Those elements do not exist in nature. Therefore, they must be produced by artificially 
for the scientific study of those elements. In our laboratory, we have been studying the physical and chemical properties of the superheavy 
elements utilizing the accelerators in RIKEN and various methods of efficient production of the superheavy elements.    
 
2. Major Research Subjects 
(1) Search for new superheavy elements 
(2) Decay spectroscopy of the heaviest nuclei 
(3) Study of the chemical properties of the heaviest elements 
(4) Study of the reaction mechanism of the fusion process (theory)    
 
3. Summary of Research Activity 
(1) Searching for new elements 

To expand the periodic table of elements and the nuclear chart, we will search for new elements. 
(2) Spectroscopic study of the nucleus of heavy elements 

Using the high sensitivity system for detecting the heaviest element, we plan to perform a spectroscopic study of nuclei of the heavy 
elements. 
(3) Chemistry of superheavy elements 

Study of chemistry of the trans-actinide (superheavy element) has just started world-wide, making it a new frontier in the field of 
chemistry. Relativistic effects in chemical property are predicted by many theoretical studies. We will try to develop this new field. 
(4) Study of a reaction mechanism for fusion process 

Superheavy elements have been produced by complete fusion reaction of two heavy nuclei. However, the reaction mechanism of the 
fusion process is still not well understood theoretically. When we design an experiment to synthesize nuclei of the superheavy elements, we 
need to determine a beam-target combination and the most appropriate reaction energy. This is when the theory becomes important. We will 
try to develop a reaction theory useful in designing an experiment by collaborating with the theorists. 
(5) Research Highlight 

The discovery of a new element is one of the exciting topics both for nuclear physicists and nuclear chemists. The elements with their 
atomic number Z > 103 are called as trans-actinides or superheavy elements. The chemical properties of those elements have not yet been 
studied in detail. Since those elements do not exist in nature, they must be produced by artificially, by using nuclear reactions for the study 
of those elements. Because the production rate of atoms of those elements is extremely small, an efficient production and collection are key 
issues of the superheavy research. In our laboratory, we have been trying to produce new elements, studying the physical and chemical 
properties of the superheavy elements utilizing the accelerators in RIKEN. 

Although the Research Group for Superheavy element has started at April 2013, the Group is a renewal of the Superheay Element 
Laboratory started at April 2006, based on a research group which belonged to the RIKEN accelerator research facility (RARF), and had 
studied the productions of the heaviest elements. The main experimental apparatus is a gas-filled recoil ion separator GARIS. The heaviest 
elements with their atomic numbers, 107 (Bohrium), 108 (Hassium), 109 (Meitnerium), 110 (Darmstadtium), 111 (Roentogenium), and 112 
(Copernicium) were discovered as new elements at Helmholtzzentrum für Schwerionenforschung GmbH (GSI), Germany by using 208Pb or 
209Bi based complete fusion reactions, so called “cold fusion” reactions. We have made independent confirmations of the productions of 
isotopes of 108th, 110th, 111th, and 112th elements by using the same reactions performed at GSI. After these work, we observed an isotope 
of the 113th element, 278113, in July 2004, in April, 2005, and in August 2012. The isotope, 278113, has both the largest atomic number, (Z = 
113) and atomic mass number (A = 278) which have determined experimentally among the isotopes which have been produced by cold 
fusion reactions. We could show the world highest sensitivity for production and detection of the superheavy elements by these 
observations. Our results that related to 278113 has been recognized as a discovery of new element by a Joint Working Party of the 
International Union of Pure and Applied Chemistry (IUPAC) and International Union of Pure and Applied Physics (IUPAP). Finally, we 
named the 113th element as “Nihonium”. 

 We decided to make one more recoil separator GARIS-II, which has an acceptance twice as large as existing GARIS, in order to 
realize higher sensitivity. The design of GARIS-II has finished in 2008. All fabrication of the separator will be finished at the end of fiscal 
year 2008. It has been ready for operation after some commissioning works. 

Preparatory work for the study of the chemical properties of the superheavy elements has started by using the gas-jet transport system 
coupled to GARIS. The experiment was quite successful. The background radioactivity of unwanted reaction products has been highly 
suppressed. Without using the recoil separator upstream the gas-jet transport system, large amount of unwanted radioactivity strongly 
prevents the unique identification of the event of our interest. This new technique makes clean and clear studies of chemistry of the heaviest 
elements promising. 

The spectroscopic study of the heaviest elements has started by using alpha spectrometry. New isotope, 263Hs (Z = 108), which has the 
smallest atomic mass number ever observed among the Hassium isotopes, had discovered in the study. New spectroscopic information for 
264Hs and its daughters have obtained also. The spectroscopic study of Rutherfordium isotope 261Rf (Z = 104) has done and 1.9-s isomeric 
state has directly produced for the first time. 
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Preparatory works for the study of the new superheavy elements with atomic number 119 and 120 have started in 2013. We measured 
the reaction products of the 248Cm (48Ca, xn) 296-xLv (Z = 116) previously studied by Frelov Laboratory of Nuclear Reaction, Russia, and 
GSI. We observed 5 isotopes in total which tentatively assigned to 293Lv, and 292Lv. 
 
 
Members  

 
Group Director 

Kosuke MORITA 
 

Visiting Scientist 
Kunihiro FUJITA (Kyushu Univ.) 

 
Student Trainees

Yuki YAMANO (Kyushu Univ.) Kenyu WATANABE (Kyushu Univ.)

 
Publications 
 [Journal] 

T. Tanaka, Y. Narikiyo, K. Morita, K. Fujita, D. Kaji, K. Morimoto, S. Yamaki, Y. Wakabayashi, K.Tanaka,M. Takeyama, A. Yoneda, H. Haba, Y. 
Komori, S. Yanou, B.J. Gall, Z. Asfari, H. Faure, H. Hasebe, M. Huang, J. Kanaya, M. Murakami, A. Yoshida, T. Yamaguchi, F. Tokanai, T. Yoshida, 
S. Yamamoto, Y. Yamano, K. Watanabe, S. Ishizawa, M. Asai, R. Aono, S. Goto, K. Katori, and K. Hagino, “Determination of fusion barrier 
distributions from quasielastic scattering cross sections towards superheavy nuclei synthesis,” J. Phys. Soc. Jpn. 87, 014201 (2018).  

D. Kaji, K. Morimoto, H. Haba, Y. Wakabayashi, M. Takeyama, S. Yamaki, Y. Komori, S. Yanou, S. Goto, and K. Morita, “Decay measurement of 283Cn 
produced in the 238U(48Ca, 3n) reaction using GARIS-II,” J. Phys. Soc. Jpn. 86, 085001 (2017). 

D. Kaji, K. Morita, K. Morimoto, H. Haba, M. Asai, K. Fujita, Z. Gan, H. Geissel, H. Hasebe, S. Hofmann, M. Huang, Y. Komori, L. Ma, J. Maurer, M. 
Murakami, M. Takeyama, F. Tokanai, T. Tanaka, Y. Wakabayashi, T. Yamaguchi, S. Yamaki, and A. Yoshida, “Study of the Reaction 48Ca + 248Cm → 
296Lv* at RIKEN-GARIS,” J. Phys. Soc. Jpn. 86, 034201 (2017). 

 [和文] 
  森本幸司,「新元素『ニホニウム』の発見と意義」, 繊維学会誌 pp. 83 第 74巻 3号, 2018年 3月. 
 
Oral Presentations 
[International Conference etc.] 

K. Morimoto, “Status and future plan of SHE experiment at RIKEN,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, 
September 10, 2017. 

K. Morimoto, “Discovery of new element ‘Nihonium’,” International Symposium on Radiation Detectors and Their Uses (ISRD2018), Tsukuba Univ., 
January 23, 2018. 

D. Kaji, “Hot fusion study using a new separator GARIS-II,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, September 10, 
2017. 

 
[Domestic Conference] 

T. Niwase, M. Wada, P. Schury, Y. Ito, S. Kimura, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Yamaki, T. Tanaka, K. Morita, A. Takamine, H. 
Miyatake, Y. Hirayama, Y. Watanabe, J. Y. Moon, M. Mukai, H. Wollnik, “High-precision mass measurements of short-lived nuclei with 
MRTOF+GARIS-II, ” 第 61回放射化学討論会, Tsukuba University Japan, September 6–8 2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik "Development of Alpha-ToF 
detector for mass measurements of superheavy nuclides,” 123th Annual Meeting of Kyushu Branch of JPS, Kagoshima University Japan, December 6 
2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik, “Development Alpha-ToF 
detector for high precision mass spectrometry of superheavy nuclei,” JPS 73th Annual Meeting (2018), Tokyo University of Science Japan, March 
22–25 2018. 
森本幸司，「日本初、新元素 “ニホニウム” の発見」，繊維学会年次大会，江戸川区タワーホール船堀，2017年 6月 7日. 
森本幸司，「新元素ニホニウムはいかにして発見されたのか」，第 34回物理教育研究大会，甲南大学，2017年 8月 11日. 
加治大哉，「スパッタ法による厚い金属ウラン標的の調整と照射試験」第 61回放射化学討論会，2017年 9月 6日. 

  
[Others] 
森本幸司，「サイエンスアゴラ in KOBE ～科学って本当に大事？～新元素『ニホニウム』の発見」神戸大学統合研究拠点コンベンション
ホール，神戸, 2017年 10月 14日. 
森本幸司，「ニホニウム 113番元素の発見」, 図書館まつり, 和光市立図書, 2017年 10月 28日. 
森本幸司，「新元素にニホニウムはいかにして検出されたのか」, 放射線科学とその応用第 186 委員会, 東北大学片平ホール, 2018 年 1 月

11日. 
森本幸司，「新元素“ニホニウムの発見”」, 滋賀大学教育学部, 2018年 2月 28日. 
K. Morimoto, “Discovery of new chemical element Nihonium,” The 112th ISAS Space Science Colloquim, Sagamihara, ISAS/JAXA, March 28, 2018. 

RIBF Research Division 
Research Group for Superheavy Element 

 
1. Abstract 

The elements with their atomic number Z > 103 are called as trans-actinide or superheavy elements.  The chemical properties of 
those elements have not yet been studied in detail. Those elements do not exist in nature. Therefore, they must be produced by artificially 
for the scientific study of those elements. In our laboratory, we have been studying the physical and chemical properties of the superheavy 
elements utilizing the accelerators in RIKEN and various methods of efficient production of the superheavy elements.    
 
2. Major Research Subjects 
(1) Search for new superheavy elements 
(2) Decay spectroscopy of the heaviest nuclei 
(3) Study of the chemical properties of the heaviest elements 
(4) Study of the reaction mechanism of the fusion process (theory)    
 
3. Summary of Research Activity 
(1) Searching for new elements 

To expand the periodic table of elements and the nuclear chart, we will search for new elements. 
(2) Spectroscopic study of the nucleus of heavy elements 

Using the high sensitivity system for detecting the heaviest element, we plan to perform a spectroscopic study of nuclei of the heavy 
elements. 
(3) Chemistry of superheavy elements 

Study of chemistry of the trans-actinide (superheavy element) has just started world-wide, making it a new frontier in the field of 
chemistry. Relativistic effects in chemical property are predicted by many theoretical studies. We will try to develop this new field. 
(4) Study of a reaction mechanism for fusion process 

Superheavy elements have been produced by complete fusion reaction of two heavy nuclei. However, the reaction mechanism of the 
fusion process is still not well understood theoretically. When we design an experiment to synthesize nuclei of the superheavy elements, we 
need to determine a beam-target combination and the most appropriate reaction energy. This is when the theory becomes important. We will 
try to develop a reaction theory useful in designing an experiment by collaborating with the theorists. 
(5) Research Highlight 

The discovery of a new element is one of the exciting topics both for nuclear physicists and nuclear chemists. The elements with their 
atomic number Z > 103 are called as trans-actinides or superheavy elements. The chemical properties of those elements have not yet been 
studied in detail. Since those elements do not exist in nature, they must be produced by artificially, by using nuclear reactions for the study 
of those elements. Because the production rate of atoms of those elements is extremely small, an efficient production and collection are key 
issues of the superheavy research. In our laboratory, we have been trying to produce new elements, studying the physical and chemical 
properties of the superheavy elements utilizing the accelerators in RIKEN. 

Although the Research Group for Superheavy element has started at April 2013, the Group is a renewal of the Superheay Element 
Laboratory started at April 2006, based on a research group which belonged to the RIKEN accelerator research facility (RARF), and had 
studied the productions of the heaviest elements. The main experimental apparatus is a gas-filled recoil ion separator GARIS. The heaviest 
elements with their atomic numbers, 107 (Bohrium), 108 (Hassium), 109 (Meitnerium), 110 (Darmstadtium), 111 (Roentogenium), and 112 
(Copernicium) were discovered as new elements at Helmholtzzentrum für Schwerionenforschung GmbH (GSI), Germany by using 208Pb or 
209Bi based complete fusion reactions, so called “cold fusion” reactions. We have made independent confirmations of the productions of 
isotopes of 108th, 110th, 111th, and 112th elements by using the same reactions performed at GSI. After these work, we observed an isotope 
of the 113th element, 278113, in July 2004, in April, 2005, and in August 2012. The isotope, 278113, has both the largest atomic number, (Z = 
113) and atomic mass number (A = 278) which have determined experimentally among the isotopes which have been produced by cold 
fusion reactions. We could show the world highest sensitivity for production and detection of the superheavy elements by these 
observations. Our results that related to 278113 has been recognized as a discovery of new element by a Joint Working Party of the 
International Union of Pure and Applied Chemistry (IUPAC) and International Union of Pure and Applied Physics (IUPAP). Finally, we 
named the 113th element as “Nihonium”. 

 We decided to make one more recoil separator GARIS-II, which has an acceptance twice as large as existing GARIS, in order to 
realize higher sensitivity. The design of GARIS-II has finished in 2008. All fabrication of the separator will be finished at the end of fiscal 
year 2008. It has been ready for operation after some commissioning works. 

Preparatory work for the study of the chemical properties of the superheavy elements has started by using the gas-jet transport system 
coupled to GARIS. The experiment was quite successful. The background radioactivity of unwanted reaction products has been highly 
suppressed. Without using the recoil separator upstream the gas-jet transport system, large amount of unwanted radioactivity strongly 
prevents the unique identification of the event of our interest. This new technique makes clean and clear studies of chemistry of the heaviest 
elements promising. 

The spectroscopic study of the heaviest elements has started by using alpha spectrometry. New isotope, 263Hs (Z = 108), which has the 
smallest atomic mass number ever observed among the Hassium isotopes, had discovered in the study. New spectroscopic information for 
264Hs and its daughters have obtained also. The spectroscopic study of Rutherfordium isotope 261Rf (Z = 104) has done and 1.9-s isomeric 
state has directly produced for the first time. 
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   森田浩介,「新元素の探索」, 別府市鶴見丘高等学校, 2017 年 9 月 2 日. 
  森田浩介,「新元素の探索」, 日本甲状腺学会特別講演, 別府市, 2017 年 10 月 7 日. 
   森田浩介,「新元素の探索」, アカデミックフェスティバル, 九州大学椎木講堂, 2017 年 10 月 21 日. 
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RIBF Research Division 
Research Group for Superheavy Element  
Superheavy Element Production Team 

 
1. Abstract 

The elements with their atomic number Z > 103 are called as trans-actinide or superheavy elements.  The chemical properties of 
those elements have not yet been studied in detail. Those elements do not exist in nature. Therefore, they must be produced by artificially 
for the scientific study of those elements. In our laboratory, we have been studying the physical and chemical properties of the superheavy 
elements utilizing the accelerators in RIKEN and various methods of efficient production of the superheavy elements. 
 
2. Major Research Subjects 
(1) Search for new supreheavy elements 
(2) Decay spectroscopy of the heaviest nuclei 
(3) Study of the chemical properties of the heaviest elements 
(4) Study of the reaction mechanism of the fusion process (theory)  
 
Summary of Research Activity 
(1) Searching for new elements 

To expand the periodic table of elements and the nuclear chart, we will search for new elements. 
(2) Spectroscopic study of the nucleus of heavy elements 

Using the high sensitivity system for detecting the heaviest element, we plan to perform a spectroscopic study of nuclei of the heavy 
elements. 
(3) Chemistry of superheavy elements 

Study of chemistry of the trans-actinide (superheavy element) has just started world-wide, making it a new frontier in the field of 
chemistry. Relativistic effects in chemical property are predicted by many theoretical studies. We will try to develop this new field. 
(4) Study of a reaction mechanism for fusion process 

Superheavy elements have been produced by complete fusion reaction of two heavy nuclei. However, the reaction mechanism of the 
fusion process is still not well understood theoretically. When we design an experiment to synthesize nuclei of the superheavy elements, we 
need to determine a beam-target combination and the most appropriate reaction energy. This is when the theory becomes important. We will 
try to develop a reaction theory useful in designing an experiment by collaborating with the theorists. 
 
Members  
 

Team Leader 
Kosuke MORITA (concurrent; Group Director, Research Group 

for Superheavy Element) 
 

 
Research & Technical Scientist 

Kouji MORIMOTO (Senior Research Scientist, concurrent; Team 
Leader, Superheavy Element Device Development Team) 

 

 
Nishina Center Research Scientist 

Daiya KAJI (concurrent; Superheavy Element Device 
Development Team) 

 

 
Nishina Center Technical Scientist-Consultant 

Akira YONEDA 
 

Research Consultant 
Kenji KATORI 

 
Junior Research Associate 

Taiki TANAKA(Kyushu Univ.) 
 

Visiting Scientists 
Hiroyuki KOURA (JAEA) 
Benoit Jean-Paul GALL (Strasbourg Univ.) 

Marc ASFARI (Institut Pluridisciplinaire Hubert Curien) 
Mirei TAKEYAMA (Yamagata Univ.) 

Olivier DORVOUX (Strasbourg Univ.) 

 

   森田浩介,「新元素の探索」, 別府市鶴見丘高等学校, 2017 年 9 月 2 日. 
  森田浩介,「新元素の探索」, 日本甲状腺学会特別講演, 別府市, 2017 年 10 月 7 日. 
   森田浩介,「新元素の探索」, アカデミックフェスティバル, 九州大学椎木講堂, 2017 年 10 月 21 日. 
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Student Trainees 
Toshitaka NIWASE (Kyushu Univ.) 
Takeshi HIRANO (Kyushu Univ.) 

Shun MITSUOKA(Kyushu Univ.) 
Pierre BRIONNET (Strasbourg University) 

Publications 
 [Journal] 

T. Tanaka, Y. Narikiyo, K. Morita, K. Fujita, D. Kaji, K. Morimoto, S. Yamaki, Y. Wakabayashi, K.Tanaka,M. Takeyama, A. Yoneda, H. Haba, Y. 
Komori, S. Yanou, B.J. Gall, Z. Asfari, H. Faure, H. Hasebe, M. Huang, J. Kanaya, M. Murakami, A. Yoshida, T. Yamaguchi, F. Tokanai, T. Yoshida, 
S. Yamamoto, Y. Yamano, K. Watanabe, S. Ishizawa, M. Asai, R. Aono, S. Goto, K. Katori, and K. Hagino, “Determination of fusion barrier 
distributions from quasielastic scattering cross sections towards superheavy nuclei synthesis,” J. Phys. Soc. Jpn. 87, 014201 (2018). 

D. Kaji, K. Morimoto, H. Haba, Y. Wakabayashi, M. Takeyama, S. Yamaki, Y. Komori, S. Yanou, S. Goto, and K. Morita, “Decay Measurement of 283Cn 
Produced in the 238U(48Ca, 3n) Reaction Using GARIS-II,” J. Phys. Soc. Jpn. 86, p.085001 (2017). 

D. Kaji, K. Morita, K. Morimoto, H. Haba, M. Asai, K. Fujita, Z. Gan, H. Geissel, H. Hasebe, S. Hofmann, M. Huang, Y. Komori, L. Ma, J. Maurer, M. 
Murakami, M. Takeyama, F. Tokanai, T. Tanaka, Y. Wakabayashi, T. Yamaguchi, S. Yamaki, and A. Yoshida, “Study of the reaction 48Ca + 248Cm → 
296Lv* at RIKEN-GARIS,” J. Phys. Soc. Jpn. 86, 034201 (2017). 

 [和文] 
  森本幸司,「元素『ニホニウム』の発見と意義」, 維学会誌 pp. 83 第 74巻 3号, 2018年 3月. 
 
Oral Presentations 
[International Conference etc.] 

K. Morimoto, “Status and future plan of SHE experiment at RIKEN,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, 
September 10, 2017. 

K. Morimoto, “Discovery of new element ‘Nihonium’,” International Symposium on Radiation Detectors and Their Uses (ISRD2018), Tsukuba Univ., 
January 23, 2018. 

D. Kaji, “Hot fusion study using a new separator GARIS-II,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, September 10, 
2017. 

[Domestic Conference] 
T. Niwase, M. Wada, P. Schury, Y. Ito, S. Kimura, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Yamaki, T. Tanaka, K. Morita, A. Takamine, H. 

Miyatake, Y. Hirayama, Y. Watanabe, J. Y. Moon, M. Mukai, H. Wollnik, “High-precision mass measurements of short-lived nuclei with 
MRTOF+GARIS-II, ” 第 61回放射化学討論会, Tsukuba University Japan, September 6–8 2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik, “Development of 
Alpha-ToF detector for mass measurements of superheavy nuclides,” 123th Annual Meeting of Kyushu Branch of JPS, Kagoshima University Japan, 
December 6 2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik, “Development Alpha-ToF 
detector for high precision mass spectrometry of superheavy nuclei,” JPS 73th Annual Meeting (2018), Tokyo University of Science Japan, March 
22–25 2018. 
森本幸司,「日本初、新元素 “ニホニウム” の発見」, 繊維学会年次大会, 江戸川区タワーホール船堀, 2017年 6月 7日. 
森本幸司,「新元素ニホニウムはいかにして発見されたのか」, 第 34回物理教育研究大会, 甲南大学, 2017年 8月 11日. 
加治大哉,「スパッタ法による厚い金属ウラン標的の調整と照射試験」第 61回放射化学討論会, 2017年 9月 6日. 

[Others] 
森本幸司,「サイエンスアゴラ in KOBE ～科学って本当に大事？～新元素『ニホニウム』の発見」, 神戸大学統合研究拠点コンベンション
ホール, 神戸, 2017年 10月 14日. 
森本幸司,「ニホニウム 113番元素の発見」図書館まつり, 和光市立図書館，2017年 10月 28日. 
森本幸司,「新元素にニホニウムはいかにして検出されたのか」放射線科学とその応用第 186委員会, 東北大学片平ホール, 2018年 1月 11日. 
森本幸司,「新元素“ニホニウムの発見”」, 滋賀大学教育学部, 2018年 2月 28日. 
K. Morimoto, “Discovery of new chemical element Nihonium,” The 112th ISAS Space Science Colloquim, Sagamihara, ISAS/JAXA, March 28, 2018. 
森田浩介,「新元素の探索」, 別府市鶴見丘高等学校, 2017年 9月 2日. 
森田浩介,「新元素の探索」, 日本甲状腺学会特別講演, 別府市, 2017年 10月 7日. 
森田浩介,「新元素の探索」, アカデミックフェスティバル, 九州大学椎木講堂, 2017年 10月 21日. 
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RIBF Research Division 
Research Group for Superheavy Element  
Superheavy Element Device Development Team 

 
1. Abstract 

A gas-filled recoil ion separator has been used as a main experimental device for the study of superheavy elements. This team is in 
charge of maintain, improve, develop and operate the separators and related devices. There are two gas-filled recoil ion separators installed 
at RILAC experimental hall. One is GARIS that is designed for symmetric reaction such as cold-fusion reaction, and the other is newly 
developed GARIS-II that is designed for an asymmetric reaction such as hot-fusion reaction. New elements 278Nh were produced by 70Zn + 
209Bi reaction using GARIS. Further the new element search Z > 118 are preparing by using GARIS-II.    
 
2. Major Research Subjects 
(1) Maintenance of GARIS and development of new gas-filled recoil ion separator GARIS-II. 
(2) Maintenance and development of detector and DAQ system for GARIS and GARIS-II. 
(3) Maintenance and development of target system for GARIS and GARIS-II.    
 
3. Summary of Research Activity 

The GARIS-II is newly developed which has an acceptance twice as large as existing GARIS, in order to realize higher sensitivity for 
asymmetric reaction such as a hot fusion reaction. After some commissioning works, the GARIS-II has been ready for new element research. 
We will also offer user-support if a researcher wishes to use the devices for his/her own research program. 

 
Members  

 
Team Leader 

Kouji MORIMOTO 
 
Nishina Center Research Scientist 

Daiya KAJI 
 

 Fixed-term Employee 
Yuta ITO 

Junior Research Associate 
Sayaka YAMAKI (Saitama Univ.) 

 
Visiting Scientists 

Fuyuki TOKANAI (Yamagata Univ.)  
Eiji IDEGUCHI (Osaka Univ. RCNP)   

Katsuhisa NISHIO (JAEA) 
Yuta ITO (McGill University) 

Student Trainees 
Satoshi ISHIZAWA (Yamagata Univ.)  
Ryutaro ITO (Yamagata Univ.) 
Yuichiro INOMATA (Yamagata Univ.) 

Keigo BANDO(Kyushu Univ.) 
Takao SAITO (Kyushu Univ.) 
Kenta MANABE (Kyushu Univ.)

  
 
 
Publications 
 [Journal] 

T. Tanaka, Y. Narikiyo, K. Morita, K. Fujita, D. Kaji, K. Morimoto, S. Yamaki, Y. Wakabayashi, K.Tanaka,M. Takeyama, A. Yoneda, H. Haba, Y. Komori, 
S. Yanou, B.J. Gall, Z. Asfari, H. Faure, H. Hasebe, M. Huang, J. Kanaya, M. Murakami, A. Yoshida, T. Yamaguchi, F. Tokanai, T. Yoshida, S. 
Yamamoto, Y. Yamano, K. Watanabe, S. Ishizawa, M. Asai, R. Aono, S. Goto, K. Katori, and K. Hagino, “Determination of fusion barrier distributions 
from quasielastic scattering cross sections towards superheavy nuclei synthesis,” J. Phys. Soc. Jpn. 87, 014201 (2018). 

D. Kaji, K. Morimoto, H. Haba, Y. Wakabayashi, M. Takeyama, S. Yamaki, Y. Komori, S. Yanou, S. Goto, and K. Morita, “Decay measurement of 283Cn 
Produced in the 238U(48Ca, 3n) reaction using GARIS-II,” J. Phys. Soc. Jpn. 86, 085001 (2017). 

D. Kaji, K. Morita, K. Morimoto, H. Haba, M. Asai, K. Fujita, Z. Gan, H. Geissel, H. Hasebe, S. Hofmann, M. Huang, Y. Komori, L. Ma, J. Maurer, M. 
Murakami, M. Takeyama, F. Tokanai, T. Tanaka, Y. Wakabayashi, T. Yamaguchi, S. Yamaki, and A. Yoshida, “Study of the reaction 48Ca + 248Cm → 
296Lv* at RIKEN-GARIS,” J. Phys. Soc. Jpn. 86, 034201 (2017). 

 [和文] 
  森本幸司,「元素『ニホニウム』の発見と意義」, 維学会誌 pp. 83 第 74巻 3号, 2018年 3月. 
 

Student Trainees 
Toshitaka NIWASE (Kyushu Univ.) 
Takeshi HIRANO (Kyushu Univ.) 

Shun MITSUOKA(Kyushu Univ.) 
Pierre BRIONNET (Strasbourg University) 

Publications 
 [Journal] 

T. Tanaka, Y. Narikiyo, K. Morita, K. Fujita, D. Kaji, K. Morimoto, S. Yamaki, Y. Wakabayashi, K.Tanaka,M. Takeyama, A. Yoneda, H. Haba, Y. 
Komori, S. Yanou, B.J. Gall, Z. Asfari, H. Faure, H. Hasebe, M. Huang, J. Kanaya, M. Murakami, A. Yoshida, T. Yamaguchi, F. Tokanai, T. Yoshida, 
S. Yamamoto, Y. Yamano, K. Watanabe, S. Ishizawa, M. Asai, R. Aono, S. Goto, K. Katori, and K. Hagino, “Determination of fusion barrier 
distributions from quasielastic scattering cross sections towards superheavy nuclei synthesis,” J. Phys. Soc. Jpn. 87, 014201 (2018). 

D. Kaji, K. Morimoto, H. Haba, Y. Wakabayashi, M. Takeyama, S. Yamaki, Y. Komori, S. Yanou, S. Goto, and K. Morita, “Decay Measurement of 283Cn 
Produced in the 238U(48Ca, 3n) Reaction Using GARIS-II,” J. Phys. Soc. Jpn. 86, p.085001 (2017). 

D. Kaji, K. Morita, K. Morimoto, H. Haba, M. Asai, K. Fujita, Z. Gan, H. Geissel, H. Hasebe, S. Hofmann, M. Huang, Y. Komori, L. Ma, J. Maurer, M. 
Murakami, M. Takeyama, F. Tokanai, T. Tanaka, Y. Wakabayashi, T. Yamaguchi, S. Yamaki, and A. Yoshida, “Study of the reaction 48Ca + 248Cm → 
296Lv* at RIKEN-GARIS,” J. Phys. Soc. Jpn. 86, 034201 (2017). 

 [和文] 
  森本幸司,「元素『ニホニウム』の発見と意義」, 維学会誌 pp. 83 第 74巻 3号, 2018年 3月. 
 
Oral Presentations 
[International Conference etc.] 

K. Morimoto, “Status and future plan of SHE experiment at RIKEN,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, 
September 10, 2017. 

K. Morimoto, “Discovery of new element ‘Nihonium’,” International Symposium on Radiation Detectors and Their Uses (ISRD2018), Tsukuba Univ., 
January 23, 2018. 

D. Kaji, “Hot fusion study using a new separator GARIS-II,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, September 10, 
2017. 

[Domestic Conference] 
T. Niwase, M. Wada, P. Schury, Y. Ito, S. Kimura, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Yamaki, T. Tanaka, K. Morita, A. Takamine, H. 

Miyatake, Y. Hirayama, Y. Watanabe, J. Y. Moon, M. Mukai, H. Wollnik, “High-precision mass measurements of short-lived nuclei with 
MRTOF+GARIS-II, ” 第 61回放射化学討論会, Tsukuba University Japan, September 6–8 2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik, “Development of 
Alpha-ToF detector for mass measurements of superheavy nuclides,” 123th Annual Meeting of Kyushu Branch of JPS, Kagoshima University Japan, 
December 6 2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik, “Development Alpha-ToF 
detector for high precision mass spectrometry of superheavy nuclei,” JPS 73th Annual Meeting (2018), Tokyo University of Science Japan, March 
22–25 2018. 
森本幸司,「日本初、新元素 “ニホニウム” の発見」, 繊維学会年次大会, 江戸川区タワーホール船堀, 2017年 6月 7日. 
森本幸司,「新元素ニホニウムはいかにして発見されたのか」, 第 34回物理教育研究大会, 甲南大学, 2017年 8月 11日. 
加治大哉,「スパッタ法による厚い金属ウラン標的の調整と照射試験」第 61回放射化学討論会, 2017年 9月 6日. 

[Others] 
森本幸司,「サイエンスアゴラ in KOBE ～科学って本当に大事？～新元素『ニホニウム』の発見」, 神戸大学統合研究拠点コンベンション
ホール, 神戸, 2017年 10月 14日. 
森本幸司,「ニホニウム 113番元素の発見」図書館まつり, 和光市立図書館，2017年 10月 28日. 
森本幸司,「新元素にニホニウムはいかにして検出されたのか」放射線科学とその応用第 186委員会, 東北大学片平ホール, 2018年 1月 11日. 
森本幸司,「新元素“ニホニウムの発見”」, 滋賀大学教育学部, 2018年 2月 28日. 
K. Morimoto, “Discovery of new chemical element Nihonium,” The 112th ISAS Space Science Colloquim, Sagamihara, ISAS/JAXA, March 28, 2018. 
森田浩介,「新元素の探索」, 別府市鶴見丘高等学校, 2017年 9月 2日. 
森田浩介,「新元素の探索」, 日本甲状腺学会特別講演, 別府市, 2017年 10月 7日. 
森田浩介,「新元素の探索」, アカデミックフェスティバル, 九州大学椎木講堂, 2017年 10月 21日. 
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Oral Presentations 
[International Conference etc.] 

K. Morimoto, “Status and future plan of SHE experiment at RIKEN,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, 
September 10, 2017. 

K. Morimoto, “Discovery of new element ‘Nihonium’,” International Symposium on Radiation Detectors and Their Uses (ISRD2018), Tsukuba Univ., 
January 23, 2018. 

D. Kaji, “Hot fusion study using a new separator GARIS-II,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, September 10, 
2017. 

[Domestic Conference] 
T. Niwase, M. Wada, P. Schury, Y. Ito, S. Kimura, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Yamaki, T. Tanaka, K. Morita, A. Takamine, H. 

Miyatake, Y. Hirayama, Y. Watanabe, J. Y. Moon, M. Mukai, H. Wollnik, “High-precision mass measurements of short-lived nuclei with 
MRTOF+GARIS-II, ” 第 61回放射化学討論会, Tsukuba University Japan, September 6–8 2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik, “Development of Alpha-ToF 
detector for mass measurements of superheavy nuclides,” 123th Annual Meeting of Kyushu Branch of JPS, Kagoshima University Japan, December 6 
2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik, “Development Alpha-ToF 
detector for high precision mass spectrometry of superheavy nuclei,” JPS 73th Annual Meeting (2018), Tokyo University of Science Japan, March 22–
25 2018. 
森本幸司,「日本初、新元素 “ニホニウム” の発見」, 繊維学会年次大会, 江戸川区タワーホール船堀, 2017年 6月 7日. 
森本幸司,「新元素ニホニウムはいかにして発見されたのか」, 第 34回物理教育研究大会, 甲南大学, 2017年 8月 11日. 
加治大哉,「スパッタ法による厚い金属ウラン標的の調整と照射試験」第 61回放射化学討論会, 2017年 9月 6日. 

[Others] 
森本幸司,「サイエンスアゴラ in KOBE ～科学って本当に大事？～新元素『ニホニウム』の発見」, 神戸大学統合研究拠点コンベンション
ホール, 神戸, 2017年 10月 14日. 
森本幸司,「ニホニウム 113番元素の発見」図書館まつり, 和光市立図書館，2017年 10月 28日. 
森本幸司,「新元素にニホニウムはいかにして検出されたのか」放射線科学とその応用第 186委員会, 東北大学片平ホール, 2018年 1月 11日. 
森本幸司,「新元素“ニホニウムの発見”」, 滋賀大学教育学部, 2018年 2月 28日. 
K. Morimoto, “Discovery of new chemical element Nihonium,” The 112th ISAS Space Science Colloquim, Sagamihara, ISAS/JAXA, March 28, 2018. 
森田浩介,「新元素の探索」, 別府市鶴見丘高等学校, 2017年 9月 2日. 
森田浩介,「新元素の探索」, 日本甲状腺学会特別講演, 別府市, 2017年 10月 7日. 
森田浩介,「新元素の探索」, アカデミックフェスティバル, 九州大学椎木講堂, 2017年 10月 21日. 
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RIBF Research Division 
Nuclear Transmutation Data Research Group 

 
1. Abstract 

The disposal of high-level radioactive wastes from nuclear power plants is a problem considered to be one of the most important 
issues at both national and international levels. As a fundamental solution to the problem, the establishment of nuclear transmutation 
technology where long-lived nuclides can be changed to short-lived or stable ones will be vital. Progress in R & D in the transmutation of 
long-lived fission products (LLFP) in the nuclear wastes however, has been slow. Our group aims to obtain reaction data of LLFP at RIBF 
and other facilities which may lead to a new discovery and invention for peaceful use of nuclear power and the welfare of humanity. 
 
2. Major Research Subjects 

The Group is formed by three research teams. The first two Teams, “Fast RI Data Team” and “Slow RI Data Team,” are in charge 
of proton- and deuteron-induced reaction data for LLFP in inverse kinematics at RIBF. The third Team “Muon Data Team” is to obtain 
muon capture data of LLFP at muon facilities. All the teams are focusing to obtain high-quality data which are essentially necessary to 
establish reliable reaction models. Each team has its own subjects and promotes LLFP reaction programs based on their large experiences, 
techniques and skills. 
 
3. Summary of Research Activity 

In 2014, all the teams polished up experimental strategies, formed collaboration and prepared experiments. Physics runs for 
spallation reaction and Coulomb breakup reaction with the beams at 100−200 MeV/nucleon were successfully organized by using the 
ZeroDegree and SAMURAI spectrometers at RIBF in 2015−2016. In 2017, a physics run with an energy-decelerated radioactive beam was 
conducted under collaboration with CNS, Univ. of Tokyo. The muon program started at J-PARC and RCNP (Osaka University) in spring 
2016. A neutron detection array was newly developed to measure evaporation neutrons after muon capture process, and was utilized at an 
experiment at RCNP in February 2017. In 2017 and 2018, experiments were organized at both RAL and RCNP to have complete sets of the 
muon data for a specific LLFP nuclide. 
 
 
Members  
 

Group Director 
Hiroyoshi SAKURAI (concurrent: Chief Scientist, RI Physics 

Lab.) 
 

 
Assitant 

Izumi YOSHIDA  
Asako TAKAHASHI  
 
 

List of Publications & Presentations 
 
[Others] 

櫻井博儀,「核廃棄物の核変換処理と核反応率」, パリティ, 2018 年 1 月. 
 

Oral Presentations 
[International Conference etc.] 

H. Sakurai, “Reduction and resource recycling of high-level radioactive wastes through nuclear transmutation – Accelerator transmutation system and 
related developments for element technology,” Global 2017 International Nuclear Fuel Cycle Conference, Seoul, Korea, Sept. 2017. 

H. Sakurai, “Nuclear data of long-living products,” Korea-Japan Workshop on P&T for Long-living Products, Wako, Japan, January 2018. 
H. Sakurai, “Nuclear reactions with LLFP in high level radioactive waste,” The 7the Yamada Workshop on RI Science Evolution 2018 (RISE18), Osaka, 

Japan, March 2018. 
 

[Domestic Conference] 
櫻井博儀, “Overview of ImPACT Program,” ImPACT-OEDO Workshop, Wako, Japan, July 13, 2017. 
櫻井博儀,「LLFP 安定核種化・短寿命化のための核変換法の開発 (9) 負ミュオン捕獲反応」, 日本原子力学会, 札幌, 2017 年 9 月 13 日. 
櫻井博儀,「LLFP 核変換のための基礎データ取得結果紹介」, ImPACT 加速器検討ワークショップ, 市ヶ谷, 2018 年 1 月. 
櫻井博儀,「核変換－放射性物質を高効率で短寿命・無害化する」, ImPACT 公開シンポジウム, 市ヶ谷, 2018 年 3 月. 

 
[報道]
日経産業新聞, 先端技術, 2017 年 11 月 21 日, 朝刊 6 面. 
日経産業新聞, 解剖 先端拠点, 2018 年 2 月 21 日, 朝刊 7 面. 

Oral Presentations 
[International Conference etc.] 

K. Morimoto, “Status and future plan of SHE experiment at RIKEN,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, 
September 10, 2017. 

K. Morimoto, “Discovery of new element ‘Nihonium’,” International Symposium on Radiation Detectors and Their Uses (ISRD2018), Tsukuba Univ., 
January 23, 2018. 

D. Kaji, “Hot fusion study using a new separator GARIS-II,” 3rd International Symposium on Super-Heavy Elements (SHE2017), Poland, September 10, 
2017. 

[Domestic Conference] 
T. Niwase, M. Wada, P. Schury, Y. Ito, S. Kimura, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Yamaki, T. Tanaka, K. Morita, A. Takamine, H. 

Miyatake, Y. Hirayama, Y. Watanabe, J. Y. Moon, M. Mukai, H. Wollnik, “High-precision mass measurements of short-lived nuclei with 
MRTOF+GARIS-II, ” 第 61回放射化学討論会, Tsukuba University Japan, September 6–8 2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik, “Development of Alpha-ToF 
detector for mass measurements of superheavy nuclides,” 123th Annual Meeting of Kyushu Branch of JPS, Kagoshima University Japan, December 6 
2017. 

T. Niwase, M. Wada, P. Schury, Y. Ito, M. Rosenbusch, D. Kaji, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Wollnik, “Development Alpha-ToF 
detector for high precision mass spectrometry of superheavy nuclei,” JPS 73th Annual Meeting (2018), Tokyo University of Science Japan, March 22–
25 2018. 
森本幸司,「日本初、新元素 “ニホニウム” の発見」, 繊維学会年次大会, 江戸川区タワーホール船堀, 2017年 6月 7日. 
森本幸司,「新元素ニホニウムはいかにして発見されたのか」, 第 34回物理教育研究大会, 甲南大学, 2017年 8月 11日. 
加治大哉,「スパッタ法による厚い金属ウラン標的の調整と照射試験」第 61回放射化学討論会, 2017年 9月 6日. 

[Others] 
森本幸司,「サイエンスアゴラ in KOBE ～科学って本当に大事？～新元素『ニホニウム』の発見」, 神戸大学統合研究拠点コンベンション
ホール, 神戸, 2017年 10月 14日. 

森本幸司,「ニホニウム 113番元素の発見」図書館まつり, 和光市立図書館，2017年 10月 28日. 
森本幸司,「新元素にニホニウムはいかにして検出されたのか」放射線科学とその応用第 186委員会, 東北大学片平ホール, 2018年 1月 11日. 
森本幸司,「新元素“ニホニウムの発見”」, 滋賀大学教育学部, 2018年 2月 28日. 
K. Morimoto, “Discovery of new chemical element Nihonium,” The 112th ISAS Space Science Colloquim, Sagamihara, ISAS/JAXA, March 28, 2018. 
森田浩介,「新元素の探索」, 別府市鶴見丘高等学校, 2017年 9月 2日. 
森田浩介,「新元素の探索」, 日本甲状腺学会特別講演, 別府市, 2017年 10月 7日. 
森田浩介,「新元素の探索」, アカデミックフェスティバル, 九州大学椎木講堂, 2017年 10月 21日. 
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RIBF Research Division 
Nuclear Transmutation Data Research Group 
Fast RI Data Team 

 
1. Abstract 

Fast RI team aims at obtaining and accumulating the cross section data for long lived fission products (LLFPs) in order to explore the 
possibility of using accelerator for nuclear transmutation. 

LLFPs as nuclear waste have been generated continuously in nuclear power plants for wealth for human lives, while people noticed the 
way of disposal has not necessarily been established, especially after the Fukushima Daiichi power plant disaster. One of the ways to 
reduce the amount of LLFP or to recover them as recycled resources is nuclear transmutation technique. 

RIBF facility has a property to generate such LLFP as a secondary beam and the beam species are identified by event by event. Utilizing 
the property, absolute values of the cross section of various reactions on LLFPs are measured and accumulated as database. 

 
2. Major Research Subjects 
1) Measurement of reaction products by the interaction of LLFPs with proton, deuteron, and photon to explore candidate reactions for 

transmutation of LLFPs. 
2) Evaluation of the cross section data for the neutron induced reactions from the obtained data. 
 
3. Summary of Research Activity 
1) Acting as collaboration hub on many groups which plan to take data using fast RI beam in RIBF facility. 
2) Concentrating on take data for proton and deuteron induced spallation reactions with inverse kinematics. 
3) Accumulating the cross section data and evaluating them as evaluated nuclear data. 
4) Evaluating cross section of neutron induced reaction on LLFP by collaborating with the nuclear model calculation and evaluation group. 
 
Members 
 

Team Leader 
Hideaki OTSU (Concurrent: Team Leader, SAMURAI Team) 
 

Technical Staff I 
Nobuyuki CHIGA 

 
Visiting Scientists 

Takashi TERANISHI (Kyushu Univ.) 
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Keita NAKANO (Kyushu Univ.) 
Ayaka IKEDA (Niigata Univ.) 
Kazuya CHIKAATO (Niigata Univ.) 
Shouhei ARAKI (Kyushu Univ.) 
Kenji NISHIZUKA (Niigata Univ.) 
Junki SUWA (Kyushu Univ.)  

Akira HOMMA (Niigata Univ.) 
Naoto KANDA (Niigata Univ.) 
Tatsuya YAMAMOTO (Miyazaki Univ.) 
Kotaro IRIBE (Kyushu Univ.) 
Hiroya YOSHIDA (Kyushu Univ.)

Yoshiki SOUDO（Miyazaki Univ.） 
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S. Kawase, K. Nakano, Y. Watanabe, H. Wang, H. Otsu, H. Sakurai (other 43 members）, “Study of proton- and deuteron-induced spallation reactions on 

the long-lived fission product 93Zr at 105 MeV/nucleon in inverse kinematics,” Prog. Theor. Exp. Phys. 2017, 093D03 (2017).  
 

 (Proceedings) 
H. Wang, H. Otsu, H. Sakurai et al., “Spallation reaction study for fission products in nuclear waste: Cross section measurements for 137Cs, 90Sr and 107Pd 

on proton and deuteron,” EPJ Web of Conf. 146, 09022 (2017). 
H. Wang, H. Otsu, H. Sakurai et al., “Spallation reaction study for the long-lived fission products in nuclear waste: Cross section measurements for 137Cs, 

90Sr and 107Pd using inverse kinematics method,” Energy Procedia 131, 127 (2017). 
X. Sun, H. Wang, H. Otsu et al., “Reaction study of 136Xe on proton, deuteron and carbon at 168 AMeV,” Proceeding of ND2017, November, 2017. 
S.Kawase, Y.Watanabe, H.Wang, H.Otsu, H.Sakurai et al., “Cross section measurement of residues produced in proton- and deuteron-induced spallation 

reactions on 93Zr at 105 MeV/u using the inverse kinematics method,” EPJ Web of Conf. 146, 10.1051/epjconf/201714611046, 11046 (2017). 
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Oral Presentations 
 [International Conference] 

H. Otsu (Invited), “Nuclear reaction data of long-lived fission product,” Ito International Research Center (IIRC) Symposium “Perspectives of the 
Physics of Nuclear Structure,” Tokyo, Japan, November, 2017. 

S. Kawase, Y. Watanabe, K. Nakano, H. Wang, H. Otsu, H. Sakura, S. Takeuchi, T. Nakamura, “Reduction and resource recycling of high-level 
radioactive wastes through nuclear transmutation − Proton- and deuteron-induced spallation reactions on long-lived fission products,” International 
Nuclear Fuel Cycle Conference (GLOBAL2017), September 2017. 

 
[Domestic Conference] 

H, Wang (Invited), “Systematic study for the spallation reaction of 107Pd at different energies,” ImPACT-OEDO Workshop, Wako, Saitama, Japan, July 
2017. 

X. Sun, “Reaction study of 136Xe on proton, deuteron and carbon at 168 AMeV,” ImPACT-OEDO Workshop, Wako, Saitama, Japan, July 2017.  
武内聡,「79, 80Se, 93, 94Zr, 107, 108Pd のクーロン分解反応実験」, ImPACT-OEDO workshop, Wako, Saitama, Japan, July 2017.  
親跡和弥, 武智麻耶 他 29名,「90Sr および 89Rb, 88Kr, 91Y の相互作用断面積測定」, 日本物理学会秋季大会, 宇都宮, 2017年 9月 
平山晃大, 中村隆司 他 12名, ImPACT-RIBF Collaboration,「79Se,80Seのクーロン分解反応断面積」, 日本物理学会秋季大会, 宇都宮, 2017年 9
月 
大津秀暁 他 3名,「理研 RIBFでの LLFP断面積測定」, 日本原子力学会秋の大会, 札幌, 2017年 9月 
川瀬頌一郎 他 9名,「93Zrに対する 200 MeV/u陽子・重陽子入射同位体生成反応の断面積測定」, 日本原子力学会秋の大会, 札幌, 2017年 9
月 
中野敬太 他 9名,「93Zrに対する 50 MeV/u陽子・重陽子入射同位体生成反応の断面積測定」, 日本原子力学会秋の大会, 札幌, 2017年 9月 
武内聡 他 5名,「79,80Seおよび 93,94Zrのクーロン分解反応による光吸収断面積の導出」, 日本原子力学会秋の大会, 札幌, 2017年 9月 
武内聡 他 6名, ImPACT-RIBF Collaboration,「クーロン分解反応による 79,80Seおよび 93,94Zrの光吸収断面積導出」, 日本物理学会第 73回年次
大会, 野田, 2018年 3月 

道正新一郎 他 8名, ImPACT-RIBF Collaboration,「OEDOビームラインの開発および 2017年度実験」, 日本原子力学会年会, 大阪, 2018年 3
月 
堂園昌伯 他 8名, ImPACT-RIBF Collaboration,「低速 RI ビームを用いた 107Pd, 93Zr の陽子および重陽子誘起反応測定」, 日本原子力学会年
会, 大阪, 2018年 3月 

武内聡 他 5名,「79, 80Se および, 93, 94Zrのクーロン分解反応断面積の統計崩壊モデルを使った解析」, 日本原子力学会年会, 大阪, 2018年 3
月 
諏訪純貴 他 9名,「Y, Zr, Nb同位体に対する 100 MeV/u 陽子･重陽子入射反応の同位体生成断面積測定」, 日本原子力学会年会, 大阪, 2018
年 3月 
千賀信幸,「低エネルギー中重核用イオンチェンバーの設計・製作」, 平成 29年度核融合科学研究所技術研究会, 岐阜, 2018年 3月 
 

Poster Presentations 
[International Conference] 

K. Nakano, “Measurement of isotopic production cross sections of proton- and deuteron-induced reactions on 93Zr at 50 MeV/nucleon in inverse 
kinematics,” The 9th Korea-Japan Joint Summer School on Accelerator and Beam Science, Nuclear Data, Radiation Engineering and Reactor Physics, 
Daejeon, Korea, Aug. 2017. 

 
[Domestic Conference] 

X. Sun, “Reaction study of 136Xe on proton, deuteron and carbon at 168 AMeV,” Symposium on Nuclear Data, Nuclear Data Division, Atomic Energy 
Society of Japan, Ibaragi, Japan, November 2017. 

三木晴瑠,「238U の飛行核分裂反応における低速 107Pd および 77Se のアイソマー比の測定」, 日本物理学会第 73 回年次大会, 野田, 2018 年
3 月 

 
Master Thesis 
諏訪純貴,「陽子・重陽子に対する 93Zr入射核破砕反応による核種生成実験データの予備解析」, 九州大学大学院総合理工学府先端エネルギ
ー理工学専攻 

平山晃大,「79,80Seのクーロン分解反応断面積測定」, 東京工業大学理学院物理学系 
 

Bachelor Thesis 
三木晴瑠,「238Uの飛行核分裂反応における低速 77Seおよび 107Pdのアイソマー比測定」, 東京工業大学 

 
受賞 

H. Wang, 9th RIKEN Research Incentive Awards, 2017. 
川瀬頌一郎,「93Zrに対する 200 MeV/u陽子・重陽子入射反応による同位体生成断面積測定」, 2017年核データ研究会 最優秀ポスター賞 
中野敬太, 日本原子力学会 2017年春の年会 原子力・放射線分野を学び修めた学業優秀な学生に対する表彰 フェロー賞 
中野敬太, 「長寿命核分裂生成物 Zr-93の短寿命化･再資源化に向けた核反応データ測定」, 九州大学エネルギーウィーク 2018 優秀賞  
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RIBF Research Division 
Nuclear Transmutation Data Research Group 
Fast RI Data Team 

 
1. Abstract 

Fast RI team aims at obtaining and accumulating the cross section data for long lived fission products (LLFPs) in order to explore the 
possibility of using accelerator for nuclear transmutation. 

LLFPs as nuclear waste have been generated continuously in nuclear power plants for wealth for human lives, while people noticed the 
way of disposal has not necessarily been established, especially after the Fukushima Daiichi power plant disaster. One of the ways to 
reduce the amount of LLFP or to recover them as recycled resources is nuclear transmutation technique. 

RIBF facility has a property to generate such LLFP as a secondary beam and the beam species are identified by event by event. Utilizing 
the property, absolute values of the cross section of various reactions on LLFPs are measured and accumulated as database. 

 
2. Major Research Subjects 
1) Measurement of reaction products by the interaction of LLFPs with proton, deuteron, and photon to explore candidate reactions for 

transmutation of LLFPs. 
2) Evaluation of the cross section data for the neutron induced reactions from the obtained data. 
 
3. Summary of Research Activity 
1) Acting as collaboration hub on many groups which plan to take data using fast RI beam in RIBF facility. 
2) Concentrating on take data for proton and deuteron induced spallation reactions with inverse kinematics. 
3) Accumulating the cross section data and evaluating them as evaluated nuclear data. 
4) Evaluating cross section of neutron induced reaction on LLFP by collaborating with the nuclear model calculation and evaluation group. 
 
Members 
 

Team Leader 
Hideaki OTSU (Concurrent: Team Leader, SAMURAI Team) 
 

Technical Staff I 
Nobuyuki CHIGA 
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Keita NAKANO (Kyushu Univ.) 
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Publications 
 [Journal] 

(Original Papers) 
S. Kawase, K. Nakano, Y. Watanabe, H. Wang, H. Otsu, H. Sakurai (other 43 members）, “Study of proton- and deuteron-induced spallation reactions on 

the long-lived fission product 93Zr at 105 MeV/nucleon in inverse kinematics,” Prog. Theor. Exp. Phys. 2017, 093D03 (2017).  
 

 (Proceedings) 
H. Wang, H. Otsu, H. Sakurai et al., “Spallation reaction study for fission products in nuclear waste: Cross section measurements for 137Cs, 90Sr and 107Pd 

on proton and deuteron,” EPJ Web of Conf. 146, 09022 (2017). 
H. Wang, H. Otsu, H. Sakurai et al., “Spallation reaction study for the long-lived fission products in nuclear waste: Cross section measurements for 137Cs, 

90Sr and 107Pd using inverse kinematics method,” Energy Procedia 131, 127 (2017). 
X. Sun, H. Wang, H. Otsu et al., “Reaction study of 136Xe on proton, deuteron and carbon at 168 AMeV,” Proceeding of ND2017, November, 2017. 
S.Kawase, Y.Watanabe, H.Wang, H.Otsu, H.Sakurai et al., “Cross section measurement of residues produced in proton- and deuteron-induced spallation 

reactions on 93Zr at 105 MeV/u using the inverse kinematics method,” EPJ Web of Conf. 146, 10.1051/epjconf/201714611046, 11046 (2017). 
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RIBF Research Division 
Nuclear Transmutation Data Research Group 
Slow RI Data Team 

 
1. Abstract 
    This team is in charge of the development of low-energy RI beams of long-lived fission fragments (LLFP) from the 238U by means of 
degrading the energy of beams produced by the BigRIPS fragment separator.  
 
2. Major Research Subjects 
    Studies of the slowing down and purification of RI beams are the main subjects of the team. Developments of devices used for the 
slowing down of RI beams are also an important subject. 
 
3. Summary of Research Activity 
1) Study and development of the slowed-down methods for LLFP. 
2) Development of the devices used for the slowing down. 
3) Operation of the BigRIPS separator and supply the low energy LLFP beam to the experiment in which the cross sections of LLFP are 

measured at the low energy. 
  
 
Members  
 

Team Leader 
Toshiyuki SUMIKAMA 

   

 
List of Publications & Presentations 
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[Journal] 
(Original Papers) *Subject to Peer Review  

T. Sumikama, S. Nishimura, H. Baba, F. Browne, P. Doornenbal et al., “Observation of new neutron-rich Mn, Fe, Co, Ni, and Cu isotopes in the vicinity 
of 78Ni,” Phys Rev C 95, 051601(R) (2017). * 

F. Browne, A. M. Bruce, T. Sumikama,et al., “K selection in the decay of the (ν5/2[532]○×3/2 [411]) 4− isomeric state in 102Zr,” Phys. Rev. C 96, 024309 
(2017).* 
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T. Sumikama et al., “Pioneering work on low energy RI beams at RIBF,” ImPACT-OEDO Workshop 2017, Wako, July 13−14, 2017. 
T. Sumikama et al., “Towards lower beam energy at RIBF,” ImPACT-OEDO Workshop 2017, Wako, July 13−14, 2017. 
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RIBF Research Division 
Nuclear Transmutation Data Research Group 
Muon Data Team 

 
1. Abstract 

Dr. Yoshio Nishina observed muons in cosmic rays in 1937. The muon is an elementary particle similar to electron and classified to 
lepton group. The muon has positive or negative electric charge, and the lifetime is 2.2 μsec. The negative muon (μ−) is 207 times heavier 
than the electron and behaves as a “heavy electron” in materials. The negative muon is captured by atomic orbits of nuclei to form the 
muonic atom and cascades down to the 1s orbit to make muon nuclear capture. The muon is combined with a proton in the nucleus to 
convert to a neutron and a neutrino. The muon nuclear capture reaction on a nucleus (A

ZN) with the atomic number Z and mass number A 
generates the isotopes of A−x

Z−1N (x = 0, 1, 2, 3, 4) by emitting some neutrons in the reaction. The phenomenon is called “muon nuclear 
transmutation”. The reaction branching ratio of A

ZN (μ−, xnν) A−x
Z−1N reactions (x = 0, 1, 2, 3, 4) is one of important factors toward various 

applications with nuclear transmutation technique. From a viewpoint of the nuclear physic, the muon nuclear capture reaction is very 
unique and interesting. High energy is suddenly introduced in the nuclei associated with a conversion of proton to neutron and neutrino. 
Many experimental results have been so far reported, but the reaction mechanism itself is not well clarified. The research team aims at 
obtaining the experimental data to understand the reaction mechanism of muon nuclear capture, and also at establishing the nuclear reaction 
theory. 
 
2. Major Research Subjects 
(1) Experimental clarification on the reaction mechanism of nuclear muon capture 
(2) Establishment of the reaction theory on nuclear muon capture 
(3) Interdisciplinary applications with nuclear transmutation technique 
 
3. Summary of Research Activity 
   There are two experimental methods to study the muon nuclear capture reaction. The first one is “muon in-beam spectroscopy method”.  
The neutron and γ-ray emissions from the excited states of A−x

Z−1N nuclei are prompt events and are observed by the “muon in-beam 
spectroscopy method” with a DC muon beam. The reaction branching ratio is directly determined by measuring the neutron multiplicity in 
the reaction. The DC muon beam is available at the MuSIC (Muon Science Innovative Channel) muon facility in the Research Center for 
Nuclear Physics (RCNP) at Osaka University. The second one is “muon activation method” with the pulsed muon beam. The produced 
unstable nuclei A−x

Z−1N make β+/− decays. The γ-rays associated with β+/− decays to the daughter nuclei are observed in the experiment. The 
build-up curve of γ-ray yield at muon beam-on and the decay curve at beam-off are measured. Since the half-lives and decay branching 
ratios of β+/−-γ decays are known, the reaction branching ratios to the A−x

Z−1N nuclei are determined by the γ-ray yield curves. The pulsed 
muon beam is available at the RIKEN-RAL Muon Facility in the UK and J-PARC muon facility. 

Muon nuclear capture reactions are studied on five isotope-enriched palladium targets (104, 105, 106, 108, 110Pd) employing two experimental 
methods. By obtaining the experimental data on the Pd targets, the reaction mechanism is investigated experimentally, and the results are 
compared with appropriate theoretical calculations. The 107Pd is classified to a long-lived fission product (LLFP) and is contained in a spent 
nuclear fuel. The study of muon nuclear capture on the Pd targets is aiming at exploring a possible reaction path to make the nuclear 
transmutation of the Pd metal extracted from the spent nuclear fuel without an isotope separation process. This research was funded by the 
ImPACT Fujita Program of Council for Science, Technology and Innovation (Cabinet Office, Government of Japan). 
 
3.1 Experiments with “muon in-beam spectroscopy method” 

Muon nuclear capture reactions were investigated on five isotope-enriched palladium targets (104,105,106,108,110Pd) by employing the DC 
muon beam at MuSIC. The γ-ray and neutron in the muon nuclear capture reaction were measured with the time information relative to 
muon beam arrival. The measured neutron multiplicity directly gives the reaction branching ratio of A

46Pd(μ−, xnν)A−x
45 Rh reactions, where A 

= 104, 105, 106, 108, 110 and x = 0, 1, 2, 3, 4.  
Employing a newly built neutron spectrometer, the neutron was measured to obtain the reaction branching ratios of muon capture 

reactions on the 104, 105, 106, 108, 110Pd targets. We have constructed a neutron spectrometer named “Seamine”: Scintillator Enclosure Array for 
Muon Induced Neutron Emission. The spectrometer consists of 21 liquid scintillation counters, 2 Ge γ-ray detectors, 7 BaF2 counters. The Pd 
target, muon beam counters and muon degraders are placed at the center of spectrometer. The neutron counter is a BC-501A liquid 
scintillation counter with 20 cm diameter and 5 cm depth and is connected to a 5” photo multiplication tube (H4144-01). The total neuron 
detection efficiency is estimated 5%, where the distance is 4 cm from the target to neutron counters. The Ge γ-ray detectors are placed at 10 
cm form the target, and the typical detection efficiency is 0.5% for 200 keV γ-ray. The BaF2 counters are located beneath the target to detect 
fast γ-rays emitted from the compound nucleus formed in the reactions. Signals from the liquid scintillation counters are processed in a 
CAEN V1730B waveform digitizer (16 channel, 14 bit, 500M samplings/sec.). The neuron-γ discrimination is performed on-line during the 
experiment, and the detailed data analysis is conducted off-line after the experiment. The neutron energy spectrum is constructed in the 
digitizer. Signals from Ge detectors are also processed in the digitizer to obtain the energy and time spectrum of γ-rays associated with the 
reaction. Signals from the BaF2 counters and muon beam counters are sent to the digitizer to make the fast timing signals.  

We have established the muon in-beam spectroscopy method employing the “Seamine” spectrometer. The neutron data analysis is in 
progress to obtain the multiplicity, the energy and the TOF spectrum using start signals given by γ-rays detected in the BaF2 counters. The 
γ-ray data gives the energy spectrum of prompt γ-rays and muonic X-rays originated from the 104, 105, 106, 108, 110Pd targets.  

RIBF Research Division 
Nuclear Transmutation Data Research Group 
Slow RI Data Team 

 
1. Abstract 
    This team is in charge of the development of low-energy RI beams of long-lived fission fragments (LLFP) from the 238U by means of 
degrading the energy of beams produced by the BigRIPS fragment separator.  
 
2. Major Research Subjects 
    Studies of the slowing down and purification of RI beams are the main subjects of the team. Developments of devices used for the 
slowing down of RI beams are also an important subject. 
 
3. Summary of Research Activity 
1) Study and development of the slowed-down methods for LLFP. 
2) Development of the devices used for the slowing down. 
3) Operation of the BigRIPS separator and supply the low energy LLFP beam to the experiment in which the cross sections of LLFP are 

measured at the low energy. 
  
 
Members  
 

Team Leader 
Toshiyuki SUMIKAMA 
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of 78Ni,” Phys Rev C 95, 051601(R) (2017). * 
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(2017).* 
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3.2 Experiments with “muon activation method” at the RIKEN-RAL Muon Facility 
   We conducted the experiments on the muon nuclear capture employing the muon activation method at the RIKEN-RAL Muon Facility 
in the UK. The pulsed muon beam was irradiated on the 104, 105, 106, 108, 110Pd targets. The γ-rays were detected by a Ge detector located at the 
downstream of the Pd targets to maximize the detection efficiency. The build-up and decay curves of γ-ray intensities were measured 
associated with β+/− decays of produced unstable nuclei to daughter nuclei. The γ-ray-yield curves give the absolute radiation activity 
produced by the reaction, and the reaction branching ratios are determined for A

46Pd(μ−, xnν)A−x
45 Rh reactions. The decay curves of γ-rays 

from the produced nuclei with long half-lives were measured under low γ-ray background at an experimental apparatus built in a separated 
room. 
 
3.3 Experiments with “muon activation method” at J-PARC muon facility 
   The experiments employing the muon activation method were performed at J-PARC muon facility. The five isotope-enriched Pd targets 
(104, 105, 106, 108, 110Pd) were irradiated by the pulsed muon beam, and the build-up and decay curves of γ-ray intensities were measured.  

In addition to the Pd targets, the experiments on five isotope-enriched Zr target (90, 91, 92, 94, 96Zr) were conducted to obtain the reaction 
branching ratios of A

40Zr(μ−, xnν)A−x
39 Y reactions, where A = 90, 91, 92, 94, 96. The obtained reaction branching ratios on the Pd and Zr 

targets are important to understand the reaction mechanism of muon nuclear capture. The 93Zr is one of the LLFP and is contained in a 
spent nuclear fuel. The experiment on the Zr targets is to explore a possibility to realize the nuclear transmutation of the Zr metal extracted 
from the spent nuclear fuel.  

In order to obtain the reaction branching ratio of 107
46 Pd(μ−, xnν)107−x

45 Rh reactions, the muon activation experiment was performed 
employing a Pd target containing 107Pd of 15.3%. The γ-ray intensities associated with β+/− decays of produced unstable nuclei were 
measured to obtain the build-up and decay curves. Once the branching ratios of the reactions on the 104, 105, 106, 108, 110Pd targets are obtained, 
these contributions are extracted from the branching ratio measured for the Pd target with 107Pd. The reaction branching ratio of 107

46 Pd(μ−, 
xnν)107−x

45 Rh reactions is finally determined. The detailed data analysis is in progress. 
 
3.4 Comparison with theory 

The muon activation method gives the reaction branching ratios. The muon in-beam method gives the neutron multiplicity and the 
neutron energy spectrum. These experimental results are important to investigate the compound nuclear state and neutron emission 
mechanism. The reaction branching ratios obtained by the muon activation method are compared with the measured neutron multiplicity. 
The neutron energy spectrum is considered to be reflected by the energy distribution of compound nuclear state and neutron emission 
mechanism. The experimental results are compared with the results by the appropriate calculations employing the neutron emission 
mechanisms with an evaporation, a cascade and a direct emission processes under an assumption of the energy distribution at compound 
nuclear state. 
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RIBF Research Division 
High-Intensity Accelerator R&D Group 

 
1. Abstract 

The R&D group, consisting of two teams, develops elemental technology of high-power accelerators and high-power targets, 
aiming at future applications to nuclear transmutations of long-lived fission product into short-lived nuclides. The research subjects are 
superconducting rf cavities for low-velocity ions, design of high-power accelerators, high-power target systems and related 
technologies. 

 
2. Major Research Subjects 

(1) R&D of elemental technology of high-power accelerators and high-power targets 
 
3. Summary of Research Activity 

(1) Based on the discussion with other research groups, R&D study of various accelerator components and elements is under progress. 
 
 
Members  

 
Group Director  

Osamu KAMIGAITO (concurrent: Chief Scientist, Group Director, 
Accelerator Gr.) 

 
3.2 Experiments with “muon activation method” at the RIKEN-RAL Muon Facility 
   We conducted the experiments on the muon nuclear capture employing the muon activation method at the RIKEN-RAL Muon Facility 
in the UK. The pulsed muon beam was irradiated on the 104, 105, 106, 108, 110Pd targets. The γ-rays were detected by a Ge detector located at the 
downstream of the Pd targets to maximize the detection efficiency. The build-up and decay curves of γ-ray intensities were measured 
associated with β+/− decays of produced unstable nuclei to daughter nuclei. The γ-ray-yield curves give the absolute radiation activity 
produced by the reaction, and the reaction branching ratios are determined for A

46Pd(μ−, xnν)A−x
45 Rh reactions. The decay curves of γ-rays 

from the produced nuclei with long half-lives were measured under low γ-ray background at an experimental apparatus built in a separated 
room. 
 
3.3 Experiments with “muon activation method” at J-PARC muon facility 
   The experiments employing the muon activation method were performed at J-PARC muon facility. The five isotope-enriched Pd targets 
(104, 105, 106, 108, 110Pd) were irradiated by the pulsed muon beam, and the build-up and decay curves of γ-ray intensities were measured.  

In addition to the Pd targets, the experiments on five isotope-enriched Zr target (90, 91, 92, 94, 96Zr) were conducted to obtain the reaction 
branching ratios of A

40Zr(μ−, xnν)A−x
39 Y reactions, where A = 90, 91, 92, 94, 96. The obtained reaction branching ratios on the Pd and Zr 

targets are important to understand the reaction mechanism of muon nuclear capture. The 93Zr is one of the LLFP and is contained in a 
spent nuclear fuel. The experiment on the Zr targets is to explore a possibility to realize the nuclear transmutation of the Zr metal extracted 
from the spent nuclear fuel.  

In order to obtain the reaction branching ratio of 107
46 Pd(μ−, xnν)107−x

45 Rh reactions, the muon activation experiment was performed 
employing a Pd target containing 107Pd of 15.3%. The γ-ray intensities associated with β+/− decays of produced unstable nuclei were 
measured to obtain the build-up and decay curves. Once the branching ratios of the reactions on the 104, 105, 106, 108, 110Pd targets are obtained, 
these contributions are extracted from the branching ratio measured for the Pd target with 107Pd. The reaction branching ratio of 107

46 Pd(μ−, 
xnν)107−x

45 Rh reactions is finally determined. The detailed data analysis is in progress. 
 
3.4 Comparison with theory 

The muon activation method gives the reaction branching ratios. The muon in-beam method gives the neutron multiplicity and the 
neutron energy spectrum. These experimental results are important to investigate the compound nuclear state and neutron emission 
mechanism. The reaction branching ratios obtained by the muon activation method are compared with the measured neutron multiplicity. 
The neutron energy spectrum is considered to be reflected by the energy distribution of compound nuclear state and neutron emission 
mechanism. The experimental results are compared with the results by the appropriate calculations employing the neutron emission 
mechanisms with an evaporation, a cascade and a direct emission processes under an assumption of the energy distribution at compound 
nuclear state. 
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RIBF Research Division 
High-Intensity Accelerator R&D Group 
High-Gradient Cavity R&D Team 

 
1. Abstract 

We develop new components for accelerators dedicated for low-beta-ions with very high intensity. Specifically, we are designing and 
constructing a cryomodule for superconducting linac efficient for acceleration of low-beta-ions. In parallel, we try to optimize an rf 
acceleration system by making computer simulations for acceleration of very high intensity beams.  
 
2. Major Research Subjects 

-Development of high-gradient cavites for low beta ions 
-Development of power saving cryomodules 

 
3. Summary of Research Activity 

Development of highly efficient superconducting accelerator modules 
 
Members 
 

Team Leader  
Naruhiko SAKAMOTO (concurrent: Cyclotron Team) 

 
Research & Technical Scientists 

Kazunari YAMADA (concurrent: Senior Technical Scientist, Beam 
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K. Umemori, “Construction and Performance Tests of Prototype Quarter-wave Resonator and its Cryomodule at RIKEN,” International Conference on 
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RF Superconductivity,Lanzhou, China, July 17−21, 2107, pp. 681. 
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RIBF Research Division 
High-Intensity Accelerator R&D Group 
High-Gradient Cavity R&D Team 

 
1. Abstract 

We develop new components for accelerators dedicated for low-beta-ions with very high intensity. Specifically, we are designing and 
constructing a cryomodule for superconducting linac efficient for acceleration of low-beta-ions. In parallel, we try to optimize an rf 
acceleration system by making computer simulations for acceleration of very high intensity beams.  
 
2. Major Research Subjects 

-Development of high-gradient cavites for low beta ions 
-Development of power saving cryomodules 

 
3. Summary of Research Activity 

Development of highly efficient superconducting accelerator modules 
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Team Leader  
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RIBF Research Division 
High-Intensity Accelerator R&D Group 
High-Power Target R&D Team 

 
1. Abstract 

The subjects of this team cover R&D studies with respect to target technology for the transmutation of the LLFPs. Furthermore this 
team works for the demonstration test of the transmutation of 107Pd. 
 
2. Major Research Subjects 

(1) Liquid lithium target for production of neutron or muon 
(2) Beam window without solid structure 
(3) Ion implantation and TIMS for the demonstration of the transmutation of 107Pd 

 
3. Summary of Research Activity 

(1) Liquid lithium target for production of neutron or muon 
(H. Okuno, M. Takahashi) 

(2) Beam window with solid structure 
(H. Okuno) 

(3) Ion plantation and TIMS of 107Pd 
(Y. Miyake, Y. Sahoo) 
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Team Leader 

Hiroki OKUNO (concurrent: Deputy Group Director, Accelerator 
Gr.) 

 

 
 

Research and Technical Scientist 
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Akira TAKAGI YuVin SAHOO 
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RIBF Research Division 
Accelerator Group 

 
1. Abstract 

The accelerator group, consisting of seven teams, pursues various upgrade programs of the world-leading heavy-ion accelerator 
facility, RI-Beam Factory (RIBF), to enhance the accelerator performance and operation efficiency. The programs include the R&D of 
superconducting ECR ion source, charge stripping systems, beam diagnostic devices, radiofrequency systems, control systems, and beam 
simulation studies. We are also maintaining the large infrastructure to realize effective operation of the RIBF, and are actively promoting 
the applications of the facility to a variety of research fields. 

Our primary mission is to supply intense, stable heavy-ion beams for the users through effective operation, maintenance, and upgrade 
of the RIBF accelerators and related infrastructure. The director members shown below govern the development programs that are not dealt 
with by a single group, such as intensity upgrade and effective operation. We also promote the future plans of the RIBF accelerators along 
with other laboratories belonging to the RIBF research division.  
 
2. Major Research Subjects 

(1) Intensity upgrade of RIBF accelerators (Okuno) 
(2) Effective and stable operation of RIBF accelerators (Fukunishi) 
(3) Operation and maintenance of infrastructures for RIBF (Kase) 
(4) Promotion of the future plan (Kamigaito, Fukunishi, Okuno)  

 
3. Summary of Activity 

(1) The maximum intensity of the uranium beam reached 71 pnA at 345 MeV/nucleon, which corresponds to 5.8 kW.  
(2) The maximum intensity of the zinc beams reached 240 pnA at 345 MeV/nucleon, by using the fixed-energy mode of acceleration. 
(3) An intense vanadium beam has been successfully developed at the 28-GHz ECRIS and accelerated through RRC. 
(4) The overall beam availability for the RIBF experiments has been kept above 90 % since 2014. 
(5) The large infrastructure was properly maintained based on a well-organized cooperation among the related sections. 
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RIBF Research Division 
High-Intensity Accelerator R&D Group 
High-Power Target R&D Team 

 
1. Abstract 

The subjects of this team cover R&D studies with respect to target technology for the transmutation of the LLFPs. Furthermore this 
team works for the demonstration test of the transmutation of 107Pd. 
 
2. Major Research Subjects 

(1) Liquid lithium target for production of neutron or muon 
(2) Beam window without solid structure 
(3) Ion implantation and TIMS for the demonstration of the transmutation of 107Pd 

 
3. Summary of Research Activity 

(1) Liquid lithium target for production of neutron or muon 
(H. Okuno, M. Takahashi) 

(2) Beam window with solid structure 
(H. Okuno) 

(3) Ion plantation and TIMS of 107Pd 
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RIBF Research Division 
Accelerator Group  
Accelerator R&D Team 

 
1. Abstract 

We are developing the key hardware in upgrading the RIBF accelerator complex. Our primary focus and research is charge stripper 
which plays an essential role in the RIBF accelerator complex. Charge strippers remove many electrons in ions and realize efficient 
acceleration of heavy ions by greatly enhancing charge state. The intensity of uranium beams is limited by the lifetime of the carbon foil 
stripper conventionally installed in the acceleration chain. The improvement of stripper lifetimes is essential to increase beam power 
towards the final goal of RIBF in the future. We are developing the low-Z gas stripper. In general gas stripper is free from the lifetime 
related problems but gives low equilibrium charge state because of the lack of density effect. Low-Z gas stripper, however, can give as 
high equilibrium charge state as that in carbon foil because of the suppression of the electron capture process. Another our focus is the 
upgrade of the world's first superconducting ring cyclotron.    

 
2. Major Research Subjects 

(1) Development of charge strippers for high power beams (foil, low-Z gas) 
(2) Upgrade of the superconducting ring cyclotron 
(3) Maintenance and R&D of the electrostatic deflection/inflection channels for the beam extraction/injection    

 
3. Summary of Research Activity 

(1) Development of charge strippers for high power beams (foil, low-Z gas) 
(H. Hasebe, H. Imao, H. Okuno) 
We are developing the charge strippers for high intensity heavy ion beams. We are focusing on the developments on carbon or 
berrilium foils and gas strippers including He gas stripper. 

(2) Upgrade of the superconducting ring cyclotron  
(J. Ohnishi, H. Okuno) 
We are focusing on the upgrade of the superconducting ring cyclotron. 

(3) Maintenance and R&D of the electrostatic deflection/inflection channels for the beam extraction/injection  
(J. Ohnishi, H. Okuno) 
We are developing high-performance electrostatic channels for high power beam injection and extraction.  
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RIBF Research Division 
Accelerator Group  
Accelerator R&D Team 

 
1. Abstract 

We are developing the key hardware in upgrading the RIBF accelerator complex. Our primary focus and research is charge stripper 
which plays an essential role in the RIBF accelerator complex. Charge strippers remove many electrons in ions and realize efficient 
acceleration of heavy ions by greatly enhancing charge state. The intensity of uranium beams is limited by the lifetime of the carbon foil 
stripper conventionally installed in the acceleration chain. The improvement of stripper lifetimes is essential to increase beam power 
towards the final goal of RIBF in the future. We are developing the low-Z gas stripper. In general gas stripper is free from the lifetime 
related problems but gives low equilibrium charge state because of the lack of density effect. Low-Z gas stripper, however, can give as 
high equilibrium charge state as that in carbon foil because of the suppression of the electron capture process. Another our focus is the 
upgrade of the world's first superconducting ring cyclotron.    

 
2. Major Research Subjects 

(1) Development of charge strippers for high power beams (foil, low-Z gas) 
(2) Upgrade of the superconducting ring cyclotron 
(3) Maintenance and R&D of the electrostatic deflection/inflection channels for the beam extraction/injection    

 
3. Summary of Research Activity 

(1) Development of charge strippers for high power beams (foil, low-Z gas) 
(H. Hasebe, H. Imao, H. Okuno) 
We are developing the charge strippers for high intensity heavy ion beams. We are focusing on the developments on carbon or 
berrilium foils and gas strippers including He gas stripper. 

(2) Upgrade of the superconducting ring cyclotron  
(J. Ohnishi, H. Okuno) 
We are focusing on the upgrade of the superconducting ring cyclotron. 

(3) Maintenance and R&D of the electrostatic deflection/inflection channels for the beam extraction/injection  
(J. Ohnishi, H. Okuno) 
We are developing high-performance electrostatic channels for high power beam injection and extraction.  
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RIBF Research Division 
Accelerator Group  
Ion Source Team 

 
1. Abstract 

Our aim is to operate and develop the ECR ion sources for the accelerator-complex system of the RI Beam Factory. We focus on 
further upgrading the performance of the RI Beam Factory through the design and fabrication of a superconducting ECR ion source for 
production of high-intensity heavy ions.    

 
2. Major Research Subjects 

(1) Operation and development of the ECR ion sources 
(2) Development of a superconducting ECR heavy-ion source for production of high-intensity heavy ion beams    

 
3. Summary of Research Activity 

(1) Operation and development of ECR ion sources 
(T. Nakagawa, M. Kidera, Y. Higurashi, T. Nagatomo, Y. Kanai and H. Haba) 

We routinely produce and supply various kinds of heavy ions such as zinc and calcium ions for the super-heavy element search 
experiment as well as uranium ions for RIBF experiments. We also perform R&D’s to meet the requirements for stable supply of 
high-intensity heavy ion beams. 
(2) Development of a superconducting ECR ion source for use in production of a high-intensity heavy ion beam 

(T. Nakagawa, J. Ohnishi, M. Kidera, Y. Higurashi, and T. Nagatomo) 
The RIBF is required to supply heavy ion beams with very high intensity so as to produce RI’s and for super-heavy element search 

experiment. We have designed and are fabricating an ECR ion source with high magnetic field and high microwave- frequency, since the 
existing ECR ion sources have their limits in beam intensity. The coils of this ion source are designed to be superconducting for the 
production of high magnetic field. We are also designing the low-energy beam transport line of the superconducting ECR ion source. 
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RIBF Research Division 
Accelerator Group  
RILAC Team 

 
1. Abstract 

The operation and maintenance of the RIKEN Heavy-ion Linac (RILAC) have been carried out. There are two operation modes: one is 
the stand-alone mode operation and the other is the injection mode operation. The RILAC has been used especially as an injector for the 
RIKEN RI- Beam Factory accelerator complex. The RILAC is composed of the ECR ion source, the frequency-variable RFQ linac, six 
frequency-variable main linac cavities, and six energy booster cavities (CSM). 
 
2. Major Research Subjects 
(1) The long term high stability of the RILAC operation. 
(2) Improvement of high efficiency of the RILAC operation. 
 
3. Summary of Research Activity 

The RILAC was started to supply ion beams for experiments in 1981. Thousands hours are spent in a year for delivering many kinds 
of heavy-ion beams to various experiments. 

The RILAC has two operation modes: one is the stand-alone mode operation delivering low-energy beams directly to experiments and 
the other is the injection mode operation injecting beams into the RRC. In the first mode, the RILAC supplies a very important beam to the 
nuclear physics experiment of “the research of super heavy elements”. In the second mode, the RILAC plays a very important role as 
upstream end of the RIBF accelerator complex. 

The maintenance of these devices is extremely important in order to keep the log-term high stability and high efficiency of the RILAC 
beams. Therefore, improvements are always carried out for the purpose of more stable and more efficient operation. 
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RIBF Research Division 
Accelerator Group  
Ion Source Team 

 
1. Abstract 

Our aim is to operate and develop the ECR ion sources for the accelerator-complex system of the RI Beam Factory. We focus on 
further upgrading the performance of the RI Beam Factory through the design and fabrication of a superconducting ECR ion source for 
production of high-intensity heavy ions.    

 
2. Major Research Subjects 

(1) Operation and development of the ECR ion sources 
(2) Development of a superconducting ECR heavy-ion source for production of high-intensity heavy ion beams    

 
3. Summary of Research Activity 

(1) Operation and development of ECR ion sources 
(T. Nakagawa, M. Kidera, Y. Higurashi, T. Nagatomo, Y. Kanai and H. Haba) 

We routinely produce and supply various kinds of heavy ions such as zinc and calcium ions for the super-heavy element search 
experiment as well as uranium ions for RIBF experiments. We also perform R&D’s to meet the requirements for stable supply of 
high-intensity heavy ion beams. 
(2) Development of a superconducting ECR ion source for use in production of a high-intensity heavy ion beam 

(T. Nakagawa, J. Ohnishi, M. Kidera, Y. Higurashi, and T. Nagatomo) 
The RIBF is required to supply heavy ion beams with very high intensity so as to produce RI’s and for super-heavy element search 

experiment. We have designed and are fabricating an ECR ion source with high magnetic field and high microwave- frequency, since the 
existing ECR ion sources have their limits in beam intensity. The coils of this ion source are designed to be superconducting for the 
production of high magnetic field. We are also designing the low-energy beam transport line of the superconducting ECR ion source. 
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RIBF Research Division 
Accelerator Group  
Cyclotron Team 

 
1. Abstract 

Together with other teams of Nishina Center accelerator division, maintaining and improving the RIBF cyclotron complex. The 
accelerator provides high intensity heavy ions. Our mission is to have stable operation of cyclotrons for high power beam operation. 
Recently stabilization of the rf system is a key issue to provide 10 kW heavy ion beam. 
 
2. Major Research Subjects 
(1) RF technology for Cyclotrons 
(2) Operation of RIBF cyclotron complex 
(3) Maintenance and improvement of RIBF cyclotrons 
(4) Single turn operation for polarized deuteron beams 
(5) Development of superconducting cavity  
 
3. Summary of Research Activity 
・Development of the rf system for a reliable operation 
・Development of highly stabilized low level rf system 
・Development of superconducting cavity 
・Development of the intermediate-energy polarized deuteron beams.  
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RIBF Research Division 
Accelerator Group  
Cyclotron Team 

 
1. Abstract 

Together with other teams of Nishina Center accelerator division, maintaining and improving the RIBF cyclotron complex. The 
accelerator provides high intensity heavy ions. Our mission is to have stable operation of cyclotrons for high power beam operation. 
Recently stabilization of the rf system is a key issue to provide 10 kW heavy ion beam. 
 
2. Major Research Subjects 
(1) RF technology for Cyclotrons 
(2) Operation of RIBF cyclotron complex 
(3) Maintenance and improvement of RIBF cyclotrons 
(4) Single turn operation for polarized deuteron beams 
(5) Development of superconducting cavity  
 
3. Summary of Research Activity 
・Development of the rf system for a reliable operation 
・Development of highly stabilized low level rf system 
・Development of superconducting cavity 
・Development of the intermediate-energy polarized deuteron beams.  
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RIBF Research Division 
Accelerator Group  
Beam Dynamics & Diagnostics Team 

 
1. Abstract 

The cascaded cyclotron system at RIKEN RI Beam Factory (RIBF) requires not only strict matching of operation parameters but also 
high stability of all the accelerator components in order to establish stable operation of the world’s most intense heavy-ion beams. Beam 
Dynamics and Diagnostics Team is responsible for power supplies, beam instrumentation, computer control and beam dynamic of the RIBF 
accelerator complex and strongly contributes to the performance upgrade of the RIBF. 
 
2. Major Research Subjects 
(1) Extracting the best performance of the RIBF accelerator complex based on the precise beam dynamics study. 
(2) Maintenance and developments of the beam instrumentation, especially non-destructive monitors. 
(3) Upgrade of the computer control system of the RIBF accelerator complex. 
(4) Maintenance and improvements of the magnets and their power supplies. 
(5) Upgrade of the existing beam interlock system for higher-intensity beams. 
 
3. Summary of Research Activity 
(1) High-intensity heavy-ion beams including 70-pnA uranium, 102-pnA xenon, 486-pnA krypton, and 740-pnA calcium beams have been 

obtained. 
(2) The world-first high-Tc SQUID beam current monitor has been developed.  
(3) The bending power of the fixed-frequency Ring Cyclotron has been upgraded to 700 MeV. It enables us to accelerate 238U64+ ions 

obtained by the helium gas stripper. 
(4) An EPICS-based control system and a homemade beam interlock system have been stably operated. Replacements of the existing 

legacy control system used in the old half of our facility is ongoing. Construction of the new control system for the new injector 
RILAC2 was successfully completed, where the embedded EPICS system running on F3RP61-2L CPU module, developed by KEK and 
RIKEN control group, was used.  

(5) We replaced some dated power supplies of RIKEN Ring Cyclotron by new ones, which have better long-term stability than the old ones. 
The other existing power supplies (~900) are stably operated owing to elaborate maintenance work. 

(6) We have contributed to RILAC2 construction, especially in its beam diagnosis, control system, magnet power supplies, vacuum system, 
high-energy beam transport system etc. 
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Beam Dynamics & Diagnostics Team 

 
1. Abstract 

The cascaded cyclotron system at RIKEN RI Beam Factory (RIBF) requires not only strict matching of operation parameters but also 
high stability of all the accelerator components in order to establish stable operation of the world’s most intense heavy-ion beams. Beam 
Dynamics and Diagnostics Team is responsible for power supplies, beam instrumentation, computer control and beam dynamic of the RIBF 
accelerator complex and strongly contributes to the performance upgrade of the RIBF. 
 
2. Major Research Subjects 
(1) Extracting the best performance of the RIBF accelerator complex based on the precise beam dynamics study. 
(2) Maintenance and developments of the beam instrumentation, especially non-destructive monitors. 
(3) Upgrade of the computer control system of the RIBF accelerator complex. 
(4) Maintenance and improvements of the magnets and their power supplies. 
(5) Upgrade of the existing beam interlock system for higher-intensity beams. 
 
3. Summary of Research Activity 
(1) High-intensity heavy-ion beams including 70-pnA uranium, 102-pnA xenon, 486-pnA krypton, and 740-pnA calcium beams have been 

obtained. 
(2) The world-first high-Tc SQUID beam current monitor has been developed.  
(3) The bending power of the fixed-frequency Ring Cyclotron has been upgraded to 700 MeV. It enables us to accelerate 238U64+ ions 

obtained by the helium gas stripper. 
(4) An EPICS-based control system and a homemade beam interlock system have been stably operated. Replacements of the existing 

legacy control system used in the old half of our facility is ongoing. Construction of the new control system for the new injector 
RILAC2 was successfully completed, where the embedded EPICS system running on F3RP61-2L CPU module, developed by KEK and 
RIKEN control group, was used.  

(5) We replaced some dated power supplies of RIKEN Ring Cyclotron by new ones, which have better long-term stability than the old ones. 
The other existing power supplies (~900) are stably operated owing to elaborate maintenance work. 

(6) We have contributed to RILAC2 construction, especially in its beam diagnosis, control system, magnet power supplies, vacuum system, 
high-energy beam transport system etc. 
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RIBF Research Division 
Accelerator Group  
Cryogenic Technology Team 

 
1. Abstract 

We are operating the cryogenic system for the superconducting ring cyclotron in RIBF. We are operating the helium cryogenic system 
in the south area of RIKEN Wako campus and delivering the liquid helium to users in RIKEN. We are trying to collect efficiently gas 
helium after usage of liquid helium.   
 
2. Major Research Subjects 
(1) Operation of the cryogenic system for the superconducting ring cyclotron in RIBF 
(2) Operation of the helium cryogenic plant in the south area of Wako campus and delivering the liquid helium to users in Wako campus.    
 
3. Summary of Research Activity 
(1) Operation of the cryogenic system for the superconducting ring cyclotron in RIBF 

(H. Okuno, T. Dantsuka, M. Nakamura, T. Maie) 
(2) Operation of the helium cryogenic plant in the south area of Wako campus and delivering the liquid helium to users in Wako campus. 

(T. Dantsuka, S. Tsuruma, H. Okuno). 
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RIBF Research Division 
Accelerator Group  
Infrastructure Management Team 

 
1. Abstract 

The RIBF facility is consisting of many accelerators and its infrastructure is very important in order to make an efficient operation of 
RIBF project. We are maintaining the infrastructure of the whole system and to support the accelerator operation with high performance. 
We are also concerning the contracts of gas- and electricity-supply companies according to the annual operation plan. The contracts should 
be reasonable and also flexible against a possible change of operations. And we are searching the sources of inefficiency in the operation 
and trying to solve them for the high-stable machine operation.    
 
2. Major Research Subjects 
(1) Operation and maintenance of infrastructure for RIBF accelerators. 
(2) Renewal of the old equipment for the efficient operation. 
(3) Support of accelerator operations.    
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1. Abstract 

We are operating the cryogenic system for the superconducting ring cyclotron in RIBF. We are operating the helium cryogenic system 
in the south area of RIKEN Wako campus and delivering the liquid helium to users in RIKEN. We are trying to collect efficiently gas 
helium after usage of liquid helium.   
 
2. Major Research Subjects 
(1) Operation of the cryogenic system for the superconducting ring cyclotron in RIBF 
(2) Operation of the helium cryogenic plant in the south area of Wako campus and delivering the liquid helium to users in Wako campus.    
 
3. Summary of Research Activity 
(1) Operation of the cryogenic system for the superconducting ring cyclotron in RIBF 

(H. Okuno, T. Dantsuka, M. Nakamura, T. Maie) 
(2) Operation of the helium cryogenic plant in the south area of Wako campus and delivering the liquid helium to users in Wako campus. 
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RIBF Research Division 
Instrumentation Development Group 

 
1. Abstract 

This group develops core experimental installations at the RI Beam factory. They are a slow-RI beam facility (SLOWRI), and highly 
program specific facilities of SCRIT and Rare-RI Ring (R3). All were designed to maximize the research potential of the world's most 
intense RI beams, made possible by the exclusive equipment available at the RI Beam Factory. While SLOWRI is under preparation for 
commissioning, physics experiments conducted in storage rings have been just started at SCRIT and R3 facilities. Beam manipulation 
techniques, such as a beam accumulation and a beam cooling, will be able to provide opportunities of new experimental challenges and the 
foundation for future developments of RIBF. 

  
2. Major Research Subjects 
(1) SCRIT Project 
(2) SLOWRI Project 
(3) Rear RI Ring Project 

  
3. Summary of Research Activity 

We are developing beam manipulation technology in carrying out above listed project. They are the high-quality slow RI beam 
production (SCRIT and SLOWRI), the beam cooling and stopping (SCRIT and SLOWRI), and the beam accumulation technology (SCRIT 
and R3). The technological knowhow accumulated in our projects will play a significant role in the next generation RIBF. Status and future 
plan for each project is described in subsections. SCRIT is now under test experimental phase in which the angular distribution of scattered 
electrons from 132Xe isotopes has been successfully measured and the nuclear charge density distribution has been obtained. Electron 
scattering off unstable nuclei is now under preparation for the first experiment in 2018. Rare RI Ring was commissioned in four-times 
machine-study experiments, and we have demonstrated that the ring has an ability for precision mass measurement with the accuracy of 
better than 10 ppm. We will be able to try to measure masses of nuclei 74-76Ni in 2018 and continuously make improvement in the accuracy. 
Construction of the SLOWRI system is now in tuning phase and it will be commissioned in 2018. PALIS device was commissioned in 2015 
and 2016, and basic functions such as the RI-beam stopping in argon gas cell and the extraction with the gas flow were confirmed. Other 
devices are now under setting up for the first commissioning. 
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RIBF Research Division 
Instrumentation Development Group  
SLOWRI Team 

 
1. Abstract 

SLOWRI is a universal low-energy RI-beam facility at RIBF that provides a wide variety of short-lived nuclei as high-purity and 
low-emittance ion beams or stored ions in a trap, including a parasitic operation mode. The SLOWRI team develops and manages the 
facility and performs high-precision spectroscopy experiments. The construction of the SLOWRI facility began in FY2013 and 
commissioning work is ongoing. Two major online prototype setups have been successfully tested. The first was a large room-temperature 
gas cell with an RF-carpet structure. With this setup, the hyperfine structure constants of all odd Be isotopes were precisely measured by 
laser-microwave double resonance spectroscopy of trapped Be ions, following which the first online mass measurement with a 
multi-reflection time-of-flight mass spectrograph (MRTOF) was performed on 8Li+ ions. The second prototype is a medium-sized 
cryogenic RF carpet gas cell for the SHE-Mass project that aims to measure the masses of trans-uranium elements at the GARIS-II facility. 
This prototype showed that a traveling-wave RF-carpet works fine and the cryogenic gas cell dominantly provides doubly charged ions 
even for Fr isotopes. Using the SHE-Mass setup, more than 80 nuclear masses have been measured including the first mass measurements 
of Md and Es isotopes. 
 
2. Major Research Subjects 

(1) Construction of the stopped and low-energy RI-beam facility, SLOWRI. 
(2) Laser spectroscopy of trapped radioactive beryllium isotopes. 
(3) Development of a multi-reflection time-of-flight mass spectrograph for precision mass measurements of short-lived nuclei. 
(4) Development of collinear laser spectroscopy apparatus. 
(5) Development of a parasitic slow RI-beam production method using resonance laser ionization. 
(6) Development of highly charged ion trap for fundamental physics 

 
3. Summary of Research Activity 
(1) Construction of stopped and low-energy RI-beam facility (SLOWRI) 

Installation of SLOWRI began in FY2013. It consists of two gas catchers (RF Carpet gas cell and PALIS gas cell), magnetic mass 
separators, a 50-m beam transport line, a beam cooler-buncher, an isobar separator, and a laser system. The RF Carpet gas cell will be 
installed at the exit of the D5 dipole magnet of BigRIPS. This gas catcher comprises a large cryogenic He gas cell with a large traveling 
wave RF carpet. It will convert main beams of BigRIPS to low-energy, low-emittance beams without any restrictions from the chemical 
properties of the elements.  The PALIS gas cell will be installed in the vicinity of the second focal plane slit of BigRIPS. It will provide 
parasitic RI beams from the ions normally lost in the slits during other experiments. In this gas catcher, thermalized RIs quickly become 
neutralized and will be selectively re-ionized by resonant laser radiations. These gas catchers have been tested off-line. The 50 m beam 
transport line consists of four dipole magnets (SD1 to SD4), two focal plane chambers, 62 electrostatic quadrupole singlets, 11 electrostatic 
quadrupole quartets (EQQ1 to EQQ11) and 7 beam profile monitors (BPMs).  SD1 and SD2, located immediately after the gas catchers, 
will be used for isotope separation. After eliminating contaminant ions at the focal plane chamber, the low energy beam will be transported 
by a FODO lattice structure with phase space matching using EQQs. The EQQs have multipole elements made of 16 rods on which various 
potentials can be applied to produce 6-pole and 8-pole fields simultaneously to compensate for ion optical aberrations. This multipole 
element can also produce dipole fields for steering and scanning the beam.  The BPMs have a classical cross-wire beam monitor as well as 
a channel electron multiplier with a pinhole collimator. Combining the scanning capability of the EQQs and the pinhole detector, we can 
observe a beam profile even for very-low-intensity RI beams. Off- and on-line commissioning is underway.  

Based on test experiments with the prototype setups, the large RF-carpet gas cell contains a three-stage RF-carpet structure: a gutter 
RF carpet for the collection of thermal ions in the cell into a small slit, a narrow (≈10 mm) traveling-wave RF carpet for the collection of 
ions from the gutter carpet and for transporting the ions toward the exit, and a small RF carpet for extraction from the gas cell. An off-line 
test of the gutter structure has shown a high collection efficiency of ions in the gas cell. 
(2) Laser spectroscopy of trapped radioactive beryllium isotope ions 

As the first application of the prototype SLOWRI setup, we applied hyperfine structure spectroscopy on beryllium isotopes to 
determine, in particular, the anomalous radius of the valence neutron of the neutron halo nucleus 11Be, and to determine the charge radii of 
these beryllium isotopes through laser-laser double resonance spectroscopy of laser-cooled ions. Laser cooling is an essential prerequisite 
for these planned experiments. The first laser spectroscopy experiments for beryllium isotopes were performed to measure the resonance 
frequencies of the 2s 2S1/2 - 2p 2P3/2 transition in 7Be+, 9Be+, 10Be+ and 10Be+ ions and the nuclear charge radii of these isotopes were 
determined. The hyperfine structures of 11Be+ and 7Be+ ions were also determined using laser-microwave double resonance spectroscopy 
and the magnetic hyperfine constants of 7Be+ and 11Be+ ions were determined with accuracies better than 10-7. A new combined-trap setup 
for high-precision determination of nuclear g-factors of the odd Be isotopes using a superconducting Helmholtz magnet is under 
preparation at the SLOWRI experimental area in collaboration with the Ueno nuclear spectroscopy laboratory. 
(3) Development of a multi-reflection TOF mass spectrograph for short-lived nuclei 

The atomic mass is one of the most important quantities of a nucleus and has been studied by various methods since the early days of 
modern physics. From among many methods we have chosen a multi-reflection time-of-flight (MR-TOF) mass spectrometer. Slow RI 
beams extracted from the RF ion guide are bunched and injected into the spectrometer with a repetition rate of ~100 Hz. The spectrometer 

RIBF Research Division 
Instrumentation Development Group 

 
1. Abstract 

This group develops core experimental installations at the RI Beam factory. They are a slow-RI beam facility (SLOWRI), and highly 
program specific facilities of SCRIT and Rare-RI Ring (R3). All were designed to maximize the research potential of the world's most 
intense RI beams, made possible by the exclusive equipment available at the RI Beam Factory. While SLOWRI is under preparation for 
commissioning, physics experiments conducted in storage rings have been just started at SCRIT and R3 facilities. Beam manipulation 
techniques, such as a beam accumulation and a beam cooling, will be able to provide opportunities of new experimental challenges and the 
foundation for future developments of RIBF. 

  
2. Major Research Subjects 
(1) SCRIT Project 
(2) SLOWRI Project 
(3) Rear RI Ring Project 

  
3. Summary of Research Activity 

We are developing beam manipulation technology in carrying out above listed project. They are the high-quality slow RI beam 
production (SCRIT and SLOWRI), the beam cooling and stopping (SCRIT and SLOWRI), and the beam accumulation technology (SCRIT 
and R3). The technological knowhow accumulated in our projects will play a significant role in the next generation RIBF. Status and future 
plan for each project is described in subsections. SCRIT is now under test experimental phase in which the angular distribution of scattered 
electrons from 132Xe isotopes has been successfully measured and the nuclear charge density distribution has been obtained. Electron 
scattering off unstable nuclei is now under preparation for the first experiment in 2018. Rare RI Ring was commissioned in four-times 
machine-study experiments, and we have demonstrated that the ring has an ability for precision mass measurement with the accuracy of 
better than 10 ppm. We will be able to try to measure masses of nuclei 74-76Ni in 2018 and continuously make improvement in the accuracy. 
Construction of the SLOWRI system is now in tuning phase and it will be commissioned in 2018. PALIS device was commissioned in 2015 
and 2016, and basic functions such as the RI-beam stopping in argon gas cell and the extraction with the gas flow were confirmed. Other 
devices are now under setting up for the first commissioning. 
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consists of two electrostatic mirrors between which the ions travel back and forth repeatedly. These mirrors are designed such that energy 
isochrononicity in the flight time is guaranteed during the multiple reflections, while the flight time varies with the masses of ions. A 
mass-resolving power of 170,000 has been obtained within a 2-ms flight time for the 40K+ and 40Ca+ isobaric doublet. This mass-resolving 
power should allow determination of ion masses with an accuracy of ≤ 10-7. On-line mass measurement for the radioactive isotope 8Li has 
been performed with the prototype SLOWRI setup. 

The MR-TOF mass spectrograph has been placed under the GARIS-II separator with the goal of direct mass measurements of 
trans-uranium elements. A cryogenic gas catcher cell was placed at the focal plane box of GARIS-II and bunched low-energy heavy ion 
beams were transported to the trap of MR-TOF. In on-line commissioning experiments using No isotopes, an extraction efficiency greater 
than 30% was achieved from the cryogenic gas cel. In FY2016, mass measurements of more than 80 nuclides, including short-lived (T1/2 = 10 
ms) isotopes of Ra and several isotopes of the trans-uranium elements Fm, Es, No, and Md were performed at GARIS-II in collaboration with 
the KEK Wako Nuclear Science Center and the Super Heavy Element Synthesis team of RIKEN. The highest precisions, achieved for Ga 
isotopes, reached a level of 0.03 ppm. For most of the well-known nuclides, agreement with the literature mass values was found. However, 
discrepancies were found in some literature values derived from pre-1980 indirect measurements. This suggests that such indirect 
measurements must be revised with comprehensive direct mass measurements. The masses of four isotopes of Es and Md were measured for 
the first time, allowing for confirmation of the N = 152 shell closure in Md. Using these new mass data as anchor points, the masses of seven 
isotopes of super-heavy elements up to Mt were indirectly determined and comparisons with various nuclear mass models were performed. 

For comprehensive mass measurements of all available nuclides, multiple units of gas catchers and MR-TOF devices will be placed at the 
new GARIS-II, KISS, as well as the BigRIPS + SLOWRI facilities of RIBF.  
(4) Development of collinear fast beam apparatus for nuclear charge radii measurements 

The root-mean-square charge radii of unstable nuclei have been determined exclusively by isotope shift measurements of the optical 
transitions of singly charged ions or neutral atoms by laser spectroscopy. Many isotopes of alkali, alkali-earth, and noble-gas elements in 
addition to several other elements have been measured by collinear laser spectroscopy since these ions all have good optical transitions and 
are available at conventional ISOL facilities. However, isotopes of other elements, especially refractory and short-lived ones, have not been 
investigated so far. 

In SLOWRI, isotopes of all atomic elements will be provided as well collimated, mono-energetic ion beams. This should expand the 
range of nuclides available for laser spectroscopy. In the first years of the RIBF project, elements in the vicinity of Ni, such as Ni, Co, Fe, 
Cr, Cu, Ga, and Ge are planned to be investigated. They all have possible optical transitions in the ground states of neutral atoms with 
presently available laser systems. Some of them have so called recycling transitions, which enhance the detection probabilities noticeably. 
Furthermore, the multistep resonance ionization (RIS) method can be applied to the isotopes of Ni as well as those of some other elements. 
The required minimum intensity for this method can be as low as 10 atoms per second. 

An off-line mass separator and a collinear fast beam apparatus with a large solid-angle fluorescence detector was built previously. A 
617-nm transition of the metastable Ar+ ion at 20 keV was measured with both collinear and anti-collinear geometry, which allowed 
determination of the absolute resonant frequency of the transition at rest with a relative accuracy better than 10−8. A new setup is under 
preparation at the SLOWRI experiment area in collaboration with the Ueno nuclear spectroscopy laboratory. 
(5) Development of parasitic slow RI-beam production scheme using resonance laser ionization 

More than 99.9% of RI ions produced in projectile fission or fragmentation are simply dumped in the first dipole magnet and the slits. 
A new scheme, named PALIS, meant to rescue such precious RIs using a compact gas catcher cell and resonance laser ionization, was 
proposed as a part of SLOWRI. The thermalized RI ions in a gas cell filled with Ar gas can be quickly neutralized and transported to the 
exit of the cell by gas flow. Irradiation of resonance lasers at the exit ionizes neutral RI atoms efficiently and selectively. The ionized RI 
ions can be further selected by a magnetic mass separator and transported to the SLOWRI experimental area for various experiments. The 
resonance ionization scheme itself can also be a useful method to perform hyperfine structure spectroscopy of RIs of many elements. 

A prototype setup has been used to test resonance ionization schemes of several elements, extraction from the cell, and transport to a 
high-vacuum chamber. An online setup was fabricated in FY2013 and the first online commissioning took place in FY2015. It was 
confirmed that the PALIS gas cell is not deleterious for BigRIPS experiments, and a reasonable amount of radioactive Cu isotopes were 
extracted from the cell by gas flow.  Technical developments are in progress in on- and off-line commissioning.  
(6) Development of highly charged ion trap for fundamental physics 

Some particular transitions in highly charged ions (HCI) are sensitive to the temporal variation of the fine structure constant. High 
precision spectroscopy of such transitions can be a probe for the verification of fundamental physics. A cryogenic ion trap setup consisting 
of a micro electron beam ion trap (μEBIT) and a linear RFQ ion trap in a compact cryogenic enclosure is under development in 
collaboration with Quantum Metrology Laboratory. First candidate HCIs, such as Ba7+ or Ho14+ can be produced in the μEBIT and 
sympathetically cooled by laser cooled Be+ ions in the linear RFQ trap, following which the “clock” transition can be measured by 
electron-shelving spectroscopy. The final target is 249Cf15+, which is known to have the most sensitive transition to the temporal variation of 
the fine structure constant. 
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consists of two electrostatic mirrors between which the ions travel back and forth repeatedly. These mirrors are designed such that energy 
isochrononicity in the flight time is guaranteed during the multiple reflections, while the flight time varies with the masses of ions. A 
mass-resolving power of 170,000 has been obtained within a 2-ms flight time for the 40K+ and 40Ca+ isobaric doublet. This mass-resolving 
power should allow determination of ion masses with an accuracy of ≤ 10-7. On-line mass measurement for the radioactive isotope 8Li has 
been performed with the prototype SLOWRI setup. 

The MR-TOF mass spectrograph has been placed under the GARIS-II separator with the goal of direct mass measurements of 
trans-uranium elements. A cryogenic gas catcher cell was placed at the focal plane box of GARIS-II and bunched low-energy heavy ion 
beams were transported to the trap of MR-TOF. In on-line commissioning experiments using No isotopes, an extraction efficiency greater 
than 30% was achieved from the cryogenic gas cel. In FY2016, mass measurements of more than 80 nuclides, including short-lived (T1/2 = 10 
ms) isotopes of Ra and several isotopes of the trans-uranium elements Fm, Es, No, and Md were performed at GARIS-II in collaboration with 
the KEK Wako Nuclear Science Center and the Super Heavy Element Synthesis team of RIKEN. The highest precisions, achieved for Ga 
isotopes, reached a level of 0.03 ppm. For most of the well-known nuclides, agreement with the literature mass values was found. However, 
discrepancies were found in some literature values derived from pre-1980 indirect measurements. This suggests that such indirect 
measurements must be revised with comprehensive direct mass measurements. The masses of four isotopes of Es and Md were measured for 
the first time, allowing for confirmation of the N = 152 shell closure in Md. Using these new mass data as anchor points, the masses of seven 
isotopes of super-heavy elements up to Mt were indirectly determined and comparisons with various nuclear mass models were performed. 

For comprehensive mass measurements of all available nuclides, multiple units of gas catchers and MR-TOF devices will be placed at the 
new GARIS-II, KISS, as well as the BigRIPS + SLOWRI facilities of RIBF.  
(4) Development of collinear fast beam apparatus for nuclear charge radii measurements 

The root-mean-square charge radii of unstable nuclei have been determined exclusively by isotope shift measurements of the optical 
transitions of singly charged ions or neutral atoms by laser spectroscopy. Many isotopes of alkali, alkali-earth, and noble-gas elements in 
addition to several other elements have been measured by collinear laser spectroscopy since these ions all have good optical transitions and 
are available at conventional ISOL facilities. However, isotopes of other elements, especially refractory and short-lived ones, have not been 
investigated so far. 

In SLOWRI, isotopes of all atomic elements will be provided as well collimated, mono-energetic ion beams. This should expand the 
range of nuclides available for laser spectroscopy. In the first years of the RIBF project, elements in the vicinity of Ni, such as Ni, Co, Fe, 
Cr, Cu, Ga, and Ge are planned to be investigated. They all have possible optical transitions in the ground states of neutral atoms with 
presently available laser systems. Some of them have so called recycling transitions, which enhance the detection probabilities noticeably. 
Furthermore, the multistep resonance ionization (RIS) method can be applied to the isotopes of Ni as well as those of some other elements. 
The required minimum intensity for this method can be as low as 10 atoms per second. 

An off-line mass separator and a collinear fast beam apparatus with a large solid-angle fluorescence detector was built previously. A 
617-nm transition of the metastable Ar+ ion at 20 keV was measured with both collinear and anti-collinear geometry, which allowed 
determination of the absolute resonant frequency of the transition at rest with a relative accuracy better than 10−8. A new setup is under 
preparation at the SLOWRI experiment area in collaboration with the Ueno nuclear spectroscopy laboratory. 
(5) Development of parasitic slow RI-beam production scheme using resonance laser ionization 

More than 99.9% of RI ions produced in projectile fission or fragmentation are simply dumped in the first dipole magnet and the slits. 
A new scheme, named PALIS, meant to rescue such precious RIs using a compact gas catcher cell and resonance laser ionization, was 
proposed as a part of SLOWRI. The thermalized RI ions in a gas cell filled with Ar gas can be quickly neutralized and transported to the 
exit of the cell by gas flow. Irradiation of resonance lasers at the exit ionizes neutral RI atoms efficiently and selectively. The ionized RI 
ions can be further selected by a magnetic mass separator and transported to the SLOWRI experimental area for various experiments. The 
resonance ionization scheme itself can also be a useful method to perform hyperfine structure spectroscopy of RIs of many elements. 

A prototype setup has been used to test resonance ionization schemes of several elements, extraction from the cell, and transport to a 
high-vacuum chamber. An online setup was fabricated in FY2013 and the first online commissioning took place in FY2015. It was 
confirmed that the PALIS gas cell is not deleterious for BigRIPS experiments, and a reasonable amount of radioactive Cu isotopes were 
extracted from the cell by gas flow.  Technical developments are in progress in on- and off-line commissioning.  
(6) Development of highly charged ion trap for fundamental physics 

Some particular transitions in highly charged ions (HCI) are sensitive to the temporal variation of the fine structure constant. High 
precision spectroscopy of such transitions can be a probe for the verification of fundamental physics. A cryogenic ion trap setup consisting 
of a micro electron beam ion trap (μEBIT) and a linear RFQ ion trap in a compact cryogenic enclosure is under development in 
collaboration with Quantum Metrology Laboratory. First candidate HCIs, such as Ba7+ or Ho14+ can be produced in the μEBIT and 
sympathetically cooled by laser cooled Be+ ions in the linear RFQ trap, following which the “clock” transition can be measured by 
electron-shelving spectroscopy. The final target is 249Cf15+, which is known to have the most sensitive transition to the temporal variation of 
the fine structure constant. 
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1. Abstract 

Mass measurement is one of the most important contributions to a nuclear property research especially for short-lived unstable nuclei 
far from the beta-stability line. In particular, a high-precision mass measurement for nuclei located around the r-process pass (rare-RI) is 
required in nucleosynthesis point of view. We chose a method of time-of-flight isochronous mass spectrometry (IMS) to make a 
measurement time shorter than 1 ms. Heavy-ion storage ring named “Rare-RI Ring (R3)” has been constructed until the end of 2014 and 
commissioning experiments were successfully performed in 2015. Our target performance in the mass determination is to achieve accuracy 
of the order of 1 ppm (~100 keV) even if we get only one event. Since an isochronism in R3 is established over a wide range of the 
momentum, rare-RIs with a large momentum spread, ∆p/p = ±0.5%, are acceptable. Another significant feature of the R3 system is an 
individual injection scheme in which a produced rare-RI itself triggers the injection kicker. In the first commissioning experiment using 
primary 78Kr beam, we demonstrated a high ability of R3 as a storage ring and succeed in establishing the individual injection scheme for 
the first time. In 2016, we performed the third commissioning experiment using isotopes around 78Ge. We successfully extracted several 
kinds of isotopes, 79As, 77Ga, 76Zn, and 75Cu from the R3 in the same setting and established the mass measurement method. In 2017, we 
were able to improve the extraction efficiency by a factor of 10 and be ready to conduct the first mass measurement experiment with R3. 
We have plan to measure masses for isotopes around 75Ni and 124Pd regions in 2018.  
 
2. Major Research Subjects 
(1) Developments of heavy-ion storage ring 
(2) Precision mass measurement for rarely produced isotopes related to r-process.  
 
3. Summary of Research Activity 

Since the lattice design of R3 is based on the cyclotron motion, it can provide an isochronism in a wide range of the momentum. We 
expect a great improvement in mass resolution in IMS as long as the isochronous field is precisely formed in R3. Therefore, IMS using R3 
is capable of both a high-precision measurement and a fast measurement. All the devices in R3 was designed under the assumption that an 
incoming beam has an energy of less than 200 MeV/nucleon and a charge to mass ratio, m/q, of less than 3. The ring structure was designed 
with a similar concept of a separate-sector ring cyclotron. It consists of six sectors and 4.02-m straight sections, and each sector consists of 
four rectangular bending magnets. A radially homogeneous magnetic field is produced in the magnet, and a magnetic rigidity is 6.5 Tm at 
maximum, for instance, 78Ni with the magnetic rigidity of 5.96 Tm. Two magnets at both ends of each sector are additionally equipped with 
ten trim coils to form a precise isochronous magnetic field. For ∆p = 0 particle, the circumference is 60.35 m and the betatron tunes are νx = 
1.21 and νy = 0.84 in horizontal and vertical directions, respectively. The momentum acceptance is ∆p/p = ±0.5%, and the transverse 
acceptances are 150π mmmrad and 30π mmmrad in horizontal and vertical directions with ∆p/p = 0.0%, respectively.  

Another performance required for R3 is to efficiently seize hold of an opportunity of the measurement for rare-RIs produced 
unpredictably. We adopted an individual injection scheme in which the produced rare-RI itself triggers the injection kicker magnets. Full 
activation of the kicker magnetic field has to be completed within the flight time of the rare-RI from an originating point (F3 focal point in 
BigRIPS) of the trigger signal to the kicker position in R3. We successfully developed an ultra-fast response kicker system working with 
the repetition rate of 100 Hz. 

Since R3 accumulates, in principle, only single ion, we need high-sensitive beam diagnostic devices in the ring, and they should be 
applicable even for a single particle circulation. One of them is a cavity type of Schottky pick-up installed for tuning of isochronous field. A 
resonance frequency is 171 MHz, a measured quality factor is about 1945, and shunt impedance is 190 kΩ. Another is a timing monitor, 
which detects secondary electrons emitted from thin carbon foil placed on the accumulation orbit. The thickness of the foil will be 50 
μg/cm2. The rare-RI with the energy of 200 MeV/nucleon survives only for first 100 turns because of an energy loss at the foil. 

In 2015, we had two times of commissioning experiments. In the first commissioning, we used primary 78Kr36+ beam with the energy 
of 168 MeV/nucleon. We succeeded in beam injection particle by particle in individual injection scheme, beam extraction after 700-μs 
accumulation (~1860 turns), and measurements of the TOF from the injection to the extraction. It was demonstrated that R3 works well as a 
storage ring and a single particle is certainly manipulated in this storage ring system. The individual injection scheme was established for 
the first time in the world. In addition, the Schottky pick-up monitored a single 78Kr36+ particle circulation with the measuring time of less 
than 10 ms. That demonstrated that our pick-up is world most sensitive non-destructive monitor. In this experiment, we could tune 
completely the first order isochronism, but higher order components were remained, consequently, the 10-ppm accuracy of the isochronism 
was obtained. More precise tuning is possible with reference the Schottky data. In the second commissioning, we injected two isotopes, 
36Ar and 35Cl, selected in the secondary beams into the ring, in which the isochronism is tuned for 36Ar. It was obviously demonstrated that 
the mass of 35Cl relative to 36Ar is determined by comparing the TOF values for both isotopes, and the accuracy was ~20 ppm, which is 
one-order less than our target value of a few ppm. We found that the imperfection of isochronism significantly contributes to the time 
resolution of measured TOF values. 

In 2016, we performed the third commissioning experiment using unstable nuclei. In this experiment, the 5-ppm accuracy of 
isochronism was obtained for the reference isotope 78Ge by adjusting the isochronism up to second order. In addition, we derived the 
masses of 79As, 77Ga, 76Zn, and 75Cu relative to 78Ge by determining its revolution time with beta correction. We found that not only the 
imperfection of isochronism but also the insufficient resolution of beta measurement significantly contributes to the mass resolution. 
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Detailed analysis is ongoing. In 2017, we performed the forth commissioning experiment using 78Ge. In this experiment, we improved the 
extraction efficiency to 2% by considering the emittance matching. Since R3 is ready for mass measurement experiments, we will measure 
masses for isotopes around 75Ni and 124Pd regions in 2018. 
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1. Abstract 

The SCRIT Electron Scattering Facility has been constructed at RIKEN RIBF. This aims at investigation of internal nuclear structure 
for short-lived unstable nuclei by means of electron scattering. SCRIT (Self-Confining RI Ion Target) is a novel method to form internal 
targets in an electron storage ring. This is a unique method for making electron scattering experiments for unstable nuclei possible. 
Construction of the facility has been started in 2009. This facility consists of an electron accelerator (RTM), a SCRIT-equipped electron 
storage ring (SR2), an electron-beam-driven RI separator (ERIS), and a window-frame spectrometer for electron scattering (WiSES) which 
consists of a large window-frame dipole magnet, drift chambers and trigger scintillators. Installation of all components in the facility was 
completed in 2015. After the comprehensive test and tuning, the luminosity was reached to 3×1027/(cm2s) with the number of injected ions 
of 3×108. In 2016, we successfully completed a measurement of diffraction of scattered electrons from 132Xe nuclei and determined the 
charge density distribution for the first time. The facility is now under setting up to move the first experiment for unstable nuclei.  
 
2. Major Research Subjects 

Development of SCRIT electron scattering technique and measurement of the nuclear charge density distributions of unstable nuclei. 
 
3. Summary of Research Activity 

SCRIT is a novel technique to form internal target in an electron storage ring. Positive ions are three dimensionally confined in the 
electron beam axis by transverse focusing force given by the circulating electron beam and applied electrostatic longitudinal mirror 
potential. The created ion cloud composed of RI ions injected from outside works as a target for electron scattering. Construction of the 
SCRIT electron scattering facility has been started in 2009. The electron accelerators RTM and the storage ring SR2 were successfully 
commissioned in 2010. Typical accumulation current in SR2 is 250−300 mA at the energy range of 100−300 MeV that is required energy 
range in electron scattering experiment. The SCRIT device was inserted in the straight section of SR2 and connected to an ISOL named 
ERIS (Electron-beam-driven RI separator for SCRIT) by 20-m long low energy ion transport line. A buncher system based on RFQ linear 
trap named FRAC (Fringing-RF-field-Activated dc-to-pulse converter) was inserted in the transport line to convert the continuous beam 
from ERIS to pulsed beam, which is acceptable for SCRIT. The detector system WiSES consisting of a high-resolution magnetic 
spectrometer, drift chambers and trigger scintillators, was constructed, and it has a solid angle of 100 msr, energy resolution of 10-3, and the 
scattering angle coverage of 25−55 degrees. A wide range of momentum transfer, 80−300 MeV/c, is covered by changing the electron beam 
energy from 150 to 300 MeV.  

We successfully measured a diffraction pattern in the angular distribution of scattered electron from 132Xe isotope at the electron beam 
energy of 150 MeV, 200 MeV, and 300 MeV, and derived the nuclear charge distribution by assuming two-parameters Fermi model for the 
first time. At this time, luminosity was reached to 3×1027/(cm2s) at maximum and the averaged value was 1.2×1027/(cm2s) with the number 
of injected target ions of 3×108. 

We are now under preparation for going to the experiments for unstable nuclei. There are some key issues for that. They are increasing 
the intensity of the RI beams from ERIS, efficient DC-to-pulse conversion at FRAC, improving the transmission efficiency from FRAC to 
SCRIT, and effective suppression of the background in measurement of scattered electrons. RI beam intensity will be improved by 
upgrading the electron beam power from 10 W to 60 W, increasing the contained amount of U in the target ion source, and some 
modifications in mechanical structure in the ion source. For upgrading the electron beam power, the RF system of RTM has been 
maintained intensively, and we will continue the development of RTM. For efficient DC-to-pulse conversion, we established the two-step 
bunching method, which is time compression at FRAC in combination with pre-bunching at the ion source using grid action. Furthermore, 
we will improve the conversion efficiency and the transmission efficiency from FRAC to the SCRIT device by cooling the trapped ions 
using minuscule amounts of a buffer gas. These improvements on FRAC were already confirmed in off-line test. Since one of significant 
contribution to the background for scattered electron is scattering from massive structural objects around the trapping region originated 
from halo components of the electron beam, we will remodel the SCRIT electrodes. The vacuum pump system at the SCRIT device will be 
upgraded to reduce the contribution of residual gases. Luminosity for radioactive Xe isotopes is expected to be more than 1026/(cm2s) after 
these improvements. Then, we will be able to start experiments for unstable nuclei. When further upgrading in the RTM power planed to be 
3 kW will be achieved, we can extend the measurements to more exotic nuclei. 

In 2017, several developments were started. One is the introduction of the surface-ionization type ion source at ERIS in order to 
increase kinds of radioactive beam and to produce high intensity beam. Another development is the upgrading of the drift chamber located 
in front of the magnetic spectrometer of WiSES to improve the momentum resolution and angular acceptance. These developments are in 
progress and they help to realize experiments for unstable nuclei. 
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1. Abstract 

The SCRIT Electron Scattering Facility has been constructed at RIKEN RIBF. This aims at investigation of internal nuclear structure 
for short-lived unstable nuclei by means of electron scattering. SCRIT (Self-Confining RI Ion Target) is a novel method to form internal 
targets in an electron storage ring. This is a unique method for making electron scattering experiments for unstable nuclei possible. 
Construction of the facility has been started in 2009. This facility consists of an electron accelerator (RTM), a SCRIT-equipped electron 
storage ring (SR2), an electron-beam-driven RI separator (ERIS), and a window-frame spectrometer for electron scattering (WiSES) which 
consists of a large window-frame dipole magnet, drift chambers and trigger scintillators. Installation of all components in the facility was 
completed in 2015. After the comprehensive test and tuning, the luminosity was reached to 3×1027/(cm2s) with the number of injected ions 
of 3×108. In 2016, we successfully completed a measurement of diffraction of scattered electrons from 132Xe nuclei and determined the 
charge density distribution for the first time. The facility is now under setting up to move the first experiment for unstable nuclei.  
 
2. Major Research Subjects 

Development of SCRIT electron scattering technique and measurement of the nuclear charge density distributions of unstable nuclei. 
 
3. Summary of Research Activity 

SCRIT is a novel technique to form internal target in an electron storage ring. Positive ions are three dimensionally confined in the 
electron beam axis by transverse focusing force given by the circulating electron beam and applied electrostatic longitudinal mirror 
potential. The created ion cloud composed of RI ions injected from outside works as a target for electron scattering. Construction of the 
SCRIT electron scattering facility has been started in 2009. The electron accelerators RTM and the storage ring SR2 were successfully 
commissioned in 2010. Typical accumulation current in SR2 is 250−300 mA at the energy range of 100−300 MeV that is required energy 
range in electron scattering experiment. The SCRIT device was inserted in the straight section of SR2 and connected to an ISOL named 
ERIS (Electron-beam-driven RI separator for SCRIT) by 20-m long low energy ion transport line. A buncher system based on RFQ linear 
trap named FRAC (Fringing-RF-field-Activated dc-to-pulse converter) was inserted in the transport line to convert the continuous beam 
from ERIS to pulsed beam, which is acceptable for SCRIT. The detector system WiSES consisting of a high-resolution magnetic 
spectrometer, drift chambers and trigger scintillators, was constructed, and it has a solid angle of 100 msr, energy resolution of 10-3, and the 
scattering angle coverage of 25−55 degrees. A wide range of momentum transfer, 80−300 MeV/c, is covered by changing the electron beam 
energy from 150 to 300 MeV.  

We successfully measured a diffraction pattern in the angular distribution of scattered electron from 132Xe isotope at the electron beam 
energy of 150 MeV, 200 MeV, and 300 MeV, and derived the nuclear charge distribution by assuming two-parameters Fermi model for the 
first time. At this time, luminosity was reached to 3×1027/(cm2s) at maximum and the averaged value was 1.2×1027/(cm2s) with the number 
of injected target ions of 3×108. 

We are now under preparation for going to the experiments for unstable nuclei. There are some key issues for that. They are increasing 
the intensity of the RI beams from ERIS, efficient DC-to-pulse conversion at FRAC, improving the transmission efficiency from FRAC to 
SCRIT, and effective suppression of the background in measurement of scattered electrons. RI beam intensity will be improved by 
upgrading the electron beam power from 10 W to 60 W, increasing the contained amount of U in the target ion source, and some 
modifications in mechanical structure in the ion source. For upgrading the electron beam power, the RF system of RTM has been 
maintained intensively, and we will continue the development of RTM. For efficient DC-to-pulse conversion, we established the two-step 
bunching method, which is time compression at FRAC in combination with pre-bunching at the ion source using grid action. Furthermore, 
we will improve the conversion efficiency and the transmission efficiency from FRAC to the SCRIT device by cooling the trapped ions 
using minuscule amounts of a buffer gas. These improvements on FRAC were already confirmed in off-line test. Since one of significant 
contribution to the background for scattered electron is scattering from massive structural objects around the trapping region originated 
from halo components of the electron beam, we will remodel the SCRIT electrodes. The vacuum pump system at the SCRIT device will be 
upgraded to reduce the contribution of residual gases. Luminosity for radioactive Xe isotopes is expected to be more than 1026/(cm2s) after 
these improvements. Then, we will be able to start experiments for unstable nuclei. When further upgrading in the RTM power planed to be 
3 kW will be achieved, we can extend the measurements to more exotic nuclei. 

In 2017, several developments were started. One is the introduction of the surface-ionization type ion source at ERIS in order to 
increase kinds of radioactive beam and to produce high intensity beam. Another development is the upgrading of the drift chamber located 
in front of the magnetic spectrometer of WiSES to improve the momentum resolution and angular acceptance. These developments are in 
progress and they help to realize experiments for unstable nuclei. 
 
Members  

Team Leader 
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RIBF Research Division 
Research Instruments Group 

 
1. Abstract 

The Research Instruments Group is the driving force at RI Beam Factory (RIBF) for continuous enhancement of activities and 
competitiveness of experimental research. Consisting of four teams, we are in charge of the operation, maintenance, and improvement of 
the core research instruments at RIBF, such as the BigRIPS in-flight RI separator, ZeroDegree spectrometer and SAMURAI spectrometer, 
and the related infrastructure and equipment. We are also in charge of the production and delivery of RI beams using the BigRIPS separator. 
The group also conducts related experimental research as well as R&D studies on the research instruments. 
 
2. Major Research Subjects 

Design, construction, operation, maintenance, and improvement of the core research instruments at RIBF and related R&D studies.  
Experimental studies on exotic nuclei. 
 
3. Summary of Research Activity 
The current research subjects are summarized as follows: 
(1) Production and delivery of RI beams and related research 
(2) Design, construction, operation, maintenance, and improvement of the core research instruments at RIBF and their related infrastructure 

and equipment 
(3) R&D studies on the core research instruments and their related equipment at RIBF 
(4) Experimental research on exotic nuclei using the core research instruments at RIBF 
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1. Abstract 

This team is in charge of design, construction, development and operation of BigRIPS in-flight separator and its related research 
instruments at RI beam factory (RIBF). They are employed not only for the production of RI beams but also the experimental studies using 
RI beams.  
 
2. Major Research Subjects 

Design, construction, development and operation of BigRIPS in-flight separator, RI-beam transport lines, and their related research 
instruments  
 
3. Summary of Research Activity 

This team is in charge of design, construction, development and operation of BigRIPS in-flight separator, RI-beam transport lines, and 
their related research instruments such as ZeroDegree spectrometer at RI beam factory (RIBF). They are employed not only for the 
production of RI beams but also various kinds of experimental studies using RI beams. 
The research subjects may be summarized as follows: 
(1) General studies on RI-beam production using in-flight scheme. 
(2) Studies on ion-optics of in-flight separators, including particle identification of RI beams 
(3) Simulation and optimization of RI-beam production. 
(4) Development of beam-line detectors and their data acquisition system. 
(5) Experimental studies on production reactions and unstable nuclei. 
(6) Experimental studies of the limits of nuclear binding. 
(7) Development of superconducting magnets and their helium cryogenic systems. 
(8) Development of a high-power production target system. 
(9) Development of a high-power beam dump system. 
(10) Development of a remote maintenance and remote handling systems. 
(11) Operation, maintenance and improvement of BigRIPS separator system, RI-beam transport lines, and their related research instruments 

such as ZeroDegree spectrometer and so on. 
(12) Experimental research using RI beams.  
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ムハマドハルーン, 八木彩祐未, 小田原厚子, 西村俊二, J. Wu, R. Lozeva, C.-B. Moon, 方一帆, 大道理恵, 西畑洸希, 金岡裕志, P. Lee, 下田正, 
P. Doornenbal, G. Lorusso, 炭竃聡之, 渡辺寛, P. A. Söderström, F. Brown, Z.Y. Xu, 横山輪, 磯部忠昭, 馬場秀忠, 櫻井博儀, 鈴木宏, 稲辺尚
人, 亀田大輔, 福田直樹, 竹田浩之, 安得順, 清水陽平, 佐藤広海, 久保敏幸, 石垣知樹, 森本翔太, 井手口栄治, 小松原哲郎, 新倉潤, 西塚
一平, and the EURICA collaborators,「β-decay isomer をプローブとする A〜140 中性子過剰核の構造研究」, 日本物理学会 2017 年秋季大
会, 宇都宮大学、栃木県、9/12–15, 2017. 
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RIBF Research Division 
Research Instruments Group  
SAMURAI Team 

 
1. Abstract 

In collaboration with research groups in and outside RIKEN, the team designs, develops and constructs the SAMURAI spectrometer 
and relevant equipment that are and will be used for reaction experiments using RI beams at RI Beam Factory. The SAMURAI 
spectrometer consists of a large superconducting dipole magnet and a variety of detectors to measure charged particles and neutrons. After 
the commissioning experiment in March 2012, the team prepared and conducted, in collaboration with researchers in individual 
experimental groups, the first series of experiments with SAMURAI in May 2012. Then, several numbers of experiments were well 
performed until now utilizing the property of SAMURAI. The team also provides basis for research activities by, for example, organizing 
collaboration workshops by researchers who are interested in studies or plan to perform experiments with the SAMURAI spectrometer. 
 
2. Major Research Subjects 

Design, operation, maintenance and improvement of the SAMURAI spectrometer and its related research instruments. Support and 
management for SAMURAI-based research programs. Generate future plans for next generation instruments for nuclear reaction studies. 
 
3. Summary of Research Activity 

The current research subjects are summarized as follows: 
(1) Operation, maintenance and improvement of a large superconducting dipole magnet that is the main component of the SAMURAI 

spectrometer. 
(2) Design, development and construction of various detectors that are used for nuclear reaction experiments using the SAMURAI 

spectrometer. 
(3) Preparation for planning experiments using SAMURAI spectrometer. 
(4) Maintenance and improvement of the SAMURAI beam line. 
(5) Formation of a collaboration platform called "SAMURAI collaboration. 
(6) Preparation for next generation spectrometer for nuclear reaction studies. 
 
Members  
 

Team Leader 
Hideaki OTSU 

 
List of Publications & Presentations  
Publications 
 [Journal] 

(Original Papers)  
S Chebotaryov et al., “Proton elastic scattering at 200 A MeV and high momentum transfers of 1.7–2.7 fm-1 as a probe of the nuclear matter density of 

6He,” Prog. Theo. Exp. Phys., Volume 2018, Issue 5, 1, 053D01 (20 pages). 
J.W. Hwang, S. Kim, Y. Satou, N.A. Orr, Y. Kondo, T. Nakamura, J. Gibelin, N.L. Achouri, T. Aumann, H. Baba, F. Delaunay, P. Doornenbal, N. 

Fukuda, N. Inabe, T. Isobe, D. Kameda, D. Kanno, N. Kobayashi, T. Kobayashi, T. Kubo, S. Leblond, J. Lee, F.M. Marqués, R. Minakata, T. 
Motobayashi, D. Murai, T. Murakami, K. Muto, T. Nakashima, N. Nakatsuka, A. Navin, S. Nishi, S. Ogoshi, H. Otsu, H. Sato, Y. Shimizu, H. Suzuki, 
K. Takahashi, H. Takeda, S. Takeuchi, R. Tanaka, Y. Togano, A.G. Tuff, M. Vandebrouck, K. Yoneda, “Single-neutron knockout from 20C and the 
structure of 19C,”  Phys. Lett. B 769, 503 (2017). 

P.Lasko et al., “KATANA - A charge-sensitive triggering system for the SπRIT experiment,” Nucl. Instrum. Methods Phys. Res. A 856, 92(7 pages) 
(2017). 

S. Tangwancharoen et al., “A gating grid driver for time projection chambers,” Nucl. Instrum. Methods Phys. Res. A 853, 44(9 pages) (2017). 
J. Kahlbow, C. Caesar, T. Aumann, V. Panin, S. Paschalis, H. Scheit, H. Simon, “Neutron radioactivity―Lifetime measurements of neutron-unbound 

states,” Nucl. Instrum. Methods Phys. Res. A 866, 265（7 pages） (2017). 
 (Review) 

T. Nakamura, H. Sakurai, H. Watanabe, “Exotic nuclei explored at in-flight separators,” Prog. Part. Nucl. Phys. 97, 53–122 (2017). 
(Proceedings) 

Tadaaki Isobe for the SπRIT Collabortion, “Constraint on Nuclear Symmetry Energy through Heavy RI Collision Experiment by Using SπRIT Device at 
RIBF–SAMURAI,” Proc. 14th Int. Symp. on Nuclei in the Cosmos (NIC2016), JPS Conf. Proc. 14, 010803 (2017). 

 
Oral Presentations 
[International Conference etc.]  

Y. Kondo, (Invited) “Studies of neutron-neutron correlation near the drip line with SAMURAI at RIBF,” International symposium on RI beam physics in 
the 21st century: 10th anniversary of RIBF, December 4–5, 2017, RIKEN. 

S. Koyama, (Invited) “Study of cluster structure in 16C,” Workshop on Nuclear Cluster Physics 2017, 25th October, Sapporo, Japan. 

敏幸, 久保野茂, G. Lorusso, 前田幸重, 牧永綾乃, 籾山悟至, 中野敬太, 新倉潤, 志賀慶明, P. A.Söderström, 鈴木宏, 竹田浩之, 武内聡, 谷
内稜, 渡部康, 渡辺幸信, 山崎隼汰, 吉田光一,「90Sr および 89Rb, 88Kr, 91Y の相互作用断面積測定」, 日本物理学会 2017 年秋季大会, 宇
都宮大学、栃木県、9/12–15, 2017. 

本間彰, 武智麻耶, 大坪隆, 田中聖臣, 福田光順, 鈴木健, 西村太樹, 森口哲朗, 安得順, A.S. Aimaganbetov, G, 天野将道, 荒川裕樹, S. Bagchi, 
K.-H. Behr, N. Burtebayev, 親跡和弥, 杜航, 藤井朋也, 福田直樹, H. Geissel, 堀太地, 星野寿春, 伊五澤涼, 池田彩夏, 稲辺尚人, 猪股玖美, 
板橋健太, 泉川卓司, 上岡大起, 神田直人, 加藤郁磨, I. Kenzhina, Z. Korkulu, Ye. Kuk, 日下健祐, 三原基嗣, 宮田恵理, 長江大輔, 中村翔健, 
M. Nassurlla, 西室国光, 西塚賢治, 大甕舜一朗, 大西康介, 大竹政雄, 王恵仁, 小沢顕, A. Prochazka, 櫻井博儀, C. Scheidenberger, 清水陽平, 
杉原貴信, 炭竃聡之, 鈴木伸司, 鈴木宏, 竹田浩之, 田中悠太郎, 田中良樹, 和田太郎, 若山清志, 八木翔一, 山口貴之, 柳原陸斗, 柳澤善
行, 吉田光一, T.K. Zholdybayev,「中性子過剰側 Ni 同位体の相互作用断面積と中性子スキン厚」, 日本物理学会 2017 年秋季大会, 宇都宮
大学、栃木県、9/12–15, 2017. 

神田直人, 武智麻耶, 大坪隆, 本間彰, 田中聖臣, 福田光順, 鈴木健, 西村太樹, 森口哲朗, 安得順, A.S. Aimaganbetov, G, 天野将道, 荒川裕樹, 
S. Bagchi, K.-H. Behr, N. Burtebayev, 親跡和弥, 杜航, 藤井朋也, 福田直樹, H. Geissel, 堀太地, 星野寿春, 伊五澤涼, 池田彩夏, 稲辺尚人, 
猪股玖美, 板橋健太, 泉川卓司, 上岡大起, 加藤郁磨, I. Kenzhina, Z. Korkulu, Ye. Kuk, 日下健祐, 三原基嗣, 宮田恵理, 長江大輔, 中村翔健, 
M. Nassurlla, 西室国光, 西塚賢治, 大甕舜一朗, 大西康介, 大竹政雄, 王恵仁, 小沢顕, A. Prochazka, 櫻井博儀, C. Scheidenberger, 清水陽平, 
杉原貴信, 炭竃聡之, 鈴木伸司, 鈴木宏, 竹田浩之, 田中悠太郎, 田中良樹, 和田太郎, 若山清志, 八木翔一, 山口貴之, 柳原陸斗, 柳澤善
行, 吉田光一, T.K. Zholdybayev,「K 同位体相互作用断面積測定」, 日本物理学会 2017 年秋季大会, 宇都宮大学、栃木県、9/12–15, 2017. 

西村太樹, 笈川浩之, 藤田佳孝, B. Rubio, W. Gelletly, J. Agramunt, A. Algora, F, V. Guadilla, A. Montaner-Piza, A.I. Morales, S.E.A. Orrigo, G.G. 
Kiss, 西村俊二, P.-A. Söderström, P. Doornenbal, V.H. Phong, J. Wu, B. Blank, T. Goigoux, 千葉順成, 武井悠稀, 田中聖臣, 八木翔一, Zs. 
Dombrádi, 安得順, 馬場秀忠, 福田直樹, 郷慎太郎, 稲辺尚人, 磯部忠昭, 久保敏幸, 久保野茂, 櫻井博儀, 清水陽平, C. Sidong, 炭竈聡之, 
鈴木宏, 竹田浩之, P. Ascher, M. Gerbaux, J. Giovinazzo, S. Grévy, T. Kurtukian Nieto, C. Magron, K. Wimmer, P. Aguilera, F. Molina, F. Diel, J. 
Eberth, D. Lubos, G. de Angelis, D. Napoli, C. Borcea, A. Boso, R.B. Cakirli, E. Ganioglu, and G. de France,「58Zn のベータ－ガンマ分光で探る質
量数 58 体系のアイソスピン対称性」, 日本物理学会 2017 年秋季大会, 宇都宮大学、栃木県、9/12–15, 2017. 

ムハマドハルーン, 八木彩祐未, 小田原厚子, 西村俊二, J. Wu, R. Lozeva, C.-B. Moon, 方一帆, 大道理恵, 西畑洸希, 金岡裕志, P. Lee, 下田正, 
P. Doornenbal, G. Lorusso, 炭竃聡之, 渡辺寛, P. A. Söderström, F. Brown, Z.Y. Xu, 横山輪, 磯部忠昭, 馬場秀忠, 櫻井博儀, 鈴木宏, 稲辺尚
人, 亀田大輔, 福田直樹, 竹田浩之, 安得順, 清水陽平, 佐藤広海, 久保敏幸, 石垣知樹, 森本翔太, 井手口栄治, 小松原哲郎, 新倉潤, 西塚
一平, and the EURICA collaborators,「β-decay isomer をプローブとする A〜140 中性子過剰核の構造研究」, 日本物理学会 2017 年秋季大
会, 宇都宮大学、栃木県、9/12–15, 2017. 
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V. Panin, (Invited) “Dissociation of proton-rich nuclei at SAMURAI as a method to study the most critical (p,γ) reaction rates in stellar nucleosynthesi,” 
KPS 2017 meeting, Daejeon, South Korea, Apr, 2017. 

Y. Kubota, (Invited) “Probing neutron-neutron correlation in 11Li via the quasi-free (p,pn) reaction,” Hadrons and Nuclear Physics meet ultracold atoms: 
a French Japanese workshop, Paris, France, 29 January–2 February, 2018. 

Y. Kubota, (Invited) “Probing neutron-neutron correlation in 11Li through the quasi-free (p,pn) reaction,” The 244th RIKEN RIBF Nuclear Physics 
Seminar, Saitama, Japan, December 19, 2017. 

Y. Kubota, (Invited) “Dineutron correlation in Borromean nuclei,” 3rd International Workshop on Quasi-Free Scattering with Radioactive-Ion Beams: 
QFS-RB 17, York, United Kingdom, July, 24–27, 2017. 

T.Nakamura, (Invited) “Spectroscopy of drip-line nuclei using the large acceptance spectrometer SAMURAI,” October 19–20, 2017, Collaboration 
Workshop on RI and Heavy-ion Sciences, Ewha Womans University, Seoul, South Korea. 

T.Nakamura, (Invited) “Exploring Neutron Drip Line and Beyond by Breakup Reactions,” June 18–23, 2017, Nuclear Chemistry, Gordon Research 
Conference, Colby-Sawyer College, New London, NH, USA, Ewha Womans University, Seoul, South Korea. 

T.Nakamura, (Invited) “Correlated neutron states near and beyond the neutron drip line,” December 18–22, 2017, International Workshop on Hadron and 
Nuclear Physics (HNP2017), RIKEN, Wako, Japan. 

T.Nakamura, (Invited) “Study of neutron drip line nuclei by breakup reactions,” May 14–19, 2017, Int. Conf. on Isospin, STructure, Reactions and 
energy Of Symmetry (ISTROS), Casta Papiernicka, Slovakia. 

T.Nakamura, (Invited) “Clustering phenomena of nuclei near the neutron drip line,” October 25–27, 2017, Workshop on Nuclear Cluster Physics 
(WNCP2017), Hokkaido Univ., Sapporo, Hokkaido, Japan. 

T.Nakamura, (Invited) “Exploring Nuclei beyond the Neutron Drip Line,” November 1–4, 2017, IIRC Symposium, Perspectives of the Physics of 
Nuclear Structure, Koshiba-Hall, U. of Tokyo, Tokyo, Japan. 

A. Corsi, “Dineutron correlation in 14Be and Spectroscopy of 13Be probed via QFS reactions,” QFS workshop, York, July 24–26 2017. 
T.Nakamura, “Exclusive Coulomb breakup of neutron drip-line nuclei,” August 8–11, 2017, SAMURAI International Collaboration Workshop, 

Lichtenberghus, Darmstadt, Germany. 
Y. Kubota, “Neutron-neutron correlation in Borromean nucleus 11Li,” SAMURAI International Collaboration Workshop 2017, Darmstadt, Germany, 

August 8–11, 2017. 
S. Sakaguchi for SAMURAI13 collaboration, “Elastic scattering of polarized proton from 6He,” SAMURAI International Collaboration Workshop 2017, 

Darmstadt, Germany, August 8–11, 2017. 
Y. Kondo, “Status report of the SAMURAI21 experiment,” SAMURAI International collaboration workshop 2017, Darmstadt Germany, 8–11 August. 
Y. Togano, “Progress report on the electric dipole response of n-ich Ca isotopes,” SAMURAI International collaboration workshop 2017, Darmstadt 

Germany, 8–11 August. 
A. Saito, “Development of high resolution neutron detector HIME,” SAMURAI International collaboration workshop 2017, Darmstadt Germany, 8–11 

August. 
T. Tomai, “The SAMURAI27 experiment: Spectroscopy of 31Ne using breakup reactions,” SAMURAI International collaboration workshop 2017, 

Darmstadt Germany, 8–11 August. 
 

[Domestic Conference] 
T.Nakamura, “Clustering and hierarchical structure of strongly-interacting systems,” 2017年 9月 13日, 日本物理学会秋の分科会シンポジウム 

“Clustering as a window on the hierarchical structure of quantum systems,” 宇都宮. 
近藤洋介 他, 「魔法数 N = 20近傍の非束縛酸素同位体の研究」, 日本物理学会 2017年秋季大会, 2017年 9月 12–15日, 宇都宮. 
栂野泰宏, 中村隆司, 小林俊雄 他 3名, SAMURAI09 Collaboration,「50,52Caの E1応答測定」, 2017年 9月, 日本物理学会秋季大会, 宇都宮. 
平山晃大, 中村隆司 他 12名, ImPACT–RIBF Collaboration,「79Se,80Seのクーロン分解反応断面積」, 2017年 9月, 日本物理学会秋季大会, 宇
都宮. 

斗米貴人, 中村隆司 他 10名, SAMURAI27 Collaboration,「分解反応を用いた 31Neの核分光 II」, 2017年 9月, 日本物理学会秋季大会, 宇都
宮. 
安田昌弘, 中村隆司, 近藤洋介, SAMURAI21 Collaboration,「陽子標的との反応による中性子過剰 F, Neのインビーム γ線核分光」, 2017年 9
月, 日本物理学会秋季大会, 宇都宮. 

松本真由子, 中村隆司 他 9名,「逆転の島領域にある中性子過剰核 32Neの核分光」, 2017年 9月, 日本物理学会秋季大会, 宇都宮. 
山田啓貴, 中村隆司 他 10名, SAMURAI27 Collaboration,「核子剥離反応を用いた逆転の島近傍核の分光」, 2017年 9月, 日本物理学会秋季
大会, 宇都宮. 
栂野泰宏,「50,52Caの E1応答測定」, 2017年 9月, 日本物理学会秋季大会, 宇都宮. 
武内聡 他 5名,「79,80Seおよび 93,94Zrのクーロン分解反応による光吸収断面積の導出」, 2017年 9月日本原子力学会秋の大会, 札幌. 
近藤洋介,「RIBFにおける非束縛酸素同位体 25-28Oの質量測定実験」, 第６回「中性子星の核物質」研究会, 2017年 12月 1–3日, 理化学研
究所, 和光市. 

三輪海彩 他 15名,「重水素標的を用いた二陽子ノックアウト反応による中性子過剰核の生成」, 2018年 3月 日本物理学会第 73回年次大会, 
野田. 

安田昌弘, 近藤洋介, 中村隆司, SAMURAI21 Collaboration,「逆転の島近傍ネオン同位体のインビーム γ線核分光」, 日本物理学会第 73回年
次大会, 野田. 
斗米貴人, 中村隆司 他 7名, SAMURAI27 Collaboration,「31Neのクーロン分解反応」, 日本物理学会第 73回年次大会, 野田. 
松本真由子, 中村隆司 他 7名, SAMURAI27 Collaboration,「中性子過剰核 32Neの非束縛準位の探索」, 日本物理学会第 73回年次大会, 野田. 
武内聡 他 6名, ImPACT–RIBF Collaboration,「クーロン分解反応による 79,80Seおよび 93,94Zrの光吸収断面積導出」, 2018年 3月 日本物理学
会第 73回年次大会, 野田. 

藤野佑亮, 「50,52Caの束縛 1-励起状態探索」, 2018年 3月 日本物理学会第 73回年次大会, 野田. 
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武内聡 他 5 名, 「79, 80Se および, 93, 94Zr のクーロン分解反応断面積の統計崩壊モデルを使った解析」, 2018 年 3 月 日本原子力学会年会, 大
阪. 

中村隆司, “Clustering  as a window on the  hierarchical structure  of quantum systems,” 2018 年 2 月 13–14 日「物質階層の原理を探求する統
合的実験研究」研究報告会, 理化学研究所, 埼玉県和光市. 

中村隆司,「原子核の実験でさぐる中性子星の核物質」, 2017 年 6 月 30 日「原子・分子・光科学(AMO)討論会」, 電気通信大学, 東京都調布
市. 

中村隆司,「量子クラスターで読み解く物質の階層構造-序」, 2018 月 3 月 30–31 日 研究会「量子クラスターで読み解く物質の階層構造」, 東
京工業大学. 

栂野泰宏,「中性子過剰核”の E1 応答測定による対称エネルギーの制限」, 2017 年 12 月, 理化学研究所. 
 
Poster Presentation 
[International Conference.] 

T. Tomai, “Spectroscopy of 31Ne using breakup reactions,” Joliot Curie School, 24–29, Sep. 2017, Les Issambres, France. 
 
[Domestic Conference] 

島田哲朗, 中村隆司, 他 9 名, SAMURAI27 Collaboration,「中性子過剰非束縛核 30F の探索」, 2018 年 3 月 日本物理学会第 73 回年次大会, 野
田. 

 
Master Thesis 

斗米貴人, 「変形誘因型ハロー核 31Ne の分解反応」, 東京工業大学理学院物理学系. 
平山晃大, 「79,80Se のクーロン分解反応断面積測定」, 東京工業大学理学院物理学系. 
 

Bachelor Thesis 
島田哲朗, 「中性子過剰非束縛核 30F の探索」, 東京工業大学. 
 

受賞 
斗米貴人, 「東京工業大学物理学コース優秀修士論文賞」, 2017 年 3 月. 
 

V. Panin, (Invited) “Dissociation of proton-rich nuclei at SAMURAI as a method to study the most critical (p,γ) reaction rates in stellar nucleosynthesi,” 
KPS 2017 meeting, Daejeon, South Korea, Apr, 2017. 

Y. Kubota, (Invited) “Probing neutron-neutron correlation in 11Li via the quasi-free (p,pn) reaction,” Hadrons and Nuclear Physics meet ultracold atoms: 
a French Japanese workshop, Paris, France, 29 January–2 February, 2018. 

Y. Kubota, (Invited) “Probing neutron-neutron correlation in 11Li through the quasi-free (p,pn) reaction,” The 244th RIKEN RIBF Nuclear Physics 
Seminar, Saitama, Japan, December 19, 2017. 

Y. Kubota, (Invited) “Dineutron correlation in Borromean nuclei,” 3rd International Workshop on Quasi-Free Scattering with Radioactive-Ion Beams: 
QFS-RB 17, York, United Kingdom, July, 24–27, 2017. 

T.Nakamura, (Invited) “Spectroscopy of drip-line nuclei using the large acceptance spectrometer SAMURAI,” October 19–20, 2017, Collaboration 
Workshop on RI and Heavy-ion Sciences, Ewha Womans University, Seoul, South Korea. 

T.Nakamura, (Invited) “Exploring Neutron Drip Line and Beyond by Breakup Reactions,” June 18–23, 2017, Nuclear Chemistry, Gordon Research 
Conference, Colby-Sawyer College, New London, NH, USA, Ewha Womans University, Seoul, South Korea. 

T.Nakamura, (Invited) “Correlated neutron states near and beyond the neutron drip line,” December 18–22, 2017, International Workshop on Hadron and 
Nuclear Physics (HNP2017), RIKEN, Wako, Japan. 

T.Nakamura, (Invited) “Study of neutron drip line nuclei by breakup reactions,” May 14–19, 2017, Int. Conf. on Isospin, STructure, Reactions and 
energy Of Symmetry (ISTROS), Casta Papiernicka, Slovakia. 

T.Nakamura, (Invited) “Clustering phenomena of nuclei near the neutron drip line,” October 25–27, 2017, Workshop on Nuclear Cluster Physics 
(WNCP2017), Hokkaido Univ., Sapporo, Hokkaido, Japan. 

T.Nakamura, (Invited) “Exploring Nuclei beyond the Neutron Drip Line,” November 1–4, 2017, IIRC Symposium, Perspectives of the Physics of 
Nuclear Structure, Koshiba-Hall, U. of Tokyo, Tokyo, Japan. 

A. Corsi, “Dineutron correlation in 14Be and Spectroscopy of 13Be probed via QFS reactions,” QFS workshop, York, July 24–26 2017. 
T.Nakamura, “Exclusive Coulomb breakup of neutron drip-line nuclei,” August 8–11, 2017, SAMURAI International Collaboration Workshop, 

Lichtenberghus, Darmstadt, Germany. 
Y. Kubota, “Neutron-neutron correlation in Borromean nucleus 11Li,” SAMURAI International Collaboration Workshop 2017, Darmstadt, Germany, 

August 8–11, 2017. 
S. Sakaguchi for SAMURAI13 collaboration, “Elastic scattering of polarized proton from 6He,” SAMURAI International Collaboration Workshop 2017, 

Darmstadt, Germany, August 8–11, 2017. 
Y. Kondo, “Status report of the SAMURAI21 experiment,” SAMURAI International collaboration workshop 2017, Darmstadt Germany, 8–11 August. 
Y. Togano, “Progress report on the electric dipole response of n-ich Ca isotopes,” SAMURAI International collaboration workshop 2017, Darmstadt 

Germany, 8–11 August. 
A. Saito, “Development of high resolution neutron detector HIME,” SAMURAI International collaboration workshop 2017, Darmstadt Germany, 8–11 

August. 
T. Tomai, “The SAMURAI27 experiment: Spectroscopy of 31Ne using breakup reactions,” SAMURAI International collaboration workshop 2017, 

Darmstadt Germany, 8–11 August. 
 

[Domestic Conference] 
T.Nakamura, “Clustering and hierarchical structure of strongly-interacting systems,” 2017年 9月 13日, 日本物理学会秋の分科会シンポジウム 

“Clustering as a window on the hierarchical structure of quantum systems,” 宇都宮. 
近藤洋介 他, 「魔法数 N = 20近傍の非束縛酸素同位体の研究」, 日本物理学会 2017年秋季大会, 2017年 9月 12–15日, 宇都宮. 
栂野泰宏, 中村隆司, 小林俊雄 他 3名, SAMURAI09 Collaboration,「50,52Caの E1応答測定」, 2017年 9月, 日本物理学会秋季大会, 宇都宮. 
平山晃大, 中村隆司 他 12名, ImPACT–RIBF Collaboration,「79Se,80Seのクーロン分解反応断面積」, 2017年 9月, 日本物理学会秋季大会, 宇
都宮. 
斗米貴人, 中村隆司 他 10名, SAMURAI27 Collaboration,「分解反応を用いた 31Neの核分光 II」, 2017年 9月, 日本物理学会秋季大会, 宇都
宮. 

安田昌弘, 中村隆司, 近藤洋介, SAMURAI21 Collaboration,「陽子標的との反応による中性子過剰 F, Neのインビーム γ線核分光」, 2017年 9
月, 日本物理学会秋季大会, 宇都宮. 

松本真由子, 中村隆司 他 9名,「逆転の島領域にある中性子過剰核 32Neの核分光」, 2017年 9月, 日本物理学会秋季大会, 宇都宮. 
山田啓貴, 中村隆司 他 10名, SAMURAI27 Collaboration,「核子剥離反応を用いた逆転の島近傍核の分光」, 2017年 9月, 日本物理学会秋季
大会, 宇都宮. 
栂野泰宏,「50,52Caの E1応答測定」, 2017年 9月, 日本物理学会秋季大会, 宇都宮. 
武内聡 他 5名,「79,80Seおよび 93,94Zrのクーロン分解反応による光吸収断面積の導出」, 2017年 9月日本原子力学会秋の大会, 札幌. 
近藤洋介,「RIBFにおける非束縛酸素同位体 25-28Oの質量測定実験」, 第６回「中性子星の核物質」研究会, 2017年 12月 1–3日, 理化学研
究所, 和光市. 
三輪海彩 他 15名,「重水素標的を用いた二陽子ノックアウト反応による中性子過剰核の生成」, 2018年 3月 日本物理学会第 73回年次大会, 
野田. 
安田昌弘, 近藤洋介, 中村隆司, SAMURAI21 Collaboration,「逆転の島近傍ネオン同位体のインビーム γ線核分光」, 日本物理学会第 73回年
次大会, 野田. 
斗米貴人, 中村隆司 他 7名, SAMURAI27 Collaboration,「31Neのクーロン分解反応」, 日本物理学会第 73回年次大会, 野田. 
松本真由子, 中村隆司 他 7名, SAMURAI27 Collaboration,「中性子過剰核 32Neの非束縛準位の探索」, 日本物理学会第 73回年次大会, 野田. 
武内聡 他 6名, ImPACT–RIBF Collaboration,「クーロン分解反応による 79,80Seおよび 93,94Zrの光吸収断面積導出」, 2018年 3月 日本物理学
会第 73回年次大会, 野田. 

藤野佑亮, 「50,52Caの束縛 1-励起状態探索」, 2018年 3月 日本物理学会第 73回年次大会, 野田. 
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RIBF Research Division 
Research Instruments Group  
Computing and Network Team 

 
1. Abstract 

This team is in charge of development, management and operation of the computing and network environment, mail and information 
servers and data acquisition system and management of the information security of the RIKEN Nishina Center. 
 
2. Major Research Subjects 
(1) Development, management and operation of the general computing servers  
(2) Development, management and operation of the mail and information servers 
(3) Development, management and operation of the data acquisition system  
(4) Development, management and operation of the network environment 
(5) Management of the information security  
 
3. Summary of Research Activity 

This team is in charge of development, management and operation of the computing and network environment, mail and information 
servers and data acquisition system and management of the information security. The details are described elsewhere in this progress report. 
(1) Development, management and operation of the general computing servers  

We are operating Linux/Unix NIS/NFS cluster system for the data analysis of the experiments and general computing. This cluster 
system consists of eight computing servers with 64 CPU cores and totally 200 TB RAID of highly-reliable Fibre-channel interconnection. 
Approximately 700 user accounts are registered on this cluster system. We are adopting the latest version of the Scientific Linux (X86_64) 
as the primary operating system, which is widely used in the accelerator research facilities, nuclear physics and high-energy physics 
communities in the world.  
(2) Development, management and operation of the mail and information servers 
    We are operating RIBF.RIKEN.JP server as a mail/NFS/NIS server. This server is a core server of RIBF Linux cluster system. Postfix 
has been used for mail transport software and dovecot has been used for imap and pop services. These software packages enable secure and 
reliable mail delivery.  Because seven years have passed since the installation of this sever (HP-DL380G7), we replaced the server to 
HP-DL380G9 and RAID file system in January 2018. The current OS is Scientific Linux 7.5. Sophos Email Security and Control (PMX) 
installed on the mail front-end servers which tags spam mails and isolates virus-infected mails. The probability to identify the spam is 
approximately 95-99%.  We noticed that virus-infected mails were occasionally not detected by PMX in the case of new types of virus. 
Therefore, we added a new rule to PMX to isolate and remove executable image files attached in mail because they are often aimed at virus 
infection. As a result, most of the viruses in mails are successfully blocked by PMX. We are operating several information servers such as 
Web servers, Integrated Digital Conference (INDICO) server, Wiki servers, Groupware servers, Wowza streaming servers.  An 
anonymous ftp server, FTP.RIKEN.JP , is managed and operated at the RNC. Major Linux distributions, including Scientific Linux, 
Ubuntu and CentOS, are mirrored daily for the convenience of their users and for facilitating high-speed access. An HP PloLiant 
DL-380G6 server was installed in 2009, and it was replaced by DL-380G9 in June 2017. Simultaneously, the OS was upgraded from SL 
5.11 to SL 7.3. We have been operating approximately 70 units of wireless LAN access points in RNC. Almost the entire 
radiation-controlled area of the East Area of RIKEN Wako campus is covered by wireless LAN for the convenience of experiments and 
daily work. Since the devices used for the Wireless LAN access points became obsolete, all of them were replaced by WAPM-1166D in 
2016 and 2017, which supports the protocols of 802.11b, 11g, 11a, 11n, and 11ac. The UPS system of RIBF 1F server room (20KVA) was 
replaced in the summer of 2017 because they were installed in 2005 and exceeded the design life of 10 years. 
(3) Development, management and operation of the data acquisition system 

We have developed the standard data-acquisition system named as RIBFDAQ. This system can process up to 40 MB/s data. By using 
parallel readout from front-end systems, the dead time could be small. To synchronize the independent DAQ systems, the time stamping 
system has been developed. The resolution and depth of the time stamp are 10 ns and 48 bit, respectively. This time stamping system is 
very useful for beta decay experiments such as EURICA and BRIKEN projects. The current main task is the DAQ coupling, because 
detector systems with dedicated DAQ systems are transported to RIBF from foreign facilities. In case of SAMURAI Silicon 
(NSCL/TUM/WUSTL), the readout system is integrated into RIBFDAQ. The projects of MUST2 (GANIL), MINOS (CEA Saclay), 
NeuLAND (GSI) and TRB3 (TUM) cases, data taken by their DAQ systems are transferred to RIBFDAQ. For SPIRIT 
(RIKEN/GANIL/CEA Saclay/NSCL), RIBFDAQ is controlled from the NARVAL-GET system that is a large-scale signal processing 
system for the time projection chamber. EURICA (GSI), BRIKEN (GSI/Univ. Liverpool/IFIC), VANDLE (UTK) and OTPC (U. Warsaw) 
projects, we adopt the time stamping system to use individual trigger for each detector system. In this case, data are merged in offline. In 
addition to the development DAQ system, we are developing intelligent circuits based on FPGA. Mountable Controller (MOCO) is a very 
fast readout controller for VME modules. General Trigger Operator (GTO) is an intelligent triggering NIM module. Functions of “common 
trigger management”, “gate and delay generator”, “scaler” are successfully implemented. The trigger system in BigRIPS DAQ has been 
successfully upgraded by 5 GTO modules. 
(4) Development, management and operation of the network environment 

We have been managing the network environment collaborating with Advanced Center for Computing and Communications (ACCC). 
All the Ethernet ports of the information wall sockets are capable of the Gigabit Ethernet connection (10/100/1000BT).  In addition, a 10 
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Gbps network port has been introduced to the RIBF Experimental area in for the high speed data transfer of RIBF experiment to ACCC in 
near future.  Approximately 65 units of wireless LAN access points have been installed to cover the almost entire area of Nishina Center.  
(5) Management of the information security 

It is essential to take proper information security measures for information assets. 
We are managing the information security of Nishina Center collaborating with ACCC. 

 
 
Members  
 

Team Leader 
Takashi ICHIHARA (concurrent; Vice Chief Scientist, RI Physics 

Lab.) 
 

Research & Technical Scientist 
Yasushi WATANABE (concurrent; Senior Research Scientist, 

Radiation Lab.) 
 
Nishina Center Research Scientist 

Hidetada BABA 
 
 
List of Publications & Presentations  
 
Publications 
 [Journal] 

(Original Papers) *Subject to Peer Review  
C. Aidala et al. (PHENIX Collaboration), “B-meson production at forward and backward rapidity in p + p and Cu + Au collisions at √sNN = 200 GeV,” 

Phys. Rev. C 96, 064901 (2017). 
A. Adare et al. (PHENIX Collaboration), “Measurements of e+e− pairs from open heavy flavor in p + p and d + A collisions at √sNN = 200 GeV,” Phys. 

Rev. C 96, 024907 (2017). 
C. Aidala et al. (PHENIX Collaboration), “Cross section and transverse single-spin asymmetry of muons from open heavy-flavor decays in polarized p+p 

collisions at √s = 200  GeV,” Phys. Rev. D 95, 112001 (2017). 
A. Adare et al. (PHENIX Collaboration), “Angular decay coefficients of J/ψ mesons at forward rapidity from p + p collisions at √s = 510  GeV,”  

Phys. Rev. D 95, 092003 (2017). 
C. Aidala et al. (PHENIX Collaboration), “Measurements of B→J/ψ at forward rapidity in p + p collisions at √s = 510  GeV, Phys. Rev. D 95, 092002 

(2017). 
A. Adare et al. (PHENIX Collaboration), “Nonperturbative-transverse-momentum effects and evolution in dihadron and direct photon-hadron angular 

correlations in p + p collisions at √s = 510 GeV,” Phys. Rev. D 95, 072002 (2017). 
 

Oral Presentations 
[International Conference] 

H. Baba, “Study of low-lying states in unstable oxygen isotopes using isoscalar and isovector probes,” IVth Topical Workshop on Modern Aspects in 
Nuclear Structure, Bormio, Italy, 19−25th February, 2018 (Invited). 

[Domestic Conference] 
H. Baba, “Development of the multihost-type DAQ front-end system,” JPS Annual Meeting, 22−25th March, Noda, Chiba, Japan, 2018. 

 

RIBF Research Division 
Research Instruments Group  
Computing and Network Team 

 
1. Abstract 

This team is in charge of development, management and operation of the computing and network environment, mail and information 
servers and data acquisition system and management of the information security of the RIKEN Nishina Center. 
 
2. Major Research Subjects 
(1) Development, management and operation of the general computing servers  
(2) Development, management and operation of the mail and information servers 
(3) Development, management and operation of the data acquisition system  
(4) Development, management and operation of the network environment 
(5) Management of the information security  
 
3. Summary of Research Activity 

This team is in charge of development, management and operation of the computing and network environment, mail and information 
servers and data acquisition system and management of the information security. The details are described elsewhere in this progress report. 
(1) Development, management and operation of the general computing servers  

We are operating Linux/Unix NIS/NFS cluster system for the data analysis of the experiments and general computing. This cluster 
system consists of eight computing servers with 64 CPU cores and totally 200 TB RAID of highly-reliable Fibre-channel interconnection. 
Approximately 700 user accounts are registered on this cluster system. We are adopting the latest version of the Scientific Linux (X86_64) 
as the primary operating system, which is widely used in the accelerator research facilities, nuclear physics and high-energy physics 
communities in the world.  
(2) Development, management and operation of the mail and information servers 
    We are operating RIBF.RIKEN.JP server as a mail/NFS/NIS server. This server is a core server of RIBF Linux cluster system. Postfix 
has been used for mail transport software and dovecot has been used for imap and pop services. These software packages enable secure and 
reliable mail delivery.  Because seven years have passed since the installation of this sever (HP-DL380G7), we replaced the server to 
HP-DL380G9 and RAID file system in January 2018. The current OS is Scientific Linux 7.5. Sophos Email Security and Control (PMX) 
installed on the mail front-end servers which tags spam mails and isolates virus-infected mails. The probability to identify the spam is 
approximately 95-99%.  We noticed that virus-infected mails were occasionally not detected by PMX in the case of new types of virus. 
Therefore, we added a new rule to PMX to isolate and remove executable image files attached in mail because they are often aimed at virus 
infection. As a result, most of the viruses in mails are successfully blocked by PMX. We are operating several information servers such as 
Web servers, Integrated Digital Conference (INDICO) server, Wiki servers, Groupware servers, Wowza streaming servers.  An 
anonymous ftp server, FTP.RIKEN.JP , is managed and operated at the RNC. Major Linux distributions, including Scientific Linux, 
Ubuntu and CentOS, are mirrored daily for the convenience of their users and for facilitating high-speed access. An HP PloLiant 
DL-380G6 server was installed in 2009, and it was replaced by DL-380G9 in June 2017. Simultaneously, the OS was upgraded from SL 
5.11 to SL 7.3. We have been operating approximately 70 units of wireless LAN access points in RNC. Almost the entire 
radiation-controlled area of the East Area of RIKEN Wako campus is covered by wireless LAN for the convenience of experiments and 
daily work. Since the devices used for the Wireless LAN access points became obsolete, all of them were replaced by WAPM-1166D in 
2016 and 2017, which supports the protocols of 802.11b, 11g, 11a, 11n, and 11ac. The UPS system of RIBF 1F server room (20KVA) was 
replaced in the summer of 2017 because they were installed in 2005 and exceeded the design life of 10 years. 
(3) Development, management and operation of the data acquisition system 

We have developed the standard data-acquisition system named as RIBFDAQ. This system can process up to 40 MB/s data. By using 
parallel readout from front-end systems, the dead time could be small. To synchronize the independent DAQ systems, the time stamping 
system has been developed. The resolution and depth of the time stamp are 10 ns and 48 bit, respectively. This time stamping system is 
very useful for beta decay experiments such as EURICA and BRIKEN projects. The current main task is the DAQ coupling, because 
detector systems with dedicated DAQ systems are transported to RIBF from foreign facilities. In case of SAMURAI Silicon 
(NSCL/TUM/WUSTL), the readout system is integrated into RIBFDAQ. The projects of MUST2 (GANIL), MINOS (CEA Saclay), 
NeuLAND (GSI) and TRB3 (TUM) cases, data taken by their DAQ systems are transferred to RIBFDAQ. For SPIRIT 
(RIKEN/GANIL/CEA Saclay/NSCL), RIBFDAQ is controlled from the NARVAL-GET system that is a large-scale signal processing 
system for the time projection chamber. EURICA (GSI), BRIKEN (GSI/Univ. Liverpool/IFIC), VANDLE (UTK) and OTPC (U. Warsaw) 
projects, we adopt the time stamping system to use individual trigger for each detector system. In this case, data are merged in offline. In 
addition to the development DAQ system, we are developing intelligent circuits based on FPGA. Mountable Controller (MOCO) is a very 
fast readout controller for VME modules. General Trigger Operator (GTO) is an intelligent triggering NIM module. Functions of “common 
trigger management”, “gate and delay generator”, “scaler” are successfully implemented. The trigger system in BigRIPS DAQ has been 
successfully upgraded by 5 GTO modules. 
(4) Development, management and operation of the network environment 

We have been managing the network environment collaborating with Advanced Center for Computing and Communications (ACCC). 
All the Ethernet ports of the information wall sockets are capable of the Gigabit Ethernet connection (10/100/1000BT).  In addition, a 10 
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RIBF Research Division 
Research Instruments Group  
Detector Team 

 
1. Abstract 

This team is in charge of development, fabrication, and operation of various detectors used for nuclear physics experiments at RIBF. 
Our current main mission is maintenance and improvement of detectors which are used at BigRIPS separator and its succeeding beam lines 
for beam diagnosis and particle identification of RI beams. We are also engaged in R&D of new detectors that can be used for 
higher-intensity RI beams. In addition, we are doing the R&D which uses the pelletron accelerator together with other groups. 
 
2. Major Research Subjects 

Development, fabrication, and operation of various detectors for nuclear physics experiments, including beam-line detectors which are 
used for the production and delivery of RI beams (beam diagnosis and particle identification). R&D which uses the pelletron accelerator. 
 
3. Summary of Research Activity 

The current research subjects are summarized as follows: 
(1) Maintenance and improvement of the beam-line detectors which are used at BigRIPS separator and its succeeding beam lines. 
(2) Development of new beam-line detectors with radiation hardness and tolerance for higher counting rates 
(3) Management of the pelletron accelerator and R&D which uses the pelletron 
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(Original Papers) *Subject to Peer Review  
J.W. Hwang, S. Kim, Y. Satou, N.A. Orr, Y. Kondo, T. Nakamura, J. Gibelin, N.L. Achouri, T. Aumann, H. Baba, F. Delaunay, P. Doornenbal, N. 

Fukuda, N. Inabe, T. Isobe, D. Kameda, D. Kanno, N. Kobayashi, T. Kobayashi, T. Kubo, S. Leblond, J. Lee, F.M. Marques, R. Minakata, T. 
Motobayashi, D. Murai, T. Murakami, K. Muto, T. Nakashima, N. Nakatsuka, A. Navin, S. Nishi, S. Ogoshi, H. Otsu, H. Sato, Y. Shimizu, H. Suzuki, 
K. Takahashi, H. Takeda, S. Takeuchi, R. Tanaka, Y. Togano, A.G. Tuff, M. Vandebrouck, K. Yoneda, “Single-neutron knockout from C-20 and the 
structure of C-19,” Phys. Lett. B 769, 503−508 (2017). * 

H. Suzuki, T. Kubo, N. Fukuda, N. Inabe, D. Kameda, H. Takeda, K. Yoshida, K. Kusaka, Y. Yanagisawa, M. Ohtake, H. Sato, Y. Shimizu, H. Baba, M. 
Kurokawa, K. Tanaka, O.B. Tarasov, D. Bazin, D.J. Morrissey, B.M. Sherrill, K. Ieki, D. Murai, N. Iwasa, A. Chiba, Y. Ohkoda, E. Ideguchi, S. Go, R. 
Yokoyama, T. Fujii, D. Nishimura, H. Nishibata, S. Momota, M. Lewitowicz, G. DeFrance, I. Celikovic, K. Steiger, “Discovery of new isotopes 
Mo-81,Mo-82 and Ru-85,Ru-86 and a determination of the particle instability of Sb-103,” Phy. Rev. C 96, 034604 (2017). * 

N. Fukuda, T. Kubo, D.,Kameda, N. Inabe, H. Suzuki, Y. Shimizu, H. Takeda, K. Kusaka, Y. Yanagisawa1 M. Ohtake, K. Tanaka, K. Yoshida, H. Sato, 
H. Baba, M. Kurokawa, T. Ohnishi, N. Iwasa, A. Chiba, T. Yamada, E. Ideguchi, S. Go, R. Yokoyama, T. Fujii, H. Nishibata, K. Ieki, D. Murai, S. 
Momota, D. Nishimura, Y. Sato, J.W. Hang, S. Kim, O.B. Tarasov, D.J. Morrissey, G. Simpson, “Identification of New Neutron-Rich Isotopes in the 
Rare-Earth Region Produced by 345 MeV/nucleon U-238,” J Phys. Soc. Jpn. 87, 014202 (2018). * 
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Xu, A. Odahara, A. Yagi, H. Nishibata, R. Lozeva, C. Moon, H.S. Jung, “Observation of New Neutron-rich Isotopes among Fission Fragments from 
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In-flight Fission of 345 MeV/nucleon U-238: Search for New Isotopes Conducted Concurrently with Decay Measurement Campaigns,” J Phys. Soc. 
Jpn. 87, 014203 (2018). * 

J. A. Tanis, D. Keerthisinghe, S. Wichhramarachchi, T. Ikeda, and N. Stolterfoht, “Charge deposition dependence of electron transmission through PET 
nanocapillaries and a tapered glass microcapillary,” Nucl. Instrum. Methods Phys. Res. B 423, 1−6 (2018). * 
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H. Sato, “SAMURAI magnet,” CBM Dipole Conceptual Design Review, (GSI), Darmstadt, Geramany, May (2017). 
M. Ohno, T. Irimatsugawa, Y. Miura, H. Takahashi, T. Ikeda, C. Otani, M. Sakama, and N. Matsufuji, “Calorimetry of Heavy Charged Particle by 

superconducting transition edge sensor,” 17th International Workshop on Low Temperature Detectors (LTD17), (Kyusyu University), Fukuoka, July 
(2017). 

T. Ikeda, T. M. Kojima, Y. Natsume, J. Kimura, and T. Abe, “Active discharging method for stable transmission of slow highly-charged ions through 
sub-micron glass capillary,” The 25th International Symposium on Ion-Atom Collisions (ISIAC 2017), (Hotel Grand Chancellor), Palm Cove, 
Queensland, Australia, July (2017). 

T. Ikeda, T. M. Kojima, Y. Natsume, J. Kimura, and T. Abe, “Active discharging method for stable transmission of keV highly charged ion microbeams 
through tapered glass capillary,” 22nd International Workshop on Inelastic Ion-Surface Collisions (IISC-22), (Hotel Schloss Eckberg), Dresden, 
Germany, September (2017). 

 [Domestic Conference] 
池田時浩, 浜垣 学, 佐藤 広海, 小林知洋,「理化学研究所におけるタンデム加速器の現状（2016－2017 年度）」, 第 30 回「タンデム加速器
及びその周辺技術の研究会」, （セラトピア土岐）, 岐阜県土岐市, 7月 (2017). 
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RIBF Research Division 
Research Instruments Group  
Detector Team 

 
1. Abstract 

This team is in charge of development, fabrication, and operation of various detectors used for nuclear physics experiments at RIBF. 
Our current main mission is maintenance and improvement of detectors which are used at BigRIPS separator and its succeeding beam lines 
for beam diagnosis and particle identification of RI beams. We are also engaged in R&D of new detectors that can be used for 
higher-intensity RI beams. In addition, we are doing the R&D which uses the pelletron accelerator together with other groups. 
 
2. Major Research Subjects 

Development, fabrication, and operation of various detectors for nuclear physics experiments, including beam-line detectors which are 
used for the production and delivery of RI beams (beam diagnosis and particle identification). R&D which uses the pelletron accelerator. 
 
3. Summary of Research Activity 

The current research subjects are summarized as follows: 
(1) Maintenance and improvement of the beam-line detectors which are used at BigRIPS separator and its succeeding beam lines. 
(2) Development of new beam-line detectors with radiation hardness and tolerance for higher counting rates 
(3) Management of the pelletron accelerator and R&D which uses the pelletron 
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RIBF Research Division 
Accelerator Applications Research Group 

 
1. Abstract 

This group promotes various applications of ion beams from RI Beam Factory (RIBF). Ion Beam Breeding Team studies various 
biological effects of fast heavy ions and develops new technology to breed plants and microbes by heavy-ion irradiations. RI Applications 
Team studies production and application of radioisotopes for various research fields, development of trace element analysis and its 
application, and development of chemical materials for ECR ion sources of RIBF accelerators.    
 
2. Major Research Subjects 

Research and development in biology, chemistry and materials science utilizing heavy-ion beams from RI Beam Factory.    
 
3. Summary of Research Activity 

(1) Biological effects of fast heavy ions 
(2) Molecular nature of DNA alterations induced by heavy-ion irradiation 
(3) Research and development of heavy-ion breeding 
(4) RI application researches 
(5) Research and development of RI production technology at RIBF 
(6) Developments of trace elements analyses 
(7) Development of chemical materials for ECR ion sources of RIBF accelerators 

 
 
Members  
 

Group Director 
Tomoko ABE 
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Publications and presentations for each research team are listed in subsections. 
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RIBF Research Division 
Accelerator Applications Research Group  
Ion Beam Breeding Team 

 
1. Abstract 

Ion beam breeding team studies various biological effects of fast heavy ions. It also develops new technique to breed plants and 
microbes by heavy-ion irradiations. Fast heavy ions can produce dense and localized ionizations in matters along their tracks, in contrast to 
photons (X rays and gamma rays) which produce randomly distributed isolated ionizations. These localized and dense ionization can cause 
double-strand breaks of DNA which are not easily repaired and result in mutation more effectively than single-strand breaks. A unique 
feature of our experimental facility at the RIKEN Ring Cyclotron (RRC) is that we can irradiate living tissues in atmosphere since the 
delivered heavy-ion beams have energies high enough to penetrate deep in matter. This team utilizes a dedicated beam line (E5B) of the 
RRC to irradiate microbes, plants and animals with beams ranging from carbon to iron. Its research subjects cover physiological study of 
DNA repair, genome analyses of mutation, and development of mutation breeding of plants by heavy-ion irradiation. Some new cultivars 
have already been brought to the market. 
 
2. Major Research Subjects 

(1) Study on the biological effects by heavy-ion irradiation  
(2) Study on the molecular nature of DNA alterations induced by heavy-ion irradiation 
(3) Innovative applications of heavy-ion beams 

 
3. Summary of Research Activity 

We study biological effects of fast heavy ions from the RRC using 135A MeV C, N, Ne ions, 95A MeV Ar ions, 90A MeV Fe ions and 
from the IRC using 160A MeV Ar ions. We also develop breeding technology of microbes and plants. Main subjects are:  
(1) Study on the biological effects by heavy-ion irradiation 

Heavy-ion beam deposits a concentrated amount of dose at just before stop with severely changing the linear energy transfer (LET). 
The peak of LET is achieved at the stopping point and known at the Bragg peak (BP). It is well known to be good for cancer therapy to 
adjust the BP to target malignant cells. On the other hand, a uniform dose distribution is a key to the systematic study for heavy-ion 
mutagenesis, and thus to the improvement of the mutation efficiency. Therefore plants and microbes are treated using ions with stable LET. 
We investigated the effect of LET ranging from 23 to 640 keV/μm, on mutation induction using dry seeds of the model plants Arabidopsis 
thaliana. The most effective LET (LETmax) was 30 keV/μm. LETmax irradiations showed the same mutation rate as that by chemical 
mutagens, which typically cause high mutation rate. The LETmax of imbibed rice (Oryza sativa L.) seeds, dry rice seeds and dry wheat 
(Triticum monococcum) seeds were shown to be 50−63 keV/μm, 23−30 keV/μm and 50 keV/μm, respectively. In the case of microbe 
(Mesorhizobium lothi), the results showed a higher incidence of deletion mutations for Fe ions at 640 keV/μm than for C ions at 23−40 
keV/μm. Thus, the LET is an important factor to be considered in heavy-ion mutagenesis. 
(2) Study on the molecular nature of DNA alterations induced by heavy-ion irradiation 

Detailed analyses on the molecular nature of DNA alterations have been reported as an LET-dependent effect for induced mutation. 
The most mutations were deletions ranging from a few to several tens of base pairs (bp) in the Arabidpsis thaliana mutants induced by 
irradiation with C ions at 30 keV/μm and rice mutants induced by irradiation with C ions at 50 keV/μm or Ne ions at 63 keV/μm. LETmax 
is effective for breeding because of its very high mutation frequency. Since most mutations are small deletions, these are sufficient to 
disrupt a single gene. Thus, irradiation can efficiently generate knockout mutants of a target gene, and can be applied to reverse genetics. 
On the other hand, irradiation with Ar ions at 290 keV/μm showed a mutation spectrum different from that at LETmax: the proportion of 
small deletions (<1 kbp) was low, while that of large deletions ranging from several to several tens of kbp, and rearrangements was high. 
Many genes in the genome (> 10%) are composed of tandem duplicated genes that share functions. For knockout of the tandem duplicated 
genes, large deletions are required, and the appropriate deletion size is estimated to be around 5−10 kbp and 10−20 kbp based on the gene 
density in Arabidpsis and rice, respectively. No method is currently available to efficiently generate deletion mutants of this size. As such, 
higher LET irradiation is promising as a new mutagen suitable for the functional analysis of tandem duplicated genes.  
(3) Innovative application of heavy-ion beams 

We have formed a consortium for ion-beam breeding.  It consisted of 24 groups in 1999, in 2017, it consisted of 176 groups from 
Japan and 11 from overseas. Breeding was performed previously using mainly flowers and ornamental plants. We have recently put a new 
sweet-smelling onion cultivar with tearless and non-pungent, ‘Smile Balls’ on the market. Beneficial variants have been grown for various 
plant species, such as high yield rice, semi-dwarf early rice, semi-dwarf buckwheat, semi-dwarf barley, hypoallergenic peanut, spineless 
oranges, non-flowering Eucalyptus and lipids-hyperaccumulating unicellular alga. The target of heavy-ion breeding is extended from 
flowers to crops so that it will contribute to solve the global problems of food and environment. We collaborate with the National Research 
and Development Agency, Japan Fisheries Research and Education Agency and Nagasaki University. The monogonont rotifer (Brachionus 
spp.) is a complex species and an essential food source for finfish aquaculture. The B. plicatilis is divided into three major clades (small, 
medium and large(L)) based on body length. Although the body size ranges from 100 to 300 μm in length, a mutation breeding of rotifers 
with larger size is expected for the purpose of productivity improvement in the aquaculture industry. Therefore, we conducted a large-scale 
screening to isolate gigantic rotifers by heavy-ion-beam irradiation to L-type rotifers. Then we have established some dozens of mutant 
lines that have an average length of over 350 μm (a maximum length reached 394 μm) through over ten thousand of individual mutagenized 
lines. These data will be useful to choose the suitable lines that satisfies the request of the aquaculture industry. 

RIBF Research Division 
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1. Abstract 

This group promotes various applications of ion beams from RI Beam Factory (RIBF). Ion Beam Breeding Team studies various 
biological effects of fast heavy ions and develops new technology to breed plants and microbes by heavy-ion irradiations. RI Applications 
Team studies production and application of radioisotopes for various research fields, development of trace element analysis and its 
application, and development of chemical materials for ECR ion sources of RIBF accelerators.    
 
2. Major Research Subjects 

Research and development in biology, chemistry and materials science utilizing heavy-ion beams from RI Beam Factory.    
 
3. Summary of Research Activity 

(1) Biological effects of fast heavy ions 
(2) Molecular nature of DNA alterations induced by heavy-ion irradiation 
(3) Research and development of heavy-ion breeding 
(4) RI application researches 
(5) Research and development of RI production technology at RIBF 
(6) Developments of trace elements analyses 
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1. Abstract 

The RI Applications Team develops production technologies of radioisotopes (RIs) at RIKEN RI Beam Factory (RIBF) for application 
studies in the fields of physics, chemistry, biology, engineering, medicine, pharmaceutical and environmental sciences. We use the RIs 
mainly for nuclear and radiochemical studies such as RI production and superheavy element chemistry. The purified RIs such as 65Zn, 85Sr, 
88Y, and 109Cd are delivered to universities and institutes through Japan Radioisotope Association. We also develop new technologies of 
mass spectrometry for the trace-element analyses using accelerator technology and apply them to the research fields such as 
cosmochemistry, environmental science, archaeology and so on. We also develop chemical materials for ECR ion sources of heavy-ion 
accelerators in RIBF.  
 
2. Major Research Subjects 
(1) Research and development of RI production technology at RIBF  
(2) RI application researches 
(3) Development of trace element and isotope analyses and their applications to geoscience and environmental science 
(4) Development of chemical materials for ECR ion sources of heavy-ion accelerators in RIBF  
 
3. Summary of Research Activity 
(1) Research and development of RI production technology at RIBF and RI application studies 

Due to its high sensitivity, the radioactive tracer technique has been successfully applied for investigations of the behavior of elements 
in the fields of chemistry, biology, engineering, medicine, pharmaceutical and environmental sciences. We have been developing 
production technologies of useful radiotracers at RIBF and conducting their application studies in collaboration with many researchers in 
various fields. With 14-MeV proton, 24-MeV deuteron, and 50-MeV alpha beams from the AVF cyclotron, we presently produce about 50 
radiotracers from 7Be to 211At. Among them, 65Zn, 85Sr, 88Y, and 109Cd are delivered to Japan Radioisotope Association for fee-based 
distribution to the general public in Japan. Our RIs are also distributed to researchers under the Supply Platform of Short-lived 
Radioisotopes for Fundamental Research, supported by MEXT KAKENHI. On the other hand, radionuclides of a large number of elements 
are simultaneously produced from metallic targets such as natTi, natAg, natHf, and 197Au irradiated with a 135-MeV nucl.–1 14N beam from 
the RIKEN Ring Cyclotron. These multitracers are also supplied to universities and institutes as collaborative researches. 

In 2017, we developed production technologies of radioisotopes such as 24Na, 42, 43K, 44mSc, 48, 51Cr, 67Cu, 74As, 88Y, 135mBa, 139Ce, 
143Pm, 206Bi, and 211At which were strongly demanded but lack supply sources in Japan. We also investigated the excitation functions for 
the 64Ni(α, x), 89Y(α, x), natZr(α, x), natIn(α, x), 169Tm(α, x), natYb(α, x), natHf(α, x), and natW(α, x) reactions to quantitatively produce useful 
RIs. We used radiotracers of 48, 51Cr, 74As, 88Y, 135mBa, 139Ce, 143Pm, 206Bi, and 211At for application studies in chemistry, 24Na, 42,43K, 44mSc, 
67Cu, and 211At in nuclear medicine, and 88Zr and 175Hf in geochemistry. We also produced 65Zn, 85Sr, 88Y, and 109Cd for our scientific 
researches on a regular schedule and supplied the surpluses through Japan Radioisotope Association to the general public. In 2017, we 
accepted 2 orders of 65Zn with a total activity of 5.5 MBq, 1 order of 85Sr with 3.7 MBq, and 2 orders of 88Y with 2 MBq. We also 
distributed 44mSc (5 MBq × 1), 67Cu (10 MBq × 1), 88Zr (1 MBq × 1 and 2 MBq × 1), 121mTe (2 MBq × 1), and 211At (40 MBq × 3) under 
the Supply Platform of Short-lived Radioisotopes for Fundamental Research. 
(2) Superheavy element chemistry 

Chemical characterization of newly-discovered superheavy elements (SHEs, atomic numbers Z ≥ 104) is an extremely interesting and 
challenging subject in modern nuclear and radiochemistry. We are developing SHE production systems as well as rapid single-atom 
chemistry apparatuses at RIBF. Using heavy-ion beams from RILAC and AVF, 261Rf (Z = 104), 262Db (Z = 105), 265Sg (Z = 106) and 266Bh 
(Z = 107) are produced in the 248Cm(18O, 5n)261Rf, 248Cm(19F, 5n)262Db, 248Cm(22Ne, 5n)265Sg, and 248Cm(23Na, 5n)266Bh reactions, 
respectively, and their chemical properties are investigated. 

We installed a gas-jet transport system to the focal plane of the gas-filled recoil ion separator GARIS at RILAC. This system is a 
promising approach for exploring new frontiers in SHE chemistry: the background radiation from unwanted products are strongly 
suppressed, the intense primary heavy-ion beam is absent in the gas-jet chamber, and hence the high gas-jet extraction yield is attained. 
Furthermore, the beam-free conditions make it possible to investigate new chemical systems. To realize aqueous chemistry studies of Sg 
and Bh, we have been developing a continuous and rapid solvent extraction apparatus which consists of a continuous dissolution apparatus 
Membrane DeGasser (MDG), a Flow Solvent Extractor (FSE), and a liquid scintillation detector for α/SF-spectrometry. On the other hand, 
we installed a gas-jet coupled target system and a safety system for a radioactive 248Cm target on the beam line of AVF. A chemistry 
laboratory, AVF hot laboratory, was also constructed on the upper floor of AVF. Aqueous chemistry apparatuses for ion exchange, solvent 
extraction, and electrolysis are under development together with an automated α-particle detection system.  

In 2017, we produced radiotracers of 88Zr, 92m, 95Nb, 93mMo, 95mTc, 175Hf, 179Ta, 179m, 181W, and 183Re at AVF and conducted model 
experiments for aqueous chemistry studies on Rf, Db, Sg, and Bh. 
(3) Development of trace element and isotope analyses and their applications to geoscience and environmental science 

We have been developing the ECR Ion Source Mass Spectrometer (ECRIS-MS) for trace element analyses. In 2017, we renovated the 
detection system of ECRIS-MS and evaluated sensitivity and mass resolution power. We equipped a laser-ablation system with an ion 
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source and a pre-concentration system to achieve high-resolution analyses for noble gases such as Kr and Xe. This technique is expected to 
monitor the atmosphere around nuclear power plants.  

Using the conventional ICP-MS, TIMS, IRMS and so on, we analyzed sediments such as a ferro-manganese nodule in the Pacific 
Ocean to elucidate its growth history concerning the environmental changes in the ocean. We also studied lead and sulfur isotope ratios on 
cinnabar and asphalt samples from ancient ruins in Japan to elucidate the distribution of goods in the archaic society and to reveal the 
establishment of the Yamato dynasty in the period from Jomon to Tumulus. In 2017, we improved the sensitivity for the sulfur isotope 
ratios with the “trapping and focusing” techniques using a cryo-system and applied the analyses of pigment from Roman ruins, such as 
Badalona (Spain). 
 (4) Development of chemical materials for ECR ion sources of RIBF 

In 2017, we prepared metallic 238U rods and 238UO2 on a regular schedule for 238U-ion accelerations with the 28-GHz ECR of RILAC II. 
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Wako, Japan, Dec. (2017). 
H. Haba, “Production of radioisotopes for application studies at RIKEN RI Beam Factory,” The 7th Yamada workshop on RI Science Evolution 2018 

(RISE18), Suita, Japan, March (2018). 
 

[Domestic Conference] 
羽場宏光, “Present status and perspectives of medical radioisotope production at the RIKEN,” 第 3回核医学治療際シンポジウム 医産連携による核
学治療の新たな躍進 －福島から世界へ－, 千代田区, 2月 (2017).  

小森有希子,「Frの錯形成反応」, 「第 9 回停止・低速 RI ビームを用いた核分光研究会」&「2017 超重元素の科学研究会」合同研究会, 東
海村, 3月 (2017). 

羽場宏光,「GARIS が拓く超重元素化学」, 「第 9 回停止・低速 RI ビームを用いた核分光研究会」&「2017 超重元素の科学研究会」合同
研究会, 東海村, 3月 (2017). 
小森有希子,「GARISを用いた Sgと Bhの溶液化学研究」, 「第 9 回停止・低速 RI ビームを用いた核分光研究会」&「2017 超重元素の科
学研究会」合同研究会, 東海村, 3月 (2017). 
羽場宏光,「超重元素化学の現状と展望」, 日本物理学会 第 72回年次大会, 豊中市, 3月 (2017). 
伊藤由太, 和田道治, P. Schury, 加治大哉, 森本幸司, 羽場宏光, I. Murray, M. Rosenbusch, 木村創大, 高峰愛子, 宮武宇也, 山木さやか, 新井
郁也, H. Wollnik,「MRTOF質量分析器による八重極変形核 223, 224Thの精密原子質量測定」, 日本物理学会 第 72回年次大会, 豊中市, 3月 
(2017). 
庭瀬暁隆 , 森田浩介 , 藤田訓裕 , 山野裕貴 , 渡辺健友 , 光岡駿 , 平野剛 , 加治大哉 , 森本幸司 , 羽場宏光 , B. J. P. Gall, Z. Asfari, 
「208Pb(51V,xn)259–xDb反応における融合障壁分布の測定」, 日本物理学会 第 72回年次大会, 豊中市, 3月 (2017). 

山野裕貴, 森田浩介, 藤田訓裕, 渡辺健友, 庭瀬暁隆, 平野剛, 光岡駿, 加治大哉, 森本幸司, 羽場宏光, 「50Ti, 51V + 248Cm 反応における融合
障壁分布の測定」, 日本物理学会 第 72回年次大会, 豊中市, 3月 (2017). 
羽場宏光,「新元素 ニホニウムの発見 －理研・森田グループからの詳細報告－」, 日本化学会第 97春季年会, 横浜市, 3月 (2017). 
右近直之，合川正幸，小森有希子，羽場宏光,「重陽子入射によるパラジウム標的での 103Ag生成放射化断面積の測定」, 日本原子力学会 2017
年春の年会, 平塚市, 3月 (2017). 
高橋和也,「同位体分析法から見た墳墓出土朱の産地変遷－大和政権による朱の政治的利用－」, 日本分析化学会第 77回分析化学討論会, 京
都市, 5月 (2017). 
羽場宏光,「ニホニウム誕生」, 理研和光事業所一般公開 特別講演会, 和光市, 4月 (2017). 
羽場宏光,「ニホニウム誕生」, ニホニウム通り記念イベント（市民講演会）, 和光市, 6月 (2017).  
羽場宏光,「理研 AVFサイクロトロンを利用した応用研究用 RIの製造」, ＡＶＦ合同打ち合わせ, 福島市, 6月 (2017).  
羽場宏光,「新元素ニホニウム発見への道のり」, 日比谷高校 SSH特別講演会, 千代田区, 7月 (2017). 
海老原充，大浦泰嗣, 白井直樹, 鶴田治雄，森口祐一, 永川栄泰, 櫻井昇, 羽場宏光, 松崎浩之,「福島第一原発事故直後に採取された大気浮
遊粒子中の放射性核種の測定方法の開発と総合解析：(その 2) 放射性ヨウ素（I-129）の定量」, 第 54回アイソトープ・放射線研究発表会, 
文京区, 7月 (2017). 
宗兼将之, 上田真史, 本村信治, 神野伸一郎, 羽場宏光, 吉川豊, 安井裕之, 榎本秀一,「二重標識クリオキノール-亜鉛錯体の生体内挙動と生
体内化学形態変化の解析」, 第 15回次世代を担う若手のためのフィジカル・ファーマフォーラム（PPF2017）, 金沢市, 9月 (2017).  
稲垣純平，坂口綾，井上美南，羽場宏光，柏原輝彦，山﨑信哉，菊池早希子，金子政志，小谷弘明，高橋嘉夫，臼井朗，末木啓介,「深海底
化学堆積物・鉄マンガンクラストにおける Zr, Hfの分別挙動に関する考察」, 日本地球化学会第 64回年会, 目黒区, 9月 (2017). 

高橋和也,「遺跡から出土する水銀朱の産地同定のための硫黄, 鉛の同位体分析の試み」, 日本分析化学会第 66年会, 葛飾区, 9月 (2017). 
後藤真一, 加治大哉, 土谷翔太, 青野竜士, 森本幸司, 羽場宏光, 大江一弘, 工藤久昭,「254Rf の自発核分裂における核分裂片の全運動エネル
ギー測定」, 2017日本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 

小森有希子, 羽場宏光，F. Fan, 加治大哉, 笠松良崇，菊永英寿，近藤成美，工藤久昭，森本幸司，森田浩介，村上昌史，西尾勝久，J. P. Omtvedt，
大江一弘，Z. Qin，佐藤大輔，佐藤望，佐藤哲也，重河優大，篠原厚，武山美麗，田中泰貴，豊嶋厚史，塚田和明，若林泰生，Y. Wang，
S. Wulff，山木さやか，矢納慎也，安田勇輝，横北卓也,「107番元素 Bhの化学研究に向けた 248Cm + 23Na反応による Bh同位体の合成と
その壊変特性」, 2017日本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 

庭瀬暁隆，和田道治, P. Schury, 伊藤由太, 木村創大, M. Rosenbusch, 加治大哉, 森本幸司, 羽場宏光, 山木さやか, 田中泰貴, 森田浩介, 高峰
愛子, 宮武宇也, 平山賀一, 渡邉 裕, J. Y. Moon, 向井もも, H. Wollnik,「GARIS-Ⅱ+MRTOFを用いた短寿命核精密質量分析」, 2017日本放
射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 
矢納慎也, 羽場宏光, 小森有希子, 横北卓也, 高橋和也, 佐藤望, 小山内美奈子,「133Cs(α,pn)135mBa反応による精製 135mBaの製造」, 2017日本
放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 

秋山和彦, 宮内翔哉, 雨倉 啓, 伊藤健太, 菊永英寿, 羽場宏光, 久冨木志郎,「光核反応を用いた 143Pm製造と 143Pm内包フラーレンの合成及
びその性質」, 2017日本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 

稲垣純平, 坂口綾, 井上美南, 羽場宏光, 柏原輝彦, 山﨑信哉, 菊池早希子, 金子政志, 小谷弘明, 高橋嘉夫, 臼井朗, 末木啓介,「鉄マンガン
クラストにおける Zr, Hfの分別挙動に関する考察」, 2017日本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 

近藤成美, 笠松良崇, 永瀬将浩, 安田勇輝, 重河優大, 大内昴輝, 神田晃充, 二宮秀美, 渡邉瑛介, 羽場宏光, 久保木祐生, 小森有希子, 横北
卓也, 矢納慎也, 佐藤望, 篠原厚,「Aliquat 336/HCl系における Rfの溶媒抽出実験」, 2017日本放射化学会年会・第 61回放射化学討論会, つ
くば市, 9月 (2017). 

Oral Presentations 
[International Conference etc.] 

T. Tanaka, Y. Narikiyo, K. Morita, K. Fujita, D. Kaji, K. Morimoto, S. Yamaki, Y. Wakabayashi, K. Tanaka, M. Takeyama, A. Yoneda, H. Haba, K. 
Komori, S. Yanou, B. JP. Gall, Z. Asfari, H. Faure, H. Hasebe, M. Huang, J. Kanaya, M. Murakami, A. Yoshida, T. Yamaguchi, F. Tokanai, T. 
Yoshida, S. Yamamoto, Y. Yamano, K. Watanabe, S. Ishizawa, M. Asai, R. Aono, S. Goto, and K. Katori, “Study of barrier distribution in heavy 
reaction system at the RIKEN-GARIS,” FUSION-17 International Conference on Heavy-Ion Collisions at near-barrier energies, Tasmania, Australia, 
Feb. (2017). 

N. Sato, “Measurement of the first ionization potential of lawrencium (Lr, Z = 103),” The 98th CSJ Annual Meeting, Asian International Symposium 
–Inorganic and Radiochemistry–, Yokohama, Japan, March (2017). 

T. Minami, E. Tsantini, and K. Takahashi, “Effect of Gypsum on Sulfur Isotope Ratio of Vermilion Painted on Gypsum Wall,” Colloquium 
Spectroscopicum Internationale XL, Pisa, Italy, June (2017). 

N. Kondo, Y. Kasamatsu, H. Haba, K. Ouchi, M. Nagase, Y. Yasuda, Y. Shigekawa, A. Kanda,Y. Kuboki, Y. Komori, S. Yano, N. Sato, T. Yokokita, and 
A. Shinohara, “Liquid-liquid extraction of element 104, Rf, in Aliquat 336/HCl system,” ACTINIDES2017, Sendai, Japan, July (2017). 

K. Morita, K. Morimoto, D. Kaji, H. Haba, and H. Kudo, “Discovery of new element, nihonium, and perspectives,” ACTINIDES2017, Sendai, Japan, 
July (2017). 

Y. Oura, M. Ebihara, N. Shirai, H. Tsuruta, T. Nakajima, Y. Moriguchi, T. Ohara, Y. Nagakawa, N. Sakurai, H. Haba, and H. Matsuzaki, “129I/137Cs ratios 
for atmospheric particular matters collected just after TEPCO FDNPP accident,” Goldschmidt 2017, Paris, France, Aug. (2017). 

M. Ebihara, Y. Oura, N. Shirai, Y. Nagakawa, N. Sakurai, H. Haba, H. Matsuzaki, H. Tsuruta, and Y. Moriguchi, “A new approach for reconstructing the 
131I-spreading triggered by the FDNPS accident in 2011,” Goldschmidt 2017, Paris, France, Aug. (2017). 

H. Haba, “Present status and perspectives of SHE chemistry at RIKEN, 3rd International Symposium on Super-Heavy Elements “Challenges in the 
studies of super-heavy nuclei and atoms” (SHE 2017),” Kazimierz Dolny, Poland, Sept. (2017). 

H. Haba, F. Fan, D. Kaji, Y. Kasamatsu, H. Kikunaga, Y. Komori, N. Kondo, H. Kudo, K. Morimoto, K. Morita, M. Murakami, K. Nishio, J. P. Omtvedt, 
K. Ooe, Z. Qin, D. Sato, N. Sato, T. K. Sato, Y. Shigekawa, A. Shinohara, M. Takeyama, T. Tanaka, A. Toyoshima, K. Tsukada, Y. Wakabayashi, Y. 
Wang, S. Wulff, S. Yamaki, S. Yano, Y. Yasuda, and T. Yokokita, “Production and decay studies of 261Rf, 262Db, 265Sg, and 266Bh for superheavy 
element chemistry at RIKEN GARIS,” 6th Asia-Pacific Symposium on Radiochemistry (APSORC17), Jeju, Korea, Sept. (2017). 

Y. Komori, H. Haba, K. Ooe, D. Kaji, Y. Kasamatsu, H. Kikunaga, A. Mitsukai, K. Morimoto, R. Motoyama, J. P. Omtvedt, Z. Qin, D. Sato, N. Sato, Y. 
Shigekawa, T. Tanaka, A. Toyoshima, K. Tsukada, Y. Wang, K. Watanabe, S. Wulff, S. Yamaki, S. Yano, and Y. Yasuda, “Development of a rapid 
solvent extraction apparatus coupled to the GARIS gas-jet transport system for aqueous chemistry of the heaviest elements,” 6th Asia-Pacific 
Symposium on Radiochemistry (APSORC17), Jeju, Korea, Sept. (2017). 

Z. Qin, Y. Wang, F. L. Fan, S. W. Cao, H. Haba, Y. Komori, S. Yano, D. Kaji, and K. Morimoto, “Gas-phase chemistry of technetium and rhenium 
carbonyl complexes with short-lived isotopes,” 6th Asia-Pacific Symposium on Radiochemistry (APSORC17), Jeju, Korea, Sept. (2017). 

H. Haba, F. Fan, D. Kaji, Y. Kasamatsu, H. Kikunaga, Y. Komori, N. Kondo, H. Kudo, K. Morimoto, K. Morita, M. Murakami, K. Nishio, J. P. Omtvedt, 
K. Ooe, Z. Qin, D. Sato, N. Sato, T. K. Sato, Y. Shigekawa, A. Shinohara, M. Takeyama, T. Tanaka, A. Toyoshima, K. Tsukada, Y. Wakabayashi, Y. 
Wang, S. Wulff, S. Yamaki, S. Yano, Y. Yasuda, and T. Yokokita, “Production and decay studies of 261Rf, 262Db, 265Sg, and 266Bh for superheavy 
element chemistry at GARIS,” 9th Workshop on the Chemistry of the Heaviest Elements, Ascona, Switzerland, Oct. (2017). 

M. Götz, Ch. E. Düllmann, A. Yakushev, M. Asai, J. Ballof, A. Di Nitto, K. Eberhardt, S. Götz, H. Haba, E. Jäger, Y. Kaneya, Y. Komori, J.-V. Kratz, J. 
Krier, B. Lommel, A. Mitsukai, Y. Nagame, T. Sato, A. Toyoshima, K. Tsukada, V. Wolter, and V. Yakusheva, “In-situ synthesis of volatile transition 
metal carbonyl complexes with short-lived radioisotopes,” 9th Workshop on the Chemistry of the Heaviest Elements, Ascona, Switzerland, Oct. (2017). 

Y. Komori, H. Haba, K. Ooe, D. Kaji, Y. Kasamatsu, H. Kikunaga, A. Mitsukai, K. Morimoto, J. P. Omtvedt, Z. Qin, D. Sato, N. Sato, Y. Shigekawa, T. 
Tanaka, A. Toyoshima, K. Tsukada, Y. Wang, S. Wulff, S. Yamaki, S. Yano, and Y. Yasuda, “Development of a rapid solvent extraction apparatus 
coupled to the garis gas-jet transport system for aqueous chemistry of Sg and Bh,” 9th Workshop on the Chemistry of the Heaviest Elements, Ascona, 
Switzerland, Oct. (2017). 

N. Kondo, Y. Kasamatsu, H. Haba, K. Ouchi, M. Nagase, Y. Yasuda, Y. Shigekawa, A. Kanda, Y. Kuboki, Y. Komori, S. Yano, N. Sato, T. Yokokita, 
and A. Shinohara, “Liquid-liquid extraction of Rf using flow-type extraction apparatus (ISE) in the aliquat 336/HCl system,” 9th Workshop on the 
Chemistry of the Heaviest Elements, Ascona, Switzerland, Oct. (2017). 

A. Yakushev, L. Lens, Ch. E. Düllmann, M. Asai, M. Block, H. David, J. Despotopulos, A. Di Nitto, K. Eberhardt, U. Forsberg, P. Golubev, M. Götz, S. 
Götz, H. Haba, L. Harkness-Brennan, F. P. Heßberger, R.-D. Herzberg, D. Hinde, J. Hoffmann, A. Hübner, E. Jäger, D. Judson, J. Khuyagbaata, B. 
Kindler, Y. Komori, J. Konki, J. V. Kratz, J. Krier, N. Kurz, M. Laatiaoui, S. Lahiri, B. Lommel, Ch. Lorentz, M. Maiti, A. K. Mistry, C. Mokry, K. 
Moody, Y. Nagame, J. P. Omtvedt, P. Papadakis, V. Pershina, D. Rudolph, J. Runke, M. Schädel, P. Scharrer, L. G. Sarmiento, T. Sato, D. 
Shaughnessy, B. Schausten, J. Steiner, P. Thörle-Pospiech, N. Trautmann, K. Tsukada, J. Uusitalo, A. Ward, M. Wegrzecki, E. Williams, N. Wiehl, and 
V. Yakusheva, “Recent gas phase chemistry experiments at TASCA,” 9th Workshop on the Chemistry of the Heaviest Elements, Ascona, Switzerland, 
Oct. (2017). 

Y. Wang, Z. Qin, J. Yang, J. C. Zhang, H. Haba, and Y. Komori, “Laser ablation mass spectrometry of rhenium carbonyls,” 9th Workshop on the 
Chemistry of the Heaviest Elements, Ascona, Switzerland, Oct. (2017). 

Z. Qin, Y. Wang, F. L. Fan, S. W. Cao, H. Haba, Y. Komori, S. Yano, D. Kaji, and K. Morimoto, “Gas-phase chemistry of technetium and rhenium 
carbonyl complexes with short-lived isotopes,” 9th Workshop on the Chemistry of the Heaviest Elements, Ascona, Switzerland, Oct. (2017). 

T. Yokokita, Y. Kasamatsu, A. Kino, H. Haba, Y. Shigekawa, Y. Yasuda, K. Nakamura, K. Toyomura, Y. Komori, M. Murakami, T. Yoshimura, N. 
Takahashi, K. Morita, and A. Shinohara, “Observation of the chemical reaction equilibria of rutherfordium,” 9th Workshop on the Chemistry of the 
Heaviest Elements, Ascona, Switzerland, Oct. (2017). 

T. Fukuchi, T. Okauchi, M. Shigeta, H. Haba, S. Yamamoto, Y. Watanabe, and S. Enomoto, “Image Reconstruction Method for Multiple Isotope PET,” 
2017 IEEE Nuclear Science Symposium and Medical Imaging Conference (NSS/MIC), Atlanta, USA, Oct. (2017). 

N. Ukon, M. Aikawa, Y. Komori, and H. Haba, “Activation cross sections of deuteron-induced reactions on natural palladium for 103Ag production,” The 
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佐藤大輔, 村上昌史, 後藤真一, 大江一弘, 本山李沙, 白井香里, 山田亮平, 土屋翔太, 守山卓也, 羽場宏光, 小森有希子, 矢納慎也, 豊嶋厚
史, 水飼秋菜, 菊永英寿, 工藤久昭,「105番元素 Dbに対する Aliquat 336樹脂を用いたフッ化水素酸系逆相クロマトグラフィー」, 2017日
本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 
羽場宏光,「RI製造の最前線～新元素の化学から核医学の診断・治療まで～」, 研究成果展開事業産学共創プラットフォーム共同研究推進プ
ログラム 安心・安全・スマートな長寿社会実現のための高度な量子アプリケーション技術の創出 キックオフシンポジウム, 豊中市, 3月 
(2018). 

 
 

 
Poster Presentations 
[International Conference etc.] 

K. Tanaka, K. Chiba, K. Akiyama, H. Haba, and S. Kubuki, “Development of metallofullerene separation by chemical reduction,” 6th Asia-Pacific 
Symposium on Radiochemistry (APSORC17), Jeju, Korea, Sept. (2017). 

K. Takahashi, “New method for comprehensive detection of trace elements in environmental or biochemical materials using an 
electron-cyclotron-resonance ion-source mass spectrometer,” 4th World Congress on Mass Spectrometry, London, UK, June (2017). 

M. Okamura, T. Karino, T. Kanesue, S. Ikeda, Y. Saito, and H. Haba, “Investigate the characteristics of oxide of 96Zr,” 17th International Conference on 
Ion Sources, Geneva, Switzerland, Oct. (2017). 

 
[Domestic Conference] 
中野貴志，福田光宏，青井考，鈴木智和，高橋成人，酒見泰寛，羽場宏光，上垣外修一，渡部浩司，伊藤正俊，菊永英寿,「短寿命 RI プラ
ットフォームの紹介」, 第 54回アイソトープ・放射線研究発表会, 文京区, 7月 (2017). 

神原正，吉田敦，羽場宏光,「回転体上のガンマ線源分布の検査法」, 第 54回アイソトープ・放射線研究発表会, 文京区, 7月 (2017). 
田中康介, 秋山和彦, 羽場宏光, 久冨木志郎,「化学的還元反応を用いた金属内包フラーレン分離の条件検討-2」, 2017日本放射化学会年会・
第 61回放射化学討論会, つくば市, 9月 (2017). 
加治大哉, 森本幸司, 羽場宏光,「スパッタ法による厚い金属ウラン標的の調整と照射試験」, 2017日本放射化学会年会・第 61回放射化学討
論会, つくば市, 9月 (2017). 
大江一弘, 草刈駿, 後藤真一, 工藤久昭, 羽場宏光, 小森有希子,「Rfの同族元素Zr, Hfの 2-フロイルトリフルオロアセトンを用いた溶媒抽出」, 

2017日本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 
菊永英寿, 小森有希子, 羽場宏光, 柴田誠一, 矢納慎也,「27Al(α,3p)反応で製造した 28Mgの担体無添加化学分離法の再検討」, 2017日本放射
化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 
横北卓也, 矢納慎也, 小森有希子, 羽場宏光,「イオン交換繊維による Zr、Hf及び Thのイオン交換挙動 –イオン交換繊維を用いた Rfのイオ
ン交換実験の検討–」, 2017日本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 
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RIBF Research Division 
User Liaison and Industrial Cooperation Group 

 
1. Abstract 

The essential mission of the “User Liaison and Industrial Cooperation (ULIC) Group” is to maximize the research activities of RIBF 
by attracting users in various fields with a wide scope.  

The ULIC Group consists of two teams. 
The RIBF User Liaison Team provides various supports to visiting RIBF users through the User’s Office. The Industrial Cooperation 

Team supports potential users in industries who use the beams for application purposes or for accelerator related technologies other than 
basic research. Production of various radioisotopes by the AVF cyclotron is also one of the important mission. The produced radioisotopes 
are distributed to researchers in Japan for a charge through the Japan Radioisotope Association.  

In addition the ULIC Group takes care of laboratory tours for RIBF visitors from public. The numbers of visitors amounts to 2,300 per 
year.    
 
 
Members  
 

Group Director  
Hideyuki SAKAI  

   
Special Temporary Employee 

Tadashi KAMBARA  
 
Senior Visiting Scientists 

Ikuko HAMAMOTO (Lund Univ.) Munetake ICHIMURA (Univ. of Tokyo)

Assistants  
Tomomi OKAYASU 
Yoko FUJITA 

Yu NAYA 
Midori YAMAMOTO 

 
 

佐藤大輔, 村上昌史, 後藤真一, 大江一弘, 本山李沙, 白井香里, 山田亮平, 土屋翔太, 守山卓也, 羽場宏光, 小森有希子, 矢納慎也, 豊嶋厚
史, 水飼秋菜, 菊永英寿, 工藤久昭,「105番元素 Dbに対する Aliquat 336樹脂を用いたフッ化水素酸系逆相クロマトグラフィー」, 2017日
本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 
羽場宏光,「RI製造の最前線～新元素の化学から核医学の診断・治療まで～」, 研究成果展開事業産学共創プラットフォーム共同研究推進プ
ログラム 安心・安全・スマートな長寿社会実現のための高度な量子アプリケーション技術の創出 キックオフシンポジウム, 豊中市, 3月 
(2018). 

 
 

 
Poster Presentations 
[International Conference etc.] 

K. Tanaka, K. Chiba, K. Akiyama, H. Haba, and S. Kubuki, “Development of metallofullerene separation by chemical reduction,” 6th Asia-Pacific 
Symposium on Radiochemistry (APSORC17), Jeju, Korea, Sept. (2017). 

K. Takahashi, “New method for comprehensive detection of trace elements in environmental or biochemical materials using an 
electron-cyclotron-resonance ion-source mass spectrometer,” 4th World Congress on Mass Spectrometry, London, UK, June (2017). 

M. Okamura, T. Karino, T. Kanesue, S. Ikeda, Y. Saito, and H. Haba, “Investigate the characteristics of oxide of 96Zr,” 17th International Conference on 
Ion Sources, Geneva, Switzerland, Oct. (2017). 

 
[Domestic Conference] 
中野貴志，福田光宏，青井考，鈴木智和，高橋成人，酒見泰寛，羽場宏光，上垣外修一，渡部浩司，伊藤正俊，菊永英寿,「短寿命 RI プラ
ットフォームの紹介」, 第 54回アイソトープ・放射線研究発表会, 文京区, 7月 (2017). 

神原正，吉田敦，羽場宏光,「回転体上のガンマ線源分布の検査法」, 第 54回アイソトープ・放射線研究発表会, 文京区, 7月 (2017). 
田中康介, 秋山和彦, 羽場宏光, 久冨木志郎,「化学的還元反応を用いた金属内包フラーレン分離の条件検討-2」, 2017日本放射化学会年会・
第 61回放射化学討論会, つくば市, 9月 (2017). 
加治大哉, 森本幸司, 羽場宏光,「スパッタ法による厚い金属ウラン標的の調整と照射試験」, 2017日本放射化学会年会・第 61回放射化学討
論会, つくば市, 9月 (2017). 
大江一弘, 草刈駿, 後藤真一, 工藤久昭, 羽場宏光, 小森有希子,「Rfの同族元素Zr, Hfの 2-フロイルトリフルオロアセトンを用いた溶媒抽出」, 

2017日本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 
菊永英寿, 小森有希子, 羽場宏光, 柴田誠一, 矢納慎也,「27Al(α,3p)反応で製造した 28Mgの担体無添加化学分離法の再検討」, 2017日本放射
化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 
横北卓也, 矢納慎也, 小森有希子, 羽場宏光,「イオン交換繊維による Zr、Hf及び Thのイオン交換挙動 –イオン交換繊維を用いた Rfのイオ
ン交換実験の検討–」, 2017日本放射化学会年会・第 61回放射化学討論会, つくば市, 9月 (2017). 
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RIBF Research Division 
User Liaison and Industrial Cooperation Group  
RIBF User Liaison Team (User Support Office) 

 
1. Abstract 

To enhance synergetic common use of the world-class accelerator facility, the Radioisotope Beam Factory (RIBF), it is necessary to 
promote a broad range of applications and to maximize the facility’s importance. The facilitation and promotion of the RIBF are important 
missions charged to the team. Important operational activities of the team include: i) the organization of international Program Advisory 
Committee (PAC) meetings to review experimental proposals submitted by RIBF users, ii) RIBF beam-time operation management, and 
iii) promotion of facility use by hosting outside users through the RIBF Independent Users program, which is a new-user registration 
program begun in FY2010 at the RIKEN Nishina Center (RNC) to enhance the synergetic common use of the RIBF. The team opened the 
RIBF Users Office in the RIBF building in 2010, which is the main point of contact for Independent Users and provides a wide range of 
services and information.    
 
2. Major Research Subjects 

(1) Facilitation of the use of the RIBF  
(2) Promotion of the RIBF to interested researchers 

 
3. Summary of Research Activity 
(1) Facilitation of the use of the RIBF 

The RIBF Users Office, formed by the team in 2010, is a point of contact for user registration through the RIBF Independent User 
program. This activity includes: 

- registration of users as RIBF Independent Users, 
- registration of radiation workers at the RIKEN Wako Institute, 
- provision of an RIBF User Card (a regular entry permit) and an optically stimulated luminescence dosimeter for each RIBF 

Independent User, and 
- provision of safety training for new registrants regarding working around radiation, accelerator use at the RIBF facility, and 

information security, which must be completed before they begin RIBF research. 
The RIBF Users Office is also a point of contact for users regarding RIBF beam-time-related paperwork, which includes: 

- contact for beam-time scheduling and safety review of experiments by the In-House Safety Committee, 
- preparation of annual Accelerator Progress Reports, and 
- maintaining the above information in a beam-time record database. 

In addition, the RIBF Users Office assists RIBF Independent Users with matters related to their visit, such as invitation procedures, 
visa applications, and the reservation of on-campus accommodation. 
(2) Promotion of the RIBF to interested researchers 

-   The team has organized an international PAC for RIBF experiments; it consists of leading scientists worldwide and reviews 
proposals in the field of nuclear physics (NP) purely on the basis of their scientific merit and feasibility. The team also assists 
another PAC meeting for material and life sciences (ML) organized by the RNC Advanced Meson Laboratory. The NP and ML PAC 
meetings are organized twice a year. 

-   The team coordinates beam times for PAC-approved experiments and other development activities. It manages the operating 
schedule of the RIBF accelerator complex according to the decisions arrived at by the RIBF Machine Time Committee.  

-   To promote research activities at RIBF, proposals for User Liaison and Industrial Cooperation Group symposia/mini-workshops are 
solicited broadly both inside and outside of the RNC. The RIBF Users Office assists in the related paperwork. 

-   The team is the point of contact for the RIBF users’ association. It arranges meetings at RNC headquarters for the RIBF User 
Executive Committee of the users’ association. 

-   The Team conducts publicity activities, such as arranging for RIBF tours, development and improvement of the RNC official web 
site, and delivery of RNC news via email and the web. 

 
Members  
 

Team Leader 
Ken-ichiro YONEDA 

 
Deputy Team Leader 

Yasushi WATANABE (concurrent: Senior Research Scientist, 
Radiation Lab.) 

 

 
Technical Staff I 

Narumasa MIYAUCHI  
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RIBF Research Division 
User Liaison and Industrial Cooperation Group  
Industrial Cooperation Team 

 
1. Abstract 

Industrial cooperation team handles non-academic activities at RIBF corresponding to industries and to general public.    
 
2. Major Research Subjects 

(1) Fee-based distribution of radioisotopes produced at RIKEN AVF Cyclotron  
(2) Support of industrial application using the RIBF accelerator beam and its related technologies including novel industrial 

applications. 
(3) Development of real-time wear diagnostics of industrial material using RI beams 

 
3. Summary of Research Activity 
(1) Fee-based distribution of radioisotopes 

This team has been handling fee-based distribution of radioisotopes since 2007. Radionuclides of Zn-65, Sr-85, Y-88 and Cd-109, 
which are produced by the RI application team at the AVF cyclotron, are distributed to nonaffiliated users under a Material Transfer 
Agreement (MTA) between Japan Radioisotope Association and RIKEN. In FY 2017, we delivered 2 shipments of Zn-65 with a total 
activity of 4.2 MBq, one shipment of Y-88 with an activity of 1 MBq and one shipment of Sr-85 with an activity of 3.7 MBq. The final 
recipients of the RIs were two universities and two research institutes. 
(2) Support of Industrial application using RIBF  

RNC promote facility-sharing program “Promotion of applications of high-energy heavy ions and RI beams.” In this program, RNC 
opens the old part of the RIBF facility, which includes the AVF cyclotron, RILAC, RIKEN Ring Cyclotron and experimental instruments, 
to non-academic proposals from users including private companies. The proposals are reviewed by a program advisory committee, 
industrial PAC (InPAC). The proposals which have been approved by the InPAC are allocated with beam times and the users pay RIKEN 
the beam time fee. The intellectual properties obtained by the use of RIBF belong to the users. In order to encourage the use of RIBF by 
those who are not familiar with utilization of ion beams, the first two beam times of each proposal can be assigned to trial uses which are 
free of beam time fee. 

In January 2018, the seventh InPAC met and reviewed one fee-based proposal from a private company. In February 2018, a fee-based 
beamtime was performed with a Kr-84 (70 MeV/A) beam at the E5A beamline for 4 days. The client used the beam to simulate single-event 
effects of space-use semi-conductors by heavy-ion components of cosmic rays. In the same month, we performed a test beamtime at the 
same beamline to study the characteristics of a higher LET Xe-136 (10.75 MeV/A) beam. 
(3) Development of real-time wear diagnostics using RI beams  

We are developing a method to determine the spatial distribution of gamma-ray emitting RIs on periodically-moving objects, named 
“GIRO” (Gamma-ray Inspection of Rotating Object), that is based on the same principle as the medical PET imaging but is simpler and less 
expensive. This method can be used for real-time inspection of a closed system in a running machine. In 2017, we performed single-photon 
emission computer tomography (SPECT) mode measurement with sources of Cs-137, Eu-152 and Na-22.  
 
Members  
 

Team Leader 
Atsushi YOSHIDA  

 
Contract Researcher 

Tadashi KAMBARA  
 
Technical Staff I 

Shinya YANOU (concurrent: RI Application Team) 
 
 
List of Publications & Presentations  
Publications 
 [Journal] 

(Original Papers) *Subject to Peer Review  
T. Kambara, “Gamma-Ray Inspection of Rotating Object (GIRO),” Nucl. Phys. News 26, No.4, 26−29 (2016).  

 
Oral Presentations 
[Domestic Conference] 

T. Kambara,「イオン照射による材料改質と摩耗試験」, 日本物理学会 年次大会, 東北学院大学 仙台, 03/19−22 (2016). 
A.Yoshida,「重イオン加速器の産業利用」, 理研と未来を創る会 第 25回 講演会・見学会, 和光, 07/26, (2017). 

RIBF Research Division 
User Liaison and Industrial Cooperation Group  
RIBF User Liaison Team (User Support Office) 

 
1. Abstract 

To enhance synergetic common use of the world-class accelerator facility, the Radioisotope Beam Factory (RIBF), it is necessary to 
promote a broad range of applications and to maximize the facility’s importance. The facilitation and promotion of the RIBF are important 
missions charged to the team. Important operational activities of the team include: i) the organization of international Program Advisory 
Committee (PAC) meetings to review experimental proposals submitted by RIBF users, ii) RIBF beam-time operation management, and 
iii) promotion of facility use by hosting outside users through the RIBF Independent Users program, which is a new-user registration 
program begun in FY2010 at the RIKEN Nishina Center (RNC) to enhance the synergetic common use of the RIBF. The team opened the 
RIBF Users Office in the RIBF building in 2010, which is the main point of contact for Independent Users and provides a wide range of 
services and information.    
 
2. Major Research Subjects 

(1) Facilitation of the use of the RIBF  
(2) Promotion of the RIBF to interested researchers 

 
3. Summary of Research Activity 
(1) Facilitation of the use of the RIBF 

The RIBF Users Office, formed by the team in 2010, is a point of contact for user registration through the RIBF Independent User 
program. This activity includes: 

- registration of users as RIBF Independent Users, 
- registration of radiation workers at the RIKEN Wako Institute, 
- provision of an RIBF User Card (a regular entry permit) and an optically stimulated luminescence dosimeter for each RIBF 

Independent User, and 
- provision of safety training for new registrants regarding working around radiation, accelerator use at the RIBF facility, and 

information security, which must be completed before they begin RIBF research. 
The RIBF Users Office is also a point of contact for users regarding RIBF beam-time-related paperwork, which includes: 

- contact for beam-time scheduling and safety review of experiments by the In-House Safety Committee, 
- preparation of annual Accelerator Progress Reports, and 
- maintaining the above information in a beam-time record database. 

In addition, the RIBF Users Office assists RIBF Independent Users with matters related to their visit, such as invitation procedures, 
visa applications, and the reservation of on-campus accommodation. 
(2) Promotion of the RIBF to interested researchers 

-   The team has organized an international PAC for RIBF experiments; it consists of leading scientists worldwide and reviews 
proposals in the field of nuclear physics (NP) purely on the basis of their scientific merit and feasibility. The team also assists 
another PAC meeting for material and life sciences (ML) organized by the RNC Advanced Meson Laboratory. The NP and ML PAC 
meetings are organized twice a year. 

-   The team coordinates beam times for PAC-approved experiments and other development activities. It manages the operating 
schedule of the RIBF accelerator complex according to the decisions arrived at by the RIBF Machine Time Committee.  

-   To promote research activities at RIBF, proposals for User Liaison and Industrial Cooperation Group symposia/mini-workshops are 
solicited broadly both inside and outside of the RNC. The RIBF Users Office assists in the related paperwork. 

-   The team is the point of contact for the RIBF users’ association. It arranges meetings at RNC headquarters for the RIBF User 
Executive Committee of the users’ association. 

-   The Team conducts publicity activities, such as arranging for RIBF tours, development and improvement of the RNC official web 
site, and delivery of RNC news via email and the web. 

 
Members  
 

Team Leader 
Ken-ichiro YONEDA 

 
Deputy Team Leader 

Yasushi WATANABE (concurrent: Senior Research Scientist, 
Radiation Lab.) 

 

 
Technical Staff I 

Narumasa MIYAUCHI  
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Poster Presentations 
[Domestic Conference] 

A. Yoshida, T. Kambara,「ＲＩビームでオンライン精密摩耗量測定～摩耗のイメージング～」, nano tech 2016 第 15 回国際ナノテクノロジー
総合展・技術会議, 01/27−29, 東京, 2016 年 1 月 27−29 日. 

T. Kambara, A. Yoshida, H. Haba,「陽電子放出核種による回転体検査法の開発」, 2016 日本放射化学会年会・第 60 回放射化学討論会, 新潟, 2016
年 9 月 10−12 日. 

T. Kambara, A. Yoshida, H. Haba,「回転体上のガンマ線源分布の検査法」, 第 54 回 アイソトープ・放射線研究発表会, 東京, 2017 年 7 月 5−7
日 

 
 

List of Intellectual Properties 
 
Patents 

A. Yoshida, T. Kambara, R. Uemoto, A. Nagano, H. Uno, N. Takahashi, “Wear diagnostics method and instrument, ” 2015-1490 patent applied.  
T. Kambara, A. Yoshida, H. Takeichi, “Gamma-ray measurement method and instrument, ” 2014-034417, patent registered. 

. 
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RIBF Research Division 
Safety Management Group 

 
1. Abstract 

The RIKEN Nishina Center for Accelerator-Based Science possesses one of the largest accelerator facilities in the world, which 
consists of two heavy-ion linear accelerators and five cyclotrons. This is the only site in Japan where uranium ions are accelerated. The 
center also has electron accelerators of microtron and synchrotron storage ring. Our function is to keep the radiation level in and around the 
facility below the allowable limit and to keep the exposure of workers as low as reasonably achievable. We are also involved in the safety 
management of the Radioisotope Center, where many types of experiments are performed with sealed and unsealed radioisotopes. 
 
2. Major Research Subjects 

(1) Safety management at radiation facilities of Nishina Center for Accelerator-Based Science 
(2) Safety management at Radioisotope Center 
(3) Radiation shielding design and development of accelerator safety systems 

 
3. Summary of Research Activity 

Our most important task is to keep the personnel exposure as low as reasonably achievable, and to prevent an accident. Therefore, we 
daily patrol the facility, measure the ambient dose rates, maintain the survey meters, shield doors and facilities of exhaust air and 
wastewater, replenish the protective supplies, and manage the radioactive waste. Advice, supervision and assistance at major accelerator 
maintenance works are also our task. 

The radiation shield on the beam line between SRC and BigRIPS was installed. Though there was future risk of radiation dose level 
higher than legal limit, it was reduced to about 1/10. 

The radiation control system for RILAC accelerator were newly developed. The RILAC accelerator will be upgraded and new 
radiation control system is required. The software development was completed. It will set in the next year. 

Minor improvements of the radiation safety systems were also done. The radiation monitors at the Nishina building has been replaced 
annually from 2015 because they get older, which were installed in 1986. 
 
Members 
 

Group Director 
Yoshitomo UWAMINO  

 
Deputy Group Director 

Kanenobu TANAKA  
 

Nishina Center Technical Scientists 
Rieko HIGURASHI Hisao SAKAMOTO 

 
Technical Staff I 

Atsuko AKASHIO 
 

Tomoyuki DANTSUKA (concurrent; Cryogenic Technology 
Team)  

 
Research Consultant 

Masaharu OKANO (Japan Radiation Res. Soc.)  
 

Visiting Scientists 
Noriaki NAKAO (Shimizu Corp.) 
Koji OHISHI (Shimizu Corp.) 
Arim LEE (Pohang Accelerator Laboratory POSTECH) 
Nam-Suk JUNG (POSTECH) 

Nobuhiro SHIGYO (Kyushu Univ.) 
Hee Seock LEE (POSTECH) 
Joo-Hee OH (POSTECH) 

 
Student Trainees 

Kenta SUGIHARA 
Eunji LEE 

Shougo IZUMITANI 

 
Assigned Employee 

Hiroki MUKAI 
 
Temporary Staffing 

Ryuji SUZUKI 
 

 
Poster Presentations 
[Domestic Conference] 

A. Yoshida, T. Kambara,「ＲＩビームでオンライン精密摩耗量測定～摩耗のイメージング～」, nano tech 2016 第 15 回国際ナノテクノロジー
総合展・技術会議, 01/27−29, 東京, 2016 年 1 月 27−29 日. 

T. Kambara, A. Yoshida, H. Haba,「陽電子放出核種による回転体検査法の開発」, 2016 日本放射化学会年会・第 60 回放射化学討論会, 新潟, 2016
年 9 月 10−12 日. 

T. Kambara, A. Yoshida, H. Haba,「回転体上のガンマ線源分布の検査法」, 第 54 回 アイソトープ・放射線研究発表会, 東京, 2017 年 7 月 5−7
日 

 
 

List of Intellectual Properties 
 
Patents 

A. Yoshida, T. Kambara, R. Uemoto, A. Nagano, H. Uno, N. Takahashi, “Wear diagnostics method and instrument, ” 2015-1490 patent applied.  
T. Kambara, A. Yoshida, H. Takeichi, “Gamma-ray measurement method and instrument, ” 2014-034417, patent registered. 

. 
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Part-time Workers 
Hiroshi KATO 
Satomi IIZUKA 
Kimie IGARASHI 
Hiroko AISO 

Naoko USUDATE 
Shin FUJITA 
Yukiko SHIODA 

 
Assistant  

Tomomi OKAYASU  
 
 
List of Publications & Presentations  
  
Oral Presentations 
[International Conference etc.] 

K. Tanaka, “Improvement of emergency evacuation from underground at RIBF accelerator facility”, International Technical Safety Forum 2017 
(ITSF2017), Vancouver, Canada, September (2017). 

 
 [Domestic Conference] 
上蓑義朋,「RIBFにおける放射線安全教育とクレーン利用に関する報告」, 第 5回加速器施設安全シンポジウム, 東海村, 1月,(2018). 
赤塩敦子, 杉原健太, 執行信寛, 田中鐘信,「345MeV/u ウランビームを用いた放射線評価」, 日本原子力学会 2018 年春の年会, 吹田市, 3 月 

(2018). 
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Partner Institutions 

 
 

The Nishina Center established the “Research Partnership System” in 2008. This system permits an external institute to develop its 
own projects at the RIKEN Wako campus in equal partnership with the Nishina Center. At present, three institutes, Center for Nuclear 
Study, the University of Tokyo (CNS); Institute of Particle and Nuclear Studies, KEK (KEK); and the Institute of Science and Technology, 
Niigata University (Niigata) are conducting research activities under the Research Partnership System. 

 
CNS and the Nishina Center signed the partnership agreement in 2008. Until then, CNS had collaborated in joint programs with 

RIKEN under the “Research Collaboration Agreement on Heavy Ion Physics” (collaboration agreement) signed in 1998. The partnership 
agreement redefines procedures related to the joint programs while keeping the spirit of the collaboration agreement. The joint programs 
include experimental nuclear physics activities using CRIB, SHARAQ, and GRAPE at RIBF, theoretical nuclear physics activities with 
ALPHLEET, accelerator development, and activities at RHIC PHENIX. 

 
The partnership agreement with the Niigata University was signed in 2010. The activity includes theoretical and experimental nuclear 

physics, and nuclear chemistry. 
 
KEK started low-energy nuclear physics activity at RIBF in 2011 under the Research Partnership System. The joint experimental 

programs are based on KISS (KEK Isotope Separator). After the R&D studies on KISS, it became available for users from 2015. In this 
year, a new KEK branch, Wako Nuclear Science Center (WNSC) has been launched at the Wako campus to enhance the scientific activities 
of KISS. 

 
The experimental proposals that request the use of the above-noted devices of CNS and KEK together with the other RIBF key 

devices are screened by the Program Advisory Committee (PAC). The PAC meetings are co-hosted by CNS and KEK. 
 
The activities of CNS, Niigata, and KEK are reported in the following pages. 

Part-time Workers 
Hiroshi KATO 
Satomi IIZUKA 
Kimie IGARASHI 
Hiroko AISO 

Naoko USUDATE 
Shin FUJITA 
Yukiko SHIODA 

 
Assistant  

Tomomi OKAYASU  
 
 
List of Publications & Presentations  
  
Oral Presentations 
[International Conference etc.] 

K. Tanaka, “Improvement of emergency evacuation from underground at RIBF accelerator facility”, International Technical Safety Forum 2017 
(ITSF2017), Vancouver, Canada, September (2017). 

 
 [Domestic Conference] 
上蓑義朋,「RIBFにおける放射線安全教育とクレーン利用に関する報告」, 第 5回加速器施設安全シンポジウム, 東海村, 1月,(2018). 
赤塩敦子, 杉原健太, 執行信寛, 田中鐘信,「345MeV/u ウランビームを用いた放射線評価」, 日本原子力学会 2018 年春の年会, 吹田市, 3 月 

(2018). 
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Partner Institution 
Center for Nuclear Study, Graduate School of Science 
The University of Tokyo 

 
1. Abstract 

The Center for Nuclear Study (CNS) aims to elucidate the nature of nuclear system by producing the characteristic states where the 
Isospin, Spin and Quark degrees of freedom play central roles. These researches in CNS lead to the understanding of the matter based on 
common natures of many-body systems in various phases. We also aim at elucidating the explosion phenomena and the evolution of the 
universe by the direct measurements simulating nuclear reactions in the universe. In order to advance the nuclear science with heavy-ion 
reactions, we develop AVF upgrade, CRIB and SHARAQ facilities in the large-scale accelerators laboratories RIBF. The OEDO facility has 
been developed as an upgrade of the SHARAQ, where a RF deflector system has been introduced to obtain a good quality of low-energy 
beam. We added a new group for fundamental symmetry by using heavy RIs. We promote collaboration programs at RIBF as well as 
RHIC-PHENIX and ALICE-LHC with scientists in the world, and host international meetings and conferences. We also provide 
educational opportunities to young scientists in the heavy-ion science through the graduate course as a member of the department of 
physics in the University of Tokyo and through hosting the international summer school. 
 
2. Major Research Subjects 

(1) Accelerator Physics 
(2) Nuclear Astrophysics 
(3) Nuclear spectroscopy of exotic nuclei 
(4) Quark physics 
(5) Nuclear Theory 
(6) OEDO/SHARAQ project 
(7) Exotic Nuclear Reaction 
(8) Low Energy Nuclear Reaction Group 
(9) Active Target Development 
(10) Fundamental Physics 

 
3. Summary of Research Activity 
(1) Accelerator Physics 

One of the major tasks of the accelerator group is the AVF upgrade project that includes development of ion sources, upgrading the AVF 
cyclotron of RIKEN and the beam line to CRIB. In 2017, the operating time of the HyperECR was 2414 hours, which is 61 % of the total 
operating time of the AVF cyclotron. The beam extraction system of the HyperECR is under development to realize a high intensity and low 
emittance beam. We have succeeded to suppress 12C4+ beam which contaminated 18O6+ beam by measuring the light intensity of the CIV line 
spectrum. The calculation model of injection beam orbit of the AVF cyclotron was completed and the adjustment of the positon and angle 
deviation between the measured beam orbit and the calculated beam orbit is carried on. The detailed studies on ion optics of the beamline to 
CRIB from AVF cyclotron were performed with beam diagnosis system and simulation code, and it turned out the loss of the beam intensity is 
occurred at the entrance of the vertical deflection bending magnet. 

 
(2) Nuclear Astrophysics 
 The main activity of the nuclear astrophysics group in CNS is experimental studies on astrophysical reactions and special nuclear clustering 
using the low-energy RI beam separator CRIB. In 2017, a strong indication of an exotic linear-chain cluster structure in 14C nucleus was 
presented based on the 10Be + α resonant scattering measurement at CRIB. To give a solution to the cosmological 7Li abundance problem, two 
experimental projects are in progress. One is to determine the 7Be(n, α)/(n, p) astrophysical reaction rates with the Trojan Horse method, and 
another is the measurement of 7Be(d, p) with a 7Be-implanted target. The latter project is in collaboration with RCNP, Osaka Univ. and JAEA, 
and CRIB was used for the 7Be target production. Based on the interest of the galactic γ-ray production, a proton resonant scattering 
experiment with 26Al isomeric beam was performed at CRIB in Mar. 2017. With the analysis followed that, the isomeric purity was found to 
be about 50%. Resonances in 27Si are observed in the relevant energy range of supernovae, and we may be able to discuss possible destruction 
of 26Al in supernovae. 
 
(3) Nuclear structure of exotic nuclei  
 The NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) group studies exotic structures in high-isospin and/or high-spin 
states in nuclei. The CNS GRAPE (Gamma-Ray detector Array with Position and Energy sensitivity) is a major apparatus for 
high-resolution in-beam gamma-ray spectroscopy. Missing mass spectroscopy using the SHARAQ is used for another approach on exotic 
nuclei. In 2017, the following progress has been made. Experimental data taken under the EURICA collaboration has been analyzed for 
studying octupole deformation in neutron-rich Ba isotopes and preparing publication. A new experiment measuring the 4He(8He, 8Be)4n 
reaction was performed for better statistics and better accuracy in order to verify a candidate of the ground state of the tetra neutrons just 
above the 4n threshold, which is under analysis. 
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(4) Quark Physics  
 Main goal of the quark physics group is to understand the properties of hot and dense nuclear matter created by colliding heavy nuclei at 
relativistic energies. The group has been involved in the PHENIX experiment at Relativistic Heavy Ion Collider (RHIC) at Brookhaven 
National Laboratory, and the ALICE experiment at Large Hadron Collider (LHC) at CERN. As for ALICE, the group has involved in the 
data analyses, which include the measurement of low-mass lepton pairs in Pb-Pb and p-Pb collisions, J/ψ measurements in p-Pb collisions, 
long range two particle correlations in p-Pb collisions, and searches for thermal photons in p-Pb collisions. The group has involved in the 
ALICE-TPC upgrade using a Gas Electron Multiplier (GEM). Development of the new data readout system for the upgrade, which aims 
online data processing by utilizing FPGA and GPU, has been ongoing in 2017.  
 
(5) Nuclear Theory 
 The nuclear theory group participates a project, “Priority Issue 9 to be tackled by using the Post-K Computer” and promotes computational 
nuclear physics utilizing supercomputers. In FY2017, we performed the Monte Carlo shell model calculations of the Sn isotopes and revealed 
that the anomalous enhancement of the B(E2) transition probabilities in the neutron-deficient region is caused by the proton excitation from 
the 1g9/2 orbit, and found that the second-order quantum phase transition occurs around N = 66. We also investigated the double 
Gamow-Teller strength distribution of double-beta decay emitters, such as 48Ca. We theoretically predict a linear relation between the nuclear 
matrix elements of the double Gamow-Teller transition and the neutrinoless double beta decay. In parallel, we have been promoting the 
CNS-RIKEN collaboration project on large-scale nuclear structure calculations and performed shell-model calculations under various 
collaborations with many experimentalists for investing the exotic structure of neutron-rich nuclei, such as 35Mg, 136Ba, 138Ce, and 135La. 
 
(6) OEDO/SHARAQ project 
 The OEDO/SHARAQ group pursues experimental studies of RI beams by using the high-resolution beamline and the SHARAQ 
spectrometer. A mass measurement by TOF-Bρ technique for very neutron-rich successfully reaches calcium isotopes beyond N = 34, 
55−57Ca, and the preparation of publication is ongoing. The experimental study of 0− strength in nuclei using the parity-tansfer charge 
exchange (16O, 16F) is on progress and the data analysis is on the final stage. The OEDO beamline, which was an upgrade of the 
high-resolution beamline to produce low-energy RI beams, has started the operation in June and has successfully achieved the designed 
ion-optical performance. The first and second experiments were performed in October and November, and new data for nuclear 
transmutation of long lived fission products (LLFPs) were successfully obtained. 

 
(7) Exotic Nuclear Reaction 
 The Exotic Nuclear Reaction group studies various exotic reactions induced by beams of unstable nuclei. One subject is 
inverse-kinematics (p, n) reaction. In 2017 a set of neutron counters PANDORA was used for the first time at HIMAC facility for the study 
of the 6He(p, n) reaction. Candidate nuclei to study are high spin isomers such as 52Fe(12+). Development of isomer beam was carried out. 
 
(8) Low Energy Nuclear Reaction Group 
 A recoil particle detector for missing mass spectroscopy, named TiNA, had been developed under the collaboration with RIKEN and 
RCNP. TiNA consists of 6 sector telescopes. Each of which as a stripped-type SSD and 2 CsI(Tl) crystals. After the test experiment at the 
tandem facility of Kyushu Univ., TiNA was employed at the physics experiment with OEDO. Development of the tritium target is still 
on-going. Several deuterium doped Ti targets were fabricated at the Toyama Univ. They were tested by using d(12C, d) reaction at the 
tandem facility at Kyushu. The amount of deuterium was found to be scattered. The optimum condition to make the target will be sought 
for. The production cross section 178m2Hf was evaluated for the mass production in the future. The digital signal processing devices for the 
GRAPE have been developed to measure the cascade transitions from the isomeric state. After chemical separation of Hf at the hot 
laboratory at RIBF. The week cascade decay was successfully measured. 
 
(9) Active Target Development 
 Two types of gaseous active target TPCs called CAT’s and GEM-MSTPC are developed and used for the missing mass spectroscopy. The 
CAT’s are employed for the study of equation of state of nuclear matter. The measurement of giant monopole resonance in 132Sn at RIBF with 
CAT-S and the data analysis is ongoing. In 2017, we developed a larger active target called CAT-M, which has 10-times larger active volume 
than that of CAT-S. The CAT-M was commissioned at HIMAC and the excitation energy spectrum of 136Xe for proton scattering was 
measured. The GEM-MSTPC is employed for the nuclear astrophysics study. The data analysis of (α, p) reaction on 18Ne and 22Mg and the 
β-decay of 16Ne followed by  
α emission are ongoing. 
  
(10) Fundamental Physics  
  Although the Standard Model of particle physics is being steadily and successfully verified, the disappearance of the antimatter in the 
universe could not be sufficiently explained; a more fundamental framework is required and has to be studied. In order to understand the 
mechanism of matter-antimatter symmetry violation, we are developing the next generation experiments employing ultracold atoms to 
search for the electron electric dipole moment (EDM) using heavy element francium (Fr) in an optical lattice at RIBF. The developments of 
a high intensity surface ionizer to produce Fr and a magneto-optical trap (MOT) are in progress, and Fr-MOT experiments are going on at 
present at CYRIC. 
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H. Muto, Y. Ohshiro, Y. Kotaka, H. Yamaguchi, Y. Sakemi, K. Kobayashi, M. Nishimura, M. Oyaizu, S. Kubono, M. Kase, T. Hattori, and S. Shimoura, 
“An innovative method for 12C4+ suppression in 18O6+ beam production in an electron cyclotron resonance ion source,” Rev. Sci. Instrum. 89, 016103 
(2018). 

 
[Proceedings] 
(Original Papers) *Subject to Peer Review 
T. Gunji [ALICE Collaboration], “Low mass dielectron measurements in pp, p-Pb, and Pb-Pb collisions with ALICE at the LHC,” Nucl. Part. Phys. Proc. 
289−290, 181 (2017).* 

T. Otsuka, Y. Tsunoda, T. Togashi N. Shimizu and T. Abe, “Quantum self-organization and nuclear collectivities,” J. Phys.: Conf. Ser. 966 012027 
(2018).* 

S. Michimasa, S. Ota, M. Dozono, M. Takaki, K. Kisamori, H. Miya, M. Kobayashi, Y. Kiyokawa, H. Baba, N. Fukuda, N. Inabe, S. Kawase, T. Kubo, Y. 
Kubota, C.S. Lee, M. Matsushita, H. Sakai, A. Stolz, H. Tokieda, T. Uesaka, K. Yako, Y. Yanagisawa, R. Yokoyama, K. Yoshida, S. Shimoura, 
“SHARAQ spectrometer: High-resolution spectroscopy using exotic beams and reactions,” PoS INPC2016, 106, (2017).* 
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D. Steppenbeck, S. Takeuchi, N. Aoi, P. Doornenbal, M. Matsushita, H. Wang, H. Baba, S. Go, J. Lee, K. Matsui, S. Michimasa, T. Motobayashi, D. 
Nishimura, T. Otsuka, H. Sakurai, Y. Shiga, P.-A. Soderstrom, T. Sumikama, R. Taniuchi, Y. Utsuno, J.J. Valiente-Dobon, K. Yoneda, “Low-lying 
structures of exotic Sc isotopes and the evolution of the N = 34 subshell closure,” PoS INPC2016, 030, (2017).* 

R. Yokoyama, E. Ideguchi, G. Simpson, Mn. Tanaka, S. Nishimura, P. Doornenbal, P.-A. Soderstrom, G. Lorusso, Z.Y. Xu, J. Wu, T. Sumikama, N. Aoi, 
H. Baba, F. Bello, F. Browne, R. Daido, Y. Fang, N. Fukuda, G. Gey, S. Go, S. Inabe, T. Isobe, D. Kameda, K. Kobayashi, M. Kobayashi, T. 
Komatsubara, T. Kubo, I. Kuti, Z. Li, M. Matsushita, S. Michimasa, C. B. Moon, H. Nishibata, I. Nishizuka, A. Odahara, Z. Patel, S. Rice, E. Sahin, L. 
Sinclair, H. Suzuki, H. Takeda, J. Taprogge, Zs. Vajta, H. Watanabe, A. Yagi, “Role of hexadecupole deformation in the shape evolution of 
neutron-rich Nd isotopes,” PoS INPC2016, 015, (2017).* 

Y. Togano, T. Nakamura, Y. Kondo, N. Kobayashi, R. Tanaka, R. Minakata, S. Ogoshi, S. Nishi, D. Kanno, T. Nakashima, J. Tsubota, A. T. Saito, J. A. 
Tostevin, N. A. Orr, J. Gibelin, F. Delaunay, F. M. Marques, N. L. Achouri, S. Leblond, Q. Deshayes, K. Yoneda, T. Motobayashi, H. Otsu, T. Isobe, 
H. Baba, H. Sato, Y. Shimizu, T. Kubo, N. Inabe, N. Fukuda, D. Kameda, H. Suzuki, H. Takeda, J. H. Lee, P. Doornenbal, S. Takeuchi, T. Kobayashi, 
K. Takahashi, K. Muto, T. Murakami, N. Nakatsuka, Y. Sato, S. Kim, J. Hwang, T. Aumann, D. Murai, A. Navin, A. G. Tuff, M. Vandebrouck, 
“Reaction cross section of the two-neutron halo nucleus 22C at 235 MeV/nucleon,” PoS INPC2016, 281, (2017).* 

H. Wang, H. Otsu, H. Sakurai, D. Ahn, N. Chiga, P. Doornenbal, N. Fukuda, T. Isobe, T. Kubo, S. Kubono, G. Lorusso, P. -A. Soderstrom, H. Suzuki, H. 
Takeda, Y. Watanabe, K. Yoshida, T. Matsuzaki, Y. Shimizu, T. Sumikama, M. Uesaka, S. Kawase, K. Nakano, Y. Watanabe, S. Araki, T. Kin, S. 
Takeuchi, Y. Togano, T. Nakamura, Y. Kondo, T. Ozaki, A. Saito, J. Tsubota, M. Aikawa, A. Makinaga, T. Ando, S. Koyama, S. Momiyama, S. 
Nagamine, M. Niikura, T. Saito, R. Taniuchi, K. Wimmer, S. Kawakami, Y. Maeda, T. Yamamoto, Y. Shiga, M. Matsushita, S. Michimasa, S. 
Shimoura, “Spallation reaction study for the long-lived fission products in nuclear waste: Cross section measurements for 137Cs, 90Sr and 107Pd using 
inverse kinematics method,’’ Energy Procedia 131 127−132 (2017).* 

S. Kawase, Y. Watanabe, H. Wang, H. Otsu, H. Sakurai, S. Takeuchi, Y. Togano, T. Nakamura, Y. Maeda, D. S. Ahn, M. Aikawa, S. Araki, S. D. Chen, 
N. Chiga, P. Doornenbal, N. Fukuda, T. Ichihara, T. Isobe, S. Kawakami, T. Kin, Y. Kondo, S. Koyama, T. Kubo, S. Kubono, M. Kurokawa, A. 
Makinaga, M. Matsushita, T. Matsuzaki, S. Michimasa, S. Momiyama, S. Nagamine, K. Nakano, M. Niikura, T. Ozaki, A. Saito, T. Saito, Y. Shiga, M. 
Shikata, Y. Shimizu, S. Shimoura, T. Sumikama, P. -A. Soderstrom, H. Suzuki, H. Takeda, R. Taniuchi, J. Tsubota, Y. Watanabe, K. Wimmer, T. 
Yamamoto, K. Yoshida, “Cross section measurement of residues produced in proton- and deuteron-induced spallation reactions on 93Zr at 105 MeV/u 
using the inverse kinematics method,’’ EPJ Web of Conf. 146, 03012 (2017).* 

K. Nakano, Y. Watanabe, S. Kawase, H. Wang, H. Otsu, H. Sakurai, S. Takeuchi, Y. Togano, T. Nakamura, Y. Maeda, D. S. Ahn, M. Aikawa, S. Araki, 
S. Chen, N. Chiga, P. Doornenbal, N. Fukuda, T. Ichihara, T. Isobe, S. Kawakami, T. Kin, Y. Kondo, S. Koyama, T. Kubo, S. Kubono, M. Kurokawa, 
A. Makinaga, M. Matsushita, T. Matsuzaki, S. Michimasa, S. Momiyama, S. Nagamine, M. Niikura, T. Ozaki, A. Saito, T. Saito, Y. Shiga, M. Shikata, 
Y. Shimizu, S. Shimoura, T. Sumikama, P.-A. Soderstrom, H. Suzuki, H. Takeda, R. Taniuchi, J. Tsubota, Y. Watanabe, K. Wimmer, T. Yamamoto, K. 
Yoshida, “Cross sections for nuclide production in proton- and deuteron-induced reactions on 93Nb measured using the inverse kinematics method,” 
EPJ Web of Conf. 146, 11046 (2017).* 

K. Sekiguchi, Y. Wada, A. Watanabe, D. Eto, T. Akieda, H. Kon, K. Miki, N. Sakamoto, H. Sakai, M. Sasano, Y. Shimizu, H. Suzuki, T. Uesaka, Y. 
Yanagisawa, M. Dozono, S. Kawase, Y. Kubota, C. S. Lee, K. Yako, Y. Maeda, S. Kawakami, T. Yamamoto, S. Sakaguchi, T. Wakasa, J. Yasuda, A. 
Ohkura, Y. Shindo, M. Tabata, E. Milman, S. Chebotaryov, H. Okamura, and T. L. Tang: “Deuteron analyzing powers for dp elastic scattering at 
intermediate energies and three-nucleon forces,’’ Few Body Syst. 58, 48 (2017).* 

H. Yamaguchi, D. Kahl, S. Hayakawa, Y. Sakaguchi, K. Abe, T. Nakao, T. Suhara, N. Iwasa, A. Kim, D. H. Kim, S. M. Cha, M. S. Kwag, J. H. Lee, E. J. 
Lee, K. Y. Chae, Y. Wakabayashi, N. Imai, N. Kitamura, P. Lee, J. Y. Moon, K. B. Lee, C. Akers, H. S. Jung, N. N. Duy, L. H. Khiem and C. S. Lee, 
“Study on a-cluster levels in non-4n nuclei using low-energy RI beams,’’ J Phys.: Conf. Ser. 863, 012025 (2017).* 

D. Kahl, H. Shimizu, H. Yamaguchi, K. Abe, O. Beliuskina, S. M. Cha, K. Y. Chae, A. A. Chen, Z. Ge, S. Hayakawa, N. Imai, N. Iwasa, A. Kim, D. H. 
Kim, M. J. Kim, S. Kubono, M. S. Kwag, J. Liang, J. Y. Moon, S. Nishimura, S. Oka, S. Y. Park, A. Psaltis, T. Teranishi, Y. Ueno and L. Yang, 
“Isomer beam elastic scattering: 26mAl(p, p) for astrophysics,’’ EPJ Web Conf. 165, 01030 (2017).* 

H. Yamaguchi, D. Kahl, S. Hayakawa, L. Yang, H. Shimizu, Y. Sakaguchi, K. Abe, T. Nakao, T. Suhara, N. Iwasa, A. Kim, D.H. Kim, S.M. Cha, M.S. 
Kwag, J.H. Lee, E.J. Lee, K.Y. Chae, Y. Wakabayashi, N. Imai, N. Kitamura, P. Lee, J.Y. Moon, K.B. Lee, C. Akers, H.S. Jung, N.N. Duy, L.H. 
Khiem, C.S. Lee, T. Hashimoto, S. Kubono, T. Kawabata, T. Teranishi, Y.K. Kwon and D.N. Binh, “Nuclear astrophysics projects at the low-energy 
RI beam separator CRIB,’’ EPJ Web Conf. 165, 01056 (2017).* 

Umakanth Dammalapati, Ken-ichi Harada, Tomohiro Hayamizu, Kosuke Sakamoto, Ko Kato, Takahiro Aoki, Sako Ito, Takeshi Inoue, Aiko Uchiyama, 
Hirokazu Kawamura, Masatoshi Itoh, Takatoshi Aoki, Atsushi Hatakeyama, Yasuhiro Sakemi, “Francium: Tool for Fundamental Symmetry 
Investigations,” JPS Conf. Proc. 18, 011046 (2017).* 

M. Itoh, S. Ando, T. Aoki, H. Arikawa, S. Ezure, K. Harada, T. Hayamizu, T. Inoue, T. Ishikawa, K. Kato, H. Kawamura, Y. Sakemi, A. Uchiyama, 
“Measurement of the 3-α decay from the Hoyle and the broad 10 MeV states in 12C,” J. Phys. Conf. Ser. 863, 012019 (2017).* 

 
 
Oral Presentations 
[International Conference etc.] 

Y.Sakemi (invited), “Fundamental physics with ultracold radioactive atoms and molecules,” MITP program “Low energy probes of new physics 
(LEPONP2017),” Mainz, Germany, May 14–24, 2017. 

Y.Sakemi (invited), “Fundamental physics with cooled radioactive atoms ~ possible extension of Fr-EDM~,” 10th International Conference on Nuclear 
Physics at Storage Rings (STORI2017), Kanazawa, Japan, Nov. 13−18, 2017. 

H. Yamaguchi, “Nuclear astrophysics projects at the low-energy RI beam separator CRIB,’’ The 8th Nuclear Physics in Astrophysics International 
conference (NPA8), INFN-LNS, Catania, Italy, Jun. 18–23, 2017. 

S. Hayakawa, “Measurements of the 7Be+n Big-Bang nucleosynthesis reactions at CRIB by the Trojan Horse method,” The 8th Nuclear Physics in 
Astrophysics International Conference (NPA8), Catania, Italy, June 18–23, 2017. 
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H. Yamaguchi, ”Indirect studies on astrophysical reactions at the low-energy RI beam separator CRIB,’’ The 14th International Symposium on Origin of 
Matter and Evolution of the Galaxies (OMEG2017), Hotel ICC, Daejeon, Korea, Jun. 27–30, 2017. 

S. Hayakawa, “Measurements of the neutron-induced reactions on 7Be with CRIB by the Trojan Horse method,’’ The 14th international symposium on 
Origin of Matter and Evolution of Galaxies (OMEG2017), Daejon, Rep. of Korea, Jun. 27–30 2017. 

H. Yamaguchi (invited), “Direct measurements and detection techniques with low-energy RIBs,’’ 9th European Summer School on Experimental Nuclear 
Astrophysics (Santa Tecla School), Hotel Santa Tecla Palace, Acireale, Italy, Sep. 17–24, 2017.  

H. Shimizu, “Isomeric 26mAl Beam Production with CRIB,” The 9th European Summer School on Experimental Nuclear Astrophysics, Hotel Santa 
Tecla Palace, Acireale, Italy, Sep. 17–24, 2017.  

H. Yamaguchi (invited), “Studying nuclear astrophysics and nuclear clustering at the low-energy RI beam separator CRIB,’’ The International 
Symposium on Physics of Unstable Nuclei 2017 (ISPUN2017), Wyndham Legende Halong Hotel, Halong, Vietnam, Sep. 25–30, 2017. 

H. Yamaguchi (oral, invited), “Study on alpha-cluster states via resonant scattering with low-energy RI beams,’’ Workshop on Nuclear Cluster Physics 
2017 (WNCP2017), Hokkaido University, Sapporo, Japan, Oct. 25–27, 2017. 

H. Yamaguchi, “CRIB and OEDO − the low energy RI beam facilities of CNS, the University of Tokyo,’’ Nuclear Physics Seminar, Beihang University, 
Beijing, China, Nov. 10, 2017. 

K. Yako(invited)  “Exploring nuclear structure by double charge exchange reactions in Japan,’’ Conference on Neutrino and Nuclear Physics 
(CNNP2017), University of Catania, Catania, Italy, Oct. 15–21, 2017. 

S. Shimoura (Oral), “Reduction and resource recycling of high-level radioactive wastes through nuclear transmutation − Nuclear reaction data of 
long-lived fission products,’’ International Nuclear Fuel Cycle Conference (GLOBAL2017), September 24–29, 2017, Seoul, Korea. 

 S. Shimoura (Invited), “New energy-degrading beam line OEDO in RIKEN RI beam factory,’’ The International Symposium on Physics of Unstable 
Nuclei 2017 (ISPUN17), Halong City, Vietnam, September 25–30, 2017. 

P. Schrock (oral), “Shell structure at the border of the island of inversion: Spectroscopy of neutron-rich Al isotopes.” The International Symposium on 
Physics of Unstable Nuclei 2017 (ISPUN17), Halong City, Vietnam, September 25–30, 2017. 

S. Shimoura (invited), “Tetra-neutron system studied by (8He, 8Be) reaction,’’ Workshop on Nuclear Structure and Reaction Theories: Building Together 
for the Future, GANIL, Caen, France, October 9–13, 2017. 

S. Shimoura (Invited), “Tetra-neutron system populated by RI-beam experiments,’’ Critical Stability of Quantum Few-Body Systems (crit17), MPIPKS, 
Dresden, Germany, October 16–20, 2017. 

S. Shimoura (invited), “Experimental studies of the tetra-neutron system by using RI-beam,’’ The 23rd European Conference on Few-Body Problems in 
Physics, Aarhus, Denmark, Aug. 8–12, 2016. 

S. Shimoura (invited), “Exotic nuclei studied by exotic reaction,’’ Ito International Research Center (IIRC) Symposium “Perspectives of the Physics of 
Nuclear Structure,” University of Tokyo, Tokyo, Japan, November 1–4, 2017. 

S. Michimasa (invited), “Direct mass measurement of Calcium isotopes beyond N = 34,’’ International symposium “Perspectives of the physics of 
nuclear structure,’’ the University of Tokyo, Hongo, Tokyo, Japan, November 1–4, 2017. 

S. Shimoura (invited), “Tetra-neutron system studied by 4He(8He, 8Be),’’ Workshop on Nuclear Cluster Physics (WNCP2016), Kanto-Gakuin University, 
Yokohama, Japan, Oct. 17–21, 2016. 

S. Shimoura (invited), “Tetra-neutron system populated by using RI-beam induced reaction,’’ 第 6回「中性子星の核物質」研究会, RIKEN Nishina 
Cenger, Wako, Saitama, Japan, Dec. 1–3, 2017. 

N. Imai (Invited),「将来計画ＷＧ不安定核班第 2期からの報告", RIBF理論若手放談会：エキゾチック核物理の広がり」, 理研神戸・融合連携
イノベーション推進棟, Jul. 31−Aug. 2, 2017. 

N. Imai, “Surrogate reaction of 79Se(n,gamma)80Se,” ImPACT-OEDO workshop, RIBF conference room, Wako, Saitama, Japan, 2017/7/13-14. 
M. Dozono, “p/d iduced reaction of 107Pd,” ImPACT-OEDO workshop, RIBF conference room, Wako, Saitama, Japan, 2017/7/13-14. 
S. Michimasa, “Preliminary report of OEDO commissioning", ImPACT-OEDO workshop, 2017/7/13-14, RIBF conference room, Wako, Saitama, Japan. 
N. Imai (invited), “Energy-degraded beam line at RIBF, OEDO,” International Workshop on “Physics Opportunities using CAGRA and RCNP tracking 

Ge detector” (CAGRA17) Sigma Hall, Toyonaka Campus, Osaka University, Osaka, Japan, Oct 10-12, 2017. 
P. Schrock (invited), “Transfer Reactions with CAGRA at OEDO,” International Workshop on “Physics Opportunities using CAGRA and RCNP 

tracking Ge detector (CAGRA17)” Sigma Hall, Toyonaka Campus, Osaka University, Osaka, Japan, Oct 10−12, 2017. 
O. Beliuskina, “The ultrafast dE-ToF sc diamond detector,” International Workshop on “Physics Opportunities using CAGRA and RCNP tracking Ge 

detector (CAGRA17)” Sigma Hall, Toyonaka Campus, Osaka University, Osaka, Japan, Oct 10−12, 2017. 
N. Imai (Invited),「OEDOを用いた低エネルギーLLFPの核反応データ取得」, 東海村産業・情報プラザ (アイヴィル), 2017/11/16−17. 
N. Imai (Invited), “Nuclear Data of LLFP and Future prospect of a new energy degraded beam line OEDO,” RIBF Users group meeting, RIBF 

Conference Room, 2017/12/6. 
O. Beliuskina (oral), "The ultrafast dE-ToF single crystal diamond detector", The 6th ADAMAS Workshop, November 27−28, 2017, Zagreb, Croatia. 
S. Shimoura, “Direct Reaction,’’ Rewriting Nuclear Physics Textbooks: Basic nuclear interactions and their link to nuclear processes in the cosmos and 

on earth, Pisa, Italy, July 24−28, 2017. 
S. Ota, “Nuclear matter from low-energy reaction,’’ OEDO Workshop, CNS Wako campus, Saitama, Japan, Jul.15, 2017. 
S. Ota, “Equation of state of nuclear matter from direct reactions,’’ Workshop on RI and Heavy-ion science, Ewha womans university, Seoul, Korea, Oct. 

19−20, 2017. 
S. Ota, “Active targets CAT’s for missing mass spectroscopy with high-intensity beams,’’ Workshop on active targets and time projection chambers for 

high-intensity and heavy-ion beams in nuclear physics, Santiago de Compostela University, Spain, Jan. 17−19. 
T. Otsuka, “Quantum self-organization and nuclear shapes,” Advances in Radioactive Isotope Science, ARIS2017, USA, June 2017. 
T. Otsuka, “Twenty years ago, twenty years later,” Perspectives of physics of nuclear structure, Tokyo, Japan, November 2017. 
T. Otsuka, “Impact to shell model, impact of shell model,” Probing fundamental interactions by low energy excitations, Stockholm, Sweden, June 2017. 
T. Otsuka, “Single-particle states vs. collective modes: friends or enemies,” Shapes and symmetries in nuclei: from experiment to theory, France, 
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November 2017. 
T. Otsuka, “Quantum self-organization and the structure evolution of atomic nuclei,” international symposium on physics of unstable nuclei 2017, Hanoi, 

Vietnam, September 2017. 
T. Otsuka, “Suppression of double-beta decay and quadrupole pairing,” Nuclear ab initio theories and neutrino physics, Seattle, USA, March 2018. 
T. Otsuka, “Quantum self-organization and nuclear collectivity,” IVth Topical workshop on modern aspects in nuclear structure, Bormio Italy, February 

2018. 
T. Otsuka, “Single-particle states vs. collective modes: friends or enemies?” 16th International symposium on capture gamma-ray spectroscopy and 

related topics (CGS16), Shanghai, China, September 2017. 
T. Otsuka, “Beauty and the Quantum,” Academia Europaea Section Initiated Workshop - Inaugural Lectures by New Members of Physics and 

Engineering Sciences, Budapest Hungary, September 2017. 
T. Otsuka, “Quantum self-organization and nuclear collectivities,” 12th International spring seminar on nuclear physics, current problems and prospects 

for nuclear structure, Ischia Italy, May 2017. 
T. Otsuka, “Shell-model challenges to gamma-ray spectroscopy,” NUSPIN2017, GSI, Germany, June 2017. 
T. Otsuka, “Shape coexistence and quantum phase transition in the Monte-Carlo Shell Model,” Shape coexistence and electric monopole transitions, Salay, 

France, October 2017. 
T. Otsuka, “Cluster and molecular structure emerging from ab initio Monte Carlo Shell Model calculations,” 2nd International Workshop on Nuclear 

Cluster Physics (WNCP2017), Sapporo, Japan, October 2017. 
T. Otsuka, “Quantum self-organization in atomic nuclei,” The COPIGAL Meeting on recent results and future projects involving PARIS, AGATA, NEDA, 

and FAZIA detectors, Krakow, Poland, December 2017. 
T. Otsuka, “Perspectives of the shell model on and beyond monopole,” First Workshop on Nuclear Shell Model Developments and Applications in 

Eastern Asia (NuSEA2018), Shanghai, China, March 2018. 
N. Shimizu, “Double Gamow-Teller transition and its relation to neutrinoless double beta decay,” Nuclear ab initio Theories and Neutrino Physics, Seattle, 

USA, March 2018. 
N. Shimizu, “Shell model study on a double-beta decay nucleus 48Ca,” Probing Fundamental Interactions by Low Energy Excitations, KTH Royal 

Institute of Technology, Stockholm, Sweden, June 2017. 
T. Miyagi, “Recent progress in the unitary-model-operator approach,” TRIUMF workshop on Progress in Ab Initio Techniques in Nuclear Physics, 

Vancouver, Canada, March 2018. 
T. Miyagi, “Unitary-model-operator approach calculations with the chiral NN+3N forces,” 16th CNS Summer School, RIKEN, Wako, Japan, August 

2017. 
T. Miyagi, “Ground-state energies and radii from the unitary-model-operator approach,” Probing fundamental interactions by low energy excitations 

-Advances in theoretical nuclear physics, Royal Institute of Technology, Stockholm, Sweden, June 2017. 
Y. Utsuno, “Shell-model study for the A ~ 130 region,” Gif-Sur-Yvette, France (Conference “Shapes and Symmetries in Nuclei: from Experiment to 

Theory (SSNET’17)”), November 2017. 
Y. Utsuno, “Consistent description of shell gaps and deformed states around O-16 and Ca-40,” Mumbai, India (Conference “Frontiers in Gamma Ray 

Spectroscopy (FIG18)”), March 2018. 
T. Abe, “Advances in the Monte Carlo Shell Model for Understanding Nuclear Structure,” Ito International Center (IIRC) Symposium “Perspectives of 

the Physics of Nuclear Structure,” Ito Hall, the University of Tokyo, November 2017. 
T. Abe, “Recent advances in the no-core Monte Carlo shell model,” Progress in Ab Initio Techniques in Nuclear Physics, TRIUMF, Canada, March 2018. 
Y. Tsunoda, “Monte Carlo shell model calculations for structure of nuclei around Z = 28,” IVth Topical Workshop on Modern Aspects in Nuclear 

Structure, Bormio, Italy, February 2018. 
Y. Tsunoda, “Nuclear structure studied by Monte Carlo shell model calculations,” NUSTAR Annual Meeting 2018, GSI, Darmstadt, Germany, March 

2018. 
N. Tsunoda, “Exotic neutron-rich medium-mass nuclei with realistic nuclear force,” Keystone ARIS2017, May 2017.  
N. Tsunoda, “Structure of exotic nuclei based on nuclear force,” Perspective of physics of nuclear structure, Tokyo, Japan, November 2017. 
N. Tsunoda, “Many body perturbation theory for the effective interaction for the shell model calculation and its application to island of inversion,” 

Leuven-Tokyo mini workshop, Tokyo, Japan, March 2018. 
J. Menéndez, “Nuclear matrix elements for double-beta decay: present and future,” Solvay workshop "Beyond the Standard model with Neutrinos and 

Nuclear Physics", Brussels (Belgium), November 30, 2017. 
J. Menéndez, “Nuclear Matrix Elements for Fundamental Symmetries,” Perspective of the Physics of Nuclear Structure Conference, Tokyo (Japan), 

November 4, 2017. 
J. Menéndez, “Double Gamow-Teller transition of 48Ca and its relation to neutrinoless double-beta decay,” Conference on Neutrino and Nuclear Physics 

(CNNP2017), Catania (Italy), October 17, 2017. 
J. Menéndez, “The interplay of nuclear structure with β and double-β decays,” International Symposium on Physics of Unstable Nuclei 2017 (ISPUN17), 

Halong City (Vietnam), September 26, 2017. 
J. Menéndez, “Status of neutrinoless double-beta decay nuclear matrix elements,” Recent developments in neutrino physics and astrophysics workshop, 

Gran Sasso (Italy), September 6, 2017. 
J. Menéndez, “Which nuclear data and correlations can constrain neutrinoless double-beta decay matrix elements?” INT Program “Neutrinoless 

Double-beta Decay,’’ Seattle (USA), June 21, 2017. 
 

 [Domestic Conference] 
S. Hayashi, “J/psi production in heavy ion collisions,” Heavy Ion Café, RIKEN, Wako, Japan, January 13, 2018. 
S. Hayakawa,「CRIBでの 7Beビームを用いたビッグバン元素合成反応の測定」, X線天体と元素合成を中心とする宇宙核物理研究会, RIKEN, 
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Wako, Japan, July 20–21, 2017. 
H.Shimizu,「CRIB における 26Al 核異性体の陽子弾性共鳴散乱実験」, X 線天体と元素合成を中心とする宇宙核物理研究会, RIKEN, Wako, Japan, 

July 20–21, 2017. 
山口英斉,「α 共鳴散乱による不安定核クラスター状態の研究」, RCNP 研究会「核子・ストレンジネス多体系におけるクラスター現象」大

阪大学核物理研究センター, Aug 3−5, 2017. 
S. Michimasa et al.,「LLFP 安定核種化・短寿命化のための核変換法の開発 (6) OEDO ビームラインの性能評価」, AESJ Fall meeting, Hokkaido 

University, Sapporo, Hokkaido, Japan, Sept. 13–15. 
S. OTA, “Matter dominant universe through nuclear physics,’’ High school lecture for Fukuoka Prefectural Chikushigaoka High School, CNS Wako 

campus, Saitama, Japan, Aug. 1, 2017. 
S. Michimasa,「SHARAQ スペクトロメータを用いた中性子過剰核の直接質量測定」, 第 7 回先導原子力研コロキウム, Tokyo Institute of 

Technology, Meguro, Tokyo, Japan, July 21, 2017. 
S. Shimoura,「エキゾチック原子核の世界」, 集中講義, 立教大学, June 9, 16, 23, 2017. 
N. Imai,「不安定核物理の将来,’’ JPA Fall meeting, Utsunomiya University, Utsunomiya, Tochigi, Japan, Sept. 12−15, 2017. 
T. Gunji,「高エネルギー重イオン衝突による物理の将来」, JPA Fall meeting, Utsunomiya University, Utsunomiya, Tochigi, Japan, Sept. 12–15, 2017. 
S. Hayashi, “Inclusive J/psi measurement in p-Pb collisions with the ALICE detector,” JPS Autumn Meeting 2017, Utsunomiya University, Utsunomiya, 

Japan, September 12–15, 2017. 
Y. Sekiguchi for the ALICE collaboration, “Study of particle correlations in p-Pb collisions with ALICE detector,” 日本物理学会 2017 年秋季大会, 宇

都宮大学, 峰キャンパス, 2017 年 9 月 12–15 日. 
H. Murakami for the ALICE collaboration, “Status of direct photon measurement in small systems with ALICE,” 日本物理学会 2017 年秋季大会 宇

都宮大学, 2017 年 9 月 12–15 日. 
早川勢也 (oral),「トロイの木馬法による 7Be+n ビッグバン元素合成反応の測定 II」, 日本物理学会 2017 年秋季大会, 宇都宮大学, 2017 年

9 月 12–15 日. 
N. Kitamura et al.,「TRIUMF におけるトリチウム標的の評価」, JPS Fall meeting, Utsunomiya University, Utsunomiya, Tochigi, Japan, Sept. 12–15, 

2017. 
K. Kawata et al.,「58Ni の入射核破砕反応による高スピンアイソマービームの生成」, JPS Fall meeting, Utsunomiya University, Utsunomiya, Tochigi, 

Japan, Sept. 12–15, 2017. 
C. Iwamoto et al.,「ガスアクティブ標的 CAT の大型化に向けた二重増幅率抑制型多層 THGEM の開発」, JPS Fall meeting, Utsunomiya University, 

Utsunomiya, Tochigi, Japan, Sept. 12–15, 2017. 
S. Michimasa et al.,「低速 RI ビームを用いた LLFP 核の核反応断面積測定」, AESJ Spring meeting, Osaka University, Osaka, Japan, Mar. 26–28. 
M. Dozono et al., 「低速 RI ビームを用いた 107Pd, 93Zr の陽子および重陽子誘起反応測定」, AESJ Spring meeting, Osaka University, Osaka, Japan, 

Mar. 26–28. 
大塚孝治,「核力と原子核の基本的性質」,「原子核多体問題の進展と展望」, 軽井沢, 2017 年 6 月. 
清水則孝,「ベイズ統計による殻模型計算の解析」, 素粒子・原子核・宇宙「京からポスト京に向けて」シンポジウム, 筑波大学文京校舎, 2017

年 12 月. 
清水則孝,「殻模型計算による核準位密度の微視的記述」, 2017 年度核データ研究会, 茨城県東海村, 東海駅前・アイヴィル, 2017 年 11 月. 
清水則孝,「ボゴリューボフ準粒子基底によるモンテカルロ殻模型」, 日本物理学会 2017 年秋季大会（宇都宮大学峰キャンパス）, 2017 年 9

月. 
宮城宇志,「3 体力効果を取り込んだ UMOA 計算」, 日本物理学会 2017 年秋季大会, 宇都宮大学, 峰キャンパス, 2017 年 9 月. 
宮城宇志,「中重核における 3 体力の効果」, RIBF 理論若手放談会：エキゾチック核物理の広がり, 理化学研究所, 神戸キャンパス, 2017 年 8

月. 
角田佑介,「モンテカルロ殻模型による原子核形状の研究」, RIBF 理論若手放談会：エキゾチック核物理の広がり, 理化学研究所神戸キャン

パス, 2017 年 7 月. 
角田佑介,「モンテカルロ殻模型による Sm 同位体の形状変化の研究」, 日本物理学会 2017 年秋季大会, 宇都宮大学峰キャンパス, 2017 年 9

月. 
角田佑介,「中重核・重い原子核の形状のモンテカルロ殻模型による研究」, 素粒子・原子核・宇宙「京からポスト京に向けて」シンポジウ

ム, 筑波大学東京キャンパス文京校舎, 2017 年 12 月. 
角田佑介,「Sm 同位体の形状変化のモンテカルロ殻模型による研究」, 日本物理学会第 73 回年次大会, 東京理科大学野田キャンパス, 2018

年 3 月. 
角田佑介, 「量子自己組織化と原子核の集団性」, 研究会「量子クラスターで読み解く物質の階層構造」, 東京工業大学大岡山キャンパス, 2018

年 3 月. 
角田直文,「Medium-mass nuclei from nuclear force」, 京都大学 基研研究会「核力に基づく核構造・核反応物理の展開」, 2017 年 3 月. 
角田直文, 「核力と中性子過剰核の構造」, 理研神戸・融合連携イノベーション推進棟 RIBF 若手放談会「エキゾチック核物理の広がり」, 2017

年 7−8 月. 
角田直文,「中性子過剰な Mg 同位体の新たな様相」, 宇都宮大学 日本物理学会 2017 年秋季大会, 2017 年 9 月. 
角田直文,「原子核殻模型における統計力学的考察」, 宇都宮大学 日本物理学会 2017 年秋季大会, 2017 年 9 月. 
角田直文,「現実的核力に基づく多殻有効相互作用の構築と中性子過剰核への適用」, 東京理科大学 日本物理学会第 73 回年次大会, 2018 年

3 月. 
富樫智章,「Zr 同位体近傍における形の量子相転移のモンテカルロ殻模型による研究」, 宇都宮大学, 日本物理学会 2017 年秋季大会, 2017

年 9 月. 
富樫智章,「大規模殻模型計算による中性子過剰 N=82 近傍の半減期の計算」, 宇都宮大学, 日本物理学会 2017 年秋季大会, 2017 年 9 月. 
富樫智章,「モンテカルロ殻模型による Sn 同位体の系統的研究」, 東京理科大学, 日本物理学会第 73 回年次大会, 2018 年 3 月. 
小高康照他,「空間電荷効果を導入した理研 AVF サイクロトロン入射軌道解析」, 第 14 回日本加速器学会年会，北海道札幌市, 北海道大学，
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2016年 8月 1–3日. 
大城幸光(oral),「CNSイオン源の現状」，第 14回 AVF合同打合せ，福島県立医科大学，2017年 6月 29−30日. 
小高康照(oral),「4 次元エミッタンス測定値を用いた AVF 入射軌道解析(2)」，第 14 回 AVF 合同打合せ，福島県立医科大学，2017 年 6 月

29–30日. 
大城幸光(oral),「CNSイオン源の現状」，第 15回 AVF合同打合せ，大阪大学 RCNP，2018年 2月 26–27日. 
小高康照(oral),「AVF入射軌道解析の現状」，第 15回 AVF合同打合せ，大阪大学 RCNP，2018年 2月 26–27日. 

 
Poster Presentations 
[International Conference etc.] 

T. Miyagi, “Nuclear ab initio calculations with the unitary-model-operator approach,” Perspective of the physics of the nuclear structure, Tokyo, Japan, 
November 2017. 

Y. Tsunoda, “Shapes of medium and heavy nuclei studied by Monte Carlo shell model calculations,” Ito International Research Center (IIRC) symposium 
"Perspectives of the physics of nuclear structure,” Tokyo, Japan, November 2017. 

H. Shimizu: “26mAl beam production and decay measurement at CRIB, ” The 14th international symposium on Origin of Matter and Evolution of 
Galaxies (OMEG2017), Jun. 27–30, 2017, Daejeon, Korea.  
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Partner Institution 
Center for Radioactive Ion Beam Sciences  
Institute of Natural Science and Technology, Niigata University 

 
1. Abstract 

The Center for Radioactive Ion Beam Sciences, Niigata University, aims at uncovering the properties of atomic nuclei and heavy 
elements and their roles in the synthesis of elements, with use of the advanced techniques of heavy ion and radioactive ion beam 
experiments as well as the theoretical methods. Main research subjects include the measurements of various reaction cross sections and 
moments of neutron- or proton-rich nuclei, synthesis of super-heavy elements and radio-chemical studies of heavy nuclei, and theoretical 
studies of exotic nuclei based on quantum many-body methods and various nuclear models. In addition, we promote interdisciplinary 
researches related to the radioactive ion beam sciences, such as applications of radioactive isotopes and radiation techniques to material 
sciences, nuclear engineering and medicine. Many of them are performed in collaboration with RIKEN Nishina Center and with use of 
the RIBF facilities. The center emphasizes also its function of graduate education in corporation with the Graduate School of Science 
and Technology, Niigata University, which invites three researchers in RIKEN Nishina Center as visiting professors.  

 
 
2. Major Research Subjects 
(1) Reaction cross section and radii of neutron-rich nuclei 
(2) Production of superheavy nuclei and radiochemistry of heavy elements 
(3) Nuclear theory  
 
 
3. Summary of Research Activity 
(1) Measurements of matter and charge radii of exotic nuclei 

The experimental nuclear physics group has studied the nuclear structures of exotic nuclei through the measurements of nuclear matter 
radii. The nuclear matter radii can be determined from interaction cross sections with the use of nuclear reaction model. At RIBF, 
RIKEN, we have performed experiments to measure interaction cross sections of F, Ne, Na, Mg, and Al isotopes and clarified the halo 
structure of 31Ne, and also the development of strong deformation in those isotopes, 28−32Ne, 32−38Mg, which are located around and 
beyond the “island of inversion” region. Recently our new project to explore the equation of state (EOS) of nuclear matter has been 
started. For the understanding of the EOS of asymmetric nuclear matter, either highly proton deficient or neutron deficient, the 
investigation of the development of neutron skin thickness in the exotic nuclei give the crucial information. We have measured 
interaction cross sections and charge changing cross sections for 58−78Ni using BigRIPS fragments separator at RIBF in FY2016. While 
nuclear matter radii can be determined from interaction cross sections, the proton distribution radii will be determined from 
charge-changing cross sections, thus neutron skin thickness will be obtained. The data analysis are in progress. 

 
(2) Production of superheavy nuclei and radiochemistry of heavy elements 
The nuclear chemistry group has been investigating decay properties of super-heavy nuclei, measured the excitation functions of 

rutherfordium isotopes, and clarified the ambiguity of the assignment of a few-second spontaneously fissioning isotope of 261Rf. The 
new equipment designed for measurement of short-lived alpha emitters is under development. 

For the chemistry research of super-heavy elements, preparatory experiments, such as solvent extraction for the group 4, 5, and 6th 
elements and gaseous phase chemistry for group-4 elements, have been performed using radioisotopes of corresponding homolog 
elements. 

 
(4) Nuclear theory   

One of the main activities of the nuclear theory group concerns with developments of the nuclear density functional theory and 
exploration of novel correlations and excitations in exotic nuclei. A fully selfconsistent scheme of the (quasiparticle) random phase 
approximation (QRPA) on top of the Skyrme-Hartree-Fock-Bogoliubov mean-field has been applied not only for spherical nuclei but 
also for deformed nuclei. The model is used to study the low-lying dipole excitation in neutron-rich nuclei in order to investigate the 
relation between the low-lying strength and the equation of state (EOS) of asymmetric nuclear matter. The QRPA in the density 
functional framework has been developed in various directions. The continuum QRPA, which describes not only collective correlations 
but also coupling to unbound continuum states of nucleons, has been applied to describe the direct neutron capture reaction in the 
r-process nucleosynthesis. The QRPA is recently applied to describe collective excitation in inner crust of neutron stars. The continuum 
quasiparticle states are also analyzed to study possible pairing effects on low-lying p-wave resonances and s-wave scattering states in 
unbound odd-N nuclei. Cluster structure and the ab initio studies of light nuclei are also important research subjects of the theory group. 
A new direction of theoretical study is initiated in this fiscal year toward a fully microscopic description of low-energy heavy ion 
dynamics using the time-dependent Hartree-Fock theory. The model has been applied to describe multi-nucleon transfer reaction to form 
heavy neutron-rich nuclei, and fusion process to form superheavy nuclei. 
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Members 
 

Director 
Masayuki MATSUO (Professor)  
  

Scientific Staff 
Takashi OHTSUBO (Associate Professor) 
Shin-ichi GOTO (Associate Professor) 
Shigeyoshi AOYAMA (Associate Professor)   
Takuji IZUMIKAWA (Associate Professor) 

Kazuyuki SEKIZAWA (Assistant Professor) 
Kazuhiro OOE (Assistant Professor) 
Jun GOTO (Assistant Professor) 
Maya TAKECHI (Assistant Professor) 

 
Post Doctoral Associates 

Tsunenori INAKURA 
 
 
List of Publications & Presentations  
  
Publications 
 [Journal] 

(Original Papers) *Subject to Peer Review  
J. Goto, M. Oshima, M. Sugawara, Y. Yamaguchi, C. Bi, S. Bamba, T. Morimoto, “Introduction of multiple γ-ray detection to charged particle activation 

analysis“, J. Radioanal. Nucl. Chem. 314, 1707–1714 (2017).* 
H.N. Liu , J. Lee, P. Doornenbal, H. Scheit, S. Takeuchi, N. Aoi, K.A. Li, M. Matsushita, D. Steppenbeck, H. Wang, H. Baba, E. Ideguchi, N. Kobayashi, 

Y. Kondo, G. Lee, S. Michimasa, T. Motobayashi, A. Poves, H. Sakurai, M. Takechi, Y. Togano, J.A. Tostevin, Y. Utsuno: “Intruder configurations in 
the ground state of 30Ne”, Phys. Lett. B 767, 58 (2017).* 

P. Doornenbal, H. Scheit, S. Takeuchi, Y. Utsuno, N. Aoi, K. Li, M. Matsushita, D. Steppenbeck, H. Wang, H. Baba, E.Ideguchi, N. Kobayashi, Y. 
Kondo, J. Lee, S.Michimasa, T. Motobayashi, T. Otsuka, H. Sakurai, M. Takechi, Y. Togano, and K. Yoneda : “Low-Z shore of the “island of 
inversion” and the reduced neutron magicity toward 28O”, Phy. Rev. C 95, 041301(R) (2017).* 

D. Kaji, K. Morimoto, H. Haba, Y. Wakabayashi, M. Takeyama, S. Yamaki, Y. Komori, S. Yanou, S. Goto, K. Morita, “Decay Measurement of 283Cn 
Produced in the 238U(48Ca, 3n) Reaction Using GARIS-II“, Journal of Physical Society of Japan 86, 085001(2) (2017).* 

N. Nakatsuka, H. Baba, T. Aumann, R. Avigo, S.R. Banerjee, A. Bracco, C. Caesar, F. Camera, S. Ceruti, S. Chen, V. Derya, P. Doornenbal, A. Giaz, A. 
Horvat, K. Ieki, T. Inakura, N. Imai, T. Kawabata, N. Kobayashi, Y. Kondo, S. Koyama, M. Kurata-Nishimura, S. Masuoka, M. Matsushita, S. 
Michimasa, B. Million, T. Motobayashi, T. Murakami, T. Nakamura, T. Ohnishi, H.J. Ong, S. Ota, H. Otsu, T. Ozaki, A. Saito, H. Sakurai, H. Scheit, 
F. Schindler, P. Schrock, Y. Shiga, M. Shikata, S. Shimoura, D. Steppenbeck, T. Sumikama, I. Syndikus, H. Takeda, S. Takeuchi, A. Tamii, R. 
Taniuchi, Y. Togano, J. Tscheuschner, J. Tsubota, H. Wang, O. Wieland, K. Wimmer, Y. Yamaguchi, K. Yoneda, J. Zenihiro, “Observation of 
isoscalar and isovector dipole excitations in neutron-rich 20O”, Phys. Lett. B 768, 387–392 (2017).* 

 
 
Oral Presentations 

[International Conference etc.] 
K. Shirai, S. Goto, K. Ooe, H. Kudo, “Influence of Surface Condition of Quartz Column for Gas Chromatoraphic Behaviors of ZrCl4 and HfCl4”, 6th 

Asia-Pacific Symposium on Radiochemistry (APSORC17), Jeju, Korea, September 17–22, 2017. 
T. Tomitsuka, Y. Kaneya, T. K. Sato, M. Asai, K. Tsukada, A. Toyoshima, A. Mitsukai, A. Osa, K. Nishio, Y. Nagame, K. Ooe, M. Sakama, S. 

Miyashita, M. Shibata, Y. Kasamatsu, R. Eichler, C. E. Düllmann, N. Trautmann, J. V. Kratz, M. Schädel, “Adsorption of Lawrencium (Z = 103) on a 
Tantalum Surface”, 6th Asia-Pacific Symposium on Radiochemistry (APSORC17), Jeju, Korea, September 17–22, 2017. 

K. Shirai, S. Goto, K. Ooe, H. Kudo, “Off-line experiment of gas chromatography for ZrCl4 and HfCl4 using a chlorinated column”, 9th Workshop on the 
Chemistry of the Heaviest Element (CHE9), Ascona, Switzerland, October 8–11, 2017. 

T. Inakura, M. Matsuo,  Anderson-Bogoliubov phonon in inner crust of neutron star, Interdisciplinary symposium on modern density functional theory 
(iDFT), RIKEN, June 19–23, 2017. 

 
[Domestic Conference] 

J. Goto, T. Takahashi, R. Endo, Y. Fukushima, H. Yoshida, M. Nishikata, Y. Shobugawa and M. Naito,「ASURAを用いた最近の調査の紹介」, 第 5
回「原発事故被災地域における放射線量マッピングシステムの技術開発・運用とデータ解析に関する研究会」, 京都大学原子炉実験所, 2018
年 2月 27日. 

J. Goto, T. Takahashi, R. Endo, Y. Fukushima and H. Yoshida,「常磐自動車道における放射線の分布状況調査（４）ASURAを用いた道路上の放
射性セシウム沈着量調査」, 日本原子力学会 2018年春の年会, 大阪大学吹田キャンパス, 2018年 3月 26–28日. 

S. Goto, D. Kaji, S. Tsuchiya, R. Aono, K. Morimoto, H. Haba, K. Ooe, H. Kudo,「254Rfの自発核分裂における核分裂片の全運動エネルギー測定」, 
第 61回放射化学討論会, 筑波大学筑波キャンパス, 9月 (2017). 

D. Sato, M. Murakami, S. Goto, K. Ooe, R. Motoyama, K. Shirai, R. Yamada, S. Tsuchiya, T. Morimoto, H. Haba, Y. Komori, S. Yano, A. Toyoshima, 
A. Mitsukai, H. Kikunaga, H. Kudo,「105番元素 Dbに対する Aliquat336樹脂を用いたフッ化水素酸系逆相クロマトグラフィー」, 第 61回
放射化学討論会, 筑波大学筑波キャンパス, 9月 (2017). 

Partner Institution 
Center for Radioactive Ion Beam Sciences  
Institute of Natural Science and Technology, Niigata University 

 
1. Abstract 

The Center for Radioactive Ion Beam Sciences, Niigata University, aims at uncovering the properties of atomic nuclei and heavy 
elements and their roles in the synthesis of elements, with use of the advanced techniques of heavy ion and radioactive ion beam 
experiments as well as the theoretical methods. Main research subjects include the measurements of various reaction cross sections and 
moments of neutron- or proton-rich nuclei, synthesis of super-heavy elements and radio-chemical studies of heavy nuclei, and theoretical 
studies of exotic nuclei based on quantum many-body methods and various nuclear models. In addition, we promote interdisciplinary 
researches related to the radioactive ion beam sciences, such as applications of radioactive isotopes and radiation techniques to material 
sciences, nuclear engineering and medicine. Many of them are performed in collaboration with RIKEN Nishina Center and with use of 
the RIBF facilities. The center emphasizes also its function of graduate education in corporation with the Graduate School of Science 
and Technology, Niigata University, which invites three researchers in RIKEN Nishina Center as visiting professors.  

 
 
2. Major Research Subjects 
(1) Reaction cross section and radii of neutron-rich nuclei 
(2) Production of superheavy nuclei and radiochemistry of heavy elements 
(3) Nuclear theory  
 
 
3. Summary of Research Activity 
(1) Measurements of matter and charge radii of exotic nuclei 

The experimental nuclear physics group has studied the nuclear structures of exotic nuclei through the measurements of nuclear matter 
radii. The nuclear matter radii can be determined from interaction cross sections with the use of nuclear reaction model. At RIBF, 
RIKEN, we have performed experiments to measure interaction cross sections of F, Ne, Na, Mg, and Al isotopes and clarified the halo 
structure of 31Ne, and also the development of strong deformation in those isotopes, 28−32Ne, 32−38Mg, which are located around and 
beyond the “island of inversion” region. Recently our new project to explore the equation of state (EOS) of nuclear matter has been 
started. For the understanding of the EOS of asymmetric nuclear matter, either highly proton deficient or neutron deficient, the 
investigation of the development of neutron skin thickness in the exotic nuclei give the crucial information. We have measured 
interaction cross sections and charge changing cross sections for 58−78Ni using BigRIPS fragments separator at RIBF in FY2016. While 
nuclear matter radii can be determined from interaction cross sections, the proton distribution radii will be determined from 
charge-changing cross sections, thus neutron skin thickness will be obtained. The data analysis are in progress. 

 
(2) Production of superheavy nuclei and radiochemistry of heavy elements 
The nuclear chemistry group has been investigating decay properties of super-heavy nuclei, measured the excitation functions of 

rutherfordium isotopes, and clarified the ambiguity of the assignment of a few-second spontaneously fissioning isotope of 261Rf. The 
new equipment designed for measurement of short-lived alpha emitters is under development. 

For the chemistry research of super-heavy elements, preparatory experiments, such as solvent extraction for the group 4, 5, and 6th 
elements and gaseous phase chemistry for group-4 elements, have been performed using radioisotopes of corresponding homolog 
elements. 

 
(4) Nuclear theory   

One of the main activities of the nuclear theory group concerns with developments of the nuclear density functional theory and 
exploration of novel correlations and excitations in exotic nuclei. A fully selfconsistent scheme of the (quasiparticle) random phase 
approximation (QRPA) on top of the Skyrme-Hartree-Fock-Bogoliubov mean-field has been applied not only for spherical nuclei but 
also for deformed nuclei. The model is used to study the low-lying dipole excitation in neutron-rich nuclei in order to investigate the 
relation between the low-lying strength and the equation of state (EOS) of asymmetric nuclear matter. The QRPA in the density 
functional framework has been developed in various directions. The continuum QRPA, which describes not only collective correlations 
but also coupling to unbound continuum states of nucleons, has been applied to describe the direct neutron capture reaction in the 
r-process nucleosynthesis. The QRPA is recently applied to describe collective excitation in inner crust of neutron stars. The continuum 
quasiparticle states are also analyzed to study possible pairing effects on low-lying p-wave resonances and s-wave scattering states in 
unbound odd-N nuclei. Cluster structure and the ab initio studies of light nuclei are also important research subjects of the theory group. 
A new direction of theoretical study is initiated in this fiscal year toward a fully microscopic description of low-energy heavy ion 
dynamics using the time-dependent Hartree-Fock theory. The model has been applied to describe multi-nucleon transfer reaction to form 
heavy neutron-rich nuclei, and fusion process to form superheavy nuclei. 
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S. Goto,「新潟大における Zr,Hfおよび Rf塩化物の気相化学研究および今後の計画」, 東北大学ワークショップ「アクチノイド元素の科学
と技術」・第９回アルファ放射体実験室利用研究会, 東北大学金属材料研究所 2号館講堂, 11月 (2017). 
稲倉恒法,「中性子星内殻における超流動中性子と原子核の集団運動」, 新学術領域「実験と観測で解き明かす中性子星の核物質」第 6回「中
性子星の核物質」研究会, 理研, 12月 (2017).  
稲倉恒法, 「中性子星内殻における超流動中性子と原子核の集団運動：双極モードと四重極モード」, 新学術領域「実験と観測で解き明か
す中性子星の核物質」理論班主催研究会「中性子星核物質」, 熱海, 2月 (2018). 

 
Poster Presentations 

[International Conference etc.] 
J. Goto, M. Oshima, H. Kumada, Y. Yamaguchi, S. Bamba, C. Bi and T. Morimoto, “Study of charged particle activation analysis -optimal configuration 

of γ-ray detectors for a sample with strong background from positron annihilation-,“ YBNCT9, Kyoto, Japan, November 13–15, 2017. 
[Domestic Conference] 
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Wako Nuclear Science Center, IPNS (Institute of Particle and Nuclear Studies) 
KEK (High Energy Accelerator Research Organization) 

 
1. Abstract 

The KEK Isotope Separation System (KISS) has been constructed to experimentally study the β-decay properties of unknown neutron-
rich nuclei near the neutron magic number N = 126, which are of interest in astrophysics. A new rotating target system was introduced and 
higher yields and more stable operational conditions were achieved. Resonance ionization spectroscopy for the hyperfine structure of 199Pt 
was performed at KISS. An international collaboration with the Institute of Basic Science (IBS), Korea, has been organized. As part of this 
collaboration, an array of super-clover germanium detectors was installed. A new project for comprehensive mass measurements with 
MRTOF mass spectrograph at KISS and other devices has started in collaboration with the RIKEN SLOWRI team.  
 
2. Major Research Subjects 

(1)  Production and manipulation of radioactive isotope beams for nuclear experiments. 
(2)  Explosive nucleosynthesis (r- and rp-process). 
(3)  Heavy ion reaction mechanism for producing heavy neutron-rich nuclei. 
(4)  Development of MRTOF mass spectrograph for short-lived heavy nuclei. 
(5)  Development of RNB probes for materials science applications. 

 
3. Summary of Research Activity 

KISS is an element-selective isotope separator, combining t h e  use of a magnetic mass separator with in-gas-cell resonant laser 
ionization. The gas cell, filled with argon gas at 75 kPa, i s  a central component of KISS, from which only the elements of interest are 
extracted as an ion beam for subsequent mass separation. In the cell, nuclei primarily produced by low-energy heavy-ion reactions are 
stopped (thermalization and neutralization), transported by a buffer gas (gas flow of ~75 kPa argon in the present case), and then re-ionized 
by laser irradiation just before the exit. The gas cell was fabricated to efficiently collect the reaction products produced by multi-nucleon 
transfer (MNT) reactions in the 136Xe + 198Pt system. For the first extraction of the reaction products, the 136Xe beam energy and 198Pt target 
thickness were set at 10.8 MeV/nucleon and 6 mg/cm2, respectively. In FY2014, the half-life of 199Pt was measured with β-ray telescopes and a 
tape transport system located at the focal point of KISS. The β-ray telescopes were composed of three double-layered thin plastic scintillators; 
the thicknesses of the first and second layers were 0.5 mm and 1 mm, respectively. In order to reduce the background, low-activity lead blocks 
and a veto counter system consisting of plastic scintillator bars surrounded the telescopes. The background rate of these β-ray telescopes was 
measured to be 0.7 counts per second. For further reduction of the background rate to as low as 0.1 counts per hour, a gas counter-based beta-ray 
telescope system was installed in FY2016. An array of germanium detectors consisting of four super-clover germanium crystals was also brought 
into operation in FY2016. Using these setups, new isomeric state in 195Os were discovered and the half-lives of 197Os and 198Os, respectively, 
were revised and determined for the first time. 

For higher primary beam intensities and a higher extraction efficiency, a doughnut-shaped gas cell with a rotating target wheel setup has 
been developed for KISS. Using this setup, resonance ionization spectroscopy of the ground-state hyperfine structure of Pt and Ir was performed. 
The nuclear g-factor and charge radius of the ground state and an isomeric state of 199Pt were deduced from the experimental results. For further 
improvement of spectral resolution of the hyperfine structure measurements, an in-gas-jet laser ionization setup utilizing an S-shaped RF ion 
guide and a new laser system consisting of a 10 kHz Nd:YAG pump laser and a dye amplifier seeded by a narrow-band diode laser have been 
installed. 

Cross-section measurements were performed at GANIL in 2012 to investigate the feasibility of using MNT in the reaction system of 
136Xe on 198Pt to produce heavy neutron-rich isotopes around a mass number of 200 with the neutron magic number 126; the analysis of 
the data has been completed. The cross sections of target-like fragments around N =126 were comparable to those estimated using the GRAZING 
code, and their main contributions appear to be from the reactions having a low total energy loss with weak N/Z equilibration and particle 
evaporation. This suggests the use of the MNT reactions with a heavy projectile at energies above the Coulomb barrier could be a promising 
means for the production of neutron-rich isotopes around N = 126.  

The multi-reflection time-of-flight mass spectrograph (MRTOF-MS) has been developed for direct mass measurements of short-lived heavy 
nuclei at KISS and other facilities. In FY2016, mass measurements of more than 80 nuclides, including short-lived (T1/2 = 10 ms) isotopes of Ra 
and several isotopes of the trans-uranium elements Es and Md were performed at GARIS-II in collaboration with the SLOWRI team and the 
Super Heavy Element Synthesis team of RIKEN. The highest precisions, achieved for Ga isotopes, reached a level of 0.03 ppm. For most of the 
well-known nuclides, agreement with the literature mass values was found. However, discrepancies were found in some literature values derived 
from pre-1980 indirect measurements. This suggests that such indirect measurements must be revised with comprehensive direct mass 
measurements. The masses of four isotopes of Es and Md were measured for the first time, allowing for confirmation of the N = 152 shell closure 
in Md. Using these new mass data as anchor points, the masses of seven isotopes of super-heavy elements up to Mt were indirectly determined 
and comparisons with various nuclear mass models were performed.  

The diffusion coefficient of lithium in solid materials used in secondary Li-ion batteries is one of the key parameters that determine how fast 
a battery can be charged. The reported Li diffusion coefficients in solid battery materials scatter over several orders of magnitude. An in-situ 
nanoscale diffusion measurement method using α-emitting radioactive 8Li as a tracer has been developed. In this method, while implanting 

S. Goto,「新潟大における Zr,Hfおよび Rf塩化物の気相化学研究および今後の計画」, 東北大学ワークショップ「アクチノイド元素の科学
と技術」・第９回アルファ放射体実験室利用研究会, 東北大学金属材料研究所 2号館講堂, 11月 (2017). 
稲倉恒法,「中性子星内殻における超流動中性子と原子核の集団運動」, 新学術領域「実験と観測で解き明かす中性子星の核物質」第 6回「中
性子星の核物質」研究会, 理研, 12月 (2017).  
稲倉恒法, 「中性子星内殻における超流動中性子と原子核の集団運動：双極モードと四重極モード」, 新学術領域「実験と観測で解き明か
す中性子星の核物質」理論班主催研究会「中性子星核物質」, 熱海, 2月 (2018). 
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a pulsed 8 keV beam of 8Li, the α-particles emitted at small angles (θ = 10 ± 1◦) relative to the sample surface were detected as a function 
of time. The Li diffusion coefficient could then be determined from the time-dependent yields of the α particles, the energy loss of which can 
be converted to nanometer-scale position information of diffused 8Li. The method has been successfully applied to measure the lithium 
diffusion coefficients for amorphous Li4SiO4-Li3VO4 (LVSO) which was used as a solid electrolyte in a solid-state Li thin-film battery, well 
demonstrating that the present method is sensitive to diffusion coefficients down to the level of 10−12 cm2/s, which corresponds with 
nanoscale Li diffusion. In FY2016, this method was used to determine Li diffusion coefficients in a spinel-type Li compound LiMn2O4 (LMO), 
which is used as the anode of Li batteries in electric vehicles. A significant change in the time dependent yields of the α particles was observed 
at a sample temperature of approximately 623 K and the measurements will be continued in order to obtain the temperature dependence of Li 
diffusion coefficients in LMO.   
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a pulsed 8 keV beam of 8Li, the α-particles emitted at small angles (θ = 10 ± 1◦) relative to the sample surface were detected as a function 
of time. The Li diffusion coefficient could then be determined from the time-dependent yields of the α particles, the energy loss of which can 
be converted to nanometer-scale position information of diffused 8Li. The method has been successfully applied to measure the lithium 
diffusion coefficients for amorphous Li4SiO4-Li3VO4 (LVSO) which was used as a solid electrolyte in a solid-state Li thin-film battery, well 
demonstrating that the present method is sensitive to diffusion coefficients down to the level of 10−12 cm2/s, which corresponds with 
nanoscale Li diffusion. In FY2016, this method was used to determine Li diffusion coefficients in a spinel-type Li compound LiMn2O4 (LMO), 
which is used as the anode of Li batteries in electric vehicles. A significant change in the time dependent yields of the α particles was observed 
at a sample temperature of approximately 623 K and the measurements will be continued in order to obtain the temperature dependence of Li 
diffusion coefficients in LMO.   
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Events (April 2017—March 2018) 
 

RNC 

Apr. 22 Wako Open Campus 

Jun. 15 The 23rd RBRC Management Steering Committee (MSC) 

Jul. 3 The 14th Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC) 

Jul.24–Aug.4 Nishina School 

Aug. 4 Review of the Safety Management Group 

Oct. 30 Review of the Accelerator Applications Research Group 

Nov. 2 
Review of the Instrumentation Development Group, the Research Instruments Group and the User Liaison and Industrial 
Cooperation Group 

Dec. 7–9 The 18th Program Advisory Committee for Nuclear Physics Experiments at RI Beam Factory (NP-PAC) 

Jan. 11–12 The 15th Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC) 

Jan. 19 The 7th Industrial Program Advisory Committee (In-PAC) 

 

CNS 

Aug. 23–29 
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Niigata Univ. 

Sep. 4–5 3rd Workshop on Many-body Correlations in Microscopic Nuclear Model 

 

KEK 

 not held in FY2017 
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Press Releases (April 2017−March 2018) 

RNC 

May. 17 Gamma decay of unbound neutron-hole states in 133Sn 
P. Doornenbal, H. Sakurai, Radioactive 
Isotope Physics Laboratory  

May. 19 Auroral brightening at Jupiter observed by the Hisaki satellite and Hubble Space 
Telescope during approaching phase of the Juno spacecraft 

T. Kimura, High Energy Astrophysics 
Laboratory 

Jun. 13 Shapes evolution in neutron-rich krypton isotopes beyond N = 60: First spectroscopy of 
98, 100kr

The SEASTAR collaboration group 

Jun. 28 First elastic electron scattering from 132Xe at the SCRIT facility M. Wakasugi, SCRIT Team 

Jul. 18 Success in producing and accelerating high intensity vanadium beam T. Nakagawa, Y. Higurashi, Ion Source Team 

Jul. 18 Decay measurement of 283Cn produced in the 238U(48Ca, 3n) reaction using GARIS-Ⅱ D. Kaji, K. Morimoto, Superheavy Element 
Research Device Development Team 

Nov. 1 Discovery of 72Rb: A nuclear sandbank beyond the proton drip-line 
H. Suzuki, BigRIPS Team, S. Nishimura, H. 
Sakurai, Radioactive Isotope Physics 
Laboratory 

Dec. 21 Identification of new neutron-rich isotopes in the rare-earth region produced by 345 
MeV/nucleon 238U 

N. Fukuda, K. Yoshida, BigRIPS Team 

Jan. 5 Nuclear dependence of transverse single spin asymmetry for forward neutron production 
in polarized p + A collisions at √𝑠𝑠𝑠𝑠𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 200 GeV 

Y. Akiba, Experimental Group, I. Nakagawa, 
Radiation Laboratory 

WNSC 

Mar. 29 First direct mass measurements of 6 nuclides of trans-uranium elements nuclides, Md 
and Es M. Wada, P. Schury, Y. Ito, D. Kaji 

Events (April 2017—March 2018) 
 

RNC 

Apr. 22 Wako Open Campus 

Jun. 15 The 23rd RBRC Management Steering Committee (MSC) 

Jul. 3 The 14th Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC) 

Jul.24–Aug.4 Nishina School 

Aug. 4 Review of the Safety Management Group 

Oct. 30 Review of the Accelerator Applications Research Group 

Nov. 2 
Review of the Instrumentation Development Group, the Research Instruments Group and the User Liaison and Industrial 
Cooperation Group 

Dec. 7–9 The 18th Program Advisory Committee for Nuclear Physics Experiments at RI Beam Factory (NP-PAC) 

Jan. 11–12 The 15th Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC) 

Jan. 19 The 7th Industrial Program Advisory Committee (In-PAC) 

 

CNS 

Aug. 23–29 

 

16th CNS International Summer School CNSSS17 

https://indico2.cns.s.u-tokyo.ac.jp/event/8/ 

Dec. 19 Completion Ceremony for the Construction of OEDO（OEDO完成記念式典） 

 

Niigata Univ. 

Sep. 4–5 3rd Workshop on Many-body Correlations in Microscopic Nuclear Model 

 

KEK 

 not held in FY2017 
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VII. LIST OF PREPRINTS 





List of Preprints (April 2017 ― March 2018) 
 

RIKEN NC-NP 

178 Atomic masses of intermediate-mass neutron-deficient nuclei with relative uncertainty down to 
35-ppb via multireflection time-of-flight mass spectrograph S. Kimura, Y. Ito et al. 

180 Hidden-charm and bottom meson-baryon molecules coupled with five-quark states Y. Yamaguchi, A. Giachino et al. 

181 Mesic nuclei with a heavy antiquark Y. Yamaguchi, S. Yasui 

182 Testing the constant-temperature approach for the nuclear level density N. Dinh Dang, N. Quang Hung et al. 

183 Level density and thermodynamics in the hot rotating 96Tc nucleus B. Dey, D. Pandit et al. 

184 Bubble nuclei within the self-consistent Hartree-Fock mean field plus pairing approach L. Tan Phuc, N. Quang Hung, N. Dinh Dang 

185 Interplay between isoscalar and isovector correlations in neutron-rich nuclei I. Hamamoto, H. Sagawa 

186 Development of co-located 129Xe and 131Xe nuclear spin masers with external feedback scheme T. Sato, Y. Ichikawa et al. 

187 Nuclear surface diffuseness revealed in nucleon-nucleus diffraction S. Hatakeyama, W. Horiuchi, A. Kohama 

 

RIKEN NC- AC 

 Not Applicable  

 

RIKEN MP 

 Not Applicable 
 

 

RIKEN QHP 

306 Observation of an alternative 𝜒𝜒𝜒𝜒𝑐𝑐𝑐𝑐0(2𝑃𝑃𝑃𝑃) candidate in 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− → 𝐽𝐽𝐽𝐽/𝜓𝜓𝜓𝜓𝜓𝜓𝜓𝜓𝜓𝜓𝜓𝜓� K. Chilikin, I. Adachi et al.  

307 𝑝𝑝𝑝𝑝𝛯𝛯𝛯𝛯− Correlation in relativistic heavy ion collisions with nucleon-hyperon interaction from lattice 
QCD T. Hatsuda, K. Morita et al. 

308 Structure of virtual photon polarization in ultrarelativistic heavy-ion collisions G. Baym, T. Hatsuda, M. Strickland 

309 Fully self-consistent relativistic Brueckner-Hartree-Fock theory for finite nuclei S. Shen, H. Liang et al. 

310 The limits of the nuclear landscape explored by the relativistic continuum Hatree-Bogoliubov 
theory X. W. Xia, Y. Lim et al. 

311 Complete random matrix classification of SYK models with N = 0, 1 and 2 supersymmetry T. Kanazawa, T. Wettig 

312 Renormalization group flows of the N-component Abelian Higgs model G. Fejos, T. Hatsuda 

313 Dirac-mode expansion of quark number density and its implications of the 
confinement-deconfinement transition T. M. Doi, K. Kashiwa 

314 Goldstino in supersymmetric Bose-Fermi mixtures in the presence of Bose Einstein condensate J. P. Blaizot, Y. Hidaka, D. Satow 

315 Edge states and thermodynamics of rotating relativistic fermions under magnetic field M. Chernodub, S. Gongyo 

316 From hadrons to quarks in neutron stars G. Baym, T. Hatsuda et al. 

317 Correlations of energy-momentum tensor via gradient flow in SU(3) Yang-Mills theory at finite 
temperature M. Kitazawa, T. Iritani et al. 

318 Vortex continuity from the hadronic to the color-flavor locked phase M. Alford, G. Baym et al. 
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319 Sanity check for NN bound states in lattice QCD with Lüscher’s finite volume formula 
– Exposing Symptoms of Fake Plateaux – S. Aoki, T. Doi, T. Iritani 

320 Most strange dibaryon S. Gongyo, K. Sasaki et al. 

321 General formulae for dipole Wilson line correlators with the Color Glass Condensate K. Fukushima, Y. Hidaka 

322 Hidden-charm and bottom meson-baryon molecules coupled with five-quark states Y. Yamaguchi, A. Giachino et al. 

323 Measurement of branching fraction and direct CP asymmetry in charmless 𝐵𝐵𝐵𝐵+→ 𝐾𝐾𝐾𝐾+𝐾𝐾𝐾𝐾−𝜋𝜋𝜋𝜋+ decays 
at Belle C. L. Hsu, D. Dossett et al. 

324 Search for CP violation and measurement of the branching fraction in the decay 𝜓𝜓𝜓𝜓0 → 𝐾𝐾𝐾𝐾𝑆𝑆𝑆𝑆0𝐾𝐾𝐾𝐾𝑆𝑆𝑆𝑆0 N. Dash, S. Bahinipati et al. 

325 Production cross sections of hyperons and charmed baryons from 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− annihilation near √𝑠𝑠𝑠𝑠 = 
10.52 GeV M. Niiyama,  M. Sumihama et al. 

326 Invariant-mass and fractional-energy dependence of inclusive production of di-hadrons in 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− 
annihilation at √𝑠𝑠𝑠𝑠 = 10.58 GeV R. Seidl, I. Adachi et al. 

327 Evidence for isospin violation and measurement of CP asymmetries in 𝐵𝐵𝐵𝐵 → 𝐾𝐾𝐾𝐾∗(892)𝛾𝛾𝛾𝛾 T. Horiguchi, A. Ishikawa et al. 

328 Search for Λ𝒄𝒄𝒄𝒄+ → 𝝓𝝓𝝓𝝓𝝓𝝓𝝓𝝓𝝅𝝅𝝅𝝅𝟎𝟎𝟎𝟎 and branching fraction measurement of Λ𝒄𝒄𝒄𝒄+ → 𝑲𝑲𝑲𝑲−𝝅𝝅𝝅𝝅+𝝓𝝓𝝓𝝓𝝅𝝅𝝅𝝅𝟎𝟎𝟎𝟎 F. Okiharu, T. Doi et al. 

329 Study of 𝜂𝜂𝜂𝜂 and dipion transitions in Υ(4S) decays to lower bottomonia E. Guido, R. Mussa et al. 

330 
Angular analysis of the 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− → 𝜓𝜓𝜓𝜓(∗)±𝜓𝜓𝜓𝜓∗∓ process near the open charm threshold using initial-state 
radiation V. Zhukova, G. Pakhlova et al. 

331 Mesic nuclei with a heavy antiquark Y. Yamaguchi, S. Yasui 

332 Functional renormalization group and Kohn-Sham scheme in density functional theory H. Liang, Y. Niu, T. Hatsuda 

333 Multi modification method toward solving sign problem T. M. Doi, S. Tsutsui 

334 
Electric conductivity of hot and dense quark matter in a magnetic field with Landau level 
resummation via kinetic equations K. Fukushima, Y. Hidaka 

335 Λ𝑐𝑐𝑐𝑐𝑁𝑁𝑁𝑁 interaction from lattice QCD and its application to Λ𝑐𝑐𝑐𝑐 hypernuclei T. Miyamoto, S. Aoki et al. 

336 
Two-baryon systems from HAL QCD method and the mirage in the temporal correlation of the 
direct method T. Iritani, for HAL QCD Collaboration 

337 The I = 2 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 s-wave scattering phase shift from lattice QCD S. R. Beane, E. Chang et al. 

338 
Baryon interactions from lattice QCD with physical quark masses  
– Nuclear forces and 𝛯𝛯𝛯𝛯𝛯𝛯𝛯𝛯 forces – T. Doi, T. Iritani et al. 

339 
Application of a Coulomb energy density functional for atomic nuclei: Case studies of local 
density approximation and generalized gradient approximation T. Naito, R. Akashi, H. Liang 

340 Baryon interactions from lattice QCD with physical masses – 𝑆𝑆𝑆𝑆 = −3 sector: 𝛯𝛯𝛯𝛯𝛯𝛯𝛯𝛯 and 𝛯𝛯𝛯𝛯𝛯𝛯𝛯𝛯 − 𝛯𝛯𝛯𝛯𝛯𝛯𝛯𝛯 – N. Ishii, S. Aoki et al. 

341 Baryon interactions from lattice QCD with physical masses – strangeness 𝑆𝑆𝑆𝑆 = −1 sector – H. Nemura, S. Aoki et al. 

342 
Comment on “Relation between scattering amplitude and Bethe-Salpeter wave function in 
quantum field theory” S. Aoki, T. Doi et al.  

343 
Lattice QCD studies on baryon interactions in the strangeness −2 sector with physical quark 
masses K. Sasaki, S. Aoki et al. 

344 Matrix model with a topological effect T. Kanazawa, M. Kieburg, J. Verbaarschot 

345 Revised and improved value of the QED tenth-order electron anomalous magnetic moment T. Aoyama, T. Kinoshita, M. Nio 

346 Conformal quantum mechanics and sine-square deformation T. Tada 

347 
Nuclear mass predictions based on Bayesian neural network approach with pairing and shell 
effects Z. M. Niu, H. Z. Liang 

348 Search for 𝑩𝑩𝑩𝑩− → 𝝁𝝁𝝁𝝁−𝝂𝝂𝝂𝝂𝝁𝝁𝝁𝝁 decays at the Belle experiment A. Sibidanov, K. E. Varvell et al. 

349 Measurements of the absolute branching fractions of 𝐵𝐵𝐵𝐵+ →  𝑋𝑋𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐾𝐾𝐾𝐾+ and 𝐵𝐵𝐵𝐵+ → 𝜓𝜓𝜓𝜓�(∗)0𝜋𝜋𝜋𝜋+ at Belle Y. Kato, T. Iijima et al. 

350 
Measurement of the τ lepton polarization and 𝑅𝑅𝑅𝑅(𝜓𝜓𝜓𝜓∗) in the decay 𝐵𝐵𝐵𝐵− → 𝜓𝜓𝜓𝜓∗𝜏𝜏𝜏𝜏−�̅�𝜈𝜈𝜈𝜏𝜏𝜏𝜏 with one-prong 
hadronic τ decays at Belle S. Kisaka, K. Asano et al. 
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351 Observation of excited Ω𝑐𝑐𝑐𝑐0 charmed baryons in 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− collisions J. Yelton, I. Adachi et al. 

352 Measurement of branching fractions of hadronic decays of the Ω𝑐𝑐𝑐𝑐0 baryon J. Yelton, I. Adachi et al. 

353 Search for light tetraquark states in Υ(1S) and Υ(2S) decays  S. Jia, C. P. Shen et al. 

354 Study of 𝑲𝑲𝑲𝑲𝑺𝑺𝑺𝑺
𝟎𝟎𝟎𝟎 pair production in single-tag two-photon collisions M. Masuda, S. Uehara et al. 

355 Observation of 𝜩𝜩𝜩𝜩𝒄𝒄𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟎𝟎𝟎𝟎)𝟎𝟎𝟎𝟎 and updated measurement of 𝑩𝑩𝑩𝑩− → 𝑲𝑲𝑲𝑲−𝚲𝚲𝚲𝚲𝒄𝒄𝒄𝒄+𝚲𝚲𝚲𝚲�𝒄𝒄𝒄𝒄− at Belle Y. B. Li, C. P. Shen et al. 

356 Effects of tensor forces in nuclear spin-orbit splittings from ab initio calculations S. Shen, H. Liang et al. 

357 Gamow-Teller transitions from high-spin isomers in N = Z nuclei H. Z. Liang, H. Sagawa et al. 

358 
Combination of complex momentum representation and Green's function methods in relativistic 
mean-field theory M. Shi, Z. M. Niu, H. Liang 

359 
Spin susceptibility and effects of a harmonic trap in the BCS-BEC crossover regime of an ultracold 
Fermi gas H. Tajima, R. Hanai, Y. Ohashi 

360 
Superfluid Fermi atomic gas as a quantum simulator for the study of the neutron-star equation of 
state in the low-density region P. van Wyk, H. Tajima et al. 

361 Many Fermi polarons in a strongly interacting polarized mixture H. Tajima, S. Uchino 

362 Precursor of superfluidity in a strongly interacting Fermi gas with negative effective range H. Tajima 

363 Relativistic Brueckner-Hartree-Fock theory for neutron drops S. Shen, H. Liang et al. 

364 Spin symmetry in the Dirac sea derived from the bare nucleon-nucleon interaction S. Shen, H. Liang et al. 

365 
Stress-tensor distribution in Yang-Mills flux tube – Direct observation on the Lattice with gradient 
flow – R. Yanagihara, T. Iritani et al. 

366 On the observer dependence of the Hilbert space near the horizon of black holes K. Gotoa, Y. Kazama 

367 Continuity of vortices from the hadronic to the color-favor-locked phase in dense matter M. G. Alford, G. Baym et al. 

368 Non-equilibrium chiral magnetic/vortical effects in viscous fluids D. Yang, Y. Hidaka 

369 Effects of tensor force in the relativistic scheme: A case study of neutron drops S. Shen, H. Liang et al. 

370 Systematics of the HAL QCD potential at low energies in lattice QCD T. Iritani, S. Aoki et al. 

371 Heavy quark spin multiplet structure of 𝑃𝑃𝑃𝑃�(∗)Σ𝑄𝑄𝑄𝑄
(∗) molecular states Y. Shimizu, Y. Yamaguchi, M. Harada 

372 Image-processing the topological charge density in the ℂ𝑃𝑃𝑃𝑃𝑁𝑁𝑁𝑁−1 model Y. Abe, K. Fukushima et al. 

 

CNS-REP 

96 CNS Annual Report 2016 T. Gunji, Y. Kishi 

 

Nishina Center Preprint server (not including Partner Institution) can be found at 

 http://nishina-preprints.riken.jp/ 

 

319 Sanity check for NN bound states in lattice QCD with Lüscher’s finite volume formula 
– Exposing Symptoms of Fake Plateaux – S. Aoki, T. Doi, T. Iritani 

320 Most strange dibaryon S. Gongyo, K. Sasaki et al. 

321 General formulae for dipole Wilson line correlators with the Color Glass Condensate K. Fukushima, Y. Hidaka 

322 Hidden-charm and bottom meson-baryon molecules coupled with five-quark states Y. Yamaguchi, A. Giachino et al. 

323 Measurement of branching fraction and direct CP asymmetry in charmless 𝐵𝐵𝐵𝐵+→ 𝐾𝐾𝐾𝐾+𝐾𝐾𝐾𝐾−𝜋𝜋𝜋𝜋+ decays 
at Belle C. L. Hsu, D. Dossett et al. 

324 Search for CP violation and measurement of the branching fraction in the decay 𝜓𝜓𝜓𝜓0 → 𝐾𝐾𝐾𝐾𝑆𝑆𝑆𝑆0𝐾𝐾𝐾𝐾𝑆𝑆𝑆𝑆0 N. Dash, S. Bahinipati et al. 

325 Production cross sections of hyperons and charmed baryons from 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− annihilation near √𝑠𝑠𝑠𝑠 = 
10.52 GeV M. Niiyama,  M. Sumihama et al. 

326 Invariant-mass and fractional-energy dependence of inclusive production of di-hadrons in 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− 
annihilation at √𝑠𝑠𝑠𝑠 = 10.58 GeV R. Seidl, I. Adachi et al. 

327 Evidence for isospin violation and measurement of CP asymmetries in 𝐵𝐵𝐵𝐵 → 𝐾𝐾𝐾𝐾∗(892)𝛾𝛾𝛾𝛾 T. Horiguchi, A. Ishikawa et al. 

328 Search for Λ𝒄𝒄𝒄𝒄+ → 𝝓𝝓𝝓𝝓𝝓𝝓𝝓𝝓𝝅𝝅𝝅𝝅𝟎𝟎𝟎𝟎 and branching fraction measurement of Λ𝒄𝒄𝒄𝒄+ → 𝑲𝑲𝑲𝑲−𝝅𝝅𝝅𝝅+𝝓𝝓𝝓𝝓𝝅𝝅𝝅𝝅𝟎𝟎𝟎𝟎 F. Okiharu, T. Doi et al. 

329 Study of 𝜂𝜂𝜂𝜂 and dipion transitions in Υ(4S) decays to lower bottomonia E. Guido, R. Mussa et al. 

330 
Angular analysis of the 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− → 𝜓𝜓𝜓𝜓(∗)±𝜓𝜓𝜓𝜓∗∓ process near the open charm threshold using initial-state 
radiation V. Zhukova, G. Pakhlova et al. 

331 Mesic nuclei with a heavy antiquark Y. Yamaguchi, S. Yasui 

332 Functional renormalization group and Kohn-Sham scheme in density functional theory H. Liang, Y. Niu, T. Hatsuda 

333 Multi modification method toward solving sign problem T. M. Doi, S. Tsutsui 

334 
Electric conductivity of hot and dense quark matter in a magnetic field with Landau level 
resummation via kinetic equations K. Fukushima, Y. Hidaka 

335 Λ𝑐𝑐𝑐𝑐𝑁𝑁𝑁𝑁 interaction from lattice QCD and its application to Λ𝑐𝑐𝑐𝑐 hypernuclei T. Miyamoto, S. Aoki et al. 

336 
Two-baryon systems from HAL QCD method and the mirage in the temporal correlation of the 
direct method T. Iritani, for HAL QCD Collaboration 

337 The I = 2 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 s-wave scattering phase shift from lattice QCD S. R. Beane, E. Chang et al. 

338 
Baryon interactions from lattice QCD with physical quark masses  
– Nuclear forces and 𝛯𝛯𝛯𝛯𝛯𝛯𝛯𝛯 forces – T. Doi, T. Iritani et al. 

339 
Application of a Coulomb energy density functional for atomic nuclei: Case studies of local 
density approximation and generalized gradient approximation T. Naito, R. Akashi, H. Liang 

340 Baryon interactions from lattice QCD with physical masses – 𝑆𝑆𝑆𝑆 = −3 sector: 𝛯𝛯𝛯𝛯𝛯𝛯𝛯𝛯 and 𝛯𝛯𝛯𝛯𝛯𝛯𝛯𝛯 − 𝛯𝛯𝛯𝛯𝛯𝛯𝛯𝛯 – N. Ishii, S. Aoki et al. 

341 Baryon interactions from lattice QCD with physical masses – strangeness 𝑆𝑆𝑆𝑆 = −1 sector – H. Nemura, S. Aoki et al. 

342 
Comment on “Relation between scattering amplitude and Bethe-Salpeter wave function in 
quantum field theory” S. Aoki, T. Doi et al.  

343 
Lattice QCD studies on baryon interactions in the strangeness −2 sector with physical quark 
masses K. Sasaki, S. Aoki et al. 

344 Matrix model with a topological effect T. Kanazawa, M. Kieburg, J. Verbaarschot 

345 Revised and improved value of the QED tenth-order electron anomalous magnetic moment T. Aoyama, T. Kinoshita, M. Nio 

346 Conformal quantum mechanics and sine-square deformation T. Tada 

347 
Nuclear mass predictions based on Bayesian neural network approach with pairing and shell 
effects Z. M. Niu, H. Z. Liang 

348 Search for 𝑩𝑩𝑩𝑩− → 𝝁𝝁𝝁𝝁−𝝂𝝂𝝂𝝂𝝁𝝁𝝁𝝁 decays at the Belle experiment A. Sibidanov, K. E. Varvell et al. 

349 Measurements of the absolute branching fractions of 𝐵𝐵𝐵𝐵+ →  𝑋𝑋𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐾𝐾𝐾𝐾+ and 𝐵𝐵𝐵𝐵+ → 𝜓𝜓𝜓𝜓�(∗)0𝜋𝜋𝜋𝜋+ at Belle Y. Kato, T. Iijima et al. 

350 
Measurement of the τ lepton polarization and 𝑅𝑅𝑅𝑅(𝜓𝜓𝜓𝜓∗) in the decay 𝐵𝐵𝐵𝐵− → 𝜓𝜓𝜓𝜓∗𝜏𝜏𝜏𝜏−�̅�𝜈𝜈𝜈𝜏𝜏𝜏𝜏 with one-prong 
hadronic τ decays at Belle S. Kisaka, K. Asano et al. 
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VIII. LIST OF SYMPOSIA, 
WORKSHOPS & SEMINARS 

 





List of Symposia & Workshops (April 2017―March 2018) 
 

RNC  

1 
Saturation: Recent Developments, New Ideas and Measurements 
https://www.bnl.gov/sdim17/ 

BNL Apr. 26–28 

2 
Interdisciplinary Symposium on Modern Density Functional Theory — iDFT 
https://indico2.riken.jp/event/2498/ 

Okochi Hall Jun. 19–23 

3 
Synergies of  and  Collisions with an Electron-Ion Collider 
https://www.bnl.gov/pppa17/ 

BNL Jun. 26–28 

4 
ImPACT-OEDO workshop 2017 
https://indico2.riken.jp/event/2534/ 

RIBF Conference Room Jul. 13–14 

5 
X-ray Objects and Element Synthesis 
https://indico2.riken.jp/event/2530/ 

RIBF Conference Room Jul. 20 

6 
RIBF 理論若⼿放談会：エキゾチック核物理の広がり 
https://indico2.riken.jp/event/2509/ 

RIKEN IIB 
Jul. 31– 
Aug. 2 

7 
International Workshop on Organic Molecule Systems 
http://www.riken.jp/~/media/riken/pr/events/symposia/20170801/20170801_p.pdf 

Parkroyal Hotel 
Malaysia Aug. 1–3 

8 
The 3rd Emallia Conference 2017 
http://phys.sci.hokudai.ac.jp/rikensympo/Emallia2/ 

National Pusan U. 
Busan City Sep. 7–8 

9 
STORI'17—10th International Conference on Nuclear Physics at Storage Rings 
https://indico2.riken.jp/event/2581/ 

Kanazawa Theatre Nov. 13–18 

10 
International Symposium on RI Beam Physics in the 21st Century: 10th Anniversary of RIBF 
https://indico2.riken.jp/event/2541/ 

RIBF Conference Room Dec. 4–5 

11 
RIBF Users Meeting 2017 
https://indico2.riken.jp/event/2637/ 

RIBF Conference Room Dec. 6 

12 
イオンビーム品種改良プラットフォームの形成 
http://www.riken.jp/~/media/riken/pr/events/symposia/20180125/20180125p.pdf 

Suzuki Umetaro Hall Jan. 25–26 

 

CNS 

1 
Ito International Research Center (IIRC) Symposium “Perspectives of the Physics of Nuclear 
Structure” 

CNS Nov. 1–4 

2 ImPACT-OEDO Workshop RIBF Conference Room Jul. 13–14 
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List of Seminars (April 2017―March 2018) 
 

Nuclear Physics Monthly Colloquium 

1 
Atsushi Mochizuki 
(RIKEN) 

Dynamical behaviors of complex biological systems 
https://indico2.riken.jp/event/2466/ 

Apr. 18 

2 
Yoshiharu Mori 
(Kyoto U.) 

Advanced FFAG accelerator 
https://indico2.riken.jp/event/2622/ 

Nov. 28 

3 
Satoshi Nakamura 
(Tohoku U.) 

Study of hypernuclei with electron beams 
https://indico2.riken.jp/event/2667/ 

Dec. 26 

4 
Yasuo Arai 
(KEK) 

Quantum imaging with 3D semiconductor detector 
https://indico2.riken.jp/event/2725/ 

Mar. 13 

 
 

RIBF Nuclear Physics Seminar 

1 
Minori Abe 
(Tokyo Metropolitan U.) 

HPC in precision relativistic quantum chemistry and recent applications to physics and chemistry 
https://indico2.riken.jp/event/2471/ 

Apr. 4 

2 
Nguyen Dinh Dang 
(RNC) 

Simultaneous microscopic description of nuclear level density and radiative strength function 
https://indico2.riken.jp/event/2465/ 

Apr. 11 

3 
Marco Rosenbusch  
(RNC) 

Online application of multi-reflection time-of-flight mass spectrometry — nuclear masses and 
beyond 
https://indico2.riken.jp/event/2497/ 

May. 9 

4 
Paer-Anders Soederstroem 
(TU Darmstadt) 

Evolution of nuclear structure and collectivity in the rare-earth region 
https://indico2.riken.jp/event/2495/ 

May. 12 

5 
Newcomers to Nishina 
Center in 2017 

Newcomers’ Seminar 
https://indico2.riken.jp/event/2506/ 

May. 16 

6 
Masaaki Kimura 
(Hokkaido U.) 

Nuclear clustering probed by nuclear responses 
https://indico2.riken.jp/event/2538/ 

Jun. 13 

7 
Kyo Tsukada 
(Tohoku U.） 

First result of the SCRIT electron scattering facility 
https://indico2.riken.jp/event/2544/ 

Jul. 11 

8 
Kazunari Yamada 
(RNC) 

Construction of superconducting LINAC at RNC 
https://indico2.riken.jp/event/2578/ 

Jul. 25 

9 
Yuki Kubota 
(RNC) 

Probing neutron-neutron correlation in 11Li through the quasi-free (p,pn) reaction 
https://indico2.riken.jp/event/2663/ 

Dec. 19 

10 
Shigehiro 
Yasui(TokyoTech) 

Impurity physics of heavy flavor in quark matter at low temperature and high density —QCD 
Kondo effect— 
https://indico2.riken.jp/event/2687/ 

Jan. 23 

11 
Tomoki Kimura 
(RNC) 

Transient brightening of Jupiter's aurora observed by the Hisaki satellite and Hubble Space 
Telescope during approach phase of the Juno spacecraft 
https://indico2.riken.jp/event/2689/ 

Jan. 30 

12 
Yasuhiro Togano 
(Rikkyo U.) 

Interaction cross section of two-neutron halo nucleus 22C at 235 MeV/nucleon 
https://indico2.riken.jp/event/2690/ 

Feb. 20 

13 
Sohtaro Kanda 
(RNC) 

Precision microwave spectroscopy of the ground-state hyperfine splitting in muonium atom 
https://indico2.riken.jp/event/2731/ 

Mar. 6 

14 
Masayuki Matsuo 
(Niigata U.) 

Di-neutron correlation, pairing collectivity and pair transfer in neuron-rich systems 
https://indico2.riken.jp/event/2741/ 

Mar. 20 
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Lecture Series on Nuclear Physics 

  not held in FY2017  
 

 
 

Seminar by Each Laboratory 

Theoretical Research Division 

1 
Tilo Wettig  
(U. Regensburg) 

QHP Seminar:  
HPC in precision medicine 

Apr. 11 

2 
Hyun-Chul Kim  
(Inha U. ) 

SNP Seminar:  
Heavy Baryons and excited baryons in the pion mean fields 

Apr. 18 

3 
Ulugbek Yakhshiev  
(Inha U.) 

SNP Seminar:  
Topological models and their applications 

Apr. 18 

4 
Kochi Murase  
(U. Tokyo) 

QHP Seminar: 
Fixed points and flow analysis of the boson Boltzmann equation 

May. 2 

5 
Daisuke Satow  
(Frankfurt U.) 

QHP Seminar: 
Viscosities and electrical conductivity of QGP in strong magnetic fields 

May. 9 

6 
Yudai Suwa  
(Kyoto U.) 

SNP Seminar: 
Formation of neutron stars 

May. 29 

7 
Noriaki Sannomiya  
(U. Tokyo) 

QHP Seminar: 
Spontaneous supersymmetry breaking and Nambu-Goldstone fermions in extended Nicolai 
models 

May. 30 

8 
Chihiro Matsui  
(U. Tokyo) 

QHP Seminar: 
Hidden supersymmetry in the Fateev-Zamolodchikov spin chain 

Jun. 6 

9 
Emi Yukawa  
(RIKEN CEMS) 

QHP Seminar: 
Classification, generation, and application of spin squeezing 

Jun. 13 

10 
Mitsunori Fukuda  
(Osaka U.) 

SNP Seminar: 
Study of surface structure of nuclei via reaction cross sections 

Jun. 16 

11 
Takaya Miyamoto 
(Kyoto U.) 

SNP Seminar: 
Λ�� interaction from lattice QCD and its application to Λ� hypernuclei 

Jul. 5 

12 
Kenji Sasaki  
(Kyoto U.) 

SNP Seminar: 
Lattice QCD study on baryon-baryon interactions 

Jul. 5 

13 
Hidehiko Shimada  
(OIST) 

QHP Seminar: 
String field theory for tensionless strings and � � �2, 0� superconformal theory in six-dimensions 

Jul. 11 

14 
Hyeon-Deuk Kim  
(Kyoto U.) 

SNP Seminar: 
Quantum molecular dynamics simulation method for hydrogen molecules —From a small 
molecule to condensed phases— 

Sep. 15 

15 
Sophia Han  
(U. Tennessee) 

QHP Seminar: 
Constraining dense matter properties from thermal and spin evolution of neutron stars 

Sep. 25 

16 
Enrico Rinaldi  
(RBRC) 

QHP Seminar: 
The nucleon axial charge from Lattice QCD 

Oct. 3 

17 
Naoki Yamamoto  
(Keio U.) 

QHP Seminar: 
Topological transport of photons and gravitons 

Oct. 6 

18 
Keisuke Fujii  
(Tokyo Tech) 

QHP Seminar: 
Effective field theory approach to superfluid 3He-B 

Oct. 17 

19 
Utku Can  
(RNC) 

QHP Seminar: 
Charmed baryon structure in Lattice QCD 

Oct. 24 

List of Seminars (April 2017―March 2018) 
 

Nuclear Physics Monthly Colloquium 

1 
Atsushi Mochizuki 
(RIKEN) 

Dynamical behaviors of complex biological systems 
https://indico2.riken.jp/event/2466/ 

Apr. 18 

2 
Yoshiharu Mori 
(Kyoto U.) 

Advanced FFAG accelerator 
https://indico2.riken.jp/event/2622/ 

Nov. 28 

3 
Satoshi Nakamura 
(Tohoku U.) 

Study of hypernuclei with electron beams 
https://indico2.riken.jp/event/2667/ 

Dec. 26 

4 
Yasuo Arai 
(KEK) 

Quantum imaging with 3D semiconductor detector 
https://indico2.riken.jp/event/2725/ 

Mar. 13 

 
 

RIBF Nuclear Physics Seminar 

1 
Minori Abe 
(Tokyo Metropolitan U.) 

HPC in precision relativistic quantum chemistry and recent applications to physics and chemistry 
https://indico2.riken.jp/event/2471/ 

Apr. 4 

2 
Nguyen Dinh Dang 
(RNC) 

Simultaneous microscopic description of nuclear level density and radiative strength function 
https://indico2.riken.jp/event/2465/ 

Apr. 11 

3 
Marco Rosenbusch  
(RNC) 

Online application of multi-reflection time-of-flight mass spectrometry — nuclear masses and 
beyond 
https://indico2.riken.jp/event/2497/ 

May. 9 

4 
Paer-Anders Soederstroem 
(TU Darmstadt) 

Evolution of nuclear structure and collectivity in the rare-earth region 
https://indico2.riken.jp/event/2495/ 

May. 12 

5 
Newcomers to Nishina 
Center in 2017 

Newcomers’ Seminar 
https://indico2.riken.jp/event/2506/ 

May. 16 

6 
Masaaki Kimura 
(Hokkaido U.) 

Nuclear clustering probed by nuclear responses 
https://indico2.riken.jp/event/2538/ 

Jun. 13 

7 
Kyo Tsukada 
(Tohoku U.） 

First result of the SCRIT electron scattering facility 
https://indico2.riken.jp/event/2544/ 

Jul. 11 

8 
Kazunari Yamada 
(RNC) 

Construction of superconducting LINAC at RNC 
https://indico2.riken.jp/event/2578/ 

Jul. 25 

9 
Yuki Kubota 
(RNC) 

Probing neutron-neutron correlation in 11Li through the quasi-free (p,pn) reaction 
https://indico2.riken.jp/event/2663/ 

Dec. 19 

10 
Shigehiro 
Yasui(TokyoTech) 

Impurity physics of heavy flavor in quark matter at low temperature and high density —QCD 
Kondo effect— 
https://indico2.riken.jp/event/2687/ 

Jan. 23 

11 
Tomoki Kimura 
(RNC) 

Transient brightening of Jupiter's aurora observed by the Hisaki satellite and Hubble Space 
Telescope during approach phase of the Juno spacecraft 
https://indico2.riken.jp/event/2689/ 

Jan. 30 

12 
Yasuhiro Togano 
(Rikkyo U.) 

Interaction cross section of two-neutron halo nucleus 22C at 235 MeV/nucleon 
https://indico2.riken.jp/event/2690/ 

Feb. 20 

13 
Sohtaro Kanda 
(RNC) 

Precision microwave spectroscopy of the ground-state hyperfine splitting in muonium atom 
https://indico2.riken.jp/event/2731/ 

Mar. 6 

14 
Masayuki Matsuo 
(Niigata U.) 

Di-neutron correlation, pairing collectivity and pair transfer in neuron-rich systems 
https://indico2.riken.jp/event/2741/ 

Mar. 20 
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20 
Shigehiro Yasui  
(Tokyo Tech) 

QHP Seminar: 
QCD Kondo effect in quark matter with heavy flavor 

Oct. 31 

21 
Shun Uchino  
(RIKEN CEMS) 

QHP Seminar: 
Mesoscopic transport with an ultracold atomic gas 

Nov. 7 

22 
Takeru Yokota  
(Kyoto U.) 

QHP Seminar: 
Tachyonic instability of the scalar mode prior to the QCD critical point based on the functional 
renormalization-group method in the two-flavor case 

Nov. 14 

23 
Shoichiro Tsutsui  
(KEK) 

QHP Seminar: 
Thermalization of overpopulated systems 

Nov. 21 

24 
Yang-Ting Chien 
(MIT) 

QHP Seminar: 
Probing heavy ion collisions using quark and gluon jet substructure with machine learning 

Nov. 24 

25 
Kouji Kashiwa  
(YITP) 

QHP Seminar: 
Sign problem as optimization problem: Application of neural-network via path optimization 
method 

Nov. 28 

26 
Shinji Shimazaki  
(Keio U.) 

QHP Seminar: 
New developments in the complex Langevin method and its application to finite density QCD 

Jan. 23 

27 
Arata Yamamoto  
(U. Tokyo) 

QHP Seminar: 
Computation of the Berry curvature in QCD and in condensed matter physics 

Jan. 30 

28 
M. Tachikawa  
(Yokohama City U.) 

SNP Seminar: 
Ab initio calculation for positronic compounds 

Feb. 20 

29 
Michio Kohno  
(Osaka U.) 

SNP Seminar: 
Hyperons in nuclear matter from  and  interactions in ChEFT and hyperon puzzle 

Feb. 21 

30 
Yuichiro Sekiguchi  
(Toho U.) 

QHP Seminar: 
Foundations of Gravitational waves and electro-magnetic emissions from NS-NS merger with 
application to nuclear/hadron physics 

Feb. 26 

31 
Yang-Ting Chien  
(MIT) 

QHP Seminar: 
Telescoping Jet Substructure 

Mar. 6 

 
QHP Seminar -> http://ribf.riken.jp/QHP/seminar.html 
SNP Seminar -> http://snp.riken.jp/seminar.html 
 
 

Sub Nuclear System Research Division 

1 
Zohreh Davoudi  
(MIT) 

A Special HET/RIKEN Lunch Seminar: 
The road to nuclear physics from standard model 

Apr. 6 

2 
Dirk Rischke (Johann 
Wolfgang Goethe U.) 

Nuclear Theory/RIKEN Seminar: 
Anisotropic dissipative fluid dynamics — foundations & applications in heavy-ion physics 

Apr. 7 

3 
Laura Tolos  
(CSIC-IEEC) 

RBRC Lunch Seminar: 
Charm and beauty @ extremes 

Apr. 13 

4 
Ajit M. Srivvastava  
(Emory U.) 

Nuclear Theory/RIKEN Seminar: 
Effect of magnetic field on flow fluctuations in 

Apr. 14 

5 
Tuomas Lappi  
(U. Jyväskylä) 

Nuclear Theory/RIKEN Seminar: 
Forward particle production in : implementing the NLO hybrid formalism 

Apr. 21 

6 
Simon Caron-Huot  
(McGill U.) 

Nuclear Theory/RIKEN Seminar: 
Analyticity in spin and causality in conformal theories 

Apr. 28 

7 
Ethan Neil  
(RBRC) 

RIKEN Lunch Seminar: 
Lattice study of gauge theory with multiple fermion representations 

May. 4 

8 
Scott Moreland  
(Duke U.) 

Nuclear Theory/RIKEN Seminar: 
Probing nucleon substructure with Bayesian parameter estimation 

May. 5 
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9 
Enrico Rinaldi  
(RBRC) 

RIKEN Lunch Seminar: 
The nucleon axial charge from lattice QCD 

May. 11 

10 
Jonathan Kozaczuk  
(U. Mass Amherst) 

HET/RIKEN Seminars: 
Collider and cosmological signatures of a strong electroweak phase transition 

May. 17 

11 
Dima Kharzeev  
(BNL / Stony Brook U.) 

RIKEN Lunch Seminar: 
Probing quantum entanglement at the Electron Ion Collider 

May. 18

12 
Patrick Fox  
(Fermilab) 

HET/RIKEN Seminar: 
Cosmology in mirror twin Higgs and neutrinos 

May. 24 

13 
Yuya Tanizaki  
(RBRC) 

RIKEN Lunch Seminar: 
Mixed anomaly and global consistency 

May. 25 

14 
Damir Bosnar  
(U. Zagreb) 

Investigations of nucleon and nuclei properties in electron scattering experiments at MAMI May. 29 

15 
Derek Teaney  
(Stony Brook U.) 

Nuclear Theory/RIKEN Seminar: 
Hydrodynamic fluctuations in heavy ion collisions 

Jun. 2 

16 
Zohar Komargodski  
(Stony Brook U.) 

RIKEN Lunch Seminar: 
Anomalies and exact results in massive quantum chromodynamics 

Jun. 8 

17 
Phiala Shanahan  
(MIT) 

Nuclear Theory/RIKEN Seminar: 
Gluon structure of hadrons and nuclei 

Jun. 9 

18 
Daniel Stolarski  
(Carleton U.) 

HET/RIKEN Seminars 
Searching for new physics with Higgs decays 

Jun. 14 

19 
Jan Pawlowski  
(Heidelberg) 

Nuclear Theory/RIKEN Seminar: 
Exploring the phase structure and dynamics of QCD 

Jun. 16 

20 
Pasi Huovinen  
(U. Wroclawski) 

Nuclear Theory/RIKEN Seminar: 
Better fitting through (fictitious) chemistry 

Jun. 19 

21 
Feng Yuan  
(LBL) 

Nuclear Theory/RIKEN Seminar: 
Probing transverse momentum broadening in heavy ion collisions 

Jun. 30 

22 
Ismail Zahed  
(Stony Brook U.) 

Nuclear Theory/RIKEN Seminar: 
Holographic Pomeron: Scattering, saturation, entropy and black hole 

Jul. 7 

23 
Kenji Fukushima  
(U. Tokyo) 

Nuclear Theory/RIKEN Seminar: 
General formulae for dipole Wilson line correlators with the Color Glass Condensate 

Aug. 4 

24 
Yoshitaka Hatta  
(Kyoto U.) 

Nuclear Theory/RIKEN Seminar: 
Resummation of nonglobal logarithms in QCD 

Aug. 11 

25 
Ming Li  
(U. Minnesota) 

RIKEN Lunch Seminar: 
Revisit the energy density and the gluon spectrum in the boost-invariant Glasma from a 
semi-analytic approach 

Aug. 17 

26 
Ignazio Scimemi  
(U. Complutense de 
Madrid) 

Nuclear Theory/RIKEN Seminar: 
Factorization and phenomenology for transverse momentum dependent distributions 

Aug. 18 

27 
Werner Vogelsang  
(Tuebingen U.) 

Nuclear Theory/RIKEN Seminar: 
QCD corrections to high-  hadron production in ep scattering 

Aug. 25 

28 
Mayank Singh  
(McGill U.) 

RIKEN Lunch Seminar: 
Thermal fluctuations in hydrodynamic simulations of QGP 

Sep. 14 

29 
Elena Petreska  
(NIKHEF) 

Nuclear Theory/RIKEN Seminar: 
TMD gluon distributions for dijet production and their behavior at small  

Sep. 15 

30 Monica Pate (Harvard U. ) 
RIKEN Lunch Seminar: 
Color memory, large gauge transformations, and soft theorems in Yang-Mills theory 

Sep. 28 

31 
Aleksey Cherman  
(U. Washington) 

Nuclear Theory/RIKEN Seminar: 
QCD on a small circle 

Sep. 29 

20 
Shigehiro Yasui  
(Tokyo Tech) 

QHP Seminar: 
QCD Kondo effect in quark matter with heavy flavor 

Oct. 31 

21 
Shun Uchino  
(RIKEN CEMS) 

QHP Seminar: 
Mesoscopic transport with an ultracold atomic gas 

Nov. 7 

22 
Takeru Yokota  
(Kyoto U.) 

QHP Seminar: 
Tachyonic instability of the scalar mode prior to the QCD critical point based on the functional 
renormalization-group method in the two-flavor case 

Nov. 14 

23 
Shoichiro Tsutsui  
(KEK) 

QHP Seminar: 
Thermalization of overpopulated systems 

Nov. 21 

24 
Yang-Ting Chien 
(MIT) 

QHP Seminar: 
Probing heavy ion collisions using quark and gluon jet substructure with machine learning 

Nov. 24 

25 
Kouji Kashiwa  
(YITP) 

QHP Seminar: 
Sign problem as optimization problem: Application of neural-network via path optimization 
method 

Nov. 28 

26 
Shinji Shimazaki  
(Keio U.) 

QHP Seminar: 
New developments in the complex Langevin method and its application to finite density QCD 

Jan. 23 

27 
Arata Yamamoto  
(U. Tokyo) 

QHP Seminar: 
Computation of the Berry curvature in QCD and in condensed matter physics 

Jan. 30 

28 
M. Tachikawa  
(Yokohama City U.) 

SNP Seminar: 
Ab initio calculation for positronic compounds 

Feb. 20 

29 
Michio Kohno  
(Osaka U.) 

SNP Seminar: 
Hyperons in nuclear matter from  and  interactions in ChEFT and hyperon puzzle 

Feb. 21 

30 
Yuichiro Sekiguchi  
(Toho U.) 

QHP Seminar: 
Foundations of Gravitational waves and electro-magnetic emissions from NS-NS merger with 
application to nuclear/hadron physics 

Feb. 26 

31 
Yang-Ting Chien  
(MIT) 

QHP Seminar: 
Telescoping Jet Substructure 

Mar. 6 

 
QHP Seminar -> http://ribf.riken.jp/QHP/seminar.html 
SNP Seminar -> http://snp.riken.jp/seminar.html 
 
 

Sub Nuclear System Research Division 

1 
Zohreh Davoudi  
(MIT) 

A Special HET/RIKEN Lunch Seminar: 
The road to nuclear physics from standard model 

Apr. 6 

2 
Dirk Rischke (Johann 
Wolfgang Goethe U.) 

Nuclear Theory/RIKEN Seminar: 
Anisotropic dissipative fluid dynamics — foundations & applications in heavy-ion physics 

Apr. 7 

3 
Laura Tolos  
(CSIC-IEEC) 

RBRC Lunch Seminar: 
Charm and beauty @ extremes 

Apr. 13 

4 
Ajit M. Srivvastava  
(Emory U.) 

Nuclear Theory/RIKEN Seminar: 
Effect of magnetic field on flow fluctuations in 

Apr. 14 

5 
Tuomas Lappi  
(U. Jyväskylä) 

Nuclear Theory/RIKEN Seminar: 
Forward particle production in : implementing the NLO hybrid formalism 

Apr. 21 

6 
Simon Caron-Huot  
(McGill U.) 

Nuclear Theory/RIKEN Seminar: 
Analyticity in spin and causality in conformal theories 

Apr. 28 

7 
Ethan Neil  
(RBRC) 

RIKEN Lunch Seminar: 
Lattice study of gauge theory with multiple fermion representations 

May. 4 

8 
Scott Moreland  
(Duke U.) 

Nuclear Theory/RIKEN Seminar: 
Probing nucleon substructure with Bayesian parameter estimation 

May. 5 
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32 
Jacquelyn Noronha-Hostler 
(Rutgers U.) 

Nuclear Theory/RIKEN Seminar: 
What can we learn from flow observables in heavy-ion collisions? 

Oct. 12 

33 
Aaron Meyer  
(HET Group) 

RIKEN Lunch Seminar: 
Lattice QCD and neutrino physics 

Oct. 19 

34 
Maxim Mai  
(George Washington U.) 

Nuclear Theory/RIKEN Seminar: 
Quantization of three-body scattering amplitude in isobar formulation 

Oct. 20 

35 
Xiaojun Yao  
(BNL) 

RIKEN Lunch Seminar: 
Approach to equilibrium of quarkonium in quark-gluon plasma 

Oct. 26 

36 
Andrea Shindler  
(Michigan State U.) 

HET/RIKEN Seminar: 
Calculation of the electric dipole moment with the gradient flow 

Nov. 1 

37 
Yizhuang Liu  
(Stony Brook U.) 

RIKEN Lunch Seminar 
Rotating Dirac fermion in Magnetic field in 1+2 and 1+3 dimensions 

Nov. 2 

38 
Gerald Miller  
(U. Washington) 

Nuclear Theory/RIKEN Seminar: 
Proton radius puzzle 

Nov. 3 

39 
Mario Mitter  
(BNL) 

RIKEN Lunch Seminar: 
QCD from gluon, quark, and meson correlators 

Nov. 16 

40 
Yacine Mehtar-Tani  
(U. Washington) 

Nuclear Theory/RIKEN Seminar: 
Higher-order corrections to jet quenching 

Nov. 17 

41 
Shanshan Cao  
(Wayne State U.) 

Nuclear Theory/RIKEN seminar: 
Medium modification of jet and jet-induced medium excitation 

Dec. 1 

42 
Jorge Noronha  
(Columbia U.) 

RIKEN Lunch Seminar: 
Pushing the boundaries of relativistic fluid dynamics 

Dec. 7 

43 
Nobuo Sato  
(Jlab / U. Connecticut) 

Nuclear Theory/RIKEN Seminar: 
Simultaneous extraction of spin-dependent parton distributions 

Dec. 15 

44 
Sourav Raha  
(U. Florida) 

Nuclear Theory/RIKEN Seminar: 
Thermodynamics of string bits 

Jan. 5 

45 
Nikhil Karthik  
(BNL) 

RIKEN Lunch Seminar: 
Three-dimensional gauge theories using lattice regularization 

Jan. 11 

46 
Niklas Mueller  
(BNL) 

RIKEN Lunch Seminar: 
World-line approach to chiral kinetic theory and the chiral magnetic effect 

Jan. 18 

47 
Felix Ringer  
(LBL) 

Nuclear Theory/RIKEN Seminar: 
Semi-inclusive jet cross sections within SCET 

Jan. 19 

48 
Yuya Tanizaki  
(RBRC) 

RIKEN Lunch Seminar: 
Exact results on massless 3-flavor QCD through new anomaly matching 

Jan. 25 

49 
Kiminad Mamo  
(Stony Brook U.) 

RIKEN Lunch Seminar: 
The Coulomb branch of  SYM and its gravity dual as a new holographic model to QCD 

Feb. 1 

50 
Mohamed Anber  
(Lewis & Clark College) 

Nuclear Theory/RIKEN Seminar: 
New nonperturbative scales and glueballs in confining gauge theories 

Feb. 2 

51 
Adrian Dumitru  
(Baruch College / BNL) 

RIKEN Lunch Seminar: 
Biased nuclear gluon distribution from a reweighted JIMWLK small-  ensemble 

Feb. 8 

52 
Stebel Tomasz 
(BNL) 

RIKEN Lunch Seminar: 
Drell-Yan process beyond collinear approximation 

Feb. 22 

53 
Benedikt Hegner  
(CERN) 

High-Energy Physics & RIKEN Theory Seminar: 
Preparing high energy physics software for the future - the community white paper 

Feb. 28 

54 
Matt Sievert  
(LANL) 

Nuclear Theory/RIKEN Seminar: 
Quark / Antiquark correlations in heavy-light ion collisions 

Mar. 2 
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55 
Anna Stasto  
(Penn State U.) 

Nuclear Theory/RIKEN Seminar: 
Yang-Mills action on the light front: MHV amplitudes and Wilson lines 

Mar. 9 

56 
Kazunori Itakura  
(KEK) 

Basics of pomerons and reggeons Mar. 14 

57 
Andreas Nyffeler  
(U. Mainz) 

RIKEN Lunch Seminar: 
Hadronic light-by-light scattering in the muon  

Mar. 15 

58 
Ian Balitsky  
(Jefferson National Lab.) 

Nuclear Theory/RIKEN Seminar: 
Correlators of twist-2 light-ray operators in the BFKL approximation 

Mar. 16 

 
RIKEN/BNL Lunch Seminar -> https://www.bnl.gov/riken/events/ 
 
  
 

RIBF Research Division 

1 
Teruaki Enoto 
(Kyoto U.) 

High Energy Astrophysics Lab. Seminar: 
Cloud and crowd science: High-energy physics in thunderstorms 

Apr. 3 

2 
Turriziani Sara 
(RIKEN) 

High Energy Astrophysics Lab. Seminar: 
Active galactic nuclei in the multi-wavelength, multi-messanger era 

May. 1 

3 
Keita Kawata 
(CNS) 

NSL Seminar: 
Development of isomer beam by fragmentation reactions May. 17 

4 
Momo Mukai 
(U. Tsukuba) 

NSL Seminar: 
The development of a low-background gas-counter and hyperfine structure measurement for 
neutron-rich iridium isotopes 

May. 17 

5 
Tomoki Kimura 
(RNC) 

High Energy Astrophysics Lab. Seminar: 
Transient brightening of Jupiter’s aurora observed by the Hisaki satellite and Hubble Space 
Telescope during approach phase of the Juno spacecraft 

Jun. 5 

6 
Hiroshi Yamakawa 
(Kyoto U.) 

High Energy Astrophysics Lab. Seminar: 
Research for tackling hazardous space environment 

Jul. 10 

7 
Toshikazu Morishita 
(NARO) 

重イオンビームによるダッタンソバの変異誘発と有⽤系統の選抜 Jul. 11 

8 
Ryosuke Hirai 
(Waseda U.) 

High Energy Astrophysics Lab. Seminar: 
The influence of supernovae on the evolution of binary systems 

Oct. 2 

9 
Yasuyuki Nagashima 
(Tokyo U. of science) 

Ps− photodetachment spectroscopy and its application 
https://indico2.riken.jp/indico/conferenceDisplay.py?confId=2610 

Oct. 18 

10 
Toru Tamagawa 
(RNC) 

The dawn of the gravitational wave astronomy and the discovery of the neutron star merger 
https://indico2.riken.jp/event/2621/ Oct. 31 

11 
Ayako Yamamoto  
(SIT) 

NSL Seminar: 
Cuprate high-Tc superconductors: Materials and Properties 

Jan. 26 

12 
Alberto Mengoni 
(ENEA/INFN) 

Exploring a neutron channel solution for the cosmological lithium problem at CERN/n_TOF 
https://indico2.riken.jp/event/2742/ 

Mar. 13 

    

High Energy Astrophysics Lab. Seminar -> http://astro.riken.jp/wordpress/?page_id=65 

32 
Jacquelyn Noronha-Hostler 
(Rutgers U.) 

Nuclear Theory/RIKEN Seminar: 
What can we learn from flow observables in heavy-ion collisions? 

Oct. 12 

33 
Aaron Meyer  
(HET Group) 

RIKEN Lunch Seminar: 
Lattice QCD and neutrino physics 

Oct. 19 

34 
Maxim Mai  
(George Washington U.) 

Nuclear Theory/RIKEN Seminar: 
Quantization of three-body scattering amplitude in isobar formulation 

Oct. 20 

35 
Xiaojun Yao  
(BNL) 

RIKEN Lunch Seminar: 
Approach to equilibrium of quarkonium in quark-gluon plasma 

Oct. 26 

36 
Andrea Shindler  
(Michigan State U.) 

HET/RIKEN Seminar: 
Calculation of the electric dipole moment with the gradient flow 

Nov. 1 

37 
Yizhuang Liu  
(Stony Brook U.) 

RIKEN Lunch Seminar 
Rotating Dirac fermion in Magnetic field in 1+2 and 1+3 dimensions 

Nov. 2 

38 
Gerald Miller  
(U. Washington) 

Nuclear Theory/RIKEN Seminar: 
Proton radius puzzle 

Nov. 3 

39 
Mario Mitter  
(BNL) 

RIKEN Lunch Seminar: 
QCD from gluon, quark, and meson correlators 

Nov. 16 

40 
Yacine Mehtar-Tani  
(U. Washington) 

Nuclear Theory/RIKEN Seminar: 
Higher-order corrections to jet quenching 

Nov. 17 

41 
Shanshan Cao  
(Wayne State U.) 

Nuclear Theory/RIKEN seminar: 
Medium modification of jet and jet-induced medium excitation 

Dec. 1 

42 
Jorge Noronha  
(Columbia U.) 

RIKEN Lunch Seminar: 
Pushing the boundaries of relativistic fluid dynamics 

Dec. 7 

43 
Nobuo Sato  
(Jlab / U. Connecticut) 

Nuclear Theory/RIKEN Seminar: 
Simultaneous extraction of spin-dependent parton distributions 

Dec. 15 

44 
Sourav Raha  
(U. Florida) 

Nuclear Theory/RIKEN Seminar: 
Thermodynamics of string bits 

Jan. 5 

45 
Nikhil Karthik  
(BNL) 

RIKEN Lunch Seminar: 
Three-dimensional gauge theories using lattice regularization 

Jan. 11 

46 
Niklas Mueller  
(BNL) 

RIKEN Lunch Seminar: 
World-line approach to chiral kinetic theory and the chiral magnetic effect 

Jan. 18 

47 
Felix Ringer  
(LBL) 

Nuclear Theory/RIKEN Seminar: 
Semi-inclusive jet cross sections within SCET 

Jan. 19 

48 
Yuya Tanizaki  
(RBRC) 

RIKEN Lunch Seminar: 
Exact results on massless 3-flavor QCD through new anomaly matching 

Jan. 25 

49 
Kiminad Mamo  
(Stony Brook U.) 

RIKEN Lunch Seminar: 
The Coulomb branch of  SYM and its gravity dual as a new holographic model to QCD 

Feb. 1 

50 
Mohamed Anber  
(Lewis & Clark College) 

Nuclear Theory/RIKEN Seminar: 
New nonperturbative scales and glueballs in confining gauge theories 

Feb. 2 

51 
Adrian Dumitru  
(Baruch College / BNL) 

RIKEN Lunch Seminar: 
Biased nuclear gluon distribution from a reweighted JIMWLK small-  ensemble 

Feb. 8 

52 
Stebel Tomasz 
(BNL) 

RIKEN Lunch Seminar: 
Drell-Yan process beyond collinear approximation 

Feb. 22 

53 
Benedikt Hegner  
(CERN) 

High-Energy Physics & RIKEN Theory Seminar: 
Preparing high energy physics software for the future - the community white paper 

Feb. 28 

54 
Matt Sievert  
(LANL) 

Nuclear Theory/RIKEN Seminar: 
Quark / Antiquark correlations in heavy-light ion collisions 

Mar. 2 
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