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PREFACE

In fiscal year 2018, RIKEN entered its 4th midterm, which
will last for seven years. For this new midterm period,
we have modified the Center’s organization. The former
RIBF Research Division was split into three divisions,
the Nuclear Science and Transmutation Research Divi-
sion, Research Facility Development Division, and Accel-
erator Application Research Division. The change makes
our infrastructure components, application research, and
nuclear transmutation research more visible. We merged
the Theoretical Research Division into the Subnuclear Re-
search Division, reflecting the recent promotions of the
leading theorists in the Nishina Center.

We made this change, in part, because from this
midterm, the RIKEN Nishina Center is categorized as a
strategic research center, switched from the former infrastructure center. This means that we need to place more
emphasis on our research strategy than on our user support as an accelerator facility. With this organizational change,
we can pursue the enhancement of both RIKEN’s own strategic research and user support for the community.

The Heisei era ended in April 2019. Considering the festive mood for the era change, I feel that it was much more
natural for the Japanese imperial transition to have taken place through abdication rather than by passing of the
Emperor. However, as stated by the Heisei Emperor, we have experienced so many disasters over the 30 Heisei years,
and the one of the largest was the accident at the Fukushima Nuclear Power Plant. We still remember that many of
us went there to perform radiation measurements of the local people and soil in Fukushima.

Nuclear energy is one of the most important social knowledges born from nuclear science. Unfortunately, with the
radioactive waste generated by nuclear reactors becoming a social problem, because of the Fukushima disaster, and
the decommissioning of the “Monju” plan, the nuclear energy cycle of our nation has failed. As nuclear physicists,
we must now reconsider energy issues and identify the correct path for the use of nuclear energy by scientifically
reconstructing its usefulness. Continuing operation of large nuclear power plants is not necessarily the only way to
achieve this goal.

The Nishina Center has spearheaded a research effort to transform radioactive waste into short-lived nuclides with
the use of the accelerator through the ImPACT Project. The patent “Radioactive Waste Processing Method,” which
originated from the Project, was awarded the 21st Century Invention Award for FY2018 by the Japan Institute of
Invention and Innovation. The award ceremony was attended by Imperial Prince Takamatsunomiya Nobuhito. This
is a very small step toward the real goal of the nuclear energy problem, but we have to pursue solutions patiently
and continuously.

The year 2019 was proclaimed the International Year of the Periodic Table of Chemical Elements by UNESCO.
The opening ceremony was held in Paris in January, and the Year will conclude at the closing ceremony scheduled for
Tokyo on December 5. The 150th anniversary of the creation of the periodic table by Mendeleev as well as the recent
completion of the 7th row of the table will be celebrated. Tokyo was chosen as the venue of the closing ceremony
because of the discovery of nihonium.

The scientific goal of the Nishina Center is to obtain more research results from experiments conducted at the
RIBF, promote facility expansion and reinforcement of the RIBF, and discover elements 119 and 120. We have
already begun experiments to search for element 119. Trial operation of the superconducting RILAC will begin soon,
providing a substantial boost to the search experiment. Only God knows whether the elements will be discovered in
the near future or in 10 years.

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. 
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First observation of 20B and 21B†

S. Leblond,∗1 F. M. Marqués,∗1 J. Gibelin,∗1 N. A. Orr,∗1 Y. Kondo,∗2 T. Nakamura,∗2 J. Bonnard,∗3

N. Michel,∗4,∗5 N. L. Achouri,∗1 T. Aumann,∗6,∗7 H. Baba,∗8 F. Delaunay,∗1 Q. Deshayes,∗1 P. Doornenbal,∗8

N. Fukuda,∗8 J. W. Hwang,∗9 N. Inabe,∗8 T. Isobe,∗8 D. Kameda,∗8 D. Kanno,∗2 S. Kim,∗9 N. Kobayashi,∗2

T. Kobayashi,∗10 T. Kubo,∗8 J. Lee,∗8 R. Minakata,∗2 T. Motobayashi,∗8 D. Murai,∗11 T. Murakami,∗12

K. Muto,∗10 T. Nakashima,∗2 N. Nakatsuka,∗12 A. Navin,∗13 S. Nishi,∗2 S. Ogoshi,∗2 H. Otsu,∗8 H. Sato,∗8

Y. Satou,∗9 Y. Shimizu,∗8 H. Suzuki,∗8 K. Takahashi,∗10 H. Takeda,∗8 S. Takeuchi,∗8 R. Tanaka,∗2

Y. Togano,∗2,∗7 A. G. Tuff,∗14 M. Vandebrouck,∗3 and K. Yoneda∗8

It is well established that the shell structure of the
nucleus, that leads to an enhanced stability for systems
with “magic” numbers of protons (Z) and/or neutrons
(N) of 2, 8, 20... is modified as the limits of particle sta-
bility, or driplines, are approached. Neutron numbers
between 8 and 20 correspond to the filling of the sd-
shell neutron single-particle orbitals. Approaching the
driplines, the energies of these orbitals evolve, leading
for example to the disappearance of the N = 20 magic
number for Z = 10–12 and to the appearance of new
shell closures at N = 14, 16 in the oxygen isotopes.
In this respect, the most neutron-rich boron isotopes,
which lie below doubly-magic 22, 24O and straddle the
neutron dripline, are of considerable interest.
After removing one or two nucleons from secondary

beams of 22N and 22C, produced at the RIBF of the
RIKEN Nishina Center, with a carbon reaction tar-
get, beam-velocity 19B fragments and neutrons were
detected in the forward direction using the SAMU-
RAI setup including the NEBULA neutron array.
The relative energy between the 19B fragment and
the first detected neutron is shown in Fig. 1. A
prominent resonance-like structure was observed at
about 2.5 MeV above the one-neutron decay thresh-
old (Fig. 1) that, guided by theoretical considera-
tions, has been identified as the 1−, 2− ground-state
doublet of 20B, with energies Er = 1.56 ± 0.15 and
2.50± 0.09 MeV. A weaker higher-lying peak was also
observed at 4.86± 0.25 MeV.
The data acquired for 21B in the 19B plus one-

(Fig. 1) and two-neutron channels were consistent with
the population of a resonance 2.47 ± 0.19 MeV above

† Condensed from the article in Phys. Rev. Lett. 121, 262502
(2018), see also references therein.

∗1 LPC-Caen
∗2 Department of Physics, Tokyo Institute of Technology
∗3 Institut de Physique Nucléaire, Orsay
∗4 NSCL/FRIB Laboratory, Michigan State University
∗5 School of Physics, Peking University
∗6 Institut für Kernphysik, Technische Universität Darmstadt
∗7 ExtreMe Matter Institute EMMI, GSI
∗8 RIKEN Nishina Center
∗9 Department of Physics and Astronomy, Seoul National Uni-

versity
∗10 Department of Physics, Tohoku University
∗11 Department of Physics, Rikkyo University
∗12 Department of Physics, Kyoto University
∗13 GANIL, CEA/DRF-CNRS/IN2P3
∗14 Department of Physics, University of York

Fig. 1. Relative energy spectrum of 19B+n events follow-

ing proton-removal from 22N (gray) and 22C (hatched

histogram). The gray dotted line in the inset delineates

the neutron dripline.

the two-neutron emission threshold, and thus tenta-
tively assigned to be the expected 3/2− ground state.
These results allowed the first determinations to be
made of the ground-state masses of 20, 21B, which are
in agreement with the extrapolations of the most re-
cent atomic-mass evaluations taking into account the
19B, 22C and 23N mass measurements. In this spirit,
the present 20, 21B masses will permit mass-surface ex-
trapolations in this region to be made with improved
precision and further from stability. In addition, 21B
was found to exhibit direct two-neutron decay.
The identification and first spectroscopy of 20, 21B

opens the way to the exploration of structure and cor-
relations beyond the dripline below 24O. In particular,
improvements in secondary-beam intensities and neu-
tron detection should permit n-n correlations in the
decay of 21B to be investigated and its first excited
state to be located. This, coupled with work underway
to investigate the excited states of 22C, will provide di-
rect insights into the N = 16 shell closure beyond the
neutron dripline as well as stringent tests of a new gen-
eration of ab initio and related theoretical models.
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Gamow–Teller giant resonance in 132Sn

Among collective modes,1) the Gamow-Teller (GT)
giant resonance is an interesting excitation mode. It
is a 0h̄ω excitation characterized by the quantum-
number changes in orbital angular momentum (∆L =
0), spin (∆S = 1), and isospin (∆T = 1), and it is
induced by the transition operator στ . In stable nuclei
in medium or heavier mass regions (A > 50), the col-
lectivity in this mode exhibits the GT giant resonance
(GTGR), which provides information that is critically
important for understanding the isovector part of the
effective nucleon-nucleon interaction2) and the symme-
try potential of the equation of state.3) In particular,
the understanding of the short-range repulsive part of
the effective interaction, i.e., so-called Landau-Migdal
(LM) force in the spin-isospin channel, is crucial in
the prediction of the onset of the pion condensation
in nuclear matters such as a neutron star.4) Recently,
we have been rapidly expanding the domain of GTGR
studies at RIBF in the nuclear chart.5,6) This provides
a new opportunity to evaluate the strength of the LM
force and the so-called LM parameter g′ for an unsta-
ble nucleus.

In this study, an experiment at RIBF was performed
in March 2014 to extract the GT transition strengths
over a wide excitation energy range covering their gi-
ant resonances on the key doubly magic nucleus 132Sn.
The purpose of the experiment was to calibrate the
g′ parameter through observating the GTGR in 132Sn.
This is also an essential step toward establishing the
comprehensive theoretical models for the nuclei located
between 78Ni and 208Pb. Details of the experimen-
tal setups and analysis are already given in previous
progress reports and the results have been recently
published in Ref. 7). Data for the GTGR were ob-

∗1 RIKEN Nishina Center
∗2 Department of Physics,Kyushu University
∗3 NSCL, Michigan State University
∗4 Department of Physics, Tohoku University
∗5 Department of Physics, Tokyo Institute of Technology
∗6 CNS, University of Tokyo
∗7 Department of Physics, University of Tokyo
∗8 MTA, Atomki
∗9 Department of Physics, Kyoto University
∗10 Department of Physics, Konan University
∗11 Department of Physics, Technical University Munich
∗12 Department of Physics, Korea University

tained almost in the same quality as the stable-beam
experiments, which opens up a new age of GR stud-
ies with RI beams in the field of experimental nuclear
physics. The obtained g′ parameter was 0.68 ± 0.07.
In comparison to the values obtained for the stable
nuclei 90Zr and 208Pb, it indicates that g′ is kept al-
most constant over a region of isospin asymmetry from
(N − Z)/A = 0.11 to 0.24 and from mass number
A = 90 to 208. It also indicates that pion conden-
sation occurs in the inner part of a neutron star whose
mass is 1.4 times heavier than the solar mass.

We are grateful to the RIKEN RIBF accelerator
crew and CNS, University of Tokyo, for their efforts
and support to operate the RI beam factory. We
thank M. Ichimura, E. Litvinova, C. Robin, Y. F. Niu,
G. Colo, H. Z. Liang, and Z. M. Niu for our valuable
discussions. This work was supported in part by a
Grant-in-Aid for Scientific Research (No. 274740187),
Grant-in-Aid for the Japan Society for the Promotion
of Science (JSPS) Research Fellow (No. 265720), JSPS
KAKENHI Grant No. 16H02179 from the Japan Soci-
ety for the Promotion of Science, MEXT KAKENHI
Grant No. 24105005, US NSF PHY-1430152 (JINA
Center for 606 the Evolution of the Elements), US NSF
PHY-1565546, and the Hungarian NKFI Foundation
[K124810].
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First spectroscopy of the near drip-line nucleus 40Mg†

H. L. Crawford,∗1 P. Fallon,∗1 A. O. Macchiavelli,∗1 P. Doornenbal,∗2 N. Aoi,∗3 F. Browne,∗2 C. M. Campbell,∗1
S. Chen,∗2 R. M. Clark,∗1 M. L. Cortés,∗2 M. Cromaz,∗1 E. Ideguchi,∗3 M. D. Jones,∗1 R. Kanungo,∗4,∗5

M. MacCormick,∗6 S. Momiyama,∗7 I. Murray,∗6 M. Niikura,∗7 S. Paschalis,∗8 M. Petri,∗8 H. Sakurai,∗2,∗7
M. Salathe,∗1 P. Schrock,∗9 D. Steppenbeck,∗9 S. Takeuchi,∗2,∗10 Y. K. Tanaka,∗11 R. Taniuchi,∗7 H. Wang,∗2 and

K. Wimmer∗7

Magnesium isotopes offer an opportunity to ex-
perimentally study the transition from well-bound to
weakly-bound nuclei and its influence on the excited
states, which may reflect the correlations at the lim-
its of stability. While knowledge on the heaviest Mg
isotopes is limited, an overall consistent picture of the
structure along Z = 12 has emerged between N = 20
and N = 28, of persistent prolate deformation from
32Mg to 38Mg,1) which likely extends to 40Mg.2)

40Mg represents a particularly intriguing case for
study. Theoretical expectations and experimental sys-
tematics suggest 40Mg to be a well-deformed prolate
rotor as well, structurally very similar to 36, 38Mg. How-
ever, the occupation of the relatively weakly-bound
2p3/2 neutron orbital near the Fermi surface may add
a new degree of freedom. In this report, the first γ-
ray spectroscopic information of 40Mg is presented and
discussed in the context of the systematics along the
magnesium isotopes.

Experimentally, a drastically different prompt γ-ray
spectrum is observed for 40Mg (see Fig. 1 (c)) as com-
pared to 36, 38Mg (see Fig. 1 (a), (b)), contrary to expec-
tations. The tentatively assigned 2+1 →0+1 transition at
500(14) keV is 20% below that in 38Mg, a trend that is
outside the shell-model and other state-of-the-art theo-
retical predictions. The second γ-ray transition is even
more puzzling. Given that 40Mg is very near the neu-
tron dripline, and the low-ℓ ν2p3/2 orbital sits at the
Fermi surface, the observed spectrum may be an indi-
cation of the manifestation of weak-binding effects, as
discussed fully in the published Letter.

The experiment was carried out at the Radioactive
Isotope Beam Factory (RIBF) at RIKEN Nishina Cen-
ter. An intense (450 pnA) primary beam of 48Ca was
fragmented on a rotating production target, producing
a secondary cocktail beam centered on 41Al. This beam
was transported through BigRIPS3) and was incident
upon a thick polyethylene secondary target at the focal
† Condensed from the article in press in Phys. Rev. Lett. (2019)
∗1 NSD, Lawrence Berkeley National Laboratory
∗2 RIKEN Nishina Center
∗3 RCNP, Osaka University
∗4 Astronomy & Physics Department, Saint Mary’s University
∗5 TRIUMF
∗6 Institut de Physique Nucléaire, IN2P3-CNRS, Université

Paris-Sud, Université Paris-Saclay
∗7 Department of Physics, University of Tokyo
∗8 Department of Physics, University of York
∗9 CNS, University of Tokyo, RIKEN Campus
∗10 Department of Physics, Tokyo Institute of Technology
∗11 GSI Helmholtzzentrum für Schwerionenforschung GmbH

plane in front of ZeroDegree, which was tuned to cen-
ter 40Mg reaction residues. Prompt γ rays depopulating
the excited states in 40Mg and other reaction residues
were detected in the DALI2 spectrometer,5) which con-
sistisof 186 large-volume NaI(Tl) detectors surrounding
the secondary target.

Fig. 1. (color online) Prompt γ-ray spectrum associated
with (a) 36Mg, (b) 38Mg and (c) 40Mg (populated in −1p
removal from 41Al). Spectra were fit using the simulated
DALI2 response (red dashed curves) and a smooth back-
ground (dotted blue line); the solid black line represents
the total fit.
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Interplay between nuclear shell evolution and shape deformation
revealed by magnetic moment of 75Cu†

Y. Ichikawa,∗1 H. Nishibata,∗1,∗2 Y. Tsunoda,∗3 A. Takamine,∗1 K. Imamura,∗1,∗4 T. Fujita,∗1,∗2 T. Sato,∗1,∗5

S. Momiyama,∗6 Y. Shimizu,∗1 D. S. Ahn,∗1 K. Asahi,∗1,∗5 H. Baba,∗1 D. L. Balabanski,∗1,∗7 F. Boulay,∗1,∗8,∗9

J. M. Daugas,∗1,∗9 T. Egami,∗10 N. Fukuda,∗1 C. Funayama,∗5 T. Furukawa,∗11 G. Georgiev,∗12

A. Gladkov,∗1,∗13 N. Inabe,∗1 Y. Ishibashi,∗1,∗14 T. Kawaguchi,∗10 T. Kawamura,∗2 Y. Kobayashi,∗1,∗15

S. Kojima,∗5 A. Kusoglu,∗7,∗12,∗16 I. Mukul,∗17 M. Niikura,∗6 T. Nishizaka,∗10 A. Odahara,∗2 Y. Ohtomo,∗1,∗5

T. Otsuka,∗1,∗3,∗6,∗18 D. Ralet,∗12 G. S. Simpson,∗19 T. Sumikama,∗1 H. Suzuki,∗1 H. Takeda,∗1 L. C. Tao,∗1,∗20

Y. Togano,∗1,∗5 D. Tominaga,∗10 H. Ueno,∗1 H. Yamazaki,∗1 and X. F. Yang∗18

Exotic nuclei are characterized by a number of excess
neutrons (or protons) relative to stable nuclei. Their
shell structure, which represents single-particle motion
in a nucleus, may vary owing to nuclear force and
excess neutrons, in a phenomenon called shell evolu-
tion. This effect could be counterbalanced by collective
modes causing deformations of the nuclear surface. We
studied the interplay between shell evolution and shape
deformation by focusing on the magnetic moment of
an isomeric state of the neutron-rich nucleus 75Cu,1)

where low-lying states of the Cu isotopes exhibit an
intriguing behavior involving the shell evolution.2–4)

The magnetic moment measurement was carried out
at the BigRIPS at RIBF. Spin alignment as large as
30% was achieved in the isomeric state of 75Cu by
a scheme of two-step projectile fragmentation with a
technique of momentum-dispersion matching,5) incor-
porating an angular-momentum selecting proton re-
moval from 76Zn. The magnetic moment was deter-
mined using the time-differential perturbed angular
distribution (TDPAD) method. Owing to the high
spin alignment realized by the refined two-step scheme,
the observed oscillation for the 66.2-keV γ rays in the
TDPAD spectrum had a significance greater than 5σ.
The magnetic moment of the 66.2-keV isomer with spin
parity 3/2− was determined to be µ = 1.40(6) µN for
the first time.

† Condensed from the letter in Nat. Phys. 15, 321 (2019)
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Fig. 1. Systematics of magnetic moments for odd-A Cu

isotopes. Filled and open circles represent experimental

data for 3/2− and 5/2− states, respectively. Filled red

circle represents the result obtained in this work. Solid

green and blue lines represent MCSM calculations for

3/2− and 5/2− states, respectively, with 20 ≤ (N,Z) ≤
56 model space.6) µ(πp3/2) and µ(πf5/2) denote the

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

The magnetic moment, thus obtained, demonstrated
a considerable deviation from the Schmidt value, µ =
3.05 µN, 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
magnetic moment with the help of Monte Carlo shell
model (MCSM) calculations6) reveals that the trend
of the deviation corresponds to the effect of core exci-
tation and the low-lying states in 75Cu are, to a large
extent, of a single-particle nature on top of a corre-
lated 74Ni core, elucidating the crucial role of the shell
evolution even in the presence of collective mode.
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Mass measurements of neutron-rich Ni isotopes in Rare RI Ring

A. Ozawa,∗1 Y. Abe,∗2 D. Nagae,∗2 S. Naimi,∗2 F. Suzaki,∗2 Y. Yamaguchi,∗2 M. Wakasugi,∗2 H. Arakawa,∗3
S. Hosoi,∗3 Y. Inada,∗3 K. Inomata,∗3 T. Kobayayashi,∗3 K. Nishimuro,∗3 S. Omika,∗3 M. Sakaue,∗3 K. Yokota,∗3

T. Yamaguchi,∗3 R. Kagesawa,∗1 D. Kamioka,∗1 T. Moriguchi,∗1 M. Mukai,∗1 S. Ota,∗4 N. Kitamura,∗4
S. Masuoka,∗4 S. Michimasa,∗4 D. S. Ahn,∗1 H. Baba,∗1 N. Fukuda,∗1 Y. Shimizu,∗1 H. Suzuki,∗1 H. Takeda,∗1

Z. Ge,∗5 H. Li,∗5 S. Suzuki,∗5 K. Wang,∗5 Q. Wang,∗5 M. Wang,∗5 Y. Litvinov,∗6 Z. Podolyak,∗7 and T. Uesaka∗2

Nuclear mass measurements are important to inves-
tigate nuclear structure and pathway of nucleosynthe-
sis. Neutron separation energies (Sn and S2n), which
can be deduced from the nuclear masses, are very sen-
sitive to the nuclear shell structure. In nucleosynthe-
sis, Sn is a key parameter to determine the pathway
of the r-process. Ni isotopes have a magic number for
the protons (Z = 28) and three doubly magic isotopes
(N = 20, 28, 50). Ni isotopes close to 78Ni are assumed
to lie on the r-process path. Thus, the mass measure-
ments for neutron-rich Ni isotopes are anticipated. Until
now, in neutron-rich Ni isotopes, masses up to 73Ni have
been evaluated in Atomic Mass Evaluation.1) The mass
of 74Ni has been reported in Ref. 2). However, the error
bar is quite large (approximately 1 MeV). Thus, in this
experiment, we performed the mass measurements for
neutron-rich Ni isotopes (74, 76Ni) in Rare RI Ring (R3).

The experimental setup in this measurement is es-
sentially the same as that in the previous experiment
at R3.3) We improved beam optics after installing the
OEDO system.4) The primary beam of 238U accelerated
in SRC up to 345 MeV/nucleon was impinged on a Be
target. Secondary beams including 74, 76Ni isotopes were
produced through in-flight reaction. We adjusted the
thickness of the degraders located at F1 and F2 in Bi-
gRIPS such that the beam energies of 74, 76Ni became
approximately 160 MeV/nucleon, which is the suitable
energy for individual ion injection.5)

Particle identification in BigRIPS was done by TOF
between F2 and F3, which were measured by two plas-
tic scintillators, and ∆E at F3, that was measured by
an ionization chamber (IC). In this experimental set-
ting, a typical count rate for 76Ni in F3 was approx-
imately 0.16 cps for the full primary beam intensity
(approximately 60 particles nA). The plastic scintilla-
tor at F3 also provided trigger signals for the kicker
magnets in R3. To maintain the trigger rate of the
kicker magnets within 100 Hz, we applied TOF-∆E
gates to the trigger signals, as described in Ref. 6).
A typical particle identification spectrum at F3 (for
the case of 74Ni) is shown in Fig. 1. In this exper-
iment, momentum dispersive focus was applied at F5
in BigRIPS. We placed two PPACs there to measure
the momentum of the beams (Bρ). At S0, i.e., at
the entrance of SHARAQ, we located a TOF counter,

∗1 Institute of Physics, University of Tsukuba
∗2 RIKEN Nishina Center
∗3 Department of Physics, Saitama University
∗4 CNS, University of Tokyo
∗5 IMP, CAS, Lanzhou, China
∗6 GSI Helmholtz Center, Darmstadt, Germany
∗7 NPI, University of Surrey

Fig. 1. A typical particle identification spectrum as mea-
sured at F3 for 74Ni mass measurement.

which is a similar to the one used inside R3.7) This
TOF counter provided a start signal to the TOF in R3.

We also measured the TOFs of each particle between
F3 and S0, which were converted to the β of their beams.
The particle injected into R3 was extracted after approx-
imately 700 µs using the same kicker magnets. After the
extraction, the particle was collided with a plastic scin-
tillator, which provided a stop signal for the TOF in R3
and IC. Finally, it was stopped in an NaI scintillator. In
the measurement of 74Ni (76Ni), the isochronous optics
of R3 were tuned using 76Zn (78Zn) such that the width
of TOF in R3 was the narrowest for this nucleus, thereby
resulting in a width of approximately 3 ps. Furthermore,
we carefully tuned the septum magnets and magnets at
the injection line of R3 to increase the transmission ef-
ficiencies of 74, 76Ni from F3 to R3. The achieved values
for 74Ni and 76Ni were approximately 0.5% and 2.8%,
respectively. In this experiment, we accumulated the
events for 74Ni (76Ni) for approximately 5 h (10 h). To
deduce the masses, the TOF in R3 should be corrected
by the corresponding β or Bρ. The analysis of data is
still ongoing.
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Discovery of 60Ca and Implications For the Stability of 70Ca†

O. B. Tarasov,∗1,∗2 D. S. Ahn,∗2 D. Bazin,∗1,∗2 N. Fukuda,∗2 A. Gade,∗1 M. Hausmann,∗1 N. Inabe,∗2
S. Ishikawa,∗3 N. Iwasa,∗3 K. Kawata,∗4 T. Komatsubara,∗2 T. Kubo,∗1,∗2 K. Kusaka,∗2 D. J. Morrissey,∗1,∗2

M. Ohtake,∗2 H. Otsu,∗2 M. Portillo,∗1,2 T. Sakakibara,∗3 H. Sakurai,∗2 H. Sato,∗2 B. M. Sherrill,∗1,∗2
Y. Shimizu,∗2 A. Stolz,∗1 T. Sumikama,∗2 H. Suzuki,∗2 H. Takeda,∗2 M. Thoennessen,∗1 H. Ueno,∗2

Y. Yanagisawa,∗2 and K. Yoshida∗2

The landscape of atomic nuclei is delineated by the
nucleon drip lines beyond which no bound states of
lighter or heavier isotopes exist. The location of the
neutron drip line provides a key benchmark for nu-
clear models and the quest to understand the nuclear
force. The proton-magic calcium isotopes span the
magic neutron numbers 20, 28, 32, 34, and possibly
40 and 50. The calcium chain is just within reach
of ab-initio models1) as well as the broadly applicable
mean-field and configuration-interaction models. Ob-
servation of 59Ca and 60Ca would test the predictive
power of ab-initio models as compared to the energy
density functionals (EDFs), and indicate if the success
of the ab-initio approaches in describing the masses of
the calcium isotopes. Measurements at NSCL2,3) have
demonstrated that the fragmentation of 76Ge and 82Se
beams using a two-stage separator can be used to pro-
duce new neutron-rich isotopes in the calcium region.
We report here the continuation of this work at the
RIKEN RIBF facility, using a higher beam energy and
intensity, and so accessing the one-order-of-magnitude
lower production cross sections needed to explore the
stability of 59, 60Ca.

The discovery of 60
20Ca40 and seven other neutron-

rich nuclei near the limits of stability is reported from
the projectile fragmentation of 345 MeV/nucleon 70Zn
beam with an intensity of 225 particle nA on Be targets
at the RI Beam Factory operated by RIKEN Nishina
Center and CNS, University of Tokyo. During a 99.5
hour measurement, 47P, 49S, 52Cl, 54Ar, 57K, 59, 60Ca,
and 62Sc, the most neutron-rich isotopes of the respec-
tive elements, were observed for the first time. In addi-
tion, one event consistent with 59K was observed. The
produced fragments were analyzed and unambiguously
identified using the BigRIPS two-stage in-flight sepa-
rator tuned according to LISE++ calculations.4) 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 using the
ToF-Bρ-∆E-TKE method described in the appendix
to the previous work.5)

The results are compared with the drip-line predic-

† Condensed from the article in Phys. Rev. Lett. 121, 022501
(2018)
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Fig. 1. The region of the chart of nuclides studied in this
work. Nuclei highlighted by red background were dis-
covered in this work, green squares denote nuclei dis-
covered at the NSCL since 2007.2,3,8,9) The neutron
drip lines predicted by the HFB-22,6) UNEDF1,10) and
WS4RBF

11) mass models are indicated by the blue dot-
ted, red solid, and green dashed lines, respectively. The
model WS4RBF appears to underestimate the bindings
of isotopes in this region. HFB-22 and UNEDF1 seem
to better predict the drip line. The inset shows the
predicted S2n values for even neutron-rich calcium iso-
topes.

tions of a wide variety of mass models. The two iso-
topes 49S and 52Cl, discovered in this work, emerge as
key discriminators between different models. EDFs in
best agreement with the limits of existence in the ex-
plored region, HFB-226) and UNEDF0,7) predict the
even-mass Ca isotopes to be bound out to at least 70Ca
(see Fig. 1), at odds with ab-initio models that predict
the neutron drip line in Ca to be closer to 60Ca with
59Ca unbound.
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Nuclear surface diffuseness revealed in nucleon-nucleus diffraction†

S. Hatakeyama,∗1 W. Horiuchi,∗1 and A. Kohama∗2

A systematic study of the nuclear surface density of
neutron-rich nuclei is interesting, as it reveals the neu-
tron number dependence of the nuclear structure dom-
inated by nuclear dynamics at around the nuclear sur-
face. The study can also be extended to understand the
properties of the equation of state of asymmetric nuclear
matter. However, it is difficult to probe the neutron
density by using traditional electron scattering. In this
paper, we use a proton target as a probe of the surface
density. Extended systematic studies have shown that
it is advantageous to use proton to study the neutron
and proton radii because it has more sensitivity to the
neutrons at low-incident energy.1,2) To know more than
the nuclear radii, we study the proton-nucleus elastic
scattering, focusing on the reactions of small scattering
angles up to a few diffraction peaks.

Here, we employ the optical-limit approximation of
the Glauber model. As the input to the theory, a two-
parameter Fermi (2 pF) density, ρ(r) = ρ0

1+exp( r−R
a )

, is

assumed. The parameter R is chosen to give the same
root-mean-square (rms) radius with several choices of
a. By calculating differential elastic scattering cross sec-
tions (DECS), it is found that the first peak position
does not change and that its magnitude increases with
smaller diffuseness (sharper surface). The magnitude of
the DECS at the first peak position must have informa-
tion on the nuclear surface.

We perform a “numerical experiment” to deduce the
nuclear “diffuseness” from the reaction data. We have
the DECS obtained from the realistic densities, the
Skyrme-Hartree-Fock (HF) + BCS method used in
Refs. 2) and 3). Regarding the DECS used as experi-
mental data, we determine R and a in such a way that
the DECS with the 2 pF density matches the first peak
position and its magnitude of the DECS obtained by
the HF+BCS density. The extracted a values are dis-
played in Fig. 1. We can clearly see the isotope depen-
dence of the nuclear surface, indicating shell evolution,
weak binding, and nuclear deformation, which crucially
change the density profile at around the nuclear sur-
face.3) We find that the extracted a values have a robust
structure information that is independent of the choice
of the incident energy.

To extract detailed structure information of unstable
nuclei, separation of proton and neutron diffuseness is
important because neutron diffuseness is expected to be
more sensitive to the ground-state structure of neutron-
rich isotopes as it is dominated by the neutron motion
at the nuclear surface. We investigate the possibility of
utilizing the incident energy dependence of the nucleon-
nucleon total cross sections.1,2) Again, we perform a nu-

† Condensed from the article in Phys. Rev. C 97, 054607 (2018)
∗1 Department of Physics, Hokkaido University
∗2 RIKEN Nishina Center

Fig. 1. Nuclear “diffuseness” extracted from the “numerical
experiment” at an incident energy of 550 MeV.

merical experiment. We respectively assume 2 pF den-
sities for protons and neutrons and determine these four
parameters to reproduce the first peak positions and
their DECS at low and high incident energies. We cal-
culate the diffuseness parameters and rms radii of the
protons and neutrons for 120Sn, 208Pb, and neutron-rich
132Sn with several sets of two incident energies among
200, 300, 550, and 800 MeV. For 120Sn and 208Pb, the
extracted diffuseness parameters are scattered around
0.4–0.6 fm depending on the incident energies chosen,
though the rms radii are converged within ∼0.5%. In
such cases where the proton and neutron surfaces are lo-
cated at almost the same position, the separation of the
proton and neutron surface profiles might be difficult,
whereas in the case of 132Sn, all the extracted values are
consistent with each other within 0.003 fm for protons
and neutrons.

In summary, we have performed a numerical exper-
iment using the theoretically obtained DECS of high-
energy nucleon-nucleus scattering based on the Glauber
model starting from the nucleon-nucleon total cross sec-
tions. We have shown that first diffraction peak reflects
the nuclear density profile at around the nuclear sur-
face, and have proposed a way to quantify it with the
diffuseness parameter of the 2 pF function, which can be
determined uniquely. This method is advantageous for
application to studies of unstable nuclei since the exper-
imental data is limited to forward angles in the inverse
kinematics. This can also be useful for extracting the in-
formation of the proton and neutron surfaces, although
the separation of the proton and neutron surfaces may
be possible only for such neutron (proton)-rich systems
in which the surfaces of the proton and neutron surfaces
are well separated.
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Proton- and deuteron-induced reactions on 107Pd and 93Zr
at 20–30 MeV/nucleon
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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
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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 for the transmutation process, several nuclear
reactions have been studied by using LLFPs as sec-
ondary beams. The studies indicate that proton- and/or
deuteron-induced spallation reactions at intermediate
energies (100–200 MeV/nucleon) are sufficiently effec-
tive for the LLFP transmutation.1–3) We note that pro-
tons/deuterons lose their energies in materials; there-
fore, measurements at lower reaction energies are defi-
nitely desired for the application of transmutation. In
this study, the isotopic production cross sections of
proton- and deuteron-induced reactions on 107Pd and
93Zr at 20–30 MeV/nucleon were measured under an in-
verse kinematics condition. The experiment was con-
ducted at the OEDO4) beamline at RIBF. This was the
first physics experiment using OEDO. Detailed descrip-
tions of the setup and procedure can be found in Ref. 5).

Figure 1 shows the preliminary results for the iso-
topic production cross sections of the proton-induced
reactions on 107Pd. Considering the energy loss of the
beam in the target, the measured cross sections are the
ones averaged over 25–30 MeV/nucleon. The sensitiv-
ity threshold of the measurement was 5 mb because of
statistics. We determined the cross sections for five iso-
topes (107–105Ag and 106, 105Pd).

The results show significant production of Ag isotopes;
about 70% of the total cross section is exhausted by Ag
isotopes. This can be understood by the compound-
nuclear process: 107Pd + p →108 Ag∗. The Ag isotopes
are probably produced by the evaporation of neutrons
from the highly excited compound nucleus 108Ag∗. Ac-
tually, the trend is completely different from the high-
energy spallation reaction case,2) in which the contribu-
tion of Ag isotopes is less than 10%.

The curves in Fig. 1 show the excitation functions

∗1 Center 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. Isotopic production cross sections of the proton-
induced reactions on 107Pd.

evaluated by TENDL-2017.6) The cross sections of Ag
and Pd isotopes were reasonably reproduced by the
evaluation. On the other hand, the cross sections of
103, 102Rh were considerably overestimated; TENDL pre-
dicted significant values for 103, 102Rh, but they were not
detected in the experiment.

The present data, as well as higher-energy data, would
provide an effective guideline for a possible solution of
LLFP transmutation. The results will be finalized soon,
and the preparation for publication is in progress. Re-
garding the 93Zr data, the analysis for particle identifi-
cation is ongoing.

This work was funded by the ImPACT Program of the
Council for Science, Technology and Innovation (Cabi-
net Office, Government of Japan).
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Transverse momentum dependent fragmentation measurements in
Belle†

R. Seidl∗1

The Belle experiment at the asymmetric e+e− col-
lider KEKB provides a very large data set for not only
the study of flavor physics but also the study of the
strong interaction, QCD. The clean initial state allows
very effective measurements of fragmentation func-
tions. Fragmentation functions describe the formation
of confined, final state hadrons out of asymptotically-
free high-energetic partons. These fragmentation func-
tions (FF) therefore tell us about the confinement pro-
cess in itself. They also can be seen as tools used in or-
der to extract flavor and/or spin information in parton
distribution functions via their different sensitivities.
The transverse momentum dependence of distribution
and fragmentation functions is of particular imipor-
tance as it is closely related to the three-dimensional
structure of the nucleon planned to be measured in
great detail at the Electron-Ion-Collider, EIC, and the
Collins and Sivers effects. In Belle, one has the unique
chance to study the transverse momentum dependence
in single hadron fragmentation using the event-shape
variable thrust as the reference axis and as proxy for
the initial quark-anti-quark axis. For this analysisa,
data sample of 655 fb−1 collected at the center-or-mass
energy of

√
s = 10.58 GeV was used. Single charged

pions, kaons and protons were selected as a function
of fractional energy z = 2Eh/

√
s, the thrust value T

and the transverse momentum. The raw distributions
were corrected for particle mis-identification, momen-
tum smearing, backgrounds from other processes, re-
contruction and acceptance as well as initial-tate radi-
ation, similar to the description of previous results.1,2)

The resulting transverse momentum dependent cross
sections are shown in Fig. 1 for 0.85 < T < 0.9. The
behavior is overall very similar between particle species
with protons having generally narrower distributions.
As expected by theory, the low transverse momentum
region PhT < 1 GeV can be successfully described by
Gaussians. However, unlike theory predictions of a
rather simple fractional energy dependence, the widths
of these Gaussian fits are increasing at small fractional
energies while they decrease again at higher fractional
energies. In these fits, pions and kaons show similar
widths while those of proton are significantly smaller,
as can be seen in Fig. 2. When compared for differ-
ent thrust values, the widths are largest at low thrust,
where the events are more spherical while they become
smaller as the events become more collimated.

These results will be used in global fragmentation
analyses in order to increase the precision of the al-

† Condensed from the article accepted in Phy. Rev. D
∗1 RIKEN Nishina Center

ready existing transverse spin data from RHIC and
semi-inclusive scattering and inform on the data to be
taken at the EIC.

Fig. 1. Differential cross sections for pions (black circles),
kaons (blue squares) and protons (green triangles) as
a function of PhT for the indicated z bins and thrust
0.85 < T < 0.9. The error boxes represent the sys-
tematic uncertainties. Due to the large uncertainties in
them, z bins above 0.85 are not displayed.

Fig. 2. Gaussian widths as a function of z for pions (black
circles and boxes), kaons (blue squares and boxes) and
protons (green triangles and boxes) and thrust 0.85 <
T < 0.9. The error boxes represent the corresponding
systematic uncertainties as described in the text.

References
1) R. Seidl et al. [Belle Collaboration], Phys. Rev. D 96,

032005 (2017).
2) R. Seidl et al. [Belle Collaboration], Phys. Rev. D 92,

092007 (2015).
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Measurement of elliptic flow of single electrons from semi-leptonic decay
of charm and bottom hadrons in Au+Au collisions at

√
sNN = 200 GeV

Y. Ueda∗1,∗2 for the PHENIX Collaboration

Heavy flavors (HFs), charm (c) and bottom (b) quarks,
are suitable probes for the study of quark gluon plasma
(QGP). HFs are mainly produced from the hard scat-
tering at the early stage of collisions because they have
large masses (Mc ≈ 1.3 GeV/c2, Mb ≈ 4.2 GeV/c2). HFs
reflect the space-time evolution of the QGP well. The
perturbative QCD calculations can be applied to the c
and b quarks at the initial hard scattering in the col-
lisions. It means that the yield of the c and b quarks
is calculated precisely. Also, the b quark mass is about
three times as heavy as the c quark mass. The mea-
surement with c and b quark separation shows the quark
mass dependence of their quantities and behaviors in the
QGP. Therefore, the c and b quark measurement is es-
sential for QGP research. The modification of c and b
quarks provides information about QGP.

A Silicon Vertex Tracker (VTX) consisting of 4 layers
of silicon detectors was installed at the RHIC-PHENIX
experiment in 2011 to reconstruct charged particle tra-
jectories and their Distances of Closest Approach (DCA)
to the primary collision vertex. The DCA is related to
the decay length of the particles. As the decay lengths
of c and b hadrons are different enough (D0 ∼ 123
µm, B0 ∼ 455 µm), we can statistically separate elec-
trons from the semileptonic decays of c and b hadrons
using the DCA, even with a lower integrated luminosity.
In 2014, the PHENIX collected about 15 billion minimum
bias events from Au+Au collisions at

√
sNN = 200 GeV,

which is 10 times larger than the previous dataset ob-
tained in 2011. Additionally, the systematic uncertain-
ties are reduced because the photonic background esti-
mation and the VTX are improved.

For the HF study, we measure the centrality depen-
dence of the nuclear modification factors1) and the az-
imuthal anisotropy (v2) of the c and b electrons. v2 is
originated from the initial geometry of the QGP. It then

Fig. 1. Comparison of HF v2 using 2007 dataset and 2014
dataset.

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

Fig. 2. Compared of charged hadron v2 with (a) charm and
(b) bottom electron v2.

expands the pressure gradient with the QGP evolution.
v2 reflects the hydrodynamic property of the QGP, e.g.,
η/s, well. Therefore, the c and b electron separation mea-
surement of v2 is essential for the study of the flow effect.
We installed the high-resolution detector FVTX at the
RHIC-PHENIX experiment in 2012 for the c and b elec-
tron v2 separation measurement. The FVTX detector
precisely measures the reaction plane, which is the ref-
erence of the v2 measurement. We measure the c and b
electron v2 with smaller uncertainties using this detector.

A comparison of HF electron v2 using the 2014 dataset
(black point) and the 2004 dataset (red point) is shown
in Fig. 1. The new result is consistent with the pre-
vious result. On the other hand, the uncertainties be-
came smaller because of the higher statistics in the 2014
dataset and the higher resolution provided by the FVTX
detector.

The HF v2 is statistically separated into c → e v2 and
b → e v2 using the DCA information. The DCA region is
separated into 2 DCA regions: c and b rich regions. The
c/b electron v2 (vc/b2 ) is described with the calculated b
fraction fb(c/b) and background (BG) fraction fBG(c/b)
for the c/b rich region using the following formulas.

vmeas
2 (c) = fb(c) · vb2+(1− fb(c)) · vc2+ fBG(c) · vBG

2 (c)

vmeas
2 (b) = fb(b) · vb2+(1− fb(b)) · vc2+ fBG(b) · vBG

2 (b)

Here, vmeas
2 (c/b) and vBG

2 (c/b) are the measured inclusive
electron v2 and BG v2 for the c/b rich region, respec-
tively. The c and b electron v2 are separately calculated
by solving these equations.

A comparison of (a) c electron v2 (red point) and (b)
b electron v2 (blue point) with the charged hadron v2
(pink point) is shown in Fig. 2. It is the first measure-
ment of b electron v2 at RHIC. The c and b electron
v2 are smaller than the charged hadron v2. Also, the
c electron v2 seems to be larger than the b electron v2.
Unfortunately, the large uncertainty makes b electron v2
consistent with zero. We will improve the method for the
c and b electron v2 separation measurement.

Reference
1) K. Nagashima for the PHENIX Collaboration., Nucl.

Phys. A 967, pp. 644–647 (2017).
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The chiral propulsion effect†

Y. Hirono,∗3 D. E. Kharzeev,∗1,∗2,∗3 and A. V. Sadofyev∗4

The physics of chiral media has attracted a signif-
icant attention recently. Remarkably, it appears that
the quantum chiral anomaly significantly affects the
macroscopic behavior of chiral media and induces new
transport phenomena,1,2) such as the Chiral Magnetic
and Chiral Vortical Effects (CME and CVE, respec-
tively). CME and CVE refer to the generation of elec-
tric currents along an external magnetic field or vortic-
ity in the presence of a chirality imbalance. The result-
ing currents are non-dissipative due to the protection
by the global topology of the gauge field. These chiral
effects are expected to occur in a variety of systems:
the quark-gluon plasma, Dirac and Weyl semimetals,
primordial electroweak plasma, and cold atoms. In
quark-gluon plasma, the chirality imbalance can be
produced by topological fluctuations of QCD, or by
the combination of electric and magnetic fields that
accompany heavy-ion collisions.
Consider the motion of a vortex filament in a fluid.

It can be described by the localized induction equation
(LIE),

Ẋ = CX ′ ×X ′′, (1)

where X = X(t, s) denotes the position of a vortex,
t is the time, s is the arc-length parameter, the dot
and the prime indicate the derivatives with respect to
t and s respectively, and C is a parameter dependent
on the properties of the fluid. Interestingly, the LIE (1)
can be mapped to the non-linear Schrödinger equation
(NLSE) by the so-called Hasimoto transformation,

ψ(t, s) = κ(t, s) exp

[
i

∫ s

τ(t, s′)ds′
]
, (2)

where κ(t, s) is the curvature and τ(t, s) is the torsion
of a vortex. NLSE is known to be a completely inte-
grable system which has solitonic solutions and an in-
finite sequence of commuting conserved charges. The
LIE possesses solutions that represent helical excita-
tions propagating along the vortex; they are known as
Hasimoto solitons.
Let us now consider a system in which parity is bro-

ken by the presence of magnetic helicity; the corre-
sponding term in the action is

Sχ =

∫
dt µH, (3)

where µ is the “chiral” chemical potential, H is the

† Condensed from the article in Phys. Rev. Lett. 121, 142301
(2018)
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magnetic helicity given by H = e2

4π2

∫
d3xA ·B, where

A is the vector potential and B is the magnetic field.
It is worth mentioning that taking the derivative of
this action with respect to the vector potential, one
readily finds the CME current: JCME = δSχ/δA ∝
B. Supplementing the non-relativistic Abelian Higgs
model with the term given by Eq. (3), one can find the
equation of motion for a quantized magnetic vortex at
finite µ, as derived by Kozhevnikov:

Ẋ = CX ′ ×X ′′ + µ

[
X ′′′ +

3

2
(X ′′)2X ′

]
, (4)

where a tangential term 3
2µ(X

′′)2X ′ is added to keep
the arc-length-preserving property.
In this paper we are interested in the behavior of

chiral solutions. We can find a simple explicit solution
of the FME (4) having the form of a helix,

Xhelix(t, s) =
1

A2



κ0 cos[A(s− vpt)]
κ0 sin[A(s− vpt)]
τ0 A(s− vgt)


 , (5)

where the constants κ0 and τ0 give the curvature and
the torsion of the helix, A =

√
κ2
0 + τ20 , and the phase

and group velocities are given by vp = τ0+µ(τ20 −
κ2
0

2 ),

vg = −κ2
0

τ0
− 3κ2

0

2 µ. Note that the sign of τ0 determines
the handedness of the helix. The radius R and the
pitch ℓ of the helix are given by R = κ0/(κ

2
0+ τ20 ), ℓ =

2πτ0/(κ
2
0 + τ20 ).

Using the map between the FME and the Hirota
equation, we find a propagating solitonic solution of
the FME,

Xsol(t, s) =



− 2ϵ

ϵ2+τ2
0
sech[ϵξ] cos [η]

− 2ϵ
ϵ2+τ2

0
sech[ϵξ] sin [η]

s− 2ϵ
ϵ2+τ2

0
tanh[ϵξ]


 . (6)

where η ≡ τ0 s+(ϵ2−τ20 )t+µτ0(3ϵ
2−τ20 ), ξ ≡ s−(2τ0+

µ
(
3τ20 − ϵ2

)
)t, and ϵ and τ0 are constants. This soliton

has a constant torsion given by τ0 and propagates in
the z direction. Its speed is modified by µ and reduces
to the original Hasimoto soliton at µ = 0.
To summarize, we have found that in chirally imbal-

anced media there exist helical excitations that carry
energy along the vortex (the Chiral Propulsion Effect).
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Superconducting RILAC booster†

N. Sakamoto,∗1 M. Dantsuka,∗1 H. Hara,∗3 H. Imao,∗1 E. Kako,∗2 O. Kamigaito,∗1 K. Kusaka,∗1 K. Miyamoto,∗3
H. Nakai,∗2 H. Okuno,∗1 K. Ozeki,∗1 H. Sakai,∗2 K. Sennyu,∗3 K. Suda,∗1 K. Umemori,∗2 T. Watanabe,∗1

Y. Watanabe,∗1 K. Yamada,∗1 and T. Yanagisawa∗3

The RIKEN Heavy-Ion Linac (RILAC) is undergo-
ing an upgrade to enable it to further investigate super-
heavy elements and produce of radioactive isotopes for
medical applications. In this project, a new supercon-
ducting (SC) electron cyclotron resonance ion source and
SC booster linac (SRILAC) are being developed and
constructed. The SRILAC consists of 10 TEM quarter-
wavelength resonators that are operated at 73 MHz and
contained in three cryomodules (CMs). The goals of
the upgrade are listed in Table 1. It should be noted
that the fundamental frequency of the reference radio
frequency (RF) signal has been chosen as 36.5 MHz be-
cause it is the frequency for the RF system of the RIBF
accelerators.

As shown in Fig. 1, the SRILAC consists of three
CMs–CM1, CM2, and CM3–with a room-temperature
medium-energy beam transport (MEBT) between them.
The CMs do not contain superconducting magnets. The
design of the CMs is a modification of a prototype CM
developed at RIKEN.1–3)

The operational parameters of the CMs are listed in
Table 2. The gap length of the cavity is optimized for
β = 0.08 particles with a transit time factor (TTF) of
0.9. The gap voltage is 1.2 MV, which corresponds to
an acceleration gradient Eacc of 6.8 MV/m with a syn-
chronous phase of −25◦. After the fabrication of the
ten SC-cavities, all cavities were tested and passed the
acceptance test.5)

The SC-cavities are cooled by 4-K liquid helium pro-
vided by a liquid helium cryogenic system using a HE-
LIAL MF refrigerator (Air Liquide).

Fig. 1. Layout of the Superconducting RILAC (SRILAC).

† Condensed from the proceedings of LINAC2018, Beijing,
September 2018, WE2A03, p. 620.

∗1 RIKEN Nishina Center
∗2 KEK, Tsukuba
∗3 MHI-MS, Kobe

Table 1. Specifications of RILAC before and after upgrade.

Upgrade Before After
Number of tanks 12 DTLs 8 DTLs, 3 CMs
Frequency (MHz) 37.75/75.5 36.5/73.0
Total Vacc (MV) 25 (A/q = 5) 39 (A/q = 6)

Table 2. Operational parameters of the SRILAC.

Frequency (MHz) 73.0 (c. w.)
Einj (MeV/nucleon) 3.6
Eext (MeV/nucleon) 6.5 for A/q = 6
Number of cavities 10
Cavity type TEM, λ/4
Max. gap voltage (MV) 1.2
Synchronous phase (◦) −25
Max. acc. gradient (MV/m) 6.8
Target Q0 (at Eacc = 6.8 MV/m) 1 ×109

Beam current (µA) ≤100
Qext 1–4.5 ×106

Amplifier output (kW) 7.5

For the MEBT, a newly designed beam energy po-
sition monitor will be employed instead of the tradi-
tional wire scanners. Because beam measurement is
non-destructive, ideally there is neither outgassing nor
spattering to produce particulates in the high-vacuum
sections.

Because the SRILAC will be installed in the existing
facility, it is important to have an isolation system in-
dicated as a differential pumping system in Fig. 1 to
prevent contamination of the SC-cavities, which deteri-
orates the performance of the SC-cavities.

Full assembly of the CM will be finished in the first
quarter of 2019 and its installation in the accelerator
building is scheduled for March 2019. After installing
the MEBT, including the differential pumping systems,
cooling and RF testing will be performed during the
second quarter of 2019 with the aim of full beam com-
missioning in the third quarter of 2019.

References
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ing, September 2016, TUPLR061, p. 598.
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Remodeling of acceleration cavity resonators for RIKEN Ring Cyclotron

K. Yamada,∗1 K. Suda,∗1 N. Sakamoto,∗1 and O. Kamigaito∗1

The RIKEN Ring Cyclotron (RRC)1) has two accel-
eration cavities that consist of variable-frequency half-
wavelength resonators constructed over 30 years ago.
The design range of resonant frequency is between 20
and 45 MHz. Additionally, the resonant frequency can
be varied by moving two movable boxes,2) as shown in
Fig. 1. During the acceleration of 238U, which is one
of the most important beams in the operation of RIBF,
the maximum beam current in the RRC was limited by
large beam losses in the electrostatic deflection channel
(EDC) that were caused by small turn separations and a
space-charge effect owing to the insufficient acceleration
voltage of the cavity resonators. The 238U beam was
accelerated in a fixed-frequency mode using RILAC23,4)

as an injector. Consequently, the RRC resonators have
to be operated at a low frequency of 18.25 MHz, which
is less than the designed lower limit. To resonate at this
low frequency, the capacitance was increased by bring-
ing the movable box close to the location of 20 mm from
the dee electrode, which caused the extremely low shunt-
impedance and frequent discharge. Moreover, the accel-
eration voltage could not be raised above 80 kV/gap.
Therefore, we decided to increase the acceleration volt-
age at 18.25 MHz operation by remodeling the inner
component of the stems and dee electrode, excluding
the outer box of the resonator and the movable boxes,
respectively.

The frequency range of the RRC resonator was shifted
to the lower side by inserting notches in the stem that
was originally straight. Because the RRC resonator had
not operate at a frequency higher than 39 MHz in recent
years, the frequency range after remodeling was set to
be 16–38 MHz. Although this slant type stem is similar
to the early design5) of the RRC resonator, the shunt-
impedance, voltage distribution, and frequency range
were optimized by changing the notch sizes based on
3D electromagnetic calculation using Microwave Studio
(MWS).6) Figure 1 shows a calculation model of MWS
for the original resonator and the modified resonator. It
was expected that the shunt-impedance could be dou-
bled at 18.25 MHz by this remodeling.

The remodeling work on site was carried out from
February to March 2018. We performed a low power
RF test with a network analyzer in April. According to
the test results, it was found that the frequency range
and quality factor Q0 were almost consistent with the
expected values for each resonator. Figure 2 shows an
image of the inside of the resonator after modification.
Simultaneously, the old-degraded power supplies for the
grid of tetrodes in RF power amplifiers were updated for
stable operation.

The new resonators were used for the machine time

∗1 RIKEN Nishina Center

Fig. 1. Calculation models of the original cavity (left panel)
and remodeling cavity (right side) used in the MWS.

Fig. 2. Inside view of the remodeled RRC cavity.

from May and showed good performance in the opera-
tion from 18.25 MHz to 32.6 MHz. Especially, a stable
operation with the voltage of 120 kV/gap was realized
for 18.25 MHz owing to the shunt-impedance improve-
ment and discharge decrement. However, owing to the
water leakage from the cooling channel in the vacuum
due to the production problem, we are currently consid-
ering countermeasures.
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He gas stripper with N2 gas-jet curtain

H. Imao,∗1 H. Okuno,∗1 H. Hasebe,∗1 N. Ikoma,∗1,∗2 and O. Kamigaito∗1

The present intensity of uranium beams injected into
the first stripper is reaching ∼1013/s at the RIBF. This
has given rise to various types of difficulties in the oper-
ation of He gas stripper. A small fraction of beam loss
in the He gas stripper1,2) causes serious hardware trou-
bles or radioactivities. The qualities of beams injected
to the He stripper become worse at high-intensity op-
erations owing to the space charge effect in the RIKEN
ring cyclotron (RRC) placed 7 m upstream of the He
stripper. The diameter of the orifices in the He stripper
must be enlarged for the efficient transmission of high-
intensity beams. In contrast, a small leak of He gas to
the RRC becomes a serious problem at high-intensity
operations. The RRC has only 14 cryopumps with total
pumping speed of 120 m3/s for N2. Owing to the small
pumping capacity of He gas, the leaked He gas is ac-
cumulated in the RRC gradually. Collisions between U
ions and He atoms in the RRC can easily change their
charges and cause beam loss. For the acceleration of
high-intensity uranium beams, such beam loss induces
further losses by the local pressure rise due to the gas
desorption (dynamic vacuum).

To solve these inevitable problems, we invented the N2

gas-jet curtain method. By using curtain-like nitrogen
gas-jet that separates two rooms (Fig. 1), we can block
the helium flow to the low-pressure side and the leaked
gas is exchanged to N2 from He.

Based on the concept, we designed and developed the

Fig. 1. Concept of N2-jet curtain. The jet separates two
rooms.

Fig. 2. Performance of N2-jet curtain.

∗1 RIKEN Nishina Center
∗2 Department of Energy and Environment Science, Nagaoka

University of Technology

Fig. 3. Enlargement of diameters of tapered tube orifices.

Fig. 4. Comparison of effective charge stripping efficiencies.

actual device to make the N2 gas-jet curtain optimized
with CFD calculations. The device was installed in the
He stripper and tested. Figure 2 shows the demon-
strated performance of the N2 gas-jet curtain method.
It is evident that the sealing abilities significantly in-
creased. The gas that leaked downstream was success-
fully exchanged to nitrogen, as we desired. In addition,
the N2 gas-jet curtain worked as a pre-stripper. Initial
stripping in N2-jet curtain (∼30 µg/cm2) reduced the
required pressure of He gas up to ∼15%.

By utilizing the gas-jet curtain, we enhanced the ori-
fice diameters as shown in Fig. 3. The 4D acceptance
of the system is 1.5 times higher than that of previous
systems.

The improved system was applied in the user runs in
2017 and 2018. The output intensities were increased
with more than 25% owing to the increasing transmis-
sion efficiencies (Fig. 4). No serious pressure rise in
the RRC was observed. The N2 gas-jet curtain method
was greatly contributed to the enhanced output inten-
sity (71 pnA at 345 MeV/nucleon) achieved in 2017.
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Upgrade of particle selection system for Rare RI Ring experiments

Y. Abe,∗1 Y. Yamaguchi,∗1 M. Wakasugi,∗1 D. Nagae,∗1 F. Suzaki,∗1 and for the Rare RI Ring collaboration

We developed a particle selection system for Rare RI
Ring experiments. This system selects particles to be in-
jected into R3 using the flight time and energy loss (∆E)
information obtained at F3 in the BigRIPS focal plane.
In the early stage of development,1) the signals from de-
tectors were processed using the standard NIM modules
with a processing time of at least 60 ns. Because it is nec-
essary to transmit the trigger signal to the kicker mag-
nets as soon as possible, we developed dedicated modules
with the particle-selection function. A conceptual cir-
cuit diagram is shown in Fig. 1. Because these modules
are placed at F3, they are remote-controlled through the
ethernet communication. The signal processor consists
of two types of modules. One is for particle selection
(module A). This processes the raw signals related to
the flight time and energy loss information.

Each particle arrives at a certain time relative to the
RF Phase. The module A applies coincidence or veto
logic with time window created by the RF signal and
controls the output signal rate by adjusting the dead
time of the module. Therefore, the particle is tempo-
rally separated and the output rate is appropriately ad-
justed. The module A has a window-type discrimination
function and can select a certain pulse height signal de-
pending on the energy loss. In combination with both
functions, in principle, it is possible to select a single
isotope. The required processing time is approximately
15 ns. The other module (module B) combines OR-logic
with the signals from two or more types of module A.
Because module A can control the rate of output signal
in the given time window, it is possible to control the
abundance of isotopes to be injected into R3. The pro-
cessing time required in module B is also approximately
15 ns. Furthermore, module B can limit the total rate of
the output signal and adjust the delay of the signal used
as the excitation trigger for the kicker magnets.

We practically used the modules in the R3 experi-
ments in fall 2018.2,3) The target nuclei chosen in the
experiments were the neutron-rich Ni and Pd isotopes.
In these experiments, a 2 mm-thick plastic scintillation
detector was installed additionally at F3 to get ∆E infor-
mation for particle selection. Figure 2 (a) shows a typical
particle-identification (PID) plot and 77Ga has the high-

Fig. 1. Conceptual circuit diagram for particle selection and
abundance tuning. Frequency of the output signal is ad-
justable.

∗1 RIKEN Nishina Center

est abundance. The abundance of other isotopes could
be increased by selectively getting rid of the Ga events,
as shown in Fig. 2 (b), where 76Zn is the measure com-
ponent. We increased the purity of nuclei in the more
neutron-rich side by shifting the time window and ad-
justing the output rate. Their purities can be higher
than that of 77Ga, as shown in Fig. 2 (c). Owing to
this system, we successeded in the mass measurement of
neutron-rich nuclei. This system is useful not only for R3
experiments but also other experiments on exotic nuclei.

Fig. 2. (a) Typical PID plot of the secondary particles with
TOF and ∆E. (b) Ga isotope was ridded by the selec-
tion system. (c) Typical example of abundance control.
Broken-lines show the time window and frequency of the
output rate set by each module A.
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Aberration correction study for high-resolution optics of BigRIPS using
sextupole magnets

T. Nishi,∗1 D. S. Ahn,∗1 N. Fukuda,∗1 N. Fukunishi,∗1 H. Geissel,∗1,∗2 N. Inabe,∗1 K. Itahashi,∗1 K. Kusaka,∗1
S. Y. Matsumoto,∗1,∗3 Y. Shimizu,∗1 T. Sumikama,∗1 H. Suzuki,∗1 M. Takaki,∗4 H. Takeda,∗1 Y. K. Tanaka,∗1,∗2

T. Uesaka,∗1 Y. Yanagisawa,∗1 and K. Yoshida∗1

We performed a test experiment in May 2018 to de-
velop new optics of BigRIPS with higher order aberra-
tions diminished by sextupole magnets. The optics is de-
signed for spectroscopy of deeply bound pionic atoms1)
and search for double Gamow-Teller giant resonance.2)
Until now, we have achieved double the resolving power
with the new optics compared to a standard design; how-
ever higher order aberrations remain. For example, the
correlation between the horizontal position and the an-
gle at F5 strongly depends on momentum, which is re-
ferred to as (x|aδ). In other words, the focal plane at
F5 is inclined at 87◦ (almost parallel to the beam axis).
This causes position-dependent deterioration of the reso-
lution coupled with multiple scattering. To improve this
condition, we developed a new optics using sextupoles.

Taking advantage of the mirror-symmetrical config-
uration of the magnets in BigRIPS, we designed a new
optical setting as shown in Fig. 1. Trajectories in several
corresponding sections, namely between F0-F1 and F1-
F2, and between F3-F5 and F5-F7, are designed to be
symmetric at the first order. The field strengths of the
sextupoles are also constrained to have (anti) symme-
try in the same sections based on the sextupole coupling
coefficients.3) Through these constraints, many aberra-
tions will be canceled out, and others are expected to
have simple responses to the field strengths of the sex-
tupoles.

In the test experiment, we systematically varied the
field strengths of the sextupoles and measured the aber-
rations. We utilized fragments of 9C produced by a pri-
mary 18O beam of 230 MeV/nucleon and a 30 mm thick
Be target. The 9C distributions in terms of angle and
momentum are large enough to have a nearly flat dis-
tribution in the acceptance of BigRIPS. We detected 9C
by PPACs at F3, F5, and F7 and a plastic scintillator
at F7. Aberration coefficients such as (x|a2) or (x|aδ)
were evaluated at F3 and F5. During the measurement,
we applied very narrow momentum gates of 0.1%, which
were set by time of flights between F0 and F7 using the
RF and F7 scintillator signals.

As a result, we found clear dependence of aberration
coefficients on the sextupole settings as expected; fur-
ther, we optimized the settings to suppress the aberra-
tions. Figure 2 shows correlation between position and
angle in the horizontal direction at F5, where our main
detectors will be installed, with the sextupoles all off

∗1 RIKEN Nishina Center
∗2 GSI Helmholtzzentrum für Schwerionenforschung GmbH
∗3 Department of physics, Kyoto University
∗4 CNS, University of Tokyo

Fig. 1. Calculated horizontal trajectories based on third-
order matrix elements by simulation code. Blue, green,
and yerrow correspond to +1.0%, 0.0% and −1.0% of de-
viations, respectively. The sextupole magnets are also
taken into account in the calculation.

Fig. 2. Position and angle correlation at F5 focal plane. Blue,
sky blue, black, pink, and red correspond to the devia-
tions of +1.0%, +0.5%, 0.0%, −0.5%, and −1.0%, re-
spectively. (Left) All of the sextupole magnets are off.
(Right) All of the sextupole magnets are optimized.

(left) and all on after optimization (right). The differ-
ent colors represent different momenta. The left panel
indicates a clear third order angular dependence, which
also depends on the momentum. In the right panel, all
angular dependencies almost disappear.

In conclusion, we successfully controlled the aberra-
tions using the sextupoles by maintaining strict condi-
tions of symmetry. After optimization, dominant aber-
rations were clearly corrected. This study is a part of
our work to develop a dispersion-matched optical system
of SRC - BigRIPS. We performed another test experi-
ment to study the optical properties between SRC and
F0 in June 2018 as found in Ref. 4).
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In-gas-jet laser ionization spectroscopy at KISS

Y. Hirayama,∗1 Y. X. Watanabe,∗1 P. Schury,∗1 M. Mukai,∗2 H. Choi,∗3 M. Ahmed,∗1,∗2 Y. Kakiguchi,∗1
M. Oyaizu,∗1 M. Wada,∗1 and H. Miyatake∗1

We developed the KEK Isotope Separation System
(KISS)1) to study the nuclear properties of neutron-
rich isotopes with neutron numbers around N = 126.
To study the nuclear structures at KISS, we measured
the hyperfine structure (HFS) of 199Pt and 196, 197, 198Ir
to determine the magnetic dipole moment and the
change in charge radius using the in-gas-cell laser ion-
ization spectroscopy technique.2)

The present resolution of Γ = 12 GHz (FWHM) in
the HFS spectra measured by the in-gas-cell laser ion-
ization technique was governed by pressure broadening
(typically Γp = 10 GHz in FWHM), Doppler broad-
ening (ΓD = 1.1 GHz), and laser bandwidth (ΓL =
3.4 GHz). To improve the resolution, the in-gas-jet
(collinear) laser ionization technique was successfully
established by the KU Leuven group3) to obtain precise
laser spectroscopy. In the case of in-gas-jet laser ion-
ization technique, Γp and ΓD were drastically reduced
to 0.05 and 0.3 GHz owing to the spectroscopy in low-
pressure and low-temperature gas jet, respectively. ΓL

can be improved to be 0.1 GHz by applying a narrow-
band laser system. Finally, the evaluated resolution
will be Γ = 0.35 GHz in FWHM.

To determine the electromagnetic moments and iso-
tope shifts with higher precision, we have been devel-
oping an in-gas-jet laser ionization spectroscopy tech-
nique at KISS. We developed and installed a Laval
nozzle to obtain a gas jet with uniform velocity distri-
bution,3) S-shaped pseudo-radio frequency quadrupole
(S-RFQ) for the production and transportation of
laser-induced singly charged ions by collinear laser
spectroscopy, and a new narrow-band laser system.
The designed Mach number of the Laval nozzle is
6.3, and the expected diameter and velocity of the
gas jet are approximately 4 mm and 538 m/s, respec-
tively. The laser system consists of a pumping laser
of Nd:YAG (EdgeWave, 355 nm, 60 W), narrow-band
seed laser (TOPTICA, DLC DL Pro HP), and dye-
amplifier (Sirah).

Figure 1 shows the HFS spectra of 198Pt (Iπ = 0+)
and 194Pt (Iπ = 0+) measured using the in-gas-cell
and in-gas-jet laser ionization techniques, respectively.
No HFS was observed due to Iπ = 0+ of both isotopes.
Therefore, the widths measured by both techniques are
the intrinsic resolutions of the techniques. The widths
obtained using the in-gas-cell and in-gas-jet laser ion-
ization techniques were 12.5(5) and 0.6(1) GHz in

∗1 Wako Nuclear Science Center (WNSC), Institute of Parti-
cle and Nuclear Studies (IPNS), High Energy Accelerator
Research Organization (KEK)

∗2 Department of Physics, University of Tsukuba
∗3 Seoul National University

Fig. 1. HFS spectra of 198Pt (Iπ = 0+) and 194Pt (Iπ =
0+) measured using the in-gas-cell and in-gas-jet laser
ionization techniques, respectively, under the gas cell
pressure of 80 kPa (background gas-pressure 50 Pa).
For the in-gas-cell laser ionization spectroscopy, the ion-
ization scheme in Ref. 2) was used. We used the com-
bination of λ1 = 225.000 nm and λ2 = 355 nm for the
in-gas-jet laser ionization spectroscopy. Horizontal axis
shows the deviation from each λ1 of the applied ioniza-
tion schemes. Horizontal uncertainties stemmed from
wavemeters were 0.6 and 0.06 GHz for the in-gas-cell
and jet spectroscopy, respectively.

FWHM, respectively. Thus, we significantly improved
the resonance width by applying the in-gas-jet laser
ionization technique. The gas-jet velocity was deduced
to be 537(5) m/s from the Doppler shift of the HFS
spectra of 194Pt measured by the in-gas-jet collinear.
The gas-jet velocity was significantly consistent with
the designed value of 538 m/s. From the measure-
ments, we confirmed that the experimental equipment
used in this study was successful.

However present width of 0.6 GHz is broader than
our expected width of 0.35 GHz owing to the Doppler
broadening effect. To achieve the expected width,
we will optimize the background gas-pressure to cre-
ate a gas jet with uniform velocity distribution.3) De-
spite the present width of 0.6 GHz, we could mea-
sure the electromagnetic moments and isotope shift
more precisely. The feasibility study by simulating the
199Pt HFS spectra was performed and reported in this
progress report by H. Choi.4)
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Microgram-order palladium isotope separation by odd-mass-selective
photoionization

T. Sonoda,∗1 T. Kobayashi,∗2 T. Fujiwara,∗2 Y. Nagata,∗2 H. Ishiyama,∗1 V. Sonnenschein,∗3 M. Oohashi,∗3
A. Takamine,∗1 M. Rosenbusch,∗1 I. Katayama,∗1 H. Tomita,∗3 T. M. Kojima,∗1 P. Schury,∗4 and K. Midorikawa∗2

High-level radioactive wastes generated from nuclear
power plants contain small percentages of platinum
group metals such as palladium, rhodium, zirconium,
and plutonium, which are valuable resources for indus-
trial applications. A novel research project has been
started by the Impulsing Paradigm Change through Dis-
ruptive Technologies Program (ImPACT, Project man-
ager: R. Fujita), which includes (1) the separation of
those valuable metals from fission waste, (2) the separa-
tion of long-lived and short-lived nuclei, and (3) the nu-
clear mutation from long-lived to short-lived nuclei. One
of the key techniques in (2) was successfully advanced in
the method using odd-mass-selective laser excitation.1)
The separation of even- and odd-mass-number isotopes
of Pd using orthogonally polarized lasers was demon-
strated with ionization that was 10,000 times more ef-
ficient1) than the scheme used so far. From a practical
perspective, the yields on the separation of even- and
odd-mass-number isotopes must be comparable to Avo-
gadro’s number of atoms for a large amount of nuclear
waste.

We demonstrated stable Pd isotope separation on a
microgram order by photoionization using a high-power,
high repetition rate pulsed laser system.2) The experi-
mental apparatus is shown in Fig. 1. The Pd vapor was
produced by an electron beam that irradiated Pd sam-
ples in a crucible. Two linearly polarized beams with
parallel polarization were applied for the selectively res-
onant ionization of odd-mass Pd isotopes among stable
six isotopes (102, 104, 105, 106, 108, 110Pd). We succeeded in
the dominant photoionization of the105Pd.

Two Frequency doubled Nd:YAG InnOSlab lasers
(EdgeWave) individually pumped two dye lasers hav-
ing a pulse width of 10 ns and repetition rate of 10 kHz.

∗1 RIKEN Nishina Center
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Fig. 2. The gold plate implanted by selectively ionized 105Pd
(total deposition time is 3 h 23 min).

Also, there is an intra-cavity SHG in a Ti:Sapphire laser
system pumped by Nd:YAG, whose repetition rate and
pulse width are 10 kHz and 35 ns, respectively. The
first excitation wavelength (λ1) of 244.9 nm was pro-
duced by the first dye laser after frequency doubling
in a BBO crystal, which excites Pd atoms into the
4d9(2D3/2)5p[1/2] state. The typical power of λ1 was
100 mW. The second dye laser or Ti:Sa laser produces
the second excitation wavelength (λ2) of 361.023 nm via
frequency doubling in a BBO crystal placed at the exter-
nal (dye) and internal (Ti:Sa) cavity configuration. The
λ2 excites Pd atoms to the Rydberg autoionizing state
4d9(2D3/2)9d[3/2]. We used dye or Ti:Sa, depending on
the situation. The typical power of λ2 in the case of
Ti:Sa was 2 W, while that in the case of dye was 1.5 W.
Photoionized 105Pd ions were collected on the gold plate
on which a collection voltage of −50 V was applied. The
distance between the gold plate and the ionization area
was about 5 cm. We confirmed the yields of Pd ions
and identified the Pd element from the off/on resonant
frequency by monitoring with a current meter. The typ-
ical current level attributed to the photoionized Pd was
10 µA.

Figure 2 shows the gold plate after collecting pho-
toionized 105Pd ions for 3 h and 23 min. From the value
of the total deposition current, we deduce the total num-
ber of 105Pd to be 3.0 × 1017, which corresponds to a
weight of 50 µg. For the first time, we confirmed Pd
isotope separation in microgram orders by using odd-
mass-selective laser excitation.
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Introducing silver atoms into superfluid helium for precision laser
spectroscopy

W. Kobayashi,∗1,∗2 K. Imamura,∗1,∗3 M. Sanjo,∗1,∗2 T. Fujita,∗1,∗4 A. Takamine,∗1 T. Furukawa,∗5 H. Ueno,∗1
and Y. Matsuo∗1,∗2

In the Optical Radioisotope atom Observation in
Condensed Helium as Ion-catcher (OROCHI), the
short-lived and low-yield radioisotope (RI) atoms gen-
erated as high-energetic ion beams at accelerator facil-
ities are stopped in a very narrow region in superfluid
helium (He II) owing to the high density of He II. Laser-
RF and laser-microwave (MW) double resonance spec-
troscopy for the atoms enable the determination of the
nuclear spin and electromagnetic moment, respectively,
through the measurements of Zeeman splitting and hy-
perfine splitting (HFS). Even without the high energy
ion beams, by using the laser ablation technique, we can
supply stable isotope atoms into He II. We have success-
fully measured HFSs of alkali atoms, 85, 87Rb and 133Cs
in He II.1,2) Consequently, we found that the HFSs dif-
fer from the ones in vacuum by a little less than 1% and
the achieved precision was sufficient even for the study
of hyperfine anomalies. Currently, we are attempting to
apply this method to group 11 atoms to verify whether
a similar difference appears in atoms other than alkali
metal elements. The HFS of the stable isotope 197Au
atom in He II was measured using this technique.3) To
discuss the differential hyperfine anomalies between iso-
topes, it is necessary to measure the HFSs of at least
two isotopes. Silver is a good candidate with two stable
isotopes, 107Ag and 109Ag, whose natural abundance
ratio is almost 1:1. Previously, however, we faced dif-
ficulties in the preparation of Ag atoms in He II.4) In
this report, we describe how we solved this problem.

In offline experiments, atoms are introduced into He
II by laser ablation and laser dissociation. As the first
step, a metal sample placed above He II surface is ab-
lated by a second-harmonic pulse of a Nd:YAG laser
in the same manner as Ref. 4). Only Ag clusters,
among the particles generated by the ablation, can be
immersed into He II because the energy barrier for a
thermalized atom is too high to penetrate the surface
of liquid helium. Next, the clusters are required to be
dissociated by a dissociation laser to produce atoms for
the application of our spectroscopic technique. If disso-
ciation occurs, highly excited atoms are generated and
the plasma emission from those atoms should be ob-
served. When we used a femtosecond Ti:Sa laser for
Ag atoms, however, even plasma emission was not ob-
served, as reported in Ref. 4).

It has been reported that Ag clusters in superfluid
∗1 RIKEN Nishina Center
∗2 Department of Advanced Sciences, Hosei University
∗3 Department of Physics, Okayama University RIIS
∗4 Department of Physics, Osaka University
∗5 Department of Physics, Toho University

Fig. 1. Variation of LIF intensity with sweeping a magnetic
field.

helium droplets have an absorption at the around 330–
360 nm instead of 800 nm.5) Considering this character-
istic of Ag clusters, we used the third-harmonic pulse
of Nd:YAG laser (wavelength: 355 nm, repetition rate:
20 Hz, pulse width: 5 ns, pulse energy: 8 mJ) for the
dissociation. Consequently, plasma emission was ob-
served. From this result, it was revealed that laser
wavelength selection is crucial for the dissociation of
Ag clusters, which was not the case for Rb, Cs, and Au
clusters.

Next, we generated spin polarization by an optical
pumping method. The Ag atoms in He II were opti-
cally pumped and polarized by irradiation with a cir-
cularly polarized pumping laser, which was the fourth-
harmonic pulse of a neodymium-doped yttrium vana-
dium oxide (Nd:YVO4) laser (wavelength: 335.5 nm,
repetition rate: 20 kHz, pulse width: ∼25 ns, pulse
energy ∼1.5 µJ). When optical pumping is achieved,
the intensity of laser-induced fluorescence (LIF) due
to the pumping laser is decreased because we optically
pumped the atoms into a dark state. Spin polarization
was confirmed by the observation of the variation in
LIF intensity while sweeping a magnetic field (0–12 G).
Figure 1 shows the decrease in LIF intensity when a
sufficient magnetic field was applied. We preliminarily
confirmed from this spectrum that we achieved a spin
polarization of 50%. This result also leads to the con-
clusion that we successfully introduced Ag atoms into
He II and observed LIF. The HFS measurement for Ag
atoms in He II is in progress.
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Magnetic properties of Alkali-metal Superoxide, NaO2

F. Astuti,∗1,∗2 M. Miyajima,∗3 T. Kambe,∗3 T. Nakano,∗4 and I. Watanabe∗1,∗2

Magnetism in the p-electron system has attracted
attention for the possibility of new types of magnetic
informative materials. Alkali-metal superoxides, AO2

(A = Na, K, Rb, Cs), present an interesting exam-
ple of magnetic materials on the basis of unpaired p-
electrons. The magnetic ordering of KO2, RbO2, and
CsO2 have been observed at temperatures 7 K, 15 K,
and 9.6 K, respectively using specific heat.1) However,
the magnetic ground state in NaO2 is not yet clarified.
Clear anomalies from the measurement of magnetic

susceptibility were observed at a temperature between
230 and 200 K in NaO2. These anomalies were consis-
tent with the expected structural phase transition, as
discussed in the previous study.1) The magnetic sus-
ceptibility, χ, drops sharply below 40 K, as shown
in Fig. 2 (a). We checked that the sample quality
was good and the anomalies in magnetic susceptibil-
ity could be reproduced in all NaO2 sample batches
(see sample condition in Fig. 1). The sudden change
of susceptibility value toward zero is an indication of
spin gap state as observed in other spin gap systems,
NaTiSi2O6 and TiOCl.2,3) Mahanti et al. reported that
NaO2 has some similarities with one-dimensional spin
system.4)

There was no emergence of muon-spin precession
from the previous zero-field (ZF) µSR experiment in
NaO2 down to 0.3 K measured at the RIKEN-RAL
Muon Facility and DOLLY PSI, which indicated the
absence of magnetic ordering. To further study the
magnetic properties in NaO2, we measured the depo-
larization rate in ZF close to anomaly ∼ 40 K (ob-
served by magnetic susceptibility) using CHRONUS
spectrometer at the RIKEN-RAL Muon Facility.

The temperature dependence of exponential relax-
ation rate, λ, measured using ZF- µSR showed an
anomaly at a temperature below 40 K that was sig-
nificantly consistent with the anomaly observed by
magnetic susceptibility measurement, as shown in
Fig. 2 (a). This indicated the possibility of magnetic
transition around this temperature.5) The red line in
Fig. 2 (b) is the fitting line that utilizes the following
function: λ(T) = λ0/[1 + A exp(−2∆

T )], in which A is

the constant and ∆ is the spin-gap value.6) The ob-
tained result of ∆ is estimated to be ∼ 35 K. The pos-
sibility of the formation of spin gap in NaO2 must be
further explored using other experimental techniques.
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Fig. 1. Some sample batches of NaO2 used for µSR exper-
iment. Labels indicate the number of sample batches.
Bright and dense yellow color imply that sample quality
is good.

Fig. 2. (a) Magnetic susceptibility of NaO2 and (b) Tem-
perature dependence of exponential relaxation rate, λ,
measured using ZF-µSR at various temperature above
and below 40 K.

References
1) A. Zumsteg et al., Phys. Cond. Matter 17, 267–291

(1974).
2) M. Isobe et al., J. Phys. Soc. Jpn, 71, 1423 (2002).
3) A. Seidel et al., Phys. Rev. B 67, 020405(R) (2002).
4) S. D. Mahanti et al., Solid State Commun. 18, 159–162

(1976).
5) S. J. Blundell et al., J. Phys. Condens. Matt. 9, 119

(1997).
6) P. J. Baker et al., Phys. Rev. B 75, 094404 (2007).



- 21 -

Ⅰ. HIGHLIGHTS OF THE YEAR RIKEN Accel. Prog. Rep. 52 (2019)

Mass spectrometric speciation of mononuclear Re carbonyls in the gas
phase

Y. Wang,∗1,∗2 Y. Wittwer,∗3,∗4 J. Zhang,∗2 J. Yang,∗2 H. Haba,∗1 Y. Komori,∗1 T. Yokokita,∗1 S. Cao,∗2 F. Fan,∗2
R. Eichler,∗3,∗4 A. Türler,∗4 and Z. Qin∗2

For the chemical characterization of bohrium car-
bonyls, Bh(CO)n, a gas-phase chemical study of rhe-
nium (Re) carbonyls was conducted at RIBF, RIKEN.1)
However, the experiments provided low chemical yields,
making it necessary to further study the formation
of mononuclear Re carbonyls. In this study, a laser-
ablation time-of-flight mass-spectrometer (LA-TOF-
MS) was modified to obtain the mass spectra of mononu-
clear Re carbonyl ions. High-purity CO and He gas mix-
tures were used to deduce the most stable species. More-
over, the influence of impurities on the formation of the
carbonyls was also investigated by adding O2 and H2 to
the gas mixture, because both were expected to have a
significant influence on Re.2)

Figure 1 shows the schematic of our LA-TOF-MS
setup. Each measurement starts with the pulse valve
opening (120 µs), thereby releasing a supersonic gas
jet. The gas is directed over the target surface, where
an ablation laser (Nd: YAG laser, 532 nm, 10 Hz,
15 mJ/pulse) induces a plasma to generate free metal
atoms and ions. Some of the plasma is rapidly cooled
by the gas. Then it is transported through a skimmer
to a positive electric field, where a short pulsed high
voltage is applied (20 µs, 10 Hz, +1400 V). After free
drifting, the cations reach a micro-channel plate (MCP)
detector and the flight time is measured. An extension
pipe (i.d. = 4 mm; length = 60 mm) is added down-
stream of the metal target in to increase the reaction
time and strengthen the interaction between Re ions and
CO gas. This was done to identify the most stable prod-
ucts formed in the gas phases, which are similar to those
of our gas chromatography experiment.1,3)

Fig. 1. Schematic of the LA-TOF-MS technique.

∗1 RIKEN Nishina Center
∗2 Institute of Modern Physics, Chinese Academy of Sciences
∗3 Laboratory of Radiochemistry, Paul Scherrer Institute
∗4 Department of Chemistry and Biochemistry, University of

Bern

Fig. 2. Mass spectra with a Re target using H2 and O2 in
CO and He gas mixture (CCO is 14%, while both CH2

and CO2 vary from 14% to 0.002% in the same steps).

Because the ion mass is proportional to the square-
root of its flight time, the mass number of each cation
can be determined, and then the chemical formula can
be deduced. Using He seeded by CO (CCO = 14%) as
the carrier gas, Re+ and [Re(CO)6]+ ions can be clearly
identified in the mass spectrum. No intermediates or
other products can be observed owing to the added ex-
tension pipe. Then, H2, O2, and H2/O2 gas mixtures
are added to the carrier gas as impurities. Only few
[Re(CO)5 · (H2)]

+ can be observed when 14% of H2 is
added to the carrier gas. No other Re carbonyl hydrides
appear when CH2 is lower than 5%, while large amount
of [ReO2 · (CO)4]

+ can be observed when O2 is added to
the carrier gas. Therefore, H2 does not have a significant
influence on the formation of [Re(CO)n]

+. The mass
spectra of O2 gas mixtures are very similar to Fig. 2.
Figure 2 shows the mass spectra of adding H2 and O2

to the CO and He carrier gas (CCO was fixed at 14%;
CH2 and CO2 varied from 14% to 0.002% in the same
steps). Despite the small quantities of hydroxides visi-
ble in both figures, the only significant reaction products
are [ReO2 · (CO)4]

+ and [Re(CO)6]+. [ReO2 · (CO)4]
+

disappears completely when CO2 is 0.002%. Therefore,
we conclude that the formation of Re carbonyl ions is
not sensitive to trace amounts of H2, while even 0.09%
of O2 will significantly increase the product yield of Re
carbonyl oxide ions and decrease the product yield of Re
carbonyl ions.
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Practical synthesis of 211At-labeled immunoconjugate by double click
method for α-emission cancer radiotherapeutics†

K. Fujiki,∗1,∗2 Y. Kanayama,∗3 S. Yano,∗4 N. Sato,∗4 T. Yokokita,∗4 P. Ahmadi,∗1,∗2 Y. Watanabe,∗3 H. Haba,∗4

and K. Tanaka∗1,∗2,∗5

In this paper, a facile synthesis of an 211At-labeled
immunoconjugate that is used as an α-emission molec-
ular targeting therapy is described. We synthesized
a tetrazine probe modified with closo-decaborate(2-),
which is a prosthetic group that forms a bioavailable sta-
ble complex with 211At. Our one-pot three-component
double-click labeling method,1) which consists of RIKEN
click2–4) and tetrazine ligation,5) was utilized to intro-
duce the decaborate to HSA (human serum albumin) or
trastuzumab (anti-HER2 antibody) using decaborate-
tetrazine 1 and TCO (trans-cyclooctene)-aldehyde 2
without reducing the antibody binding affinity, as shown
in Fig. 1. The average number of molecules attached
to HSA was determined as 2 decaborate moieties (a
1+ 2 molecule underwent a 1,065 MW increase) by the
MALDI-TOF mass spectroscopic analysis in comparison
to the intact HSA molecular weight.

Next, the astatination of decaborate-trastuzumab
was conducted by treating solutions of decaborate-
trastuzumab with Na[211At] in the presence of chlo-
ramine T as an oxidant over 5 min at room tempera-
ture. As shown in Fig. 2, the labeling was performed
using 1 µM decaborate-trastuzumab in 0.05% PBS-T
and Na[211At], 75 MBq, in PBS to furnish 211At-labeled
trastuzumab with a specific activity of 1.7 MBq/µg in
49% RCY. The potential loss of antigen recognition ac-
tivity in the 211At-labeled trastuzumab with a high spe-
cific activity was assessed by measuring the dissociation

Fig. 1. Preparation of decaborate-HSA/trastuzumab via
the one-pot three-component double-click labeling
method. Dissociation constants (Kd) of the decaborate-
trastuzumab measured by the QCM method.

† Condensed from the article in Chem. Sci. 10, 1936 (2019)
∗1 Biofunctional Synthetic Chemistry Laboratory, RIKEN
∗2 GlycoTargeting Research Laboratory, RIKEN
∗3 Laboratory for Pathophysiological and Health Science,

RIKEN
∗4 RIKEN Nishina Center
∗5 Biofunctional Chemistry Laboratory, Kazan Federal Univer-

sity

constant Kd of the obtained 211At-labeled trastuzumab.
This value was found to be 1.0 nM, indicating no im-
pairment to the affinity. Reacting 0.1 µM decaborate-
trastuzumab with Na[211At], 104 MBq, in PBS provided
211At-labeled trastuzumab in 30% RCY with a very high
specific activity of 15 MBq/µg.

An intratumor injection of 6.3 µg of the 211At-labeled
trastuzumab with 1.4 MBq in BALB/c nude mice im-
planted with HER2-expressing epidermoid cancer cells
yielded effective suppression of tumor growth, as shown
in Fig. 3. Our work provides one of the most practi-
cal 211At-labeling methods to develop molecular cancer
radiotherapeutics.

Fig. 2. Radiolabeling of decaborate-trastuzumab. RCY (Ra-
diochemical yield) was obtained from the radioactivity
of the purified radiolabeled product against the added
Na[211At].

Fig. 3. Therapeutic efficacies of α-emitting 211At-labeled
trastuzumab, trastuzumab, or PBS after intratumor in-
jection.
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Activation cross sections of α-induced reactions on natZn for Ge and
Ga production†

M. Aikawa,∗1,∗2 M. Saito,∗3,∗2,∗4 S. Ebata,∗1,∗5 Y. Komori,∗2 and H. Haba∗2

Gallium-68 (T1/2 = 67.71 min) is used in positron
emission tomography (PET). The production of 68Ga
is important for its application in PET. In addition
to 68Ga, the production of its long-lived parent, 68Ge
(T1/2 = 270.95 d), is worthy of investigation for a 68Ga
generator. One of the reactions to produce 68Ge is the
α-induced reaction on natZn. Two sets of experimen-
tal data1,2) could be found in the EXchange FORmat
(EXFOR) library. The two datasets deviate from each
other. Therefore, we measured the cross sections of
α-induced reactions on natZn for 68Ge production.

The experiment was performed at the AVF cyclotron
of the RIKEN RI Beam Factory using standard meth-
ods, stacked foil activation method, and off-line γ-ray
spectrometry. Thin metallic foils of natZn (99.9% pu-
rity, Nilaco Corp., Japan) and natTi (99.6% purity, Ni-
laco Corp., Japan) were stacked as the target. The
stacked target was irradiated by a 51.5 MeV α beam.
The incident beam energy was measured by the time-
of-flight method using a plastic scintillator monitor.3)

The irradiation of the α beam lasted for 2 hours. The
average intensity was 82.0 nA, which was measured by
a Faraday cup. The decrease in the energy of pro-
jectiles in the target was estimated using the SRIM
code.4) γ spectra from the irradiated foils were mea-
sured with a high-resolution HPGe detector.

To assess the beam parameters and target thick-
nesses, the cross sections of the natTi(α, x)51Cr moni-
tor reaction were derived. Consequently, we could con-
firm that our results were significantly consistent with
the recommended values.5)

The 1077.34-keV γ-line (Iγ = 3.22%) from the 68Ga
decay was measured after a long cooling time of ap-
proximately 80 days. Directly produced 68Ga could
completely get decayed in this period and the decay of
68Ga was in equilibrium with that of its parent 68Ge.
The cross sections of 68Ge are shown in Fig. 1 with pre-
vious experimental data1,2) and TENDL-2017 data.6)

The peak position of our result is consistent with the
experimental data, although the amplitude is slightly
larger. The tendency of TENDL-2017 data is different
from the experimental data.

The integral yield of 68Ge was estimated from the

† Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 427, 91 (2018)
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Fig. 1. Excitation function of natZn(α, x)68Ge reaction.

Fig. 2. Integral yield of 68Ge.

cross sections measured in this work and stopping pow-
ers calculated by the SRIM code.4) The derived inte-
gral yield is shown in Fig. 2 with the previously ob-
tained experimental data.1,2) The values obtained in
our result are greater than other data above 30 MeV
as expected from the cross sections measured in this
work.
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A novel mutation induced by Ar-ion-irradiation affect grain length and
improve yield in rice

R. Morita,∗1 H. Ichida,∗1 Y. Hayashi,∗1 H. Abe,∗1 Y. Shirakawa,∗1 K. Ichinose,∗1 T. Kazama,∗2 K. Toriyama,∗2
T. Sato,∗1,∗2 and T. Abe∗1

Rice serves as an important staple food for more
than half of the world’s population. The size of a rice
grain, which is one of the most important agronomic
traits, is correlated with its yield. The grain size is a
polygene-controlled quantitative trait, resulting in sub-
stantial variations in the size and shape of grains. Al-
though several genes influencing the grain size have been
cloned from rice cultivars, it is necessary to identify novel
genes that determine the grain size to meet the increas-
ing food demands of the growing world population.

To identify a novel gene that can determine the grain
size, we isolated a rice mutant that exhibited a signifi-
cant increase in grain weight from 159 independent M2
lines raised from Ar-ion-irradiated (5 Gy, 290 keVµm−1)
rice seeds. In the mutant, the grain length increased
(5.46± 0.01 mm, Avr.± SE) in comparison with that
of the wild-type (WT) Nipponbare (5.26± 0.02 mm,
Fig. 1). Given that the grain width and thickness were
not altered in the mutant, the increased grain weight
was considered to be the result of the increase in grain
length. We designated this mutant as long grain1 (lin1 ).

We tested whether the yield increased in the lin1 mu-
tant under field conditions in 2014 and 2016 in a paddy
field. Three plots of the lin1 mutant and wild-type Nip-
ponbare plants were formed in a paddy field. In each
plot, 49 plants (7× 7 plants, 30 cm inter-plant spacing)
were planted. The outermost plants were excluded from
sampling to avoid the border effect. Therefore, 25 plants
(5× 5 plants grown in the 1.44 m2) in the center of each
plot were used to calculate the yield. The 1000-grain
weight was 27.6 g and 25.9 g in 2014, and 27.1 g and
26.3 g in 2016 in the lin1 mutant and Nipponbare, re-
spectively (Table 1). The number of panicles, spikelets,
and percentage fertility were not significantly different
between the lin1 mutant and WT in both years, sug-
gesting that there was no tradeoff between grain length

Fig. 1. Seeds and brown grains of Nipponbare (a and c) and
lin1 mutant (b and d). Bar = 5 mm.

∗1 RIKEN Nishina Center
∗2 Graduate School of Agricultural Science, Tohoku University

Table 1. Agronomic traits and grain yield of WT and lin1.

and number of panicles, number of spikelets, and per-
centage fertility in this mutant. Consequently, the grain
yield (g/m2) was 8.2% and 16.4% higher in the lin1 mu-
tant compared with that of the WT in 2014 and 2016,
respectively. These results demonstrated that the mu-
tated lin1 allele could improve the rice grain yield.

We performed the whole-genome sequencing and ge-
netic linkage analyses to identify the yield-related gene,
LIN1. Thus, a 1 bp deletion in the coding sequence of
Os06g0675200 gene on chromosome 6 was ascertained
to be linked with the grain length. To confirm that
Os06g0675200 corresponded with the LIN1 gene, we in-
troduced a 1 bp insertion in the gene of Nipponbare using
the CRISPR/Cas9-mediated genome editing system. As
with the lin1 mutant, the transgenic plants displayed en-
hanced grain length compared with that of WT, thereby
indicating that the inactivation of the gene by the 1 bp
insertion and subsequent frameshift reproduced the ob-
served phenotype of the lin1 mutant and supported the
conclusion that Os06g0675200 is the LIN1 gene.

To investigate whether the mutant allele of LIN1 has
already been utilized in rice breeding, we conducted
the sequence polymorphism analysis using the TASUKE
genome browser,1) which collectively provides polymor-
phisms among rice cultivars. We used information from
25 varieties (15 temperate japonica and ten indica), for
which the sequencing coverage of the entire coding se-
quence of LIN1 was available. All temperate japonica-
and six indica-varieties harbored the wild-type LIN1 al-
lele. In contrast, four indica varieties shared an identical
T to C substitution, which caused a non-synonymous
substitution in the amino acid sequence of LIN1. These
results revealed that the increase in grain yield achiev-
able by the inactivation of LIN1 might be limited in such
variants that already harbor mutant LIN1 alleles. Thus,
the lin1 mutation reported in this study may be useful to
further increase the grain yield in both temperate japon-
ica and indica rice varieties.

Reference
1) M. Kumagai et al., Bioinformatics 29, 1806 (2013).
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Recent progress in overcoming interspecific hybrid sterility in rice

Y. Koide,∗1 K. Onishi,∗2 Y. Hayashi,∗3 T. Abe,∗3 Y. Fukuta,∗4 Y. Okumoto,∗5 and A. Kanazawa∗1

Inter-specific hybridization enables breeders to
transfer valuable genes from one species to another
for improving crops. However, reproductive barriers,
which are also known as “species barriers,” often pre-
vent gene flow between two species. In two cultivated
rice species (Oryza sativa and O. glaberrima), hybrid
sterility is considered as the main reproductive barrier.
To date, more than 10 loci for hybrid sterility between
these species have been found.1) Among these loci, the
HYBRID STERILITY 1 (S1) locus on the short arm
of chromosome 6 has been frequently detected,2) sug-
gesting that the S1 locus is the major cause of the
sterility barrier. Here, we review the recent progress
in overcoming the hybrid sterility caused by the S1 lo-
cus and highlight the usefulness of a forward genetic
screening for a mutant with a “neutral” allele of hybrid
sterility loci.

In 1990, Sano3) showed that the hybrid between a
strain of O. sativa and near-isogenic lines (NILs) con-
taining a segment of chromosome 6 from O. glaberrima
in the genetic background of O. sativa exhibited par-
tial sterility in pollen and seeds. This phenomenon
was explained by the genetic interaction between the
Sg
1 allele (formerly the S1 allele of Sano3)) and Ss

1 al-
lele (formerly the Sa

1 allele of Sano3)), which were de-
rived from O. glaberrima and O. sativa, respectively.
The Sg

1 allele acts as a “gamete eliminator,” and both
male and female gametes possessing the Ss

1 allele are
aborted only in the heterozygote (Sg

1/S
s
1).

4) Although
these studies revealed the genetic nature of the S1 lo-
cus, it was still unclear how we can overcome the steril-
ity barrier.

Recently, significant progress has been made by arti-
ficial mutagenesis using genome editing5) or heavy-ion
beam irradiation.6) Koide et al.6) used Acc108 (a vari-
ety of O. sativa) and NIL, which contain the Ss

1 allele
and the Sg

1 allele at the S1 locus, respectively. They
obtained a total of 2,478 F1 seeds for heavy-ion beam
irradiation via artificial pollination. From 1,817 F1 hy-
brids (M1 generation) irradiated with carbon-ion beam
(LET 30 keV/nucleonm, 150 Gy) at the RIKEN RI-
beam factory, Wako, Japan, they obtained one plant
that had a panicle with >50% seed fertility from the
M1 population (Fig. 1). Then, they developed the M2

family through self-pollination of the M1 plant and ob-
tained the mutant Acc108S1M, which does not induce

∗1 Research Faculty of Agriculture, Hokkaido University
∗2 Department of Agro-Environmental Science, Obihiro Uni-

versity of Agriculture and Veterinary Medicine
∗3 RIKEN Nishina Center
∗4 Japan International Research Center for Agricultural Sci-

ences
∗5 Faculty of Agriculture, Kyoto University

Fig. 1. Forward genetic screening for a mutant with a “neu-
tral” allele of the hybrid sterility locus. (A) The scheme
for selecting a mutant with a neutral allele at the hybrid
sterility locus, S1. (B) A sterile rice panicle observed in
the M1 plant. The seed sterility was due to the hybrid
sterility locus, S1. (C) A fertile panicle observed in the
M1 plant. Seed sterility did not occurr because of a
mutation induced at the S1 locus.

sterility in either the hybrid with the Sg
1 carrier or that

with the Ss
1 carrier.

The results of the crossing experiments, genetic
mapping, and nucleotide sequencing suggested that the
causative mutation of Acc108S1M was a 5-bp deletion
in the peptidase-coding gene (denoted by SSP) in the
S1 locus. These results indicated that the SSP was
one of the essential genes for inducing hybrid sterility
in heterozygotes (Sg

1/S
s
1) and Acc108S1M has a neu-

tral allele “Smut
1 ” at the S1 locus.6)

In summary, recent studies5,6) have focused on the
S1 locus and have shown how to obtain a neutral allele
through reverse or forward genetic approaches. In gen-
eral, the number of hybrid sterility loci that have been
annotated and characterized in crop gene pools is still
limited. In such a case, a forward genetic screening is
more practical than approaches in which gene identi-
fication is a prerequisite, e.g., genome editing, for cre-
ating neutral alleles. Although these two approaches
have their own specific advantages, recent studies have
demonstrated a technique that allows broader access
to desirable traits in distantly related species during
crop breeding.
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Improved and robust method to efficiently deplete repetitive
elements from complex plant genomes†

H. Ichida∗1 and T. Abe∗1

Wheat is one of the most important staple food crops
around the world, occupying 17% (one-sixth) of the
global crop acreage and serving as a food source for
approximately 40% of the world’s population. Despite
the availability of a high-quality reference genome se-
quence, whole genome re-sequencing of wheat is still
a major challenge owing to its large and complex
genome. Wheat has an estimated haploid genome size
of 15.4–15.8 Gb, of which 84.7% is made up of repeti-
tive sequences. To successfully apply genome sequenc-
ing to practical agricultural breeding situations, the es-
tablishment of an effective strategy to eliminate highly
abundant repetitive elements within the genome is re-
quired.

Duplex-specific nuclease (DSN) provides an enzy-
matic method to reduce the whole-genome redundancy
and normalization. However, this method has not
been widely used in the genome analysis of agricultural
crops owing to its sensitivity to reaction conditions and
difficulty in DNA recovery after the treatment. We de-
veloped an improved design for Illumina-compatible se-
quencing adapters that avoids duplex formation within
a typical annealing temperature range (∼68◦C) and ac-
cidental degradation by the DSN enzyme. The newly
designed adapter includes the 21 bp sequences imme-
diately adjacent to the original TruSeq adapter and
forms a hairpin-like structure by placing the necessary
adapter sequences in a complementary orientation at
the 5’ and 3’ ends of a single oligonucleotide at room
temperature during library preparation. Using this de-
sign, all necessary sequence elements for Illumina se-
quencing could then be added using full-length adapter
primers during the recovery PCR, which generates a li-
brary with exactly the same structure as the original
TruSeq libraries.

We compared the relative abundance of 18S and
25S rDNA elements in genomic DNA and the DNA
libraries before and after DSN treatment (DSN− and
DSN+, respectively) in rice and diploid, tetraploid,
and hexaploid wheat cultivars by quantitative PCR.
In summary, the relative abundances of 18S and
25S rDNA were reduced to 1.15% and 3.54% of the
DSN− samples in rice. The effectiveness of the DSN
treatment was essentially the same among the three
wheat genomes. In particular, the relative abundance
of 18S rDNA was decreased to 7.13%, 4.95%, and
4.33% considering the DSN− in diploid, tetraploid, and
hexaploid cultivars, respectively. The relative abun-

Fig. 1. Comparison of read counts before and after duplex-

specific nuclease-based repeat depletion in gene regions.

Reprinted from Plant Science, https://doi.org/10.

1016/j.plantsci.2018.10.021, with permission from

Elsevier.

dance of 25S rDNA was also decreased to 21.73%,
8.96%, and 7.54% considering DSN−. These results
indicate that the DSN treatment effectively depleted
repetitive sequences in different wheat cultivars, which
have much larger and more complex genomes com-
pared with rice.

We evaluated the enzymatic depletion of highly
repetitive elements by DSN treatment in an actual Il-
lumina sequencing run using the diploid wheat culti-
var KU104-1, which has an estimated genome size of
6.1 Gb, as a model. The sequencing reads mapped
on the regions encoding Ty1-Copia and Ty3-Gypsy
were decreased by 61.6% and 33.4%, respectively, com-
pared with the DSN− samples. DNA-type repeti-
tive elements were also successfully depleted by the
DSN treatment. In particular, reads mapped to DNA-
type transposons and simple sequence repeats (SSRs)
were respectively reduced by 17.1% and 9.0% com-
pared with the untreated control. Therefore, we con-
clude that this method should be useful in a broad
range of species in which genomic approaches are not
currently applicable owing to their large and complex
genome structures and the consequent high expenses
of sequencing and analysis.

† Condensed from the article in Plant Science,
280, 455-460 (2019)
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Breakup of 9C studied at SAMURAI

A. I. Chilug,∗1,∗2,∗3 V. Panin,∗3,∗4 L. Trache,∗1 T. Motobayashi,∗3 Z. Halasz,∗5 for HI-p collaboration

During the NP1412-SAMURAI29R1 experiment, the
9C breakup reaction into 8B+p was studied by Coulomb
dissociation and nuclear breakup. By using the invariant
mass technique and the detailed balance theorem,1) it is
possible to determine the reaction cross section for the
astrophysical process 8B(p, γ)9C using two alternative
indirect methods: Coulomb dissociation1) and by apply-
ing the ANC technique for nuclear breakup (NB).2)

The radiative proton capture 8B(p, γ)9C is being in-
vestigated due to its astrophysical importance as a pos-
sible bypass of the 3α-process leading to the CNO cycle
in low metallicity massive stars, by a sequence of protons
and alpha capture reactions on nuclei close to the pro-
ton drip line.3) From the previous experiments, a large
spread of results was obtained for the determined astro-
physical S18 factor (see Ref. 4)), and hence a new set of
accurate measurements is necessary.

The experiment was performed in RIKEN at the RIBF
facility during the SAMURAI Oxygen18 campaign in the
spring of 2018, as part of the HI-p program. The pri-
mary beam 18O at 230 AMeV hit a Be production tar-
get. The 9C secondary beam, having intensities up to
4.7 · 104 pps, was separated by using the two-stage sep-
arator BigRIPS and delivered to the SAMURAI area.
Fig. 1 shows the PID of the beam at the entrance of
the SAMURAI area. The aim of the experiment is to
perform inclusive and exclusive measurements of the 9C
breakup reaction products using a dedicated detection
system set at the superconducting magnetic spectrome-
ter SAMURAI. For the study of 9C breakup in a nuclear
field, a natural carbon target (425 µm thick) was used,
and for the Coulomb dissociation measurement, we set
a Pb target (150 µm thick). The detection system used
during the experiment comprised two scintillator detec-
tors (SBT1&2) for beam PID (in combination with the
BigRIPS scintillators) and for triggering the data acqui-
sition system. Two drift chambers (BDC1&2) were used
to measure the position and angle of the beam. The tar-
get was followed by 4 Si detectors to track the reaction
products along with another drift chamber (FDC0). Two
plastic scintillators (HODF&HODP) were placed behind
the SAMURAI exit window to measure the energy loss
and the time of flight for particle identification. Finally,
two proton drift chambers (PDC1&2) were used for mag-
netic rigidity analysis of the emitted protons.

The tracking system mentioned above is made of 4
position sensitive Si detectors (GLAST) with a large ac-
tive area (87.5 × 87.5 mm2) and high granularity (each
silicon detector has 128 strips), which were arranged in
two pairs, an placed downstream of the reaction target.

∗1 Horia Hulubei National Institute for R&D in Physics and Nu-
clear Engineering (IFIN-HH)

∗2 Faculty of Physics, University of Bucharest
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Paris-Saclay
∗5 Institute of Nuclear Research (ATOMKI), Debrecen

Fig. 1. The purity and PID of the secondary beam.

Fig. 2. Signals of the reaction products in the Si system.

This system was newly introduced for all 4 HI-p experi-
ments. In order to simultaneously track the protons and
heavy fragments, the signals from the Si detectors were
processed with new Dual Gain Preamplifiers (DGP) de-
signed at RIKEN and packed at ATOMKI. A high dy-
namic range was assured for the entire system. Thus,
the system could measure the energy loss of the protons
(around 200 keV) in coincidence with the heavy frag-
ments (up to 600 MeV). The signals from the DGP were
fed into the ASIC system based on HINP16 chips.5) Two
Motherboards (MB) with 16 slots each for connecting 16
HINP boards, each of them having 2 ASIC chips, pro-
cessed a total of 1024 output signals from the silicon
detectors. The PID of the reaction products in the Si
detectors can be seen in Fig. 2.

The Si system was used in the beam for the first time.
It worked well, and in combination with the existing
detection systems, assured the experimental goals pre-
sented in the submitted proposal. The data analysis is
in progress.
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Cluster structure of neutron-rich beryllium isotopes investigated by
cluster quasi-free scattering reaction

P. Li∗1 and D. Beaumel∗2,∗3 for the SAMURAI12 collaboration

Clustering is known for long as an important and
general feature of atomic nuclei. So far alpha-particle
clustering has dominated cluster states studies among
all other possible partitioning. Thus, nuclei with even
and equal numbers of protons and neutrons (the so-
called alpha-conjugate nuclei) have been extensively
studied. A few decades ago, some general properties
of clustering in nuclei have been stressed, e.g. its pref-
erential occurrence close to cluster decay thresholds
rather than in ground-states.1) The situation might be
somewhat different in exotic nuclei for which well de-
veloped cluster configurations may occur in ground-
states, even though located well below the correspond-
ing cluster threshold. The SAMURAI12 experiment
aims to investigate the cluster structure of neutron-
rich beryllium isotopes using the cluster quasifree scat-
tering reaction (p, pα) in inverse kinematics. Such an
approach has been recently emphasized as a suitable
method to investigate how α cluster states are spatially
developed.2) Beryllium isotopes are of special interest
in relation with clustering. The 8Be nucleus is famous
for its developed α–α structure, well reproduced by
ab initio calculations. Antisymmetrized Molecular dy-
namics calculations predict the occurrence of α–α core
up to the dripline, neutrons occupying molecular orbits
around this core. The purpose of the SAMURAI12 ex-
periment is to study the (p, pα) reaction on neutron-
rich Beryllium isotopes up to the dripline.
The experiment was performed using the SAMURAI

large-acceptance spectrometer during the spring cam-
paign of 2018. Secondary 10, 12, 14Be beams at nearly
150A MeV were produced by fragmentation of a 230A-
MeV 18O primary beam. using the BigRIPS sepa-
rator. To study the (p, pα) reaction in inverse kine-
matics, a new setup combining several elements was
developed. The first component was the solid hydro-
gen target (SHT) system associated with the ESPRI
setup.4) This system allows to prepare a target foil of
typically 1–3 mm thickness with a diameter of 3 cm,
well adapted for our study. A new target chamber ded-
icated to the SAMURAI12 experiment has been built
with new apertures allowing detection of protons at
the relevant angles. A new target frame was also built
for the production of a 2 mm thick foil which was used
in the experiment. For recoil proton detection, the
ESPRI Recoil Proton Spectrometer (RPS) system was
implemented. It is composed of 3 stages: 1. Multiwire
drift chamber (MWDC) for scattering angle determi-

∗1 Hong Kong University
∗2 Institut de Physique Nucléaire, Orsay
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nation, 2. plastic detector of 4 mm thickness and 3. NaI
rods. The system was installed in a two-arm configura-
tion identical to the one used during the SAMURAI13
experiment.4) The two arms were placed at 95 cm from
target, covering an angular range of 50◦–70◦, corre-
sponding to about 40◦–70◦ in center of mass (CM) for
the free p + α elastic scattering. Detection of alpha
clusters was insured by two telescopes composed of Sil-
icon and CsI(Tl) detectors placed at forward angles to
cover the angular range 4◦–12◦. The first layer was
a double-sided Silicon detector (DSSD), 62 × 62 mm
active area with 32 strips on each side. The second
stage was composed of CsI(Tl) crystals 2.5× 2.5 cm2,
6 cm long, from the FARCOS array. Energy range of
the clusters was 100 ∼ 150 MeV/nucleon. A dedicated
energy calibration run with a (secondary) alpha beam
was used in order to achieve precise energy calibration
needed to deduce the missing mass. The detection of
the 4, 6, 8He beam-like velocity residues near zero de-
grees produced in the 10, 12, 14Be(p, pα) reactions was
performed using the SAMURAI spectrometer and its
standard detectors.5) The residue scattering angle was
measured using the Forward Drift Chamber 0 (FDC0)
placed upstream of the SAMURAI entrance. After
the exit window of SAMURAI, rigidity measurement
and particle identification of the residues were insured
by the Forward Drift Chamber 2 (FDC2), and the
HODP and HODF walls of plastic hodoscopes com-
posed of 16 and 24 slats of BC408 scintillators, (of
dimensions 120 × 10 × 1 cm3), respectively. For com-
plementary invariant mass studies, the neutron multi-
detector NEBULA was also included in the setup. The
data analysis is undergoing, presently focusing on the
calibrations runs of forward telescopes with alpha sec-
ondary beams. A detailed uniformity response study
of CsI(Tl) modules is being performed owing to the
position information provided by the DSSD.
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Particle identification in 11Li(p,n) experiment at SAMURAI

Y. Hirai,∗1 L. Stuhl,∗2 M. Sasano,∗3 J. Gao,∗3,∗4 K. Yako,∗2 T. Wakasa,∗1 D. S. Ahn,∗3 H. Baba,∗3 A. Chilug,∗5,∗3
S. Franchoo,∗6 Y. Fujino,∗7 J. Gibelin,∗6 I. S. Hahn,∗8 Z. Halász,∗9 T. Harada,∗10 M. N. Harakeh,∗11,∗12

D. Inomoto,∗1 T. Isobe,∗3 H. Kasahara,∗1 D. Kim,∗13 G. G. Kiss,∗9 T. Kobayashi,∗14 Y. Kondo,∗15 Z. Korkulu,∗3
S. Koyama,∗16 Y. Kubota,∗3 A. Kurihara,∗15 H. N. Liu,∗17 M. Matsumoto,∗15 S. Michimasa,∗2 H. Miki,∗15

M. Miwa,∗18 T. Motobayashi,∗3 T. Nakamura,∗15 M. Nishimura,∗3 H. Otsu,∗3 V. Panin,∗3 S. Park,∗8
A. T. Saito,∗15 H. Sakai,∗3 H. Sato,∗3 T. Shimada,∗15 Y. Shimizu,∗3 S. Shimoura,∗2 A. Spiridon,∗5 I. Stefanescu,∗5

X. Sun,∗3,∗4 Y. L. Sun,∗17 H. Suzuki,∗3 Y. Togano,∗7 T. Tomai,∗15,∗3 L. Trache,∗5 D. Tudor,∗5,∗3 T. Uesaka,∗3
H. Yamada,∗15 M. Yasuda,∗15 K. Yoneda,∗3 K. Yoshida,∗3 J. Zenihiro,∗3 and N. Zhang∗19,∗2

The details of the particle identification (PID) of
the incoming secondary cocktail beam and the reaction
residues in the SAMURAI30 experiment are reported.

A secondary cocktail beam of unstable 11Li and
14Be was produced via the fragmentation reaction of
a 230 MeV/nucleon 18O primary beam on a 14-mm-
thick 9Be target. In the experimental setup1) around
the SAMURAI spectrometer.2) two 1-mm-thick plas-
tic scintillators (SBT1, 2) were installed for the detec-
tion of beam particles. The SBTs were used to pro-
duce the beam trigger (threshold was set to Z > 2).
The beam PID was performed on an event-by-event ba-
sis by measuring the energy loss in the SBTs and the
ToF of the beam particles in BigRIPS between F7 and
F13. The secondary cocktail beam consisted of 11Li at
182 MeV/nucleon with an intensity of 2.5 × 105 parti-
cle/s and 14Be at 198 MeV/nucleon with an intensity
of 1 × 105 particle/s with purities of 48% and 19%, re-
spectively. The triton contamination was below 30%.
Figure 1 shows the incoming beam PID spectrum.

The secondary beam was transported onto a 10-mm-
thick liquid hydrogen target.3,4) The reaction residues
entered SAMURAI after passing through the forward
drift chamber, FDC0. The magnetic field of the spec-
trometer was set to 2.75 T. At the focal plane of SAMU-
RAI, a wall (HODF24 detector) of 24 plastic scintillator
bars with dimensions of 1200W×100H×10D mm3 was
installed, to measure the trajectories, energy loss, and
ToF (from SBTs) of the reaction residues. Further down-
stream, an additional wall, HODP, with 16 plastic bars
(same as HODF24 bars) was installed. The 2 bars of
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HODF24 that were hit by the unreacted beam were ex-
cluded from the trigger. Figure 2 shows a typical PID
spectrum in HODF24 for events generated by the 11Li
or 14Be beams. Using the PID information, the reaction
channels for 11Li(p,n)11Be5) and 14Be(p,n)14B6) can be
identified.

Fig. 1. An incoming PID spectrum of the SBT detector. The
separation of 11Li and 14Be is clear.

fig Residue PID hod bar 7

Fig. 2. A PID spectrum in the focal plane of SAMURAI,
measured by one bar (bar ID = 7) of HODF24.
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Neutron-gamma separation performance of PANDORA in SAMURAI30
experiment

Y. Hirai,∗1 L. Stuhl,∗2 M. Sasano,∗3 J. Gao,∗3,∗4 K. Yako,∗2 T. Wakasa,∗1 D. S. Ahn,∗3 H. Baba,∗3 A. Chilug,∗5,∗3
S. Franchoo,∗6 Y. Fujino,∗7 J. Gibelin,∗6 I. S. Hahn,∗8 Z. Halász,∗9 T. Harada,∗10 M. N. Harakeh,∗11,∗12

D. Inomoto,∗1 T. Isobe,∗3 H. Kasahara,∗1 D. Kim,∗13 G. G. Kiss,∗9 T. Kobayashi,∗14 Y. Kondo,∗15 Z. Korkulu,∗3
S. Koyama,∗16 Y. Kubota,∗3 A. Kurihara,∗15 H. N. Liu,∗17 M. Matsumoto,∗15 S. Michimasa,∗2 H. Miki,∗15
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The neutron-gamma discrimination ability of PAN-
DORA (Particle Analyzer Neutron Detector Of Real-
time Acquisition )1) was studied for SAMURAI 302,3)

experiment using 11Li(p,n) reactions.4) The method of
separating neutron and gamma events is based on charge
integration, where the PSD (Pulse-Shape Discrimina-
tion) parameter is (QLong−QShort)/QLong, where QLong

and QShort are derived from the charge integrated in the
long gate and short gate of each end of a PANDORA
bar, respectively. PSDmean can be defined as the arith-
metic average of PSD because PANDORA is a double-
ended read-out. Figure 1 presents a two-dimensional
plot of PSDmean vs. QLong(light output) of a PANDORA
bar. The locus in the higher PSD region corresponds to

PSD vs Charge7

Fig. 1. PSDmean as a function of light output (bar ID = 7).
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PSD o kevee 300 PSD o kevee 1500

Fig. 2. PSDmean distributions for the light output (a) from
200 to 400 and (b) from 1400 to 1600 [keVee]. The blue
and red lines shows gamma and neutron events, respec-
tively.

the neutron-like events, while the distribution in the low
PSD range represents the gamma-like events.

To evaluate the discrimination performance of PAN-
DORA, Figure-of-Merit (FoM)is used. FoM is defined
as:

FoM =
∆γ−n

Lγ−FWHM + Ln−FWHM
, (1)

where ∆γ−n is the PSD difference between the neu-
tron and gamma component peaks. Lγ−FWHM and
Ln−FWHM are the full widths at half maxima of the
gamma and neutron distributions, respectively. In this
work, we used the window method, detailed in Ref. 1).
Figure 2 shows the one-dimensional PSDmean projec-
tions in 200 keVee wide window centered at light out-
puts of 300 keVee (a) and 1500 keVee (b), respectively.
The calculated FoM values are 1.17 ± 0.01 (a) and
0.98±0.03(b).We achieved better FoM value than previ-
ous studies.5–7) Owing to the optimized digital read-out,
large gain setting, and improved scintillation material,
we achieved better FoM value than previous studies.
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Gamow-Teller resonance in 14Be(p,n) reaction

J. Gao,∗1,∗3 L. Stuhl,∗2 M. Sasano,∗1 Y. Hirai,∗4 K. Yako,∗2 T. Wakasa,∗4 for SAMURAI30 Collaboration

A charge-change (p,n) experiment, SAMURAI30,
on 14Be and 11Li nuclei was performed on the SAMU-
RAI spectrometer.1,2) In this report, we present the
status of the analysis of 14Be(p,n)14B∗ channel.
We used inverse kinematics with a secondary beam

of 14Be at 198.4 MeV/nucleon and a 10 mm thick liquid
hydrogen target, rotated by 45◦.3,4) The low-energy
neutron detector setup, consisted of PANDORA5) and
WINDS scintillator arrays, covered the laboratory an-
gular range of 47.8◦ to 133.9◦ and were employed to
detect the recoil neutrons. Signals from those detec-
tors were recorded by a digital data acquisition sys-
tem, which was operated in parallel with the standard
SAMURAI DAQ system by sharing the same trigger
signal.6) The neutron time-of-flight was measured to
reconstruct the missing mass spectra.

Figure 1 shows the laboratory angle vs. laboratory
energy spectrum of the detected neutrons when 13B is
selected in the HODF24 hodoscope, three curves (in
0–5 MeV, 5–10 MeV, and 15–20 MeV of excitation en-
ergies) evidently appeared. The left and right wings
of the scintilator array are drawn seperately. The col-
ored solid lines indicate the excitation energy of 14B.
The dotted lines indicate the corresponding center-of-
mass angles. The signal-to-noise ratio is expected to be
improved by the neutron-gamma discrimination anal-
ysis.7)

Fig. 1. Kinematic correlation of neutron angle and energy

when 13B is detected downstream of SAMURAI.
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Fig. 2. Kinematic correlation of neutron angle and energy

when 12Be and deuteron are detected downstream of

SAMURAI.

Figure 2 shows the laboratory angle vs. labora-
tory energy spectrum of neutrons when both 12Be and
deuteron are selected in the HODF24 hodoscope.

These curves show that the 14B excitation energy
can be derived from the missing mass sprctrum of
neutrons, thereby implying that our experiment was
successfully performed. In the future, we will tag the
other decay channels of excited 14B and finally derive
the Gamow-Teller strength.

We express our gratitude to the RIKEN and CNS
staff for the stable operation of the accelerators during
the measurement. This work is funded by the China
Scholarship Council, KAKENHI project 16H06716,
the Japan Society for the Promotion of Science, and
Kurata Grant from the Kurata Memorial Hitachi Sci-
ence and Technology Foundation.
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Systematic study of one-proton and two-proton knockout reactions by
deuterium target

M. Miwa,∗1,∗2 T. Uesaka,∗2 Y. Kubota,∗3 H. Wang,∗2 P. Doornenbal,∗2 A. Obertelli,∗3 H. Otsu,∗2
and for the SEASTAR Collaboration

Roy J. Glauber1) first stated that an additive law does
not always hold true in nuclear reactions. He showed
that the interaction cross-sections in deuteron induced
reactions are smaller than the sum of those in proton-
and neutron-induced reactions under the same condi-
tions. The reduction in cross-section is due to hiding
one nucleon from the other in the target nucleus. This
is called an “eclipse” effect.

This effect is thoroughly investigated for the interac-
tion cross-section but not for individual reaction chan-
nels. In this work, we investigate the deuteron and pro-
ton induced one-proton and two-proton knockout reac-
tions for neutron-rich beams and discuss their systematic
behavior.

The experiment was performed after the third
SEASTAR campaign4) in May 2017, using the SAMU-
RAI spectrometer and MINOS target. A cocktail beam
including neutron-rich K, Ca, Sc, Ti, and V was pro-
duced through projectile fragmentation reactions of a
primary 70Zn beam at 345 MeV/nucleon impinging on a
beryllium target. The experimental setup was the same
as that in the SEASTAR experiment, except that liquid
hydrogen in the target container was replaced by liquid
deuterium. In the following analysis, we used the data
for liquid hydrogen as well. The liquid hydrogen and
deuterium targets with thicknesses of 1.1 and 2.6 g/cm2,
respectively, were used as secondary targets. Beams of
51K, 52–54Ca, 56–57Sc, 58–60Ti, and 61–62V with an ini-
tial energy of ∼240 MeV/nucleon lost their energies by
∼90 MeV/nucleon in the target. Therefore, the cross-
sections evaluated in this work are averaged over the
energy range. The secondary beam and fragments were
identified event by event using the ∆E-TOF-Bρ method.

The systematic of interaction and one- and two-proton
knockout reactions for the neutron-rich beams were ob-
tained. In the data analysis, the MINOS-TPC tracking
was not required and the cross-section was obtained by
counting the number of relevant isotopes in the focal
plane detectors of the SAMURAI spectrometer. Owing
to large acceptance of the SAMURAI spectrometer, all
beam particles and the products of one- and two-proton
knockout reactions were collected. Figure 1 summarizes
the data for the cross-section ratio of a deuteron tar-
get to a proton target plotted for nuclides in the cock-
tail beam. The green, blue, and red plots the repre-
sent interaction, one-, and two-proton knockout reac-
tion cross-sections respectively. The ratios of interac-
tion cross-sections had an almost constant value ∼1.2
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Fig. 1. Ratio(σd/σp) of cross-sections of a deuteron target to
a proton target.The horizontal axis is the beam isotope.
The green, blue, and red plots represent the interaction,
one-proton, and two-proton knockout the reaction cross-
sections respectively.

for all isotopes. This is qualitatively attributed to the
eclipse effect as mentioned above. The ratios of one-
proton knockout cross-sections had slightly larger values
∼1.5. This is due to the difference in elementary pro-
cesses. The cross-sections for p-n scattering were 60%
larger than those for p-p scattering. Thus, the cross-
section comprising deuterium and a neutron is larger
than that of hydrogen. It should be to noted that the
ratios of interaction and one-proton knockout reaction
cross-section exhibited very small isotope dependences.

In contrast, the result of two-proton knockout cross-
sections shows a significantly large deuteron/proton ra-
tio. This value cannot be understood by the eclipse ef-
fect and/or the difference in elementary processes. We
presume it originates from unknown mechanisms, which
might enhance the cross-section of two-proton knockout
with a deuterium target. Practically, the large values
indicate the usefulness of a deuterium target in the pro-
duction of neutron-rich nuclei via two-proton knockout
reactions.

the data for neutron knockout reactions and chan-
nels with one and more neutron evaporation were also
recorded. The systematic data can provide a compre-
hensive understanding of deuteron induced reactions.

References
1) R. J. Glauber, Phys. Rev. 100, 242 (1955).
2) A. Obertelli et al., Eur. Phys. J. A 50, 8 (2014).
3) H. Wang et al., Phys. Lett. B 754, 104 (2016).
4) P. Doornenbal, A. Obertelli, RIKEN Proposal for Scien-

tific Program, (2013).

0

2

4

6

8

51K 52Ca 53Ca 54Ca 55Sc 56Sc 57Sc 58Ti 59Ti 60Ti 61V 62V
Isotope

Si
gm

a_
d/

Si
gm

a_
p



Ⅱ-1. Nuclear Physics

- 33 -

RIKEN Accel. Prog. Rep. 52 (2019)

Study of spin-isospin response of 11Li (SAMURAI30 experiment)
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The spin-isospin responses of 11Li and 14Be neutron
drip line nuclei were measured in charge-exchange (p,n)
reactions. Until recently, only the spin-isospin collec-
tivity in stable isotopes was investigated.1) There is no
available data for nuclei with large isospin asymmetry
factors, where (N −Z)/A >0.25. The (p,n) reactions at
intermediate beam energies (E/A >100 MeV) and small
scattering angles can excite Gamow-Teller (GT) states
up to high excitation energies in the final nucleus, with-
out Q-value limitation. The combined setup of PAN-
DORA2) and SAMURAI spectrometer3) with a thick liq-
uid hydrogen target (LHT)4) allowed us to perform the
experiment with high luminosity. In this setup,5) PAN-
DORA was used for the detection of the recoil neutrons
while SAMURAI was used to tag the decay channel of
the reaction residues.

The secondary cocktail beam of 11Li and 14Be was
transported onto the 10 mm-thick LHT.6) The neutron
detector setup on the left and right sides of LHT con-
sisted of 27 PANDORA and 13 WINDS7) plastic scintil-
lator bars. The neutron kinetic energies were deduced by
the time-of-flight (ToF) technique (1.25 m flight path).
The ToF time reference was taken from SBT1,2 plastic
scintillators. The left and right wings with respect to the
beam line covered the laboratory recoil angular region
of 47◦–113◦ and 62◦–134◦, respectively, with 3.25◦ steps.
PANDORA was optimized to detect neutrons with a ki-
netic energy of 0.1–5 MeV. The light output threshold
was set to be 60 keVee . The digital data-acquisition
(DAQ) of PANDORA was combined8) with standard
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th vs. Tn left

Fig. 1. Recoil neutron energy spectrum as a function of scat-
tering angle in the laboratory frame.

DAQ of SAMURAI.
The reaction residues were momentum analyzed

by the SAMURAI spectrometer, using HODF24 and
HODP detectors.9) Figure 1 shows a preliminary plot
of kinetic energy as a function of laboratory scatter-
ing angle for recoil neutrons associated with 11Li beam.
We required the simultaneous detection of 9Li and d in
HODF24 and neutron detection10) in PANDORA.

A clear kinematical correlation between the measured
kinetic energy and the laboratory scattering angle, above
18 MeV excitation energy (Ex), was obtained. This for-
ward scattering peak (2◦–7◦ in the center-of-mass sys-
tem) suggests a GT transition. The 9Li + d decay chan-
nel of 11Be is observed for the first time. Reconstruction
of the excitation-energy spectrum up to about 30 MeV,
including the GT giant resonance region, is ongoing.
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Overview of the experimental setup of SAMURAI30 to measure the
11Li(p,n) reaction in inverse kinematics
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In this report, we provide an overview of the setup
used in the SAMURAI30 experiment performed at the
RI Beam Factory (RIBF) of RIKEN Nishina Center in
the spring of 2018.

The experiment was performed to measure the (p,n)
reaction on 11Li1) and 14Be.2) A secondary cocktail
beam was produced via the fragmentation reaction of
a 230 MeV/nucleon 18O primary beam on a 14 mm-
thick 9Be target installed at the F0 focal plane of
the BigRIPS separator. The secondary cocktail beam
consisted of 11Li at 182 MeV/nucleon and 14Be at
198 MeV/nucleon with purities of 48% and 19%, respec-
tively. The total beam intensity was 5× 105 particle/s.

The SAMURAI spectrometer3) was used as the key
device to tag the (p,n) reaction channel through par-
ticle idenfication of beam residual nuclei.4) The large
acceptance by the SAMURAI spectrometer was crucial
to detect a wide range of residual nuclei with different
mass and proton numbers in the same setup.

Figure 1 shows a schematic view of the experimen-
tal setup around the SAMURAI spectrometer. Two 1-
mm-thick plastic scintillators (SBT1, 2) were installed
downstream of STQ25 for the detection of beam par-
ticles. Two multi-wire drift chambers were installed
(BDC1, 2) to tune the beam focus. The secondary
beam was transported onto a liquid hydrogen (LH) tar-
get with a thickness and diameter of 10 and 60 mm,
respectively5,6) (rotated by 45◦) at the secondary tar-
get position of SAMURAI (F13).
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Fig. 1. The schematic view of the experimental setup
around the SAMURAI spectrometer.

The PANDORA neutron detector setup consisted of
40 plastic scintillators and was placed on the left and
right sides of the LH target. The neutron-gamma pulse-
shape discrimination (PSD) capability of PANDORA
in combination with a new DAQ system based on dig-
itizers7) enables the reduction of the gamma-ray back-
ground originating from the enviroment as well as from
the beam.8) PANDORA was optimized to detect neu-
trons with a kinetic energy of 0.1–5 MeV. The reaction
residues entered SAMURAI after passing through the
forward drift chamber, FDC0. The magnetic field of the
spectrometer was set to 2.75 T. At the focal plane of
SAMURAI, walls consisting of 24 and 16 plastic scintil-
lator bars, HODF24 and HODP, were installed to mo-
mentum analyze the reaction residues. NEBULA was
used to detect the fast decay neutrons of the reaction
products (decays by 1n and 2n emissions).

We are grateful to the RIKEN accelerator staff and
CNS, University of Tokyo, for their continuous efforts
to accomplish this stable beam accelration.
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Neutron-neutron correlation in Borromean nucleus 11Li
via the (p, pn) reaction
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Dineutron is a hypothetical bound state of two neu-
trons in a nuclear medium and spatially localized pair,
which is different from the one obtained via the BCS
mechanism.1) The neutron-neutron correlation from the
dineutron is expected to appear in various circum-
stances such as the surface of weakly bound neutron-
rich systems and inner crust of the neutron stars. With
the advent of RI beam facilities, extended experimental
studies on the dineutron correlation on 11Li have been
conducted such as E1 strength measurement using the
Coulomb breakup reaction2) and neutron momentum
measurement using the carbon-induced knockout reac-
tion.3) Dineutron correlation has been experimentally
indicated through the smaller opening angle of two neu-
trons with respect to the core but its signature was in-
tegrated over the whole volume or limited region of the
system owing to the methodology.4) The kinematically
complete measurement of the quasi-free (p, pn) reaction
was thus performed with 11Li, 14Be, and 17, 19B to ob-
tain the correlation angle θnf as well as the missing
momentum k, which provides radial information about
the neutron in its initial state.

The measurement was performed at RIBF using the
SAMURAI spectrometer.5) For higher statistics, the
15-cm-thick liquid hydrogen target MINOS6) was used
with a 200 kpps 11Li beam. The (p, pn) setup com-
posed of the neutron detector WINDS,7) recoil proton
detector, and gamma-ray detector array DALI28) was
newly configured to realize the kinematically complete
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Fig. 1. cos θnf dependence of the double differential cross-
section for each missing momentum k. The horizontal
and vertical axes show the correlation angle and double
differential cross-section, respectively. Each spectrum is
scaled for the comparison. Errors are smaller than the
symbols.

measurement.
Figure 1 shows the cos θnf dependence of the dou-

ble differential cross-section at k ∼ 0.3 and 0.7 fm−1,
corresponding to the outer and inner part of 11Li, re-
spectively. The figure exhibits apparent k-dependence
of the correlation angle. The large negative slope at
k ∼ 0.3 fm−1 is the signature of the dineutron cor-
relation in this region. The slope is almost flat at
k ∼ 0.7 fm−1, indicating a weak correlation. This result
reveals that the dineutron correlation is favored in the
outer region of 11Li, which is qualitatively consistent
with the theoretical predictions.1)
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Particle identification of light charged particle by SπRIT-TPC in Sn-Sn
isotopic reactions
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The nuclear equation of state (EOS) is one of the most
attractive subjects in nuclear physics and astrophysics.
Intermediate energetic heavy ion collisions (HIC) with
high isospin asymmetry provide us critical knowledge to
constrain the density dependence of the symmetry en-
ergy, which contributes to the asymmetric nuclear EOS.
Various types of models have predicted that the spec-
trum of π−/π+ from HIC has a high sensitivity to the
symmetry energy;1,2) however, the lack of experimental
data and the model dependence are still a problem. At
intermediate energies, since the π meson production is
dominated by the decay of the ∆ resonance state, which
is excited from the inelastic nucleon-nucleon scattering,
nucleon dynamics in the participant region indirectly in-
fluences the final yield of π mesons. Recent progress in
calculations based on AMD shows that the cluster cor-
relation alters the nucleon dynamics and has a consider-
able influence on the final yield of π−/π+ as well as the
sensitivity of the symmetry energy.3) Therefore, precise
information on the cluster production in HIC is desired.
In order to estimate the relative production rate of light
clusters emitted from Sn-Sn reactions at 270 MeV per
nucleon,4) mass evaluation for the light charged parti-
cles is ongoing, which will be described in this report.

The SAMURAI Pion Reconstruction and Ion Tracker
Time Projection Chamber5) was placed into the gap of
the SAMURAI dipole magnet at 0.5 T, which allows us
to measure the energy deposit per unit length (dE/dx)
and the magnetic rigidity of the charged particles indi-
vidually. In order to calibrate dE/dx and to estimate
the resolution of particle identification, the numerical
mass is calculated as follows. The mean dE/dx for rela-
tivistic charged particles in a material is described well
by the Bethe equation,6) −⟨dE/dx⟩ = fBethe(β), where
β is the velocity of the incident particle. Furthermore,
β2 = (zR)2/(m2 + (zR)2), where z is the charge, and R
and m are the rigidity and mass, respectively. If the ex-
perimental locus of dE/dx and the rigidity for a certain
particle species can be fit by g(β) = a × fBethe(β) + b
with fixed z and m (for an example of proton, z = 1 and
m = 938.272 ... MeV/c2), the empirical dE/dx calcula-
tor is obtained. Finally, by solving the equation

(dE/dx)measured − (a× fBethe(β) + b) = 0 (1)

Fig. 1. Mass spectrum calculated from dE/dx and rigidity
by using Eq. (1). θ and ϕ are polar and azimuthal angles
in the laboratory frame, respectively.

in terms of mass with z for a certain particle and the
obtained coefficients a and b, we can calculate the mass
from the measured dE/dx and rigidity. Figure 1 shows
the mass spectrum calculated by Eq. (1) for a restricted
angle, where the coefficients a and b are obtained by
fitting the proton locus of dE/dx and rigidity. The pro-
tons, deuterons, and tritons are well resolved, but the
peak positions are slightly shifted for deuterons and tri-
tons since only the proton locus is considered for the
fitting.

In Ref. 6), a highly-skewed Landau distribution is in-
troduced to calculate the energy loss, which considers
the fluctuations of the energy loss during interactions
with a thin absorber material. Investigation on the res-
olution using Landau formula is also ongoing.
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der Grant Nos. DE-SC0004835, DE-SC0014530, DE-
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and the Polish NSC Grant Nos. UMO-2013/09/B/ST2/
04064 and UMO-2013/10/M/ST2/00624. The comput-
ing resources for analyzing the data were provided by
the HOKUSAI system at RIKEN.
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Recent results of collective flow for SπRIT-TPC experiment
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The SAMURAI Pion-Reconstruction and Ion-Tracker-
Time-Projection Chamber (SπRIT-TPC)1) project aims
to constrain a nuclear equation of state (EoS) at supra-
saturation density using heavy ion collisions. The
SπRIT-TPC was designed to measure π−/π+ produc-
tion ratio depending on isospin asymmetry. Since the
pions are expected to be produced through the ∆ res-
onance formation, π−/π+ ratio is related to some kind
of nuetron-to-proton squared ratio which is then sup-
posed to be sensitive to the symmetry energy at high
densities.3)

Additionally, measurements of collective flow with
proton and neutron are proposed as a useful probe2) to
nuclear EOS, because neutrons are repelled from dense
region as a result of the repulsive isospin symmetry po-
tential with increase of density, while protons are oppo-
site.

The first experiment had been performed in April 2016
with 132Sn and 108Sn beams at 270 MeV/nucleon on
112Sn and 124Sn targets at SAMURAI in RIBF. Neu-
trons were detected by NeuLAND4) covering the mid-
rapidity region. In this paper, recent results of the col-
lective flow for proton and neutron will be discussed.

A track reconstruction was done using SπRITROOT
software and particle identification ability is discussed
in Ref. 5).

An orientation angle of reaction plane, Ψ was deter-
mined with summing up a transverse momentum of light
charged fragments, p, d, t, 3He, and 4He event by event,
as following.

−→
Q =

(
Q cosΨ
Q sinΨ

)
=

N∑
k=1

ωk

(
cosϕk

sinϕk

)
(1)

ωk =

{
1 if rapidity in the center of mass > 0

−1 otherwise

Since the distribution of Ψ was distorted due to a rect-
angular shape of SπRIT-TPC, it was corrected applying
a re-centering and a shifting method.6) The azimuthal
angle distributions with respect to Ψ were plotted for
protons measured with 132Sn + 124Sn in Fig. 1. In these
plots, Ψ was determined with all light fragments ex-
cluding itself to avoid auto correlation. Red lines shows
fitting results with a formula

Fig. 1. Azimuthal angle distributions of proton with respect
to Ψ . The rapidity coverages in the center of mass
are (a) target-rapidity: −4.0 ∼ −0.06, (b) mid-rapidity:
−0.06 ∼ 0.06, and (c) Beam-rapidity: 0.06 ∼ 4.0). Red
lines indicate fitting with Eq. (2).

2π

N

dN

dϕ
= 1 + 2v1 cos(ϕ) + 2v2 cos(2ϕ) + ... (2)

The negative and positive v1 were observed in the tar-
get (a) and beam rapidity region (c), which is the ev-
idence of directed flow. The negative v2 was observed
in the mid rapidity region (b), which indicates out-of-
plane elliptic flow of protons. The strength of v1 and v2
are needed to be corrected with a reaction plane reso-
lution to compare between 132Sn + 124Sn and 108Sn +
112Sn collisions. Neutron’s collective flow was also ob-
served within a limited acceptance. Simulation and fur-
ther analysis are necessary to extract EoS information.
Addition to neutron to proton ratio, 3H to 3He analysis
is ongoing, which is expected to serve in resolving am-
biguities caused by the effective-mass splitting between
neutrons and proton.
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New implant-decay correlation method for β-delayed neutron
emission measurements with the BRIKEN setup
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With the observation of a binary neutron-star
merger accompanied by the spectroscopic identifica-
tion of r -process nucleosynthesis1) taking place in
2017, there have been major developments in identi-
fying a site of the r -process. These new observations
will increase the demand for precise nuclear data that
is necessary to reach a clearer understanding of the r -
process mechanisms thought to be occurring in these
environments.

In June 2017, an experiment was performed to study
the decay properties of the β-delayed neutron emitters
in the mass region A = 130 near the doubly magic
nucleus 132Sn. The active-stopper array AIDA2) was
placed at F11 with the nuclei of interest being im-
planted and detected alongside their subsequent de-
cays in the silicon detector stack. Neutrons emitted
from the β-decay of the implanted ions were detected
by the BRIKEN neutron counter array3,4) surround-
ing AIDA. The neutron counter array consisted of 140
gas-filled 3He counters, which were held inside a large
moderation block made of high-density polyethylene.

In carrying out analysis on the data, a new method
of correlating beta events with implanted ions was de-
veloped. As the detectors that comprise the AIDA
detector stack are double-sided silicon strip detectors
(DSSDs), positional information of both high energy
implant and low energy decay events is obtained. With
β-decay energies of 100 s of keV and a narrow strip
pitch of 560 µm, decay events will be spread across
multiple strips. This results in a trade-off between
detection efficiency and a background from electronic
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Fig. 1. Comparison between the old correlation method (a)
and the new method (b). In both images the red circle
indicates an implant particle, the orange circle a beta
particle and the blue circles as noise events.

noise for low energy signals, which is sensitive to the
detection threshold and the correlation method.

In previous experiments single points have been as-
signed to the location of the implants and betas with
correlation performed based upon the beta points that
fall within an area around the implant signal, typically
a 7×7 pixel square shown in Fig. 1 a). The new method
instead takes into account all of the strips that fire dur-
ing an event and assigns an area for both implant and
decay signals. Correlations can then be performed by
searching for an overlap between the areas of the beta
and implant events as shown in Fig. 1 b). This new
method has been shown to reduce the amount of noise
correlated with implants whilst maintaining the beta-
detection efficiency of the previous method, as noise
events that would otherwise fall within the 7× 7 area
will now be rejected.

The data analysis for the experiment is ongoing.
The data shows the potential of the BRIKEN setup to
extend the systematics of β-delayed neutron emission
probabilities along the N = 82 and Z = 50 shell clo-
sures south and east of 132Sn. The results will improve
the reliability of nuclear data for r -process models.
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Progress on the measurements of Pn-values and half-lives for
understanding the formation of the r-process rare-earth peak
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The Rare Earth Peak (REP) is a small, but clearly
distinctive, peak around mass A ∼ 160 in the elemental
solar system abundances created by the rapid neutron-
capture process (r-process). In contrast to the r-process
abundance peaks associated with neutron shell closures
(e.g. A ∼ 130, 195), which are formed during the
(n, γ) ↔ (γ, n) equilibrium, the REP is formed later
after the neutron exhaustion. Thus, the understand-
ing of the REP formation offers a unique probe for
the study of the late times environmental conditions
in the r-process site. According to theoretical mod-
els,1) masses, β-decay rates, β-delayed neutron emission
probabilities (Pn) and the capture rates play a key role
in the formation of the REP. The most influential nuclei
to the REP formation have been determined by sensi-
tivity studies to be the neutron-rich region with mass
A ∼ 160 from Cs to Gd.2) The physical input for these
sensitivity studies is based on current nuclear model cal-
culations. Recently, several of the half-lives in the REP
region have been measured by the EURICA collabo-
ration at RIBF in the RIKEN Nishina Center.3) More
recently, the largest and most efficient β-delayed neu-
tron detector of its kind has been built by the BRIKEN
collaboration,4) at the RIKEN Nishina Center, for a
systematic study of the decay properties of the most
exotic neutron-rich nuclei, including the REP nuclei,
accessible currently by experimental means. A detailed
description of the BRIKEN detector and the scientific
program of the BRIKEN project is provided by Tain et
al.5)

The NP1612-RIBF148 experiment make use of
BRIKEN for the measurement of β-delayed neutron
emission probabilities and half-lives in the REP nu-
clei region. The experiment has been allocated with
10 days of total beamtime. An exploratory experimen-
tal run (2.5 days in total) was carried out in 2017 with
a setting centered on 167Sm, the heaviest most exotic
accessible REP nuclei. This run has provided data for
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Fig. 1. Preliminary analysis from partial data for the β-

decay for 157Pr.

measurement of some new half-lives in the region from
Gd to Pm.6) However the statistics for precise mea-
surement of Pn-values was rather poor. In 2018 a new
experimental run has been carried using a total of 5.0
days of beamtime. The 2018 run has used a setting
centered on 165Pm, providing data for measurement of
Pn-values in the region from Ce to Eu. In Fig. 1 is pre-
sented the preliminary analysis of partial data for the
case of 157Pr. The analysis make use of the approach
developed by Tolosa-Delgado et al.7) for a consistent fit
of parameters of the decay chain in implant-β-gated and
implant-β-neutron-gated time correlation histograms.
The preliminary analysis yielded a half-live of 327 ms,
in agreement with the previous EURICA measurement
(295 ms +10% −4%), and a new Pn-value of 6.8%.

In summary, three quarters of the allocated beam-
time for the experiment have been completed. The
coverage region of the experimental data from 2017 and
2018 runs, for measurement of the REP Pn-values and
half-lives, extends from Ce to Gd nuclei. The detailed
data analysis of this region is ongoing.
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β decays of the heaviest N = Z − 1 nuclei and proton instability of
97In†
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Interesting nuclear structure phenomena can be ob-
served at the limits of neutron or proton binding, pro-
viding sensitive probes of shell evolution and/or collec-
tive behaviors. Studies have found the doubly magic
100Sn to be stable against proton emission, confirm-
ing the robustness of the N, Z = 50 shells. Searches
for even more neutron-deficient nuclei below 100Sn re-
sulted in a discovery of new isotopes, while also reach-
ing the proton dripline for Rh and Ag isotopes.1)

From a decay spectroscopy experiment at the RIBF,
half-lives, β-decay endpoint energies, and β-delayed
proton emission branching ratios of N = Z − 1 nu-
clei 91Pd, 95Cd, 97In and 99Sn were measured with the
wide-range active silicon strip stopper array for β and
ion detection2) (WAS3ABi). The results, summarized
in Table 1, are consistent with β decays of mirror nu-
clei containing a mixture of Gamow-Teller and Fermi
decay components.

The apparent stability of 97In against proton emis-
sion was investigated. Based on the deficit in the β-
decay amplitude of the parent nucleus, an isomeric
state in 97In decaying to 96Cd via one-proton emis-
sion was proposed. Although this decay branch has
not been detected directly, the observation of a γ-ray
transition belonging to the β decay of 96Cd was a sup-
porting evidence for the proton-emitting isomer. The
missing proton events were hypothesized to have oc-
curred in a time range between the ions’ flight through
the BigRIPS and ZeroDegree separators (∼600 ns) and
the 600-µs deadtime of WAS3ABi.

From the shell model perspective, 97mIn is formed
by promoting a π1p1/2 proton into the π0g9/2 orbital,
leaving an unpaired proton in the π1p1/2 orbital and
resulting in a spin-parity of (1/2−). The large spin
difference and parity change suppress a γ-ray decay
branch to the (9/2+) ground state. Experimental half-
life limits on the isomer were converted into a hypo-
thetical proton energy range through a theory on pro-
ton emission.3) As shown in Fig. 1, the lower angular
momentum barrier for proton emission from the π1p1/2
orbital compared to the π0g9/2 orbital would facilitate
proton emission from the isomer. This result is con-

Table 1. Half-lives, β-decay endpoint energies, log ft val-

ues and β-delayed proton emission branching ratios of
91Pd, 95Cd, 97In and 99Sn.

Nucleus T1/2 (ms) QEC (MeV) log ft bβp (%)
91Pd 32(3) 11.8(22) 3.4(5) 3.0+1.1

−0.9
95Cd 32(3) 10.2(17) 3.1(5) 4.5+1.2

−1.0
97In 28(5) 10.0(30) 3.0(9) 1.7+1.7

−0.8
97mIn 1.3–230 µs
99Sn 24(4) 14.7(36) 3.8(7) 3.9+3.4

−1.7

Fig. 1. Left: theoretical T1/2 as a function of emitted

proton energy Qp and orbital angular momentum l.

Right: experimental proton separation energy Sp of the

ground state of 97In compared with different mass pre-

dictions.4–9)

sistent with a few mass models which predict 97In to
undergo β decay as opposed to proton emission.
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Beta-gamma spectroscopy of neutron-rich 150Ba†
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Intruder orbitals due to the strong l · s coupling in
atomic nuclei can cause higher-order interactions, for ex-
ample, octupole-deformed shapes energetically favored
in certain nuclei. Octupole correlations (λ = 3) are
caused by the interactions between orbits with ∆j =
∆l = 3. Nuclei with Z or N = 34, 56, 88, and 134
possess such orbits at or close to the Fermi surface and
are expected to have strong octupole correlations. Re-
cently, static octupole deformation was reported in the
Z ∼ 88, N ∼ 134 (Ra) region by Gaffney et al.2) and
at Z ∼ 56, N ∼ 88 (Ba) by Bucher et al.3) However,
the result that 148Ba may have strong octupole corre-
lation as 144Ba does4) raised a question whether 150Ba
also possess strong octupole correlation.

Neutron-rich Ba (Z = 56) isotopes were produced at
RIBF and measured by means of β-γ spectroscopy at the
F11 focal plane of the ZeroDegree spectrometer. An ac-
tive stopper, WAS3ABi,5) and HPGe array, EURICA,6)
were used for β-ion correlation and γ-ray detection, re-
spectively. The γ-ray spectrum of the 150Cs decay within
0.2 s after implantation is shown in Fig. 1. The esti-
mated continuum background is overlaid. Two peaks at
100 and 597 keV were assigned as transitions in 150Ba
after a log-likelihood ratio test requiring 4σ significance.
From the systematics of 144–148Ba, the 100-keV and 597-
keV γ rays were assigned as 2+1 → 0+ and 3− → 2+1
decay, which are also consistent with their intensities.
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Fig. 1. A γ-ray spectrum from the β decay of 150Cs.

A calculation with the Hartree-Fock method and the
random-phase approximation (RPA) was newly per-
formed.7,8) The calculation predicted that 150Ba has a
large ground-state octupole deformation, β30 = 0.15, as
those of the even-even A = 144 to 148 isotopes. The
RPA calculation predicted a J = 3 excitation of 150Ba
at 0.76 MeV, which may be the observed 697 keV state.
The calculated state has B(E3) = 35 W.u., indicating
that the state is an octupole collective state rather than
a single particle one.

In summary, the newly measured E(2+1 ) and possibly
E(3−) of 150Ba indicate that the quadrupole deforma-
tion of 150Ba is larger than that of 148Ba, and there
may exist a negative-parity J = 3 band with a large
octupole collectivity. A newly performed HF-plus-RPA
calculation predicted a static octupole deformation in
the A = 140 to 150 Ba isotopes and excited states with
octupole collectivity at around 1 MeV. The results show
that 150Ba has a large octupole collectivity and that the
region of octupole correlations around Z = 56, N = 88
may be wider than expected.9,10)
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Preliminary results on β-decay of the Tz = −1 nucleus 66Se at RIBF
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In this paper, the preliminary results of the analysis
of the NP1112-RIBF82 experimental campaign are pre-
sented. The main goal of this study is the Tz = −1 66Se
β-decay.

66Se was produced using a primary beam of 78Kr
with 345 MeV/nucleon and a target of Be. The nu-
clei of interest were separated and identified at the Bi-
gRIPs mass separator by the ΔE-ToF-Bρ method (see
Fig. 1 inset). The nuclei of interest were implanted in
three Double-Sided Silicon Strip Detectors (DSSSDs)
named WAS3ABi, surrounded by the EUROBALL-
RIKEN Cluster Array1) (EURICA).

The β and γ spectra were obtained by the correlations
between implants and decays within a ±400 ms time

Fig. 1. Beta spectrum from 66Se decay with background sub-
tracted and PID selection of 66Se implants identified by
the BigRIPs mass separator.
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window. Backward correlation times were used to sub-
tract random correlations. In Fig. 1, the β spectrum
with background subtraction is shown. A similar proce-
dure was applied to obtain the γ-spectrum, considering
that EURICA was triggered by WAS3ABi. In Fig. 2 the
γ-spectrum is shown.

We present here the first experimental results on the
β-delayed gamma decay of 66Se. Two gamma lines
were previously observed in the isomeric decay2) and in-
beam study3) of 66As. They correspond to the gamma-
deexcitation of two levels with Jπ = 1+ and 2+ at
836 keV and 964 keV energy respectively. Through
our analysis, we could identify three additional levels
by implant-γ and implant-γ-γ correlation analysis (see
Fig. 3).

Fig. 2. Gamma spectrum following 66Se decay, background
subtracted. In green, γ lines identified in 66Se β-decay.

Fig. 3. (Color online) Preliminary level scheme for 66Se de-
cay. Levels previously known in the literature are shown
in black, blue lines correspond to this work.
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Study of β-decay of 71Kr
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In this paper, we present the preliminary results of the
analysis of the experiment NP1112-RIBF93, in particu-
lar, the ones related to our study of the β-decay of 71Kr.
The main objective of the NP1112-RIBF93 experiment
is to study p-n pairing and isospin-related features in
the structure of 70, 71Kr through their β-decays.

71Kr nuclei were produced in the fragmentation of a
78Kr primary beam with an energy of 345 MeV/nucleon.
The high intensity beam provided by the accelerator
complex of the RI Beam Factory (RIBF) enabled us to
achive primary beam currents around 40 pnA. The pri-
mary beam impinged on a 5 mm thick Be target to pro-
duce a cocktail beam. After the separation and selection
in the BigRIPS separator (see Fig. 1), the nuclei were
implanted in the WAS3ABi active stopper, surrounded
by the EURICA γ-ray spectrometer.1)

Standard β-γ and β-γ-γ coincidence techniques were
applied to study the β-decay of 71Kr. New γ transi-
tions have been identified based on the comparisons be-
tween the half-lives obtained from implant-β-γ correla-
tions and the half-life values determined from the cor-
responding correlations of previously identified γ-rays
that belong to the 71Kr decay (198, 207 and 397-keV
transitions). In total, 4 new γ transitions have been
identified. After the identification of all γ-rays that be-
long to this decay, γ-γ coincidences were also studied.
A new half-life value was determined using the implant-
β-γ time correlations with coincidence conditions on the
strongest identified γ-rays of the decay. Several factors
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Fig. 1. Identification plot for the isotopes produced in 78Kr
fragmentation for the 71Kr setting.

Fig. 2. Half-life of 71Kr determined in this work.

that can influence the quality of the fit and the final
value were taken into account as in our previous 70Br
study.2) Figure 2 shows the half-life of the 71Kr decay ob-
tained with this method. The half-life obtained of T1/2

= 96.55(79) ms for this decay was significantly consistent
with the previous measurements and it is the most pre-
cise value reported until now in the literature. Presently,
a new decay scheme is being constructed. The analyses
of the 70, 71Kr β and the possible 71Kr isomer decays are
still in progress.
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Coexisting single-particle and octupole states in 133Sn
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The experimental study of single valence particle
(hole) nuclei provides crucial experimental data for nu-
clear structure studies. In particular the energies of
low-lying levels in these nuclei can provide the effec-
tive single-particle (hole) energies used in shell-model
calculations.1) In experiment RIBF-85,1,2), which was
part of the EURICA campaign, the single valence neu-
tron nucleus 133Sn was studied following the β- and
β-n decay of 133, 134In parent nuclei. This has al-
lowed the energies of several single-particle states to
be verified and the γ decays of new levels observed.
To date all single-particle states in the N = 82–126
valence shell have been directly experimentally iden-
tified in 133Sn, except the νi13/2 one.3–5) Furthermore
the recent report of enhanced quadrupole and octupole
strength in 132Sn6) allows searches for more complex
states to be performed. The co-existence of spheri-
cal single-particle and collective states appears to be a
ubiquitous feature of the nuclear landscape.
The high Qβ and Qβ−n values of 14135(60) keV and

11110(270) keV for the β and β-n decays of 133, 134In,
respectively, make them ideal for studying a wide range
of states in 133Sn. The differing spins of the ground
states of these nuclei [(9/2+) and (4−−7−)] mean that
levels with different spin ranges should be populated.
The experimental γ-ray spectrum obtained follow-

ing the decay of selected and implanted 133In ions is
presented in Fig. 1. Many transitions previously as-
signed to 132Sn are observed.7) A new γ decay of en-
ergy 1779 keV is assigned to 133Sn as this transition
was observed following both the β decay of 133In and
the β-n decay of 134In. The 1561-keV transition, previ-
ously reported in several experiments is confirmed.3–5)

However, no evidence was found for the 513- and 854-
keV γ decays of the νp3/2 and νp1/2 states from parent
133In nuclei.4) This shows that 133In was much more
strongly populated in its πg−1

9/2 ground state, than the

πp−1
1/2 long-lived isomer. The γ decay of the 854-keV

νp3/2 state was however observed following the β-n de-
cay of 134In.

The 1561-keV transition receives more than one
third of the total feeding intensity following the β-n
decay of 134In. The weak population of the 1779-keV
state in 133Sn following β-n decay means that it may
have a positive parity.
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Fig. 1. γ-ray spectrum obtained from the β-decay of 133In

in the current work.

Octupole excitations are amongst the first few ex-
cited states in 132Sn7) and have recently been shown
to possess enhanced collectivity.6) As the 1779-keV
state has not been populated in transfer reaction ex-
periments then its isospin quantum number is proba-
bly different to that of the neighboring states4,5,8) The
1779-keV state probably has a νf1

7/2⊗3− configuration
and is lowered in energy due to an attractive proton-
neutron interaction.
Following the β decay of 133In the log ft value for

the 1779-keV state was measured to be 6.9(1). This is
compatible with either a first-forbidden transition or a
hindered allowed Fermi one. Here the hindrance occurs
due to ΔT �= 0 between the initial and final states,
which impedes Fermi transitions. This underlines the
complex nature of the octupole state, which contains
multiple particle-hole excitations.
Evidence of coexisting single-particle and octupole

states at an energy of ∼1.6 MeV in 133Sn is presented.
It is a theoretical challenge to reproduce these states.
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Inelastic scattering of neutron-rich Ni and Zn
isotopes off a proton target†
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One of the most important insight on nuclear struc-
ture obtained from studies performed at radioactive ion
beam facilities is the modification of the shell closures
with varying number of protons and neutrons.1) This
shell-evolution has been widely studied, in particular
on the neutron-rich side of the nuclear chart. Experi-
mental evidence suggests, for example, the appearance
of new magic numbers at N = 32, 34 in Ca isotopes,2,3)

as well as the disappearance of the shell closures at
N = 8, 20 and 281) in various neutron-rich isotopes.
For the Ni isotopic chain, the reduced transition proba-
bility, B(E2)↑, measured between N = 28 and N = 40,
shows a parabolic trend which indicates a subshell clo-
sure at N = 40. A measurement of the B(E2)↑ value of
70Ni indicated an enhanced collectivity for N = 42,4)

thus a possible weakening of the Z = 28 gap towards
78Ni. In contrast, measurements of 72, 74Ni5,6) show a
reduced B(E2)↑ value for these isotopes, corroborating
the magic character of the N = 50 and Z = 28 shell
gaps.

In the experiment, performed at the RIBF as part
of the first SEASTAR campaign, a 238U primary beam
with an energy of 345 MeV/nucleon and an average
intensity of 12 pnA impinged on a 3 mm thick 9Be tar-
get at the entrance of BigRIPS.7) After selection and
identification, 72, 74Ni and 76, 80Zn ions were focused on
the MINOS device,8) composed of a 102(1) mm long
liquid hydrogen target surrounded by a Time Projec-
tion Chamber (TPC). Due to the low efficiency of MI-
NOS for the (p, p′) reaction, the information of the TPC
was not used, leading to a decrease of the resolution of
1 MeV γ-rays from a typical 9% using MINOS, to 14%.
Reaction products were identified using the ZeroDe-
gree spectrometer,7) and γ rays were detected with the
DALI2 array,9) composed of 186 NaI(Tl) detectors. The
full-energy-peak efficiency of the array was determined
using a detailed Geant4 simulation and was found to
be 14% at 1.33 MeV with an energy resolution of 6.2%
(FWHM) for a stationary source.

Direct proton inelastic scattering cross sections to the
2+1 and 4+1 states were inferred from the γ-ray spec-
trum of each isotope. Such cross sections were analyzed
considering two reaction models. First, a microscopic

approach, based on transition densities obtained from
Quasiparticle Random Phase Approximation (QRPA)
and the Jeukenne-Lejeune-Mahaux (JLM) potential,10)

was used to calculate theoretical inelastic scattering
cross sections. To deal with the high energies of the
beam in front of the target (≈ 270 MeV), an extension
of the JLM folding model above 200 MeV/nucleon was
developed. This approach provided the theoretical
cross sections for inelastic scattering to the 2+1 state
of 72, 74Ni and 80Zn. By comparing the theoretical and
experimental cross sections, neutron-to-proton matrix
element ratios, Mn/Mp, were obtained. The results
suggest that for the Ni isotopes (Mn/Mp) > (N/Z),
which implies that the contribution of the neutrons to
the collectivity is enhanced. For 80Zn, the calculation
yields (Mn/Mp) < (N/Z), which is in agreement with
an increased role of the protons to the collectivity. Sec-
ond, deformation lengths for the first quadrupole exci-
tation of each isotope were obtained using the ECIS-
9711) code. The calculations included a collective vi-
brational model and used the KD02 global optical po-
tential.12) From the deformation lengths a matter de-
formation parameter β2(p, p

′) was obtained and com-
pared with previously measured charge deformations,
β2(EM). For the Ni isotopes β2(p, p

′) is slightly higher
than β2(EM), consistent with a previous measurement
on 74Ni13) and with the conservation of the Z = 28 gap
for neutron-rich Ni isotopes. The opposite effect is ob-
served for 80Zn, thus suggesting that the shell closure
for N = 50 is conserved when approaching Z = 28.
This work represents a step towards a consistent inter-
pretation of the (p, p′) data and will be beneficial for
the extraction of useful physics parameters linked to
nuclear structure calculations.
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Magnetic-moment measurement of the isomeric state of 130Sn
in the vicinity of doubly-magic nucleus 132Sn
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The 130Sn nucleus is located in the vicinity of the
doubly-magic nucleus 132Sn and known to have an iso-
meric state at an energy level of 2435 keV with a half-
life of 1.61 µs.1–3) Its spin parity has been tentatively
assigned to be 10+ where a configuration of two neu-
tron holes coupled in parallel in the h11/2 orbital is
expected to be predominated. The purity of the con-
figuration can be a good indicator of the magicity near
132Sn. Therefore, we measured the magnetic moment
of the isomeric state of 130Sn.

The experiment was conducted at the BigRIPS at
the RIBF. The two-step fragmentation scheme4) was
employed to produce spin-aligned 130Sn beam. In the
reaction at F0, 132Sn was produced by a fission reac-
tion of a 345-MeV/nucleon 238U beam on a 9Be target
with a thickness of 6 mm. A wedge-shaped aluminium
degrader with a mean thickness of 6 mm was placed at
the first momentum-dispersive focal plane F1, where
the momentum acceptance at F1 was ±1.4%. The sec-
ondary 132Sn beam was introduced to a second target
of wedge-shaped aluminum with a mean thickness of
2 mm, placed at the momentum-dispersive focal plane
F5. The 130Sn nuclei including those in the isomeric
state 130mSn, were produced by removing two neutrons
from 132Sn. The 130Sn beam was subsequently trans-
ported to F7 under the condition that the momentum
dispersion between F5 and F7 was matched to that
between F3 and F5. The slit width at F7 was set to
±9 mm. The intensity and purity of 130Sn in the ter-
tiary beam were 30 cps and 30%, respectively.
The 130Sn beam was introduced to the experimental

apparatus for time-differential perturbed angular dis-
tribution (TDPAD) measurement, which was placed at
the focal plane F12. The TDPAD apparatus consisted
of a dipole magnet, a Cu crystal stopper, Ge detectors,
and a plastic scintillator. The Cu stopper was 3.0 mm
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in thickness and 30×30 mm2 in area. The dipole mag-
net provided a static magnetic field of B0 = 0.150 T.
130mSn was implanted into the Cu stopper and γ rays
were detected with four Ge detectors located in a plane
perpendicular to B0 at a distance of 7.0 cm from the
stopper and at every 90 degrees. Two LaBr3 detec-
tors were also placed at 90 degrees with respect to
each other so as not to interfere with the Ge detectors.
The plastic scintillator with a thickness of 0.1 mm was
placed upstream of the stopper. Its signal provided the
time-zero trigger. The TDPAD apparatus enabled us
to determine the g-factor of 130mSn by observing the
changes in anisotropy of the de-excitation γ rays emit-
ted from spin-aligned 130mSn in synchronization with
the spin precession in the presence of an external field.
In this experiment, we observed two cascade γ rays

from 130Sn with energies of 97 keV and 391 keV. The
R(t) ratio representing the change in the anisotropy of
γ rays was obtained according to

R(t) =
N13(t)− ϵN24(t)

N13(t) + ϵN24(t)
, (1)

where N13(t) and N24(t) are the aggregates of the
photo-peak count rates in the two pairs of Ge detectors
placed diagonally to each other, and ϵ denotes a cor-
rection factor for the difference in detection efficiency.
The same applies to the LaBr3 detectors. Theoreti-
cally, R(t) is expressed as a function of t as,

R(t) =
3A22

4 +A22
cos 2(ωLt+ α), (2)

in terms of the rank-two anisotropy parameter A22 =
AB2F2, where A denotes the degree of spin alignment,
B2 is the statistical tensor for complete alignment, and
F2 is the radiation parameter. The Larmor frequency
ωL is given by ωL = gµNB0/h̄, where g is the g-factor
of 130mSn in the unit of nuclear magneton µN. α is the
initial phase of the precession depending on the detec-
tor arrangement. The detailed analysis and deduction
of the g-factor are in progress.
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Track distortion due to ion back flow 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 asymmetric
nuclear matter has attracted much interest from the
viewpoint of the existence of heavy neutron stars. Al-
though the asymmetric term of incompressibility, Kτ ,
can be a benchmark for various EoSs thanks to the
direct accessibility via the measurements of isoscalar
giant monopole resonances,1) the ambiguity of the Kτ

is still larger than those of other EoS parameters. The
measurement of deuterium inelastic scattering off 132Sn
was performed at RIBF in RIKEN, aiming at a more
precise determination of the Kτ value.

An active target CAT-S has been employed for the
measurement2) to measure the forward angle scattering,
which is sensitive to the monopole transition, together
with the backward angle scattering. A cocktail beam
of 132Sn, 133Sb, and 134Te having the total intensity of
3.2 × 105 particles per second bombarded the CAT-S
filled with 0.4-atm pure deuterium gas. A set of three
400-µm thick THGEMs is used for the electron multi-
plication device in TPC of CAT-S. In this paper, we
report the observed field distortion due to the injection
of the high-intensity heavy-ion beam and its treatment
in the tracking procedure.

There is a phenomena called ion back flow (IBF)
where the ions produced in the THGEMs go back to
the drift region through the hole of the THGEMs. The
drift velocity of the ion is as slow as 0.01 cm/µs and
a significant number of ions exists along the beam axis
like a wall if the IBF rate is large. Since the geomet-
rical configuration and voltage settings of THGEMs in
RIBF113 were not optimized for the reduction of the
IBF rate, the effect of space charge due to the ions is
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1

Fig. 1. Corrected (left) and uncorrected (right) correlation.

observed. This effect on the trajectory of recoil parti-
cle is observed in the vertex position dependence of the
excitation energy (shown in the right panel of Fig. 1).
because the position displacement along the beam axis
changes the angle of trajectory. A locus around the
excitation energy of zero corresponds to elastic scatter-
ing. Large deviations at the entrance (Z = −50) and
exit (Z = 50) are clearly seen. The field distortion is
estimated by using the finite element solver (FEniCS
project) assuming a certain ion density along the beam
axis in the active volume. The resultant position dis-
placement between the electron generated point and the
observed point are estimated by the simulation of elec-
tron transportation taking the estimated field distortion
into account. Left panel of Fig. 1 shows the result with
taking the position displacement into account in track-
ing procedure. In this procedure, the IBF rate of 32%
is assumed. Now the locus of elastic scattering becomes
straight and the effect of the IBF is compensated. The
best estimator of the IBF rate can be obtained by com-
paring the widths of elastic peaks assuming various IBF
rates.

The excitation energy with beam particle identifica-
tion is obtained and significant statistics is observed in
the GMR energy region in excitation energy spectrum
of each isotope. The analysis to finalize the excitation
energy spectra at forward angle is ongoing and the fur-
ther analysis for backward angle will be performed.
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First mass measurements 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 con-
siderable attention in recent years. The presence of a
large subshell gap at N = 34 between the orbitals in
the Ca isotopes was theoretically predicted,1) and the
measurement of E(2+1 ) in 54Ca suggested the possible
emergence of a sizable subshell closure at N = 34.2)
One of the most critical information on the existence of
the subshell gap at N = 34 is the atomic masses of the
calcium isotopes beyond N = 34. We performed the first
mass measurements of neutron-rich Ca isotopes beyond
N = 34 to probe the 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 oper-
ated by RIKEN Nishina Center and Center for Nuclear
Study, University of Tokyo. The masses were measured
directly by using the TOF–Bρ technique. Neutron-rich
isotopes were produced by fragmentation of a 70Zn pri-
mary 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 spectrometer.4) Details on the experimen-
tal setup and analysis procedure can be found in the
previous report.5)

We discussed the evolution of the empirical δe shell
gaps6) of neutron-rich Ca isotopes from the atomic
masses of 55–57Ca, as shown in Fig. 1. The δe value
is identical with S2n(N) − S2n(N + 1), where S2n(N)
is the two-neutron separation energy of a nucleus with
† Condensed from the article in Phys. Rev. Lett. 121, 022506

(2018)
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Fig. 1. The empirical δe shell gaps in neutron-rich Ca iso-
topes. Squares indicate values determined for the first
time, and circles are literature values from AME2016.7)

The solid lines show theoretical predictions.8–11)

neutron number N, and the empirical energy gaps across
the Fermi surface in the nuclei is evaluated. In the
figure, the squares represent the experimental δe val-
ues determined for the first time, while the circles rep-
resent the literature values obtained from AME2016.7)
The solid lines indicate the theoretical predictions by us-
ing KB3G,8) MBPT,9) IM-SRG,10) and modified SDPF-
MU (SDPF-BR)11) interactions. The empirical energy
gap at N = 34 is close to that at N = 32, and slightly
smaller than that at N = 28. Thus, the experimental
result indicates a sizable energy gap of subshells in 54Ca,
which is comparable to that in 52Ca. However the gap
is not as large as recent predictions by SDPF-BR and
IM-SRG interactions. We are preparing a physics article
to report the shell evolution in neutron-rich Ca isotopes
beyond N = 34.
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Re-measurement of the 4He(8He, 8Be) reaction
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H. Baba,∗2 N. Fukuda,∗2 T. Harada,∗3 E. Ideguchi,∗4 N. Imai,∗1 N. Inabe,∗2 Y. Kondo,∗5 T. Kubo,∗2
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
L. Stuhl,∗1,∗2 T. Sumikama,∗2 H. Suzuki,∗2 H. Takeda,∗2 K. Taniue,∗6 T. Uesaka,∗2 K. Wimmer,∗8 K. Yako,∗1

Y. Yamaguchi,∗1 Y. Yanagisawa,∗2 K. Yoshida,∗2 and J. Zenihiro∗2

In our previous study, the candidate resonance
of 4n system (tetra-neutron) was found using the
4He(8He, 8Be)4n reaction with a 186 MeV/nucleon 8He
beam.1) A new measurement with better statistics and
better accuracy was performed to evidence the exis-
tence of the tetra-neutron system.2)

The intensity of the 8He beam (3.5×106 particles per
second at the liquid helium target) was approximately
twice compared to that of the previous experiment.
A pair of cathode readout drift chambers (CRDCs)
was used at the final focal plane of the SHARAQ spec-
trometer. To improve the resolution, the positions and
angles of the CRDCs were precisely calibrated in the
software analysis by using the reference data of a 4He
beam. We achieved position resolutions of 0.40 and
0.62 mm FWHM and angular resolutions of 1.12 and
1.87 mrad FWHM in the horizontal and vertical direc-
tions, respectively. Ion optical analysis was then per-
formed to evaluate the ion transport matrix elements
of both the beam line and the SHARAQ spectrome-
ter. The scattering angle of the reaction was deduced
from the angle measured by the CRDCs after taking
the ion transport matrix into account. Higher order
aberrations were thus corrected for. We obtained a
resolution of 4.7 and 2.8 mrad FWHM in the horizon-
tal and vertical directions, respectively.

In the previous experiment, the systematic uncer-
tainty was 1.25 MeV mostly due to the fact that no
reference data were measured in the momentum region
of the tetra-neutron resonance. In this experiment,
we measured the 1H(3H, 3He)n reaction by using a 3H
beam at 310 MeV/nucleon (8.3 Tm) and a CH2 target.
The advantage of this reaction is that the rigidity of
both the beam and the ejectile are the same as that
of the 4He(8He, 8Be)4n reaction at 186 MeV/nucleon.
Therefore, the reaction of reference and the reaction
of physics can be measured in the same momentum
window without changing the magnet settings.

Figure 1 (a) shows the kinematical curve of the
1H(3H, 3He) reaction. The scattering angle is plotted
∗1 Center for Nuclear Study, the University of Tokyo
∗2 RIKEN Nishina Center
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∗6 Faculty of Engineering, University of Miyazaki
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Fig. 1. (a) Plot of the scattering angle against the missing
momentum. The kinematical curve of 1H(3H, 3He)n re-
action is visible. (b) Missing momentum spectrum after
correcting for the scattering angle in (a).

against the missing momentum, which is given by the
momentum difference between the 3H beam and the
3He ejectile. Figure 1 (b) shows the spectrum of the
missing mass momenta after correcting for the scatter-
ing angle dependence. Given the known Q-value of the
1H(3H, 3He) reaction, the missing mass momentum of
the peak seen in the figure was taken as a reference.
The uncertainty of the excitation energy of 4n is eval-
uated to be 26 keV RMS due to the uncertainty of the
peak position in Fig. 1 (b).

Further analysis is ongoing.
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Evaluation of 79Se(n, γ)80Se reaction by measuring 77, 79Se(d, p)78, 80Se
reactions
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The first excited state at 95.7 keV in 79Se, which is lo-
cated on the path of the s-process nucleosynthesis, has a
tiny branch of β decay to 79Br. Depending on the tem-
perature of the astrophysical site, some ground states of
79Se can be excited to produce 79Br. The ratio of 80Se
to 79Se in a meteorite indicates the temperature of the
site.1) However, the neutron capture reaction on 79Se
which is the main reaction flow in the s-process has not
been measured.

The nucleus is known as one of the long-lived fission
products (LLFP) of nuclear waste. To design the facil-
ity to transmute the nucleus, a neutron capture cross-
section on the nucleus was conceptualized. However,
because both the neutron and LLFPs are unstable, the
measurement of neutron-induced cross-section is quite
challenging. Alternatively, the reaction cross-section can
be indirectly determined through a surrogate reaction.

It is generally assumed that the (n, γ) cross-section
is composed of two parts; the formation of compound
state and the subsequent decay. The first term can
be calculated using the optical model potentials with
global parameterbcharres. In contrast, the theoretical
estimates of the second process is quite challenging ow-
ing to high level density and complicated decay scheme,
and need to be evaluated by the experiment.2) This work
aims to determine the γ emission probability, Pγ , from
the unbound states of 80Se populated by the (d, p) reac-
tion as a surrogate for the 79Se(n, γ)80Se reaction. The
method can be verified by comparing the cross-sections
of 77Se(n, γ)78Se determined by directly measuring the
77Se(d, p)78Se reaction with the direct measurement at
En = 550 keV.3)

The experiment was performed by using the OEDO
beam line4) as one of the first physics experiments.
The 77, 79Se beams produced by BigRIPS were energy-
degraded at F5 and the beam was spatially focused
on a 4-mg/cm2 thick polyethylene deuteride target
by OEDO. The beam energy was adjusted to be
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Fig. 1. A/Q measured at S1 focal plane as a function of the
excitation energy in 80Se. See the text for details.

20 MeV/nucleon at the target. The recoiled particles
were identified by employing the six SSD-CsI(Tl) array
called TiNA, which covered 100◦ to 150◦ in the labo-
ratory frame. The excitation energies of the state pop-
ulated in 78Se (80Se) were determined using TiNA and
incident beam momentum. The momenta of the outgo-
ing nuclei were analyzed by the first half of the SHARAQ
spectrometer.

Figure 1 presents the mass-to-charge (A/Q) ratio de-
termined by the spectrometer as a function of the exci-
tation energy of 80Se. The locus at A/Q = 2.3 is the
80Se33+ while A/Q = 2.27 is 79Se33+. The locus of 80Se
clearly indicates that 80Se survived at an energy higher
than 10 MeV of the one neutron separation energy of
80Se. The fraction of (N+1, Z) nuclei to (N , Z) residues
allows us to determine Pγ as a function of excitation en-
ergy. Further analysis is ongoing.

This work was funded by the ImPACT Program of
Council for Science, Technology and Innovation (Cabi-
net Office, Government of Japan).
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monitor
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Rare RI Ring (R3)1) is a storage ring that measure
the masses of highly unstable exotic nuclei. Accord-
ing to the r-process, the masses of neutron-rich nu-
clei are crucial to understand nucleosynthesis. We em-
ployed a time-of-flight mass spectrometry method in
an isochronous storage ring (R3). Because the target
precision in mass determination was 10−6, isochronism
with a precision of 10−6 was required. R3 has a hexag-
onal symmetric structure that alternates between the
sector section and straight section. The sector sec-
tion consists of four bending magnets. The two mag-
nets on both ends are equipped with ten trim coils
to tune the isochronous condition. A monitor that
measures the isochronous condition with 10−6 preci-
sion is required for precise isochronism tuning. This
can be achieved through revolution time measurement
for several sample particles with evenly distributed mo-
mentum over acceptance. However, it is not practical
because it takes a long time. In this paper, we re-
port another way using a resonant Schottky pick-up,2)
which measures the revolution frequency with a preci-
sion of 10−6, to evaluate the isochronism. The revolu-
tion frequency of an accumulated single-ion is tempo-
rally varied, as already shown in Ref. 3), because the
momentum is smoothly decreased with time owing to
the collision with the residual gas under the vacuum
level of 10−5 Pa. The advantage of the new method
is that the isochronism over the full range of momen-
tum acceptance is precisely monitored with a single
event, and the measurement is completed within a few
seconds.

We practically applied this method to measure the
isochronism of R3 using 78Ge32+ beam with an energy
of 166 MeV/nucleon, and attempted to fine tune the
isochronism. Figure 1 shows the momentum depen-
dence of the revolution frequency. The momentum ac-
ceptance of R3 and the beam transport line up to R3 is
limited to ±0.3% and the good field region in R3 is pro-
vided within ±0.3%. Although a particle with momen-
tum less than −0.3% can be accumulated, its isochro-
nism is unestablished. Therefore, we discuss here the
isochronism within the momentum region of ±0.3%.
The black line indicates the momentum-dependent rev-
olution frequency under the expected setting of the
trim-coil current. The initial momentum, which is in-
dicated at the right edge of the plot, was obtained from
the horizontal position measured at the dispersive fo-
cal point F5 in BigRIPS. The third-order correlation
between the revolution frequency and momentum re-
mains. It is suppressed by fine tuning the trim-coil
∗1 RIKEN Nishina Center

Fig. 1. Revolution frequency as a function of momentum
converted from the accumulation time. The black and
red solid lines indicate the revolution frequency before
and after the fine tuning procedure, respectively. Two
lines correspond to one event each. We subtracted the
center frequency of the observational range from each
revolution frequency. The momentum region less than
−0.3% is out of the acceptance. Third-order correla-
tion between the revolution frequency and momentum
disappeared owing to fine tuning. The isochronism was
obtained to be 5.4× 10−6.

current using the known response functions of each
trim-coil current to the isochronism. Among the ten
horizontally arranged trim coils, the currents for the
inner trim coils were slightly decreased by a few per-
cent and those for the outer trim coils were oppositely
increased in this case. This tuning procedure was re-
peated for some time. The red line shows the revo-
lution frequency after the tuning procedure and it is
nearly constant within the momentum acceptance. We
can reduce the variation in frequency within the mo-
mentum acceptance from 46 Hz before tuning to 15 Hz
after tuning. This corresponds to the isochronism of
5.4 × 10−6. The data outside the acceptance are ig-
nored because they are out of the good field region.
We succeeded in the quick tuning of isochronism with
a resonant Schottky pick-up and frequency variation
within the momentum acceptance was easily achieved
in the order of 10−6.
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Preliminary analysis of the mass measurement experiment in the
south-western region of 132Sn with Rare RI Ring
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and T. Uesaka∗1

Mass measurement experiments were conducted at
Rare RI Ring (R3)1) in 2018. Neutron-rich 122Rh,
123, 124Pd, and 125Ag nuclides were measured in two set-
tings.2) The principle of the mass masurement in the R3
can be described by the following equation:

m1

q1
=

m0

q0

T1

T0

���� 1− β2
1

1−
(

T1

T0
β1

)2 (1)

where T1 and T0 are the revolution times of nucleus of
interest and reference nucleus, respectively, and β1 is
the velocity of the nucleus of interest.3) The unknown
mass m1 is determined relative to the mass of reference
nucleus m0. When a particle is injected into R3 using the
kicker magnet,1) it circulates for approximately 0.7 ms.
The particle is then extracted to ELC using the same
kicker magnet. The detector setup in R3 is shown in
Fig. 1 We measured the time-of-flight (TOF) from F3 to
S0 to determine the velocities of each particle and from
S0 to ELC to determine T1 and T0.

To obtain the revelotion time of the particle in R3, we
need to know the turn number of each particle before
the extraction. For this purpose, we used detectors at
R-MD4 of R3, which were composed of the E-MCP de-
tector,4) a plastic scintillator, and a CsI(Tl) telescope.

Rare-RI Ring (R3)

Kicker Magnet

E-MCP

Pla.
CsI(Tl) Tele.

ELC Pla

Ion chamber

NaI (Beam stop)

E-MCPS0 R-MD4

Fig. 1. Schemaic view of the detector setup at R3.
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Table 1. TOF, revolution times, and deduced turn numbers
of nuclide in the two settings.

Nuclei 128Sn 127In 126Cd 125Ag

Rev. time [ns] 394.00 397.642 405.44 405.44

R3 TOF [ns] 724922.66 724897.19 724904.61 724904.61

Turns 1840 1823 1806 1788

127Sn 126In 125Cd 124Ag 123Pd

391.69 395.28 399.04 402.99 407.09

724293.23 724204.20 724284.13 724561.00 724621.44

1849 1832 1815 1798 1780

First, the telescope detectors and plastic scintillator at
R-MD4 were placed on the central orbit and the injec-
tion time spectrum was recorded. Second, the detectors
were moved to the inner side of the ring, 85 mm away
from the central orbit, which corresponds to the extrac-
tion orbit. The TOF of the nuclei, circulating in R3, can
be determined from these two measurements. Third, we
inserted the E-MCP detector with a thin foil into the
central orbit of the ring to measure the revolution time
of the nuclei. The turn number of each nucleus was
determined based on the TOF obtained by the first two
steps and the revolution time obtained by the third step.
The TOF in the R3, revolution time measured by the E-
MCP detector, and the deduced turn number are listed
in Table 1. For 122Rh and 124Pd, the turn numbers could
not be clearly determined owing to the low statistics of
the revolution times. However, the revolution times of
122Rh and 124Pd could be precisely estimated based on
the mean Bρ value and central orbit length, which were
calibrated by the data of other nuclei.

To determine the mass, besides T0, 1, we also need to
calculate β1 for each event. β1 will be determined by
the TOF between the F3 achromatic focus of BigRIPS
and S0 and the corresponding path length that will be
calibrated by the reference nuclei in the future.
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First online experiment of α-ToF detector with MRTOF-MS

T. Niwase,∗1,∗2 M. Wada,∗3 P. Schury,∗3 Y. Ito,∗4 S. Kimura,∗1 D. Kaji,∗1 M. Rosenbusch,∗1 Y. X. Watanabe,∗3
Y. Hirayama,∗3 H. Miyatake,∗3 J. Y. Moon,∗3,∗7 H. Ishiyama,∗1 K. Morimoto,∗1 H. Haba,∗1 T. Tanaka.∗1,∗2

S. Ishizawa,∗1,∗4 A. Takamine,∗1 K. Morita,∗1,∗2 and H. Wollnik∗5

We have the measured masses of more than 80 short-
lived nuclei using a multi reflection time-of-flight mass
spectrograph (MRTOF-MS)1) and plan to measure su-
per heavy nuclei. For this purpose, we developed a new
innovative detector, named α-ToF,2) which is capable
of performing correlation measurement of the time-of-
flight signal and successive α decay signals. It can reli-
ably discriminate true events from background events.

The first online experiment of the α-ToF detector
was performed at SHE-Mass-II3) coupled with the gas-
filled recoil Ion Separator GARIS-II.4) A short-lived ra-
dium isotope was produced in the 159Tb(51V, 5n)207Ra
reaction by a 219.1 MeV primary beam with an in-
tensity of 1.0 pµA. The 460 µg/cm2 thick Tb target
was produced by sputtering of the target material on
a 3.0 µm thick Ti backing foil. The reaction products
(fusion-evaporation residues: ERs) were separated in-
flight from the projectiles and other background prod-
ucts. The ERs were captured in a cryogenic He gas
catcher through Mylar foil windows, and the thermal-
ized ions were extracted from the gas catcher by an
rf-carpet and further transported to the MRTOF-MS
via multiple ion traps.

The SHE-Mass-II facility has a single triplet ion
trap, which directly connects the gas catcher to the
MRTOF to achieve high efficiency. However, such con-
figuration might suffer from contaminant ions from the
gas catcher, therefore, we placed a Bradbury-Nielsen
ion gate between the trap and the MRTOF to reduce
the contamination. Unfortunately, the gate was bro-
ken just before the measurement due to a discharge
accident. A preliminary time-of-flight spectrum for
207Ra2+ is shown in Fig. 1. Many background counts
are seen in the raw spectrum (Fig. 1 (a)). On gating
the spectrum by the α-ray energy of 207Ra with a coin-
cident time of two half-life periods, such backgrounds
were reduced by a factor of 40 (Fig. 1 (b)), while the
true event number was preserved with 36% efficiency,
which agrees with the solid angle of the Si detector and
the limited coincidence time.

Figure 2 (a) shows a part of the two-dimensional
spectrum for the time-of-flight and the α-energy while
Fig. 2 (b) shows a decay time spectrum of 207Ra. The
decay time is the interval between the time-of-flight
∗1 RIKEN Nishina Center
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Fig. 1. A part of the time-of-flight spectrum of 207Ra. (a) is
a raw spectrum while (b) shows coincident events with
α-rays from 207Ra for a coincident time of two half-lives
of 207Ra.

Fig. 2. (a)Two-dimensional spectrum of the time-of-flight
and α-decay energy. (b) decay spectrum of 207Ra. The
solid lines indicate the literature values of the decay
profiles, namely T1/2 =1.3 s and 59 ms with an intensity
ratio of 1:20.

signal and the α-ray signal. From this spectrum, the
half-life of 207Ra is found to be 1.33(50) s, which agrees
with the literature value.5) We also observed a few
early events, which are consistent with the decay from
the isomeric state of 207mRa having a half-life of 59 ms.

In this first online experiment, we confirmed that
the α-ToF detector can reduce the background in a
time-of-flight spectrum and obtain decay properties of
short-lived nuclei.
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β-γ spectroscopy of 195Os at KISS
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S. Kimura,∗4 A. Ozawa,∗1 M. Oyaizu,∗2 M. Wada,∗2 and H. Miyatake∗2

Almost a half of nuclei in nature heavier than iron are
considered to have been synthesized in the rapid neutron
capture process (r-process) under an explosive stellar en-
vironment with a temperature higher than 109 K and a
neutron density higher than 1020 cm−3. The r-process
goes through the region of extremely neutron-rich nuclei
under such an explosive condition. The peak at the mass
number of 195, called as the 3rd peak, on the observed
solar r-abundance distribution is considered to be orig-
inated from the waiting point nuclei with the neutron
number (N) of 126 on the r-process path. The astro-
physical environment such as the temperature and the
neutron density is not known for the formation of the
3rd peak. To investigate those conditions, the proper-
ties such as lifetimes and masses of the waiting point
nuclei are important. However, they are too far from
the β-stability line to experimentally access. Therefore,
some theoretical prediction is employed for the physical
values of the nuclear properties concerning the r-process
in order to perform the nucleosynthesis simulation to
survey the explosive stellar conditions. Thus a reliable
theoretical nuclear model is required to precisely pre-
dict those nuclear properties to elucidate the astrophys-
ical environments of the r-process. The region of the
neutron-rich nuclei around N = 126 is predicted as a
competitive region of the first-forbidden (FF) and the
allowed Gamow-Teller (GT) β-decays.1) Such competi-
tion makes it difficult to theoretically predict their half-
lives, and those predicted values in various theoretical
models are deviated from each other. The systematic
experimental investigation of nuclear properties of the
neutron-rich nuclei around N = 126 is important for the
selection of reliable theoretical model and improvement
of their predictions.

Neutron-rich osmium isotopes are candidates to study
their nuclear structures because they have the filled sin-
gle particle orbits h11/2 for protons, which contribute to
the GT β-transitions for the nuclei around N = 126. We
have performed β-γ spectroscopy of 195Os at KEK Iso-
tope Separation System (KISS)2) to study its β-decay
scheme, which is unknown so far. The 195Os isotopes
were produced by multi-nucleon transfer reactions be-
tween the 136Xe beam (50 pnA on target) with energy of
around 10 MeV/nucleon and a 198Pt target. They were
collected, separated and extracted by the KISS, and fi-
nally the 195Os ions of its ground state and isomeric
state were transported with the rate of 14(2) cps to the
measurement area. They were implanted into an alu-
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search Organization (KEK)
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Fig. 1. Meausred γ-ray energy spectra in coincidence with
the MSPGC detector hit patterns M = 1 (red line) and
M = 2 (blue line).

minized Mylar tape, which was surrounded by the Multi-
Segmented Proportional Gas Counter (MSPGC)3) and
four High-Purity Germanium (HPGe) clover detectors.
The MSPGC was used to detect β-rays, X-rays and con-
version electrons, and the HPGe clover detectors were
used to detect γ-rays. Figure 1 shows measured γ-ray
energy spectra in coincidence with the MSPGC detector
hit patterns M = 1 (red line) and M = 2 (blue line).
The hit patterns M = 1 and M = 2 are sensitive to X-
rays and β-rays, respectively. We have found 28 γ-ray
peaks in total with some characteristic X-rays. 22 γ-ray
peaks denoted by black labels agree with energies in the
literature for γ-rays from 194Ir(n, γ)195Ir reactions and
β-delayed γ-rays of 195Ir. We found 6 γ-ray peaks for
the first time. The lifetime measurements and γ-γ coin-
cidence analyses reveal that two of them with blue labels
are β-delayed γ-rays of 195Os, and four of them with red
labels are γ-rays associated with a newly found isomeric
decay of 195Os. Further analysis for the β-decay scheme
and the isomeric decay of 195Os is in progress.
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Feasibility study of 199Pt Q-moment measurement
using in-gas-jet laser ionization spectroscopy at KISS
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KEK Isotope Separation System (KISS)1) has been
developed to study nuclei in the region of neutron magic
number N = 126. We investigated the nuclear structure
of 199Pt and Ir isotopes by measuring their hyperfine
structures (HFSs) through the in-gas-cell laser ioniza-
tion technique.2) In the measurement, we obtained pre-
cise values of magnetic dipole moments µ = +0.75(8) µN

and µ = −0.57(5) µN for 199gPt and 199mPt, respectively.
However the errors of electric quadrupole moments were
quite large, Qg = +1.7(17) b and Qm = +3.5(21) b. To
improve the spectral resolution, we developed an in-gas-
jet laser ionization spectroscopy technique at KISS. In
the laser system, a diode laser (TOPTICA, DLC DL Pro
HP, 450 nm) is used for the seed laser of a pulsed dye-
amplifier (Sirah), which creates UV light (λ1 = 225 nm)
for the excitation to the state 5d86s6p 5F2. A Nd:YAG
laser (EdgeWave) is used to pump the dye amplifier and
for ionization as the second step (λ2 = 355 nm). Com-
pared to in-gas-cell ionization, we improved the resolu-
tion from 12.5(5) GHz to 0.6(1) GHz in the full width of
the half maximum owing to the low density and temper-
ature conditions of the gas jet.3) From this result, we are
expecting to obtain a much more precise value of elec-
tromagnetic moments and isotope shift for 199Pt through
the in-gas-jet laser ionization spectroscopy technique.

The feasibility of 199Pt HFS measurement through
the in-gas-jet laser ionization spectroscopy was investi-
gated by the Monte Carlo simulation. Based on the HFS
spread and present resolution of 0.6 GHz by the in-gas-
jet method, we determined the measurement step ∆ν1
= 0.27 GHz. From the yield of 199g+mPt, we determined
the measurement time of 10 min for each data point,
which corresponds to a measurement of 20 h. A Voigt
function with Gaussian width ΓG = 316(27) MHz and
Lorentzian width ΓL = 110(76) MHz, which were de-
termined from the off-line measurement of 196Pt (Iπ =
0+), was used in a response function of the resonance
peak. Relative intensities between each resonance peak
were computed via the Racah coefficient. We assumed
the unknown electric quadrupole hyperfine coupling con-
stant of the atomic excited state of 199gPt to be 1 GHz.

Figure 1 shows the simulated hyperfine splitting spec-
trum of 199g+mPt. The vertical axis indicates the ex-
pected β-ray events detected by MSPGC4) during the
10 min beam accumulation. The total β-ray events were
evaluated to be 4915 counts. Figure 2 shows the simu-
lated HFS spectrum of 199mPt nuclei obtained by gat-
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Fig. 1. Simulated HFS spectrum of 199g+mPt. Red line indi-
cates the simultaneous fitting function.

Fig. 2. Simulated HFS spectrum of 199mPt obtained by gat-
ing on 392-keV γ-ray.

ing on a 392 keV γ-ray. Total γ-ray events detected by
the four super clover Ge detectors were evaluated to be
3941 counts. In the analysis, the spectra in Figs. 1 and 2
were simultaneously fitted using the common parameters
(electromagnetic hyperfine coupling constants) for 199iPt
(i = g, m). The reduced chi-square of fitting was 1.13.
In the simulation, we assumed µg = +0.75 µN and Qg =
+1.7 b, and µm = −0.57 µN and Qm = +3.5 b for 199gPt
and 199mPt respectively. The evaluated electromagnetic
moments from the fitting were µg = +0.7434(58) µN,
Qg = +1.75(10) b, µm = −0.5740(49) µN, and Qm =
+3.42(10) b. From the simulation, we confirmed that
the 20 h measurement is enough to achieve precise val-
ues of electromagnetic moments for 199Pt.
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Electric field gradient of ZnO crystal measured by β-NQR of 23Ne
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This report presents the results of the experimental
program NP1612-RRC47, which is a part of a project
to measure the ground-state magnetic dipole (µ) and
electric quadrupole (Q) moments of neutron-rich Ne iso-
topes.

The structures of neutron-rich Ne have attracted
much attention because of their exotic structures in the
ground states, such as large deformation and p-wave
halo, as suggested by some of the experiments.1) In order
to investigate such structures, measurements of µ and Q
moments are one of the most effective ways; however,
up to now, there exist no moment data for neutron-rich
Ne isotopes. In our project, we approach the ground-
state moments of neutron-rich Ne isotopes by means
of β-detected nuclear magnetic resonance (β-NMR). As
the first step of this project, we performed an exper-
iment to determine an appropriate single crystal with
an electric field gradient at the Ne stopping site for β-
NMR measurement of the Ne isotopes. In the present
experiment, we applied a β-NQR method2) to the spin-
polarized 23Ne, whose ground-state moments and spin
were well known.3)

The experiment was performed by using RIKEN pro-
jectile fragment separator (RIPS). A radioactive 23Ne
was produced by the one-neutron pickup reaction of
22Ne (70 MeV/nucleon) with a 0.25-mm-thick Be target.
The 23Ne spin polarization was obtained by injecting the
primary beam with a tilt angle of 2◦ with respect to the
Be target at the focal plane F0 and selecting the mo-

Fig. 1. Experimental setup.
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Table 1. Comparison between the experimental |q| and the
calculated ones.

Exp. Calc.
Zn site O site

31(3) 30 45
×1019 [V/m2] ×1019 [V/m2] ×1019 [V/m2]

mentum of 23Ne at the dispersive focal plane F1. The
obtained spin polarization of 23Ne was approximately
8%.

Figure 1 shows a layout of the experimental setup. In
the figure, the spin-polarized 23Ne beam comes from left
to right side and stops in a ZnO single crystal in vacuum.
The crystal was cooled down to ∼47 K to achieve a long
spin-lattice relaxation time. A static magnetic field of
0.5 T was applied to the crystal. An oscillating magnetic
field was applied by a pair of coils perpendicular to the
static magnetic field through a vacuum chamber wall,
made of fiber-reinforced plastics. The β rays from the
β decay of 23Ne were detected by two telescopes, which
consist of three 1.0-mm-thick plastic scintillators, placed
at 0◦ and 180◦ along the polarization direction.

The obtained NQR spectrum for the ZnO crystal has
been already shown in the previous report.4) The obser-
vation of the resonance indicated that the ZnO single
crystal is available for the Ne NMR measurement and
ensures sufficient spin-lattice relaxation time. From the
obtained νQ (= eqQ/h) = 1.08(5) × 103 kHz and the
literature Q moment value of 23Ne, Q = 145(13) emb,3)
the electric field gradient q was obtained as |q| =
31(3)× 1019 V/m2.

For a deeper insight, the obtained electric field gra-
dient was compared with those calculated by using the
gauge including projector augmented waves (GIPAW)
approach.5) Table 1 compares the experimental electric
field gradient with those calculated for substitutional
sites of Zn and O. As seen in the table, the experimen-
tal value is very close to that for the O site. It may
suggest that the implanted 23Ne tends to stop at the
substitutional Zn site.
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7Be target production to measure 7Be(d, p) reaction for the primordial
7Li problem in Big-Bang Nucleosynthesis
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H. Shimizu,∗3 H. Yamaguchi,∗3 L. Yang,∗3 and Z. Yang∗1

The overestimation of primordial 7Li abundance in the
standard Big-Bang nucleosynthesis (BBN) model is one
of the known and unresolved problems. A recent theo-
retical BBN model predicted a primordial 7Li abundance
that was approximately three times larger than the re-
cent precise observation.1) Light nuclei were produced up
to 7Be by nuclear reactions in several hundred seconds
following the Big Bang.

7Li nuclei were predominantly produced by the elec-
tron capture decay of 7Be in the standard BBN model.
The decay half life of 7Be, 53.22 days, is much longer
than the timescale of the production of light nuclei after
the Big Bang. Thus, one possible scenario to solve the
7Li problem is that 7Be was destroyed in the timescale of
the nuclear reactions. There are several possibilities to
destroy 7Be, for example, the 7Be(d, p)8Be, 7Be(n,α), or
7Be(n, p) reactions.2) We focus on the 7Be(d, p)8Be re-
action because its contribution is suggested to be larger
than that of 7Be(n,α)4He.3,4) The goal of the experiment
is to measure the cross-section of the 7Be(d, p)8Be reac-
tion in the BBN energy region of 100–400 keV. We plan to
measure the 7Be(d, p)8Be reaction with a 7Be target be-
cause the available data are insufficient for the accuracy
or energy range.5,6) We are also motivated to measure
the reaction in direct kinematics because it implements
a good energy resolution. The method allows us to re-
construct the kinematics of the reaction by measuring
the outgoing proton without measuring the two alpha
particles. We apply the implantation target method to
produce the 7Be target. 7Be particles were implanted by
irradiating a gold target with a 7Be beam.

Fig. 1. Experimental setup at CRIB. The enlarged schematic
picture shows the inside of the F2 chamber.

Fig. 2. γ-ray energy spectrum of the implanted 7Be (red dot-
ted plot) and background spectrum (black dotted plot).

We performed an experiment to produce a 7Be im-
planted target at CRIB, Center for Nuclear Study
(CNS) in April, 2018. The experimental setup is
shown in Fig. 1.7) The primary beam was 7Li2+ at
5.6 MeV/nucleon. The secondary beam was produced
by the 1H(7Li, 7Be) reaction. The secondary beam en-
ergy was 4.0 MeV/nucleon. The 7Be beam was directed
on to a 10 µm thick gold target as the host material af-
ter an energy degrader made of gold with a thickness of
15 µm and 2 mmϕ collimator determined the implanted
beam position.

We evaluated the amount of implanted 7Be by detect-
ing 477 keV γ-rays with a LaBr3 detector after the im-
plantation. The γ-ray is emitted in the electron cap-
ture process of 7Be with a branching ratio of 10.5%. We
achieved an implantation of 1.9 × 1012 7Be particles as
expected after one day of irradiation. Figure 2 shows
the measured γ-ray spectrum. We improved the beam
optics for the the high intensity 7Be beam since 2017,
which enabled the production of the 7Be target with a
high intensity beam.

The 7Be target was carried to the Japan Atomic En-
ergy Agency (JAEA) to measure the (d, p) reaction in
June, 2018. The outgoing protons were successfully mea-
sured by three layered silicon detectors with the thick-
ness of 500 µm each at 2 different angles, 30◦ and 45◦.
Currently, analyses are being conducted to obtain the
cross-section of the 7Be(d, p) reaction.
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New measurement of 8Li(α,n)11B reactions
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The 8Li(α,n)11B reaction is considered to be the
key reaction in the inhomogeneous Big Bang and type-
II supernova nucleosyntheses, and we have been pro-
viding cross-section data1–7) on this reaction for more
than two decades. The previous results1–7) are sum-
marized in Fig. 1, in which the Gamow-peak widths
are also drawn. The energy regions of T9 = 1 and 2
are important for the Big Bang and supernova nucle-
osyntheses, respectively.

As shown in Fig. 1, the cross-sections obtained by
the previous experiments have large differences around
Ecm = 1.0 MeV. The previous experiments were per-
formed by two different methods: inclusive and exclu-
sive. The former detected either 11B1,2) or neutron4,6)

and the latter3,5,7) detected both 11B and neutron by
measuring their kinetic energies and angles. The cross-
sections of the former results are five times larger than
the latter ones systematically. We could estimate that
the sources of the discrepancies might originate from
the experimental methods, but we have no experimen-
tal fact to determine them. To solve this problem, we
designed a new inclusive measurement, in which we
measured the γ-rays emitted from 11B∗s. The previous
experiment did not measure the γ-rays. Therefore this
experiment will provide new data to understand the
8Li(α,n)11B reaction. Considering that the expected
γ-ray energies are between 2 and 8 MeV, we selected
a large volume 3.5“×8” LaBr3:Ce detector8) provided
by INFN Milano. We also installed plastic and 6Li-
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Fig. 1. Excitation functions of 8Li(α,n)11B reaction.

glass scintillators to detect neutrons by covering wide
energy ranges between a few ten keV to 10 MeV.

This experiment was performed at CRIB in Septem-
ber 2018. We placed a gas-target cell at F3, in which
4He gas was filled at a pressure of 1.0 atm. The 8Li
beam, whose intensity was typically 300 kHz, was pro-
duced by the 7Li(d, p)8Li reaction. The primary 7Li
beam had an energy of 6.0 MeV/nucleon and an inten-
sity of 250 particle nA. The D2-gas production target
had a thickness of 1.9 mg/cm2. The energies of 8Li
particles measured inside the 4He-gas target were be-
tween Ecm = 0.9 and 1.9 MeV.

We successfully obtained data with sufficient statis-
tics. Although we faced difficulties in data analysis ow-
ing to the large background originating from thermal
neutrons, we could identify the γ-rays emitted from
11B∗s. We will further present the results to solve the
controversial discrepancies.
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Trojan Horse Method-based study of the 18F(p,α)15O reaction at
astrophysical energies: update on the 2015 run

S. Cherubini,∗1,∗2,∗3 G. D’Agata,∗1,∗2 M. Gulino,∗1,∗3,∗4 M. La Cognata,∗1 S. Palmerini,∗1 R. G. Pizzone,∗1

S. Romano,∗1,∗2 R. Spartà,∗1 C. Spitaleri,∗1,∗2 H. Yamaguchi,∗5 K. Abe,∗5 O. Beliuskina,∗5 S. Hayakawa,∗5

D. M. Kahl,∗5 Y. Sakaguchi,∗5 S. Kubono,∗3 D. Suzuki,∗3 N. Iwasa,∗6 K. Y. Chae,∗7 M. Kwag,∗7 H. S. Jung,∗8

D. N. Binh,∗9 V. Guimarães,∗10 and S. Bishop∗11

The first experiment where the Trojan Horse
Method (THM)1,2) was applied to measure the cross-
section of an astrophysically important reaction,
namely 18F(p,α)15O at nova energies,3,4) using a ra-
dioactive beam was published in Phys. Rev. C 92,
015805 (2015).
To improve the results of that study, a new experi-

ment was performed at the RIKEN Nishina Center us-
ing the CRIB apparatus from the University of Tokyo
during the fall of 2015. Similar to the previous work,
the primary beam of 18O delivered by the AVF cy-
clotron was used to produce a 18F radioactive beam
with intensity in the range of 105–106 pps.
After the standard CRIB apparatus, the radioactive

beam of 18F was tracked by two PPACs and finally
used to bombard thin (100–200 µg/cm2) CD2 targets.
The THM aimed to study a suitably chosen reaction
proceeding via a quasi-free mechanism with three bod-
ies in the final state1) (18F(d,α15O)n in this case) to
infer pieces of information for the purpose of astro-
physics, 18F(p,α)15O in this case.

The distance between the PPACs was substantially
optimized on the basis of the experience acquired in
the previous experiment. Additionally, detection sys-
tem based on the ASTRHO (Array of Silicons for Tro-
jan HOrse) setup was upgraded. In particular, 8 bidi-
mensional position sensitive silicon detectors (45 × 45
mm2 active area, 500 µm thick, made by Hamamatsu
Photonics K. K., Solid State Division) mounted in a
square geometry were used to detect the outgoing par-
ticle with an exit angle of approximately 10◦ to 40◦. A
set of two double-sided multi-strip silicon detectors (50
× 50 mm2, 500 µm thick, produced by Micron Semi-
conductor Ltd) was used to detect the particles with
exit angle ranging from approximately 4◦ to 10◦.
One of the main problems encountered in the anal-

ysis of data in the previous work came from the ex-
istence of various reaction channels with three parti-
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cles in the final state. Although it was shown that
the events originating from the reaction channels of
interest could be disentangled from those from other
channels by applying various types of cuts in the phase
space, the possibility of having a direct identification
in the Z of the outgoing particles, at least for the heav-
ier ones, was a major goal in this experiment. To this
end, a ∆E stage was added in front of the double-sided
multi strip detectors mentioned above to ensure that
a ∆E-E telescope covered the angles ranging between
approximately 4◦ to 10◦. This resulted in a higher de-
tection efficiency because we could accept regions of
the phase space that had to be discarded in the previ-
ous data analysis.
The 2015 experimental run was also optimized to

cover the phase of space region relevant to the neu-
tron induced 18F(n,α)15N reaction. The importance
of having a method to measure the cross-sections of the
reaction induced by neutrons on radioactive species is
clear, specially if the half-life of the radioactive iso-
topes involved in the entrance channel of the reaction
are of the order of 1 h or less.
The experiment was successfully performed in the

fall of 2015 over a period of 18 days divided into
two runs. Unfortunately, while we expected to obtain
highly enhanced accumulated statistics with respect to
the previous experiment, the number of relevant THM
events only increased by a factor of approximately 2.
In contrast, the events that can be associated with
the 18F(n,α)15N reaction in the THM framework, were
abundant and well discriminated.
The analysis of both channels is being finalized.

Some preliminary results have been presented at vari-
ous meetings and conferences, and we plan to publish
the final results of these studies within this year.
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Gamow-Teller transitions in 6He with PANDORA

L. Stuhl,∗1,∗2 J. Gao,∗2,∗3 M. Sasano,∗2 K. Yako,∗1 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

We started a program at RIBF aiming to study the
spin-isospin responses of light drip line nuclei. An ex-
periment1) with 5 days of beam time was approved to
investigate 11Li and 14Be nuclei. The charge-exchange
(p,n) reactions at intermediate beam energies (E/A >
100 MeV) and small angles can selectively excite the
Gamow-Teller (GT) states up to high excitation energies
in the final nucleus. Therefore, (p,n) reactions in inverse
kinematics applying the missing mass reconstruction2,3)

provide the best and efficient tool to study the B(GT)
strength values of unstable isotopes in a wide excitation
energy region, without Q-value limitation. In a pilot
measurement of the mentioned experiment, we studied
the case of 6He at HIMAC facility in Chiba to inves-
tigate the Gamow-Teller transitions in 6He and com-
mission our new plastic scintillator-based neutron de-
tector PANDORA (Particle Analyzer Neutron Detector
Of Real-time Acquisition)4) and its pulse shape discrim-
ination (PSD) capability.

The secondary beam properties and details of the ex-
perimental setup are described in another contribution
in this volume.5) By using PANDORA with our digital
data acquisition system,6) we could detect the neutrons
having kinetic energies of a few tens of keV. Neutron-
and gamma-like events could be separated by defining
PSDmean value as the arithmetic mean of PSD values1)
of two single-end read-outs of each bar. From the mea-
sured neutron time-of-flight and recoil angle (in the lab-
oratory angle range of 75◦–99◦), the excitation energy
of the residual nucleus can be reconstructed. Figure 1
shows the calculated kinematical correlations for the
6He(p,n) charge-exchange reaction at 123 MeV/nucleon

Fig. 1. Correlations between recoil neutron energy and lab-
oratory kinematics for fixed excitation energies.
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Fig. 2. Neutron spectra as functions of both recoil neutron
energy and recoil angle in the 6He(p,n) reaction with-
out gating on neutron-like events (a) and with gate on
neutron-like events (b).

energy.
Selecting the incident 6He particles and the identifica-

tion of 6Li reaction residue produced from the (p,n) re-
action, a clear kinematical correlation can be seen on the
Fig. 2 (a) scatter plot. This matches with the calculated
curve and corresponds to transitions to the ground state
in 6Li. After gating on neutron-like events by PSDmean,
the improvement of the kinematic locus in Fig. 2 (b)
presents the effectiveness of PANDORA and its PSD ca-
pability. The data shown here were accumulated within
9 h. Further analysis with larger statistics is in progress.

This work was supported by KAKENHI 16H06716
and the Japan Society for the Promotion of Science.
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β-NMR measurements for 21O at HIMAC
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The interest in the shell evolution in the region of
neutron-rich oxygen isotopes has its origin in the multi-
ple studies on 23O, which have revealed the anomalous
nuclear properties of this isotope. The appearance of
the new neutron magic number at N = 16 as well as
the formation of the halo structure in 23O have been
experimentally indicated.1,2) Thus, the information on
the nuclear structure of the neighboring isotopes, such
as 19, 21O, can provide the systematic picture of the
change in the nuclear properties in this region.
In parallel with the interest in the nuclear struc-

ture, the 21O isotope has a large potential in mate-
rials science studies. Owing to it’s advantages in the
beta-ray-detected NMR measurements, as compared
to other oxygen isotopes with known electromagnetic
moments,3) 21O appeared to be a good candidate to
serve as the electromagnetic probe to investigate the
atomic-scale properties of the oxygen-containing sys-
tems.
Previously, we have reported on the measurement of

nuclear moments of 21O at RIKEN RIBF.3) However,
even though the obtained values provide certain infor-
mation on the nuclear structure, the improvements in
the precision of Q-moment measurement are desirable
to successfully implement 21O in the studies described
above.
Thus, we prepared and performed precision mea-

surements on the nuclear magnetic dipole and electric
quadrupole moments for the ground-state of 21O using
the β-NMR method at HIMAC, Chiba. The secondary
beam of 21O was produced at the SB2 4) separation line
of the facility by using the 22Ne primary beam on the
1-mm-thick Be target at an energy of 70 MeV/nucleon
and beam intensity of 7.8 · 108 particles per spill. The
isotope separation was done in two stages through the
momentum and momentum-loss analyses. The latter
was realized using a 3.5-mm-thick Al wedge-shaped en-
ergy degrader installed at the F1 focal plane. Beam
purity of nearly 100% was achieved for the secondary
beam after the separation. To ensure the polarization
of 21O, an emission angle of θ = 2.6◦ ± 1◦ was ap-
plied using the beam swinger located upstream of the
SB2 beam line and the outgoing momentum window
was selected to be pf = p0× (0.984± 0.020) consid-
ering the one neutron pick-up mechanism involved in
the reaction. The particle identification was done us-
ing ∆E-ToF. The time of flight (ToF) was measured
between the F1 and F3 focal planes of the beam line.

∗1 RIKEN Nishina Center
∗2 Department of Physics, Kyungpook National University
∗3 Center for Nuclear Study, The University of Tokyo
∗4 Department of Advanced Sciences, Hosei University

After the isotope separation, the secondary beam of
21O was delivered to the β-NMR apparatus installed
downstream the beam line. The well-established
method of β-NMR in combination with AFP tech-
nique5) was applied to measure the electromagnetic
moments. The following sequence was implemented
in the measurements. The stopper crystal placed in a
5000 G static magnetic field B0 was irradiated by the
secondary beam during the first two spills from syn-
chrotron. After the beam implantation, the oscillating
magnetic field was applied to the stopper perpendic-
ular to B0 by using the tank circuit containing five
variable remotely controlled vacuum capacitors of 50–
2000 pF. The following six spills (9.9 s) were artificially
skipped and the β-rays from 21O β-decay were counted
by the plastic scintillator telescopes located above and
below the stopper. In the next cycle, the beta-rays
were counted without the application of the RF field
and the ratio between the two measurements was taken
to extract the AP value and therefore, the resonant fre-
quency. The 0.5-mm-thick CaO crystal and 0.5 mm-
thick TiO2 single crystal were used in the g-factor and
Q-moment measurements, respectively.
The analysis of the data acquired during the exper-

iment is in progress and the results will be reported
later.
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RI beam production at BigRIPS in 2018

Y. Shimizu,∗1 N. Fukuda,∗1 H. Takeda,∗1 H. Suzuki,∗1 D. S. Ahn,∗1 N. Inabe,∗1 K. Kusaka,∗1 M. Ohtake,∗1

Y. Yanagisawa,∗1 T. Komatsubara,∗1 H. Sato,∗1 K. Yoshida,∗1 and T. Uesaka∗1

The radioactive isotope (RI) beam production at
the BigRIPS fragment separator1) in 2018 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.
In the spring beam time, the 18O beam campaign

was performed with seven experiments. The 10, 12, 14Be
beams were delivered to the SAMURAI spectrometer
to study the cluster structure of neutron-rich Beryl-
lium isotopes. The 14O beam was produced to investi-
gate the single-particle structure and nucleon correla-
tion in exotic nuclei using knockout reactions. Cock-
tail beams of 14Be, 11Li, and 8He were produced to
measure the spin-isospin responses of the neutron drip-
line nuclei. 9C beam was produced to study the
single-particle structure of 8B relevant to nuclear astro-
physics. Two machine studies were performed to de-
velop the dispersion-matched ion-optical system of the
SRC and BigRIPS.2,3) The BigRIPS group has mea-
sured the production cross-sections of the proton-rich
nuclei for the Li–F region and the momentum distri-
bution of 10C beam in the machine study.4)

Table 1. List of experimental programs and RI beams produced at the BigRIPS separator in 2018.

Primary beam 
(Period) Proposal No. Course RI beams 

18O 
230 MeV/nucleon 
(May 15 – Jun. 8)

SAMURAI
SAMURAI 

BigRIPS 
SAMURAI 

BigRIPS 

10,12,14Be, 4He
14O 
9C 
14Be/11Li/8He
17,18F, 13,14,15O, 12,13,17,18N, 

SAMURAI 

NP1612-SAMURAI12R1 
NP1512-SAMURAI31 
MS-EXP18-03 
NP1412-SAMURAI30 

MS-EXP18-04 

NP1412-SAMURAI29R1 
MS-EXP18-02 BigRIPS 

9,10,11,14C, 8,13,14B, 7,10,11Be, 6Li
9C 
9C 

238U 
345 MeV/nucleon 
(Oct. 16 – Dec. 10) 

ZeroDegree 134,136Sn

Rare-RI Ring 74,76Ni 
ZeroDegree 165Pm

Rare-RI Ring 124Pd, 122Rh 
ZeroDegree 82Cu

BigRIPS 

NP1712-RIBF162 
NP1612-RIBF149 
NP1612-RIRING2 
NP1612-RIBF148-03 
NP1712-RIRING1R1 
NP1512-RIBF136 
INSPECTION18 
NP1712-RIBF143R1 F12 132Sn

∗1 RIKEN Nishina Center

In the autumn beam time, the 238U beam campaign
was conducted with seven experiments. 134, 136Sn
beams were produced to study the unbound γ-decaying
states in 133, 135Sn. The first physics experiments us-
ing the Rare-RI Ring were performed to measure the
precise masses of 74, 76Ni, 122Rh, and 124Pd isotopes.
The BRIKEN experiment was performed to measure
the beta-delayed multi-neutron emission probabilities
in the rare-earth region using the cocktail beam around
165Pm. The first experiment with the VANDLE array
setup was performed to study the beta-delayed neu-
tron emission in the vicinity of 78Ni using the cocktail
beam around 82Cu. The 132Sn beam was used to pro-
duce the tertiary 130Sn beam using a two-step scheme
with a momentum-dispersion matching technique5) at
F5. The tertiary 130Sn beam was delivered to F12
for the magnetic moment measurement using the time-
differential perturbed angular distribution method.
The number of experiments using RI beams at the

BigRIPS separator is tallied in Table 2 for various pri-
mary beams in each year. A total of 174 experiments
have been performed so far. Figure 1 shows the RI
beams produced in 2018 at the BigRIPS separator on
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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 
2018 7 7 14 
Total 82 8 1 6 6 36 24 1 5 1 3 173 

Fig. 1. RI beams produced in 2018 and the production yield measured from March 2007 to December 2018
at the BigRIPS separator.

the table of nuclides with red squares. The number
of RI beams produced in 2018 is 40. The production
yields for 1608 RI beams have been measured from
March 2007 to December 2018 and they are indicated
using cyan. The yellow color indicates the known iso-
topes. The number of new isotopes is approximately
140.
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Measurement of production cross-section and momentum distribution of
isotopes produced from 18O beam

H. Takeda,∗1 N. Fukuda,∗1 H. Suzuki,∗1 Y. Shimizu,∗1 D. S. Ahn,∗1 N. Inabe,∗1 K. Yoshida,∗1 and T. Uesaka∗1

The production yields and production cross-sections
of 6Li, 7, 10, 11Be, 8, 13, 14B, 9, 10, 11, 14C, 12, 13, 17, 18N,
13, 14, 15O, and 17, 18F produced from an 18O beam at
230 MeV/nucleon were systematically measured with
the BigRIPS separator.1) By combining with previously
measured cross-sections of other isotopes, the cross-
section data of almost all nuclei that can be produced
from 18O has been completed, except for some stable
nuclei and 3H. In addition, the momentum distribution
was measured for a wide range for 10C.

The secondary beam was produced from the 18O beam
on a 2 mm-thick Be target at F0. The momentum slit
at F1 was set at ±3%. An 8 mm-thick Al achromatic
degrader was used at F1 to purify the secondary beam.
The particle identification was performed by using the
∆E vs. TOF information in the second stage of Big-
RIPS. For each cross-section measurement, the Bρ set-
ting was tuned for the peak of the momentum distribu-
tion of the target isotope. The production cross-sections
were deduced from the measured production rates and
the transmission efficiency of the BigRIPS separator es-
timated with the simulation code LISE++.2)

The measured production cross-sections are shown in
Fig. 1. The upper and lower panels show the results
for proton-rich (A/Z ≤ 2) and neutron-rich (A/Z > 2)
isotopes, respectively. The filled circles are the mea-
sured data at this time, while open circles are previously
measured ones. The magenta, blue, and green lines are
predictions of EPAX 3.1a,3) EPAX 2.15,4) and FRACS
1.1,5) respectively.

The measured cross-sections of the proton-rich B–O
isotopes are 1/2–1/10 of the EPAX 3.1a predictions.
The closer to the proton dripline, the larger the devi-
ation becomes. The results of FRACS 1.1 are almost
the same as those of EPAX 3.1a, while EPAX 2.15 un-
derestimates the cross-sections of isotopes near the sta-
bility line. For the neutron-rich isotopes, all the models
reproduced the measured cross-sections relatively well
compared to the proton-rich side.

The momentum distribution of 10C was measured by
changing the first Bρ01 from −12% to +12% for the
peak momentum value in 3% steps. The yield ratio to
the peak value is plotted as a function of the momentum
deviation in Fig. 2. The red circles show the measured
values. The distribution was not well reproduced by
the LISE++ calculation with the “Universal parametriza-
tion” model6) (green line). We need to modify the σconv

and coef parameters, which correspond to the width and
low-momentum tail of the distribution, to reproduce the
measured distribution (blue line). Detailed analysis is in
progress.

∗1 RIKEN Nishina Center

Fig. 1. Production cross-sections of isotopes produced in the
18O + Be reaction. The upper and lower panels show
the results for proton-rich (A/Z ≤ 2) and neutron-rich
(A/Z > 2) isotopes, respectively.

Fig. 2. Momentum distribution of 10C produced in the 18O
+ Be 2 mm reaction at 230 MeV/nucleon. The original
model (green line) used in the LISE++ did not reproduce
the measured distribution (red circles) well. Modification
of the parameters were needed (blue line).
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Cross-section measurement of neutron-rich isotopes produced from an
RI beam of 132Sn using a two-step scheme

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,∗3,∗1 D. P. Bazin,∗3,∗1 T. Kubo,∗4,∗1
J. Nolen,∗5,∗1 and W. F. Henning∗5,∗6,∗1

The production cross sections of neutron-rich radioac-
tive isotopes (RI), including 125–128Pd produced from a
less-exotic RI beam of 132Sn, were measured using Bi-
gRIPS and ZeroDegree at the RIKEN RI Beam Factory
(RIBF) in November 2017.

A two-step reaction scheme was proposed1) for the effi-
cient production of mid-heavy very-neutron-rich RIs. In
this scheme, a long-lived neutron-rich RI such as 132Sn,
whose half-life is 40 s, is produced by an ISOL in the first
step, and accelerated by post-accelerators. In the second
step, more exotic nuclei, such as 125–128Pd, are produced
by a fragmentation reaction. With this scheme, one may
obtain greater yields of very neutron-rich RIs than those
obtained by direct production through the in-flight fis-
sion of a 238U beam, which is currently a very popular
method to produce them. To evaluate the yields of RIs
by the two-step scheme with a 132Sn beam, we mea-
sured the production cross sections of neutron-rich Pd
isotopes beyond 125Pd, up to which the cross sections
had already been measured at GSI together with the
neighboring RIs.2)

In the experiment, the 132Sn beam was produced
at BigRIPS by the in-flight fission of a 40-pnA
345-MeV/nucleon 238U86+ beam impinging on a 4-
mm-thick Be target. The 132Sn-beam energy was
278 MeV/nucleon, the intensity was 35 kHz, and the
purity was 50%. The neutron-rich Pd isotopes were
produced by the fragmentation with a 6-mm-thick Be
target at the entrance of ZeroDegree. The particle iden-
tification (PID) was performed by deducing the atomic
number Z, the mass-to-charge ratio A/Q, and the mass
number A of the RIs based on the TOF-Bρ-∆E-TKE
method in ZeroDegree. Two settings—the 126Pd setting
and the 128Pd setting—were applied for measuring the
cross sections of 125, 126Pd and 127, 128Pd, respectively.

The Z vs A/Q PID plot of the 128Pd setting is shown
in Fig. 1. Many fully-stripped isotopes are observed with
the partially-stripped ones. 127, 128Pd46+ are well iden-
tified in the plot. The events in the two blobs on the
right side of 128Pd46+ are the H-like ions of 126, 127Pd45+.
From the yields of RIs, their transmission in ZeroDegree,
and the beam dose of 132Sn, the production cross sec-
tions were deduced. In Fig. 2, the cross sections obtained
∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, University of Tokyo
∗3 National Superconducting Cyclotron Laboratory, Michigan

State University
∗4 Facility for Rare Isotope Beams, Michigan State University
∗5 Division of Physics, Argonne National Laboratory
∗6 Physik Department, Technische Universität München

in this experiment at RIBF and the ones at GSI2) are
shown with the cross-section formulae COFRA1.03) and
EPAX3.1a.4) Both formulae reproduce the experimental
cross sections fairly well. Further detailed analyses are
in progress.

Fig. 1. The Z versus A/Q PID plot of 128Pd setting in Ze-
roDegree. Partially-stripped contaminants are included
in the plot with the fully-stripped 127, 128Pd.

Fig. 2. The experimental cross sections of neutron-rich RIs
produced from 132Sn beams at RIBF and GSI2) with
cross-section formulae COFRA1.03) and EPAX3.1a.4)
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Improvement of functionals in density functional theory using inverse
Kohn-Sham method and density functional perturbation theory†

D. Ohashi,∗1,∗2 T. Naito,∗1,∗2 and H. Z. Liang∗2,∗1

The density functional theory (DFT) is one of the
most successful approaches to calculate the ground-
state properties. The ground-state density ρgs and
energy Egs are obtained by solving the Kohn-Sham
(KS) equation.1,2) The ground-state energy is given
by Egs = T0 [ρgs] +

∫
vext (r) ρgs (r) dr + EHxc [ρgs],

where T0 is the KS kinetic energy, vext is the external
field, and EHxc [ρ] is the Hartree-exchange-correlation
energy density functional (EDF). However, the accu-
racy of DFT calculations depends on the determination
of EHxc [ρ] as it is unknown. The inverse Kohn-Sham
(IKS) method was proposed toward the improvement
of EDFs. Nevertheless, the actual method to improve
EDFs has not been explicitly determined.
In this work, for the first time, a new way to im-

prove EDFs by the combination of the IKS method
and density functional perturbation theory (DFPT) is
proposed. In this method, a conventional ẼHxc [ρ] is
assumed to be close enough to EHxc [ρ] and the differ-
ence is considered in the first-order DFPT with small
λ as EHxc [ρ] = ẼHxc [ρ] + λE

(1)
Hxc [ρ] +O

(
λ2

)
. In addi-

tion, ρgs (r) and Egs are expanded perturbatively. The
perturbation is assumed to not affect the external field,
and ρgs (r) is assumed to be given.

Under the assumptions, we calculate Egs based on
the first-order DFPT and on the IKS method. By com-

paring them, the following equation for E
(1)
Hxc [ρ] is ob-

tained:

λE
(1)
Hxc [ρ̃gs]− λE

(1)
Hxc [ρgs] + λ

∫
δE

(1)
Hxc [ρgs]

δρ (r)
ρgs (r) dr

=
N∑
i=1

εi + ẼHxc [ρgs]−
∫

δẼHxc [ρgs]

δρ (r)
ρgs (r) dr−Ẽgs,

where εi is the single-particle energy obtained from
ρgs using the IKS method. Because it is diffi-

cult to solve this equation, we assume E
(1)
Hxc [ρ] =∑

k Ak

∫
[ρ (r)]

αk dr and iteratively determine its

value. Finally, ẼHxc [ρ] is improved to be ẼHxc [ρ] +

λE
(1)
Hxc [ρ].
As benchmark calculations, ρgs (r) is calculated

from the known Etarget
Hxc [ρ] and we attempt to repro-

duce it from a less accurate ẼHxc. Here, we use the
Hartree and LDA exchange functional as Etarget

Hxc and

the Hartree one as ẼHxc. The pairs of noble-gas atoms
He-Ne and Xe-Rn are used because two unknowns Ai

and αi should be determined at each iteration. Addi-

† Condensed from arXiv:1812.09285 [physics.chem-ph]
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target
x (rs). The

Hartree atomic unit is used here.

tionally, they are easy to handle owing to their spher-
ical symmetry.
It is found that A1 and α1 are obtained within 7.2%

and 1.0% errors in He-Ne, and within 2.3% and 0.2%
errors in Xe-Rn, respectively, from the LDA results.
The calculated exchange energy density at the first

iteration, ε1stx (rs), and its ratio to the LDA are shown
in Fig. 1 for the pairs of He-Ne and Xe-Rn with
dashed and dot lines, respectively, while the LDA
exchange functional is represented with a solid line.
The energy density εx (ρ) and the Wigner-Seitz ra-
dius rs are defined as Ex [ρ] =

∫
εx (ρ) ρ (r) dr and

rs = [3/ (4πρ)]
1/3

, respectively. The Xe-Rn pair repro-
duces the LDA functional within a few percents.
Moreover, it is found that the ground-state energy

becomes closer to the LDA as the iteration proceeds.
The ground-state energies of He, Ne, Xe, and Rn are
finally reproduced within 0.4%, 0.003%, 0.002%, and
0.0003% errors, respectively, comparing with 28%, 8%,
2%, and 2% errors at the zeroth step. It is also found
that the ground-state density is improved by the iter-
ations.
To summarize, our method accurately reproduces

the LDA functionals. The accuracy of ground-state
energies and densities are improved by two to three or-
ders and one to two orders of magnitude, respectively.
This method can be effective for nuclear DFT as well.
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Coulomb exchange functional with generalized gradient
approximation for self-consistent Skyrme Hartree-Fock calculations†

T. Naito,∗1,∗2 X. Roca-Maza,∗3,∗4 G. Colò,∗3,∗4 and H. Z. Liang∗2,∗1

Recently, it was shown that the Coulomb energy
density functionals of the generalized gradient approx-
imation (GGA) give almost the same accuracy as that
of the exact-Fock energy1) by using the experimen-
tal charge density distribution as inputs of the func-
tional. As a step further, we carry out the correspond-
ing self-consistent Skyrme Hartree-Fock calculation by
using the Perdew-Burke-Ernzerhof GGA (PBE-GGA)
Coulomb exchange functional2) instead of the exact-
Fock. The GGA Coulomb exchange functionals have
been proposed as

ECx [ρch] = − 3e2

16πε0

(
3

π

)1/3∫
[ρch (r)]

4/3
F (s (r)) dr,

(1)
where F is the enhancement factor due to the density
gradient, F ≡ 1 is the hold for the local density ap-
proximation (LDA), and ρch is the charge distribution.
Here, s denotes the dimensionless density gradient

s =
|∇ρch|
2kFρch

, kF =
(
3π2ρch

)1/3
. (2)

In particular, the enhancement factor F in the PBE-
GGA Coulomb exchange functional is assumed to be2)

F (s) = 1 + κ− κ

1 + µs2/κ
, (3)

in order to satisfy some physical conditions.3) Accord-
ingly, the parameter κ = 0.804 is determined for any
value of µ by the Hölder inequality. In contrast, two
different values of µ have been widely used in the stud-
ies of atoms2) and solids.4) For the PBE-GGA func-
tional, µ = 0.21951 is determined by the random phase
approximation of the homogeneous electron gas. Since
this µ can be a different value for nuclear systems, the
free parameter of the PBE-GGA Coulomb exchange
functional, µ, is multiplied by a factor λ. For the nu-
clear part, the SAMi functional5) is used in the self-
consistent calculation. For comparison, the exact-Fock
energies are also calculated, where the exact-Fock cal-
culation is carried out using the first-order perturba-
tion theory.6)

The deviation of the Coulomb exchange energy ECx

in the PBE-GGA from that in the LDA, ∆ELDA
Cx , and

the deviation from that in the exact-Fock ∆Eexact
Cx ,

† Condensed from the article in Phys. Rev. C 99, 024309
(2019)
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Fig. 1. Deviation between the PBE-GGA and the LDA,

∆ELDA
Cx , and the deviation between the PBE-GGA and

the exact-Fock ∆Eexact
Cx , defined as Eq. (4).

∆ELDA
Cx =

ECx − ELDA
Cx

ECx
, ∆Eexact

Cx =
ECx − Eexact

Cx

ECx
,

(4)
are shown as functions of mass number A in Figs. 1(a)
and (b), respectively.
In conclusion, λ does not have an obvious isospin

dependence, and λ = 1.25 reproduces the exact-Fock
calculation well in general. Here, note that the PBE-
GGA Coulomb potential is the local potential and
hence the numerical cost of the self-consistent calcula-
tion is O

(
N3

)
, while the exact-Fock Coulomb poten-

tial is the non-local potential and hence the numerical
cost is O

(
N4

)
. This scheme helps to achieve a better

description and understanding of the observables in
which the Coulomb interaction plays important roles,
such as the mass difference of the mirror nuclei and the
energy of the isobaric analog state.
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Joint project for large-scale nuclear structure calculations in 2018

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 the Center for Nuclear
Study, the University of Tokyo. This agreement
was completed successfully in March 2018 successfully.
Based on this project, 62 original papers and 56 pro-
ceedings have been published and some are being pre-
pared under various collaborations with many exper-
imentalists (e.g. Refs. 1–3)). In 2018, we performed
several theoretical studies for understanding the nu-
clear structure. Among these studies, we briefly show
three theoretical achievements: a statistical method
for the uncertainty quantification of shell-model stud-
ies,4) the development of an ab initio nuclear structure
calculation,5) and the theoretical estimation of nuclear
matrix elements that are required for surveying physics
beyond the standard model.3,6–9)

We proposed a novel method to quantify the theo-
retical uncertainty stemming from the effective inter-
actions of the nuclear shell model.4) In this method,
the uncertainty is discussed by estimating the proba-
bility distribution of the parameter set of the effective
interaction in the multidimensional parameter space.
This enables us to quantify an extent of the agree-
ment between the theoretical results and experimental
data in a statistical manner, and the resulting con-
fidence intervals show unexpectedly large variations.
In addition, we pointed out that a large deviation of
the confidence interval of the energy in the shell-model
calculations from the corresponding experimental data
can be used as an indicator of some exotic property,
e.g., α clustering.
In order to investigate the medium-mass nuclei

based on the underlying nuclear interactions in an
ab initio way, the unitary-model-operator approach
(UMOA)5) was developed. In the UMOA, the many-
body Hamiltonian is transformed by a unitary trans-
formation such that one-particle-one-hole and two-
particle-two-hole excitations do not occur. We cal-
culated the binding energies and radii of 4He, 16O,
and 40Ca using the similarity-renormalization-group
(SRG) evolved chiral effective-field-theory interaction
consisting of two-nucleon and three-nucleon forces.
The resulting binding energies and radii were con-
sistent with the recent ab initio results obtained us-
ing the same Hamiltonian, and we significantly un-
derestimated the radii compared to the experimental

∗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

data. To clarify the origin of this underestimation, we
also calculated the radii using the effective operators
obtained from consistent SRG evolution in two- and
three-body spaces. It turned out that the SRG evolu-
tion of the radius operator gives a minor modification
and the underestimation still remains. For a unified
description of the binding energies and radii, a further
understanding of the nuclear force itself is essential.
We also studied two-neutrino double-beta decays

and double-electron capture. We developed an ef-
fective theory that, based on data on beta decays
and electron capture, describes well measured double-
beta transitions, making predictions for several un-
known decays.6) Subsequently, we calculated the dou-
ble electron-capture half-life of 124Xe into the final nu-
cleus 124Te.7) Our large-scale shell model results pre-
dicted a half-life of about 1022 y, which is shorter than
that predicted by other theoretical approaches, sug-
gesting that an observation of the double-electron cap-
ture of 124Xe is within the reach of current experimen-
tal searches.
In addition, we performed shell-model calculations

to study the possible scattering of dark matter off
atomic nuclei. These interactions could reveal the na-
ture of dark matter, and we investigated how to dis-
criminate experimentally the signal from different dark
matter–nucleus couplings.8) In addition, together with
the XENON collaboration, we analyzed for the first
time, the coupling of dark matter particles to the pi-
ons exchanged between two nucleons,3) a contribution
that has so far not been constrained experimentally.
Finally, we calculated the more general dark matter-
nucleus interactions that can receive coherent contribu-
tions from several nucleons in fluorine, silicon, argon,
germanium, and xenon targets.9)
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Bubble nuclei within the self-consistent Hartree-Fock mean field plus
pairing approach†

L. Tan Phuc,∗1,∗2 N. Quang Hung,∗1 and N. Dinh Dang∗3

A bubble structure is the depletion of nucleon den-
sity at its center, which is caused by the absence of
the nucleon on the s-orbitals. The peak of the s-
wave function at r = 0 significantly contributes to
the nucleon density. Therefore, the absence of the s-
wave creates the bubble structure. The pairing cor-
relation and the low-ling excitations affect this bub-
ble structure. In this report, we study the evolu-
tion of the bubble structure within the self-consistent
Skyrme-Hartree-Fock mean field (HF) plus pairing cor-
relation. The latter is included in two ways: within the
Bardeen-Cooper-Schrieffer theory (BCS) and within
the exact pairing solution (EP)1) at finite tempera-
ture, which are referred to as the FTBCS and FTEP,
respectively. The bubble candidates are the neutron-
rich 22O (N = 14, Z = 8) and doubly-magic 34Si
(N = 20, Z = 14) nuclei. The calculations are per-
formed with the Skyrme-type interaction MSk3. The
binding energies (BE) and two proton/neutron sepa-
ration energies (S2p/2n) of these candidate nuclei are
fitted to the experimental data by adjusting the pa-
rameters GN and GZ of the neutron and proton pair-
ing interactions, respectively. The finite-temperature
HF (FTHF), whose single-particle occupation num-
bers follow the Fermi-Dirac distribution, is also used to
make a comparison with the FTBCS and FTEP. The
bubble structure is evaluated by the depletion factor
F = (ρmax−ρcent)/ρmax, where ρmax and ρcent are the
maximum and central nucleon densities, respectively.

The numerical calculations are performed within the
FTHF, FTBCS and FTEP for 22O and 34Si. The pair-
ing effect is known to be dominant in the region around
Fermi surface so that a truncated space with the level
1d5/2 located below Fermi surface and six levels 2s1/2,
1d3/2, 1f7/2, 2p3/2, 1f5/2, and 2p1/2 above it is taken
into account for the neutron shell of 22O and proton
shell of 34Si. As for the proton shell of 22O and neu-
tron shell of 34Si, they are closed and therefore are not
affected by pairing. For 34Si, the experimental value
for the occupation number of the 2s1/2 level has been

measured and reported by Mutschler et al.2) The pair-
ing interaction parameter G is adjusted to reproduce
this value, which is used as the initial input. For 22O,
because the occupation number of the 2s1/2 level is not
known, the calculations are based on reproducing its

† Condensed from the article in Phys. Rev. C 97, 024331
(2018)
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Fig. 1. The depletion factors of 22O and 34Si obtained

within the FTHF, FTBCS and FTEP at different tem-

peratures.

BE and S2n values.
The results obtained show that, at T ≃ 0, the de-

pletion factors F within the FTBCS and FTEP reach
19% for proton density in 34Si and 2% for neutron den-
sity in 22O, whereas the FTHF without pairing pro-
duces the value of F at around 24% and 11% for 34Si
and 22O, respectively (at T = 0.1 MeV). These results
indicate that the effect of pairing correlation on the
bubble structure is strong in the neutron-rich nucleus
22O, and weak in the doubly-magic nucleus 34Si. With
increasing T , the bubbles in these nuclei become less
pronounced and completely disappear when T reaches
the critical value TF . The value of TF in 34Si is around
4 MeV within the FTBCS and FTEP, whereas, for 22O,
it is 0.57 MeV within the FTBCS and 0.85 MeV within
the FTEP (Fig. 1). This difference can be explained
by the fact that the BCS pairing gap ∆ collapses when
T reaches a critical value Tc = 0.57∆ (T = 0), which
makes the depletion factor coincide with that predicted
by the FTHF, whereas the EP pairing gap is always
finite with increasing T . This phenomenon causes a
significant difference in TF for the neutron-rich nucleus
22O, where the pairing correlation is dominant. On the
other hand, this phenomenon does not seem to take
place in the doubly-magic nucleus 34Si. The BSk14 in-
teraction, which is also used in predicting the neutron
bubble in 22O, shows a small pairing in this nucleus
instead of strong pairing obtained by using the MSk3
interaction. This indicates that the MSk3 is more suit-
able than the BSk14 in our study.
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Dineutron correlation and large quadrupole collectivity in deformed Mg
isotopes near neutron drip line

M. Yamagami∗1

Dineutron correlation is one of the exotic features in
nuclei near the neutron drip line. The pair excitation
into continuum states plays a key role in creating the
strong spatial correlation between two neutrons. Dineu-
tron correlation is considered to be a universal phe-
nomenon around the drip line but the experimental ev-
idence is still under intense debate except for light mass
nuclei. In this study, we discuss low-lying quadruple ex-
citations in deformed Mg isotopes to clarify the contin-
uum effects in pairing correlation, which could suggest
the presence of dineutron correlation.

First, we solve the Hartree-Fock-Bogoliubov (HFB)
equation with Skyrme energy density functional (EDF).
We demonstrate the result using the SkM* EDF but the
UNEDF0 EDF draws the same conclusion. The pairing
correlation is active for single-particle states whose en-
ergy ε satisfies ε < λ + E

(+)
pair. Here, λ is the chemical

potential and E
(+)
pair = 10 MeV is used. The predicted

neutron drip line nucleus is 44Mg with neutron chemical
potential λn = −0.15 MeV. The quadrupole deforma-
tions of 34, 36, 38, 40, 42, 44Mg are β2 = 0.35, 0.30, 0.28,
0.28, 0.21, and 0.15, and the neutron pairing gaps are
∆n = 1.21, 1.20, 1.17, 0.98, 1.05, and 1.00 MeV respec-
tively.

On top of the HFB states, we solve the quasipar-
ticle random phase approximation (QRPA) equation
in the matrix form.1) Figure 1 shows the Kπ = 0+

isoscalar quadrupole transition strength B(QIS2;Eν) =
| ⟨ν| r2Y20 |0⟩ |2 to the excited state |ν⟩ at excitation en-
ergy Eν in 40, 42, 44Mg. The QRPA excitation is gen-
erated by the coherent superposition of excitations of
both particle-hole and particle-particle types. The tran-
sition strengths without the dynamical pairing effects,
i.e., QRPA calculation ignoring the residual pairing in-
teractions, are also shown.

It should be noted that the transition strength of low-
lying states significantly reduces when the dynamical
pairing effect is ignored. This excitation mode is in-
duced by the fluctuation of neutron-pair occupation in
Nilsson orbits with different spatial shapes. For exam-
ple, the prolate-type orbits [310]1/2 and [301]1/2, and
the oblate-type orbit [303]7/2 are the main contributors
around 40Mg.

Figure 2 shows the summation of strength SIS2(6 MeV) =∑
0<Eν<6 MeV B(QIS2;Eν). In 34, 36Mg, the typical

model size for stable nuclei, E(+)
pair = 4 MeV, gives rea-

sonable results. The effect of continuum states above
E

(+)
pair = 4 MeV becomes gradually sizable as it ap-

proaches the drip line. SIS2(6 MeV) converges with

∗1 Department of Computer Science and Engineering, University
of Aizu

Fig. 1. Kπ = 0+ isoscalar quadrupole transition strengths
with E

(+)
pair = 10 MeV in 40, 42, 44Mg. QRPA strengths

ignoring the dynamical pairing effect are compared.

Fig. 2. Summation of strength SIS2(6 MeV) in neutron-rich
Mg isotopes are shown. Effects of continuum states and
pairing correlation are investigated.

E
(+)
pair = 10 MeV. It should be noted that the single-

particle state with ε ≈ 10 MeV has a wave number
k ≈ 0.27 fm−1 and the spatial size ∆x ≈ 1/k ≈ 3.7 fm
corresponds to the diameter of a dineutron predicted
around 40Mg.2)

Figure 2 also shows the SIS2(6 MeV) of RPA
and QRPA ignoring the dynamical pairing correlation.
These two results coincide with each other except for
44Mg. SIS2(6 MeV) increases by 38.9% when static pair-
ing correlation is added in 44Mg. This is due to an addi-
tional particle-hole configuration from the resonant state
[321]1/2 to resonant state [301]1/2.

In conclusion, the coupling to continuum states in
pairing correlation enhances the low-lying transition
strengths of Kπ = 0+ isoscalar quadruple excitations
in Mg isotopes near the neutron drip line. This suggests
the presence of dineutron correlations.
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Isoscalar and isovector spin responses in sd-shell nuclei†

H. Sagawa∗1 and T. Suzuki∗2

The spin-isospin response and spin-isospin depen-
dent interactions in nuclei are important fundamen-
tal problems in nuclear physics and astrophysics. Re-
cently, isoscalar (IS) and isovector (IV) spin M1 transi-
tions have been investigated by high-resolution proton
inelastic scattering measurements at Ep = 295 MeV.1)
In this study, the spin magnetic dipole transitions and
neutron-proton spin-spin correlations in sd-shell even-
even nuclei with N = Z, 20Ne, 24Mg, 28Si, 32S, and
36Ar along with a p-shell nucleus 12C are investigated
using shell model wave functions considering the en-
hanced IS spin-triplet pairing with effective spin oper-
ators. In general, the calculated results show good
agreement with the experimental energy spectra in
N = Z nuclei as far as the excitation energies are con-
cerned. In comparison with the experimental M1 re-
sults, the accumulated IS spin strengths up to 16 MeV
show small quenching effect, corresponding to the ef-
fective quenched operator f IS(eff) ∼ 0.9, while a large
quenching f IV (eff) ∼ 0.7 is extracted for the IV chan-
nel. Similar quenching on the IS spin M1 transitions
is obtained by the 20% enhanced IS spin-triplet pair-
ing correlations with the bare spin operator. However,
the enhanced IS pairing does not change much the ex-
citation energy spectra. The Towner’s effective spin
operators efficiently reproduce the accumulated exper-
imental IV spin strength, while the quenching of effec-
tive operators is much larger than that observed in the
IS spin channel. Consequently, an enhanced IS spin-
triplet pairing interaction enlarges the proton-neutron
spin-spin correlation deduced from the difference be-
tween the IS and IV sum rule strengths. The beta-
decay rates and the IS magnetic moments of sd-shell
are also studied in terms of IS pairing and the effec-
tive spin operators. Previously, a large quenching of
IS magnetic transition strength was suggested in the
literature. However, the (p, p′) data in Ref. 1) do not
exhibit the large quenching effect on the IS spin tran-
sitions. This should further be studied experimentally
with possible IS probes such as (d, d′) reactions with
comprehensive theoretical calculations.
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Fig. 1. (Color online) Accumulated spin-M1 transition
strengths of (a) IS channel and (b) IV channel. Ex-
perimental and theoretical data are summed up to
Ex = 16 MeV. Shell model calculations are performed
with USDB effective interaction: (a) in the results of
USDB* and USDB*qis, the IS spin-triplet pairing inter-
action is enhanced by multiplying the relevant matrix
elements with a factor of 1.1 compared to the origi-
nal USDB interactions, and the quenching factor f IS

s

= 1.0 and 0.9 for IS spin operator, respectively. For
USDB**qis, the IS pairing interaction is enhanced by
a factor of 1.2 and a quenching factor f IS

s = 0.9 is in-
troduced for the IS spin operator. Experimental data
are taken from Ref. 1). Long thin error bars indicate
total experimental uncertainty, while short thick error
bars denote the partial uncertainty from the spin as-
signment. (b) Effective IV operators2) are adopted for
spin, orbital and spin-tensor operators for USDB*qiv
and USDB**qiv. For the results of USDB*qiv and
USDB**qiv, the IS pairing interaction is enhanced by
a factor of 1.1 and 1.2, respectively, using the effective
operators.
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Self-consistent constrained HFB in odd-A nuclei†

K. Sugawara-Tanabe∗1,∗2 and K. Tanabe∗3

All existing constrained Hartree-Fock-Bogoliubov
(CHFB) calculations neglect the Fock or the exchange
terms. Here, the constraint conditions are applica-
ble to the proton number Z, neutron number N ,
and the angular momentum along the chosen x-axis
⟨Ix⟩ =

√
I(I + 1). The numerical calculations start

from the spherical single-particle basis and include
the residual quadrupole-quadrupole (Q-Q), monopole-
pairing (MP), and quadruple-pairing (QP) interac-
tions.1) In the approximation without the exchange
terms, only the terms Y 2

0 and Y 2
2 + Y 2

−2 in the Q-
Q interaction are considered but the terms Y 2

1 ± Y 2
−1

and Y 2
2 − Y 2

−2 are not. We have developed the code
to include all exchange terms in the residual inter-
actions. The exchange terms of Q-Q contribute to
the self-energy Γ and the gap ∆, and those of MP
and QP to Γ . Then, the constraint on angular mo-
mentum ⟨Ix⟩ becomes

√
I(I + 1)− ⟨I2z ⟩. We chose

the signature invariant base that reduces the diagonal-
ization space to half2) because the total Hamiltonian
with three constraints H ′ is invariant under the op-
erator Rx = exp(−iπIx). All input matrix elements
are rewritten in this base and the spherical single-
particle operator in this base Ck is transformed to
quasiparticle operators α†

i =
∑

k>0(C
†
kAki + Ck̂Bki)

and α†
î
=

∑
k>0(C

†
k̂
Âki + CkB̂ki), where the notation

k̂ is the time reversal of k. Then, the CHFB equation
becomes:

(
h1 − ωjx ∆T

∆∗ −h2∗ − ωjx

)(
B̂∗ A

Â∗ B

)

=

(
B̂∗ A

Â∗ B

)(
−Λ̂ 0
0 Λ

)
, (1)

where h1 (h2) includes the spherical single-particle en-
ergy and self-energy Γ and ω is the Lagrange multiplier
for Ix =

∑
k,l>0(jx)k,l(C

†
k Cl − C†

k̂
Cl̂). When there is

no ωjx, i.e., without constraint on ⟨Ix⟩, h2, Λ̂, Â, and
B̂ are reduced to h1, Λ, A, and B, respectively. The
iteration procedure in the numerical analysis is based
on the gradient method.3)

Figure 1 compares I versus transition energy ∆E =
E(I)−E(I − 2). The parameters are the same spheri-
cal single-particle energy as listed in Table 1 in Ref. 1).

The strength of MP is G
(0)
π+π+ = G

(0)
π−π− = G

(0)
π+π− =

−0.22 MeV and G
(0)
ν+ν+ = G

(0)
ν−ν− = G

(0)
ν+ν− =

† Condensed from the talk in Int. Symp. on “Simplicity, Sym-
metry and Beauty,” Sept. 26–28, Shanghai (2018)
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Fig. 1. Backbending plot for I as a function of energy dif-

ference ∆E = E(I) − E(I − 2). Experimental data is

taken from Ref. 4).

−0.23 MeV. The strength of QP is 10% of MP, ex-
pressed in terms of MeV/b4 and the strength of QQ
is χππ = −0.030 MeV/b4, χνν = −0.032 MeV/b4,
and χπν = −0.100 MeV/b4 with an oscillator length
b. These numerical results are consistent with the ex-
perimental data except for the I = 15/2− state. The
constraint on the proton number Z is effective but the
value of Z for + and − parity states is mixed owing

to G
(0)
π+π−. For example, Z+ = 13.58 and Z− = 17.42

at I = 15/2−, while Z+ = 13.99 and Z− = 17.01 at
I = 55/2−, where Z = Z+ + Z− is the proton num-
ber outside the magic number 28. For better results,
another constraint on Z− should be included or the
MP and QP interactions between the + and − parity
states should be dropped. This calculation is prelim-
inary and there is room for finding better parameter
sets.
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X. Roca-Maza,∗1 G. Colò,∗1 and H. Sagawa∗2

The density dependence of symmetry energy is still
not understood well enough. A deeper understanding
is highly needed, because an accurate characterization
of the symmetry energy entails profound consequences
for the study of neutron distributions in nuclei along
the entire nuclear chart, as well of other properties of
neutron-rich nuclei.1) The symmetry energy is also of
paramount importance for understanding the proper-
ties of compact objects like neutron stars; it directly
affects the determination of the radius of a low-mass
neutron star.2)

The isobaric analog state (IAS) is one of the well-
established properties of nuclei that is measured ac-
curately, and it is dominantly sensitive to the isospin
symmetry breaking (ISB) in the nuclear medium due
to Coulomb interaction.3) If there is an inconsistency
between the properties of the symmetry energy and
our knowledge of the IAS and ISB forces, it is a se-
rious issue. As discussed often, the neutron skin is
strongly correlated with the density dependence of the
symmetry energy. Therefore, we cannot accept that
the values of the neutron skin do not match our un-
derstanding of the isospin symmetry, which is one of
the basic symmetries of nature, and its breaking.

Starting from the prototype SAMi functional, a sys-
tematically varied family was generated, by keeping a
similar quality of the original fit and varying the values
of J and L. In addition, a family based on the system-
atic variation of J and L with respect to a relativis-
tic mean field (RMF) model with density-dependent
meson-nucleon vertices (DD-ME) was also introduced.
These functionals provide the values of the neutron
skin through the Hartree-Fock (HF) or Hartree so-
lution for the ground-state; in addition, they pro-
vide, self-consistently, the IAS energy via the charge-
exchange random phase approximation (RPA). The re-
sults for the IAS energy, EIAS , as a function of ∆Rnp

are plotted in Fig. 1. The results associated with other
Skyrme interactions are also plotted. We found a se-
rious discrepancy of (0.5∼1) MeV between the calcu-
lated and experimental EIAS for all EDFs in Fig. 1.

To solve this puzzle, we reconsidered all possible con-
tributions to the IAS energy that have not been con-
sidered with sufficient care in self-consistent calcula-

† Condensed from the article in Phys. Rev. Lett. 120, 202501
(2018)

∗1 Dipartimento di Fisica, Università degli Studi di Milano and
INFN, Sezione di Milano

∗2 RIKEN Nishina Center and Center for Mathematics and
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Fig. 1. Energy of the IAS as a function of∆rnp with various

EDFs. The arrows indicate the experimental results;

PRex is obtained from the polarized electron parity vi-

olation experiment, Dipole polarizability is the value

obtained from the measurement of giant dipole reso-

nances, and elastic p scattering is the data obtained

from the polarized proton scattering cross section anal-

ysis.

tions so far. Then, we proposed a new parametriza-
tion SAMi-ISB for Skyrme-like EDF, which reconciles
standard nuclear properties (saturation density, bind-
ing energy, and charge radii of finite nuclei) with both
our current understanding of the density behavior of
the symmetry energy and the reproduction of the IAS
energy of 208Pb. We have self-consistently included
for the first time within the HF+RPA framework, all
known contributions that break the isospin symmetry.
All of these contributions have been calculated in a
model-independent way. We have fixed only two free
parameters in the charge symmetry breaking (CSB)
and charge independence breaking (CIB) terms, and
we have shown that this allows for a good reproduc-
tion of the IAS energy of 208Pb without compromising
the other properties of nuclear matter and finite nuclei.
The calculated results show a fine agreement with the
experimental excitation energy of IAS in 208Pb recon-
ciling realistic symmetry energy parameters and the
neutron skin as shown in Fig. 1. The energies of IAS
in Sn isotopes are also improved by SAMi-ISB.
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Nuclear symmetry energy and the breaking of the isospin symmetry:
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Neutron-proton pairing correlations and deformation for N = Z
nuclei in pf-shell using deformed BCS and HFB approach†

E. Ha,∗1 M. -K. Cheoun,∗1 and H. Sagawa∗2

Shell evolution by deformation is an important con-
cept to understand the structure of neutron-rich nu-
clei, whose deformation can be confirmed by rotational
energy spectra and the E2 transition probability ex-
tracted from the experiments. The shell evolution
plays a crucial role in understanding the beta-decays
in nucleosynthesis. Such features may also appear in
neutron-deficient deformed nuclei, for example, N = Z
pf -shell nuclei. In particular, in RMF calculations,
68Se and 72Kr are claimed to have oblate deformations
while 48Cr, 52Fe, and 64Ge may have prolate deforma-
tions, as presented in Table 1.
In this work, we determine the most stable defor-

mation by investigating the evolution of ground state
energies along with the deformation within a frame-
work of the deformed BCS (DBCS) and deformed HFB
(DHFB) models. Specifically, 64Ge is known to cause
a bottle-neck on p- or α-nucleosynthesis. Then, the
neutrino-proton (νp)-process, ν̄e + p → n + e+, pro-
duces lots of neutrons which make it possible to es-
cape the bottle-neck by 64Ge (n, p) 64Ga (p, γ) 65Ge
reaction and subsequently, bridge the waiting points.
Therefore, the nuclear structure of 64Ge becomes the
key to understand the mechanism of these reaction.
First, we studied the evolution of single particle state

(SPS) energies for N = Z pf -shell nuclei by exploiting
a deformed Woods-Saxon potential. Second, taking
these SPS, we calculated the ground state energies of
the nuclei including the pairing interactions of like- (nn
and pp) and unlike-pairs(np) by the deformed BCS (or
HFB) approach. The pairing correlations were found
to be sensitive to the deformation parameter β2 and
the evolved Fermi energies ϵf .

The pairing effects of like-pairs bound the nucleus
more strongly, but did not significantly change the evo-
lution of ground state energies. In contrast, the np
pairings contributed to the formation of more bound
nuclei and significantly affected the pf -shell deforma-
tion. To determine the importance of T = 0 pair-
ing, we introduced an enhanced T = 0 pairing interac-
tion, where the T = 0 pairing matrices obtained by the
Bruckner HF calculations were enlarged by a factor of
1.5. We found that the enhanced T = 0 pairing corre-
lations, which played vital roles in the determination of
nuclear deformations of sd-shell nuclei,1) are important
in the evolution of nuclear deformation. Specifically,

† Condensed from the article in Phys. Rev. C 97, 064322
(2018)
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Table 1. Deformation parameter from the experimental

E2 transition data2) and theoretical deformation pa-

rameters by Relativistic Mean Field (RMF),3) FRDM

model,4) and the present results with the enhanced T
= 0 pairing for N = Z pf -shell nuclei. Empirical pair-

ing gaps deduced from the five-point mass formula5) are
also shown.

A βE2
2 βRMF

2 βFRDM
2 βours

2 ∆emp
p δemp

np

44Ti 0.277 0.000 0.011 0.2 2.631 2.068
48Cr 0.340 0.225 0.226 0.2 2.128 1.442
52Fe 0.230 0.186 –0.011 0.2 1.991 1.122
64Ge 0.259 0.217 0.207 0.1 1.807 1.435
68Se 0.239 –0.285 0.233 –0.2 1.909 1.522
72Kr 0.330 –0.358 –0.366 –0.1 2.001 1.353
76Sr 0.443 0.410 0.402 0.1 1.626 0.715

the oblate deformations of 68Se and 72Kr and prolate
deformations of 52Fe and 64Ge could not be explained
without the enhanced T = 0 pairing correlations in the
present model. Finally, the HFB approach including
pairings between different states does not provide any
new effects on the nuclear structure but contributes
to a more reasonable renormalization of the strength
parameter for the nuclear interaction in the nuclear
medium.
In conclusion, the evolution of ground state ener-

gies is determined by the evolution of the outermost
shell. The np pairing interactions significantly change
the evolution of deformation. In particular, the en-
hanced isoscalar spin-triplet pairing is shown to play
an important role in changing the shape of the pf -shell
N = Z nuclei such as 68Se and 72Kr. It is also sug-
gested by the study of pairing gaps that the IS conden-
sation by the enhanced T = 0 pairing may happen in
both sd-shell and pf -shell nuclei. The state dependent
pairing correlations induced by HFB model are found
to rarely affect the nuclear structures as compared to
the conventional BCS approach.
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Spin-singlet and spin-triplet pairing correlations on shape evolution in
sd-shell N = Z Nuclei†

E. Ha,∗1 M. -K. Cheoun,∗1 and H. Sagawa ∗2,∗3

Pairing correlations play an important role in nu-
clear structure, and have an important effect on nu-
clear electro-magnetic (EM) and weak transitions.
The pairing correlations are classified into like-pairing
(neutron-neutron (nn) and proton-proton (pp)) and
unlike-pairing (neutron-proton (np)) correlations. In
particular, for N = Z nuclei, the np pairing may be-
come significant because protons and neutrons occupy
the same orbital and have the maximum configuration
overlap, which is important especially for the T = 0
pairing. The nn and pp pairings have isovector (IV)
spin-singlet (T = 1, J = 0) mode, while the np pair-
ing correlations have peculiar isoscalar (IS) spin-triplet
(T = 0, J = 1) as well as IV spin-singlet mode. Over
the last few decades, there have been many discussions
regarding the np pairing correlations, in particular, the
coexistence of IS and IV correlations and their compe-
titions in some specific nuclear observables.

Recently, interesting experimental data have been
reported, which show more quenching in the IV M1
spin transition data for the N = Z sd-shell nuclei1)
than the IS data. These features are not expected
according to former theoretical discussions.2,3) It was
pointed out in Ref. 4) that the T = 0 pairing plays
a significant role to cause these features in the spin
dependent observables.

We studied the shape evolution of N = Z nuclei,
24Mg, 28Si, and 32S in the deformed Woods-Saxon
(DWS) and deformed BCS (DBCS) approximations
taking into account both T = 0 and T = 1 pairing
correlations. In the filling approximation for the DWS
potential, it is shown that the shape evolution strongly
correlates with the shell structure of s.p. energies near
the last occupied orbit (Fermi energy). The effect of
two types of pairing correlations with isospin T = 0
and T = 1 are studied by the DBCS model with G-
matrix-based pairing interactions. We adopted an en-
hanced T = 0 pairing interaction to clarity the effect of
T = 0 pairing on the ground state energy. In Fig. 1, we
used a stronger T = 0 interaction (50% stronger than
the G-matrix results4)), which makes the pairing corre-
lations more transparent, especially at the large prolate
deformation and leads to the deep prolate deformation
minimum in 24Mg. A drastic change in the pairing cor-
relation energy is induced by the active T = 0 pairing
channel on top of the usual T = 1 channel, implying
† Condensed from the article in Phys. Rev. C 97, 024320

(2018)
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Fig. 1. The ground state energy (Etotal = EMF′ +Epair) for
24Mg by the DBCS model with Woods-Saxon potential.
Mean field energy by the DBCS is denoted as EMF′ .
Epair is the pairing energy in the right y-axis. The
pairing energies are estimated with enhanced T = 0
pairing in np channel.

that the two paring channels co-exist in the large de-
formation region.

In summary, we found a coexistent phase of two
types of superconductors in the large deformation re-
gion |β2| > 0.3 in 24Mg, 28Si and 32S with the enhanced
T = 0 pairing. The competition between T = 0 and
T = 1 pairing channels substantially affect the energy
minima of 24Mg, 28Si and 32S. Our model gives a rea-
sonable deformation minima for these nuclei, i.e., pro-
late for 24Mg and 32S and oblate for 28Si.
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The time-dependent mean-field (TDMF) theory is
a standard theory to describe the dynamics of nuclei
from the microscopic degrees of freedom.1) Inclusion
of the pairing dynamics leads to the time-dependent
Hartree-Fock-Bogoliubov (TDHFB) theory, which has
been utilized for a number of studies of nuclear reac-
tion and structure. The small-amplitude approxima-
tion of TDHFB with modern energy density function-
als, namely quasiparticle random phase approximation
(QRPA), has successfully reproduced the properties of
giant resonances in nuclei. In contrast, the QRPA de-
scription of low-lying quadrupole vibrations is not as
good as that of the giant resonances. A large-amplitude
nature of the quantum shape fluctuation is supposed to
be important for these low-lying collective states.

The TDMF (TDHFB) theory corresponds to an SPA
solution in the path integral formulation. It lacks a
part of quantum fluctuation, which is important in large
amplitude dynamics. To introduce the quantum fluc-
tuation based on the TDHFB theory, requantization is
necessary. A simple and straightforward way of requan-
tization is canonical quantization. This is extensively
utilized for collective models in nuclear physics.

In our previous work,2) we studied various requan-
tization methods for the two-level pair model, in order
to investigate the low-lying excited 0+ states. Since the
collectivity is rather low in the pairing motion in nuclei,
the canonical quantization often fails to produce an ap-
proximate answer to the exact solution. In contrast,
the stationary phase approximation (SPA) to the path
integral can give quantitative results not only for the
excitation energies but also for the wave functions and
two-particle-transfer strengths. The quantized states
obtained in the SPA has two advantages: First, the
wave functions are given directly in terms of the mi-
croscopic degrees of freedom. Second, the restoration
of broken symmetries are automatic. However, the ap-
plications of SPA have been limited to integrable sys-
tems. This is because we need to find separable pe-
riodic trajectories on a classical torus. Since nuclear
systems, of course, correspond to non-integrable sys-
tems, a straightforward application of the SPA is not
possible.

In this paper, we propose a new approach of SPA
applicable to non-integrable systems, which is based
on the extraction of the one-dimensional (1D) collec-
tive coordinate using the adiabatic self-consistent col-

† Condensed from the article in Phy. Rev. C 98, 064327 (2018)
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Fig. 1. Calculated two-neutron transfer matrix elements for
Pb isotopes.

lective coordinate (ASCC) method.1) Since the 1D sys-
tem is integrable, the collective subspace can be quan-
tized with the SPA. The optimal degree of freedom as-
sociated with a slow collective motion is determined
self-consistently inside the TDHFB space, without any
assumption. Thus, our approach of ASCC+SPA ba-
sically consists of two steps: (1) Find a decoupled 1D
collective coordinate of the collective motion of interest.
(2) Apply the SPA to the collective mode.

On the decoupled collective subspace, which is de-
rived by the ASCC, we apply the Einstein-Brillouin-
Keller (EBK) quantization rule,

∮

Ck

p1dq
1 = 2πk, (1)

where k is an integer with a unit of h̄ = 1. Then, on
this trajectory Ck, the k-th stationary state is given as a
superposition of the (generalized) Slater determinants:

|ψk⟩ =
∮

Ck

ρ(q, p)dt |q, p⟩ eiT [q,p], (2)

where T [q, p] is the classical action integral. This
method is applied to the neutron pairing model for
Pb isotopes. We calculate the two-neutron-transfer
strengths from the ground to the ground and from the
excited to the excited states (Fig. 1). A reasonable
agreement is found between the ASCC+SPA and the
exact calculations.
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Study of giant dipole resonance in hot rotating light mass nucleus 31P†

D. Mondal,∗1 D. Pandit,∗1 S. Mukhopadhyay,∗1,2 S. Pal,∗1 S. Bhattacharya,∗3 A. De,∗4 N. D. Dang,∗5
N. Q. Hung,∗6 S. Bhattacharya,∗1,∗2 S. Bhattacharyya,∗1,∗2 B. Dey,∗7 P. Roy,∗1 K. Banerjee,∗1,∗2,∗8 and

S. R. Banerjee∗9

The Isovector Giant Dipole Resonance (GDR) is ob-
served in all nuclei and is characterized by the resonance
energy (EG), width (ΓG) and strength (SG).1) Macro-
scopically, it is described as out-of-phase oscillation of
proton and neutron fluids, while microscopically, it is
a coherent excitations of one particle-one hole (1p-1h)
configurations across one major shell. It can be built
on the ground state as well as every excited states of
atomic nucleus. The GDR built on the nuclear excited
states is experimentally studied by two complementary
methods, namely inelastic scattering reactions and fu-
sion evaporation reactions.

In this report, a systematic study of the GDR pa-
rameters is presented in a very light mass nucleus 31P
by using fusion evaporation reactions. The compound
nucleus (CN) 31P was populated at three different ex-
citation energies by using the α beam (Ebeam = 28, 35,
42 MeV) from K-130 cyclotron at the Variable Energy
Cyclotron Centre, Kolkata. The GDR and nuclear level
density (NLD) parameters have been determined by si-
multaneous statistical model analysis of the high-energy
γ ray and neutron spectra measured with the LAMBDA
array2) and neutron time of flight detectors,3) respec-
tively. The angular momentum (J) of the multiplicities
with a multiplicity filter.4) The angular distribution of
the high-energy γ rays has been performed to deter-
mine the bremsstrahlung component which is observed
for the beam energies above ∼10 MeV/nucleon. The es-
timation of the bremsstrahlung contribution is crucial
for precise determination of the GDR parameters.

It was observed that the GDR remains very much col-
lective in this light mass nucleus and the EG remains
roughly constant at around 17.5 MeV as the nuclear
temperature (T ) changes. In Fig. 1, the measured GDR
widths are compared with the results of calculations
within different models and plotted as a function of T .
Panels (a) and (b) show that the thermal shape fluctu-
ation model (TSFM)5) and the phenomenological ther-
mal shape fluctuation model (pTSFM)6) (phenomeno-
logical version of TSFM) overpredict the measured

† Condensed from the article in Phys. Lett. B 784, 423 (2018)
∗1 Variable Energy Cyclotron Centre
∗2 Homi Bhabha National Institute
∗3 Department of Physics, Barasat Govt. College
∗4 Department of Physics, Raniganj Girls’ College
∗5 RIKEN Nishina Center
∗6 Institute of Fundamental and Applied Sciences, Duy Tan

University
∗7 Saha Institute of Nuclear Physics
∗8 Department of Nuclear Physics, Australian National Univer-

sity
∗9 (Ex) Variable Energy Cyclotron Centre

Fig. 1. Comparison of measured GDR width with the re-
sults of various model calculations as a function of T at
J = 11.5 h̄ (black dot-dashed line) and J = 15.5 h̄ (blue
solid line). The red long-dashed lines in panels (c) and
(d) are the predictions at J = 0 h̄.

widths. In panel (c) the calculations within the crit-
ical temperature included fluctuation model (CTFM)7)
is presented. Within this model, the GDR width re-
mains constant at the ground-state value up to a critical
temperature due to the GDR induced fluctuation and
increases thereafter. Interestingly, this model nicely re-
produced the measured widths. The widths were also
described quite well [panel (d)] by the results of cal-
culations based on microscopic phonon damping model
(PDM),8) according to which the GDR width arises ow-
ing to the coupling of the GDR state with the noncol-
lective p-h, p-p and h-h configurations. The thermal
paring gaps are found to vanish in the ranges of T and
J considered in this experiment, therefore, have no ef-
fect on the measured GDR width in this light mass
system. The present results establish the universality
of CTFM and PDM in describing the GDR width as a
function of temperature and angular momentum.

References
1) M. N. Harakeh, A. van der Would, Giant Resonances:

Fundamental high-Frequency mode of nuclear excitation
(Clarendon Press, Oxford, 2001).

2) S. Mukhopadhayay, et al., Nucl. Instrum. Methods Phys.
Res. A 582, 603 (2007).

3) K. Banerjee, et al., Nucl. Instrum. Methods Phys. Res.
A 608, 440 (2009).

4) Deepak Pandit, et al., Nucl. Instrum. Methods Phys.
Res. A 624, 148 (2010).

5) Y. Alhassid, et al., Phys. Rev. Lett. 61, 1926 (1988).
6) Dimitri Kusnezov, et al., Phys. Rev. Lett. 81, 542 (1998).
7) Deepak Pandit, et al., Phys. Lett. B 713, 434 (2012).
8) N. Dinh Dang, et al., Phys. Rev. Lett. 80, 4145 (1998).



 
 
 
 
 

3. Nuclear Data





Ⅱ-3. Nuclear Data

- 79 -

RIKEN Accel. Prog. Rep. 52 (2019)

Verification test of 107Pd transmutation†

Y. Miyake,∗1 N. Ikoma,∗1 K. Takahashi,∗1 Y. V. Sahoo,∗1 and H. Okuno∗1

In a previous study, we reported the construction of an
implantation beam line for 107Pd transmutation.1) After
that, 107Pd was implanted into a carbon foil and irradi-
ated by a deuteron beam. In this study, a verification
test for the 107Pd transmutation is reported.

107Pd ions were implanted into a carbon foil as
107PdO− with an energy of 20 keV. This foil is a multi-
layer graphene sheet with a thickness of 360 µg/cm2 de-
veloped by KANEKA.2) The amount of implanted 107Pd
was analyzed by inductively coupled plasma mass spec-
trometry (ICP-MS) to be approximately 270 ng in a car-
bon foil. The 107Pd-implanted sample was irradiated by
deuteron at 12 MeV/nucleon with a current of 1–2 par-
ticle µA. The cumulative irradiation current was 1.09 C,
which corresponds the irradiation with a beam current
of 1 particle µA for 12.6 days.

After cooliing, γ-ray measurements were conducted.
The γ-ray spectrum of the irradiated sample is shown
in Fig. 1. γ-ray emitting from radionuclides of 7Be,
105Ag, and 106mAg were detected. 7Be is produced from
carbon, while 105Ag and 106mAg are generated from
the transmutation of 107Pd. The activities of 105Ag
and 106mAg were calculated from the γ-ray spectrum
of 345 keV and 450 keV, respectively. The activity was
determined using the total net count of γ-ray peaks. The
radioactivity was decay-corrected from the day when
the deuteron irradiation finished. Considering the γ-
ray abundance of 0.41 at 345 keV and 0.28 at 450 keV,
the activity was calculated to be 8.38 × 102 Bq and
4.98 × 104 Bq, which correspond with 0.8 pg of 105Ag
and 9.0 pg of 106mAg, respectively.3)

Fig. 1. γ-ray spectrum of irradiated sample.

† Condensed from the article in Y. Miyake et al., OECD/NEA
(2018) Proceedings of the Fifteens Information Exchange
Meetings on Actinide and Fission Product Partitioning and
Transmutaiton, Manchester, UK, 1-3 October 2018.

∗1 RIKEN Nishina Center

Fig. 2. Isotopic ratio of Pd/107Pd of irradiated sample.

The production yield of nuclides per deuteron was cal-
culated using the Particle and Heavy Ion Transport code
System (PHITS) to estimate the amount of 105Pd and
106Pd generated by the experiment.4) Assuming that all
105Ag and 106mAg detected by the γ-ray measurements
will be converted into 105Pd and 106Pd, respectively,
they amount to 92% for 105Pd and 25% for 106Pd gener-
ated from the 107Pd transmutation. Therefore, the total
amount of 105Pd and 106Pd was estimated to be 0.9 pg
for 105Pd and 40 pg for 106Pd. Considering that the
amount of implanted 107Pd was estimated to be 270 ng,
the isotopic ratios were calculated to be 3.29× 10−6 for
105Pd/107Pd and 1.49 × 10−4 for 106Pd/107Pd.

The isotopic ratio normalized by the number of 107Pd
nuclei (Pd/107Pd) was also evaluated by a simulation
using PHITS. Considering the production yield of each
nuclide, the change in the isotopic ratios were estimated
to be 2.90 ×10−6 for 105Pd/107Pd and 8.43 × 10−5 for
106Pd/107Pd for deuteron irradiation performed with a
beam current of 1 particle µA for 12.6 d. This estima-
tion is consistent with the experimental results, thereby
preliminarily verifying the 107Pd transmutation (Fig. 2).

This work was funded by the ImPACT Program of the
Council for Science, Technology and Innovation (Cabi-
net Office, Government of Japan).
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Measurement of neutron production
from 7 MeV/nucleon α incidence on a Bi target

K. Sugihara,∗1,∗2 E. Lee,∗1,∗2 N. Shigyo,∗1,∗2 K. Tanaka,∗1 A. Akashio,∗1 and T. Sanami∗1,∗3

RIKEN has a plan of installing a new beam line for
producing 211At by α particle incidence on a 209Bi tar-
get. It is assumed that an α beam should have an energy
of 7.16 MeV/nucleon to reduce undesired byproducts.
Validation of Monte Carlo simulation codes on radia-
tion shielding is required for the design of a beam line.
The neutron energy spectrum of the 209Bi(α, 2n)211At
reaction has not been measured. Experimental data of
double-differential neutron thick target yields (TTY) are
desired as a neutron source term in the radiation shield-
ing design. We measured the neutron energy spectra by
the time-of-flight (TOF) method.

The experiment was carried out at the E7B course of
AVF cyclotron. The experimental arrangement is illus-
trated in Fig. 1.

The 7.16 MeV/nucleon α beam irradiated a 209Bi tar-
get. The repetition rate of the beam was about 16 MHz.
The integrated beam current was obtained from the
counts of a neutron survey meter set near the target
chamber. The thickness of the target was 2 mm, which
was longer than the range of the α particle.

Neutrons from the target were measured with EJ301
liquid organic scintillators that were 2 inch in diameter
and thickness. A 2 mm thick plastic scintillator was
set as a veto detector. The neutron kinetic energy was
determined by the TOF method in which the start and
stop signals came from the neutron scintillator and the
RF signal of the AVF cyclotron, respectively. The flight
path lengths from the target to the detectors were from
1 to 1.2 m as shown in Fig. 1. The background neutrons
were estimated from the measurement data with an iron
shadow bar of 60 cm thickness between the target and
each neutron detector.

Figure 2 shows the TOF spectrum at 0◦. The hor-
izontal axis represents the time difference between the

Fig. 1. Experimental arrangement.

∗1 RIKEN Nishina Center
∗2 Department of Applied Quantum Physics and Nuclear Engi-

neering, Kyushu University
∗3 KEK

RF signal and the neutron detector. The TDC resolu-
tion was about 0.012 ns/ch. The peak at 3650 ch was
the prompt γ-ray from the α incident reactions. Low-
energy neutrons from the preceding beam bunch were
overlapped in the TOF spectrum. These events were
excluded because their small signals were lower than the
threshold level of the electronics. The neutron events
were extracted by using the difference in the decay part
of the signal between neutrons and γ-rays.1)

The measured neutron TTY and the calculation re-
sults by INCL2) and JQMD3) models in PHITS4) code
are shown in Fig. 3. The results of INCL show better
agreement with the experimental results than those of
JQMD.

The measured data will be applied to the shielding
design of the new beam line.

Fig. 2. TOF spectrum at 0◦.

Fig. 3. Neutron TTY and the calculation results by INCL
and JQMD implemented in PHITS.
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EXFOR compilation of RIBF data in 2018

S. Jagjit,∗1 T. Tada,∗1 M. Aikawa,∗1,∗2 D. Ichinkhorloo,∗1 S. Imai,∗3 M. Kimura,∗1 and N. Otuka∗2,∗4

Nuclear reaction data is the central cohesive source
of support for the new advancements in nuclear tech-
nology (e.g., nuclear power, fuel cycles, environmental
monitoring, dosimetry, radiation safety, radioisotope
production, radiotherapy, and medical diagnostics)
and science (e.g., nuclear physics, nuclear chemistry,
geophysics, and astrophysics). A nuclear database
plays a vital role in providing the best estimated nu-
clear reaction data to a wide range of data users
working in various fields of science and related ar-
eas. One such database open to the public is the
EXchange FORmat (EXFOR) library for experimen-
tal nuclear reaction data.1) The EXFOR database is
the universally common repository for nuclear reac-
tions, which was established in 1967, and is main-
tained by the International Network of Nuclear Reac-
tion Data Centres (NRDC) under the auspices of the
International Atomic Energy Agency (IAEA).2) The
scope of EXFOR covers a wide range of nuclear reac-
tions such as neutron-induced, charged-particle, and
photon-induced reactions.
The Hokkaido University Nuclear Reaction Data

Centre (JCPRG)3) was founded in 1973 and has been
a member of NRDC since 1975. JCPRG is responsi-
ble for the compilation of charged-particle and photon-
induced nuclear reactions measured at the facilities lo-
cated in Japan.4) The contribution of JCPRG to the
EXFOR database amounts to ∼ 5% of the total en-
tries.
Our compilation process involves the scanning of

peer-reviewed journals for the published papers that
meet the scope of EXFOR. A unique entry number is
assigned to each selected paper to be compiled for the
EXFOR library to track progress in compilation. The
compilers extract the bibliographic information, exper-
imental set up, measured physical quantities, measured
numerical data, and error information that are given as
input to a single entry of EXFOR. During this process,
we contact the corresponding authors for questions on
the content of the papers and requests for numerical
data.
JCPRG has cooperated with the RIKEN Nishina

Center for the compilation of data obtained in RIBF
since 2010. The purpose of this cooperation is to in-
crease the availability of nuclear reaction data obtained
at RIBF. In this article, we report our activities related
to the RIBF data. In 2018, we compiled 53 new pa-
pers reporting the experiments performed at Japanese

∗1 Faculty of Science, Hokkaido University
∗2 RIKEN Nishina Center
∗3 Institute for the Advancement of Higher Education,

Hokkaido University
∗4 NDS, IAEA

Table 1. Entry numbers with references compiled from

RIBF data in 2018.

Enteries E25165) E25426) E25437)

E25498) E25539) E255410)

E255711) E256112) E256213)

E257414) E257515) E257616)

E257817) E258018)

Total 14

facilities and out of these, 14 papers were based on
RIBF data. All authors of these 14 entries had kindly
provided us the numerical data. The compiled data is
accessible by the entry numbers listed in Table 1.
We have established an effective procedure to com-

pile all new publications during the last eight-year col-
laboration with the RIKEN Nishina Center. There-
fore, most of the recent experimental nuclear reaction
data is provided by the corresponding authors. This
cooperation is valuable and effective, and essential for
continuing rapid and reliable compilation.
We would like to take this opportunity to express our

gratitude to the authors of these papers for their kind
cooperation with the EXFOR compilation process.
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Preliminary result of the transverse single spin asymmetry in very
forward π0 production in 510 GeV p↑ + p collisions

M. H. Kim∗1,∗2 for the RHICf collaboration

The RHICf experiment1) measured the transverse
single spin asymmetry, AN , which is defined as the left-
right cross section asymmetry of beam polarization, of
very forward π0 in June, 2017. The spin-related in-
teractions between protons and the production mech-
anism of a particle can be deeply understood by AN

measurement. To date, the non-zero AN of forward
π0 has been measured by many experiments, and the
parton-level interaction between protons has generally
been considered to be the origin of the π0 production.
However, recently, larger AN was observed for more
diffractive-like events than the events driven by hard
scattering;2) therefore, the measurement of AN in very
forward π0 production by the RHICf experiment will
provide a new input to unveil the origin of the non-zero
AN of π0, especially from the viewpoint of diffractive
and non-diffractive interactions.

To measure the very forward π0, we moved an elec-
tromagnetic calorimeter (RHICf detector), which was
originally developed for the LHCf experiment,3) from
CERN to BNL, and installed it at the zero-degree area
of the STAR experiment, which was 18 m away from
the beam collision point. The RHICf detector consists
of two sampling calorimeters; smaller one has a lateral
dimension of 20 mm × 20 mm and the larger one has
a lateral dimension of 40 mm × 40 mm. Each tower
is composed of 16 GSO plates for energy measurement
and 4 layers of GSO bars for position measurement. π0

can be identified and reconstructed by measuring two
decayed photons with two towers or even one tower
because the position resolution for photons is of the
level of a few hundred µm. We measured very forward
π0 with a wide transverse momentum (pT ) coverage
of 0 < pT < 1 GeV/c and a longitudinal momentum
fraction (xF ) range of 0.2 < xF < 1. For the corre-
lation study with other STAR detectors, we took the
data using the STAR data acquisition system.

Experimentally, AN is calculated by following equa-
tion:

AN =
1

P

1

Dϕ

(N↑ −RN↓

N↑ +RN↓

)
, (1)

where N↑(↓) is the number of detected π0 in p↑(↓) + p
collision and R is the luminosity ratio between two
collision types of spin up (↑) and down (↓). P repre-
sents the average polarization of the proton beam and
Dϕ is a correction factor for π0 azimuthal angle distri-
bution because AN usually depends on the particle’s
azimuthal angle by AN ∝ sin(ϕ − ϕ0) where ϕ0 is an

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

Fig. 1. Preliminary result of the AN of very forward π0

production as a function pT . The three different colors
correspond with different xF ranges.

offset angle. Typical values of P and Dϕ is around 0.6
and 0.96 respectively.

Figure 1 presents our first result for the AN of very
forward inclusive π0 production. Surprisingly, non-
zero AN of π0 was observed even in very forward π0

production. AN increases as a function of both xF

and pT . Because the non-zero AN in Fig. 1 was driven
by the π0 produced in the very forward region where
the diffractive process is dominant, the diffraction can
be considered to be a possible contributor of this fi-
nite AN as expected by a recent study.2) In order to
further study the role of diffraction in the forward π0

production, we are now analyzing the correlation be-
tween RHICf and STAR detectors. STAR forward de-
tectors and Roman pot4) can identify diffractive events
by observing the rapidity gap or a recoil proton. There-
fore, we will be able to understand the relation between
diffraction and AN of (very) forward π0 with a com-
bined RHICf-STAR analysis.
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The stability of energy scale for RHICf photon measurement during the
2017 operation

K. Sato∗1,∗2 and H. Menjo∗1,∗2 for the RHICf collaboration

The RHIC forward (RHICf) experiment1) aims to ver-
ify hadronic interaction models2–4) by measuring the
production cross-sections of forward neutral particles
(photons, neutrons, and π0) emitted during proton-
proton collisions with a center-of-mass collision energy
of

√
s = 510 GeV at BNL-RHIC, which is important to

understand the development of air showers for cosmic-
ray physics. The RHICf operation was successfully com-
pleted in 2017.

The RHICf detector is located 18 m from the inter-
action point where the STAR detector is installed. The
RHICf detector has two compact sampling and position-
ing calorimeters. Each calorimeter is composed of 16 lay-
ers of GSO scintillators, 4 X-Y hodoscope layers of GSO
bar bundles, and tungsten absorber layers. The energy
of an incident photon is reconstructed from the summa-
tion of the energy deposits in the scintillator layers. The
energy calibration of the calorimeters was performed us-
ing 50–200 GeV/c electron beams at CERN-SPS before
the operation at RHIC, and the systematic uncertainty
was found to be about 3%.5)

The energy scale can be verified and monitored using
π0 events recorded in the proton-proton collision data.
The π0 events are identified by measuring the photon
pairs produced from π0 decays. The invariant mass of a
photon pair, Mγγ , is calculated as

Mγγ = θ
√
Eγ1

Eγ2
, (1)

where θ is the opening angle of a photon pair, and Eγ1

and Eγ2 are the photon energies. Figure 1 shows the re-
constucted mass distribution of photon pair events ob-
tained in RHICf-Run 2625, which contains 3.5 × 104
events. The peak in the distribution corresponds to
the π0 events. The distribution is fit with the Gaus-
sian function combined with the Chebyshev polynomial
function for the background event. The variation of
the invariant-mass peak measured in each RHICf-run is
shown in Fig. 2. The horizontal and vertical axes show
the run number of the RHICf experiment and the rel-
ative peak position of the invariant mass measured in
each run to the one in Run 2625, respectively. The red
dotted lines show the variations at −1.5% and +1.5%.
From the result, we conclude that the energy scale of
the calorimeters was stable within ±1.5%, which is less
than the uncertainty of the absolute energy scale esti-
mated from the beam test. The small variation may be
due to the temperature dependency of the PMTs used in
the detector. The detailed investigation is in progress.

∗1 RIKEN Nishina Center
∗2 Institute for Space-Earth Environmental Research, Nagoya

University

Fig. 1. The invariant mass distribution of photon pair events.
Red line shows the composite function of the Gaussian
function and the Chebyshev polynomial function.

Fig. 2. The relative peak position of the reconstructed π0

mass in each run, which is comapared with the one in
RHICf-Run 2625. The red dotted lines show ±1.5%. The
lower arrows indicate the physics operation periods with
collisions.
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Cross section and longitudinal single-spin asymmetry AL for forward
W± → µ±ν production in polarized p + p collisions

at
√
s = 510 GeV†

R. Seidl∗1 for the PHENIX collaboration

Understanding the spin of the proton and its decom-
position is essential to explaining how the strong inter-
action, described by quantum chromodynamics QCD,
creates the basic building blocks of the visible matter
in our universe, protons and neutrons. Sea quarks are
found to be asymmetric at small to intermediate Bjorken
x < 0.2, where x is the parton momentum fraction.
While several models can describe the measured unpo-
larized light sea, these models differ significantly in their
predictions for the polarized case. Valence quark helic-
ity contributions to the total spin of the nucleon are
already relatively well known, but sea quark helicities
are still poorly understood. An elegant way to access
sea quark helicities is via the weak interaction as possi-
ble at the Relativistic Heavy Ion Collider (RHIC).1) In
p + p collisions, real W ’s can be produced in the anni-
hilation of predominantly up(down) and anti-down(up)
quark pairs for W+(−) production. Furthermore, the
helicity of participating quarks and anti-quarks is fixed
to be left-handed and right-handed, respectively, due to
the parity violating nature of the weak interaction. If
one of the two proton beams is longitudinally polarized,
the helicity of the proton beam therefore selects quarks
that are polarized parallel or anti-parallel with it and
vice versa for anti-quarks.

In this analysis, we rely on the reconstruction of
forward-going muons impinging the muon-spectrometer
of the PHENIX detector. The data sets used in this anal-
ysis were recorded at RHIC during the 2012 and 2013
polarized proton running periods at a center-of-mass en-
ergy

√
s = 510 GeV with a luminosity of approximately

Fig. 1. The W± → µ±ν cross section measured at forward
and backward rapidity 1.1 < |η| < 2.5 (closed [blue] cir-
cles) and previously published results at central rapidity.

† Condensed from the article Phys. Rev. D 98, 032007 (2018)
∗1 RIKEN Nishina Center

Fig. 2. Longitudinal single spin asymmetry, AL for (a)
W++Z→µ+, e+ and (b) W−+Z→µ−, e− for PHENIX
for 2012 (closed [blue] circles) and 2013 (closed [purple]
circles) and previously published data and parameteriza-
tions.

53 and 285 pb−1. The average beam polarizations were
between 54% and 58% for the two beams and running
periods. For each event a combined probability distri-
bution, Wness is formed from all variables. Tracks with
high Wness (> 0.92) are used for further analysis. An
unbinned maximum likelihood fit approach is used to
determine the final number of W s and remaining back-
grounds. Figure 1 shows the extracted total cross sec-
tions for inclusive W± → µ± production in p + p colli-
sions at a center-of-mass energy of 510 GeV. The cross
sections are consistent within uncertainties with previ-
ous measurements at this energy from central W → e
decay channels and with the expected NLO predictions.
The longitudinal single-spin asymmetries, AL are shown
in Fig. 2 for positive and negative W + Z decay muon
candidates. They show the first muon single spin asym-
metry results from W + Z decays at pseudorapidities
|η| > 1 of the decay lepton. They help determine the
valence and sea quark helicities at different momentum
fractions than at central rapidities. The behavior of the
asymmetries is generally consistent with the parameter-
izations.

Reference
1) C. Bourrely and J. Soffer, Phys. Lett. B 314, 132 (1993).
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Progress in analysis technique for extracting light-antiquark flavor
asymmetry by SeaQuest at Fermilab

K. Nagai,∗1 Y. Goto,∗2 Y. Miyachi,∗3 K. Nakano,∗2,∗4 S. Sawada,∗2,∗5 T. -A. Shibata,∗2,∗6 for the
E906/SeaQuest Collaboration

The amounts of d̄ and ū in a proton were expected to
be the same based on the flavor independence of gluon
splitting. However, the NMC experiment at CERN
showed that the total amount of d̄ exceeds that of ū.1,2)

The NA51 experiment at CERN and the E866 experi-
ment at Fermilab measured the Bjorken x dependence
of the light-antiquark flavor asymmetry d̄/ū,3,4) where
Bjorken x is the momentum fraction of a parton to a
proton. They found that d̄/ū > 1.0 at x < 0.25 and
d̄/ū < 1.0 at x ∼ 0.3, although the results at x ∼ 0.3
is consistent with 1.0 due to the large statistical un-
certainty. It is very important to measure d̄/ū in this
unclear region in order to understand the proton struc-
ture.

The SeaQuest experiment is a Drell–Yan experiment
performed at the Fermi National Accelerator Labora-
tory (Fermilab) in Illinois, US. The main purpose of
this experiment is to measure the light-antiquark fla-
vor asymmetry in a proton in 0.1 < x < 0.45, which in-
cludes the unclear region in the previous experiments.

As shown in Fig. 1, the Drell–Yan process is a reac-
tion in which an antiquark in a hadron and a quark in
another hadron annihilate and decay into a lepton pair
via a virtual photon: q + q̄ → γ∗ → µ+ + µ−.5) The
cross section of the proton-proton Drell–Yan process
at the leading order is expressed as

d2σ

dx1dx2
=

4πα2

9x1x2

1

s

∑
i=u,d,s,...

e2i

[qi(x1)q̄i(x2) + q̄i(x1)qi(x2)] , (1)

where x is the Bjorken x, the subscripts (1, 2) denote
the beam and the target, respectively, and q(x) is the
parton distribution function. In the SeaQuest accep-
tance (x1 ≫ x2), the last term of Eq. (1) vanishes
because the PDFs of antiquarks are small enough at
the high x region. Therefore, an antiquark of the tar-
get proton is always involved in the process and is thus
accessible easily.

The SeaQuest experiment measures the muon pairs
in the final state of the Drell–Yan process, which is pro-
duced with the 120 GeV proton beam provided by the
Fermilab Main Injector and the liquid hydrogen and
deuterium targets. The details of the SeaQuest spec-
trometer have been reported in the past.6) SeaQuest

∗1 Institute of Physics, Academia Sinica, Taiwan
∗2 RIKEN Nishina Center
∗3 Department of Physics, Yamagata University
∗4 Department of Physics, Tokyo Institute of Technology
∗5 Institute of Particle and Nuclear Studies, KEK
∗6 College of Science and Technology, Nihon University

Fig. 1. Diagram of the Drell–Yan process.

took the physics data from 2013 through 2017. The
recorded number of beam protons on targets is 1.4 ×
1018. At this moment, about 40% of the data are being
analyzed.

The preliminary result of the light-quark flavor
asymmetry was reported.7) The analysis toward the
final result is currently in progress.

There are two difficulties that need to be resolved
in the current analysis: the estimation of the beam-
intensity dependence of the reconstruction efficiency
and that of the random background. We are now test-
ing a new method for resolving them based on real data
instead of simulation, namely the so-called extrapola-
tion method.

In this method, we evaluate the cross section ratio
first as a function of the beam intensity. Here, we do
not apply any corrections. Then it is fitted with a
function and extrapolated to the zero beam intensity.
The extrapolated value is considered to be the “cor-
rect” cross section ratio. Through the simulation, we
confirmed that the extrapolation method removes the
beam-intensity dependence of the reconstruction effi-
ciency correctly. The investigation to confirm whether
this method can handle the random background is in
progress.
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Forward hadron calorimeter R&D

Y. Goto,∗1 H. Matsuda,∗2 Y. Miyachi,∗3 I. Nakagawa,∗1 K. Nakano,∗1,∗4 R. Seidl,∗1 T. -A. Shibata,∗1,∗4,∗5

K. Tanida,∗1,∗6 and Y. Yamazaki∗7

High energy polarized proton collision experiments
at RHIC in Brookhaven National Laboratory have
shown that the perturbative QCD describes experi-
mental data accurately, and have largely developed an
understanding of the internal structure of the proton.
We will refine it much further and explore how the
properties of the proton emerge from internal quark
and gluon interactions by measuring the 3D structure
of the proton with high precision measurements in the
sPHENIX experiment at RHIC and the Electron-Ion
Collider (EIC) in the future. The 3D understanding of
the proton structure will enable us to understand the
origin of the proton spin including the orbital motion
of quarks and gluons (or collectively called partons).

We have proposed to construct a forward apparatus
of the sPHENIX detector that will expand the kine-
matic coverage of the measurements of the 3D struc-
ture of the proton.1) In the forward rapidity region, a
large single-spin asymmetry (SSA) or azimuthal mod-
ulation is known to exist, which will enable us to study
the orbital motion of quarks and gluons. Theoret-
ically, this phenomenon has been explained by the
transverse-momentum dependent parton distribution
function and correlations of partons in the proton.
Based on these theoretical framework, we measure the
SSAs of forward jets, hadrons, electrons, photons, etc.
systematically in polarized proton collisions with high
precision at sPHENIX.

The forward hadron calorimeter is essential for the
forward jet reconstruction and hadron energy measure-
ments, along with triggering. Designing and develop-
ing this calorimeter is a joint project with the EIC
generic detector R&D group eRD1 and the STAR up-
grade project.2) In addition to being a viable sPHENIX
forward calorimeter, the system is designed to fulfill
the requirements of a forward hadron calorimeter of
an EIC detector.

The forward hadron calorimeter is located outside
the flux return yoke of the superconducting solenoid
magnet of the sPHENIX barrel detector system, with
a front face 3.5 m away from the interaction point. The
presence of the flux return yoke only has a minor effect
on the calorimeter performance. The forward hadron
calorimeter consists of 2,044 towers measuring 10 cm ×
10 cm × 81 cm with an expected energy resolution of

∗1 RIKEN Nishina Center
∗2 J-PARC Center, Japan Atomic Energy Agency
∗3 Department of Physics, Yamagata University
∗4 Department of Physics, Tokyo Institute of Technology
∗5 College of Science and Technology, Nihon University
∗6 Advanced Science Research Center, Japan Atomic Energy

Agency
∗7 Graduate School of Science, Kobe University

Fig. 1. An image of a tower of the hadron calorimeter.

approximately 70%/
√
E(GeV) for single hadrons. It

covers a pseudorapidity range of 1.2 < η < 4.0.
The design of the calorimeter follows the design of

the STAR upgrade project. A prototype calorimeter
tower has been made by STAR and it has been tested
at the FNAL test beam facility to validate the con-
struction technique. It is scalable and re-configurable
with a minimal number of mechanical components.
Therefore, it minimizes the resources required for con-
struction and operation. Figure 1 shows an image of
the prototype calorimeter tower. It consists of 38 layers
of 20 mm iron absorbers and 3 mm plastic scintillator
plates, which correspond to a total depth of approxi-
mately 4.5 nuclear interaction lengths. A wavelength-
shifting (WLS) plate provides uniform and efficient
light collection from all scintillation tiles along the
depth of the tower. The light from the WLS plate is
measured with SiPMs similar to the sPHENIX barrel
calorimeters. This allows for the use of common read-
out electronics for all sPHENIX calorimeter systems.
Factors that limit the energy resolution are alignment
and non-uniformity.
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Development of the intermediate silicon tracker for sPHENIX
experiment at RHIC

I. Nakagawa,∗1 Y. Akiba,∗1 H. Aso,∗1,∗2 D. Cacace,∗3 E. Desmond,∗3 T. Hachiya,∗1,∗4 T. Ichino,∗1,∗2
M. Isshiki,∗4 T. Kondo,∗5 H. Kureha,∗4 E. Mannel,∗3 G. Mitsuka,∗1 R. Nouicer,∗3 R. Pisani,∗3 K. Sugino,∗4

A. Suzuki,∗4 M. Tsuruta,∗1 T. Todoroki,∗1 and Y. Yamaguchi∗1

The development of the next generation experiment,
called sPHENIX,1) at RHIC has been firmly proceeded
and have passed the critical decision 1 and 3a approval
in August 2018. The R&D of the intermediate silicon
tracker for sPHENIX is almost in the final stage of the
development. The silicon strip sensor design and the
high density interconnect (HDI)2) had been finalized
by the 2nd generation prototyping in early 2018. The
3 layers of INTT telescope ladder modules based on
these 2nd generation prototypes were assembled for the
beam test at Fermi Laboratory. Shown in the Fig. 1
is the telescope array used for the beam test in March
2018.

The resulting spectra of the 120 GeV primary pro-
ton beam measured by a corresponding cell of each
ladder layer are shown in Fig. 2. The observed po-
sition and the width of the Gaussian shapes are well
consistent between the three layers and matches with
the expected beam profile which is also measured by
the beam profile monitor originally implemented at the
test beam facility of Fermi Lab. The noise performance
was also quite satisfactory.

The next round beam tests is scheduled in May, 2019
with a full readout chain including a 1.2 meter bus ex-
tender3,4) and the air cooling stave support structure,
which were substituted by temporary solutions in the
last beam test because they were still in the middle of
development stages and not ready for the beam test.
The stave (Fig. 3 is the support structure of the INTT
module which consisted of silicon sensors and HDI as

Fig. 1. The telescope of the INTT half ladder detectors
assembled for the beam test at Fermi Lab.

∗1 RIKEN Nishina Center
∗2 Department of Physics, Rikkyo University
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Fig. 2. The telescope of the INTT half ladder detectors

assembled for the beam test at Fermi Lab.

Fig. 3. The auto-CAD drawing of the stave support struc-
ture with the air cooling tubes.

Fig. 4. The HDI module mounted on the prototype stave.

shown in the Fig. 4. It requires not only the stiffness,
but also high thermal conductivity in order to remove
heat generated from the read out chips mounted on
the HDI. The stave is made of a carbon fiber rein-
forced plastic (CFRP) and its prototyping has been
in progress both in Asuka Co. in Japan and Lawrence
Berkley National Laboratory in parallel. As well as the
measurement of thermal conductivity performance of
the prototype staves, the stiffness is also tested before
the finalization.
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Tracking performance simulation for INTT at sPHENIX

T. Todoroki,∗1 Y. Akiba,∗1 H. Aso,∗1,∗2 D. Cacace,∗3 E. Desmond,∗3 T. Hachiya,∗1,∗4 T. Ichino,∗1 M. Isshiki,∗4
T. Kondo,∗5 H. Kureha,∗4 E. Mannel,∗3 G. Mitsuka,∗1 I. Nakagawa,∗1 R. Nouicer,∗3 R. Pisani,∗3 K. Sugino,∗4

A. Suzuki,∗4 M. Tsuruta,∗1 and Y. Yamaguchi∗1

The sPHENIX tracking system comprises, from the
inside to outside, i) the Monolithic-Active-Pixel-Sensor-
based Vertex Detector (MVTX),1) ii) the Intermediate
Silicon Strip Tracker (INTT),2) and iii) the Time Projec-
tion Chamber (TPC).2) MVTX measures the distance of
closest approach for heavy-flavour physics. TPC aims at
a momentum resolution of 1.2% for different Υ state sep-
arations. INTT has a narrow timing window of 100 ns,
which is orders smaller than those of MVTX (4000 ns)
and TPC (26400 ns), which provides rejection powers on
pile-up events and tracks.

The INTT tracking performance and its optimal layer
configuration are evaluated via 1) pile-up event rejec-
tions, 2) pile-up track rejections, and 3) MVTX clus-
ter association efficiency to TPC track seeds. For
these studies, Geant4 simulations with PYTHIA8 p+p
events at

√
s = 200 GeV, embedded at realistic colli-

sion rates at sPHENIX, are employed. Tracks are re-
constructed only with MVTX hit triplets and a cluster
in one of the INTT layers for the (1), while tracks are
seeded in TPC and interpolated to INTT and MVTX
hits with the Hough transformation for the (2) and (3).

Figure 1 Left (Right) shows the event vertex tagging
(rejection) efficiency in (out of) the INTT time window
as a function of PYTHIA event multiplicity at the col-
lision rate of 12 MHz. The integrated in-time vertex
tagging efficiency is 98.4± 0.3%, and the integrated out-
of-time, i.e. pile-up, vertex rejection efficiency is 99%.
This indicates 1 INTT cluster provides a good rejection
of pile-up tracks.

Figure 2 shows the numbers of tracks per pT bin width
from in-time and pile-up events as a function of pT at
the collision rate of 10 MHz. The blue and red lines
are the generated tracks in in-time and pile-up events.

Fig. 1. (Left) In-time vertex tagging and (Right) out-of-time
vertex tagging efficiency versus event multiplicity.

∗1 RIKEN Nishina Center
∗2 Department of Physics, Rikkyo University
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Fig. 2. Number of tracks from in-time and pile-up events as
a function of pT with different tracking requirements.

Fig. 3. MVTX cluster association efficiency to TPC track
seeds as a function of pT with different number of INTT
layers.

The red circles show that the pile-up contribution in the
reconstructed tracks becomes two orders smaller than
that from the in-time events (blue squares) by requiring
1 INTT cluster in addition to 20 TPC clusters in track-
ing. This also indicates 1 INTT cluster provides a good
rejection of pile-up tracks.

Figure 3 shows MVTX cluster association efficiency
to TPC track seeds as a function of pT at no pile-up
(0 Hz) and 10 MHz collision rates. The worst efficiency
is obtained without INTT (0INTT Layer) because of
the large distance between MVTX and TPC. INTT hits
in the association reduce the uncertainty in searching
MVTX hits, resulting in better efficiency. The efficiency
is the best with 2 INTT layers. These studies show that
a two-layer INTT detector is optimal for obtaining the
best tracking performance at sPHENIX.

References
1) MVTX proposal submitted to the DOE Office of Science
2) sPHENIX proposal, arXiv:1501.06197
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Preparation status of the J-PARC E16 experiment in 2018

S. Yokkaichi∗1 for the J-PARC E16 Collaboration

We have proposed the experiment E161) to measure
the vector meson decays in nuclei in order to investi-
gate the chiral symmetry restoration in dense nuclear
matter. The experiment will be performed at the J-
PARC Hadron Experimental Facility. Scientific (“stage-
1”) approval was granted to the experiment E16 by
PAC in March 2007. For the full (“stage-2”) approval,
the demonstration of experimental feasibility and the
prospects of acquiring sufficient funds and beam-line
construction are necessary. Therefore a technical de-
sign report was submitted to PAC in May 2014, which
was revised twice according to the requirements of PAC.
The most recent revision was submitted to PAC in Jan.
2017.

In the PAC held in Jul. 2017, stage-2 approval for
the 40 shifts (320 hours) of a commissioning run was
granted. In this run, the background measurement
at the new beamline should be performed. The high-
momentum beam line, where the experiment will be
conducted is being constructed by KEK. As of Jan.
2019, the target date of the first beam and our commis-
sioning run is between Jan. and Apr. in 2020, depending
on the budgetary status of KEK.

This experiment aims to systematically study the
spectral modification of vector mesons in nuclei, partic-
ularly the ϕ meson, using the e+e− decay channel with
statistics that are two orders larger in magnitude than
those of the precedent E3252) experiment performed at
KEK–PS. In other words, it aims to accumulate 1×105

to 2×105 events for each nuclear target (H, C, Cu, and
Pb) and deduce the dependence of modification the size
of matter and meson momentum. The e+e− decays of
the ρ, ω, and J/ψ mesons can be measured simulta-
neously. Their yields depend on the trigger condition
required to suppress the background e+e− pairs.

In order to increase the statistics by a factor of 100,
we plan to use a 30-GeV primary proton beam with
an intensity of 1 × 1010 protons per beam pulse of 2-
sec duration and 5.52-sec cycle, in the high-momentum
beam line. We also use 0.2%-interaction targets that
produce an interaction rate of 10 MHz at the targets.

Our spectrometer has 26 modules. Owing to bud-
get limitations, our first goal of the staged construc-
tion plan is to construct eight modules, which approxi-
mately covers one third of the full acceptance. With the
eight-module configuration, we proposed Run-1 with
160 shifts (1280 hours) of physics run after the com-
missioning run. In the Run-1, we will be able to accu-
mulate the statistics as six times as that of E325 and
obtain the velocity dependence of spectral modification
in the Cu target, as shown in Fig. 1.

∗1 RIKEN Nishina Center

Fig. 1. Expected signal of the spectral modification of ϕ in
Run-1. As the measure of the modification, the ratio
of excess amount to the amount of mesons in ϕ-peak is
examined and plotted as a function of βγ of the mesons.

The development of detectors and front-end modules
has been completed. We have proceeded the production
of detectors such as GEM Tracker (GTR) for tracking,3)
Hadron Blind Čerenkov detector (HBD),4) and Lead-
Glass calorimeter (LG) for electron identification. We
joined the RD515) collaboration in CERN that aims to
develop multi-pixel gas detectors including GEM. We
use SRS, which is a readout-system developed by RD51,
for GEM readout. For LG readout, a front-end mod-
ule that uses the DRS4 chip6) has been developed by
ourselves.

The development of trigger electronics is still under-
way.7) Test of the amp-shaper-discriminator boards to
generate the trigger signal at GTR and HBD are in
progress toward the production planned in Apr. 2019.
The firmwares on the trigger logic and distribution
modules are also under construction toward the inte-
grated test planned in May 2019.
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Spectroscopy of pionic atoms in 122Sn(d, 3He) reaction and angular
dependence of the formation cross sections†
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(piAF Collaboration)

Spectroscopy of deeply bound pionic atoms has been
contributing to understanding of non-perturbative low-
energy region of the QCD.1) We have started an ex-
perimental spectroscopy of pionic atoms at RIBF and
conducted our first experiment in 2010 by measuring
122Sn(d, 3He) reactions near the π− emission thresh-
old for about 15h. We employed deuteron beam with
the energy of 498.9 ± 0.2 MeV and a typical inten-
sity of 2 × 1011/s accelerated by SRC. Such a high
intensity deuteron beam may serve as an irreplaceable
basis for high statistical and systematic precision in
the spectroscopy and let us achieve opportunities to
reach understanding of the the low-energy QCD with
unprecedented accuracy.
During the experiment, the deuteron beam impinged

on a thin 122Sn target located at a nominal target po-
sition of BigRIPS. We used BigRIPS as a spectrometer
to momentum-analyze the emitted 3He and measured
the Q-value of the reaction in the missing-mass mea-
surement. We reconstructed the tracks of the 3He by a
set of tracking detectors placed near the F5 dispersive
focal plane. We installed a set of scintillation counters
at F5 and F7 focal planes and identified the particles.
After applying detailed optical aberration corrections,
we achieved excitation spectra of the target Sn nu-
cleus with the best resolution of 0.42 MeV (FWHM).
The absolute excitation energy is calibrated by using
a polyethylene target to observe two-body reactions of
H(d, 3He)π0.

In the measured excitation spectrum of the target Sn
nucleus, we observe three prominent peak structures
near the π− emission threshold as depicted in Fig. 1
of our original paper Ref. 2). The left most peak in
the smaller-mass side is assigned to the 1s pionic state
mainly coupling with a neutron hole state of (3s1/2)

−1
n .
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The central peak is assigned mainly to formation of
the 2p pionic state. The right most peak in the larger-
mass side is contributed from higher pionic orbitals.
The pionic states in 121Sn are observed for the first
time. We made an elaborate fitting of the observed
spectrum and deduced the 1s and 2p binding energies
and the 1s width. The deduced binding energies and
the width agree with theoretical calculations.
In the measurement, a large angular acceptance of

BigRIPS provided a very unique opportunity. As
shown in Fig. 2 of Ref. 2), we observe reaction-angle de-
pendence of the pionic atom formation spectra for the
first time. The dependence of both 1s and 2p states are
determined experimentally. Comparing the measured
dependence with a theoretical prediction,3) they are
qualitatively agreeing well, and the observed depen-
dence directly confirms the assignment of the angular
momenta of the structures in the spectrum.
Quantitatively comparing the measured absolute

formation cross sections with the theoretical predic-
tions, we find that the measured 2p cross section fairly
well agrees with the theory and that the 1s cross sec-
tion is smaller by a factor of about 20%. Since a ratio
of the measured cross sections of the 1s to 2p state is
attributed with relatively small errors, the deviation
from the theory invokes important questions in under-
standing of the pionic atom formation reactions.
In conclusion, we conducted first pionic atom spec-

troscopy at RIBF and measured pionic 121Sn as peak
structures in the missing-mass spectrum for the first
time. Reaction angle dependence of the pionic 1s and
2p formation cross sections are observed and compared
with theoretical calculations. The measured depen-
dence qualitatively agree with the theory confirming
the correct assignment of the observed structures in
the spectrum. Measured absolute 2p cross section well
agrees with the theory but the theory overestimates
the 1s cross section by a factor of about 5. The mea-
surement firmly proves potential of the RIBF for future
high precision spectroscopy of pionic atoms.
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Isotope identification in nuclear emulsion plate for double-hypernulcear
study†
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K. Nakazawa∗1

Double hypernulcei such as double-Λ and Ξ hyper-
nuclei provide information about Λ-Λ and Ξ-N inter-
actions, which are important to understand the inner
structure of a neutron star. We have only two reliable
information from the NAGARA1,2) and KISO3,4) events
in the E373 experiment. Other events are not uniquely
identified for the production and decay processes owing
to the remaining possible interpretations. The charge
identification method is a key technique to understand
the multi-strangeness system.

To develop the method, we exposed eight nuclides (1H,
2H, 3H, 3He, 4He, 7Li, 9Be, and 11B) to a nuclear emul-
sion at RIPS. To study the halo effect in the finite focal
depth of objective lens, the exposed angle θ perpendic-
ular to the emulsion surface was set to be θ ≈ 25◦, 50◦,
and 75◦.

To recognize the charge of the particle, we measured
the track width and estimated the track volume that
reflect the energy-losses. Raw images were taken by mi-
croscope with a 100× objective lens and an 8 bits CCD
camera. A focused image, as shown in Fig. 1(a), con-
sists of the most focused layers of raw images. Fig-
ure 1(b) is illustrated according to the following equa-
tion, Bout = 255 × (Bin − Bmin)/(Bmax − Bmin), where
Bin, Bmax, and Bmin are the brightness of each pixel,
maximum, and minimum brightness in Fig. 1(a), respec-
tively. Bin was enhanced to Bout. Figure 1(c) was il-
lustrated by applying an algorithm called “difference of
Gaussian” to Fig. 1(b). Then, a uniform background
image was obtained by subtracting Fig. 1(b) from 1(c),
as shown in Fig. 1(d). We measured the brightness
perpendicular to the track in the Fig. 1(d) and de-

Fig. 1. Image processing method to obtain track width.
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Fig. 2. V α
r of each nucleus to α particle as a function of

log(1/sinθ).

fined the track width as a distance between two inflec-
tion points, which were obtained by applying a fitting
function, f = a × tanh(gauss(x, µ, σ)), to the data in
Fig. 1(e).

The track width depends on the photographic devel-
opment. As a calibration source, we used α particles
which have monochromatic kinetic energy emitted from
natural isotope 212Po in the emulsion. We obtained the
calibration function of vα(d) with 68 α-particles, where
vα is the average track volume of an α-particle at depth
d from the emulsion surface.

The widths were measured for every 1 µm cell along
the track. Because the depths of the measured cells
changed along the track, a volume ratio V α

r to normalize
the α-particle for each nucleus was obtained for measured
volume Vi in ith cell as V α

r =
∑90

i=1 Vi/
∑90

i=1 v
α(di),

where di is the depth of the ith cell. We put 200 tracks
together at four areas for each nucleus in the exposed
emulsion and fitted them according to log(1/sinθ), where
we set log(1/sinθ) to be ξ, as angle dependence of the
volume ratio, V α

r (ξ), to the volume of the α particle, as
shown in Fig. 2.

To confirm the utility of the above method, it was
applied to one track of a Ξ hypernucleus candidate de-
tected in the E373 experiment. The nucleus of this track
is known as 3H or 6He by kinematical analysis. Their
V α
r can be estimated by the data points of 1H and 4He.

Thus, we concluded that the nucleus would be a 6He
nucleus with a likelihood ratio of 0.9.
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Short range πJ/ψ − DD̄∗ interaction†

Y. Yamaguchi,∗1 Y. Abe,∗2 K. Fukukawa,∗3 and A. Hosaka,∗4

Exotic hadrons such as XY Z states reported in the
heavy flavor sector have been one of the interesting top-
ics in hadron and nuclear physics.1) Especially, for the
exotic mesons near the thresholds, those states could be
realized as a hadronic molecule, which is a loosely bound
or resonant state of multi-mesons.

Zc(3900) is an exotic state that has been reported
by BESIII,2) Belle,3) and other facilities.4,5) This state
has a nonzero electric charge that cannot be possessed
by the standard cc̄ state. There have been vari-
ous studies of Zc(3900), where multiquark states and
hadronic molecules have been discussed (see Ref. 1)).
On the other hand, the non bound state explanation
has also been studied. Recent Lattice QCD simulation
by HALQCD6) indicates that Zc(3900) is a virtual state
induced by the strong πJ/ψ −DD̄∗ potential.

For the exotic state near the threshold, heavy hadron
interaction is important to understand the structure.
We study the short range πJ/ψ −DD̄∗ interaction de-
scribed by (i) the meson exchange model, and (ii) quark
exchange model, and compare the results obtained by
these models.

In the meson exchange model, the D(∗) meson ex-
change is introduced, which is given as the Born term of
the t−channel scattering amplitude. The amplitude is
obtained by the effective Lagrangians with respect to the
heavy quark and chiral symmetries,7,8) which are given
by

LπHH = − gπ
2fπ

Tr
[
H1γµγ5∂

µπ̂H̄1

]
, (1)

LψHH = g′Tr
[
J H̄2↔∂µγ

µH̄1

]
+H.c., (2)

where gπ = 0.59, g′ = 4/
√
mψm2

D, and the pion decay
constant fπ = 93 MeV.

In the quark exchange model, the πJ/ψ − DD̄∗ in-
teraction is described by the constituent quark model
Hamiltonian9,10)

Hq
ij = Kq +

(
−3

4
br +

αs

r
− C

)
F⃗i · F⃗j

− 8παh

3mimj

(
σ3

π3/2
e−σ2r2ij

)
S⃗i · S⃗jF⃗i · F⃗j . (3)

In Fig. 1, the cross sections of the πJ/ψ−DD̄∗ transi-
tion obtained using the two models are compared. The
cross section obtained using quark exchange is domi-
nated by the spin-spin term, which is contributed by
the light quark dynamics instead of the charm quark

† Condensed from the article in EPJ Web Conf. 204, 01007
(2019)

∗1 RIKEN Nishina Center
∗2 NEC
∗3 Suma Gakuen
∗4 RCNP, Osaka University

Fig. 1. πJ/ψ − DD̄∗ cross sections obtained by (a) quark
exchange model, and (b) D(∗) exchange model.

dynamics. In comparison with that of quark exchange,
the cross section obtained by meson exchange is very
small. A large difference is obtained between the two
models, and it would be useful to understand the short
range interaction in the πJ/ψ −DD̄∗ channel.
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Proton decay matrix elements at physical quark mass

Y. Aoki,∗1,∗2 (current:∗3) Y. Kuramashi,∗4 and E. Shintani∗3

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 pro-
ton decaying into a pseudoscalar (and an anti lepton).
Last year we reported on the optimization of the pa-
rameters of smearing function of the quarks for inter-
polating operators of proton and mesons. Using this
we are extending the computation for the three-point
functions. Figure 1 shows the ratio of the three and
two-point functions for proton decay form factor W0

for p → π0 via LL operator (ϵijk(uT
i CPLdj)PLuk), for

three different momentum values p⃗ = 2π/64∗n⃗p. From
the plateau we will obtain the form factor that we are
after. Comparison of the two different source-sink sep-
aration ts is performed, and they show consistent re-
sults in the middle. In this study we use 644 lattice at
the physical point mass. Last year we present a result
of low energy constant α computed on 644 and 964 vol-
umes. As the results from two volumes are consistent,
we expect 644 is also good for the form factors.

We need several further steps to obtain the from fac-
tors in the physical unit (GeV2) and renormalized in
a convenient renormalization scheme for phenomeno-
logical use. For the renormalization one needs to solve
the operator mixing due to an explicit chiral symmetry

∗1 KEK Theory Center
∗2 RIKEN Nishina Center
∗3 RIKEN R-CCS
∗4 CCS, University of Tsukuba

Fig. 1. Time dependence of the ratio of three and two-
point functions for proton decay form factor W0 for
p → π0 via LL operator (ϵijk(uT

i CPLdj)PLuk). The
middle points should converge to the form factor in the
asymptotic limit of large source-sink separation ts, thus
develops a plateau.

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. The use of
RI/SMOM schemes5) are under investigation. Finally
the lattice cutoff squared 1/a2 needs to be multiplied.

This study has shown that we have reasonably a
good signal for the form factors and the low energy con-
stants (last year) at the physical quark masses. With
a full statistics and a supplemental mass dependence
analysis, as well as with a completion of the operator
renormalization, this work provides results of proton
decay matrix elements with no systematic error from
chiral extrapolation for the first time. There is an-
other on-going project6) to calculate the same matrix
elements with domain-wall fermions with very coarse
lattice but with a better control of chiral symmetry.
These two studies are complementary to each other
and together will bring us to the final goal of estimat-
ing the proton decay matrix elements for pseudo-scalar
final states with direct simulation at the physical point.
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The πγ → ππ transition and the ρ radiative decay width
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

Lattice QCD calculations of hadronic matrix ele-
ments of external currents are straightforward as long
as the initial and final states contain no more than a
single, stable hadron. For multi-hadron states, how-
ever, the relation between the finite-volume matrix
elements computed on the lattice and the physical
infinite-volume matrix elements of interest is quite
nontrivial, and is known only for certain cases. The
formalism for 1 → 2 transition matrix elements was
pioneered by Lellouch and Lüscher in 2000,4) and was
later generalized by other authors to more complicated
systems.5–10)

Our collaboration is using this formalism to compute
several 1 → 2 transition matrix elements of interest
in high-energy and nuclear physics, including semilep-
tonic weak decays such as B → ππℓν̄. The present
work considers the electromagnetic process πγ → ππ,
where we take the ππ system in a P wave and isospin
1, and allow the photon to be virtual. The hadronic
matrix element for this process can be written as

⟨ππ|Jµ|π⟩ = 2iV(q2, s)
mπ

ϵνµαβϵν(P, m)(pπ)αPβ , (1)

where P and ϵ are the four-momentum and polar-
ization of the two-pion final state, pπ is the four-
momentum of the single-pion initial state, and the
amplitude V(q2, s) depends on the two scalar vari-
ables q2 = (pπ − P )2 and s = P 2. Our calculation
was performed with 2 + 1 flavors of clover fermions,
at a pion mass of approximately 320 MeV. Our re-
sults for V(q2, s) are shown in Fig. 1. This am-
plitude shows the expected enhancement associated
with the ρ resonance, which corresponds to a pole
at spole ≈ m2

ρ + imρΓρ. One very interesting result,
seen for the first time, is the following: for large s,
V(q2, s) falls off significantly slower compared to what
one would expect for purely resonant behavior.

The residue of V(0, s) at s = spole is equal to the
product of the ρ-ππ and ρ-πγ couplings. Our re-
sult for the photocoupling is |Gρπγ | = 0.0802(32)(20),
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Fig. 1. Our results for the πγ → ππ transition amplitude

as a function of the ππ invariant mass and the photon

virtuality. The magenta boxes show the 1σ uncertain-

ties in a
√
s, a2q2, and V/a.

where the first uncertainty originates from the two-
point and three-point function fits, while the second
uncertainty is an estimate of the parametrization de-
pendence in the analytic continuation. Despite the
heavier-than-physical light-quark masses, the lattice
result for |Gρπγ | is already close to the value extracted
from the measured ρ radiative decay width.11)
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Neutron stars from an effective quark theory of QCD†

T. Tanimoto,∗1 W. Bentz,∗1,∗2 and I. C. Cloët∗3

The study of neutron star matter has attracted in-
creased attention recently because of the observation
of massive neutron stars exceeding two solar masses1)
and gravitational wave measurements of a binary neu-
tron star merger event.2) In this work, we investigate
whether a single effective quark theory of QCD which
can describe both the structure of free and in-medium
hadrons as well as nuclear systems,3) can also produce
properties for neutron stars which agree with data.
For this purpose, we use the two-flavor Nambu-Jona-
Lasinio (NJL) model4) with the proper-time regular-
ization scheme, which incorporates important aspects
of confinement.3)

We calculate the effective potentials of nuclear matter
(NM) and quark matter (QM) in the mean field approx-
imation as functions of two independent chemical po-
tentials for baryon number and isospin. The Fermi gas
of electrons is also included so as to achieve β equilib-
rium and charge neutrality. Besides the vacuum (Mex-
ican hat shaped) part, the effective potentials contain
pieces which describe the Fermi motion of composite
nucleons (case of NM) or constituent quarks (case of
QM) in scalar and vector mean fields. The description
of the nucleon is based on the Faddeev method in the
quark-diquark approximation, taking into account both
the scalar and axial vector diquark channels. In the QM
sector we also take into account the pairing of quarks
in the scalar diquark channel, which gives rise to a gap
(color superconductivity). We use the Gibbs equilib-
rium conditions to describe the phase transition from
NM to QM with an intermediate mixed phase. The
constituent quark mass (scalar mean field), the gap,
and the isoscalar- and isovector-vector mean fields are
determined self consistently by minimization of the ef-
fective potential for fixed chemical potentials.

The model parameters in the single nucleon and NM
sector are the same as in Ref. 3). In order to realize a
phase transition to QM at reasonable transition densi-
ties (between 2ρ0 and 4ρ0, where ρ0 = 0.16 fm−3) with
a stable QM component, we found that it is possible to
use the same value for the pairing strength in QM as
for the scalar diquark interaction in the single nucleon
sector, but the vector couplings must be smaller than
in NM by a factor of 0.5–0.68.In the results below we
use a reduction factor of 0.68 for both isoscalar- and
isovector vector couplings in QM.

By using our equation of state as an input to solve the
Tolman-Oppenheimer-Volkoff equations, we can calcu-
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late the properties of neutron stars. From our results,
shown in Figs. 1 and 2, we can conclude that our NJL
model description, which has been very successful for
single hadrons and nuclear systems, leads to a satisfy-
ing scenario also for the phase transition to QM and
the resulting properties of neutron stars.

Fig. 1. Neutron star mass vs. central baryon density. The
solid line shows the pure NM case, and the dashed line
shows a phase transition to QM at about 3ρ0. PSR
J0348 + 0432 and GW170817 indicate the observed val-
ues of star masses of Refs. 1–2), respectively.

Fig. 2. Mass-radius relation for neutron stars. For explana-
tion of lines and symbols, see the caption to Fig. 1.
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Baryon spectrum of an SU(4) composite Higgs theory†

E. T. Neil∗1,∗2 [for the Tel Aviv-Colorado Collaboration]

The possibility that the Higgs boson is not a fun-
damental scalar, but rather a composite bound state
of some new strongly-coupled sector, provides an in-
triguing scenario for new physics beyond the Standard
Model. Current measurements of the properties of the
Higgs boson provide only weak constraints on the pos-
sible scale of compositeness for the Higgs. If the Higgs
is indeed a composite bound state, then there will be
an associated spectrum of other new composite parti-
cles which may be within discovery reach of the Large
Hadron Collider (LHC) or other future colliders. The
overall pattern of the spectrum is directly related to
the underlying fundamental structure, just as the spec-
trum of QCD is predicted by the quark masses and the
gauge symmetry group SU(3).

The full spectrum of a strongly-coupled gauge theory
cannot be predicted by traditional perturbative meth-
ods. Instead, lattice simulations can be used to obtain
numerical but systematically controlled results for the
spectrum of a particular theory. In this work, we chose
to study an SU(4) gauge theory proposed as a com-
posite Higgs model by Ferretti.1) This model includes
two types of fermions, charged under the fundamental
4 and “sextet” two-index antisymmetric 6 representa-
tions of SU(4). We have developed a lattice code ca-
pable of dealing with fermions in multiple representa-
tions, with previous results on the “meson” spectrum2)

and thermodynamic properties of this theory.3)

Composite bound states can be enumerated by
classifying all SU(4)-singlet combinations of fermions.
Writing the 4 fermions as q and the 6 fermions as Q,
we can identify bound states such as qqqq which are
direct analogues of the familiar QCD baryons. How-
ever, there is an additional baryon-like bound state
composed of qqQ fermions. This “chimera baryon” is
especially interesting in the context of the composite
Higgs model, in which it has the same quantum num-
bers as the fundamental top quark. Mixing between
the top quark and this top-partner chimera is respon-
sible for the generation of the observed top mass.

Using standard lattice spectroscopy techniques, we
compute the mass of the chimera and the other baryon-
like states for a range of input fermion masses. The
physical limit for the composite Higgs model requires
taking the massless limit for the sextet fermions m6 →
0, but the other fermion mass m4 remains a free pa-
rameter of the model. Figure 1 shows our results for
the spectrum versusm4 with 1σ error bands. The units
are set in terms of F6, the sextet NGB decay constant,

† Condensed from the article in Phy. Rev. D 97, no. 11, 114505
(2018)

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

Fig. 1. Spectrum of bound states computed from lat-

tice simulation for SU(4) gauge theory with two Dirac

fermions in the 4 and 6 (“sextet”) gauge representa-

tions. Bound-state masses (vertical axis) are shown ver-

sus the squared fundamental Nambu-Goldstone boson

(NGB) mass M2
P, 4, which is proportional to the input

fermion mass m4, treated as a free parameter. In the

context of the composite Higgs model, F6 is bounded

by experiment to be F6 ≳ 1 TeV, so the plot can be

read in TeV units. Most bound states are seen to be

heavier than 5 TeV for the entire parameter space.

which is related to the Higgs vacuum expectation
value; experimental constraints require F6 ≳ 1 TeV,
so the plot units are equivalent to TeV scale.

We see that for the full parameter space, all bound
states are found to be quite heavy, with masses of or-
der 5 TeV or larger, and thus likely out of the reach of
the LHC. However, the fundamental pseudo-Nambu-
Goldstone boson (NGB, purple curve) may be within
reach for at least part of the parameter space. Future
lattice studies will focus on non-perturbative contribu-
tions to the Higgs potential in this model, which should
greatly constrain the allowed parameters of the model.
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Updated empirical formulae of the masses of elementary particles

Y. Akiba,∗1

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 1.3× 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× (6π)ϵ
1/3
0 (1+1/4π+3/(4π)2)−1Mpl 4.18 GeV 4.18± 0.03 GeV(MS at mb) ≤ 2× 10−3

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 (1+1/6π)−1Mpl 4.63 MeV 4.7± 0.2 MeV (MS at 2 GeV) 1.5× 10−2

Z 1/(8π2)ϵ
1/4
0 (1+1/12(1/(6π))+1/12(1/(6π)2))−1/2Mpl 91.1862 GeV 91.1876± 0.0021 GeV 1.5× 10−5

W 2−1/4/(8π2)ϵ
1/4
0 (1− 1/(4π)− 2/(4π)2)−1/2Mpl 80.387 GeV 80.385± 0.015 GeV 2.5× 10−5

H 21/2/(8π2)ϵ
1/4
0 (1+1/(4π)+1/(4π)2)−1/2Mpl 125.14 GeV 125.1± 0.2 GeV 3.8× 10−4

In my article in APR20171) I reported empirical
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 dimensionless
constant ϵ0 = 2 × (6π)−48. There is no adjustable
parameter in the formulae. Note that the value of ϵ0
is consistent with the product of the Hubble constant
H0 and the Planck time tpl = 1/Mpl:

Here, the WMAP nine-year value of H0 is used. This
suggests that the masses of elementary particles are
related to the expansion of space-time.

Here, I report a small update of the formulae for b
and d quarks and Z, W, H bosons. The revised formu-
lae have better agreement with the data.

The mass values calculated using the formulae are
compared with the measured ones. For the calculation,
the value of Planck mass from CODATA2) is used:

Mpl = 1.220910± 0.000029× 1019 GeV.

The measured values of the particle masses are taken
from PDG2016.3) In QCD, the mass of a quark is de-
pendent 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
renormalization group equation (RGE) given below is
used to correct for the mass value at the scale mZ to
the mass at the scale the PDG uses:

∗1 RIKEN Nishina Center

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, calculated values (c) using the for-
mulae, measured values (m), and difference |c/m − 1|
are summarized in the table above. The calculations
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). There is
a pattern in the formulae. The formulae can be sum-
marized as

mf =
1

2
Nf (6π)

nf ϵ
1/3
0 (1+δl)

−1Mpl,

mB =
2cB

8π2
ϵ
1/4
0 (1+δB)

−1Mpl,

where mf and mB are the masses of charged fermions
(leptons and quarks) and bosons, respectively. Nf are
small positive integers, nf are integers ranging from
−2 to 2, and δl and δB are small real numbers. 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 of 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 the
correction factors due to interactions.

A model to explain these formulae is reported in a
separate article.4)
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A model of the empirical mass formulae of elementary particles

Y. Akiba∗1

In the preceding article1) empirical formulae of
the masses of charged leptons (e, µ, τ), quarks
(t, c, u, b, s, d), and gauge and Higgs bosons (Z, W,
H) are presented. Here I report a model that can pro-
duce these mass formulae.

In the model, there is the minimum duration of time,
which is the Planck time τpl = 1/Mpl = 5.3912 ×
10−44 sec. A term of the action (integral of La-
grangian) of a particle is a wedge product of 48 “pri-
mordial actions” (PAs) that are selected from the fol-
lowing 64 PAs.

The wedge product operator ∧ and orientation opera-
tor (sign operator) ε have the following reduction rules:

Here, s is scalar. Following these rules, a 48 wedge
product of PAs, dS = ŝi1 ∧ · · · ∧ ŝi48 , is reduced to

Table 1. The action of particles per Planck Time.

(6π)2ϵ0 (6π)ϵ0 ϵ0
iτ3 iτ3 i τ3 1 iτ3 i 1

e 4 1 3
µ 4 −12 27 3
τ 4 −3 3 1+4

ν1 −12 −12 −2
ν2 4 −4 2
ν3 −12 −12 ±2

U −12 ±2
u −4 ±8
c −4 ±24
t −4 ±8

D −12 1
d −12 −12 3
s −12 3
b 4 6 3 27 18

Z 12 1 1 18
H 4 6 ±18
W 12 18 27 18

∗1 RIKEN Nishina Center

a reduced value in the form of ±m(6π)nis(τ3)s
′
ϵ0,

where ϵ0 = 2 × (6π)−48, s ∈ {0, 1}, s′ ∈ {0, 1},
and m, n(0 ≤ n ≤ 4) are integers. The values
of s, s′, n, and m are determined by the selection
of the subset {ŝ1, · · · , ŝ48} from SPA. The reduced
values of 48 wedge products of PAs that correspond
to the actions of charged leptons (e, µ, τ), neutri-
nos (ν1, ν2, ν3), quarks (u, c, t, d, s, b), and bosons
(Z, W, H) are summarized in Table 1. In the table,
U and D stand for U -type and D-type quarks, respec-
tively, when their mass is ignored.

The mass of particles can be obtained from this ta-
ble. In the below, I shows how the mass formula of the
electron can be obtained from the table as an example.

The action of the electron is

Each term of the action can then be written as a prod-
uct of the following “operators”

Here, |ψ15| = (6π)ϵ
1/3
0 and the vectors u1 =

(u1
1, u

1
2, u

1
3) and u2 = (u2

1, u
2
2, u

2
3) satisfy u1 × u2 =

(−1, −1, −1) and u1 · u2 = 1. The operators id16 and
ψ15 correspond to the differential operator iσµ∂µ and

the electron field operator, and ψ†
15 corresponds to its

conjugate. One can show that

Here, µ0
e = (12π2)−1ϵ

1/3
0 . The terms 4(6π)2ϵ0iτ

3,
ϵ0iτ

3, and 3ϵ0 correspond to the kinetic, the EM in-
teraction, and the mass term, respectively. From these
relations, the mass formula of the electron can be de-
termined.

Similarly, the mass formulae of µ, τ, ν1, ν2, ν3, u, d,
s, c, b, t, Z, W , and H can be obtained from each row
in the Table 1.

Reference
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lowing 64 PAs:

uct of the following “operators”:

SPA =
1

6π
Iµσντa,

1

6π
εi,

1

6π
ετ3,

1

6π
εIcτ3,

− 1

2π
Ic,− 1

2π
εi, i, Ic,−ε, ε, 1  

.

α̂ ∧ β̂ =
α̂β̂ (α̂β̂ = −β̂α̂)
0 (α̂β̂ = β̂α̂),

α̂∧β̂∧γ̂ =
α̂β̂γ̂ (α̂β̂ = −β̂α̂, β̂γ̂ = −γ̂β̂, γ̂α̂ = −α̂γ̂)
0 (otherwise),

s ∧ α̂ = sα̂, s1 ∧ s2 = 0, α̂ ∧ s ∧ β̂ =      ,sα̂β̂

(ε∧)n = 2 .n

dSe = 4(6π)2 0τ
3 + 0iτ

3 + 3   .0

id̂16 =
1/3
0 (1 + iσ1 + iσ2 + iσ3),

ψ̂15 = |ψ15|τ2(u21σ1 + u22σ
2 + u23σ

3),

ψ̂†15 = |ψ15|τ1(u11σ1 + u12σ
2 + u13σ

3),

Â18 = (6π)−2
1/3
0 (1 + iσ1 + iσ2 + iσ3).

id̂16ψ̂
†
15ψ̂15 = 4(6           ,π)2 0iτ

3

Â18 ∧ ψ̂†15ψ̂15 =        ,0iτ
3

µ0e|ψ15|2 = 3   .0

dSe = 1 +
1

4

1

(6π)2
id̂16ψ̂

†
15ψ̂15 +             ,µe|ψ15|2

µe = 1 +                             
.

1

4

1

(6π)2

−1
1

12π2
1/3
0
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High-sensitivity sulfur isotopic measurements for Antarctic ice core
analyses†

K. Takahashi,∗1 Y. Motizuki,∗1 and Y. Nakai∗1

Sulfur isotopic measurements have been widely ap-
plied in earth sciences to investigate the origin and be-
havior of sulfur compounds in the lithosphere, hydro-
sphere, and atmosphere. Recently, sulfur isotopic anal-
yses have also been utilized to elucidate the origin and
circulation of various materials in nature in order to de-
velop various scientific research fields, such as environ-
mental, biological, archaeological, and so on.1,2) Sulfur
isotopic compositions are reported as per mil ( ) vari-
ations relative to a standard material (typically Vienna
Canyon Diablo Troilite, VCDT) as follows:

δ34S = (34S/32S)sample/(
34S/32S)standard − 1

In Antarctic ice and snow samples, it is consid-
ered that the sulfur isotopic ratios reflect the origin
and pathway of sulfur compounds from their precursor
materials, thus indicating the Antarctic environmental
(hydrospheric and atmospheric) conditions. Sulfate and
methane-sulfonic acids are the main sulfur components
in ice and snow samples, and the sulfate ion is par-
ticularly dominant among those species. Several stud-
ies have examined the origins and geochemical implica-
tions of sulfates based on the sulfur isotopic composi-
tion of Antarctic ice and snow samples. Several stud-
ies3,4) have analyzed the sulfur isotopic compositions of
surface snow to investigate the origin of sulfate aerosols
and their alteration during transport from coastal ar-
eas to the Antarctic interior. Sulfur isotopic composi-
tions in ice cores elucidate the paleo-climatic changes:
Cole-Dai et al.5) and Baroni et al.6) measured the sulfur
isotopic compositions of ice core samples influenced by
large volcanic eruptions (e.g. Pinatubo, Tambora) to
investigate the origin and isotopic fractionation of sul-
fates during their transport through the stratosphere.
In those studies, more than 200 g (containing more than
150 nmol sulfate) samples were required to obtain sulfur
isotopic (δ34S) data.

We developed a high-sensitivity sulfur isotopic (δ34S)
analytical system equipped with an elemental analyzer,
a cryo-flow device, and an isotope ratio mass spectrom-
eter, and established a measurement and calibration
procedure. Using this system, we precisely measured
the sulfur isotopic ratio (δ34S) of samples containing
5–40 nmol sulfate. Test runs were performed on sam-
ples from the Antarctic shallow ice core DF01. Figure 1
shows the depth profiles of the sulfate concentration and
the sulfur isotopic ratio (δ34S) for the samples taken
from DF01 at a depth of 8.49 to 9.39 m. The sam-
ple taken from a depth of 8.79 m depth is regarded as

† Condensed from the article in Rapid. Comm. Mass. 32, 1911
(2018)
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Fig. 1. δ34S (solid circles) and sulfate concentration (open

triangles) depth profiles for the two analyzed sections

from ice core DF01. The minimum δ34S value and the

peak sulfate concentration at 8.79 m depth in section 2

are considered to be due to the AD 1883 eruption of the

Krakatau volcano.

corresponding in time to the AD 1883 eruption of the
Krakatau volcano. As shown in Fig. 1, it showed a peak
sulfate concentration in its depth profile, which is con-
sidered to have resulted from a large volcanic eruption.
The δ34S value obtained at that depth in the sample
was distinct from the values at other depths and con-
sistent with the reported values for volcanic sulfates
The analytical system developed herein is a powerful
tool for trace sulfur isotopic analyses. The results ob-
tained from the DF01 ice core samples are the first step
towards elucidating high-time-resolution (less than one
year) paleo-environmental changes through sulfur iso-
topic analyses. Furthermore, the other analyses method
shown in this study can be applied not only to the anal-
yses of ice core samples, but also to other analyses, such
as the analysis of tree rings,2) which require small-scale
analyses. Therefore, this measurement system is ex-
pected to be widely applicable to sulfur isotopic analy-
ses in environmental and geochemical sciences.
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Mass Measurements with the Rare-RI Ring for the A = 130 r-process
Abundance Peak

S. Naimi,∗1 H. F. Li,∗1,∗2 Y. Abe,∗1 Y. Yamaguchi,∗1 D. Nagae,∗1 F. Suzaki,∗1 M. Wakasugi,∗1 H. Arakawa,∗3
W. B. Dou,∗3 D. Hamakawa,∗3 S. Hosoi,∗3 Y. Inada,∗3 K. Inomata,∗3 D. Kajiki,∗3 T. Kobayashi,∗3 M. Sakaue,∗3

K. Yokoya,∗3 T. Yamaguchi,∗3 R. Kagesawa,∗4 D. Kamioka,∗4 T. Moriguchi,∗4 M. Mukai,∗4 A. Ozawa,∗4 S. Ota,∗5
N. Kitamura,∗5 S. Masuaoka,∗5 S. Michimasa,∗5 D. S. Ahn,∗1 H. Baba,∗1 N. Fukuda,∗1 Y. Shimizu,∗1 H. Suzuki,∗1

H. Takeda,∗1 C. Y. Fu,∗2 Z. Ge,∗1,∗2 S. Suzuki,∗2 Q. Wang,∗2 M. Wang,∗2 Yu. A. Litvinov,∗6 G. Lorusso,∗7 and
T. Uesaka∗1

In the fall of 2018, we have conducted an experiment
at the Rare-RI Ring (R3) to measure masses of nuclei
in the south-west region of 132Sn. As it has been shown
from sensitivity studies1) masses of nuclei in the region
around N = 82 has the most significant impact on the
A = 130 r-process abundance peak. We have measured
masses of the most exotic nuclei approaching N = 82,
namely 122Rh, 123, 124Pd and 125Ag isotopes.

Particles of interest were produced at RIBF by im-
pinging a 40-pnA Uranium beam on a 5-mm thick Be
target. Particles were identified at BigRIPS by energy
loss in an Ionization Chamber (IC) placed at F3 and
their Time-of-Flight (ToF) from F3 to F5. After injec-
tion into the R3 and storage for about 1 ms, equivalent
to almost 2000 turns, the particles were extracted. Fig-
ure 1 shows the PID at F3 of all events a BigRIPS in
yellow and extracted events after R3 shown in pink.

The mass will be determined from the total time-of-
flight in the storage ring and a velocity correction. The
mass determination of a particle with m1/q1 requires
also a reference particle with known mass m0/q0

m1

q1
=

m0

q0

T1

T0

√
1− β2

1

1− (T1

T0
β1)2

, (1)

with β1 being the particle of interest velocity that is mea-
sured along the beamline before injection. The time-of-
flight of the reference particle T0 and particle of interest
T1 inside the ring are determined by a procedure detailed
elsewhere.2)

Table 1. Preliminary total events extracted after the ring.

Isotope Events Isotope Events
127Sn 104 128Sn 178
126In 287 127In 157
125Cd 140 126Cd 4965
124Ag 1261 125Ag 406
123Pd 122 124Pd 11
122Rh 2

∗1 RIKEN Nishina Center
∗2 IMP, CAS, China
∗3 Department of Physics, Saitama University
∗4 Department of Physics, University of Tsukuba
∗5 CNS, University of Tokyo
∗6 GSI Helmholtz Center, Darmstadt, Germany
∗7 NPL, University of Surrey

In Table 1, we show the number of extracted events
preliminarily confirmed with the PID. The overall ex-
traction efficiency was lower than expected and was less
than 1% for the reference particle. The data analysis is
being carried out.

In the future we aim at studying even more exotic,
relevant nuclides in this region.

Fig. 1. Particle Identification (PID) showing the energy loss
in the Ionizarion Chamber (IC) at F3 and ToF from F3
to F5. In yellow are shown events at BigRIPS and in
pink are shown extracted events after R3. Particles of
interested are labeled in green, while reference particles
are labeled in black.
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Construction of New 28-GHz ECR ion source for RILAC

T. Nagatomo,∗1 Y. Higurashi,∗1 J. Ohnishi,∗1 A. Uchiyama,∗1 K. Kumagai,∗1 M. Fujimaki,∗1 T. Nakagawa,∗1

T. Ohki,∗2 M. Tamura,∗2 K. Kaneko,∗2 K. Oyamada,∗2 A. Yusa,∗2 H. Yamauchi,∗2 and O. Kamigaito∗1

Since 2017, we have been upgrading the RIKEN
linear accelerator RILAC for the RIBF project1) and
to synthesize new super-heavy elements (SHEs) with
atomic number Z ≥ 119. In the upgrade,2) some of the
latter acceleration cavities of RILAC were planned to be
replaced with superconducting quarter-wavelength res-
onators (SC-QWRs) to increase the energy of the beam
with M/Q = 6 from 5 MeV/nucleon to 6 MeV/nucleon
for the synthesis of SHEs. In the SHE project, the
high intense metallic ion beams, such as Va and Cr
(> 10 particle µA), are required from the ion source.
In addition, because the SC-QWRs are driven by the
fixed frequency, these SC-QWRs are skipped in the
variable frequency operation especially for the RIBF
project. Thus, high-intensity ion beams with a higher
charge than before. For example, Ca16+ beam of
∼ 100 electric µA is required to achieve enough energy
without the SC-QWRs to meet the variable frequency
acceleration scheme of RIBF. To meet these require-
ments, we decided to construct a new electron cyclotron
resonance ion source that consists of fully supercon-
ducting mirror magnets (SC-ECRIS) with a high-power
28 GHz gyrotron microwave generator.

Figure 1 shows the current status of the new 28 GHz
SC-ECRIS and gyrotron microwave generator with low
energy beam transport (LEBT) constructed in the in-
jection room of the RILAC accelerator building. The
SC-ECRIS and microwave generator are the same mod-
els as the uranium ion source of RILAC II, which is pre-
dominantly used for RIBF project (for details, please
see the references).3–5) The new SC-ECRIS is designed
to be operated with 18 and 28 GHz microwaves. In
Fig. 1, the LEBT following the ECRIS consists of a
solenoidal lens, an analyzing magnet sandwiched by two
steering magnets, a diagnostics chamber, and another
solenoidal lens. In the diagnostics chamber, a Faraday
cup and a pepper-pot type emittance meter (PPEM)
were installed. The 40Ar11+ beam of ∼ 90 electric µA
was successfully extracted from the new SC-ECRIS as
the first beam with the 18 GHz microwave because the
28 GHz microwave generator was not ready at that
time. Figure 2 shows the beam profile (x-y plot) and
horizontal emittance (x-x′ plot) of 40Ar11+ beam with
the 18 GHz microwave of 700 W using the PPEM. In
Fig. 2, the beam has a characteristic triangular hollow
shape with widely spread emittance along the horizon-
tal. The triangular shape is formed by the hexapolar
magnetic field of the mirror field of ECRIS and the ions
are localized into three peripheral regions in the beam.
By selecting one of the three intense regions in the x-

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

Fig. 1. New 28 GHz SC-ECRIS and LEBT.

Fig. 2. Obtained beam profile (upper) and horizontal emit-

tance (lower) of 40Ar11+ beam using PPEM. Color indi-

cates the beam intensity in the arbitrary unit.

y space as a red rectangle in the left of Fig. 2, it is
found that the localization in the emittance space also
appears as shown in the right of Fig. 2. From the result,
we can effectively increase the beam brightness, which
is defined as the beam intensity per unit emittance, by
suitable spatial selection of the localized beam using a
combination of slits and steering magnets.

We plan to finish the preparations for the 28 GHz mi-
crowave generator and high temperature oven to gener-
ate metallic vapor in the first half of 2019.
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Development of prototype superconducting linac for low-beta ions

N. Sakamoto,∗1 O. Kamigaito,∗1 K. Ozeki,∗1 K. Suda,∗1 Y. Watanabe,∗1 and K. Yamada∗1

Since 2015, the accelerator group of Nishina Center
has joined the ImPACT program, led by Dr. Fujita, to
develop a system for processing the so-called long-lived
fission products (LLFPs) via nuclear reactions and trans-
mutations induced by ion beams provided by a particle
accelerator.1) As a part of this program, a prototype su-
perconducting (SC) linac has been developed. The main
purpose of this prototype is to realize a high acceleration
field gradient Eacc with a high performance SC-cavity
(high-Q0) and a spatially efficient cryomodule. The cry-
omodule is the main component of SC-linac, which com-
prises 4 K SC-cavities. Finally, we tried to evaluate its
stability and reliability using the prototype cryomodule.

The prototype cryomodule (Fig. 1) consists of one SC-
cavity, one dummy, cavity and a vacuum vessel equipped
with a thermal shield. The length of the cryomodule was
designed as 1.34 m. The SC-cavity, whose beam ports
are connected with bellow pipes and are equipped with a
power coupler, is supported by four hollow pillars made
of GFRP. To minimize heat conduction from the room
temperature part to the 4 K cold part, a thermal shield is
installed between the room temperature part and the 4 K
cold part. The thermal shield provides thermal anchors
to the beam pipes, the power couplers, and the cavity
supports.

The developed SC-cavity was based on the structure
of a quarter-wave resonator (QWR) (See Fig. 1) with
optimum β as low as 0.08 and a resonant frequency of
75.5 MHz, which can be changed up to 5 kHz with a me-
chanical tuner. The planned operating Eacc is 4.5 MV/m
with a Q0 of 8.9 ×108, which is estimated by using the 3D
simulation package Micro Wave Studio (MWS).2) Note
that Q0 is defined as the ratio of its stored energy to the

Fig. 1. Schematic of the prototype cryomodule.

∗1 RIKEN Nishina Center

Fig. 2. Measured Q0 plotted as a function of Eacc. The
dashed lines indicate contours of the wall loss.

Fig. 3. Power level of the pickup signal (Pt) from the SC-
cavity during the long-term operation test.

wall loss of the cavity. The SC-QWR cavity was fabri-
cated using pure niobium sheets. Q0 was measured by an
RF(radio frequency) test, cooling the bulk SC-cavity to
4 K with liquid helium. Extensive study of surface treat-
ment was performed3) and a Q0 of 2.3×109 was achieved
at an Eacc of 4.5 MV/m (Fig. 2).

After integration of the SC-cavity to the prototype
cryomodule, a long-term operation test was successfully
performed. A solid state amplifier with a maximum out-
put power of 4.5 kW and a digital feedback module have
been developed, which excite the SC-cavity with an ex-
ternal Q of 1×106. In the feedback loop, the amplitude
of Eacc was limited by an RF limiter and its phase was
locked to the reference signal provided by the external
signal generator. The amplitude and phase errors were
0.1% and 1 degree, respectively. In Fig. 3, the deviation
of the power level of the pickup signal (Pt/Pt0) was plot-
ted as a function of the elapsed time during the 12 hr
operation test at an Eacc of 4.75 MV/m. The reliability
with a criteria of |∆Eacc/Eacc| ≤ 0.1%, was evaluated as
95%. This can be improved by tuning the tuner control.

This research work was funded by the ImPACT Pro-
gram of the Japan Council for Science, Technology and
Innovation (Cabinet Office, Government of Japan).
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al., PASJ 14th Annual Meeting, TUOL02.
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Performance test of bulk-niobium cavities for new superconducting
linear accelerators

K. Yamada,∗1 K. Ozeki,∗1 N. Sakamoto,∗1 K. Suda,∗1 and O. Kamigaito∗1

In order to upgrade the beam intensity and energy of
the RIKEN Linear Accelerator (RILAC),1) an upgrade
project of the RILAC is now ongoing. The beam inten-
sity is increased by the newly built 28 GHz supercon-
ducting (SC) ECR ion source,2) and the beam energy
is boosted over 6.5 MeV/nucleon for ions with mass to
charge ratio of 6 by the new SC linear accelerator (SRI-
LAC).3) The SRILAC consists of three cryomodules in-
cluding ten SC quarter-wavelength resonators (QWRs)
with a resonant frequency of 73 MHz. The SC-QWRs
are made of bulk niobium and kept at 4.2 K by using a
large liquid-helium refrigerator.

In order to test the performance of SC-QWRs in the
SC state, a test stand was prepared at RIKEN based
on the test stand at KEK.4) We drilled a hole in the
floor and installed a cryostat with an inner diameter of
700 mm and a depth of 3240 mm. A magnetic shield was
put into the cryostat to prevent the penetration of geo-
magnetism and achieved a value of less than 10 mGauss.
The SC-QWR to be tested is suspended from a flange
and stored in the cryostat as shown in Fig. 1. Liquid
helium is poured into the cryostat until the cavity is
submerged, and the SC-QWR is tested by applying RF
power. X-rays may be generated at high voltage by fac-
tors such as field emission of electrons, and the test stand
is structured to be covered with an iron shield. The va-
lidity of the new test stand was confirmed by comparing
the test result of a 73 MHz prototype SC-QWR carried
out in the RIKEN and the KEK.

The performance test of actual SC-QWRs took place
from June 2018. When the assembly of an SC-QWR was
completed, the performance test was carried out sequen-

Fig. 1. Installation of a test assembly by suspending a SC-
QWR into the cryostat.

∗1 RIKEN Nishina Center

Fig. 2. Q0 vs Eacc plot of the bulk SC-QWRs. The green
star represents the criteria of the SRILAC.

tially and it was confirmed whether or not acceptable
performance was obtained. In the early days, there was
a problem of vacuum leak of the SC-QWR, but it was
stopped by tightening the flange bolts again. All the SC-
QWRs were fabricated until November 2018 and tested
immediately. The details of the test procedure are the
same as that given in Ref. 4).

Figure 2 shows the quarity factor Q0 plotted against
acceleration voltage Eacc for all SC-QWRs. Although
multipacting was observed at 0.9 MV/m for each SC-
QWR as indicated in the figure, it could be processed
within a few hours. The test results indicate very high
values of Q0 and Eacc for all SC-QWRs; thus, all the
SC-QWRs passed the acceptance test successfully. The
maximum Eacc is significantly higher than the required
value, and the exponential deterioration of Q0 has not
yet been observed for all SC-QWRs. Note that the res-
onant frequency of all SC-QWRs is in the range of the
frequency tuner as expected.

The SC-QWR with which the performance was con-
firmed was slowly leaked in an ISO class 1 clean room
immediately, the test coupler and vacuum exhaust pipe
were removed, and blank flanges were attached to send
back to the factory for the post-process of installing the
titanium jacket. Currently the SC-QWRs are being in-
stalled in the SRILAC cryomodules. The three cryomod-
ules will be completed and allocated in the beginning of
March 2019.
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Input power coupler for SRILAC

K. Ozeki,∗1 O. Kamigaito,∗1 N. Sakamoto,∗1 K. Suda,∗1 and K. Yamada∗1

As an upgrade project of the RIKEN Linear Accel-
erator (RILAC), the construction of a superconducting
heavy ion linear accelerator (Superconducting RILAC,
denoted as SRILAC hereinafter) is now in progress.1,2)
In this report, the progress in the implementation of in-
put power couplers to feed RF power to the resonator is
reported.

For the construction of a prototype accelerator system
based on the superconducting quarter-wavelength res-
onator (QWR),3–9) which was carried out prior to this
project, the couplers were designed to have double disk-
type ceramic vacuum windows to ensure the vacuum of
QWR as well as to avoid the long antenna design.10,11)
On the other hand, the couplers for the SRILAC were
designed to have single disk-type ceramic vacuum win-
dow, in order to simplify the structure and reduce the
production cost. The geometry around the vacuum win-
dow was designed to have a characteristic impedance of
50 Ω using CST Microwave Studio.12)

The couplers were produced by Mitsubishi Heavy In-
dustries Machinery Systems Ltd. A total of ten couplers
were delivered in sequence. A photograph of the couplers
is shown in Fig. 1.

The couplers must be kept completely clean and de-
gassed in advance in order to prevent contamination of
the QWR. All the operations described below were per-
formed in an ISO class-1 clean room.

At the beginning, the following rinsing operations
were performed: deconstruction of the coupler, rins-
ing of each part using ultrapure water, drying, and re-

Fig. 1. Two sets of input power couplers. Constructed (left)
and deconstructed (center and right) parts.

∗1 RIKEN Nishina Center

construction.
After the rinsing operations, a pair of couplers was

mounted on an RF test stand chamber (see Fig. 2), and
the RF test stand chamber and the two couplers were
baked at 120◦C.

Then, the ceramic vacuum window was processed with
RF power (RF process). Figure 2 shows the setup of the
RF process. While feeding RF power to the system, the
interlocks were set for an emergence of arc light due to
a discharge in the coupler, and a loss of vacuum. The
RF process was performed five times (the two couplers
were processed once), and every time the RF power was
successfully fed up to about 5 kW without any difficulty.

After the RF processes were finished, the couplers
were attached to the QWRs in the ISO class-1 clean
room. The fabrication of the cryomodules is now in
progress.

Fig. 2. Photograph (left) and schematic (right) of the RF
process. The RF power was fed from the right-side cou-
pler and transmitted to left-side coupler. The left-side
coupler was terminated with a dummy load. The input,
reflected, and transmitted RF powers were measured.
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Development of RIKEN 28 GHz SC-ECRIS for the production of
intense metal ion beam†

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

At RIKEN, we planned to synthesize new elements
with atomic number (Z) higher than 118, after the
experiments for synthesizing the super-heavy element
(Z = 113).1) For this purpose, the production of in-
tense and stable highly charged metallic ion beams, such
as Ti12+, 13+, V12+, 13+, and Cr13+ ions, are required.
In particular, there is a strong demand for an intense
beam of V13+ ions to synthesize the new element with
Z = 119. Therefore, we conducted test experiments to
produce these beams and studied the effect of magnetic
field distribution to maximize the beam intensity of these
heavy ions for several years.

It is well-known that the “scaling law”2,3) and the “high
B mode” operation4–6) provide some important guide-
lines to optimize the magnetic mirror ratio of ion sources
for the production of various charge states of heavy ions.
As a first step to improve the ion source performance for
the production of these metallic ion beams, we conducted
a systematic study to optimize the magnetic field distri-
bution using the RIKEN 28 GHz SC-ECRIS7,8) and the
liquid He-free SC-ECRIS9) on the basis of these laws. In
the systematic studies, it was concluded that the opti-
mum magnetic mirror ratio (Bext/Bmin) is 2.2–2.7 for the
production of V13+ ion beam. If we choose Bmin ∼ 0.6 T,
which is the optimum value for the 28 GHz microwave
operation to maximize the beam intensity, the optimum
Bext is predicted to be 1.3–1.6 T. Therefore, we chose
Bext of 1.4 T for the production of V13+ ion beam.

We used a high-temperature oven10) for the produc-
tion of the V vapor. For long-term operation of the high-

Fig. 1. Charge state distribution of highly charged V ions.

† Condensed from proceedings of ECRIS2018
∗1 RIKEN Nishina Center

Fig. 2. Beam intensity of V13+ ions as a function of mi-
crowave power.

temperature oven, we fabricated a new crucible, whose
volume is almost two times larger than that of the old
one.11) To obtain sufficient temperature for evaporating
the materials, detailed simulation for optimizing the cru-
cible structure was carefully performed and sufficiently
high temperature was obtained to produce the vapor.
The detailed results are presented in Ref. 10).

Figure 1 shows the typical charge state distribution of
a highly charged V ion beam at the injected microwave
power of ∼2 kW. The extraction voltage was 12.6 kV.
The ion source was tuned to produce a V13+ ion beam.
The beam intensity increased linearly with increase in
the injected microwave power, as shown in Fig. 2, and
obtained ∼400 electric µA of V13+ ion beam with ∼2 kW.
For long term operation (longer than one month), we
successfully produced ∼120 electric µA of V13+ ion beam
without break.
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Beam energy adjuster for super-heavy element synthesis at RIKEN
Ring Cyclotron

K. Yamada,∗1 T. Ohki,∗2 H. Yamauchi,∗2 K. Oyamada,∗2 M. Tamura,∗2 A. Yusa,∗2 K. Kaneko,∗2 T. Maie,∗1

Y. Watanabe,∗1 and O. Kamigaito∗1

A new experiment on the synthesis of super-heavy
element (SHE) is on going in the RIKEN Nishina Cen-
ter using a vanadium beam1) accelerated by the com-
bination of RIKEN Linear Accelerator 2 (RILAC2)2,3)

and RIKEN Ring Cyclotron (RRC).4) For the SHE ex-
periment, the beam energy has to be adjusted to the
pinpoint value that continuously irradiates to a target
over a long period. However, it is difficult to flexibly
change the beam energy by the cyclotron. Therefore,
we introduced a beam energy adjuster (BEA) using an
acceleration cavity into the beam line from the RRC
to the target to ensure that the beam energy can be
finely adjusted to approximately ± 3%.
We decided to divert the final-stage acceleration cav-

ity, RF power amplifier, and the control system used
as RILAC booster5) to the BEA system. This acceler-
ation cavity is a 6 gap quarter-wavelength resonator.
Although the cell length does not perfectly match with
the velocity of the beam from the RRC, the original
layout of the drift tubes was applicable to the fine ad-
justment of the beam energy. Because the original res-
onant frequency of the cavity was 75.5 MHz, it was
remodeled to 73.0 MHz, which was compatible with
the operation frequency of the RRC. To lower the res-
onant frequency, the outer and inner cylinders were ex-
tended by inserting an outer spacer ring and an inner
spacer ring, respectively. Both spacer rings were made
of oxygen-free copper. The height of both rings was
36 mm, as determined by 3D electromagnetic calcula-
tion using Microwave Studio (MWS). Figure 1 shows
the calculation model of MWS with the spacers.

The original cavity was transferred to the beam-
distribution corridor (D-corridor) in the Nishina
Memorial building in the summer of 2017.6) After the
spacer rings were attached to the cavity, a low-power
RF test was performed in October. Figure 2 shows
the inner cylinder of the BEA cavity after inserting
the spacer ring. The test result indicated that it was
successfully remodeled to have a resonant frequency
of 73.0 MHz with a quality factor Q0 of 22500, which
was almost equivalent to the original cavity. The con-
trol system, vacuum system, cooling water, and control
cables were installed simultaneously. Finally, the sup-
ply and control cables were wired from a high-voltage
power supply located at a power supply building north
of the Nishina Memorial building to a tetrode RF am-
plifier installed at the D-corridor in December. The
high-power RF test was also successfully completed

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service, Ltd.

without any serious problems and the BEA system be-
gan operations for the SHE experiment from December
2017.

Fig. 1. A model with spacer rings used in the MWS calcu-

lation.

Fig. 2. Inner components of the remodeled cavity.
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Operation of high-temperature oven for 28-GHz superconducting ECR
ion source

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

Uranium beams, which are accelerated at the RI-beam
Factory (RIBF), are extracted from a 28-GHz super-
conducting ECR ion source (SC-ECRIS)1) by using a
high-temperature oven (HTO). Our HTO uses a tung-
sten crucible, which is joule-heated with a DC current of
600–700 A. Figure 1 shows the dimensions of two types
of crucibles. The crucible is heated to approximately
2000◦C in order to achieve a UO2 vapor pressure of 0.1–
1 Pa. The HTO, which has been under development
since 2013,2) was first used to operate the ion source for
the RIBF experiments in the autumn of 2016.

The HTO was also used to produce high-intensity
vanadium beams in the 28-GHz SC-ECRIS. V13+ beams
with a current of 100 μA or more were supplied to
the beam time for experiments on super heavy element
synthesis from 2018. For the production of vanadium
beams, we placed a yttria crucible into a tungsten cru-
cible and filled it with metal vanadium (vapor pressure:
1 Pa at 1827◦C) because the metal vanadium should be
electrically insulated from the crucible.

Table 1 lists a summary of the machine-time (MT),
whose beams were supplied from the 28-GHz SC-ECRIS
using the HTO. Four uranium-MT (U-MT) and three
vanadium-MT have been performed so far. During nor-
mal operation, the average currents of U35+ and V13+

were both approximately 100–120 μA. The HTO can be
operated continuously for at least three weeks because
the fillable amount of the R692 type, which was used for
these MTs, was approximately 2 and 4 g for vanadium
and UO2, respectively.

Figure 2 shows the trend of the beam current of U35+,
the electric current, and the power of heat generation of
the crucible during the U-MT in the autumn of 2018.
The beam current of U35+ was measured with a Fara-
day cup positioned down-stream of the analyzing mag-
net. The beam current can only be measured when the

Fig. 1. Schematic of the tungsten crucibles.

∗1 RIKEN Nishina Center

Table 1. Summary of MT using HTO.

ion period
beam

current ( A)
operation
time (d)

material consumption
rate (mg/h)

U35+ 10–11/2016 100–120 34 UO2 2.4

U35+ 5–6/2017 60–120 35 UO2 3.2

U35+ 10–11/2017 80–120 7 + 27 + 10 UO2 4.0, 4.2, 12

U35+ 10–12/2018 110–140 27.5 + 30 UO2 2.4, 2.4

V13+ 1–2/2018 100–210 20 + 13 metal V 2.2, 4.1

V13+ 6–7/2018 100–230 23 + 9 metal V 2.0, 3.8

V13+ 9/2018 90–110 10 metal V 2.4

Fig. 2. Operational trend of HTO in U-MT of 2018.

beams are not supplied to the accelerators and change
according to the width of the slits located upstream.
This trend shows that uranium beams of 120 μA or
more could be supplied stably except during the last two
weeks mentioned below. The power of heat generation
of the crucible was obtained by subtracting the Joule
loss on the support pipes from the total electric power.
The operation of the ion source was interrupted because
the crucible was changed to a new one for replenishment
of UO2 on Nov. 9. Although stable operation was per-
formed, we had to increase the current and power of the
HTO after the end of November, as can be seen in the
figure. The reason was because a vapor-ejection hole of
the crucible was blocked by a pileup of UO2 and the
beam intensity decreased. The first blockage that hap-
pened on December 6 was resolved naturally and the MT
ended as scheduled even though the second blockage oc-
curred. It was found that blockage tends to occur when
the amount of vapor is large. This problem is serious,
but it has not been solved yet. Details of this article are
shown in Ref. 3).
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Laser Energy Dependence of Plasma Instability by Solenoid
Magnetic Field†

T. Karino,∗1,∗3 M. Okamura,∗1,∗2 T. Kanesue,∗2 S. Ikeda,∗2 and S. Kawata∗3

A very high current beam is required for heavy-ion
inertial fusion (HIF), and therefore the use of a laser
ion source using a solenoid is proposed. By using a
solenoid magnetic field, the spread of plasma can be
suppressed. However, it has been found that a cer-
tain range of field strength triggers unstable plasma
condition.1)

Figure 1 shows the experimental setup. The plasma
generated by the laser on the target is measured by a
Faraday cup after it is transported through a 3000 mm
long solenoid coil located 315 mm from the target.
Nd:YAG laser was used with an incident angle of 20◦.

Figure 2 shows the example of Au target when the
laser energy is 411 mJ. The vertical axis and horizontal
axis show the beam current and time of flight, respec-
tively. In the figure, waveforms of the beam current for
40 shots are overlaid on each other. Figure 2 (a) shows
the case without the solenoid. Figure 2 (b) shows the
case when the solenoid magnetic field is 28.6 G. It is
found that the waveform of Fig. 2 (b) is more unstable
than the waveform of Fig. 2 (a).

Figure 3 shows the experiment result of the Au tar-
get. The vertical axis represents the instability of the
plasma, and the horizontal axis represents the solenoid
magnetic field. In this experiment, the plasma insta-
bility was evaluated based on the standard deviation
of the half width over peak current. By using this
method, it is possible to know the degree of collapse
of the waveform. In Fig. 3, the larger the value on
the vertical axis is, the more unstable the plasma is.
The energy of the Nd: YAG laser was 312 to 411 mJ.
The laser spot size was 3.84 mm. From Fig. 3, it can

Fig. 1. Experimental equipment.

† Condensed from the proceedings HIF 2018
∗1 RIKEN Nishina Center
∗2 Collider-Accelerator Department, Brookhaven National

Laboratory
∗3 Graduate School of Engineering, Utsunomiya University

be seen that the range of the magnetic field where the
beam current becomes unstable varies depending on
the laser energy.

Moreover, it was found that the unstable range
changes also when the target is changed from another
experiment. For example, in the case of Fe, the mag-
nitude of the solenoid magnetic field where the plasma
became unstable became smaller than that of Au.
From these experimental results, it can be said that
the unstable range of plasma varies with the speed and
type of plasma.

Fig. 2. Waveform of current beam (Laser energy is 411 mJ).

Fig. 3. Experiment result of gold target.

Reference
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Evaluation of beam orbit calculation method for the injection line of
AVF cyclotron and performance evaluation of pepper-pot emittance

monitor

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

We finished developing a calculation method for
the beam orbit from the Hyper ECR ion source to
the center of the AVF cyclotron using the 4D emit-
tance measured with a pepper-pot emittance monitor1)
(PEM_IH10).2,3) We attempted to numerically evalu-
ate our calculations of 15 types of beams by comparing
other diagnostics.

To evaluate our beam orbit, we compared it to the
2D emittance measured by the 2D emittance monitor4)
(EM_I36) installed 6.2 m away from PEM_IH10 using
χ2 test. However, it should be noted that the 1D dis-
tribution projected from the 2D distribution was used
for the comparison. χ2 is defined as the sum of squared
differences of each position or each angle between the
measurement and the calculation divided by an assumed
dispersion. However, this value itself is not significant
because this experiment was conducted to observe the
relative variations in the results. This value was esti-
mated so that χ2/DOF becomes approximately 1 when
the calculation may conform to the measurement by vi-
sual judgement.

4D emittance was measured using a standard (x, y)
coordinate system perpendicular to the beam direction,
where x and y denote the horizontal and vertical direc-
tions, respectively. The coordinate system of EM_I36
(u, w) was rotated by 45 degree against the (x, y) coor-
dinate system, and u’ and w’ were the angles of u-axis
and w-axis, respectively. The left part of Fig. 1 indicates
the scatter plot of χ2/DOFs of u and u’. The χ2/DOFs
of w and w’ is indicated in the right part of Fig. 1. The
displacements in the position or angle between the mea-
surement and calculation were determined but they were
canceled to determine the distribution conformity in this
comparison. All values of χ2/DOF were is found to be
scattered up to 6. The reasons of this variation are being

Fig. 1. 

Fig. 1. (left) Scatter plot shows χ2/DOFs of u and u’. (right)
Scatter plot shows χ2/DOFs of w and w’. Fifteen beams
(H+, D+, 4He2+, 7Li2+, 11B4+, and 18O6+) are tested.
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Fig. 2. Differences in distribution between fiducial points and
measured position on pixel coordinate: x-axis (left) and
y-axis (right).

examined singly.
The above-mentioned displacements for positions and

angles were approximately 10 mm and 10 mrad, respec-
tively. One of the considerable reasons is the mag-
netic hysteresis of the vertical deflection dipole mag-
net (DMI23). We measured the magnetic hysteresis
and found the magnetic difference to be 1.7% when
the commonly-used excitation current varied from 10 to
20A. For example, 1.0% magnetic field difference is esti-
mated to cause 10 mm difference at 300 mm from DMI23
when the excitation current is 25 A. Because we used a
setting excited current for the beam orbit calculation
without knowing this, these displacements in positions
and angles occurred. Therefore, the magnetic field of
DMI23 needs to be measured.

After the beam orbit calculation, we started the per-
formance evaluation of PEM_IH10 for improvement and
focused on the position error of the fluorescent plate. As
its view was recorded by the digital camera, it trans-
formed to real space by the relationship between the
fiducial points on the fluorescent plate and their mea-
sured positions on the pixel coordinate. The position er-
ror was estimated from the differences between the fidu-
cial points and their transformed positons. Previously,
there were 15 fiducial points with a diameter of 1 or
2 mm. The standard deviations (SD) of the differences
of x direction and y direction were 0.12 and 0.19 mm,
respectively. For improvement, we used a graph paper
pasted on the fluorescent plate and selected 225 fiducial
points at 5 mm interval in the area of 70 mm square.
The differences in the distributions of x and y are shown
in the left and the right parts of Fig. 2, respectively. The
SD of differences of x and y were improved to 0.06 and
0.07 mm, respectively. Other performance evaluation
will be conducted.
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Updating control units around the AVF cyclotron

M. Komiyama,∗1 M. Fujimaki,∗1 N. Fukunishi,∗1 R. Koyama,∗2 M. Hamanaka,∗2 H. Mukai,∗3 T. Nakamura,∗2 and
A. Uchiyama∗1

We report on the update of the control units around
the AVF cyclotron to reduce the difficulties caused by ra-
diation and implement a new beam interlock system un-
der construction (hereafter, AVF-BIS). The beam diag-
nostic equipment like a beam profile monitor or a Fara-
day cup on the AVF cyclotron and its beam transport
line has been controlled by DIM1) since 1989, and the
equipment on the beam transport line around RILAC2
has been controlled by N-DIM2) since 2012. They were
installed in 19-inch racks (hereafter, rack) at two place:
the floor on which the AVF cyclotron is placed (here-
after, AVF floor) and the floor that is one level below
(hereafter, AVF-M2 floor). Recently, as the performance
of the AVF cyclotron has been improved and the beam
intensity accelerated by the AVF cyclotron has been in-
creased, there have been frequent issues such as the con-
trol unit becoming unresponsive toward the remote con-
trol suddenly. In the most frequent case, it occurred
three times in 4 h while accelerating a 12 MeV/nucleon
deuteron beam with an intensity of 4 pµA at the C03
target. Because this frequently occurs during acceler-
ating a deuteron in the AVF cyclotron, we speculate
that the cause of the trouble is the influence of ra-
diation, especially the neutrons coming out from the
AVF cyclotron and its beam transport line during beam
transport. Therefore, we measured the dose of neutron
around the installation location of the control unit us-
ing the TL badge. Figure 1 shows the measurement
locations and results of the two measurements. At the
AVF-M2 floor, several racks are placed along the south
wall for the control unit. Among them, the control unit
where this issue frequently occurs is located at No. 1 in
Fig. 1. The results clearly show that the neutron dose
at this point is higher than other places. This might be
occurring because No. 1 is close to the open hole under
the AVF cyclotron (No. 9). However, it has not been
specified yet. As the best measure at present, we moved
the control unit to a place where the neutron dose was
low based on the results.

Simultaneously, we updated the control unit from old
DIM to N-DIM. This update was made because the DIM
in use was old and the DIM-based existing beam inter-
lock system for the AVF cyclotron needed to be renewed
along with its low-energy experimental facility to AVF-
BIS.3) AVF-BIS stops a beam by outputting signals to
a beam chopper and Faraday cup for various interlock
signal inputs. In this system, the Faraday cup needs to
be controlled by N-DIM.

The updating work was conducted during the summer
maintenance period in 2018 as follows:

∗1 RIKEN Nishina Center
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∗3 Japan Environment Research Corporation

Fig. 1. Neutron dose measurement. The AVF-B2 floor is one

floor below the AVF-M2 floor. The data written on the

right side shows the average dose (integrated dose).

(1) To move one of the racks from No. 1 to No. 3 with
the N-DIM inside.

(2) To move some N-DIMs mounted on the rack next
to the rack to be relocated to the gap between the
existing racks near No. 3.

(3) To set up some new N-DIMs on the existing racks
near No. 3. Remove the signal and control cable
from the DIM at No. 3 and AVF floor, and recon-
nect them to the newly set up N-DIMs.

Consequently, we moved and set up 28 N-DIMs in to-
tal. Currently, they control the beam diagnostic equip-
ment on the beam transport line around RILAC2, and
the beam diagnostic equipment and vacuum system on
the beam transport line downstream of AVF cyclotron.
This indicates that approximately 60% of the DIMs un-
der operation at the AVF and AVF-M2 floors have been
updated. Because DIM still controls the various equip-
ment attached to the AVF cyclotron and the beam di-
agnostic equipment of the beam transport line in E7 ex-
perimental vault, we are planning to sequentially update
the control to N-DIM.

After the summer maintenance, the occurrence of this
issue in the control unit was reduced to 0% while accel-
erating the 12 MeV/nucleon deuteron beam with an in-
tensity of 1.5 pµA at the C03 target for more than one
month. Thus, it is evident that this maintenance has
had certain effect.
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Reconstruction of RF system controller for RIKEN Ring Cyclotron

K. Yamada,∗1 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 K. Yadomi,∗2 K. Suda,∗1 and N. Sakamoto∗1

The RIKEN Ring Cyclotron (RRC) has been sup-
plying beams for various experiments as the key ac-
celerator of RIKEN Nishina Center for over 30 years.
The RRC has two sets of acceleration cavities and RF
power amplifiers,1) and each set is controlled by an in-
dependent controller system. Most controllers of the
RRC’s RF system consist of hardware logic using re-
lays and analog transmission to/from low-level circuits
and analog meter. Equipment for RF voltage setting,
RF phase setting, drivers of frequency tuners and RF
power coupler, and drivers of RF matching circuits
for amplifier were controlled by independent control
boxes for each device. A programmable logic controller
(PLC) was used for the indicator control and remote
operation interface, and it was replaced in 2004 with-
out changing the system configuration. By updating
the low-level circuits in 2007, the analog voltage out-
puts from the RF voltage and phase setting boxes were
converted to digital signals by additional converters
and connected to the new low-level circuits. The data
logging system did not work because it was old and
outdated. The previous hardware type control system
could not freely set operation parameters like the fre-
quency tuning system, which caused significant inter-
ruption in the machine time. To solve such inconve-
niences, we decided to update the system that can be
integrated and controlled by a PLC.

The new system is controlled by the Mitsubishi Elec-
tric MELSEC-Q series PLC and a touch panel for
human-machine interface. Figure 1 shows images of
the main part of the original control rack and updated
control rack. The low-level circuits were transferred
from the RRC room to the underground passage and
integrated into the PLC control rack, as shown in the
right panel of Fig. 1, and controlled directly by the
PLC. Power supplies for the tetrodes in the RF ampli-
fier were also controlled directly by the PLC. We re-
placed the all old signal transducers of the filament and
plate power supplies as well as the power supplies for
grid electrodes. The old two-phase stepping motors for
the two movable boxes, trimmer, and RF power cou-
pler were replaced with a new five-phase stepping mo-
tor, SANYO DENKI FSF893S, which can set param-
eters such as the driving speed. The remote operation
of the system was integrated into the operation termi-
nal of RILAC22) through Ethernet using the SCADA
software of Wanderware InTouch. The operations of
RF voltage and phase were also integrated into the
operational interface3) using rotary encoders through

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

the CC-Link slave interface, Anywire AFCS02.
The control system for RRC’s RF was successfully

updated in March 2016. Owing to these modifica-
tions, several improvements were obtained. The time
of RF re-excitation when discharged was curtailed from
30 min to a few minutes. The RF voltage was en-
hanced by more than 10% by the assured automatic
re-excitation function. The amplifier damage at the
RF voltage trip was significantly reduced by the volt-
age rump-up function. The resolutions of RF voltage
and phase set points were improved from 1/10000 to
1/30000 and 1/36000, respectively. The control system
upgrade contributed to the stabilization of beam oper-
ation during the RIBF experiment and further perfor-
mance improvement is expected in combination with
the cavity upgrade of RRC reported in Ref. 4).

Fig. 1. Main part of control system before (left panel) and

after (right panel) the upgrade.

References
1) T. Fujisawa et al., Nucl. Instrum. Methods Phys. Res.

A 292, 1 (1990).
2) K. Yamada et al., Proc. of IPAC12, TUOBA02, 1071

(2012).; K. Suda et al., Nucl. Instrum. Methods Phys.
Res. A 722, 55 (2013).

3) K. Yamada et al., RIKEN Accel. Prog. Rep. 49, 150
(2016).

4) K. Yamada et al., in this report.

(a) (b)



Ⅱ-8. Accelerator

- 114 -

RIKEN Accel. Prog. Rep. 52 (2019)

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 using ionization chambers
(ICs).1) Usually, we investigate the radiation from the
electrostatic deflection channels (EDC) at RRC and
SRC. We input the alarm signal from these ICs to the
beam interlock system (BIS).2,3) However, four ring cy-
clotrons RRC, fRC, IRC, and SRC are used in the case
of 238U86+ beam acceleration. Hence, we installed the
ICs near the EDC of fRC and IRC. Last year, we con-
ducted tests by inputting the alarm signal from the IC
signal near the EDC of the IRC. In this report, we at-
tempted to input the alarm signal from the IC near the
EDC of fRC to BIS.

We considered the alarm levels of the ICs by compar-
ing the signals from the ICs with those from the ther-
mocouples (TCs) set at the septum of RRC, IRC, and
SRC.2,3) Suppose that a beam deposits a 600 W heat
at the septum electrode of the EDC. The temperature
rise at the beam loss point is estimated to be 800◦C
based on a thermal analysis using the finite element
method. At this moment, the temperature difference
between the TC set at the nearest part where the beam
was irradiated and the cooling water of the septum be-
comes 10◦C. In contrast, the septum is made of Cu and
its melting point is 1080◦C. Therefore, the septum can-
not be melted at these conditions. However, to protect
against the risks of damage caused to the septum, the
alarm level of the temperature difference of TCs was
set to 10◦C. Hence, we compared the temperature dif-
ference on the septum with the IC signal near the EDC
of fRC in the user time (UT) of the 238U86+ beam. The
result is shown in Fig. 1. The data demonstrated little
dispersion and we can obtain a calibration curve (red
line), as shown in Fig. 1. From this curve, we can rec-
ognize that the voltage of the IC became approximately
0.55 V when the temperature difference became 10◦C.
From October 16 to December 16, the 238U86+ ion

beam was accelerated to 345 MeV/nucleon. Usually,
we collected the data of TCs and IC within 7–10 days
from the beginning of the UT of RIBF. Based on this
observation, we determined the alarm level of IC and
set it to BIS, which is the time available between this
experiment and the next. However, in this term, we
could not find any vacant time to input the alarm signal
to BIS. Thus, we compared the data when the BIS acted
on the signal from the TCs set at EDC of fRC with
the data of IC set near the EDC of fRC. We can then
consider the propriety of the alarm level of the IC signal.

The IC signal from 0:00 to 5:00 on 12/3/2018 is
shown in Fig. 2 as typical example data. From 2:08
to 2:50, BIS acted 20 times by the sudden temperature
rising of EDC for the instability of electric field of fRC.

∗1 RIKEN Nishina Center

Fig. 1. Correlation of IC voltage and the temperature dif-

ference on the septum.

Fig. 2. Signals from the IC installed near the EDC of fRC.

During this term, the value of IC set near the EDC
distributed from 0.56 to 1.05 V. Such phenomena were
frequently observed on other days of this UT. On ob-
serving the IC signals when the BIS from TCs signals
acted in this UT, the alarm level of IC described above
is found to be reasonable.

We performed investigations by inputting the alarm
signal to the BIS during the machine time of the
238U86+ ion beam. However, we could not input the
signal from the IC set near the EDC of fRC. Hence, we
will investigate the alarm signal from fRC to BIS next
time.
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Development of beam interlock system driven by change in current of
the magnet

K. Kumagai∗1 and A. Uchiyama∗1

At the RI Beam Factory, the machine time (MT) using
SRC (Superconducting Ring Cyclotron) is implemented
for about 4 months a year. In recent years, with increase
in the beam intensity, the power of the beam at the tar-
get has increased to about 13 kW during 78Kr accelera-
tion. Many electromagnets used in cyclotrons and beam
transport lines are individually powered by a DC power
supply. When the power supply fails, the trajectory of
the beam changes. If the beam strikes the vacuum ves-
sel and melts, the beam operation cannot be continued.
To prevent such troubles, when the power supply fails or
turns off, the power supply itself detects this and sends
a signal to the beam interlock system (BIS),1) and stops
the beam within a few tens of milliseconds. On the other
hand, even when the power supply is in operation, if the
current value changes arbitrarily, the beam trajectory
will change and cause trouble. Such abnormal events do
not occur frequently, but several troubles have occurred.
For example, during the 70Zn-MT on April 18, 2017,
the current value of the SRC-SH1 power supply changed
from −24 A to −97 A without any operation. The beam
struck the vacuum bellows at the SRC injection section,
the bellows melted, and the MT was interrupted.

With the increase in beam power, it becomes neces-
sary to have a system that stops the beam by detecting
the changes in current due to unknown causes or noises.
A simple method is to constantly measure the set cur-
rent value of the power supply and the actual current
through the network, and when the difference between
the two values become large, the system issues a signal.
However, with the method of monitoring via the net-
work, it is difficult to stop the beam within a few tens
of milliseconds after the phenomena, since the repetition
rate of the monitor is not sufficiently fast and the moni-
toring speed cannot be kept constant.

Therefore, we developed a system that can detect
changes in the current of the power supply by a relatively
simple method and send a signal to the beam interlock
system only when it is not due for operation. Figure 1
shows a schematic diagram of the beam interlock sys-
tem driven by change in current (Curs-BIS). The system
consists of an FA-M3 PLC produced by Yokogawa Elec-
tric Corp. The main components are a sequence CPU,
analog input modules, and a digital output module.

In order to precisely measure the current stability, the
signal cables had already been wired from each power
supply to the DVM. The signal cables are branched and
connected to the 16-bit analog input modules in the
Curs-BIS system. The system is programmed to mea-
sure the input analog signals of 24 to 48 points at inter-
vals of 8 msec and send a signal to the beam interlock
system when the measured value exceeds the preset al-
lowable value. On the other hand, when the current is

∗1 RIKEN Nishina Center

Fig. 1. Schematic diagram of the beam interlock system
driven by change in current (Curs-BIS). The parts drawn
in red are newly installed.

changed by an operation for the adjustment of the beam
trajectory, the signal should not come out. In order to
distinguish whether the change in current value is due to
the operation or not, a real-time CPU module (F3RP61)
that was installed Linux was added.2) Since the EPICS
CA client runs on the CPU, when the power supply op-
eration is performed on the EPICS network, the infor-
mation can be detected within several milliseconds and
is instantaneously transmitted via the FAM3 bus to the
sequence CPU register. Thus, a program is established
to judge whether the change in current is due to an op-
eration or some kind of trouble and judge whether to
send a beam interlock signal. After the current has been
changed by the operation, the allowable range of current
is automatically reset again after several tens of seconds.

The time required for one scan of the sequence pro-
gram was about 0.4 msec during normal operation. All
the current values that are being measured and the his-
tories of the beam interlock signal can be monitored on
the WEB.

We tested two sets of the Curs-BIS at uranium ma-
chine time from October 2018. The number of power
supplies monitoring the current was 24 units each. The
power supply stopped due to trouble several times, and
the change in current was detected and the system
worked correctly. The result of the test was almost sat-
isfactory. However, unnecessary interlock signals were
sometimes issued when some of the power supplies were
largely changed from 0 A to a predetermined current
value.

Next time, we will improve the program so that no
signal will be issued just after the power supply is turned
on. In addition, we will also increase the number of
monitors to 48 per units.
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Design of reliable control with star-topology fieldbus communication
for an electron cyclotron resonance ion source at RIBF†

A new superconducting electron cyclotron resonance
ion source (SC-ECRIS) was installed at RILAC in the
RIKEN project to increase the beam intensity.1) Con-
sidering the new SC-ECRIS, the control system should
follow the current RIKEN 28-GHz SC-ECRIS control
system for RILAC2, because the RIKEN 28-GHz SC-
ECRIS control system based on Experimental Physics
and Industrial Control System (EPICS) has proven to
be successful.2) Thus, in the new SC-ECRIS control
system, we adopted a programmable logic controller
(PLC) of the Yokogawa FA-M3V series.

However, the RIKEN 28-GHz SC-ECRIS control
system is less reliable because it uses TCP/IP commu-
nication between the PLC controllers for interlock sig-
nal. In general, a network I/O-based interlock system
is not highly reliable owing to the failure of network
switch in the network route and slow signal transmis-
sion speed as compared to the bus access. Therefore,
the reliability of a signal through TCP/IP is lower than
that of an electric signal, which results in a less reliable
interlock.

Accordingly, to overcome this disadvantage, a new
SC-ECRIS control system has been designed by imple-
menting two different types of CPUs in the main PLC
station. Essentially, the sequence PLC CPU (F3SP71)
in the first slot and Linux PLC CPU (F3RP61) in the
second slot have been implemented in the same PLC
base module. In the sequence PLC CPU, the sequen-
tial program called ladder program runs for the in-
terlock system and the Linux CPU runs the EPICS
input/output controller (IOC) and provides operation
services to users via the EPICS Channel Access pro-
tocol. In the Yokogawa FA-M3V series, the fieldbus is
called the FA bus. The controllers on the main station
manage four substations connected through FA bus
communication, electrically isolated by optical fibers.
Because the heavy ions generated by an ion source are
extracted to the low-energy beam transport by high
voltage, substations also need to be implemented at the
high-voltage stage in some cases. The new SC-ECRIS
control system consists of a main PLC station and five
PLC substations with star-topology fieldbus commu-
nication using optical FA bus modules (see Fig. 1).
At present, this control system does not include the
control for superconducting electromagnet power sup-
plies. The system has been implemented by another

† Condensed from the article in Proc. PCaPAC2018,
No. WEP30
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Fig. 1. System chart of new SC-ECRIS control system. In-

terlock signal is delivered by bus communications.

PLC with EPICS.
This new SC-ECRIS control system was successfully

used in the test operation of the new SC-ECRIS per-
formed in August 2018 without any serious problem.
Because two CPUs were mounted in one base unit, the
trigger signal could be exchanged for interlocking with
the sequence PLC CPU from the Linux PLC CPU via
the FA bus on the PLC base module. Therefore, it
is possible to share the interlock signal of the high-
voltage stage with the Linux PLC CPU and sequence
PLC CPU without going through the TCP/IP net-
work, which improves the system reliability of the in-
terlock feature successfully without lowering the con-
ventional system usability.

References
1) T. Nagatomo et al., in these proceedings.
2) M. Komiyama et al., Proc. ICALEPCS 2009, (2009),

pp. 275–277.

A. Uchiyama,∗1 T. Nagatomo,∗1 Y. Higurashi,∗1 J. Ohnishi,∗1 T. Nakagawa,∗1 M. Komiyama,∗1 N. Fukunishi,∗1

H. Yamauchi,∗2 M. Tamura,∗2 and K. Kaneko∗2



Ⅱ-8. Accelerator

- 117 -

RIKEN Accel. Prog. Rep. 52 (2019)

Operation report for Nishina and RIBF water-cooling systems

T. Maie,∗1 K. Kusaka,∗1 M. Ohtake,∗1 Y. Watanabe,∗1 E. Ikezawa,∗1 M. Oshima,∗2 H. Hirai,∗2 K. Kobayashi,∗3

A. Yusa,∗3 and J. Shibata∗3

Operation condition

In FY 2018, the cooling systems in Nishina and
RIBF were operated for approximately same periods
as the accelerators. As the experiments of GARIS II
in E6 room had begun, RIBF’s cooling systems were
operated for approximately two-and-a-half months,
which was slightly shorter [than usual]. Nishina’s cool-
ing systems’ which consisted of AVF-stand alone and
AVF + RRC were operated for approximately seven
months. There was no significant issue to cause inter-
ruption of accelerator operation’ and the cooling sys-
tems were operated almost steadily except some of mi-
nor problems.

Trouble report

The problems of the cooling systems as follows;
Burst of frozen cooling piping in the cooling tower in
February 2018 due to the decrease of outside tempera-
ture, Malfunctioning of the inverter used for the water-
cooling pump caused by aging degradation, Malfunc-
tioning of the control valve.

Periodic maintenance

(1) Cleaning of the cooling towers
(2) Inspection and overhauling of the water- cooling

pumps
(3) Inspection of the inverter for 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) Securing of minimum power at low load operator

of CGS (cogeneration system)

Establishment and improvement

In this fiscal year, it has been planned that four sys-
tems of the RIBF cooling tower’ whose performances
were degradated by aging’ are to be overhauled on a

∗1 RIKEN Nishina Center
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Fig. 1. Photographs of the four systems of RIBF cooling

tower overhaul and new cooling systems for RILAC’s

super conductive.

large scale, new cooling systems are to be installed
along with RILAC’s superconductive, and construction
of RRC cooling systems for rainforcement of cooling
capacity and for stabilization of cooling water temper-
ature. The constuction of the RRC cooling systems
mentioned above is aimed at elimination of the fluctu-
ation of the magnetic field of an RRC electromagnet
due to the inconstancy of the cooling water.
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Pressure measurement of plasma window with large diameter

N. Ikoma,∗1,∗2 Y. Miyake,∗1 M. Takahashi,∗1 H. Okuno,∗1 S. Namba,∗3 and T. Kikuchi∗4

The plasma window (PW),1) which separates a vac-
uum from an atmosphere by an arc plasma filling the
discharge channel, is a novel beam window technol-
ogy. It has several applications in an accelerator sys-
tem such as a gas charge stripper2,3) for a heavy ion
accelerator or a beam window for an accelerator-driven
subcritical reactor (ADS).4) In addition, a target sys-
tem using PW has been proposed in the ImPACT Fu-
jita program5) for the transmutation of long-lived fis-
sion products (LLFP) into a stable or short-lived nu-
clei. However, the small diameter of PW is a crucial
problem for these applications. The first PW invented
by Hershcovitch,1) with an aperture of 2.36 mm, aimed
at electron beam welding in an atmosphere. However,
the beam spot size in our intended case is several tens
of millimeters or more. Therefore, to implement the
PW in the accelerator system, its diameter needs to
be enlarged. Furthermore, an investigation of the re-
lation between confinement pressure and diameter is
also important to predict the performance of PW for
various purposes. Therefore, we have developed a PW
with large diameter in reference to a PW designed by
Namba et al.6) In a previous study,7) we reported the
performance of a PW with a diameter of 10 mm. Af-
ter that, we systematically measured the pressure by
varying the diameter from 6 to 20 mm. In this study,
the preliminary results of pressure measurement have
been reported.

The experimental setup is shown in Fig. 1. Argon
gas was introduced from the upstream of the PW. It
was then exhausted by two mechanical booster pumps
(Edwards, EH 500, the exhaust speed of each pump
was approximately 100 L/s). Three DC power sup-

Fig. 1. Experimental setup.

∗1 RIKEN Nishina Center
∗2 Department of Energy and Environment Science, Nagaoka

University of Technology
∗3 Graduate School of Engineering, Hiroshima University
∗4 Department of Nuclear System Safety Engineering, Nagaoka

University of Technology

Fig. 2. Dependence of P1 on the diameter of PW.

plies (TDK Lambda, ESS-400-37-2-D) were connected
in parallel between the cathode and anode, and an arc
current of 100 A was supplied. The discharge voltage
was monitored by a data logger (KEYENCE, NR-600).
The gas flow rate was maintained at 20 L/min by the
mass flow controller (MKS Instruments, 1579 A) and
both upstream and downstream pressures, P1 and P2,
were measured.

Figure 2 shows the upstream pressure P1 on each di-
ameter, which decreased with an increase in the diame-
ter of PW. P2 was maintained at approximately 200 Pa
in each condition. These results will be compared with
those of an existing theoretical model (P1 ∝ 1/r2)
based on viscous laminar flow.8,9) We will determine
a prediction model that can describe the confinement
pressure in the PW with a large diameter.

This work was supported by RIKEN Junior Re-
search Associate Program and funded by ImPACT
Program of Council for Science, Technology and In-
novation (Cabinet Office, Government of Japan).
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Maintenance of vacuum conditions of RILAC

S. Watanabe,∗1 Y. Watanabe,∗1 E. Ikezawa,∗1 K. Yamada,∗1 N. Sakamoto,∗1 M. Kase,∗1 O. Kamigaito,∗1
M. Nishida,∗2 K. Yadomi,∗2 J. Shibata,∗2 K. Oyamada,∗2 A. Yusa,∗2 N. Tsukiori,∗2 K. Kobayashi,∗2

S. Fukuzawa,∗2 T. Nakamura,∗2 R. Koyama,∗2 S. Ishikawa,∗2 M. Hamanaka,∗2 M. Nishimura,∗2 T. Ohki,∗2
H. Yamamoto,∗2 M. Tamura,∗2 and K. Kaneko∗2

Maintenances of vacuum condition in RILAC are de-
scribed. There had been two big problems of vacuum
conditions at RILAC. One was a vacuum leak at a cav-
ity No. 5, the other was a leak of vacuum at a cavity
A1. The cavity No. 5 had a vacuum leak, the pressure
of its vacuum was higher than 1 × 10−4 Pa. As for a
problem of cavity No. 5, it was difficult to handle it be-
cause of its heavy weight, large scale and complicated
structure. As shown in Fig. 1, the cavity No. 5 has
a large vacuum chamber of which the inner wall was
used as an electrode called “outer conductor.” Inside
of the outer conductor, there were several electrodes
to accelerate an ion beam. Some of the acceleration
electrodes were connected to a large cavity called “cen-
ter conductor.” Junction area between the electrode
and the center conductor was sealed using an O-ring.
The opposite side of the wall of the center conductor
opposite side of the wall was exposed to atmosphere.
Flanges were sealed using O-rings. All O-rings of the
vacuum-sealing flanges on the outer conductor were
exchanged with new ones, however the pressure was
not improved, higher than 1× 10−4 Pa. We found an-
other air-leak point by using a helium leak detector
when we shot helium gas from an atmosphere side of
the center conductor. The cavity No. 5 was repaired in
from September to November. Another vacuum leak
point was sealed face between electrodes and the cav-
ity. When helium gas was shot from the atmosphere
side of the center conductor to sealed area. A helium
leak detector was reacted. To access the O-ring on the
center conductor, a large flange of the outer conductor
was opened using a crane. To fix the leak, the elec-

Fig. 1. Schematic diagram of cavity No. 5.

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

Fig. 2. Sealing face with a degenerate O-ring on center con-
ductor of cavity No. 5.

trode was removed from the center conductor. A de-
teriorating O-ring across the ages was found as shown
in Fig. 2 and the O-ring was replaced with new one.
When the electrodes were assembled, thin silver plates
were stacked on the joint area to place the electrodes
on the level. The leak of the tank was fixed and the
pressure of the tank was improved to 9× 10−6 Pa.

The cavity, A1, had vacuum leak on the bottom
flange, however, a location of the leak point was not
identified precisely. We presumed that the air-leak
point was under the paint covering the vacuum-sealing
flanges because of the delayed response of the helium
detection. Thus, in October, after removing the paint,
we hunted the air-leak once more. The surface of the
flange was masked by plastic tape except the check-
ing area to block the ingress of helium gas. The tape
was re-covered every time the checking area changing.
At last, we found the air-leak point on an area of the
cooling pipe on the flange. The vacuum leak area was
found and was applied by sealing agent (VACSEAL).
The pressure of A1 was improved to 3× 10−6 Pa.
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Application of the Generic Electronics for Time Projection Chamber
(GET) readout system for heavy radioactive isotope collision

experiments†

T. Isobe,∗1 G. Jhang,1∗,∗3 H. Baba,∗1 J. Barney,∗1,∗3 P. Baron,∗7 G. Cerizza,∗1,∗3 J. Estee,∗1,∗3 M. Kaneko,∗1,∗2
M. Kurata-Nishimura,∗1 J. W. Lee,∗1,∗4 W. G. Lynch,∗3 T. Murakami,∗1,∗2 N. Nakatsuka,∗2 E. C. Pollacco,∗7

W. Powell,∗5 H. Sakurai,∗1 C. Santamaria,∗1,∗3 D. Suzuki,∗1 S. Tangwancharoen,∗3 and M. B. Tsang∗3

The SπRIT time projection chamber (TPC) is one
of the main devices for the SπRIT project at RIKEN-
RIBF.1) The SπRIT project aims to study the density-
dependent term of the symmetry energy using heavy RI
collision through the measurement of charged pions and
light nuclei. We have implemented the Generic Electron-
ics for Time Projection Chamber (GET) in SπRIT-TPC
readout system. The operation of the GET electronics
during the last experiment in 2016 went well at DAQ a
rate of 60 Hz.

It was hard to identify Li isotopes clearly due to the
limitation of the ADC dynamic range. We have de-
veloped a method to measure energy loss by using the
slope value of each signal instead of the pulse height.
Here, the slope is the gradient of the leading signal
shape. A cocktail beam of proton, deuteron, triton, 3He,
4He, 6Li, and 7Li particles with a beam momentum of
p/Q ∼1.6 GeV/c is made with the BigRIPS fragment
separator. Figure 1 shows the energy loss distribution
of each projectile. In the case of the high-gain config-
uration used for the pion measurement, the deposited
energy from the Z ≥ 3 particles is too high to identify
Li isotopes by using signal height information. Due to
the saturation of several pads along the Li trajectory,
the energy loss resolution of the Li trajectory is worse
than that of other light particle trajectories. By using
the slope value instead of signal height, it is possible
to increase the dynamic range of signal measurement so
that the distribution of 6Li and 7Li can be separated by
4 σ.

Figure 2 shows the calibration curves obtained by in-
jecting a long rectangular pulse to the ground wire of
TPC: the maximum slope and ADC value as a function
of input charge. Although the maximum ADC value is
saturated around an input charge of 120 fC, the max-
imum slope value still shows linearity beyond 120 fC.
According to the SPICE simulation, the linearity of the
slope value extends up to 200 fC charge input, i.e. the
dynamic range is increased by 65%.

This work is supported by the Japanese MEXT
KAKENHI Grant No. 24105004, the U.S. DOE un-
† Condensed from the article in Nucl. Instrum. Methods Phys.

Res. A 899, 43–48 (2018)
∗1 RIKEN Nishina Center
∗2 Department of Physics, Kyoto University
∗3 National Superconducting Cyclotron Laboratory, Michigan

State University
∗4 Department of Physics, Korea University
∗5 Department of Physics, University of Liverpool
∗7 CEA Saclay IRFU/SPhN

Fig. 1. Energy loss distribution of each particle passing
through TPC. Trajectories of 1.6 ≤ p/Q ≤ 1.7 GeV/c
are selected. The spectrum of energy loss reconstructed
with the signal height is shown as a dotted line while
the spectrum of energy loss reconstructed with the signal
slope is shown as a solid line.

Fig. 2. Pad response induced by a long rectangular pulse
injected to the ground plane wire. The induced ADC
response is saturated for an injected charge above 120 fC.

der Grant Nos. DE-SC0004835, DE-SC0014530, DE-
NA0002923, the U.S. NSF Grant No. PHY-1565546,
and the Polish NSC Grant Nos. UMO-2013/09/B/ST2/
04064 and UMO-2013/10/M/ST2/00624. The comput-
ing resources for analyzing data were provided by the
HOKUSAI system at RIKEN.
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PANDORA, a large volume low-energy neutron detector with real-time
neutron-gamma discrimination†

L. Stuhl,∗1,∗2 M. Sasano,∗2 K. Yako,∗1 J. Yasuda,∗3 H. Baba,∗2 S. Ota,∗1 and T. Uesaka∗2

Recent nuclear physics studies are increasingly fo-
cused on the region far from the valley of stability.
The increase in the intensity of available exotic iso-
topes enables the investigation of phenomena with low
cross-sections, such as inelastic scattering and charge-
exchange (CE) reactions. Because the cross-sections of
the CE reactions are very low, it is crucial to efficiently
tag these reaction channels and minimize the contam-
inant events from other reaction channels with larger
cross-sections (e.g., elastic scattering, knockout reac-
tions). The (p,n) CE reactions at intermediate energies
(150–300 MeV/nucleon) are a powerful tool to study the
spin-isospin excitations in nuclei. The inverse kinemat-
ics1,2) enables the (p,n) reactions on exotic nuclei with a
high luminosity. In this technique, neutron detectors are
used to measure the time-of-flight (ToF) of low-energy
recoil neutrons from a few hundred keV to a few MeV
produced from the (p,n) reaction. This methodology
has been successfully applied to study the Gamow-Teller
strength distribution from 56Ni2) and 132Sn3) isotopes.
We also started a program at RIBF aiming to study the
spin-isospin responses of 11Li and 14Be light drip line
nuclei.

The first generation of neutron detectors designed
for these measurements, such as LENDA,4) WINDS,5)
and ELENS6) cannot distinguish between neutrons and
gamma rays. The random gamma background, which
mainly arises from the environment, cannot be removed
from the neutron spectra. We developed the PANDORA
(Particle Analyzer Neutron Detector Of Real-time Ac-
quisition) system as an upgrade of the WINDS detector.
PANDORA is based on a plastic scintillator, sensitive
to the differences between neutrons and gamma rays.
Neutrons and gamma rays can be distinguished by their
pulse shapes because their signals in the tail region differ
(larger tail for neutrons). PANDORA employs a digital
data acquisition system. The signals are read-out with
CAEN V1730 digitizer.

We presented the first results on the pulse shape dis-
crimination capabilities of the new large volume plastic
scintillator EJ-299-34-based device PANDORA coupled
to a digital data acquisition system. The PSD perfor-
mance was compared to that of the well-established EJ-
299-33 scintillator.7) We introduced the PSDmean offline
value as the arithmetic mean of online PSD values of
two single-end read-outs (PSDleft and PSDright). The
ToF distributions acquired using a 252Cf fission source

† Condensed from the article in Nuclear Instruments and Meth-
ods in Phys. Res. A 866, 164 (2017)

∗1 Center for Nuclear Study, University of Tokyo
∗2 RIKEN Nishina Center
∗3 Department of Physics, Kyushu University

Fig. 1. PSDmean vs. ToF spectrum shows a good separa-
tion of neutron and gamma-like events. The sharp peak
below 10 ns corresponds to events identified as gamma
rays, while the distribution in the higher ToF region and
PSDmean > 0.15 represents neutron-like events. The in-
ner scale corresponds to the kinetic energy of the detected
neutrons obtained using the ToF method. A large ran-
dom gamma background can also be observed.

show that with PANDORA, 91±1% of all detected neu-
trons can be identified online and 91±1% of the detected
gamma rays can be excluded. This online gamma re-
jection (individual threshold conditions on the left and
right PSDs) reduces the background by one order of
magnitude.

Our goal of particle-based real-time triggering was
successfully attained. This development allows (p, n) re-
actions on exotic nuclei to be measured with a secondary
beam intensity up to 106 particle/sec. Furthermore,
this new setup provides opportunity for reaction stud-
ies that involve emission of low-energy neutrons. The
PANDORA system is capable to provide a filtered data
package of energy, timing, PSD information, and dig-
itized pulse shape, which can be used for further im-
provements offline.
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Measurement of total kinetic energy using LaBr3(Ce) crystal in
ZeroDegree spectrometer for two-step experiment

H. Suzuki,∗1 D. S. Ahn,∗1 N. Fukuda,∗1 H. Takeda,∗1 Y. Shimizu,∗1 R. Taniuchi,∗1 H. Wang,∗1 S. Takeuchi,∗2,∗1
and K. Yoshida∗1

A LaBr3(Ce) crystal was used as the total-kinetic-
energy (TKE) counter for particle identification (PID)
in the ZeroDegree spectrometer in the two-step experi-
ment.1) In this experiment, events of partially-stripped
radioactive isotopes (RI) were not negligible, because the
mass numbers, A, of RIs produced at the target at the
entrance of ZeroDegree were over 100 and their kinetic
energies were 200 MeV/nucleon. For the PID, the atomic
number, Z, and the mass-to-charge ratio, A/Q, were de-
duced based on a TOF-Bρ-∆E method. However, the
A/Q resolution in ZeroDegree with Medium-Resolution-
Achromatic mode2) was 0.061% in RMS and inadequate
to separate fully-stripped RIs from the partially-stripped
ones. Thus, the value of A was deduced from the velocity
(β) and TKE of each RI and was used for the separation.

The LaBr3(Ce) crystal3,4) was mounted at the end
of ZeroDegree. It is cylindrical in shape with 3-inch
diameter and length, covered with a 0.5-mm thick Al
housing. Nine PIN-photodiodes were attached to the
back of the crystal through a light-guide made of Lucite.
Five diodes with effective areas of 18 mm2 (S3204-08;
Hamamatsu Photonics K.K.) were arranged in the shape
of a cross and other four diodes of 10 mm2 (S3590-18;
Hamamatsu) were placed at the four corners. The signal
from each diode was amplified by a pre-amplifier (MSI-
8; mesytec GmbH & Co. KG) whose dynamic range
was set to be 1 GeV in Si energy-loss equivalent and
a shaping amplifier (MSCF-16; mesytec) whose shaping
time was set to be 2 µs.

The energy of the crystal was calibrated by comparing

Fig. 1. Relation between light output from LaBr3(Ce) crystal
and calculated E2

Z
by ATIMA.5)

∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, University of Tokyo

Fig. 2. Separation of Ag isotopes in A versus A/Q. 4.6σ
separation was achieved between 129Ag47+ and 126Ag46+.

the light output and calculated energy-loss of RIs using
an energy-loss code ATIMA.5) Owing to the quenching
effect, the light output was not proportional to the en-
ergy loss. In this experiment, E2

Z (E; energy loss in the
crystal) was found to be proportional to the light output,
as shown in Fig. 1. In previous studies by Kobayashi4)

and Taniuchi et al.,6) E2

Z2 and E√
Z

respectively, were pro-
posed as the proportional variables. It is unclear why
the quenching effects are different in these three cases.
It may be caused by the width of the Z range, which was
41–50 in our case, 28–52 in Ref. 4), and 8–50 in Ref. 6).

The distribution of A in the two-step experiment was
0.95 in RMS around 129Ag47+. Thus, the resolution of
A was 0.8% and 3σ separation was achieved between the
fully-stripped 129Ag47+ and H-like 126Ag46+ in mass. In
A/Q axis, 3.5σ separation was obtained between these
two isotopes. Thus, 4.6σ separation was achieved using
both A/Q and A separations. Figure 2 shows the sep-
aration of Ag isotopes in the two-step experiment in A
versus A/Q plot. The fully-stripped RIs are well sepa-
rated from the H-like RIs. The charge number, Q, was
deduced from A/Q and A. 2.5σ separation was achieved
in the Q separation.
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Prototype of new delay line with chip inductors for the PPAC

H. Sato,∗1 H. Baba,∗1 and K. Yoshida∗1

In Parallel Plate Avalanche Counter (PPAC), which
is used at the BigRIPS, the XY position is deduced
by using the delay line readout method.1) The X and
Y electrode strips are connected to multi-tapped delay
lines (DLs). The inductance of the DL is formed by
a coil made by winding a ϕ0.3 wire wound around a
ϕ2.0 Bakelite rod. Additionally ϕ0.12 lead wires are
soldered onto the coil wire every eight turns. Thus, the
fabrication and maintenance of this DL is a difficult
work that requires an expert for soldering. To simplify
the DL fabrication, prototyping of new DL consisting
of chip inductors and capacitors has been started.

The new DL is fabricated by the reflow soldering
method. A soldering paste is put on the pads of the
G10 board via a 200 µm-thick mask. The chips are
placed on the pads and then the board is heated up to
around 160◦C on a hot plate to melt the solder. Images
of the ordinary DL and the new DL are shown in Fig. 1.

Several new DLs were fabricated and tested. In
this report, the properties of the X DL named
CLDLX#02 are described. The chip inductors are
Murata LQW2BAN91NG00L, whose inductance L is
91 nH ± 2%. The chip capacitors are Murata
GRM2162C1H390JZ01D, whose capacitance C is 39 pF
± 5%, and chips having the same C within one decimal
place were used to realize the same delay time of one
pitch (Tdt = 1.07

√
LC). The measured average Tdt was

2.02 ns with 1.0% of the standard deviation.
The performance of the 240 mm × 150 mm PPAC

with new DLs was evaluated with an α source. Fig-
ure 2 (a) shows the X-axis position spectrum of the
α-rays that are uniformly irradiated on the PPAC. The
uniformity of the detection sensitivity from −108 mm

Fig. 1. Images of the DL boards for X. (a) ordinary multi-
tapped DL. (b) new DL.

∗1 RIKEN Nishina Center

Fig. 2. X-axis position spectrum: (a) uniformly irradiated,
(b) with a position calibration mask.

Table 1. Characteristics of CLDLX#02 and 25X#34.

CLDLX#02 25X#34
inductance [nH] 91 90
capacitance [pF] 39.1 38.4

total delay time [ns] 193 192
delay time of one pitch [ns] 2.02 2.02

signal speed [mm/ns] 1.265 1.261
attenuation rate [%] 65 68

uniformity of sensitivity [%] 1.8 1.4
position resolution [mm] 0.32 0.25

to +108 mm (90% of the full range of X) excluding
the statistical fluctuation was 1.8%. Figure 2 (b) is the
spectrum measured with a position calibration mask,
which has a slit interval and width of 5 and 0.5 mm, re-
spectively. The position resolution was measured to be
0.32 mm in σ. The characteristics of CLDLX#02 are
summarized in Table 1 with those of an ordinary multi-
tapped DL (25X#34) for comparison. As presented,
the position resolution of CLDLX#02 is slightly wider
than that of the 25X#34. Thus, with further modifi-
cation to obtain better performance, the new DL can
be used for the PPAC instead of the ordinary DL. In
addition, we are also considering another type of DL
whose coil is directly patterned on the G10 board.

Reference
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Development of electronics to allow vertex determination in the KISS
MSPGC

P. Schury,∗1 Y. Hirayama,∗1 H. Choi,∗1,∗2 H. Miyatake,∗1 Y. X. Watanabe,∗1 and M. Mukai∗1,∗3

The goal for the KEK Isotope Separation System
(KISS)1) is to provide precise nuclear data of neutron-
rich nuclei near N = 126. Such nuclei, which play an im-
portant role in the r-process, are difficult to produce by
traditional means (e.g. in-flight fission/fragmentation,
fusion, ISOL) and therefore KISS uses multi-nucleon
transfer reactions to produce them. The rates of inter-
esting nuclei are typically less than 1 s−1.

For understanding the nature of the N = 126 bot-
tleneck presumed to be responsible for the 3rd peak of
the r-process requires precise atomic masses and decay
half-lives. In order to provide the nuclear astrophysics
community with the necessary precise half-life data, a
multi-segmented proportional gas counter (MSPGC)2)
was developed for KISS. The system as initially envi-
sioned utilized two concentric rings of proportional gas
counter (PGC) tubes (16 in each ring), thereby allowing
the use of “hit pattern” analysis to discriminate back-
ground events such as e.g. cosmic rays. This proved to
be a successful strategy which allowed meaningfully pre-
cise half-life determination from species delivered with
rates down to 0.1 s−1.

In order to push the half-life measurements to N =
126, however, will require use of the MSPGC with rates
an order of magnitude lower. To accomplish this, the
PGC tubes have been upgraded to utilize a resistive
wire. By detecting the charge deposited on each end of
the wire, it is possible to extract the position of the de-
cay detection along the length of the detector. The 3D
decay vertex made possible be this added information
should allow half-life determination from yields on the
order of 0.01 s−1.

This requires a charge-sensitive pre-amplifier, shap-
ing amplifier, and trigger generator for both ends of
each PGC tube −64 sets in total. Noise considera-
tions require the pre-amplifier to be located as close
to the PGC as possible, while space constraints make
it infeasible to pack everything into the area near the
MSPGC. A small circuit board with power condition-
ers, a Cremat CR-110 charge-sensitive amplifier (CSA)
(g = 1.6 V/pC), and an AD8138 differential line driver
is installed close to each end of every PGC tube. The
differential signals are immune to environmental noise.

An array of receivers, as well as power supplies,
is installed within a 3U 19” crate installed in a rack
≈ 3 m from the MSPGC. The power for the CSA cir-
cuit boards is supplied via a long ribbon cable. The dif-
ferential line drivers following the CSA allow the signal
from each detector to be sent to the receiver crate via

∗1 KEK Wako Nuclear Science Center
∗2 Seoul National University
∗3 Institute of Physics, University of Tsukuba

Fig. 1. Sketch of circuitry installed (a) near to and (b) at
a distance from the MSPGC. The signal from the CSA
is converted to a differential signal to allow noise-free
transmission, via long ribbon cable, prior to application
of a shaping amplifier. In the inset the trigger pulse is
light blue and the Gaussian pulse is purple. The ADC is
triggered by the falling edge of the trigger pulse, 2.5 µs
prior to the peak of the Gaussian pulse.

the long flat ribbon cable as well. The receiver boards
use a pair of AD8130 differential receiver amplifiers to
provide a decoupled pair of signals, one to be processed
by a CR-200 shaping amplifier and the the other to trig-
ger the 14-bit Hoshin C008 analog-to-digital converter
(ADC) used to measure the pulse-height of the CR-200
output and determine the detection position along the
PGC. Details are given in Fig. 1.

References
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In the initial testing with Ccoupling = 1 nF, large
∼100 kHz oscillations were observed in the CSA out-
put. After consultation with Cremat, it was determined
that the each CSA saw the coupling capacitor on the
opposite end of the PGC as a heavy load. Reducing
Ccoupling to 100 pF gave clean, stable signals. Develop-
ment is ongoing.
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Development of Plastic Scintillator Barrel for WASA at GSI

R. Sekiya,∗1 V. Drozd,∗2 H. Fujioka,∗3 K. Itahashi,∗4 S. Y. Matsumoto,∗1,∗4 T. R. Saito,∗2,∗5,∗6 K. Suzuki,∗7 and
Y. K. Tanaka∗2,∗8

We plan to conduct new experiments for hypernu-
clear spectroscopy1) and η′-mesic nuclei exploration2)

using the WASA central detector3,4) and the fragment
separator (FRS) at GSI. The WASA central detector
consists of a superconducting solenoid magnet, a plas-
tic scintillator barrel (PSB), and a cylindrical drift
chamber for charged particle measurement and CsI
calorimeters for gamma-ray measurement.

We are upgrading the cylindrical part of PSB to
achieve 100 ps in time resolution based on the experi-
mental requirement. In the old configuration, we had
only one photomultiplier tube with a light guide for
each scintillator slat of PSB. We improved the time res-
olution by detecting photons on both sides using multi-
pixel-photon counters (MPPCs). Since the PSB will
be located inside the superconducting solenoid mag-
net, we chose detectors that can be operated under a
magnetic field. MPPC satisfies this requirement.

We made a single slat of PSB as schematically
shown in Fig. 1. The size of the plastic scintillator
is 550× 38× 8 mm3. We adopted Eljen EJ-230, which
has an attenuation length of 120 cm. We attached
four MPPCs (Hamamatsu Photonics S13360-6050CS)
on each side of the plastic scintillator and electrically
connected them in series. The effective area of the
MPPC is 6 × 6 mm2. The MPPCs were then con-
nected to amplifiers developed in Ref. 5). The am-
plified signals were recorded by a waveform digitizer
(CAEN V1742) with a sampling frequency of 2.5 GHz.

In order to evaluate the time resolution, we irradi-
ated the plastic scintillator with electrons from a 90Sr
source with an endpoint energy of 2.28 MeV. A slit with
a gap of 2 mm was inserted between the plastic scintil-

Fig. 1. Schematic configuration of a single slat of PSB.
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Fig. 2. The dependence of the time resolution σt on source
positions and applied bias voltages.

lator and the 90Sr source. We performed mesurements
by changing the position of the source to investigate
the hit position dependence. The overvoltage was also
changed to 4, 6, and 8 V.

We evaluated the time resolution of the plastic scin-
tillator by analyzing the waveform data. In the anal-
ysis, we simulated a function of constant fraction dis-
criminators by using a software to obtain the precision
arrival time of signals at the right and left ends of the
plastic scintillator (TR and TL). The time resolution
of this single slat of PSB (σt) can be estimated by
fitting a (TR−TL)/2 histogram with a Gaussian func-
tion and taking its standard deviation, neglecting the
hit position distribution of the electrons.

Figure 2 shows the time resolution σt as a function
of the source positions. Different colors correspond to
different bias voltages. We achieved a time resolution
better than 100 ps for all the tested conditions. We
also found that the time resolutions become better as
the overvoltage is decreased.

Based on the measurements described above, we
confirmed that a single slat of PSB achieves the re-
quired time resoution. We are planning a more sys-
tematic evaluation of the PSB performance by using
mono-energetic proton beams.
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Energy dependence study of cylindrical drift chamber used for the
MTV experiment

F. Goto,∗1,∗2 H. Baba,∗2 J. A. Behr,∗3 T. Kajihara,∗4 H. Kawamura,∗5 M. Kitaguchi,∗1 C. D. P. Levy,∗3
H. Masuda,∗4 Y. Nakaya,∗4 K. Ninomiya,∗4 J. Onishi,∗4 R. Openshaw,∗3 S. Ozaki,∗4 M. Pearson,∗3

Y. Sakamoto,∗4 H. Shibaguchi,∗4 H. M. Shimizu,∗1 Y. Shimizu,∗4 R. Takenaka,∗4 K. Tamura,∗4 S. Tanaka,∗4
R. Tanuma,∗4 Y. Totsuka,∗4 E. Watanabe,∗4 Y. Yamamoto,∗4 Y. Yamawaki,∗4 M. Yokohashi,∗1 and J. Murata∗4

The purpose of the MTV (Mott polarimetry for T-
violation) experiment is to find a large time reversal
symmetry violation (T-violation) in polarized 8Li β− de-
cay. T-violation may arise in triple vector correlation
(R-correlation) in beta decay. R-correlation causes elec-
tron transverse polarization and it can be measured by
detecting electron Mott scattering asymmetry. In the
MTV experiment, which has been running at TRIUMF-
ISAC (Isotope Separator and Accelerator), cylindrical
drift chamber (CDC) is used as a tracking detector to
measure angles of the electron emission and backward
scattering per event.1) The physics data were collected
in 2017.

In 2018, we studied β− ray energy dependence of CDC
to predict Mott asymmetry measured in our system.
The electron emission distribution of β− decay, ω, is ex-
pressed as:2)

ωdEedΩe ∝ 1 +Rσ⃗ ·

[
⟨J⃗⟩
J

× p⃗e
Ee

]
+ . . . . (1)

The definition of R-correlation can be found in this func-
tion, where J⃗ is the spin polarization of the parent nuclei,
and σ⃗, p⃗e, and Ee are the spin polarization, momentum,
and energy of electron, respectively. Coefficient R is pre-
dicted from the final state interaction (FSI) between the
electron and daughter nucleus. In the standard model,
coefficient R of FSI in 8Li β− decay is predicted as

RFSI(
8Li) =

αZme

3pe
. (2)

Where α is the fine structure constant, Z is the atomic
number of daughter nucleus, and me is the electron mass.
RFSI is a non-zero value but it doesn’t violate time rever-
sal symmetry. If a significant difference exists between
theoretical RFSI and measured R, it may imply the ex-
istence of T-violation. These formulae show that β−

Fig. 1. Setup of the measurement to study the source position
dependence.
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Fig. 2. Energy spectra using 90Sr radiation source at five dif-
ferent positions from the PMT.

emission distribution depends on β− ray energy. In our
experiment in 2017, we measured β− emission distribu-
tion (Eq. (1)) in its integrated form with Ee. The pre-
diction of expected asymmetry in our detector system
requires the determination of the minimum detectable
electron energy. In the 2018 experiment, we measured
energy spectra detected by CDC using 90Sr radiation
source and its energy threshold was deduced.

The measurement setup consists of stopping scintilla-
tion counters (SCs: used as trigger scintillator of CDC)
and two PMT attached on both sides of SC. The most
significant ambiguity of CDC energy threshold is due to
SC whose length is 675 mm. When an electron hits a
different point of SC, the amount of photons reaching
PMTs also vary. We placed the radiation source on the
SC with a collimator at five different positions to mea-
sure the ambiguity of energy threshold (Fig. 1). Figure 2
shows the energy spectra using 90Sr radiation source at
five different positions from the PMT. The end point en-
ergy and threshold are defined by fitting on these data
with the intrinsic response function of 90Y β− ray. The
cutoff channels of the spectra correspond to the thresh-
old. From these analyses, we determined the average
energy threshold as

Eth = (6.5± 2.2)× 10−1 MeV. (3)

The energy threshold that was obtained in 2018 is nec-
essary to calculate the asymmetry expected in our detec-
tor. In contrast, we need more analyses on the physics
data to set final results R. In addition, the develop-
ment of track detection method by machine learning is
in progress to reduce systematic errors.
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Development of long and high-density data bus for sPHENIX INTT
detector

T. Hachiya,∗1,∗2 Y. Akiba,∗1 H. Aso,∗1,∗3 D. Cacace,∗4 E. Desmond,∗4 T. Ichino,∗1,∗3 M. Isshiki,∗2 T. Kondo,∗5
H. Kureha,∗2 E. Mannel,∗4 G. Mitsuka,∗1 I. Nakagawa,∗1 R. Nouicer,∗4 R. Pisani,∗4 K. Sugino,∗2 A. Suzuki,∗2

M. Tsuruta,∗1 T. Todoroki,∗1 and Y. Yamaguchi∗1

The intermediate tracker (INTT) is a silicon strip bar-
rel detector for the sPHENIX experiment.1) INTT is
implemented in a tight space between an inner silicon
detector (MVTX) and the outer TPC, and the readout
electronics are placed 120 cm away from the detector.
The data bus of INTT must satisfy the following require-
ments:2) (1) flexibility, (2) length of at least 120 cm, (3)
high-density signal line (128 lines/5 cm), and (4) high-
speed signal transfer (by LVDS). It is challenging to meet
all the requirements because high-speed signal transfer
and a long data bus are contradictory.

To investigate the technical feasibility of the data bus,
we made a prototype of the long and high-density data
bus using flexible printed circuit (FPC), which is a film
based PC board. A liquid crystal polymer (LCP) was
chosen as the film material to reduce signal loss due to
the small dielectric tangent. The prototype is a three
layer structure in which the middle signal layer is sand-
wiched by the top and bottom ground layers for a dif-
ferential impedance (Zdiff) of 100 Ω. Figure 1 shows an
FPC sheet containing five sets of the signal layer before
laminating the top and bottom layers.

We evaluated the electrical and mechanical charac-
teristics of the prototype. As a result, we found that
the signal attenuation and return loss are −3 dB and
−20 dB, respectively, and Zdiff is 90 Ω. The thiner line is
preferable for 100 Ω, but more difficult to produce with-
out troubles. The signal distortion was visually tested
using the eye diagram. The eye is clearly open as shown
in Fig. 2 (left). We also found that the accuracy of the
width of the signal lines is ±3 µm from the measurement
of the line widths for 40 lines on the FPC as shown in
Fig. 2 (right). These results show that the prototype
meets the requirements within the scope of the specifi-
cation.

However, two issues are found in the prototype FPC.
One is that the peel strength of the laminated layers is
weak, and the other is that it is difficult to produce the
through holes for long FPC. We studied several ways

120cm

Fig. 1. LCP sheet of the signal layer for the prototype.
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Fig. 2. Characteristics of the prototype FPC. (Left) Clear
opening of eye diagram (Right) small variation of the line
widths.

2

Fig. 3. Result of the Cu-plating for the four layer FPC. (Left)
Schematic view of the laminated structure of FPC with
Cu-plating. (Right) Result of Cu-plating.

to improve the peel strength. The current status is re-
ported in Ref. 3).

The through hole is produced by drilling a hole on
the FPC and Cu-plating the surface of the hole through
an electro-chemical process. This requires a big chemi-
cal bath to soak the entire FPC. We looked for a com-
pany that has a bath big enough for INTT data bus.
Along with the company, we tested the Cu-plating on
the through hole for the 4 layer FPC. Figure 3 shows the
Cu-plating result, which was successful. We will inves-
tigate the reliability of the through hole with a thermal
shock test as a next step.

We evaluated the feasibility of the long and high-
density data bus using FPC. Most of the issues were
solved, and some technical issues found in the study are
under further investigation. Based on the knowledge
from the prototype, we are making the production ver-
sion of the data bus for INTT. The production version
will be tested in 2019.
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Performance evaluation of sensor module for INTT at sPHENIX

A. Suzuki,∗1,∗2 Y. Akiba,∗1 H. Aso,∗1,∗3 D. Cacace,∗4 E. Desmond,∗4 T. Hachiya,∗1,∗2 T. Ichino,∗1,∗3 M. Isshiki,∗2
T. Kondo,∗5 H. Kureha,∗2 E. Mannel,∗4 G. Mitsuka,∗1 I. Nakagawa,∗1 R. Nouicer,∗4 R. Pisani,∗4 K. Sugino,∗2

M. Tsuruta,∗1 T. Todoroki,∗1 and Y. Yamaguchi∗1

Intermediate silicon strip tracker (INTT) is one of the
tracking detectors of sPHENIX.1) As shown in Fig. 1,
INTT ladder consists of high-density interconnect (HDI)
FVTX chips for PHENIX (FPHX) and silicon strip sen-
sor.2) HDI is a flexible PC board to provide input and
output for FPHX. The power to FPHX and silicon strip
sensor are supplied through HDI. FPHX is a readout
LSI chip used for PHENIX. 26 FPHX are implemented
into the INTT ladder. One FPHX readouts 128 strip
channels. Each channel is equipped with a shaping am-
plifier and 3-bit ADC. There are two different sizes of
the silicon strip sensor. One of them is 78 × 16 mm for
A (20 mm for B). It is sensitive in ϕ direction.

We built a test bench to evaluate the sensor module
performance at Nara Women’s University as shown in
Fig. 2. The read-out system of the bench is described
below. First, the hit data is sent from FPHX to read-out
card (ROC) through a flexible cable, and are read-out at
ROC. Data are sent from ROC to the front-end module
(FEM) through an optical fiber and to be formatted.
Finally the data from the FEM in the PC is recorded.
Figure 3 shows the schematic drawing of the read-out
system.

To check the functionality of the read-out system, we
input a test pulse from ROC to FPHX with changing

Fig. 1. INTT ladder.

Fig. 2. Test bench setup.
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Fig. 3. The schematic drawing of the readout system.

Fig. 4. (a) ADC vs pulse height (b) Pulse height vs strip
channel.

pulse height and measure ADC. Figure 4 (a) shows the
correlation between input pulse height and output ADC
in a chip. Every chip responded linearly as expected.
There were some strange signals in ADC 7 of a chip.
Figure 4 (b) shows the number of hits (z-axis) as a func-
tion of pulse height (y-axis) in different strip channels
(x-axis). All channels responded correctly and the hit
efficiency improved at the threshold (pulse heights are
near 30). The read-out system operated properly.

We measured the cosmic ray with an external trig-
ger to study the response of minimum ionizing particle
(MIP). As shown in Fig. 3, the sensor module and ex-
ternal trigger overlap each other, and the coincidence of
both sensor module and external trigger decreases the
noise. We are in the progress of accumulating data.

In the next step we will qualitatively evaluate the
noise and efficiency by measuring the radiation source
and cosmic ray. We plan to conduct the beam test at
Fermi lab. in 2019 to evaluate the sensor modules.
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Slit system between the foci F2 and F3 of the BigRIPS separator

K. Yoshida,∗1 M. Ohtake,∗1 and Y. Yanagisawa∗1

A new slit system has been installed between the
second and third foci (F2, F3) of the BigRIPS sepa-
rator, as shown in Fig. 1. The slit system is used to
select the angles of RI beams produced at the target
(F0) because it is placed at the point-to-parallel spot
where the beam angles focusing at F2 are converted to
positions by beam-line magnets.

The inset of Fig. 1 shows the structure of the slit
system. It consists of horizontal and vertical slits and
has a similar structure as the F2 or F7 slit system.1)

It was installed in a vacuum chamber whose inner di-
mensions were 750× 360× 875 mm3. Slit-blades were
made by tungsten alloys (HAC2, Nippon Tungsten Co.
Ltd.) with dimensions 150 × 150 × 80 mm3 (horizon-
tal) and 240 × 120 × 80 mm3 (vertical) and weights
38 and 44 kg, respectively. They were connected to
the linear actuators mounted on the wall of the vac-
uum chamber through the vacuum feedthroughs. The

∗1 RIKEN Nishina Center

slit-blade positions were remotely controlled using the
stepping motors of the linear actuators. A position
accuracy of ± 0.1 mm was achieved. To support the
heavy slit-blades, a rail and cam followers were used for
the horizontal slits, whereas Conston springs were used
for the vertical slits. A detector stage for the position
sensitive detector was also installed at the upstream of
the slits in the vacuum chamber.

The hardware of the slit system was installed in
March 2018 and its control software was modified in
April 2018. The slit system became operational at the
beginning of May 2018. Since then, the slit system is
used as the standard device to select RI beam angles
in the BigRIPS separator.

Reference
1) K. Yoshida et al., RIKEN Accel. Prog. Rep. 38, 293

(2005).

Fig. 1. Layout of the BigRIPS separator. The target (F0) and seven foci (F1-F7) of BigRIPS are indicated

in the figure. Inset is the enlarged drawing of the newly installed slit system.
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Fast beam interlock system for BigRIPS separator

K. Yoshida∗1

The fast beam interlock system for the BigRIPS
separator1) was designed and constructed in 2014 and
has been in operation since then to protect the beam
line equipment from hitting the misaligned intensive
primary beams due to magnet failure. The interlock
system utilizes four compact RIO systems (cRIO) of
National Instrument Co. Ltd. as the processing mod-
ules and continuously monitors the power supplies of
34 magnets placed at the primary beam line and Bi-
gRIPS, where a primary beam is transported. The
current monitor signals from the power supplies are
digitized by ADCs in cRIO every 2 µs and compared
with the pre-defined upper and lower limits. A fault
signal is generated if the digitized values are beyond
these limits. The fault signals are merged into other
fault signals and fed to the beam chopper system to
cut off the beam. The total response time, which is
defined as the time between an analog signal drift and
a beam stopping at the third focus (F3) of BigRIPS,
was ∼200 µs for a 48Ca 345 MeV/nucleon beam.
During the operation of fast interlock system, the

original system was found to be weak for the fluctu-
ation of input noises. The noise of current monitor
signals is not always stable. If the noise suddenly in-
creases, the interlock system detects it as the drift of
the current output and generates the fault signal. The
beam is then stopped by the beam chopper. This hap-
pens a few times per day during the beam time.

The inspection of the current monitor signal using a
digital storage type oscilloscope revealed the existence
of two types of noise: a bi-polar ringing-like noise with
high frequency (more than 2 MHz), a short unipolar
pulse whose duration is approximately 20 µs. The lat-
ter was created with the discharge of electrostatic de-
flector EDC of the SRC. To prevent the detection of
these noises, noise filters are inserted in the analog in-
put lines.

One such noise filter is a passive low-pass filter. EMI
filtering capacitor EMIFIL DDS1 0.022 µF of Murata
was installed at the current monitor outputs of magnet
power supplies. The moving average method was also
implemented after the ADC of cRIO system, consider-
ing the average of 2 to 16 successive digital values from
the ADC. Because ADC provides the converted value
every 2 µs, the averaging takes place between 4 and
32 µs. By installing the EMI filter and taking the av-
erage of 16 successive AD values, the ringing like noise
was completely eliminated from the system. However,
the short pulse noise could still be detected because
the pulse was slower than the EMI filter and unipolar
pulses were not eliminated by averaging.

∗1 RIKEN Nishina Center

Fig. 1. Logic diagram of upgraded fast interlock system.

To eliminate the short pulse noise, a time-over-limit
detection mechanism was further added to the inter-
lock logic. This was accomplished by installing a bit-
shift register on the output of the comparator, which
compared the digitized signal and pre-defined limits.
Each output of the comparator was stored in the first
bit of the bit-shift register. The remaining bits of the
register were pre-shifted by one bit before storing the
first bit. Thus, the 16 bit register stored 16 succes-
sive comparison results. A failure signal was generated
when all 16 bits were in the “on” state. With this al-
gorithm, the failure signals were only generated for the
input signals whose amplitudes exceeded the limit by
32 µs. Therefore, the deviation of input signals shorter
than 32 µs was completely ignored.

The interlock logic was modified as shown in Fig. 1
by modifying the FPGA program code in the cRIO sys-
tem and no hardware modification was required. The
actual modification was performed in April 2018 and
since then, the fast beam interlock system has been
operated with no noise.

Reference
1) K. Yoshida et al., RIKEN Accel. Prog. Rep. 47, 169

(2014).

Slit system between the foci F2 and F3 of the BigRIPS separator

K. Yoshida,∗1 M. Ohtake,∗1 and Y. Yanagisawa∗1

A new slit system has been installed between the
second and third foci (F2, F3) of the BigRIPS sepa-
rator, as shown in Fig. 1. The slit system is used to
select the angles of RI beams produced at the target
(F0) because it is placed at the point-to-parallel spot
where the beam angles focusing at F2 are converted to
positions by beam-line magnets.

The inset of Fig. 1 shows the structure of the slit
system. It consists of horizontal and vertical slits and
has a similar structure as the F2 or F7 slit system.1)

It was installed in a vacuum chamber whose inner di-
mensions were 750× 360× 875 mm3. Slit-blades were
made by tungsten alloys (HAC2, Nippon Tungsten Co.
Ltd.) with dimensions 150 × 150 × 80 mm3 (horizon-
tal) and 240 × 120 × 80 mm3 (vertical) and weights
38 and 44 kg, respectively. They were connected to
the linear actuators mounted on the wall of the vac-
uum chamber through the vacuum feedthroughs. The

∗1 RIKEN Nishina Center

slit-blade positions were remotely controlled using the
stepping motors of the linear actuators. A position
accuracy of ± 0.1 mm was achieved. To support the
heavy slit-blades, a rail and cam followers were used for
the horizontal slits, whereas Conston springs were used
for the vertical slits. A detector stage for the position
sensitive detector was also installed at the upstream of
the slits in the vacuum chamber.

The hardware of the slit system was installed in
March 2018 and its control software was modified in
April 2018. The slit system became operational at the
beginning of May 2018. Since then, the slit system is
used as the standard device to select RI beam angles
in the BigRIPS separator.

Reference
1) K. Yoshida et al., RIKEN Accel. Prog. Rep. 38, 293

(2005).

Fig. 1. Layout of the BigRIPS separator. The target (F0) and seven foci (F1-F7) of BigRIPS are indicated

in the figure. Inset is the enlarged drawing of the newly installed slit system.
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Thermal model simulation of high-power rotating target for BigRIPS
separator

Z. Korkulu,∗1 K. Yoshida,∗1 Y. Yanagisawa,∗1 and T. Kubo∗1,∗2

Since 2007, a water-cooled high-power rotating disk
target made of beryllium or tungsten has been used as
the production target at the in-flight radioactive-isotope
(RI) beam separator BigRIPS.1,2) The diameter of the
rotational disk is 30 cm while the thickness can be op-
timized according to the atomic number and the energy
of the selected projectile. To obtain a variety in thick-
ness, the circumference edge of each disk has two steps
to realize less thicknesses. The rotational disk target
system was designed to withstand the maximum beam
intensity of 238U at 345 MeV/nucleon and 1 particle µA.
Although only about 20% of the goal beam intensity of
82 kW has been achieved, the high-power rotating tar-
get system has been successfully operated with various
beams. Because the present primary beam intensity is
much lower than the goal value, the requirement that Be
could withstand the goal intensity cannot be experimen-
tally commissioned. Therefore, we started to develop
simulations based on ANSYS Parametric Design Lan-
guage (APDL)3) to calculate the beam spot temperature
at various conditions. Earlier, a prototype target system
was designed and constructed using the same simulation
code.4,5)

In the analysis, a complete model built by APDL was
used. The primary beam was focused at a diameter of
1 mm (FWHM) with Gaussian beam distribution. The
power deposition in beryllium material was calculated
with the LISE++ simulation code.6) To include the ef-
fect of radiation cooling, the emissivity of 0.57 was used
for the surface of the Be disk.5) The target disk was
tightly fixed with screws on the water-cooled aluminum
plate (see Fig. 1) and the boundary temperature for the

Fig. 1. Cooling-water is introduced to the aluminum disk
through a double-piped shaft.

∗1 RIKEN Nishina Center
∗2 Facility for Rare Isotope Beams, Michigan State University

Fig. 2. A 48Ca primary beam at 345 MeV/nucleon with
470 pnA (7.8 kW in beam power) onto the beryllium tar-
get of 10 mm thickness. The heat deposited in the target
was 0.96 kW for a beam spot size with a diameter and ro-
tation speed of 1 mm and 10 rpm, respectively. The max-
imum beam spot temperature is approximately 118◦C.

cooling water was fixed at 25◦C. The heat transfer coef-
ficient, calculated by JAERI formula,7) was found to be
10.5 kW/m2 K at 25◦C. Because the beam spot temper-
ature varied with time, the temperature-dependent ther-
mal conductivity of Be and Al was used for temperatures
between 25 and 1200◦C and 25 and 700◦C, respectively.

In our simulations, the heat source was fixed and the
target model moved across it based on the mass trans-
port option of ANSYS. To capture the effect of temper-
ature variation occurring in the model, the applied mesh
size must be small enough. Although the beam spot tem-
perature became constant after several rotations, this
complex model required a few hours of the CPU time.
The initial analysis was performed with low rotational
speed, from 1 to 10 rotations per minute (rpm), in several
steps to confirm the reliability of our simulation code.

The present status of simulated heat distribution with
10 rpm is reported in Fig. 2. Further simulation studies
are under way to optimize a small mesh size that can
increase the rotation speed of the disk target up to the
required velocity of 100 to 1000 rpm.

References
1) A. Yoshida et al., Nucl. Instrum. Methods Phys. Res. A

521, 65 (2004).
2) A. Yoshida et al., Nucl. Instrum. Methods Phys. Res. A

590, 204 (2008).
3) ANSYS, Inc. Product Release 19.0, USA.
4) A. Yoshida et al., RIKEN Accel. Prog. Rep.35, 152 (2002).
5) A. Yoshida et al., RIKEN Accel. Prog. Rep.37, 295 (2004).
6) O. Tarasov et al., Nucl. Instrum. Methods Phys. Res. B

266, 4657 (2008).
7) J. Boscary et al., Fusion Eng. Des. 43, 147 (1998).



Ⅱ-9. Instrumentation

- 133 -

RIKEN Accel. Prog. Rep. 52 (2019)

Primary beam intensity calibration method using charge-states
distribution

D. S. Ahn,∗1 H. Suzuki,∗1 N. Fukuda,∗1 Y. Shimizu,∗1 H. Takeda,∗1 K. Yoshida,∗1 Y. Yanagisawa,∗1 N. Inabe,∗1
and T. Kubo∗2,∗1

The primary beam intensity is an important quantity
for experiments to obtain the production cross-sections
and rates of radioactive isotopes and monitoring the sta-
bility of beam during the experiment. The primary beam
intensity is determined using a triple coincidence (3-coin)
monitor1) by detecting light charged particles recoiling
out of the production target in the BigRIPS, as shown
in Fig. 1. The advantage of this system is the nonde-
structive method and its availabillity at all times during
the experiment but the calibration for 3-coin monitor is
needed and depends on the combination of beams, tar-
gets, and beam energy.

The direct measurement of Faraday cup (FC) read-
out is used for the calibration of the 3-coin monitor. The
size of FC at the BigRIPS is small owing to the space
limitation in the production target chamber, causing es-
cape of the secondary electrons from the FC, even if the
electric suppressor is applied. Consequentially, the read-
out of FC gives a larger current in cases of heavy-ion
primary beams. Therefore, the determination of FC cal-
ibration factor (FCF) is quite important to obtain ab-
solute primary beam intensity. In this report, the cal-
ibration method of the primary beam intensity for FC
using a charge-states distribution of the primary beam is
reported.

Figure 2 shows the flow chart for the calibration
method of the primary beam intensity for a 238U86+

beam case. In principle, the beam current can be de-
termined by counting the number of incident ions. The
primary beam is irradiated to the target and measures
the charge-states distribution after the target. The total
number of incident ions is obtained from the number of
one arbitrary charge-state and its ratio to the total. A
1 mm Be target is used to measure the charge-states dis-
tribution of 238U at 345 MeV/nucleon (such a thin tar-
get is preferable to reduce the possible backgrounds of
fission fragments). In the experiment, each charge-state
was set to the central axis in each time. The relative yield

Fig. 1. Schematic view of the primary beam monitoring sys-
tem at the production target chamber.

∗1 RIKEN Nishina Center
∗2 FRIB/NSCL, Michigan State University

Fig. 2. Flow chart for the calibration method of the primary
beam intensity.

Fig. 3. Experimental charge-states distribution of 238U after
1 mm Be target.

for the neighboring ionic charge-state was obtained with
PPACs at F1 or plastic scintillator at F2 and it as nor-
malized with the total number of counts. Figure 3 shows
the charge-state distribution of 238U after 1 mm Be tar-
get in the range from 92+ to 85+. The number of 86+
charge-states, N(86+), and its ratio, R(86+), after the
1 mm Be target were deduced and the sum of ratio was
nomarlized with 1. The intensity of the primary beam
cannot be measured directly with the BigRIPS detectors
because it has a significantly higher rate. The countable
count rate of N(86+) was used to deduce the primary
beam intensity whose ratio R(86+) was 8.2× 10−6. The
number of 86+ charge-state was ∼104∼5 Hz with the full
beam intensity (50∼100 pnA in a U beam case). Thus,
we obtained the beam intensity by the 3-coin monitor,
I(3-coin, Be 1 mm).

Consequentially, the FC calibration factor [FCF] was
deduced by comparing the read-out of FC [FCread-out]
and I(3-coin, Be 1 mm), the average value of FCF is 3.2
in the 238U86+ beam case. Similar types of calibration
were performed in different primary beam cases. The av-
erage values of FCF are 1.7, 1.55, and 1.3 for a 124Xe54+,
78Kr36+, and 70Zn30+ beam at 345 MeV/nucleon, respec-
tively. The FCF is assumed to be 1.0 in the 48Ca20+ and
18O8+ beam cases.
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Angle-tunable degrader system for OEDO

J. W. Hwang,∗1 S. Michimasa,∗1 S. Ota,∗1 M. Dozono,∗1 N. Imai,∗1 K. Yoshida,∗2 Y. Yanagisawa,∗2

K. Kusaka,∗2 M. Ohtake,∗2 D. S. Ahn,∗2 O. Beliuskina,∗1 N. Fukuda,∗2 C. Iwamoto,∗1 S. Kawase,∗3

K. Kawata,∗1 N. Kitamura,∗1 S. Masuoka,∗1 H. Otsu,∗2 H. Sakurai,∗2 P. Schrock,∗1 T. Sumikama,∗2

H. Suzuki,∗2 M. Takaki,∗1 H. Takeda,∗2 R. Tsunoda,∗1 K. Wimmer,∗4 K. Yako,∗1 and S. Shimoura∗1

An angle-tunable degrader system was developed
for the OEDO beamline,1) which slows down a beam
separated by BigRIPS2) to produce a beam of 10–
50 MeV/nucleon. This system is used as a monoen-
ergetic degrader to reduce the beam energy and its
spread. Since the system was designed to adjust its
wedge angle and thickness, it has high versatility to
deal with various experimental conditions. In this re-
port, we present the structure and experimental veri-
fication of the system.
The degrader part consists of a pair of Al sheets

with quadratic cross sections, and their quadratic co-
efficients for thickness differ only in their signs. Their
overlap, therefore, functions as the wedge degrader,
and the wedge angle is changed according to their rel-
ative position. The thickness can be also adjusted
by introducing an additional plate. The overall sys-
tem was constructed as shown in Fig. 1, which has
a fixed central thickness of 3 mm and a wedge an-
gle from 0 mrad to 40 mrad. The effective area is
± 30 mm(H)×± 50 mm(V). The averages of thick-
ness deviations from the machining precision for each
Al sheet are 33 and 58 μm, respectively. The uncer-
tainty of the angle originating from these deviations is
2 mrad.
The commissioning experiment of this system

was carried out at the OEDO beamline.1) 79Se of
171 MeV/nucleon, separated by BigRIPS,2) was de-
livered to the degrader system installed at the disper-
sive FE9 focus. The central thickness of the system
was set to 6 mm to slow down the beam to about
40 MeV/nucleon.
The spread of the outgoing energy distribution for

the monoenergetic-beam case with an optimized wedge
angle was compared with that for the case using the ho-
mogeneous degrader, where the wedge angle is 0 mrad,
to evaluate the performance of the degrader system.
As shown in Fig. 2, while the energy spread in the ho-
mogeneous case was measured to be 12.6 MeV/nucleon
in full width at half maximum, the spread was reduced
to 5.4 MeV/nucleon in the case of the optimized mo-
noenergetic degrader, which is consistent with the es-
timation by a simulation.
In summary, we developed an angle-tunable de-

grader system for the OEDO beamline for a low-energy

∗1 Center for Nuclear Study, University of Tokyo
∗2 RIKEN Nishina Center
∗3 Department of Advanced Energy Engineering Science,

Kyushu University
∗4 Department of Physics, University of Tokyo

Fig. 1. Picture of the angle-tunable degrader system.

Fig. 2. Distributions of the outgoing energy deviation using

a homogeneous degrader (black) and an optimized mo-

noenergetic degrader (red). All the distributions were

normalized to have the same number of events.

RI beam. The performance of the system was experi-
mentally verified using 79Se beam at 171 MeV/nucleon,
and we successfully obtained a low-energy beam at
42 ± 2.7 MeV/nucleon with the suppressed spread.
We expect that this system can be used for various
purposes and conditions thanks to its flexible wedge
angle.
This work was funded by ImPACT (Impulsing

Paradigm Change through Disruptive Technologies)
Program of Council for Science, Technology and In-
novation (Cabinet Office, Government of Japan).
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Development of dispersion-matching optics of primary beam
for SRC-BigRIPS system

S. Y. Matsumoto,∗1,∗2 D. S. Ahn,∗1 N. Fukuda,∗1 N. Fukunishi,∗1 H. Geissel,∗3 N. Inabe,∗1
K. Itahashi,∗1K. Kusaka,∗1 T. Nishi,∗1 Y. Shimizu,∗1 T. Sumikama,∗1 H. Suzuki,∗1 M. Takaki,∗4

H. Takeda,∗1Y. K. Tanaka,∗1,∗3 T. Uesaka,∗1 Y. Yanagisawa,∗1 and K. Yoshida∗1

We are working toward the development of a new op-
tics1) for SRC-BigRIPS system that can be used for
two types of experiments based on missing-mass spec-
troscopy: search double Gamow-Teller giant resonance
and systematic high-precision spectroscopy of pionic
atoms (piAF). In these experiments, the largest con-
tribution to the missing-mass resolution is the momen-
tum spread of the primary beam. Therefore, we ap-
plied a technique for dispersion matching2,3) to sup-
press the contribution from the momentum spread. The
dispersion-matching condition is fulfilled when the dis-
persions of the BigRIPS spectrometer and its upstream
beam-transfer lines are properly adjusted to eliminate
the contribution factor as follows:

(xF5|δF0) + (xF5|xF0)(xF0|δSRC) = 0.

Here, x is the horizontal position and δ is the relative
momentum deviation from a reference particle.

In constructing the dispersion-matching optics, we in-
vestigated phase distributions of beam transfer-line, i.e.,
the upstream section between SRC and F0. In the pre-
ceding piAF experiment,4) the dispersion in SRC-F0 was
not properly controlled owing to insufficient information
regarding SRC. In addition, we require momentum com-
paction (ideally achromatic-focus) condition at the inter-
mediate point (T11), thereby isolating the uncertainties
in the optical properties of the in-coming beam and de-

Fig. 1. Position distribution at F5 with the standard (left)
and dispersion-matching (right) optics. Red and blue
lines represent data with or without target at F0, respec-
tively.

∗1 RIKEN Nishina Center
∗2 Department of Physics, Kyoto University
∗3 GSI Helmholtzzentrum für Schwerionenforschung GmbH
∗4 Center for Nuclear Study, University of Tokyo

Table 1. Measured and designed matrix elements.

Matrix element Measured value Designed value
(xF5|δF0) 62.3± 0.5 mm/% 62.0 mm/%
(xF5|xF0) −1.67± 0.03 −1.82
(xF0|δSRC) 29.1± 0.3 mm/% 33.4 mm/%

sign T11-F0 by realizing flexible designs at F0.
To deduce the phase distributions at T11 and F0, we

used particle trajectories measured by detectors in Bi-
gRIPS and traced them back to the upstreams. The
matrix elements in T11-F0 and BigRIPS required for
the trace-back method are measured by decoupling the
corresponding sections by inserting thick degraders at
the entrances.

We performed an experiment to examine the beam-
transfer line in June 2018. The goal of this experiment is
to achieve the dispersion-matching condition by tuning
the optics in the beam-transfer line. A primary beam of
18O8+ with an energy of 230 MeV/nucleon was utilized
up to F7 to measure the optical matrices. The beam
was detected by PPACs at F3, F5, and F7. According
to the measurements, we optimized optics in the beam-
transfer line to ensure that T11 and F0 have momentum
compaction and dispersion, respectively.

We evaluated the resolving power of the dispersion-
matching optics by simulating the reaction Q-value by
the energy loss at F0. Figure 1 shows a comparison
of position distributions at F5 measured with an Al
(75µm thickness) target represented by red curves and a
through-hole represented by blue curves for the standard
optics (left panel) and the dispersion-matching optics
(right panel). The right panel seemed to exhibit bet-
ter separation with difference in energy loss of 4.2 MeV.
Table 1 presents the measured and designed values of
matrix elements related to the dispersion-matching con-
dition. Consequently, we succeeded in separating δ =
0.056% of momentum deviations in 3.6σ. The corre-
sponding resolving power is estimated to be 7300.

In summary, we constructed a new optical system
to improve the missing-mass resolution by dispersion
matching. A precise analysis is in progress.

References
1) T. Nishi et al., in this report.
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SHE-Mass-II: an MRTOF-MS for Super Heavy Nuclei

M. Wada,∗1 P. Schury,∗1 S. Kimura,∗2 S. Ishizawa,∗2,∗5 T. Niwase,∗2,∗3 Y. Ito,∗4 M. Rosenbusch,∗2 D. Kaji,∗2

K. Morimoto,∗2 H. Haba,∗2 H. Miyatake,∗1 X. Y. Watanabe,∗1 H. Hirayama,∗1 J. Y. Moon,∗7,∗1 A. Takamine,∗2

T. Tanaka,∗3,∗2 K. Morita,∗3,∗2 H. Ishiyama,∗2 and H. Wollnik∗6

The SHE-Mass facility was a system with a multi-
reflection time-of-flight mass spectrograph (MRTOF-
MS)1) and a cryogenic gas catcher coupled with the
GARIS-II at RILAC. With this setup, we have mea-
sured the masses of more than 80 fusion-evaporated
products including several trans-fermium nuclides.2–5)

After the shutdown of GARIS-II at RILAC, we re-
built a similar setup, i.e., the SHE-Mass-II, at the new
GARIS-II in the E6 experimental room.

The new setup has a single stage triplet ion trap
system, which directly connects the gas catcher to the
MRTOF to achieve high efficiency. The whole setup
including vacuum pumps, a gas cylinder, and electric
circuits is mounted on a single base plate and the plate
is movable on rails to ensure quick coupling and de-
coupling to the GARIS-II. The gas catcher and ion
trap chambers are mounted on a two-dimensional rail
system that enables easy maintenance of the internal
structures of the setup.

A drawback of the new setup is that more contam-
inant ions could be expected owing to a difficulty of
intermediate mass selection. In the previous setup, we
had a 5 m-long beam line between the two ion traps
where we could place a Bradbury-Nielsen (BN) ion
gate6) to select a single mass number. However, the
new setup has only a 50 cm distance between the trap
and MRTOF where a BN gate can be installed. We
developed a 10 times finer gate device made of 13 µ-
thick wires with 130 µ intervals, which can deflect a
1 keV/q ion beam by 65 mrad with a ±100 V pulse.
Such fine structure makes sharp cut on the ion beam.
In a preliminary test, a resolution of 2 mass units was
achieved.

Another improvement in the new setup is the re-
placement of a sextuple ion beam guide (SPIG) made
of rigid molybdenum rods with a segmented micro
quadrupole ion beam guide (SµQPIG) made of 2 mm-
wide, four-layer printed circuit boards. These de-
vices interface the gas catcher with the triplet ion trap
through differential pumping sections. In the previous
setup, we needed to run an ion source in the gas catcher
to have a ‘space-charge cloud’ which pushed the ions
in the SPIG, while in the new setup, a DC gradient
potential in the SµQPIG carries the rare ions without

∗1 KEK, Wako Nuclear Science Center
∗2 RIKEN Nishina Center
∗3 Department of Physics, Kyushu University
∗4 JAEA
∗5 Department of Physics, Yamagata University
∗6 Department of Chemistry and Biochemistry, New Mexico

State University
∗7 Institute for Basic Science, Rare Isotope Science Project

Fig. 1. SHE-Mass-II setup.

support from the space-charge cloud. The new scheme
provides cleaner ion beams to the MRTOF.

We also replaced the time-of-flight detector with a
newly developed α-TOF detector, which records the
time-of-flight signal and the successive α-decay, simul-
taneously. The first online commissioning of the SHE-
Mass-II setup was performed in December 2018 and
we found that the α-TOF detector significantly re-
duced the background level.7) An offline experiment
using 252Cf fission source is also in progress.

We are ready to start the direct mass measurement
of hot-fusion super heavy elements, 288Mc and 284Nh,
with the SHE-Mass-II setup.

References
1) P. Schury et al., Nucl. Instrum. Methods Phys. Res. B

335 39, (2014).
2) P. Schury et al., Phys. Rev. C 95, 011305(R) (2017).
3) S. Kimura et al., Int. J.Mass Spectrom.430, 134 (2018).
4) M. Rosenbusch et al., Phys. Rev. C 97, 064306 (2018).
5) Y. Ito et al., Phys. Rev. Lett. 120, 152501 (2018).
6) N. E. Bradbury,R.A. Nielsen, Phys. Rev. 49, 388 (1936).
7) T. Niwase et al., RIKENAccel. Prog.Rep.51, 157 (2018).



Ⅱ-9. Instrumentation

- 137 -

RIKEN Accel. Prog. Rep. 52 (2019)

Status and future plans of the MRTOF MS constructed at the SLOWRI
facility

M. Rosenbusch,∗1 M. Wada,∗1,∗2 H. Ishiyama,∗1 P. Schury,∗2 Y. Ito,∗3 H. Haba,∗1 S. Ishizawa,∗1 D. Kaji,∗1
S. Kimura,∗1 H. Miyatake,∗2 J. Y. Moon,∗4 K. Morimoto,∗1 K. Morita,∗1,∗5 T. Niwase,∗1,∗5 A. Takamine,∗1

T. Tanaka,∗1,∗5 and H. Wollnik∗6

A new multi-reflection time-of-flight mass spectro-
graph (MRTOF MS) for the precise measurement of nu-
clear masses has been assembled at the SLOWRI facility
at RIKEN. The device is designed and sized following
the successful apparatus1–4) presently installed at the
gas-filled ion-recoil separator GARIS-II. Two concentric
ion mirrors separated by a central drift tube of 26 cm
length are facing each other, where each mirror consists
of eight electrodes enabling deceleration and reflection
of ions and two electrostatic lenses enabling radial con-
finement (length of each mirror: 35 cm, total length of
MRTOF MS: 96 cm). For mass resolving powers in the
order of m/δm > 105 (m as the mass and δm as mea-
sured FWHM of the mass according to the TOF signal),
ion-optical aberrations must be reduced accordingly to
allow for a narrow time-of-flight focus. Several measures
have been undertaken: As radial aberration coefficients
from initial angles and diameters of the beam decrease
rapidly with the diameter of the ion optics, the elec-
trode diameter has been chosen as large as 10 cm, while
the beam diameter is expected to be at the order of a
millimeter for the major part of the trajectory. All elec-
trodes consist of precision-machined stainless steel (pro-
viding high stability), and have been coated with gold to
ensure an excellent electric-field distribution in the ab-
sence of chemical compounds bound to the surfaces. The
electrodes are further mounted on a precision-machined
single solid piece of alumina, where the position of the
electrodes (concentric on the outer side as well) is defined
by a V-shape of the ceramic support (see photo). One
of the technical goals of this setup is the acceptance and
storage of ions with kinetic energies of 5 keV or above
present at the position of the drift tube. In presently
well-known and successful configurations of the electric
fields (for positive ions), this requires negative voltages
of up to −15 kV at the electrostatic lenses (the broad
electrodes at each mirror). Thus, special attention has
been given to the choice of the electric feedthroughs,
distances of cables, and vacuum compatible insulation
of the wires. The wires inside the vacuum allow for bi-
ases of more than 10 kV at zero distance between each
two cables. The vacuum system of the MRTOF MS de-
vice is presently operational, and ion traps for guidance
and preparation of radioactive ions are existing and to
∗1 RIKEN Nishina Center
∗2 Wako Nuclear Science Center (WNSC), IPNS, KEK
∗3 Advanced Science Research Center, JAEA
∗4 Institute for Basic Science
∗5 Department of Physics, Kyushu University
∗6 Department of Chemistry and Biochemistry, New Mexico

State University

Fig. 1. Top: Photo from the top showing the assembly with
gold-coated electrodes. Bottom left: Precision machined
ceramic support with V-shape to define the electrode po-
sition. Bottom right: Cabling of the electrodes for the
suppression of electric discharges.

be installed in near future.
The new MRTOF device has been constructed for

two major purposes, which is a coupling to the gas
cell presently developed for SLOWRI5) to operate in
symbiosis with other BigRIPS experiments, and the de-
velopment and test of novel technologies for MRTOF
mass spectrometry. In collaboration with experimen-
tal groups operating at BigRIPS, a new project of the
SLOWRI facility aims at the installation of a cryogenic
helium gas cell at the end of the BigRIPS beam line
to accept unused reaction products measured at various
in-beam experiments, which are guided to beam dumps
otherwise. Application of state-of-the-art technologies
as using the in-trap lift technology6) and an in-trap de-
flector7) are further planned for the MRTOF MS opera-
tion at SLOWRI in future.
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Development of multiple reflection time of flight mass spectrograph at
KISS

J. Y. Moon,∗1 S. C. Jeong,∗1 M. Wada,∗2 P. Schury,∗2 Y. X. Watanabe,∗2 Y. Hirayama,∗2 Y. Ito,∗6
M. Rosenbusch,∗3 S. Kimura,∗3 S. Ishizawa,∗5 T. Niwase,∗4 H. Wollnik,∗7 and H. Miyatake∗2

KEK Isotope Separation System (KISS) dedicated to
the study of the third peak around A ∼ 195 in the
solar abundance can produce pure low-energy beams
of neutron-rich isotopes around N = 126 using multi-
nucleon transfer reaction and in-gas cell laser ionization
and spectroscopy technique.1)

The KISS facility mainly performing beta-decay life-
time study and beta-delayed γ-ray spectroscopy so far,
by a multi-reflection time-of-flight (MRTOF-MS), will
be able to measure masses of RIs by steering the beam
direction toward the MRTOF-MS system while the beta-
decay curve is being measured at the decay station. The
MRTOF-MS, competitive to the state-of-art Penning
trap, features a high mass resolving power of >100000
even in the short measurement time (∼30 ms). Together
with its lower yield requirement, remarkable strengths
the device has are suitable for the short-lived RIs of low
production yield.2)

Recently, construction of a new MRTOF-MS has been
completed (Fig. 1), and presently in the performance
test. It consists of a gas cell to cool down the injected
ions, a trap system, and a MRTOF chamber. The trap
system thermalizes the ions, and converts a continuous

Fig. 1. MRTOF-MS system, constructed and coupled to the
KISS beam line.

∗1 Institute for Basic Science, Rare Isotope Science Project
∗2 Wako Nuclear Science Center (WNSC), Institute of Particle
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search Organization (KEK)
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sity

Fig. 2. Ion currents measured at the outer-ring and the fara-
day cup, respectively for the different pressures – (A) PHe

= 100 Pa, (B) PHe = 174 Pa.

beam into a pulsed beam for further MRTOF operation.
In this report, for the gas cell filled with the helium

buffer gas, its ion extraction efficiency experimentally
measured has been briefed. The investigation has been
performed at two different pressures of PHe = 100 and
174 Pa. Using a radio frequency (RF) carpet (ϕ190 mm)
with a pitch of 0.64 mm, an exit hole with ϕ1.28 mm and
a thermal K+ ion source. The “ion surfing” mode devel-
oped by the combination of a repelling RF potential,
a DC potential gradient, and a 4-phase audio frequency
(AF) potential has been implemented, by which the ions
stopped in the gas cell are quickly transported.3) When
the ion surfing mode with ion drift direction opposite
to the exit hole applied, the current measured at the
outermost ring of RF carpet (Iouter) showed only small
difference of around 1%, compared to that at the carpet
surface of no RF applied. A faraday cup was installed
near the exit, whose current is IFC. Figure 2 shows the
evidence of the ion surfing mode created, in which the
relative phase of AF voltages was changed by time from
+90◦ (to exit hole) to −90◦ (to outer-ring). It has been
achieved that most of ions arrived on the carpet were
extracted by the “ion surfing” mode, i.e. the ratio of the
extracted ions to the collected (“extraction efficiency”)
close to 100%.
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Offline test for RF carpet transportation in RF ion guide gas cell at the
SLOWRI facility
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I. Katayama,∗1 Y. X. Watanabe,∗3 H. Ueno,∗1 and H. Ishiyama∗1

We are developing an RF ion guide1) gas catcher
cell (RFGC) at the SLOWRI facility. Instead of the
previously-used cylindrically shaped gas cell, we recently
introduced a newly-designed cuboid-shaped gas cell to
improve the heat conduction between the cell and a cry-
ocooler. At the same time, we redesigned an RF carpet
(RFCP) configuration consisting of two stages of RF-
transport electrodes, which is one stage less than that
in the previous version3) (see Fig. 1). Although the 1st
RFCP has been unchanged, the 2nd RFCP now has con-
centric electrodes to collect ions to the exit hole at the
center of the RFCP (Fig. 1(b)). Since the RFCPs are
mounted onto the lid (an aluminum plate) of the gas
cell, the thermal conductance has been improved and
the RFCPs are efficiently cooled down.

We tested the transport performance of the RFGC us-
ing a surface ionization Cs ion source placed at the inner
wall of the gas cell. The 1st RFCP carries ions to the
2nd RFCP, and the ions are guided to the exit hole by
the 2nd RFCP. Firstly, we measured the ion currents col-
lected onto the 1st RFCP by using the 1st RFCP as a
Faraday cup, and then transported the ions through the
1st RFCP. After that, the ions were transported to the

Fig. 1. (a) Sketch of the RFGC with an ion trajectory (green
line). Red lines depict equipotential surfaces. (b) Photo
of the center region of the RFCPs.

∗1 RIKEN Nishina Center
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∗3 Wako Nuclear Science Center (WNSC), IPNS, KEK
∗4 Institute for Basic Science

Fig. 2. 1st RFCP transportation test results for three dif-
ferent He gas pressures, namely 9.35 kPa, 13 kPa, and
18.8 kPa. In this test, the drag dc field on the 1st RFCP
was 11.7 V/cm and the extraction DC field between the
1st and 2nd RFCPs was 20 V/cm.

2nd RFCP by applying the RF and DC fields to the 1st
RFCP. The efficiency was defined by the current mea-
sured at the 2nd RFCP divided by that measured at the
1st RFCP. The test was typically performed with cur-
rents in the order of a few nA at the 1st RFCP. Figure 2
shows one example of the obtained transport efficiency
as a function of the RF voltages applied to the 1st RFCP
for three different helium gas pressures. The results show
a transport efficiency of ≈60% at pressures of 13 kPa and
less.

We subsequently extracted the ions from the exit hole
using an ion surfing technique4) on the 2nd RFCP, and
the extracted ions were detected by a Faraday cup behind
the 2nd RFCP. The extraction efficiency was measured to
be ≈ 80%. Therefore, the total efficiency in the present
RFCP configuration was obtained to be ≈50%.

We will continue the test for an RFCP with finer
pitch, and will try to use an ion surfing type RFCP
as the 1st RFCP instead of the DC+RF type used in
this measurement. We are now preparing the ion-guide
system to be placed behind the 2nd RFCP; it consists
of a quadrupole ion beam guide and an ion trapping
system. This low-energy RI beam provider will be con-
nected to a multi-reflection time-of-flight mass spectro-
graph (MRTOF-MS). We plan to start online commis-
sioning of the RFGC in FY2019 at the end of the Ze-
roDegree beam line.
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Study of extraction yield of multi-nucleon transfer reaction products by
using cooled argon gas cell

Y. Hirayama,∗1 Y. X. Watanabe,∗1 M. Oyaizu,∗1 M. Ahmed,∗1,∗2 H. Choi,∗3 S. Iimura,∗4 H. Ishiyama,∗5
S. C. Jeong,∗6 Y. Kakiguchi,∗1 J. Y. Moon,∗6 M. Mukai,∗2 P. Schury,∗1 M. Wada,∗1 and H. Miyatake ∗1

We have developed the KEK Isotope Separation
System (KISS) to study the β-decay properties of
neutron-rich isotopes with neutron numbers around N =
126 for astrophysics research.1) KISS uses a laser ion
source to produce pure low-energy ion beams of the
isotopes, which are produced as target-like-fragments
(TLFs) in multi-nucleon transfer reactions by impinging
a stable 136Xe beam with an energy of approximately
10 MeV/nucleon on a 198Pt target. The extraction ef-
ficiency from the laser ion source, which is based on an
argon gas cell, was as low as 0.1%.2) We assume that
the low extraction efficiency stems from the formation
of molecule ions between TLF ions and impurities in the
gas cell. The molecule ions would be neutralized in the
argon gas cell, and, therefore, we cannot confirm the for-
mation of neutral molecules by detecting and identifying
them using usual electromagnetic methods.

To study this assumption, we developed a cooling sys-
tem for the argon gas cell to freeze out the impurities
in the argon gas and gas cell for suppressing the for-
mation probability. Figure 1 shows a schematic view of
the gas cell system with a cooling system that consists
of a He cryo-module and liquid nitrogen cooling circuit.
The gas cell is on the module to be cooled effectively,
and liquid nitrogen is flowed along a wall of the gas cell.
Two thermometers (Pt100) were installed to monitor the
temperatures at the center and the argon gas inlet part
of the gas cell. The cooling system enabled the argon
gas and the gas cell to be cooled down to approximately
120 K in an off-line cooling test.

To study whether the extraction yield could be in-
creased by suppressing the formation probability of
molecules using the cooling system, we performed
an on-line experiment using a 136Xe20+ beam with
10.75 MeV/nucleon and an intensity of 20 pnA. Figure 2
shows the measured extraction yield of 198Pt+ (top) and
the temperatures (bottom) as a function of time, respec-
tively. The red and blue lines in the bottom figure show
the temperatures at the center and the gas inlet part
of the gas cell, respectively. The extraction yield de-
creased with decrease in the temperature, and became
almost saturated at 60 min with temperatures of 170 K
and 130 K at the center and the gas inlet part of the
gas cell, respectively. The origin of bumps measured
at approximately 26 and 36 min in the top figure was
∗1 Wako Nuclear Science Center (WNSC), Institute of Particle

and Nuclear Studies (IPNS), High Energy Accelerator Re-
search Organization (KEK)

∗2 Department of Physics, University of Tsukuba
∗3 Seoul National University
∗4 Osaka University
∗5 RIKEN Nishina Center
∗6 Institute for Basic Science, Rare Isotope Science Project

Fig. 1. Schematic view of the gas cell system with a cooling
system. The details of the gas cell system were reported
in Ref. 2).

Fig. 2. Measured extraction yield of 198Pt+ (top) and the
temperatures (bottom) as a function of time.

unclear. After saturation, we decreased the argon gas
pressure down to 15 kPa from 30 kPa to keep the gas
density constant according to the change in tempera-
ture. After that, we found a recovery of the extraction
yield.

However, we did not find any increase in the extrac-
tion yield by cooling the gas cell system. This indi-
cates that the formation of molecules is not the domi-
nant cause for the low extraction yield. The extraction
yield of unstable 199Pt at 170 K was also the as same as
that measured at room temperature.

References
1) S. C. Jeong et al., KEK Report 2010-2, (2010).
2) Y. Hirayama et al., Nucl. Instrum. Methods Phys. Res. B

412, 11 (2017).

gas jet

Purified Ar gas
~ 0.1 ppb

136Xe beam

198Pt rotating target
PT100

He cryo module

Laser
ionization

Liq. N2

++

10−4 Pa30 Pa

Doughnut-shaped
argon gas cell

Time (min.)
0 10 20 30 40 50 60 70 80 90

C
ou

nt
s

0

50

100

150

200

250

Time (min.)
0 10 20 30 40 50 60 70 80 90

T
em

pe
ra

tu
re

 (K
)

0

50

100

150

200

250

300

350

15 kPa30 kPa
30 kPa



Ⅱ-9. Instrumentation

- 141 -

RIKEN Accel. Prog. Rep. 52 (2019)

Yield analysis using target sliding system at KISS

Y. X. Watanabe,∗1 Y. Hirayama,∗1 M. Mukai,∗2 H. S. Choi,∗3 S. Iimura,∗4 Y. Kakiguchi,∗1 H. Miyatake,∗1
M. Oyaizu,∗1 P. Schury,∗1 M. Wada,∗1 A. Taniguchi,∗5 S. C. Jeong,∗6 N. Ishiyama,∗7 M. Ahmed,∗2 and

J. Y. Moon∗6

We are developing KEK Isotope Separation Sys-
tem (KISS)1) to perform the β-γ spectroscopy of
neutron-rich nuclei around the neutron-closed shell N =
126, relevant to the r-process nucleosynthesis. The
neutron-rich nuclei are produced by multinucleon trans-
fer (MNT) reactions between the 136Xe beam and 198Pt
target,2) and collected by a gas cell filled with argon
placed at the downstream of the target. Because the
dense plasma in the argon gas induced by the primary
beam would reduce the extraction efficiency for the ions
of interest, the gas cell has a beam pipe through which
the primary beam passes without entering the gas cell.3)
Thus the target-like fragments (TLFs) ejected from the
target at finite angles can enter the gas cell through the
doughnut-shaped 5 µm Kapton window with the inner
and outer diameters of 20 and 90 mm, respectively. To
optimize the distance between the target and window,
which is important for the efficient collection of TLFs, a
target sliding system was introduced that can move the
target along the beam axis and extraction yields were
studied by changing the distance.

In this work, the TLFs of interest were 199Pt isotopes,
which were produced in the MNT reactions of 136Xe
and 198Pt. The beam was provided by RILAC2 + RRC
with an energy of 9.4 MeV/nucleon on the target and
the target thickness was 12.5 mg/cm2. 199Pt isotopes
entering the gas cell were thermalized and neutralized in
the argon gas and transported to the exit of the gas cell
by a laminar gas flow. They were irradiated by lasers to
be element-selectively ionized and accelerated by a high
voltage of 20 kV. After mass-separated by an dipole
magnet, they were implanted into an aluminized Mylar
tape, where their β-rays were detected to evaluate the
implantation rate by fitting the decay curves.

The dots in Fig. 1 show the measured extraction
yields by changing the distance between the target and
the window. Figure 2 shows the correlation between
energies and angles of the 199Pt TLFs by the GRAZ-
ING calculations.4) The yields show a wide distribution
with a maximum at the energy around zero and angle
around 70◦. The red line in Fig. 1 indicates the 199Pt
yields considering the calculated correlation in Fig. 2

∗1 Wako Nuclear Science Center (WNSC), Institute of Particle
and Nuclear Studies (IPNS), High Energy Accelerator Re-
search Organization (KEK)

∗2 Department of Physics, University of Tsukuba
∗3 Seoul National University
∗4 Department of Physics, Osaka University
∗5 Institute for Integrated Radiation and Nuclear Science, Ky-

oto University (KURNS)
∗6 Institute for Basic Science (IBS)
∗7 RIKEN Nishina Center

Fig. 1. Yields of 199Pt by changing the distance between the
target and the window.

Fig. 2. Correlation between energies and angles of 199Pt nu-
clei ejected from the target in MNT reactions of 136Xe
(9.4 MeV/nucleon) + 198Pt (12.5 mg/cm2) by GRAZ-
ING calculations.

with the beam spot size (ϕ6 mm) on the target. It is
normalized in the experimental data at a distance of
10 mm. These calculations were found to be signifi-
cantly consistent with the experimental data and they
provide a good reference for the optimization of target
position.
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Present status of ERIS at the SCRIT electron scattering facility

T. Ohnishi,∗1 S. Ichikawa,∗1 M. Nakano,∗2 K. Kurita,∗2 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, we developed ion-stacking
and pulse-extraction systems to improve the DC-to-
pulse conversion efficiency using an RFQ cooler buncher
named FRAC (fringing-RF-field activated DC-to-pulse
converter).3) The results were reported in Ref. 4). In
the present year, we have adopted the ion-stacking and
pulse-extraction systems to the surface-ionization ion
source to extend the variety of ion beams. In this paper,
we report the results and present the status of ERIS.

Figure 1 shows the schematic of the surface-ionization
ion source at ERIS and its electrical potential. The ion-
ization chamber is made of tantalum, which is 25 mm
long, contains a hole with a diameter of 1.5 mm, and has
inner and outer diameters of 7 and 9 mm, respectively.
The exit grid contains a hole with a diameter of 3 mm
which is attached to a meshed electrode, and it is 3 mm
away from the exit hole of the ionization chamber to
avoid thermal deformation. Most of the neutral atoms
remain inside the ionization chamber and transfer tube,
except those that escape through the small exit hole.
The neutral atoms are ionized at the inner wall of the
ionization chamber. A large electric current is applied
to the ionization chamber through the transfer tube and
the inner wall is heated to 1000–2000◦C.

The commissioning test was performed using a 133Cs
ion beam of 10 keV. The voltage of the exit grid at the
stacking and extraction were 10 and −60 V, respectively.
An electric current of 120 A was applied to the ioniza-
tion chamber. The extracted ions were transported to
FRAC and measured by the monitoring system.5) Fig-
ure 2(a) shows the pulse shape with a stacking time of

Fig. 1. Schematic of the surface-ionization ion source at
ERIS and the electrical potential.

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

Fig. 2. (a) Pulse shape after 10-ms of stacking; the dot-
ted line shows the current of the continuous beam. (b)
Stacking-time dependence of stacking ratio.

10 ms. The extraction period was set to 2 ms to mea-
sure the pulse shape. With a stacking time of 10 ms, the
pulse height was roughly 34 times of that with a contin-
uous beam. The stacking time dependence of stacking
ratio is shown Fig. 2(b). The stacking ratio is the ratio
of the charge calculated by subtracting the contribution
of the continuous beam from the total charge within a
extracted pulse width to the total charge obtained by
integrating the continuous beam over the stacking time.
A stacking ratio of almost 0.9 was obtained at a stacking
of 10 ms. In comparison to previous results4) (approxi-
mately 0.2 with a 10 ms stacking), the obtained stacking
ratio is much larger. We reason that the number of neu-
tral atoms escaped from the ionizaiton chamber during
the staking time is small owing to the high ionization
efficiency.

The DC-to-pulse conversion efficiency of FRAC was
measured and it exceeded 50% with a longer stack-
ing time of approximately 50 ms. This longer stacking
time was enough to cool the ions with a relatively small
amount of buffer gas (∼10−3 Pa)inside FRAC. This op-
eration condition is needed to connect with the SCRIT
device installed inside the electron storage ring. The
results at FRAC were reported in Ref. 6).

More detailed study and improvement of the ion stack-
ing inside ERIS is in progress.

References
1) T. Ohnishi et al., Nucl. Instrum. Methods Phys. Res. B

317, 357 (2013).
2) M. Wakasugi et al., Nucl. Instrum. Methods Phys. Res.

B 317, 668 (2013).
3) M. Wakasugi et al., Rev. Sci. Instrum. 89, 095107 (2018).
4) T. Ohnishi et al., RIKEN Accel. Prog. Rep. 50, 192

(2017).
5) M. Togasaki et al., RIKEN Accel. Prog. Rep. 44, 173

(2013).
6) S. Sato et al., in this report.



Ⅱ-9. Instrumentation

- 143 -

RIKEN Accel. Prog. Rep. 52 (2019)

Electron-beam-current control at RTM injector

M. Watanabe,∗1 A. Enokizono,∗1 and M. Wakasugi∗1

SCRIT facility1) is a unique facility to measure elec-
tron scattering off from short-lived nuclei. In the
SCRIT facility, a racetrack microtron (RTM2)) is used
as the electron injector of the energy of 150 MeV for
the electron storage ring (SR2) and ISOL-type nuclei
source which is the electron-beam-driven RI separator
for SCRIT (ERIS3)). We have been working toward up-
grading4) the RTM to operate ERIS for efficient photo
fission and run SR2 in a stable condition. Especially
for ERIS, a higher electron beam current is desired for
higher ion yield of short-lived nuclei.
RTM is equipped with a cathode-type electron source

with the energy of 60 keV. Before adjusting and upgrad-
ing the RTM accelerator, it is important to know the
specifications of the 60 keV cathode-type electron source
of RTM.
It is evident that the electron beam current depends

on the temperature of the cathode, which is controlled
by the cathode heater power Ph and the electric field
around the cathode to extract thermal electrons from
the surface of the cathode. In this study, we examined
these relationships.
The commercially available NJK2305, provided by

New Japan Radio Co., Ltd., is used as the cathode-type
electron source. The maximum electron beam current is
4.25 A at a heater voltage of 6.3 V. It has a grid mesh
in front of the cathode surface to make electric field for
the extraction of thermal electrons. The beam current
ranges from 20 to 70 mA with a grid voltage of 20 V.
Figure 1 shows the cathode-heater-power Ph depen-

dence of the electron beam current Ie. Unfortunately,
we do not have information about the temperature of
the cathode; however, it is considered that temperature
is nearly proportional to Ph. The two lines in the figure
represent the grid voltage (Vg) of 50 and 200 V. The
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graph forms straight lines in the logarithmic y-axis up
to Ph = 18 W. This is a common behavior of cathode-
type electron source. In this range, it should be noted
that the electric field by Vg does not significantly af-
fect the beam current, indicating that the electric field
used to extract the electrons does not have a dominant
effect on extraction. However temperature plays a sig-
nificant role in the extraction of thermal electrons. This
is consistent with the exponential functions that produce
straight lines in the logarithmic scale because the Fermi
function is composed of an exponential function.
In contrast, Ie is saturated above Ph = 19 W. This

is interpreted as the space charge between the cathode
and grid manages the maximum beam current because
the space charge suppresses the electron extraction by
screening the electric field.
Figure 2 shows the dependence of electron beam cur-

rent Ie on the grid voltage Vg. It seems that it is easy
to extrapolate the line toward the higher Vg range to
produce a higher beam current Ie. The original design
of RTM has a maximum Vg of 200 V. However, we have
already installed a grid voltage power supply of 500 V
for this purpose.
According to these results, the heater power Ph >

19W for the cathode-type electron source NJK2305 is a
better option to obtain a controllable beam current with
Vg < 200 V.
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Modification of dc-to-pulse converter FRAC

S. Sato,∗1,∗2 M. Wakasugi,∗2 T. Ohnishi,∗2 M. Watanabe,∗2 A. Enokizono,∗2 K. Kurita,∗1 and M. Nakano∗1,∗2

At the SCRIT electron scattering facility,1) we aim
at realizing world’s first electron scattering experiment
for unstable nuclei, after succeeding in the principle
verification experiment using stable nuclei 132Xe.2) In
order to perform electron scattering with an unsta-
ble nuclei with a small production rate, it is impor-
tant to accumulate and inject ions efficiently into the
SCRIT device. For this purpose, it is necessary to con-
vert a continuous ion beam from the ISOL-type ion
separator, ERIS (Electron-beam-driven RI separater
for SCRIT),3) to a pulsed beam with a pulse dura-
tion of 300–500 µs. We developed a dc-to-pulse con-
verter, FRAC (Fringing-Rf-field-Activated dc-to-pulse
Converter),4) based on an RFQ linear ion trap, with a
conversion efficiency of 5.6%. In this article, we report
about the modification applied to further improve the
efficiency and the latest performance of the FRAC.

The first modification is to enable cooling of the ac-
cumulated ions with a buffer gas. Ions lose their kinetic
energy by collision with the buffer gas and accumulate
in a longitudinal potential well created by the DC po-
tential applied to the RFQ rod and a barrier electrode
at both ends of the rods. The ions are injected for sev-
eral seconds, stacked, and consequently ejected as a
high-intensity pulsed beam. Ion beam cooler-buncher
technology with a buffer gas of ∼1 Pa is widely used
in the world. However, since the SCRIT device oper-
ates under a high vacuum of ∼10−8 Pa, it cannot be
used in our beam line. Therefore, we tried to maintain
the pressure inside the FRAC as high as possible while
keeping the beam line vacuum at ∼10−5 Pa by dif-
ferential pumping between the FRAC and beam line.
As a result, the vacuum of the FRAC was achieved
as ∼10−3 Pa. Cooling with low-pressure buffer gas
requires a long cooling time of several tens of millisec-
onds, which causes a decrease in efficiency, however,
that can be prevented by operating the FRAC in the
SPI (Synchronous Pulse Injection) mode,4) in which
the injection barrier potential is switched open and
close synchronously with the arrival of the pre-pulsed
beam from ERIS.

The second modification is to enable the application
of an electric field gradient in the longitudinal direction
of the FRAC. When the potential of the cooling region
is uniform, it takes several milliseconds to extract all
the cooled ions because they are widely distributed in
the entire cooling area with low velocity. Therefore,
the RFQ was physically divided into six segments, and
descending DC potentials were applied and the poten-
tial dropped toward the exit. Consequently, the cooled

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

Table 1. Conversion efficiency.
�������Vd

finj
5 Hz 10 Hz 20 Hz 50 Hz 100 Hz

0 V 92.2% 88.1% 76.4% 66.7% 60.9%

5 V 92.4% 87.2% 81.8% 74.1% 69.8%

10 V 85.4% 79.1% 73.3% 63.4% 64.2%

15 V - - - - 53.5%

Fig. 1. Waveforms of the output pulsed beam obtained at

different Vd.

ions were locally accumulated in the vicinity of the
exit, and as a result, it is possible to extract as a nar-
row pulse beam.

In the measurement, the electric field gradient was
set to be linear. The potential difference between the
entrance and the exit, Vd, and the injection frequency
of the pre-pulsed beam, finj, were used as measurement
parameters. The conversion efficiency was greatly im-
proved by the present modification. Table 1 shows the
conversion efficiency with each measurement param-
eter. Figure 1 shows the waveform of the extracted
pulsed beam when the pre-pulsed beam is injected at
100 Hz, with an ejection cycle of 0.5 Hz. As can be
seen in Fig. 1, the pulse width narrows as Vd increases,
and the FWHM is reduced to 418.5 µs at Vd = 15 V.
At the same time, however, the conversion efficiency
is relatively small. Methods to solve this problems are
currently under development.
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Precise magnetic field measurement of WiSES

H. Wauke,∗1,∗2 A. Enokizono,∗1 Y. Honda,∗1,∗2 K. Kasama,∗1,∗2 T. Ohnishi,∗1 T. Suda,∗1,∗2 S. Takayama,∗1,∗2
T. Tamae,∗1,∗2 K. Tsukada,∗1,∗2 M. Wakasugi,∗1 and M. Watanabe∗1

WiSES1) (Window-frame Spectrometer for Electron
Scattering) is an electron spectrometer for the SCRIT
(Self-Confining RI Ion Target) experiment.2,3) The
dipole magnet4) of WISES has a large aperture for the
measurement of scattered electrons in a wide scattering
angle at once. The gap volume of the magnet is 140 cm
(width), 29 cm (height), 170 cm (depth). In elastic elec-
tron scattering experiments, a typical momentum reso-
lution of δp/p ∼ 10−3 for 150–300 MeV electron energy
is required to separate elastic and inelastic scattering
events. The momentum resolution measured by elastic
scattering for 12C and 208Pb is found to not reach the
design value. To improve further momentum resolution,
we will measure the precise 3D magnetic fields of the
WiSES magnet with a precision of δB/B ∼ 10−3.

We will use three Hole probes to measure Bx, By,
and Bz at the same time. The Hall probe has a Hall
sensor inside and reacts to the component of the mag-
netic field with respect to the normal direction of the
sensor surface. However, the Hall probe also detects the
magnetic field with respect to the tangent of the sensor,
namely the Planar Hall effect.5) Bprobe detected by the
Hall probe is expressed as follows:

Bprobe = B cos θ + pH(B sin θ)2 sin 2ϕ, (1)

where θ is the angle between the normal direction of the
sensor and the magnetic field, and ϕ is the rotation angle
of the sensor. The first term in Eq. (1) is the Hall effect.
The second term in Eq. (1) corresponds to the Planar
Hall effect. To determine the value of the Planar Hall
coefficient pH of the second term, we measured the 2ϕ
dependence of each probe in a uniform magnetic field.

Fig. 1. Setup of Planar Hall effect measurement in WiSES.
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Fig. 2. Result of 2ϕ dependent magnetic field by the Planar
Hall effect. Each color corresponds to the fitting for each
probe.

The setup is shown in Fig. 1. The probe was mounted
on a rotating stage in the homogeneous field region of
the WiSES magnet. The absolute value of the field was
measured by NMR, which was also located in the ho-
mogeneous region. The stage could rotate around two
axes corresponding to θ and ϕ of Eq. (1), with resolu-
tions of 0.3 mrad. In this measurement, θ was set to be
90◦ to suppress the influence of the first term of Eq. (1).
The results for the three probes are shown in Fig. 2.
By adding some mis-alignment angles of our system as
fitting parameters into Eq. (1), our data are well repro-
duced. In the present fitting, the followings points are
included:

(a) the contribution from the first term of Eq. (1) ow-
ing to a small deviation from the 90◦,

(b) the angle between the probe and the rotary axis
of the stage, etc.

Consequently, the pHs are evaluated to be 0.008, 0.01,
and 0.015. These values are consistent with a previous
study (pH = 0.0148).6) NMR values for each probe are
shown in Fig. 2. Although, the evaluation of systematic
errors are ongoing. We will mount three probes on a
system to make a triaxial probe, and create a precise
map of the magnetic field of the WiSES magnet at the
next stage.

References
1) T. Adachi et al., RIKEN Accel. Prog. Rep. 45, 144 (2012).
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MPV – Parallel Readout Extension of VME

H. Baba,∗1 T. Ichihara,∗1 T. Isobe,∗1 T. Ohnishi,∗1 K. Yoshida,∗1 Y. Watanabe,∗1 S. Ota,∗2 S. Shimoura,∗2 and
S. Takeuchi∗2

We have been developing a data acquisition (DAQ)
system at RIBF. The parallel readout VME DAQ sys-
tem1) was successfully operated in 2016. In this system,
the data readout of all VME modules were completely
parallelized by a mountable controller (MOCO).2) The
DAQ performance was significantly improved; however,
the usability and robustness of the system was rather
problematic. To solve these problems, we developed
a new MPV system (MOCO with parallelized VME),
which is a type of parallel readout extension of the VME.
When we set up the MOCO system, several unwanted
features were found: 1) MOCO was installed between
the VME module and VME backplane; consequently,
the VME module protruded from the VME shelf by
7 cm. Some circuit components on the VME module
were exposed, which caused a short-circuit. 2) MOCO
had USB connectivity. A single PC can handle multiple
MOCOs. However, owing to the congestion in the USB,
the data transfer speed fatally degrades. To obtain a
good performance, same number of PCs and MOCOs
should be installed. 3) To synchronize events between
MOCOs and other DAQ devices, trigger and busy sig-
nals have to be exchanged. For this purpose, four addi-
tional pairs of differential cables were connected to the
MOCO located inside the VME shelf, which creates a
mess of cables.

In this study, we developed circuit boards known
as the MPV controller (Fig. 1) and MPV backplane
(Fig. 2). All DAQ communications (e.g. trigger and
data) for MOCO are done through this controller. Avnet
PicoZed 70103) (red board in Fig. 1), which contains
Xilinx Zynq-7000 All Programmable System-on-Chip, is
adopted as the main circuit of the controller. Logic cir-

Fig. 1. Image of MPV controller. This controller can simul-
taneously handle up to 6 modules of MOCO.

∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, University of Tokyo

Fig. 2. Image of the MPV backplane (5-slot). 7-slot type
is also available. Dimension and mounting holes are
compatible with Schroff/NVENT Monolithic Backplane
(23001-065 for 5 slot, 23001-067 for 7 slot).

cuits to handle the MOCO are implemented on PicoZed.
The MPV controller accesses the MOCO through the
differential lines on the backplane. Four pairs of dif-
ferential lines (LVDS) are routed to each slot from the
controller position, i.e., there are 24 pairs of differential
lines on the MPV backplane. In the previous MOCO-
based system, additional cables and PCs were required.
However, this MPV system does not require any extra
cables and devices. As shown in Fig. 2, the MPV con-
troller is installed at the left-most slot of the backplane.
VME modules are installed at the front, similar to the
standard VME system. Simultaneously, MOCOs are in-
serted from the rear side of the backplane. A MOCO can
access the VME module through the DIN41612 connec-
tors. In the standard VME backplane, all slots shared
the VME bus lines. In contrast, the MPV backplane
has an isolated architecture except for power lines. Data
are independently acquired by FPGA on the controller,
which can be read-out from the 1 Gbps ethernet port.
The maximum possible data rate for the six MOCOs
is 960 Mbps, which is within the range of theoretical
throughput of 1 Gbps ethernet with a jumbo frame.
These features enable the complete parallel read-out of
the VME-based DAQ system.

In conclusion, the hardware of the MPV has been suc-
cessfully produced. The firmware for the MPV controller
is under development. This system will be ready in 2019.
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Validation method to merge digital data acquisition with analog
data-acquisition system in SAMURAI30 experiment

J. Gao,∗1,∗3 L. Stuhl,∗2 M. Sasano,∗1 K. Yako,∗2 H. Baba,∗1 SAMURAI 30 Experiment Collaboration

In this paper, the method to combine the digital
data acquisition system (DDAQ) of our low-energy
neutron detector PANDORA1) and the analog data
cquisition system (DAQ) of standard detectors of
SAMURAI spectrometer2) during the SAMURAI30
experiment3,4) is reported.

PANDORA was optimized to detect neutrons with a
kinetic energy of 0.1–5 MeV by measuring the related
Time-of-Flight (ToF) in the range of 50–300 ns. Data
from PANDORA bars (each with a signal from both
ends) were read out with duplicated readout. CAEN
V1730 modules were used for the charge and pulse
shape discrimination information while an analog cir-
cuit (discriminators and CAEN V1290 TDC modules)
was used for timing and triggering.

For the DDAQ, we daisy chained six CAEN V1730B
(16-channel modules) and one CAEN V1730D (8-
channel module) waveform digitizers using an opti-
cal connection. The unpublished software of digiTES
based on Digital Pulse Processing for the Pulse Shape
Discrimination (DPP-PSD) firmware5) was used to
manage different modules in the daisy chain condition
and control the digitizers. A LUPO (Logic Unit for
Programmable Operation) module6,7) was used to gen-
erate a 62.5 MHz signal to synchronize timestamps of
the seven modules and share the clock with another
LUPO in the DAQ system.

Fig. 1. Time stamp difference between DDAQ and DAQ.
V1730B/D has 2 ns timestamp resolution while LUPO
has 10 ns resolurion.

∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, University of Tokyo
∗3 School of Physics, Peking University

The acquisition in the digitizers was not based on
the self-triggering of each channel. The local triggering
option of the two-two coupled channels (in V1730, two
neighboring channels were paired) was used to ensure
the coincidence between photomultipliers of both sides
of PANDORA. The digitizers were configured to en-
sure that the validation of the local triggers came from
an external trigger based on the costumer configured
software criteria. To manage the coincidence require-
ments between the two separate acquisition systems,
the first channel (ch 0) of each digitizer was dedicated
to a logic signal. This external trigger validated the
PANDORA self-triggers in a time window of approxi-
mately 1 µs.

The validation signal originated from the accepted
trigger of analog DAQ based on the triple coinci-
dence of “BEAM” (from SBT detectors), analog “PAN-
DORA” (recoil neutron) and “HODOSCOPE” (reac-
tion residues at hodoscopes). This typical trigger rate
was 1.3× 103 Hz.

Consistent with our expectation, six different values
were observed in Fig. 1. In comparison with the typical
dead time of SAMURAI DAQ (approximately 100 µs),
this method is enough for us to align the two data sets.

We express our gratitude to the RIKEN and CNS
staff for the stable operation of the accelerators during
the measurement. This work is funded by the China
Scholarship Council, KAKENHI project 16H06716,
the Japan Society for the Promotion of Science, and
Kurata Grant from the Kurata Memorial Hitachi Sci-
ence and Technology Foundation.
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Development of 1.5-mm thick liquid hydrogen target

S. Koyama∗1,∗2 and D. Suzuki∗2

We report on the development of a thin liquid hy-
drogen target using the CRYPTA system.1) We aim to
perform missing mass experiments on proton-rich nu-
clei with high statistics and reasonable resolution via
one and two neutron transfer ((p, d) and (p, t), re-
spectively) reactions with 50 MeV/nucleon radioactive
beams, which generate deuterons and tritons ranging
between 10 and 30 MeV/nucleon. Consequently we ob-
tained a 1.5 mm thick liquid hydrogen target.

The system was placed in a vacuum chamber. A tar-
get cell was connected to a refrigerator with a copper
bar and cooled down below the boiling point. To mon-
itor the temperatures, a thermometer labeled ‘A’ was
attached to the connecting end of the cell and ‘B’ was
attached to the surface of the window frame, as shown
in Fig. 1 (a). A gas pipe was connected to the inside of
the cell. The pipe was also connected to a reserver tank
placed outside the vacuum chamber, which was filled
with hydrogen gas. Hydrogen was introduced from the
tank to the cell. The hydrogen gas was liquefied near
thermometer A and dropped into the cell. A heater was
placed near thermometer A to maintain the temperature
above the melting point.

The target cell consisted of one body frame and two
window frames, all made of aluminum, as shown in
Fig. 1 (b). Each window frame had a hole with a di-
ameter of 20-mm at the center. The window frame of
the downstream side was tapered to detect recoil par-
ticles at large angles. The side view of the constructed
target cell is shown in Fig. 1 (a). The volume was de-
fined by a pair of 6.47-µm-thick HAVER foils glued to
the window frames. The designed distance between the

Fig. 1. (a) Side view of the cross-section of target cell. Blue
area is filled with liquid hydrogen. Green squares indicate
the thermometers. (b) Side view of the cross-section of
target cell components.

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

Fig. 2. Variation of temperatures during liquefaction.

foils was 0.5 mm. The liquid hydrogen volume thus de-
fined expanded toward the outside by 0.5 mm at the
center of each side due to the 0.8-atm gas pressure. The
shape of the expansion was measured with a laser dis-
placement sensor. The total thickness was found to be
1.5 mm at the center. We had no experience of liquefac-
tion of hydrogen in such narrow volume and tested to
determine the design of the window frames. Finally, we
placed a 7-mm thick volume outside the foils to fully fill
the target cell, as shown in Fig. 1 (a).

We performed a test at our test-bench at the RIBF. To
visually confirm that the target cell was fully filled with
liquid hydrogen, one of the foils was replaced with a 125-
µm-thick Kapton foil. Figure 2 shows the variations in
the temperature of thermometer A (T1) and thermome-
ter B (T2) during liquefaction. Before introducing the
hydrogen gas, the target system was maintained at tem-
peratures above the melting point by the heater (R1).
When hydrogen gas was gradually introduced, the tem-
perature of the target became higher because hydrogen
gas was cooled (R2). Liquefaction gradually occurred
while the temperature was almost constant (R3). Dur-
ing this step, it was observed from outside that only
the lower part of the 20-mm diameter hole was filled.
While the cell was filled only partially, the full 7-mm
thick volume was likely filled at this point. Then, the
temperature started to decrease (R4). When T1 became
lower than 15.5 K, the heater turned on and the rate of
decrease reduced. T1 suddenly increased at t = 9.5 min,
as indicated by the red arrow. At this point the target
was fully filled. This behavior of temperature was ob-
served using HAVAR foils at both sides. Therefore, we
consider the target was also fully filled in this condition.

Reference
1) H. Ryuto et al., Nucl. Instrum. Methods Phys. Res. A

555, 1 (2005).
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Profile measurement of a large target cell of liquid hydrogen

M. Miwa,∗1,∗2 M. Sasano,∗2 X. Sun,∗3,∗2 L. Stuhl,∗4 J. Gao,∗3,∗2 and M. Kurata-Nishimura∗2

The (p, n) reaction in inverse kinematics is a pow-
erful probe for studying nuclear isovector responses in
unstable nuclei. In May 2018, the SAMURAI 30 exper-
iment was performed using PANDORA1) and SAMU-
RAI2) setup with a liquid hydrogen target3) to study
the GT transitions ,including their resonances, in the
11Li and 14Be neutron drip line nuclei.4,5)

In general, the target thickness along the beam direc-
tion is required to obtain the cross sections. However, in
the case of a liquid hydrogen target that contains with
thin membranes, the target thickness strongly depends
on the inflation of the membranes due to the differential
pressure between liquid hydrogen and the vacuum in the
target chamber.

In the SAMURAI 30 experiment, the target cell was
tilted at 45◦ with respect to the beam direction, so
that the recoil neutrons of interest, which were emitted
around 90◦, did not penetrate the target frame struc-
tures. Because the inflated target cell was tilted with
respect to the beam line, the evaluation of the target
thickness required three-dimensional analysis of the tar-
get shape. In this work, we measured the profile of a
large target cell of liquid hydrogen by using a laser dis-
placement meter and obtained the effective target thick-
ness along the beam direction by analyzing the profile
data.

Figure 1 schematically shows the setup for the target
profile measurement. The target cell was filled with N2

gas, instead of liquid H2, at 1719 Pa, which corresponds

Fig. 1. Schematic of the setup for the two-dimensional pro-
file measurement of the target thickness. The membranes
of both sides are irradiated with a laser in the beam di-
rection.

∗1 Department of Physics, Saitama University
∗2 RIKEN Nishina Center
∗3 School of Physics, Peking University
∗4 Center for Nuclear Study, University of Tokyo

Fig. 2. Profile result of the target shape. The vertical axis
indicates the spatial coordinate along the beam direction.
The blue and red plots are the original data after the
calibration and the data at an angle of 45◦ respectively.

to the differential pressure of 0.72 kPa. A laser displace-
ment meter (KEYENCE LJ-G5000) was used to mea-
sure the target profile. The laser vertically irradiated
the target cell surface. The configuration of the laser in-
tensity was automatic, and the sampling time was 2 ms.
The measurement can decide the absolute value only in
the beam direction, while the position information in the
horizontal direction can be just obtained as relative val-
ues. The scale of the horizontal position was calibrated
by adjusting the inner diameter of the target frame to be
the designed value, 50 mm. Here, we note that a typical
beam spot of an RI beam at the SAMURAI F13 focal
plane has a width of ±10 mm and a height of ±20 mm.

As a result of the profile measurement, we obtained
the target shape data shown in Fig. 2. The blue plots
represent original data while the red plots are tilted at
an angle of 45◦. The profile analysis provided the tar-
get thickness after 45-degree rotation as 15.8 mm at the
center, 14.3 mm at x = ±10 mm, and 7.40 mm at y =
±20 mm.

In summary, we evaluated the target profile in the
SAMURAI 30 experiment, taking into account the tar-
get tilting with respect to the beam direction through
the three-dimensional analysis of the target cell.
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The stability of the liquid hydrogen target system during the
SAMURAI 30 experiment

X. Sun,∗1,∗2 M. Sasano,∗2 M. Miwa,∗3,∗2 L. Stuhl,∗4 and J. Gao∗1,∗2

The charge-exchange (p,n) reactions in inverse kine-
matics are powerful tools to study the spin-isospin re-
sponse of light nuclei. In general, Polyethylene (CH2)
is used as the hydrogen target to induce the (p,n) re-
actions, because it is easy to handle and has uniform
thickness. However, the background generated from
the carbon in CH2 is serious.
In the SAMURAI 30 experiment, a thick liquid hy-

drogen target (LHT)1) was used to perform the mea-
surements of the (p,n) reactions with a high reaction
rate and lower background from carbon. It was re-
quired to keep the temperature of the target cell be-
low the boiling point of hydrogen during the measure-
ment. In this report, the stability of the temperature
and pressure of the LHT system during the SAMURAI
30 beam time is reported.

The setup of the LHT system is described in Ref. 1).
A Gifford-McMahon cycle (GM) refrigerator was used
to keep the target cell at a low temperature in order
to liquefy the hydrogen. A heat shield covered by alu-
minum foil was installed around the target cell to pre-
vent heat inflow from the room temperature environ-
ment. A Cu tube was used to connect the target cell
to the GM refrigerator, to which a heater was attached
to control the temperature.

The temperatures of the target cell and the Cu tube
were measured using a Si diode thermometer. In the
SAMURAI 30 experiment, hydrogen gas with a pres-
sure of 812 hPa was filled into the cell after cooling
down the system. The pressure decreased to around
500 hPa when the hydrogen gas was liquefied. Un-
der such conditions, the temperature of the target cell
should be kept lower than 18 K during the measure-
ment in order to keep the hydrogen in liquid form.

Figure 1 shows the variations of the temperature and
gas pressure with time after the hydrogen gas was liq-
uefied. The temperature was found to be instable dur-
ing the first 8 hours. The temperatures of the target
cell and the Cu tube increased steadily. In order to
lower the temperature, the temperature of the water
in the chiller was decreased from 22◦C to 8◦C. How-
ever, it was found that this operation had almost no
influence on the temperature of the LHT system. The
temperature increased gradually, as shown in Fig. 1,
but the liquid phase was maintained at just below the
boiling point. The temperature of the target cell sta-
bilized at 18.3 K after the pressure of the hydrogen

∗1 School of Physics, Peking University
∗2 RIKEN Nishina Center
∗3 Department of Physics, Saitama University
∗4 Center for Nuclear Study, University of Tokyo

Fig. 1. Variations of the temperature (top panel) and gas
pressure (bottom panel) with time. The temperature
was measured for both the target cell (blue line) and
the Cu connector (red line).

was added to 710 hPa. However, for some reason, a
rapid decrease in temperature and pressure was ob-
served 4 hours later. When the temperature of the Cu
tube decreased to 14.7 K, the heater started working.
The temperature of the target cell was kept at about
15 K and the gas pressure was stable at 705 hPa. The
LHT system was maintained at a stable temperature
and pressure for more than 8 hours.

In summary, in the SAMURAI 30 experiment, the
instability of the LHT system was observed during the
first 8 hours of the beam time. During the rest of
the beam time, the fluctuation of the temperature and
pressure of the LHT system were less than 1.5% and
1%, respectively. Further investigation is necessary to
achieve stable control of the system temperature and
pressure for a long time.
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Design of an Ion Source for the eSHE project
Toward Pioneering Electron Scattering on Superheavy Elements

S. Naimi,∗1 T. K. Sato,∗2 K. Tsukada,∗3 P. Schury,∗4 Y. Ito,∗3 H. Haba,∗1 Y. Komori,∗1 T. Ohnishi,∗1
and T. Uesaka∗1

Theoretical study shows that the central depression
in the nucleonic density is enhanced in superheavy nu-
clei and is correlated with the symmetry energy.1) Elec-
tron scattering is a very reliable technique to probe the
charge density in heavy nuclei.

The electron scattering on SuperHeavy Elements
project, or eSHE project for short, aims at pioneering
electron scattering on heavy and superheavy nuclei by
creating a missing link between two powerful facilities
at RIKEN, the AVF cyclotron and the SCRIT facility.
The AVF facility can produce heavy and superheavy
nuclei. The SCRIT facility is dedicated for electron
scattering on Rare Isotopes (RIs).2) The eSHE project
mission consists in bringing RIs produced at AVF to
the SCRIT facility to perform electron scattering. For
this purpose, we prepare a target from RIs produced at
AVF, which is then transport to SCRIT facility where
the target could be inserted into the oven of ion source
designed for this purpose. Since the preparation and
transport of the target will take time, only RIs with long
lifetime (at least few hours) are considered. Figure 1
shows nuclei heavier than 208Pb that could be reached
by this method. However, the feasibility of SHEs will
be limited by the production yield even for long-lived
nuclei and a more efficient method is needed. To test
the feasibility of this method, we plan to conduct a pilot
experiment with 225Ac with a half-life of 10 days. This
isotope can be produced with high intensity at AVF
via the reaction 226Ra(d, 3n)225Ac, with 24 MeV and
10 μA deuterium beam. To perform electron scattering
experiment for 10 hours, a target of 0.3–3 GBq 225Ac is
needed. Due to the low ionisation potential of Ac ele-
ment, it is possible to achieve high ionisation efficiency
with a surface ion source type.3) Design of such ion
source is shown in Fig. 2, where a double valve system
is used to allow insertion of RIs target into the oven of
the ion source without breaking the vacuum. The ion
source is now under construction and it will be commis-
sioned firstly offline with Lanthanum, which is available
commercially as La2O3 powder. The online commis-
sioning will be performed with 225Ac produced at the
AVF. The aim is to estimate the total efficiency and pro-
duction, which will determine the feasibility of electron
scattering at SCRIT. To achieve the necessary accuracy
for electron scattering study, a beam of 106 − 107 ions
per second is needed for a period of one month.
∗1 RIKEN Nishina Center
∗2 Research group for Heavy Element Nuclear Science, JAEA
∗3 Research Center for Electron Photon Science, Tohoku Uni-

versity
∗4 WNSC, IPNS, KEK

Fig. 1. (Top) All known nuclei heavier than 208Pb isotope
(Bottom) Nuclei with long enough lifetimes that would
be available for the eSHE project. A pilot experiment
will be conducted with 225Ac.

Fig. 2. Design of an ion source for Ac ionization. In the
lower left side is shown the schematic of insertion of RIs
target into the oven without breaking the vacuum.
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Absolute optical absorption cross-section of Rb atoms injected into
superfluid helium using energetic ion beams†

K. Imamura,∗1,∗2 Y. Matsuo,∗2,∗3 W. Kobayashi,∗2,∗3 T. Egami,∗2,∗3 M. Sanjo,∗2,∗3 A. Takamine,∗2 T. Fujita,∗2,∗4
D. Tominaga,∗2,∗3 Y. Nakamura,∗1,∗2 T. Furukawa,∗5 T. Wakui,∗6 Y. Ichikawa,∗2 H. Nishibata,∗2 T. Sato,∗2
A. Gladokov,∗2,∗6 L. C. Tao,∗2,∗8 T. Kawaguchi,∗2,∗3 Y. Baba,∗3 M. Iijima,∗3 H. Gonda,∗3 Y. Takeuchi,∗3

R. Nakazato,∗3 H. Odashima,∗1 and H. Ueno∗2

An in-situ laser spectroscopy method utilizing atomic
impurity in superfluid helium (He II) has been developed
for the application of nuclear structure study of rare-
isotopes. The method is named Optical RI-atom Obser-
vation in Condensed Helium as Ion-catcher (OROCHI).
The key feature of the technique is that the center wave-
lengths of the absorption spectra of atoms in He II are
largely blue-sifted from those of emission spectra. The
feature is significantly advantageous for the detection
of fluorescence signals from atoms in He II with ultra-
low background. Moreover, He II works as an effective
stopper for highly energetic ion beams. The stopping
efficiency of He II reaches nearly 100% for the beam en-
ergy of several tens of MeV/nucleon. Considering the
above reasons, OROCHI has proven to be an efficient
method for the study of nuclear structure of low pro-
duction yield rare-isotopes. We have demonstrated the
feasibility of OROCHI using 84–87Rb ion beams with up
to 66 MeV/nucleon energy and 104 pps intensity, so far.1)
However, unexpected laser stray light limits the signal
detection sensitivity. To efficiently separate the signal
from background, we developed a new fluorescence de-
tection system (FDS) that realizes low background sig-
nal detection using double monochromator. The first
demonstration of the new FDS was performed using
85Rb31+ ion beam delivered from RIPS. We deduced the
optical absorption cross-section from the result of flu-
orescence intensity dependence on beam intensity and
applied laser power.

The experimental setup was the same as that in
Ref. 2). A 66 MeV/nucleon 85Rb ion beam was passed
through two aluminum energy degraders to adjust the
stopping position in He II. During beam stopping po-
sition adjustment using various degraders thickness, we
confirmed that the injected ions were stopped within
1 mm injection depth. The energy degraded ion beam
was introduced into He II. Rubidiums that were diffused
from the observation region with approximately several
hundred miliseconds after stopping in He II were sub-
jected to a laser light from the Titanium sapphire laser
(780 nm, ϕ ≈ 2 mm). The laser induced fluorescence
(LIF) from Rb atoms was focused on the optical fiber
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Fig. 1. Measured fluorescence intensity dependence normal-
ized by injected beam intensity.

bundle with an entrance of 5 × 2 mm2 using the lens
unit of the FDS. The LIF guided using the optical fiber
bundle was introduced into the double monochromator.
Rb D1 emission light (793 nm in He II) was selected
using the double monochromator and detected using a
photo-multiplier tube.

The measured LIF dependence on beam intensity and
applied laser power is shown in Fig. 1. The vertical
axis was normalized by the beam intensity and the hor-
izontal axis shows the applied laser power. The ob-
served LIF intensity ILIF was obtained using the equa-
tion ILIF = Nobs σΦLaser ϵdet, where Nobs, σ, ΦLaser and
ϵdet, denote the number of atoms in the observation re-
gion, optical absorption cross-section, photon flux of the
laser, and detection efficiency of FDS, respectively. Nobs

was estimated from the beam intensity Ibeam and diffu-
sion time of Rb atom. ΦLaser was proportional to the
applied laser power PLaser. Thus, the equation for nor-
malized LIF intensity ILIF/Ibeam can be written as a
function of PLaser. The value of ϵdet ≈ 10−7 obtained
from the result of experiment using Rb enclosed gas cell
was used for the deduction of σ. As a result of our
analysis, we deduced σ = 3.59(16) × 10−15 cm2 as the
optical absorption cross-section of Rb in He II. The suc-
cessful derivation of the quantitative value attributes to
the improvement of detection efficiency by two orders of
magnitude using the new FDS, as compared to previ-
ous work.1) We conclude that 200 pps is a sufficient ion
beam intensity to detect LIF from Rb atoms in He II in
accordance with our experimental result.
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Baseline correction system of laser-microwave double resonance
spectrum for atoms injected into superfluid helium by laser sputtering

M. Sanjo,∗1,∗2 K. Imamura,∗2,∗3 W. Kobayashi,∗1,∗2 Y. Takeuchi,∗1,∗2 A. Takamine,∗2 T. Furukawa,∗2,∗4
H. Ueno,∗2 and Y. Matsuo∗1,∗2

We have been developing a laser spectroscopic method
for the atoms injected into superfluid helium (He II) to
measure the hyperfine structure and Zeeman splitting of
unstable nuclei with low production yields and short life-
times. In this method, highly energetic ion beams are ef-
ficiently caught as neutralized atoms in superfluid helium
owing to its high density. In addition, the absorption
wavelength of atoms in He II is largely blue-shifted due
to the effect of surrounding 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.

So far, in the offline experiment, we succeeded in
the measurement of the hyperfine structure constant for
133Cs atoms with accuracy of 10−5 via laser-microwave
(MW) double resonance method.1) In order to discuss
hyperfine anomaly of atoms in He II, it is required to
measure hyperfine structure splitting using more than
two isotopes. To show the feasibility for deducing hy-
perfine anomaly parameter using the method, we have
performed a series of experiment to measure hyperfine
splitting with an accuracy and a precision of 10−6 using
Rb which has two stable isotopes. It has been difficult
to realize sufficient measurement accuracy and precision
due to fluctuation of the number of observed photons
when we use two-step laser sputtering method to supply
atoms in He II.2) We here report the development of a
baseline correction system to cancel the fluctuation of the
number of atoms injected into He II and a preliminary
experiment performed using this system.

We need to irradiate a circularly polarized laser light
and apply a magnetic field to the atoms to generate spin
polarization. We can observe fluorescence from atoms
when MW frequency is resonant to the hyperfine struc-
ture splitting by scanning MW frequency irradiated to
spin polarized atoms. On the other hand, when the ex-
citation laser light is linearly polarized light, we observe
photons proportional to the number of atoms in the ob-
servation region, because spin polarization does not oc-
cur. We can correct the fluctuation of the number of
observed photons by using the difference in the observed
photons for both polarizations.

The correction system consists of an Electrooptic
Modulator (EOM) to quickly switch the polarization of
the excitation-laser and a Multi Channel Scaler (MCS)
equipped with multi-channel inputs to count photons at
the circularly and linearly polarization. In the case that
we apply a square wave voltage at 1 kHz to the EOM,
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Fig. 1. (a) Scheme of observed photon number calibration via
switching of the polarization of excitation-laser with an
EOM. (b) Cancellation of the fluctuation of the number
of observed photons using Rb in He II.

the polarization is switched as shown in the upper of
Fig. 1(a). Next, we detect photons emitted from the
atoms at the circularly polarized section (ch. 1) and the
linearly polarized section (ch. 2) alternately using coin-
cidence with the signal to EOM as shown in the lower of
Fig. 1(a). In ch. 1, hyperfine structure resonance peak
superimposed with the base fluctuation caused by the
number of atoms variation is observed. In ch. 2, pho-
tons proportional to the number of atoms in the obser-
vation region is observed. Consequently, it is expected
that we can realize measurement free from the fluctua-
tion of number of observed photons by correcting ch. 1
signal counts with ch. 2 ones.

We performed a preliminary experiment for Rb atoms
injected into He II by laser sputtering. Atoms are irradi-
ated with a Ti:Sa laser of 100 mW (wavelength: 780 nm)
either with circular or linear polarization. Fig. 1(b)
shows the spectrum obtained when we swept the mag-
netic field. We attempted to observe the fluorescence
twin peaks when the spin polarization is collapsed at the
0 magnetic field. Channel 1 (white line) in the upper
part of Fig. 1(b) shows spectrum in the circularly polar-
ized section, and ch. 2 (red line) shows the spectrum in
the linearly polarized section. The lower part of Fig. 1(b)
shows the number-of-atoms corrected spectrum. It was
confirmed that the baseline fluctuation is clearly can-
celed. From the result, we concluded that we succeeded
in the baseline correction. Future outlook on research
is the measurement of hyperfine structure for 85, 87Rb
in He II with using this system to evaluate hyperfine
anomaly for Rb isotopes in He II.
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Attempt to measure relaxation time of atomic bubble surrounding
alkaline atoms in superfluid helium

Y. Takeuchi,∗1,∗2 M. Sanjo,∗1,∗2 W. Kobayashi,∗1,∗2 H. Kuramochi,∗3 A. Takamine,∗2 Y. Matsuo,∗1,∗2 Y. Zempo,∗4
T. Tahara,∗3 and H. Ueno∗2

Our research group has been developing a new type
of nuclear laser spectroscopy method named OROCHI,
which is based on laser spectroscopy of atoms in super-
fluid helium (He II). In this method, the presence of the
interaction between injected atoms and surrounding he-
lium atoms plays an important role to prepare a unique
spectroscopic environment. In this study, we focus on
the structure of the atoms surrounded by He.

When the atoms are introduced into He II, the sur-
rounding helium atoms are pushed out by the exchange
(Pauli) repulsion force.1) The resulting vacuum region is
called “atomic bubble.” For the electronic ground state
of the introduced atom, the bubble typically has a radius
of 5 ∼ 10 Å. When the shape of the electron orbit of the
atom changes owing to a state transition such as excita-
tion and absorption, it is considered that atomic bubble
is also deformed in He II as the shape of the orbital de-
forms.

Figure 1 shows the deformation process of the atomic
bubble. Because the Franck-Condon principle holds true
in the process of absorbing and releasing photons, the ra-
dius of the bubble is kept constant before and after the
transitions. Therefore, after these short time transitions,
the bubble is affected by the electron orbit of the intro-
duced atom and deforms (relaxes) over a certain time.
It is known that the wavelengths of atoms in He II shift
between absorption and emission owing to this process.2)
It is estimated that it takes an order of a few pico sec-
onds to deform the bubble but so far the relaxation time
has not been measured in the time domain. To clarify
the dynamics of the atomic bubble system, we will com-
bine the laser spectroscopic technique in He II and the
ultrafast laser spectroscopic technique.3)

In this research, we decided to start with Rb as the tar-
get atom of this experiment because its characteristics in
He II is well studied.2,4) We plan to perform experiments
using a detection system with a high time resolution for
the relaxation time in the excited state.

Fig. 1. Deformation cycle of an atomic bubble.
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Fig. 2. Energy calculated value of Rb atomic bubble system.
(18 helium, Hybrid density functional APF with the basis
set Def2TZVPP was used.)

The experiment will be conducted in an offline environ-
ment using laser ablation for the introduction of atoms.4)
In the cryostat used for offline experiments, the atoms are
supplied by laser ablation and laser dissociation into He
II in a quartz cell installed in the upper part of the helium
tank. Then, a pumping laser irradiates to Rb atoms in
the observation region and fluorescence is observed using
the Time-Correlated Single Photon Counting (TCSPC)
system. We plan to obtain the time dependence of the
intensity of fluorescence using this system that records
the time difference between the irradiation of the exci-
tation laser signal and the detection of the fluorescent
photon.5) The time resolution of the system is approxi-
mately 80 ps. It is considered that emission also occurs
during the deformation process of the bubble to the en-
ergy minimum of the excited state. Therefore, if we can
observe the intensity changes of fluorescence up to several
tens of ns, which is the spontaneous emission lifetime, we
can estimate the time required for bubble deformation.
Currently, performance evaluation of picosecond pulsed
Ti: sapphire laser for excitation is ongoing.

Additionally, in parallel with the preparation of the ex-
periment, we calculated atomic energy levels using Gaus-
sian 09 to estimate the amount of wavelength change due
to the relaxation of atomic bubbles. The calculation of
the energy of the atomic bubble formed by 18 helium
atoms resulted in the confirmation of the broadening of
the bubble radius and shifts in the atomic transition en-
ergy (Fig. 2). Besides, we will derive the influence due
to the increase of the number of He atoms for bubble
formation and simulate the case for other atoms such as
Cs.
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Development of offline ion source for collinear laser spectroscopy of
RI beams

M. Tajima,∗1 A. Takamine,∗1 T. Asakawa,∗2 M. Wada,∗3 Y. Sasaki,∗2 Y. Nakamura,∗4 H. Iimura,∗5,∗1

K. Okada,∗6 T. Sonoda,∗1 H. A. Schuessler,∗7,∗1 H. Odashima,∗4 Y. Matsuo,∗2,∗1 and H. Ueno∗1

Collinear laser spectroscopy of RI beams is a pow-
erful probe to directly measure the nuclear properties
of ground or isomeric states. We designed and con-
structed an offline ion source for the planned optical
spectroscopy of RI ion beams of refractory elements
at a rate of 100 pps. Because it is difficult to obtain
ions of refractory elements by the widely-used surface
ionization method, we adopted laser ablation of a solid
target in He gas and the RF ion guide system1) for ion
beams with low emittance.

Figure 1(a) shows a sketch of the setup. The RF ion
guide system is composed of cylindrical DC electrodes,
RF carpet (RFCP), a quadrupole ion guide (QPIG),
and RFQ. There are 54 electrodes and an exit hole
at the center of RFCP. QPIG is composed of 4 thin
plates with 28 electrodes on each plate assembled as
an azimuthally four-segmented square tube. RFQ is
composed of three segments of four SUS rods and an
endcap. A solid target for laser ablation is fixed on
the surface of the cylindrical electrode. An aluminosil-
icate Cs+ emitter is also prepared for the performance
test. Helium gas is introduced constantly and the typ-
ical pressure is approximately 22 mbar at the most
upstream chamber. This ion source system is floated
at 10 kV and connected to a test beamline through an
insulation flange as shown in Fig. 1(b).

The target is irradiated by an Nd:YAG laser pulse
(532 nm, 10 ns width). First, the produced energetic
ions are stopped via collisions with He gas and guided
to RFCP by a DC electric field. Then, the ions are sub-
sequently guided to the downstream by RFCP, QPIG,
and RFQ with applied RF and DC electric fields. After
the ions are focused through the Einzel lens and four
quadrupoles, they are separated depending on m/q us-
ing a dipole magnet and collected onto a Faraday cup
(FC). Figures 1(c)–(e) show the relative beam inten-
sity as a function of the applied RF amplitudes for
RFCP, QPIG, and RFQ, respectively, when Ag metal
target was used for laser ablation and the Cs+ emitter
was used as a reference. Typical beam intensity at FC
is 107–108 ions per laser pulse, which is sufficient for
the demonstration of the planned spectroscopy of RI
beams.
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Fig. 1. Sketch of the ion-source system (a) and test beam-

line (b). Dependence of beam intensity at the Faraday

cup as a function of applied RF amplitude for RFCP

(c), QPIG (d), and RFQ (e).

As the next step, laser ablation for different tar-
gets such as BaF2 and Zr will be conducted. In ad-
dition, we will work toward the development of on-line
spectroscopy for low-intensity beams with coincidence
method.2)
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Development of active nuclear spin maser
with time-separated feedback scheme for Xe-EDM search
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CP violation is one of the critical requirements for gen-
erating matter-antimatter asymmetry in the Universe.
It is known that the magnitude of CP violation in the
Standard Model (SM) of particle physics is insufficient to
explain the observed matter dominance in the Universe,
and therefore the discovery of extra CP violations origi-
nating from new physics beyond the SM is much awaited.
A finite permanent electric dipole moment (EDM) of a
particle or a system implies the violation of time rever-
sal and CP symmetry. The value of EDMs that are
predicted by theories beyond the SM are typically many
orders of magnitude larger than those predicted by the
SM, and therefore the EDM is one of the most promising
probes to search for new physics.

In the current study, we focus on the atomic EDM
of Xe, which is sensitive to T, P-odd nucleon-nucleon
and nucleon-electron interaction. The EDM is detected
by measuring the Larmor frequency of a nuclear spin
under the static magnetic and electric field applied at
the same time. In order to improve the upper limit of
the current for the Xe atomic EDM, 4.1× 10−27e · cm,1)
which corresponds to a ∼40-nHz frequency precision un-
der a 10-kV/cm electric field, we are developing a nuclear
spin maser with an active feedback scheme,2–4) which al-
lows observation of a continuous spin oscillation avoiding
decay of the signal. In addition, to reduce systematic
uncertainties in the spin precession frequency, we are
developing co-existing masers of 129Xe and 131Xe.5) By
comparing the frequencies of two masers, the systematic
uncertainty, which is caused by drifts in the magnetic
field and in the effective field due to the Fermi-contact
interaction between Xe and polarized Rb, can be re-
duced.

We recently found that systematic errors can be fur-
ther eliminated by reducing the phase deviation between
the observed signal and the actual Xe precession caused
by the feedback field for masing. The spin precession of
Xe is detected through the motion of Rb spins, which
adiabatically follow the rotating field produced by the
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Fig. 1. Maser signals obtained for 129Xe (left) and 131Xe
(right) with the TSFB scheme. The observation-feedback
cycle is repeated every 40 s. After observation for 30 s
and a margin of 2 s, a 3 s FB signal was applied to main-
tain the oscillation of the masers (black arrows).

Xe spins. When the feedback field is superimposed
on the Xe spin field, the Rb spin will follow the re-
sultant Xe plus feedback field, and hence the Rb pre-
cession phase will be shifted from the Xe precession.
The phase shift causes frequency error due to the fre-
quency pulling effect.2) To eliminate the pulling effect,
we adopt a new scheme for masing, the time-separated
feedback (TSFB) scheme. In this scheme, the observa-
tion of spin precession and application of the feedback
field are separated in time and repeated alternately. The
feedback field is generated according to the precession
signal, which is acquired during the period without the
feedback field, so that the maser operation becomes free
from the frequency pulling effect. Note that the spin
precession is observed continuously, unlike the repeated
free-induction-decay measurements.

A typical signal obtained from the co-existing masers
of 129Xe and 131Xe with the TSFB scheme is shown in
Fig. 1. The frequency error due to the drift in the power
of the pumping light for Xe polarization was the dom-
inant source of errors in the conventional active maser.
Using the TSFB scheme, we have succeeded in reducing
this error from ∼1.6 µHz to below 60 nHz. A detailed
study on the frequency characteristics and stability of
the TSFB maser is in progress.
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Epithermal neutron spin filter with dynamic nuclear polarization using
photo-excited triplet electron

S. Takada,∗1,∗2 K. Tateishi,∗1 T. Inoue,∗1 Y. Wakabayashi,∗3 Y. Ikeda,∗3Y. Otake,∗3 T. Yoshioka,∗2 and
T. Uesaka∗1

A neutron spin filter using polarized 1H media can
polarize the neutron beam passing through it because
the cross-sections have a large helicity dependence. 1H
has a flat cross-section of 20 barn in the wide energy
range. Therefore, the spin filter of 1H media is suitable
for epithermal neutrons. A polarized epithermal neu-
tron beam is available, for example, in the T -violation
search in a compound nucleus.1) The solid state of 1H
doped media is often polarized by Dynamic Nuclear Po-
larization (DNP). DNP is a technique of transferring
spin polarization from electrons to nuclei by microwave
irradiation. We applied DNP with photo-exited triplet
electron spin (Triplet-DNP)2) because it can be used at
a higher temperature (>77 K) and in a lower magnetic
field (<1 T) compared to the conventional DNP method.
The neutron spin filter with Triplet-DNP was first devel-
oped at the Paul Scherrer Institut (PSI) in Switzerland.
They achieved 1H polarization of 70% using a naphtha-
lene crystal with a 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 a meV region. We plan to prepare
a 1-cm-thick sample because a thick sample is suitable
for the polarization of epithermal neutrons. In addition,
we need a large acceptance of the spin filter in order to
obtain high statistics. Therefore, we prepared a setup
of the neutron spin filter with Triplet-DNP to polarize
such a huge sample, and it is shown in Fig. 1. The sys-
tem is installed in the target chamber made of stainless
steel, and the chamber is cooled with cold N2 gas.

Triplet-DNP is carried out at 0.3 T and 100 K. A sin-

Fig. 1. Setup of the neutron polarization system using
Triplet-DNP.

∗1 RIKEN Nishina Center
∗2 Department of Physics, Kyushu University
∗3 RIKEN Center for Advanced Photonics

Fig. 2. Polarization build up time (upper) and relaxation
time (lower) of the sample.

gle crystal of naphthalene doped with pentacene is used
as a filter. To polarize a huge crystal, a high-power laser
was implemented into the target chamber. We measured
the polarization build up time and relaxation time of the
single crystal with a size of ϕ15 × 6 mm3 (Fig. 2). The
values are longer than assumed. As the next step, we
are planning to optimize the strength of the laser and
microwave, and the filter thickness. Then, we will check
the performance of the neutron spin filter at RIKEN
Accelerator-driven compact Neutron source (RANS) in
March this year.
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Measurement of impurity nuclides in 10.75 MeV/nucleon 136Xe beam
in the atmosphere

T. Kambara∗1 and A. Yoshida∗1

On the basis of a fee-based facility sharing program,1)
private companies in Japan use 95 MeV/nucleon Ar and
70 MeV/nucleon Kr beams from the RIKEN Ring Cy-
clotron (RRC) to simulate single event effects (SEE) of
semiconductor devices by high-LET components of the
cosmic rays.2) Recently, the demand for heavier ions
with higher LET for the SEE test has significantly in-
creased, which has led us to prepare for fee-based Xe-
ion irradiations. Because the samples are irradiated
in the atmosphere at RIBF, the beam passes through
various materials before the sample and fast secondary
nuclides produced by nuclear reactions in the materials
may contaminate the beam. We study the beam impu-
rities with radiochemical measurements and previously
reported results for the Kr beam.3)

During a machine-study beamtime in February
2018, we measured the beam impurities of a
10.75 MeV/nucleon 136Xe beam from RILAC2 and
RRC. The setup at the E5A beamline is shown in Fig. 1.
The beam spot was spread with a pair of wobbler mag-
nets on the beam line. The beam passed through a
Kapton window with a thickness of 25 µm and diameter
of 50 mm into the atmosphere, followed by an ioniza-
tion chamber (IC), AE-1341S, which was produced by
Applied Engineering Inc,4) to measure the beam inten-
sity.

In the IC, the beam passed four 6 µm thick mylar foils
and a 15 µm thick Al-foil electrode. A test sample of a
Si wafer (100 mm diameter and 0.5 mm thick) was at-
tached directly to the exit of the IC to simulate semicon-
ductor devices of clients. The total length of the beam
path in the atmosphere was approximately 39 mm. No
energy-degrader plates were used in these irradiations.
From the output-current measurement of the IC, the
total number of primary Xe ions was estimated to be
approximately 1.17× 1010 for a 10 minutes irradiation.
According to SRIM calculation,5) the energy of the pri-
mary Xe ions was approximately 2.3 MeV/nucleon at
the surface of the sample in which the ions stopped.

We measured the γ rays from the irradiated sample
with a Ge detector 12 times from 7 min to 17.2 days
after the irradiation. We analyzed the observed γ-ray
peaks according to the tabulated transition energies,
lifetimes, and branching ratios,6) and identified 15 ra-
dionuclides from 135Xe to 159Ho. Then, we extrapolated
the decay curves of the radioactivity to the end of the
irradiation time to obtain the production probabilities
of the radionuclides normalized to one incident 136Xe
ion.

Figure 2 shows the obtained nuclide-production prob-
∗1 RIKEN Nishina Center

Fig. 1. Schematic diagram (left) and photograph (right) of
the setup of irradiation.

Fig. 2. Measured production probabilities of radionuclides.
Because the tabulated γ-emission probabilities of 158Ho
are in the relative values, the maximum probability is
assumed to be 100% of the parent decay.

abilities. Because the Xe ions in the sample had much
lower energy than the Coulomb barrier, all the observed
radionuclides were produced in the upstream materials
and implanted in the sample. The ratios of the ob-
served radionuclides in the beam were below 10−4 and
the total impurity would be below 1%.

Dy (Z = 66) and Ho (Z = 67) can be produced only
in the Al electrode of the ionization chamber. We sup-
pose that the Ho-isotopes were produced through the
complete nuclear fusion reactions followed by multiple
neutron emissions, and the observed 155Dy and 157Dy
were mostly the daughters of 155Ho and 157Ho, respec-
tively.
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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) at the
RIKEN Nishina Center (RNC).

Figure 1 shows the current configuration of the
Linux servers at the RNC. The host RIBF.RIKEN.JP
is used as the mail server, the NFS server of the user
home directory, and the NIS master server. This is the
core server for the RIBF Linux cluster.

The hosts RIBFSMTP1/2 are the mail gateways,
which are used for tagging spam mails and isolat-
ing virus-infected mails. The latest version of Sophos
Email Protection-Advanced (PMX) has been installed.
Figure 2 shows the mail trends in 2018. Approximately
50% of the incoming mails were blocked by the PMX
ip-blocker.

In order to improve the reliability of mails, we have
installed OpenDKIM and OpenDMARK software in
the mail server and mail gateway. DomainKeys Identi-
fied Mail (DKIM)2) is an email authentication method
designed to detect forged sender addresses in emails

Fig. 1. Configuration of the RIBF Linux cluster.

∗1 RIKEN Nishina Center

Fig. 2. Mail trends:message categories in 2018.

(email spoofing), a technique often used in phishing
and email spam. DMARC (Domain-based Message
Authentication, Reporting and Conformance)3) is an
email-validation system designed to detect and prevent
email spoofing, the use of forged sender addresses often
used in phishing and email spam. It is expected that
combining DKIM and DMARC will reduce phishing
and email spam.

The Integrated Digital Conference (INDICO) soft-
ware4) has been operated at INDICO2.RIKEN.JP
since 2007. We replaced the hardware and software
of this server in March 2018. HP DL-320G8 was in-
stalled for the new indico server. The indico software
was updated from indico 0.99 to 2.1.5. The new indico
software uses PostgreSQL database, while the previous
indico used Zope Object DataBase (ZODB) written in
Python. The migration of the database from ZODB
to PostgreSQL has been carried out.

Electric Log (ELOG)5) and MoinMoin Wiki6) for the
RIBF experiments were installed in the server RIBF-
EXP.RIKEN.JP in 2007. We have updated the ELOG
software from elog 2.1.4 to elog 3.1.4 and Wiki software
from MoinMoin 1.5.7 to MoinMoin 1.9.10 in January
2019. HP ProLiant DL-20G9 was installed for the new
ELOG and Wiki server.

An anonymous ftp server, FTP.RIKEN.JP, is man-
aged and operated at the RNC. Major Linux distribu-
tions, including Scientific Linux, Ubuntu, and CentOS,
are mirrored daily for the convenience of their users
and for facilitating high-speed access.
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CCJ operations in 2018

S. Yokkaichi,∗1 H. En’yo,∗1 T. Ichihara,∗1 W. Nakai,∗1 and Y. Watanabe∗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 be-
ing conducted at RHIC. Since then, CCJ has been pro-
viding 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 con-
ducted at CCJ, which are listed on the web page
http://ccjsun.riken.go.jp/ccj/proposals/. As of
December 2018, CCJ has contributed to 43 published
papers and 43 doctoral theses.

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 have two login servers, one main
server (users’ home directory, NIS, DNS and NTP), and
two disk servers whose disk sizes are 13 and 26 TB. The
main server has an external SAS RAID (21 TB) for the
home and work regions of users, and system usage. Also,
the server has a RAID with built-in disks (13 TB) which
can be used temporarily by users and the system.

We operate 26 computing nodes, of which 16 nodes
were purchased in Mar. 2009 and 10 nodes were pur-
chased in Mar. 2011. Thus, in total, 368 (= 8 × 16
nodes + 24 × 10 nodes) jobs can be processed simulta-
neously by these computing nodes using a batch queuing
system LSF 9.1.3.4) Table 1 lists the number of malfunc-
tioning SATA or SAS disks in the HP servers, namely,
computing nodes and NFS/AFS servers.

One database (postgreSQL5)) server and one AFS6)

server are operated in order to share the PHENIX com-
puting environment. It should be noted that only the
SL57) environment is shared by the computing nodes,

Table 1. Number of malfunctioning HDDs in HP servers
during 2011–2018.

Type(Size) total 2018 ’17 ’16 ’15 ’14 ’13 ’12 ’11
SATA(1 TB) 192 16 18 8 14 11 16 20 9
SATA(2 TB) 120 2 10 2 10 0 2 5 4
SATA(4 TB) 10 0 - - - - - - -
SAS(146 GB) 38 3 1 5 3 2 0 1 1
SAS(300 GB) 26 0 1 0 1 1 0 0 1

∗1 RIKEN Nishina Center
a) term for a type of summary data files in PHENIX

which have approximately 0.9 TB of library files. We
have two data-transfer servers, on which the grid envi-
ronment8) is installed for data transfer to/from RCF.
Two new data-transfer servers will be in operation in
early 2019 and replace two servers being currently used.
Data transfer of the order of 100 TB from J-PARC and
BNL will be performed in the future. In addition, we
operate a dedicated server for the RHICf group9) and
two servers for the J-PARC E16 group,10) in order to
keep their dedicated compilation and library environ-
ments along with some data.

A 10-KVA UPS (supplied by NTT Facilities) was dis-
carded without battery exchange owing to its high cost
of exchange. The power wiring was relocated in Nov.
2018. Subsequently, a total power in our UPS system is
30 KVA and a typical average load factor is 51% with-
out jobs and 59% with maximum number of jobs in the
calculation nodes.

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 Greatwave”
was launched by RIKEN ACCC11) and the joint oper-
ation with CCJ continued, including a new hierarchical
archive system in which approximately 900 TB of CCJ
data are stored. Subsequently, the “HOKUSAI BigWa-
terFall” IA cluster, which has 840 nodes/33600 CPU
cores, was launched in 2017 by ACCC. Then a dedi-
cated usage of legacy RICC 10 nodes by CCJ was ended
and the direct connection between CCJ and HOKUSAI
with the two 10G Ethernet links was also ended. CCJ
has not started to use the cluster because it does not
support the NFS to share the computing environment
of PHENIX unlike RICC. Instead, we are in prepara-
tion to use one of the “container technologies” (such as
“Docker”12)) to share the environment.
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Effects of asymmetrically-introduced splayed columnar defects on the
peak effect in (Ba, K)Fe2As2

T. Tamegai,∗1 S. Pyon,∗1 A. Takahashi,∗1 A. Yoshida,∗2 and T. Kambara∗2

Iron-based superconductors (IBSs) are intensively
studied from both fundamental and applied aspects. In
particular, to make these materials practically appeal-
ing, the enhancement of critical current density, Jc, is
indispensible. Columnar defects (CDs) introduced by
heavy-ion irradiation are known to be very effective to
enhance Jc.1) The effects of heavy-ion irradiation have
been demonstrated in 122-type IBSs.2–4) Compared with
heavy-ion irradiated Ba(Fe,Co)2As2, the Jc. in heavy-
ion irradiated (Ba,K)Fe2As2 has been enhanced up to ∼
15 MA/cm2. To further enhance Jc. in (Ba,K)Fe2As2,
we have introduced heavy ions in a splayed manner,
where CDs are introduced symmetrically from two di-
rections (± θCD) from the c-axis with the same dose
(Fig. 1(a)). We confirmed that Jc in (Ba, K)Fe2As2 can
be enhanced by ∼ 30% by choosing |θCD| = 5◦.5) In the
course of these studies, we discovered an anomalous peak
effect in (Ba,K)Fe2As2 when the CDs are introduced at
angles of |θCD| > 15◦.5) The anomalous peak of Jc as a
function of magnetic field appeared near 1/3BΦ (BΦ =
nΦ0, n: density of CDs, Φ0: flux quantum).

As described above, all splayed CDs have been intro-
duced symmetrically with respect to the c-axis. There-
fore, in this study, we introduced asymmetries to the
splayed CDs and measured its effect on the anomalous
peak. All irradiations were done using a 2.6 GeV U beam
at the RI Beam Factory at RIKEN Nishina Center at a
total dose of BΦ = 8 T (n = 4×1011 cm−2). Three types
of asymmetries were introduced. (1) We changed the av-
erage direction of two the types of CDs from the c-axis,
θCD = 20◦±15◦ (Fig. 1(b)). (2) Instead of changing the
direction of two types of CDs, we made different doses
for the two directions while maintaining the total dose,

Fig. 1. (a) Standard splayed CDs. (b) Asymmetric splayed
CDs with the average direction away from the c-axis. (c)
Splayed CDs with asymmetry in doses. (d) Asymmetric
splayed CDs with splay plane tilted away from the ac-
plane.

∗1 Department of Applied Physics, The University of Tokyo
∗2 RIKEN Nishina Center

BΦ = 2 T and 6 T for θCD = −15◦ and +15◦, respec-
tively (Fig. 1(c)). (3) The splay plane is tilted, so that it
will have an angle ϕCD from the ac plane (Fig. 1(d)). Jc-
H at 20 K with various configurations of splayed CDs are
compared with the symmetric splayed CDs. It is obvious
that the introduction of asymmetry strongly suppresses
the anomalous peak effect near 1/3BΦ.

Fig. 2. J c-H at 20 K with various configurations of splayed
CDs; (a) Comparison of (a) and (b) in Fig. 1, (b) Com-
parison of (a) and (c) in Fig. 1, and (c) Comparison of
(a) and (d) in Fig. 1.
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Control of the electrical conductivity in diamond
by ion implantation

H. Yamazaki,∗1 T. Minamidate,∗2 M. Kidera,∗1 H. M. Yamamoto,∗3 R. Kato,∗2 and H. Ueno∗1

Although diamond is an insulator with a large band-
gap of 5.5 eV, it becomes a semiconductor when doped
with a small amount of boron (for p-type) or phosphorus
(for n-type). Doped diamonds hold promise as the ma-
terial for next-generation devices in place of the existing
Si- and GaAs-based semiconductors. In line with this
research trend, Ekimov et al. reported that B-doped di-
amond, when doped beyond the metal-to-insulator tran-
sition at nB ∼ 3×1020 cm−3, shows superconductivity in
the samples grown by high-pressure—high-temperature
synthesis.1) Using inelastic X-ray scattering from a CVD
(chemical vapor deposition) grown sample, strong soft-
ening of the optical-phonon modes was admittedly ob-
served in superconducting B-doped diamond near the
Brillouin-zone center.2) Theoretically, the superconduct-
ing critical temperature Tc can be raised substantially
by reducing the effects of disorder in the B-doping pro-
cesses.3) For a higher Tc, more subtle control of dop-
ing using CVD and/or MBE (molecular beam epitaxy)
methods is highly required, whereas a different method
based on ion implantation is also worth investigating
since it enables selective ion-doping in a controlled man-
ner.

In this study, we try to control the electrical conduc-
tivity in diamond by means of the ion implantation tech-
nique, utilizing the beam facilities in RIKEN. For n- and
p-type semiconductors (and possibly superconductors),
nitrogen and boron ions are implanted into diamond,
respectively. To create an n-type semiconductor by N-
doping is a challenging work, since nitrogen behaves as a
deep donor in diamond and does not contribute to con-
ductivity.4) By changing the beam intensity and irradi-
ation time, the concentration of the dopants in diamond
was controlled. The electrical conductivity of the doped
diamonds was measured using a four-probe configura-
tion. Magnetization measurements were carried out to

Fig. 1. Temperature dependence of the electrical resistance
R normalized to R (300 K) for B-doped diamonds.

∗1 RIKEN Nishina Center
∗2 Condensed Molecular Materials Laboratory, RIKEN
∗3 Institute for Molecular Science

Fig. 2. Temperature dependence of the magnetization for B-
doped diamonds.

elucidate the effect of paramagnetic moments (due to
lattice defects) and the emergence of superconductivity.
Raman spectroscopy and X-ray diffraction (XRD) stud-
ies were also performed.

Figure 1 shows the temperature dependence of the
electrical resistance R normalized to R (300 K) for B-
doped diamonds. Their doping concentrations are indi-
cated in the figure. The fairly high dispersion of data
is supposedly due to bad electrical contact between the
conductive paste and the diamond surface. A model
of thermally-assisted hopping can provide a good fit to
the experimental data. We are currently examining the
physical significance of the fitting parameters. The re-
sults of the magnetization measurements (Fig. 2) show
that our B-doped diamonds do not exhibit supercon-
ducting transitions at low temperatures, even though the
doping concentrations are nominally beyond the metal-
to-insulator transition at nB ∼ 3×1020 cm−3. Annealing
treatment after the irradiation may be necessary for the
samples to show superconductivity. The temperature
dependence of the magnetization can be represented as
the sum of the Curie and temperature-independent com-
ponents. The correlation between each component and
the doping concentration will be clarified by preparing
the samples at higher concentrations.

As for the N-doped diamonds (e.g. at nN ∼ 7.5 ×
1021 cm−3), the results obtained by Raman spectroscopy
and XRD show that they were fully converted into amor-
phous carbon in the as-implanted state as well as after
annealing at 1000 K, likely due to radiation damage.
We have to further consider the implantation/annealing
process in order to minimize the lattice damage in dia-
monds.
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Investigation of single event effects observed in SiC-SBDs

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 sys-
tems. Although Si remains the dominant material used
in space systems, there is now a strong demand for new
and more efficient devices. However, there are few re-
ports about power-handling applications. For such use
in satellite power applications, the mechanisms of single
event effects (SEEs) must be resolved at first with some
appropriate steps.

In this study, we report the results of evaluating SEEs
on SiC-Schottky barrier diodes (SiC-SBDs) for power-
handling applications. The ion species we used in the
experiment was 86Kr, 1242 MeV. The ion range was
113 µm; LET was 27 MeV/(mg/cm2) at the device sur-
face. Figure 1 shows the device structure. The SiC-
SBD in this study was a type of commercial off-the-shelf
(COTS) 1200 V device.

It is known that the failure modes of SiC-SBDs are
separated into three regions as shown in Fig. 2.1) Re-
gion 1 is the non-destructive region where the collected
charge is reproducibly measured with no damage. Re-
gion 2 is where there is a permanent increase in leakage
current and thus, we define “Region 2” as the permanent
damage region. Region 3 is defined as the catastrophic
failure region where an SEE occurs. However, the cause
of the transition from Region 1 to Region 2, and then
to Region 3 has yet to be clarified. We therefore focus
on the area of transition and discuss Region 1 and 2,
particularly in terms of experiments and simulation.

Figure 3 (left) shows the transition of the leakage cur-
rent (Ir) at reverse bias condition after irradiation. In
Fig. 3 (left), Ir was shown not to increase up to 220 V
but increased above 240 V. We assume that the thresh-
old between 220 V and 240 V is the area of transition
from Region 1 to Region 2. Figure 3 (right) shows the
Ir values at 220 V and 240 V during irradiation. Ir was
shown not to increase with Kr fluence at 220 V but does
increase at 240 V.

Figure 4 shows the TCAD (technology computer-aided
design) simulation results of one particle traversing in
SiC-SBD by ECORCE.2) The parameters of SiC-SBDs
that we used were obtained by measuring the electrical
characteristics. A calculated point in Fig. 4 was an in-

Fig. 1. Device structure. Fig. 2. Characteristic regions obs-
erved by heavy ion irradiations on SiC-SBDs.

∗1 Research and Development Directorate, Japan Aerospace Ex-
ploration Agency

Fig. 3. Ir values at each voltage after irradiation (left) and in-
crease of Ir during irradiation at 220 V and 240 V (right).

Fig. 4. TCAD simulation results of one particle traversing in
SiC-SBD. (Vr = 220 V; solid line/Vr = 240 V; dashed line).

cident point of particles, directly below the electrode.
In Fig. 4, at first, a particle traverses in a device with
electron-hole pairs being generated and thus, the elec-
tric field was enhanced further. Second, the total cur-
rent (Itot) was increased. Finally, the increase in current
causes the temperature of the calculated point to rise.
Compared to Vr = 220 V, the temperature value at Vr =
240 V was remarkably high and above the melting point
(3000 K) of the SiC crystal. Thus, the temperature ex-
ceeding the melting point is assumed to be one owing to
device deterioration.

In these experiments, we evaluated the area of tran-
sition between the three regions. To assess the experi-
mental data, we conducted TCAD simulation of single
event effects. This simulation was available to observe
the electron behavior inside SiC-SBDs when one parti-
cle makes an incident on a device. On comparing the
before and after data, we found a significant difference
regarding temperature at the incident point of particles.
Although certain issues regarding the simulation param-
eters remain to be resolved, the ability to simulate the
causes of SEE deterioration for power devices is neces-
sary. To resolve these effects, additional experiments are
required.
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Energy dependence of MeV-ion microbeam size extracted from tapered
glass capillary optics

M. Ikekame,∗1,∗2 T. Ikeda,∗1,∗2 Y. Hikima,∗1,∗2 M. Mori,∗1,∗2 S. Kawamura,∗1,∗2 T. Minowa,∗2 and W. -G. Jin∗2

Tapered glass capillary optics, which is known as the
cell injection needle in life sciences, is capable of pro-
ducing micrometer-sized MeV ion beams. One of the
advantages of this microbeam optics is that the target
can either be in vacuum, air, or liquid because the end-
window at the capillary outlet keeps the vacuum level
inside the capillary. The end-window is fabricated to be
thin enough to enable the passage of ions. It also con-
tributes in the close approach of the capillary outlet to
the target even in air/liquid so that the broadening of the
microbeam size due to multiple-scattering is minimized.
An irradiation experiment on a small organ such as an
insect’s skin using a few MeV energy H/He ions provided
by the RIKEN Pelletron accelerator is scheduled to in-
vestigate the gene functions relevant to the development
of the organ. The combination of MeV ions and the cap-
illary realizes the damage confinement in depth as well
as the pin-point lateral damage in the order of µm to
ensure that microscopic observation can be performed to
find any change in the shape of the organ after the ion
irradiation. We aim at a spot size of several tens of µm
at an irradiation distance of 1 mm or beam divergence of
1◦. This report introduces the measurements of the spot
sizes and their positions.

Figure 1 shows the plastic end-window of the used cap-
illary whose inlet/outlet sizes were 1.8 mm/9.9 µm, re-
spectively. A 2.8 MeV H+ beam entered the capillary
mounted at the beam port of BL-W30 line (Fig. 2(a)).
The port has a θ-ϕ (horizontal and vertical) tilting sys-
tem. The microbeam size and position were measured
by the knife-edge method with a step of 75 µm, assum-
ing Gaussian shape. The extracted ions were counted
by a PIN photodiode, connected to the pre- and main-
amplifiers, discriminator and visual scaler.

Capillary optics is known to have a beam guiding ef-
fect. For keV ions, the ion transmission was observed
even when the capillary was tilted by up to 80 mrad.1)
The effect for 2.8 MeV H+ was tested for the first time
in this energy region. The measured bending angle re-

Fig. 1. Outlet of the capillary. The inner diameter and the
thickness of the end-window are 9.9 µm and 9.1 µm, re-
spectively. Inner diameter looks larger owing to the re-
fraction index of borosilicate (1.473) for λ = 587.6 nm.

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

Fig. 2. (a) Measurements of the size and position with knife-
edge method. (b) The blue circles show the bending angles
as a function of the horizontal tilt angle.

Fig. 3. Microbeam profiles according to (a) ion energy and
(b) number of thin Al layers.

constructed from the spot position in Fig. 2(b) shows the
guiding for up to 9.0 mrad. However, the measured an-
gles for a larger tilting exhibited degradation due to the
asymmetric tails of the spots.

The measured spot sizes according to the ion energy
are shown as lines named 1–5 in Fig. 3(a). The ion energy
was selected by the pulse height of the main-amplifier
output between the low-energy (1–3 V) and high-energy
(7–10 V). Line 5 that represents the minimized energy-
loss events is the narrowest peak. The peak becomes
wider for lower energy events. To obtain narrower mi-
crobeams by cutting the low-energy events, a stack of
Al-degrader foils was introduced behind the knife-edge.
Figure 3(b) shows the beam profiles changing the number
of foils of 11 µm thickness each. No ion was counted for
more than three layers. The narrowest peak (398 µm in
FWHM) was obtained by three layers. The correspond-
ing beam divergence is approximately 1◦ for each side,
which is comparable to that of 3◦ of the laser microbeam
extracted from the same capillary for the laser sight sys-
tem.2) The average energy and standard deviation of the
ions at the PIN photodiode are 1.08 MeV and 51.7 keV,
respectively, estimated by SRIM code.3)
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Development of UV microbeam irradiation system by glass capillary optics

S. Kawamura,∗1,∗2 T. Ikeda,∗1,∗2 M. Mori,∗1,∗2 M. Ikekame,∗1,∗2 Y. Hikima,∗1,∗2 T. Minowa,∗1 and W. G. Jin∗1

The tapered glass capillary is known to be a powerful
tool for producing ion microbeams. Many studies on ion
microbeam produced by the glass capillaries as well as
its application of irradiation to a living cell have been
reported.1) Several years ago, a group from Toho univer-
sity and RIKEN started studies on the visible-light mi-
crobeams by glass capillaries.2) Recently, we have devel-
oped an ion microbeam irradiation system with a visible-
laser microbeam.3–5) Another irradiation setup based on
UV-laser microbeams will be newly introduced to a beam
line of RIKEN Pelletron accelerator so that the ion and
UV-laser microbeam irradiations can be switched quickly
without any changing around the sample stage. This
time, we will report the details on the UV-laser mi-
crobeam profiles and the estimation of the beam energy
by the glass capillary optics.

The glass capillary was fabricated from a straight glass
tube made of borosilicate, whose inner and outer diam-
eters are 1.8 mm and 3.0 mm, respectively. The glass
capillaries were made using a puller (Narishige PE-22) by
heating a straight glass tube and pulling both ends with
a constant force. The outlet diameter a of the capillary
was determined using a microforge (Narishige MF-900).

Figure 1 shows the experimental setup for beam pro-
file measurement. In this measurement, we used a diode
laser with wavelength (λ) of 375 nm. A fluorescent
screen was used to obtain the spot shape at the distance
L, called irradiation distance, from the capillary outlet.
The spot pictures were taken by a digital camera that
is installed behind a fluorescent screen. Generally, the
spot shapes for L > 1 mm and L < 100 µm are like
a Fraunhofer diffraction pattern and a Fresnel pattern,
respectively, which are known as ring patterns for a par-
allel beam entered a small circular aperture. In previous
study, the spot pictures with Ar+ laser with λ = 488 nm
were analyzed for L > 1 mm and L < 100 µm.4) We
will support the pin-point irradiation to the nucleus in a
living cell. Therefore, we defined the irradiation distance
(L = 17 µm) and obtained spot diameters D(FWHM)
for the microbeam. Figure 2 shows the results of D as

Fig. 1. Experimental setup for beam profile measurement.

∗1 Toho University
∗2 RIKEN Nishina Center

Fig. 2. Spot diameters D(FWHM) for glass capillaries with
different outlet diameters a. The input laser wavelength
was 375 nm. L is the irradiation distance.

Fig. 3. Density enhancement of the extracted laser beam for
λ = 375 nm with different outlet diameters a.

a function of a at L = 17 µm. In this experiment, we
obtained smaller spots for smaller outlet capillaries with-
out high-order rings like a Fraunhofer diffraction pattern.
The spot shapes are good for irradiating a small target
like the nucleus in a living cell.

Using a power sensor (Ophir PD-300) and photodiode
(HAMAMATSU S2281), we measured the beam power
for different glass capillaries, and estimated the focusing
ability. To estimate the focusing ability of the capillaries,
we introduced density enhancement, which is the ratio
between the output beam density at the outlet and the
input beam density at the inlet.

Figure 3 shows the density enhancement for glass cap-
illaries that have different outlet diameters. This result
means that the tapered glass capillary has a strong focus-
ing ability even for UV-laser beam (λ = 375 nm). In the
near future, we will install this system to the beam line
of the Pelletron accelerator and for biological irradiation.
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Magnetic ordered states of hole-doped pyrochlore iridates
(Y1−x−yCuxCay)2Ir2O7 investigated by µSR

J. Angel,∗1,∗2 K. Matsuhira,∗3 and I. Watanabe∗1,∗2

The interplay between electron-electron correlation
and spin-orbit coupling interaction leads to various ex-
otic states in iridates such as Mott insulator, spin liquid,
and Weyl semimetal.1) Pyrochlore iridates, R2Ir2O7

(R = Y and lanthanides) exhibit a largely system-
atic metal-insulator transition (MIT) among pyrochlore
systems and is observed with accompanying magnetic
transition by changing R ion. The Ir atom is expected
to play a critical role because Ir has the large spin-
orbit coupling effect, which is predicted to cause ex-
otic magnetic properties in R2Ir2O7. Among R2Ir2O7,
Mott insulator Y2Ir2O7 (Y3+: non-magnetic; Ir4+: 5d5)
is an ideal system for the investigation of the mag-
netic properties of the Ir atom to clarify its origin.
This is because the Y atom does not possess any lo-
calized magnetic moments and exhibits the all-in all-
out magnetic ground state below the MIT temperature
of approximately 170 K.2–4) Further, the mechanism of
MIT should also be studied by doping holes to the sys-
tem.5–7) A key issue on the Mott insulator is the hole-
doping effect; therefore, we investigated the changes
in the magnetic properties of (Y1−x−yCuxCay)2Ir2O7

(x = 0.05) in which the hole concentration can be con-
trolled by substituting Ca for Y.

The µSR measurement in the zero-field condition
(ZF-µSR) was carried out at the RIKEN-RAL Muon
Facility, Rutherford-Appleton Laboratory, in the UK
using a pulsed positive muon beam. We measured
the ZF-µSR time spectra of polycrystalline samples,
(Y1−x−yCuxCay)2Ir2O7 (x = 0.05) and analyzed them
using the following analysis function.

A(t) = A0e
−λt (1)

In Eq. (1), A(t) is the asymmetry of the muon-spin
polarization at t, A0 is the initial asymmetry at t =
0, and λ is the depolarization rate of the asymmetry
parameter.

Figure 1 shows the temperature dependence of A0

measured on (Y1−x−yCuxCay)2Ir2O7 (x = 0.05) at var-
ious values of y. Sudden decreases in A0 were observed
with a decrease in the temperature of the samples up
to y = 0.10. This decrease in A0 was not observed for
y = 0.20 in the metallic state. The decrease implies the
appearance of the fast depolarizing component caused
by the slowing down of the fluctuations of Ir spins. The
dashed lines in Fig. 1 indicate the onset temperatures
∗1 RIKEN Nishina Center
∗2 Department of Condensed Matter Physics, Hokkaido Univer-

sity
∗3 Graduate School of Engineering, Kyushu Institute of Tech-

nology

of the appearance of the magnetically ordered state in
(Y1−x−yCuxCay)2Ir2O7 (x = 0.05). It is clear that the
magnetically changes in the electronic state from insu-
lating to metallic. This study will be soon published.

Fig. 1. Temperature dependence of initial asymmetry, A0

for (Y1−x−yCuxCay)2Ir2O7 obtained from zero-field
µSR measurements.
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Generalization of muon spin relaxation function to study the pseudogap
state of the underdoped La2-xSrxCuO4

M. D. Umar∗1,∗2 and I. Watanabe∗1,∗2

The origin of the partial gap in the charge and spin
sectors at the normal state of cuprate-based supercon-
ductors called, pseudogap state, and its interplay with
the superconducting state are still elusive. One study
proposed that the pseudogap state is a precursor of the
superconducting state, while another study argued that
the state is a competing order such as spin or charge den-
sity waves, stripes, and other exotic orders, for instance,
d-density wave and circular current models.1)

The µSR technique is a sensitive tool to investigate
the static and dynamic behaviors of the internal mag-
netic fields. The previous µSR time spectra of the under-
doped regime of La2-xSrxCuO4 showed that the initial
line shapes change from the Gaussian-shape depending
on the temperature and doping concentration.2,3) At a
low temperature range, the characteristic temperatures
due to the changes in the Gaussian-shape are related
to the formation of a spin glass system2), and at a low
temperature range and, at a higher temperature range,
they are correlated with a minimum resistivity from the
metal-insulator crossover experiments.3) A product of
the Lorentzian and Gaussian functions can approach the
changes from the Gaussian-shape in the two previous
studies.2,3) In a fast fluctuation limit, the longitudinal
field dependence of the relaxation rate is described by
Redfield formula.4) However, the relaxation rate of the
Lorentzian function may represent static or dynamic in-
ternal fields on the muon site.5) Replacing the Gaussian
or Lorentzian exponentials of the Kubo-Toyabe func-
tions with a stretched exponential6) and convoluting the
Gaussian and Lorentzian probability density functions
(PDFs)7) are two static scenarios that have been pro-

Fig. 1. The line shapes of the mixture of the Gaussian and
Lorentzian PDFs in the ZF conditions with three different
ratios of weight factors (n) compared to the convolution
of the Gaussian and Lorentzian PDFs and the stretched
exponential scenarios plotted with the same width of the
Gaussian (∆) and Lorentzian (a) distributions.

∗1 RIKEN Nishina Center
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Fig. 2. Calculated time spectra in the LF experiment for
all cases in Fig. 1, plotted for the same ratio of the ap-
plied longitudinal field (γµBexp) to the width distribu-
tions (∆, a).

posed earlier to fit the intermediate state of the line
shape between the Gaussian- and Lorentzian-shapes.

As an alternative for the static scenario due to the
tiny changes in the Gaussian-shape, we propose a mix-
ture of Gaussian and Lorentzian PDFs. In general, mix-
ing two or more PDFs is interpreted in terms of ei-
ther the non-normal behavior of the PDF or the pres-
ence of two or more subpopulations.8) Moreover, the
mixing of the Gaussian and Lorentzian PDFs can ap-
proach a convolution of the Gaussian and Lorentzian
PDFs.9) We apply the Kubo Golden Rule (KGR) for-
mula to derive the muon spin relaxation functions re-
sulting from the mixing of the Gaussian and Lorentzian
PDFs for both zero- (ZF) and longitudinal-field (LF)
experiments. Our result shows that the mixture of the
Gaussian and Lorentzian PDFs can approach the convo-
lution and stretched exponential scenarios. Our deriva-
tion also confirmed that the KGR formula for the LF
condition can analytically produce the Lorentzian part,
which is contrary to a previous claim.10) The analysis
function of the mixture of the two PDFs exhibits initial
slopes between the Gaussian and Lorentzian shapes in
both the ZF and LF conditions, whereas the depth and
position of a dip in the ZF lineshape change with the
ratio of the Gaussian and Lorentzian weighting factors.
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Magnetic order in defective reduced graphene oxides (rGO)
investigated using µSR

R. Asih,∗1,∗2 M. A. Baqiya,∗1 D. P. Sari,∗3,∗2 Darminto,∗1 and I. Watanabe∗2

Several studies have investigated graphene-based
materials with a focus on molecular-based magnets.
In particular, reduced graphene oxide (rGO) is a
fascinating system that has numerous defects and
functional group on its sheets; hence, it is ideal to
generate the magnetism of intrinsically nonmagnetic
graphene. rGO have been reported to exhibit var-
ious magnetic states including paramagnetic,1) weak
super-paramagnetic,2) and room temperature ferro-
magnetic.3–5) These magnetic features are believed to
be related to the defect states in the rGO sheet.3,4,6)

A sufficient number of defects, especially in the form
of vacancies and chemisorbed hydrogen, can lead to
the onset of magnetic ordering. Therefore, we intend
to further investigate a possible magnetic ordering in
rGO prepared by the green synthesis method.7)

The presence of significant number of defects and
different types of oxygen functionality in the ob-
tained rGO have been confirmed by Raman, Fourier-
transform infrared (FTIR), and photoemission spec-
troscopies. The defect concentration increases, while
that of the oxygen functional group decreases when
rGO is thermally reduced at 1000◦C (rGO-1000). Fur-
thermore, an enhancement in magnetization was ob-
served when the number of defect increases, confirm-
ing defect-induced-magnetism in rGO. It was verified
that the magnetic impurities did not contribute to-
ward enhancement of the magnetization. Thus, muon
spectroscopy (µSR) could help investigate the possible
onset of magnetism in rGO.

µSR measurements were performed on the obtained
samples, rGO and rGO-1000, under zero-field (ZF) and
longitudinal-field (LF) conditions. Figure 1 (a) shows
the ZF time spectra of rGO and rGO-1000 at 2 K. No
clear muon-spin precession was observed. Muon spin
depolarization is prominent up to 4 µs, then it is con-
siderably slower in the range of 5–7 µs. Further, spin
depolarization is observed after 8 µs. These features
denote the appearance of the oscillation component on
the decaying signal; it is a typical feature of graphene-
based compounds.8,9) Instead of magnetic ordering,
the oscillation possibly indicates the nuclear dipolar
interaction between muon and proton.8) The changes
in the initial asymmetry and background along with
a small increase in the relaxing amplitude for rGO-
1000 compared with that of rGO could be caused by
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Fig. 1. (a) Zero-field (ZF) time spectra of rGO and rGO-

1000 at 2 K. (b) Longitudinal-field (LF) time spectra

of rGO-1000 at 2 K.

the increase in defect concentration. A missing frac-
tion can occur in the samples when the positive muon
strongly interacts with an electron (hyperfine interac-
tion) either due to the formation of muonium or after
the adduction reaction of muonium to form a radical.
To confirm the cause, LF-µSR measurements were per-
formed to decouple muon spin from the electron spin.
Figure 1 (b) displays the LF spectra of rGO-1000. The
decoupling is likely to occur owing to the applied field
of 100 G, which is much smaller than the field required
to recover the free muonium signal (1580 G). This low
value demonstrates the formation of a radical complex
that was not detected in bare graphene.9) Further fit-
ting analysis concomitant with calculation work are
required to verify these suggestions.
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Ground state of quasi-one dimensional competing spin chain
Cs2Cu2Mo3O12

T. Goto,∗1 K. Matsui,∗1,∗2 J. Angel,∗3 I. Watanabe,∗3 T. Sasaki,∗4 and M. Hase∗5

The ground state of the competing-spin chain
R2Cu2Mo3O12

1,2) has attracted much interest, not only
for the possibility of spin nematic state,3–7) but also be-
cause the two isomorphic compounds with R = Cs and
Rb show different ground states.8–11) While the former
shows a magnetic order at TN = 1.8 K, the latter shows
a small spin gap of ∆/kB = 1.6 K. Within a classical spin
model, the competing spin chain with the ferromagnetic
J 1 for nearest neighboring spins and the antiferromag-
netic J 2 for next nearest spins, the helical order is ex-
pected for |J2/J1| > 1/4. For both the two compounds
satisfy this condition, that is J1 = −93 and J2 = +33 K
for Cs, and −138 and +51 K for Rb, the difference in
their ground states may come from the quantum effect or
a tiny inter-chain interaction. As for the Cs-system, the
existence of magnetic order has so far been confirmed
by the specific heat7) and µSR8–11) at zero field, and
by NMR8–11) under finite fields. However, the observed
increase in NMR line width below TN becomes quite
small when the applied field is lower than 2 T. That is,
the increase in FWHM of NMR spectrum below TN is
decreased from 400 Oe for the measurements above 3 T
to only 120 Oe for below 2 T. In order to investigate the
spin state under low fields, we have performed LF-µSR
experiments on this compound.

Zero (ZF) and longitudinal (LF) field-µSR measure-
ments in the 3He temperature range were performed
on a powder sample at Riken-RAL Muon facility us-
ing a spin-polarized pulsed surface-muon (µ+) beam
with a momentum of 27 MeV/c. The zero-field muon
spin depolarization data were analyzed with the func-
tion GKT(τ ; σ)e

−λτ , where GKT is Kubo-Toyabe func-
tion, σ ≈ 0.068 µsec−1, the temperature independent
quasi-static field distribution contributed from nuclear
moments and λ, the depolarization rate due to the dy-
namical spin fluctuation.

With decreasing temperature, ZF-λ showed an abrupt
increase below TN = 1.8 K, supporting the results of
specific heat and NMR.7,8) Under finite LF’s, the depo-
larization curves obeyed GKT(τ ; σ)e

−λτ +P (∞), where
the constant P (∞) is the asymptotic value of muon spin
polarization at τ → ∞. P(∞) was dependent on HLF,
and for example, at 0.3 K, P(∞) increased monoton-
ically from zero with increasing H LF and reached 0.8
above 3 kOe.12) There observed no initial drop in the
depolarization function even at the lowest temperature,
indicating that the relaxing amplitude was decreased un-
der higher H LF.

The temperature dependence of λ under various H LF

is shown in Fig. 1. Note here that λ(HLF) is a measure
of frequency component of γHLF in the electron spin
fluctuation spectrum. One can see that in higher tem-
∗1 Sophia University
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perature region above TN, λ is small and nearly inde-
pendent of H LF, indicating that the spin fluctuation has
a white spectrum.13) With decreasing temperatures, the
weight of low frequency part of the spectrum increases
significantly, showing the freezing of spin fluctuation due
to the magnetic order. This is just analogous to our pre-
vious report where the slow down toward the Bose-glass
is shown.13) However, in the present case, the dynamical
spin fluctuation persists even at lower temperatures far
below TN. At this stage we can only speculate that the
spins are in the quasi static ordered state, where only a
small static hyperfine field is observed by NMR, and are
gradually stabilized with increasing applied field. The
latter is in accordance with the increase in P(∞) and in
the hyperfine field at higher field.11) In order to confirm
this speculation, µSR and NMR measurements under
the widerange of applied field are necessary, and it is
now on the progress.

Fig. 1. Temperature dependence of dynamical component of
relaxation rate λ under various longitudinal fields H LF.

References
1) M. Hase et al., J. Appl. Phys. 97, 10B303 (2005).
2) M. Hase et al., Phy. Rev. B 70, 104426 (2004).
3) M. Hagiwara et al., J. Phys. Conf. Ser. 320, 012049

(2011).
4) H. Tsunetsugu et al., J. Phys. Soc. Jpn. 75, 083701

(2006).
5) T. Hikihara et al., Phy. Rev. B 78, 144404 (2008).
6) M. Sato et al., Phys. Rev. Lett. 110, 077206 (2013); Phy.

Rev. B 83 (2011) 064405, B 79 (2009) 060406(R)
7) A. Fujimura et al., IEEE Trans. on Mag. 99, 1100503

(2016).
8) Y. Hoshino et al., JPS Conf. Proc. 3, 014012 (2014).
9) T. Goto et al., J. Phys. Conf. Ser. 828, 012017 (2017).

10) A. Yagi et al., J. Phys. Conf. Ser. 828, 012016 (2017).
11) K. Matsui et al., Phy. Rev. B 96, 22402(R) (2017).
12) K. Matsui et al., JPS Conf. Proc. 21, 011008 (2018).
13) T. Goto et al., Phy. Rev. B 78, 054422 (2008).



Ⅲ-2. Atomic & Solid State Physics (Muon)

- 171 -

RIKEN Accel. Prog. Rep. 52 (2019)

Superconductivity in single crystals of λ-(BETS)2GaCl4 studied by
transverse-field µSR

D. P. Sari,∗1,∗2 K. Hiraki,∗3 R. Asih,∗4,∗2 I. Watanabe,∗2 and Y. Ishii∗1

The superconducting gap structure in λ-
(BETS)2GaCl4 is intriguing and has been consistently
studied using µSR. We performed transverse field (TF)
µSR at fields of 150 Oe down to 0.3 K using a 120 mg
randomly oriented sample, at the ISIS Muon Facility in
the UK. The temperature dependence of the superfluid
density deduced from that experiment is best described
by the s+d-wave with a dominant s-wave component.1)
In order to get clearer and more direct evidence in terms
of the superconducting gap structure determination, we
performed similar measurements using a 75 mg well-
aligned sample by applying the external field perpen-
dicular to the conducting ac-plane. Here, we report the
TF dependence of the London penetration depth, which
leads to the upper critical field H c2 estimation, in order
to check the quality of the experimental setup in aligned
single crystals of λ-(BETS)2GaCl4.

Figure 1 shows a typical TF-µSR spectra with a field
of 150 Oe in the aligned single crystals at T = 0.3 K
and 10 K after being cooled through critical temperature
Tc ∼ 5.3 K.

The time spectra were fitted by using Eq. (1),

A(t) = 0.3438× e−(σt)2 cos
(
γµHint1(sample)

t+ ϕ
)

+ 0.652 cos
(
γµHint2(Ag foil)

t+ ϕ
)

(1)

The two oscillation components represent about 35%
signal from the sample and 65% signal from the silver
package. The damping rate σ becomes prominent once
the system enters the superconducting state. The su-
perconducting component of the damping rate σSC is
then given by σ2

SC = σ2 − σ2
NM, where σ2

NM is the signal
σT=10K in the normal state due to the nuclear moments.
Furthermore, the TF dependence of σSC can be used to
determine the London penetration depth λ and to give
an estimate for the Hc2, following Eq. (2),

√
2σSC(H) = 4.83× 104 × (1−Happ/Hc2)×

[
1 + 1.21

(
1−

√
Happ/Hc2

)3
]
λ−2 (2)

where Happ = 150 Oe and λis in nm.2)
Figure 2 shows the estimation of H c2⊥ from the mea-

surements of the aligned crystals. The resulting Hc2⊥,
which is parallel to the b-axis, is 41 ± 19 kOe, and the
absolute value of the London penetration depth at 0 K,
λ(0) = 710 ± 12 nm. The estimation of H c2 from the
previous TF-µSR measurement on a randomly oriented
sample was 43±25 kOe.1) From magnetoresistance mea-
surements, the H c2 of λ-(BETS)2GaCl4 was reported to
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Fig. 1. The normalized TF time spectra in the applied field of
150 Oe measured at T = 0.3 K (black) and 10 K (green).
The red and black solid lines are the best-fit results ob-
tained by using Eq. (1). The trace of the envelope of the
cosine curve represents the damping rate σ of Eq. (1).

Fig. 2. Transverse-field dependence of damping rate of the
muon-spin precession in the superconducting state, σSC,
of λ-(BETS)2GaCl4 taken at 0.3 K. The red and green
circles indicate the data for randomly oriented and well-
oriented crystals, respectively. The inset figure shows the
aligned crystal mounted in a silver foil. The black arrow
indicates the direction of the applied field.

have a high anisotropy. The H c2 parallel to a, b, and
c-axes were 150 kOe, 30 kOe, and ∼ 130 kOe, respec-
tively.3) In comparison with the H c2 in the randomly ori-
ented crystals, the estimation of H c2⊥ is closer to the ref-
erence of the magnetoresistance measurement, although
the signal we obtained from the sample was smaller than
that of the background from silver. It implies that the
sample alignment was good enough. Taking into account
the low sample mass, we will increase it up to ∼ 120 mg
in order to obtain a stronger signal and solid results.
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µSR study on ferrimagnetism of Na-K alloy clusters incorporated
into zeolite LSX under high-pressure helium gas

T. Nakano,∗1 L. M. Kien,∗2 I. Watanabe,∗3 R. Asih,∗4,∗3 Y. Ishii,∗5 M. Kibble,∗6 C. Goodway,∗6 C. Offer,∗6

and R. Done∗6

Various types of magnetic orderings such as ferro-
magnetism, antiferromagnetism, and ferrimagnetism
have been found in three dimensionally arrayed alkali-
metal nanoclusters in zeolite crystals.1) The magnetic
properties depend on the structure of the zeolite,
species of the alkali element, and electron density of
the clusters. They are a new class of magnetic materi-
als because their magnetic orderings are realized by the
mutual interactions between the s-electrons and they
contain no magnetic elements.

In zeolite LSX (low-silica X), β-cages with an inner
diameter of 7 Å are arrayed in a diamond structure.
A supercage with an inner diameter of 13 Å is formed
between the β-cages. The supercages are also arrayed
in a diamond structure. It is known that an N-type
ferrimagnetism appears when Na-K alloy clusters are
incorporated into zeolite LSX (Na4K8Al12Si12O48 per
supercage) by loading K atoms for a certain range of
the loading density. The highest Curie temperature TC

is approximately 20 K. Recently, we found that a new
ferromagnetic phase with TC as high as 60 K is formed
on applying pressure using helium gas. Because the
formation of the new magnetic phase has a slow time
dependence and is irreversible, it is speculated that the
helium atoms are loaded into the pores of the zeolite
crystal by pressure and directly change the electronic
states of the clusters resulting in the enhancement of
the magnetism. In this work, we performed µSR mea-
surements on this system under a high-pressure helium
gas to investigate the new magnetic phase.

A high pressure cell newly made of Ti alloy was
loaded with a powder sample of K-loaded LSX. This
sample shows a ferrimagnetic ordering below 20 K at
ambient pressure. µSR measurements were performed
at the RIKEN-RAL Muon Facility in the U.K. The
pressure cell was loaded into the VARIOX cryostat
and connected to a high-pressure He gas handling sys-
tem which allowed us to control the pressure at any
temperatures.2) We used a double-pulsed decay muon
beam with a momentum of 64.3 MeV/c. Zero-field
µSR spectra were obtained by utilizing the ARGUS
spectrometer.

The obtained spectra showed slow relaxations. At
50 MPa, the initial asymmetry A0 of the spectrum
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gradually decreased below ≃ 90 K and quickly below
≃ 20 K, as shown in Fig. 1. The decrease in A0 indi-
cates that the muon spin is depolarized within the time
resolution of the measurement, ≃ 0.4 µs, owing to the
appearance of a strong internal magnetic field. After
reducing the pressure, the decrease in A0 below ≃ 90 K
disappeared, as seen in Fig. 1. Therefore, the gradual
decrease in A0 at 50 MPa can be attributed to the
high TC magnetic phase. The phase transition is not
sharp. This may be due to a distribution of TC orig-
inating from a certain inhomogeneity of the He atom
loading. At 50 MPa, the ambient pressure phase with
TC ≃ 20 K still remained. thereby indicating a phase
separation. A part of the crystal may be loaded with
He atoms by pressure. The amplitude of the decrease
in A0 for the high TC magnetic phase is approximetely
half of that in the 20-K phase at an ambient pressure.
This result indicates that although there are some in-
homogeneities, the high TC magnetic phase has suffi-
cient volume and can be regarded as bulk magnetism,
which does not originate owing to any impurities.

Fig. 1. Initial asymmetry of the µSR spectra of Na-K alloy

clusters in zeolite LSX as a function of temperature.

The red circles are data taken at 50 MPa and the blue

circles are those after reducing the pressure.
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Quantum effects of muon on the electronic state of La2CuO4

M. R. Ramadhan,∗1,∗3 M. I. Mohamed-Ibrahim,∗2 S. Sulaiman,∗2 and I. Watanabe∗1,∗2,∗3

Muon spin relaxation (µSR) studies on La2CuO4

(LCO) prove the appearance of the antiferromagnetic
(AF) long-range ordering as previously observed by
powder neutron diffraction experiments.1) The appear-
ance of coherent muon-spin precession was observed and
the internal field at the muon site was determined to
be approximately 410 G.2) Neutron diffraction experi-
ments determined the AF spin structure, where the Cu
spin had the magnetic moment of 0.5 µB aligning to the
b-axis in the CuO2 plane. Recent µSR studies on the
thin film reported the observation of another muon-spin
precession component, which experienced less internal
field at the muon site of approximately 100–120 G.3) Al-
though both µSR and neutron diffraction experiments
sense the same Cu spin in LCO, it is not yet possible
to explain the internal fields at the muon site by using
the AF spin structure as proposed by neutron diffrac-
tion experiments because the position of the implanted
muon has not been precisely determined to explain the
electronic state.

To deduce more detailed information and knowledge
from the µSR results, we are developing techniques to
more precisely estimate the muon position in LCO using
the density functional theory (DFT) calculations. The
Hubbard parameter U and exchange parameter J were
set to be 8 and 0.8 eV, respectively. The AF spin struc-
ture proposed by Vaknin et al. was considered in our
non-collinear calculations. To obtain a realistic behav-
ior of muon, we utilized a large 32-unit supercell with a
single muon implanted in the lowest position as shown
by the electron potential map as reported in the previ-
ous study,4) resulting in the perturbed system. We also
consider the unperturbed system, which is the same su-
percell with no implanted muon to capture the essential
differences between the perturbed and unperturbed sys-
tems. The ground state of the supercell was achieved
by setting the convergence criterion to be 1 × 10−5 eV
and relaxing all atoms until the magnitude of the force
on each atom became less than 0.05 eV/Å. The dipole
field value perceived by muon was evaluated using the
spin-density grids acquired from our DFT calculations,
given by the following equation:

Hdip(r⃗)=
∑
i

1

|r⃗−r⃗i|

[
3(ρ⃗i

S ·(r⃗−r⃗i))
(r⃗−r⃗i)

|r⃗−r⃗i|2
−ρ⃗i

S

]
(1)

Where ρ⃗i
S is the magnetic moment of the Cu spin and

|r⃗−r⃗i| is the relative distance between the muon and Cu
spins. The total internal field at the muon site, Hdip(r⃗),
is obtained from the summation of all dipole fields due
∗1 Department of Physics, Universitas Indonesia
∗2 School of Distance Education, Universiti Sains Malaysia
∗3 RIKEN Nishina Center

Fig. 1. Comparison of spin density map of LCO for (a) un-
perturbed system and (b) perturbed system.

to the surrounding Cu spins. For our calculations, we
set the spherical region centered by the muon with a
radius of 50 Å. This spherical region is sufficient for the
convergence of the calculated internal fields.

Figure 1 shows the spin density contour map between
the unperturbed (a) and perturbed (b) systems. Our
calculations indicate that the unperturbed system is an
AF insulator with 0.61 µB and an insulating gap ∼ 2 eV,
which significantly corresponds with the experimental
data.5) The perturbed system, however, shows a local
deformation in both crystal and spin structure owing
the implanted muon. The nearest Cu spins are affected
by the presence of the muon, thereby slightly reducing
the value of Cu magnetic moment to 0.58 µB . These
local deformations do not affect the electronic struc-
ture in general as the muon only affects the surrounding
atom, making a large supercell necessary in our stud-
ies. Using Eq. (1), we evaluated the dipole field value of
the muon inside our perturbed system and obtained a
value of 498 G, which is close to the experimental value
of 410 G. The difference of ∼ 80 G can be attributed to
two possible issues. The first issue is the consideration
of the zero-point vibrational motion for the implanted
muon. The second is the utilization of a more opti-
mized supercell structure to get a better description on
how the implanted positive muons affect the crystal and
spin structure. We believe that these two key points are
mandatory to obtain more information from the muon’s
position inside the system.
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Ab-initio calculation and µSR study of the covalency effect in
YBa2Cu3O6

I. Ramli,∗1,∗2 S. S. Mohd-Tajudin,∗3 S. Sulaiman,∗3 M. I. Mohamed-Ibrahim,∗3 and I. Watanabe∗1,∗2

Since the first discovery of high-Tc in cuprates over
three decades ago, extensive studies of their mag-
netic properties have been carried out in order to ex-
plain the mechanism of superconductivity. YBa2Cu3O6

(YBCO6), which is the mother compound of the high-Tc

cuprate YBa2Cu3O6+x, shows long-range antiferromag-
netic (AF) ordering with the Néel temperature TN =
420 K. The AF ordering in this system arises from the
strong on-site coulumb repulsion between electrons, and
it is destroyed by changing the oxygen content, which
results in superconductivity. A detailed understanding
of the electronic structures and magnetic states regard-
ing the mother compound and its chemical derivatives is
the key to understand the nature of superconductivity.1)

We studied the covalency effect on the magnetic prop-
erties of YBCO6 by ab-initio calculations through the
density functional theory (DFT) and the muon-spin res-
onance (µSR) technique. The µSR experiment involves
the implantation of muons into the system, and this pro-
vides information on the internal field at the muon site,
which is very important when discussing the electronic
and spin states of the system.

We have carried out µSR experiments on single crys-
tals of YBCO6 and detected three distinct muon-spin
precession components. This result suggests that three
different muon sites exist in YBCO6 with internal fields
of 117.7 G, 295.5 G, and 220.4 G. In order to get a deeper
understanding of this result, we tried to estimate the
muon-sites by ab-initio calculations and calculate the
internal fields at these muon sites. Since DFT fails to
consider the strong correlation effect in a system such as
YBCO6, an additional Hubbard parameter, U, was in-
corporated into our ab-initio calculations (DFT+U).2)
The DFT+U calculations found three local minima in
the potential, which can be regarded as initial muon
sites in the system since muon has a positive charge.
These positions, marked as M1, M2, and M3, are shown
in Fig. 1.

The muon perturbation to the host system was calcu-
lated by placing one muon at each initial muon site in
a large 4 × 4 × 2 supercell and allowing all ions in the
supercell to relax. The large supercell is required to ac-
comodate the behaviour of the muon as an ultra dilute
impurity in the host system. In the last step, we cal-
culated the internal field at each relaxed muon position
on the basis of dipolar interaction between the muon
and the magnetic ions. The calculated internal fields
at the muon sites on the basis of ionic picture of mag-
netism, where spins reside in particular ions, are larger
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Fig. 1. The muon site positions from DFT+U calculations.

Fig. 2. The differences between the calculated and experi-
mental values of the internal fields as functions of the U
value.

than those deduced from the experiments, although the
zero point vibration energy of muons was carefully con-
sidered.

The covalency effect, which arises from the strong hy-
bridization between the Cu 3d and the O 2p orbitals, is
thought to play a crucial role in this discrepancy. This
effect causes the extention of spin density in the real
space, although it is contradictory to the ionic picture
of magnetism. The DFT+U calculations have the capa-
bility to provide the spin density and have successfully
explained the ambigous missing intensity in copper oxide
compounds.3) Finally, we examined the internal fields at
the muon sites on the basis of the spin density criterion.
The internal field at each site has a strong dependence on
the U value. Careful tuning of the U value was required.
The differences between the calculated and experimen-
tal values of the internal fields are shown as functions of
the U value in Fig. 2.
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Studies of electrical conductivity in 12-mer single-stranded DNA by
using scanning tunneling microscope

H. Rozak,∗1,∗2 W. N. Zaharim,∗2 I. Miyazaki,∗3 K. Ichimura,∗3 M. I. Mohamed-Ibrahim,∗2 M. R. Samian,∗4
S. Sulaiman,∗2 and I. Watanabe∗1,∗2,∗3

DNA is a molecule that stores genetic instruction in
living things for making other large molecules. The
main structure of DNA consists of sugar phosphates and
bases. There are four kinds of bases in DNA, namely
adenine (A), guanine (G), cytosine (C), and thymine
(T).1) These bases contain a ring of atoms known as an
aromatic group, and they are electron-rich in nature. If
their electron clouds overlap within the bases, π-π in-
teractions are created and become a medium of electron
transport.2)

Electron transport in DNA is important in biolog-
ical processes, especially for understanding the DNA
damage and repair mechanisms. According to previous
studies,3,4) electrons travel through the DNA to scan
the damaged area and repair it by using repair protein.
Therefore, the main question here is whether DNA is
an electrical conductor or not? If DNA is conductive,
how do the electrons move along the DNA strand?

In order to answer this question, we carried out scan-
ning tunneling microscope (STM) measurements on a
simple sequence DNA. Our samples were composed of
12-mer single stranded synthetic DNA (12-mer ssDNA),
and each strand had only one type of base (12mer-ssG,
12mer-ssC, 12mer-ssA or 12mer-ssT). In this report,
however, we only show the results of cytosine.

We prepared our 12mer-ssC sample for STM mea-
surements by dissolving of 0.1 mg of powder sample in
2 ml pure water. This solution was shaken by using

Fig. 1. STM image of 12 mer single stranded cytosine
molecule aligned in a one-dimensional chain structure.
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Fig. 2. Schematic picture of the electron tunnelling from
the highest molecular orbital (HOMO) of the tip to the
lowest molecular orbital (LUMO) of the sample.

an ultrasonic vibrator for about 60 min. Then, we de-
posited a droplet of the sample on a graphite stage and
dried it in a space lined with silica gels for about 2 h.
The values of the bias voltage and current we used in
our STM measurement were 1.0 V and 0.1 nA, respec-
tively.

From our STM measurements, we successfully ob-
served the molecule image of 12mer-ssC as shown in
Fig. 1. This means that the sample is conductive.
We understood that electron tunneling occurs from the
highest molecular orbital (HOMO) of the tip to the low-
est molecular orbital (LUMO) of the sample. Besides,
we also observed that the sample molecules are aligned
parallel to each other forming a one-dimensional chain
structure. Figure 1 shows the STM image of sample
in a one-dimensional chain structure. This structure
might cause electron transfer in a one-dimensional pass
across the edges of the molecules, due to the overlap-
ping of π orbitals between the strands of molecules.
This result agrees well with the results of muon spin
relaxation: electron transport occurs in the quasi one-
dimensionality at room temperature.
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Magnetic ordering of (Eu1-xCax)2Ir2O7 studied using muon spin
relaxation (µSR)

U. Widyaiswari,∗1,∗2 J. Angel,∗1,∗3 H. Nomura,∗4 T. Taniguchi,∗4 K. Matsuhira,∗4 B. Kurniawan,∗2 and
I. Watanabe∗1,∗2,∗3

Pyrochlore oxides have been studied extensively be-
cause they show various physical properties such as su-
perconductivity,1) spin-glass-like transition,2) possibil-
ity of a spin liquid state,3) and metal-insulator transi-
tion (MIT).4,5) Pyrochlore lattices have a network of
corner-sharing tetrahedra, which makes these systems
geometrically frustrated. Pyrochlore iridate series is
one of those frustrated systems. In pyrochlore iridates,
R2Ir2O7 (R is the 4f rare element), the electronic prop-
erties vary with the changing value of R. Previous study
showed MIT at TMI accompanied by a magnetic transi-
tion in Ir4+. The TMI decreases with an increase in the
R3+ ionic radius and MIT disappears between R = Nd
and Pr.5) In Eu2Ir2O7 (TMI = 120 K), Eu3+ is a non-
magnetic ion (J = 0; 4f 6).5) Accordingly, the ordered
state of Ir4+ magnetic moment can be directly exam-
ined. This study aims to investigate the hole-doped
effect on the magnetic properties in (Eu1-xCax)2Ir2O7.

Polycrystalline samples were synthesized using the
solid-state reaction and characterized by measuring the
muon spin relaxation (µSR). The measurement was
conducted at the RIKEN-RAL Muon Facility in the
United Kingdom using a single pulsed muon beam. The
samples were measured in zero-field condition in a tem-
perature range between 1.6 and 200 K.
The results of µSR measurement were plotted in the

zero-field µSR (ZF-µSR) time spectra, which can be an-
alyzed and fit using the Lorentzian relaxation function,
as shown in Eq. (1).

A(t) = A0 exp(−λt) (1)

This function expresses the muon spin relaxation. A0

is the initial asymmetry at t = 0 and λ is the relaxation
rate of the muon. Figure 1 shows the ZF-µSR time spec-
tra, where the solid line represents the best-fit results.
The corrected asymmetry is obtained by subtracting
the background components from its asymmetry. It
decreases with a decrease in temperature, thereby indi-
cating the existence of an ordered state. The temper-
ature dependence of normalized asymmetry for various
x is shown in Fig. 2. It can be seen for x = 0.035 and
0.07, the ordered states appear in the samples with on-
set temperature around 100 K. However, for x = 0.13,
there is no ordered state. The result indicates that the
magnetic volume fraction decreases with an increase in
the concentration of Ca.
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Fig. 1. Zero-field µSR time spectra of (Eu1-xCax)2Ir2O7

measured at several temperatures.

Fig. 2. Temperature dependence of (a) normalized asym-

metry and (b) muon relaxation rate obtained from the

analysis of ZF-µSR time spectra of (Eu1-xCax)2Ir2O7.

From the result of µSR, it can be concluded that
hole doping diminishes the magnetic ordered state of
the sample. The effect of hole doping on magnetic or-
dered states and the physical properties of this system
must be investigated by comparing the result of µSR
obtained here with those obtained in other macroscopic
studies.
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µSR study of the Cu-spin correlation in the electron-underdoped
Pr1.3-xLa0.7CexCuO4+δ (x = 0.05) single crystals

T. Adachi,∗1,∗2 K. Kawabata,∗2 S. Onishi,∗2 A. Takahashi,∗3 Y. Koike,∗3 and I. Watanabe∗1

It has widely been believed in electron-doped high-
T c cuprates with the so-called T’-structure that an
antiferromagnetic (AF) order is formed in a parent
compound and underdoped samples. Formerly, how-
ever, it has been reported that the superconductivity
appears even in the parent compound and underdoped
samples through the appropriate reduction of excess
oxygen from as-grown thin films1) and polycrystals,2)

resulting in a completely different phase diagram from
that formerly obtained. These suggest that the su-
perconductivity in the electron-doped cuprates cannot
be understood in terms of carrier doping into Mott
insulators as in the case of the hole-doped cuprates.
Moreover, a raising question is whether or not the Cu-
spin correlation is developed in superconducting (SC)
samples.

Recently, through improved reduction annealing,
we have prepared SC single crystals of the under-
doped Pr1.3-xLa0.7CexCuO4+δ (PLCCO) with x =
0.05 − 0.10 whose ground states had been believed to
be AF.3,4) Our recent zero-field (ZF) µSR measure-
ments of PLCCO with x = 0.104,5) have revealed that,
through the reduction annealing, a long-range AF or-
der changes to a short-range one coexisting with the
superconductivity. Moreover, it has been found that
the further reduction brings about the destruction of
the short-range AF order and the increase in the SC
transition temperature T c. However, in samples with
high T c values, the Cu-spin correlation has been found
to be developed at low temperatures, suggesting the
intimate relation between the developed Cu-spin cor-
relation and superconductivity.

In order to investigate the doping dependence of
the Cu-spin correlation, we have performed ZF-µSR
measurements of lightly electron-doped PLCCO with
x = 0.05 using a MiniCryo at RIKEN-RAL.
For the as-grown sample of x = 0.05, it has been

found that a long-range AF order is formed below the
Neel temperature TN ∼ 250 K and TN decreases down
to ∼ 110 K for the moderately reduced sample. Fig-
ure 1 shows ZF-µSR time spectra of the further re-
duced sample of PLCCO (x = 0.05) with Tc ∼ 27 K. It
is found that the spectrum at 200 K shows slow depo-
larization of muon spins due to nuclear dipole fields at
the muon site. With decreasing temperature, the de-
polarization of muon spins becomes fast gradually and
the muon spin precession is observed below ∼ 100 K,

∗1 RIKEN Nishina Center
∗2 Department of Engineering and Applied Sciences, Sophia
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Fig. 1. Zero-field µSR time spectra of the further reduced

Pr1.3-xLa0.7CexCuO4+δ (x = 0.05) with Tc ∼ 27 K.

indicating the formation of a long-range AF order. At
the lowest temperature of 10 K, however, it is found
that the slow depolarization is still observed in a long-
time region and the amplitude of the muon-spin pre-
cession is small, suggesting that the long-range AF or-
dered region is not 100% in the further reduced sample
but coexists with the slowly fluctuating region of Cu
spins. From the analysis of the spectra, it has been
estimated that the volume fraction of a magnetically
ordered region is ∼ 25% and the slowly fluctuating re-
gion exhibiting the superconductivity is ∼ 75%. These
results suggest that the long-range AF order and su-
perconductivity with a high T c value coexist with each
other in the further reduced sample of PLCCO with
x = 0.05. In the ideally reduced sample of x = 0.05,
the AF order would disappear and the superconduc-
tivity would appear homogeneously under the develop-
ment of the Cu-spin correlation, which is probably the
characteristic of the electron-doped high-T c cuprates.
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Reduction in Néel Temperature of La2CuO4 Nanoparticles

S. Winarsih,∗1,∗2 F. Budiman,∗3,∗4 H. Tanaka,∗3 T. Goto,∗5 T. Adachi,∗5 B. Kurniawan,∗2 B. Soegijono,∗2 and
I. Watanabe∗1,∗2

Recent reports on antiferromagnetic nanoparticles fo-
cus on the reduction in Néel temperature (TN), the emer-
gence of superparamagnetic behavior, and the increase
in the band gap value.1–3) However, there is no unified
research on their magnetically ordered state. The cause
of TN reduction has also not been investigated. In or-
der to overcome this situation, a study on the magnetic
properties of La2CuO4 nanoparticles (LCO NPs) us-
ing muon spin relaxation (µSR) and NMR is suggested.
La2CuO4 is a mother compound of high-Tc cuprate ox-
ides that has been well established by experiments and
theoretical methods; thus, a probing nano-sized effect in
this LCO system can be achieved.4)

LCO NPs used in the present study were successfully
obtained through the sol-gel method. A detailed expla-
nation about sample preparation has been reported in
our previous paper.5) Zero-field (ZF) µSR on LCO NPs
was carried out at RIKEN-RAL Muon Facility in the
UK, using a single pulse positive surface muon beam.

ZF-µSR time spectra of LCO NPs with a particle size
of 96 nm are shown in Fig. 1. The time spectra were
analyzed by using Eq. (1). The first component repre-
sents muon spin precession and the second component
represents the slow relaxation behavior beyond 1 µs. It
is shown that muon spin precession does exist in LCO
NPs and it disappears at 100 K. Muon spin precession
indicates the formation of the long-range ordered (LRO)

Fig. 1. ZF-µSR time spectra of La2CuO4 NPs with a particle
size of 96 nm.
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Fig. 2. Temperature dependence of the internal field at the
muon site in LCO NPs with a particle size of 96 nm.

state.

A(t) = A1e
−λ1t cos(ωt+ ϕ) +A2e

−λ2t (1)

Figure 2 depicts the temperature dependence of the
internal field at the muon site, Hint, of LCO NPs with
a particle size of 96 nm. It is shown that Hint starts to
increase below ∼ 60 K, indicating that the TN of this
sample is ∼ 60 K; this is strongly suppressed compared
to the bulk LCO, which has a TN of ∼ 320 K.4) Hint

reaches a saturated value ≈ 420 G at low temperatures.
This means that LCO NPs have almost the same satu-
rated internal field value as that observed in bulk LCO.4)

It is concluded that the nano-sized effect causes the re-
duction in TN but does not affect the internal field at
the muon site. These two phenomena are also observed
in a hole- doped La2-xSrxCuO4 bulk system.6) However,
the resistivity of LCO NPs does not show indication of
superconducting behavior. The reduction in the TN of
LCO NPs may be owing to the phase separation into
fully antiferromagnetic and paramagnetic regions. Our
139La NMR results also show that phase separation does
exist in LCO NPs. Further analysis is required to de-
scribe this phase separation so that the cause of the re-
duction in TN of LCO NPs can be clearly explained.
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Muon spin relaxation after hydrogen absorption-desorption
process in Pd

M. Mihara,∗1,∗2 H. Araki,∗3 K. Shimomura,∗2,∗4 W. Higemoto,∗2,∗5 M. Mizuno,∗3 K. Sugita,∗3 Y. Tanaka,∗3
Y. Kitayama,∗3 D. Tomono,∗2,∗6 E. Torikai,∗2,∗7 W. Sato,∗8 K. Ohkubo,∗3 R. Murakami,∗3 N. Matsuoka,∗3

I. Watanabe,∗2 T. Matsuzaki,∗2 and R. Kadono∗2,∗4

Palladium has a unique property as a hydrogen stor-
age material, by which it can absorb large amounts
of hydrogen under ambient hydrogen gas pressure or
by electrochemical charging at around room tempera-
ture.1) By using positron annihilation lifetime spec-
troscopy, we have found that an anomalously large
amount of vacancies are formed in Pd after a hydro-
gen absorption-desorption process at room tempera-
ture.2,3) In addition, our recent µSR study on Pd has
shown that in electrochemically charged Pd with hy-
drogen, a β hydride phase (PdHx) remains even after
hydrogen desorption by degassing at room tempera-
ture.4) These results suggest that residual hydrogen
atoms are possibly trapped after the desorption pro-
cess due to the formation of vacancies. Although some
models have been suggested, such as the formation of
vacancies in a hydride phase2,3) or a vacancy-hydrogen
(V-H) cluster5) in metal-hydrogen systems, no direct
evidence to judge those models have been presented
yet. In this report, we present the result of ZF-µSR
measurements on post-annealed PdHx at various tem-
peratures to clarify the microscopic property of resid-
ual hydrogen atoms in Pd.

The µSR experiment was performed at the RIKEN-
RAL muon facility and J-PARC. The PdHx samples
were prepared by means of electrolytic charging in
which a voltage was applied between Pd and Pt plates
immersed in NaCl solutions. In order to minimize the
time between the post-annealing and the µSR mea-
surement, an equipment consisting of an electric fur-
nace and a glass tube connected to a vacuum pump
was prepared beside the µSR experimental port. The
post-annealing was done for 1 h just before the µSR
measurement, and the amount of removed hydrogen
by the post-annealing process was deduced from the
weight difference.

The ZF-µSR spectra for each sample were well ex-
plained by a combination of a dynamic Gaussian Kubo-
Toyabe (DKT) function and a nearly non-relaxing
component.4) Figure 1 shows a typical result of the
asymmetry of the relaxing DKT component and the

∗1 Department of Physics, Osaka University
∗2 RIKEN Nishina Center
∗3 Division of Materials and Manufacturing Science, Osaka

University
∗4 IMSS, KEK
∗5 JAEA
∗6 RCNP, Osaka University
∗7 University of Yamanashi
∗8 Kanazawa University

Fig. 1. Post-annealing temperature dependence of asym-
metry for ZF-µSR in PdHx and hydrogen content.

Fig. 2. Post-annealing temperature dependence of field dis-
tribition width for ZF-µSR in PdHx

amount of hydrogen content in Pd as a function of
the post-annealing temperature. This shows that hy-
drogen in PdHx is stable up to about 100◦C and is
mostly removed at around 200◦C, and the asymmetry
follows almost the same annealing temperature depen-
dence with the hydrogen content. The values of field
distribution width ∆ for the DKT function are nearly
constant and independent of the annealing tempera-
ture, as shown in Fig. 2. The present result suggests
that the residual hydrogen keeps a β hydride phase in
which hydrogen atoms stay closely together like a clus-
ter at a trap site and are released from Pd once such
a hydrogen cluster is dissociated.
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Negative muon spin rotation with low-density gas target under
transverse magnetic field to solve the proton radius puzzle

S. Kanda,∗1 K. Ishida,∗2 M. Iwasaki,∗1,∗2 Y. Ma,∗1,∗2 S. Okada,∗1 and M. Sato∗3

When a negative muon is captured by a nuclear
Coulomb potential, an electron around the nuclei is
kicked out and the muon forms an exotic bound state
called muonic atom. Muonic atom provides a unique
opportunity to study the nuclear structure such as the
charge radius of the nuclei. In particular, the proton
charge radius attracts renewed interest since the mea-
surement of the Lamb shift in muonic hydrogen.1) The
experiment derived a significantly discrepant result com-
pared to the results of electron-proton scattering and
hydrogen spectroscopy. This discrepancy has been an
important unsolved problem in sub-atomic physics.

To obtain a new insight into the puzzle, a new mea-
surement of the ground-state hyperfine splitting (HFS)
in muonic hydrogen is planned. The experiment aims
to determine the proton Zemach radius, which is de-
fined as a convolution of the electric charge and magnetic
moment distributions. As a preliminary experiment to-
ward the spectroscopy of HFS, a muon spin rotation
(µSR) measurement with a gaseous hydrogen target was
proposed.2) The objective of the experiment was to un-
derstand the spin depolarization process involving the
muonic hydrogen atom.

In a magnetic field, muon spin rotates with the Lar-
mor frequency, which depends on the hyperfine state of
muonic atom. Therefore, we can quantify the popula-
tion of the hyperfine states and the depolarization effect
by measuring the angular asymmetry of decay electrons.

Figure 1 illustrates the experimental setup at Port4

Fig. 1. Experimental setup: (a) cross-sectional view; (b)
view from downstream. The numbers in the parentheses
denote: (1) negative pulsed muon beam, (2) Helmholtz
coils, (3) aluminium gas chamber, (4) top electron detec-
tors, and (5) bottom electron detectors.

∗1 RIKEN Cluster for Pioneering Research
∗2 RIKEN Nishina Center
∗3 High Energy Accelerator Research Organization (KEK)

Fig. 2. Decay electron time spectrum with deuterium gas
target at 1 atm. No magnetic field was applied. Each
line corresponds to the respective fitting result.

in RIKEN-RAL muon facility. A transverse magnetic
field was applied using the coils, which are parts of
the CHRONUS spectrometer. Decay electrons from the
muonic atoms were detected by the segmented scintilla-
tion counters with silicon photomultiplier (SiPM) read-
out. The detectors were originally developed for the
muonium production experiment at Port3.3) A study
conducted in 20164) revealed that a countermeasure for
the background arising from the duct-streaming neu-
trons is essential for sufficient signal-to-noise ratio. Ac-
cordingly, the detectors were placed away from the beam
axis. The inner walls of the target chamber were covered
with silver plates to reduce the lifetime of wall-stopped
muons via nuclear capture.

The experiment was conducted in 2018 with a gaseous
deuterium target to establish the measurement pro-
cedure. Deuterium was selected owing to its longer-
lifetime of polarization instead of protium. Figure 2
shows a measured time spectrum of electrons from the
muon decays. The spectrum was analyzed using a fit-
ting function containing three exponential components
and a constant background. Each exponential compo-
nent corresponded to the muon lifetime in silver (87 ns),
aluminium (864 ns), and deuterium (2195 ns). The
beam momentum was optimized at several target densi-
ties considering the muonic hydrogen yield. The analysis
for the µSR measurement under the transverse magnetic
field is in progress.
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Measurement of total muonium emission yield from silica aerogel
using µSR method

K. Ishida,∗1 K. Suzuki,∗2 M. Iwasaki,∗1,∗3 S. Kanda,∗3 S. Okada,∗4 T. Mibe,∗5 Y. Oishi,∗6 A. Olin,∗7

S. Kamal,∗8 and J. Brewer∗8

We are working towards the development of produc-
ing slow muon beams, as a source of the accelerated
cold muon beam, to be used for the muon g-2/EDM
measurement planned at J-PARC.1) We observed at
TRIUMF that the muonium (Mu = µ+e−) emission
rate from silica aerogel to vacuum is enhanced by sur-
face ablation.2,3) By ionizing the muonium with an in-
tense laser, high intensity slow muon source can be
obtained. However, the present muonium yield mea-
surement by tracking of the muon decay positron is
limited to a region away (∼5 mm) away from the sur-
face owing to the large background from the muoniums
decaying in aerogel, whereas we plan to ionize muoni-
ums in the vacuum region less than 5 mm from the
surface because most of the muoniums emitted are ex-
pected to stay there. Although we can extrapolate the
measured muonium yield to the region closer to the
surface with modeling, it is much preferable if we can
get the information directly.

We performed a new measurement using a com-
pletely different method, muonium spin rotation
(MuSR) under applied magnetic field (∼0.22 mT). The
muonium precession is kept during its diffusion in aero-
gel and even after its emission to vacuum. Here, if
we put a metallic foil such as gold attached to the
aerogel surface, the muonium entering the metal will
become diamagnetic and the muonium precession will
stop. This will decrease the precession amplitude with
the time after muon beam injection and can be ob-
served as the relaxation in µSR spectra. For example,
if 10% of the formed muonium has reached the foil by a
given time, the precession amplitude should decrease
to 90%. Thus, the precession spectrum gives us in-
formation on the timing distribution of the muoniums
reaching the foil.

We set an aerogel sample with a gold foil stacked
at the downstream surface in the ARGUS µSR spec-
trometer at the RIKEN-RAL Muon Facility. First,
we set the muon beam momentum to stop the muons
in the middle of the aerogel and measured the intrin-
sic muonium spin relaxation. The relaxation (0.0389
(11) µs−1) was subtracted as the background in all the
following measurements. Then, we set the momentum

∗1 RIKEN Nishina Center
∗2 Department of Physics, Nagoya University
∗3 Meson Science Laboratory, RIKEN
∗4 Atomic, Molecular and Optical Physics Laboratory, RIKEN
∗5 IPNS, KEK
∗6 IMSS, KEK
∗7 TRIUMF
∗8 University of British Columbia

Fig. 1. MuSR spectra under 0.22 mT with muons stopping

near the downstream surface of silica aerogel with the

gold foil placed at 0 mm (above) and 20 mm (bottom)

from the surface. The precession signal with approxi-

mately 100 times the period of muonium is due to the

diamagnetic muons that did not form muonium.

to snsure that the muon stopping distribution peaked
at the downstream surface edge of the aerogel, thereby
contributing to the largest muonium emission proba-
bility. In this half stopping condition, it is evident that
the muonium precession relaxes faster, indicating the
gradual loss of muoniums due to transfer to the gold
foil. MuSR measurement was also performed for dif-
ferent foil distances (10 and 20 mm) to obtain detailed
timing and space information on muonium distribution
in vacuum.

The MuSR spectra with the gold foil at 0 mm and
20 mm are compared in Fig. 1. The initial muonium
precession amplitude was approximately 2.5% in both
cases and the relaxation rates after subtracting the
background rate were 0.0355 (20) µs−1 and 0.0146
(31) µs−1, respectively. The result can be understood
by considering the different timing distribution of the
muoniums reaching the foil. A detailed analysis to ex-
tract the muonium emission rate and timing from the
relaxation spectra is in progress.
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Extraction behavior of rutherfordium as a cationic fluoride complex
with a TTA chelate extractant from HF/HNO3 acidic solutions†

A. Yokoyama,∗1 Y. Kitayama,∗2 Y. Fukuda,∗2 H. Kikunaga,∗3 M. Murakami,∗4 Y. Komori,∗4 S. Yanou,∗4

H. Haba,∗4 K. Tsukada,∗5 and A. Toyoshima∗5

Rutherfordium (Rf) has atomic number 104 and is
the lightest among the transactinide, or superheavy,
elements. The element is positioned as a homologue in
group 4 of the Periodic Table of elements, which is pre-
dicted to be in the 6d transition series. The chemical
properties of such elements have attracted much atten-
tion because of possible deviations from those of their
homologs as a result of enhancement of the relativistic
effect for heavy elements. It was found difficult that
the characterization is performed based on one-atom-
at-a-time chemistry for their low production rates and
short half-lives.
In the present study, we used reversed-phase chro-

matography with 2-thenoyltrifluoroacetone (TTA) as
a chelating extractant to clarify the chemical proper-
ties of the cationic fluoride complexes of the super-
heavy element Rf. Unlike previous studies with cation-
exchange resins, the use of TTA enables preferential
extraction of metal ions in group 4, therefore the spe-
cific complex formation constant of Rf can be deter-
mined. The experiments were performed at various
HF/0.01 M HNO3 concentrations, with a newly devel-
oped resin containing a solution of TTA in n-octanol.
Fluoride complexation with Rf was investigated by ex-
traction with TTA, which is sensitive to the valence
of the metal complex. The Rf behavior was compared
with those of Zr and Hf.
In the chromatography experiments with TTA, 222

α-events, including formation of 29 time-correlated
α-particle pairs (8.00–8.40 MeV) from 261Rf and its
daughter nuclide 257No, were observed in 1771 cycles.
The %ads values for Rf were constant at around 60%
in the [F−]eq range up to 5× 10−4 M and then steeply
decreased at [F−]eq = 9 × 10−4 M. In contrast, the
value for Hf decreased significantly from 100% to a
few percent at around [F−]eq = 1 × 10−4 M. This
is in good agreement with the results of the Zr and
Hf experiments. This suggests that the cationic flu-
oride complexes of Rf are more stable than those of
Hf at [F−]eq > 1 × 10−4 M. Differences among fluo-
ride species formation with Rf and its homologs are

† Condensed from Radiochim. Acta 107 (1), 27 (2019)
∗1 Institute and College of Science and Engineering, Kanazawa

University
∗2 Graduate School of Natural Science and Technology,

Kanazawa University
∗3 Research Center for Electron Photon Science, Tohoku Uni-

versity
∗4 RIKEN Nishina Center
∗5 Advanced Science Research Center, Japan Atomic Energy

Agency

therefore clearly observed in these [F−]eq ranges.
Decay of No was taken into account in correction of

the %ads values. The %ads values for 255No as a func-
tion of [F−]eq in the range 1.93×10−5 to 1.66×10−3 M
were obtained in the study. In the Rf experiments, the
%ads values for 261Rf were constant, at around 60%,
in the [F−]eq range up to 5× 10−4 M and then steeply
decreased at [F−]eq = 9× 10−4 M. In contrast, in the
No experiments, the %ads values for 255No were less
than 10% across the entire range of [F−]eq. The re-
sults of the present work confirm that No is adsorbed
on TTA to a small extent and the effect on the %ads
values of 261Rf is negligible.
The obtained K d values for Rf are compared with

those for Zr and Hf from the independent experiments
in the present study. The result shows significant dif-
ferences between the behavior of Rf and those of its
homologs. The K d values for Rf appear at higher F−

concentrations than those for Zr and Hf. Assuming
that during extraction Rf forms species with TTA, sim-
ilarly to the other elements in group 4, the decrease in
extraction may be caused by additional cationic flu-
oride complexation. The K d results show that the
cationic complex of Rf, [RfF]3+, is more stable than
those of the other elements at high fluoride concentra-
tions. This stability means that fluoride complexation
with the extracted Rf species is weaker than in the
cases of the other elements. This conclusion is con-
sistent with the experimental results obtained with a
cation-exchange resin.
In conclusion, the adsorption behaviors of Rf, Zr,

and Hf with a TTA extractant were observed in di-
lute solutions of HF and HNO3. The behaviors of
the No atoms produced in the decay of Rf were de-
termined with 255No nuclides produced in runs other
than the Rf experiments to assess the precise behav-
ior of Rf, without the effects of its daughters. The
results of the present study suggest that the chemical
species involved in TTA extraction may be [RfF]3+,
based on comparisons with the results for Zr and Hf.
It was concluded that fluoride complexation with Rf
cations is weaker than that with either Zr or Hf, which
are group 4 homologs. The observed behavior of Rf is
supported by theoretical calculations and agrees with
the results of previous experiment on cation exchange.
This study is the first comparison of complexation data
for Rf cations with those for Zr and Hf, other than
those based on cation-exchange experiments.
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Coprecipitation experiment of element 102, No, with Sm(OH)3
using NH3 and NaOH solution

H. Ninomiya,∗1 Y. Kasamatsu,∗1 S. Hayami,∗2 M. Nagase,∗2 Y. Shigekawa,∗1 N. Kondo,∗1 E. Watanabe,∗1

H. Haba,∗3 T. Yokokita,∗3 Y. Komori,∗3 D. Mori,∗3 Y. Wang,∗3 K. Ghosh,∗3 N. Sato,∗3 and A. Shinohara∗1

Heavy elements are expected to have the character-
istic chemical properties in the periodic table owing
to significant relativistic effects on their orbital elec-
trons. From the previous cation-exchange studies on
element 102, noberium (No) in HCl, the most stable
ion valency of No in aqueous solution is reported to
be +2, although that of other heavy actinide elements
is +3.1,2) However, it is difficult to investigate the
chemical behavior of heavy elements. Heavy elements
with Z ≥ 101 are synthesized by heavy-ion-induced
nuclear reactions with very low production rates and
their half-lives are short.3) Thus, the chemical experi-
ments of these elements must be rapidly conducted on
one-atom-at-a-time basis using nuclear reaction prod-
ucts transported from the target chamber by a He/KCl
gas-jet system. Additionally, for unambiguous iden-
tification of a single atom, detection of α particle is
required. Owing to these difficulties, there are a few
reports on solution chemical experiments of No. In the
tri-n-octylamine chloride extraction system and cation-
exchange experiment in HCl, the elution behavior of
No was reported to be similar to that of alkaline earth
metals.4) To deepen the understanding of the chemical
properties of No, we aim at investigating a precipita-
tion of nobelium hydroxide.

In previous studies, we newly developed coprecipita-
tion method with samarium hydroxide to investigate
the hydroxide and ammine complexation properties of
heavy elements.5) Then, we succeeded in conducting
the coprecipitation experiment of element 104, Rf, in
NH3 and NaOH solutions using the developed suction
filtration apparatus. In this study, by applying the co-
precipitation method, we performed online coprecipi-
tation experiment of 255No to investigate the precipi-
tation behavior of nobelium hydroxide.

We produced 255No (T1/2 = 186 s) and 162Yb
(T1/2 = 18.9 min) by 248Cm(12C, 5n)255No and
natGd(12C, xn)162Yb reactions with AVF cyclotron at
RIKEN. The reaction products were transported by
the He/KCl gas-jet system to the chemistry room and
dissolved in dilute HCl solution. In the case of making
precipitated sample, 20 µg of Sm and 2 mL of the basic
solution (dilute or concentrated aqueous NH3 or 0.10
or 1.0 M NaOH solution) was added into the dissolved
solution in the PP beaker and stirred for 5 min at room
temperature. Then, the solution containing the precip-
itate was filtrated using the suction filtration appara-

∗1 Graduate School of Science, Osaka University
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Fig. 1. α-spectra for 255No standard samples.

tus controlled by PC. In the case of making standard
sample, the reaction products were dissolved in dilute
HCl solution and the solution was put on a Ta plate.
Then, these precipitated and standard samples were
dried and subjected to alpha particle measurement by
the automated rapid α/SF detection system. After al-
pha particle measurement, γ-ray activities of 162Yb in
the samples were measured with Ge detectors.

We successfully prepared 51 coprecipitated samples
and 48 standard samples. In the alpha-particle mea-
surement (Fig. 1), we detected 243 events for 255No.
The cross-section of 255No was estimated to be approx-
imately 450 nb and the value was consistent with that
obtained in the previous report.6) High precipitation
yields of No were obtained and the detailed evaluation
is now under analysis.

In future, we will discuss the hydroxide complexa-
tion properties of 255No based on the comparison of
the coprecipitation behavior of 255No with those of al-
kaline earth metal elements.
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Complex formation of Fr with crown ethers

Y. Komori,∗1 H. Haba,∗1 T. Yokokita,∗1 S. Yano,∗1 N. Sato,∗1 K. Ghosh,∗1 Y. Sakemi,∗2 and H. Kawamura∗3

Francium (Fr) is the heaviest known alkali metal with
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. We aim to
clarify the chemical bonding nature of Fr, which is in-
fluenced by relativistic effects, through complex forma-
tion studies of Fr. Recently, Haverlock et al. exam-
ined the complex formation of Fr+ with calix[4]arene-
bis(benzocrown-6) (BC6B).1) They reported that Fr+ is
more effectively extracted with BC6B than Cs+. How-
ever, the reason for the selectivity is still unclear. In
this work, we studied the complex formation of Fr using
seven types of crown ethers: 18-crown 6-ether (18C6),
dicyclohexano-18-crown 6-ether (DC18C6), dibenzo-18-
crown 6-ether (DB18C6), 24-crown 8-ether (24C8),
dibenzo-24-crown 8-ether (DB24C8), 21-crown 7-ether
(21C7), and dibenzo-21-crown 7-ether (DB21C7). Com-
plex formation stability and selectivity of alkali metals
with the crown ethers depend on the ring cavity size and
substituent groups of the crown ethers. Therefore, in
this work, we will investigate the effects of the cavity
size and substituent groups of the crown ethers on the
stability and selectivity of the complex formation of Fr.

We produced the second longest-lived isotope of Fr,
212Fr (T1/2 = 20 min), in the 206Pb(11B, 5n)212Fr reac-
tion. Four sets of an 864-µg/cm2 206Pb target on a 10 µm
Be foil were placed in a 12 mm spacing in 129-kPa He.
They were 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.2) The 212Fr atoms that re-
coiled out of the 206Pb target were thermalized in He
gas, attached to KCl aerosol particles, and transported
through a Teflon capillary to a chemistry laboratory. In
the chemistry laboratory, the aerosols were collected on
a piece of Naflon sheet for 20 s. The aerosols were dis-
solved with 100 µL of 1 M nitric acid and transferred
into a polypropylene (PP) tube. Another 600 µL of 1 M
HNO3 and 700 µL of nitrobenzene containing each of the
crown ethers were then added into the PP tube. The PP
tube was shaken for a certain time for extraction. After
centrifuging the PP tube for 2 min, 500 µL of each phase
was subjected to γ-ray spectrometry to determine the
distribution ratios (D) of Fr. The D values were mea-
sured as functions of the shaking time and the concentra-
tion of each crown ether. These results were compared
with those of RIs of lighter alkali metals such as 24Na,
43K, and 137Cs.
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Fig. 1. Variations of D values of Fr+ as a function of shaking
time in solvent extraction with 0.01 and 0.5 M 18C6.

Figure 1 shows the variation of the D values of Fr+ as
a function of the shaking time in the solvent extraction
with 0.01 and 0.5 M 18C6. We found that the extraction
equilibrium time of Fr+ is as fast as within 30 s. There-
fore, we fixed the shaking time to be 3 min. The 18-
membered rings, with a cavity diameter of 2.6–3.2 Å,3)
show the highest affinity for K+ because their cavity sizes
fit the size of K+ ion (ionic diameter: 2.66 Å4)). The cav-
ity diameter of the 24-membered crowns is in the range
of 4.5–5.0 Å,5) which is larger than all alkali metal ions.
Thus, they show affinity for larger alkali metal ions such
as Cs+ (3.34 Å4)) and Fr+ (3.46 Å6)). The cavity diame-
ter of 21-membered crowns is in the range of 3.4–4.3 Å.3)
When using DB21C7, the D values of Cs+ are slightly
larger than those of Fr+, while the D values of Cs+ and
Fr+ are almost the same when using 21C7. Two benzene
rings of DB21C7 may affect the selectivity between Cs+
and Fr+.

In this work, the D values of Fr+ with several types of
crown ethers are almost the same as those of Cs+, which
can be qualitatively understood by the relation between
the size of the alkali metal ions and the ring cavity di-
ameter of the crown ethers. However, in the previous
study using calixarene, the D values of Fr+ are almost
one order of magnitude higher than those of Cs+.1) To in-
terpret these results and elucidate the reason of complex
formation selectivity between Fr+ and Cs+, we will per-
form further investigations, for example, XAFS studies
of the Cs+-crown ether and Cs+-calixarene complexes,
and quantum chemistry calculations for Fr+ as well as
Cs+.
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Anion and cation exchange of Pa in HF/HCl mixture solution for Db
chemistry

T. Yokokita∗1 and H. Haba∗1

Clarifying the chemical properties of superheavy ele-
ments with atomic number Z ≥ 104 is an intriguing and
important subject. These elements are produced at ac-
celerators 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 studies on
these elements are conducted on a single-atom basis.1)

F− ion is a very strong complexing agent for the
group-5 elements (Nb and Ta). The fluoride complex
species of the heaviest group-5 element, dubnium (Db),
is very interesting (Db forms [DbOFx]n− or [DbFx]n−)
because Nb and Ta form different fluoride complexes
(Nb: [NbOF5]2−; Ta: [TaF7]2−) in 0.1–10 M HF ([F−]
= 8.9 × 10−3 − 1.9 × 10−2 M).2) To determine the fluo-
ride complex species of Db, we plan to perform an ion-
exchange study of Db. In this study, we performed anion-
and cation-exchange experiments of Pa (pseudo homo-
logue of Db) in HF/HCl mixture solution to determine the
suitable experimental condition of Db and obtain compa-
rable data for Db.

233Pa was obtained as an α-decay daughter of 237Np
in the following procedure. First, 237Np in 9 M HCl con-
taining 233Pa was fed onto the TK400 resin’s (TRISKEM)
column. 237Np was then eluted with 9 M HCl and 233Pa
was adsorbed on the resin. The adsorbed 233Pa species
was eluted with 1 M HCl. The eluent containing the Pa
tracers was evaporated and dissolved in 9 M HCl. Then,
Pa nuclide was purified by anion-exchange column chro-
matography using a procedure found in Ref. 3).

In the anion-exchange experiments, the anion-exchange
resin (MCI GEL CA08Y) was added in 0.25 mL of
HF/HCl mixture solution containing 233Pa in a PP tube
and the mixture was shaken using a mixer. Next, the
resin was removed by centrifugation. Subsequently, the
filtrate was pipetted into another tube, weighed, and sub-
jected to γ-ray spectrometry using a Ge detector. The
concentration of HF and HCl was determined by titra-
tion with standardized NaOH solution before the experi-
ments. In all anion-exchange experiments, control exper-

Fig. 1. Kd values of Pa in anion exchange as a function of Cl−

concentration.
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Fig. 2. Kd values of Pa in cation exchange as a function of
H+ concentration.

iments without the resin were performed. We also per-
formed cation-exchange experiments of Pa using a cation-
exchange resin (MCI GEL CK08Y). The experimental
procedures were the same as the anion-exchange experi-
ments. The Kd values were determined from the following
equation:

Kd = ArVs/Aswr = (Ac −As)Vs/Aswr (1)

where Ar and As are the radioactivities on the resin and
in the solution, respectively, Vs is the volume (mL) of
the solution, and wr is the mass (g) of the dry resin. Ac

denotes the radioactivity of the control solution.
The Kd values of Pa as a function of Cl− concentration

in the anion-exchange experiment are shown in Fig. 1. In
anion exchange, the Kd values of Pa linearly decrease with
increasing concentration of Cl− in [F−] = 10−6−10−2 M.
These results indicate that Pa forms anionic complexes
in the studied conditions. The slope values between log
Kd and log[Cl−] are −1.4, −1.9, −1.6, −1.9, and −1.2
in [F−] = 10−6, 10−5, 10−4, 10−3, and 10−2 M, respec-
tively. These results indicated that the net charge of the
adsorbed Pa species are −2 and −1.

The Kd values of Pa as a function of H+ concentration
in the cation-exchange experiment are shown in Fig. 2.
The Kd values of Pa were > 103 mL g−1 and Pa was ad-
sorbed on the resin in [F−] = 10−7 − 10−5 M and [H+]
= 0.01 M. These results indicate that Pa forms cationic
species in these F− concentrations. The linear relation
between log Kd and log [H+] is not obtained. It is sug-
gested that some cationic Pa species coexist and/or Pa
forms chloride complexes.

Recently, we produced 95Nb and 179Ta (homologues of
Db) in the natZr(d, xn)95Nb and natHf(d, xn)179Ta reac-
tions, respectively. We plan to study anion- and cation-
exchange behavior of Nb and Ta in HF/HCl using these
tracers for Db chemistry.
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Study of anion exchange equilibrium of Zr and Hf in H2SO4 for Rf
experiment

T. Yokokita,∗1 Y. Kasamatsu,∗2 Y. Komori,∗1 E. Watanabe,∗2 K. Ghosh,∗1 Y. Wang,∗1 D. Mori,∗1 A. Shinohara,∗2
and H. Haba∗1

Clarifying the chemical properties of superheavy ele-
ments with atomic number Z ≥ 104 is an intriguing and
important subject. These elements are produced by ac-
celerators using heavy-ion-induced nuclear reactions. The
production rates of these elements are low, and their half-
lives are short (T1/2 ≤ 1 min). Therefore, chemical stud-
ies on these elements are conducted on a single-atom ba-
sis.1)

The chemical properties of superheavy elements have
been discussed by comparing their chemical behavior with
that of lighter homologous elements. The solution chem-
istry of superheavy elements has been studied mainly for
element 104, Rf. In these studies, experiments on Rf and
homologous elements was carried out under the same con-
ditions, but even for homologous elements, equilibrated
data were obtained only under a few conditions. In par-
ticular, it was reported that the chemical reaction kinet-
ics between Zr and Hf are different in H2SO4.2) Equili-
brated data are necessary to discuss chemical properties
such as complex formation. Therefore, the observation of
equilibration and the equilibrated distribution data are
very important to characterize the sulfate complex for-
mation of Rf. In our previous study, we performed anion-
exchange experiment with 88Zr, 175Hf, and 234Th and de-
termined the suitable experimental condition for Rf.3) In
this work, we performed online anion-exchange experi-
ments with Zr and Hf by using AMBER4) as the model
experiment of Rf.

85Zr and 169Hf were produced in the natGe(18O,
xn)85Zr and natGd(18O,xn)169Hf reactions, respectively,
using the K70 AVF cyclotron at RIKEN. The nuclear re-
action products were transported using a gas-jet system
to the chemistry laboratory and deposited on the collec-
tion site of AMBER for 60 s. Then, the deposited sample
was dissolved in 0.21–0.27 mL of 0.16–0.72 M H2SO4. The
solution sample entered the chemical reaction container
containing the anion-exchange resin (MCI GEL CA08Y).
After shaking the container with a vortex mixer for 10–
600 s, only the solution phase was pushed out of the con-
tainer by using compressed air, and was assayed by γ-ray
spectroscopy. The residual Zr and Hf species adsorbed
on the resin were stripped by washing the resin five times
with 0.25 mL of 1 M H2SO4. Subsequently, the resin was
conditioned with H2SO4 for the next anion exchange. A
control experiment was also performed without the resin
to determine the radioactivity of the control solution. The
Qd values were determined from the following equation:

Qd = ArVs/Aswr = (Ac −As)Vs/Aswr (1)

where Ar, As, and Ac are radioactivities of the resin, the
solution, and the control solution, respectively; Vs is the
volume (mL) of the solution; and wr is the mass of the
dry resin (g).
∗1 RIKEN Nishina Center
∗2 Graduate School of Science, Osaka University

 Fig. 1. The Qd values of (a) Hf and (b) Zr in anion exchange
as a function of shaking time.

The activity of 85Zr was very low, and the Qd values
of Zr had large errors. Figures 1(a) and 1(b) show the
time dependence of the Qd values of Hf and Zr, respec-
tively. The Qd values of Hf are constant within the errors
in the entire time range studied in 0.26–0.72 M H2SO4.
In 0.16 M H2SO4, the Qd values of Hf become constant
within the errors after 180 s. From the time when the Qd

values became constant within error, the anion-exchange
reaction reaches equilibrium within 180 and 10 s in 0.16
and ≥ 0.26 M H2SO4, respectively. From these results, it
is seen that the anion-exchange reaction kinetics is slow
in low concentration of H2SO4. It is suggested that the
anion-exchange kinetics of Rf may be slow in low concen-
tration of H2SO4. In the case of Zr, the Qd values are
constant within the error in the entire time range studied
in 0.16–0.72 M H2SO4. However, from this result, the dis-
cussion of anion-exchange reaction equilibrium for Zr is
difficult, because the obtained Qd values have large error.

In any case, we need to perform experiments with Zr
again using enough activity of Zr isotopes. To obtain the
small variations’ Qd values of small variations, we need to
suitably adjust the ratio of Wr and Vs, when we perform
the control experiment. For Hf, the Qd values in 0.51
and 0.72 M H2SO4 have large errors; therefore, we plan
to perform experiments under this condition again using
increased resin weight.
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Development of 211At-labeled antibody for targeted alpha therapy

Y. Kanayama,∗1 K. Sakamoto,∗2 E. Ebisui,∗3 Y. Wang,∗4 T. Yokokita,∗4 Y. Komori,∗4 D. Mori,∗4 H. Haba,∗4 and
Y. Watanabe∗1

Radiotherapeutic agents labeled with various α-
emitting nuclides have been developed for targeted al-
pha therapy. 211At has a simple decay scheme and can
avoid the risk of side effects caused by daughter nu-
clides; it is thus considered a useful α-emitter for this
therapy. Given the requirements for 211At-labeled phar-
maceuticals in the future, RIKEN Nishina Center for
Accelerator-Based Science aims to increase the 211At
production scale a global maximum; this prompted us
to develop 211At-labeled drugs and labeling methods.
For the attachment of 211At, organotin compounds

are the most widely used precursor owing to the weak-
ness of the carbon-tin bond, which enables the use
of a tin group as a leaving group.1) In this study,
we used an organotin compound, N -succinimidyl-3-
(trimethylstannyl)benzoate (m-MeATE), for 211At la-
beling. According to the direct astatination procedure
reported by Lindegren et al.,2) m-MeATE was first con-
jugated with a monoclonal IgG. Then, m-MeATE and
IgG were mixed at a molar ratio of 20:1 and incubated
for 30 min at 25◦C in a pH-8.5 NaCO3 buffer. The
attachment of 211At was carried out by a modified pro-
tocol of the method of Li et al.3) An oxidizing agent
N-chlorosuccinimide (NCS) (0.2 mg/ml) was added to
the 211At solution in 1% acetic acid MeOH. Then an
IgG/m-MeATE conjugate in a 0.2 M sodium acetate
buffer was mixed with the activated 211At solution, with
the final MeOH and NCS concentrations being 11% and
3.6 µg/ml, respectively. The incubation was performed
for 3 min. N -iodosuccinimide (0.2 mg/ml) was then
added at a final concentration of 5.4 µg/ml, and the
reaction mixture was incubated for another 1 min. For
purification, an Amicon Ultra 50 kDa column (Merck)
was used in ultrafiltration.

Finally, 5.6 MBq of 211At-labeled IgG was obtained
using 40 MBq of 211At-MeOH (shown in Table 1). In
this experiment, we did not reach the labeling yield that
Li et al. reported previously (40.2 ± 6.9%).3) Further,
we examined the use of a PD Spintrap G-25 gel filtra-
tion column for purification, only to reduce the yield.

To demonstrate the usefulness of the 211At-labeled
IgG, we performed a biodistribution study using the
mice with xenografted tumors specific to IgG. Three
and 24 h after the 211At-labeled IgG i.v. injections, the
mice were dissected to measure tissue radioactivity. As
a control group, free 211At was also administered. The
results are shown in Fig. 1. Unexpectedly, the distribu-
tion of 211At-labeled IgG was almost the same as that of

∗1 Laboratory for Pathophysiological and Health Science,
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∗3 Liver Cancer Prevention Research Unit, RIKEN
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Fig. 1. Biodistribution of free 211At and 211At-labeled anti-

body 3 and 24 h after i.v. injection in the tumor-bearing

mice.

Table 1. Labeling results of 211At-labeled IgG purified by

ultrafiltration or gel filtration.

Purification
method

Radioactivity
yield [%]

Protein yield
 [%]

Specific activity
[kBq/ug]

Ultrafiltration 13.9 75.0 12.9
Gel filtration 5.0 69.5 14.9

Table 2. Labeling results of 211At-labeled IgG or IgG/m-

MeATE purified by reduced nonspecific binding gel.

Precursor Radioactivity
yield [%]

Protein yield
 [%]

Specific Activity
[kBq/ug]

IgG/m-MeATE 943. 685. 31.6
Intact IgG 12.9 79.3 12.5

free 211At. The high accumulation rates in the stomach
and thyroid indicated the physiological accumulation of
211At detached from IgG.
From these results, we speculated that the increased

hydrophobicity by astatination may have caused the
nonspecific binding of 211At-labeled IgG to column fil-
ters or gels in the purification step, resulting in a low
radioactivity yield despite a high protein yield. To over-
come this problem, we used a specialized gel to alleviate
nonspecific binding. As shown in Table 2, the radioac-
tivity yields were significantly improved.

In the next step, we will examine a labeling method
using decaborane, which is expected to have a higher
stability in bonding with 211At in the body.
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RI imaging tracers for Na+/K+ dynamics in a living body

S. Motomura,∗1 I. Kii,∗2 H. Haba,∗3 H. Yakushiji,∗1 Y. Watanabe,∗1 and S. Enomoto∗4

Sodium (Na) and potassium (K) are essential metal
elements that play important roles in our body. Both
metal elements exist as ions in the body and each con-
stitutes approximately 0.2% of the body weight. Al-
though they both are alkali metals located in group 1
of the periodic table of elements, the ions Na+ and K+

behave very differently in a living body. For example,
the concentration of Na+ is higher in the extracellular
fluid than that in the intracellular fluid, while the con-
centration of K+ is conversely higher in the cell than
that in the extracellular fluid.

The different behaviors of Na+ and K+ are caused
by certain functions of some biomolecules that can sig-
nificantly distinguish the ions. An example of such
molecule is Na+/K+-ATPase, which takes in two K+

ions into a cell and takes out three Na+ ions out of a
cell in one cycle. This mechanism is used to form the
membrane potential in neurons, reabsorption of Na+

ions in kidneys, etc.
The idea of the MetalloDiagnosis is to obtain the

diagnostic information of molecular functions by ob-
serving the behavior of associated metal elements
(Fig. 1). Various metal elements are controlled by
some biomolecules in a living body. Thus, the behavior
of the metal elements can be altered corresponding to
whether the molecule is functioning normally or not. If
we can non-invasively visualize the different behavior
of the associated metal elements, we can make non-
invasive imaging diagnosis of the molecular functions.

We are trying to use our imaging apparatus called
GREI1) to realize the MetalloDiagnosis. The GREI is
a kind of gamma-ray imaging camera with an imaging
principle called the Compton camera made of germa-
nium semiconductor radiation detectors. The GREI
can take three-dimensional images of radio-tracers in-
jected into living animals even by using a single GREI
imaging head without any rotation or movement.2)

Furthermore, the GREI can identify each radioisotope
injected simultaneously into an animal by distinguish-
ing the gamma-ray energy in the energy range from
100 keV to 2 MeV, owning to the excellent energy res-
olution of the semiconductor detectors.

To realize the MealloDiagnosis by GREI, we need
to prepare radioisotopes of each metal element that
we are going to take images of the behavior in a liv-
ing body. For the MetalloDiagnosis of Na and K, we
chose 24Na, 42K, and 43K that have the half-lives of
15-, 12-, and 22-hours, respectively (Table 1). We es-

∗1 RIKEN Center for Biosystems Dynamics Research
∗2 Compass to Healthy Life Research Complex Program,

RIKEN
∗3 RIKEN Nishina Center
∗4 RIKEN Center for Life Science Technologies

Fig. 1. Concept of MetalloDiagnosis by GREI. Diagnos-

tic information is obtained by observing the associated

metals.

Table 1. Radioisotopes of Na and K for GREI imaging.

Nuclide Half life Gamma-ray energy (keV) 
24Na 15.0 h 
42K 12.4 h 
43K 22.3 h 

1368.6, 2754.0 
1524.7 
372.8, 617.5 

tablished the preparation schemes for these radioiso-
topes utilizing the nuclear reactions of natMg(d, x)24Na
and natCa(d, x)42, 43K. We have also established a de-
livery scheme for these radioisotopes from Wako to the
molecular imaging facility in the RIKEN Kobe cam-
pus. It should be noted that we have made delivery of
24Na, 42K, and 43K radioisotopes 6 times in FY2018.
In the RIKEN Kobe campus, it was the first time

that we have used the radioisotopes of 24Na, 42K, and
43K for experiment. We have started GREI imag-
ing experiment of living mice injected the Na and K
radioisotopes simultaneously. For each GREI experi-
ment, approximately 1 MBq and 100 kBq of 24Na and
43K, respectively, were used for the time-course imag-
ing of Na+/K+ dynamics in a living mouse, and it was
possible to visualize the different behavior of Na+ and
K+. This study is ongoing and the results are being
prepared to consider for publication.
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Measurement of activation cross sections of alpha particle induced
reactions on iridium up to an energy of 50 MeV†

S. Takács,∗1 F. Ditrói,∗1 Z. Szücs,∗1 M. Aikawa,∗2 H. Haba,∗3 Y. Komori,∗3 and M. Saito∗4

195mPt has proper decay characteristics for inter-
nal therapy investigations (T1/2 = 4.03 d, IT = 100%,
Eγ = 98.9 keV, and Iγ = 11.4%). This isomeric state
transfers its energy by internal transition and emits
low energy gamma photons, conversion electrons, and
Auger electrons with high intensity. Owing to the low
energy of the emitted conversion and Auger electrons,
their energy is deposited in a very short range and
then, most parts of the deposited energy get concen-
trated in a small volume, preferably in a single targeted
cell. In addition, its low energy gamma photons can
be used for imaging. 195mPt can be attached to plat-
inum complexes, which are used for chemotherapy, and
thus, it can be applied as an effective anti-tumor agent
in radiotherapy.

The 195mPt for medical applications is produced in
reactors in the 194Pt(n, γ)195mPt reaction with a mod-
erate yield and low specific activity. Charged particle
induced reactions may provide high specific activity
isotopes. Several production routes to produce 195mPt
were investigated previously but the natIr(α, x)195mPt
reaction was not studied. The high spin isomeric state
(13/2+) of 195Pt can be formed in a reaction with parti-
cles capable to transfer high angular momentum. Thus
alpha particle bombardment is one of the best ways to
produce this radionuclide.

We measured the cross sections of alpha particle
induced nuclear reactions on natural iridium using a
51.2-MeV alpha particle beam. The standard stacked-
foil target technique and activation method were ap-
plied. The activity of the reaction products was as-
sessed without chemical separation using high resolu-
tion gamma spectrometry based on a HPGe detector
(ORTEC GEM-25185-P).

Two stacks containing Ir target and Ti monitor foils
were irradiated at the AVF cyclotron in the RIKEN
RI Beam Factory, Wako, Japan, in a Faraday-cup-like
vacuum chamber equipped with a long collimator, as-
suring a small solid angle for the escaping secondary
electrons. The initial beam energy was confirmed by
the measurement of time of flight before and after the
irradiation.1) The beam current was kept constant dur-
ing the irradiation. The beam parameters were also
monitored by the natTi(α, x)51Cr monitor reaction.

† Condensed from the article in Appl. Radiat. Isot. 136, 133
(2018)
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Fig. 1. Cross sections of natIr(α, x)195mPt reaction in com-

parison with the predicted data calculated by the

TALYS nuclear model code system.2)

Excitation functions for the production of 196m2Au,
196m,gAu, 195m,gAu, 194Au, 193m,gAu, 192Au, 191m,gAu,
191Pt, 195mPt, 194gIr, 194mIr, 192gIr, 190gIr, and 189Ir
isotopes were determined up to 50 MeV alpha particle
energy on natural iridium target. The measured data
were compared to the available experimental data and
results of theoretical calculations.2) Figure 1 shows the
excitation function for the natIr(α, x)195mPt reaction.
The natIr(α, x)195mPt production route utilizes the

natural iridium target and provides high specific ac-
tivity of 195mPt. The radio-purity of 195mPt produced
by cyclotrons on iridium targets is somewhat lower
than the reactor produced 195mPt due to the unavoid-
able co-produced 193Pt and 191Pt radionuclides but the
amount of these two isotopes can be reduced by us-
ing the enriched 193Ir target material, and at the same
time, the amount of 195mPt can be increased. Irradiat-
ing an 193Ir target enriched to 95% with alpha particles
of an energy of 50 MeV and beam intensity of 200 µA
for 24 h, activity of about 1 GBq of 195mPt can be
achieved at the end of the bombardment.

Besides the excitation function of the natIr(α, x)195mPt
reaction, we measured the cross-section data for the
production of 196m2Au, 196m,gAu, 191Pt, 194gIr, 194mIr,
190gIr, and 189Ir isotopes for the first time. The mea-
sured cross sections may also contribute to the im-
provement of theoretical model codes.

References
1) T. Watanabe, et al., Proc. 5th Int. Part. Accel. Conf.

(IPAC2014), 3566, (2014).
2) A. J. Koning, D. Rochman, Nucl. Data Sheets 113, 2841

(2012).



Ⅲ-3. Radiochemistry & Nuclear Chemistry

- 191 -

RIKEN Accel. Prog. Rep. 52 (2019)

Cross-section measurement of α-induced reactions on natEr for 169Yb
production

M. Saito,∗1,∗2 M. Aikawa,∗1,∗2,∗3 M. Sakaguchi,∗4,∗2 N. Ukon,∗5,∗2 Y. Komori,∗2 and H. Haba∗2

Radioisotopes (RIs) are widely used in the medical
fields such as therapy and diagnosis. To develop such
medical treatments, the candidates of medical RIs need
to be studied further. Ytterbium-169 (169Yb) is a type
of RI that has a half-life of 32.018 days and emits Auger
electrons, X and γ rays. The Auger electrons and X
rays can be used in brachytherapy as an alternative
RI to 125I and 192Ir.1) The γ rays at 177.21 keV (Iγ
= 22.28%) and 197.96 keV (Iγ = 35.93%) provide the
opportunity for diagnosis.2) Therefore, owing to these
characteristics, 169Yb can be used in theranostics.

Various reactions can be used to produce 169Yb such
as the neutron-capture reaction on 168Yb and charged-
particle induced reactions on 169Tm and natEr. Among
these, the best production route has not been deter-
mined yet. Therefore, we performed systematic stud-
ies on the charged-particle induced reactions to pro-
duce 169Yb such as deuteron- and alpha-induced reac-
tions on 169Tm and alpha-induced reactions on natEr.
In this report, we focus on the α-induced reaction on
natEr. The cross-sections for these reactions have al-
ready been experimentaly measured and reported.3–6)

However, these cross-sections are different. Therefore,
we again measured them to ensure a higher accuracy.

The experiment was performed at the AVF cyclotron
of the RIKEN RI Beam Factory using the activation-
stacked-foil method. Metallic foils of natEr (purity:
99%, Goodfellow Co., Ltd., UK) and natTi (purity:
99.6%, Nilaco Corp., Japan) were stacked as the target.
The Ti foils were inserted for the natTi(α, x)51Cr mon-
itor reaction to assess the target thicknesses and beam
parameters. Their average thicknesses were 20.26 and
2.24 mg/cm2, which were derived from their measured
weights and areas. The stacked target was irradiated
for 1 h by a 50-MeV α beam with an intensity of
100.1 pnA measured with a Faraday cup. The ini-
tial beam energy was determined by the time of flight
measurement.8) The energy degradation in the stacked
target was calculated by the SRIM code.9) The irradi-
ated foils were separated and subjected to the γ-ray
spectrometry using a HPGe detector. The nuclear de-
cay data were taken from the NuDat 2.7 database.10)

The cross-sections of natTi(α, x)51Cr monitor reac-
tion were derived from the measurement of γ line at
320.08 keV (Iγ = 9.910%). The result was compared

∗1 Graduate School of Biomedical Science and engineering,
Hokkaido University

∗2 RIKEN Nishina Center
∗3 Faculty of Science, Hokkaido University
∗4 School of Science, Hokkaido University
∗5 Advanced Clinical Research Center, Fukushima Medical

University

Fig. 1. Preliminary result of natEr(α, x)169Yb compared

with previous data3–6) and TENDL-2017.7)

with the recommended values of IAEA and we con-
firmed the accuracy of the foil thicknesses and beam
parameters within the uncertainties.

The γ line at 177.21 keV (Iγ = 22.28%) was used
to derive the cross-sections of 169Yb. The comparison
between our preliminary result, former experimental
data, and the TENDL-2017 data is shown in Fig. 1.
The peak position of our result is consistent with the
data obtained by B. Király et al. (2008).3) However,
the amplitude of their data is larger than our result.
Other experimental data4–6) are very different from our
result. The TENDL-2017 data show a peak at the
same energy as ours, although the ampulitude of the
peak is lower.
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Activation cross sections of alpha-induced reactions on natIn for
117mSn production†

M. Aikawa,∗1,∗2 M. Saito,∗3,∗2 N. Ukon,∗4,∗2 Y. Komori,∗2 and H. Haba∗2

The radioisotope 117mSn (T1/2 = 13.76 d) can be
used as a theranostic radioisotope for both medical
therapy and imaging. The production of 117mSn is
of much concern, and the possible production reac-
tions are studied. We focused on one of the reactions,
namely the 115In(α, x)117mSn reaction, in this paper.
Three experimental literature1–3) could be found in the
EXFOR library.4) The literature data, however, show a
large discrepancy from each other. More reliable and
accurate data are required for practical use. There-
fore, we performed a new experiment to measure the
cross sections of the 115In(α, x)117mSn reaction. In ad-
dition, the cross sections of the by-products, 113Sn and
116m, 117, 118mSb, were measured.

The experiment was performed at the AVF cyclotron
of the RIKEN RI Beam Factory. The stacked foil
technique, activation method, and high resolution γ-
ray spectrometry were used to derive the activation
cross sections. Metallic foils of natIn (4.29% 113In
and 95.71% 115In) and natTi were stacked as a target.
The target was irradiated by a 51.6-MeV α beam for
2 h. The incident beam energy was determined using
the time-of-flight method.5) The beam energy degra-
dation in the stacked target was calculated using the
SRIM code.6) The average intensity of the beam was
202.1 nA, which was measured by a Faraday cup. The
irradiated foils were separated and subjected to γ-ray
spectrometry with an HPGe detector.

The excitation function of the natTi(α, x)51Cr mon-
itor reaction was used to assess the beam parame-
ters and the target thicknesses. The excitation func-
tion could be derived from measurements of the γ line
at 320.08 keV (Iγ = 9.91%) from the decay of 51Cr
(T1/2 = 27.7025 d). The result is in good agreement

with the recommended values.7) Therefore, we adopted
the measured beam parameters and target thicknesses
without any adjustments.

The measurement of the 156.02-keV γ line (Iγ =
2.113%) from the 117mSn decay was performed for the
cross sections of the 115In(α, x)117mSn reaction. The
cooling time was longer than 45 h for the complete
decay of the parent nuclei, 117gIn (T1/2 = 43.2 min),
117mIn (T1/2 = 116.2 min), and 117Sb (T1/2 = 2.80 h).
The cumulative cross sections of 117mSn for natIn tar-
gets were obtained from the measurement. The cross

† Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 426, 18 (2018)
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Fig. 1. Excitation function of the 115In(α, x)117mSn reac-

tion.

sections were normalized to those for 115In enriched
targets, taking into account the negligibly small con-
tribution of the α-capture reaction on 113In. The result
is shown in Fig. 1 in comparison with the previous ex-
perimental data1–3) and the TENDL-2017 data.8) The
present result is almost consistent with the data ob-
tained by Qaim and Döhler (1984).2) The data ob-
tained by Fukushima et al. (1963)1) and TENDL-2017
show smaller amplitudes than the others. On the con-
trary, the data obtained by Bhardwaj et al. (1992)3)

are much larger than that obtained by the others.
In this work, the cross sections of the 115In(α,

x)117mSn reaction up to 50 MeV were measured us-
ing the stacked foil activation technique and high res-
olution γ-ray spectrometry. The measured cross sec-
tions were compared with the earlier experimental data
and the TENDL data. One of the three experimental
datasets is in good agreement with our result. Our
result can contribute to the estimation of 117mSn pro-
duction.
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Investigation of alpha particle induced reactions on natural silver in the
40–50 MeV energy range†

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

Natural silver targets were irradiated using a 50 MeV
alpha-particle beam in order to measure the activation
cross sections of radioisotopes in the 40–50 MeV energy
range. Among the radio-products, there are medically
important isotopes such as 110mIn and 111In.1) For op-
timizing the production of these radioisotopes and their
purity and specific activity, the cross section data for
every produced radioisotope are important. New data
were measured in this energy range and the results of
some previous measurements were confirmed. Physical
yield curves were calculated using the new cross section
data completed with the results from the literature.

The irradiation was performed on a dedicated beam
line of the K70-MeV AVF cyclotron of the RIKEN
RI Beam Factory by using an Eα = 50.7± 0.3 MeV
beam. The natTi(α, x)51Cr reaction on titanium foils
(Ti: 10.9 µm) was used as a monitor reaction to check
and correct the beam intensity and energy degradation
through the whole stack. The foils were ordered in
groups in such a way that we could compensate or avoid
the activity loss or excess activity due to the recoil ef-
fect of the radioisotope in question. The first 10 foils of
the stack were silver. The Ag foils were arranged in one
block, i.e. one after other, because for silver, we were

Fig. 1. Excitation function of the natAg(α, x) 110gIn reaction
compared with the previous results and the results of the
theoretical model code calculations.

† Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 436, 119 (2018)

∗1 Institute for Nuclear Research, HAS
∗2 RIKEN Nishina Center
∗3 Faculty of Science, Hokkaido University
∗4 Graduate School of Biomed. Sci. and Eng., Hokkaido Univ.
∗5 School of Science, Hokkaido University

Fig. 2. Calculated physical yields from selected α-particle
induced nuclear reactions on Ag compared with the lit-
erature data.

interested in the high energy part (40–50 MeV range).
The excitation functions for natAg(α, x)111,110m, 110g,

109g 108gIn, 111, 110m, 106m, 105gAg and 109Cd were mea-
sured in the energy range of 40–50 MeV (e.g. 110gIn
in Fig. 1). The newly determined cross section data
helped clarify the problems between the previous liter-
ature results. The cross section deduced for the produc-
tion of 110gIn, 109gIn, 108gIn, 111Ag, and 110gAg in most
cases show a good continuation of the eventually exist-
ing literature data in a lower energy region. In the case
of 111In and 109Cd, the agreement with the previous
literature data is excellent. The results of the theo-
retical nuclear reaction model codes are not systematic
and give only partly good estimations for several reac-
tions. There are reactions, for which both (EMPIRE
and TENDL) fail completely. Thick target physical
yield curves were calculated from the measured cross
sections (Fig. 2). The excitation functions for these
calculations were constructed by using our new results
combined with data from the literature. The literature
values agree well with our results.

Among the possible industrial applications, the
TLA2) method was demonstrated by using 106mAg,
which is the best radioisotope for this purpose. It has
been proved that by using 106mAg as a tracer, the wear
measurement can be performed with actual parameters.
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Production cross sections of deuteron-induced reactions on natural
palladium for Ag isotopes†

N. Ukon,∗1,∗2,∗3 M. Aikawa,∗3,∗4 Y. Komori,∗3 and H. Haba∗3

Radioisotopes (RI) are available for medical ther-
apy and diagnostics.1) 103Pd with a half-life of T1/2

= 16.991 d decays (100% electron capture (EC)) into
103mRh, which successively decays (100% isomeric tran-
sition) into 103Rh with a 39.5-keV γ-ray emission. 103Pd
is a medical radioisotope and is available for brachyther-
apy.2) For the effective production of 103Pd, a variety of
reactions should be investigated for comparison, includ-
ing reactions to produce 103Ag (T1/2 = 65.7 min), which
is a parent of 103Pd. One of the processes used for pro-
ducing 103Ag is deuteron-induced reactions on natural
palladium, which has only been studied up to 20.3 MeV
in previous studies.3–5)

In addition to 103Pd, the radionuclide 104gAg which
has a short β+ decay half-life (T1/2 = 69.2 min) can be
used for diagnostic imaging in positron emission tomog-
raphy (PET). 111Ag has significant potential as a ther-
apeutic β− radionuclide decaying (92% β−, Eβmax) =
1037 keV) directly to the ground state of 111Cd. The
PET using 104Ag has the possible combination of di-
agnostic studies to investigate the uptake of 111Ag la-
belled compounds of the therapeutic radionuclide before
treatment.6)Ag, 104m, gAg, and 111Ag can be obtained by
charged particle reactions on natPd. Therefore, we inves-
tigated the activation cross sections of deuteron-induced
reactions on metallic foils of natural palladium (102Pd
1.02%; 104Pd 11.14%; 105Pd 22.33%; 106Pd 27.33%;
108Pd 26.46%; 110Pd 11.72%) in connection with the
production of medically relevant radioisotopes.

The excitation functions of the natPd(d, x) reactions
were measured by the stacked-foil method, activation
method and high-resolution γ-ray spectroscopy. natPd
foils (purity: 99.95%, Nilaco Corp., Japan) were stacked
with natTi (purity: 99.6%, Nilaco Corp., Japan) and
natZn foils (purity: 99.95%, Nilaco Corp., Japan) for
monitoring the beam parameters and degrading the
beam energy. The thicknesses of the Pd, Ti, and
Zn foils were 8.15, 4.93, and 25.14 mg/cm2, respec-
tively.The irradiation was performed at the RIKEN AVF
cyclotron. A 24-MeV deuteron beam with an average in-
tensity of about 174 nA was irradiated on the target for
20 min. The incident beam energy was measured by
the time-of-flight method using plastic scintillator mon-
itors. The beam energy degraded in the stacked target
was calculated using the polynomial approximation of
stopping-power data.7) The γ-ray spectra of the acti-

† Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 426, 13 (2018)
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Fig. 1. Excitation function of the natPd(d, x)103Ag reaction.

The result is compared with a previous study4) and

TENDL-2017.9)

vated foils were measured using HPGe detectors. The
nuclear decay data were taken from the online NuDat
2.6 database.8)

We found that our result is in good agreement with
the previous data obtained by Hermanne et al.4) up
to 20.3 MeV. On the other hand, the theoretical cal-
culation reproduces well the experimental cross sec-
tions up to 15 MeV; however at higher energies, the
calculation overestimates the experimental cross sec-
tions. We performed an experiment of the deuteron-
induced reactions on natural palladium to produce Ag
isotopes by using the stacked foil activation technique.
The excitation functions of the natPd(d, x)103Ag reac-
tion from 20.3 MeV to 24 MeV, natPd(d, x)104gAg, and
natPd(d, x)104mAg were measured for the first time. The
production cross sections of 105Ag, 106mAg, 110mAg, and
111Ag are in good agreement with the previous experi-
mental data. Above 20.3 MeV, all excitation functions
in this work continued smoothly to the data in the pre-
vious study.
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Production cross sections of 111Ag in deuteron-induced nuclear
reactions on natural palladium

K. Ooe,∗1 T. Watabe,∗1 Y. Shirakami,∗1 D. Mori,∗2 T. Yokokita,∗2 Y. Komori,∗2 H. Haba,∗2 and J. Hatazawa∗1

Several radionuclides such as 90Y and 131I are cur-
rently used for nuclear medicine therapy of tumors.
These radionuclides are produced using nuclear reac-
tors. In Japan, all therapeutic radionuclides are now
imported from other countries. Therefore, domestic
production using accelerators is desirable for a stable
supply of therapeutic radionuclides.

Silver-111 (111Ag) is a β− emitter, which can be ap-
plied to the therapy of tumors. It has a half-life of
7.45 d and can be produced in 110Pd(d, x)111Ag reac-
tions using accelerators. This radionuclide also emits
γ rays with energies of 342 and 245 keV, which can
be used for imaging by single photon emission com-
puted tomography (SPECT). These nuclear properties
of 111Ag are expected to be suitable for theranostics
(therapeutics + diagnosis). However, 111Ag has been
rarely applied to the nuclear medicine field. In this
study, production cross sections for natPd(d, x)111Ag
reactions are investigated for future nuclear medical
application of 111Ag.
The cross sections of natPd(d, x)111Ag reactions

were measured by the stacked-foil method. Metallic
foils of natural isotopic Pd (purity: 99.95% and thick-
ness: 0.0125 mm, Nilaco Corp., Japan) were used as
the target. Metallic foils of natTa (purity: 99.95%
and thickness: 0.10 mm, Nilaco Corp., Japan) and
natNi (purity: 99.95% and thickness: 0.001 mm, Ni-
laco Corp., Japan) were also used as a beam en-
ergy degrader and beam intensity monitor with the
natNi(d, x)61Cu reactions, respectively. Twenty five
Pd and 10 Ni foils were stacked together with 2 Ta foils
which were placed on the top of the stack. The irradi-
ation of the stack with the 24 MeV deuteron beam was
conducted using the RIKEN K70 AVF Cyclotron. The
stack covered the beam energy range of 4–17 MeV for
the measurement of cross sections of natPd(d, x)111Ag
reactions. The average beam intensity was approxi-
mately 180 nA and the irradiation time was 2 h. After
the irradiation of the stack, each foil was subjected to
γ-ray spectrometry using a HPGe detector. The 245-
keV γ peak of 111Ag was used to calculate the cross
sections.

Because 110mAg would be produced simultaneously
with 111Ag and remain in the body for a long time
owing to its very long half-life (249.79 d) during ra-
diotherapy, the cross sections of natPd(d, x)110mAg re-
actions were also investigated. The preliminary re-
sults of the cross sections of the natPd(d, x)111Ag and

∗1 Department of Nuclear Medicine and Tracer Kinetics, Osaka
University Graduate School of Medicine

∗2 RIKEN Nishina Center

Fig. 1. Excitation functions of natPd(d, x)111Ag and
natPd(d, x)110mAg reactions.

natPd(d, x)110mAg reactions are shown in Fig. 1. 111Ag
is produced not only in the direct nuclear reaction but
also from the decay of by-products 111mAg (T1/2 =
64.8 s) and 111mPd (T1/2 = 5.5 h). Therefore, cu-
mulative cross sections for 111Ag are shown in Fig. 1.
The energy at the peak of the excitation function of
natPd(d, x)111Ag reactions was approximately 9 MeV
with a cross section of approximately 40 mb, which is
consistent with the previous results.1–3) The excitation
function of natPd(d, x)110mAg reactions has a maxi-
mum of approximately 40 mb at around 14 MeV and
almost half amplitude of that of the natPd(d, x)111Ag
reactions at around 9 MeV. Although 110mAg is simul-
taneously produced with 111Ag, the radioactivity of
110mAg produced with 9-MeV deuteron beam would
be approximately 1% of the 111Ag activity owing to
the difference in cross sections and half-lives between
111Ag and 110mAg.

As the next step for the medical application of 111Ag,
chemical purification of 111Ag from a Pd target will be
performed by ion exchange chromatography.
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Production cross sections of Mo, Nb and Zr radioisotopes from
α-induced reaction on natZr†

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

The most important medical radioisotopes at
present are 99mTc (T1/2 = 6.0 h) and its generator
99Mo (T1/2 = 66.0 h). Nuclear reactions to produce
99Mo using accelerators are energetically investigated
worldwide. One of the charged-particle reactions used
to create 99Mo is the 96Zr(α, x)99Mo reaction. Three
experimental data1–3) were found in a literature sur-
vey. The three datasets, however, show quite differ-
ent shapes from each other. Therefore, we performed
two experiments to measure the cross sections of the
96Zr(α, x)99Mo reaction. In addition, the cross sections
for the production of 93mMo, 90g, 92m, 95g, 95m, 96Nb,
and 88, 89g, 95Zr isotopes were measured.

Two independent irradiations using different targets
and α-beam energies were performed at the RIKEN
AVF cyclotron. The stacked-foil technique, activation
method, and high-resolution γ-ray spectrometry were
used. Two stacked targets consisted of natZr foils of dif-
ferent thicknesses (6.75 and 13.22 mg/cm2) and natTi
foils (2.43 and 2.40 mg/cm2). The targets were respec-
tively irradiated for 2 h by α beams of two different
energies, namely 29 and 50 MeV. The incident beam
energies were determined by using the time-of-flight
method.4) The energy degradation in the targets was
calculated using the SRIM code.5) The average inten-
sity measured by a Faraday cup was about 400 nA in
both cases. The γ lines from the decay of the radioiso-
topes for each irradiated foil were measured using an
HPGe detector.

The excitation function of the natZr(α, x)99Mo reac-
tion was derived from measurements of the γ line at
739.500 keV (Iγ = 12.20%). The parent nuclei of 99Mo,
99gNb (T1/2 = 15.0 s), and 99mNb (T1/2 = 2.5 min), de-
cayed during cooling times longer than 47 h. The cross
sections of 96Zr were deduced by taking into account
the isotopic composition of natural zirconium. The re-
sults are shown in Fig. 1 and compared with previous
experimental data1–3) and the TENDL-2017 data.6)

Our results are in complete agreement with the recent
experimental data,3) but very different from the others.
Based on our measured excitation function, the end of
bombardment activity of 99Mo was deduced with the

† Condensed from the article in Appl. Radiat. Isot. 144, 47
(2019)
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Fig. 1. Excitation function of the 96Zr(α, x)99Mo reaction.

Fig. 2. End of bombardment activity of 99Mo for 1 h irra-

diation.

stopping powers obtained using the SRIM code.5) Our
result shown in Fig. 2 is almost consistent with the two
datasets,3,7) but larger than one dataset.2)
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Activation cross sections of deuteron-induced reactions on niobium
up to 24 MeV†

M. Aikawa,∗1,∗2 Y. Komori,∗2 and H. Haba∗2

One of the potential radioisotopes for nuclear
medicine is 93mMo.1) Several reactions to produce
93mMo were studied, for example, proton- and
deuteron-induced reactions on Nb, α-induced reactions
on Zr, and 7Li-induced reactions on Y. In this pa-
per, we focus on the deuteron-induced reactions on
Nb because the cross sections of these reactions are
about four times larger than those of the proton-
induced reactions.2) Four experimental data sets up
to 50 MeV2–5) were found in a literature survey, and
they were scattered over several tens of mb at a
peak of around 17 MeV. Therefore, we performed
an experiment to measure the cross sections of the
93Nb(d, 2n)93mMo reaction.
We used standard methods such as the stacked-

foil activation method and off-line γ-ray spectrometry.
The stacked target of the experiment was composed
of thin metallic foils of 93Nb (27.11 mg/cm2, 99.9%
purity, Nilaco Corp., Japan) and natTi (9.13 mg/cm2,
99.6% purity, Nilaco Corp., Japan). The natTi foils
were used to monitor the beam parameters. The tar-
get was irradiated by a 23.6-MeV deuteron beam at
the AVF cyclotron of the RIKEN RI Beam Factory.
The incident beam energy was measured by the time-
of-flight method using a plastic scintillator monitor.6)

The irradiation lasted for 30 min with an average in-
tensity of 200.3 nA, which was measured using a Fara-
day cup. The energy degradation of the beam in the
stacked target was calculated using the SRIM code.7)

The beam parameters and the target thicknesses were
assessed by the natTi(d, x)48V monitor reaction. The
γ lines from the foils were measured by using a high-
resolution HPGe detector.

The 263.049-keV γ line (Iγ = 57.4%) from the
93mMo IT decay (T1/2 = 6.85 h) was measured after a
cooling time of about 10 h. The excitation function
of the 93Nb(d, 2n)93mMo reaction was derived from
the measurement. The result is shown in Fig. 1 to-
gether with the earlier experimental data3–5) and the
TENDL-2017 data.8) Our result shows good agreement
with the other experimental data in the entire energy
region. The theoretical calculation overestimates the
experimental data.

The physical yield of 93mMo from the 93Nb(d,
2n)93mMo reaction was calculated from the excitation
function using the spline fitting shown in Fig. 1 and the
stopping power calculated by the SRIM code.7) The re-

† Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 436, 217 (2018)
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∗2 RIKEN Nishina Center

Fig. 1. Excitation function of the 93Nb(d, 2n)93mMo reac-

tion.

Fig. 2. Physical yield of 93mMo.

sult, together with the other experimental data,2,9) is
shown in Fig. 2. Our result is consistent with the two
data studied earlier.2,9)
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New cross section data for production of zirconium-89 by
alpha-induced reaction on yttrium target

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

Zirconium-89 is considered a good candidate for
immuno-PET investigations owing to its decay proper-
ties.1) Even though it is possible to produce 89Zr with a
low incident beam energy (approximately 12 MeV) and
high specific activities by using proton beams (470–
1195 mCi/mmol),1) it is worthwhile to consider its
production using heavier particles. Co-production of
90Nb, another expectable radionuclide for medicine,2)
is possible in the same irradiation with alpha particles.

The alpha-induced reaction on natural yttrium is
one of the ways to produce 89Zr and 90Nb. There are,
however, only two earlier studies on the 89Y(α, x)89Zr
reaction and no data for the high energy region is avail-
able, where higher cross sections seem to be achieved.
In this work, a new experiment to measure the cross
sections for the 89Y(α, x)89Zr reaction was performed
to investigate the optional route for 89Zr production.

The well known stacked-foil technique and activa-
tion method were used to measure the cross sections for
the alpha-induced reactions on natural yttrium. The
stacked-foil target consisted of yttrium (25 µm, Ni-
laco), titanium (5 µm, Nilaco), and aluminum (5 µm,
Nilaco) foils. The thicknesses were verified within 0.6%
by measuring the sizes and weights of the foils. The
stacked-foil target was attached to a target holder,
which also served as a Faraday-cup, and was irradi-
ated with a 50-MeV alpha beam with an intensity of
200 pnA for 1 h using the AVF cyclotron at the RIKEN
beam factory. The energy of the alpha beam in each
foil was calculated using stopping powers that were
obtained from the SRIM software.3) The intensity was
assumed to be constant in the target. The correct-
ness of the beam parameters and foil thicknesses was
checked by monitoring the reactions on aluminum and
titanium foils by comparing their cross sections with
the IAEA recommended values.

After the irradiation, a cooling time of over 40 min
was taken to reduce the background radiation, which
is an obstacle for the measurement. A high purity ger-
manium detector was used to collect the gamma-ray
spectra from the foils. To derive the cross sections of
the monitored reactions, the 1274.5 keV (Iγ = 99.94%)
and 320.08 keV (Iγ = 9.91%) gamma-lines were used
for natAl(α, x)22Na and natTi(α, x)51Cr reactions, re-
spectively. The data obtained from the monitored re-
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Fig. 1. Experimental cross sections of 89Y(α, x)89Zr reac-
tion with earlier experimental data and TENDL data.

actions was significantly consistent with the IAEA rec-
ommended values.

A specific gamma-line of 909.15 keV (Iγ = 99.04%)
from 89Zr was used to derive the cross sections of
the 89Y(α, x)89Zr reaction. Owing to the short half-
life of 89Nb (T1/2 = 2.03 h) as compared to 89Zr
(T1/2 = 78.41 h), the derived cross sections were cu-
mulative. The cross sections of 89Zr are shown in
Fig. 1 in comparison with earlier two experiments4,5)
and TENDL data.6) Our result is consistent with Lev-
kovski’s result and indicates that the TENDL values
are overestimated at higher energy.

In this work, the peak position of the cross sections
of 89Y(α, x)89Zr reaction could not be obtained. To
find the most efficient energy for 89Zr production by
alpha particles, another experiment using a higher en-
ergy alpha beam is needed. In addition to the peak
position of the excitation function, the evaluation of
specific activity and yields of other co-produced nuclei
is needed for the practical application of 89Y(α, x)89Zr
reaction.
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Cross section measurement of the deuteron-induced reaction on 89Y
to produce 89Zr

M. Sakaguchi,∗1,∗2 M. Aikawa,∗2,∗3 M. Saito,∗2,∗3 N. Ukon,∗2,∗4 Y. Komori,∗2 and H. Haba∗2

Zirconium-89 (T1/2 = 78.41 h) is a positron emit-
ter, which can be used for the diagnostic imaging
of Positron Emission Tomography (PET). There are
many routes to produce 89Zr. The 89Y(p, n)89Zr reac-
tion and the 89Y(d, 2n)89Zr reaction can be quoted as
their examples. The former is better known, as many
experiments have been performed on this reaction dur-
ing the last several decades. In contrast, only seven
experiments with the latter1–7) could be found in the
literature. The behaviors of the excitation functions of
the latter disagree with each other and there are only a
few previous experiments that show cross sections over
20 MeV. These facts are obstacles to deciding the most
efficient way to obtain this radionuclide. Therefore, we
performed an experiment on the 89Y(d, 2n)89Zr reac-
tion and measured the cross sections up to 24 MeV.
We adopted the standard stacked-foil activation

method for this experiment. The target consisted of
89Y foils (purity: 99.0%, thickness: 28.6 μm; Good-
fellow Co., Ltd., UK) and natTi foils (purity: 99.6%,
thickness: 20.3 μm; Nilaco Corp., Japan), which
were used for the natTi(d,x)48V monitor reaction.
This stacked target was positioned in a target holder
served as a Faraday cup and irradiated by a 23.6-MeV
deuteron beam for 1 h at the RIKEN AVF cyclotron.
The average beam intensity was 102.3 nA, which was
measured by using the Faraday cup. The energies of
the projectile going through each foil and their uncer-
tainties were calculated by using the SRIM8) code.
After a cooling time of approximately 1 h, we dis-

assembled the stacked foils and measured the γ-ray
spectra on each foil by using an HPGe detector. The
909.15-keV γ-line (Iγ = 99.04%) following the decay of
89Zr and the 983.525-keV γ-line (Iγ = 99.98%) follow-
ing the decay of 48V were measured to derive the cross
sections of the 89Y(d, 2n)89Zr and natTi(d, x)48V reac-
tions, respectively. Keeping the dead time less than
5%, the distance between the measured foils and the
HPGe detector was adjusted in every γ-ray measure-
ment.
The cross sections of the natTi(d, x)48V reaction

were derived, and it was confirmed that their values
agree with the IAEA recommended values, which in-
dicates the correctnesses of the thicknesses and beam
parameters within the uncertainties.
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Fig. 1. Excitation function for the 89Y(d, 2n)89Zr reaction
compared with the previous experimental data and the
TENDL data.

Figure 1 shows the excitation function of the
89Y(d, 2n)89Zr reaction in this work in comparison
with the previous data and the TENDL9) data. Our
result indicates that the peak of the excitation function
is located at around 17.9 MeV and the corresponding
cross section value is approximately 970 mb. These
values are almost the same as that of some of the pre-
vious data. On the other hand, the cross section values
of the TENDL data are higher than those of all the ex-
perimental data in the range between 10 and 20 MeV.
In this work, we performed an experiment on the

89Y(d, 2n)89Zr reaction at the RIKEN AVF cyclotron.
The stacked foil activation method and γ-ray spec-
trometry were used for this experiment. The cross
sections of this reaction were measured up to 24 MeV.
Our result is consistent with some of the previous data.
The production yield of 89Zr in this reaction will be de-
rived and compared with that in other reactions.

References
1) O. Lebeda et al., Nucl. Instrum. Methods Phys. Res. B

360, 118 (2015).
2) M. S. Uddin et al., Radiochim. Acta 95, 187 (2007).
3) H. I. West et al., UCRL-ID-115738, 1 (1993).
4) D. Digering et al., J. Radioanal. Nucl. Chem. Lett. 127,

7 (1988).
5) H. H. Bissem et al., Phys. Rev. C 22, (4), 1468 (1980).
6) A. M. La Gamma, S. J. Nassif, Radiochim. Acta 19,

161 (1973).
7) N. Baron, B. L. Cohen, Phys. Rev. 129, 2636 (1963).
8) J. F. Ziegler et al., Nucl. Instrum. Methods Phys. Res.

B 268, 1818 (2010).
9) A. J. Koning et al., Nucl. Data Sheets, 113, 2841 (2012).



Ⅲ-3. Radiochemistry & Nuclear Chemistry

- 200 -

RIKEN Accel. Prog. Rep. 52 (2019)

Activation cross sections of alpha particle induced reactions
on natural nickel up to 50 MeV

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

67Cu is a medium-energy β− emitter radionuclide,
which is similar to 177Lu, but offers the advantage of
radiation suitable for diagnostics along with a therapy
effect. We investigated the 64Ni(α, p)67Cu reaction by
irradiating natural nickel targets. Cross sections of
alpha particle-induced reactions, resulting in the pro-
duction of 61,64,67Cu, 55, 56, 57, 58, 60Co, 56, 57, 66Ni, and
62, 63, 65Zn were determined, and the results were com-
pared with data available in the literature.

The stacked target technique and activation method
were used, followed by high-resolution gamma spec-
trometry of the activated target foils. Two inde-
pendent irradiation experiments using different tar-
get foils and irradiation parameters were performed
at the AVF cyclotron of the RIKEN RI Beam Fac-
tory. The stacked targets consisted of natNi target
foils (4.11 mg/cm2 and 4.45 mg/cm2) and natTi mon-
itor foils to monitor the beam parameters (2.40 and
4.95 mg/cm2) of different thicknesses. The targets
were irradiated for 1 and 2 h with alpha beams of 186
and 400 nA and energies of Eα = 41.6±0.35 MeV and
Eα = 50.73 ± 0.30 MeV, respectively. The primary
beam energies were determined by the time-of-flight
method.1) The energy degradation in the targets was
calculated by the semiempirical polynomial method of
Ziegler et al.2) The beam intensity was measured by a
Faraday cup and was recorded every minute to check
its stability in both cases.

The activity of the foils was measured by a HPGe
spectrometer to identify the isotopes and to determine
their intensity. The natTi(α, x)51Cr reaction was used
to monitor the beam intensity and energy degradation
through the whole stack. It was not necessary to cor-
rect the beam parameters obtained from primary mea-
surements. The foils were placed in pairs in the stack
and activity of the lower energy foil of each pair was
measured supposing compensation of the activity loss
due to the recoil effect.

The newly determined cross section data from the
two irradiations correspond well in the overlapping en-
ergy region and can be used as one dataset. Because
only the 64Ni(α, p) reaction contributes to the produc-
tion of 67Cu, the measured data were normalized to the
100% 64Ni target composition and were compared to
the experimental data measured earlier as well as to
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Fig. 1. Excitation function of the 64Ni(α, p)67Cu compared

with the previous results and with the results of theo-

retical model codes.

the results of the theoretical nuclear reaction model
code TALYS (Fig. 1) taken from the TENDL-2017
data library available online.3)

From the measured cross sections, yield curves were
calculated and compared with the available experimen-
tal yield data. Our results agree well with most values
in the literature except for the data of Tanaka (1960)4)

and Antropov (1985).5)

Our preliminary data are, in general, in agreement
with data in the literature, however, an additional ex-
periment is required to cover the 20 MeV-to-threshold
energy region of the excitation function. Owing to
the high energy degradation of the alpha particles the
usual stacked target technique cannot be used effec-
tively below 20 MeV. Therefore, a new rotating irradi-
ation setup is designed for measurements in this energy
region.
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Measurement of half-lives of 181, 182a, 182b, 183, 184mRe and 187W

Y. Komori∗1 and H. Haba∗1

Chemical characterization of superheavy elements is
one of the most important and challenging subjects in
nuclear chemistry. We plan to conduct model exper-
iments for the chemical studies of element 107, Bh,
using radiotracers of its homologs, Tc and Re. Long-
lived 95mTc (T 1/2 = 61 d), 183Re (T 1/2 = 70 d),
and 184m, gRe (m: T 1/2 = 169 d; g: T 1/2 = 35.4 d)
are useful for the model experiments. These isotopes
are producible in the deuteron-induced reactions on
natMo and natW (nat: natural isotopic abundance) us-
ing the RIKEN AVF cyclotron. Previously, we mea-
sured the production cross-sections of the Re isotopes
in the natW(d,x) reactions for the quantitative pro-
duction of 183, 184m, gRe.1) In the course of measure-
ments, we noticed that the half-lives of some Re iso-
topes such as 181, 183Re was slightly shorter than those
adopted in literatures. Furthermore, recently, the half-
life of 182aRe has been revised from 12.7 ± 0.2 h2)

to 14.14 ± 0.45 h3) because Bonardi et al. and Ma-
nenti et al. suggested that the half-life of 182aRe is
13.74 ± 0.48 h4) and 14.50 ± 0.45 h,5) respectively.
Therefore, it is worth reinvestigating the half-lives of
these Re isotopes. In this work, we measured the
half-lives of 181, 182a, 182b, 183, 184mRe and 187W and com-
pared them with the half-life values adopted in the
Nudat 2.7 database.6)

We determined the half-lives of 181, 182a, 182bRe and
187W using a reference source method. Four natW foils
with a thickness of 20 μm were irradiated for 5 min
with 24 MeV deuteron beam supplied from the RIKEN
AVF cyclotron. The average beam current evaluated
with the Faraday cup was 425 nA. After the irradi-
ation, three of the natW foils were repetitively mea-
sured with three Ge detectors every 4 h or 6 h with
88Y (T1/2 = 106.626± 0.021 d7)). 88Y was used as the
reference source to correct the dead time during the ra-
dioactivity measurement.8) The cooling time and dead
time were ≥ 1.6 h after the end of bombardment (EOB)
and ≤ 12.8%. The internal clock time of the computer
for data acquisition was synchronized with the Internet
time server in RIKEN every 1 h.

As for the long-lived isotopes, 183, 184mRe, we deter-
mined their half-lives by following their interference-
free γ lines under low dead time condition of ≤ 3.0%.
A natW foil with a thickness of 100 μm irradiated with
the 24 MeV deuteron beam for 125 min with a beam
current of 5 pμA, was repetitively measured every 12 h
with the Ge detector at the cooling time of 474 d after
the EOB.

The half-lives of 181, 182a, 182b, 183, 184mRe and 187W
determined in this work are listed in Table 1 along with
those adopted in the Nudat 2.7 database.6) We found

∗1 RIKEN Nishina Center

Table 1. Half-lives adopted in Nudat 2.76) for 181, 182a, 182b,

183, 184mRe and 187W and those determined in this work.
Gamma energy (Eγ) used for analysis in this work is also
listed.

Nuclide Half-life 

(Nudat 2.76))

Eγ [keV] Half-life

(this work)
181Re 19.9 ± 0.7 h9) 953.6 18.94 ± 0.05 h
182aRe 14.14 ± 0.45 h3) 470.26 14.33 ± 0.03 h

182bRe 64.2 ± 0.5 h3) 1427.3 62.6 ± 0.5 h

187W 24.000 ± 0.004 h10) 685.81 23.92 ± 0.04 h
183Re 70.0 ± 1.4 d11) 291.723 66.5 ± 0.1 d

184mRe 169 ± 8 d12) 318.008 178.7 ± 0.4 d

920.933 178.5 ± 0.4 d

that the half-life of 181Re is 18.94±0.05 h, which is 0.96-
h shorter than the literature data of 19.9±0.7 h.9) The
half-life of 182aRe is 14.33± 0.03 h, which is consistent
with the value of 14.50± 0.45 h reported by Manenti et
al.5) and the recently revised value of 14.14± 0.45 h by
Singh.3) The half-life of 182bRe is 62.6± 0.5 h, which is
1.6-h shorter than the literature value of 64.2± 0.5 h.3)
The half-life of 187W is 23.92± 0.04 h, which is slightly
shorter than the literature value of 24.000± 0.004 h.10)
The half-life of 183Re is 66.5 ± 0.1 d, which is 3.5-d
shorter than the literature data of 70.0± 1.4 d.11) The
half-lives of 184mRe determined by the decays of 318-
keV and 921-keV γ lines are 178.5±0.4 and 178.7±0.4 d,
respectively. The average half-life of 184mRe is 178.6±
0.3 d, which is 9.6-d longer than the literature data of
169 ± 8 d.12) For further discussion, we will compare
our newly determined half-lives of these isotopes with
the previously reported values.
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Production of Np isotopes in nuclear reactions
for standard material in accelerator mass spectrometry

Y. Hayakawa,∗1 A. Yokoyama,∗2 A. Sakaguchi,∗3 K. Yamamori,∗1 K. Sekiguchi,∗3 S. Yanou,∗4 Y. Komori,∗4
T. Yokokita,∗4 and H. Haba∗4

The techniques for highly sensitive mass spectrom-
etry, such as ICP-MS and AMS, are rapidly being de-
veloped currently. Several elements or nuclides that
were not supposed to be applicable in those techniques
several decades ago are now quantitatively analyzed.
Especially, for long-lived actinides elements, the tech-
niques are becoming more important as a promising
alternative to radioactivity measurements. The tracer
nuclide for target elements, which is non-existent in
nature and absent in target samples, is necessary to
establish a standard in the new techniques. Tracers
for several elements are available now but the tracer
for neptunium has not been developed yet. We aim to
devise an efficient method for the production of Np-
236 in the ground state of half life 1.54 × 105 y as a
candidate for tracer nuclide.

In this study, the Np tracer production was imple-
mented in the reactions of 232Th + 7Li and 238U + p
to measure Np-237 in environmental samples.

For irradiation, target stacks of Th metal foils of two
tytpes of thickness were prepared: a thin target for the
excitation function measurement and a thick target for
tracer production of Np. A silver foil was irradiated at
the same time to monitor the beam intensity from the
radioactivity of 111In generated during the irradiation
with current integration using a beam course equipped
with Faraday cup.

We irradiated the targets with 42 MeV 7Li ions from
the RIKEN AVF cyclotron. Chemical procedures were
performed to isolate Np atoms from the target. As
an example of the procedure, the target material was
dissolved in 3 M HNO3 with Np-239 tracer to check
chemical recoveries and the sample was dried by heat-
ing. The residue was then dissolved in conc. HCl,
repeatedly dried three times, and finally adjusted to
3 M HNO3 solution of 4 ml. This solution was intro-
duced into a TEVA resin column, subsequently treated
with 3 M HNO3 and 10 M HCl for purification, and fi-
nally treated with 0.1 M HCl for the elution of Np. To
remove Pa, another process with a TK 400 column was
performed. To determine the yields of Np isotopes and
by-products, γ-ray spectrometry was conducted for the
effluents with a Ge detector.

As an example of the result, a measured γ spec-
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Fig. 1. Example of γ spectrum of isolated Np. (Red: Np-
236m, Green: Np-234)

Fig. 2. Exciting functions of 236mNp in reactions of 238U +
p and 232Th + 7Li.

trum is shown in Fig. 1, where many photopeaks of
Np isotopes including Np-236m are observed. Figure 2
compares the excitation function of Np-236m obtained
from this study to that obtained from the 39 MeV p
+ U experiment conducted in RCNP of Osaka Univer-
sity. Although the cross section of Th + Li is nearly
two orders of magnitude lower than that of U + p,
it is predicted that the isomeric ratio of Np-236g to
Np-236m for the products of the former reaction is
larger than that for the latter, which had been mea-
sured to be around 0.5.1) The analysis of the result is
still in progress and additional experiments including
mass spectrometry are in the planning stage at present.
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Column chromatography of astatine using weak base anion exchange
resin

H. Ikeda,∗1,∗2,∗3 H. Kikunaga,∗2,∗3 Y. Komori,∗3 T. Yokokita,∗3 D. Mori,∗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. Two meth-
ods (dry distillation1) and wet extraction2,3)) are used
mainly. Dry distillation can obtain a pure solution of
At without impurities; however, it requires the con-
struction of a complicated apparatus.1) On the other
hand, although wet extraction is a simple method, the
aqueous solution is contaminated with the organic sol-
vent after back extraction. To solve these problems,
we tried At separation using column chromatography.4)

However, the eluent was too alkaline for biological stud-
ies. Therefore, we need to find a solution with mild
conditions. In the general wet separation of At, it is
necessary to dissolve bismuth metal or bismuth oxide
(Bi2O3) into nitric acid. We examined the dissolution
method using hydrochloric acid (4 M HCl).4) However,
large amounts of anions other than astatide anion (At−)
existed in the solution, which was used to dissolve the
Bi2O3 target in our study. This influenced the behav-
ior of At in column chromatography, and we could not
achieve a high yield of At tracer. In this work, we re-
considered the chemical operation. Improvement of the
dissolution method of the Bi2O3 target and the condi-
tions of column chromatography were investigated. The
radioactivity was measured with a high-purity germa-
nium detector. The quantitation of 211At was carried
out with γ-ray at 687 keV (Iγ = 0.261%).
We produced 211At at the RIKEN Nishina Center us-

ing the 209Bi(α, 2n)211At reaction (29 MeV, 250 parti-
cle nA, 30 min). A Bi2O3 pellet was used as the target.
The irradiated target was added to 12 mL of 0.25 M
EDTA · 2Na solution and 0.01 M L-ascorbic acid so-
lution in a 50 mL tube. By shaking this mixture for
60 min, the Bi2O3 target was completely dissolved.
This solution was used for column chromatography

studies. 3-Aminopropyl Silica Gel (Tokyo Chemical In-
dustry Co., Ltd.) was used as the weak anion exchange
resin, and 1 mL (7 mmϕ× 26 mm) of the resin was
filled into the MuromacR⃝ Mini-column (M size). This
was flushed with 25 mL of EtOH, 10 mL of H2O, and
10 mL of 1 M L-Ascorbic acid in this order (condition-
ing).

On dissolving the Bi2O3 target, 71% of 211At was ad-
sorbed to the 50 mL tube. Column chromatography was
carried out using the 211At remaining in the solution.
The operations and results are shown in Fig. 1. We
found that 211At could be separated with a 50% yield
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at a more mild condition (0.3–1 M NaOH). However,
7–25% and 1–7% of 211At were lost at the charge and
washing processes, respectively. The column residue of
211At was 15–22%. The separation method of At in our
study is still unstable and has to be improved.

5 mL of stock solution
(211At 100% = 79.9 kBq)

211At: 19.8 kBq
(24.8%)

10 mL of H2O 10 mL of 
0.3 M NaOH

Weak Base Anion Exchange Column
3-Aminopropylsilica Gel (TCI) in Muromac® Mini-column size M

211At: 0.6 kBq
(0.8%)

211At: 40.4 kBq
(50.6%)

Residue in column
211At: 17.8 kBq (22.3%)

Run 1

5 mL of stock solution
(211At 100% = 79.9 kBq)

211At: 5.7 kBq
(7.3%)

10 mL of H2O 10 mL of 
0.3 M NaOH

Weak Base Anion Exchange Column
3-Aminopropylsilica Gel (TCI) in Muromac® Mini-column size M

211At: 0.8 kBq
(1.1%)

211At: 12.8 kBq
(73.9%)

Residue in column
211At: 14.8 kBq (18.5%)

Run 2

5 mL of stock solution
(211At 100% = 152 kBq)

211At: 36.2 kBq
(23.8%)

10 mL of H2O 10 mL of 
1 M NaOH

Weak Base Anion Exchange Column
3-Aminopropylsilica Gel (TCI) in Muromac® Mini-column size M

211At: 9.9 kBq
(6.5%)

211At: 82.7 kBq
(54.3%)

Residue in column
211At: 21.0 kBq (13.8%)

Run 3

Fig. 1. Methods and results of column chromatography.
Run 1 and Run2 had the same conditions; however, the
results did not show the same behavior.
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Speciation analysis of oxidation states of astatine
extracted into ethanol-water solutions

Y. Shin,∗1 K. Kawasaki,∗1 K. Aoi,∗2 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 α particles are expected to enable targeted al-
pha therapy for the treatment of tumor. A promising
nuclide among various α emitters is 211At with a half-
life of 7.21 h, which has gained popularity owing to its
appropriate life and possible compounds as a halogen
element. This has been the motivation behind several
preclinical studies on At-chemistry1) However, the suc-
cessive chemical processes for the general use of At-
chemistry has not been well studied. We aim to study
the wet chemistry processes of At that may form a pre-
vailing technology.

In previous studies,2,3) the At-211 radioactivity was
recovered efficiently from an irradiated Bi target in the
chemical systems of dodecane and ethanol solution with
oxidizing agents such as N-bromosuccinimide (NBS)
and bromine water, which supply Br2. However, the
mechanism of solvent extraction was not clarified in the
study. Here, we performed a thin layer chromatography
(TLC) experiment to investigate the oxidation states of
At species extracted into the system with NBS as well
as bromine water, in reference to a TLC study on At
species.4)

The At-211 radioactivity was produced via 209Bi(α,
2n) reaction at the RIKEN AVF cyclotron and delivered
to Kanazawa University. The irradiated Bi target was
dissolved in 2 mL of 6 M HNO3 and diluted with 10 mL
of H2O to prepare a 1 M HNO3 solution, from which
the 211At nuclide was extracted into the dodecane sol-
vent. Aliquots of the solution were subjected to back
extractions into 90% ethanol solution with NBS or Br2
water after 15 min of its addition or without an oxidiz-
ing agent. 10 μL from each sample of 211At (ca. 15 to
50 Bq) obtained in the back extractions was spotted on
a TLC plate (Merck Silica gel 60 F254 aluminum sheet,
10×2 cm) and developed with 50% ethanol solution for
90 min (7 cm in flow distance). After drying, the plate
was exposed to an imaging plate for 10 to 20 min to
perform an image analysis of its radioactivity.

The images of TLC demonstrated in Fig. 1 suggest
that three different species were separated. The re-
sults of the analysis exhibit that the oxidizing agents of
Br2 water and NBS significantly increase the oxidized
species of AtO4

− instead of decreasing the others’ as

∗1 Institute and College of Science and Engineering, Kanazawa
University

∗2 Graduate School of Natural Science and Technology,
Kanazawa University

∗3 Fukushima Global Medical Science Center, Fukushima Med-
ical Unversity

∗4 Quantum Beam Science Research Directorate, National Insti-
tutes for Quantum and Radiological Science and Technology

∗5 RIKEN Nishina Center

compared to the case without an oxidizing agent. This
indicates that such oxidation due to the agents causes
distribution among the species and enhance the distri-
bution ratio of At during extraction. Therefore, the
back-extraction favors the oxidized species instead of
At−.

Fig. 1. Imaging of 211At radioactivity on thin-layer chro-

matography for (a) Br2 water, (b) NBS, and (c) no oxi-

dizing agent (see text for detail).

Table 1. Distributions of At chemical species in extracted

solutions.

Chemical 
species 

Br2 water NBS No addition 

At 12 % 13 % 23 % 
AtO3 47 % 45 % 57 % 
AtO4 41 % 42 % 20 % 
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Purification of 121mTe by anion exchange chromatography

T. Kubota,∗1,∗2 K. Iwata,∗1 S. Fukutani,∗1 T. Takahashi,∗1 H. Haba,∗2 D. Mori,∗2 and S. Takahashi∗1

Radioactive tellurium nuclides, such as 129Te, 131Te,
and 132Te, were released into the environment by the
Fukushima accident. These are the parent nuclide of
radioactive iodine, 129I, 131I, and 132I, respectively, re-
garded as critical for internal exposure, and their fission
yield is relatively high. The data on the environmental
behavior of tellurium are required to estimate the ra-
diation doses after the accidents. To obtain such data,
tracer experiments using radioactive tellurium are essen-
tial. This report describes the purification of 121mTe to
prepare an adequate tracer for plant and animal exper-
iments.

Tellurium-121m was produced by the bombardment
of Sb2O3 pellets with 24 MeV deuterons at the RIKEN
AVF cyclotron.1) Sb2O3 powder with a purity of
99.999% was pressed to form a pellet with a diameter
of 15 mm. The irradiated pellets were transported to
the Institute for Integrated Radiation and Nuclear Sci-
ence, Kyoto University for further treatment.

Tellurium was purified from antimony by anion chro-
matography where two methods were applied, namely,
Downs’s method2) and its modification. Downs et al.
reported that the irradiated sample dissolved in HCl
was diluted to 2 M HCl and then added with hypochlo-
rite, thereby separating tellurium and antimony by an-
ion chromatography.2) In the other method, the mix-
ture of antimony dissolved in conc. HCl and NaClO
was poured into an anion exchange column and then
tellurium was recovered in eluant.

Figure 1 shows the result of an attempt to purify tel-
lurium by the Downs’s method where only antimony is
expected to be eluted with 2 M HCl. Both elements

Fig. 1. Recovery of tellurium and antimony in each eluate.
L denotes the loading solution of 1 mL and E1, E2, and
E3 denote the eluent of 2 mL of 2 M HCl.

∗1 Institute for Integrated Radiation and Nuclear Science, Kyoto
University

∗2 RIKEN Nishina Center

Fig. 2. Recovery of tellurium and antimony in each eluate.
L denotes the loading solution of 1.4 mL and E denotes
the eluent of a mixture of conc. HCl and 5% NaClO in
the ratio of 10:1 (v/v).

were, however, similarly eluted; hence, tellurium cannot
be purified.

Figure 2 shows the purification of tellurium by the
modification method. Tellurium was eluted first in the
reverse elution order described in Downs’s method and
was consequently separated from antimony with a recov-
ery of 60%.

Antimony forms Sb(V)-chloro complex ion in oxidiz-
ing HCl3) to be strongly adsorbed onto anion exchange
resin. Thus, the concentration of antimony in the eluate
can be ignored for the loading solution in both meth-
ods. The fate of antimony depended on the following
eluents, whose redox potential and chloride concentra-
tion are critical for the separation where tellurium can be
obtained without antimony when both values are high.

Because Te(VI) is not adsorbed onto the anion ex-
change resin at any concentration of HCl,4) the valency
of tellurium in the eluate is 6 and that of remaining
would be 4. The rate of redox reaction with NaClO is
considered to affect the elution property. Therefore, an
appropriate regulation of redox potential would yield a
higher tellurium recovery with high purity. In addition,
the disadvantage of the purification method used here
naturally causes to evolve toxic chlorine gas.

The purification method was established to provide a
tracer of carrier free radioactive tellurium without anti-
mony. Further investigations are still required from the
perspective of safety as well as recovery.
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Production of arsenic RI tracer from gallium oxide target
by alpha beam irradiation

H. Ikeda,∗1,∗2,∗3 H. Kikunaga,∗2,∗3 Y. Komori,∗3 T. Yokokita,∗3 D. Mori,∗3 H. Haba,∗3 and H. Watabe∗1

Arsenic (As) is toxic to living beings. Therefore, it
is considered one of the most important environmental
pollutants. Contamination of soil by As significantly
influences the living environment and agriculture. Phy-
toextraction is an effective method to remove As from
the contaminated soil.1) Thus it is necessary to deter-
mine the plant species that can efficiently extract As
to achieve effective As removal. We need to investigate
which plant species more efficiently extract arsenic to
achieve effective arsenic removal. We believe that plant
imaging using radioisotope (RI) is effective for that pur-
pose. Arsenic is known to be stable in the trivalent and
pentavalent oxidation states. However, it is suggested
that the pentavalent arsenic species are predominant in
soil due to the biological activity of transforming mi-
croorganisms.2) Therefore, the arsenic species in the
same oxidation state as in soil are preferred for our
present purpose. It was recently reported3,4) that the
72Se(T1/2 = 8.5 d)/72As(T1/2 = 26.0 h) generator was
prepared from a germanium target irradiated with pro-
tons. The tracer from the method, however, includes
beta emitters useless for the positron imaging. In this
study, we aim to develop a method for the tracer prepa-
ration of 74As (T1/2 = 17.77 d), a positron emitter us-
ing the reaction system of a gallium (Ga) target with
alpha particles for less contamination of beta emitters
in the tracer. The 74As radioactivity was measured
by gamma-ray spectrometry with a high-purity germa-
nium detector.
0.1 g of Ga2O3 powder was formed into pellets

(10 mmϕ). Each pellet was covered with an aluminum
foil (10 µm thickness) and used as a target. The target
was irradiated with an alpha beam (29 MeV, 1.5 pµA)
for 30 min. Following processes for tracer prepara-
tion were started after the byproducts such as 71As
(T1/2 = 65 h) and 72As decayed out at least 4 weeks af-
ter the irradiation. The irradiated Ga2O3 was dissolved
in 1 mL of 12 M NaOH by heating up to 80◦C. 917 mg
of non-irradiated Ga2O3 was dissolved in 9 mL of 12 M
NaOH and added to the target solution, which was neu-
tralized into a pH of 4 to 5 with ca. 2 mL of 6 M HCl and
changed into the suspending solution. The suspension
was subjected to solvent extraction with 5 mL of 1 M
Di-(2-ethylhexyl)phosphoric acid (HDEHP) organic so-
lution with either of benzene, toluene, and 1-octanol
by shaking for ca. 1 h. The aqueous phase from solvent
extraction with toluene or benzene was processed into
the following chemical treatment after precipitation of

∗1 Cyclotron and Radioisotope Center, Tohoku University
∗2 Research Center for Electron Photon Science, Tohoku Uni-

versity
∗3 RIKEN Nishina Center

Table 1. Arsenic yields extracted into aqueous phase.

solvent benzene toluene 1-octanol

yield (%) 66.5 ± 0.8 65.8 ± 0.9 40.2 ± 0.5 

H2O
20 mL

0.1 M HCl
20 mL

mnion exchange resin column 2 mL (7.5 mm∅ × 45 mm)

74ms fraction
(~90%)74ms: n.d.

(discard)

sup. 50 mL
(ca. 95% EtOH)

74ms~1%
(discard)

Fig. 1. A part of the scheme for As tracer preparation.

NaCl by adding ethanol.
The supernatant collected from the aqueous solution

was treated after measuring its radioactivity, as de-
picted in Fig. 1, where a chromatography column of
2 mL anion exchange resin of Muromac R⃝ 1×8 100–200
mesh (Cl− form) filled into the 30 MuromacR⃝ Mini-
column M (7.5 mmϕ× 45 mm) was used. This column
was flushed with 20 mL of H2O, 20 mL of 1 M NaOH,
and 20 mL of H2O in a sequential order. The ion form of
the resin was changed from Cl− to OH− in the prepar-
ative conditioning. The supernatant was charged into
the column, which was flushed with 20 mL of H2O to
remove ethanol and undesired species. After that, 74As
was eluted with 20 mL of 0.1 M HCl.
Table 1 presents the results of solvent extraction. The

recoveries of 74As isotope are nearly the same for ben-
zene and toluene except for 1-octanol. The loss of 74As
in coprecipitation with NaCl was ca. 1.7%. The col-
umn chromatographic process in Fig. 1 lost ca. 10%
of the charged 74As onto the column. We success-
fully prepared an 74As tracer solution including 60%
of the produced radioactivity in a Ga2O3 target com-
bining solvent extraction and anion exchange column
chromatography.
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Production of 44mSc for multiple-isotope PET

T. Fukuchi,∗1 S. Yano,∗2 H. Haba,∗1 and Y. Watanabe∗1

We have been working toward the development of a
next-generation positron emission tomography (PET)
system, known as multiple-isotope PET (MI-PET). MI-
PET is designed to coincide with γ-ray using addi-
tional detectors and identify the tracer by detecting the
prompt γ-ray, which is emitted after positron emission
from positron-γ emitter. Figure 1 shows an image and
schematic illustration of the developed MI-PET system.
The system is composed of a PET system and addi-
tional γ-ray detectors. The PET system consists of pix-
elized gadolinium orthosilicate (GSO) scintillation de-
tectors and has a ring geometry with an inner diameter
and width of 95 mm and 37.5 mm, respectively. Eight
bismuth germanium oxide (BGO) scintillation detectors
constitute the additional eight detectors, each with a
dimension of 50 × 50 × 30 mm3, arranged in two rings
mounted on each side of the PET ring.1)

For multiple-isotope imaging using MI-PET, at
least one positron-γ emitter is necessary as a tracer.
Scandium-44 is one of the candidates for the specific ra-
dioactive tracer for MI-PET owing to its large positron
and γ-ray emission ratio and moderate half-life (44Sc:
3.97 h, 44mSc: 58.61 h). Therefore, we studied the pro-
duction of 44mSc and its imaging using MI-PET.

For 44mSc production, we used natCaO powder as the
target material, which was pressed into a disk with an in-
ner diameter and thickness of 10-mm and 376-mg/cm2,
respectively. The target was irradiated for 3 h with a
24-MeV deuteron beam having an intensity of 3.0 µA
at the RIKEN AVF cyclotron. The irradiated CaO tar-
get was dissolved in 6 M HCl and evaporated to become
dry. Subsequently, the residue was dissolved in 5 mL of
2 M HCl. The solution was passed through an anion
exchange resin column (DGA resin, particle size: 50–
100 µm) filled in a Muromac column.2) The resin was
then washed with 5 mL of 2 M HCl and 44mSc was eluted
from the resin with 10 mL of 0.1 M HCl. Finally, ap-
proximately 2.0 MBq of 44mSc with 90% radiochemical

Fig. 1. Image (left) and schematic illustration (right) of the
developed PET system.

∗1 RIKEN Center for Biosystems Dynamics Research
∗2 RIKEN Nishina Center

Fig. 2. Illustration of rod phantom configuration.

Fig. 3. The x-y plane projection images of rod phantom. Im-
ages were reconstructed with (A) absence or (B) presence
of γ-ray detection.

yield was obtained.
To test the imaging ability of the MI-PET system for

44mSc, we scanned a dual radionuclide rod phantom that
comprised three cylindrical rods with a diameter and
length of 10 mm and 76 mm, respectively. Scandium-
44m and 18F (pure positron emitter) dissolved in wa-
ter were poured into the rods. The first rod had 44mSc
(585 kBq) and 18F (636 kBq) activities. The second and
third rods had 44mSc (585 kBq) and 18F (636 kBq) activ-
ities, respectively. The configuration of this rod phan-
tom is illustrated in Fig. 2. The rods were positioned
parallel to the scanner’s axial direction and a 30-min
scan was performed.

Figure 3 shows the reconstructed phantom images as
the x-y plane projection images of the rod phantom with
the absence (A) or presence (B) of γ-ray detection. From
these images, the distribution of 44mSc and 18F is evi-
dent.

This study demonstrates the feasibility of 44mSc imag-
ing using MI-PET. In future, we will conduct multiple
isotope animal experiments using 44mSc and the other
PET tracer. We will also synthesize useful MI-PET drug
labeled with 44mSc.
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Adsorption experiments of 88Y and 143Pm on in HNO3

T. Yokokita,∗1 S. Yano,∗1 Y. Komori,∗1 and H. Haba∗1

Seventeen elements of Sc, Y, and 15 lanthanides are
called as rare earth elements (REEs). REEs are used
in a wide range of applications such as semiconductors,
catalysis, lasers, magnets, and neutron absorbents.1) It
is difficult to purify them due to their very similar chem-
ical properties. Therefore, simple and effective mutual
separation methods are needed to obtain pure materials
for the industry.

So far, many extractants have been developed, and
some extractants are commercially available. However,
the adsorption behavior of REEs on those resins were
only reported for some elements in some inorganic so-
lutions. A systematic study of the adsorption behavior
of many elements will be useful for the development of
separation and purification technology. In this work, to
develop the separation methods of REEs, we studied the
adsorption behavior of Y and Pm using 18 commercially
available resins.

88Y and 143Pm were produced in the natSr(d,xn)88Y
and natPr(α,xn)143Pm reactions using the K70 AVF cy-
clotron at RIKEN and were separated from the tar-
get materials using LN resin. In the adsorption ex-
periments, the resins (Actinide, CU, DGA (normal),
DGA (branched), LN, LN2, Muromac 1 × 8, Muromac
50 W × 8, Pb, RE, Sr, TBP, TK 100, TK 101, TK 400,
TRU, UTEVA, and ZR resins) were added in 1 mL of
HNO3 containing 88Y or 143Pm in a PP tube, and the
mixture was shaken for 4 h using a mixer. After that,
the resin was removed by centrifugation. Subsequently,
the filtrate was pipetted into another tube and weighed
and then subjected to γ-ray spectrometry using a Ge de-
tector. Finally, the HNO3 concentrations of the aqueous
phases were determined by titration with a standardized
NaOH solution. In all the adsorption experiments, con-
trol experiments without the resin were performed. The
Kd values were determined from the following equation:

Kd = ArVs/Aswr = (Ac −As)Vs/Aswa (1)

where Ar, As, and Ac are the radioactivities of the resin,
the solution, and the control solution, respectively. Vs is

Fig. 1. The Kd values of Y and Pm with LN resin as a func-
tion of HNO3 concentration.

∗1 RIKEN Nishina Center

Fig. 2. The Kd values of Y and Pm with TRU resin as a
function of HNO3 concentration.

the volume (mL) of the solution, and wa is the mass (g)
of the dry resin.

We investigated the Kd values of Y and Pm as func-
tions of HNO3 concentration. The Kd values of Y and
Pm were low (≤20 mL g−1) and constant when we used
CU, Muromac 1 × 8, Pb, Sr, TBP, TK 101, TK 400,
UTEVA, and ZR resins in 0.1–13 M HNO3. It was found
that these resins are not suitable for the separation of Y
and Pm in HNO3.

Using DGA (branched) and Muromac 50 W×8 resins,
Y and Pm were adsorbed on the resins in some HNO3

concentrations, and the Kd values of Y agreed with those
of Pm. Therefore, these resins are not useful for the
separation of Y and Pm from each other.

When Actinide and DGA (normal) resins were used,
the Kd values of Y and Pm were ≥102 mL g−1, and the
values were different from each other. Y and Pm can be
separated using these resins. However, those Kd values
were ≥102 mL g−1 in 0.1–13 M HNO3, and both Y and
Pm were adsorbed on the resins. The Y and Pm species
adsorbed on these resins can be stripped by using a large
volume of eluents, and this separation method requires
a long time. It is concluded that Actinide and DGA
(normal) resins are not suitable for the separation of Y
and Pm.

Figure 1 shows the dependences of the Kd values of Y
and Pm on the HNO3 concentration in the adsorption
experiment using LN resin. When LN resin is used, the
Kd values of Y are higher than those of Pm in a high
HNO3 concentration range. The same behavior was ob-
served using LN2 and TK 100 resins. Figure 2 shows the
HNO3 concentration dependences of the Kd values of Y
and Pm on the TRU resin. The Kd values of Y are lower
than those of Pm when TRU resin is used. The same
behavior was obtained with RE resin. It is suggested
that these resins are useful for the separation of Y and
Pm.

In the future, we will perform adsorption experiments
using other REE elements and discuss about good sep-
aration conditions for REEs.
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Development of new cultivar of Hibiscus by C-ion beam irradiation

S. Ochiai,∗1 M. Ochiai,∗1 Y. Ochiai,∗1 Y. Hayashi,∗2 and T. Abe∗2

Hibiscus is a well-known flowering shrub that belongs
to the mallow family (Malvaceae). There are a lot of
cultivated varieties over the world with wide variations
in flower color and shape. It is popular in Japan as an
ornamental plant. We, Hanakongou Co. Ltd., have de-
veloped original cultivars of Hibiscus and nine of them
are currently in the market. In this study, we attempted
mutation induction by heavy-ion beam irradiation to in-
crease the variations in flower colors of our original cul-
tivars. Consequently, we successfully developed a new
color cultivar from ‘mother-pink’ (Fig. 1).

Two kinds of cultivars (‘mother-pink,’ ‘moon-light’)
and a strain called dark-red of hibiscus were used for
the irradiation treatment in 2014. The cuttings were ir-
radiated with C-ion beams (LET 23 keV/µm) at doses
of 10, 20, 30, and 40 Gy. The irradiated cuttings were
planted in the soil and the rooted cutting was cultivated
in a greenhouse. The number of survived plants were
counted after seven months. Table 1 lists the number
of survived plants. There was no decrease in the sur-
vival at 20 Gy in ‘mother-Pink’ and ‘moon-light.’ How-
ever, the survival rate at 20 Gy was lesser than 50% in
dark-red. We multiplled cuttage from ‘mother-pink’ ir-
radiated with 20 Gy. The growth of irradiated cuttings
varied individually even with high survival rate. No mu-
tation in the color of flowers or leaves were observed in
the survived 35 plants. We selected the plants with well
rooting from the 35 plants and produced 500 cuttings
in 2015. Some plants grown from these cuttings had
leaves with a lighter color and no mutation in the color
of the flower was observed. Propagation by cutting was
repeated in 2016 and we cultivated 1,300 plants. We
isolated three mutated plants with orange flowers from
the 1,300 plants. A stability in the flower color muta-
tion was confirmed by cultivating 60 cuttings from three
plants in 2017. Although the flower size, intensity of
flower color, and length of internode were different, all
plants bloomed with orange flowers. The percentage of

Table 2. Comparison of flower characteristics between original cultivar (‘mother-pink’) and mutant.

Band 1 Band 2
Original Trumpet-shaped Horizontal 14 cm 45A 155B 52C 20D White
Mutant Horizontal Upward 12 cm 53B 5A N30A 15D Pale red

Shape Color

Shape Direction Diameter Bud
Petal (Banded type) Staminal

column Filament

*: Definition of color groups from RHS (The Royal Horticultural Society) color chart. 45A: Vivid red, 53B:
Strong red, 155B: Yellowish white, 5A: Brilliant Greenish Yellow, 52C: Deep Pink, N30A: Vivid Reddish
Orange, 20D: Pale yellow, 15D: Light yellow

∗1 Hanakongou Co., Ltd.
∗2 RIKEN Nishina Center

plants that had deep orange colored flowers and suitable
internode length for potted flowers was approximately
90%. We used these plants for propagation. The traits
of the mutant were evaluated in 2018 using 500 cuttings
from the selected plant. The characteristics of mutant
flower are listed in Table 2. These traits were almost sta-
ble. ‘Mother-Pink’ has a characteristic of continuously
blooming, even in the hot summer season. We confirmed
that the selected mutant maintained this excellent char-
acteristic. This mutant is named ‘mother-orange’ and it
is under application for variety registration.

Fig. 1. Flower of mutant. Original ‘mother-pink’ (left) and

new cultivar ‘mother-orange’ (right).

Table 1. Effect of C-ion beam irradiation on survival in Hi-

biscus.

Dose
(Gy) Irradiated Planted Survived
20 44 35 35

Mother-pink 30 40 23 9
40 35 4 0
10 41 41 41

Moon-light 20 40 40 39
30 40 36 8
10 29 29 28

Dark-red 20 30 30 14
30 25 25 1

Number of cuttings
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Effect of heavy ion beam irradiation on germination and mutation
rate in local Toraja rice

R. Sjahril,∗1 M. Riadi,∗1 Rafiuddin,∗1 T. Sato,∗2,∗3 K. Toriyama,∗2 Y. Hayashi,∗3 T. Abe,∗3 and
A. R. Trisnawaty∗1

Tana Toraja is one of the areas in South Sulawesi
that has wide local rice germplasm diversity. Based
on the results of a survey of local rice in the Tana
Toraja district, Suhardi et al. found approximately
29 local varieties of Toraja rice, each of which has
exotic characteristics such as brown rice, red, aro-
matic and glutinous.1) The local rice cultivars have
many unique traits, for example black and red rice.
These colored rice cultivars are in the spotlight as food
with health-promoting benefits because these pigments
found in them have an antioxidative effect.2) However,
improved rice cultivars are expanded in this area. Most
farmers grow no native rice cultivar because the yield
of these cultivars is lower than the improved cultivars
and have long maturity during 5–6 months (Fig. 1). It
is feared this will result in a lack of local rice cultivars
as germplasm materials. Our research aims to improve
the productivity of local cultivars with unique trait by
heavy-ion beam irradiation. In this study, we evalu-
ated seed germination as a result of irradiation using
ion beam in two varieties of Toraja local rice.

Pare Ambo and Pare Lea are black and red rice cul-
tivar (Oryza sativa L.) in Tana Toraja, respectively
(Fig. 2). Dry seeds packed in a plastic case were ir-
radiated with Ar (309 keV/µm) and C (30 keV/µm)
in RI-beam factory, RIKEN Nishina Center, Japan.
The doses of Argon-ion and Carbon-ion were 10 and
150 Gy, respectively.3,4)

Each grain from one panicle for each M1 plant was
germinated in one line method on a 15 cm Petri dish
and transplanted into small plastic bags. The germi-

Fig. 1. Local red rice “Pare 
lea” has a long culm tending 
to lodge.

Fig. 2. Pre Ambo (Black 
rice) and Pare lea (red rice).

∗1 Hasanuddin University, Makassar, Indonesia
∗2 Tohoku University, Sendai, Japan
∗3 RIKEN Nisina Center

Table 1. Germination rate (%) on M1 and M2 seeds in

Tana Toraja rice cultivars Pare Ambo and Pare Lea.

Carbon Argon Carbon Argon
Pare Ambo 85 54 55 85 90
Pare Lea 98 97 98 93 94

Cultivar

M1 M2

Irradiation Ion Irradiation Ion
Before

Irradiation

Table 2. Number of plants undergoing albino mutation in

Tana Toraja rice cultivars Pare Ambo and Pare Lea.

Ion Cultivar M2 plants Albino Mutation Rate
(No.) (No.) (%)

Carbon Pare Ambo 414 8 1.9
Pare Lea 1619 46 2.8

Argon Pare Ambo 90 1 1.1
Pare Lea 1034 22 2.1

nation percentages of seeds used before being irradi-
ated are 85% and 98% in Pare Ambo and Pare Lea,
respectively (Table 1). Ion beam irradiation reduced
the germination percentage of Pare Ambo by approx-
imately 30%. However, the germination percentage
of Pare Lea after irradiation was approximately the
same as before irradiation. M1 seeds of Pare Ambo
and Pare Lea irradiated with Argon-ion produced bet-
ter seedling growths than Carbon-ion.

Further M2 seed germination shows uniqueness in
some seedlings, such as lighter leaf color, albinism and
wrinkled leaf, which could prove to be potential mutant
lines in tested M2 lines seed. Chlorophyll mutation in
M2 plant was observed through the color of the leaves
ten days after sowing until the plant was transplanted
into the rice field. The irradiation treatment with ion
beam also gives rise to chlorophyll mutations as seen
in M2 of Pare Ambo and Pare Lea (Table 2). A higher
albino mutation rate was found in M2 population ir-
radiated by carbon ion instead of argon ion in both
cultivars. The occurrence chlorophyll mutation occur-
ring is a mutagenic effect of carbon-ion beam, which
indicates that the treatment is effective in the creation
of genetic diversity in the M2 population.
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Isolation of the chalky grain mutant 13–45 in rice (Oryza sativa L.)

T. Katsube-Tanaka,∗1 R. Tabassum,∗1 T. Dosaka,∗1 C. Masuoka,∗1 M. Tsuyama,∗1 Y. Mukai,∗1 C. Nukigi,∗1
H. Ichida,∗2 R. Morita,∗2 and T. Abe∗2

High temperature during the grain filling of rice di-
minishes the grain quality as well as productivity. Chalk
values and peak head rice yields were quadratically in-
creased and linearly decreased, respectively, against an
increase in the nighttime air temperature during the R8
stage where one brown hull appeared on the main stem
panicle.1) Chalky grains have several air spaces between
the starch granules in amyloplast,2) resulting in lowered
palatability3) as well as substantial yield loss due to re-
duced polishing efficiency.4) The molecular mechanism
underlying the rice grain chalkiness is supposed to be
complicated and largely unknown.

In this study, a novel chalky rice mutant was iso-
lated from heavy ion beam (Carbon, 20 Gy, LET: 22.6–
60.3 keV/µm)- irradiated rice (O. sativa ssp. japonica
cultivar Nipponbare) of 1,116 lines. The mutant tenta-
tively named 13–45 showed significantly higher chalky
ratio (0.4–0.6), which was defined by the averaged ratio
of chalky area to grain area of all brown rice grains within
a panicle than the wild type (<0.1) at 28◦C (Fig. 1).
Meanwhile, the chalky ratio of both the wild type and
the mutant became low (<0.06) and similar to each other
at 24◦C. These results suggested that the rice grain of
the mutant 13–45 is very sensitive to high temperature
and is useful for the analysis of the mechanism under-
lying the chalkiness caused by high temperature during
grain filling.

Prolamin, the second most abundant and hydrophobic
seed storage protein in rice, is composed of 13 kDa and
10 kDa polypeptides. Prolamin is often demonstrated to
decrease under heat stress. When the total seed proteins
were compared by western blotting with anti-10 kDa pro-
lamin antibody, a band around 70 kDa clearly disap-
peared in the mutant 13–45. The 70 kDa polypeptide of
the wild type was insoluble and purified by 2D-PAGE for
Peptide mass fingerprinting, resulting in the identifica-
tion of chloroplastic 70 kDa heat shock-related protein:
cpHsp70.

Rice genome contains two cpHsp70 genes: cpHsp70-
1 and cpHsp70-2. The transcription levels for the two
genes were not different between the mutant 13–45 and
the wild type. Thus, the coding region and promoter re-
gion (∼2 kbp) of the two genes in the mutant 13–45 were
cloned and sequenced, demonstrating that a single nu-
cleotide polymorphism (SNP) was exclusively detected
at the 3’ region of the second exon of cpHsp70-2. The
SNP resulted in amino acid substitution of the 259th as-
partic acid with valine (D259 V) in an ATPase domain.
The whole exome sequencing analysis of the mutant 13–
45 confirmed that only three homozygous mutations in-
cluding the SNP in cpHsp70-2 caused non-synonymous

∗1 Graduate School of Agriculture, Kyoto University
∗2 RIKEN Nishina Center

Fig. 1. External appearance of brown rice for the wild type
(Nipponbare) and mutant 13–45 grown under conven-
tional field condition (high, 28◦C) and cool temperature
condition (low, 24◦C).

substitutions and frameshifts in the coding sequences.
Transgenic plants of the mutant 13–45 expressing wild

type cpHsp70-2 were produced and the chalky ratio av-
eraged by six panicles was compared with those of the
mutant 13–45 and the wild type. The chalky ratio of
the transgenic line 7(6/12) was significantly lower (0.08)
than that of the mutant (0.15–0.23) and comparable to
that of the wild type (0.07). The results indicated that
cpHsp70-2 is a causal gene for the chalkiness of the mu-
tant 13–45.

The intrinsic ATPase activity of recombinant cpHsp70-
2 was compared between the mutant 13–45 and the wild
type. The results showed that the Km of the mutant
13–45 type was slightly lower (higher in affinity) than
that of the wild type and Vmax of the mutant 13–45
type was significantly lower by 23% than that of the wild
type. Besides, the growth of DnaK (Hsp70 homologue)-
defective Escherichia coli (E. coli) cells complemented
with DnaK with D201 V mutation (equivalent to the rice
D259 V mutation) was significantly reduced at 37◦C. The
growth of DnaK-defective E. coli cells complemented
with wild type DnaK was not different from that of the
non-complemented DnaK-defective E. coli cells at 37◦C.
Taken together, these results suggest that the lowered
function of cpHsp70-2 is involved with the chalkiness of
the mutant 13–45.
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Molecular analysis of the stay-green mutant dye1 induced by carbon ion
beams in rice†

H. Yamatani,∗1 M. Nakano,∗1 Y. Hayashi,∗2 Y. Masuda,∗1 T. Abe,∗2 and M. Kusaba∗1

Chlorophyll synthesis and degradation are carefully
regulated in plants not only because chlorophyll is an es-
sential photosynthetic molecule, but also because in its
free form it can damage cells photo-oxidatively.1) Mu-
tants that retain the green of leaves under senescence-
inducing conditions are known as stay-green mutants.
We isolated a stay-green mutant from a rice M2 popula-
tion (Oryza sativa L.) irradiated with carbon ion beams
(1.6 GeV, 23 keV/µm, 20 Gy). It exhibited delayed yel-
lowing during natural senescence in the paddy field. This
recessive mutant, named delayed yellowing1-1 (dye1-1 ),
was greener than the wild-type cultivar, Nipponbare,
five weeks after heading, when most leaves are senescent
(Fig. 1).

We performed map-based cloning of DYE1. An anal-
ysis of the F2 population and its progeny revealed that
DYE1 is located on chromosome 8. Fine mapping of
DYE1 delimited the candidate region within 43.1 kb,
which contained seven predicted genes (Fig. 2). A next-
generation sequence analysis revealed that dye1-1 has a
G-to-A substitution at the second exon of Lhca4, caus-
ing amino acid substitution from glutamic acid to lysine
(E146K). Lhca4 is a subunit of the light-harvesting com-
plex for photosystem I (PSI). This residue corresponds to
E154 in Arabidopsis Lhca4, which is a pigment-binding
site conserved not only among Lhca subunits but also
among Lhcb subunits (light-harvesting complex for pho-
tosystem II) of different species.2)

A blue native-PAGE analysis revealed a significant
change in the conformation of PSI-LHCI supercomplex
in dye1-1 (Fig. 3). Nevertheless, the biomass of dye1-1
was comparable to that of the wild-type. Interestingly,

Fig. 1. dye1 exhibits a stay-green phenotype during natural
senescence (five weeks after heading).

† Condensed from the article in J. Exp. Bot. 69, 1027–1035
(2018)
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Fig. 2. DYE1 encodes Lhca4, a subunit of the PSI antenna
complex LHCI.

Fig. 3. Blue native-PAGE analysis of photosystems. Arrows
indicate newly merged bands in dye1-1.

Lhcb1, a subunit of the trimeric LHCII, was highly ac-
cumulated in dye1-1. The high accumulation of LHCII
in the LHCI mutant dye1-1 may compensate the re-
duced PSI activity caused by the impairment of LHCI
antenna (Lhca4), suggesting a novel functional interac-
tion between LHCI and LHCII.

Higher chlorophyll content in leaves is observed be-
fore and during senescence in dye1-1, indicating that
the impairment of Lhca4 influences chlorophyll synthesis
and/or degradation during the development and senes-
cence of leaves in rice. It will be of great interest to
examine whether mutants of other LHCI subunits show
a high chlorophyll content/stay-green phenotype.
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An early-flowering einkorn wheat mutant with deletions of
PHYTOCLOCK 1/LUX ARRHYTHMO and VERNALIZATION 2

exhibits a high level of VERNALIZATION 1 expression induced
by vernalization†

A. Nishiura,∗1 S. Kitagawa,∗1 M. Matsumura,∗1 Y. Kazama,∗2 T. Abe,∗2 N. Mizuno,∗3 S. Nasuda,∗3

and K. Murai∗1

The early-flowering or early-heading phenotype in
bread wheat (Triticum aestivum) cultivars is important
as it can produce an early harvest. This characteristic is
particularly beneficial in East Asia as it allows harvesting
to before the onset of the rainy season. To understand
the molecular mechanism of flowering in wheat, we devel-
oped a large-scale mutant panel in diploid einkorn wheat
(T. monococcum) using a heavy-ion beam.1) Einkorn
wheat seeds were exposed to a heavy-ion beam and
then sown in the field. Selfed seeds from each spike of
M1 plants were used to generate M2 lines. Every year
over the past 15 years, we have obtained approximately
1,000 M2 lines and built up a mutant panel with 10,000
M2 lines. This mutant panel is being systematically
screened for mutations affecting reproductive growth, es-
pecially for the flowering-time mutants. From the large
scale mutant panel, we have identified four extra early-
flowering mutants, named extra early-flowering1 (exe1 ),
exe2, exe3, and exe4.2) The four exe mutants fall into two
groups namely Type I (moderately extra early-flowering
type: exe1 and exe3 ) and Type II (extremely extra early-
flowering type: exe2 and exe4 ). An analysis of VER-
NALIZATION 1 (VRN1 ), a flowering promoter gene,
shows that it is more highly expressed in seedlings at
early developmental stages in both Type I and II mu-
tants than wild-type (WT). These findings indicate that
the difference in earliness between Type I and II mutants
is associated to the level of VRN1 expression.
The differences between the diurnal gene expression

patterns in the field were examined for four clock-related
genes and three clock downstream genes in WT and
exe3 mutant plants grown in the field, respectively. The
biggest difference was found for a clock-related gene,
PHYTOCLOCK 1/LUX ARRHYTHMO, which is ab-
breviated to Wheat PCL1 (WPCL1 ). The WPCL1 was
not expressed in the exe3 mutant plants, whereas it was
highly expressed during sunset in WT plants. PCR anal-
ysis of DNA markers indicated that the exe3 mutant
had a deletion of WPCL1 in the genome, which was co-
segregated with the mutant phenotype in the segregation
line.

We confirmed that the original strain KU104-1 car-
ried a mutation that produced a null allele of a flower-
ing repressor gene VERNALIZATION 2 (VRN2 ). As

† Condensed from the article in J. Plant Physiol. 222, 28 (2018)
∗1 Faculty of Bioscience and Biotechnology, Fukui Prefectural

University
∗2 RIKEN Nishina Center
∗3 Graduate School of Agriculture, Kyoto University

Fig. 1. Model for the extra early-flowering phenotype in the
exe3 mutants compared with wild-type. (A) Wild-type,
(B) exe3 mutant

a result, the exe3 mutant has both WPCL1 and VRN2
loss-of-function mutations. The analysis of plant devel-
opment in a growth chamber showed that vernalization
treatment accelerated flowering time in the exe3 mutant
under short day (SD) as well as long day (LD) condi-
tions and the early-flowering phenotype was correlated
with the earlier up-regulation of VRN1. The deletion
of WPCL1 affects the SD-specific expression patterns of
some clock-related genes, clock downstream genes, and
photoperiod pathway genes, suggesting that the exe3
mutant causes a disordered SD response. The present
study indicates that VRN1 expression is associated with
the biological clock and the VRN1 up-regulation is not
influenced by the presence or absence of VRN2.

A model for the extra early-flowering phenotype of
exe3 mutant is shown in Fig. 1. The disruption of clock
function also affects the expression of the florigen gene
WFT through the VRN1 expression. A high level of
WFT expression was observed in the exe3 mutant un-
der LD conditions, suggesting that the disrupted clock
somehow induces WFT expression. Under SD condi-
tions, another florigen gene could be up-regulated by the
disrupted clock function and accelerate flowering in the
exe3 mutant. The up-regulation of VRN1 is controlled
by the vernalization pathway and clock function. It is not
related to VRN2 and determines the earliness in wheat.
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Effects of carbon-ion irradiation to male gametes on double
fertilization in Cyrtanthus mackenii

T. Hirano,∗1,∗2 Y. Watarikawa,∗1,∗3 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 been
successfully obtained through the screening process.
As one of the plant materials for the irradiation, pollen
was used for mutant induction.1,2) When pollen grains
of Cyrtanthus mackenii (Amaryllidaceae) were irra-
diated with a carbon-ion beam, inhibitory effects on
pollen tube growth were not observed.3) It is reported
that generative cells in the irradiated pollen grains
can recognize and manage genomic lesions using DNA
damage response pathways during pollen tube growth.
However, with high-dose irradiation (40 Gy), sperm
cell formation is prevented and the generative cells are
not divided into two sperm cells; however, the cell cycle
progresses. The male gametes are called generative-
cell-like sperm cells (GC-like SCs). In this study, we
analyzed the reproduction process involved in the ir-
radiated pollen grains to reveal the behavior of male
gametes during double fertilization.

Anthers of C. mackenii in 0.2-mL tubes were irra-
diated with C ions (22.5 keV/µm) at a dose of 10 or
40 Gy and then stored at −20◦C. The pollen grains
with or without carbon ion beam irradiation were
crossed with unirradiated female organs. The ovules
were fixed with an FAA solution (formaldehyde, acetic
acid, and ethanol) for 3 days after the crossing (DAC),
and we observed the developmental states of the ovules
by using the paraffin section method.

In the embryo sacs at 3 DAC with the unirradiated
pollen grains, a degenerated synergid cell, an undi-
vided egg, and central cells were observed. In the sex-
ual reproduction process of higher plants, one of the
synergid cells, which succeed in interacting with the
pollen tube, is degenerated. Therefore, it is indicated
that the pollen tubes reached one of the synergid cells
until 3DAC, and the embryo sacs were considered im-
mediately before or after fertilization. In addition to
the embryo sacs at the fertilization phase, we observed
abnormal embryo sacs without the egg apparatus and
central cell (Fig. 1). The proportions of the embryo
sacs in the fertilization phase, abnormal development,
and unfertilization were 79%, 9%, and 12%, respec-
tively.

In the pollen grains irradiated at 10 Gy, pollen tubes
also arrived at the embryo sacs until 3 DAC. The pro-
portions of the embryo sacs in the fertilization phase,
abnormal development, and unfertilization were 79%,

∗1 Faculty of Agriculture, University of Miyazaki
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Fig. 1. Abnormal embryo sac formed 3 days after the cross-

ing with unirradiated pollen grains. The arrow indi-

cates the abnormal embryo sac. The embryo sac on the

left side has a central cell. Bar = 50 µm.

6%, and 15%, respectively, and were the same as that
in the case of unirradiated pollen grains. After 40 Gy
irradiation, the proportion of embryo sacs in the fertil-
ization phase was 58% and that in the abnormal devel-
opment was 28%. These results indicated that pollen
tubes from the irradiated pollen grains also arrived at
the embryo sacs until 3 DAC.

Since the abnormal embryo sacs were commonly ob-
served with or without carbon-ion irradiation, the ab-
normal development is interpreted to be affected by
environmental factors or the plant status. Based on
the interpretation, the proportion of embryo sacs at
the fertilization phase is thought not to be drastically
decreased in the pollen grains irradiated at 40 Gy. It
is also suggested that inhibitory effects on pollen tube
growth would not be observed in vivo. However, there
is a possibility that under high-dose irradiation, pollen
tubes or male gametes promote abnormal embryo sac
formation.

We are now observing embryo sacs after 14 DAC.
Those data are expected to reveal double fertilization
and the embryogenesis process involved in the irradi-
ated male gametes and will be useful for understanding
abnormal embryo sac formation.
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Death of pollen tetrads caused by chromosomal rearrangement

Y. Kazama,∗1 H. Abe,∗1 K. Ishii,∗1 M. Sato,∗2 T. Hirano,∗3 K. Toyooka,∗2 and T. Abe∗1

Chromosomal rearrangements can be induced with
high efficiency by using high-LET irradiation.1) They
are considered one of the important mutations during
evolution, because chromosomal rearrangements can
affect the gene expression patterns.2) On the other
hand, they sometimes cause a defect in the inheritance
of chromosomes, because of the loss of a large set of
essential genes (Fig. 1).

To observe such a defect of chromosome inheri-
tance, we used an Arabidopsis T-DNA tagging mutant
(SALK 123114), which was provided by the Arabidop-

Fig. 1. Ideogram of cell death occurring due to the genetic

cross of the rearrangement mutant.
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sis Bio-Resource Center (ABRC). A whole genome
analysis followed by the mutation detection with
AMAP3) revealed a reciprocal translocation between
chromosome 1 and 2 in this mutant (Fig. 1). The T-
DNA was inserted in the junction region. We crossed
this mutant with another mutant (SALK 056345) to
trace the inheritance of the chromosome by inserting
T-DNA in chromosome 2 of SALK 056345. In the F2
generation, we detected only three types of chromo-
somes, namely wild type, F1 type, and SALK 123114
type (Fig. 1), and no double mutant had both T-DNA.
This result indicates that half of the zygote would be
dead in the F1 plants. Indeed, about half of the pol-
lens in the anthers of F1 plants were dead (data not
shown), and about half of the seeds in siliques could
not mature in the F1 plants (data not shown), indi-
cating that cell death occurred in both pollen and egg
developments.

From the whole genome mutation analysis, cells hav-
ing pairs of a non-translocated chromosome and a
translocated chromosome were expected to be dead
during the development of pollens and eggs due to
the loss of large sets of genes. One pair lacked a part
of chromosome 2, which contains 1,734,820 bp. The
other pair lacked a part of chromosome 1, which con-
tains 5,804,110 bp. To determine the timing of the cell
death, we observed the pollen development in the F1
plants. When TUNEL assay1, which can detect frag-
mentation of the DNA generated during cell death,
was performed, positive signals were detected in some
of the tetrad cells in the F1 plants. This result indi-
cates that the death of the pollen cells occurred just
after meiosis.

Fig. 2. Images of TUNEL assay in pollen tetrads.
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Estimation of efficient dose for heavy-ion beam mutagenesis by
whole-genome mutational analysis in Arabidopsis thaliana

K. Ishii,∗1 H. Ichida,∗1 S. Ohbu,∗1 and T. Abe∗1

Heavy-ion beams are used as an effective mutagen
that induces localized mutations due to its higher lin-
ear energy transfer (LET). The observation of the occur-
rence ratio of albino mutants as the mutation frequency
in the M2 generation after carbon-ion beam irradiation
(30 keV/µm) at doses of 50–500 Gy showed that the
mutation frequency increased with increasing dose be-
tween 50–350 Gy and plateaued at 400 Gy.1) However,
the measurement of mutation frequency by visual screen-
ing of mutants from a large number of irradiated plants
is time-consuming. In this study, we tried to estimate
an efficient dose for heavy-ion beam mutagenesis by per-
forming whole-genome mutational analysis on relatively
small numbers of irradiated plants.

Dry seeds of Arabidopsis thaliana (the Col-0 strain)
were irradiated with 12C6+ (135 MeV/nucleon) ions, at
doses of 0–350 Gy. The LET of C ion beams was con-
trolled to 30 keV/µm. M2 seeds were harvested from self-
pollinated M1 plants, and ten M3 plants were harvested
from one self-pollinated M2 plant. Genomic DNA was
extracted from the mixture of leaves of the ten M3 plants.
Five DNA pools were sequenced for each dose using
HiSeq X-Ten sequencing systems (Illumina Inc.). The
read sequences obtained were input into the mutational
analysis pipeline AMAP, as described previously, with
some modifications.2) In short, after mapping the read
sequences to the reference genome sequence (TAIR10)
with BWA (BWA-MEM) software, the mutation can-
didates were detected with GATK (HaplotypeCaller),
PINDEL, and BREAKDANCER software. Then, the
AMAP filtered out the false-positives by using its own
algorithm.

In spite of the process of filtering out false-positives,
confirmation of the mutation candidates in one DNA
pool (350-Gy irradiation) by using Integrative Ge-
nomics Viewer (IGV) software revealed that 81% of
the candidates were still false-positives (data not shown).
We configured additional criteria for the determination
of false-positives. Among the mutation candidates out-
put from GATK, those with the ‘QUAL’ value (calcu-
lated by GATK) less than 150 or ‘MAPPING_QUAL’
value (calculated by BWA) less than 60 were treated as
false-positives. Among the mutation candidates output
from PINDEL, those with the ratio of the number of read
sequences supporting the mutation to that of mapped
read sequences less than 0.2 or with the number of reads
supporting the mutation less than 5 were treated as
false-positives. Among the mutation candidates output
from BREAKDANCER, those with the ratio of the num-
ber of read sequences supporting the mutation to that
of mapped read sequences less than 0.15 were treated
as false-positives. Also, among the mutation candidates

∗1 RIKEN Nishina Center

Fig. 1. Average number of mutations. Five DNA pools were
analyzed at each dose.

output from PINDEL or BREAKDANCER, two candidates
from different DNA pools overlapping one another by
more than 80% of their regions were treated as false-
positives. By using IGV software, it was revealed that
21% of the candidates in the DNA pool (350-Gy) were
false-positives after these additional filtrations and that
9% of the positive mutations were filtered out by the
additional filtrations. The mutation candidates in all
DNA pools were tested with the additional filtrations
and checked using IGV software.

The number of mutations per genome increased mono-
tonically as the irradiation dose increased and did not
plateau until 350 Gy (Fig. 1). In this study, it was
suggested that irradiation at 350 Gy is efficient in the
range of 0–350 Gy. Although the means for evaluat-
ing the mutation frequency in this study was different
from that in the previous study,1) the tendency of in-
crease in the mutation frequency in proportion to the
irradiation dose was similar. The mutation analysis
method in this study covered all mutations in the whole
genome while the mutation analysis by visual screen-
ing covered only those in genes related to the develop-
ment of chloroplasts. Because this method can determine
the type (single nucleotide substitution, deletion, inser-
tion, inversion, or chromosomal rearrangement) and the
size of each mutation, the previous study revealed the
LET-dependent effect for mutation induction: heavy-ion
beams with higher LET can induce chromosomal rear-
rangements or large deletions more frequently than those
with lower LET.3) In this study, it was also revealed that
this method can be applied to the dose-dependent effect
for mutation induction.
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Characterization of L-cysteine requiring mutants derived from
heavy-ion-beam irradiated cells in the unicellular green alga

Parachlorella kessleri

T. Yamazaki,∗1,∗2 E. Kounosu,∗1 T. Takeshita,∗1,∗2,∗3 A. Hirata,∗1,∗3,∗4 S. Ota,∗1,∗2 Y. Kazama,∗5 T. Abe,∗5 and
S. Kawano∗1,∗2,∗3

Many microalgae show accumulation of neutral lipids,
such as triacylglycerols (TAGs), in oil bodies under con-
ditions in which there is a lack of nutrients, including ni-
trogen, phosphorus and sulfur, in their environment. Al-
though sulfur starvation in microalgae induces lipid ac-
cumulation, little is known about the underlying mech-
anism. Interest in this phenomenon is divided into two
aspects: 1) the connection between recognition of sulfur
starvation and lipid synthesis and 2) whether the mech-
anism of lipid induction under sulfur-starvation condi-
tions is shared with those of other nutrient-starvation
conditions. To answer these questions, we obtained
heavy-ion-beam irradiated algal mutants that require L-
cysteine, which is an amino acid with sulfur.1)

Sulfate is the most highly oxidized sulfur compound,
is widespread in nature and is the most important sup-
plier of sulfur for green plants, including microalgae
(Fig. 1A). Plants incorporate sulfate intracellularly as
a sulfur source. In green algae and land plants, sul-
fate is taken up by the sulfate transporter (SULTR)
across the plasma membrane. Sulfate in the cytosol
is transported into chloroplasts by chloroplast localized
SULTR. In chloroplasts, sulfate is bound to ATP by sul-
fate adenylyltransferase (ATS) and deoxidized to sulfite
by adenylyl-sulfate kinase (APSK) and adenyl sulfate
reductase (APR). Sulfide is reduced by sulfide reduc-
tase (SiR) and finally assimilated into L-cysteine by ex-
changing sulfide with the acetyl group of O-acetyl-L-
serine (OAS) in a reaction catalyzed by O-acetylserine
(thiol) lyase (OAS TL). L-cysteine is metabolized to L-
methionine through L-homocysteine in chloroplasts and
mitochondria.2) Although knowledge of the microalgal
sulfate-assimilation pathway is limited, the homologous
genes that function in sulfate assimilation in land plants
have been identified in Chlamydomonas.
Chlorella and Parachlorella species are unicellular im-

motile green microalgae classified in the Trebouxio-
phyceae, which have spherical cells less than ∼ 10 µm
in diameter containing a chloroplast. Parachlorella
kessleri accumulates TAG under sulfate-limited condi-
tions.3) Therefore, this species can be used as a model
for investigation of the response to nutrient starvation.
We reported an investigation of the regulatory system of
lipid and starch synthesis under sulfate-starvation con-
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Fig. 1. Sulfur-assimilation pathway and isolated Srp mutants of

P. kessleri. (A) Schematic of the sulfate assimilation pathway.

WT, wild type (B) Phenotype of Srp mutants.

ditions,1) and summarize it in this report.
Mutagenesis of P. kessleri was performed according

to our previous method. For isolation of cysteine requir-
ing P. kessleri mutants using Fe-ion treatments, 200 µL
aliquots of a 2-day-old P. kessleri culture were trans-
ferred into tubes. The samples were stored at 4◦C prior
to being subjected to heavy-ion-beam irradiation. Cells
were irradiated in the RIKEN RI-beam factory (Wako,
Saitama, Japan) at doses of 25 and 50 Gy. The linear
energy transfer value was 790 keVµm−1. The irradi-
ated cells were spread onto L-cysteine medium 1.5% agar
plates for isolation of single colonies. Approximately
13,000 colonies were picked as isolates and inoculated
onto both L-cysteine medium 1.5% agar plates and sul-
fate medium 1.5% agar plates. Isolates that grew only
in L-cysteine were identified as sulfate repressed pro-
liferation (Srp) mutants (Fig. 1B). The strains were de-
posited in the National Institute of Technology and Eval-
uation, Tokyo, Japan, under accession numbers FERM
BP-22268 (for Srp 1) and FERM BP-22288 (for Srp 2).

A phenotype of these mutants under sulfate replete
conditions exhibited that cell proliferation was sup-
pressed like the phenotype of wild type under sulfur
deplete conditions, but starch was highly accumulated.
The effects of sulfate and L-cysteine on lipid and starch
accumulation in the wild type and mutants were com-
pared in media containing different sulfur compounds
as sulfur sources. Our results suggest that a shortage
of L-cysteine, which is a metabolite of sulfate, induces
lipid accumulation and that sulfate ions promote starch
accumulation in chloroplasts. This study was supported
by JST, CREST and START (to SK).
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Increase of lipid production upon outdoor cultivation of heavy-ion beam
irradiation mutant Parachlorella kessleri PK4 and identification of its

genetic variations†

T. Takeshita,∗1 K. Oshima,∗2,∗3 K. Ishii,∗4 H. Kawamoto,∗1 S. Ota,∗1,∗3 T. Yamazaki,∗1,∗3 A. Hirata,∗5
Y. Kazama,∗4 T. Abe,∗5 M. Hattori,∗2,∗3 and S. Kawano∗1,∗3

In recent years, microalgae have gained significant at-
tention as a promising feedstock for the biofuel industry.
Some microalgae such as Parachlorella kessleri, a species
separated from the genus Chlorella, can accumulate high
levels of starch and lipids that can be used for the pro-
duction of bioethanol and biodiesel, respectively.1,2) Ir-
radiation of P. kessleri with heavy-ion beams with vary-
ing doses and ion species resulted in the generation of
phenotypes with potential economic relevance in terms
of lipid production.3) One such mutant, PK4, exhibited
high lipid accumulation under nitrogen starvation con-
ditions.3)

In this study, the lipid accumulation of PK4 was an-
alyzed using two experimental systems: a laboratory-
based small-scale culture and thin-layer photobioreactor
(T-PBR) mass cultivation in a culture volume of 150 l.
Nutrient dilution was adopted to maximize the lipid pro-
ductivity by exploiting the PK4 response to nutrient
limitation. We also determined its genetic variation by
whole genome re-sequencing.

TAP and UP media were compared to maximize the
lipid productivity of PK4 at a laboratory scale (80 ml).
The growth of wild type (WT) and PK4 stopped in the
complete TAP media on day 6 post-inoculation, but both
WT and PK4 continued to proliferate in the UP media
even on day 8 post-inoculation. In the complete UP
media, only a small amount of lipid accumulated in ei-
ther WT or PK4 cultures. The culture on day 4 post-
inoculation was collected and diluted with sterilized dis-
tilled water and individual cultivations were continued.
PK4 accumulated more lipids and at an earlier stage
than WT in UP medium after nutrient dilution.

The nutrient dilution experiment was performed in a
150 l thin layer- photobioreactor (T-PBR) (Fig. 1). The
culture was diluted with water four times to induce nu-
trient limitation on day 7 post-inoculation. Lipids began
to increase from day 9 post-inoculation (2 days after di-
lution) and continued to increase until the last day of
cultivation (38% DW, 2.0 g · L−1). The maximum lipid
content was 66% per dry weight (Day13, 2.9 g · L−1)
and the maximum lipid productivity after dilution was
0.59 g · L−1 · day−1.

The locations of genetic variation in PK4 were inves-
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Fig. 1. Time-series data in T-PBR. (A) water temperature
and light intensity, (B) cell numbers and biomass, and
(C) content of starch and lipids. The culture was diluted
with water four times on day 7 post-inoculation.

tigated by next-generation sequencing (Illumina MiSeq
and HiSeq). In total, we identified three loci, which
probably caused the observed phenotype in the auto-
mated mutation analysis pipeline (AMAP) with some
modifications.4) They correspond to putative homologs
of elicitor-responsive protein (9934_t), ATP/ADP trans-
porter (9067_t) and endo-1,4-β-mannanase (8741_t).
There are three copies of the 9067_t gene in the genome.
One of the three homologs is ATP and ADP transporter
localized in the chloroplast envelope. However the re-
lationship of this transporter with membrane lipids has
been discussed.5) The 8741_t gene has 13 genetic copies.
Mannan is one of the polysaccharides present in the
cell wall of algae.6) 1,4-β-mannanase hydrolyzes β-1,4-
mannosidic linkages of D-mannan, as well as galacto- and
glucomannans at random site.7) A study of metabolites
or genetics including complementation of the affected
genes would be required to determine the gene(s) whose
mutation is responsible for the PK4 phenotype.
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Pleiotropic mutant of plant-symbiotic edible mushroom Tricholoma
matsutake induced by argon-ion beam†

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 an ectomycorrhizal fungus
that produces prized mushrooms “matsutake” in as-
sociation with conifers.1) Currently, there are no fun-
gal strains as useful in cultivating fruits as commercial
saprophytic edible mushrooms. Developing the strains
that are suitable for spawn cultivation will greatly
contribute to the artificial cultivation of mycorrhizal
mushrooms. Previously, we reported that an argon-
ion beam (40Ar17+, 95 MeV/nucleon) efficiently killed
T. matsutake strains on agar plates at a dose of over
100 Gy and generated some mutants whose mycelial
morphology was different from that of the wild-type.2)

In this study, we document that the irradiation of
argon-ion beam on T. matsutake induces a mutant that
has pleiotropically altered phenotypes in mycelial mor-
phology and degrading enzymatic activities.
The mutant Ar 59 was obtained by irradiating the

mycelia of T. matsutake NBRC 33136 on modified
Melin-Norkrans agar containing 1.5% V8 juice with
an argon-ion beam at a dose of 500 Gy. Next, the
mycelial colony was separated into pieces and trans-
ferred onto fresh agars.2) The Ar 59 strain formed
a hedgehog-like colony on the potato dextrose agar
(PDA) containing 0.1% azurin-crosslinked (AZCL)-
amylose and 0.1% AZCL-hydroxyethyl (HE)-cellulose
substrates, unlike the wild-type strain that had a flat
mycelial mat with flower-like areal hyphae on the in-
oculation plug (Figs. 1 (a–d)). The Ar 59 strain ex-
hibited a significantly higher amylose- and cellulose-
degrading activities than the wild-type strain. In ad-
dition, clear halo zones, resulting from the conversion
of water-insoluble dye-linked substrates into water sol-
uble substances, were formed around the colonies dur-
ing the incubation period of 21 days. These clear halo
zones extended for seven additional days (Figs. 1 (e–
h)).
The phenotype of strain Ar 59 differed substantially

from those of T. matsutake NBRC 33136, which raises
a concern whether Ar 59 is a contaminant. Therefore,
the relationship between the NBRC33136 and Ar 59
strains was clarified by analyzing the sequences of their
rRNA gene ITS (867 bp) and IGS1 (361 bp) regions,
and the phylum-specific mobile DNA megB1 (479 bp).
The results showed that the strain sequences were iden-
tical. Therefore, strain Ar 59 was proven to be a mu-
tant of T. matsutake NBRC33136.
We have isolated a pleiotropic mutant whose colony

morphology differs from that of the wild-type T. mat-

† Condensed from the article in Mycorrhiza 28, 171 (2018)
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Fig. 1. Traits of T. matsutake mutant Ar 59 on PDA con-

taining AZCL-amylose and AZCL-HE-cellulose. (a–d)

Colony morphology. (a, c) NBRC 33136 on PDA con-

taining AZCL-amylose and AZCL-HE-cellulose, respec-

tively. (b, d) Strain Ar 59 on PDA containing AZCL-

amylose and AZCL-HE-cellulose, respectively. (e–h)

Depolymerizing activities. (e, g) NBRC 33136 on PDA

containing AZCL-amylose and AZCL-HE-cellulose. (f,

h) Strain Ar 59 on PDA containing AZCL-amylose

and AZCL-HE-cellulose, respectively. Clear halo zones

around the colonies were scored as enzymatic activities

(e–h).

sutake strain NBRC33136 and has acquired high lev-
els of amylose- and cellulose-degrading activities. Its
pleiotropic feature indicates that argon-ion beams may
have deleted a part of negative regulatory region that
controls various traits. Whether heavy-ion beams that
break double-stranded regions of DNA ranging in size
from a few bp to over 1 kilobase positively influence
the life cycle of fungus, rendering fruiting in spawn
cultivation, remains to be clarified. However, irradia-
tion with heavy-ion beams may be useful to create new
traits in T. matsutake.
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Comparison of biological effect between low- and high-LET irradiation
on DSB repair in the filamentous fungus Neurospora crassa†

L. Ma,∗1,∗2,∗3 Y. Kazama,∗2 T. Hirano,∗2,∗4 R. Morita,∗2 S. Tanaka,∗1 T. Abe,∗2 and S. Hatakeyama∗1

Ionizing radiations induce various cellular injuries, es-
pecially DNA double-strand breaks (DSBs). To obtain
insights on the biological effects on several forms of ioniz-
ing radiations causing DSBs, we examined the cell killing
effect, mutation frequency, and mutation type profile us-
ing the model filamentous fungus Neurospora crassa.1,2)

Two repair pathways, homologous recombination
(HR) repair and non-homologous end-joining (NHEJ),
recognizes and processes DSBs to maintain the integrity
of genetic information. Asexual spores of wild-type
Neurospora crassa and two DSB repair-deficient mu-
tants (NHEJ-related mus-52 knockout strain and HR-
related mei-3 nonsense mutant) were irradiated with
X-ray (200 kVp, 2–5 keV/µm) as a low-linear en-
ergy transfer (LET) beam, and C- (135 MeV/nucleon,
30 keV/µm), Ar- (95 MeV/nucleon, 287 keV/µm), and
Fe- (90 MeV/nucleon, 641 keV/µm) ion beams as high-
LET beams. The survival rates were examined by a
colony formation assay. Mutagenesis frequencies at ad-3
loci were calculated as a ratio of visual purple colonies
to total colonies. Mutation spectra at the ad-3B gene of
collected mutants were examined by DNA sequencing.
The experimental schema is shown in Fig. 1.

To determine the relative biological effectiveness
(RBE) values on the killing effect, the doses with 50%
survival in each ion-beam irradiation were compared
with those obtained after X-ray irradiation as the refer-
ence radiation. RBEs of C-, Ar-, and Fe-ion beams were
calculated to be 3.0, 7.4, and 5.8, respectively. There-
fore, the Ar-ion displayed the greatest lethal effect on
Neurospora crassa, which was found to be 2.5 times more
effective than the C-ion. The rank order of RBE was Ar-
> Fe- > C- > X-ray.

The killing effect profile of the X-ray irradiation was
quite similar to the C-ion beam. The mus-52 strain ex-
hibited sensitivity to X-ray similar to that observed in
the mei-3 strain at 100 Gy. However, little additional
cell death was observed at 200, 300, and 400 Gy. The
survival rate in response to the high-LET ion-beam irra-
diation progressively decreased with the absorbed dose
for all irradiated strains. In the case of C-ion beam irra-
diation, the sensitivity of the mus-52 strain was higher
than that of the wild-type and mei-3 strains at low
doses. In the case of Ar-ion beam irradiation, the mei-3
strain exhibited the highest sensitivity at all doses. In
the case of Fe-ion beam irradiation, the survival curves
† Condensed from the article in Int. J. Radiat. Biol. 94, 1125–

1133 (2018)
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sity
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Fig. 1. Experimental schema of biological effect evaluation.

of three strains did not differ at lower doses, whereas ob-
vious differences in sensitivity (mei-3 > mus-52 >WT)
were observed at higher doses.

The mutation frequency in the ad-3 loci indicated that
mei-3 > wild type > mus-52 in all irradiated beams.
The Ar-ion beam demonstrated a higher mutagenic ca-
pability than the Fe-ion beam in both the wild-type and
mei-3 strains. The mutation frequency of the wild-type
strain was lower in response to Fe-ion beams than the X-
rays. The deletion mutations were the most frequent but
the deletion size increased with the increasing value of
LET. The high-LET ion beams tended to induce larger
deletions, with Fe-ion beams inducing deletions > 100 bp
and Ar-ion beams causing deletions that ranged from 2
to 100 bp. Alternatively, low-LET X-ray induced dele-
tions of 1 bp.

Our results indicated that high-LET ion beams ex-
hibit higher cell killing and increased deletion size than
low-LET X-ray in Neurospora crassa. These different
LET-dependent phenomena may be due to the physical
properties of each radiation and repair mechanism of the
damage induced in Neurospora crassa. Our results may
be useful in selecting the appropriate beam source to
mutagenize fungi for further research and agricultural
applications. For example, C-ion beams, which pre-
dominantly cause single-nucleotide deletions and base
exchanges but few large deletions compared with higher-
LET Ar- and Fe-ion beams, may be useful in generat-
ing novel fungal strains harboring mutation in essential
genes without destroying the neighboring genes.

ing the model filamentous fungus Neurospora crassa.1)

>     Fe- > C-ion > X-ray.

Reference
1) L. Ma et al., Fungal Biol. 117, 227–38 (2013).



Ⅲ-4. Radiation Chemistry & Biology

- 221 -

RIKEN Accel. Prog. Rep. 52 (2019)

Effect of different conditions of the mutant isolation system on rotifers
by using heavy-ion beam irradiation

K. Tsuneizumi,∗1 M. Yamada,∗1 K. Ichinose,∗1 H. Ichida,∗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 has been greatly successful with
plants, its application to animals is limited. Therefore,
we plan to acquire more basic data to set up the opti-
mal conditions for a heavy-ion beam irradiation system
by using Brachionus plicatilis sensu stricto (rotifer) as
the model.3)

In aquaculture, rotifers are used as the live bait for
larval fishes that have just been born. As larval fishes
grow, they select food based on the mouth size.4) Ro-
tifers are used for larval fishes at first, and later on
the brown shrimp Artemia is used. Rotifers average
around 300 µm in length, while Artemia is between
400 µm and 1 cm in length. When switching food
from rotifer to Artemia, a live bait of a suitable size
(300–400 µm) has not been found yet. During this
gap time, larval fishes die of starvation or cannibalize
each other, and these problems result in a significant
decrease in the number of larval fishes. It is known to
be a common bottleneck in aquaculture.

In this study, to overcome the problem of starva-
tion and cannibalization, we plan to establish large ro-
tifers required during the gap time. Using heavy-ion
beams accelerated by the RIBF accelerator at RIKEN,
we measured the biological effect of heavy-ion beam

Fig. 1. Effects of different carbon irradiation conditions on
survival rate of rotifers. The rotifers were irradiated
with carbon-ion beams at different dose levels (100, 150,
200, 300, 400, and 600 Gy). The survival rates were
measured every two or three days under each condition
after irradiation. The data includes mean ± SE of six
independent experiments. The bars represent the SE of
data.

∗1 RIKEN Nishina Center

irradiation on rotifers under different conditions. Af-
ter irradiation, each rotifer was separated to a plastic
culture dish and cultivated at 20◦C at a salinity of
1.8%. Nonirradiated rotifers almost survived through
the experiment. On the contrary, the survival rate of
rotifers irradiated by 600 Gy of carbon-ion beam was
decreased to 41.7% by the 16th day after irradiation
(Fig. 1). The survival rate of rotifers irradiated by
200 Gy of argon-ion beam was decreased to 15.0% by
the 15th day after irradiation (Fig. 2). The survival
rate decreased gradually depending on the degree of
irradiation dose (Figs. 1, 2). These data will be help-
ful for the establishment of the mutant isolation system
by heavy-ion beam irradiation on rotifers.

Fig. 2. Effects of different argon irradiation conditions on
survival rate of rotifers. The rotifers were irradiated
with argon-ion beams at different dose levels (25, 50,
75, 100, 150, and 200 Gy). The survival rates were
measured every two or three days under each condition
after irradiation. The data includes mean ± SE of six
independent experiments. The bars represent the SE of
data.
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The inhibitor of DNA-PK suppressed DNA repair after heavy-ion
irradiation in quiescent mammalian cells

M. Izumi∗1 and T. Abe∗1

Accelerated heavy-ion particles with high linear en-
ergy transfer (LET) induce complex clustered DNA
damage, which is an obstacle to efficient repair. DNA
double-strand breaks (DSBs) are most lethal dam-
age among them and are repaired primarily by non-
homologous end joining (NHEJ) or homologous recom-
bination (HR) in mammalian cells, whereas alterna-
tive NHEJ (alt-NHEJ) and/or single strand annealing
(SSA) work only when both NHEJ and HR are im-
paired.

Several published studies using the Chinese hamster
ovary (CHO) cells and two CHO mutant lines deficient
in HR or NHEJ suggest that NHEJ does not efficiently
repair DNA damages and that HR is essential for sur-
vival after heavy-ion irradiation.1,2) On the other hand,
a study using inhibitors against NHEJ and HR in hu-
man lung cancer cell line suggests that NHEJ is a ma-
jor DNA repair pathway after heavy-ion irradiation.3)
Therefore, the DNA repair mechanism is still contro-
versial in higher eukaryotes.

In this study, we investigated the repair mechanism in
quiescent mammalian cells, where HR does not work.
To estimate the secondary carcinogenesis in radiation
therapy, it is important to know whether DNA damages
are repaired by NHEJ or highly mutagenic alt-NHEJ
and/or SSA, because the majority of the cells in the
body exist in a quiescent state. First, we investigated
the foci formation of phosphorylated histone H2AX,
which reflects the presence of DSBs after irradiation
(Fig. 1). The number of histone H2AX foci reached
maximum immediately after X-ray or carbon ion irradi-
ation and decreased similarly as time proceeded in both
logarithmically growing cells and quiescent cells. These
results suggest that NHEJ is a major repair pathway in
both logarithmically growing cells and quiescent cells
since HR does not work in quiescent cells and requires
a much longer time (> 8 h) than NHEJ.

To confirm that NHEJ is a major pathway in qui-
escent cells, we investigated the effect of NU7441, a
potent specific inhibitor of DNA-PK, which is involved
in NHEJ (Fig. 2). NU7441 increased the number of
phosphorylated histone H2AX 16 h after carbon ion ir-
radiation, suggesting that NHEJ is the dominant DNA
repair pathway. It is also suggested that alt-NHEJ or
SSA does not work efficiently in quiescent cells.

In the previous report, we have shown that the cell
survival of CHO cells is dependent on HR4) as several
groups have already reported.1,2) HR may play a major
role in DNA repair in CHO cells because CHO cells
are not arrested in the G1 phase and accumulate in
the S-G2 phase after irradiation due to the lack of p53
∗1 RIKEN Nishina Center
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Fig. 1. The number of phosphorylated histone H2AX foci
after irradiation. NB1RGB cells were synchronized in
the quiescent state by serum starvation for 48 h. Cells
in the proliferating state (◦ △) or quiescent state (• )
were irradiated with 5 Gy of X-ray or carbon ions (LET
= 80 keV/µm), and the phosphorylated histone H2AX
was detected by immunostaining 1–24 h post irradiation.
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Fig. 2. The effect of NU7441 on DNA repair. The quiescent
NB1RGB cells were treated with 3 µM NU7441 and irra-
diated with 2 Gy of carbon ions, and the phosphorylated
histone H2AX was detected 16 h post irradiation.

(data not shown). On the contrary, the majority of
logarithmically growing NB1RGB cells (60–70%) are in
the G1 phase and stay in the G1 phase until DSB repair
is completed. Therefore, NHEJ may play a major role
in DNA repair in NB1RGB cells. Currently, we are
examining the effect of drugs on several cell lines to
investigate whether the genetic background can explain
the selection of repair pathways.
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Phosphorylation and accumulation of low-dose high-LET heavy
ion-induced bystander signaling molecules

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.1) RIBR induced by low doses of high-linear en-
ergy transfer (LET) radiation is an important issue for
the health of astronauts and in hadrontherapy. Here,
we investigated the underlying molecular mechanisms
and biological implications of high-LET RIBR.

We found that normal human fibroblast WI-
38, cultured confluent, irradiated with high-LET
(1000 keV/µm) iron (Fe) ions showed the bystander
cell killing effect at low doses (≤ 0.2 Gy).2) In addition,
we reported that gap-junction intercellular communi-
cation (GJIC), cyclooxygenase-2 (COX-2), and nitric
oxide (NO) were involved in its signal transfer.3)

Figure 1 shows the phosphorylation and accumula-
tion of bystander signaling related molecules in WI-38
cells irradiated with 0.1 Gy of Fe ions. Cells were pre-
treated with or without c-PTIO (a scavenger of NO)
or lindane (an inhibitor of GJIC). Left panels were
previously reported.4) The phosphorylation of Akt at
Ser473 and NF-κB p65 at Ser536 and accumulation of
COX-2 were observed in the cell 3 h after irradiation.
They were efficiently inhibited by c-PTIO. Phosphory-
lated histone H2AX at Ser139 (γ-H2AX) is widely used
as a surrogate marker of DNA double-strand breaks
(DSBs). γ-H2AX was observed 3 and 6 h after irra-

∗1 Radiation Safety Research Center, Central Research Insti-
tute of Electric Power Industry

∗2 RIKEN Nishina Center

diation and the one at 6 h was inhibited by c-PTIO.
These results suggest that phosphorylation of NF-κB,
Akt, and histone H2AX and accumulation of COX-2
were mainly mediated by NO. Meanwhile, phosphory-
lation of Akt at 3 h after irradiation was also inhibited
by linedane but that of NF-κB and γ-H2AX was not
(right panels). Surprisingly, COX-2 was overexpressed
in the cells pretreated with lindane irrelevantly to ir-
radiation. It is well known that COX-2 overexpressed
cancer cells are resistant to the induction of apopto-
sis.5) The ability of lindane to inhibit GJIC is appar-
ent,1) whereas COX-2 overexpression in addition to in-
hibition of Akt may also contribute to the inhibition
of bystander cell killing, even if DSBs are induced in
the bystander cells.

Continued studies must elucidate the role of GJIC.
The obtained results suggested that NF-κB, Akt, and
COX-2 were involved in the low-dose of high-LET
heavy-ion-induced bystander signaling.

References
1) M. Tomita, M. Maeda, J. Radiat. Res. 56, 205 (2015).
2) M. Tomita et al., RIKEN Accel. Prog. Rep. 48, 302

(2015).
3) M. Tomita et al., RIKEN Accel. Prog. Rep. 50, 266

(2017).
4) M. Tomita et al., RIKEN Accel. Prog. Rep. 51, 234

(2018).
5) M Tsujii, R. N. DuBois, Cell 83, 493 (1995).

Fig. 1. Phosphorylation and accumulation of bystander signaling related molecules. WI-38 cells were
pretreated with or without c-PTIO (20 µM) or lindage (Lin, 50 µM) 2 h before irradiation with
0.1 Gy of 90 MeV/nucleon Fe ions (1000 keV/µm). Cells were harvested 3 and 6 h after irradiation
followed by immunoblotting.
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CR-39 imaging method to estimate microbeam profiles produced by
tapered glass capillary optics

Y. Hikima,∗1,∗2 T. Ikeda,∗1,∗2 M. Ikekame,∗1,∗2 M. Mori,∗1,∗2 S. Kawamura,∗1,∗2 T. Minowa,∗2 and W. -G. Jin∗2

To perform accurate ion microbeam irradiation on bio-
logical targets, such as the nucleus of a mammalian cell,
bacterium, and a small organ of an insect, the beam
profiles should be quantitatively estimated to obtain the
narrowest beam spot. We employed tapered glass cap-
illary optics with an end-window at the thin outlet to
produce microbeams of MeV ions. This optics realizes
the irradiation whose target is even in air or liquid. The
beam structure produced by the capillary optics was al-
ready reported to have core and halo components.1) The
ions without any scattering on the inner glass wall main-
tain their initial directions and generate a sharp spot
known as the core. The other ions suffering from the
scattering may form a broad spot, which is called a halo
component. The halo component should be suppressed
to obtain narrower beam size, thereby resulting in good
position resolution for irradiation experiments.

A plastic tracking detector CR-39 is available for the
observation of microbeam profiles, where the ion hitting
point appears as a pit with a diameter of a few µm after
etching with, for example, 7N-NaOH for 2 h. However,
the standard CR-39 detector is not suitable for H ions
owing to low linear energy transfer (LET). In this study,
a CR-39 with higher sensitivity, whose product name is
HARZLAS, was employed. Although it is generally diffi-
cult to implement the analysis of pit distribution created
by microbeam because the pits in the spot overlap each
other, the parametrization of the halo component can be
free from overlapping. Here, we report an analysis of the
microbeam profiles of H ion with an energy of 2.8 MeV
to aim at a small-sized spot (several tens of µm) at an
irradiation distance of 1 mm or divergence of 1◦.

We have started the trial of using the brightness (dark-
ness) information of each unit area in a microscopic
photo of a piece of CR-39 as the density of the pits, as-
suming that all pits are separated and are approximately

Fig. 1. (a) 2.8 MeV H+ microbeam spot on CR-39 and the
histogram along with slice area. (b) Ion energies after
transmitting the materials estimated by SRIM simulation.
No ions were transmitted through more than five layers.

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

Fig. 2. Spot sizes according to the number of Al layers with
thickness of 11 µm. Panel (e) shows the narrowest spot.

of the same size. This method cannot be implemented
to the center of the core. However, it can be possibly
applied to the halo component and the region outlining
the core. An H+ beam accelerated by the RIKEN Pel-
letron accelerator was transmitted through a capillary
with an outlet of 9.9 µm. Then, a spot was formed on
a piece of CR-39 at an irradiation distance of 1 mm,
which is shown in the upper panel of Fig. 1 (a). The
green histogram in the lower panel expresses the sum of
darkness along with a horizontal thin zone shown as the
slice area in the upper panel. The histogram was ana-
lyzed to have two Gaussian peaks with 176 and 575 µm in
FWHM corresponding to the core and halo component,
respectively. However, the core size is not used in further
analysis because the darkness density at the center is al-
ready saturated. The ions in the halo component had
relatively lower energies, which can be stopped if Al lay-
ers with a thickness of 11 µm are inserted. Figure 1 (b)
shows the decline of ion energy as the layers were added
according to the SRIM simulation.2) Figure 2 shows the
beam spots and the histograms showing the spot sizes.
As shown in Fig. 2 (e), the narrowest spot was obtained
with four layers. The energy of ions was estimated to be
1.08 MeV with a standard deviation of 52 keV regarding
the simulation. This method can determine the accurate
number of Al layers to obtain the narrowest spot.

References
1) J. Hasegawa et al., J. Appl. Phys. 110, 044913 (2011).
2) Simulation code, SRIM-2003, http://www.srim.org/ .
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Stability test of ion microbeams produced by tapered glass capillary
optics for biological use

T. Ikeda,∗1 M. Hamagaki,∗1 M. Ikekame,∗1,∗2 Y. Hikima,∗1,∗2 and H. Sato∗1

Ion beam irradiation to cell nucleus has played an
important role in the induction of artificial damage in
DNA. The extent or type of DNA damage depends on
the stopping power of the ion, which is a function of
ion mass and velocity. For example, heavy ion cancer
therapy employs carbon ions. Ion beam breeding to pro-
duce mutants of plants uses C, Ar, and Fe ions and so
on. Both cases use fast heavy-ions in the order of 10
to 100 MeV/nucleon to obtain a range varying between
a few mm and a few tens of cm and maintain a stop-
ping power large enough to induce double-strand breaks
(DSB) in DNA. To investigate a similar effect in sin-
gle cells, slow light-ions (H or He) with energy of a few
MeV are available. A He2+ ion with 4 MeV energy has
the range of approximately 20 µm in water, which is
larger than the thickness of cells, and a stopping power
greater than 200 keV/µm, which is strong enough to
create DSB.

Employing such H or He ions with energies of a
few MeV provided by the Pelletron tandem accelerator
(1.7 MV max.) in Nishina R&D Building, we developed
a microbeam irradiation system based on single tapered
glass capillary optics with a plastic end-window at the
thin outlet. Figure 1 (a) shows an image of an approx-
imately 7-cm-long glass capillary mounted at the beam
port of BL-W30. The capillary inlet/outlet diameters
were 1.8 mm/10 µm, respectively, and the thickness of
the end-window at the outlet was 9 µm. The cylindri-
cal object just downstream of the capillary was a PIN
photodiode assembly to count the ions.

Because we plan to perform single-ion irradiation to a
cell nucleus, the stopping power of the ions and the dose
(number of ions in the target area) are critical factors. A
cell irradiation system, in particular, requires accurate
irradiation time and highly stable microbeam intensity.
However, the stability of Pelletron terminal (accelera-
tion) voltage is not better than 0.5% and consequently,
the microbeam intensity was really unstable until the
beginning of 2018. The accelerated ions go through a se-
ries of quadrupole magnets (QM), a vertical steerer, and
a switching magnet (SM), and enter the capillary optics
after travelling 5–6 m. The unstable terminal voltage re-
sults in the fluctuation of the spot position. To stabilize
the number of ions entering the capillary, the beam was
defocused by QM. The beam profile was monitored by an
Al2O3 fluorescent plate with a 5 mm interval grid con-
nected to a pico-ammeter shown in Fig. 1 (b). The pro-
file monitor was installed at BL-W15, which is a beam
line next to BL-W30. The monitor and the capillary
optics were at a similar distance from SM. Figure 1 (c)

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

Fig. 1. (a) Tapered glass capillary optics mounted at a beam

port of BL-W30. (b) Al2O3 fluorescent plate with 5-mm

interval grid in BL-W15. (c) Round-shaped beam spot.

(d) A spot defocused horizontally but focused vertically.

Fig. 2. Pelletron terminal voltage monitor (blue) and mi-

crobeam intensity (green) as a function of time.

shows a round shaped beam spot. Because the position
fluctuation was mainly in the horizontal direction, the
beam was defocused horizontally but focused vertically
as shown in Fig. 1 (d).

After profile tuning, the beam was switched to BL-
W30. The upper curve in Fig. 2 shows the time evolution
of the Pelletron terminal voltage monitor (∼ 5.56 V) pro-
portional to the terminal voltage setting to 1.400 MV.
The standard deviation (σ) was 2.372 kV (0.169%),
which corresponds to ∼ 5 mm fluctuation at the cap-
illary entrance. However, the modified shape as shown
in Fig. 1 (d) realized the stable rate of the microbeam
around 1000 ions per second even when the terminal
voltage became more unstable within 0.9% peak-to-
peak. The fluctuation σ of ion-count rate (microbeam
intensity) in Fig. 2 was 8.10%, which became success-
fully stable. Before this method, the ion-count rate had
fluctuated between 0 and 1000 counts/s randomly.
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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 and H. Ueno ∗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 2018; 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 19th NP-PAC meeting was held from Novem-
ber 29 through December 1, 2018,1) with attendance of
16 PAC members. 33 proposals including 3 construc-
tion proposals were reviewed, and 14 proposals were
approved as grade A. The outcome of the NP-PAC
meeting is summarized in Table 1.

The 19th 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 Uni-
versity), H. Nakada (Chiba University), K. Ogata
(RCNP, Osaka University), T. Rauscher (Univer-
sity of Hertfordshire), K. Sekiguchi (Tohoku Univer-

Table 1. Summary of the outcome of the 19th NP-PAC
meeting. The proposals ranked as A are treated as “ap-
proved” proposals.

19th NP-PAC (November 29–December 1, 2018)
requested approved

proposals (days) proposals (days)
GARIS 2 (31.5) 1 (17)
CRIB (AVF) 5 (44.5) 3 (35)
RIPS 0 (0) 0 (0)
KISS 0 (0) 0 (0)
BigRIPS/ZD 10 (71) 3 (13.5)
SHARAQ/OEDO 6 (53.5) 2 (16)
Rare RI Ring 1 (13.5) 1 (9)
SAMURAI 9 (74.5) 4 (20)
Total 33 (288.5) 14 (110.5)

∗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

sity), H. Simon (GSI), P. Van Duppen (KU Leuven),
Y.-H. Zhang (IMP).

ML-PAC

The 16th and 17th ML-PACs were held on July 20,
2018, and in January , 2019, respectively.2) The PAC
meeting was held for the 16th ML-PAC, and the pro-
posals were reviewed with only submitted documents,
as was done from in the 13th ML-PAC meeting. The
17th ML-PAC review was done only by mail review, as
the number of proposals to review was relatively small.
The outcome of the meeting is summarized in Table 2.

The 16th and 17th ML-PAC members are as follows:
A. Hiller (ISIS, RAL, the chair), T. Azuma (RIKEN),
R. Kadono (KEK), A. Kawamoto (Hokkaido Univer-
sity), S. Kawano (University of Tokyo), K. Kubo
(ICU), P. Mendels (University of Paris), Z. Qin (Chi-
nese Academy of Sciences), H. Yamase (NIMS), and
X.G. Zheng (Saga University).

Table 2. Summary of the outcome of the 16th and 17th
ML-PAC meetings. The RIBF proposals ranked as A
are treated as “approved” proposals.

16th ML-PAC (July 20, 2018)
requested approved

proposals (days) proposals (days)
RAL 14 (68) 9 (25)
RIBF 2 (8) 2 (8)
Total 16 (76) 11 (33)

17th ML-PAC (January 2019)
requested approved

proposals (days) proposals (days)
RAL 7 (39) 6 (19)
RIBF 1 (1) 1 (1)
Total 8 (40) 7 (20)

References
1) http://www.nishina.riken.jp/RIBF/NP-PAC/index.html .
2) http://www.nishina.riken.jp/RIBF/ML-PAC/index.html .
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Beam-time statistics of RIBF experiments

K. Yoneda ∗1 and H. Ueno ∗1

This report describes the statistics of the beam times
(BTs) at the RIBF facility in fiscal year (FY) 2018.
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 May to June and from October to December 2018,
considering the restriction of utility-power use, bud-
getary constraints, the maintenance schedule of the ac-
celerator system and co-generation system, etc. In the
series of experiments performed in spring, the primary
beam of 18O was provided to users, and the 238U pri-
mary beam was provided in autumn. Ten experiments
approved by the RIBF Program Advisory Committees
(PAC)1) with an approved BT of 59 days were con-
ducted. The facility development programs used 3.5
days of BT; these are defined as machine study (MS)
experiments. Two PAC-approved experiments had to
be canceled due to sudden schedule change caused by
accelerator troubles.

The summary of the high-energy-mode BTs in
FY2018 is given in Fig. 1 as a bar chart. User time de-
creased compared to the BT in FY2017; this is mainly
due to the startup tuning of the newly-introduced
RRC-RF cavities, and troubles of water leakage from
the new RF cavities. The total length of the MS is
almost as short as the length in FY2017. Even though
there remain only few newly-introduced facility de-
vice requiring beam tests, the opportunities of machine
studies should be promoted as an investment for ex-
panding 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 FY2018, the total BT length
of the low-energy mode increased compare to that in
FY2017 regardless of the RILAC shutdown started in
the middle of June 2017 for accelerator upgrade. The
relatively longer AVF-standalone time and RRC time
are due to the long runs for the transmutation experi-
ment and superheavy element search. It is anticipated
that RRC will be mostly used for the superheavy ele-
ment search experiments until RILAC becomes avail-
able again in FY2019.

∗1 RIKEN Nishina Center

Fig. 1. Bar chart showing the BT statistics for high-energy-
mode experiments from FY2007 to FY2018. 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 FY2018.

Reference
1) K. Yoneda, K. Ishida, H. Yamazaki, N. Imai, Y. Watan-

abe, K. Yako, H. Miyatake, H. Ueno, in this report.
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Electric power consumption of RIKEN Nishina Center in 2018

E. Ikezawa,∗1 Y. Watanabe,∗1 H. Yamasawa,∗1 and O. Kamigaito∗1

The average hourly electrical power consumption for
each day in the RIKEN Nishina Center (RNC) in 2018
is shown in Fig. 1. The total electrical power con-
sumption by RNC in 2018 was 54,200 MWh, which
was 26% lower than that in 2017. When RI Beam
Factory (RIBF) experiments using an uranium (238U)
beam were conducted, the maximum electrical power
supply to the RIKEN Wako campus from the com-
mercial power reached 19.2 MW with a CGS output of
5.0 MW on November 15, 2018, and the maximum elec-
trical power consumption of RNC reached 15.4 MW on
November 12, 2018.

 

 
Fig. 1. Average hourly electrical power consumption for each day in RNC in 2018.

∗1 RIKEN Nishina Center
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Operation report of the ring cyclotrons in the RIBF accelerator
complex

The operation report of the ring cyclotrons in the
RIBF accelerator complex from Jan. to Dec. 2018 is pre-
sented. Table 1 presents a summary of the beams accel-
erated by these cyclotrons. The availability is defined as
the ratio of the actual beam service time to the sched-
uled beam service time, which is an index of the stable
operation of accelerators. Multiple experiments supply-
ing identical beams are shown as a block, whereas the
experiments with the 51V beam are not shown, because
the new element search experiments are conducted as
the closed beam time under the Nishina Center Direc-
tor. The total beam supply time was 1719.4 h exclud-
ing the V beam supply. The service of RRC was not
available due to the upgrade of the resonators1) dur-
ing the period of two months from February. In the
old facility (RARF), the actual beam service time was
477.0 h, and the availability was 108.5%. Stable beams
were supplied as usual. In the new facility (RIBF), two
beam services were carried out. The total beam supply
time was 1242.4 h, and the availability was 84.2%.

For the synthesis of the 119th element, three beam
services were carried out. The 51V beams were supplied
with the availability of 73.5%. The availability was low
due to the vacuum leakages caused by cooling water
leakage at the new resonators of RRC and had to be
aborted for repairs.

∗1 SHI Accelerator Service Ltd.
∗2 RIKEN Nishina Center

For the beam supply of 18O, the maximum beam in-
tensity was 600 particle nA, and the availability was
100.6% for seven experiments. There were failures in
the RRC, namely in the plate and filament power sup-
plies for an intermediate amplifier of RF No. 1 and in
a vacuum control system, which seemed to be caused
mainly by radiation.

A 238U beam at 345 MeV/nucleon was supplied for
eight experiments, and the maximum beam intensity
of 72 particle nA was the highest ever. The avail-
ability decreased to 67.8% owing to several troubles.
The beam supply was started 7.5 d later than sched-
uled due to the failures and repairs of the SRC-EIC
and -EDC, abnormal termination of the rotating charge
stripper, and a severe beam tuning to reduce beam
losses. The rotation-stops of the charge stripper oc-
curred frequently even during the beam supply. Finally,
a ferrofluidic seal was exchanged to recover stable oper-
ation. Furthermore, a vacuum leakage happened again
at the RRC resonator No. 1 in November, and the re-
pair was performed. It took 8 d for the repair and beam
tuning to resume the beam supply.

Reference
1) K. Yamada et al., “Remodeling of acceleration cavity res-

onators for RIKEN Ring Cyclotron”, in this report.

Table 1. Summary of the accelerated beams in 2018.
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RILAC operation

E. Ikezawa,∗1 T. Ohki,∗2 M. Kase,∗1 T. Nakagawa,∗1 N. Sakamoto,∗1 H. Okuno,∗1 N. Fukunishi,∗1

Y. Watanabe,∗1 M. Komiyama,∗1 A. Uchiyama,∗1 T. Maie,∗1 M. Nagase,∗1 M. Fujimaki,∗1 T. Watanabe,∗1

H. Hasebe,∗1 H. Imao,∗1 K. Ozeki,∗1 K. Suda,∗1 Y. Higurashi,∗1 K. Yamada,∗1 S. Watanabe,∗1 M. Kidera,∗1

T. Nagatomo,∗1 H. Yamauchi,∗2 K. Oyamada,∗2 M. Tamura,∗2 A. Yusa,∗2 K. Kaneko,∗2 and O. Kamigaito∗1

For the upgrade of RILAC, the following works have
been in progress at the LINAC building during the
reporting period. The details are described elsewhere
in this progress report.

(1) The new 28 GHz superconducting electron cy-
clotron resonance ion source and the low en-
ergy beam transport (LEBT) were installed.
The necessary preparation for the test was con-
ducted.

(2) The section after the A2 cavity reconstituted.
The necessary preparation for the installation of
a superconducting RILAC (sRILAC), middle en-
ergy beam transport (MEBT), high energy beam
transport (HEBT), and helium refrigerator was
conducted.

(3) The GARIS3 was installed in the e2 beam
courses in target room no. 1.

(4) The air cooling fan coil units in the radiation-
controlled area were replaced.

We performed the following maintenances during the
reporting period.

(1) In the radio frequency systems, DC high-voltage
power supplies were subjected to annual inspec-
tion. The major components with mechanical
parts were subjected to simple inspection.

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

(2) The water pumps were subjected to simple in-
spection. All cooling towers were subjected to
monthly inspection.

(3) All turbomolecular pumps were subjected to
simple inspection. Cryogenic pumps used for the
No. 5 cavity, A1 cavity, and standby units were
overhauled.

We performed the following repairs during the re-
porting period. The details are described elsewhere in
this progress report.

(1) The No. 5 cavity had a serious vacuum leak
due to a deteriorated vacuum gasket of the cen-
ter conductor in the cavity. The external di-
mensions of the gasket are 10 ± 0.1 mm height,
8±0.1 mm width, and 4273±13.5 mm length in
the radial direction. We replaced it with a new
one. In addition, silver plates for the electrical
contact of the center conductor were replaced
with new ones.

(2) The bottom plate of the A1 cavity had a vac-
uum leak. We repaired the plate with a repair
material.
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Operation report on the RIKEN AVF cyclotron for 2018

K. Kobayashi,∗1 K. Ozeki,∗2 M. Fujimaki,∗2 N. Fukunishi,∗2 S. Fukuzawa,∗1 A. Goto,∗2 M. Hamanaka,∗1
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A. Uchiyama,∗2 S. Watanabe,∗2 T. Watanabe,∗2 Y. Watanabe,∗2 K. Yadomi,∗1 K. Yamada,∗2 and A. Yusa∗1

The yearly report on the operation of the RIKEN
AVF cyclotron (denoted as AVF hereafter) for the pe-
riod January–December 2018, is presented. AVF has
four beam courses of various ion beams used for stand-
alone operations: C01 (machine study), C03 (RI pro-
duction), E7A (CRIB), and E7B (student experiment).
In addition, AVF is used as an injector of RRC. In
this mode, beams are delivered to three courses: RRC-
RARF, RRC-IRC E5, and RRC-IRC-SRC. The beam
courses are shown schematically in Fig. 1.

The yearly operation statistics and beams accelerated
using AVF are summarized in Table 1 and 2, respec-
tively. Remarkable operations achieved this year in-
clude a development test of C-foil and a demonstration
experiment of nuclear transmutation. For C-foil devel-
opment, an endurance test was performed for 150 h at
C03. The experiment to demonstrate nuclear transmu-
tation was carried out at C03. Most of the delivered
time to C03 (2067 h, twice as long as that in the usual
year) was spent on this experiment. In the RIBF exper-
iment (RRC-IRC-SRC course), the beam was continu-
ously delivered without any break for 600 h, out of a
total delivered time of 820 h. In a total operation time
of 5042 h, only 7 h was spent for AVF repairs. In the

Fig. 1. Overview of AVF cyclotron with ion sources, exper-
imental courses, and beam transport line to RRC.

∗1 SHI Accelerator Service Ltd.
∗2 RIKEN Nishina Center
∗3 Center for Nuclear Study, the University of Tokyo

last experiment in July, a cooling water pipe of PHASE
SLIT leaked inside the AVF vacuum. Therefore, the
RARF experiment was canceled.

Table 1. Comparison of AVF operation statistics with that
of the previous year.

Table 2. AVF beam list in 2018.
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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, had been under stable
operation since the beginning of April 2001. As opera-
tion failure due to deterioration over time has increased
in recent years, duplication of liquefier was conducted
in 2017. The new liquefier can produce liquid helium
at a liquefaction rate of 220 L/h from pure helium gas.
Consequently, even when the liquefier breaks down, it
can be repaired without stopping the supply of liquid
helium.

The volumes of liquid helium supplied each year
from 2001 to 2017 are shown in Fig. 1. From 2001
to 2013, there was a gradual increase in the supplied
volume, with two declines in 2009 and 2011. In 2014,
the supplied volume decreased owing to a malfunction
in the system. However, in 2015, the supplied volume
returned to its original value. In 2016, the supplied
volume decreased but slightly increased in 2017.

Fig. 1. Volumes of liquid helium supplied to the various laboratories for each fiscal year from 2001 to 2017.

∗1 RIKEN Nishina Center
∗2 Nippon Air Conditioning Service K.K

The purity of helium gas recovered from the labo-
ratories gradually improved after the new system was
constructed. At present, the impurity concentration 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 liq-
uid helium supply and recovery system were 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 Cooperation Center build-
ing of the Advanced Device Laboratory, Chemistry and
Material Physics building, and Nanoscience Joint Lab-
oratory building, increased to more than 85%.

Reference
1) K. Ikegami et al., RIKEN Accel. Prog. Rep. 34, 349

(2001).
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Present status 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

After the September 2017 incident wherein wa-
ter pipelines for the refrigerator system were severely
blocked by muddy impurities, we replaced the entire pip-
ing of the cooling water system for the BigRIPS cryo-
genic plant in March 2018. Figure 1 shows the new cool-
ing water pipelines for the compressor unit and refriger-
ator. We changed the cooling water system for the re-
frigerator from the cool-water system using cooling tow-
ers to the chilled-water system using RIBF absorption
chillers. The cooling efficiency of the turbine system has
greatly improved.

Based on the RIBF beam-time schedule, we performed
two continuous operations at the BigRIPS cryogenic
plant in 2018. The first operation lasted from Apr. 17
to June 18 and the second from Sept. 28 to Dec. 17. We
operated the cryogenic system without any trouble in
both periods. We measured the vibrations of the com-
pressor unit and observed the low oil contamination in
helium gas during operations. The total operation time
of the compressor unit was 68,291 h.

Figure 2 shows the vibration acceleration in the ver-
tical and horizontal directions as a function of the to-
tal operation time. We measured the vibrations of the
compressor at the high-pressure and low-pressure sides
since 2015. Except the rapid increase of the vibration
acceleration at the operation time of 59,000 h, which in-
dicates the damage in the baring unit that occurred in
Dec. 2016,1) the vibration acceleration stayed less than
8 m/s2 during the operation period.

Figure 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. By mea-

Fig. 1. New cooling water piping for the compressor and re-
frigerator.

∗1 RIKEN Nishina Center
∗2 Nippon Kucho Service Co., Ltd.
∗3 Mayekawa Mfg. Co., Ltd.

Fig. 2. Vibration acceleration of the compressor unit.

Fig. 3. Oil contamination at the entrance of the third coa-
lescer vessel.

suring the operation interval of the drain valves of the
coalescer vessels in the compressor unit, the oil con-
tamination level was evaluated.2) The navy blue, green,
and yellow diamonds represent the estimates for the
2008–2009, 2010–2011, and 2012–2013 operations, re-
spectively. The estimate for the 2014–2015 and 2016–
2018 operations are shown with pink and red diamonds,
respectively. The oil contamination values measured us-
ing the oil check kit are also shown. The open trian-
gles, squares, and circles represent the results for the
2008–2009, 2010–2011, and 2012–2013 operations. The
results for the 2014–2015 and 2016–2018 operations are
indicated by the open diamonds and circles, respectively.
Both estimations of the oil contamination level are con-
sistent with each other and the performance efficiency
of the latest filter elements seems to be better than that
of the others.

References
1) K. Kusaka et al., RIKEN Accel. Prog. Rep.50, 285 (2017).
2) K. Kusaka et al., RIKEN Accel. Prog. Rep.41, 309 (2010).
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Radiation safety management at RIBF

K. Tanaka,∗1 Y. Uwamino,∗1 H. Sakamoto,∗1 R. Hirunuma-Higurashi,∗1 H. Mukai,∗2 A. Akashio,∗1

T. Okayasu,∗1 R. Suzuki,∗3 M. Takekoshi,∗3 Y. Yamauchi,∗3 K. Igarashi,∗1 S. Iizuka,∗1 N. Usudate,∗1 and
Y. Shioda∗1

In this paper, the results of radiation monitoring
at RIBF, conducted at the border of the facility and
the radiation-controlled area are reported. In addi-
tion, the residual doses along the accelerator setups
are presented. In 2018, a 238U beam of approximately
345 MeV/nucleon was provided at an intensity of 70
particle nA during October to December. A 18O beam
of approximately 230 MeV/nucleon of 700 particle nA
was used in May and June.

The dose rates at the boundary of the radiation-
controlled area were monitored. Neutron and γ-ray
monitors were used at three locations: the roofs of the
RRC, IRC, and BigRIPS. Figure 1 shows the annual
neutron dose at these positions. In 2018, 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 legal
limit is 1 mSv/y, were monitored. Neutron and γ-ray
monitors were used, and the annual dose in 2018 was
found to be lower than the detection limit after back-
ground correction. The detection limit of the neutron
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

Fig. 1. Radiation dose at the boundary of radiation-

controlled area.

∗1 RIKEN Nishina Center
∗2 Japan Environment Research Corporation
∗3 Daiwa Atomic Engineering Corporation

Fig. 2. Dose rates of residual radioactivity at the deflectors

of five cyclotrons.

beam intensity, accelerator operation time, and cooling
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 started its operation.
For AVF, the dose rate increased in 2006 because the
radioisotope production was started in that year and
thus, the beam intensity increased.

The residual radioactivity along the beam lines was
measured after 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 measurement
points. The maximum dose was 17.8 mSv/h at point
19, which is in the vicinity of beam dump of BigRIPS.

The radioactivity in the closed cooling system at Bi-
gRIPS was measured. The water for the F0 target,
exit beam dump, and side-wall dump were sampled in
June. The water in the closed cooling systems for the
F0 target and exit beam dump was replaced in May
2018. Therefore, the detected radioisotopes in the F0
target and exit beam dump were generated during one
month of operation in RIBF. For the side-wall beam
dump, part of the water was replaced in January 2018,
but all the water was replaced in March 2015; the re-
sults are presented in Table 2. A liquid scintillation
counter (LSC-7400, Hitachi Co. Ltd.) was used for
the low energy β ray of 18 keV from H-3 nuclide. A
Ge detector (GC2019, Canbbera Co. Ltd.) was also
used for the γ rays emitted from other radionuclides.
The radionuclides, except H-3, were already filtered
by an ion exchange resin in the closed cooling systems.
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Although the overall value of contamination was less
than the legal limit for drain water, as presented in
Table 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.

The e-learning module, which can be accessed any-
time from anywhere (even from outside RIKEN), has
been used to the re-train the radiation workers at
RIBF. Approximately 630 radiation workers have com-
pleted the training in 2018.

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 

(μSv/h)
Date 

(M/D) Particle Energy 
(MeV/u) 

Intensity 
(pnA) 

Cooling 
time
(h) 

1 200 8/24 Ar-40 5.2 40 573 
2 400 8/24 Ar-40 5.2 40 573 
3 170 8/24 Ar-40 5.2 40 573 
4 1000 10/10 N-14 135 357 120
5 250 8/24 Ar-40 95 1 571 
6 150 8/24 Ar-40 95 1 571 
7 5500 12/17 U-238 50 342 159
8 1800 12/17 U-238 50 342 159
9 700 12/17 U-238 50 342 159
10 100 12/20 U-238 345 72 231
11 9600 12/20 U-238 345 72 231 
12 140 12/20 U-238 345 72 231
13 350 12/20 U-238 345 72 231
14 1600 7/25 Ar-40 160 1 983 
15 400 7/25 Ar-40 160 1 983 
16 200 7/25 O-18 230 600 1133 
17 1430 12/20 U-238 345 72 231 
18 3450 12/20 U-238 345 72 231 
19 17800 12/20 U-238 345 72 231 
20 241 12/20 U-238 345 72 589

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 3.4 60  5.8e-2 
summation  5.8e-2 

BigRIPS 
exit 
beam 
dump 

H-3
Mn-54

3.8 
1.3e-31)

60 
1

6.4e-2 
1.3e-3 

summation  6.4e-2 
BigRIPS 
side-wall 
beam 
dump 

H-3
Be-7
Mn-54

53. 
8.6e-2 
1.2e-3 

60
30

1

0.89 
2.9e-3 
1.2e-3 

summation  0.89 
1) read as 1.3× 10-3 
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Operation of the Pelletron tandem accelerator

T. Ikeda,∗1 M. Hamagaki,∗1 and H. Sato∗1

The tandem accelerator (Pelletron 5SDH-2, 1.7 MV
max.) in the Nishina R&D Building, which is managed
by the Detector Team of RNC, is a joint-use equipment
at the Wako campus. Figure 1 shows the configuration
of the beam elements. Two ion sources are located in
the upstream of the accelerator. One is the RF charge-
exchange ion source called Alphatross, which is mainly
used for the extraction of He− ions. The negative charge
state of He ions is realized by transmission through Rb
vapor. The other one is the Source of Negative Ions by
Cesium Sputtering (SNICS). Almost all other ions can
be extracted from SNICS as negative ions, e.g., H− and
C−. These ions are installed as a solid cathode, e.g.,
TiH2 for H−, to be sputtered by Cs ions.1) Thus far, the
ion species of H, He, Li, B, C, N, O, Si, Ti, Ni, Cu, and
Au have been accelerated by 0.5–1.7 MV.

The accelerator has four beam lines named BL-E/Wnn
(nn stands for the bending angle). BL-E45 is used for
surface modification. BL-E15 is reserved for the anal-
ysis of Rutherford backscattering (RBS) spectrometry/
elastic recoil detection analysis (ERDA). The microbeam
port is BL-W30, which employs tapered glass capillary

Fig. 1. Pelletron tandem accelerator and beamlines in the
Nishina R&D Building.

Fig. 2. BL-W15 started to be used again as a multipurpose
beam line after the renewal of the beam diagnostic system.
The degree of vacuum level for the user setup is required
to be better than 10−4 Pa. (Left). A setup for calibration
of gamma ray detectors using a resonance reaction with
a carbon target bombarded by 1 or 2 MeV proton beams
(Right).

∗1 RIKEN Nishina Center

Table 1. Beam conditions and experiments conducted in the
tandem accelerator.

Ion Energy 
[MeV] 

Beam current 
[pnA] Experiment Operation 

time [days] 
1H+  1.0–3.0  0.008–420 Irradiation 25 
4He+, 2+  2.0–4.8  0.2–300 Irradiation 4 

with an end-window to irradiate biological sample in so-
lution.

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 water. All the experiments ex-
cept for microbeam irradiation with the glass capillaries
should be performed in vacuum chambers, where heavy
ions of several MeV, such as Au ions, can provide stop-
ping powers greater than 200 keV/µm at only the surface
layer of samples or detector-sensitive areas.

This year, BL-W15 (Fig. 2) started to be used again
after the renewal of the beam diagnostic system consist-
ing of two Al2O3 fluorescent plates with current moni-
tors. This system helps to focus the beams down to a
few cm in diameter at the end of the line by tuning a
quadrupole magnet as shown in Fig. 1. The beam line
was used for the experiments of detector calibration and
Nishina School.

During the annual reporting period from Jan. 1 to Dec.
31, 2018, the total machine time including a machine
study was 29 days, where the condition test of the ion
sources is not counted. The ion species accelerated in
2018 were only light ions H+, He+, He2+ with energies
ranging from 1.0 to 4.8 MeV, as summarized in Table 1.
Experimental studies were performed on the following
subjects.

(1) Machine study of a proton microbeam using ta-
pered glass capillaries (1 day)

(2) Test of microbeam irradiation on single cells at
BL-W30 (24 days)

(3) ERDA experiments using carbon ions (0 day)
(4) Educational experiment of proton capture by a

carbon nucleus for Nishina School (1 day)
(5) Development of charged particle/gamma ray de-

tector to be used for RIBF experiments (2 days)
(6) Other development using protons (1 day)

Since the experimental area is approved as a second-
class radiation-controlled area, the users of all measure-
ments can access their setup even during the beam ir-
radiation time. The users are free from any setup for
remote control utilities. These points are the advantages
of using the RIKEN Pelletron accelerator.

Reference
1) R. Middleton, A Negative-Ion Cookbook (Univ. Pennsyl-

vania, Philadelphia, PA 19104, 1990).
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Fee-based activities by the industrial application research team

A. Yoshida,∗1 T. Kambara,∗1 H. Haba,∗1 and D. Mori∗1

Fee-based activities conducted by the Industrial Ap-
plication Research Team (former Industrial Coopera-
tion Team) in 2018, which include the utilization of
heavy-ion beams in the industry and 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 2018,
four fee-based beamtimes were successfully performed
for the irradiation test of space-use semiconductor de-
vices: an 80-hour beamtime with a 70-MeV/nucleon
84Kr beam in February, 40-hour beamtime with a 70-
MeV/nucleon 84Kr and 20-hour beamtime with a 95-
MeV/nucleon 40Ar in July, and 8-hour beamtime with
a 70-MeV/nucleon 84Kr beam in December. The for-
mer three beamtimes were at the E5A and the last
one was at the E3A beamline, where the clients irra-
diated their samples in the atmosphere. In addition,
we performed a three-hour machine-study beamtime
in February with a 10.75-MeV/nucleon 136Xe beam,
in which we studied the properties of beam to prepare
future fee-based utilizations.

Since 2007, RIKEN has distributed radioisotopes
(RIs) to users in Japan for a fee in collaboration
with the Japan Radioisotope Association2) (JRIA).
The nuclides 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 Nuclear Chemistry
Research Team (former 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 RIs and distributes them
to users. 65Zn and 109Cd are delivered approximately
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 produced in a scheduled beam-
time after an order is accepted. Therefore, they are de-
livered two months or more after the order is placed.
These details can be found on the online ordering sys-
tem J-RAM3) of JRIA.

In 2018, we delivered three shipments of 65Zn with
a total activity of 9.7 MBq, two shipments of 88Y with
a total activity of 2 MBq, and no shipments of 109Cd,
The final recipients of RIs were a university, a research
institute, and a medical research center.

Figure 1 shows the yearly trends in the number of
orders and the amount of distributed RIs. Compared
with 2017, the amount of distributed 65Zn increased
by a factor of 2.6 and that of 88Y remained the same.
We anticipate that the demand for short-lifetime RIs

would increase in future and are considering to add

∗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.

such RIs to the fee-based distribution. As the first
step, we announced the distribution of the new RI 67Cu
(T1/2 = 61.8 h) in August. It will be produced in a
scheduled beamtime after an order is accepted.

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).
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DIS2018 International Workshop

Y. Goto∗1 for the DIS2018 Local Organizing Committee

DIS2018 International Workshop was held from
April 16th to 20th at Port Island, Kobe. It was the
26th in an annual series of International Workshops
on Deep Inelastic Scattering (DIS) and Related Sub-
jects covering an eclectic mixture of material related to
quantum chromodynamics (QCD) and DIS as well as
a general survey of the hottest current topics in high
energy physics. The majority of the program was de-
voted to the most recent results from experiments at
BNL, CERN, Fermilab, Jefferson Lab, and KEK. Rel-
evant theoretical advances were also covered in detail.
On the first day, topics of this year were overviewed

both theoretically and experimentally through plenary
talks. This year, experimental reviews were presented
for each topics of physics instead of each facility ow-
ing to the expansion of the community, which was
dominated by LHC. The Electron Ion Collider (EIC)
became more realistic and the nuclear physics com-
munity showed more interest in this future facility.
First, the nucleon structure with unpolarized, polar-
ized, and neutrino scatterings in various energies were
reviewed. Next, hadron final states, hadron scatterings
with perturbative QCD and jet, precision measure-
ments, and the search of physics beyond the standard
model (BSM) were reviewed and theoretical ideas were
presented. In the last session, soft scatterings, frag-
mentation and exotic hadrons, three-dimensional (3D)
hadron structure, and hadron structure with lattice
QCD were discussed as non-perturbative QCD physics
with emphasis on Japanese activities.
From the second to the fourth day, parallel sessions

were held for the following working groups (WGs):

• WG1: structure functions and parton densities
• WG2: low x and diffractive physics
• WG3: Higgs and BSM physics in hadron collisions
• WG4: hadronic and electroweak observables
• WG5: physics with heavy flavors
• WG6: spin and 3D structure
• WG7: future of DIS

A special topic for this year’s workshop was the dis-
cussion of the future projects of DIS regarding the sub-
mission of a document to the European Strategy Up-
date for Particle Physics (ESUPP) led by the Interna-
tional Advisory Committee of the workshop. A special
joint session for all working groups was held after the
regular parallel sessions in the second day. Panelists
from EIC, LHeC (e+p collider at LHC), VHEep (e+p
collider with a plasma accelerator), and e+p option of
FCC (Future Circular Collider) presented their new ac-
celerator facilities, theorists reviewed QCD and heavy-

∗1 RIKEN Nishina Center

Fig. 1. Group photo of the DIS2018 workshop.

ion theories motivating these projects with broad per-
spective, and participants discussed the involvement of
these projects in the document.
On the last day (fifth day), summaries from each

WG were given by the coveners of the WG in the morn-
ing session. Two future projects, EIC and LHeC, and
related physics topics were reviewed to discuss impor-
tant points from their point of view in the afternoon.
The workshop was organized by the Graduate School

of Science, Kobe University, RIKEN Nishina Center,
and KEK with support from Grant-in-Aid Scientific
Research on Innovative Areas, MEXT, Japan: “New
expansion of particle physics of post-Higgs era by LHC:
revealing the vacuum and space-time structure,” and
sponsored by DESY, CERN, Kobe Tourism Bureau
& Kobe Convention Bureau, and Tsutomu Nakauchi
Foundation for Promoting Conventions.
The workshop was held in two meeting locations:

the Convention Hall of Kobe University for the ple-
nary sessions and the Kobe International Conven-
tion Centre for the parallel sessions. A total of
254 participants demonstrated 256 presentations. A
group photo is shown in Fig. 1. Slides shown in the
workshop are available at https://indico.cern.ch/
event/656250/ and the proceedings of the workshop
are published online at https://pos.sissa.it/316.
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RIKEN Open Day 2018

K. Yoshida,∗1 and T. Uesaka∗1

RIKEN Open Day, where several laboratories show-
cased their experimental devices and research activity
to the public in RIKEN Wako campus, was held on
April 21, 2018. In the Nishina Center, 17 research
groups, comprising 276 researchers participated in the
event, as listed in Table 1. The leaflet that introduced
the exhibition content in the Nishina Center is shown
in Fig. 1. It was handed out to the visitors at RIBF.
The radiation controlled area in the RIBF building
was opened for visitors to display the superconducting
cyclotron SRC and other experimental devices along
with the exhibition of laboratories. Dr. Wakasugi,
the group director of the Instrumentation Development
Group, gave a scientific lecture titled “What we can see
and do with the Storage Ring” at the Ohkochi Memo-
rial Hall.
A total of 2533 and 7935 visitors came to RIBF and

RIKEN, respectively.

Table 1. List of exhibitions.

Laboratory/Group/Team Exhibition theme Participants
Accelerator Group The World’s Strongest Superconducting Ring Cyclotron 41
SLOWRI Team Ion Trap and Ultra-Slow RI Production 6 
BigRIPS Team Superconducting RI Beam Separator BigRIPS 10
Rare RI-Ring Team Precision Measurement of Nuclear Mass 10
Spin Isospin Laboratory. Microscopes for Unstable Nuclei 22
SAMURAI Team SAMURAI Magnetic Spectrometer 7 
Nuclear Spectroscopy Laboratory Tiny Magnets in Materials 12
Nishina Center Nuclear Chart with LEGO Block 4 
Nuclear Chemistry Research Team Environmental Radiation and Useful Radiation 9 
Ion Beam Breeding Team Creating Amazing Plants 13
Superheavy Element Research Group The Discovery of Nihonium 9 
SCRIT Team Handmade Spectrometer 9 
Radioactive Isotope Physics Laboratory Daruma Dolls Challenge 16

Radiation Laboratory
See Radiation with Diffusion Cloud Chamber

13Enjoy Spinning a Variety of Tops
Research Activities in the Experimental Hadron Physics

High-energy Astrophysics Laboratory. Dawn of Gravitational Wave Astronomy 37

Meson Science Laboratory
Introductory Meson Science

22
Particle Physics Experience

Quantum Hadron Physics Laboratory Elementary Particles, Nuclei and the Universe 9 
Operation and Management 27

∗1 RIKEN Nishina Center

Fig. 1. Leaflet for RIKEN Open Day provided by Nishina

Center.
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Workshop on “The r-process and unstable nuclei in multi-messenger
astronomy”

N. Nishimura,∗1,∗8 T. Abe,∗2,∗3,∗8 K. Nakazato,∗4,∗8 H. Sakurai,∗2,∗5 Y. Sekiguchi,∗6,∗1 H. Ueno,∗5 T. Uesaka,∗5

and K. Yoshida∗7,∗8

The workshop on “The r-process and unstable nu-
clei in multi-messenger astronomy”

r was held on 20–22
June 2018 at the RIKEN Nishina center. This work-
shop was sponsored by the RIKEN Nishina Center and
“Priority Issue 9 to be Tackled by Using Post-K Com-
puter” (JICFuS), and was supported by the members
of RIBF Theory Forum.

The main scientific goal of the workshop was to
summarize the recent progress on the study of the r-
process, which is one of the most dominant nucleosyn-
thesis processes for the cosmic origin of heavy elements
beyond iron. The workshop was directly motivated
by the recent (17 August 2017) successful observa-
tions of gravitational waves from a neutron-star merger
event (GW170817) and the associated optical transient
called kilonova/macronova, powered by r-process nu-
cleosynthesis. We discussed several aspects of neutron-
star mergers, focusing on nuclear physics, e.g., experi-
ments/theory of unstable nuclei, gravitational wave as-
tronomy, optical observation, and the theoretical mod-
els of neutron-star mergers using supercomputers such
as the K Computer.

The scientific program consisted of 8 sessions, i.e.,
“multi-messenger astronomy of neutron-star-mergers,”
“high-energy astronomy,” “the cosmic origin and evo-
lution of r-process,” “the nuclear equation of state
(EoS),” “nuclear masses,” “β-decay,” “nuclear fission,”
and “the studies of unstable-nuclei in large facilities in
Japan.” They covered a wide range of research fields in
both nuclear-physics and astrophysics, thus reflecting
the multi-disciplinary culture of nucleosynthesis stud-
ies. More than hundred participants gathered in the
RIBF lecture Hall (Fig. 1) to provide recent progress
of their studies and to discuss the application to r-
process studies. This included 18 invited talks, 17 oral
contributions, 7 poster presentations.

The workshop started with a session for reporting
the “multi-messenger” observation of GW170817 in-
cluding the kilonova, which opened a new era of as-
tronomy triggered by gravitational wave detection and
a theoretical understanding of the neutron-star merger
as the astrophysical site of the r-process. The re-

∗1 Center for Gravitational Physics, YITP, Kyoto University
∗2 Department of Physics, The University of Tokyo
∗3 Center for Nuclear Study, The University of Tokyo
∗4 Faculty of Arts and Science, Kyushu University
∗5 RIKEN Nishina Center
∗6 Department of Physics, Toho University
∗7 Department of Physics, Kyoto University
∗8 RIBF Theory Forum

Fig. 1. Many interesting presentations were given at RIBF

Conference Hall in the 3-day workshop.

maining problems relevant to the nuclear-physics prop-
erties and aimed toward the complete understand-
ing of kilonovae (and thus GW events) were high-
lighted. Following the talks on astronomy, the results
of unstable-nuclei, e.g., the measurements of β-decay
half-lives at RIBF and the plan of experiments target-
ing the nuclear masses and neutron-capture in RIBF
were reported. Although there are still several gaps,
it appears that the r-process can connect (terrestrial)
nuclear-physics experiments with the transients in the
sky.

GW170817 also imposes strict restrictions on the
EoS of neutron stars obtained from the GW signals
as well as traditional astronomical observation. Sev-
eral talks focused on the physics of neutron stars and
related astronomical phenomena with an emphasis on
the GW observation. The future experimental plans
regarding the EoS were given as well as the theoretical
progress of the EoS were presented.

The presentation files are available on the work-
shop website.1) The next iteration of this workshop2)

is planned to be held at Yukawa Institute for Theo-
retical Physics in Kyoto University in May 2019. We
will mostly focus on various topics in theoretical nu-
clear physics on such as the problems in r-process nu-
cleosynthesis and (future) experiments of neutron-rich
nuclei far from stability.

References
1) URL: https://sites.google.com/view/rp2018/
2) URL: https://www2.yukawa.kyoto-u.ac.jp/~rp2019/
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TESLA Technology Collaboration Meeting 2019
at RIKEN Nishina Center

N. Sakamoto ∗1

The mission of the TESLA Technology Collabora-
tion1) (TTC) is to advance R&D on the SRF technology
and related accelerator studies across diverse scientific
applications, and to provide a bridge for the commu-
nication and sharing of ideas, developments, and test-
ing across associated projects. The TTC meeting is
held once/twice a year changing locations in Europe,
Asia, and North America. This time, the TTC meet-
ing (Fig. 1) was held from 26 June to 29 June, 2018 at
RIKEN Nishina Center (RNC).2)

The TTC meeting covers subjects related to super-
conducting RF technology extensively. The timetable of
this meeting is shown in Fig. 2. In each session, a spe-
cific subject chosen by the technical board members was
discussed intensively, and the information obtained from
experimental and theoretical studies at various laborato-
ries and companies was exchanged (see Table 1). In this
meeting, there were four working group sessions and one
hot topic session as follows:

• WG1:What are the performance limits for low-beta
resonators?

• WG2:How to improve the present specification for
bulk Niobium?

• WG3:High Q and high gradient performance.
• WG4:Special applications of SRF cavities.
• Hot Topic:Warm vacuum sections between low beta

cryomodules.

Note that since the meeting was hosted by RNC, sub-
jects related to the low-beta ion accelerator were cho-
sen for the WG1 and Hot Topic sessions. Eight plenary
talks were conducted on these subjects: Overview on
fabrication and treatment problems with Quarter- and
Half-Wave Resonator (QWR, HWR), Spoke (Z. Conway,
ANL), Overview talks for niobium material and spec-
ification (A. Palczewski, JLab), RIKEN overview and
SRF activities (O. Kamigaito, RNC), Lessons learned

Fig. 1. Group photo taken during the meeting.

∗1 RIKEN Nishina Center

Fig. 2. Timetable of the sessions for the TTC meeting at
RNC.

Table 1. Statistics of registrants of TTC2018 at RNC.

Country # Labs and Companies
Brazil 1 CBMM
Canada 2 TRIUMF
China 19 IHEP, Peking U.,IMP, NINGXIA
France 2 CEA-Saclay,CEA-Gif-sur-Yvette
Germany 14 DESY, HIM, HZB
Italy 3 INFN-LNL,SAES
Japan 55 KEK, RNC, JAEA, QST,

MHI-MS, Tokyo Denkai, SAES,
TOSHIBA, ULVAC

Miyoshi-Gokin, NEURON Japan,
R-DEC, ScandiNova, Sojitz

Korea 4 Korea U., IBS
Sweden 4 ESS-ERIC, Uppsala U.
Switzerland 4 CERN
UK 1 STFC Daresbury
USA 34 Fermilab, JLab, SLAC,

FRIB/MSU, BNL, ANL,NW U.
Cornell U., OD U., Stony Brook

U., ATI, II-VI,ISOHIM

during module assembly and first cool-down test in
FRIB (T. Xu, MSU), Recent theoretical and experimen-
tal progress in N2 doping and infusion (M. Checchin,
Fermilab), Overview talks for Nb3Sn and other thin
film technology (G. Eremeev, JLab), SC CH structure
in Mainz/Frankfurt/Darmstadt (F. Dziuba, GSI), and
Technical progress of crab cavity in fabrication and
tests at CERN (M. Garlasche, CERN). Two special
seminars were presented by H. Kawata from KEK and
K. Sakamoto from QST, introducing the industrial appli-
cations in compact-ERL at KEK and the high intensity
neutron source project at QST-Rokkasho.

The meeting was conducted successfully, and it had
more than 120 participants. The next meeting will be
held at TRIUMF (Vancouver, Canada) in February 2019.

References
1) https://tesla-new.desy.de .
2) https://indico.desy.de/indico/event/20010/program .
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Participation in Hokkaido Science Festival

N. Miyauchi ∗1

The year 2018 marked the 150th anniversary of the
naming of “Hokkaido.” As part of a series of events
commemorating the 150th anniversary, an event called
“Hokkaido Science Festival” was hosted by the Hokkaido
government.1) The purpose of the event was to evoke
the challenging spirit of, in particular, young people
in Hokkaido and to foster the youth into becoming
globally competitive human resources. The event was
held at the Hokkaido Prefectural Sports Center (also
called “Hokkai Kitayell”) on August 6–7, 2018 in Sap-
poro, and persons of considerable prominence attended
lectures that encouraged audience participation. Also,
companies, universities, and research institutes partic-
ipated and conducted various explanation exhibitions
and experience-based programs. Figure 1 shows a venue
in the Hokkaido Prefectural Sports Center.

The Nishina Center (more precisely, User Liaison
Group) participated in the event, together with the
Public Relations Office, and conducted a workshop for
children and an exhibition. The Public Relations Office
conducted an exhibition on “Kagakudo 100 books.2) ”

We introduced the RIBF facility through the follow-
ing three exhibitions. The first one was a participa-
tory exhibition (i.e., workshop) entitled “Let’s make a
nihonium nucleus with ironing beads.” In this work-
shop, using ironing beads, which are children’s toys, the
participants constructed a three-dimensional nihonium
pixel craft, after being explained about nuclear struc-
tures and how nihonium was discovered at the Nishina
Center. The scene of the workshop is shown in Fig. 2.

The second one was a panel exhibition. Here, in ad-
dition to panels on the research at the RIBF facility,
an oversized panel on SRC was also displayed. This
extra-large SRC panel was aimed at getting the people
to realize its scale while staying in Sapporo. Thus, by
taking pictures in front of it, the visitors were able to

Fig. 1. A photograph taken at an exhibition hall in the
Hokkaido Prefectural Sports Center

∗1 RIKEN Nishina Center

take pictures as if they had actually come to the RIBF
facility. This panel was particularly well-received by
children and their parents.

The third one is the 3D nuclear chart made of Lego
Blocks (Fig. 3). This 3D nuclear chart drew consider-
able attention, probably due to the familiarity of Lego
Blocks and the rarity of the nuclear chart created with
it. The 3D nuclear chart was a good exhibit, because
it could generate interest owing to its interesting struc-
ture, and also because it allows researchers to make
intuitive explanations using the actual nuclear chart.
This display was also well received by the visitors.

Unfortunately, the location of our exhibition inside
the venue was not good, and hence the exhibit that
attracted the most participants was not ours. However,
the visitors were able to thoroughly discuss the contents
of the exhibition and enjoyed the display.

Fig. 2. A photograph taken at the workshop for making a
nihonium nucleus with ironing beads.

Fig. 3. A photograph taken at the exhibition of a 3D nuclear
chart made of Lego Blocks.

References
1) http://www.pref.hokkaido.lg.jp/ss/tsk/hokkaido

sciencefestival.htm .
2) https://kagakudo100.jp/ .
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QNP2018 International Conference

Y. Goto∗1 for the QNP2018 Local Organizing Committee

QNP2018 International Conference was held from
November 13th to 17th in Tsukuba. It was the 8th
one in a series of International Conference on Quarks
and Nuclear Physics. The conference was held at the
Tsukuba International Congress Center (EPOCHAL
TSUKUBA). Experimentalists and theorists discussed
recent developments in the field of hadron and nuclear
physics.

The conference began with plenary talks on neu-
tron stars and hadron physics. Recent progress in
gravitational waves and dense baryonic matter, and
the strangeness in neutron stars were discussed. In
the plenary sessions, experimental reviews on quark
and gluon structure of hadrons, hadron spectroscopy,
hadron interactions and nuclear structure, and hot and
dense matter were presented. Theoretical reviews were
given for these subjects including reviews from lattice
QCD. There were also planary talks on experimental
facilities, GSI-FAIR project, Jefferson Lab 12 GeV pro-
gram, Belle-II project, J-PARC hadron project, and
EIC project.

In four parallel sessions, following topics were cov-
ered:

Quark and gluon structure of hadrons
parton distribution functions, generalized par-
ton distributions, transverse momentum distribu-
tions, and high-energy hadron reactions, among
others.

Hadron spectroscopy
heavy quark physics, exotics, and N∗, among oth-
ers.

Hadron interactions and nuclear structure
hypernuclear physics, kaonic nuclei, and baryon
interactions, among others.

Hot and cold dense matter
quark-gluon plasma, color glass condensate, dense
stars, strong magnetic field, mesons in nuclear
medium, and hadronization, among others.

One of the highlights of the conference was the
results from J-PARC on their first major project
on strange nuclear physics. They obtained a large
charge symmetry breaking effect in the hypernulei, the
first clear Ξ hypernucleus, and Kaonic nucleus. J-
PARC physics covers wide areas of hadron physics,
strangeness nuclear physics, exotic hadrons, hadrons
in nuclear medium, nucleon structure functions, and
quark-hadron matter.

Social events such as excursions to Tsukuba space

∗1 RIKEN Nishina Center

Fig. 1. Group photo of the QNP2018 conference.

center of JAXA and Belle-II of KEK, local sake
brewery and Mt. Tsukuba, soba noodle cooking, and
Kashima-Jingu shrine and historical Edo-taste down-
town of Sawara were conducted, which were interac-
tive. Participants also enjoyed good reception at the
congress center and conference dinner at the hotel
Grand Shinonome.

This conference was held with financial supports by
KEK/J-PARC, RCNP, APCTP, JSPS Grant on Inno-
vative Area: “Clustering as a window on the hierarchi-
cal structure of quantum systems,” Tsukuba Tourism
and Convention Association, and Tsukuba City. We
also received support from JAEA, RIKEN, and SOK-
ENDAI.

A total of 216 participants from 25 countries at-
tended the conference. There were 23 plenary talks
and 128 parallel talks (including 15 invited keynote
talks) in four parallel sessions. A group photo is shown
in Fig. 1.

The full program and presentation files are avail-
able online at the conference website: https://

conference-indico.kek.jp/indico/event/33/ and
the proceedings of the conference will be published on-
line in JPS Conference Proceedings.

A satellite workshop on “hadron structure and in-
teraction in finite density matter” was held from
November 11th to 12th at KEK Tokai Campus
hosted by KEK and JAEA (http://j-parc-th.
kek.jp/workshops/2018/11-11/). Another work-
shop on the “progress on hadron structure func-
tions in 2018” was held from November 18 to 19 at
KEK Tsukuba Campus (http://j-parc-th.kek.jp/
workshops/2018/11-18/).
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RIBF “Hodan-kai” meeting on the future of exotic nuclear physics

T. Matsumoto∗1,∗2 on behalf of the RIBF “Hodan-kai” meeting organizers

The second in the series of the RIBF “Hodan-kai”
meeting by young researchers was held at Kobe cam-
pus of RIKEN, Integrated Innovation Building, from
Feb. 18 to 20, 2019. The venue was in a relatively iso-
lated place, and actually this was one of the key factors
for the success of the meeting; the participants were
forced to be in the meeting room and concentrate on
physics. The RIBF “Hodan-Kai” meeting is organized
by members of RIBF Theory Forum and supported by
RIKEN Nishina Center, RIKEN iTHEMS, and JIC-
FuS. This meeting is aimed at an intensive discussion
based purely on curiosity, such as what is interesting
and what we want to do in the future in a frank and
low-pressure atmosphere. The style of “Hodan-kai” is
thus different from a usual workshop.

The first “Hodan-kai” meeting was held at the same
place from Jul. 21 to Aug. 2, 2017. In the first meet-
ing, we focused on the latest theoretical research of nu-
clear physics. The number of presentations was 23, and
we engaged in a heated debate. Although we shared
recognition for the progress in theoretical research, we
wanted more discussions with experimentalists and re-
searchers in various fields in order to definitize a new
agenda for the future of nuclear physics. The program
and summary of the first “Hodan-kai” meeting can be
seen in the web site.1)

Based on the direction obtained at the first meeting,
we arranged the second meeting as follows: 7 presen-
tations on experimental research in nuclear physics,
6 presentations on theoretical research in nuclear

Fig. 1. Atmosphere of the 2nd “Hodan-kai” meeting.

∗1 Department of Physics, Kyushu University
∗2 RIBF Theory Forum

Fig. 2. Atmosphere of the banquet.

physics, and 12 presentations on some related fields,
namely deep learning, quantum computing, compu-
tational physics, weak measurement, super-heavy el-
ements, hadron physics, and laser physics. The num-
ber of presentations was 14 for invited and 11 for con-
tributed. In the second meeting, there were 42 par-
ticipants from various fields, and we had a heated dis-
cussion beyond the scheduled time. Thus, it was a
very meaningful meeting. The program of the second
“Hodan-kai” meeting can be seen in the web site.2) Fol-
lowing the success of this meeting, we are planning to
hold the next meeting in February 2020, and welcome
many young researchers to join.

References
1) https://indico2.riken.jp/event/2509/ .
2) https://indico2.riken.jp/event/2864/ .
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Symposium on “Science and Technology Explored with Periodic Table”
celebrating the “IYPT2019 in Japan”

H. Sakurai∗1

The year 2019 is the 150th anniversary of Dmitry
Mendeleev’s discovery of the periodic system and has
thus been proclaimed to be the “International Year of
the Periodic Table of Chemical Elements” (IYPT2019)
by the United Nations General Assembly and UN-
ESCO1). As the first official event at the IYPT2019 in
Japan, a kick-off symposium titled “Science and Tech-
nology Explored with Periodic Table” was organized at
the Science Council of Japan (SCJ), Tokyo, on Febru-
ary 23rd, 2019.2)

The symposium was coupled with an opening cer-
emony to celebrate the IYPT2019. Prof. Ken Sakai,
chairman of the SCJ committees of the IYPT2019 and
IUPAC, gave an opening introduction of the event.
Celebration addresses were made by representatives of
hosting and supporting organizations of the sympo-
sium, including SCJ, The Chemical Society of Japan,
The Physical Society of Japan, and RIKEN. On behalf
of RIKEN, Prof. Shigeo Koyasu, one of the executives,
spoke about the history of RIKEN over a 100 years
and highlighted the contributions made by RIKEN to
the development of the periodic table.

Invited talks related to elements and the peri-
odic table were given by distinguished chemists and
physicists: Profs. Kouhei Tamao, Hideo Hosono,
Susumu Kitagawa, Yoshiteru Maeno, Hiroko Tokoro,
Kousuke Morita, and Kazuyuki Tatsumi. Prof. Morita
presented a history of element finding and production
and emphasized the role of RIKEN in the production
of Element 113, “Nihonium.”

Fig. 1. Photo of the IYPT2019 symposium held at the hall

of Science Council of Japan on February 23rd, 2019.

∗1 RIKEN Nishina Center

Fig. 2. Group photo of representatives of hosting organi-

zation with the speakers and organizers of the opening

ceremony and symposium.

A discussion session was chaired by Prof. Hi-
royoshi Sakurai. Questions about elements were raised
by the audience, and answers were provided by speak-
ers and organizers to help the general public under-
stand elements better.

The closing remark was made by Prof. Mihoko No-
jiri, vice chairman of the SCJ IYPT2019 committee
and chairman of the SCJ IUPAP committee.

The symposium was open for public and the number
of total participants was about 200, including media
reporters.

The SCJ IYPT2019 committee acknowledges the
many people, who supported the organization of the
ceremony and symposium, as well as the adminis-
tration and staff members at RIKEN Nishina Center
for their support: Asako Takahashi, Yunike Shimizu,
Kazushige Fukushima, Tetsuo Nayuki, Keiko Iwano,
Kumiko Sugita, Midori Shishido, Tomomi Okayasu,
Midori Yamamoto, and Mitsue Yamamoto. The sym-
posium poster was designed by Narumasa Miyauchi.
Dr. Ryo Taniuchi was in charge of photography.

References
1) https://www.iypt2019.org .
2) https://www.iypt2019.jp .
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1. Organization
1.1 Organization Chart as of March 31, 2019 （End of FY2018）  

 



Ⅵ. RNC ACTIVITIES

- 248 -

RIKEN Accel. Prog. Rep. 52 (2019)

 

1.2 Topics in FY2018 
 
In FY2018, the RNC reorganized the former three division system consisting of the Theory Research Division, the Subnuclear System 

Research Division and the RIBF Research Division into a four division system. 

Year Date Topics in Management 

2018 Apr. 1 Newly appointed: 
Team Leader of the SLOWRI Team: Hironobu ISHIYAMA 

2018 Apr. 1 Newly appointed: 
Team Leader of the Computing and Network Team: Hidetada BABA 

2018 May. 1 Newly appointed: 
Team Leader of the Plant Genome Evolution Research Team: Yusuke KAZAMA 

2019 Jan. 11 Interim Review of the Chief Scientist, Tomohiro UESAKA 

 
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 2018, there were 160 personnel affiliated with RNC and 355 researchers visiting RNC for research purpose. The following 
graphs show a breakdown of personnel into six categories as of April 1, 2018, 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 Clarivate Analytics’ Web of Science 
Documents.  

 
 
 
 

Citation analysis for the past four years  
 

As of March 2019    
Year 

Indicators 
2015 2016 2017 2018 

Total number of papers 288 347 298 286 

Percentage of papers in top 10% 17.01 15.85 16.78 20.63 

Percentage of papers in top 1% 1.39 1.44 2.68 4.20 
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5. Management 
 
Headed by the RNC Director Hideto En'yo, the RIKEN Nishina Center for Accelerator-Based Science (RNC) consists of: 
  

 9 Laboratories 
 10 Groups with 27 Teams 
 2 overseas research centers with 3 Groups 

 
as of the end of FY2018. There are also two '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 management of RNC is supported 
by the following committees: 

 
 Program Advisory Committee 
 Safety Review 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: 

 
 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, 2019) 

Hideto EN'YO Director RNC, Chief Scientist, Director of Radiation Laboratory 
Hiroyoshi SAKURAI Deputy Director (Nuclear Science and Transmutation Research Division) 
Osamu KAMIGAITO Deputy Director (Research Facility Development Division) 
Tomoko ABE Deputy Director (Accelerator Application Division) 
Yasushige YANO Senior Advisor 
Tohru MOTOBAYASHI Senior Advisor 
Hideyuki SAKAI 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 
 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, 2019) 

Hideto EN'YO Director, RNC, Director, Radiation Laboratory 
Hiroyoshi SAKURAI Deputy Director, RNC; Group Director, Radioactive Isotope Physics Laboratory and Nuclear Transmutation Data 

Research Group; Team Leader, Muon Date Team 
Osamu KAMIGAITO Deputy Director, RNC; Group Director, Accelerator Group and High-Intensity Accelerator R&D Group; Team 

Leader, Infrastructure Management Team 
Tomoko ABE Deputy Director, RNC; Group Director, Beam Mutagenesis Group; Team Leader, Ion Beam Breeding Team 
Yasushige YANO Senior Advisor, RNC 
Tohru MOTOBAYASHI Senior Advisor, RNC 
Hideyuki SAKAI Senior Advisor, RNC 
Tomohiro UESAKA Group Director, Spin Isospin Laboratory and Research Instruments Group 
Hideki UENO Group Director, Nuclear Spectroscopy Laboratory and User Liaison Group; Team Leader, Outreach Team 
Toru TAMAGAWA Group Director, High Energy Astrophysics Laboratory 
Kosuke MORITA Group Director, Superheavy Element Research Group 
Yuko MOTIZUKI Group Director, Astro-Glaciology Research Group 
Hiroki OKUNO Deputy Group Director, Accelerator Group; Team Leader, Accelerator R&D Team, Cryogenic Technology Team, and   
 High-Power Target R&D Team 
Nobuhisa FUKUNISHI Deputy Group Director, Accelerator Group; Team Leader, Beam Dynamics & Diagnostics Team 
Masanori WAKASUGI Group Director, Instrumentation Development Group; Team Leader, Rare RI-Ring Team and SCRIT Team 
Hiromitsu HABA Group Director, RI Application Research Group; Team Leader, RI Application Team and Superheavy Element 
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Production Team  
Tetsuo HATSUDA Group Director, Quantum Hadron Physics Laboratory 
Emiko HIYAMA Group Director, Strangeness Nuclear Physics Laboratory 
Masahiko IWASAKI Group Director, Meson Science Laboratory 
Kanenobu TANAKA Group Director, Safety Management Group 
Koji MORIMOTO Team Leader, Superheavy Element Device Development Team 
Hideaki OTSU Team Leader, SAMURAI Team and Fast RI Data Team 
Toshiyuki SUMIKAMA Team Leader, Slow RI Data Team 
Naruhiko SAKAMOTO Team Leader, Cyclotron Team and High-Gradient Cavity R&D Team 
Takahide NAKAGAWA Team Leader, Ion Source Team 
Eiji IKEZAWA Team Leader, RILAC Team 
Hironobu ISHIYAMA Team Leader, SLOWRI Team 
Koichi YOSHIDA Team Leader, BigRIPS Team 
Hidetada BABA Team Leader, Computing and Network Team 
Hiromi SATO Team Leader, Detector Team  
Yusuke KAZAMA Team Leader, Plant Genome Evolution Research Team 
Atsushi YOSHIDA Team Leader, Industrial Application Research Team 
Yasuyuki AKIBA Group Leader, Experimental Group, RIKEN BNL Research Center 
Taku IZUBUCHI Group Leader, Computing Group, RIKEN BNL Research Center 
Ken-ichiro YONEDA Team Leader, RIBF User Liaison Team 
Tsukasa TADA Vice Chief Scientist, Quantum Hadron Physics Laboratory 
Yutaka WATANABE     Deputy Team Leader, Infrastructure Management Team 
Yasushi WATANABE Deputy Team Leader, RIBF User Liaison Team 
Teruo NAYUKI Director, Nishina Center and iTHEMS Promotion Office 

 

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 19th NP-PAC was held on November 29−December 1, 2018 at RIBF.  
Members (as of March 31, 2019) 

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 16th and 17th ML-PAC was held on July 20, 2018 and January 2019 at RIBF, respectively.  
Members (as of March 31, 2019) 

Adrian HILLIER (Chair) ISIS, RAL (UK) 
Toshiyuki AZUMA RIKEN Cluster for Pioneering Research 
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) 
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Atsushi SHINOHARA Osaka University 
Shukri SULAIMAN Universiti Sains Malaysia (Malaysia) 
Hiroyuki YAMASE NIMS 
Shigeo YOSHIDA Thera-Projects 
Xu-Guang ZHENG Saga University 

 
Industrial Program Advisory Committee (In-PAC) 
 
The 8th In-PAC was held on June 29, 2018 at RNC. 
 
 

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, 2019) 

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 Application 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 Accelerator Research 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 

Kanenobu TANAKA Group Director, Safety Management Group  
Hisao SAKAMOTO Technical Scientist, Safety Management Group 

 
Hot-Lab Safety Review Committee 

 
Members (as of March 31, 2019) 

Masako IZUMI (Chair) Senior Research Scientist, Ion Beam Breeding Team 
Kanenobu TANAKA  Group Director, Safety Management Group 
Hisao SAKAMOTO Safety Management Group 
Hiroki MUKAI Technical Staff I, Assigned Employee, Safety Management Group 
Eriko HIGURASHI            Technical Scientist, Safety Management Group 
Hiromitsu HABA Team Leader, RI Application 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 the Director. 

 
Members (as of March 31, 2019) 

Hideki UENO (Chair) Group Director, User Liaison and Industrial Cooperation Group and Nuclear Spectroscopy Laboratory 
Osamu KAMIGAITO Group Director, Accelerator Group 
Masanori WAKASUGI Group Director, Instrumentation Development Group 
Tomohiro UESAKA Group Director, Research Instruments Group and Spin Isospin Laboratory 
Nobuhisa FUKUNISHI Deputy Group Director, Accelerator Group 
Hiroki OKUNO Deputy Group Director, Accelerator Group 
Hiroyoshi SAKURAI Group Director, Radioactive Isotope Physics Laboratory  
Tomoko ABE Group Director, Beam Mutagenesis Group 
Hiromitsu HABA Group Director, RI Application Research Group 
Kanenobu TANAKA  Group Director, Safety Management Group 
Ken-ichiro YONEDA Team Leader, RIBF User Liaison Team 
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Kouji MORIMOTO Team Leader, Superheavy Element Research Device Development Team 
Koichi YOSHIDA Team Leader, BigRIPS 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 Accelerator Research 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 
 
Kosuke MORITA Group Director, Superheavy Element Research Group 
Hideaki OTSU Team Leader, SAMURAI Team 
Atsushi YOSHIDA Team Leader, Industrial Cooperation Team 
Tohru MOTOBAYASHI Senior Advisor, RNC 
Kazushige FUKUSHIMA Manager, Nishina Center and iTHMES Promotion 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, 2019) 
Teruo NAYUKI Director, Nishina Center and iTHEMS Promotion Office 
Hiroyoshi SAKURAI Deputy Director, RNC; Group Director, Radioactive Isotope Physics Laboratory  
Osamu KAMIGAITO Deputy Director, RNC; Group Director, Accelerator Group 
Tomoko ABE Deputy Director, RNC; Group Director, Beam Mutagenesis Group 
Tetsuo HATSUDA Group Director, Quantum Hadron Physics Laboratory 
Masahiko IWASAKI Group Director, Meson Science Laboratory 
Tomohiro UESAKA Group Director, Spin Isospin Laboratory and Research Instruments Group 
Hideki UENO Group Director, Nuclear Spectroscopy Laboratory and User Liaison Group 
Toru TAMAGAWA Group Director, High Energy Astrophysics Laboratory 
Emiko HIYAMA Group Director, Strangeness Nuclear Physics Laboratory 
Kosuke MORITA Group Director, Superheavy Element Research 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 24th MSC was held on June 12, 2018. 
 
Members (as of June 12, 2018) 

Motoko KOTANI Executive Director, RIKEN 
Shoji NAGAMIYA Senior Visiting Scientist, RNC 
Tetsuo HATSUDA             Program Director, RIKEN Interdisciplinary Theoretical and Mathematical Sciences Program 
Robert TRIBBLE  Deputy Director for Science and Technology, BNL 
David LISSAUER Deputy Chair, Physics Department, BNL 
Berndt MUELLER Associate Laboratory Director for Nuclear and Particle Physics, BNL 

 

6. International Collaboration 
 

Country Partner Institute Objects RNC contact person 

China China Nuclear Physics Society Creation of the council for China -Japan 
research collaboration on nuclear physics 

Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

 Peking University Nuclear Science Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 
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 Institute of Modern Physics, 
Chinese Academy of Science Physics of heavy ions Hiroyoshi SAKURAI, Director, Radioactive Isotope 

Physics Laboratory 

 School of Nuclear Science and 
Technology, Lanzhou University Framework Masahiko IWASAKI, Director, Meson Science 

Laboratory 

 School of Physics, Nanjing 
University Framework Emiko HIYAMA, Director, Strangeness Nuclear 

Physics Laboratory 

 

Department of Physics, Faculty of 
Science, The University of Hong 
Kong 

Experimental and educational research 
collaboration in experimental nuclear physics

Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

School of physics, Nankai 
University Framework Emiko HIYAMA, Director, Strangeness Nuclear 

Physics Laboratory 

Finland University of Jyvaskyla Basic nuclear physics and related 
instrumentation 

Hironobu ISHIYAMA, Team Leader, SLOWRI 
Team 

France 
National Institute of Nuclear 
Physics and Particle Physics 
(IN2P3) 

Physics of heavy ions Tohru MOTOBAYASHI, Senior Advisor, RNC  

Germany Technische Universität München Nuclear physics, hadron physics, nuclear 
astrophysics 

Emiko HIYAMA, Director, Strangeness Nuclear 
Physics Laboratory 

 GSI Physics of heavy ions and accelerator Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

 Department of Physics, 
Technische Universität Darmstadt Framework Emiko HIYAMA, Director, Strangeness Nuclear 

Physics Laboratory 

Hungary 
The Institute of Nuclear Research 
of the Hungarian Academy of 
Sciences (ATOMKI) 

Nuclear physics, Atomic Physics Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

Indonesia ITB, UNPAD, ITS, UGM, UI Material science using muons at the RIKEN-
RAL muon facility 

Masahiko IWASAKI, Director, Meson Science 
Laboratory 

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, Director, Quantum Hadron 
Physics Laboratory 

 Istituto Nazionale di Fisica 
Nucleare (INFN) Physics of heavy ions Hiroyoshi SAKURAI, Director, Radioactive Isotope 

Physics Laboratory 

Country Partner Institute Objects RNC contact person 

Korea Seoul National University Nishina School Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

 College of Natural Science, Ewha 
Women’s University Framework Tomohiro UESAKA, Director, Spin Isospin 

Laboratory 

 College of Natural Sciences, 
INHA University Framework Emiko HIYAMA, Director, Strangeness Nuclear 

Physics Laboratory 

Malaysia Universiti Sains Malaysia Muon Science Masahiko IWASAKI, Director, Meson Science 
Laboratory 

Norway 
Faculty of Mathematics and 
Natural Science, University of 
Oslo（UiO MN） 

Framework Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

Poland 
The Henryk Niewodniczanski 
Institute of Nuclear 
Physics, Polish Academy of 
Sciences(IFPAN) 

Framework Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

Romania 
“Horia Hulubei” National 
Institute of Physics and Nuclear 
Engineering Bucharest-Magurele, 
Romania 

Framework Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

Russia Joint Institute for Nuclear 
Research (JINR) Framework Tomohiro UESAKA, Director, Spin Isospin 

Laboratory 

 Russian Research Center 
“Kurchatov Institute” Framework Hiroyoshi SAKURAI, Director, Radioactive Isotope 

Physics Laboratory 



Ⅵ. RNC ACTIVITIES

- 255 -

RIKEN Accel. Prog. Rep. 52 (2019)

 

Switzerland Paul Scherrer Institute Improve the performance and reliability of 
accelerator systems Osamu KAMIGAITO, Director, Accelerator Group 

UK The Science and Technology 
Facilities Council  

Muon science using the ISIS Facility at the 
Rutherford Appleton Laboratory 

Masahiko IWASAKI, Director, Meson Science 
Laboratory 

USA BNL The Spin Physics Program at the Relativistic 
Heavy Ion Collider (RHIC) Hideto EN’YO, Director, Radiation Laboratory 

 Columbia University The development of QCDCQ Hideto EN’YO, Director, Radiation Laboratory 

 Michigan State University Comprehensive
The use of TPC (Time Projection Chamber) 

Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

Vietnam Vietnam Atomic Energy 
Commission Framework Tohru MOTOBAYASHI Senior Advisor, RNC  

 
Institute of Physics, Vietnam 
Academy of Science and 
Technology 

Framework Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

Europe 
European Nuclear Science and 
Application 
Research2 

Framework Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

 
 
7. Awards 
 

Awardee, Laboratory / Team Award Organization Date 

Hiroki OKUNO, Deputy Group Director, Accelerator 
Group 
Kensuke KUSAKA, Nishina Center Research Scientist, 
BigRIPS Team 

The 22nd Superconductivity Science 
and Technology Award 

Forum of Superconductivity Science 
and Technology Apr. 16

Hideaki OTSU, Team Leader, Fast RI Data Team 
Hiroyoshi SAKURAI, Team Leader, Muon Date Team 
Teiichiro MATSUZAKI, Contract Researcher, Muon Data 
Team  

The 21st Century Invention Prize  Japan Institute Invention and 
Innovation  Jun. 12 

Minjung KIM, Intern, Radiation Laboratory 2018 Gertrude Scharff-Goldhabor 
Prize 

Brookhaven Woman in Science 
(BWIS) 

Jul. 17 

Yuya TANIZAKI, Special Postdoctoral Researcher, 
Theory Group, RIKEN BNL Research Center 

The 13th Particle Physics 
Medal(FY2018): Young Scientist 
Award in Theoretical Particle Physics 

Particle Theory Committee Sep. 16 

Taku IZUBUCHI, Group Leader, Computing Group, 
RIKEN BNL Research Center APS Fellow American Physical Society Sep. 11 

Naoki KIMURA, Student Trainee, SLOWRI Team The 2018 International Conference 
Presentation Incentive Award The Atomic Collision Society of Japan Jun. 18 

Masato NAKAMURA, Senior Technical Scientist, 
Cryogenic Technology Team 

The Saitama prefecture High-pressure 
Gas Chairman Commendation  

The Saitama prefecture High-pressure 
Gas Committee 

Oct. 16 

Takahiro NISHI, Postdoctoral Researcher, Spin Isospin 
Laboratory 

The 13th Young Scientist Award of 
the Physical Society of Japan in the 
field of experimental physics/The 25th 
Award for Outstanding Young 
Physicists-Experimental Nuclear 
Physics  

The Physical Society of Japan Mar. 15
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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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Nuclear Science and Transmutation 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 of proposal, “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 three campaigns were organized in 2014, 2015 and
2017 to study very neutron-rich isotopes, and were very productive to access very neutron-rich nuclei such as Ar-52, Ca-56, Ni-78,
Kr-100, Zr-110.

A new project of high resolution gamma spectroscopy with fast beams has been proposed at PAC 2018 and the campaign programs
are scheduled in 2020. MINIBALL and several Ge tracking detectors from Japan, Europe and the USA are being combined to form
an array of germanium detectors. The new setup aims to accelerate researches of the nuclear structure by observing gamma-lines
in even-odd nuclei and measuring lifetimes of excited states. The first workshop will be organized in April, 2019, and having 55
participants.

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.
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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 first 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 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 and 2018.

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 being analyzed. In 2018 a program to find out proton-cluster states was organized by utilizing
low-energy radioactive isotope beams at GANIL-LISE, where the RIKEN liquid hydrogen target was installed.

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.

Members
Group Director

Hiroyoshi SAKURAI (Deputy Director, RNC)

Special Temporary Research Scientist
Takashi ICHIHARA

Research/Technical Scientists
Yoichi NAKAI (Senior Research Scientist)
Tadaaki ISOBE (Senior Research Scientist)
Akihisa KOHAMA (Senior Research Scientist)
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Shunji NISHIMURA (Senior Research Scientist)
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Kenichi MATSUYANAGI
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So SATO(Rikkyo Univ.)
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H. L. Crawford, P. Fallon, A. O. Macchiavelli, P. Doornenbal, N. Aoi, F. Browne, C. M. Campbell, S. Chen, R. M. Clark, M. L. Cortes,

M. Cromaz, E. Ideguchi, M. D. Jones, R. Kanungo, M. MacCormick, S. Momiyama, I. Murray, M. Niikura, S. Paschalis, M. Petri,
H. Sakurai, M. Salathe, P. Schrock, D. Steppenbeck, S. Takeuchi, Y. K. Tanaka, R. Taniuchi, H. Wang, K. Wimmer, “First spectroscopy
of the near drip-line nucleus 40Mg,” Phys. Rev. Lett. 122, 052501 (2019).

P. J. Davies, J. Park, H. Grawe, R. Wadsworth, R. Gernhauser, R. Krucken, F. Nowacki, D. S. Ahn, F. Ameil, H. Baba, T. Back, B. Blank,
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J. Jolie, H. S. Jung, A. Jungclaus, D. Kameda, G. D. Kim, Y. -K. Kim, I. Kojouharov, T. Kubo, N. Kurz, M. Lewitowicz, G. Lorusso,
D. Lubos, L. Maier, E. Merchan, K. Moschner, D. Murai, F. Naqvi, H. Nishibata, D. Nishimura, S. Nishimura, I. Nishizuka, Z. Patel,
N. Pietralla, M. M. Rajabali, S. Rice, H. Sakurai, H. Schaffner, Y. Shimizu, L. F. Sinclair, P. -A. Soderstrom, K. Steiger, T. Sumikama,
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S. Terashima, Zs. Vajta, J. J. Valiente-Dóbon, Z. Y. Xu, “β-γ and isomeric decay spectroscopy of 168Dy,” EPJ Web Conf. 178, 02023
(2018).

X. Sun, H. Wang, H. Otsu, H. Sakurai, D. S. Ahn, M. Aikawa, P. Doornenbal, N. Fukuda, T. Isobe, S. Kawakami, S. Koyama, T. Kubo,
S. Kubono, G. Lorusso, Y. Maeda,A. Makinaga, S. Momiyama, K. Nakano, M. Niikura, Y. Shiga, P.-A. Söderström, H. Suzuki,
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Division of Nuclear Physics and the Physical Society of Japan, Hawaii, USA, October 23–27, 2018.

P. Doornenbal (invited), “Spectroscopy of neutron-rich Ca and Ni isotopes,” Nuclear Structure 2018 (NS2018), East Lansing, USA,
August 6–10, 2018.
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and Systems (GDS): Rare-gas target handling and recycling systems, Institute de Physique Nucléaire d’Orsay, France, January 23–25,
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H. Wang, “Reaction study for fission products in high-level radioactive waste for nuclear transmutation,” The 411th PKU Lecture on
Nuclear Science, Peking University, Beijing, China, January 9, 2019.
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Nuclear Science and Transmutation 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 experi-
mental programs to explore equation of state of neutron matter, via light-ion induced reactions with RI-beams.
(1-1) 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.
(1-2) 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.
(1-3) 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).
(1-4) 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 proper-
ties 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 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 corre-
sponding 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.
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(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 be-

low:
(1) Polarized proton target (described in (4))
(2) Thin solid hydrogen target
(3) MINOS (developed at Saclay and hosted by the Spin Isospin Laboratory)
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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 (β-NMR), γ-
PAD (Perturbed Angular Distribution), laser, and Mössbauer 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 utilizing spin-oriented fast RI beams
(2) Nuclear/Atomic laser spectroscopy & SLOWRI R&D
(3) Application of RI probes to materials science
(4) Fundamental physics: Study of symmetry

3. Summary of Research Activity
(1) Nuclear spectroscopy utilizing spin-oriented fast 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 electromagnetic nuclear moments 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.
In particular, a new method developed for controlling spin in a system of rare RIs, taking advantage of the mechanism of the two-step
projectile fragmentation reaction combined with the momentum-dispersion matching technique, has been developed and employed
making fully use of world’s highest intensity rare RIBs delivered from BigRIPS for rare isotopes.

(2) Nuclear/Atomic laser spectroscopy & SLOWRI R&D
The group has been conducting system development for nuclear laser spectroscopy from the following two approaches in order

to realize experiments for rare isotopes at RIBF. One is collinear laser spectroscopy for a large variety of elements using slowed-
down RI beams produced via a projectile-fragmentation reaction, which can be achieved only by the universal low-energy RI-beam
delivery system, SLOWRI, under installation in collaboration with the SLOWRI Team. This slowed-down RI-beam scheme enables
to perform high-precision laser spectroscopy even with fast-fragmentation-based RIBs without the elemental limitation problematic
in the ISOL-based RIBs.

The other approach is a new method utilizing superfluid helium (He II) as a stopping medium of energetic RI beams, in which the
characteristic atomic properties of ions surrounded by superfluid helium enables us to perform unique nuclear laser spectroscopy. RI
ions trapped in He II are known to exhibit a characteristic excitation spectrum significantly blue-shifted compared with the emission
one. Consequently, the background derived from the excitation-laser stray light, which often causes serious problems in measurements,
can be drastically reduced.

(3) Application of RI probes to materials science
The application of RI and heavy ion beams as a probe for condensed matter studies is also conducted by the group. The micro-

scopic 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 β-NMR/NQR spectroscopy, Mössbauer spectroscopy, the γ-ray
time differential perturbed angular correlation (γ-TDPAC) spectroscopy. Furthermore, studies on the control of electrical conductivity
of diamond by boron and nitrogen implantation are ongoing.

Provided that highly spin-polarized RI probes are produced independently of their element properties and doped into a substance
as an impurity, the constituent particle of the substance can be substituted by the same element RI probe without changing the material
structure. This scheme provides a new opportunity for materials-science researches, but a key technology, production of element-
independent highly spin-polarized RI beams, has not yet been achieved. In this subject, the group has conducted R&D studies to
realize an ultra-slow & highly-spin-polarized RI beams, based on the technique of the atomic beam resonance.

(4) Fundamental physics: Study of symmetry
The nuclear spins of stable and unstable isotopes sometimes play important roles in fundamental physics research. New exper-

imental 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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1. Abstract
In the immediate aftermath of 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 13.8 billion years led to the evolution of a world
brimming with the many different elements we have today. By using scientific satellites or balloons 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 through the
use of an accelerator.

2. Major Research Subjects
(1) Nucleosynthesis in stars, supernovae, and neutron star mergers
(2) Plasma and vacuum in extremely strong magnetism and gravity
(3) Research and development of innovative X-ray and gamma-ray detectors

3. Summary of Research Activity
High Energy Astrophysics Laboratory started in April 2010. The goal of our research is to reveal the mechanism of nucleosyn-

thesis and the evolution of elements in the universe, and to observe/discover exotic physical phenomena in extremely strong magnetic
and/or gravitational fields. We have observed supernova remnants, strongly magnetized neutron stars, pulsars, black holes and galaxies
with X-ray astronomical satellites, balloons and ground-based telescopes.

(1) Nucleosynthesis in the universe
(1-1) ASTRO-H/Hitomi

The 6th Japanese X-ray satellite ASTRO-H/Hitomi was launched in February 2016. Hitomi carried four X-ray and gamma-
ray detectors covering the 0.3–600 keV energy range. We, in collaboration with JAXA (Japan Aerospace Exploration Agency),
Tokyo Metropolitan University, Kanazawa University, Saitama University, NASA/GSFC etc., contributed to the soft X-ray spectrom-
eter (SXS), which achieves unprecedented energy resolution (<7 eV) in the 0.3–12 keV energy band with a low temperature micro
calorimeter. Although we were supposed to discover many previously-unknown elemental lines in universe and measured abundance
of those elements with SXS, Hitomi was unfortunately lost by an accident in March 2016. A recovery mission of Hitomi (named
XRISM) was started in 2017 and is now under construction for launch in 2021.
(1-2) MAXI

From April 2018, High Energy Astrophysics Laboratory hosts MAXI (Monitor of All-sky X-ray Image) onboard International
Space Station (ISS), which was attached on ISS in 2009. MAXI is a RIKEN-lead project collaborating with JAXA and other universi-
ties. Since MAXI scans X-ray all-sky in 90 minutes, many transient objects including neutron star or blackhole binaries are found. All
of the data are going to public soon after they are taken, and almost all of the groups in high-energy phenomena rely on the MAXI data.
In 2018, we issued 34 alerts as ATEL (Astronomer’s Telegram) and 5 new blackhole candidates were found. To detect counterparts
of neutron star merger events (i.e. gravitational wave events), we have prepared an automatic searching system and keep watching
all-sky.
(1-3) Astrophysical Data Analysis

In parallel with the mission development/operations, we performed data analysis.
• We proved that the abundance ratios of the iron-peak elements in the Perseus cluster were consistent with the solar abundance. In

previous studies, overabundance of Cr, Mn, and Ni are reported, but Hitomi’s high spectroscopic data denied the overabundance.
The inter-galactic medium of the nearby cluster has similar abundance pattern of our galaxy.

• We have detected a mysterious hump in the spectrum of the neutronstar low-mass X-ray binary, Aquila X-1. The hump can be
interpreted as a recombination-edge of heavy elements (Cd) which were possibly produced by rp-process in X-ray bursts on the
neutron star surface.

(2) Extremely strong magnetism and gravity
We have contributed to the NASA’s world-first X-ray polarimeter mission IXPE (Imaging X-ray Polarimeter Explorer). High

Energy Astrophysics Laboratory is responsible for providing the gas electron multipliers (GEMs) to the IXPE mission: the GEM is a
key device of the X-ray polarimeter and produced based on our patent for space use. The IXPE satellite will be launched in 2021, and
we have already provided the flight qualified GEMs to the project in FY2018.

By using the IXPE mission, we aim to proof the strong magnetism of Magnetars, which are one of the species of neutron stars
which have ultra-strong magnetic field B > 1011 T. In such ultra-strong magnetic field, higher-order diagrams, O(eB/m2), O(eB/m2)2

etc., never eliminated in the QED perturbation theory. As the results, we observe newly-emerging phenomenon such as vacuum
polarization, vacuum birefringence, etc. If such exotic phenomena are detected, we sure that Magnetars have really ultra-strong
magnetic field.

Nuclear Science and Transmutation Research Division
High Energy Astrophysics Laboratory
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(3) Innovative X-ray and gamma-ray detectors
In collaboration with NASA Goddard Space Flight Center, we have developed and tested a hard X-ray polarimeter with a Time

Projection Chamber technique. This TPC polarimeter is one of candidates of the future satellite XPP (X-ray polarimeter Probe
mission) planned with an international consortium.
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Nuclear Science and Transmutation Research Division
Superheavy Element Research Group

1. Abstract
The elements with their atomic number Z > 103 are called as trans-actinide or superheavy elements. This group has been studying

the physical and chemical properties of superheavy elements. They must be produced by artificially for the scientific study utilizing
the accelerators in RIBF. Two teams lead the study of the superheavy elements. Superheavy Element Production Team studies various
methods of efficient production of the superheavy elements and their physical and chemical properties. Superheavy Element Device
Development Team develops the main experimental device, i.e., the gas-filled recoil ion separator, GARIS.

The synthesis of elements having atomic numbers over 119 will be attempted with the aim of establishing nuclear synthesis
technology that reaches the “island of stability” where the lifetime of atomic nuclei is expected be prolonged significantly. With the
aim of constructing an ultimate nuclear model, maximum utilization will be made of key experimental devices which become fully
operational in order to conduct research for the syntheses of element 119 and 120.

2. Major Research Subjects
Superheavy Element Production Team

(1) Searching for new elements
(2) Spectroscopic study of the nucleus of heavy elements
(3) Chemistry of superheavy elements
(4) Study of a reaction mechanism for fusion process

Superheavy Element Device Development Team
(5) Maintenance of GARIS, GARIS-II and development of new gas-filled recoil ion separator GARIS-III
(6) Maintenance and development of detector and DAQ system for GARIS, GARIS-II and GARIS-III
(7) Maintenance and development of target system for GARIS, GARIS-II and GARIS-III

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 (Roen-
togenium), 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
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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.

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.
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Nuclear Science and Transmutation Research Division
Superheavy Element Research Group
Superheavy Element Production Team

1. Abstract
The elements with atomic number Z > 103 are called as trans-actinide or superheavy elements (SHEs). Superheavy Element

Production Team investigates synthesis of SHEs, nuclear properties of SHE nuclei, and chemical properties of SHEs mainly in collab-
oration with Superheavy Element Devise Development Team and Nuclear Chemistry Research Team of RIKEN Nishina Center.

2. Major Research Subjects
(1) Search for new superheavy elements
(2) Decay spectroscopy of the heaviest nuclei
(3) Study of reaction mechanisms for production of the heaviest nuclei
(4) Study of chemical properties of the heaviest elements

3. Summary of Research Activity
(1) Search for new superheavy elements

In November, 2016, the 7th period of the periodic table was completed with the official approval of four new elements, nihonium
(Nh, atomic number Z = 113), moscovium (Mc, Z = 115), tennessine (Ts, Z = 117), and oganesson (Og, Z = 118) by IUPAC. We
have started to search for new elements to expand the chart of the nuclides toward to the island of stability and the periodic table of the
elements toward the 8th period of the periodic table. Since June, 2017, RIKEN heavy-ion Linear ACcelerator (RILAC) has been shut
down for its upgrade until the end of 2019. During this long-term break, to continue SHE studies at RIBF, we moved GAs-filled Recoil
Ion Separator II (GARIS II) from the irradiation room of RILAC to the E6 room of RIKEN Ring Cyclotron (RRC). In December 2017,
the RRC + GARIS II setup became ready for SHE studies. We first conducted the commissioning of the RRC + GARIS II setup in
the natLa + 51V, 159Tb + 51V, and 208Pb + 51V reactions. Then, we started to search for new element, element 119 in the 248Cm + 51V
reaction in January, 2018.

(2) Decay spectroscopy of the heaviest nuclei
We measured precision masses of 63Cu, 64–66Zn, 65Ga, 65–67Ge, 67As, 78, 81Br, 80Rb, 79Sr, 210–214Ac, 210–214Ra, 246Es, 251Fm,

249–252Md, and 254No using a multireflection time-of-flight mass spectrograph coupled to GARIS II at RILAC mainly in collaboration
with High Energy Accelerator Research Organization.

(3) Study of reaction mechanisms for production of the heaviest nuclei
SHE nuclei have been produced by complete fusion reactions of two heavy nuclei. However, the reaction mechanism of the fusion

process is still not well understood both theoretically and experimentally. In collaboration with Kyushu Univ., we measured excitation
functions for the quasielastic scattering of the 208Pb + 48Ca, 208Pb + 50Ti, 238U + 48Ca, 248Cm + 22Ne, 248Cm + 26Mg, 248Cm + 30Si,
248Cm + 34S, 248Cm + 40Ar, 248Cm + 48Ca, and 248Cm + 50Ti reactions using GARIS at RILAC. The quasielastic barrier distributions
were successfully extracted for these systems, and compared with coupled-channels calculations. It was found that the results can be
utilized to locate the optimal energy for the future searches for undiscovered superheavy nuclei.

(4) Study of chemical properties of the heaviest elements
Chemical characterization of newly-discovered SHEs (Z ≥ 104) is an extremely interesting and challenging subject in modern

nuclear and radiochemistry. In collaboration with Nuclear Chemistry Research Team of RIKEN Nishina Center, we are developing
SHE production systems as well as rapid single-atom chemistry apparatuses for chemistry studies of SHEs. We installed a gas-jet
transport system to the focal plane of GARIS at RILAC. This system is a promising approach for exploring new frontiers in SHE
chemistry: the background radiations 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. We have been developing an ultra-rapid gas-chromatograph apparatus at the focal plane of
GARIS. This apparatus consists of an RF carpet gas cell and a cryo-gas-chromatograph column with Si detector array. For the
aqueous chemistry of SHEs, we have been developing a flow solvent extraction apparatus which consists of a continuous dissolution
apparatus, a flow extraction apparatus, and a liquid scintillation counter.
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Nuclear Science and Transmutation Research Division
Superheavy Element Research Group
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 maintaining, improving, developing and operating 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 and GARIS-III these separators were designed for an asymmetric reaction such as hot-
fusion reaction. New elements 278113 were produced by 70Zn + 209Bi reaction using GARIS. Further the new element search Z > 118
are preparing by using GARIS-II and GARIS-III.

2. Major Research Subjects
(1) Maintenance of GARIS, GARIS-II and development of new gas-filled recoil ion separator GARIS-III
(2) Maintenance and development of detector and DAQ system for GARIS, GARIS-II and GARIS-III
(3) Maintenance and development of target system for GARIS, GARIS-II and GARIS-III

3. Summary of Research Activity
The GARIS-II and III are newly developed which has an acceptance twice as large as existing GARIS, in order to realize higher

sensitivity. The GARIS-II was moved RILAC facility to RRC facility, and new element serach program aiming to element 119 was
started using GARIS-II. New separator GARIS-III was developed and installed into the RILAC experimental hall. It will be ready
for operation in fiscal year 2020 after some commissioning works. We will also offer user-support if a researcher wishes to use the
devices for his/her own research program.
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Nuclear Science and Transmutation Research Division
Astro-Glaciology Research Group

1. Summary of Research Activity
Our Astro-Glaciology Research Group promotes both experimental and theoretical studies to open up the new interdisciplinary

research field of astro-glaciology, which combines astrophysics, astrochemistry, climate science, 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, which preserve atmospheric information of the past.
In particular, ice cores obtained around the Dome Fuji station are known to be unique because they contain much more information
on conditions in the stratosphere. This means that there are significant advantages in using Dome Fuji ice cores if we wish to study
the universe, since gamma-rays and high-energy protons that are emitted in certain astronomical processes affect the chemical and
isotopic compositions in the stratosphere. Our principal aim is to acquire and interpret information preserved in ice cores regarding:

• Signatures of past solar cycles and volcanic eruptions;
• Relationships between climate change and solar activity;
• Traces of past supernova explosions in our galaxy, in order to understand better the rate of galactic supernova explosions.

Moreover, we are promoting the projects on:

• Development of precise analytical techniques and instrumentation of high-sensitivity and high-temporal resolution;
• The evolution of molecules in space;
• The application of our high-sensitivity method of isotopic analysis to archaeological artifacts.

On the theoretical side, we are simulating numerically:

• 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

• 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.

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. These all will contribute to understanding relationships between the universe and earth, to advance
the Astro-Glaciology to Astro-Terrestrial Science.
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Astronomy/multi-disciplinary studies with Antarctic Ice cores and Numerical Simulations,” The Ninth International Symposium on
Polar Science, Tachikawa, December 4–7, 2018.

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.

K. Takahashi, “New method for comprehensive detection of trace elements in environmental or biochemical materials using an electron-
cyclotron-resonance ion-source mass spectrometer,” the 4th World Congress on Mass Spectrometry, London, UK, June 2017.
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“Signature of the large volcanic eruption in AD1883 detected by new high-sensitivity sulfur isotopic measurement method applied to
an Antarctic ice core,” The Japan Society for Analytical Chemistry, Tokyo, Aug. 31, 2018, for a presentation at the 67th annual meeting
of the Japan Society for Analytical Chemistry, Sendai, September 12–14, 2018.
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insights about past environments in shorter time frames,” Research Highlight, RIKEN RESEARCH, SUMMER, November, 2019.insights about past environments in shorter time frames,” Research Highlight, RIKEN RESEARCH, SUMMER, 2019, 11.



Ⅵ. RNC ACTIVITIES

- 294 -

RIKEN Accel. Prog. Rep. 52 (2019)

Nuclear Science and Transmutation Research Division
Nuclear Transmutation Data Research Group

1. Abstract
The nuclear waste problem is an inevitable subject in nuclear physics and nuclear engineering communities. Since the Chicago

Pile was established in 1942, nuclear energy has become one of major sources of energy. However, nowadays the nuclear waste
produced at nuclear power plants has caused social problems. Minor actinide components of the waste have been studied well as a fuel
in fast breeder reactors or ADS. Long-lived fission products (LLFP) in waste, on the other hand, have not been studied extensively. A
deep geological disposal has been a policy of several governments, but it is difficult to find out location of the disposal station in terms
of security, sociology and politics. To solve the social problem, a scientific effort is necessary for nuclear physics community to find
out efficient methods for reduction of nuclear waste radioactivity. In the world-wide situation above, our Group aims to obtain reaction
data of LLFP at RIBF and other muon facilities for muon capture data. These data are necessary to design an accelerator-based system
for transmutation, and also 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 of LLFP in inverse kinematics at RIBF. The third Team “Muon Data Team” is
to obtain muon capture data of LLFP at muon facilities. All of 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 were successfully organized at RIBF in 2015–2017. The muon program started at RCNP, Osaka University in
spring 2016 and the data for Pd isotopes were successfully obtained in 2017–2019 via in-beam method with DC beams at RCNP, and
via activation method with pulsed beams at J-PARC and ISIS-RAL/RIKEN facilities.

The reaction data obtained with both fast and energy-degraded beams at RIBF encouraged the nuclear data group of JAEA, and
a new database called “JENDLE/ImPACT-2018” has been released. The new database has been generated by a newly developed
reaction model “DEURACS” which treats deuteron-induced reactions. DEURACS reproduces very well cross section data, and much
better than other reaction models. A simulation code “PHITS” has been re-coordianted to use the database information.

In December 2018, the Team leader, Hideaki Otsu, was invited to join Technical Meeting of IAEA, entitled “Novel Multidisci-
plinary Applications with Unstable Ion Beams and Complementary Techniques.” Our activity has been demonstrated and recognized
internationally.
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Nuclear Science and Transmutation 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 reac-

tions 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 eval-

uation group.
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Nuclear Science and Transmutation 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.
(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.
(4) Development of the framework to seamlessly handle device, detector, DAQ, and analysis for the easy control of the complicate

slowed-down RI beam production and its development.

3. Summary of Research Activity
A new OEDO beam line, designed for the slowed-down RI beams, was constructed under the collaboration with CNS, the Uni-

versity of Tokyo. Our group was responsible for the construction of the infrastructure such as the cooling water and the electrical
equipment, and the movement and alignment of existing vacuum chambers, quadrupole magnets. The power supply for the Supercon-
ducting Triplet Quadrupoles (STQ) was made, which had a stability also under the low current condition.

Slowed-down 93Zr beams with 20 or 50 MeV/nucleon were successfully developed at June 2016 for the first time. The methods
to obtain the narrow energy, position, and angle distribution were developed. The methods of the energy adjustment and the particle
identification at 50 MeV/nucleon were developed. The 93Zr and 107Pd beams with 50 MeV/nucleon were produced for the nuclear-
transmutation experiments using proton or deuteron targets at October 2016. The commissioning experiment of the OEDO beam line
was successfully performed at June 2017. The first transmutation experiments using OEDO beam line were performed with 93Zr,
107Pd, and 79Se around 20 MeV/nucleon.

With our developments, the slowed-down RI beams became ready for the transmutation experiments. On the other hand, the
procedure to make the slowed-down RI beams became highly specialized. In order to easily produce the slowed-down RI beam, the
framework is under the development to seamlessly handle the device, detector, DAQ, and analysis.
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Nuclear Science and Transmutation 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 a muonic atom and cascades down to the 1 s 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

Z N) 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

Z N(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. A high-energy compound nuclear state is suddenly generated in the nuclei associated
with a weak conversion process of proton to neutron and neutrino. Many experimental results have been so far reported, however, the
reaction mechanism itself is not well clarified. The research team aims at obtaining the experimental data to investigate the reaction
mechanism of muon nuclear capture, and also at theoretical understanding on the nuclear capture reaction.

2. Major Research Subjects
(1) Experimental clarification on the mechanism of nuclear muon capture reaction
(2) Theoretical understanding on the nuclear muon capture reaction
(3) Interdisciplinary applications with the 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) and five isotope-
enriched zirconium targets (90, 91, 92, 94, 96Zr) employing two experimental methods. By obtaining the experimental data on the Pd and Zr
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 and Zr targets is aiming at exploring a possible reaction path to make the nuclear transmutation of the Pd and Zr
metal extracted from the spent nuclear fuel without an isotope separation process. This research was funded by the ImPACT Program
of Council for Science, Technology and Innovation (Cabinet Office, Government of Japan).

(1) Experiments with “muon in-beam spectroscopy method”
Muon nuclear capture reactions were investigated on five 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 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 Pd 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, 500 M 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
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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.

(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. The detailed off-line data analysis is in progress.

(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 data obtained 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 off-line data analysis is in progress.

(4) Comparison with theory
The muon activation method gives the reaction branching ratios. The muon in-beam spectroscopy method gives the neutron

multiplicity and the neutron energy spectrum. These experimental results are important to understand the compound nuclear state and
neutron emission mechanism. The reaction branching ratios obtained by the muon activation method are compared with the results of
neutron multiplicity measurements. 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 appropriate calculations employing the
neutron emission mechanisms due to an evaporation, a cascade and a direct emission processes with assuming the energy distribution
at compound nuclear state.
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Nuclear Science and Transmutation 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 tech-
nologies.

Nuclear transmutation with high-intensity accelerators is expected to reduce the high-level radioactive wastes and to recycle
the precious resources such as rare-earth materials in future. This method is one of the important applications of the ion-accelerator
technologies that have been developed at RIKEN for a long time. Under the framework of ImPACT Fujita Program, we have conducted
R&D of elemental technology related to the high-power accelerators and high-power targets.

We gained a lot of experiences in these R&Ds. Among them, the development of a superconducting rf cavity has become the
basis of the upgrade program of the RILAC facility which started in 2016.

2. Major Research Subjects
(1) R&D of elemental technology of high-power accelerators and high-power targets

3. Summary of Research Activity
(1) A high-gradient rf cavity has been constructed and tested based on the superconducting rf technology.
(2) Several candidates for the high-power target have been proposed and their prototypes have been tested.
(3) A high-current deuteron RFQ has been designed.
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Nuclear Science and Transmutation 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
(1) Development of high-gradient cavites for low beta ions
(2) 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 Dynamics & Diagnostics Team)
Yutaka WATANABE (concurrent: Senior Technical Scientist,

RILAC team)

Kazutaka OZEKI (concurrent: Technical Scientist, Cyclotron
Team)

Postdoctoral Researcher
Xingguang LIU

List of Publications & Presentations
Publications
Oral Presentations

[Domestic Conference]
N. Sakamoto, K. Yamada, K. Suda, K. Ozeki, Y. Watanabe, O. Kamigaito, H. Okuno, “Reduction and resource recycling of high-

level radioactive wastes through nuclear transmutation (6-1) development of prototype superconducting-linac for intense low-beta ion
beams,” Annual Meeting of Atomic Energy Society Japan, Mito, March 20–22, 2019.

N. Sakamoto, K. Yamada, K. Suda, K. Ozeki, Y. Watanabe, O. Kamigaito, H. Okuno, “Advances of accelerator technology develop-
ment for nuclear transmutation in the ImPACT program-2 prototype of superconducting linear accelerator for intense deuteron beam,”
Meeting of Atomic Energy Society Japan, Okayama, September 5–7, 2018.

Kenji SUDA (concurrent: Technical Scientist, Cyclotron Team)



Ⅵ. RNC ACTIVITIES

- 304 -

RIKEN Accel. Prog. Rep. 52 (2019)

Nuclear Science and Transmutation 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, N. Furutachi)
(2) Beam window with solid structure

(H. Okuno)
(3) Ion plantation and TIMS of 107Pd

(Y. Miyake, Y. Sahoo, M. Takahashi)
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Research Facility Development 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. Moreover, we 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 above govern the development programs
that are not dealt with by a single group, such as intensity upgrade and effective operation. We also discuss the future plans of RIBF
along with other laboratories belonging to the RIBF research division.

Various improvements and developments have been carried out for the RIBF accelerators in order to upgrade the beam intensities
and stability. Owing to the efforts, for example, the intensity of the uranium beam has increased by 40% in the last three years,
resulting in the intensity of 72 pnA (5.9 kW) at the exit of the superconducting ring cyclotron. We also started providing intense
vanadium beams for the synthesis of a new element [119] at GARIS II, which was recently moved to the cyclotron facility.

In 2016, a supplemental budget was approved for the upgrade of RIBF aiming at synthesizing heavier new elements. A supercon-
ducting linac booster has been constructed at the RILAC facility with this budget under the collaboration with KEK researchers. We
also constructed a new superconducting ECR ion source at RILAC, and started the test operation in 2018. The beam commissioning
with the upgraded RILAC facility is scheduled in this fiscal year. The accelerating cavities of the ring cyclotron, which has been
suffered from the low accelerating voltage, were also modified with this budget. It is expected that the uranium beam intensity will be
increased significantly in near future for the BigRIPS experiments as well as the metallic ion beams for GARIS II experiments for the
synthesis of super heavy elements.

On the other hand, we have started a new project with RCNP, Osaka university, for the promotion of application research using
short-lived radioisotopes since 2017. A high-power target for production of At-211 is under development with RI Application Research
Group of RNC in the framework of this project. It will be installed and tested in the upgraded RILAC facility in near future. An
upgrade plan of RIBF for further increasing heavy-ion beams, especially the uranium beam, has been continuously discussed. The
plan proposed recently is based on a new idea of “charge-stripper ring,” which is used to improve the overall stripping efficiency of the
uranium beam. This device recirculates and re-injects the uranium ions into the charge stripper until the ions become the charge state
required for the succeeding acceleration, while the bunch structure is kept with its isometric orbit lengths for all the charge states. A
preliminary design of the magnets is under progress after intensive optical study of the device. The final goal of this plan is to increase
the uranium beam intensity by 30 times of the present value, namely up to 2000 pnA, at the exit of SRC.

2. Major Research Subjects
(1) Intensity upgrade of RIBF accelerators (Okuno)
(2) Effective and stable operation of RIBF accelerators (Fukunishi)
(3) Construction of the superconducting linac booster at the RILAC facility
(4) Promotion of the future plan

3. Summary of Research Activity
(1) The maximum intensity of the calcium beam reached 740 pnA at 345 MeV/nucleon, which corresponds to 12.3 kW. That of

the krypton beam reached 486 pnA, corresponding to 13.4 kW.
(2) The maximum intensities of the uranium and xenon beams reached 72 and 102 pnA, respectively, at 345 MeV/nucleon.
(3) The overall beam availability for the RIBF experiments averaged for 5 years from 2013 to 2017 was 92%. It fell down to

79% in 2018 because of several hardware troubles. Efforts to restore the availability to more than 90% are ongoing.
(4) The large infrastructure was properly maintained based on a well-organized cooperation among the related sections.
(5) A major upgrade of the accelerator facility has been conducted aiming at synthesizing heavier new elements. It includes

construction of a superconducting linac booster of RILAC, construction of a new superconducting ECR ion source, and
modification of the accelerating cavities of the ring cyclotron (RRC).

(6) An intensity-upgrade plan of the RIBF has been further investigated. Design study of the charge-stripper ring has been started.
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Research Facility Development 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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Research Facility Development 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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Research Facility Development 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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Research Facility Development 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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Research Facility Development Division
Accelerator Group
Beam Dynamics & Diagnostics Team

1. Abstract
Aiming at stable and efficient operation of the RIBF cascaded cyclotron system, Beam Dynamics and Diagnostics Team developes

power supplies, beam instrumentation, computer control and beam dynamic studies. We have successfully increased the beam avail-
ability for user experiments to more than 90%. We have also established small-beam-loss operations. The latter strongly contributes
to recent high-power operations at RIBF.

2. Major Research Subjects
(1) More efficient and stable operations of the RIBF cascaded cyclotron system
(2) Maintenance and developments of the beam instrumentation
(3) Developments of computer control system for more intelligent and efficient operations
(4) Maintenance and improvements of the magnet power supplies for more stable operations
(5) Upgrade of the existing beam interlock system for high-power beams with few tens of kW

3. Summary of Research Activity
(1) High-intensity heavy-ion beams such as 72-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.
(4) The world-most-intense V beams are stably supplied to super-heavy-element search experiments.
(5) The RIBF control system has been operated stably by replacing legacy hardware controllers carried over from our old facility

with new ones. Several useful operation tools are also developed.
(6) The dated power supplies exciting the main coils of RIKEN Ring Cyclotron has been upgrade to a new one having a better

long-term stability than the old ones.

Members
Team Leader

Nobuhisa FUKUNISHI (concurrent; Deputy Group Director,
Accelerator Gr.)

Research/Technical Scientists
Masaki FUJIMAKI (Senior Technical Scientist)
Kazunari YAMADA (Senior Technical Scientist)
Keiko KUMAGAI (Senior Technical Scientist)

Akito Uchiyama (Technical Scientist)
Tamaki WATANABE (Senior Technical Scientist)

Expert Technician
Misaki KOMIYAMA

Part-time Worker
Makoto NAGASE

Visiting Scientists
Kenichi ISHIKAWA (Univ. of Tokyo)
Takuya MAEYAMA (Kitasato Univ.)

Shin-ichiro HAYASHI (Hiroshima Int’l Univ.)

List of Publications & Presentations
Publications

[Journal]
(Original Papers) *Subject to Peer Review
T. Maeyama, Y. Ishida, Y. Kudo, K. Fukasaku, K. L. Ishikawa, N. Fukunishi, “Polymer gel dosimeter with AQUAJOINT as hydrogel

matrix,” Radiat. Phys. Chem. 146, 121–125, doi:0.10216/j.radphyschem.2018.01.014 (2018).
T. Nishi, K. Itahashi, G. P. A. Berg, H. Fujioka, N. Fukuda, N. Fukunishi, H. Geissel, R. S. Hayano, S. Hirenzaki, K. Ichikawa, N. Ikeno,

N. Inabe, S. Itoh, M. Iwasaki, D. Kameda, S. Kawase, T. Kubo, K. Kusaka, H. Matsubara, S. Michimasa, K. Miki, G. Mishima,
H. Miya, H. Nagahiro, M. Nakamura, S. Noji, K. Okochi, S. Ota, N. Sakamoto, S. Suzuki, H. Takeda, Y. K. Tanaka, K. Todoroki,
K. Tsukada, T. Uesaka, Y. N. Watanabe, H. Weick, H. Yamakami, K. Yoshida, “Spectroscopy of pionic atoms in 122Sn(d, 3He) reaction
and angular dependence of the formation cross section,” Phys. Rev. Lett. 120, 152502 (2018).

Akito UCHIYAMA (Technical Scientist)



Ⅵ. RNC ACTIVITIES

- 314 -

RIKEN Accel. Prog. Rep. 52 (2019)

Oral Presentations
[International Conference etc.]

T. Nagatomo, Y. Higurashi, J. Ohnishi, A. Uchiyama, K. Kumagai, M. Fujimaki, N. Fukunishi, N. Sakamoto, T. Nakagawa, O. Kamigaito,
“New 28-GHz superconducting electron cyclotron resonance ion source for synthesizing super-heavy elements with Z > 118,” 23th.
Int. Workshop on ECR Ion Sources (ECRIS2018), TUA3 (pp. 53–57), Catania, Italy, September 2018.

[Domestic Conference]
T. Watanabe, H. Imao, O. Kamigaito, N. Sakamoto, N. Fukunishi, M. Fujimaki, K. Yamada, Y. Watanabe, R. Koyama, T. Toyama,

T. Miyao, A. Miura, “Development of beam energy position monitor system for RIKEN superconducting acceleration cavity,” 15th
Annual Meeting of Particle Accelerator Society of Japan, pp. 49–54, Nagaoka, Japan, August 2018.

Posters Presentations
[International Conference etc.]

A. Uchiyama, T. Nagatomo, Y. Higurashi, J. Ohnishi, T. Nakagawa, M. Komiyama, N. Fukunishi, H. Yamauchi, M. Tamura, “Design of
reliable control with star-topology fieldbus communication for an electron cyclotron resonance ion source at RIBF,” 12th International
Workshop on Personal Computers and Particle Accelerator Controls (PCaPAC2018), WEP30, Hsinchu, Taiwan, October 2018.

M. Komiyama, M. Fujimaki, N. Fukunishi, K. Kumagai, A. Uchiyama, “Recent development of the RIKEN RI Beam Factory control
system,” 12th International Workshop on Personal Computers and Particle Accelerator Controls (PCaPAC2018), WEP15, Hsinchu,
Taiwan, October 2018.

[Domestic Conference]
T. Watanabe, H. Imao, O. Kamigaito, N. Sakamoto, N. Fukunishi, M. Fujimaki, K. Yamada, Y. Watanabe, R. Koyama, T. Toyama,

T. Miyao, A. Miura, “Development of beam energy position monitor system for RIKEN superconducting acceleration cavity,” 15th
Annual Meeting of Particle Accelerator Society of Japan, pp. 49–54, Nagaoka, Japan, August 2018.

A. Uchiyama, M. Komiyama, “Current status of server and syste, infrastructure for RIBF control system,” 15th Annual Meeting of Particle
Accelerator Society of Japan, pp. 597–600, Nagaoka, Japan, August 2018.

K. Kobayashi, K. Ozeki, A. Goto, J. Ohnishi, Y. Oshiro, S. Fukuzawa, M. Hamanaka, S. Ishikawa, R. Koyama, T. Nakamura, M. Nishida,
M. Nishimura, J. Shibata, N. Tsukiori, K. Yadomi, K. Kaneko, K. Oyamada, M. Tamura, A. Yusa, M. Fujimaki, N. Fukunishi,
H. Hasebe, Y. Higurashi, H. Imao, M. Kase, O. Kamigaito, M. Kidera, M. Komiyama, K. Kumagai, T. Maie, M. Nagase, T. Nagatomo,
T. Nakagawa, H. Okuno, N. Sakamoto, K. Suda, A. Uchiyama, S. Watanabe, T. Watanabe, Y. Watanabe, K. Yamada, Y. Kotaka, “Status
report on operation of RIKEN AVF cyclotron,” 15th Annual Meeting of Particle Accelerator Society of Japan, pp. 1293–1297, Nagaoka,
Japan, August 2018.

J. Shibata, K. Suda, S. Fukuzaw, M. Hamanaka, S. Ishikawa, K. Kobayashi, R. Koyama, T. Nakamura, M. Nishida, M. Nishimura,
N. Tsukiori, K. Yadomi, T. Dantsuka, M. Fujimak, T. Fujinawa, N. Fukunishi, H. Hasebe, Y. Higurashi, E. Ikezawa, H. Imao, O. Kami-
gaito, Y. Kanai, M. Kase, M. Kidera, M. Komiyama, K. Kumagai, T. Maie, M. Nagase, T. Nagatomo, T. Nakagawa, M. Nakamura,
J. Ohnishi, H. Okuno, N. Sakamoto, K. Ozeki, A. Uchiyama, S. Watanabe, T. Watanabe, Y. Watanabe, K. Yamada, H. Yamasawa, “Sta-
tus report of the operation of RIBF Ring cyclotrons,” 15th Annual Meeting of Particle Accelerator Society of Japan, pp. 1298–1303,
Nagaoka, Japan, August 2018.



Ⅵ. RNC ACTIVITIES

- 315 -

RIKEN Accel. Prog. Rep. 52 (2019)

Research Facility Development 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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Research Facility Development Division
Accelerator Group
Infrastructure Management Team

1. Abstract
Our team is in charge of operation, maintenance, and monitoring of research infrastructure of the whole RIBF, such as cooling

water system, air conditioner system, building equipment, and so on. It is very important to keep these infrastructures working properly
for the effective and efficient operation of RIBF.

We are also involved in the planning of the RIBF beam time, which is conducted by the RIBF User Liaison Team, through the
estimation of the utility costs such as the electricity and the gas used for the power generator. Another important mission of our team
is to coordinate large-scale repair works carried out by the RIKEN Facility Section so that the beam time can proceed smoothly.

In the last three years, there were big construction works related to the upgrade project of the RILAC facility. We carried out the
design of the SRF test facility, took part in the design work of the new building for radioisotope purification, jointly designed the ion
source room, and so on. The transfer work of GARIS II and the room-temperature cavities of the RILAC booster was conducted by
our team.

2. Major Research Subjects
(1) Operation, maintenance and monitoring of infrastructure of RI Beam Factory.
(2) Participation in the beam time planning through utility cost estimation.
(3) Coordination of large construction work and modification related to RI Beam Factory.

Members
Team Leader

Osamu KAMIGAITO (concurrent; Group Director, Accelera-
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Research Facility Development Division
Instrumentation Development Group

1. Abstract
This group develops core experimental installations at the RI Beam factory. Three projects are currently going on. SLOWRI

is an experimental installations under testing and a common element enabling multiple-use. This will stop high-energy RI beams
in a gas-catcher system and re-accelerates up to several-tenth keV, and the high-quality cold RI beam will be delivered to the users.
SCRIT is the world first facility for an electron scattering off unstable nuclei, and has been constructed independently of the RIBF
main facility. The first physic result was demonstrated in 2017, and the facility is now under upgrading of the electron beam power
driving the RI beam production. Rare-RI Ring is an event-by-event operated heavy-ion storage ring aiming at the precision mass
measurement for extremely rare exotic nuclei. This is now open for an experimental proposal application, and has already performed
PAC-approved experiments. All instrumentations were designed to maximize the research potential of the world’s most intense RI
beams, and the exclusive equipment available at the RI Beam Factory makes experimental challenges possible. Technologies and
experiences accumulated in this group 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
(4) Beam recycling development (in future plan)

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
(Rare RI Ring) in a storage ring. 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. The electron scattering from 132Xe isotopes has
been successfully measured and the nuclear charge density distribution has been obtained in SCRIT. We are almost ready for the
electrons scattering experiments for unstable nuclei. Rare RI Ring has been commissioned and the performances has been evaluated.
We have demonstrated a mass-measurement capability of R3 and successfully started mass-measurements for unknown-mass nuclei in
the experiments approved by PAC. SLOWRI is now under test experiments to establish a slow RI beam production using two types of
gas cells. PALIS has been commissioned from 2015, and basic functions such as, for instance, the RI-beam stopping in Ar gas cell and
the extraction from the gas cell have beam evaluated. RF ion-guide gas cell is now under testing and it is planned to be commissioned
in next year. Future plans for these projects are described in subsections.

We are going to start a new project from next year. According to the future plan of Nishina center, we are going to start to develop a
beam re-cycling technique. A crculation of an RI beam in a storage ring equipped by a thin internal target is maintained until that some
nuclear reaction happen at the target. The circulating beam loses a energy and the emittance grows up turn by turn because of existing
internal target. In order to establish a beam re-cycling technique, the energy loss and the emittance growth have to be compensated
by using a re-acceleration system and a beam-cooling or a fast feedback system. A beam re-cycling technique is supposed to greatly
enhance an RI use efficiency in a nuclear physics study. As a first step for the development of these novel technique, we are going to
install a testbench consisting of a relatively small size of heavy-ion storage ring that will be connect to our ISOL (ERIS) in SCRIT
facility. This ring named sLSR is equipped by acceleration devices and beam-cooling devices necessary in our R&D study, and was
originally constructed at the Institute for Chemical Research, Kyoto University more than ten years ago. This will be moved to RIBF
in this year, and re-constructed by the SCRIT facility in following year.
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Research Facility Development 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. High-energy radioactive ion beams from the projectile fragment separator BigRIPS are thermalized
in a large He gas catcher cell (RFC cell) or in a small Ar gas catcher cell (PALIS cell). From these gas cells, the low-energy ion
beams will be delivered via mass separators and switchyards to various devices: such as an ion trap, a collinear fast beam apparatus,
and a multi-reflection time of flight mass spectrograph. A multi-reflection time-of-flight mass spectrograph (MRTOF) has been also
developed. Two mass measurement projects using MRTOF mass spectrographs have been started: one is for trans uranium elements at
the GARIS facility and the other is for r-process nuclides at SLOWRI facility. At GARIS-II, we installed second prototype SLOWRI
combined with MRTOF, which is a medium-sized cryogenic RF-carpet He gas cell. Using second prototype SLOWRI, more than 80
nuclear masses have been measured including first mass measurements of Md and Es isotopes. At SLOWRI facility, third prototype
SLOWRI is under construction, which is 50-cm-long RF-carpet-type He gas cell combined with MRTOF. The third prototype will
be installed at F11 of BigRIPS, downstream of ZeroDegree spectrometer, which can provide symbiotic measurements with other
BigRIPS experiments.

An online commissioning experiment of parasitic low-energy production facility (PALIS) was performed and confirmed that the
PALIS setup can coexist with other BigRIPS experiments. Currently, PARIS gas cell is under on- and off-line commissioning.

2. Major Research Subjects
(1) Construction of the stopped and low-energy RI-beam facility, SLOWRI.
(2) Development of a multi-reflection time-of-flight mass spectrograph for precision mass measurements of short-lived nuclei.
(3) Development of collinear laser spectroscopy apparatus.
(4) Development of a parasitic slow RI-beam production method using resonance laser ionization.
(5) 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)

SLOWRI consists of two gas catchers (RF carpet gas cell and PALIS gas cell), mass separators a 50-m-long 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. The gas catcher contains a large cryogenic He gas cell with a large traveling wave rf-carpet. The PALIS gas cell
is installed in the vicinity of the second focal plane slit of BigRIPS. It will provide parasitic RI-beams from those ions lost in the slits
during other experiments. In this gas catcher, thermalized RI ions quickly become neutral and will be re-ionized by resonant laser
radiations. The beam transport line consists of four dipole magnets, two focal plane chambers, 62 electrostatic quadrupole singlets,
11 electrostatic quadrupole quartets and 7 beam profile monitors. Off- and on-line commissioning is underway.

Based on test experiments with the prototype setups, the RF-carpet gas cell contains a three stage rf-carpet structure: a gutter
rf carpet (1st carpet) for the collection thermal ions in the cell into a small slit, a narrow (about 10 mm) traveling-wave rf-carpet for
collection of ions from the gutter carpet and for transporting the ions towards the exit, and a small rf carpet for extraction from the gas
cell. In FY2018, ion extraction test at off-line using this carpet has been successfully performed with about 60% extraction efficiency
to ions gathered on 1st carpet. We will install the RF-carpet gas cell combined with MRTOF at F11 of BigRIPS at first, where the
on-line commissioning and systematic mass measurements will be started from FY2019. At F11, symbiotic measurements with other
BigRIPS experiments can be performed.

(2) 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 in 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. A
mass-resolving power of 170,000 has been obtained with a 2 ms flight time for 40K and 40Ca isobaric doublet. This mass-resolving
power should allow us to determine ion masses with an accuracy of ≤ 10−7.

The MR-TOF mass spectrograph has been placed under the GARIS-II separator aiming at direct mass measurements of trans-
uranium elements. A medium-sized cryogenic He gas cell was placed at the focal plane of GARIS-II and a bunched low-energy heavy
ion beam was transported to the trap of MR-TOF. 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 in collaboration with Wako
Nuclear Science Center (WNSC) of KEK and Super Heavy Element Synthesis team of RIKEN. The highest precisions, achieved
for Ga isotopes, reached a level of 0.03 ppm. 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. For comprehensive mass measurements of all available nuclides, multiple
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units of gas catchers and MR-TOF devices will be placed at GARIS-III, KISS as well as the BigRIPS + SLOWRI facilities of RIBF.

(3) 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.

(4) 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 RI using a compact gas catcher cell and resonance laser ionization,
was proposed as a part of SLOWRI. The thermalized RI ions in a 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
resonance ionization scheme itself can also be a useful method to perform hyperfine structure spectroscopy of RI of many elements.

An online setup has been 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 was extracted
from the cell by gas flow. At off-line, using α rays from Am source, impurities inside the gas cell have been investigated. Thanks to
baking the gas cell with gas flow, almost impurities have been successfully suppressed at off-line condition. Technical developments
are under progress in on- and off-line commissioning.

(5) 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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Research Facility Development Division
Instrumentation Development Group
Rare RI-ring Team

1. Abstract
The aim of Rare-RI Ring (R3) is to measure the masses of 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.
The R3 completed the construction at the end of 2014, and has been performed commissioning experiments several times by 2017.
Through the commissioning experiments, we confirmed the high ability of R3 as a storage ring capable of handling one event, and
demonstrated that it is possible to perform the time-of-flight Isochronous Mass Spectrometry (IMS) in shorter than 1 ms. We have
acquired an adequate efficiency to conduct the mass measurement experiments in the end of 2017. In 2018, we have successfully
conducted the first mass measurement experiment for 74, 76Ni, 122Rh, 123, 124Pd, and 125Ag. The analysis is in progress for giving the
new experimental mass values of 74, 76Ni, 122Rh, 124Pd, and for improving the experimental mass values of 123Pd, 125Ag.

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
In the commissioning experiments up to 2017, we confirmed the unique performances of R3 and demonstrated the time-of-flight

isochronous mass measurement method. The ring structure of R3 was designed with a similar concept of a separate-sector ring
cyclotron. It consists of six sectors and straight sections, and each sector consists of four rectangular bending magnets. Two magnets
at both ends of each sector are additionally equipped with ten trim coils to form a precise isochronous field. We have realized in
forming the precise isochronous field of 5 ppm with wide momentum range of ∆p/p = ± 0.5%. Another performance required for
R3 is to efficiently seize hold of an opportunity of the mass measurement for rare-RIs produced unpredictably. It was realized by
constructing the Isotope-Selectable Self-trigger Injection (ISSI) scheme which pre-identified rare-RI itself triggers the injection kicker
magnets. Key device was an ultra-fast response kicker system that has been successfully developed. Full activation of the kicker
magnetic field can 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.

Since R3 accumulates, in principle, only one event, we fabricated high-sensitive beam diagnostic devices in the ring. They should
be applicable even for one event circulation. One of them is a cavity type of Schottky pick-up installed in the straight section of R3.
The Schottky pick-up successfully monitored a single 78Kr36+ ion circulation with the measurement time of less than 10 ms in the first
commissioning experiment. We also confirmed that it is useful for fine tuning of the isochronous field. Another is a timing monitor,
which detects secondary electrons emitted from thin carbon foil placed on the circulation orbit. The thickness of the foil is 50 µg/cm2.
This timing monitor is working well to observe first several tens turns for injected event.

We performed mass measurement in the third commissioning experiment by using unstable nuclei which masses are well-known.
The masses of 79As, 77Ga, 76Zn, and 75Cu relative to 78Ge were derived with the accuracy of ∼10 ppm. In addition, we have improved
the extraction efficiency to 2% by considering the matching condition between the emittance of injection events and the acceptance
of R3. This extraction efficiency was sufficient to conduct the accepted two proposals: mass measurements of Ni isotopes and mass
measurements of Sn region.

In the beginning of 2018, we examined the feasibility of these two proposals in detail. Consequently, we decided to proceed
with two proposals at the same period. In the beginning of November 2018, we have conducted the first experiment using the R3 to
measure the masses for 74, 76Ni in 4 days. After that, we also measured the masses for 122Rh, 123, 124Pd, and 125Ag in 4.5 days at the
end of November 2018. These nuclei were successfully extracted from R3 with the efficiency of 1–2%. The masses of 74, 76Ni, 122Rh,
and 124Pd can be determined experimentally for the first time. On the other hand, the masses of 123Pd and 125Ag will be improved the
precision compared with previous experimental values. These analyses are still in progress. Since each proposal has a machine time
of several days to measure the masses of exotic nuclei, we will plan to conduct the mass measurements of the other Ni isotopes and
nuclei of Sn region in 2019.
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Research Facility Development Division
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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 remodeled the SCRIT electrodes. The vacuum pump
system at the SCRIT device has been 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 2018, we have been developing several instruments. 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 help us to realize experiments for unstable nuclei.
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Research Facility Development 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 spec-
trometer, 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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Research Facility Development Division
Research Instruments Group
BigRIPS Team

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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1. Abstract
In collaboration with research groups in and outside RIKEN, the team designs, develops and constructs the SAMURAI spectrom-

eter 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 individ-
ual 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 SAMU-

RAI 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.
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1. Abstract
This team is in charge of development, management and operation of the computing and network environment, mail and informa-

tion 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 infor-

mation 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. 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 are operating
several information servers such as Web servers, Integrated Digital Conference (INDICO) server, Wiki servers, Groupware servers,
Wowza streaming servers. 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.

(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 crate-parallel readout from front-end systems such as CAMAC and VME, the dead time could be minimized. 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 bits, respectively. This time stamping system is very useful for beta decay experiments such as EURICA, BRIKEN and VANDLE
projects. One of the important tasks 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 from their DAQ systems
are transferred to RIBFDAQ and merged online. 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 apply individual
trigger for each detector system. In this case, data are merged in offline. In addition, we are developing intelligent circuits based on
FPGA. 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. To improve the data readout speed of VME system, we are developing FPGA-based small VME controller named
as Mountable-Controller (MOCO). This controller can be attached to each ADC/TDC VME module. Usually, in the VME system,
one master controller readout data from all modules in the VME shelf. On the other hand, data readout is carried out in parallel by
multiple MOCO boards even ADC/TDC modules are in the same VME shelf. To establish robust MOCO-based VME system, we
have developed MOCO with Parallelized VME (MPV) system which is a kind of the parallel readout extension of the VME bus. This
MPV system merges data from multiple MOCOs and send it to the DAQ server.

(4) Development, management and operation of the network environment
We have been managing the network environment collaborating with Information Systems Division in RIKEN. All the Ethernet

ports of the information wall sockets are capable of the Gigabit Ethernet connection (10/100/1000 BT). In addition, a 10 Gbps network
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port has been introduced to the RIBF Experimental area in for the high-speed data transfer of RIBF experiment to HOKUSAI.
Approximately 70 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 Information Systems Division in RIKEN.
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Research Facility Development Division
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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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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 Applica-
tions 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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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 135 A MeV C, N, Ne ions, 95 A MeV Ar ions, 90 A MeV Fe

ions and from the IRC using 160 A 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 2018, it consisted of 180 groups from

Japan and 17 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
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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 23 mutant lines that have an average length of over 350 µm (a maximum length reached
404 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.

Members
Team Leader

Tomoko ABE (concurrent: Group Director, Accelerator Appli-
cations Research Gr.)

Research/Technical Scientists
Kazuhide TSUNEIZUMI (Senior Research Scientist)
Masako IZUMI (Senior Research Scientist)
Teruyo TSUKADA (Senior Research Scientist)
Katsunori ICHINOSE (Senior Technical Scientist)

Tokihiro IKEDA (concurrent)
Hiroshi ABE (Senior Technical Scientist)
Ryouhei MORITA (Technical Scientist)

Contract Researchers
Hiroyuki ICHIDA
Kotaro ISHII

Yusuke KAZAMA

Technical Staff I
Yoriko HAYASHI Yuki SHIRAKAWA

Technical Staff II
Sumie OHBU
Taeko WAKANA

Mieko YAMADA

Research Consultants
Masahiro MII

Part-time Workers
Hideo TOKAIRIN Sachiko KOGURE

Visiting Scientists
Makoto FUJIWARA (Univ. of Tokyo)
Masao WATANABE (Tohoku Univ.)
Hisashi TSUJIMOTO (Tottori Univ.)
Yutaka MIYAZAWA (Tohoku Univ.)
Toshinari GODO (Flower & Garden Bank)
Masanori TOMITA (CRIEPI)
Toshikazu MORISHITA (Nat’l. Inst. Agric. Res.)
Koji MURAI (Fukui Pref. Univ.)
Hinako TAKEHISA (Nat’l. Inst. Agric. Sci.)
Akiko HOKURA (Tokyo Denki Univ.)
Norihiro OHTSUBO (Kyoto Pref. Univ.)

Eitaro FUKATSU (Forestry and Forest Products Res. Inst.)
Tomonari HIRANO (Univ. of Miyazaki)
Yoichi SATO (Riken Food Co., Ltd.)
Ali FERJANI (Tokyo Gakugei Univ.)
Katsutomo SASAKI (Nat’l Agric. and Food Res. Org.)
Kunio SUZUKI (Technoflora, Co., Ltd.)
Kazumitsu MIYOSHI (Chiba. Univ.)
Tadashi SATO (Tohoku Univ.)
Takeshi YAMAKI (Riken Vitamin Co., Ltd.)
Ayumi DEGUCHI (Chiba Univ.)
Kyosuke NIWA (Tokyo Univ. of Marine Sci. & Tech.)

Visiting Technicians
Takuji YOSHIDA (Takii Seed Co., Ltd.)
Daisuke SAITO (Riken Food Co., Ltd.)

Keiji IKEDA (KK SeaAct)
Yukiko KAWANISHI (Nippon Beet Sugar Mfg. Co., Ltd.)

Research Fellow
Hironari UCHIDA (Saitama Pref. Res. Inst.)

Student Trainees
Kazuki TAKANASHI (Tokyo Denki Univ.)
Yoshihiro TAKAHASHI (Kitazato Univ.)
Takuya NISHINOBO (Tokyo Denki Univ.)
Koichi NAMBU (Tokyo Denki Univ.)

Naoko HIROSE (Tokyo Denki Univ.)
Koya INOUE (Tokyo Denki Univ.)
Naoki OZEKI (Aichi Pref. Agric. Col.)



Ⅵ. RNC ACTIVITIES

- 343 -

RIKEN Accel. Prog. Rep. 52 (2019)

List of Publications & Presentations
Publications

[Journal]
(Original Papers) *Subject to Peer Review
S. Niwa, Y. Kazama, T. Abe, T. Ban, “Tracking haplotype for QTLs associated with Fusarium head blight resistance in Japanese wheat

(Triticum aestivum L.) lineage,” Agriculture & Food Security 7, Article4 (2018). *
A. Nishiura, S. Kitagawa, M. Matsumura, Y. Kazama, T. Abe, N. Mizuno, S. Nasuda, K. Murai, “An early-flowering einkorn wheat mutant

with deletions of PHYTOCLOCK 1/LUX ARRHYTHMO and VERNALIZATION 2 exhibits a high level of VERNALIZATION 1
expression induced by vernalization,” J. Plant Physiol. 222, 28–38 (2018). *

H. Yamatani, K. Kohzuma, M. Nakano, T. Takami, Y. Kato, Y. Hayashi, Y. Monden, Y. Okumoto, T. Abe, T. Kumamaru, A. Tanaka,
W. Sakamoto, M. Kusaba, “Impairment of Lhca4, a subunit of LHCI, causes high accumulation of chlorophyll and the stay-green
phenotype in rice,” J. Exp. Bot. 69, 5, 1027–1035 (2018). *

M. T. Fujiwara, M. Yasuzawa, K. H. Kojo, Y. Niwa, T. Abe, S. Yoshida, T. Nakano, R. D. Itoh, “The Arabidopsis arc5 and arc6 mutations
differentially affect plastid morphology in pavement and guard cells in the leaf epidermis,” PLOS ONE 13, 2, e0192380 (2018). *

Y. Koide, A. Ogino, T. Yoshikawa, Y. Kitashima, N. Saito, Y. Kanaoka, K. Onishi, Y. Yoshitake, T. Tsukiyama, H. Saito, M. Teraishi,Y. Ya-
magata, A. Uemura, H. Takagi, Y. Hayashi, T. Abe, Y. Fukuta, Y. Okumoto, A. Kanazawa, “Lineage-specific gene acquisition or loss
is involved in interspecific hybrid sterility in rice,” Proc. Natl. Acad. Sci. 115, 9, E1955-E1962 (2018). *

Y. Kazama, T. Hirano, T. Abe, S. Matsunaga, “Chromosomal rearrangement: From induction by heavy-ion irradiation to in vivo engi-
neering by genome editing,” Cytologia 83, 2, 125–128 (2018). *

T. Takeshita, N. I. Ivanov, K. Oshima, K. Ishii, H. Kawamoto, S. Ota, T. Yamazaki, A. Hirata, Y. Kazama, T. Abe, M. Hattori, K. BiŠová,
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1. Abstract
The plant genome evolution research team studies the effect of heavy-ion induced chromosomal rearrangements on plant pheno-

types. Chromosome rearrangements including translocation, inversion, and deletion are thought to play an important role in evolution
and have a great potential to provide large phenotypic changes. However, this potential has not been fully investigated because of the
lack of an effective method to induce rearrangements. We recently found that chromosomal rearrangements are frequently induced
after heavy-ion irradiations with high valence numbers such as Fe ions or Ar ions. This frequency is 30 times higher than that of the
previous techniques and allows characterization of the effect of chromosomal rearrangements. By analyzing changes of gene expres-
sions and chromatin statuses in mutants having chromosomal rearrangements, we study the effect of the chromosome rearrangements
on plant phenotypes of the mutants. In addition, we investigate the developmental process of a plant sex chromosome, which is a
representative example of the naturally occurring chromosomal rearrangements involved in adaptation and evolution.

2. Major Research Subjects
(1) Study on the effect of chromosomal rearrangements on plant genomes and phenotypes
(2) Identification of the plant sex-determining genes and their evolutionary study

3. Summary of Research Activity
(1) Study on the effect of chromosomal rearrangements on plant genomes and phenotypes

In order to investigate the effect of chromosome rearrangements on plant phenotypes, we analysed the Arabidopsis mutant Ar55-
as1, which were originally induced by Ar-beam irradiation at a dose of 50 Gy with an LET of 290 keV/µm. This mutant has no
homozygous mutation in any genes but has chromosomal rearrangements in the genome. This mutant shows a clear morphological
mutant phenotype in which the petiole is shorter than wild-type plants. As a result of the investigation of the trait of each individual
and the presence or absence of chromosome rearrangements in the M3 generation of the mutant, we found that the inversion of
chromosome 2 is responsible for the phenotype. In addition, this inversion was found to be a dominant mutation. From this finding,
we showed that a chromosome rearrangement can dominantly affect the plant phenotype. We are currently investigating the effect of
this inversion on gene expression.

We also attempted to induce a chromosome rearrangement at a target position by using genome editing technology, because this
technique will be necessary when the functional analysis of chromosomal rearrangements will be performed in the future. There has
been no report in which a large chromosomal rearrangement was induced in A. thaliana by the genome editing. However, we expected
that if it is a proven chromosomal region where chromosome rearrangement has occurred by heavy-ion irradiation, it can be induced
even when using genome editing. As a result, 760-kb inversion or deletion was successfully induced by genome editing.

(2) Identification of the plant sex-determining genes and their evolutionary study
A dioecious plant, Silene latifolia, has heteromorphic sex chromosomes (X and Y). We previously identified sex changing mutants

of S. latifolia by heavy-ion mutagenesis. The sex-changing mutants include hermaphroditic mutants and asexual mutants. The formers
have both stamens and gynoecium, while the latter have no reproductive organs. By using the deletion status of these mutant lines, we
previously developed S. latifolia Y chromosome map, which identified the location of both GSF and SPF on the same chromosome
arm. By whole-genome analysis and RNA seq analysis, we are now narrowing down the GSF and SPF regions.
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1. Abstract
RI Application Research Group promotes industrial applications of radioisotopes (RI) and ion beams at RIKEN RI Beam Factory

(RIBF). Nuclear Chemistry Research Team develops production technologies of useful RIs for application studies in nuclear and
radiochemistry. The team also develops technologies of mass spectrometry for trace-element and isotope analyses and apply them
to the research fields such as cosmochemistry, environmental science, archaeology and so on. Industrial Application Research Team
promotes industrial applications of the accelerator facility and its related technologies.

2. Major Research Subjects
(1) Research and development of RI production technologies at RIBF
(2) RI application researches
(3) Development of trace element analyses using accelerator techniques and its application to geoscience and archaeological

research fields
(4) Development of chemical materials for ECR ion sources of the RIBF accelerators
(5) Development of technologies on industrial utilization and novel industrial applications of RIBF
(6) Support of industrial utilization of the heavy-ion beams at RIBF
(7) Support of some materials science experiments
(8) Fee-based distribution of RIs produced at RIBF

3. Summary of Research Activity
See the subsections of Nuclear Chemistry Research Team and Industrial Application Research Team.
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1. Abstract
The Nuclear Chemistry Research 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, 67Cu, 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 perform various isotopic
analyses on the elements such as S, Pd, and Pb using ICP-MS, TIMS, IRMS, and so on. We also develop chemical materials for ECR
ion sources of the heavy-ion accelerators at RIBF.

2. Major Research Subjects
(1) Research and development of RI production technologies at RIBF
(2) RI application researches
(3) Development of trace element analyses using accelerator techniques and its application to geoscience and archaeological

research fields
(4) Development of chemical materials for ECR ion sources of the heavy-ion accelerators at RIBF

3. Summary of Research Activity
(1) Research and development of RI production technologies at RIBF and RI application researches

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 de-
veloping 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, 67Cu, 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/nucleon 14N beam from the RIKEN Ring Cyclotron. These multitracers are also supplied to universities and institutes as
collaborative researches.

In 2018, we developed production technologies of radioisotopes such as 24Na, 42, 43K, 44mSc, 74As, 124Sb, 111Ag, 206Bi, and 211At
which were strongly demanded but lack supply sources in Japan. We also investigated the excitation functions for the natZn(d, x),
89Y(d, x), 93Nb(d, x), natPd(d, x), 159Tb(d, x), natEr(d, x), natNi(α, x), 169Tm(α, x), and natW(α, x) reactions to quantitatively produce
useful RIs. We used radiotracers of 206Bi and 211At for application studies in chemistry, 24Na, 42, 43K, 44mSc, 67Cu, and 211At in nuclear
medicine. We also produced 65Zn and 88Y for our scientific researches on a regular schedule and supplied the surpluses through Japan
Radioisotope Association to the general public. In 2018, we accepted 3 orders of 65Zn with a total activity of 9.7 MBq and 2 orders of
88Y with 2 MBq. We also distributed 44mSc (10 MBq × 1), 88Zr (1 MBq × 1 and 2 MBq × 3), 95Nb (2 MBq × 3), 121mTe (2 MBq × 2),
124Sb (2 MBq× 1), 175Hf (1 MBq× 1 and 2 MBq× 1), 179Ta (1 MBq× 2), and 211At (5 MBq× 3, 10 MBq× 2, 40 MBq× 1, 50 MBq×
1, 70 MBq × 1, 80 MBq × 5, and 100 MBq × 4) 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 inter-

esting 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 radiations 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 condition makes 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 have a gas-jet coupled target system and a safety system for a radioactive 248Cm target on the beam line of AVF.
In 2018, the distribution coefficients of 261Rf on the anion-exchange resin in the H2SO4 system were measured with the AutoMated
Batch-type solid-liquid Extraction apparatus for Repetitive experiments of transactinides (AMBER). The co-precipitation behavior
of 255No with Sm hydroxide was also investigated with the computer-controlled suction filtration apparatus for the preparation of
precipitated samples of heavy elements (CHIN). In 2018, we also produced radiotracers of 88Zr, 95Nb, 95mTc, 175Hf, 177, 179Ta, and
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183Re at AVF and conducted model experiments for aqueous chemistry studies on Rf, Db, and Bh.

(3) Development of trace element analyses using accelerator techniques and its application to geoscience and archaeological
research fields
We have been developing the ECR Ion Source Mass Spectrometer (ECRIS-MS) for trace element analyses. In 2018, we renovated

the detection system of ECRIS-MS and evaluated its sensitivity and mass resolution power. We equipped a laser-ablation system with
an ion source and a pre-concentration system to achieve high-resolution analyses for noble gases such as Kr and Xe.

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 Pb and S 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 2018, we improved the sensitivity in the S isotopic
analyses using “trapping and focusing” techniques and analyzed pigments of the Roman ruins. We improved the sampling method for
the pigments using a S-free adhesive tape. We applied this method to analyze the red-color substances on the artifacts from Kyoden
remains from Izumo to show that they were originated from Hokkaido. We also measured Pd isotopic ratios to investigate the 107Pd
transmutation.

(4) Development of chemical materials for ECR ion sources of the heavy-ion accelerators at RIBF
In 2018, 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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D. Shaughnessy, B. Schausten, P. Thörle-Pospiech, N. Trautmann, K. Tsukada, J. Uusitalo, A. Ward, M. Wegrzecki, N. Wiehl, V. Yaku-
sheva, “Online chemical adsorption studies of Hg, Tl, and Pb on SiO2 and Au surfaces in preparation for chemical investigations on
Cn, Nh, and Fl at TASCA,” Radiochim. Acta 106, 949–962 (2018). *
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1. Abstract
Industrial application research team handles non-academic activities at RIBF corresponding mainly to industries.

2. Major Research Subjects
(1) Support of industrial utilization of the RIBF accelerator beam.
(2) Development of technologies related to the industrial utilization and novel industrial applications.
(3) Fee-based distribution of radioisotopes produced at RIKEN AVF Cyclotron.
(4) Development of real-time wear diagnostics of industrial material using RI beams.

3. Summary of Research Activity
(1) Support of Industrial Utilization of 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 (IN-PAC). The proposals which have been approved by the IN-PAC 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 June 2018, the eighth IN-PAC met and approved one fee-based proposal from a new private company. In January 2019, IN-PAC
reviewed by e-mail one fee-based continuing proposal from a private company and approved it. In July 2018, a fee-based beamtime
was performed with a Kr-84 (70 MeV/nucleon) and an Ar-40 (95 MeV/nucleon) beam at the E5A beamline. In December 2018, a
fee-based beamtime was performed with a Kr-86 (66 MeV/nucleon) beam at the E3A beamline. The clients used the beam to simulate
single-event effects of space-use semiconductors by heavy-ion components of cosmic rays.

(2) Development of technologies related to the industrial utilization and novel industrial applications
We develop technologies to assess and improve the quality of the beam used for the semiconductor irradiations. Before each

beam time, we measure the properties of the beam; the dependence of the beam energy on the degrader thickness, the beam LET-
distribution at a certain depth of an irradiated sample calculated with the energy-loss code (SRIM), and the relation between the beam
flux and the reading of a transmission-type detectors. Since the beam is extracted to the atmosphere and passes through materials,
it can be contaminated with secondary nuclides produced by nuclear reactions in the materials. We study the beam impurity using
radiochemical measurements and compared the results with simulations by the PHITS code. In 2018, the results were reported at the
IEEE international conference and were shared with the clients.

(3) Fee-based distribution of radioisotopes produced at RIKEN AVF Cyclotron
We have been handling fee-based distribution of radioisotopes since 2007. The radionuclides are Zn-65 (T1/2 = 244 days), Cd-

109 (463 days), Y-88 (107 days) and Sr-85 (65 days) which are produced at the AVF cyclotron by the nuclear chemistry research
team. According to a material transfer agreement (MTA) drawn between Japan Radioisotope Association (JRIA) and RIKEN, JRIA
mediates the transaction of the RIs and distributes them to users. Details can be found on the online ordering system J-RAM home
page of JRIA.

In 2018, we started distribution of new RI Cu-67 (62 hours). We delivered one shipment of Cu-67 with an activity of 5 MBq, 3
shipments of Zn-65 with a total activity of 9 MBq and 3 shipments of Y-88 with an activity of 3 MBq. The final recipients of the RIs
are universities, research institutes and medical research centers.

(4) Development of real-time wear diagnostics of industrial material 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. Two pairs of detectors were employed to obtain 3D image data. We also performed single-photon emission
computer tomography (SPECT) mode measurement. GIRO can obtain SPECT-mode data together with PET-mode data. This method
can be used for real-time inspection of a closed system in a running machine. In 2018, we are developing a portable size GIRO system
in order to bring and demonstrate it for private companies.

Accelerator Applications Research Division
RI Application Research Group
Industrial Application Research Team
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Subnuclear System 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 contem-
porary 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 space-
time 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 mul-
tiple 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
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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 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 as-

trophysics: 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 sym-
metries 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 space-
time 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 space-
time 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.
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(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 theΩ-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.

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
4ρ0 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.
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(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 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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Subnuclear System Research Division
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) To investigate the effect of T = 3/2 three-body force, we have studied super heavy hydrogen system, 5H as a five-body

system. In this calculation, we employ several realistic forces and calculate resonant state. As a result, without T = 3/2
three-body force, we reproduce the experimental data.

(2) Motivated by observed data of pentaquark system by LHCb, we studied this system as a five-boy system within the framework
of non-relativistic constituent quark model. It was difficult to describe the experimental data. It would be indicated that the
observed state should be meson-baryon resonant state which we are not able to calculate with the present framework.

(3) We calculate 9
Λ

Be within the framework of ααΛ three-body model. We obtain many resonant states above 5
Λ

He + α thresh-
old. Furthermore, we categorized 8Be analog, genuine hypernuclear analog, and 9Be analog which are consistent with past
calculation by Motoba et al.
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Subnuclear System Research Division
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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) directed by S. Aronson 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 and are currently being prepared for
publication. 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. 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. In 2018, the world’s only forward and backward W boson single spin asymmetries have been published, thus
completing the publication of all W related measurements of PHENIX.

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 of
these results in 2018 has stimulated substantial theoretical discussions to understand these findings. 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. While the kinematic region does not reach into the range where the color-glass-condensate is expected,
this reduction in asymmetries has been met with interest by the theory community. The results have been submitted to publication for
positive hadrons and a more detailed publication is prepared including the negative hadrons.

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. An unexpectedly
large neutral pion asymmetry has been found using this data that may connect to the large pion asymmetries at smaller rapidities and
higher transverse momenta. The preliminary results are currently being prepared for publication. 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 2019 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 for most of the key measurements to be performed at the electron-ion collider. In 2018, transverse momentum
dependent cross sections of pions, kaons and protons were extracted as a function of fractional energy and event topology. These
measurements relate to essentially all transverse spin or momentum dependent measurements at RHIC, semi-inclusive DIS and the
EIC.
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(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 350 MeV, far above the expected transition temperature Tc ∼ 170 MeV,
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. PHENIX recorded approximately 10 times more data of Au + Au
collisions in the 2014 run than the 2011 run. 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.

The results of the 2011 run was published in Physical Review C (Phy. 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. The results of b→ e and c→ e
measurement in the 2015 p + p run has been published in Phys. Rev. D 99, 092003 (2019). The centrality dependence of the
suppression b→ e and c→ e from the 2014 Au+Au data will be published soon. Preliminary results of the flow of b→ e and c→ e
was presented in Quark Matter 2018 conference.

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 disks for data repository
(old node: quad-core CPU, 1 TB disk, new node: six-core CPU, 2 TB 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.

The data of 0.9 Pbyte obtained by 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). In addition, we
operate a dedicated server for the RHICf group and two servers for the J-PARC E16 group, to keep their dedicated compilation and
library environments, and some data.

(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 exper-

iment 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). To improve electron-identification performance, lead-glass calorimeters (LG) are used in combination
with HBD. We are in the production phase. The parts for six modules of GTR, four modules of HBD and six modules of LG are
delivered, and their assembly processes have started. Read-out electronics and trigger logic modules were also fabricated and delivered.
Development of firmware on the trigger logic modules is on-going. We have been a member of the CERN-RD51 collaboration to
acquire the read-out technology for GEM. The current MoU for RD51will be extended for the period of 2019–2023.

Due to the budgetary limitation, we aim to install a part of detectors at the beginning of the experiment, eight modules of
GTR/HBD/LG out of 26 modules in the full installation. J-PARC PAC gave us a stage-2 approval on July 2017, to the commis-
sioning run (Run 0), which will be performed when the beam line is completed. Although there is a significant delay from the
originally planned date of March 2016, the construction of the beam line by KEK will be completed in the first half of 2020 to perform
this experiment with the stage-2 approval. We are preparing the spectrometer toward the Run 0.

(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
which reuses the Babar solenoid magnet at SLAC and is covered by the hadronic calorimeter which was not available in the previous
RHIC experiments. 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 through the beam test executed at Fermilab in March 2018. The pre-production model including a full readout
chain will be completed after the examination in the 2nd round beam test at Fermilab in June 2019 followed by the final technical
review in Summer, 2019.

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 collisions at eRHIC. We are preparing test bench to perform R&D for the forward hadron calorimeter.
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Subnuclear System Research Division
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.
For example, kaon is the second lightest meson, which has strange quark as a constituent quark. It is expected that if one embeds

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. 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. Very lately, we succeeded to discover kaonic nuclear bound state, “K−pp,” at J-PARC. The yield dependence on momentum-
transfer shows that observed system is unexpectedly small. We extended our study on Λ (1405) that could be K−p bound state. By
these experiments, we are studying the KN interaction, and clarify the nature of kaon in nuclei. At Spring-8 and at GSI, we are
planning 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.
(1-1) Deeply bound kaonic nuclei

J-PARC E15 experiment had been performed to explore the simplest kaonic nuclear bound state, “K−pp.” Because of the strong
attraction between KN, the K in nuclei may attract surrounding nucleons, resulting in forming a deeply bound and extremely dense
object. Measurement of the kaon properties at such a high density medium will provide precious information on the origin of hadron
masses, if the standard scenario of the hadron-mass-generation mechanism, in which the hadron masses are depends on matter density
and energy, is correct. Namely, one may study the chiral symmetry breaking of the universe and its partial restoration in nuclear
medium.

The E15 experiment was planned 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.

With theΛpn final states obtained in the first stage experiment, we observed a kinematic anomaly in theΛp invariant mass near the
mass threshold of M(K−pp) (total mass of kaon and two protons) at the lower momentum transfer q region. We conducted a successive
experiment to examine the nature of the observed kinematical anomaly in the Λpn final state, and we confirmed the existence of the
bound state below the mass threshold of M(K−pp) at as deep as the binding energy of 50 MeV. The momentum transfer q naturally
prefers lower momentum for the bound state formation, but the observed event concentration extended as large as ∼650 MeV/c. The
simplest interpretation based on the PWIA calculation indicates that the observed object could be as small as ∼0.5 fm. This observation
means that a meson (qq) forms a quantum state where baryons (qqq) exist as nuclear medium, i.e., a highly excited novel form of
nucleus with a kaon, in which the mesonic degree-of-freedom still holds. This is totally new form of nuclear system, which never
been observed before.
(1-2) Precision X-ray measurement of kaonic atom

To study the KN interaction at zero energy from the atomic state level shift and width of kaon, we have performed an X-ray
spectroscopy of atomic 3d → 2p transition of negatively charged K-mesons captured by helium atoms. However, our first experiment
is insufficient in energy resolution to see the K−-nucleus potential. Aiming to provide a breakthrough from atomic level observation,
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we introduce a novel X-ray detector, namely superconducting transition-edge-sensor (TES) microcalorimeter offering unprecedented
high energy resolution, being more than one order of magnitude better than that achieved in the past experiments using conventional
semiconductor detectors. The experiment J-PARC E62 aims to determine 2p-level strong interaction shifts of kaonic 3He and 4He
atoms by measuring the atomic 3d → 2p transition X-rays using TES detector with 240 pixels having about 23 mm2 effective area
and the average energy resolution of 7 eV (FWHM) at 6 keV. We carried out the experiment at J-PARC in June 2018 and successfully
observed distinct X-ray peaks from both atoms. The data analysis is now ongoing.

Another important X-ray measurement of kaonic atom would be 2p→ 1s transition of kaonic deuteron (K−-d). We have measured
same transition of kaonic hydrogen (K−-p), but the width and shift from electro-magnetic (EM) value reflect only isospin average of
the KbarN interaction. We can resolve isospin dependence of the strong interaction by the measurements both for K−-p and K−-d. The
experiment J-PARC E57 aims at pioneering measurement of the X-rays from K−-d atoms. Prior to full (stage-2) approval of the E57
proposal, we performed a pilot run with hydrogen target in March 2019.
(1-3) Deeply bound pionic atoms and η’ mesonic nuclei

We have been working on precision spectroscopy of pionic atoms systematically, which leads to understanding of the non-trivial
structure of the vacuum and the origin of hadron masses. The precision data set stringent constraints on the chiral condensate at
nuclear medium. We are presently preparing for the precision systematic measurements at RIBF. A pilot experiment performed in
2010 showed a unprecedented results of pionic atom formation spectra with finite reaction angles. The measurement of pionic 121Sn
performed in 2014 showed a very good performance of the system. We have been analyzing the data to achieve information on the
pion-nucleus interaction based on the pionic atom spectroscopy.

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). From the measurement, we can access information about gluon dynamics in the vacuum via the binding energy
and decay width of η′-nuclear bound state.

(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).
(2-1) Condensed matter/materials studies with µSR

To improve our two µSR spectrometers, ARGUS (Port-2) and CHRNUS (Port-4), we adjusted the threshold level of the muon-
detector system for the zero-field condition. At this condition, we optimized the efficiency of the detector system and the counting rate
was improved nearly 50% without any deformation of the time spectrum.

Among our scientific activities on µSR studies from year 2016 to 2019, following studies are most important subjects of material
sciences at the RIKEN-RAL muon facility:

(1) Novel superconducting state having the steeper nodal gaps in the quasi two-dimensional organic superconductor λ-
[BETS]2GaCl4

(2) Tiny magnetic moments and spin structures of Ir4+ in hole-doped pyrochlore iridates Y1.95−yCu0.05CayIr2O7 and
Eu2−xCaxIr2O7

(3) Magnetism and spin structure in superoxide CsO2, RbO2 and NaO2
(4) Magnetic properties of the nano-cluster gold in the border of macro- and micro-scale
(5) Novel magnetic properties of nano-size La-based high-Tc superconducting cuprates
(6) Effects of the spatial distributions of magnetic moments and muon positions estimated from density functional theory (DFT)

and dipole-field calculations
(2-2) 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-cold muon”), then the capability of µSR
studies will be drastically improved. The ultra-cold muon beam can stop in a thin foil, multi-layered materials and artificial lattices, so
one can apply the µSR techniques to surface and interface science. The development of ultra-cold muon beam is also very important
as the source of pencil-like small emittance muon beam for muon g − 2 measurement.

We had been working on the R&D of the “ultra-cold muon” generation based on the following technique, namely, positive muon
beam with thermal energy has been produced by laser ionization of muoniums in vacuum (bound system of µ+ and electron) emitted
from the hot tungsten surface by stopping “surface muon beam” at Port-3. However, the muon yield and obtained emittance was far
from satisfactory, and remained to be far from any kind of realistic application.

Therefore, in this mid-term, we are developing two key components, high efficiency muonium generator at room temperature
and high intensity ionization laser. The study of muonium generator has been done in collaboration with TRIUMF. 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. Further study was done in 2017 with more than 20 aerogel target having different surface conditions. We are analyzing the
data to identify which condition most contributed to increasing the muonium emission efficiency. We also developed a high power
Lyman-α laser in collaboration with laser group at RIKEN. In this laser development, we succeeded to synthesize novel laser crystal
Nd:YGAG, which has an ideal wavelength property for laser amplification to generate Lyman-α by four-wave mixing in Kr gas cell.
We already achieved 10 times increase of Lyman-α generation than before. While we plan to increase the intensity by one more order,
we are suffering from optical inhomogeneity in making a larger size crystal so far. We are developing several schemes to solve this
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problem.
Concerning the muonic atom, we are planning a new precise measurement of proton radius. A large discrepancy was found re-

cently 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 com-
bined) 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. As a key parameter for designing the experiment, we need the
quench rate of the muonic proton polarization due to collision with surrounding protons, for which only theoretical estimations are
available. We successfully measured the quench rate of muonic deuterium polarization in deuterium gas, which confirmed the long
lifetime consistent with the calculation. Measurement for muonic proton is planned in FY2019.
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Subnuclear 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. D. Kharzeev (Stony Brook/BNL) is leader of the Theory Group. Y. Akiba (RIKEN) is
Experimental Group leader. 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)

Administrative Staff
Kazushige FUKUSHIMA (Administration Manager, Nishina

Center and iTHEMS Promotion Office)
Pamela ESPOSITO (Administrative Assistant)

Maureen MCNEIL-SHEA (Administrative Assistant)
Hiroshi ITO (Deputy Administration Manager, Nishina Center

and iTHEMS Promotion Office)
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Subnuclear 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 A. Kovner, and others) investigated the role of entanglement in 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 Isobar run at RHIC (made possible due to the RIKEN scientists working on Zr source) completed in 2018 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-
Hydrodynamics (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 has joined 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, and with another student E. Philip have established the existence of the
chiral magnetic photocurrent.

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

Dmitri KHARZEEV

Special Postdoctoral Researchers
Yuya TANIZAKI Hiromichi NISHIMURA

RBRC Researchers
Yuta KIKUCHI (Postdoctoral Researcher)
Jordy DE VRIES (RHIC Physics Fellow)

Chun SHEN (RHIC Physics Fellow)
Vladimir SKOKOV (RHIC Physics Fellow)
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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 in 2016. The final results of W → µ
was published in 2018.

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. From 2015, Y. Akiba (Experimental Group Leader) is the Spokesperson 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 in 2016. The paper on the final results of W → µ was published in 2018. These high statistics results give
strong constraints on the polarization of anti-quarks in the proton.

RHIC has the first polarized proton nucleus collision run in 2015. In this run, we discovered a surprisingly large nuclear depen-
dence of single spin asymmetry of very forward neutron. The paper of this discovery was published in Physical Review Letters.
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(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

Fig. 1. Single spin asymmetry AL of electrons from W and Z decays.
The AL is sensitive to the polarization of anti-quarks in the pro-
ton. The curves and the shaded region show theoretical calcula-
tions based on various polarized parton distribution (PDF) sets. The
mid-rapidity points were published in Phys. Rev. D 93, 051103(R)
(2016). The forward/backward points were published in Phys. Rev.
D 98, 032007 (2018).

Fig. 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).

Fig. 3. Left: Cover of Nature Physics March 2019 issue featuring the PEHNIX article reporting strong evidence of small QGP droplent formation. Right: Data
of elliptic and triangular flow measured in p + Au, d + Au and 3He + Au collisions.
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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 2700 citations to date.
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.

Our most important result is the measurement of direct photons for 1 < pT < 5 GeV/c in p+ p and Au + Au through their internal
conversion to e+e− pairs. If the dense partonic matter formed at RHIC is thermalized, it should emit thermal photons. Observation of
thermal photon is direct evidence of early thermalization, and we can determine the initial temperature of the matter. It is predicted
that thermal photons from QGP phase is the dominant source of direct photons for 1 < pT < 3 GeV/c at the RHIC energy. We
measured the direct photon in this pT region from measurements of quasi-real virtual photons that decays into low-mass e+e− pairs.
Strong enhancement 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.

PHENIX experiment measured the flow in small collision systems (p + Au, d+Au, and 3He + Au), and observed strong flow in all
of these systems. Theoretical models that assume formation of small QGP droplets best describe the data. These results are published
in Nature Physics in 2019.

Fig. 4. Preliminary results of the elliptic flow strength v2 of single electrons from charm and bottom decays.

Fig. 5. 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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(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.

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.
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Subnuclear 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 Labo-

ratory 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 pre-
cisely 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 re-
searches 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 mag-
netic 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 con-
tinues 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 2019 summer, their calculation is among 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 at physical point. These (g − 2)µ calculations provide the first principle theoretical prediction for on-going new
experiment at FNAL and also for the planned experiment at J-PARC. Other projects including flavor physics in the framework of the
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Fig. 1. Muon g − 2 Hadronic Light-by-Ligh contribution. HLbL diagram (left). New sampling method (red) reduce the statistical noise from the previous
method (black) by more than a factor of 10 at the same cost.

Fig. 2. Physical-point extrapolation for gA (left), Summary of LQCD calculations (right) from Nature 558, 91–94 (2018).

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; Neutron-antineutron oscillations; inclusive
hadronic decay of τ leptons; nonperturbative studies for beyond standard model such composite Higgs or dark matter models from
strong strongly interacting gauge theories; a few-body nuclear physics and their electromagnetic properties; QCD thermodynamics
in finite temperature/density systems such as those produced in heavy-ion collisions at the Relativistic Heavy Ion Collider; Quantum
Information, Quantum Computing; and applications of machine learning in field theories.

The lifetime of the neutron is determined by its axial charge, gA, which also governs pion exchange between nucleons. Member
of RBRC (Rinaldi) and collaborators (including C. C. Chang of iTHEMS) carried out 1%-level accurate LQCD calculation of gA for
the first time by employing several innovative methods (such as unconventional extraction of the QCD matrix element using Feynman-
Hellmann theorem, different sea- and valence quark actions, or the computational use of Graphic Processor Units). The paper was
published in the Nature journal, was covered by many press releases, and also led to the Gordon Bell Prize finalist.

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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Oral Presentations
[International Conference etc.]

T. Izubuchi (invited), “Hadronic contributions to muon g− 2,” Frontiers in Lattice QCD and related topics, Kyoto Univ. Yukawa Institute,
April 15–26, 2019.

T. Izubuchi, “Lattice QCD studies of muon g− 2 and tau decay,” 6th KEK Flavor Factory Workshop (KEK-FF 2019), KEK, February 16,
2019.

T. Izubuchi, “Precise calculation of muon g − 2 based on lattice QCD,” Massively parallel programming from Quantum Chemistry and
Physics 2019, Kobe, RIKEN AICS, January 16, 2019.

T. Izubuchi (invited seminar), “|Vus| from τ,” Columbia University, January 28, 2019.
T. Izubuchi, “|Vus| from taus (LQCD),” invited talk, 10th International Workshop on the CKM Unitarity Triangle CKM2018, September

17–21, 2018.
T. Izubuchi (invited seminar), “Hadronic contributions to muon g− 2 —LQCD confronting the most precise experiments—,” Department

of Theoretical Physics (DTP), Tata Institute of Fundamental Research (TIFR), Mumbai, India, April 26, 2018.
T. Izubuchi, “Nuclear form factor calculation using DWQCD,” 36th International Symposium on Lattice Field Theory (Lattice 2018), at

Lansing, MI, July 23–28, 2018.
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S. Meinel (invited), “B→ K∗ℓℓ from lattice QCD,” 6th KEK Flavor Factory Workshop, Tsukuba, Japan, February 15, 2019.
S. Meinel (Invited parallel talk), “Exclusive semileptonic b baryon decays from lattice QCD,” 10th International Workshop on the CKM

Unitarity Triangle (CKM 2018), University of Heidelberg, Germany, September 18, 2018.
S. Meinel (Invited), “Form factors for b hadron decays from lattice QCD,” Frontiers in Lattice Quantum Field Theory, IFT, Madrid, Spain,

May 28, 2018.
S. Meinel, “Flavor physics with charm and bottom baryons, Invited seminar,” Cosmology Seminar, Arizona State University, Tempe, AZ,

May 2, 2018.
S. Meinel (invited), “Opportunities for lattice QCD in quark and lepton flavor physics,” USQCD All Hands Meeting, Fermilab, Batavia,

IL, April 20, 2018.
S. Meinel (invited), “Λb → Λ(∗)

c form factors from lattice QCD,” Challenges in Semileptonic B Decays, MITP, Mainz, Germany, April 9,
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S. Syritsyn, “Nucleon electric dipole moments from Lattice QCD,” Theory Seminar, University of Maryland, October 11, 2018.
S. Syritsyn (invited), “Progress on the nucleon EDM in lattice QCD,” XIIIth Quark Confinement and Hadron Spectrum, Maynooth
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E. Neil, “Light composite scalar from Nf = 8 lattice gauge theory,” Continuum and Lattice Approaches to the Infrared Behavior of
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E. Rinaldi (invited), “First-principles lattice QCD calculations of the neutron beta decay: challenges and prospects,” Particle Physics with

Neutrons at ESS, Nordita University, Stockholm, Sweden, December 2018.
E. Rinaldi (invited), “Lattice calculations for neutron-antineutron oscillations,” Particle Physics with Neutrons at ESS, Nordita University,

Stockholm, Sweden, December 2018.
E. Rinaldi (invited seminar), “Illuminating dark matter with supercomputers,” York University, Toronto, Canada, November 2018.
E. Rinaldi (invited), “First-principles QCD calculation of the neutron lifetime,” Beta Decay as a Probe of New Physics, the Amherst

Center for Fundamental Interactions, University of Massachusetts, Amherst, MA, November 2018.
E. Rinaldi (invited seminar), “New results on strongly-coupled theories near the conformal window,” University of Rome 3, Rome, Italy,

October 2018.
E. Rinaldi (invited seminar), “Beyond the Standard Model physics with lattice simulations,” University of Milan Bicocca, Milan, Italy,

October 2018.
E. Rinaldi (invited), “Lattice composite dark matter,” Interdisciplinary approach to QCD-like composite dark matter, ECT*, Trento, Italy,

October 2018.
E. Rinaldi, “Ungauging the gauge/gravity duality,” Quantum Gravity meets Lattice QFT, ECT*, Trento, Italy, September 2018.
E. Rinaldi, “Neutron-antineutron oscillations,” Lattice 2018, Michigan State University, USA, July 2018.
E. Rinaldi, “First-principles lattice QCD calculation of the neutron lifetime,” ICHEP2018, Seoul, South Korea, July 2018.
E. Rinaldi (invited seminar), “New results on strongly-coupled theories near the conformal window,” Tsukuba University, Tsukuba, Japan,

June, 2018.
E. Rinaldi, “Composite Dark Matter,” CIPANP18, Palm Springs, CA, USA, June, 2018.
E. Rinaldi (invited seminar), “How to test the gauge/gravity duality with lattice simulations,” New York University, New York, NY, USA,

May 2018.
E. Rinaldi (invited), “High-precision tests of the gauge/gravity duality and future applications,” Lattice for Beyond the Standard Model

Physics (LBSM18), University of Colorado, Boulder, CO, USA, April 2018.
T. Akio, “Towards reduction of autocorrelation in HMC by machine learning,” Bielefeld university, October 2018.
T. Akio, “Detection of phase transition via convolutional neural networks,” Regenceburg university, October 2018.
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T. Akio, “Chiral phase transition of three flavor QCD with nonzero magnetic field using standard HISQ,” Eötvös Loránd University,
October 2018.

T. Akio, “Chiral phase transition of three flavor QCD with nonzero magnetic field using standard HISQ,” Oskaka University, November
2018.

T. Akio, “Chiral phase transition of three flavor QCD with nonzero magnetic field using standard HISQ,” Tsukuba University, November
2018.

[Domestic Conference]
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, “Topology and axial U(1) symmetry at hight temperature in Nf = 2 QCD,” , AICS, , 2018 1 15 .
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Subnuclear System Research Division
RIKEN Facility Office at RAL

1. Abstract
Our core activities are based on the RIKEN-RAL Muon Facility located at the ISIS Neutron & Muon Source at the Rutherford

Appleton Laboratory (UK), which provides intense pulsed-muon beams. The RIKEN-RAL Muon Facility is a significant and long-
standing collaboration between RIKEN and RAL in muon science.

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 the characteristics of materials by observing time dependent changes of muon spin polar-
ization 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 into magnetism. For example, we have carried
out µSR investigations on a wide range of materials including frustrated pyrochlore systems, which have variety of exotic ground
states of magnetic spins, so the magnetism study of this system using muon is quite unique.

The ultra-cold 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-cold muon beam is also very important as a source of
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 have demonstrated a strong increase in the muonium emission efficiency by fabricating fine laser drill-holes
on the surface of silica aerogel. We are also developing a high power Lyman-alpha laser in collaboration with the Advanced Photonics
group at RIKEN. The new laser will ionize muoniums 100 times more efficiently for slow muon beam generation.

Over the past 2–3 years, a significant development activity in muon elemental analysis has taken place, proton radius experiments
have continued and been developed, and chip irradiation experiments have also continued.

2. Major Research Subjects
(1) Materials science by muon-spin-relaxation method and muon site calculation
(2) Development of elemental analysis using pulsed negative muons
(3) Nuclear and particle physics studies via muonic atoms and ultra-cold muon beam
(4) Other muon applications

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 at 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 method (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 researches on strong correlated-electron systems, organic molecules, energy related materials and biological samples to study
electron structures, superconductivity, magnetism, molecular structures and crystal structures.

Among our scientific activities on µSR studies from year 2016 to 2019, following subjects of material sciences are most important
achievements at the RIKEN-RAL muon facility:

(1) Novel superconducting state having the steeper nodal gaps in the quasi two-dimensional organic superconductor λ-
[BETS]2GaCl4

(2) Tiny magnetic moments and spin structures of Ir4+ in hole-doped pyrochlore iridates Y1.95−yCu0.05CayIr2O7 and
Eu2−xCaxIr2O7

(3) Magnetism and spin structure in superoxide CsO2, RbO2 and NaO2
(4) Magnetic properties of the nano-cluster gold in the border of macro- and micro-scale
(5) Novel magnetic properties of nano-size La-based high-Tc superconducting cuprates
(6) Effects of the spatial distributions of magnetic moments and muon positions estimated from density functional theory (DFT)

and dipole-field calculations
(7) Measurement of Li and Na ion diffusion in battery materials
(8) Muon as a probe of hydrogen behavior in functional and energy materials
(9) Negative muon SR application to internal field measurement
Result-(1) We developed a novel method to determine the superconducting gap structure in conjunction with the density functional

theory calculations. It was concluded that the two-dimensional organic superconductor λ-[BETS]2GaCl4 has a steeper superconducting
gap and clear line nodes showing both the s-wave and d-wave characters. Result-(2) Doped hole effects on the magnetic properties of
corner-shared magnetic moments on pyrochlore systems gave us new interpretations to understand exotic phenomena, like the quantum
criticality of magnetic moments and a quasi-magnetic monopole state. Result-(3) In CsO2, we confirmed a novel coexisting state of
the so-called spin-liquid state and a magnetically ordered state of magnetic moment which are on the π-orbital of oxygen atoms.
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We also observed the spin-gap state in NaO2. Those findings open a new scheme of quantum magnetic properties of π electrons on
light elements. Result-(4) and (5) The nano-size effect show a new scheme of electronic properties of metallic element. The gold
is the most typical example to have a possibility to possess magnetic properties due to the nano-size effect. We confirmed that the
nano-gold cluster can have free electronic moment on one nano-cluster. The same nano-size effect was tested on the La-based high-Tc
superconducting oxide. The severe restriction on the magnetic interaction is expected to provide novel effects on the magnetic and
superconducting properties of the high-Tc superconducting oxide. We confirmed the reduction in the magnetic interaction and the
disappearance of the superconducting state .by decreasing the size of the particle size. Result-(6) Well known and deeply investigated
La2CuO4 has opened a new scheme of the Cu spin. Taking into account quantum effects to expand the Cu-spin orbital and muon
positions, we have succeeded to explain newly found muon sites and hyperfine fields at those sites. Result-(7) Movement of ions
is an essential requirement for an efficient battery. The µSR has been actively used to measure the ion hopping rate in microscopic
level in Li- and Na-ion batteries. We also started a study of macroscopic Li movement from its depth dependent concentration using
negative muons. Result-(8) Muon shows similar behavior as hydrogen in materials and its behavior can be measured even at very low
concentration. Thus µSR was applied to understand energy and functional materials such as graphene, TiO2 catalyst and hydrogen
storage materials. Result-(9) Recently a clear Kubo-Toyabe-type relaxation was observed for negative muons captured by Mg. This
will open the door to studying the dynamic behavior of light elements in solids with µ−SR from a fixed viewpoint of the nucleus.

We have been developing muon activities in Asian countries. We enhanced international collaborations to organize new µSR
experimental groups and to develop muon-site calculation groups using computational method. We renewed MOU with Universiti
Sains Malaysia (USM) in order to develop activities on the muon-site calculation. We are also continuing collaborations in µSR
experiments on strongly correlated systems with researchers from Taiwan and Korea including graduate students. We are starting
to collaborate with the new Chinese muon group who are developing the Chinese Muon Facility and trying to develop more muon
activities in the Asian area.

(2) Development of elemental analysis using pulsed negative muons
There has been significant development of elemental analysis using negative muons on Port 4 and Port 1 over the past couple

of years. Currently, elemental analysis commonly uses X-ray and electron beams, which accurately measure surfaces. However a
significant advantage of muonic X-rays over those of electronic X-rays is their higher energy due to the mass of the muon. These high
energy muonic X-rays are emitted from the bulk of the samples without significant photon self-absorption. The penetration depth of
the muons can be varied by controlling the muon momentum, providing data from a thin slice of sample at a given depth. This can be
over a centimetre in iron, silver and gold or over 4 cm in less dense materials such as carbon.

Some techniques for elemental analysis are destructive or require the material under investigation to undergo significant treatment
and some of the techniques are only sensitive to the surface. Therefore, negative muons offer a unique service in which they can
measure inside, beyond the surface layer and completely non-destructively.

The areas of science that have used negative muons for elemental analysis have been very diverse. The largest area is the cultural
heritage community as the non-destructive ability is particularly important and will become more so. This community have investi-
gated swords from different eras, coins (Roman gold and silver, Islamic silver and from the Tudor Warship Mary Rose), Bronze Age
tools and cannon balls. In addition, energy materials (Li composition for hydrogen storage), bio-materials (search for iron to poten-
tially help understand Alzheimer’s), engineering alloys (manufacturing processes for new materials for jet engines), and functional
materials (surface effects in piezo electrics) have also been investigated.

(3) Ultra-cold (low energy) Muon Beam Generation and Applications
Positive muon beam with thermal energy has been produced by laser ionization of muonium (bound system of µ+ and electron)

emitted from a 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-cold 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-cold muon beam will open a new area of these research fields. In addition, the
development of ultra-cold 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-cold muon generation: production of thermal muonium, high intensity Lyman-alpha laser and
the ultra-cold muon beam line.

A high-power Lyman-alpha laser was developed in collaboration with the Advanced Photonics group at RIKEN. The new laser
system is used at J-PARC U-line and, upon completion, will ionize muoniums 100 times more efficiently for slow muon beam
generation. In this development, we succeeded to synthesize novel ceramic-based Nd:YGAG crystal, which realized a highly efficient
and stable laser system. However, larger size crystal than presently available is needed for full design power, and we are working hard
to improve the crystal.

We also succeeded in developing an efficient muonium generator, laser ablated silica aerogel, which emits more muoniums
into vacuum even at room temperature. In 2013 at TRIUMF, by utilizing positron tracking method of muon decay position, we
demonstrated at least 10 times increase of the muonium emission efficiency by fabricating fine laser drill-holes on the surface of
silica aerogel. Further study was carried out in 2017 to find the optimum fabrication that will maximize the muonium emission. An
alternative detection method using muonium spin rotation, which will be sensitive even to muoniums near the surface, was tested at
RIKEN-RAL in 2018 and was found successful.
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In RIKEN-RAL Port 3, the ultra-cold muon beam line, which had been designed with hot tungsten, was completely rebuilt to
use advantage of the new room temperature silica aerogel target. The equipment was tested with surface muon beam and basic data
such as muon stopping in aerogel were taken. We are waiting the laser crystal development in order to proceed to ultra-cold muon
generation. A similar target design will be adopted in the ultimate cold muon source planned for muon g − 2/EDM at J-PARC.

(4) Other Fundamental Physics Studies
A measurement of the proton radius using muonic hydrogen at PSI revealed that the proton charge radius is surprisingly smaller

than the radius 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, the PSI experiment utilized muonic hydrogen atom, and measured
two different allowed transitions from one of the 2S levels to one of the 2P levels. The muonic atom 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 if there exists no exotic physics or unidentified phenomenon behind. The cause of the discrepancy is not understood
yet, thus a new measurement with independent method is much anticipated.

We proposed the measurement of the proton radius by using the hyperfine splitting of the muonic hydrogen ground state. This
hyperfine splitting is sensitive to the Zemach radius, which is a convolution of charge and magnetic-dipole distributions inside proton.
We are planning to re-polarize the muonic hydrogen by a circularly polarized excitation laser (excites one of the F = 1 states and
regenerates the muon spin polarization), and detect the recovery of the muon decay-asymmetry along the laser.

At RIKEN, we are developing dedicated laser system (mid-infrared high-power pulse laser system at around 6 µm). We have
tested the efficiency of our wavelength conversion scheme. We are going to test band-width narrowing using a seed laser of (Quantum
Cascade Laser) and the laser reflection cavity. Preparation using muon beam is also in progress. We measured the muon stopping
distribution in low-density hydrogen-gas cell, which gave us consistent results with beam simulation. The study of the beam originated
background level gives us reasonably small level, in which we can conduct a precision measurement. Another key is the lifetime of
the polarized triplet muonic hydrogen state. We successfully observed the muon spin precession of muonic deuterium atom in 2018
for the first time in the world, from which we can set limit on the lifetime. The measurement with muonic protium is planned in 2019.

(5) Other topics
RIKEN and ISIS have signed a new collaboration agreement for the period 2018–2023. This is the fourth in a continuous series of

agreements, the first being signed in 1990, resulting in a partnership which will have lasted over 30 years. Under the new agreement,
ownership and operation of the facility pass to ISIS, a refurbishment programme of the facility will be undertaken, a user programme
for Japanese scientists will continue, and the partnership between RIKEN and ISIS will be continued. The RIKEN-RAL collaboration
is regularly highlighted as a good example of UK-Japanese science partnership at the UK-Japan Joint Committee on Science and
Technology (chaired by the UK Chief Scientific Advisor to Government and a counterpart from Japan) — for example, Dr. King
and Dr. Watanabe presented RIKEN-RAL at the November 2016 meeting of the Committee. The RIKEN-RAL collaboration has
also enabled the development of collaborative activity between RIKEN and other Asian universities, e.g. through several MoUs with
Indonesian and Malaysian universities.
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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 entrance and exit management system for which is the part of the radiation control system developed for the RILAC upgrade
was installed and started to operate. Interlock system will be 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.
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User Liaison Group

1. Abstract
The essential mission of the User Liaison Group is to maximize the research activities of RIBF by attracting users in various fields

with a wide scope. The Group consists of two teams. The RIBF User Liaison Team provides various supports to visiting RIBF users
through the RIBF Users Office. Managing RIBF beam time and organizing the Program Advisory Committee Meetings to review
RIBF experimental proposals are also important mission of the Team in order to enhance collaborative-use of the RIBF. The Outreach
Team has created various information materials, such as pamphlets, posters, and homepages, to introduce the research activities in
the RNC. On the homepage, we provide information on usage of the RIBF facility. The team also participate in science introduction
events hosted by public institutions. In addition, the User Liaison Group also takes care of laboratory tours for RIBF visitors from
public. The numbers of visitors amounts to 2,300 per year.
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User Liaison Group
RIBF User Liaison Team

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 Pro-
gram 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.
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User Liaison Group
Outreach Team

1. Abstract
The Outreach Team has created various information materials to introduce research activities in the RNC. For instance, the team

makes brochures introducing the RNC and the RIBF accelerator facility, posters of symposia and the summer school hosted by RNC,
the center homepage containing information such as details of RNC and the procedure for the use of the RIBF facility, and images of
equipment and facilities available for researchers inside and outside RIKEN, among the others. Furthermore, the team also participates
in science introduction events hosted by public institutions.

2. Major Work Contents
The major work contents of the Outreach Team is to promote the publicity of RNC, through the creation of various materials such

as brochures, websites, posters, and videos, among the others. The arrangement of tours of the RIBF facility and the exhibition and
introduction of the RIBF facility at science events are also conducted independently or in cooperation with RIKEN Public Relations
Office.

3. Summary of Work Activity
The specific work contents performed by the team are as follows:
• [Website] The Team creates/manages the RNC official website (http://www.nishina.riken.jp), which introduces the orga-

nization and its research activities. This website plays an important role in providing information to researchers who visit RNC
to conduct his/her own research.

• [Brochures] The Team has produced various brochures introducing the organization and the studies performed at RNC. The
brochures named “Your body is made of star scraps” explaining element synthesis in the universe and “Introduction of RIBF
Facility” in a cartoon style for children are among them.

• [Posters] Conference/Symposium posters connected with RNC were prepared on the request of organizers. For general purpose,
a special poster featuring the nuclear chart has been prepared for distribution. In commemoration of the discovery of nihonium,
brochures and posters dedicated to the ceremony were made.

• [RIBF Cyclopedia] In April 2012, the permanent exhibition hall (RIBF Cyclopedia) located at the entrance hall of the RIBF
building was set up in cooperation with RIKEN Public Relations Office. Explanatory illustrations on nuclear science, research at
RIBF, RIBF history, a 3D nuclear chart built with LEGO blocks, and a 1/6-size GARIS model are displayed to help understanding
through visual means. The Team is also working on updating the exhibits.

• [RIBF facility tour] The Team arranges RIBF facility tour for over 2000 visitors per year. The tour is guided by a researcher.
• [Science event participation] In 2010, 2012, 2013, 2015, and 2016, the sub-team opened an exhibition booth of RNC to introduce

the latest research activities on the occasion of the “Science Agora” organized by Japan Science and Technology Agency (JST).
From time to time, the sub-team was invited to participate in scientific events by MEXT, Wako city, and Nissan global foundation.
One attraction targeting children is the hands-on work of assembling “Iron-beads” to create a nuclear chart or a shape of nihonium.

In addition to the above-noted work contents, the Team conducts a variety of works, such as taking pictures of meetings organized by
RNC, cooperation in the production of a 3D video to explain the accelerators and the research at RIBF, among the others.
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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, two institutes, the Center for Nuclear
Study, the University of Tokyo (CNS); and the Wako Nuclear Science Center (WNSC), Institute of Particle and Nuclear Studies
(IPNS), High-energy Accelerator Research Organization (KEK) 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, accelerator development,
and activities at RHIC PHENIX.

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.

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 for Nuclear Physics experiments at RI Beam Factory (NP-PAC) The NP-
PAC meetings are co-hosted together with CNS and KEK.

The activities of CNS and KEK are reported in the following pages.
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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 is to study astrophysical reactions and special nuclear clustering using the

low-energy RI beam separator CRIB. Several experimental projects on big-bang nucleosynthesis (BBN) are currently under way. To
give a solution to the cosmological 7Li abundance problem, 7Be(n,α)/(n, p) astrophysical reactions were studied with the Trojan
Horse method, and the rate of 7Be(n, p1), the (n, p) reaction with 7Li excitation, is evaluated at the BBN temperature for the first time.
7Be(d, p) measurement with a 7Be-implanted target was carried out in 2018, in collaboration with RCNP, Osaka Univ. and JAEA.
8Li(α, n) reaction has been considered as responsible to the production of nuclei heavier than boron in some models of the BBN. To
solve the discrepancy between the previous measurements of 8Li(α, n), a new experiment with γ-ray measurement was performed at
CRIB in Sep. 2018. To confirm the exotic linear-chain cluster structure in 14C nucleus indicated in the previous 10Be + α resonant
scattering measurement at CRIB, a new measurement was carried out at INFN-LNS, Catania, Italy, under the collaboration of CNS,
INFN, Univ. Edinburgh and other institutes, in Oct. 2018. A measurement on 25Al + p resonant scattering was performed at CRIB in
Feb. 2019, to study the resonances relevant for the astrophysical 22Mg(α, p) reaction in X-ray bursters.

(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 measure-
ments 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 spec-

troscopy. 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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N. Shimizu (Oral), “Shell-model study in A ∼ 130 nuclei and chiral doublet of 128Cs,” The 9th international workshop “Quantum Phase
Transitions in Nuclei and Many-body Systems,” Padova, Itally, May, 2018.

(Invited), “Shapes of Medium-mass Nuclei Studied by Monte Carlo Shell Model Calculations,” Nuclear Structure 2018
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(NS2018), Michigan State University, Michigan, USA, August 2018.
(Invited), “Large-scale shell model calculations for structure of Ni and Cu isotopes,” The 5th Joint Meeting of the APS Division

of Nuclear Physics and the Physical Society of Japan, Waikoloa, Hawaii, USA, October 23–27, 2018.
N. Tsunoda (Oral), “Physics in the island of inversion starting from the first principle,” Shapes and Symmetries in Nuclei: from Experiment

to Theory (SSNET’18 conference), Gif-Sur Yvette, France, October 2018.
N. Tsunoda (Oral), “Study of neutron-rich nuclei via nuclear force and microscopic theory,” The 5th Joint Meeting of the APS Division

of Nuclear Physics and the Physical Society of Japan, Waikoloa, Hawaii, USA, October 23–27, 2018.
J. Menéndez (Invited), “Double Gamow-Teller transitions in connection to neutrinoless double-beta decay,” ECT* Workshop “Exploring

the role of electro-weak currents, in Atomic Nuclei,” Trento, Italy, April 2018.
J. Menéndez (Invited), “Current status of neutrinoless double beta decay matrix elements,” 13th Conference on the Intersections of Particle

and Nuclear Physics (CIPANP 2018), Indian Wells, USA, May 2018.
J. Menéndez (Invited), “Neutrinoless double-beta decay and direct dark matter detection,” INT Workshop “From nucleons to nuclei:

enabling discovery for neutrinos, dark matter and more,” Seattle, USA, June 2018.
J. Menéndez (Invited), “Double charge exchanges for double beta decays,” Symposium “Neutrinos and Dark Matter in Nuclear Physics

(NDM18),” Daejeon, South Korea, July 2018.
J. Menéndez (Invited), “Recent progress on neutrinoless double-beta decay nuclear matrix elements,” “Double-Beta Decay and Under-

ground Science,” The 5th Joint Meeting of the APS Division of Nuclear Physics and the Physical Society of Japan, Waikoloa, Hawaii,
USA, October 23–27, 2018.

J. Menéndez (Invited), “Nuclear observables to constrain neutrinoless double-beta decay,” The 5th Joint Meeting of the APS Division of
Nuclear Physics and the Physical Society of Japan, Waikoloa, Hawaii, USA, October 23–27, 2018.

J. Menéndez (Invited), “Nuclear matrix elements to unveil the nature of neutrinos and dark matter,” Conference “Shapes and Symmetries
in Nuclei: from Experiment to Theory (SSNET’18),” Gif-sur-Yvette, France, November 2018.

T. Miyagi (Oral), “Recent progress in the unitary-model-operator approach,” TRIUMF workshop on Progress in Ab Initio Techniques in
Nuclear Physics, Vancouver, Canada, February–March 2018.

[Domestic Conference]
(Oral), , ImPACT

— , — , 2019 3 9 .
D. Dozono (Invited), “r-process study with OEDO,” r , Wako, Japan, June 20, 2018.
S. Michimasa (Invited), “Closed-shell property at N = 34 seen in the masses of neutron-rich Ca isotopes,” 74 ,

, , , 2019 3 14 –17 .
M. Dozono (Oral), RI 107Pd , 7 , ,

, , 2019 3 14 –17 .
S. Masuoka (Oral), 4He(8He, 8Be) (II) , 74 , , ,

, 2019 3 14 –17 .
J. W. Hwang (Oral), “Angle-tunable Degrader for a low-energy beamline,” 74 , , ,

, 2019 3 14 –17 .
M. Dozono (Oral), RI LLFP , 2018 , ,

, , 2018 9 5 –7 .
N. Imai (Oral), (4-2) 79Se(n, γ)80Se

,” 2019 , , , , 2019 3 20 –22 .
M. Dozono (Oral), (4-3) RI LLFP

, 2019 , , , , 2019 3 20 –22 .
Y. Sekiguchi (Oral), p + p p/d/He + A , 35th Heavy Ion Café and 27th Heavy Ion Pub, June

30, 2018. Nagoya, Japan.
T. Gunji (Oral), EM , 35th Heavy Ion Café and 27th Heavy Ion Pub, Nagoya, Japan, June 30, 2018.
Y. Sekiguchi for the ALICE Collaboration (Oral), “Pseudorapidity dependence of anisotropic flow in p-Pb collisions with the ALICE

detector,” The Physical Society of Japan 2019 annual meeting, Fukuoka, Japan, March 14–17, 2019.
T. Gunji for the ALICE Collaboration (Oral), “Low mass dielectron measurements in pp and Pb-Pb collisions at LHC-ALICE,” The

Physical Society of Japan 2019 annual meeting, Fukuoka, Japan, March 14–17, 2019.
(Invited), RI , , , , 2018 7 30–31 .
(Invited), , & , ,

, , 2019 2 5–6 .
(Invited), “Fundamental physics with laser cooled heavy elements,” 2019 , ,
, , 2019 3 27–28 .
(Invited), , RIBF , , , 2019 2 .
(Oral), , 74

, , , , 2019 3 14 –17 .
(Oral), ,

, , , January 2019.
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N. Tsunoda (Oral), “Physics in neutron-rich nuclei with the effective interaction for the shell model based on nuclear force,”
73 , , 2019 3 .

, , , , 2019 2 ,
, — ,

, , , 2019 1 .
(Invited), , RIBF : , , 2019 2 .

(Oral), , 73 , , 2019 3 .
(Oral), ,

, , 2019 1 .
(Oral), CNS , 16 AVF , 2018 10 30–31 . .
(Oral), AVF , 16 AVF , , 2018 10 30–31 .

Posters Presentations
[International Conference etc.]

M. Dozono (Poster), “Proton- and deuteron-induced reactions on 107Pd and 93Zr at 20–30 MeV/nucleon,” The 10th international confer-
ence on Direct Reaction with Exotic Beams (DREB2018), Matsue, Japan, June 4–8, 2018.

J. W. Hwang (Poster), “Study on performance of the OEDO beamline,” The 10th international conference on Direct Reaction with Exotic
Beams (DREB2018), Matsue, Japan, June 4–8, 2018.

S. Shimoura (Poster), “Reduction and resource recycling of high-level liquid radioactive wastes through nuclear transmutation-Nuclear
Reaction Data of long-lived fission products,” Fifteenth NEA Information Exchange Meeting on Actinide and Fission Product Parti-
tioning and Transmutation, Manchester Hall, Manchester, UK, September 30–October 3, 2018.

K. Kawata (Poster), “Production of isomer beam around 52Fe nucleus via projectile fragmentation,” The 10th international conference on
Direct Reaction with Exotic Beams (DREB2018), Matsue, Japan, June 4–8, 2018.

S. Hayashi for the ALICE Collaboration (Poster), “Inclusive J/ψ measurement at mid-rapidity in p-Pb collisions with the ALICE detec-
tor,” Quark Matter 2018 (QM2018), Venice, Italy, May 13–19, 2018.

H. Shimizu (Poster), “Isomeric RIB Production of Aluminum-26,” 15th International Symposium on Nuclei in the Cosmos, LNGS,
Assergi, Italy, June 24–29, 2018.

N. Ozawa (Poster), “Development of a New Surface Ionizer for the FrEDM Experiment,” The 11th International Workshop on Fundamental
Physics Using Atoms, OIST, Okinawa, Japan, March 1–4, 2019.

[Domestic Conference]
(Poster), PJ2-1 RI , ImPACT

— , —, , , 2019 3 9 .
T. Abe, “Alpha-cluster structure from no-core Monte Carlo shell model (poster),” The 1st R-CCS International Symposium on K and

Post-K: Simulation, Big Data and AI supporting Society 5.0, Kobe, Japan, February 2019.
, “Alpha-cluster structure from no-core Monte Carlo shell model ,”

, , , 2018 11 .

Awards
, , , , , , , , , 30 21

, , 6106892 , 2018 6 .



Ⅵ. RNC ACTIVITIES

- 411 -

RIKEN Accel. Prog. Rep. 52 (2019)

Partner Institution
Wako Nuclear Science Center, IPNS (Institute of Particle and Nuclear Studies)
KEK (High Energy Accelerator Research Organization)

1. Abstract
The Wako Nuclear Science Center (WNSC) of KEK aims to promote low-energy nuclear physics and nuclear astrophysics research

as well as interdisciplinary studies using short-lived radioactive nuclei. WNSC operates the KEK Isotope Separation System (KISS)
which is an electro-magnetic isotope separator featuring elemental selectivity from the use of resonance laser ionization in a gas
catcher. The KISS facility provides various neutron-rich nuclei via multinucleon transfer reactions. Of particular significance is its
provision of nuclei in the vicinity of the neutron magic number N = 126. Optical and β-γ spectroscopy have been applied to these
neutron-rich nuclear beams, for nuclear structure and nuclear astrophysical studies. Several new developments—a rotating target, a
donut-shaped gas cell, and in-jet laser ionization scheme—have been performed to improve the performance of KISS facility. The
WNSC has also developed multi-reflection time of flight mass spectrographs (MRTOF-MS) for precision mass measurements of
short-lived nuclei in collaboration with the RIKEN SLOWRI team and the Institute of Basic Science (IBS), Korea. After successful
mass measurements in combination with the GARIS-II at RILAC, the existing MRTOF-MS setup has been renewed for use with the
GARIS-II relocated after the ring cyclotron, and additional MRTOF-MS setups are being fabricated and placed at KISS and at F11 of
the ZeroDegree Spectrometer for comprehensive mass measurements of more than one thousand nuclides.

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 spectrographs for short-lived nuclei.
(5) Comprehensive mass measurements of short-lived nuclei including superheavy elements.

3. Summary of Research Activity
KISS is an element-selective isotope separator, combining the use of a magnetic mass separator with in-gas-cell resonant laser

ionization. The gas cell, filled with argon gas at 75 kPa, is a central component of KISS, from which only the elements of interest are
extracted as an ion beam, and subsequently mass separated. 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. For higher primary beam intensities and a higher extraction efficiency, a doughnut-shaped
gas cell with a rotating target wheel setup has been developed. The mass separated isotope beams are guided to a tape transport
setup where a low-background beta telescope counter is setup and surrounded by an array of germanium detectors consisting of four
super-clover germanium crystals. The system has successfully performed β-γ spectroscopy of isotopes of Pt, Ir and Os.

An important feature of KISS is the capability to perform laser spectroscopy by scanning the resonant ionization laser frequency.
The hyperfine structure constants of 196, 197, 198Ir and 199Pt have been measured at KISS. However, due to pressure broadening of the
resonance line in the gas cell, the linewidths were as large as 12 GHz. To determine electromagnetic moments and isotope shifts with
much higher precision, an “in-gas-jet” laser ionization method has been implemented at KISS. A high repetition rate, narrowband
laser radiation irradiates the atoms within the gas jet after the nozzle of the cell and an S-shaped radiofrequency quadrupole structure
guides resonantly ionized ions toward the mass separator. With this new setup, a narrow line width of 0.6 GHz has been achieved for
the hyperfine splitting spectrum of 194Pt.

The multi-reflection time-of-flight mass spectrograph (MRTOF-MS) has been developed for direct mass measurements of short-
lived heavy nuclei. After successful 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 at GARIS-II in collaboration with the SLOWRI team and the Super
Heavy Element Synthesis team of RIKEN, multiple MRTOF setups are being installed at different facilities of RIBF.

The first MRTOF was connected directly to the new GARIS-II in the E6 experimental room (after the ring cyclotron) in a manner
expected to yield a total efficiency of more than 10%. This device will used for precise mass measurements of Db isotopes produced
in cold fusion reactions, as well for measurements of Mc and Nh isotopes produced in hot fusion reactions. In 2018, a short online
commissioning experiment was performed for testing the newly developed “alpha-ToF” detector which can correlate the time-of-flight
signal to alpha-decay signals. The test experiment with a Ra isotope showed that the background rate was highly reduced and, in
addition, the life-time of the isotope could be determined from the correlation data.

A mini-MRTOF with a so-called “gas-cell cooler buncher” setup has been installed at KISS and offline commissioning is in
progress. Efficient trapping of a 30 keV ion beam from KISS has been confirmed. A third-prototype SLOWRI gas catcher with a
“gutter structure” RF-carpet has been developed for a new MRTOF setup, referred to as the ZD-MRTOF, for use at the beam dump
of the ZeroDegree spectrometer. This setup will be used for “symbiotic” experiments with other experimental groups who use the
ZeroDegree spectrometer to perform efficient mass measurements in parallel to the other experiments.
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Events (April 2018 — March 2019) 

 

RNC 

Apr. 21 Wako Open Campus 

Jun. 12 The 24th RBRC Management Steering Committee (MSC) 

Jun. 29 The 8th Industrial Program Advisory Committee (In-PAC) 

Jul. 20 The 16th Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC) 

Jul.24–Aug.3 Nishina School 

Nov.29–Dec.3 The 19th Program Advisory Committee for Nuclear Physics Experiments at RI Beam Factory (NP-PAC) 

Jan The 17th Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC)P-PAC)

Jan. 11 Interim Review of the Chief Scientist, Tomohiro UESAKA 

 

CNS 

Aug. 22–28 17th CNS International Summer School CNSSS18
https://indico2.cns.s.u-tokyo.ac.jp/event/30/ 

 

KEK 

Sept. 4 2018 SSRI-PNS Collaboration meeting. http://research.kek.jp/group/wnsc/workshop/2018_SSRI-PNS_201809/ 
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Press Releases (April 2018−March 2019) 

 

RNC 

Apr. 13 Spectroscopy of pionic atoms in 122Sn(d,3He) reaction and angular dependence of the 
formation cross sections  

T. Nishi, Spin isospin Laboratory 
K. Itahashi, Meson Science Laboratory  

May. 24 Most Strange Dibaryon from Lattice QCD 
S. Gongyo, T. Doi, Quantum Hadron Physics 
Laboratory 

May. 29 Termination of Electron Acceleration in Thundercloud by Intra/Inter-cloud Discharge  
Y. Wada, High Energy Astrophysics 
Laboratory 

May. 31 A per-cent-level determination of the nucleon axial coupling from quantum 
chromodynamics  

E. Rinaldi, Computing Group, RIKEN BNL 
Research Center 

Jul. 10 Magic Nature of Neutrons in 54Ca: First Mass Measurements of 55-57Ca T. Uesaka, Spin isospin Laboratory 

Jul. 12 Discovery of 60Ca and Implications For the Stability of 70Ca  
O. B. Tarasov, D. Ahn, N. Suzuki, BigRIPS 
Team 

Aug. 3 Development of Ferromagnetic Fluctuations in Heavily Overdoped (Bi, Pb)2Sr2CuO6＋δ

Copper Oxides 
I. Watanabe, Meson Science Laboratory 

Aug. 11 Novel shape evolution in Sn isotopes from magic numbers 50 to 82 T. Otsuka, Nuclear Spectroscopy Laboratory

Oct. 2 Characterization of the shape-staggering effect in mercury nuclei T. Otsuka, Nuclear Spectroscopy Laboratory

Oct. 19 Extraction of the Landau-Migdal Parameter from the Gamow-Teller Giant Resonance in 
132Sn 

M. Sasano, T. Uesaka, Spin isospin 
Laboratory 

Dec. 11 Creation of quark-gluon plasma droplets with three distinct geometry 
Y. Akiba, Experimental Group, RIKEN BNL 
Research Center 

Jan. 30 Interplay between nuclear shell evolution and shape deformation revealed by the 
magnetic moment of 75Cu 

Y. Ichikawa, H. Ueno, Nuclear Spectroscopy 
Laboratory 

Feb. 28 First spectroscopy of the Near Drip-line Nucleus 40Mg P. Doornenbal, H. Sakurai, Radioactive 
Isotope Physics Laboratory 

 

CNS 

Jul. 10 希少原子核の高効率・高分解能質量測定による新しい魔法数 34 の確証 道正新一郎、小林幹、下浦亨、他 

   

 





 
 
 
 
 

VII. LIST OF PREPRINTS 





Ⅶ. LIST OF PREPRINTS

- 417 -

RIKEN Accel. Prog. Rep. 52 (2019)

List of Preprints (April 2018 ― March 2019) 
 

RIKEN NC-NP 

188 Nascent fragment shell effects on the nuclear fission processes in semiclassical periodic orbit 
theory K. Arita et al. 

189 S-shaped heat capacity in an odd-odd deformed nucleus B. Deya et al. 

190 Interplay between nuclear shell evolution and shape deformation revealed by the magnetic 
moment of 75Cu Y. Ichikawa et al. 

 

RIKEN NC- AC 

 Not Applicable  

 

RIKEN MP 

 Not Applicable 
 

 

RIKEN QHP 

373 Many Fermi polarons at nonzero temperature H. Tajima, S. Uchino 

374 Quantitative analysis of tensor effects in the relativistic Hartree-Fock theory Z. Wang et al. 

375 Side-jump induced spin-orbit interaction of chiral fluids from kinetic theory D. Yang 

376 High precision nuclear mass predictions towards a hundred kilo-electron-volt accuracy Z. Niu et al. 

377 Non-equilibrium quantum transport of chiral fluids from kinetic theory Y. Hidaka et al. 

378 Asymptotic behavior of Nambu-Bethe-Salpeter wave functions for scalar systems with a bound 
state S. Gongyo, S. Aoki 

379 Holographic 𝐽𝐽𝐽𝐽𝐽 production near threshold and the proton mass problem Y. Hatta, D. Yang 

380 Diffusive Nambu-Goldstone modes in quantum time crystals T. Hayata, Y. Hidaka 

381 QCD sum rule for open strange meson K  1
  ± in nuclear matter T. Song et al. 

382 Coulomb exchange functional with generalized gradient approximation for self-consistent Skyrme 
Hartree-Fock calculations T. Naito et al. 

383 N Ω dibaryon from lattice QCD near the physical point T. Iritani et al. 

384 Linear confinement and stress-energy tensor around static quark and anti-quark pair —Lattice 
simulation with Yang-Mills gradient flow— R. Yanagihara et al. 

385 Thermodynamics in the quenched QCD — EMT with NNLO coefficients in gradient flow formalism T. Iritani et al. 

386 HAL QCD method and Nucleon-Omega interaction with physical quark masses T. Iritani (HAL QCD Collaboration) 

387 Functional-renormalization-group aided density-functional analysis for the correlation energy of 
the two-dimensional homogeneous electron gas T. Yokota, T. Naito 

388 Measurement of time-dependent CP Asymmetries in B0 → K s 0ηγ  decays H. Nakano (Belle Collaboration) 

389 Search for Υ(1𝑆𝑆𝑆 𝑆𝑆𝑆) → Z c +Z c
  (�)– and 𝑒𝑒�𝑒𝑒� → Z c +Z c

  (�)– at √s = 10.52, 10.58, and 10.867 GeV  S. Jia (Belle Collaboration) 

390 Observation of an excited Ω– baryon J. Yelton (Belle Collaboration) 

391 Observation of Υ(4𝑆𝑆) → 𝜂𝜂�Υ(1𝑆𝑆) E. Guido (Belle Collaboration) 
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392 Inclusive study of bottomonium production in association with an η meson in e +e – annihilations 
near Υ(5𝑆𝑆) U. Tamponi (Belle Collaboration) 

393 Search for the lepton-flavor-violating decay 𝐵𝐵� → 𝐾𝐾��𝜇𝜇±𝑒𝑒∓  S. Sandilya (Belle Collaboration) 

394 Measurement of 𝜂𝜂�(1𝑆𝑆), 𝜂𝜂�(2𝑆𝑆) and non-resonant 𝜂𝜂�𝜋𝜋�𝜋𝜋� production via two-photon collisions Q. N. Xu (Belle Collaboration) 

395 Evidence of a structure in 𝐾𝐾�� Λ�� consistent with a charged Ξ�(2930)�, and updated measurement 
of 𝐵𝐵�� →  𝐾𝐾�� Λ�� Λ�� at Belle Y. B. Li (Belle Collaboration) 

396 Observation of 𝑒𝑒�𝑒𝑒� → 𝜋𝜋�𝜋𝜋�𝜋𝜋� 𝜒𝜒�1, 2(1𝑃𝑃) and search for 𝑒𝑒�𝑒𝑒� → 𝜙𝜙𝜒𝜒�1, 2(1𝑃𝑃) at √𝑠𝑠 = 10.96–11.05 
GeV J. H. Yin (Belle Collaboration) 

397 Observation of Υ(2𝑆𝑆) → 𝛾𝛾𝜂𝜂�(1𝑆𝑆) decay B. G. Fulsom (Belle Collaboration) 

398 Observation of 𝑒𝑒�𝑒𝑒� → 𝛾𝛾𝜒𝜒c� and search for 𝑒𝑒�𝑒𝑒� → 𝛾𝛾𝜒𝜒c�, 𝛾𝛾𝜒𝜒c2, and 𝛾𝛾𝜂𝜂c at √𝑠𝑠 near 10.6 GeV at Belle S. Jia (Belle Collaboration) 

399 Measurement of the branching fraction and time-dependent CP asymmetry for 𝐵𝐵� →  𝐽𝐽𝐽𝐽𝐽 𝜋𝜋�  
decays B. Pal (Belle Collaboration) 

400 
Consistency between Luescher's finite volume method and HAL QCD method for two-baryon 
systems in lattice QCD T. Iritani et al. 

401 Multi-body correlations in SU(3) Fermi gases H. Tajima, P. Naidon 

402 Thermal crossover, transition, and coexistence in Fermi polaronic spectroscopies H. Tajima, S. Uchino 

403 Improvement of functionals in density functional theory by the inverse Kohn-Sham method and 
density functional perturbation theory D. Ohashi et al. 

404 
Distribution of solutions of the fastest apparent convergence condition in optimized perturbation 
theory and its relation to anti-Stokes lines S. Tsutsui, T. M. Doi 

405 Heavy quark spin multiplet structure of Pc -like pentaquark as P-wave hadronic molecular state Y. Shimizu et al. 

406 
Enhanced critical temperature, pairing fluctuation effects, and BCS-BEC crossover in a two-band 
Fermi gas H. Tajima et al. 

407 Anomaly-induced transport phenomena from the imaginary-time formalism M. Hongo, Y. Hidaka 

408 Chiral kinetic theory for massive fermions K. Hattori et al. 

409 Topological order in the color-flavor locked phase of (3+1)-dimensional U(N) gauge-Higgs system Y. Hidaka et al.  

410 Universal crossover in interacting fermions within the low-energy expansion H. Tajima 

 

CNS-REP 

97 CNS Annual Report 2017 T. Gunji, Y. Kishi 

 

Nishina Center Preprint server (not including Partner Institution) can be found at 

 http://nishina-preprints.riken.jp/ 
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List of Symposia & Workshops (April 2018―March 2019) 
 

RNC  

1 26th International Workshop on Deep Inelastic Scattering and Related Topics (DIS2018) 
Convention Hall of Kobe 
University Apr. 16–20

2 
Workshop on r-Process and Unstable Nuclei in Multi-Messenger Astronomy 
（重⼒波観測時代の r プロセスと不安定核） 

RIBF Conf. Hall, RIKEN 
Wako Campus Jun. 20–22

3 Tesla Technology Collaboration Meeting 2018 (TTC2018) RIKEN Wako Campus Jun. 26–29

4 Nishina School 2018 
RIBF Conf. Hall, RIKEN 
Wako Campus 

Jul. 24 
–Aug. 4 

5 8th International Conference on Quarks and Nuclear Physics (QNP2018) 
Tsukuba International 
Congress Center Nov. 13–17

6 13th International Conference on Nucleus-Nucleus Collision (NN2018) Omiya Sonic City Dec. 4–8 

7 
The public symposium “Significance of Basic Science Research and its Impact on Society  
(in physics)” 

Auditorium at Science 
Council of Japan Dec.17 

8 
The 1st Symposium on Heavy and Cluster Ions Mutagenesis of Microorganisms  
for finding Solutions to The Issue of Hyper-productivity, Energy and Environment 

University of Tsukuba Jan. 29 

9 
The 2nd RIBF “Hodan-kai” Meeting: Future of Exotic Nuclear Physics（第２回 RIBF 若⼿放談会：
エキゾチック核物理の将来） 

Integrated Innovation 
Building, RIKEN Kobe 
Campus 

Feb. 18–20

10 
The International Year of the Periodic Table of Chemical Elements and activities supporting the 
Year（国際周期表年 2019記念シンポジウム「周期表が拓く科学と技術国際周期表年を迎えて」） 

Auditorium at Science 
Council of Japan Feb. 23 

 

CNS 

1 International OEDO Workshop CNS Jun. 11 

 
 
List of Seminars (April 2018―March 2019) 
 

Nuclear Physics Monthly Colloquium 

1 
Masaaki Hashimoto 
(Kyushu U.) 

Stellar evolution and nucleosynthesis in massive stars 
https://indico2.riken.jp/event/2881/ 

Oct. 3 

 
 

RIBF Nuclear Physics Seminar 

1 
Itaru Nakagawa  
(RIKEN) 

Surprising forward neutron asymmetries observed in polarized proton + nucleus collision  
at RHIC    
https://indico2.riken.jp/event/2754/ 

Apr. 10 

2 
Takahiro Kawabata  
(Kyoto U.) 

Direct measurement of the 7Be(n, α)4He reaction cross section for the cosmological Li problem 
https://indico2.riken.jp/event/2753/ 

Apr. 17 

3 
Takehiko Saito  
(GSI) 

Hypernuclear spectroscopy with heavy ion beams: past, present and future 
https://indico2.riken.jp/event/2772/ 

May 10 
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4 
Koji Yoshimura  
(RIIS, Okayama U.) 

Hunting for mysterious ultra-low energy isomer of Thorium-229 –to realize ultimate "nuclear 
clock”– 
https://indico2.riken.jp/event/2773/ 

May 22 

5 
Newcomers to Nishina 
Center in 2018 

Newcomers’ seminar 
https://indico2.riken.jp/event/2774/ 

May 29 

6 
Hironobu Ishiyama  
(RNC) 

SLOWRI and related topics  
https://indico2.riken.jp/event/2788/ 

Jul. 3 

7 
Noritaka Shimizu  
(U. Tokyo) 

Double Gamow Teller transition and its relation to neutrinoless double beta decay matrix element 
https://indico2.riken.jp/event/2789/ 

Jul. 10 

8 
Michiharu Wada  
(KEK) 

The multi-reflection time-of-flight mass spectrographs at RIBF: Present and future 
https://indico2.riken.jp/event/2825/ 

Jul. 31 

9 
Karlheinz Langanke  
(GSI) 

Progress and scientific perspectives for the Facility of Antiproton 
https://indico2.riken.jp/event/2844/ 

Sep. 21 

10 
Shinya Gongyo  
(RIKEN) 

Dibaryon candidates in decuplet baryons from lattice QCD 
https://indico2.riken.jp/event/2877/ 

Oct. 2 

11 
Sachio Komamiya 
/Hitoshi Hayano  
(Waseda U./KEK) 

Introduction of ILC ~The physics, the accelerator, and the project status 
https://indico2.riken.jp/event/2878/ 

Oct. 12 

12 
Hiroyuki Sagawa  
(U. Aizu) 

The nuclear symmetry energy and the breaking of the isospin symmetry: how do they reconcile 
with each other? 
https://indico2.riken.jp/event/2906/ 

Nov. 20 

13 
Shin'ichiro Michimasa 
(CNS) 

First mass measurements of 55−57Ca 
https://indico2.riken.jp/event/2945/ 

Dec. 11 

14 
Hidetoshi Yamaguchi 
(CNS) 

Study on cluster states in unstable nuclei with alpha-resonant scattering 
https://indico2.riken.jp/event/2954/ 

Jan. 8 

15 
Masaki Sasano  
(RNC) 

Gamow-Teller giant resonance in 132Sn 
https://indico2.riken.jp/event/2973/ 

Jan. 22 

16 
Yuichi Ichikawa  
(RNC) 

Interplay between nuclear shell evolution and shape deformation revealed  
by the magnetic moment of 75Cu 

Feb. 26 

17 
Fedor Šimkovic  
(Comenius U./ BLTP) 

Massive neutrinos in nuclear processes 
https://indico2.riken.jp/event/2992/ 

Mar. 5 

18 
Ali Al-adili  
(Uppsala U.) 

Angular momenta in atomic nuclei – investigated by the population of nuclear isomers 
https://indico2.riken.jp/event/3003/ 

Mar. 8 

19 
Shinya Wanajo 
(NAOJ) 

R-process and kilonova 
https://indico2.riken.jp/event/3004/ 

Mar. 12 

20 
Epelbaum Evgeny 
(Ruhr-U.) 

Chiral EFT and the three-nucleon force problem 
https://indico2.riken.jp/event/3005/ 

Mar. 25 

21 
Ushasi Datta  
(SINP) 

A journey from light neutron rich-nuclei to heavier nuclei near proton-drip line 
https://indico2.riken.jp/event/3007/ 

Mar. 29 

22 
Timo Dickel  
(JLU/GSI) 

Experiments with thermalized RIB at the FRS 
https://indico2.riken.jp/event/3008/ 

Mar. 29 

 
 

Seminar by Each Laboratory 

Nuclear Science and Transmutation Research Division 

1 
Susumu Inoue  
(iTHEMS) 

The dawning of electroweak astronomy: interpreting electromagnetic +neutrino observations of 
blazars 

Sep. 27 
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2 
Shin Watanabe  
(ISAS, JAXA) 

Si/CdTe半導体コンプトンカメラの開発研究と⾼感度MeVガンマ線観測実現に向けた展望 Sep. 27 

3 
Minoru Tanaka  
(Osaka U.) 

同位体シフトで探る素粒⼦の新しい相互作⽤ Jan. 24 

4 
Takaya Nozawa  
(NAOJ) 

Formation of dust and molecules in supernovae Feb. 6 

 
 

Subnuclear System Research Division 

1 
Matthias Berwein  
(RIKEN) 

QHP Seminar:  
Applications of effective field theories for heavy quarks 

May 7 

2 
Yoshiko Kanada-En'yo 
(Kyoto U.) 

SNP Seminar:  
Isoscalar monopole and dipole excitations in light nuclei 

May 17 

3 
Kazuya Mameda  
(Fudan U.) 

QHP Seminar:  
Rotational effects on quantum field theory for quark and hadron 

May 22 

4 
Hiromichi Nishimura 
(RIKEN, RBRC) 

QHP Seminar:  
On thermal effective potential of pure gauge theory at large N 

May 30 

5 
Yuki Fujimoto 
(U. Tokyo) 

QHP Seminar: 
Methodology study of machine learning for the neutron star equation of state 

Jun. 18 

6 
Yusuke Namekawa  
(U. Tsukuba) 

SNP Seminar:  
Successful prediction to charmed single hadrons and attempt on two-hadron by lattice QCD 

Jun. 18 

7 
Nodoka Yamanaka  
(IPN Orsay)) 

SNP Seminar:  
The AFTER project, and the gluon and charm content of the deuteron 

Jun. 20 

8 
Daisuke Kadoh  
(Keio U.) 

QHP Seminar:  
Tensor network approach to lattice field theory 

Jun. 25 

9 
Noriyuki Sogabe  
(Keio U.) 

QHP Seminar:  
Does the chiral magnetic effect affect the dynamic critical phenomena in QCD? 

Jul. 2 

10 
Yuki Kamiya  
(Kyoto U.) 

SNP Seminar:  
Model-independent determination of structure of exotic hadrons with the scattering amplitude

Jul. 25 

11 
Kazuo Fujikawa  
(RIKEN, iTHEMS) 

QHP Seminar: 
Chiral anomaly and Berry's phase 

Sep. 10 

12 
Shunsuke Yabunaka  
(Kyoto U.) 

QHP Seminar: 
Surprises in the O(N) models: nonperturbative fixed points, large N limit and multi-criticality 

Sep. 21 

13 
Takahiro Ohgoe  
(U. Tokyo) 

QHP Seminar: 
Resummation of diagrammatic series with zero convergence radius for the unitary Fermi gas 

Oct. 1 

14 
Michele Viviani  
(INFN Pisa & U. of Pisa) 

SNP Seminar: 
Theoretical study of three and four neutron resonances 

Oct. 11 

15 
Takeru Yokota  
(Kyoto U.) 

QHP Seminar: 
Functional renormalization group-aided density-functional theory  
–application to one-dimensional nuclear matter and two-dimensional electron gas– 

Oct. 15 

16 
Akihiko Monnai  
(KEK) 

QHP Seminar: 
The quark-gluon plasma fluid at finite density 

Nov. 5 

17 
Huseyin Bahtiyar  
(Mimar Sinan Fine Arts U. ) 

SNP Seminar: 
Radiative transitions of singly – and doubly-charmed baryons in lattice QCD 

Nov. 20 

18 
GuangJuan Wang  
(Peking U.) 

SNP Seminar: 
The strong decay patterns of Zc and Zb states in the relativized quark model 

Dec. 3 
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19 
Akio Tomiya  
(RIKEN-BNL) 

QHP Seminar: 
Deep Learning and Holographic QCD 

Dec. 10 

20 
Hiromasa Takaura  
(Kyushu U.) 

QHP Seminar: 
Renormalon and gluon condensate 

Dec. 17 

21 
Masahiro Nozaki  
(RIKEN) 

QHP Seminar: 
Signature of quantum chaos in operator entanglement in 2d CFTs 

Jan. 21 

22 
Toshiaki Fujimori  
(Keio U.) 

QHP Seminar: 
Bions and resurgence in ℂP N model 

Jan. 28 

23 
René Meyer 
(U. Würzburg) 

QHP Seminar: 
Hydrodynamics & black holes in anti de sitter space-time 

Mar. 25 

24 
Andreas Schmitt  
(U. Southampton) 

Nuclear Theory/RIKEN Seminar: 
Dense nuclear and quark matter from holography 

Apr. 6 

25 
Bernd-Jochen Schaefer 
(U. Giessen) 

Nuclear Theory/RIKEN Seminar: 
Exploring the QCD phase structure with functional methods 

Apr. 27 

26 
Peter Love  
(Tufts) 

HET/RIKEN Lunch Seminar: 
Quantum simulation from quantum chemistry to quantum chromodynamics 

May 10 

27 
HET/RIKEN  
Lunch Discussions 

HET/RIKEN Lunch Discussions: 
Localized 4-sigma and 5-sigma dijet mass excesses in ALEPH LEP2 four-jet events 

May 11 

28 
Stanley Brodsky  
(SLAC, Stanford U.) 

Joint Nuclear Theory/RIKEN/CFNS Seminar: 
Novel QCD physics at an Electron-Ion Collider 

May 25 

29 
Vladimir Skokov  
(BNL) 

Nuclear Theory/RIKEN Seminar: 
Liouville action, high multiplicity tail and shape of proton 

Jun. 1 

30 
Rasmus Larsen  
(BNL) 

RIKEN Lunch Seminar: 
Topological structures in finite temperature QCD 

Jul. 12 

31 
Matt Luzum  
(U. Sao Paulo) 

Nuclear Theory/RIKEN Seminar: 
Confronting hydrodynamic predictions with Xe-Xe heavy-ion collision data 

Jul. 13 

32 
Alessandro Roggero  
(U. Washington) 

RIKEN Lunch Seminar/Special Nuclear Theory Seminar: 
Neutrino scattering on quantum computers 

Jul. 19 

33 
Zhongbo Kang  
(UCLA) 

Nuclear Theory/RIKEN Seminar: 
Jets as a probe of transverse spin physics 

Jul. 27 

34 
Shigemi Ohta  
(IPNS, KEK) 

RIKEN Lunch Seminar: 
Nucleon isovector axial charge in 2+1-flavor domain-wall QCD with physical mass 

Aug. 2 

35 
Masanori Hanada  
(YITP) 

RIKEN Lunch Seminar: 
Universality in classical and quantum chaos 

Aug. 16 

36 
Andreas Weichselbaum  
(BNL) 

RIKEN Lunch Seminar: 
Non-abelian symmetries and applications in tensor networks 

Aug. 23 

37 
Joaquin Drut 
(UNC) 

Special Nuclear Theory/RIKEN Lunch Seminar: 
Signal-to-noise issues in non-relativistic quantum matter: from entanglement to 
thermodynamics 

Aug. 30 

38 
Ivan Horvath  
(U. Kentucky) 

RIKEN/NT & Quantum Computing Seminar: 
Quantum uncertainty and quantum computation 

Sep. 6 

39 
Julien Baglio  
(Tuebingen U.) 

Joint BNL/RIKEN HET Seminar: 
Higgs pair production via gluon fusion at NLO QCD 

Sep. 12 

40 
Yuta Kikuchi  
(RBRC) 

RIKEN Lunch Seminar: 
Giant photocurrent in asymmetric Weyl semimetals from the helical magnetic effect 

Sep. 13 

41 
Ilkka Helenius  
(U. Tubingen) 

Nuclear Theory/RIKEN Seminar: 
Status of Pythia 8 for an Electron-Ion Collider 

Sep. 21 
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42 
Jordy De Vries  
(UMass Amherst) 

Nuclear Theory/RIKEN Seminar: 
Neutrinoless double beta decay in effective field theory 

Sep. 28 

43 
Shaouly Bar-Shalom  
(Technion) 

HET/RIKEN Seminar: 
A universally enhanced light-quarks Yukawa couplings paradigm 

Oct. 10 

44 
Nikhil Karthik  
(BNL) 

RIKEN Lunch Seminar: 
Valence parton distribution function of pion using lattice 

Oct. 18 

45 
Aleksas Mazeliauskas  
(U. Heidelberg) 

Nuclear Theory/RIKEN Seminar: 
Studying out-of-equilibrium Quark-Gluon Plasma with QCD kinetic theory 

Oct. 19 

46 
Kiminad Mamo  
(Stony Brook U.) 

RIKEN Lunch Seminar: 
DIS on ""Nuclei"" using holography 

Nov. 1 

47 
Alfred Mueller  
(Columbia U.) 

Nuclear Theory / RIKEN Seminar: 
Diffractive electron-nucleus scattering and ancestry in branching random walks 

Nov. 2 

48 
Ajit Srivastava  
(IOPB) 

Nuclear Theory / RIKEN Seminar: 
Towards laboratory detection of superfluid phases of QCD 

Nov. 9 

49 
Renaud Boussarie  
(BNL) 

RIKEN Lunch Seminar: 
Exclusive ρ meson production in eA collisions: collinear factorization and the CGC 

Nov. 15 

50 
Dimitra Karabali  
(CUNY) 

Nuclear Theory / RIKEN: 
Casimir effect in Yang-Mills theory 

Nov. 16 

51 
Juan Rojo  
(VU U.) 

Nuclear Theory / RIKEN Seminar: 
Novel probes of small-x QCD 

Nov. 30 

52 
Mario Mitter  
(BNL) 

RIKEN Lunch Seminar: 
On QCD and its phase diagram from a functional RG perspective 

Dec. 6 

53 
Micheal Wagman  
(MIT) 

NT/RIKEN Seminar: 
Lattice QCD input for fundamental symmetry tests 

Dec. 14 

54 
Alba Soto Ontoso 
(BNL) 

RIKEN Lunch Seminar: 
A novel background subtraction method for jet studies in heavy ion collisions 

Jan. 10 

55 
Jun-sik Yoo  
(Stony Brook U.) 

RIKEN Lunch Seminar: 
Proton decay matrix elements on lattice 

Jan. 17 

56 
Andrey Sadofyev  
(Los Alamos National Lab) 

Nuclear Theory / RIKEN Seminar: 
Chiral vortical effect for an arbitrary spin 

Jan. 18 

57 
Xiaojun Yao  
(Duke U.) 

RIKEN Lunch Seminar: 
Quarkonium production in heavy ion collisions: open quantum system, effective field theory  
and transport equations 

Jan. 24 

58 
Paolo Glorioso  
(U. Chicago) 

Nuclear Theory / RIKEN Seminar: 
Effective field theory of hydrodynamics 

Jan. 25 

59 
Jasmine Brewer  
(MIT) 

RIKEN Lunch Seminar: 
Sorting out jet quenching in heavy-ion collisions 

Jan. 31 

60 
Juan M. Torres-Rincon  
(Stony Brook U.) 

RIKEN Lunch Seminar: 
Modification of the nucleon-nucleon potential and nuclear correlations due to the QCD critical 
point 

Feb. 7 

61 
Eden Figueroa  
(Stony Brook U.) 

NT / RIKEN Seminar: 
Realizing relativistic dynamics with slow light polaritons at room temperature 

Feb. 8 

62 
Sahal Kaushik  
(Stony Brook U.) 

RIKEN Lunch Seminar: 
Chiral photocurrents and terahertz emission in Dirac and Weyl materials 

Feb. 14 

63 
Jacobus Verbaarschot  
(Stony Brook U.) 

NT / RIKEN Seminar: 
Quantum chaos, wormholes and the Sachdev-Ye-Kitaev model 

Feb. 22 

64 
Ana-Maria Raclariu  
(Harvard U.) 

Joint NT/RIKEN/CFNS Seminar: 
Measuring color memory in a color glass condensate 

Feb. 28 
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65 
Zohar Komargodski  
(Stony Brook U.) 

NT/RIKEN Seminar: 
Baryons as Quantum Hall Droplets 

Mar. 15 

66 Hosted by Sally Dawson 
High Energy / Nuclear Theory / RIKEN Seminars: 
Lattice Workshop for US-Japan Intensity Frontier Incubation 

Mar. 25–27

67 
Jamal Jalilian-Marian  
(CUNY) 

NT/RIKEN Seminar: 
Toward a unified description of both low and high pT particle production in high energy collisions

Mar. 29 

 
 

CNS 

1 
Marco Mazzocco  
(U. of Padova / INFN) 

Reaction dynamics studies with light weakly-bound radioactive ion beams at near-barrier 
energies 
https://indico2.riken.jp/event/2970/ 

Dec. 10 

2 
Christian Smorra  
(CERN) 

High-precision measurements of the antiproton’s fundamental properties 
https://indico2.riken.jp/event/2969/ 

Dec. 12 

3 
Afanasjev Anatoli  
(Mississipi State U.) 

Covariant density functional theoretical studies across the nuclear landscape 
https://indico2.riken.jp/event/2968/ Dec. 13 

4 
Ken'ichi Nakano  
(Tokyo Tech) 

Measurement of flavor asymmetry of light antiquarks in proton via Drell-Yan process at Fermilab 
SeaQuest 
https://indico2.riken.jp/event/2967/ 

Jan. 29 

5 
Fedor Šimkovic 
(Comenius U./BLTP JINR) 

Massive neutrinos in nuclear processes 
https://indico2.riken.jp/event/2992/ 

Mar. 5 

 
 

KEK WNSC 

1 
Ryan Ringle 
(Michigan State U.) 

Advancing Penning trap mass spectrometry of rare isotopes at the LEBIT facility Jul. 2 
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