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PREFACE

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

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

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

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

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

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

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

Hideto En’yo
Director
RIKEN Nishina Center for Accelerator-Based Science
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Persistence of the Z = 28 shell gap around "®Ni: first spectroscopy of
79Cu1'

L. Olivier,*! S. Franchoo,*! M. Niikura,*? Z. Vajta,*3 D. Sohler,*> P. Doornenbal,** A. Obertelli,***>
Y. Tsunoda,*® T. Otsuka,*?*4*6 G. Authelet,*® H. Baba,** D. Calvet,*® F. Chateau,*® A. Corsi,*® A. Delbart,*®
J.-M. Gheller,*> A. Gillibert,*® T. Isobe,** V. Lapoux,*®> M. Matsushita,*” S. Momiyama,*?> T. Motobayashi,**
H. Otsu,** C. Péron,*> A. Peyaud,*® E. Pollacco,*® J.-Y. Roussé,*® H. Sakurai,**** C. Santamaria,***>
M. Sasano,** Y. Shiga,***® S. Takeuchi,* R. Taniuchi,*>** T. Uesaka,** H. Wang,** K. Yoneda,** F. Browne,*?
L. Chung,*'° Z. Dombradi,* F. Flavigny,*! F. Giacoppo,*!! A. Gottardo,*! K. Hadynska-Klek,*!! Z. Korkulu,*3
S. Koyama,*? Y. Kubota,***7 J. Lee,*!? M. Lettmann,*'® C. Louchart,*'® R. Lozeva,*!* K. Matsui,*?**
T. Miyazaki,*? S. Nishimura,** K. Ogata,*'®> S. Ota,*” Z. Patel,*'6 E. Sahin,*!! C. Shand,*!6 P.-A. Séderstrom,*4
I. Stefan,*! D. Steppenbeck,*” T. Sumikama,*'"** D. Suzuki,*! V. Werner,*!3 J. Wu,***1® and Z. Xu*!2

The shell model constitutes one of the main build-
ing blocks of our understanding of nuclear structure.
Its robustness is well proven for nuclei close to the val-
ley of stability, where it successfully predicts and ex-
plains the occurrence of magic numbers. However, the
magic numbers are not universal throughout the nu-
clear chart and their evolution far from stability, ob-
served experimentally over the last decades, has gener-
ated much interest. With 28 protons and 50 neutrons,
the "®Ni nucleus is expected to be one of the most
neutron-rich doubly magic nuclei. Up to now, no evi-
dence has been found for the disappearance of the shell
closures at Z = 28 and N = 50, even if recent stud-
ies hint at a possible weakening of the N = 50 magic
number below "8Ni. The half-life of "®Ni was deter-
mined at 122.2(5.1) ms, rather suggesting a survival of
magicity, and calculations predict a first excited state
in ™Ni above 2 MeV. But so far no information on the
spectroscopy of "®Ni is available and the behavior of
the 7 f7 /2 orbital, of primary importance as one of the
orbitals defining the Z = 28 gap, is elusive. Access to
this hole state is possible through proton transfer or
knock-out reactions.

In our experiment performed at the Radioactive Iso-
tope Beam Factory (RIBF), a 23*U beam with an en-
ergy of 345 MeV per nucleon and an average inten-

t Condensed from Phys. Rev. Lett. 119, 192501 (2017)

*1 IPN, CNRS and University of Paris-Saclay

*2 Department of Physics, University of Tokyo

*3  Institute for Nuclear Research, MTA Atomki

*4 RIKEN Nishina Center

*5 Irfu, CEA and University of Paris-Saclay

*6 CNS, University of Tokyo

*7 CNS, University of Tokyo

*8  Department of Physics, Rikkyo University

*9  School of Computing Engineering and Mathematics, Uni-
versity of Brighton

*10 INST, Vinatom

Department of Physics, University of Oslo

Department of Physics, University of Hong Kong

*13 TKP, Technical University of Darmstadt

*14 TPHC and University of Strasbourg
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Department of Physics, University of Surrey
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State Key Laboratory of Nuclear Physics and Technology,
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sity of 12 pnA was sent on a 3-mm thick “Be target.
The secondary 89Zn beam, with an average intensity
of 260 particles per second, was selected in the BigRips
separator. The isotopes before and after the secondary
target placed at the end of BigRips were identified
event-by-event in the BigRips and ZeroDegree spec-
trometers, respectively, with the tof-Bp-AE method.
The detector set-up installed between the two spectro-
meters was composed of the Minos device mounted
inside the Dali-2 ~-ray multidetector. Minos consisted
of a liquid-hydrogen target of 102 mm long surrounded
by a cylindrical time-projection chamber (TPC). The
Cu nucleus was produced mainly through proton
knock-out from the incoming 8°Zn isotopes, the (p, 3p)
channel contributing with 8%. The emitted protons
were tracked in the TPC, while the beam trajectory
was given by two parallel-plate avalanche counters be-
fore the target. The interaction vertex was recon-
structed with 95% efficiency and 5-mm uncertainty
FWHM along the beam axis. The Dali-2 array, com-
prising 186 Nal scintillator crystals, yielded a photo-
peak efficiency with add-back of 27% and an energy
resolution of o = 45 keV for a 1 MeV transition emit-
ted at 250 MeV per nucleon.

We carried out the first spectroscopy of "Cu and
compared the results with MCSM calculations. The
calculations show the restoration of the single-particle
nature of the low-lying states, which is supported by
the experiment. There is no significant knock-out feed-
ing to the excited states below 2.2 MeV, indicating that
the Z = 28 gap remains large. The ability to describe
the Cu nucleus as a valence proton outside a "8Ni
core presents us with indirect evidence of the magic
character of the latter.
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Decay properties of neutron-rich nuclei around mass A = 100
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and the BRIKEN Collaboration

The neutron-rich nuclei around the mass A ~ 100
are expected to have rapid changes in nuclear shapes
and possible shape coexistence. The decay properties
are expected to be sensitive to the structural changes
and are desired to be measured experimentally.!) The
B-decay half-lives T' /o and the delayed-neutron emis-
sion probabilities P, in the mass A = 90— 125 are con-
sidered as critical physics inputs in the astrophysical
rapid-neutron capture process (r process), where the
underestimation of r-process distribution in the mass
A = 110-125 as well as the origin of elemental devia-
tion of Zr to Cd (Z = 40-48) in the extremely metal-
poor stars are still open questions.?

The BRIKEN project, which aims to survey sev-
eral hundreds of decay properties toward the neutron
drip-line, has been launched at RIBF. The progeni-
tors of the r-process elements in the mass A = 90—
125 were produced following the projectile fission of a
345 MeV /nucleon 23U beam with primary beam in-
tensity of above 60 pnA. Two data sets centered on
1008y and ''®Nb isotopes in the BigRIPS separator
were collected with 2- and 2.5-days of measurement
times, respectively. The selected and identified iso-
topes were transported through the ZeroDegree spec-
trometer and implanted into two types of S-counting
systems, namely WAS3ABI Si array®) and segmented-
YSO scintillation detector, which were positioned
in the center of the state-of-the-art neutron detector
BRIKEN at the F11 focal point. BRIKEN consists
of 140 3He neutron proportional counters arranged in
a high-density polyethylene (HDPE: 90x90x75 cm?)
matrix to achieve constant detection efficiency of above
65% up to neutron energies of 1 MeV.?) In addition,
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Fig. 1. Particle-identification plot and the areas of isotopes
for unknown P, and unknown T} 5, respectively.

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

The particle identification plot of the accumulated
measurement is shown in Fig. 1. A careful analysis
of B decay, v rays, and neutrons in coincident mea-
surement is in progress for one hundred isotopes to de-
duce T /2, P,, the multi-neutron emitters (P,,), new
isomers, and level schemes of low-lying states. These
decay properties are expected to give significant feed-
back to nuclear theories and improve the reliability of
r-process abundance in the network calculations.
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Discovery of new isotopes 8'82Mo and 3% 3Ru and a determination of
the particle instability of 1°3Sbf

H. Suzuki,*! T. Kubo,*! N. Fukuda,*! N. Inabe,*! D. Kameda,*! H. Takeda,*! K. Yoshida,*! K. Kusaka,*!
Y. Yanagisawa,*! M. Ohtake,*! H. Sato,*! Y. Shimizu,*! H. Baba,*! M. Kurokawa,*! K. Tanaka,*!
O. B. Tarasov,*? D. P. Bazin,*?> D. J. Morrissey,*?> B. M. Sherrill,*?> K. Ieki,*3 D. Murai,*> N. Iwasa,**
A. Chiba,** Y. Ohkoda,** E. Ideguchi,*> S. Go,*® R. Yokoyama,*> T. Fujii,*® D. Nishimura,*® H. Nishibata,*”
S. Momota,*® M. Lewitowicz,*® G. DeFrance,*” I. Celikovic,*® and K. Steiger*!?

We discovered four new isotopes, °'32Mo and
85,86Ry, using the BigRIPS separator') at the RIKEN
RI Beam Factory. Furthermore, we obtained the first
clear evidence for the particle instability of 1°3Sb. The
upper limits of the half-lives of particle-unbound iso-
topes 8INb, 85 Tc, and '°3Sb were deduced.

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

In the 8°Ru setting, four new isotopes 8% #2Mo and
85,86 Ru were observed as shown in Fig. 2 of the original
article’. The numbers of the observed counts were 1, 6,
1, and 35, respectively. To confirm the existence of the
new isotopes, mass number, A, and charge number, Q,
were deduced from TOF and TKE measured between
the F7 and F12 foci downstream of the BigRIPS. Fig-
ure 1 shows the Z vs A — 2Q plot, in which the fully
stripped events were selected. The new isotopes were
clearly observed again. This re-identification strongly
reinforces the discovery of the new isotopes especially
for 8 Mo and 3°Ru, which were observed only 1 count
each.

The Z vs A/Q PID plot of 1%5Te setting is shown
in Fig. 2. No new isotopes were observed in this
setting. 193Sb was not observed, although the other
N — Z = +1 isotopes, ?°In, '°7Sn, and '°°Te, were
clearly observed, indicating the particle instability of
103Gh, The upper limit of the half life of '93Sb was

T Condensed from the article in Phys. Rev. C 96, 034604
(2017)
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Fig. 2. The Z versus A/Q PID plot of the %Te setting.

deduced from its expected production-yield based on
the yield systematics of neighboring isotopes and the
TOF between the target and the F7 focus. Assuming
the observation limit of 1 count, the upper limit of its
half life was deduced to be 46 ns.

The upper limits of the half-lives of 8 Nb and 3°Tc
were deduced to be 40 and 43 ns, respectively.
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Discovery of "?Rb: A nuclear sandbank beyond the proton drip line'

H. Suzuki,*! L. Sinclair,***? P.-A. Séderstrom,*!*3*4 G. Lorusso,***?*6 P, Davies,*? L. S. Ferreira,*”
E. Maglione,*® R. Wadsworth,*? J. Wu,**9 Z. Y. Xu,*!° S. Nishimura,*! P. Doornenbal,*! D. S. Ahn,*!

F. Browne,*'*!1 N. Fukuda,*! N. Inabe,*! T. Kubo,*! D. Lubos,**12 Z. Patel,*"*6 S. Rice,*!"*¢ Y. Shimizu,*!
H. Takeda,*! H. Baba,*! A. Estrade,*'® Y. Fang,*'* J. Henderson,*? T. Isobe,*! D. Jenkins,*? S. Kubono,*!
Z. Li,*? 1. Nishizuka,*!> H. Sakurai,**19 P. Schury,*'*!6 T. Sumikama,*!%*! H. Watanabe,*!"*!® and
V. Werner*!9-*3

We have discovered two new isotopes, "?Rb and “"Zr,
around the proton drip line by using the BigRIPS sep-
arator at the RIKEN RI Beam Factory. ™Rb, which is
an unbound nuclide, was not observed. The observa-
tion of ™Rb, which is an odd-odd nuclide and beyond
the unbound nuclide “3Rb, shows the diffuseness of the
proton drip line and a possibility of “sandbanks” be-
yond it.

Proton-rich radioactive isotopes (RI) with atomic
numbers Z = 35-40 were produced from a 345-
MeV /nucleon 30-35 pnA 124Xe®?* beam impinging on
a 4-mm-thick Be target by projectile fragmentation.
We performed the particle identification (PID) by de-
ducing Z and the mass-to-charge ratio, A/Q, of the
fragments based on the TOF-Bp-AE method!) using
the standard detectors in the second stage of the Bi-
gRIPS and F11IC.

The Z vs A/Q PID plot is shown in Fig. 1. One
event of ""Zr and 14 events of "?Rb were clearly ob-
served, while "*Rb was not observed. Assuming yield
systematics of the neighboring nuclei around "Rb and
its TOF value, the upper limit of the half life was de-
duced to be 81 ns, which is consistent with the previous
result in Ref. 2). The half life of ?Rb was deduced to
be 103(22) ns.

The energies of the emitted protons, £,, were es-

T Condensed from the article in Phys. Rev. Let. 119, 192503
(2017)
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Fig. 1. Z versus A/Q PID plot. The solid lines indicate
the limits of known isotopes as of September 2017.
Rb was evaluated to be a known isotope.3) A proton-
unbound excited state was observed by a beta-delayed

proton decay of g4

timated from the half lives of these proton decays by
using the formalism of proton emission from deformed
nuclei in Refs. 5,6). In the "?Rb case, a 57 — 5/2~
proton decay with E, = 800-900 keV was suggested,
assuming mirror symmetry in the spin-parity. How-
ever, we cannot explicitly exclude the possibility of a
transition of the 97 — 9/27 isomeric state with a bro-
ken mirror symmetry. The upper limit of the half life of
Rb leads to E, > 600 keV, assuming a 3/2~ ground
state from the mirror nuclide. These E), values agree
well with the values predicted from the atomic mass
evaluation.”™®)

We have estimated the contribution of "®Rb to the
two-proton bypass of "?Kr, which is a waiting point
in the rapid-proton process in an X-ray burst. From
E, > 600 keV in "3Rb, no two-proton capture occurs,
implying that "?Kr is a strong waiting point in this
nucleosynthetic network.
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Determination of fusion barrier distributions from quasielastic
scattering cross sections towards superheavy nuclei synthesis’

T. Tanaka,*"*? Y. Narikiyo,*"*? K. Morita,*!*? K. Fujita,*"*? D. Kaji,*! K. Morimoto,*! S. Yamaki,*!*3
Y. Wakabayashi,*! K. Tanaka,*!*4 M. Takeyama,**> A. Yoneda,*! H. Haba,*' Y. Komori,*! S. Yanou,*!
B. JP. Gall,*!*6 Z. Asfari,*!*6 H. Faure,*!»*6 H. Hasebe,*! M. Huang,*! J. Kanaya,*! M. Murakami,!
A. Yoshida,*! T. Yamaguchi,*> F. Tokanai,*"*7 T. Yoshida,*"*7 S. Yamamoto,**? Y. Yamano,*!*?
K. Watanabe,*1*2 S. Ishizawa,*>*> M. Asai,*® R. Aono,*® S. Goto,*® K. Katori,*! and K. Hagino*!0-*!1

The excitation functions for quasielastic (QE) cross
sections were measured for the reactions relevant to
the synthesis of superheavy nuclei, the “8Ca+20%Pb,
50T{4+208Ph, and 48Ca+248Cm systems. Owing to the
excellent performance of the gas-filled-type recoil ion
separator GARIS and the focal plane detector system,
the QE scattering events were effectively separated
from deep-inelastic (DI) events and precise barrier dis-
tributions were deduced for all of these systems.

Coupled-channels calculations’) were performed by
taking into account the couplings to the vibrational
and rotational excitations in the colliding nuclei, as
well as the neutron transfer processes before contact.
The experimental data are well reproduced by the cal-
culations, which demonstrates the importance of in-
cluding channel couplings in all of the systems. The
maxima of the barrier distribution were shown to co-
incide in energy with the peak of the 2n evaporation
residue cross sections?®) in the reactions of **Ca and
50T on 298Pb target. For the hot fusion reaction, the
evaporation residue cross sections®”) peak at an en-
ergy well above the barrier region. This clearly sug-
gests that the evaporation residue cross sections are
enhanced at energies that correspond to a compact col-
lision geometry with the projectile impacting the side
of the deformed target nucleus.

From the results presented in this paper, we con-
clude that a measurement of the barrier distribution
provides a powerful tool for understanding the under-
lying reaction dynamics for an unknown very heavy
nuclei. In particular, it provides an effective way to de-
termine the optimal bombarding energy. Importantly,
this determination is independent of theoretical pre-
dictions that may include a large model dependence.
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Fig. 1. Measured excitation function for the QE scattering

cross section relative to the Rutherford cross section

doqr/dor (top panels). Left, middle, and right panels

are for the *Ca+2%Pb, *°Ti+2°Ph, and ¥Ca+*¥*Cm

systems, respectively. The corresponding QE bar-
rier distribution (middle panels) and the evaporation
residue cross sections reported at different center-of-
mass energies from the syntheses of No, Rf, and Lv
evaporation residues®7) (lower panels) are also shown.
Red symbols indicate the experimental data from this
work, for which the error bars include only the statis-
tical uncertainty. Green symbols indicate the experi-
mental data for mixed QE and DI events. These data
points provide an upper limit for doqr/dor. Blue solid
curves indicate the best fit of the coupled-channels cal-
culation. Blue dashed curves show the results of the
single-channel calculations with the same internuclear
potential as that used for the blue solid lines.
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Direct mass measurement of neutron-rich calcium isotopes, **°"Ca

S. Michimasa,*! M. Kobayashi,*! Y. Kiyokawa,*! S. Ota,*! D. S. Ahn,*?> H. Baba,*? G. P. A. Berg,**
M. Dozono,*! N. Fukuda,*? T. Furuno,** E. Ideguchi,*® N. Inabe,*? T. Kawabata,** S. Kawase,*¢ K. Kisamori,*!
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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 2p; /5 and 1f5,5 or-
bitals in neutron-rich calcium region has attracted much
attention over recent years. The presence of a large sub-
shell gap at N = 34 between the orbitals in the Ca
isotopes was theoretically predicted,? and the measure-
ment of F(2]) in **Ca suggested the possible onset of
a sizable subshell closure at N = 34.2) One of the most
critical information on existence of the subshell gap at
N = 34 is the atomic masses of the calcium isotopes
beyond N = 34. We challenged the first mass mea-
surements of neutron-rich Ca isotopes beyond N = 34
to probe shell evolution of the neutron 2p; /o and 1f5/o
orbitals.

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

We obtained evolution of the two-neutron separa-
tion energies (Say,) of neutron-rich Ca isotopes from the
atomic masses of ®® 57Ca, as shown in Fig. 1. In the fig-
ure, the squares represent the experimental So, values
determined for the first time. The circles are the liter-
ature values obtained from AME2016.9) The solid lines
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indicate the theoretical predictions by using KB3G,"
MBPT,® IM-SRG,? and modified SDPF-MU!? inter-
actions. The empirical energy gaps across the Fermi
surface in nuclei were evaluated by Sopn(N) — Son (N +1)
based on Ref. 11). The empirical energy gap at N = 34
is close to that at NV = 32, and slightly smaller than that
at N = 28. Therefore, the experimental result indicates
a sizable energy gap of subshells in **Ca, which is com-
parable to that at °2Ca. However the gap is not as large
as recent predictions by SDPF-MU and IM-SRG inter-
actions. We are preparing a physics article to report
the shell evolution in neutron-rich Ca isotopes beyond
N = 34.
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Observation of new neutron-rich isotopes among fission fragments
from in-flight fission of 345 MeV /nucleon 23®U: search for new
isotopes conducted concurrently with decay measurement campaigns'

Y. Shimizu,*! T. Kubo,*"»*'¥ N. Fukuda,*' N. Inabe,*! D. Kameda,*! H. Sato,*! H. Suzuki,*! H. Takeda,*!
K. Yoshida,*! G. Lorusso,*! H. Watanabe,*"*2*3 G. S. Simpson,** A. Jungclaus,*® H. Baba,*! F. Browne,*!*6
P. Doornenbal,*! G. Gey,*>*4*7 T. Isobe,*! Z. Li,*® S. Nishimura,*! P.-A. Séderstrém,*! T. Sumikama,***9
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R. Lozeva,*14*1% C.-B. Moon,*'6 and H. S. Jung*!”

The elucidation of the limit of nuclear existence
is not only one of the fundamental subjects in nu-
clear physics but also a method of understanding
the nature of nuclei. The search for new iso-
topes using the in-flight fission of a 23U beam
was conducted concurrently with decay measure-
ments, during the so-called EURICA campaigns,’
at the RIKEN Nishina Center RI Beam Factory.
We have identified the following 36 new neutron-rich
isotopes: 104Rb, 1137y, 116N}, 118119)\[o 121122

125 127,128 129,130,131 132 134 136,137
Ru, Rh, Pd, *°*Ag, *>*Cd, In,

139,140 141,142 144,145 146,1477 149,150
Sn, Sh, Te, I, Xe,

149,150,151 (yg 153,154 35 apd 154:155,156,157
) ? :

The fission fragments produced via in-flight fission of
the 238U beam were separated and identified in flight
using the BigRIPS separator.?) We ran five different
separator settings, which we refer to as the Sn, Pd,
Rh, Nb, and Te settings, respectively, according to
the subject of each EURICA experiment. The particle
identification (PID) was performed by using the TOF-
Bp-AE method,® in which the mass-to-charge ratio
A/Q and the atomic number Z of fragments were de-
rived by measuring the time of flight (TOF), magnetic
rigidity (Bp), and energy loss (AE).

Figure 1 shows a two-dimensional PID plot of Z ver-
sus A/Q for the Sn setting. The red solid lines in
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the figures indicate the boundary between known iso-
topes and new isotopes. The relative root-mean-square
(rms) Z resolutions and the relative rms A/Q resolu-
tions achieved for fully stripped peaks are typically
0.37 and 0.038%, respectively, for the Sn setting. Ow-
ing to the excellent A/Q resolution and background
removal that was achieved, we could clearly identify
new isotopes.
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Fig. 1. Z versus A/Q particle identification plots for fis-
sion fragments produced in the ?*®U+Be reaction at
345 MeV/nucleon. The red solid lines indicate the
limit of known isotopes. The events whose charge state
changed at the F'5 focus were excluded.
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Identification of New Neutron-rich Isotopes in the Rare-Earth
Region Produced by 345 MeV /nucleon 238UT

N. Fukuda,*! T. Kubo,**!1 D. Kameda,*! N. Inabe,*! H. Suzuki,*! Y. Shimizu,*! H. Takeda,*! K. Kusaka,*!
Y. Yanagisawa,*! M. Ohtake,*! K. Tanaka,*' K. Yoshida,*! H. Sato,*! H. Baba,*! M. Kurokawa,*! T. Ohnishi,*!
N. Iwasa,*? A. Chiba,*? T. Yamada,*? E. Ideguchi,*® S. Go,*® R. Yokoyama,*? T. Fujii,*> H. Nishibata,**

K. Ieki,*> D. Murai,*® S. Momota,*S D. Nishimura,*” Y. Sato,*® J. Hwang,*® S. Kim,*® O. B. Tarasov,*"
*10

D. J. Morrissey,*® and G. Simpson

Searches for new isotopes at the RIKEN RI Beam
Factory') have been conducted since its commission-
ing in 2007, expanding the region of accessible nu-
clei in the nuclear chart.2% To explore the un-
charted region of far-from-stability nuclei, we per-
formed a search for new isotopes in the neutron-
rich rare-earth region using a 345 MeV /nucleon

238U beam with the BigRIPS in-flight separa-
tor.” We observed a total of 29 new neutron-
rich isotopes: 153Ba, 1541851567, 156,157,158

156,157,158,159,160,161 py. 162,163\ 164,165py, 166,167,
b ) b b

169y, 171G, 173174Tp, 175,176y 171178, and
179,180y

Neutron-rich nuclei in the rare-earth region were
produced by the in-flight fission of a 345 MeV /nucleon
238U beam with a beryllium target. The intensity of
the 238U beam was approximately 0.2-0.3 particle nA.
The experiment was carried out with two different set-
tings of the BigRIPS separator, each of which was
aimed at the discovery of new neutron-rich isotopes
in the region of atomic number Z of around 59 and
64, which are referred to as the Pr and Gd settings,
respectively. The target thicknesses were 4.0 mm and
4.9 mm for the Pr and Gd settings, respectively. The
particle identification (PID) was performed event-by-
event based on the AE-TOF-Bp method, deducing Z
and the mass-to-charge ratio A4/Q of the fragments.®)

Figures 1(a) and 1(b) show the Z vs A/Q PID plots
obtained with the Pr and Gd settings, respectively.
New isotopes are clearly identified in the plots, thanks
to the excellent relative A/Q@ resolutions of 0.034% and
0.036% for the Pr and Gd settings, respectively.
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Fig. 1. Particle identification plots of Z vs A/Q for the
fragments produced in the 2*®U + Be reaction at
345 MeV /nucleon: (a) data obtained with the Pr set-
ting during a 54.3-hour measurement period and (b)
data obtained with the Er setting during a 45.8-hour
measurement period. The red lines indicate the known
limit. The new isotopes observed in this work are indi-
cated by the red solid circles.
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Direct mass measurement of a T}/, = 10 ms nucleus with a relative
precision of 10~7 level

M. Wada,*!*2 Y. Tto,*?*® P. Schury,*! S. Kimura,*?*6 M. Rosenbusch,*? D. Kaji,*> K. Morimoto,*? H. Haba,*?
S. Ishizawa,*>*4 A. Niwase,*?*3 H. Miyatake,*! X. Y. Watanabe,*! H. Hirayama,*' J. Y. Moon,*” A. Takamine,*?
T. Tanaka,*3*? K. Morita,*>*? and H. Wollnik*®

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

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

Tizz 10 ms - 100 ms

log(Tiz)
+4 B
=0 50
=
] = 4
ray: colored:
mass known  unknown

i log (T1/2)

Fig. 1. Half-lives of mass unknown nuclides (colored ones).
Gray boxes indicate masses known with better than
1 ppm precision but the light gray ones are indirectly
measured nuclides. Insert shows distribution of half-life
for mass unknown nuclides.
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Fig. 2. ToF spectrum for ions. A mass precision of

2x1077 was achieved with four sets of spectra.
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Fig. 3. Plot of mass precision as a function of the half-
life with different mass measurement devices. With the
MRTOF ~80 nuclides were measured in FY2016-17.5°9)

extraction and short trap sequence. The average trans-
port time from GARIS-II to MRTOF was about 30 ms.
Even with this condition, we could measure the mass
of 2'Ra having a half-life of 10 ms with a precision of
2x107"(Fig. 2).

Figure 3 shows correlations between the mass pre-
cisions and half-lives for various mass spectrometers.
Present 2'“Ra measurement placed a milestone at the
blanc zone.
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Supernova equation of state based on realistic nuclear forces’

H. Togashi,***? K. Nakazato,*® Y. Takehara,** S. Yamamuro,* H. Suzuki,** and M. Takano*?*>

The equation of state (EOS) for hot nuclear matter
is one of the main ingredients in astrophysical sim-
ulations, such as core-collapse supernovae, cooling of
protoneutron stars, black hole formations, and binary
neutron star mergers. In order to describe the proper-
ties of nuclear matter in these simulations, a nuclear
EOS table containing various thermodynamic quanti-
ties in wide ranges of the baryon number density ng,
proton fraction Y}, and temperature 7' is necessary.
Therefore, it is not an easy task to construct a nuclear
EQOS suitable for the astrophysical simulations. In fact,
a limited number of nuclear EOSs are currently avail-
able for the core-collapse simulations.!) Furthermore,
high-density uniform matter is treated with the phe-
nomenological models in those EOSs. Under these cir-
cumstances, we have recently constructed a new nu-
clear EOS table based on realistic nuclear forces.?

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

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

t Condensed from the article in Nucl. Phys. A 961, 78 (2017).
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Table 1. Ranges of temperature T', proton fraction Y}, and
baryon mass density pp in the table of the variational
EOS. At the top of the last column, “+1” represents
the case at T'= 0 MeV.

Parameter Min Max Mesh Number

log,(T") [MeV] —1.00 2.60 0.04 91+1
Yy 0 0.65 0.01 66
log,,(pr) [g/ecm®] 51 160 0.1 110

Finally, we determine the thermodynamically favor-
able state for each np, Y, and T', by comparing the
free energy for non-uniform nuclear matter with that
for uniform nuclear matter. The obtained free energy
and related thermodynamic quantities are tabulated in
ranges of ng, Y, and T, as shown in Table 1. Here,
the baryon mass density pp is defined as pgp = myngp
with m, being the atomic mass unit.

The obtained EOS for various ng, Y, and T’ is rea-
sonable as compared with the Shen EOS.9 Tt is also
found that the critical temperature with respect to the
liquid—gas phase transition decreases more moderately
with Y}, for our EOS. Furthermore, masses of heavy nu-
clides are slightly larger than those of the Shen EOS in
neutron-rich nuclear matter. Asreported in Refs. 2,7),
those results are caused by the fact that the density
derivative coefficient of the symmetry energy L of our
EOS is smaller than that of the Shen EOS.

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

The EOS table constructed in this study is open for
general use in the studies of nuclear physics and astro-
physics. The complete EOS table is available on the
Web at http://www.np.phys.waseda.ac.jp/E0S/.
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Single electron yields of charm and bottom hadron decays in central
Au+Au collisions at /syny = 200 GeV

K. Nagashima*!*2 for the PHENIX collaboration

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

The PHENIX collaboration at the Relativistic
Heavy Ion Collider has measured the large modifica-
tion of the momentum and angular distributions of
inclusive heavy flavor decay electrons in the QGP.Y
Recently the silicon vertex detector was installed in
PHENIX to measure precisely the displaced vertices,
where the distribution of the distance of closest ap-
proach (DCA) of the track to the primary vertex allows
the separation of electrons from charm and bottom
hadron decays. PHENIX silicon vertex detector has
achieved a sufficient DCA resolution, approximately
60 pm at pp > 2.5 GeV/c, for the separation because
heavy flavor hadrons have the longer life time, cr(D?)
= 123 pm, c7(B°%) = 456 pym. PHENIX has estab-
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lished the unfolding method to a separation of charm
and bottom hadron decay electrons using Bayesian in-
ference techniques applied simultaneously to the yield
and DCA distributions.?

In 2014-2016, PHENIX collected 20 billion events in
Au+Au at (/s = 200 GeV, which is 20 times larger
than the 2011 dataset. This dataset allows to measure
the charm and bottom yields as a function of a colli-
sion centrality and impose a strong constraint on the-
ory. The invariant yield of charm and bottom hadron
decay electrons in the most central Au+Au at /s, =
200 GeV is measured in the 2014 data set as shown in
Fig. 1.

1'4, —— Djordjevic et al. dN/dy1000 (0-10%) Phys.Lett.B 632,81 (2006)
L oeees Djordjevic et al. dN/dy3500 (0-10%)
A Djordjevic et al. (0-10%) Phys.Rev.C 90,034910 (2014)
1.2~ D(2 1 T)=30, van Hees et al. (0-10%) Eur.Phys.J.C 61,799 (2009)
| seees D(2 n T)=6, van Hees et al. (0-10%)
= D(2 © T)=4, van Hees et al. (0-10%)
i’f\ L
$08-
) F T el
T B N
o
B 0.6j
T L —0-10% central
Q L
04—
- Au+Au, \[sTN=200 GeV
L Data 2004+2014, |y|<0.35
0.2 —~——
B H-<ENIX
|4 preliminary
O \\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
1 2 3 4 5 6 7 8 9

p? [GeV/c]

Fig. 2. The bottom electron fraction as a function of pr
compared to model predictions.

The bottom electron fraction (b—e/c+ b—e) is
compared to model predictions as shown in Fig. 2.
Based on model predictions, we find that the diffu-
sion coefficient of QGP is approximately 4 m? /s which
indicates the strong coupling of QGP, and the radia-
tive energy loss model can reproduce well at high pp
(> 5 GeV/c).?)
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Are two nucleons bound in lattice QCD for heavy quark masses??

T. Iritani*! for HAL QCD Collaboration

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

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

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

To resolve such a fake measurement problem, we pro-
pose a simple check of the energy shift (AE}) using the
scattering phase shift, dg(k), which is given by

1 1
kcot (k) = — =
B 2 ]

KL/ o

according to Liischer’s finite volume formula, where
k is given by AEj 2y/m% +k? — 2mp in a fi-
nite box of volume L3. The bound state corresponds
to the pole of the S-matrix at kcotdo(k)|p2=_n2z =
7\/7k2|k2:7,{%, which is determined by the extrap-
olation of kcot dg(k) using effective range expansion
(ERE), i.e., kcotdg(k) ~ 1/ag + (1/2)regk? +---. In
addition, the pole satisfies the physical residue condi-
tion by

d
ke w2~ dI2

I [k cot 6o (k)]

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

(2)

2 2"
k2=—kKg

T Condensed from the article in Physical Review D 96, 034521
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each other. Moreover, ERE (NPL2015) violates the
physical pole condition. These EREs suggest that the
ground state is not measured correctly. We have con-
cluded that there are serious uncertainties about the
existence of two-nucleon bound states for heavy quark
masses in all previous studies.’)

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

T. Iritani*! for HAL QCD Collaboration

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

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

ZRr |/ [SRE+a)

using the R-correlator
O|T{B(z + ,t)B(Z,t)}7(0)|0)
{Cs(1)}? ’

where J(B) is a source(sink) operator and the baryon
propagator Cp(t) It converges to the

1
AE.q(t) = ~lo (1)

t) = (2)

= (B(t)B(0)).
ground state energy at a large time, where the ground
state is saturated. For example, the inelastic state be-
comes negligible around 1 fm, while the elastic exci-
tation in the two-baryon system remains even around
O(10) fm, which causes a fake plateau-like structure
around 1.5 fm in the actual calculations.

Such a fake plateau problem can be checked by the
source dependence.?) Figure 1 shows the effective en-
ergy shift of ZZ(1Sg) at m, = 0.51 GeV using the wall
and the smeared sources. There is a plateau-like struc-
ture around ¢ ~ 15a ~ 1.5 fm, but it depends on the
source, which means either (or both) of the results is
fake.

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

Using the correct eigen energies AFE, and eigen-
function ¥, (r), which are obtained by solving H =
Hy + V(r) with the HAL QCD potential V(r) in the
finite box, the R-correlator is expanded by
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Fig. 1. The effective energy shift using the wall and the
smeared source for EE(lso) at mr = 0.51 GeV. The
lattice size L = 48 with the lattice spacing a ~ 0.09 fm.
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Fig. 2. Reconstructed AFE.¢(t) and its convergence.

The contamination coefficients b,, are determined from
the orthogonality of ¥, (7).

Figure 2 shows the AFE.g(t) reconstructed using a
low-lying b,, and AFE,,, which well reproduces the fake
plateau. The ground-state saturation of the smeared
source is estimated to be around t ~ 100a ~ 10 fm
at L = 48. This result proves the advantages of the
HAL QCD method, and the direct measurement of the
two-baryon system is not practical.

References

1) T. Iritani for HAL QCD Coll.,

05008 (2018).

EPS Web Conf. 165,

2) T. Yamazaki, PoS LATTICE 2014, 009 (2015).
3) T. Iritani for HAL QCD Coll.,

1610, 101 (2016).

J. High Energy Phys.

T Condensed from the article in Procccdlngs for the 35th In-

ternational Symposium on Lattice Field Theoryl)
RIKEN Nishina Center

-13-

4) T. Iritani for HAL QCD Coll., Phys. Rev. D 96, 034521
(2017).



RIKEN Accel. Prog. Rep. 51 (2018)

I. HIGHLIGHTS OF THE YEAR

A. — N form factors from lattice QCD and
phenomenology of A, — n€ty, and A, — putp~ decays'

S. Meinel*!:*2

The A, — N transition form factors are relevant
both for the charged-current decays A. — nfTv, and
for the GIM-suppressed neutral-current decays A, —
pl*T¢~. In this work, the first lattice QCD calcula-
tion of the A, — N form factors was performed, and
predictions were made for the rates and angular distri-
butions of the aforementioned decays. The calculation
was based on lattice gauge field ensembles generated
by the RBC and UKQCD Collaborations,?) with 2+ 1
flavors of domain wall fermions. Two lattice spacings,
a ~ 0.11 fm and a =~ 0.085 fm, and pion masses in
the range 230 MeV < m, < 350 MeV were used. The
form factors were extrapolated to the continuum limit
and the physical pion mass via modified z expansions.

The A, — neTv, differential decay rate predicted
using the form factor results is shown in Fig. 1. This
decay not yet been observed in experiments. The in-
tegrated decay rate obtained here is higher than most
previous theoretical estimates.

In the effective-field-theory analysis, ¢ — ufT¢~
decays such as A, — putpu~ receive contributions
both from quark-bilinear operators, whose matrix el-
ements are given by the form factors calculated here,
and from four-quark and gluonic operators? that con-
tribute through nonlocal matrix elements containing
an additional insertion of the quark electromagnetic
current. For the A, — putpu~ differential branching
fraction, a perturbative treatment of these nonlocal
matrix elements® yields the blue dashed curve shown
in Fig. 2. It is, however, well known that intermediate
light-meson resonances enhance the matrix elements
of the four-quark operators by several orders of mag-
nitude. A simple Breit-Wigner model for the contribu-
tions from the pY, w, and ¢ resonances gives the orange
curve in Fig. 2.

The LHCb Collaboration recently performed a
search for A, — pputp~ decays, and reported an
upper limit of B(A. — putp~) < 7.7 x 1078 in
the dimuon mass region excluding £40 MeV inter-
vals around m,, and mg. This measurement constrains
new-physics contributions to the Wilson coefficients Cq
and Cg to be of order O(1). While the theoretical pre-
dictions for the A, — put ™ decay rate are very unre-
liable, the forward-backward asymmetry in the angu-
lar distribution is nonzero only in the presence of new
physics, and a measurement would provide a clean test
of the Standard Model.

T
*1
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Fig. 2. The A. — pu*p~ differential branching fraction,
calculated using effective Wilson coefficients from per-
turbation theory (blue dashed curve) or using a Breit-
Wigner model for the contributions from the p°, w, and
¢ resonances. Also indicated is the upper limit obtained
by LHCb. Y
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Lattice QCD calculation of neutral D-meson mixing matrix elements’

E. T. Neil*!*2 for the Fermilab Lattice and MILC Collaborations

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

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

Our calculation uses lattice gauge theory to com-
pute the set of five QCD matrix elements O; through
Os5 which contribute to D-mixing. We use a set of
gauge ensembles generated by the MILC collaboration
with Ny = 241 dynamical quarks, using the “asqtad”
improved staggered fermion formulation and tadpole-
improved Luscher-Weisz gauge action. We study 14
ensembles with different values for the lattice spacing
a and average pion mass MEMS: elobal fits using stag-
gered chiral perturbation theory then allow us to ex-
trapolate simultaneously to the physical quark mass
point and the continuum limit.

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

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

T Condensed from the article in Phys. Rev. D 97, 3, 034513
(2018)
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Fig. 1. Bounds on a specific model of new physics in which
the Higgs has flavor-violating couplings,Q) using recent
experimental results on the complex D-mixing param-
eter 2?123) and our new lattice QCD results for the
D-mixing matrix elements. Colored regions are ex-

cluded at the indicated statistical significance. Com-

plex phases of the Yukawa couplings Y,. and Y., are

marginalized over.

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

Y*2 Y2 Y..Y.
HNP = _luc ¢ _ cu A _ cutuc o 1
AC=2 2m3 2 2m3 2 m3 v ()

where in front of the operators we show Wilson coef-
ficients at the scale my;. The Wilson coefficients are
run down to a renormalization scale of 3 GeV at which
our lattice QCD matrix elements are computed, and
then used to convert to an experimental prediction
for the D-mixing parameter z15 based on the size of
the Yukawa couplings Y., and Y,.. The resulting con-
straints are shown in Fig. 1.
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A prototype novel laser-melting sampler for analyzing ice cores
with high depth resolution and high throughput

M. Maruyama,*' M. Yumoto,*! K. Kase,*! K. Takahashi,*? Y. Nakai,*? S. Wada,*! Y. Yano,*? and Y. Motizuki*?

A new facility for analyzing ice cores is being prepared
jointly by the RIKEN Nishina Center Astro-Glaciology
Research Group (AGG) and the RIKEN Center for Ad-
vanced Photonics in Room B35 (50 m?) in the main re-
search building at Wako. The mission of the facility is to
analyze ice cores with high depth (temporal) resolution
and high throughput to obtain concentration profiles of
various isotopes such as 10 /160 and various ions such
as SO4%~ and NO3z~. The ice cores that we study have
been drilled by the Japanese Antarctic Research Expe-
dition (JARE) at Dome Fuji station in East Antarctica.
From the data obtained, one can elucidate the long-term
history of climate changes, and even the history of so-
lar activities and possible supernova explosions in our
galaxy. Such astro-related research was initiated by the
AGG and their activity so far was summarized in the
RIKEN APR special issue.)

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

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

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

*1 RIKEN Center for Advanced Photonics
*2 RIKEN Nishina Center
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Fig. 1. A schematic view of the ice-core laser-melting sam-
pler. The bottom image shows a sampling nozzle.

Fig. 2. Photos of a performance test.

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

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

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

References

1) Y. Motizuki, RIKEN Accel. Prog. Rep. 50, S-80 (2017).

2) e.g., R. Dallmayr et al., Bulletin of Glac. Res. 34, 11
(2016).



I. HIGHLIGHTS OF THE YEAR

RIKEN Accel. Prog. Rep. 51 (2018)

Production of vanadium-ion beam from RIKEN 28 GHz SC-ECRIS

Y. Higurashi,*! J. Ohnishi,*! and T. Nakagawa*!

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

To produce V vapor, we used a high temperature
oven?) of the same type as that used for the production
of uranium (U) vapor. The metal V was installed in
the crucible of the high-temperature oven and heated
by resistance heating up to ~1900°C. This temperature
to obtain sufficient vapor. To avoid the chemical reac-
tion between the metal V and W crucible at the high
temperature, we used a ceramic crucible (Y2Os3) as the
W crucible as shown in Fig. 1.

Figure 2 shows the charge state distribution of the
highly charged V-ion beam. To produce plasma, we
used oxygen gas as an ionized gas. DBinj, Bmin, Br,
and Beyxt were 2.3, 0.5, 1.4, and 1.5 T, respectively.
The extraction voltage was 12.6 kV, which is the re-
quired extraction voltage to obtain a V-ion beam of
6.0 MeV /nucleon with the RIKEN ring cyclotron for
the experiment. The injected microwave power and gas
pressure were ~1.0 kW and ~7.1 x 10~° Pa, respec-
tively. We used the two-frequency (18 and 28 GHz)
plasma heating method® to stabilize the beam inten-
sity. The electric power of the high-temperature oven
was ~720 W. Under this condition, we produced V13+
of ~100 euA. In our recent experiment, we observed
that the emittance of the ion beam was strongly af-
fected by the aberration of the analyzing magnet. To
minimize this effect, we need to provide a focused ion
beam. For this reason, to minimize the emittance, we
optimized the beam size in the analyzing magnet with
a focusing solenoid coil installed after the ion source,
and we obtained beam parameter products of 200 mm
mrad (four rms x-emittance) and 188 mm mrad (four
rms y-emittance) after the analyzing magnet.

In December 2017, a stable V13 beam of ~85 euA
was successfully produced for 15 days without break for
the experiment. The average consumption rate of the
material was ~1.9 mg/h. Using the present crucible of
the high-temperature oven, metal V of ~1.6 gr can be
installed. Therefore, it is estimated that one can pro-
duce an intense beam (V3% of ~85 euA) for longer than
one month without break under the present condition.

*1 RIKEN Nishina Center
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Doughnut-shaped gas cell for KEK Isotope Separation Systemf

Y. Hirayama,*! Y.X. Watanabe,*! M. Mukai,*?*3*! M. Oyaizu,*! M. Ahmed,*!*3 H. Ishiyama,** S.C. Jeong,**
Y. Kakiguchi,*' S. Kimura,*?*3 J.Y. Moon,** J.H. Park,** P. Schury,*! M. Wada,*"*? and H. Miyatake*!

We have developed the KEK Isotope Separation
System (KISS)Y to study the S-decay properties of
neutron-rich isotopes with neutron numbers around N
= 126 for astrophysics research.?) KISS uses a laser
ion source to produce pure low-energy ion beams of
neutron-rich isotopes in the region around N = 126,
which are produced in multi-nucleon transfer reactions
by impinging a stable '**Xe beam with an energy of ap-
proximately 10 MeV /nucleon on a 9Pt target.?) The
extraction efficiency from the laser ion source, namely
an argon gas cell, was as low as 0.01%. The low extrac-
tion efficiency stems from the plasma induced by the
primary beam injection into the gas cell, which is be-
lieved to reduce the ionization efficiency and selectivity
of the laser ionized atoms.

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

To study the performance of the doughnut-shaped
gas cell with a rotating target, we performed
on-line experiments using a '36Xe?’t beam with
10.75 MeV/nucleon and a maximum intensity of
60 pnA. Figure 2 shows the measured extraction yield
of 199Pt+ as a function of primary beam intensity. The
black square and red circles in Fig. 2 indicate the mea-
sured extraction yields with the use of the old and new
gas cells, respectively. The extraction yields were ap-
proximately 20 pps at 20 pnA with the use of the old
gas cell and approximately 260 pps at 50 pnA with
the use of the new doughnut-shaped gas cell. These
results clearly indicate that the doughnut-shaped gas
cell increased the extraction efficiency by suppressing

T Condensed from the article in Nucl. Instr. Meth. B412, 11
(2017)
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Fig. 1. Schematic view of the doughnut-shaped gas cell.
The colored lines indicate the calculated argon gas flow
trajectories connected to the gas outlet, based on the
exact geometry. The color code indicates the calculated
velocity (m/s) of the argon gas flow. Here, the pressure
of the argon gas was 88 kPa.

the plasma effect. Moreover, we could increase the ex-
traction yields by increasing the primary beam inten-
sity up to 50 pnA owing to the new gas cell. However,
we observed a decrease of the extraction yield as the
primary beam intensity was increased beyond 60 pnA.
This result indicates that we could not completely sup-
press the plasma effect, and further improvements are
required to the KISS gas cell system. This will be the
focus of our future research.
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Fig. 2. Measured extraction yields as a function of primary
beam intensity with the use of the old and new gas cells.
Statistical error bars are smaller than the symbols.
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Development of an off-axis electron beam source for cold highly
charged ion generation in a linear combined ion trap

N. Kimura,*!»*2 H. Kato,*® K. Okada,*! N. Nakamura,** N. Ohmae,® H. Katori,’*¢ and M. Wada*"*2

Some particular transitions in highly charged ions
(HCI) are sensitive to possible time variation of the
fine structure constant. High-precision spectroscopy
of such transitions can be a new probe for the ver-
ification of fundamental physics.""?) To perform such
spectroscopy, ion trapping and cooling of HCI are in-
dispensable. Schméger et al.®) observed Coulomb crys-
tallization of highly charged Ar in a linear RF trap;
however, no spectroscopy has been performed yet. We
designed and constructed a compact cryogenic setup in
which a microscopic electron beam ion trap (u-EBIT)
and a linear RF trap are enclosed.?) In this setup, HCI
are generated in the u-EBIT, while laser-cooled Be™
ions are stored in the linear RF trap. Since the two
traps are arranged collinearly, the center axis line must
be reserved for the cooling laser path. Additionally,
preserving the super-high vacuum necessary for storing
HCI precludes the use of any hot electron source. We
developed a cold cathode electron beam source with
an “off-axis” geometry to fulfill such constraints.

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

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

In order to focus the electron beam in the u-EBIT,
a strong magnetic field needs to be applied using hand
wound coils of a superconducting wire.*) As the next
step, will generate HCI such as Ho'** in the u-EBIT,
and try to crystallize the HCI in the linear RF trap by
sympathetic cooling with laser-cooled Be™.
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Fig. 1. Sketch of electron beam source with trajectories
calculated using SIMION 8.0.
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Fig. 2. I-V plot of electron beam of 300 eV.
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TINA - a silicon tracker for transfer reactions

P. Schrock,*! Y. Beaujeault-Taudiere,*? N. Imai,*! K. Iribe,*® N. Kitamura,*! J. H. Ong,** D. Suzuki,*®
T. Teranishi,*® and K. Wimmer*®

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

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

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

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

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

*1CNS, University of Tokyo

*2 Department of Physics, Universite Paris-Saclay
*3 Department of Physics, Kyushu University

*4 RCNP, Osaka University

*5  RIKEN Nishina Center
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In the OEDO Day 0 experiment in November 2017,
71,798e beams were energy-degraded and irradiated onto
a CDgy target. The light recoiling particle identifica-
tion (PID) plot obtained with TINA is shown in Fig. 3,
where the energy loss measured with the silicon detec-
tors are plotted against the remaining energy deposited
in the CsI crystals. Protons, deuterons, and tritons can
clearly be distiguished.

An upgrade to implement highly granular DSSD de-
tectors with GET readout electronics® is ongoing. The
upgraded TINA will be well-suited for future transfer
studies at OEDO. TINA is also compact enough to be
coupled with 47 ~-ray detector arrays.

10

E (MeV)
counts

© ©

6
5
4
3
) . P
30 40 50 60 70
e,ab (deg)

Fig. 2. Kinematics plot of light recoiling particles obtained
with a 12C beam on a deuterated target.
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Fig. 3. PID plot for light reaction products obtained in the
OEDO Day 0 experiment.
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Spot size estimation for laser aiming system of ion microbeam
irradiation using a tapered glass capillary optics

K. Sato,*!*2 T. Ikeda,*"*? K. Hirose,*"*2 M. Matsubara,*?> T. Masuyama,*?> T. Minowa,*?> and W.-G. Jin*?

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

The laser transmission experiments have been carried
out with tapered glass capillary optics in Toho Uni-
versity. The power of the transmitted beam was well-
reproduced by a simulation with a precisely measured
capillary shape.*) The beam power was measured by us-
ing a power meter based on a photodiode whose sensi-
tive area was 10 mm x 10 mm. In order to determine
the laser spot size, a microscopic imaging technique is
needed. Figure 1 shows our method, which records the
spot shape on a fluorescent-bead screen located L mm-
downstream of the capillary outlet; it was set up at the
Quantum Electronics Lab. in Toho Univ., using a laser
beam from an Ar™ laser source (wavelength A\ = 488 nm,
CW power = 15 mW). The screen consists of fluorescent
beads, 2 pym in diameter, which can shift the A from
488 nm (input laser) to around 508 nm (fluorescence).
A band pass filter attached at the eye piece suppresses
the input laser intensity by 1076, except for A\ = 510
with a width of 20 nm. The spot images were taken
by a digital camera and analyzed for L > 1 mm in a
previous work.?)

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

*1 RIKEN Nishina Center
*2 Department of Physics, Toho University
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Fig. 1. Fluorescent beads, 2 pm in diameter, shift the wave-
length from 488 nm (input laser) to around 508 nm (fluo-
rescence) in order to observe the spot shape at a specific
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Fig. 2. The spot size as a function of the capillary outlet
diameter at L = 17 pm and A = 488 nm.

are strongly suppressed. This is highly advantageous for
spotlighting a small target. We succeeded in performing
spot size estimation, for the first time, using the precise
L-determination system. Figure 2 shows the results of
spot size as a function of outlet diameter at L = 17 pm.
The full spot width at half (or 20%) maxima for each
spot is represented by a square (or circular) symbol. The
dashed line is a guide to show the case when the spot size
is equal to the outlet size. We confirmed that smaller
spots are obtained for smaller outlet capillaries without
any higher-order rings. The estimation included the cal-
ibration of non-linearity of light intensity at the camera
and the suppression of the halation effect due to cross-
talk between the fluorescent beads. The installation of
the system to a beam line of the Pelletron accelerator is
in progress.
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Magnetic moments and ordered states in pyrochlore iridates
Nd;Ir,O7 and SmyIr,O7 studied by muon-spin relaxation’

R. Asih,**2 N. Adam,*"*3 S. S. Mohd-Tajudin,*"*3 D. P. Sari,*!*2 K. Matsuhira,** H. Guo,*’
M. Wakeshima,*¢ Y. Hinatsu,*® T. Nakano,*? Y. Nozue,*? S. Sulaiman,*® M. I. Mohammed-Ibrahim,*3
P. K. Biswas,*” and I. Watanabe*!:*2:%3:%8

Pyrochlore iridates, RoIroO7 (R227, R = Nd, Sm,
Eu, Gd, Tb, Dy, or Ho), which have the relatively
large spin-orbit coupling (SOC) inherent in Ir 5d elec-
trons and a d-f exchange interaction, have been sug-
gested to show peculiar electronic properties.)) R227
also shows metal-insulator transitions (MITs) at Ty,
which seems to be accompanied by magnetic transi-
tions. Ty gradually decreases from 141 K for R = Ho
to 117 K for R = Sm with the increasing ionic radius
of the trivalent R ion. Ty suddenly drops to 33 K for
Nd227, and no MIT is observed in Pr227, which shows
metallic behavior.?) Owing to difficulties in observing
Ir magnetic ordering by means of neutron studies in
these compounds, muon-spin relaxation (uSR) studies
have been proven to directly confirm the appearance
of long-range magnetic ordering (LRO) in some of the
R227 compounds.? )

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

t Condensed from the article in J. Phys. Soc. Jpn. 86, 024705
(2017)
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Fig. 1. Temperature dependences of (a) internal field at
the muon sites Hint, (b) slow relaxation rate Ai, and
(¢) damping rate of the muon-spin precession A2. The
broken line indicates Tt = 117 K. The area T > Tt
indicates the paramagnetic region. The temperature
dependence of the resistivity of SmalraOr is displayed
in (a) by the solid line as a reference MIT.

mately 10 K, which indicates a slowing-down behavior
toward an LRO below this temperature. This, there-
fore, suggests the appearance of the additional LRO of
Sm moments below 10 K. Increases in the damping rate
of the muon-spin precession are also observed below
10 K and near the Ty, as indicated in Fig. 1(c¢), which
further indicates a broadening of the distribution of
Hi,. Dipole-field calculations at the possible muon
stopping site show that the all-in all-out spin struc-
ture most convincingly explained the present yuSR re-
sults with the lower limits of the magnetic-ordered mo-
ments determined as 0.12 pup/Ir*" and 0.2 pp/Nd3*T
in Nd227 and 0.3 pp/Ir** and 0.1 pp/Sm3+ in Sm227.
Further analysis indicated that the spin coupling be-
tween Ir and Nd/Sm moments was ferromagnetic for
Nd227 and antiferromagnetic for Sm227.
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Effect of Fe substitution on Cu-spin dynamics in the electron-doped
cuprates Euy_,Ce,CuOyyq_s

Risdiana,*! M. Manawan,*! Fitrilawati,*! L. Safriani,*! T. Saragi,*! and I. Watanabe*?

The effect of impurities on the Cu-spin dynamics in
high-T,. cuprates has attracted great research interest
in relation to the mechanism of high-T, superconductiv-
ity. In the hole-doped cuprates of Las_,Sr,Cui—yZn, 04
(LSCZO),%?) the non-magnetic imputity Zn tends to
slow down the Cu-spin fluctuations in the whole su-
perconducting regime. In the electron-doped cuprates
of the Pr;_,LaCe,Cu;_,Zn,04,% on the other hand,
the time spectra are independent of the Zn con-
centration, which is probably due to the strong ef-
fect of the Pr3* moment. For Ni substitution ef-
fects, in Lag_,;Sr,Cu;_yNiy Oy, a hole-trapping ef-
fect together with the stripe-pinning effect of Ni was
clearly observed.®) As an electron doped system, we
prepared samples without the Pr®t moment, namely
Eu; 85Ce0.15Cu1 -y NiyOupa—s (ECCNO),” in order to
clarify the effects of Ni on the Cu-spin dynamics. As
shown in Fig. 1, the development of the Cu-spin correla-
tion is induced at low temperatures through Ni substitu-
tion. Importantly, in the uSR time spectra of ECCNO,
the trace of the development of the Cu-spin correlation
was observed at low temperatures for the Ni-substituted
samples. However, no clear evidence of the Ni substitu-
tion effect on the Cu-spin dynamics has been obtained
yet.

The effect of Fe substitution on Cu-spin dynamics
has attracted much attention owing to the significant
effect of its large magnetic moment on the superconduc-
tivity. In hole-doped systems, it has been found that
the magnetic transition temperature and magnetic cor-
relation are enhanced through 1% Fe substitution in a
wide range of hole concentrations at which supercon-
ductivity appears in Fe-free Lay_,Sr,Cu04.9 On the
other hand, the effects of magnetic impurities on the
Cu-spin dynamics in electron-doped systems have not
yet been reported, which prevents us from drawing a
clear conclusion on the relation between the dynami-
cal stripe correlations and superconductivity in electron-
doped cuprates. Therefore, partial substitution by Fe
in electron-doped cuprates is a potential method of us-
ing an impurity to study the Cu-spin dynamics in the
electron-doped system.

Figure 2 shows the pSR  time spectra of
Eu1_85+yCeo,15_yCu1_yFeyO4+a_§ (ECCFO) with Yy =
0.005, 0.01, 0.02, and 0.03 at various temperatures. For
all samples, the spectra show an exponential-type de-
polarization behavior at temperatures below ~50 K.
Gaussian-type depolarization behavior was only ob-
served at temperatures above ~200 K, which is higher
than the corresponding temperature of the ECCNO

*1 Department of Physics, Padjadjdaran University, Indonesia

*2 RIKEN Nishina Center
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Fig. 2. puSR spectra of Eui.gsyyCeo.15—yCui—yFeyOutra—s
with y = 0.005, 0.01, 0.02, and 0.03 at various tempera-
tures.

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

by Fe substitution indicates a possibility that the stripe
model can globally explain high-T;. superconductivity as
in the case of hole-doped systems.
References
1) T. Adachi et al., Phys. Rev. B 69, 184507 (2004).

) Risdiana et al., Phys. Rev. B 77, 054516 (2008).

) Risdiana et al., Phys. Rev. B 82, 014506 (2010).

) Y. Tanabe et al., Phys. Rev. B 83, 144521 (2011).

) Risdiana et al., Adv. Mat. Res. 896, 354 (2014).

)

2
3
4
5
6) K. M. Suzuki et al., Phys. Rev. B 86, 014522 (2012).



RIKEN Accel. Prog. Rep. 51 (2018)

I. HIGHLIGHTS OF THE YEAR

One-pot three-component double-click method for synthesis of
[67Cu]-labeled biomolecular radiotherapeutics?

K. Fujiki,*! S. Yano,*? T. Ito,*® Y. Kumagai,*®> Y. Murakami,*> O. Kamigaito,*> H. Haba,*? and K. Tanaka*!»*4*?

apy

A one-pot three-component double-click process to
prepare tumor-targeting agents for cancer radiother-

is described here. By utilizing DOTA (or

NOTA) containing tetrazines (DOTA: 1, 4, 7, 10-
tetraazadodecane-1, 4, 7, 10-tetraacetic acid, NOTA:
1, 4, 7-triazacyclononane-1, 4, 7-triacetic acid) and the
TCO-substituted aldehyde (TCO: trans-cyclooctene),
the two click reactions, the tetrazine ligation (an in-
verse electron-demand Diels-Alder cycloaddition)') and

the RIKEN click (a rapid 6m-azaelectrocyclization),

2-8)

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

Subsequently, the radiolabeling of DOTA- or NOTA-
attached albumin and anti-IGSF4 antibody (a tumor-
targeting antibody) with 7Cu as a promising 3~ /v-
e-mitting theranostic radionuclide having a half-life of
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Fig. 1. (a) One-pot three-component click labeling of albu-

min and anti-IGSF4 antibody as a cancer-targeting agent.
(b) Affinities of intact and labeled anti-IGSF4 antibodies
to IGSF4 analyzed by ELISA. DMF = N ,N-dimethy]l for-
mamide, ELISA = enzyme-linked immunosorbent assay.
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62 h, which is compatible with radioimmunotherapy,
could be achieved by mixing DOTA- or NOTA-attached
albumin and anti-IGSF4 antibody with RIs and sub-
sequent purification by Amicon filtration; a separate
experiment with %°Zn was conducted for comparison
(Fig. 2 and Table 1). 57Cu and %°Zn could be pro-
duced in the "Zn(d, an)®"Cu and "**Cu(d,z)%Zn re-
actions at the AVF cyclotron. Our work provides a new
and operationally simple method for introducing ”Cu to
biomolecules, which is an important process for prepar-
ing clinically relevant tumor-targeting agents.

[652n] or [¥"Cu]

R R
L Y4 0.1 M aq NaOAc (pH 5-6) VW7
R or R —_————— ® or rR—]
40°C, 60 min
R R
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Fig. 2. Radiolabelings of DOTA or NOTA-attached albu-
mins and anti-IGSF4 antibody.

Table 1. Radiochemical yields (RCY) of 7Cu and ®°Zn.

Entry  Chelator-attached Added [®Zn]or  RCY®
biomolecules [*"Cu]? (%)
(Radioactivities)

I DOTA-albumin7b  [*Zn] (300kBg) 80

2 DOTA-albumin7b  [“Cu] (11 MBq) 72

3 DOTA-anti-IGSF4  [Cu] (11 MBq) 51

mAb 9a
4 NOTA-albumin 8 [¢"Cu] (11 MBq) 19
5  NOTA-anti-IGSF4  ['Cu] (11 MBq) 7

mAb 9b
 Specific activities of ’Cu and ®*Zn were 110 MBg/ug and
125 MBq/ug, respectively.
" RCY (Radiochemical yield) was obtained from the
radioactivity of the purified radiolabeled product against the
added [*Zn] or [*Cu].
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Cross section measurement to produce Mo through alpha-induced
reactions on natural Zr

T. Murata,*"*2 M. Aikawa,*?*3 M. Saito,*>*3 N. Ukon,*?>** Y. Komori,*> H. Haba,*? and S. Takécs*®

Radiopharmaceuticals containing ™ Tc (T}, =
6.0 h) produced from the decay of #Mo (T} /5 = 66 h)
are used worldwide for imaging in diagnostic nuclear
medicine. Although nuclear reactors provide sufficient
global supplies of Mo, unplanned shutdowns due to
technical issues disrupt these supplies. In addition,
the nuclear waste created by fission reactions in the
nuclear reactors is a problem. Therefore, *?Mo pro-
duction routes other than neutron-induced fission are
needed.

One of the reactions that creates Mo is the
967Zr(a,n)??Mo reaction. However, previously obtained
experimental cross section datal’?) and TALYS Eval-
uated Nuclear Data Library (TENDL)® for this reac-
tion exhibit discrepancies in their peak positions. It
is very important to provide reliable and consistent
cross section data for evaluation of the isotope produc-
tion yields. Therefore, we performed an experiment to
measure the cross sections for this reaction.

The cross sections of the %9Zr(a,n)%Mo reaction
were measured using the standard stacked-foil acti-
vation method and off-line high-resolution high-purity
Germanium (HPGe) ~-ray spectrometry. Natural Zr
foils (purity: 99.2%, thickness: 20.3 pum; Nilaco Corp.,
Japan) having %°Zr isotopic abundance of 2.80% and
natural Ti foils (purity: 99.6%, thickness: 5.3 pm; Ni-
laco Corp., Japan) for the *#'Ti(,x)%*Cr monitor re-
action were stacked together as a target. This stacked
target was then mounted in a target holder that also
served as a Faraday cup, and irradiated by a 51-MeV
alpha beam with an average intensity of 203.6 pnA for
2 h at the RIKEN Azimuthally Varying Field (AVF)
cyclotron. The alpha particle energy in the i-th foil
FE; was derived using the stopping power calculated by
Stopping and Range of Ions in Matter (SRIM) soft-
ware.?)

After a cooling time of 12 h to reduce the back-
grounds, the ~-ray spectra on each foil were mea-
sured using high-resolution ~-ray spectrometry with
a HPGe detector. The characteristic 739-keV ~-line
(I,= 12.20%) from the decay of %Mo in the Zr foils
and the 320-keV ~-line (I,= 9.91%) from the decay of
51Cr in the Ti foils were measured to derive the cross
sections of the %6Zr(a,n)*Mo and "**Ti(a,x)%1Cr re-
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Fig. 1. Experimental cross sections of “®Zr(a,n)Mo reac-
tion in comparison with previously reported experimen-
tal data and TENDL data.

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

The measured production cross sections of **Mo are
shown in Fig. 1, along with available previous data!?)
and the TENDL data.? Our result shows that the peak
is located in the vicinity of 14 MeV with a cross sec-
tion value of approximately 210 mb, differing from the
results of earlier studies.

In this work, the cross sections of the %Zr(a,n)*"Mo
reaction were measured using standard methods, i.e.,
the stacked target method, activation technique, and
high-resolution 7-ray spectrometry. The newly mea-
sured cross section data were compared with previously
reported experimental data and the TENDL data. The
peak of the deduced excitation function was higher
than that given by the previous data and was located
at approximately 14 MeV. To confirm this excitation
function behavior, we will repeat this experiment in
detail in the energy range of 10 to 20 MeV.
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Analysis of carbon ion-induced mutations by exome sequencing of an
unselected rice population

H. Ichida,*! R. Morita,*! Y. Shirakawa,*! Y. Hayashi,*! and T. Abe*!

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

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

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

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

Y. Kazama,*! K. Ishii,*! T. Hirano,*"*? T. Wakana,*! M. Yamada,*! S. Ohbu,*! and T. Abe*!

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

Dry seeds of A. thaliana were irradiated with C ions
(30.0 keV/pum) or Ar ions (290 keV/um) with doses
found to induce 95% survival rates and the highest mu-
tation frequencies.*) For the C-ion and Ar-ion irradi-
ations, doses of 50 and 400 Gy were adopted, respec-
tively. FEight mutants showing morphological pheno-
types were screened in the Ms generation after each
irradiation. Then, the phenotypes of the mutants were
confirmed in the Mj3 generation. In total, 16 mu-
tants were selected, and DNA pools were extracted
from 40 plants of their individual progeny. The ex-
tracted DNA was sequenced using the HiSeq 2500 and
HiSeq 4000 sequencing systems (Illumina Inc., https:
//www.illumina.com). The obtained reads were input
into AMAP, as described previously.?)

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

T Condensed from the article in Plant J. 92, 1020 (2017)
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Fig. 1. Mutations in each of the eight mutants induced by C-
and Ar-ion irradiation. The rearrangements are plotted
as lines on the interior of the circles. Small mutations
are indicated by lines on the exterior of the circles. The
mutations in each mutant are differently colored.

Table 1. Sum of homozygously mutated genes detected in
eight mutants.

Amino acid  Truncation or loss Total
changes of whole gene
C ion 30 11 41
Ar ion 8 66 74

difference was also statistically significant (P < 0.01;
two-sided Student’s t-test).

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

These data demonstrate that the nature of mutations
is significantly different between beams with different
LET values. Such a selective irradiation will be a pow-
erful tool for forward genetics as well as studies on chro-
mosomal rearrangements in conjunction with the tech-
nics of mutation detection through high-throughput se-
quencing.
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Single-neutron knockout from 2°C and the structure of °Ct

J.W. Hwang,*!*2 S. Kim,***? Y. Satou,”* N. A. Orr,*3 Y. Kondo,***? T. Nakamura,***? J. Gibelin,*3
N. L. Achouri,*® T. Aumann,*® H. Baba,*? F. Delaunay,*® P. Doornenbal,*> N. Fukuda,*? N. Inabe,*?
T. Isobe,*? D. Kameda,*? D. Kanno,***? N. Kobayashi,***2 T. Kobayashi,*6*2 T. Kubo,*? S. Leblond,*?
J. Lee,*? F. M. Marques,*® R. Minakata,***? T. Motobayashi,*? D. Murai,*” T. Murakami,*® K. Muto,*¢
T. Nakashima,***2? N. Nakatsuka,*® A. Navin,*® S. Nishi,***2 S. Ogoshi,***? H. Otsu,*? H. Sato,*?
Y. Shimizu,*? H. Suzuki,*?> K. Takahashi,*® H. Takeda,*? S. Takeuchi,*> R. Tanaka,***? Y. Togano,*'°
A. G. Tuff,*** M. Vandebrouck,**? and K. Yoneda*?

The unbound states of 'C have been investigated
using the one-neutron knockout reaction. '?C has a
well established 1n halo structure with a weakly bound
s-wave neutron. The almost degenerate 0ds/ and
151/ orbitals are expected to govern the low-lying level
structure of 19C, comprising 1/2%, 3/2%, and 5/2%
states.!) Theoretically, while most shell models suggest
that these states are closely located below 1 MeV, their
ordering has remained uncertain. Experimentally, a
few studies have reported the low-lying states includ-
ing 3/2] and 5/2. There is an argument of the bound
nature of 5/27 provided by recent measurements.?)

The 2°C beam of 280 MeV/nucleon at mid-
target was produced from BigRIPS with using a
345 MeV /nucleon *¥Ca primary beam (~100 pnA).
The secondary beam impinged on a secondary carbon
target (1.8 g/cm?) in front of the SAMURAI spectrom-
eter to produce C.3) The decay products, including
18C and a neutron, were detected using SAMURAI and
NEBULA neutron array. Note that the measurement
was a part of the first experimental campaign using
SAMURALI to study the light neutron-rich nuclei.)

Figures 1 show the relative energy (FEyq) spectrum
for the ¥C + n system containing a narrow thresh-
old resonance and two peaks at higher energies. The
positions were determined to be at 0.036(1), 0.84(4),
and 2.31(3) MeV by fitting analysis with R-matrix
lineshapes convoluted with the experimental resolu-
tion. The longitudinal momentum distributions for
each resonance show clear ¢ characters compared with
Glauber model calculation.”) Such results allow the
spin-parity assignment of 5/2 and 1/2] for the levels
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Fig. 1. Relative energy spectrum for the 3C + n system
up to (a) 0.5 MeV and (b) 5 MeV. The solid (green),
dashed (red), and dot-dashed (blue) curves represent
the lineshapes of the results of the fit, individual reso-
nances, and background, respectively.

at E, =0.62(9) and 2.89(10) MeV with S,, = 0.58(9)
MeV. Spectroscopic factors were also found to agree
with the shell-model calculations. The valence neu-
tron configuration of the 2OCg_S_ is thus expected to
have a significant Odg /2 contribution together with the

known 13% 5 component. The level scheme of 9¢C is
well described by the shell model with YSOX inter-
action based on the monopole-based universal interac-
tion.%)
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Observation of isoscalar and isovector dipole excitations in 2°0f

N. Nakatsuka,*?*2 H. Baba,*? N. Aoi,*!? T. Aumann,*® R. Avigo,*>*!* S. R. Banerjee,"'? A. Bracco,*>*!4
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A. Horvat,*? K. Ieki,*'! N. Imai,*” T. Kawabata,*! K. Yoneda,*?> N. Kobayashi,*® Y. Kondo,* S. Koyama,*8
M. Kurata-Nishimura,*? S. Masuoka,*” M. Matsushita,*” S. Michimasa,*” B. Millon,*> T. Motobayashi,*?
T. Murakami,** T. Nakamura,*® T. Ohnishi,*? H. J. Ong,*'? S. Ota,*” H. Otsu,*? T. Ozaki,*® A. T. Saito,*”
H. Sakurai,*?*® H. Scheit,*® F. Schindler,*® P. Schrock,* Y. Shiga,****2 M. Shikata,*® S. Shimoura,*”
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Y. Togano,*® J. Tscheuschner,* J. Tsubota,*® H. Wang,*> O. Wieland,*® K. Wimmer,***2 Y. Yamaguchi,*”
and J. Zenihiro*?

The electric dipole response, or E1 response, is
one of the most interesting properties of atomic nu-
clei. In medium to heavy neutron-rich nuclei, the elec-
tric dipole excitation is fragmented into a low-energy
region around the neutron separation energy, so-
called Pygmy dipole resonance."?) Recent experimen-
tal studies on *048Ca,%) ™Ge,”) 124Sn,®) 138Ba,?) and
140Ce%10) have demonstrated that low-energy dipole
excitations exhibit a specific isospin character, some-
times referred to as “isospin splitting.” They demon-
strated that some dipole excitations, mostly in the
low-energy region, were populated by both isoscalar
and isovector probes. In this work, the isospin charac-
ter of low-energy dipole excitations in neutron-rich un-
stable nucleus 2°0 was investigated, for the first time
in unstable nuclei. The experiment was performed at
Radioactive Isotope Beam Factory (RIBF). The 2°0
beam impinged on two different reaction targets, a
2.45(5) mm gold target as an isovector probe, and a
317(28) mg/cm? liquid helium target as an isoscalar
probe. The decay ~ rays from the excited beam par-
ticles were detected with large volume LaBrs crystals
from INFN Milano.?) Two low-energy dipole states at
energies of 5.36(5) MeV (17 ) and 6.84(7) MeV (15),
previously known to be populated by the Coulomb
excitation,*®) were consistently populated both by
the isoscalar and isovector probe. The decay scheme
of those states were determined by the -y coinci-
dence analysis, and the decay branch via the 21+ state
(1.67 MeV) was observed.

In order to extract the cross sections and tran-
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sition strengths, a distorted-wave Born approxima-
tion (DWBA) analysis was performed by using the
Eci1s97 code.'? As nuclear potential, we employed
the theoretically developed global optical potential de-
scribed in Refs. 13-15). The transition strengths of
the 17 states were determined in the same manner,
by including both the Coulomb and nuclear contribu-
tions in either system, with the assumption that the
Coulomb potential contributed only to the isovector
dipole strength and the nuclear potential contributed
only to the isoscalar dipole strength. The Harakeh-
Dieperink dipole form factor'V) was employed to de-
termine the isoscalar dipole strength. The strengths
were determined so that the experimental cross sec-
tions from both the 2°0O+a and 2°0+Au systems were
reproduced by the same isoscalar and isovector dipole
strengths. The 17 state (5.36(5) MeV) had an isoscalar
dipole strength of 2.70(32)% in ISD EWSR, while the
15 state (6.84(7) MeV) had a strength of 0.67(12)%
in Isoscalar dipole energy-weighted sum-rule fraction
(ISD EWSR). These states, however, have comparable
isovector dipole strengths: B(E1)t = 3.57(20) x 1072
e?fm? for the 1] state and B(FE1)t = 3.79(26) x 1072
e?fm? for the 1, state. The results indicate that low-
energy dipole excitations in 2°0 exhibit a dual charac-
ter. The difference in isoscalar response suggests that
these states have different underlying structures.
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Neutron-neutron correlation in Borromean nucleus 1Li
via the (p, pn) reaction
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Since a theoretical prediction was made by Migdal,")
a hypothetical bound state of two neutrons, dineu-
tron, has attracted much attention. The neutron-
neutron correlation caused by the dineutron is ex-
pected to appear in weakly bound systems, such as
the Borromean nucleus ''Li. There have been exten-
sive studies to search for such a correlation in ''Li.
E1 strengths deduced from Coulomb dissociation cross
sections have been used by employing the E1 clus-
ter sum rule to characterize their correlation.?) How-
ever, the model dependence was not negligible owing
to the °Li core excitation and the final-state interac-
tions.®) The kinematically complete measurement of
the quasi-free (p, pn) reaction was thus performed with
Borromean nuclei ''Li, 'Be, and '"19B at the RIBF so
as to determine the neutron momentum distributions
that provide more direct information of the ground-
state correlation.®)

The measurement required a high luminosity to have
as much statistics as possible. For this purpose, the
15-cm-thick liquid hydrogen target MINOS® was in-
troduced. The SAMURAI spectrometer® contributed
to minimize experimental biases originating from the
geometrical acceptance. A missing-mass setup com-
posed of the neutron detector WINDS,”) the recoil pro-
ton detector RPD, and the gamma-ray detector array
DALI2®) was newly configured for realizing the quasi-
free (p, pn) measurement.

As a measure of the dineutron correlation in ''Li, the
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opening angle of two valence neutrons cosfy was re-
constructed from momentum vectors of all the particles
involved in the reaction. The obtained cos 6y distribu-
tion is shown in Fig. 1. The geometrical acceptance
of the experimental setup was corrected by performing
a Monte-Carlo simulation. The asymmetric distribu-
tion indicates an admixture of different parity states
and the dineutron correlation in ''Li. The asymme-
try obtained in the present work is weaker than that
in the previous work employing the neutron removal
reaction by using a carbon target.?) We presume that
the dineutron correlation was overestimated in the pre-
vious study because of the sensitivity of the probe; the
probe used in the previous study is only sensitive to
the nuclear surface, where the dineutron correlation is
expected to develop.
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Fig. 1. Opening-angle distribution cos@y for 'Li. The
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9)

taken in the present and previous works,”’ respectively.
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Differential cross section of proton elastic scattering from neutron-rich
6He at 200 A MeV and high momentum transfers

S. Chebotaryov,*!*2 S. Sakaguchi,*® T. Uesaka,*! W. Kim*?
on behalf of the SAMURAIL3 collaboration

Recently, an experiment on p-5He elastic scattering
at 200 A MeV was carried out at the RIKEN RI-beam
factory (RIBF) by using the SAMURAI spectrome-
ter.!) Details of the experimental setup and data anal-
ysis procedure were described in previous reports.??)
In this report, the measured differential cross sections
are presented. The main distinguishing feature of the
obtained p-%He cross section data is the highest mo-
mentum transfer region covered (¢ = 1.7-2.8 fm~1),
which makes the present data valuable to deduce He
density distribution in the interior of the nucleus with
high precision.

The measured cross sections of p—*He and p-%He
elastic scattering are shown in Fig. 1. The data of
p—*He elastic scattering were taken to confirm the va-
lidity of the experimental setup and data analysis pro-
cedure by comparing them to existing data measured
in normal kinematics by Moss et al.*) Good agreement
was obtained between the present and existing p—*He
data without any normalization. The systematic er-
ror was determined to be 9.4% and is the major con-
tribution to the total uncertainty except at the most
backward angles, at which statistical error dominates.
The slope of the elastic scattering cross section is de-
termined by the matter radius of the probed nucleus.
The difference in slopes of the measured p-*%He cross
sections show that the radius of °He is larger than that
of “He. Such a considerable difference of their magni-
tudes could also be attributed to the weakly bound na-
ture of the “He nucleus because scattering at large mo-
mentum transfers can easily cause the break-up of He,
reducing the yield of p-5He elastic scattering events
compared to that of p—*He.

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

*1 RIKEN Nishina Center
*2 Department of Physics, Kyungpook National University
*3  Department of Physics, Kyushu University
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Two methods for invariant mass reconstruction
from events with multiple charged particles

S. Koyama*!*2 and H. Otsu*? for SAMURAIOS collaboration

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

The SAMURATI spectrometer is developed to inves-
tigate unbound states of nuclei. In the standard setup
with the SAMURAI magnet, we install four multi-wire
drift chambers, BDC1, BDC2, FDC1, and FDC2, to
measure the four-momentum of a charged particle.!)
FDC1 is placed between the target and the SAMU-
RAI magnet, while FDC2 is placed at the downstream
of the magnet. By using positions and angles mea-
sured by these detectors, we can deduce the direction
vector and the magnetic rigidity of a charged parti-
cle, which is converted to the four-momentum. For
invariant mass reconstruction from events with multi-
ple charged particles such as «a decay into 2 charged
particles of o + residue, positions of each charged par-
ticle have to be deduced with both FDC1 and FDC2.
The positions are separated at FDC2 for particles with
different A/Z values, while the positions can be close
at FDC1. The cell size of FDC1 is 10 mm, and the
requirement of deducing 2 positions with FDC1 can
limit the acceptance, especially for a small opening an-
gle corresponding to a low E,.. The four-momenta of
charged particles can be deduced only from the reac-
tion point on the target, positions and angles deduced
from FDC2, and the magnetic field map of the SAMU-
RAI magnet?) without FDC1, though the resolution of
the direction vector is worse than with FDC1. There-
fore, we performed two different methods to deduce
E,., without FDC1 and with FDC1. The former yields
a worse resolution but full acceptance, while the latter
achieves a better resolution but with biased acceptance
for two particles, especially for a small spatial separa-
tion at the FDC1 location.

We analyzed the data of the SAMURAIOS8 exper-
iment®) in which the « decay of 'C* is investigated.
We used known unbound states of 1B and "' B to com-
pare the two methods. Figure 1 shows E, spectra of
12B reconstructed from the ®Li + « decay channel. A
clear peak is visible at E, = 2.75 MeV in both spec-
tra, without FDC1 (black line) and with FDC1 (red
line). The better resolution with FDC1 allows us to

*1 Department of Physics, University of Tokyo

*2 RIKEN Nishina Center
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Fig. 1. E, spectra for '2B* — 8Li + a. The black line

represents the E, reconstructed without FDC1, while

the red line represents that reconstructed with FDCI.

find another peak at E, = 0.90 MeV, while the corre-
sponding peak is not so clear without FDC1. Figure 2
shows F, spectra of ''B reconstructed from the “Li +
a decay channel. ''B has doublet unbound states at
E, = 0.52 and 0.61 MeV with negligible width. The
doublet peaks are not well separated without FDC1,
while a dip between the doublet peaks can be seen
with FDC1. With FDC1, the resolution (o) of E, is
approximately 0.04\/E, MeV, while the acceptance is
approximately 80% of that without FDCI.
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Fig. 2. Same as Fig. 1 but for ''B* — "Li 4 a.

In summary, two methods to reconstruct invariant
mass were evaluated. Both methods have advantages
and disadvantages. They should be used as per the
intended application.
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The electric dipole (E1) strength distributions
in °°Ca and °2Ca were measured using relativistic
Coulomb excitation.

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

Recent theoretical work showed that the pygmy
dipole resonance (PDR) and the dipole polarizability
ap of nucleus is well correlated to the density depen-
dence of the symmetry energy close to saturation den-
sity.)) PDR is the low-energy E1 mode located at the
excitation energies of about 6 to 10 MeV. It is indi-
cated that the PDR strength of Ca isotopes rapidly
increases from “8Ca to °*Ca, and the strength in these
nuclei is well correlated with the density dependence of
the symmetry energy.?) The dipole polarizability ap
corresponds to the inversely energy weighted sum of
E1 strength distribution, and it is pointed out as a less
model-dependent observable for the extraction of the
symmetry energy parameters.®) Given that the PDR
of neutron-rich Ca isotopes and ap are correlated to
the density dependence of the symmetry energy, the
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Coulomb excitation of *°Ca and %?2Ca was performed
to measure their E1 responses.

The experiment was performed using the SAMU-
RAI spectrometer®) at RIBF. The secondary beams of
50Ca and °?Ca were produced via fragmentation of a
345 MeV /nucleon °Zn beam on a 10-mm thick Be tar-
get. The °Ca and 52Ca beams were separated using
the BigRIPS with an Al degrader with a thickness of 5
mm placed at the focal plane F1. For the °°Ca beam,
an additional 1-mm thick Al degrader was placed at
the focal plane F5 to increase the purity of 5°Ca. At
the focal planes F3, F5 and F7, 1-mm-thick plastic
scintillators are installed. The %°Ca and °2Ca beams
were impinged on Pb and C secondary targets. The
typical °°Ca and ®?Ca intensities were 14 and 1 kHz,
respectively.

The °°Ca and 52Ca beams were monitored event-
by-event using two 0.2-mm thick plastic scintillators
(SBTs), an ionization chamber (ICB), and two drift
chambers (BDC1 and BDC2) placed at the upstream
of the secondary target. The ~v-ray detector CATANA
5) and 8 large-volume LaBrz detectors were placed
to surround the secondary target to measure the de-
excitation ~-rays from the reaction residues. The
outgoing charged particles were characterized using
the detectors located at the entrance and exit of the
SAMURAI magnet with 2.7T at the center. Two drift
chambers (FDC1 and FDC2) and a plastic scintilla-
tor wall (HODF24) were used to identify the charged
particles and reconstruct their momenta. The outgo-
ing neutrons were detected by the combination of the
NeuLAND demonstrator® and NEBULA.

The data analysis is now in progress.
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Many-neutron systems: search for
superheavy “H and its tetraneutron decay

F. M. Marqués*! and Z. Yang*? for the SAMURAI34 and R3B-NeuLAND Collaborations

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

The goal of the NP1512-SAMURAI34 experiment, )
carried out in July 2017, was to provide the definitive
proof of existence of both “H and *n, and, in case of a
positive answer, their detailed spectroscopy. Concern-
ing the issues noted above, we proposed to obtain very
high statistics (several 10* complete events) and reso-
lution (about 100 keV) and, by detecting the four neu-
trons for the first time, have access to the decay proper-
ties and correlations within the system. In particular,
the fact of measuring the neutrons in the decay t+4n
provides a unique opportunity to observe even very
broad 4n resonances (undetectable using missing mass
techniques), since any resonance would be unambigu-
ously identified through the angular anti-correlation
between the triton and the neutrons.

We measured the reaction ®He(p, 2p)>H+4n in com-
plete kinematics (see Fig. 1) at the SAMURAI? fa-
cility of RIBF. The setup was similar to the one
of the NP1312-SAMURAI21 experiment.?) The sec-
ondary beam of ®He at 150 MeV /nucleon and 10° pps
was produced by the fragmentation of an '¥O primary
beam at 220 MeV /nucleon on a beryllium target, then
selected by BigRIPS, and finally sent onto the 15 cm
MINOS liquid-hydrogen target.*) The beam was de-
tected by two plastic scintillators (SBTs) and tracked
with two drift chambers (BDC1 and BDC2). The re-
action was tagged through the detection of both the
target and knocked-out protons with the MINOS TPC
(trajectories) and 36 crystals of DALI2 arranged in a
cylindrical configuration around the target (energies).

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

*1 LPC-Caen, France

*2 RIKEN Nishina Center
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Fig. 1. Schematic view of the ®He(p, 2p)*H+-4n reaction on
the MINOS target.

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

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

The 8He beam intensity and quality were stable dur-
ing the 6-day run. The online analysis showed the
proper operation of the different multidetectors, as well
as of their correlations. The MINOS TPC trajectories
and the high-energy hits in DALI2 showed the char-
acteristic p-p back-to-back azimuthal pattern. Tritons
were clearly identified in the hodoscope at the pre-
dicted location. The neutron multiplicities exhibited
the expected distributions for different reaction chan-
nels, and a very preliminary analysis of those multiplic-
ities in the ®He(p, 2p)>H channel, including causality
conditions, lead to an estimate of several 10* complete
2p+t+4n events during the whole run, consistent with
our proposal goal. The data analysis is in progress.
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Low-energy dipole response of the halo nuclei ¢ 3He
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The electromagnetic properties of neutron-rich nu-
clei provide insight into their structure and dynam-
ics.!) The low-lying dipole strength of neutron-halo
systems is of particular interest. The heaviest bound
helium isotopes *He and ®He are two- and four-neutron
halo nuclei with a clear o plus 2n and 4n structure,
respectively. After electromagnetic excitation, they
mainly decay via two- and four-neutron emission. The
SHe breakup has been measured previously by Au-
mann et al.,?) while ab nitio calculations have been
carried out by Bacca et al.>* The existing data cover
excitation energies up to 7MeV, while the full low-
energy response predicted by the theory extends up to
20 MeV.») Therefore, it is necessary to measure up to
higher energies to study the complete region of interest.
For 8He, only the 2n-breakup channel has been mea-
sured previously by Meister et al.®) Nothing is known
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so far about the 4n-channel, where 8He breaks up into
“He and four neutrons, because of the experimental
difficulties of measuring four neutrons in coincidence.
In July 2017, the SAMURAI37 experiment was per-
formed with the purpose of extending the existing
data for SHe with better statistics and measuring
the breakup of 8He, both up to excitation energies
of approximately 15MeV. The multi-neutron decay
of He and ®He after heavy-ion-induced electromag-
netic excitation has been measured in complete kine-
matics to study the dipole response of these nuclei.
The combination of the neutron detectors NEBULA
and R®B-NeuLAND demonstrator at the SAMURAI®)
setup and the high beam intensities available at RIBF
made the measurement of the 4n-breakup channel pos-
sible for the first time. A primary '®0 beam with
an energy of 220 MeV /nucleon was used to produce
secondary beams of ®He and ®He with an energy of
180 MeV /nucleon and a beam rate of 100 kHz, which
were then guided to the SAMURALI spectrometer.
The experimental method is based on the measure-
ment of the differential cross section do(F1)/dE via
the invariant-mass method, which allows us to extract
the dipole-strength distribution dB(E1)/dE and the
photo-absorption cross section. To excite He and 3He
electromagnetically, a Pb target was used. Addition-
ally, a series of targets with increasing Z, namely CHs,
C, Ti and Sn, was used to study precisely the nuclear
contribution to the cross section. This is especially im-
portant in the region of high excitation energy, where
the electromagnetic excitation might not be dominant.
The data analysis is in progress.
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Investigation of the tetraneutron by quasi-free a-knockout from ®He
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The possible existence of a four-neutron system as
well as its properties has been a long-lasting ques-
tion in nuclear physics that can be traced back to the
mid-1960s.") A recent experiment carried out at the
SHARAQ spectrometer uncovered 4 candidate events
for a “n ground-state resonance at Ei, = 0.83 +
0.65(stat) + 1.25(syst) MeV with a 4.90 significance
level generated in a *He(®He,® Be) reaction.?) This
measurement triggered new enthusiasm for both the-
oretical and experimental investigations of the tetra-
neutron system. State-of-the-art ab initio theory in-
deed supports the existence of a low-lying “n reso-
nance.?® However, the definite experimental evidence
is still pending.

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

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

The *n-energy spectrum will be deduced from the
momenta of all charged particles via the missing-mass
technique to identify the possible resonance and to de-
termine its energy and width. Neutrons have been
measured in addition with the combination of the
neutron detectors R®B-NeuLAND demonstrator and
NEBULA, allowing for a kinematically complete in-
vestigation of the reaction and the study of the *n de-
cay properties with lower but sufficient statistics. To
reduce systematic uncertainties of the missing-mass re-
construction, an invariant-mass measurement for °He,
i.e., “He(p, par)?n has been carried out for the purpose
of calibration. The data analysis is in progress.
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Experimental evidence collected in the last years
show the disappearance of the shell closures at N = 8§,
20 and 28 in various neutron-rich isotopes, as well as
the appearance of new magic numbers, such as N = 32
and 34 for Ca isotopes.?) Given that N = 40, which
corresponds to the filling of the fp neutron shells, is
predicted to be a sub-shell closure, the study of the
structure of N = 40 isotones can provide insight into
the mechanism governing shell evolution. A low col-
lectivity is observed in %Ni, consistent with the magic
character of N = 40.%) However, for the Fe and Cr iso-
topes, a monotonous decrease of the 2% energy with
increasing neutron number is observed.*® Such a de-
crease, which extends beyond N = 40, indicates a
rapid increase of collectivity when removing protons
from the f7/5 shell. For the case of the Ti isotopes,
measurements of the 2% energy of % %0Ti%7) do not
show an unexpected decrease towards N = 40, al-
though it has been suggested that full consideration of
the gg /o orbital is required to understand the structure
at N = 40.7) To further understand the shell evolution
in N = 40 isotones towards the supposedly doubly-
magic %°Ca, the measurement of the first excited 2+
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state of 62Ti is necessary.

In the third SEASTAR campaign, %2Ti was pro-
duced by proton knock-out of %3V at 250 MeV /nucleon
on the MINOS liquid hydrogen target.”) The %3V
isotopes were produced by fragmentation of a
345 MeV /nucleon primary beam of "°Zn impinging on
a 10-mm Be target and separated using the BigRIPS
spectrometer. The average intensity of the Zn beam
was 250 pnA, and the average rate of %3V was 3 pps.
The MINOS target, of 150 mm length, was placed
at the F13 experimental area, in front of the SAMU-
RAI magnet. Reaction products were identified on an
event-by-event basis using the standard SAMURAI de-
tectors.®) NEBULA and NeuLAND neutron detectors
were also used during the experiment. y-rays emitted
by the reaction products were detected using the up-
graded DALI2+ array,'® consisting of 226 Nal detec-
tors surrounding MINOS. The ongoing data analysis
has already provided the incoming particle identifica-
tion as shown in Fig. 1.

10000
1000
100
10
[ - \A % . kr| Fas
2.6 2.65 . 2.75 2.8 AQ
Fig. 1. Incoming particle ID. %3V is labeled in red.
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Evidence for the existence of a new “magic number,”
N = 34, has been obtained from the level structure of
54Cal) while there may not be a corresponding shell
gap in Ti®? isotopes. This has created recent interest
to study the evolution of neutron-rich scandium iso-
topes. These nuclei lie between Ca and Ti and the
evolution of proton orbitals can reveal the nature of
the magic numbers at N = 34, recently shown to van-
ish in °°Sc,* and the N = 40 pf-shell closure. In this
case the valence proton occupies the 7 f7 /5 orbital, in-
teracting with v f5 /o orbital in 5759 61Sc.

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

557615 in SAMURAL

of the secondary beams. The Sc isotopes of interest
were produced by knock-out reactions in MINOS,”)
consisting of a 150-mm-thick LHs target surrounded
by an active TPC. Gamma rays were measured with
the DALI2+ array, consisting of 226 NaI(T1) detec-
tors surrounding MINOS. The reaction products were
identfied event-by-event using two drift chambers and
a hodoscope plastic-scintillator array after Brho anal-
ysis in the SAMURAI magnet. NEBULA and Neu-
LAND were used in addition for neutron detection.
Figure 1 shows all reaction channels producing 5> %!Sec.

In a preliminary analysis, the v rays reported in
Ref. 4) for 5°Sc were identified in the data from the
neutron knock-out reaction, *°Sc (p,pn) 5°Sc. The full
analysis of ®>%1Sc is on-going.
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The production of neutron-rich nuclei through one-
nucleon knockout (p, 2p) reactions has been successfully
demonstrated with the MINOS setup.?) In future RIBF
experiments, a method to remove more than one proton
with a reasonable rate will be required for the produc-
tion of more neutron-rich nuclei. At present there is
no consensus on the best reaction for two-proton re-
moval. In this work, the performance of the (d,3pn)
reaction with the MINOS setup as a candidate of the
two-proton knockout driver in future RIBF experiments
is discussed. the results of a recent nuclear transmuta-
tion experiment at RIBF?) show an encouraging indica-
tion that the production cross sections of neutron-rich
nuclei are larger with a deuteron target than with a pro-
ton target. In this report, cross sections of the (p,3p)
and (d,3pn) reactions on a **Ti beam are shown and
discussed.

The experiment was carried out using the SAMURAI
spectrometer after the third SEASTAR campaign® in
May 2017. A secondary cocktail beam including *®Ti
was produced with projectile fragmentation reactions
of a primary "°Zn beam at 345 MeV /u impinging on a
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beryllium target. The experimental setup was the same
as that of the SEASTAR experiment, except for the
target material. The target was liquid deuterium with
a thickness of 2.6 g/cm?. The *®Ti beam with an initial
energy of 240 MeV/u loses its energy by 90 MeV/u
in the target. The measured cross section is the one
averaged over 150-240 MeV/u. The secondary beam
and fragments were identified event by event using the
AE-TOF-Bp method.

Figure 1 summarizes preliminary results of the cross-
section ratio for a deuteron target to a proton target.
The ratio of interaction cross sections is greater than
one and less than two. This is due to a well-known
eclipse effect proposed by Glauber.) The result for
two-proton removal cross sections shows a significantly
larger value of ~ 3, while that for one-proton removal
is not so different from the interaction cross section re-
sult. This fact implies possible advantages of a deuteron
target to produce neutron-rich nuclei.

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

E& 2 1 T T
.E -
° 3l yory pretimire”_——+
1t N
0 | l |
Gtotal G-lp G-Zp

Fig. 1. Ratio of cross sections for a deuteron target to a
proton target. oiotal: interaction cross section (oq/0p).
o_1p: oOne proton removal cross section. o_2p: two-

proton removal cross section.
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The main objective of the SAMURAI Pion-
Reconstruction and Ion-Tracker (STRIT) project is to
place a constraint on the density dependence of the
nuclear equation of state (EOS). In particular, the
isospin asymmetric term of the EOS, which is called
symmetry energy, plays an important role not only in
unstable nuclei but also in neutron stars. Currently,
the density dependence of symmetry energy is poorly
constrained at around twice the saturation density.")
It is proposed that charged m mesons from heavy-
ion (HI) collisions at energies of several hundreds of
MeV /nucleon could be a useful probe for the symmetry
energy at supra-saturation densities.?) At intermediate
energies, ™ mesons are produced from the decay of A
resonance states, which are excited from the nucleon-
nucleon (NN) scattering in HI collisions. The 7 meson
production cross-section depends on the NN scattering
cross-section, which depends on the impact parameter.
Therefore, central collisions will produce higher statis-
tics of m mesons, and will be a region of interest in this
experiment.

In the spring of 2016, we performed an experi-
ment at RIBF with collisions between various Sn iso-
topes at 270 MeV /nucleon.®) The STRIT-TPC? inside
the SAMURALI spectrometer was used to detect the
charged particles. To provide a trigger signal focusing
on the central collision, a combination of two kinds of
detectors—KATANA veto® and Kyoto multiplicity ar-
ray®)—was utilized. It consisted of an array of plastic
paddles and Multi-Pixel Photon Counter for use in the
magnetic field of 0.5 T. The KATANA veto was placed
downstream from the STRIT-TPC, enabling us to veto
peripheral collisions, which involve high-Z spectator
particles. The Kyoto multiplicity array covered both
sides of the STRIT-TPC to detect central collisions by
setting a threshold on the sideward-moving charged
particle multiplicity. For regular data acquisition runs,
the trigger condition required Z less than 20 in the
KATANA veto and a multiplicity greater than four in
the Kyoto multiplicity array.

The dependece of impact parameter on the trigger
efficiency in regular runs has been studied by using
Monte Carlo simulation with event generators. As
a HI collision generator, JQMD-2.0 in PHITS™ Ver.
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2.880 and UrQMD®) Ver. 3.4 were used to reproduce
13280 +1248n reactions at 270 MeV /nucleon. Figure 1
shows the trigger efficiency curve as a function of the
impact parameter. For both models, about 100% trig-
ger efficiency was obtained for central collisions with
impact parameters of 0-2 fm. However, significant
model dependence is found in semi-central collisions
with impact parameters of 5-9 fm. For a more proper
model parametrization, it would be necessary to com-
pare the experimental observables with further simu-
lations.
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Fig. 1. Trigger efficiency curves as a function of impact
parameter in the regular runs.

Further analysis on the impact parameter determi-
nation using the reconstructed track in STRIT-TPC is
now under way.
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and for STRIT Collaboration

The successful observation of gravitational waves
from a neutron star merger?) highlights the importance
of the nuclear Equation of State (EoS). Heavy ion col-
lisions are an appropriate tool to evaluate the nuclear
EoS at supra-saturation. In nuclear EoS at a density
more than that of normal nuclear matter (p > 2pg),
the isospin symmetry energy term includes large un-
certainly in theory, because of the lack of experimental
data. In a previous work, the 7= /7% production ra-
tio was a super soft EoS;? however, the proton and
neutron collective flow analysis®) was inconsistent.

The SAMURAI Pion-Reconstruction and Ion-
Tracker-Time-Projection ~ Chamber (S7RIT-TPC)
project was proposed to constrain the EoS using differ-
ent isospin asymmetry systems with 32Sn and '°®Sn
beams at 270 MeV/u on '*2Sn and !?4Sn targets at
SAMURATI in RIBF. Multiple observations, such as
7~ /7 production ratio, proton and neutron collective
flow, and H?/He?® production ratio, will be obtained to
study the EoS for heavy ion collisions.

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

The SRIT-TPC is described in Ref. 5) NeuLAND
was installed 8.8 m downstream from the target to de-
tect neutrons emitted around the mid-rapidity region.
Trigger devices, KATANA array® and Multiplicity ar-
ray”) were installed surrounding the STRIT-TPC.

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

o wi sin(ng;)
S cos(nd)
A Wsub - WA - WB

v = (1)

(2)

The coefficient w is 1 if rapidity is larger than the center
of rapidity, otherwise it is —1.
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The geometrical acceptance of the STRIT-TPC is
limited and asymmetric in the azimuthal angle, so it
was necessary to apply a flattening correction.®) Tracks
were randomly selected from independent events to
create “mixed” events. To check the feasibility of de-
termining the reaction plane with this flattening cor-
rection applied, two sub-events of equal multiplicity
were formed event by event. The reaction planes ¥4
and ¥ were measured from the sub-events, and the
opening angle of two sub-events, AW,,;, is plotted in
Fig. 1. The real events are plotted as red circles, which
show an enhancement at AW,,; = 0 indicating the
ability of determining the reaction plane from the mea-
surements. The mixed events are plotted as green cir-
cles, which show a flat distribution indicating that the
detector bias has been removed. It was confirmed that
the reaction plane could be determined using sub-event
correlations with STRIT-TPC. More detailed analysis
is on going.
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Fig. 1. Opening angle of reaction planes determined by two
sub-events Red and green circles show real and mixed
events, respectively.
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Gamma decay of unbound neutron-hole states in 33Snf
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and the NP1306-RIBF98R1 collaboration

The region around the doubly magic nucleus '32Sn
(N =82 and Z = 50) is of particular interest for nu-
clear structure investigations. Nuclei with a few nucle-
ons outside this closed-shell core provide direct infor-
mation about the evolution of nucleon-nucleon corre-
lations, quadrupole collectivity and single-particle en-
ergies. In this context, the low-lying states in the
neutron-rich nucleus '®3Sn, which consists of a single
neutron coupled to the doubly-magic nucleus 3?Sn,
provide information about the position of the neutron
single-particle orbitals belonging to the N = 82-126
major shell. Neutron single-particle energies of 854,
1367, 1561, and 2002 keV for the 2p3/5, 2p1/2, Ohg /2
and 1f5/, orbitals, respectively, relative to the 1f7 /o
orbital, have been established combining the informa-
tion from both 8 decay and (d, p) neutron-transfer ex-
periments."? The neutron single-hole states in '33Sn
are expected to have excitation energies above S, =
2.402(4) MeV and to decay via neutron emission me-
diated by the strong interaction.

In an experiment performed in April 2015 at the
RI Beam Factory (RIBF), excited states in the nu-
cleus 133Sn were investigated by in-beam 4-ray spec-
troscopy. These states in 133Sn were populated knock-
ing out a neutron from a slightly heavier nucleus,
134Qn, at relativistic energies. The exotic nuclei to be
investigated were produced by the in-flight fission of a
345 MeV /nucleon 23*U beam with an average intensity
of 15 pnA, impinging on a 4-mm thick Be target. In the
BigRIPS in-flight separator, the Bp-AFE-Bp method
was used in order to select and identify a secondary
beam of *4Sn. The identified 134Sn ions then impinged
with a kinetic energy of 165 MeV /nucleon on a 3-mm
thick C target. The v radiation emitted in the decay of
excited states was detected using the y-ray spectrom-
eter DALI2 which was installed surrounding the sec-
ondary target. Reaction products from the secondary
target were identified using the ZeroDegree spectrom-
eter.?)

Figure 1 shows the Doppler-corrected v-ray spec-
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Fig. 1. Doppler-corrected ~-ray spectrum (for ~-ray mul-
tiplicity M., = 1 after add back) of **3*Sn populated
via one-neutron knockout from !3*Sn. The response
function fit to the experimental spectrum is shown by
the thick red line while the individual components are
shown as thin black lines. The background is indicated
as the gray area. The inset shows the high-energy re-
gion of the spectrum on a linear scale.

trum measured in coincidence with '34Sn ions detected
in BigRIPS and !33Sn nuclei detected in the ZD spec-
trometer. Besides the known ~ rays emitted in the
decay of the single-particle states (transitions at 513,
854, 1561, and 2002 keV), clearly additional v strength
is observed above the neutron separation energy, reach-
ing up to about 5.5 MeV. These excited states are in-
terpreted as neutron-hole states that are populated fol-
lowing the knock-out of a neutron from the closed N =
50-82 shell of the '34Sn projectile ion. These neutron-
hole states are expected to decay via neutron emission
because they are situated far above the neutron sepa-
ration energy. However, the ability of y-ray emission
to compete with neutron decay is explained taking into
account the structure of the initial and final states and
the resultant wave-function overlap. Our study raises
the question whether, due to nuclear structure effects,
the ~-ray emission may play a much more significant
role than generally assumed in the decay of highly ex-
cited states populated following 5 decay in the region
southeast of '32Sn.
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Shell evolution beyond Z = 28 and N = 50: spectroscopy of 81 84Zn'
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The Shell Evolution and Search for Two-plus states
At the RIBF (SEASTAR) experimental campaigns
were conducted at the Radioactive Isotope Beam Fac-
tory (RIBF). For the experiments a 23U primary beam
was accelerated to 345 MeV /nucleon and subsequently
impinged onto a 3 mm thick ?Be production target at
the entrance of the BigRIPS separator. Secondary fis-
sion beams of interest were then selected within Bi-
gRIPS using the Bp-AE-Bp technique. The results
presented here on neutron-rich Zn isotopes were ob-
tained from settings centered on "?Cu and °Ga in the
first (2014) and second (2015) SEASTAR campaigns,
respectively.
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Fig. 1. Doppler corrected y-ray spectrum of $4Zn.

The incoming ions were impinged on the liquid Hs
target of the MINOS device, while the resulting ~ rays
were detected with the DALI2 high-efficiency Nal(T1)
array. Low-lying excited states in the neutron-rich
81-8471 isotopes have been investigated. The 4] state
in 82Zn and the 2] and 4] states in 84Zn (see Fig. 1)
were observed for the first time. In addition, 7-ray
transition were identified in odd-mass 8%83Zn. The
main experimental conclusion of the work is that the
magicity is confined to neutron number N = 50 only,
as indicated by the increased Ry/o = E(47)/E(2%) ra-
tios in 8%84Zn when compared to than in the neutron-
magic %°Zn nucleus.

A magic or semi-magic core can be distorted as va-
lence nucleons are added to a closed shell. The samar-
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ium isotopes present a typical case. Shape evolution
proceeds from a seniority level pattern in N = 82
semi-magic *4Sm, to a vibrational pattern at N =
86 in '*®Sm, and finally a rotational one at N = 92
in 1%4Sm. At N = 84 6Sm provides the transition
between the seniority and vibrational schemes. In the
case of Zn isotopes, with only two protons outside the
7 = 28 shell, the situation is rather different. As de-
duced from the present experiment for the first time,
the proton-neutron correlations are strong enough for
a rapid change from the semi-magic structure at N =
50 to a collective structure at N = 52. This is partly
due to the weak Z = 28 sub-magic structure, which
is a consequence of the repulsive nature of the tensor
force between the proton f7/o and the fully occupied
neutron gg,o orbits.

The experimental results were compared to three
state-of-the- art shell-model calculations (see Fig. 2),
considering different model spaces. They all correctly
predict that the 82 34Zn isotopes exhibit collective-like
character. The good agreement between experiment
and theory suggests that breaking the "Ni core pro-
vides a significant contribution to low-lying states be-
yond Z = 28 and N = 50.
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Fig. 2. Systematics of Ry/» = E(4%)/E(2") for Zn iso-
topes. The filled symbols are from this work. The
results of the Ni78-I,") A3DA-m,?) and PFSDG-U®)
shell-model calculations are also indicated. The line at

R, /5 = 2 indicates the vibrational limit.
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Robustness of the N = 34 shell closure: First spectroscopy of *?Ar
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It is now well known that magic numbers are not uni-
versal across the nuclear landscape and that new shell
closures may emerge in exotic nuclei. For example, a
new subshell closure at N = 34 has been predicted for
neutron-rich nuclei.’) On the experimental side, the sys-
tematics of the E(2]) of Ti isotopes show no evidence
for the existence of the N = 34 shell gap.?) Recently, the
E(2]) of ®*Ca was measured to be ~0.5 MeV smaller
than that of 52Ca.? This drop was attributed to the
larger ground state correlation energy of ®2Ca, and the
results were interpreted as confirming the N = 34 magic
number in Ca isotopes. For °?Ar, no spectroscopic in-
formation has been measured; however, its F(2]) was
predicted to be the highest among Ar isotopes with N
> 20.% The spectroscopy of *2Ar thus offers a unique
chance to explore the robustness of the N = 34 subshell
closure and pin down the mechanism of its emergence.

The measurement of °?Ar was performed at the
RIBF as part of the third campaign of the SEASTAR
program. The fast radioactive beam containing
53K, amongst other products, was produced by frag-
mentation of a ~220 pnA 7°Zn primary beam at
345 MeV /nucleon on a 10-mm thick Be target. The
constituents were identified using the BigRIPS frag-
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Fig. 1. Particle identification after the secondary target.

ment separator with the AE-TOF-Bp method. The
incident beam, magnetically centered on *3K, was im-
pinged on a 150-mm thick MINOS® liquid hydrogen
target to induce proton-removal reactions. The recoil
protons were detected by the MINOS TPC tracker® to
reconstruct the reaction vertex. The MINOS efficiency
was measured to be 90(5)%. The kinematic energy and
intensity of the 53K beam in front of the target were
~240 MeV /nucleon and 1.0 pps, respectively. The reac-
tion residues passed through the SAMURAI®) magnet
with a central magnetic field of 2.7 T, and were iden-
tified by a 24-element plastic hodoscope and two for-
ward drift chambers. Figure 1 shows the particle iden-
tification of the reaction residues. The de-excitation
v rays from the reaction residues were measured by
the upgraded DALI2+ array,”) which consists of 226
Nal(T1) crystals. The preliminary Doppler-corrected
y-ray spectrum of °2Ar was obtained, and a clear (2]
— 07) candidate peak was found. Evidence for other
transitions in *2Ar requires further analysis.
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The first measurement of low-lying excited states of
56Ca was performed as part of the third SEASTARY
(Shell Evolution And Search for Two-plus energies At
the RIBF) campaign in May 2017. In a simple shell-
model description, this nucleus has two neutrons in
the f5/5 orbital outside the closed (sub)-shell nucleus
54Ca.?) The location of its 2] energy gives a measure-
ment of the difference between 07 and 2% two-body
matrix elements in v(f5/2)?, which is of importance to
understand the nature of the very neutron-rich, poten-
tial closed (sub)-shell nucleus %°Ca. Theoretical pre-
dictions of this energy level vary from 0.5 to 2 MeV;
therefore, its experimental determination is desirable.

A "7Zn beam accelerated to 345 MeV /nucleon im-
pinged on a 10-mm thick °Be primary target with
an average intensity of ~160 pnA at the entrance
of the BigRIPS separator to produce the radioactive
secondary beam. BigRIPS was tuned to select and
identify particles of interest via the measurement of
Bp, AE and ToF by using standard beamline detec-
tors. The particle identification of BigRIPS is shown in
Fig. 1. The average production rate of ®”Sc nuclei was
13.6 s~'. To induce knock-out reactions populating
low-lying states in *°Ca, the secondary beam impinged
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Fig. 1. BigRIPS particle identification (left) and SAMU-
RAI particle identification for ®*7Sc secondary beam
(right). The 37Sc(p, 2p)°°Ca channel is selected.

on the 150-mm-length LH2 target of the MINOS de-
vice.?) The beam energy in front of the secondary tar-
get was measured to be ~250 MeV /nucleon. The up-
graded DALI2Y array, which contains 226 NaI(T1) de-
tectors, was used to measure gamma rays emitted from
the in-flight particles. The reaction residues were iden-
tified using the SAMURALI spectrometer.”) The identi-
fication of the residues from the ®”Sc secondary beam
is also shown in Fig. 1, from which the 56Ca isotopes
are selected.

Currently, the gamma-ray spectrum in coincidence
with the °7Sc(p,2p)°°Ca reaction channel is under
analysis. This preliminary energy spectrum shows a
candidate peak of the 27 — 0] transition observed at
an energy consistent with the aforementioned range of
theoretical predictions. The spectra coincident with
other reaction channels, which produce ®6Ca, are also
under analysis.
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Spectroscopic measurements of 84:36:88Ge were per-
formed within the SEASTAR campaign in 2015.") The
spectroscopic results and theoretical predictions in-
spired intensive discussions of triaxial features for the
Ge isotopic chain. Two elementary models, which de-
scribe the nucleus as a rigid triaxial rotor or as softly
shaped, are competing in this region. Both models de-
scribe the breaking of the axial symmetry of the Bohr
Hamiltonian? by introducing the triaxial deformation
parameter 7y, which ranges from 0° (prolate shape) to
60° (oblate shape), and the axial elongation 3. The
maximum of triaxiality is reflected by v = 30°. The
rigid triaxial rotor model by Davydov and co-workers®
considers a well-defined minimum for the potential en-
ergy surface while the model by Wilets and Jean®
treats the potential independent of -, introducing -
softness. The difference between the soft and rigid
cases is manifested in the energy spacing between the
odd and even members of the v band. In the case of
a rigid triaxial rotor, the odd-spin levels are located
closer to the lower-lying even spin levels, whereas the
odd spin levels are located closer to the higher-lying
even spin levels in the case of a y-soft nucleus. This
energy difference is referred to as staggering.®%)

At the RIBF, a 2®*U beam with an energy of
345 MeV /u was impinged on a 3-mm-thick “Be target
at the entrance of BigRIPS.”) The isotopes of interest
were identified by BigRIPS and ZeroDegree spectrom-
eter in two different settings. The Ge isotopes were
produced by knockout reactions inside the MINOS®)
LH, target and the emitted + radiation was detected
with DALI2.?) The TPC of MINOS®) was used to im-
prove the Doppler correction.

In total, 16 transitions in 3+36:83Ge have been ob-
served, ten of which were so far unknown. For 86Ge
and 88Ge, new level schemes are proposed, which are
shown in Fig. 1 in red. The experimental results are
compared to a shell model calculation and a symmetry-
conserving configuration mixing Gogny (SCCM) calcu-
lation in Fig. 1. The predicted sequences of states are
in good agreement with the experimental results, al-
though both theories overestimate the level energies in
all cases. Nevertheless, the predicted Ry, ~ 2.5 agrees
with the data. Both calculations suggest a low-lying
~ band, which indicates some amount of triaxiality in
both isotopes. Furthermore, both theories predict a
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Fig. 1. Systematics of the 36%8¥Ge level energies from ex-
periment compared to theoretical predictions from shell
model (SM) and symmetry-conserving configuration
mixing Gogny (SCCM) calculations.

37 state of 86Ge that is closer to the 27 state than to
the 47 state of the v band. A promising candidate for
this state is observed through a 380(8)-keV transition
of 86Ge, because the strongest decay of the 3 state
is expected to the 2] state. As highlighted before,
the staggering®® in the 4 band should take a posi-
tive value for a rigid triaxial rotor. This would be the
case for a well-deformed rotor with E(J) ~ J(J+1) as
well, though in such a case, the y-band head is at much
higher values. So far only one nucleus in the medium-
heavy mass region A < 100 is known with rigid triax-
ial features. This nucleus is "®Ge, where a staggering
S(4) = 0.091(2) was found.'®) With the level assign-
ments presented in Fig. 1, a value of S(4) = 0.20(4)
results for ®6Ge, pointing to an even larger degree of
triaxiality in the ground state than assigned to "6Ge.
This results agrees with the predictions of both theo-
ries.
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Nuclei composed of only neutrons have been dis-
cussed for over a half century. However, their exis-
tence has not been confirmed. In 2002, a candidate
bound state of the tetra-neutron, which consists of four
neutrons, was reported.’) An ab-initio calculation sug-
gested that there might be a tetra-neutron (4n) res-
onance, but a bound 4n was not reproduced.? An
experimental search for the 4n resonance state con-
ducted using the exothermic double charge exchange
(DCX) “He(®He,®Be)4n reaction was performed at the
SHARAQ spectrometer in RIBF.?) As a result, four
candidate events of the resonance state were found
with a 4.90 significance level, and the excitation energy
of 4n was determined as E4, = 0.83 &+ 0.65 (stat.)
1.25 (syst.) MeV, which is close to the threshold.

To decide that the tetra-neutron state is a bound
(E4n < 0) or resonance (Ey4, > 0) state, it is necessary
to reduce the systematic uncertainty for the excitation
energy of 4n. Then, we performed a new measurement
to obtain more statistics than the previous experiment
and reduce the uncertainty of the energy of the 4n
state.

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

In order to obtain more statistics than the previ-
ous experiment, the intensity of the ®He secondary
beam of 186 MeV /nucleon was approximately twice
that in the previous experiment (3.5 x 10° cps at F3
focal plane).*) At the “F3 (achromatic focus for beam
trigger),” “F6 (dispersive focus),” and “S0 (achro-
matic focus for the secondary target),” low-pressure
multi-wired drift chambers (LP-MWDCs) were used
for tracking the beam. FEvents for the physics run
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were triggered by the S2 plastic scintillator at the focal
plane of the SHARAQ spectrometer. Because of the
high-rate beam condition, a single event may contain
multiple hits at the drift chambers over several beam
bunches of 13.7 MHz (RF frequency), considering the
maximum drift time for the MWDCs is comparable to
the interval of the beam bunch. Hence it is necessary
to treat information of the redundant planes and other
detectors.

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

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

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

It is generally assumed that the (n,7y) cross sec-
tion separates into two parts: the formation of the
compound state and it’s subsequent decay. The first
term can be calculated using the optical model po-
tentials with global parameters. On the other hand,
the theoretical estimates of the second process are
uncertain,and need to be validated by experiments.?)
The present work aims to determine the ~ emission
probability from unbound states of 89Se by using the
(d,p) reaction as a surrogate for the "Se(n,~)80Se
reaction. The method will be tested by measuring
the ""Se(d,p)"®Se reaction, which is the surrogate for
"Se(n,v)™®Se, which was previously measured.?

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

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

The beam from OEDO impinged on a CD» target of
4 mg/cm? to induce the one-nucleon transfer reaction.
The recoiled particles were identified by employing the
SSD-CsI(TI) array, TiNA,% which covered 100 to 150°
in the laboratory frame. The excitation energies of the
state populated in "Se (8°Se) were determined from
the measured four-momenta of the protons and the
direction of the incident beam.

The outgoing beam-like particles were identified
with the dE-E-Bp method, shown in Fig. 1, using the
momentum determined by the horizontal position at
the S1 focal plane. This will allow for a determination
of the y-ray emission probability as a function of exci-
tation energy based on the fraction of (N+1,Z) nuclei
to (N,Z) residues detected in coincidence with protons
in TiNA. Further analysis is ongoing.

The work was funded by InPACT Program of Coun-
cil for Science, Technology, and Innovation (Cabinet
Office, Government of Japan).
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Spallation reactions have been attracting consider-
able interest for their usefulness in the fundamental
research to produce unstable nuclei') as well as in ap-
plications to transmute nuclear waste in accelerator-
driven systems (ADS).Q) For these two purposes, it is
important to have a comprehensive understanding of
the spallation reaction mechanism both experimentally
and theoretically. #%Xe is a good candidate for both
the fields. For the fundamental research, fragmenta-
tion and/or spallation of '35Xe is well known to be
one of the power tools to access unstable nuclei. On
the other hand, '35Xe is a stable isotope neighboring
the long-lived fission product 37Cs, whose spallation
reaction has been studied recently for nuclear waste
transmutation.®) The experimental data of 36Xe will
be a good benchmark for the theoretical calculations of
137Cs. The comparison between the reaction of 36Xe
and '¥7Cs is critical for checking the validity of the
model calculation and clarifying the reaction mecha-
nism. Several experiments have been performed for
spallation reactions of '36Xe at reaction energies of
500 AMeV*4 and 1000 AMeV.?) In the present work,
the proton-, deuteron-, and carbon-induced reactions
of 136Xe at 168 AMeV have been studied.

The experiment was performed using BigRIPS and
ZeroDegree spectrometer.The setup was the same as
the one for 37Cs.?) The average intensity of the 36Xe
beams was 2.6x 103 particles per second.

The isotopic distributions of the cross sections ob-
tained in the present work are plotted in Fig. 1. In
general, the cross sections on carbon (o¢) are simi-
lar to the ones on deuteron (c4). The Cs isotopes in
Fig. 1(a) are produced by charge-exchange reactions
(AZ = +1). In this channel, both o¢ and o4 are
smaller than the cross sections on proton (o). This
behavior of the charge-exchange reaction is consistent
with the studies of 37Cs and 2°Sr at 185 AMeV.?) For
the Xe isotopes, o4 is similar to o,; both are larger
than o¢. For the I and Te isotopes, o4 and o¢ becomes
larger than o), especially in the neutron-deficient side.
Such cross-section differences may be caused by the
deposited energy. Deuteron and carbon have more nu-
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cleons than proton leading to the deposition of a higher
energy relative to proton. This enables a large evapo-
ration of nucleons.

The EPAX® calculations are plotted in Fig. 1, in
order to compare them with the experimental re-
sults. For both carbon and deuteron, EPAX calcula-
tions underestimate the cross sections, especially in the
neutron-deficient side for the Xe, I, and Te isotopes. In
the case of proton, EPAX was found to underestimate
the cross sections by for the Xe and I isotopes. For the
Te isotopes, EPAX overestimated the cross sections
in the neutron-deficient side. For the cross sections
on proton, the differences between the EPAX calcula-
tions and experimental results are similar to the ones
observed in the reactions of 137Cs.?)
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Fig. 1. Isotopic distribution of the cross sections for prod-
ucts from cesium element to tellurium element pro-
duced in the reaction *$Xe 4+ p(circle), *%Xe +
d(square), and '*%Xe + C(triangle) at 168 AMeV.
EPAX calculations are displayed for comparison. The
error bar shows the statistical uncertainties.

Analysis is ongoing. This work was supported by the
ImPACT Program of the Council for Science, Tech-
nology and Innovation (Cabinet Office, Government of
Japan).
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The measurement of new beta-delayed (multi) neu-
tron emission (fSxn) properties for nuclei near doubly-
magic "®Ni has been performed in May 2017 at RIKEN.
Exotic nuclei produced with the 345 MeV /nucleon 233U
beam and ?Be target, were studied by means of Bi-
gRIPS and using the world-largest array of *He counters
BRIKEN,Y a highly segmented array of Silicon detec-
tors AIDA?) and 2 Ge clovers. This hybrid setup has
nearly 70% efficiency for detecting one neutron hav-
ing up to 1 MeV and over 50% for 5 MeV energy.
The BigRIPS setting was maximized for the transmis-
sion of #7Zn. The isotopes between “4Co-"8Co up to
9"Kr-199Kr were produced and identified. This 3-day
run with 30 to 50 particlenA beam intensity yielded
over 7000 "®Ni ions implanted into AIDA (analysis
A. Tolosa-Delgado). The ""Cu test case resulted in
B1n branching ratio Pp, = 29(1)% in a good agree-
ment with the known value of 30.3(22)%.%) The Bln
and 32n values for *¢Ga decay®) known as 60(10)% and
20(10)%, respectively, were obtained more precisely as
59(3)% and 16(1)%, see Fig. 1. Over 20 new P, values
have been measured. Predicted 32n decay mode®% has
been inspected in over 14 isotopes yielding for the first
time Py, values, e.g., for the activities of #4Zn, 87Ga,
#Ge, 9As and ' As. New half-lives (T} /2) have been
measured using selective time and space correlation be-
tween ion, beta, and neutron signals, see 87Ga decay
in Fig. 1. New data on the Sxn branching ratios to-
gether with newly measured half-lives will be used to
verify and further develop beta decay modeling,”) in
particular modeling of the competition of the $1n/2n
decay modes. Large set of new P, and T}/, values,
obtained near and beyond doubly-magic waiting point
nucleus "®Ni, will help to develop further the analysis
of heavy nuclei production within the astrophysical r-
process, occurring, e.g., at the merging neutron star en-
vironment.®) Preliminary data analysis was performed
by N. Brewer, B. Rasco and R. Yokoyama.
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Fig. 1. (upper panel) Decay pattern of In (in black) and
2n (in red) events in coincidence with S-emission follow-
ing identified ®®Ga ion implantation into AIDA; (lower
panel) decay pattern of S1n events in the decay of iden-
tified 3" Ga ions in AIDA.
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The experiment focused on beta-neutron-gamma
spectroscopy of An-emitters nuclei around "®Ni
has been performed during 10 days in November
2017 at RIKEN. Exotic nuclei produced with the
345 MeV/nucleon 238U beam reaching nearly 70
particle-nA and °Be target, were studied by BRIKEN
Collaboration® by means of BigRIPS. BRIKEN ar-
ray has been modified in comparison to its first round
of experiments, in order to achieve larger gamma ef-
ficiency. The AIDA implantation and decay array
has been replaced by four smaller double-sided Si-strip
counters of WASABI? and complemented by a posi-
tion sensitive detector based on YSO scintillator de-
veloped at the UTK. It allowed us to move two Ge
clovers of ORNL CLARION array few cm closer to the
ion implantation and decay counters increasing gamma
counting efficiency. This hybrid setup has kept its high
efficiency for detecting beta-delayed neutrons.)) The
BigRIPS setting was maximized for the transmission
of 82Cu. Isotopes between 1V-99V up to %Br-?"Br
were produced and identified. In comparison to the
first run,® the counting statistics for most exotic ions
was increased by about an order of magnitude, e.g.,
over 60,000 "®Ni ions were produced and new Co to
Ga isotopes were observed in the particle identifica-
tion plot.¥) The on-line results for the gamma spec-
tra recorded after the implantation of "®Ni fragments
are presented in Fig. 1. On should note an intense
283 keV gamma transition observed in the correlation
with beta and one neutron signals. It identifies new
lowest energy level at 284 keV in 7"Cu, not observed
through the recent extensive study of ““Ni beta-gamma
decay identifying the lowest (3/27) state at 293 keV.?)
It points to the discovery potential and selectivity of
experiments adding efficient neutron detection to the
beta-gamma counting. On-line evaluation pointed to
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Fig. 1. Low-energy part of gamma spectra following “®Ni
decay. Upper part displays beta-gamma data, while
lower panel selects beta-1n-gamma correlations (on-line
analysis P. Vi and J. Liu).

the evidence for a gamma transition

observed in the decays of 8 Cu and ®?Cu and inter-
preted as the de-excitation of the 1/27 state to the
5/2% ground state in the N = 50 isotone ®1Zn, com-
pare N = 50 %3Ge structure® studied through ®3Ga
and 3*Ga decays. New data on the observed beta-
gamma and beta-xn-gamma correlations together with
newly measured half-lives and beta-delayed xn branch-
ing ratios will be used to verify and further develop the
modeling of nuclear structure evolution and following
beta decay properties at and beyond N = 50 shell clo-
sure.
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Measuring the 3-decay properties of Na-Al species located
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The $-delayed neutron emission is a process that can
occur when the neutron separation energy in the daugh-
ter nucleus (S,) is smaller than the energy window for
the [-decay (Qp). The delayed neutron emission is
characterized by the emission probability (P, ) which
that yields information on both the [S-strength distri-
bution and the level structure of the daughter nucleus.")

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

Of particular importance are the data on multiple
neutron emission, as they provide valuable insight into
the competition between 7-, one- and multi-neutron
emission in highly exotic nuclei. Current models typ-
ically assume no competition between the various de-
excitation channels, and emit as many neutrons as ener-
getically possible. To improve the predictive powers of
macroscopic models and our understanding of nuclear
structure in general, more data are required.

The latest atomic mass evaluation lists 2451 isotopes,
from which 300/138/58 are energetically allowed de-
layed 2/3/4 neutron emitters. So far only 23 Pg,
4 Pgy, and only 1 Py, values were measured.®) The
beta delayed neutron emission measurements at RIKEN
(BRIKEN) project offers a unique opportunity to study
this rare decay mode. The BRIKEN”) setup consists of
140 3He gas-filled proportional counters embedded in a
high-density polyethylene moderator. The neutron de-
tector and two CLARION-type clover HPGe detectors
are placed surrounding the AIDA DSSSD array,® which
contains six layers of highly segmented Si detectors for
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Fig. 1. Time distribution of the S particles emitted after
the decay of >’ Na. Red and black circles show the data
with and without neutron signals in coincidence at the
BRIKEN detector, respectively.

the detection of implantations and beta electrons.

In April 2017, the first measurement addressing the
multiple neutron emission was conducted in parasitic
mode, together with a new isotope search experiment,®)
targeting the very neutron-rich species in the Na-Al
region. The secondary beams, produced using a 345-
MeV /nucleon energy *®Ca primary beam impinging on
a 20-mm thick Be target, were identified and purified
using the BigRIPS spectrometer. They were then trans-
ported through the ZD spectrometer to reach the decay
station located at the F11 focal plane.

The position and time correlations between the im-
plantation and subsequent decay events were used
to derive the half-lives of eight (**37Na, 3%49Mg,
40414241 and “3Si) isotopes for the first time. Fig-
ure 1 shows the time distributions of 5 and -n decays
37Na isotope.

A more detailed analysis is in progress. The new data
will constrain the theoretical models, and although in
some cases the statistics is poor it will be used to op-
timize the recently accepted NP1712-RIBF159 experi-
ment.
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The first observation of a merger of two neutron
stars,)) with both gravitational and electromagnetic
wave signals, offers tantalizing opportunities to finally
identify the astrophysical site of the r-process. The
new observations will increase the demand for precise
nuclear data necessary to reach a detailed understand-
ing of the r-process mechanism. The r-process abun-
dance peak around A = 130 is of particular interest
because its shape and position is very sensitive to the
the neutron-richness of the astrophysical environment,
as its formation reflects the break-out of the reaction
flow from the N = 82 classical waiting point isotopes.
However, the effect on the final r-process abundance is
obscured by a numbers of S-delayed neutron emitters
along the decay path back to stability. In fact, the 8-
delayed neutron emission probabilities (P, values) in
the region south-east of 132Sn have a most pronounced
effect on the final r-process abundance, according to
the recent sensitivity study in Ref. 2).

In June 2017, we have performed an experiment to
study the decay properties of the g-delayed neutron
emitters in the mass region A = 130 near the dou-
bly magic nucleus *2Sn. These neutron-rich isotopes
were produced by the projectile fragmentation of a
345 MeV /nucleon 238U beam on a Be target, before
being purified and identified by the BigRIPS spectrom-
eter. They were then transported through the Zero-
degree spectrometer to reach the decay station located
at the F11 focal plane. In the decay station, the active
stopper array AIDA®) was placed at a central position
for the implantation of nuclei of interested, and it de-
tected their subsequent S decay. The AIDA detector
is a stack of six 8x8 cm? DSSDs with 128x 128 pixels
each. Neutrons emitted from the S decay of ions im-
planted in AIDA were detected by the BRIKEN neu-
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Fig. 1. Particle identification plot for isotopes transported
to the decay station at F11,
neutron-rich isotopes for each element.

indicating the most

tron detector array® consisting of 140 gas-filled 3He
counters, which were inside a large moderation block
made of high-density polyethylene. In addition, two
clover-type high-purity Germanium detectors were em-
ployed to measure -delayed and isomeric v rays.

The particle identification plot combining data of
the two settings of the experiment, centered at '3°Ag
and '%9Xe, is shown in Fig. 1. The data analysis is
ongoing. Preliminary results indicate that new or im-
proved measurements of P, values will be obtained for
over 40 isotopes, and for 11 isotopes in the case of half-
lives. These new measurements would make a signif-
icant contribution to the available experimental data
for r-process models.
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The main signatures of the rapid-neutron capture pro-
cess (so-called r-process) are the three large abundance
maxima in the solar-system composition at masses of
A~80, 130, and 195, which are related to the flow of
matter through the three neutron shell closures at N=>50,
82, and 126. In contrast to these three characteris-
tic peaks, there is a small—but distinct—peak around
A~160, that corresponds to the region of rare-earth el-
ements. From the astrophysics point of view, the most
interesting feature of the rare-earth peak (REP) is that,
contrary to the three main maxima that form during (n,
v) <> (v, n) equilibrium, the REP originates later, after
neutron exhaustion, thus representing a unique oppor-
tunity to study the late-time environmental conditions.

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

The NP1612-RIBF148 experiment is focused on the
measurement of the §-delayed neutron emitters, which
are critical for the formation of the REP in the solar
system abundances. In an exploratory run (~25% to-
tal beamtime), performed in June 2017, the 8 decays of
exotic Pr-Gd species were studied at the Radioactive Iso-
tope Beam Factory. A 50-pnA-intensity 22U beam was
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Fig. 1. PID of the exploratory run for the NP1612-RIBF148
experiment.

accelerated up to an energy of 345 MeV /nucleon before
it was incident on a 4-mm-thick Be target to produce
radioactive secondary beams by in-flight fission. The
nuclei of interest were separated and identified in the
BigRIPS spectrometer, transported through the Zero-
Dregree spectrometer and implanted in the AIDA array.
Figure 1 (top) shows the particle identification matrix
for the statistics accumulated during the first 24 h. The
bottom panel of Fig. 1 shows the projection of the PID
matrix on the A/Q axis for the Nd isotopes; the A/Q
resolution achieved—Iless than 0.05%—ensures a good
separation of fully- stripped and H-like ions. The re-
sults of the exploratory run are promising; for the first
time ever, key REP progenitors®) have become accessi-
ble and the study of their beta decay properties will be
possible thanks to the use of the state-of-the-art detec-
tors BRIKEN and AIDA. Our intention is to continue
the experiment as soon as the 233U beam is available
again.
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One of the core concepts of the Electroweak Stan-
dard Model (ESM) is the unitarity of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix which describes
the mixing between the three families of quarks. In-
creasingly high-precision measurements of the CKM
matrix elements are required to set the limits on any
possible physics beyond the ESM. The largest matrix
element, the up-down term V4, can be extracted from
high-precision measurements of half-lives, masses, and
branching ratios of superallowed 3 transitions between
J™ = 07, T = 1 analog states starting in N = Z nu-
clei.V) In this report we provide the most precise half-
life measurement for the 7' =1 (J™ = 01) ground
state of the heavy self-conjugate nucleus °Br and the
first estimate of the total branching fraction decaying
through the first 27 state in the daughter nucleus, 7°Se.

The "“Br nuclei were produced in the fragmenta-
tion of a ®Kr primary beam at 345 MeV /nucleon and
38 pnA colliding with a 5-mm thick Be target. After
separation and selection in the BigRIPS separator, the
nuclei were implanted in the WAS3ABI active stopper,
surrounded by the EURICA ~-ray spectrometer.?

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

T Condensed from the article in Phys. Rev. C 95, 064327
(2017)

*1 IFIC, CSIC-Univ. Valencia

*2 MTA ATOMKI

Department of Physics, Kyushu Sangyo University

*4  INFN-Legnaro

*5  INFN-Padova

*6 RIKEN Nishina Center

*7 CEN Bordeaux-Gradignan

Department of Physics, Surrey University

*9 Osaka University

*10 CCHEN

Institute of Nucl. Physics, Universitidt zu Koln

Physik Department, Technische Universitdt Miinchen

*13 JPIN-HH, Bucarest

Department of Physics, University of Istanbul

*15 Tokyo Univ. Sci.

*16 CEA-Saclay

*17 GANIL-Caen

Department of Physics, York University

Department of Physics, University of Hong Kong

*20° GSI, Germany

80

7 [ (a) 45
=T I S0 N D S N S S G S S S S G 2
= ] 3OO O S S SN (-
S L T T lodeoloToTelodeoIodeoIo L. 42z
S O O O 5 O O s
7673000 15000 16000 17000 18000 19000 20000
%0 final range [ms]
e S USSR ( b), ,: 7R
£ o I I 1 T T 3
< 78T T ﬁiéﬁ“ﬁ%%%% ,,,,, =45 2
o UIRMRS S S W 1 ¢
S76p-d--ck--4---F--4--A--t----------—--7 =2
E a0 ©
30 100 150 200 250

B threshold [keV]

Fig. 1. Measured half-lives for the T =1 (J™ = 0") ground
state (empty triangles) and isomeric ratios for the ' = 0
(J™ = 97) isomer (full dots) in "*Br as a function of the
fitting range (a) and the 3 threshold (b).

the half-life of the T'= 1 (J™ = 0T) ground state as
a function of the fitting range (a) and the S threshold
(b). The average half-life deduced is shown as a thick
continuous line and the total error as dotted-dashed
lines. The isomeric ratio of the T = 0 (J™ = 97)
state is also shown for each lifetime fit and, in thick
dashed line, the overall deduced value. The resulting
half-lives for the T = 0 (J™ = 97) isomer and the
T =1 (J" = 0%) ground state, ¢/, = 2157735 ms
and /o = 78.42 + 0.51 ms, respectively, are the most
precise values reported hitherto in the literature.

The branching ratio of the superallowed 07 — 0T
transition, R = 97.94 +1.75%, was estimated from the
measured + imbalance of the 27 level in "Se, as de-
scribed in Ref. 3). This has allowed for a first estimate
of the Ft value associated with this decay, calling for
a new mass measurement of "“Br in order to confirm
the Conserved Vector Current hypothesis.®)

The analyses of the %" Kr 8 and "'Kr isomer decays
are in progress.
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We have performed an experiment at RIKEN to
study the decay of the Tz= —2 exotic nucleus %4Se.
Some preliminary results have been presented in
Refs. 1) and 2). As shown in in Fig. 1 several nuclei
are produced in the decay chain of 4Se. This includes
the Tz= —1 %4 As, where little is known and there is
no information on the g delayed protons. Fortunately
64 As is produced directly in the primary reaction. By
placing the implantation condition on %4As we have
obtained an improved value for the T}/, and the first
experimental information on the § delayed protons.

22.55,5ms
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Fig. 1. Scheme showing the full decay chain of %*Se. Pink
colour indicates ®*As, the nucleus study in the report.

Both %4Se and %As were produced in the fragmen-
tation of a 345 MeV /u ™®Kr beam with typical inten-
sity of 200 pnA on a Be target. The fragments were
separated in flight using BigRIPS and implanted in
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WAS3ABIi double-sided Si strip detectors. The im-
plantation setup was surrounded by the Ge Array (EU-
RICA).

In Figs. 2 and 3 we present the first experimental
spectrum of the 8 delayed protons and the fit of the
Ty /o of 64 As derived from the correlations between the
implanted %4 As ions in WAS3ABi and the particle de-
cay in the same pixel. The proton spectrum was cali-
brated as in Ref. 2) and the T}/, analysis is described
in Ref. 1). Information on the 3 delayed ~ rays of *As
is presented in a separate contribution to this Acceler-
ator Progress Report.
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~ rays identified in the decay chain of ®4Se measured with EURICA
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In a separate contribution to this Accel. Prog. Rep.!)
we have presented the preliminary results for the 5 de-
layed proton spectrum of 54 As decay and its T} s2- This
was needed in order to fully understand the decay chain
following the decay of 4Se (see Fig. 1 in the separate
contribution). Here we present some 7 spectra that
will help us to determine the complete decay chain.
All of the data for the two contributions come from an
experiment performed at RIKEN using the fragmen-
tation of a 345 MeV /nucleon “®Kr beam with typical
intensity of 200 pnA on a Be target. The fragments
were separated in flight using the BigRIPS separator
and implanted in three WAS3ABi double-sided Si strip
detectors. The implantation setup was surrounded by
the EUROBALL-RIKEN Cluster Array (EURICA).?
It consisted of 12 Euroball IV type HPGe cluster detec-
tors, each consisting of seven tapered, hexagonal HPGe
crystals at a nominal distance of 22 cm from the center.
We have analysed the v spectra in prompt coincidence
with 8 signals happening in WAS3ABI in correlation
with the implantation signals happening in the same
pixel with the conditions set on 54Se (T2 = 22.5 ms),
04As (Ty /2 = 63.4 ms), and ®Ge (T /> = 153.3 ms).
The corresponding ~ spectra in “addback” mode (con-
sidering the full cluster as a single detector) are shown
in Fig. 1. In green are the gamma lines which appear
in the spectrum with the condition on %Se implan-
tation and not on the other two. Consequently they
are identified as « rays associated with the beta de-
cay of 64Se. Similarly, the lines marked in pink appear
with the condition on 5*Se (as daughter activity) and
64 As and disappear when the condition is set on %3Ge,
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Fig. 1. Spectra showing the v rays measured with the Ge
array EURICA in correlation with implantation signal
happening in WASABI with conditions on %4Se, 5*As,
and ®3Ge implanted ions (see text).

and are consequently associated with the 8 decay of
64As. Finally the + rays associated with the decay of
63Ge are marked in red. Other possible activities in
the decay chain have longer half-lives. No 3 delayed ~
radiation was observed in any of the three cases prior
to this work. The corresponding level schemes are in
preparation.
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Isomer-decay spectroscopy of ”Fe and reaction-channel dependency
of isomeric ratios from interactions in the MINOS proton target

P.-A. Séderstrom,*!*2*3 L. X. Chung,** A. Gillibert,*>*3 B. D. Linh,** A. Obertelli,*"*3*> P. Doornenbal,*3
S. Nishimura,*® F. Browne,*6*3 Z. Patel,*” C. Shand,*” J. Wu,*3*® G. Authelet,*® H. Baba,*? D. Calvet,*®
F. Chateau,*® A. Corsi,*®*3 A. Delbart,*>*3 Zs. Dombradi,*?*3 S. Franchoo,*!? J.-M. Gheller,*>-*3
F. Giacoppo,*!! A. Gottardo,*!° K. Hadyriska-Klek,*!! T. Isobe,*3 1. Kojouharov,*? Z. Korkulu,**

S. Koyama,*3*12 Y. Kubota,**>*!3 N. Kurz,*? V. Lapoux,*>*3 J. Lee,*'* M. Lettmann,*! C. Louchart,*!
R. Lozeva,*'® K. Matsui,*>*!2 M. Matsushita,*!? T. Miyazaki,*>*!2 S. Momiyama,***12 T. Motobayashi,*>
M. Niikura,*!2*3 L. Olivier,*'° S. Ota,*!3 H. Otsu,*® C. Péron,*® A. Peyaud,*® N. Pietralla,*!

E. C. Pollacco,*>*3 J.-Y. Roussé,*®*3 E. Sahin,*!! H. Sakurai,***!2 C. Santamaria,*>*> M. Sasano,*>
H. Schaffner,*? Y. Shiga,*3*16 1. G. Stefan,*!° D. Steppenbeck,*!3*3 T. Sumikama,*!”*3 D. Suzuki,*!°
S. Takeuchi,*® R. Taniuchi,*®*12 T. Uesaka,*3 Zs. Vajta,*® H. Wang,*> V. Werner,*! K. Yoneda,*?
and Z. Y. Xu*!

In this report, we discuss the properties of the iso-
meric state in 5“Fe. While the existence of this isomer
is already well established, its nature is still unknown.

The data were obtained using the EURICA?) setup
during the SEASTAR campaign in 2014%) by fissioning
a 345 MeV/u 2**U beam on a 3 mm-thick beryllium
target. Knockout reactions occured in the liquid hy-
drogen target of MINOS, installed at the F8 focal
plane. At the final focal plane the EURICA array was
used for measuring the energy and time between im-
plantation and detection of the v rays. In this experi-
ment only six EURICA clusters were active. A total of
~ 3x107 87Fe nuclei were implanted in a stopper in the
center of EURICA. Approximately 96% of these im-
plantation were from unreacted %"Fe secondary beam,
the rest were reaction products in MINOS.

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

One possible interpretation of the different isomeric
ratios is found in the difference in the states of the
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Fig. 1. Spectra of y rays following isomeric decay separated
into the main reaction channels normalised to the re-
spective number of incoming ions.

ternary beam. For %Co there are two long-lived states
that can serve as effective ground state configurations
of 17 and 7~ based on 7 f7/5 ® vgg /2. Knocking out a
J7/2 proton could then leave a gg/2 neutron in an ex-
cited state, that in turn decays to the isomeric state.
With %8Fe in a 0T ground state, and no other known
long lived configurations, the still relatively high iso-
meric ratio from neutron knockout can be explained
by the breaking of a Vgg /2 neutron-pair. In summary,
such a picture would be consistent with a vgg/2-based
isomer over a vpj /g ground-state.
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fragments from Cu to Ge
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The most commonly observed decay process for

proton-rich nuclei is 87 decay. Further away from
stability, the ) value of this process increases and
the proton separation energy decreases, allowing (-
delayed proton (f8p) emission. The half-lives and pro-
ton branching ratios of nuclei near the proton drip line,
especially around Z = 30 — 40, are of particular inter-
est for astrophysical rp-process (rapid-proton capture)
calculations in X-ray bursts on the surface of accret-
ing neutron stars. The beta and beta-delayed proton
decays compete with the rapid-proton capture process.

Nuclei in this mass region were produced and iden-

tified with unprecedented statistics at RIBF in 2015
within the RIBF4R1 experiment.) The fragments
were produced by fragmentation of a “8Kr beam

(350 MeV/A and 150 pnA) on a Be target.

After

the selection and identification by the BigRIPS frag-
ment separator, the nuclei were implanted in the silicon
detectors of the WAS3ABi setup? surrounded by the
EURICA ~-detector array.?)

The position and time correlations between the im-

plantation and subsequent decay events provide the
time distribution used to determine the half-lives of

the nuclei of interest.

The fit function is composed

of the contribution of the parent nucleus, the daugh-
ter nuclei for the different decay branches (5 and Sp
decays) and a constant background. The background
component of the function is extracted from a fit of
negative times between implantation and decay.

More accurate half-lives and proton branching ra-
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Fig. 1. Time distributions of **Cu, *°Cu, ®°Ga, ®*As and
53Ge with their respective f-decay half-lives determined
in this work. The dotted red lines are the contributions
of the isotopes of interest, whereas the full red lines
represent the sums of the decay of interest and a con-
stant background. In the case of ®Cu, the additional
light blue line is the contribution of the daughter decay
(°®Ni), also included in sum line.

tios were obtained from the analysis of the experiment.
The values for the 8p emitters ®"Zn, 51Ge, %Se, 8Kr
and %9Kr were previously reported in Ref. 4). Further-
more, new half-life values of the 3 emitters °°Cu, *6Cu,
60Ga, %°As and %3Ge were determined. Their fit and
time distributions are shown in Fig. 1. Half-life values
with a better precision than literature were obtained,
providing new inputs to future rp-process calculations.
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We report on the analysis of the isomer spectroscopy
of 92:94Ge conducted during the SEASTAR 2015 cam-
paign of experiments.!) Neutron-rich nuclei were pro-
duced via the in-flight fission of a 345-MeV /nucleon 234U
primary beam colliding with a °Be target. The frag-
ments were selected with BigRIPS, previously tuned to
produce a radioactive beam centered around ?°Br. This
secondary beam impinged on a 99(1)-mm LH, target
of the MINOS device placed at F8, producing neutron-
rich selenium nuclei via knockout reactions. The ejec-
tiles were transported through the ZeroDegree spectrom-
eter, where particle identification was conducted via
the TOF-Bp-AE measurement to deduce the mass-to-
charge ratio (4/Q) and atomic number (Z). The ob-
tained PID histogram is shown in Fig. 1.

The nuclei were implanted on the silicon layers of the
AIDA stopper placed at the end of the ZeroDegree spec-
trometer. The existence and decay of isomeric states
of the implanted ions were studied using the EURICA
array comprised of HP Ge detectors.>?) The obtained
spectra for delayed ~ rays are shown in Fig. 2. All
the reported transitions for these isotopes®® were ob-
served. For 2Se, new transitions were found at 67, 353
and 1252 keV. For %4Se, the isomeric state was observed
for the first time, with new transitions having energies
of 495, 822, 752, and 1180 keV.

Several analysis steps such as add-back reconstruc-
tion, background subtraction, efficiency and time-walk
correction, and 7 coincidences have been conducted to
identify the v rays emitted after the isomeric decay and
their placement in the level schemes, which have been
extended. In both nuclei, a single isomeric state has
been found because the half-lives for the individual tran-
sitions, measured from their time spectra, are consistent
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Fig. 1. ZeroDegree PID spectrum and 2D cuts of 9% %4Se.
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Fig. 2. Delayed ~-rays correlated to ?Se and °*Se. The en-
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the transitions are shown next to the peaks.

with each other. The isomeric half-lives were obtained
from the exponential fit of the time spectrum obtained
after adding events of individual transitions, leading to
Ty )2 =15.7(7) ps for 92Se and Ty /2 =0.68(5) us for 94Ge.

For 92Se, the isomeric decay occurs because of an
E2 67-keV transition with a decay strength of approxi-
mately 1 W.u. The comparison between BrICC calcula-
tions and experimental intensities allowed the multipo-
larity assignment. In the context of Nilsson schemes of
state-of-the-art beyond mean-field (BMF) theories, the
isomeric decay likely corresponds to a 9~ —7~ transition
between two oblate quasi neutron states. For *Se an
oblate K-isomer is suggested, decaying via a 7~ —>61+ El
transition with an energy of 495 keV. The spin quantum
numbers were tentatively assigned assuming the simplest
high- K quasiparticle couplings near the Fermi surface, in
both cases near f~—0.24, involving the 11/2[505] level.
A prolate-to-oblate transition between 29794Sess_go is
predicted by BMF theories recently used for the neigh-
bouring 98 100Kr.6) Tt seems to be supported by the ex-
perimental systematics and the decay pattern between
the low-lying levels observed during the isomeric decay.
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The structure of the heaviest N = Z doubly magic
nucleus '°°Sn and the nuclei in its vicinity has been
investigated in depth both experimentally and theo-
retically.!) Isomeric states in these exotic isotopes con-
tain valuable experimental information on some of the
research topics in this region of nuclides, such as the
robustness of the N = Z = 50 shells and the role of
the proton-neutron interaction in N ~ Z nuclei.

This report contains a summary of results from the
EURICA Xe campaign in 2013 on the y-decaying iso-
mers in the 1°°Sn region. Proton-rich isotopes in 1°Sn
region were produced from fragmentation reactions of
124X e on a ?Be target, and were separated and identi-
fied through BigRIPS and the ZeroDegree spectrome-
ter at the RIBF. They were implanted in WAS3ABi,?)
and time-delayed ~ rays emitted from the isomers of
the implanted nuclei were detected with EURICA®) for
half-life (7' /2) measurements.

Several new results were found: the discovery of
a (47) isomer in 92Rh; the excitation energy of the
(15T) isomer in ?®Ag, and the T} /5 of the (61) isomer
in 8Cd. Figure 1 shows the electromagnetic transi-
tion strengths derived from half-life measurements of
~-decaying isomers observed in this experiment, as well
as the theoretical values from different shell model
(SM) calculations. The SLGM interaction®) uses a
model space of proton and neutron (2py,2,1g9/2) or-
bitals above the 76Sr core. The other SM approaches
are described in the original article. Two sets of pro-
ton and neutron effective charges (a) and (b) were em-
ployed to gauge and account for core polarization ef-
fects. A good agreement between experimental and
theoretical transition strengths was found in general.
However, the transition strengths were significantly
lower than predicted in ?2%3Ru. On the other hand,
experimental transition strengths of the core-excited
(12%) isomer in ?8Cd exceeding SM predictions may
be related to the increased proton core polarization
in light, even-mass Sn isotopes.?) Further theoretical
efforts are needed to address these discrepancies.

In addition, experimental isomeric ratios of both ~-
decaying and p-decaying isomers were determined and
compared with the abrasion-ablation model®”) cou-
pled to the sharp cutoff model. A good agreement

T Condensed from the article in Phys. Rev. C. 96, 044311
(2017)
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Fig. 1. Experimental electromagnetic transition strengths
of isomers measured in this work and shell model calcu-
lations. See the text for details on the different models.

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

No experimental signature of an isomer in 1°°Sn was
found, which was hypothesized from SM.%) With as-
sumptions from SM calculations and the theoretical
isomeric ratio, limits on the y-ray energy and T /o were
proposed on the isomer in °“Sn.
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Fig. 1. y-ray spectrum obtained from the S-decay of '37Sn
in the current work.

The structure of the nucleus is governed by a delicate
interplay between single-particle and collective states.
Currently it is unclear how collective modes develop in
nuclei in very neutron-rich regions far from stability,
which are difficult to access experimentally. Collectiv-
ity occurs when the integrated proton-neutron interac-
tion is able to overcome the pairing force. Experimen-
tal measurements have shown that reduced pairing was
found to be necessary to correctly describe the struc-
tures of 136Sn") and 7274Ni,?) which possess significant
seniority (broken pair) mixing. It is therefore interest-
ing to search for the development of collective modes
in nuclei east of 32Sn. The very neutron-rich nucleus
137Sb consists of a single valence proton coupled to
1368n and its structure is most appropriate for testing
the proton—neutron part of shell-model effective inter-
actions. A decay scheme of this nucleus has been con-
structed via 8- and [-n decay spectroscopy data taken
at RIBF, RIKEN during the EURICA campaign.

The experimental spectrum obtained is presented
in Fig. 1. It was possible to construct a first level
scheme using v — « coincidences, along with the S-n
decay data of 13¥Sn, shown in Fig. 2. The ground state
spin of the parent 37Sn nucleus was determined from
the -n feeding of known spin (47) and (27) levels in
136Sh, The '*7Sb ground-state spin of (7/2%) was as-
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Fig. 2. Level scheme of '37Sb obtained in the current work.

signed from the 8 and (-n feeding intensities to levels
in 136:137Te. In particular the observed feeding to spin
(27) — (67) levels in '35Te agrees best with a (7/27)
ground-state spin assignment. It is important to note
that the first excited state in '37Sb receives no direct
feeding from the B-n decay of '3¥Sn, allowing a spin of
(5/27) to be assigned.

The experimental level scheme has been compared
to the results obtained from shell-model calculations®
and level systematics. The calculations predict a set
of four low-lying states with spins of 1/2%,3/2% 5/27,
and 7/27 all within an energy range of 0-400 keV, with
other states in this spin range at energies >700 keV. As
three low-lying states in 37Sb appear to be fed directly
from [ decay there is considerable unseen population
from the v decay of higher lying levels.

The wavefunctions of the four lowest-lying states of
137Sb are calculated to be different in nature. For
example the 7/2% state has a predominantly single-
particle character, whereas the 1/2% and 3/27 states
are more fragmented, with seniority-3, and higher, cou-
plings making up >70% of the wavefunction. The lat-
ter is a sign of the breakdown of independent single-
particle behavior and emergening collectivity. Indeed
the theoretical results point towards the coexistence
of single-particle and weakly collective states near the
ground state of 137Sh.
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Investigation of octupole correlations of neutron-rich Z ~ 56 isotopes
by B-v spectroscopy
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Neutron-rich Ba isotopes (Z = 56, N ~ 88) are ex-
pected to have a significant octupole collectivity due
to the interactions between orbitals with Aj = Al =3
around the Fermi surface. Recently, the reflection-
asymmetric shape, octupole deformation, has been
reported in '#*Ba by Bucher et al') The theoreti-
cal calculations exhibit different predictions for oc-
tupole correlations in this region. For example, the
microscopic-macroscopic method? predicts some s
values, whereas the Hartree-Fock calculation®) argues
that there is no state with a dipole moment relevant
to the octupole collectivity. Therefore, experimental
studies of more neutron-rich Ba isotopes are required.

We performed the -y spectroscopy of the '°°Cs
decay at RIBF wusing the in-flight fission of a
345 MeV /nucleon 2*®U beam bombarding a 3-mm
thick Be target. Fission fragments were identified by
the TOF-Bp-AE method using BigRIPS.*) The sec-
ondary beam was implanted into an active stopper
WAS3ABi,>) which consists of five layers of double-
sided-silicon-strip detectors for ion-3 correlation. The
~ rays from the implanted nuclei were detected using
EURICA,% an array of 12-cluster Ge detectors.

The 7-ray energy spectrum of the '%9Cs decay is
shown in Fig. 1. The ion-g time window was set to
0.2 s considering the previously reported half-life of
150Cs, 0.84(8) ms.”) Since the peak count was small,
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Fig. 1. (a) The preliminary 7-ray energy spectrum of the
B decay from '3°Cs to '%°Ba. The red curve shows the
estimated continuum background. (b) The significance
spectrum by a likelihood ratio test.

a log-likelihood ratio test was performed for the en-
ergy spectrum. The significance spectrum is shown in
Fig. 1(b). The background was estimated by smooth-
ing and scaling the energy spectrum with a time win-
dow of 2-to-10 s after ion implantation. We requested
40 as a confidence level to identify significant peaks in
the spectrum. There are three significant peaks at en-
ergies of 100, 200, and 597 keV. The peak at 200 keV
is not assigned to an excited state of 1°°Ba because it
became more pronounced in a spectrum with a longer
time window up to 2 s than 0.2 s. Analysis on the 100-
and 597-keV ~-ray is in progress.
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First result of elastic electron scattering from 132Xe
at the SCRIT facility'
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For the first time, nuclear charge density distribu-
tion was extracted from only 10% nuclei target (}32Xe)
at the SCRIT (Self-Confining Radioactive Isotope Tar-
get) electron scattering facility,"?) which has been con-
structed at RIKEN to realize electron scattering off
unstable nuclei. The data were taken in 2016, and re-
ported in the previous report.?)

Figures 1(a)—(c) show the reconstructed vertex dis-
tributions of scattered electrons along the beam and
at vertical positions. The background contributions
from residual gases are shown in Figs. 1(a) and (c)
as blue histograms. It was found that the target ions
were clearly trapped in the SCRIT by the transverse
focusing force given by the electron beam itself and
the electrostatic potential well provided by both ends
of the electrodes.
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Fig. 1. Reconstructed vertex distributions of scattered elec-
trons. Panels (a) and (c) show the vertex point distri-
butions with and without the target ions. Panel (b)
shows the scatter plot of the vertex point distribution
with the target ions.

Figure 2 shows the differential cross sections multi-
plied by luminosity for elastic electron scattering. By
changing the electron beam energies, a wide range of
momentum transfer can be covered. The lines in Fig. 2
represent the elastic scattering cross sections calcu-
lated by a phase shift calculation code DREPHA ¥
assuming nuclear charge density distributions. In the
present analysis, a two-parameter Fermi distribution,
p(r) po/(1 + exp (4In3(r — ¢)/t)), is assumed to
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extract the nuclear charge distribution. The lumi-
nosity is also considered as a fitting parameter, be-
cause the study of the luminosity monitor (LMon)>)
to determine the absolute value of luminosity is un-
der way. The achieved luminosity is evaluated to
be around 1x10%7 cm~2s~! on average. From this

s
analysis, the most probable values (¢ = 5.4215 0% fm,

1/2
t = 2717029 fm, and (r?) 2 4797512 fm) are ob-
tained.
= E ® Exp. (Ec— 151 Mcv)
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Fig. 2. Differential cross sections multiplied by luminos-
ity, versus effective momentum transfer. The lines rep-
resent the results of phase shift calculations assum-
ing nuclear charge density distributions obtained by
the two-parameter Fermi distribution (black solid line),
the Hartree-Fock + phenomenological calculation (red
dashed line),G) and the beyond-relativistic-mean-field
theory (blue dotted line).7) The parameters of the two-
parameter Fermi distribution are the best values eval-
uated in this analysis.

This work demonstrates that the SCRIT technique
enables us to perform electron scattering experiment
for unstable nuclear targets. The RI production for
experiments on unstable nuclei has already started.?)
Electron scattering off short-lived unstable nuclei will
be realized in near future.
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Complete set of deuteron analyzing powers from Jp elastic scattering
at 190 MeV /nucleon’

K. Sekiguchi,*!»*2 H. Witata,*? T. Akieda,*! D. Eto,*! H. Kon,*! Y. Wada,*! A. Watanabe,*! S. Chebotaryov,**
M. Dozono,*® J. Golak,*3 H. Kamada,*¢ S. Kawakami,*” Y. Kubota,*®> Y. Maeda,*®> K. Miki,*! E. Milman,**
A. Ohkura,*® H. Sakai,*?> S. Sakaguchi,*® N. Sakamoto,*? M. Sasano,*? Y. Shindo,*® R. Skibinski,*? H. Suzuki,*?
M. Tabata,*® T. Uesaka,*? T. Wakasa,*® K. Yako,*® T. Yamamoto,*” Y. Yanagisawa,*? and J. Yasuda*®

All the deuteron analyzing powers, 111, Tb1, Tao
and Ty, for elastic deuteron-proton (dp) scattering
have been measured with a polarized deuteron beam
at 186.6 MeV /nucleon at the angles in the center of
mass system of 0. ,. = 39°-165°. These data, together
with our previously reported deuteron analyzing pow-
ers taken at different energies, constitute a solid basis
to guide the theoretical investigations of three-nucleon
forces (3NFs).

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

References

1) R. Machleidt, Phys. Rev. C 63, 024001 (2001);
R. B. Wiringa et al., ibid. 51, 38 (1995); V. G. J. Stoks
et al., ibid. 49, 2050 (1994).

2) S. A. Coon, H. K. Han, Few Body Syst. 30, 131 (2001).

3) B. S. Pudliner et al., Phys. Rev. C 56, 1720 (1997).

4) E. Epelbaum et al., Phys. Rev. Lett. 115, 122301 (2015).

T Condensed from the article in Phys. Rev. C. 96, 064001
(2017)

Department of Physics, Tohoku University

*2 RIKEN Nishina Center

*3  Jagiellonian University

*4 Department of Physics, Kyungpook National University

*5  Center for Nuclear Study, University of Tokyo

*6 Kyushu Institute of Technology

*7 Faculty of Engineering, University of Miyazaki

*8  Department of Physics, Kyushu University

*1

- 66 -

0 60 120 0 60 120 180
O m, [deg] O m, [deg]

Fig. 1. Elastic dp scattering deuteron tensor analyzing
power Thy at incoming nucleon laboratory energies of
E = 70 MeV: a) and b), 135 MeV: ¢) and d), and
190 MeV: e) and f). In a), c), and e) the blue shaded
band indicates predictions of standard NN potentialsl)
and the red shaded band indicates predictions when they
are combined with the TM99 3NF. The dashed black
curve represents the prediction of the AV18-+Urbana IX
combination. The solid green curve shows prediction
of the locally regularized (regulator R = 0.9 fm) N*LO
chiral potential. In b), d), and f), the estimated theo-
retical uncertainties at different order of chiral expansion
are shown by the bands of increasing width at: N*LO
(blue), N*LO (magenta), N°LO (green), and NLO (yel-
low). The black circles are dp data taken at RIKEN.
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Single-particle states and collective modes:
magnetic moment of ”*™Cu
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Atomic nuclei show dual features, the single-particle
shell nature and collective modes, which compete with
each other to express the actual nuclear structure. For
an attempt to describe the structural variety of un-
stable nuclei by using unified and general models, it
is necessary to understand how the shell evolves in
unstable-nuclei regions, and how the shell competes
with the collectivity. In the present study, we demon-
strate the precision analysis of this competition by fo-
cusing on the magnetic moment of an isomeric state
of a neutron-rich nucleus ”Cu,"?) where an intriguing
shell evolution along the Cu isotopic chain has been
reported.? )

The experimental magnetic moment measurement
was conducted at the BigRIPS at RIBF, taking advan-
tage of a spin-aligned RI beam obtained in a scheme
of two-step projectile fragmentation with a technique
of momentum-dispersion matching.®) The 7>Cu beam
with a spin alignment of 30(5)% was produced by one
proton removal from 7Zn, which was a fission prod-
uct of 238U. The magnetic moment was determined
with the time-differential perturbed angular distribu-
tion (TDPAD) method. Owing to the high spin align-
ment realized with the two-step scheme, the oscillation
in the TDPAD spectrum was observed with a signif-
icance larger than 50. The magnetic moment of the
66.2-keV isomer with spin parity 3/2~ was determined
for the first time to be pu = 1.40(6)un
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Fig. 1. Systematics of the magnetic moments for odd-A Cu
isotopes. Filled and open circles represent experimental
data for the 3/27 states and the 5/27
tively. The filled red circle represents the result ob-

states, respec-

tained in this work. The solid green and blue lines rep-
resent the MCSM calculations for the 3/27 states and
the 5/27 states, respectively, with the 20 < (N, Z) < 56
model space.7) u(mpss2) and pu(mf5/2) denote the pro-
ton Schmidt values for ps3/» and f5,2, respectively.

The magnetic moment, thus obtained, shows a con-
siderable deviation from the Schmidt value, p =
3.05un;, for the p3/, orbital. Figure 1 shows the sys-
tematics of magnetic moments of the 3/27 and 5/2~
states, where deviation from the Schmidt values ap-
pears to be maximal at ”>Cu. The analysis of the mag-
netic moment with the help of state-of-the-art shell-
model calculations”™ reveals that the trend of the de-
viation corresponds to the effect of the core excitation.
Furthermore, it was found that the low-lying states in
" Cu are, to a large extent, of single-particle nature on
top of a correlated "*Ni core.
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Track reconstruction of recoil particles in CAT-S at RIBF113:
1328n(d,d’) measurement
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The equation of state (EoS) of nuclear matter not
only governs the femto-scale quantum many-body sys-
tem, namely nuclei, but also plays an important role in
the structure of neutron stars and in supernova phe-
nomena. In particular, the EoS of isospin asymmet-
ric nuclear matter has attracted much interest from
the viewpoint of the existence of heavy neutron stars.
The asymmetric term of incompressibility, K, can be
a benchmark for various EoSs because it can be di-
rectly deduced from the energies of the isoscalar giant
monopole resonance (ISGMR) measured along an iso-
topic chain, such as tin isotopes.!) The present value
of K, is —5504+100 MeV and its error is larger than
those of other parameters of the EoS. In order to im-
prove the K value, the measurement on the isotopic
chain should be extended to unstable nuclei. A doubly
magic tin isotope, *2Sn, has been chosen as a flagship
for the measurements of unstable tin isotopes because
of its large isospin asymmetry and double magic na-
ture. The measurement of deuterium inelastic scatter-
ing off 132Sn was performed at RIBF in RIKEN. The
typical intensities of the secondary beam at F3 and F7
were 8.5x10°% and 3.2x10° particles per second, respec-
tively. The main components of the secondary beam
were 1328n, 133Sb, and 134 Te with purities of 21%, 46%,
and 25% at F7, respectively.

The excitation energy and scattering angle in
the center-of-mass frame are extracted by means of
missing-mass spectroscopy, for which the range and
angle of the low-energy recoil deuteron must be mea-
sured. In order to measure such low-energy recoils,
a gaseous active target system CAT-S?) with 0.4-atm
deuterium gas has been employed as target and de-
tector simultaneously. In this paper, we report the
present status of track reconstruction for recoil parti-
cles stopping in CAT-S. Before the track reconstruc-
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tion, a cluster of hits as a candidate track is searched
for. The detailed procedure of track finding was re-
ported by Tokieda et al.®) Here, we focus on the en-
ergy calibration of each pad and track reconstruction
for the hit cluster found by the track-finding process.

CAT-S has an active are of approximately 10x10-
cm?. Primary electrons produced by energy deposition
along the trajectory of the recoil particle drift toward
the THGEM and readout pad. The drift velocity is
currently assumed to be 1 cm/us according to the sim-
ulation using Garfield for 0.4-atm deuterium gas with
an electric field of 1 kV/cm/atm. The lateral diffusion
coefficient is assumed to be 0.04 cm'/2, which yields
a charge spreading of 2 mm in one standard deviation
for a drift length of 25 cm. In the procedure of track
reconstruction, the charge spreading should be taken
into account.

The track reconstruction is performed in a two-fold
manner. First, the track in the plane defined by the
drift direction (Y) and axis perpendicular to beam (X)
is deduced by using a linear fit of position in this plane.
The position along the drift direction is calculated from
the leading-edge timing multiplied by the drift veloc-
ity. The position along the X-axis is the centroid of
each pad. Second, the track in the plane defined by the
beam axis (Z) and the X-axis is reconstracted by fitting
the calculated charges to the measured charges by tak-
ing the diffusion and the resolution into account. The
second part of track reconstruction requires energy cal-
ibration. A set of trial calibration parameters is used
to deduce the realistic energy calibration parameter
after comparing the measured charge with the one cal-
culated from the best-fit track. The charge resolution
can be estimated from the distribution of the difference
between the measured and calculated charge. The typ-
ical charge resolution after correction is less than 10%.
The analyses for particle identification, improvement
of track reconstruction using iteration, merging beam
particle identification and so on are in progress.
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Atomic masses of intermediate-mass neutron-deficient nuclei with

sub-ppm precision via multireflection time-of-flight mass
spectrograph’

S. Kimura,*'*2 Y. Tto,*® D. Kaji,*? P. Schury,** M. Wada,***? H. Haba,*?> T. Hashimoto,*® Y. Hirayama,**
M. MacCormick,*S H. Miyatake,** J. Y. Moon,*® K. Morimoto,*? M. Mukai,*!*2 I. Murray,*%*? A. Ozawa,*!
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Accurate, high-precision nuclear mass data around
N = Z line are very important in several fields, e.g.,
rp—process and unitarity of the CKM matrix. The half
lives of their key nuclei are of the order of several tens
to several hundreds of milliseconds. The multireflec-
tion time-of-flight mass spectrograph (MRTOF-MS)Y
has an advantage in the mass measurements of these
short-lived nuclei. However there are no actual re-
sults of on-line MRTOF-MS measurements with the
required precision, dm/m < 1078, so far.

We demonstrated high-precision mass measurements
of 63Cu, 64766Zn’ 65767Ga, 65767Ge’ 67AS, 78’81BI‘,
Kr, 8081Rb, and "80Sr utilizing MRTOF-MS com-
bined with the gas-filled recoil ion separator GARIS-
I1.2 Two different fusion-evaporation reactions—
nat§(36 Ay, X) and "#*Ti(30 Ar, X )—were used for pro-
ducing these nuclides. The masses of these nuclides
were determined by the single reference method using
isobaric references of well-known mass.

The results are summarized in Fig. 1. There are
some inconsistencies with the 2016 Atomic Mass Eval-
uation (AME16) values. In order to understand them,
two reliability requirements were imposed on the mass
values: (i) there must be no contamination with unre-
solvable isomers, (ii) there are no undue influences of
intense neighboring peaks. Among the masses that
were inconsistent with AME16, two were found to
meet the reliability criteria, and we propose new mass
excess values: ME(%"Ge) = —62675.2(46) keV and
ME(®'Br) = —77955.4(53) keV. These mass values
were previously deduced through indirect measure-
ments. This result reinforces the need for direct mass
measurements of all nuclides, even for stable isotopes,
if their masses were previously evaluated by indirect
techniques.

The relative mass precision in the present study
spans the range from dm/m = 4.1x10~7 to 3.5 x 1078,
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Fig. 1. Differences between the present measurement re-
sults and the AME16 values. Purple lines represent the
error bands of the AME16 values. The open symbols
indicate data derived from spectral peaks insufficiently
separated from adjacent spectral peaks.

In the most precise measurement, which was that of
65Ga, a mass uncertainty of 2.1 keV was obtained.
This result shows that mass measurements satisfying
the requirement of the CKM matrix, dm/m < 5x 1078,
can be achieved with MRTOF-MS, given sufficient
statistics.
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Decay measurement of 2®3Cn produced in the ?**U(*®*Ca,3n) reaction
using GARIS-IIf
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A new gas-filled recoil ion separator GARIS-IIY will
be utilized for new superheavy element (SHE) search,
precise mass measurement of SHE nuclide, and SHE
chemistry and spectroscopy. In this work, the produc-
tion and decay properties of 233Cn were investigated as
the first step towards the identification of SHE beyond
Z = 118.

The 251.8 MeV *¥Cal''* beam was provided by the
RIKEN heavy-ion linear accelerator (RILAC). The
238U30g targets were prepared on 3-um Ti backing
foils using an electro-deposition technique. On an aver-
age, the thickness of the 238U targets was 312 ug/cm?
as 238U30g. The sixteen sector-targets with 15-mm
width were mounted on a rotating wheel of 300-mm
diameter. The target was irradiated by a beam with
an average intensity of 0.93 particle yA. The wheel
was rotated at 2000 rpm during irradiation. The to-
tal beam dose was accumulated to 2.2 x 10'® dur-
ing the net irradiation time of 4.5 days. The evapora-
tion residues of interest were separated in-flight from
the primary beam and other reaction products using
GARIS-II. The inside of the separator’s chamber was
filled with pure helium at a gas pressure of 70 Pa.
The magnetic rigidity for measuring 2#3Cn was set to
2.23 Tm. The focal plane detector (FPD) of GARIS-
IT consists of double sided Si detectors (DSSD). The
DSSD is surrounded by six side Si-detectors (SSDs),
which form the DSSD box.

The decay events originating from the products in
the reaction **Ca + 238U were searched using the po-
sition correlations between mother and daughter nuclei
at the same pixel within 100 s. As a result, two de-
cay chains were found, as shown in Fig. 1. The first
chain was an ER-SF, which consisting of 172 MeV (=
167 + 5) two-fold fission, and it was found 14.4 s after
the implantation of ER with 12.2 MeV into DSSD. On
the other hand, the decay pattern of ER-a-SF in the
second chain was different from that of the first one.
The 9.45(5) MeV a-decay was observed 5.4 s after the
implantation of ER with 11.8 MeV into DSSD. Finally,
154 ms after the a-decay, a two-fold fission event with
179 MeV (= 137 + 42) was detected at the same pixel.
During the net irradiation time of 4.5 days, we ob-
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Fig. 1. The two observed decay chains produced in the
reaction “®Ca 4+ 238U — ¥6Cn* at a beam energy of
251.8 MeV. The DSSD-ID number, pixel number in the
horizontal (X) and vertical (Y) directions, and kinetic
energy of ER are given, as well as the decay energy and
time for each a-decay and/or SF.

served no other coincidence events between the signals
from DSSD and SSD, indicating that our setup has a
high sensitivity to SF events. The observed decay en-
ergy and time distributions for each generation in the
correlated chains indicates good agreement with the
reported data on 2®3Cn and 287F1, which were studied
using recoil separator DGFRS,%% SHIP,% and BGS.?

The cross-section of o3, = 2.0777 pb obtained in
this work was consistent with the reported values of
o3, = 2,571 and 0.72705% pb from both DGFRS®)

and SHIP,* respectively.
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Yield development of KEK isotope separation system
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We have been developing the KEK Isotope Separa-
tion System (KISS) for the lifetime measurements of
neutron-rich (n-rich) nuclei around N = 126, which is
relevant to the r-process nucleosynthesis.?) The multi-
nucleon transfer reaction between the Xe beam and
the 98Pt target is considered as one of the promising
candidates for the efficient production of those n-rich
nuclei.?) The reaction products are thermalized and
neutralized in a gas cell filled with argon gas. They are
transported to the exit of the gas cell by a laminar gas
flow, where they are irradiated by lasers to be element-
selectively ionized using the laser resonance ionization
technique. The extracted ions are mass-separated to
be implanted into an aluminized Mylar tape, where (-
~ spectroscopy is performed to measure their lifetimes
and nuclear structures.

Only the vicinity of the target nucleus could be ac-
cessed in the transfer of a few neutrons and protons
at the present KISS, because of the limited extrac-
tion efficiency and acceptable beam intensity. The
yield development is essential for KISS to achieve life-
time measurements of n-rich nuclei around N = 126.
The GRAZING calculations® predict more produc-
tion yields when using the 23*U beam than the '3%Xe
beam. We performed an R&D experiment using the
238U beam in order to investigate its feasibility.

The doughnut-shaped gas cell® was introduced to
accept intense beams. A rotating %8Pt target of
12.5 mg/cm? thickness was bombarded by a 238U
beam that was accelerated up to 10.75 MeV /nucleon
by RRC. The beam energy on the target was
tuned by rotating energy degraders to approximately
8.9 MeV /nucleon, which is the optimal value in the
calculations. The multi-segmented proportional gas
counter®) was used to detect S-rays from the extracted
radioactive isotopes in order to identify them by mea-
suring their lifetimes.

The extraction of 199:201pt 196,197 and 1960s was
confirmed in the experiment. Crosses in the upper
panel of Fig. 1 show the extraction yields of 9Pt
as a function of the 22U beam intensity. They are
smaller than those with the 13¢Xe beam (circles) for all
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beam intensities, and the discrepancy becomes larger
as the beam intensity increases. The lower panel shows
a comparison between the extraction yields of vari-
ous isotopes with the 238U beam (crosses (26 pnA)
and diamonds (36 pnA)) and the *Xe beam (circles
(50 pnA)). The extraction yields with the 233U beam
were smaller than those with the 13Xe beam by about
one order of magnitude in contrast to the expectations
from the GRAZING calculations. The reduction in
extraction yields with the 23%U beam is supposed to
be caused by the re-neutralization of the laser-ionized
atoms by the radiation from the dense plasma in the
argon gas induced by the scattered 238U beam. We
will investigate such a plasma effect systematically us-
ing the beam of a lighter nucleus.
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Fig. 1. (Upper) Beam intensity dependence of the mea-
sured extraction yields of 9Pt for the **Xe (circles)
and 2**U (crosses) beams. (Lower) Extraction yields
of various isotopes for the ?*®U (crosses and diamonds)
and '3°Xe (circles) beams.
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The structure and decay of high- K isomers in 3"Ta
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High-K isomers in the neutron-rich, mass 180-190 re-
gion are predicted to be exceptionally favoured energet-
ically,!) leading to the expectation of long half-lives that
may exceed those of the corresponding ground states.
At the same time, a prolate-to-oblate shape transition is
predicted to result in prolate high-K isomers co-existing
with oblate low-K states.?) Furthermore, the hexade-
capole deformation is predicted to reach a maximum,?
which will influence both the single-particle states which
are close to the neutron and proton Fermi surfaces, and
the K-mixing effects. The unique features of this shape-
transition /high-K region are related to reinforcing ef-
fects, with both the proton and neutron Fermi levels be-
ing high in their respective shells. However, experimen-
tal investigation is at an early stage on account of the
neutron richness, combined with the refractory chemi-
cal properties of key elements, which severely limit the
experimental opportunities.

Progress in the last decade includes the discovery®
of long-lived (> 1 s) isomers at MeV excitation ener-
gies in B3IBLISOHE (7 = 72) and ¥7Ta (Z = 73) in
the experimental storage ring at GSI, exploiting projec-
tile fragmentation reactions. Now we report progress
with the KISS (KEK Isotope Separation System)®) fa-
cility at RIKEN, giving access to detailed spectroscopic
investigation of these high-K isomers, populated using
multi-nucleon transfer (MNT) reactions. The technique
is complementary to other isomer studies in the neutron-
rich rare-earth region at RIKEN, including recent exper-
iments with EURICA (see Ref. 6) for example) where
the greatest sensitivity is for 77/, < 1's, and projectile-
fission reactions have been employed.

The study of long-lived (> 1 s) isomers at KISS®
makes use of an Ar gas stopping cell that avoids the
chemical problems often associated with the Z = 72-79
refractory elements. Z selectivity is achieved by laser
resonance ionization, and there is mass separation with
a dipole magnet. The KISS detection system includes
four super-Clover germanium detectors for ~ rays, and
a multi-segmented proportional gas counter”) for low-
background  particles, X-rays and conversion electrons.
There a tape transport system that is synchronized with
beam pulsing for half-life selection.
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Fig. 1. Gamma rays associated with laser-ionized ®"Ta reac-
tion products, measured at the tape-implantation point
and with [-counter coincidences. Two different tape-

cycle times are illustrated. The longer cycle (900 s beam-

on, 900 s beam-off, tape movement) in the upper panel

shows v rays from the ground-state decay (7,2 = 140 s)

while the shorter cycle (30 s beam-on, 30 s beam-off, tape

movement) in the lower panel shows different transitions

(e.g. those labelled) which are candidates for the shorter-

lived isomeric decay (T2 < 22 s).

In a recent test experiment (July 2017) on neutron-
rich Ta isotopes, yields of 1858:186m+e,187e Ty have been
measured following MNT reactions between a '36Xe
beam (50 pnA at 7.2 A.MeV) and a natural W target.
Under these conditions, 3-delayed v rays from the '7Ta
ground state were identified for the first time, and can-
didate isomeric decays were observed, as illustrated in
Fig. 1. Note that the 201 and 273 keV transitions (up-
per panel) are known transitions from in-beam studies®)
of 187 W, though no previous measurements of '¥7Ta
B-decay to 187 W have been reported. This establishes
the capability to produce separated beams of neutron-
rich Ta isotopes, and hence the viability of the technique
for future spectroscopic studies.
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For improving the accuracy of theoretical [-decay
half-lives (77 /) for the r-process nuclei relevant to the
3rd peak in the r-abundances, a systematic experimental
study of nuclear structures around N = 126 is required.
We performed half-life measurements of 1°6:197198[y (7
=77, N =119, 120, 121) at KISSY) to extract the refrac-
tory elements of the neutron-rich nuclei produced by the
multi-nucleon transfer reaction *6Xe + 98Pt.2) We also
measured their hyperfine structure (HFS) to estimate
the wave-function from the nuclear electromagnetic mo-
ment, spin, and quadrupole deformation parameter.

The extracted ions from KISS are implanted on an
aluminized Mylar tape, and then [-rays emitted from
the unstable nuclei are detected by the multi-segmented
proportional gas-counter.®) For the half-life measure-
ment, growth and decay curves were measured when the
time sequence of the KISS beam on/off = 1.5/4 T 5.
After the confirmation of the half-lives and the extrac-
tion yields, the HF'S spectra of the extracted nuclei were
measured by counting the S-rays as a function of the
excitation laser wavelength.

The typical time spectrum of the 3-decay of '%®Ir is
shown in Fig. 1. The fitting curve, which consists of one
parent nucleus and a constant background, is shown by
the red line. The half-lives of 196:197:198]y were evalu-
ated to be 51(4) s, 6.1(4) min, and 8.9(4) s, respectively.
These values are in good agreement with the values in
a literature,¥), i.e., 52(1) s, 5.8(5) min, and 8(1) s. The
yields of more than 5 pps were high enough to perform
the HF'S measurements.

The magnetic dipole moment p and the isotope shift
of 196,197.198Ty were deduced from the fittings of the mea-
sured HF'S spectra. The p values of odd-A Ir and Au
(Z = 79) isotopes of I™ = 3/2*5) are shown in Fig. 2.
The evaluated g value of °7Ir shows a similar system-
atic trend in gold isotopes. The p values of *7Ir and
199 Ay are about two times larger than the values of the
lighter odd-A isotopes, which are close to the Schmidt
value 0.12 of the 7d3/2 orbit. A larger u suggests a
larger deformation of °7Ir and %7 Au.

The HFS also yields the nuclear mean-square charge
radius and the quadrupole deformation parameters |Ss],
as shown in Fig. 3. The variations of |82| at A = 196-198
seem to be consistent with the trend of the theoretical
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Fig. 1. Measured growth and decay time spectra for '%®Ir.
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Fig. 3. The experimental B2 values of iridium isotopes are
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values given by the FRDM model® which predicts the
shape transition from a prolate to an oblate shape be-
tween A = 196 and 197. Further study of the nuclear
structures of 1°61981r isotopes is in progress for the pub-
lication.
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As a continuation of our previous report,") here we
would like to give an overview of the intermediate re-
sults of analysis of the spectra obtained in the 2'O
B-NMR experiment conducted at RIPS, RIBF. In the
experiment, the 2!O beam was produced from a 2?Ne
beam at 69 AMeV on a Be target in a projectile-
fragmentation reaction involving one neutron pick-up.

In g-factor measurements, the beta-NMR? tech-
nique was applied to the 'O ions implanted into the
CaO stopper crystal. The Larmor frequency, and
hence the g-factor, have been straightforwardly deter-
mined from the spectrum obtained with a single-sweep
width of 14 kHz (red triangles in Fig. 1) and the value
of the 2!O magnetic moment p(?*0) ~ 1.5 ux was
preliminary deduced.

In order to measure the electric quadrupole mo-
ment, the 21O beam was implanted into a single crys-
tal of TiOs to provide the electric-field gradient nec-
essary for the S-NQR?®) measurements. The obtained
B-NQR spectrum is shown on Fig. 2. Although the
statistics does not allow us to directly distinguish the
anticipated double-resonance structure of the spec-
trum,? the preliminary result of the least-chi-square
fitting with a double-Gaussian function is consistent
with the expected double-peak nature of the spectrum.
The actual value of the quadrupole moment can be ex-
tracted from peak I, which corresponds to the substi-
tutional implantation site in TiOs. From the fitting
curve in Fig. 2, vq ~ 151.5 kHz was preliminarily ob-
tained. However, the final analysis and error assign-
ments for both magnetic and quadrupole moments are
in progress and will be reported later.

In terms of nuclear structure, at first glance, the
neutron-rich 21O appears to be a “normal” nucleus well
characterized by a pure 1ds, single particle configura-
tion. However, the theoretical interpretation of these
results and the evolution of nuclear structure from O
to 230 are still under discussion and will be described
elsewhere.
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Fig. 1. B-NMR spectrum of 'O in a CaO crystal. The
horizontal error bars represent the widths of frequency
sweep. Data obtained from two separate runs are

shown. The Larmor frequency was determined from

the spectrum represented by red triangles.
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Fig. 2. 8-NQR spectrum of 2!O in the TiO2 single crys-
tal. The red line represents the least-chi-square fitting
with a double-Gaussian function taking into account
the physical expectations based on previous works.®)
The interval between the two peaks is a fixed value de-
fined by the ratio between the electric-field gradients of
two different implantation sites in TiO2. For the defi-
nition of vq, see Ref. 5).

References

1) A. Gladkov et al., RIKEN Accel. Prog. Rep. 50, 74
(2017).

2) K. Sugimoto et al., J. Phys. Soc. Jpn. 21, 213 (1966).

3) D. Nagae et al., Nucl. Instrum. Methods B 266, 4612
(2008).

4) T. Minamisono et al., Phys. Lett. B 457, 9 (1999).

5) H. Izumi et al., Hyperfine Int. 97/98, 509 (1996).



II-1. Nuclear Physics

RIKEN Accel. Prog. Rep. 51 (2018)

B-NQR measurement of the 23Ne ground state
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In this report, we present some results of the ex-
perimental program NP1612-RRC47. The aim of this
experiment is to search for an appropriate single crys-
tal for the S-NMR measurement of Ne isotopes and
to measure its electric field gradient at the sitting site
of Ne, as the first step to the nuclear electromagnetic
moment measurement of neutron-rich Ne isotopes. In
the present study, we applied the S-NQR method) to
the spin-polarized 23Ne, the ground-state Q moment
of which has been well-studied,? implanted into the
7ZnO single crystal.

The experiment was conducted using the RIKEN
projectile fragment separator (RIPS). A radioactive
23Ne beam was obtained from the single-neutron
pickup reaction of 2?Ne at 70 MeV /nucleon on a 0.25-
mm thick Be target. In order to produce spin polariza-
tion, the primary beam was injected with a tilt angle
of 2° with respect to the spectrometer entrance (F0),
where the Be target was located. Fragments were ac-
cepted at a finite angle § = 1°-3° to the primary beam
direction, and the center of the momentum distribu-
tion (Ap/p < | £0.25%|) was selected at momentum
dispersive focal plane F1. A secondary beam of 23Ne
with a purity higher than 90% was separated with a
321-mg/cm? thick Al wedge degrader. The intensity
of the spin-polarized 22Ne was 5x10% pps with a 22Ne
beam intensity of 400 pnA.

The spin-polarized ?3Ne was implanted in a ZnO
single crystal (28 mm X 20 mm X 0.5 mm, inclined
at 45° to the horizontal plane), which was located at
the center of the S-NMR apparatus. The c-axis of
the ZnO single crystal was along the vertical axis. A
static magnetic field of 0.5 T was applied to the crystal
parallel to its c-axis, and an oscillating magnetic field
was applied by a pair of RF coils perpendicular to the
static magnetic field. The crystal was cooled to T ~
50 K to achieve a longer spin-lattice relaxation time
than the **Ne (-decay half-life (T}, = 37 s).

The B rays from the 3 decay of 2*Ne was detected
through a vacuum chamber wall, made of 1-mm thick
fiber-reinforced plastic, by two S-ray telescopes which
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were located above and below the crystal. Each tele-
scope consists of a stack of three 1.0-mm thick plastic
scintillators. The telescopes cover approximately 50%
of the entire solid angle.

In the experiment, we first measured the g-factor of
the 23Ne ground state with a NaF polycrystalline stop-
per by the S-NMR method to confirm the polarization
of the 23Ne beam. In this measurement, we observed a
nuclear magnetic resonance at 1653.8(5) kHz; thus, a
g-factor of g = 0.43305(14) was deduced. The obtained
g-factor is consistent with the literature values g =
0.432(4)%) and 0.43268(36).* The polarization of the
23Ne beam was also determined to be AP = 5.0(4)%.

After measuring the g-factor, we performed the (-
NQR measurement of 23Ne by using the ZnO single
crystal. Figure 1 shows the obtained S-NQR spectrum
of 22Ne in the ZnO single crystal. In the figure, a clear
B-ray asymmetry change is found at vg(= eqQ/h) =
1.08(5)x 103 kHz. From the obtained vq and the Q
moment [Q = 145(13) emb],?) the electric field gradi-
ent ¢ was determined to be |q| = 31(3)x10'% [V/m?].
Now, we are ready to measure the ground-state elec-
tromagnetic moments of neutron-rich Ne isotopes.
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Fig. 1. Beta-NQR spectrum of ?’Ne implanted into the
7Zn0O single crystal. The dashed line shows the least
chi-square fitting result with a Gaussian function plus
a constant. The horizontal error bars indicate the width
of the swept frequency (Avg = 1.5 x 10 kHz).
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26m A] proton resonant elastic scattering with CRIB
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26Al is known as the first specific radioactivity dis-
covered with extraterrestrial origins.!) The observed
spatial and velocity profiles of galactic 26Al provide
insights to nucleosynthesis and galactic chemical evo-
lution. In this context, the stellar nuclear reactions
which produce and destroy 26Al should be sufficiently
constrained by experimental data when possible, in or-
der to reduce the uncertainties on the ejected mass of
26 A1 calculated in various stellar models. Knowledge
of the reaction rate of radiative proton capture on the
low-lying isomeric state 2™ Al(p, v) is still lacking, par-
ticularly at higher excitation energies when the two
species 268 ™M A] are expected to be in thermal equilib-
rium (> 1 GK).

We performed the first measurement of mixed
26em A proton elastic scattering at the CNS low-
energy RI beam separator (CRIB)?) to search for low-
spin states with large I', which may influence the
26mA](p, ) rate. Considering the isomer’s excitation
energy of 228 keV, the typical operating resolution of

CRIB ( % ~ 1%) is insufficient to distinguish the two

26 Al species event by event. To make the measurement
tractable, we considered that the 2Mg(p,n)?¢ Al reac-
tion cross section shows anticorrelated yield for 268™ Al
depending on E.., % as well as that the previous mea-
surement of 256 Al(p, p) showed only Rutherford scat-
tering over the measured energy range.®)

We produced the cocktail beam inflight via the
26Mg(p,n)?6Al reaction in inverse kinematics. A pri-
mary beam of 26Mg8* was extracted from the Hyper-
ECR ion source, accelerated up to 6.65 MeV /u by the
AVF cyclotron, and delivered to CRIB with typical
intensities of 25-50 pnA. The 26Mg beam impinged
on the CRIB cryogenic production target, which con-
tained Hy at 130-290 Torr at an effective temperature
of 90 K over 8 cm (0.4 to 0.8 mg cm~2). By varying the
Hs gas pressure as well as a removable Havar energy de-
grader foil upstream of the production target, we could
control E. ,,,. and hence the isomeric purity of the cock-
tail beam. We regularly monitored the isomeric purity
using [-decay measurements in a beam pulsing mode.
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Fig. 1. Example laboratory residual proton energy spectra

obtained near 0°. The isomeric purity of (b) is higher
than (a).

The decay measurements were interpreted with the as-
sistance of GEANT4 simulations, and we found the iso-
meric purity was approximately 40-60% depending on
the experimental conditions. The 26Al cocktail beams
had an average intensity of 1.5 x 10° pps, 93% purity,
and on-target energies of 68, 83, and 93 MeV

To measure the physics of interest, the Al beam
was tracked with two PPACs before fully stopping in a
7.5 mg cm~2 CH, foil which served as a proton target.
Scattered protons were measured at forward labora-
tory angles with A E—FE silicon telescopes. Background
contributions from carbon in the polyethylene target
were evaluated by intermittently exchanging the CHy
foil with a 10.6 mg cm~2 carbon foil. Examples of
the preliminary laboratory proton energy spectra are
shown in Fig. 1. The background contribution from
carbon (scaled to the number of incident 26Al ions)
looks smooth, and hints of some peak-like structures
seem to emerge when the isomeric purity is higher.
These preliminary results look promising for our future
analysis, where we will add all the kinematic conditions
including all energy losses to obtain the proton scat-
tering excitation function in the center-of-mass frame.
Finally, we plan to extract resonance parameters with
an R-matrix analysis.
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Development of a high density "Be beam at CRIB
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The “Li problem is a discrepancy between the stan-
dard Big-Bang Nucleosynthesis (BBN) model and ob-
servations. Our research goal is to measure the cross
section of the "Be(d, p) reaction to solve this “Li prob-
lem. A recent theoretical BBN model predicts a pri-
mordial “Li abundance that is 3 times larger than the
recent precise observation.!) This difference is quite
large, while the theoretical calculation reproduces the
abundance of the other light nuclei well. One possi-
ble scenario to solve the problem, which has not been
included yet in the BBN model, is that "Be was de-
stroyed in the nuclear reaction after the Big Bang. The
"Be(d, p)®Be and the "Be(n, a)*He reactions are two
promising processes for destroying "Be. We are focus-
ing on the "Be(d, p)®Be reaction since the contribution
from “Be(d, p)®Be is suggested to be larger that from
"Be(n, a)*He.??)

We are developing an unstable “Be target for high-
resolution measurement of the "Be(d, p)®Be reaction
in normal kinematics. This is a big technical challenge
since "Be is an unstable nucleus. We suggested to make
the “Be target by implantation in a host material. This
is called the Implantation method. The development is
ongoing at CRIB, Center for Nuclear Study (CNS),
University of Tokyo. The first experiment was per-
formed in June 2016. The primary beam was "Li?* at
5.6 MeV /nucleon. The secondary beam was produced
by the 'H("Li, "Be) reaction by employing a cryogenic
hydrogen gas target. The gas thickness is 8 cm and
the gas pressure was 760 Torr. The secondary beam
energy was 4.0 MeV /nucleon. A 10-pum thick gold foil
as a host target was irradiated with the “Be beam after
an energy degrader made of gold with a thickness of
15 pm and a collimator with a diameter of 3 mm. We
evaluated the amount of the implanted “Be by detect-
ing 477 keV v rays with a LaBrs detector after the im-
plantation. The ~ ray is emitted through the electron
capture decay of "Be with a branching ratio of 10.4%.
We obtained 1.3x10'! (4.3x10'%/mm?) "Be particles
after 19 hours of irradiation. The average beam in-
tensity was 6.3 x10°/mm?. However, the number of
the "Be particles is almost 10 times smaller than our
estimation from the maximum intensity (~10°%/mm?)
of CRIB’s previous performance. We suspect that the
beam spot size and the beam profile at F2 were not
fully optimized for the high-intensity “Be beam down-
stream of the collimator and not maintained at a fixed
position during the long irradiation time since we did
not check the “Be beam profile when the beam inten-
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sity was increased. This is because it was not possible
to count such a high intensity beam directly.

Based on the result of the experiment in 2016, we
performed a development experiment at CRIB to opti-
mize the beam line optics and obtain an intense beam
of "Be, in April 2017. Previously, the beam profile
was checked with the PPAC detector at CRIB. How-
ever the PPAC detector is not a detector for such a
high rate, so we could not count the high intensity
beam with the existing detector. To solve this issue,
we installed a metal mesh at F1 and a plastic scin-
tillator at F2 to count the beam intensity. This was
a new trial at CRIB. The metal mesh was used to re-
duce the "Be beam intensity, and hence we could count
the "Be beam intensity directly by the plastic scintil-
lator. In this experiment, we tuned the ion-optical
parameters and the steerer on the beam line for the
best-positioning and focusing of the secondary "Be,
by counting the intensity with the plastic scintillator.
We achieved 6.8 x10°/mm? as the average beam inten-
sity after the optimization of the settings of beam-line
optics. We obtained 1.2x10'? (1.7x10'/mm?) "Be
particles with 7-hours irradiation. As the next step,
we plan to measure the "Be(d, p) reaction at Japan
Atomic Energy Agency, tandem facility. The "Be tar-
get will be produced at CRIB before the (d, p) reac-
tion measurement, planned for 2018. About 8.2x10'?
(2.6x10'? /mm?) "Be ions will be implanted in 2 days
of irradiation.

CRIB

CNS Radio-Isotope Beam Separator

In the F2 chamber

Plastic
scintillator

Collimﬂ I

(3mm @)

Primg Li
1Y beam
AVE YClotron from the

Fig. 1. Plane view of CRIB, where the Q1, Q2, Q3, and M3
magnets and the steerer were optimized in the present
work. The installation of the mesh at F'1 and the plastic
scintillator at F2 was a new trial at CRIB to count the
high intensity beam. The "Be beam was counted after
the 3 mm diameter collimator.
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Experimental setup of the ®He(p, n) measurement at HIMAC and
identification of the charge-exchange (p,n) reaction channel
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As reported in another article!) in this volume, we
performed a measurement of the SHe(p, n) reaction in
the SB2 course at HIMAC in the winter of 2017 (H391
experiment). In this report, the setup used in the HI-
MAC experiment is presented with a preliminary result
of the analysis to identify the (p,n) reaction channel.
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Fig. 1. (top) Layout of the experimental setup used in
the HIMAC H391 experiment. (bottom) Particle-
identification plot of reaction residues. The vertical and
horizontal axes correspond to the energy losses in HDO
and HD1 (Ey and E1), respectively. The units are QDC
channels.

Figure 1 (top) shows the layout of the experimental
setup. In the experiment, a secondary beam of He at
123 MeV /nucleon was produced through a fragmenta-
tion reaction with a 160 MeV /nucleon primary beam
of 'B. The resulting cocktail beam had a total inten-
sity of 2x10* particles/s, containing “He with a purity
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of 96%. The particle identification (PID) of the beam
particles was performed on an event-by-event basis by
using the energy loss information in the SBT plastic
scintillator. The secondary beam was impinged on a
polyethylene target with a thickness of 7 mm. The
recoil neutrons were detected using the PANDORA?)
neutron detectors surrounding the target. The ho-
doscope bars were placed downstream of the target to
identify the reaction residues produced in the (p,n) re-
action from the incident ®He particles. Depending on
the excitation energy, the daughter nucleus, i.e. °Li,
decays into multiple reaction residues of light nuclei
such as protons, neutrons, and tritons. With the aim
of distinguishing such events, the hodoscope setup con-
sisted of three layers: the first layer was used to identify
611 only, while the other two layers were segmented so
as to detect light nuclei. HDO (HD1-8) had a plastic
scintillator plate with dimensions of 240" x 80 x
2P mm? (100" x 1000 x 10P mm?). HDO covered
the solid angle for SLi particles emitted at angles up
to 7°, which was sufficient to measure the (p,n) re-
action at scattering angles up to 15° in the center-of-
mass system. As a parasitic setup, the silicon detector
setup developed for SAMURALI heavy-ion proton ex-
periments was also installed.

Figure 1 (bottom) shows a PID plot of reaction
residues obtained by comparing the charge information
in the hodoscope in the first layer (HD0) and that in
the second layer immediately behind HDO (HD2), after
selecting events corresponding to *He beam particles.
The data shown here were accumulated within a two
hour run. The most intense PID blob corresponds to
the events in which the ®He beam particles penetrated
both HDO and HD2 (unreacted events). The blob
around (Ey, E1) = (1600, 1100) is due to the events
in which the ®Li beam particles penetrated both HDO
and HD2, corresponding to the (p,n) reaction chan-
nel. The ®Li events are clearly separated from the un-
reacted events in this two-dimensional plot. We have
an issue that the energy loss information in HD2 for
the unreacted channel has a long tail for higher QDC
values. For clarifying the origin of this tail, we are
planning to analyze the waveform data of HD2 taken
by the CAEN digtizer modules reported in another ar-
ticle® in this volume. The analysis is in progress.
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RI beam production at BigRIPS in 2017
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The radioactive isotope (RI) beam production at
the BigRIPS fragment separator) in 2017 is presented
here. Table 1 summarizes the experimental programs
that involved the use of the BigRIPS separator dur-
ing this period and the RI beams produced for each
experiment.

The spring beam time started with a 48Ca primary
beam in March. The experiment was performed to
search for the existence of a new 3°Na isotope and to
determine the neutron dripline of neon isotopes.?) The
parasite BRIKEN experiment was performed to mea-
sure the multi-neutron emission probabilities.

Four experiments were conducted in the "°Zn beam
campaign that was started in April. The 40:50:52Caq,
beams were delivered to the SAMURAI spectrometer
to measure the electric dipole response of the neutron-
rich Ca isotopes. The experiment to search for new
neutron-rich isotopes was performed with the BigRIPS
separator in the region of %9Ca isotope.?) A total of 8
new isotopes was identified in the preliminary analy-
sis. The SEASTER experiment was performed with
63V, 57S¢, 3K to understand the evolution of the shell
structure towards the dripline.

Seven experiments were conducted in the 238U beam
campaign that was started in May. The '67Sm, '49Xe,
130Ag 847n beams were delivered to the ZeroDegree
spectrometer for BRIKEN experiments. The 290W
beam was produced for neutron-rich nuclei around the
N = 126 using a projectile-fragmentation of the 23U
beam as a machine study.*) The "Se and °"Pd beams
were produced for OEDO commissioning with the Im-
PACT program.

The spring beam time ended with an 0 beam cam-
paign, in which three experiments were performed.
The 'H and %3He beams were produced for the
SAMURALI experiment.

In the autumn beam time, the 233U beam campaign
was started in October with eight experiments. The
937r, 107Pd, and 7" "Se isotope beams were provided
with the ImPACT program. The BRIKEN experi-
ments were performed to measure the multi-neutron
emission probabilities and to search for new isotopes.?
An experiment with two-step reaction scheme was
performed to measure the production cross sections
of the '27128Pd beam from the '32Sn beam using
the BigRIPS and the ZeroDegree spectrometer.®) The

Table 1. List of experimental programs and RI beams produced at the BigRIPS separator in 2017.

Primary beam

(Period) Proposal No. Course RI beams
*Ca DA16-01-01 ZeroDegree  3°Na,*Ne
345 MeV/nucleon
(Mar. 30 - Apr.2)  PE16-04 ZeroDegree  “°Mg,’Na (parasite experiment)
070 NP1312-SAMURAI9R1-01 SAMURAI ~ #30.32Cq
NP1406-RIBF44R1-02 BigRIPS S254Ar, 3C1, YK, 3254 90Ca, S
345 MeV/nucleon 6y STe. 3
(Apr. 11 — May 15) NP1512-SAMURAI38R1&39R2-01 SAMURAI 53\7, Sc, K
DA17-01-01 SAMURAI K
NP1512-RIBF139-02
nsy Eg i jgg:gg? } ;;5)12_02 ZeroDegree  '7Sm, '“Xe, '°Ag, %Zn
345 MeV/nucleon NP1612-RIBF148-01
(May 30 — Jun. 21)  MS-EXP17-02 BigRIPS 200y
MS-EXP17-04 ZeroDegree 238U (primary beam)
IMPACT17-01 SHARAQ 7Se, 1"7Pd
130 NP1406-SAMURAI19R1-01 SAMURAI 'H, >%He
220 MeV/nucleon ~ NP1512-SAMURAI37-01 SAMURAI  %%He
(Jun. 24 —July 14)  NP1512-SAMURAI34-01 SAMURAI  'H,%He
IMPACT17-02-01 SHARAQ 37r,19pPd
DA17-02-01 ZeroDegree  %2Cu
sy IMPACT17-02-02 SHARAQ TS
345 MeV/nuCIeon ij/[l?l lsaf(zli’}l{’;B(?l39_03 PALIS ]O(?u 102 106 112 115
(Oct. 21 — Nov. 30) NP1612-RIBF148-02 ZeroDegree Br, '%*Sr, '°°Zr, ''*Mo, '"Nb
NP1306-RIBF102-01 ZeroDegree ~ '26128pd, 132Gn
MS-EXP17-05 Rare-RI Ring  8Ge
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Table 2. Number of experiments performed using RI beams in each year.

Year 28U 1Xe %Kr Kr Zn #Ca 0 %0 N ‘He 2H ieiﬂly
ota
2007 4 1 .
2008 2 4 s
2009 3 3 31 0
2010 10 1 2 1| 14
2011 4 2 2 g
2012 6 3 4 6 20
2013 4 2 3 9
2014 11 3 ! N
2015 15 6 4 P
2016 13 1 6 2 >
2017 13 4 2 3 >
Total 75 8 1 6 6 36 17 1 5 1 3] 159

B RI beams produced (50) : 2017
B Production yield measured (1593) : 2007-2017
Known isotopes

Fig. 1. RI beams produced in 2017 and the production yield measured from March 2007 to December

2017 at the BigRIPS separator.

autumn beam time ended with a machine study of the
Rare-RI Ring experiment using the ®*Ge beam.

The number of experiments using the RI beams at
the BigRIPS separator is summarized in Table 2 for
various primary beams in each year. A total of 159 ex-
periments have been performed so far. Figure 1 shows
the RI beams produced in 2017 at the BigRIPS sep-
arator on the chart of nuclides with red squares.The
number of RI beams produced in 2017 is 50. The pro-
duction yields for 1593 RI beams were measured from
March 2007 to December 2017, and they are indicated

using green color. The yellow color indicates the known
isotopes.
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Observation of new neutron-rich Mn, Fe, Co, Ni, and Cu isotopes
in the vicinity of "8Nif

T. Sumikama,*!*2 S. Nishimura,*? H. Baba,*? F. Browne,*>*? P. Doornenbal,*?> N. Fukuda,*? S. Franchoo,**
G. Gey,*>*2*6 N. Inabe,*? T. Isobe,*? P. R. John,*"*® H. S. Jung,*® D. Kameda,*?> T. Kubo,*? Z. Li,*!?
G. Lorusso,*? I. Matea,* K. Matsui,*!*2 P. Morfouace,** D. Mengoni,*!? D. R. Napoli,*!3 M. Niikura,*!!*2
H. Nishibata,*'**? A. Odahara,*'4*? E. Sahin,*'® H. Sakurai,*>*!! P.-A. Soderstrém,*? G. I. Stefan,**

D. Suzuki,***2 H. Suzuki,*> H. Takeda,*? R. Taniuchi,*'**2 J. Taprogge,*'6*17*2 Zs. Vajta,*!8*2
H. Watanabe,*'?*2 V. Werner,*?0 J. Wu,*19*2 Z. Y. Xu,*'1*2 A. Yagi,*'**? and K. Yoshinaga*2!*2

The neutron-rich nucleus "8Ni is expected to be a
doubly magic nucleus with the proton magic number
28 and the neutron magic number 50. To study the
magicity of “8Ni far from the stability line, the pro-
duction of new isotopes beyond “®Ni, such as the pre-
vious discovery of neutron-rich isotopes at RIBF,") is
the first step.

In the present study, new isotopes in the vicinity
of ™Ni were produced via the in-flight fission reac-
tion of a primary 2*®U beam with a higher inten-
sity than the previous one.!) The beam energy was
345 MeV /nucleon and the average intensity was 6.84
particle nA. The fission fragments were purified in the
BigRIPS separator and transported to the ZeroDe-
gree spectrometer. For particle identification, the time
of flight (TOF) and magnetic rigidities in the second
stage of BigRIPS, as well as the energy loss in a mul-
tisampling ionization chamber (MUSIC) placed at the
end of the ZeroDegree spectrometer, were measured.
The atomic number, Z, and the mass-to-charge ratio,
A/Q, were deduced as shown in Fig. 1. A significance
test using p values was performed for 8 new isotopes
“3Mn, “SFe, " 78Co, 80-81:82Nj, and 83Cu, as described

Condensed from the article in Phys. Rev. C 95, 0561601(R)
(2017)
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Fig. 1. Particle-identification plot of Z versus A/Q. Iso-
topes located on the right side beyond the red line were
discovered in the present study.

Production Cross Section (ab)

TB INi
82Njj

107!

Neutron Number

Fig. 2. Production cross section as a function of the neu-

tron number. The lines present model predictions.z)

in the previous study.)) The p values, which are all
less than 1%, show evidence for these isotopes includ-
ing the cases of "%Fe, 8 Ni, and 82Ni with a single event.
The production cross sections, shown in Fig. 2, were
also checked and found to be consistent with model
predictions.?
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New isotope of 3°Na and the neutron dripline of neon isotopes using
a 345 MeV /nucleon *®*Ca beam

D. S. Ahn,*! N. Fukuda,*! H. Suzuki,*! Y. Shimizu,*! H. Takeda,*! T. Sumikama,*! H. Ueno,*! K. Yoshida,*!
N. Inabe,*! H. Sato,*! H. Baba,*! T. Komatsubara,*! Y. Yanagisawa,*! K. Kusaka,*! M. Ohtake,*! H. Otsu,*!

T. Kubo*"*2 Q. B. Tarasov,**2 B. M. Sherrill,***2 D. J. Morrissey,*"*? D. Bazin,*!**2 T. Nakamura,*!*3

J. Amano,*!** N. Iwasa,*1*> S. Ishikawa,*1*> T. Sakakibara,*"*®> and H. Geissel*!*6

The neutron dripline drawn between bound and un-

bound nuclei is important to verify the mass models
and to understand nuclear structures. In 2014 exper-
iment,") a search for 33F and 3®Ne isotopes was per-
formed to determine the neutron dripline. The non-
observation for these isotopes indicates that they are
unbound.

In April 2017, the experiment (proposal number:

DA16-01-01) was carried out, aiming to search the exis-
tence of anew 3°Na (Z = 11, N = 28) isotope as shown
in Fig. 1 and to determine the neutron dripline for neon
isotopes. High statistics data of 3®Ne isotope were also
obtained to confirm the previous non-observation.

— neutron drip line k i iﬁ i %
M new isotope [
] L. P°Na
... Ne |
o ) ound
8 20 F |
R
unbound
" g
N=28
2

Fig. 1. New isotope of 3°Na with the neutron number

N=28 and neutron dripline.

The neutron-rich neon and sodium isotopes were

produced by the projectile-fragmentation of a *®Ca
beam with an energy of 345 MeV /nucleon at RIKEN
RIBF. The high-intensity beam made it possible to

search the neutron dripline.

The magnetic rigidity

(Bp) of the first dipole magent using the BigRIPS?
separator was tuned for the 3°Na isotope. Two wedge-
shaped degraders at the F'1 and F5 dispersive foci were
used to purify the RI beams. A thick collimator®) made
of an SUS material with 50-cm thickness was installed
at the F2 focal plane to reject tritons and other light

particles.

The different Bp value was tuned for the

36Ne isotope. The experimental conditions for 3°Na
and 3Ne settings are summarized in Table 1.

The particle identification (PID) was conducted us-

ing the TOF-Bp-AE method. Figure 2 shows a pre-
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Table 1. Experimental conditions.

Settings 39Na, 35Ne
Target Be 20 mm  Be 20 mm
F1 degrader Al 15 mm Al 15 mm
F5 degrader Al 7 mm Al 7 mm
Bp 9.155 Tm  9.4077 mm
Momentum acceptance + 3% + 3%

liminary PID plot for the 3°Na setting. The new
isotope of 3“Na was clearly observed. The non-
observation of any events corresponding to *®Na in-
dicates that it is unbound. In this experiment, we
also determined the dripline of neon isotopes with a
high confidence level. The detailed data analysis is
currently in progress.

BN

L L s L L 1

31 32 33 34 35 36 37 38
mass-to-charge ratio A/Q

N 15 102
£ .| Preliminary result
2 f
st
é 13 | -
2t Mg
12 |~ . 10
- o *Na
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w

Fig. 2. Preliminary PID plot for the **Na setting.
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The discovery of new nuclei in the proximity of drip
lines is an important benchmark for nuclear mass mod-
els, and hence for the understanding of nuclear force
and modeling the creation of elements. Recent mea-
surements at the NSCL'?) have demonstrated that the
fragmentation of ®Ge and %2Se beams can be used
to produce new isotopes (NI) in the calcium region.
This work was extended at RIKEN using higher energy
and intensity in April-May 2017, when the NP1406-
RIBF44R1 experiment was carried out.

A 345 MeV /nucleon "°Zn beam with an intensity
of 225 pnA, which was accelerated by the RIKEN
RIBF accelerator complex, was fragmented in a series
of beryllium targets placed at the object position of
the BigRIPS fragment separator.®)

The experimental conditions for the NI production
runs are listed in Table 1. These settings were centered
on °0S, 93Cl, **Ar, K, and %°Ca based on LISETT
calculations.?) Two aluminum wedge-shaped degraders
at the F1 and F5 dispersive planes were used at full
BigRIPS momentum acceptance to separate and purify
the RI beams.

The particle identification (PID) was conducted us-
ing the ToF-Bp-AE-TKE method described in the ap-
pendix to the previous work.®) Figure 2 shows the pre-

Z 5T | 597

57§c | 98§c | 99§¢ | 60§¢ | 615¢

56Ca | 57Ca | %8ca | ¥ca @ ®0Ca

56

N

Fig. 1. The region of the chart of nuclides studied. The
solid line is the limit of bound nuclei from the KTUY
mass model.”) The nuclei in the green squares were
newly observed in this work.

*1 NSCL/FRIB, Michigan State University

*2 RIKEN Nishina Center

*3  Department of Physics, Tohoku University

*4 Center for Nuclear Study, University of Tokyo
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Table 1. Experimental conditions for NI production runs.

Settings 509 8¢l MMAr STK %9Ca
Target(Be) [mm)] 20 15 10 10 15
BpO1 [Tm] 735 78 80 80 7.35
F1 degrader [mm)] 3 3 3 3 3
F5 degrader [mm)] 3 1 1 1 3
Time [h] 89 235 112 17.0 389

il

"

’ mllﬂ?"."\'."' .H,h! L
nillp *

T

14

| ¢
16 !_-:_ -i

28 ‘ 3.0 ‘ 32

Fig. 2. PID plot of NI production runs.

liminary Z vs. A/q PID summary plot for all NI pro-
duction runs. We observed a total of 9 new neutron-
rich nuclei during the 100 hours of NI search: 7P, 49S,
5201’ 54A1", 57’59K, 59,600& 62SC.

Production cross sections, secondary reaction contri-
butions, and momentum distributions runs were per-
formed. The data are under analysis.
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New isotope search conducted concurrently with BRIKEN campaign
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In order to measure new (3-delayed neutron emission
properties for near doubly magic nucleus "®Ni using the
world-largest array of He counters BRIKEN," the ex-
periment was performed at the RIKEN Nishina Center
RI Beam Factory (RIBF). The nuclei of interst were
produced by the in-flight fission of a 345 MeV /nucleon
238U beam colliding with a 3.87-mm-thick Be target.
The primary beam intensity was 56.6 particle nA on
average. Fission fragments were separated and identi-
fied using the superconducting in-flight separator Bi-
gRIPS.?) In order to separate and purify the RI beams,
two wedge-shaped energy degraders were placed at the
F1 and F5 dispersive foci. The typical counting rate
at the F3 and F7 achromatic foci were 545.4 Hz and
102.4 Hz, respectively. Table 1 summarizes the exper-
imental conditions. The BigRIPS setting in this work
included regions of new isotopes on the more neutron
rich side. This allowed us to search for new isotopes in
parallel with the measurements of the BRIKEN cam-

paign.

Table 1. Summary of the experimental conditions.

Target (mm) Be 3.87
Bp ¢ (Tm) 8.272
Degrader at F1 (mm) Al5.01
Degrader at F5 (mm) Al 3.45
F1 slit (mm) +58.0 / —64.2
F2 slit (mm) +20.0 / —20.0
F5 slit (mm) +110.0 / —110.0
F7 slit (mm) +25.0 / —25.0
Central particle 82Cy
Irradiation time (h) 191.8
Live time of DAQ (%) 95.5
Trigger rate (Hz) 97.8
Total dose 2.44 x 107

@ The values from the magnetic fields of the first dipole
magnet.

Particle identification (PID) was performed using
the AE-TOF-Bp method in which the energy loss
(AE), time of flight (TOF'), and magnetic rigidity (Bp)
were measured to allow the event-by-event determina-
tion of atomic number Z and mass-to-charge ratio A/Q
of fragments.?) The PID was confirmed by measuring
the delayed v-rays emitted from short-lived isomers,
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Fig. 1. Two-dimensional PID plot of Z versus A/Q. Red

5-7)

line indicates the limit of known isotopes as of Jan-

uary 2018.

such as ??Br and **Br, by using two clover-type high-
purity germanium detectors placed at the F7 achro-
matic focus; this technique is called isomer tagging.®
Figure 1 shows a two-dimensional PID plot of Z ver-
sus A/Q. The solid red line indicates the limit of iden-
tified isotopes® ) as of January 2018. The relative
root mean square (rms) Z resolution and the relative
rms A/Q resolution were typically 0.61% and 0.081%,
respectively. We can see some candidates for new iso-
topes such as ™Co, #4Cu, 30Zn, and ?3As.
Detailed analysis is currently in progress.®)
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Production of neutron-rich nuclei in the vicinity of N = 126
by means of projectile fragmentation of 345 MeV /nucleon 238U
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The neutron-rich nuclei located along the neutron
closed shell N = 126 are of great importance for in-
vestigating the evolution of N = 126 shell closure, as
well as for understanding the r-process of stellar nu-
cleosynthesis. Experimental information, however, are
scarcely available, due to the difficulties in producing
these unstable nuclei. Recently, a multi-nucleon trans-
fer reaction with a stable beam was experimentally in-
vestigated, and it has proved to be a promising method
for producing neutron-rich nuclei around N = 126.1)
Another prospective reaction for producing these nu-
clei is the fragmentation of heavy projectiles such as
lead and uranium. The lightest N = 126 nucleus so
far, 2920s, was produced by the projectile fragmenta-
tion of a 1 GeV /nucleon 23U beam.?)

To access the unexploited region around N =
126, we conducted an experiment aimed at produc-
ing neutron-rich nuclei around N = 126 by means
of the projectile fragmentation of a high-intensity
345 MeV /nucleon 2*¥U beam using the BigRIPS in-
flight separator® at the RIKEN RI Beam Factory.®)
The intensity of the 38U beam was 45 particle nA on
average. The production target, which was made of
beryllium, was 5 mm thick. The setting of the Bi-
gRIPS separator was optimized for the production of
200W, where the magnetic rigidity Bp settings before
and after F3 were tuned for hydrogen-like and helium-
like 20°W ions with charge state Q = 73 and 72, respec-
tively. We employed the two-stage isotope separation
mode to sufficiently purify the neutron-rich isotope
beams of interest, in which the aluminum degraders

Table 1. Experimental conditions for 2°°W setting

Production target Be 5 mm
Bp 6.8000 Tm
Degraders Al 5 mm at F1, Al 1 mm at F5
Intensity of 233U 45 pnA
Running time 8 hours
F1 slit +32 mm (£1.5% in Ap/p)
F2 slit +10 mm
F5 slit +48 mm
F7 slit +25 mm
Total rate at F1 ~ 10° Hz
Total rate at F3 2.5 x 10° Hz
Total rate at F7 30 Hz

*1 RIKEN Nishina Center
*2 Department of Physics, Rikkyo University
*3 KEK
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Fig. 1. Particle identification plot of Z vs A/Q for frag-
ments produced in the ?*®*U 4 Be reaction. The frag-
ments with Z > 70 were produced by the projectile
fragmentation. The N = 126 isotones are expected to
be located on the red dotted line. The location of 2°°W
is indicated by the red solid circle, where no events were
observed. The blobs in the red dashed circle correspond
to the events whose charge states change at F5. The
blobs in the red dotted circle correspond to the fission-
originated contaminants.

were installed not only at the F1 but also at the F5
foci. The details of experimental conditions are sum-
marized in Table 1. The particle identification (PID)
was obtained event by event on the basis of the AFE-
TOF-Bp method, thus deducing the atomic number Z
and the mass-to-charge ratio A/Q of the fragments.)
Figure 1 shows the Z vs A/Q PID plot for fragments
produced in the ?33U+Be reaction. The neutron-rich
nuclei around N = 126 were produced and identified
as shown in the figure, althou