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PREFACE

The RIKEN Accelerator Progress Report is
the annual report of all the research activi-
ties conducted at the RIKEN Nishina Cen-
ter for Accelerator-Based Science (RNC). This
volume, No. 54, covers the activities con-
ducted during the Japanese fiscal year of 2020
(i.e., April 2020 to March 2021).

Last December, the news of the sad demise of
Prof. Dr. Akito Arima, who passed away on
December 6, 2020, became widespread world-
wide. As many people know, he was a distin-
guished physicist of the nuclear structure the-
ory. As one of the top administrators of univer-
sities and institutes, he contributed toward the
promotion of academic activities in the field of
science and technology; he was also a politician

of the House of Councilors and ministers of the government. He was the President of RIKEN from 1993 to 1998;
during this period, he launched three major research activities at the current RNC: realizing the RI Beam Factory
(RIBF) project, and establishing the RAL branch office for muon sciences and the RIKEN BNL Research Center
(RBRC) for high-energy nuclear physics. Following the commencement of its operation in 2007, the RIBF has
become one of the best facilities worldwide for low-energy nuclear physics. I was incredibly happy to present him
with the achievements of the RIBF at the conference in Shanghai in 2018, as a celebration of his 88th birthday.
Furthermore, he also encouraged international relationships with Asian countries, especially China and Vietnam,
and significantly improved research collaboration. At the RNC Monthly Meeting held on December 9, 2020, all
the RNC members offered a silent prayer in view of his considerable achievements and contributions. As a person,
he was known for his firm philosophy and humanity; he loved nature, physics, and the youth. At this occasion,
I would like to offer my deepest condolences and also express my sincere respect for his guidance across a wide
range of fields.

In 2020, the world was affected by the COVID-19 pandemic. Consequently, given that the coronavirus is car-
ried and spread by people, people’s activities have been severely restricted. Nevertheless, personal relationships
remained intact owing to advances in the Internet. As a result, many discoveries pertaining to human com-
munication through various online/virtual activities have been reported. For instance, all the PAC meetings in
FY2020 were organized remotely. Furthermore, certain symposia and workshops were conducted in a hybrid style
combining in-person and online communications.

Onsite activities, where people and things/facilities interact, form the essence of technological development and
experimental research. It is, therefore, considerably important to implement measures for preventing the spread
of the coronavirus. At the RIBF, we were able to avoid a divide between people and things/facilities, while
sustaining the research activities. Local and domestic staff members realized achievements in terms of developing
facilities and conducting experiments. One such achievement is the upgrade of the RILAC (SRILAC) and the
complete installation of GARIS-III; this represents the completion of the preparation for moving forward with
novel research. Furthermore, we succeeded in increasing the 70Zn and 238U beam intensities at the SRC, thus
realizing a high-intensity beam for the HiCARI campaign using “tracking” germanium detectors and the mass
measurement of many unknown nuclei during the MR-TOF experiment performed in parallel.

However, onsite research activities were still stagnant, given the restrictions on people traveling across borders
and overseas. This resulted in a divide between people and things/facilities at the overseas research facilities of
the RHIC and RAL and the joint international research at the RIBF.

Seventeen press releases were issued in FY2020, and selected achievements of 2020 are compiled in the “Highlights
of the Year” section of this volume. These indicate the growing multi-disciplinary activities at the RNC for
science, technology, and innovation. It should be noted that these achievements were made not only by in-



house researchers and engineers at the RNC but also by collaborating users at the RIBF, RBRC, and RAL. The
paper titled “Surface localization of the dineutron in 11Li,” which was published in Physical Review Letters, is a
result of the first spectroscopy with fully completed kinematics measurements conducted at SAMURAI in order
to demonstrate the dineutron component in 11Li. With regard to heavy-ion beam breading, the paper titled
“Improvement of rotifer as the new food item in larviculture” had a significant impact on the society, and the
results were featured as “Godzilla the rotifer” in the Economist magazine issued January 23, 2021.

Awards were also presented to the colleagues of the RNC. Takahiro Nishi was presented with the 17th Annual
Meeting Award of the Particle Accelerator Society of Japan, and Takashi Ichihara was presented with the 2020
JPCERT/CC Certificate of Gratitude, JPCERT Coordination Center. Furthermore, the Nishina Memorial Prize
was awarded to Kazuma Nakazawa, a visiting scientist at the Strangeness Nuclear Physics Laboratory.

With regard to the organization of the RNC, Hiroyuki Ichida and Masanori Kidera were appointed as the Team
Leaders of the Plant Genome Evolution Research Team and the Infrastructure Management Team, respectively,
as of October 2020.

The coronavirus crisis is expected to continue even after 2021. Nevertheless, we are extremely grateful to be
blessed with an environment that allows us to continue with our research. Hence, it is vital that we acknowledge
the mission of RIKEN and aggressively accept new challenges in research and development activities.

Hiroyoshi Sakurai
Director
RIKEN Nishina Center for Accelerator-Based Science



house researchers and engineers at the RNC but also by collaborating users at the RIBF, RBRC, and RAL. The
paper titled “Surface localization of the dineutron in 11Li,” which was published in Physical Review Letters, is a
result of the first spectroscopy with fully completed kinematics measurements conducted at SAMURAI in order
to demonstrate the dineutron component in 11Li. With regard to heavy-ion beam breading, the paper titled
“Improvement of rotifer as the new food item in larviculture” had a significant impact on the society, and the
results were featured as “Godzilla the rotifer” in the Economist magazine issued January 23, 2021.

Awards were also presented to the colleagues of the RNC. Takahiro Nishi was presented with the 17th Annual
Meeting Award of the Particle Accelerator Society of Japan, and Takashi Ichihara was presented with the 2020
JPCERT/CC Certificate of Gratitude, JPCERT Coordination Center. Furthermore, the Nishina Memorial Prize
was awarded to Kazuma Nakazawa, a visiting scientist at the Strangeness Nuclear Physics Laboratory.

With regard to the organization of the RNC, Hiroyuki Ichida and Masanori Kidera were appointed as the Team
Leaders of the Plant Genome Evolution Research Team and the Infrastructure Management Team, respectively,
as of October 2020.

The coronavirus crisis is expected to continue even after 2021. Nevertheless, we are extremely grateful to be
blessed with an environment that allows us to continue with our research. Hence, it is vital that we acknowledge
the mission of RIKEN and aggressively accept new challenges in research and development activities.

Hiroyoshi Sakurai
Director
RIKEN Nishina Center for Accelerator-Based Science

- 5 -

RIKEN Accel. Prog. Rep. 54 (2021)CONTENTS

C  O  N  T  E  N  T  S

Page

PREFACE
GRAVURE

FEATURE ARTICLE

First Beam from SRILAC ·················································································································· S1

Ⅰ. HIGHLIGHTS OF THE YEAR 
Oblate shapes and metastable states of 92, 94Se ··························································································· S13

P. -A. Söderström et al.

Properties of 187Ta revealed through isomeric decay ··················································································· S14
P. M. Walker, Y. Hirayama, et al.

In-gas-cell laser resonance ionization spectroscopy of 196, 197, 198Ir ···································································· S15
M. Mukai et al.

Fragmentation of single-particle strength around the doubly-magic nucleus 132Sn and the position of the 0f5/2 proton-hole 
state in 131In ···························································································································· S16
V. Vaquero et al.

Experimental studies of the two-step scheme with an intense radioactive 132Sn beam for next-generation production of 
very neutron-rich nuclei ············································································································· S17
H. Suzuki et al.

On-line commissioning of the new SLOWRI/ZD-MRTOF system ·································································· S18
M. Rosenbusch et al.

Mapping of a new deformation region around 62Ti ····················································································· S19
S. Michimasa et al.

Surface localization of the dineutron in 11Li ····························································································· S20
Y. Kubota et al.

Probing alpha clusters in the low-density region of the nuclear surface ····························································· S21
J. Tanaka, Z. H. Yang, et al.

Reaction cross sections on a deuteron as a probe of nuclear radii ···································································· S22
W. Horiuchi et al.

Mean-square radius of the neutron distribution and skin thickness derived from electron scattering ··························· S23
H. Kurasawa et al.

Isotopic production of high-radiotoxic nuclide 90Sr via proton- and deuteron-induced reactions ································ S24
R. Matsumura et al.

CP-odd gluonic operators in QCD spin physics ························································································ S25
Y. Hatta

Start the operation of AVF-BIS and its performance evaluation as a successor system to BIS ··································· S26
M. Komiyama et al.

HiCARI: High-resolution Cluster Array at RIBF ······················································································· S27
K. Wimmer et al.

Removing non-isobaric ions from an MRTOF-MS by periodic electric pulses ···················································· S28
S. X. Yan, M. Rosenbusch, et al.

Development of the gaseous Xe scintillation detector for heavy RI beams ························································· S29
Y. Hijikata et al.

μSR study of slightly pressurized organic superconductor κ-(ET)4Hg2.89Br8 ························································ S30
D. P. Sari et al.

Targeted alpha therapy of cancer: Evaluation of [211At] AAMT targeting LAT1 ··················································· S31
K. Kaneda-Nakashima et al.

Infl uence of antibody stabilization with sodium ascorbate on radioimmunotherapy with an 211At-conjugated 
anti-tissue factor antibody ··········································································································· S32
H. Takashima et al.



- 6 -

RIKEN Accel. Prog. Rep. 54 (2021) CONTENTS

Kinetics of Rad51 foci in G2 phase after heavy-ion irradiation in mammalian cells···············································	 S33
M. Izumi and T. Abe

Improvement of rotifer as the new food item in larviculture···········································································	 S34
K. Tsuneizumi et al.

Ⅱ. RESEARCH ACTIVITIES I (Nuclear, Particle and Astro-Physics)
1. Nuclear Physics

RI beam production at BigRIPS in 2020··································································································	 1
H. Takeda et al.

Production cross-section measurement and new-isotope search for very-neutron-rich RIs produced from 70Zn beam
at 345 MeV/nucleaon by BigRIPS separator······················································································	 2
H. Suzuki et al.

N = 32 shell closure below calcium: Low-lying structure of 50Ar·····································································	 3
M. L. Cortés et al.

Proton removal and lifetimes in the Ca isotopes: Spectroscopy and reaction studies··············································	 4
H. L. Crawford et al.

Evolution of collectivity in Ti isotopes towards the N = 40 island of inversion·····················································	 5
T. Koiwai, K. Wimmer, et al.

RIBF190: Exploring collectivity beyond 78Ni····························································································	 6
F. Browne, V. Werner, et al.

Neutron intruder states and collectivity beyond N = 50 towards 78Ni·································································	 7
F. Flavigny et al.

High-resolution spectroscopy and lifetime measurements in neutron-rich Zr and Mo isotopes···································	 8
W. Korten et al.

Single particle structure of semi-magic 129Ag82··························································································	 9
T. Parry et al.

Characterization of a strongly Coulomb-excited state at an excitation energy above 4 MeV in 136Te····························	 10
A. Jungclaus et al.

Study of the 9C proton breakup reaction··································································································	 11
A. I. Chilug et al.

Gamow-Teller giant resonance in 11Li neutron drip-line nucleus······································································	 12
L. Stuhl et al.

One proton removal cross section of 25F with a carbon target··········································································	 13
Y. Yoshitome et al.

Particle identification of SAMURAI11 experiment·····················································································	 14
J. Gao et al.

Symmetry energy investigation with pion production from Sn + Sn systems························································	 15
G. Jhang et al.

Proton efficiency function for high-multiplicity events in the SπRIT-TPC investigated by the embedding technique········	 16
M. Kaneko et al.

Observation of anisotropic collective flow of charged particles and neutrons in heavy-ion collisions at beam energies  
of 400 MeV/nucleon··················································································································	 17
S. Yamamura et al.

Measurement of proton elastic scattering from 132Sn at 300 MeV/nucleon in inverse kinematics································	 18
T. Harada et al.

Results on the β decay of 60Ge and 62Ge measured at RIBF············································································	 19
S. E. A. Orrigo et al.

On the β-decay of 70Kr·······················································································································	 20
A. Vitéz-Sveiczer et al.

Measuring β-decay strength distribution in the 78Ni region using VANDLE························································	 21
M. Singh et al.

Constraining multi-neutron emission models with spectroscopy of neutron-rich Ga isotopes using BRIKEN array··········	 22
R. Yokoyama et al.



- 7 -

RIKEN Accel. Prog. Rep. 54 (2021)CONTENTS

Spectroscopy of 99Cd and 101In from β decays of 99In and 101Sn········································································	 23
J. Park et al.

Total absorption γ-spectroscopy study of the beta decay of 100Sn·····································································	 24
J. A. Victoria et al.

Shape evolution of 106, 108, 110Mo in the triaxial degree of freedom·····································································	 25
J. Ha et al.

Evolution of proton single-particle states in neutron-rich Sb isotopes beyond N = 82·············································	 26
A. Jungclaus et al.

BRIKEN measurements of Pn-values and half-lives for understanding the formation of the r-process rare-earth peak: 
progress on the Ce to Nd region·····································································································	 27
A. Tarifeño-Saldivia et al.

Precision measurement of ground-state electric quardrupole moment for neutron-rich 21O·······································	 28
A. Gladkov et al.

Investigations of magnetic moments in Coulomb fission···············································································	 29
G. Häfner et al.

Re-measurement of the 4He(8He, 8Be) reaction··························································································	 30
S. Masuoka et al.

Alpha-decay correlated mass measurement of 206, 207Ra using an MRTOF-MS system equipped with an α-TOF 
detector ·································································································································	 31
T. Niwase et al.

First high-precision direct determination of the atomic mass of a superheavy nuclide·············································	 32
P. Schury,  T. Niwase, et al.

β-decay spectroscopy of 187Ta··············································································································	 33
M. Mukai et al.

β-γ Spectroscopy of 192Re···················································································································	 34
H. Watanabe et al.

Insight into the reaction dynamics of proton drip-line nuclear system 17F + 58Ni at near-barrier energies·······················	 35
L. Yang et al.

2. Nuclear Physics (Theory)
Dineutron and effective pairing forces in momentum space···········································································	 37

M. Yamagami

Structure of 12C studied by the no-core Monte-Carlo shell model·····································································	 38
T. Abe et al.

Double charge-exchange phonon states···································································································	 39
X. Roca-Maza et al.

Exotic nuclear shape due to cluster formation at high angular momentum··························································	 40
B. Dey et al.

Probing dilute nuclear density by antiproton-nucleus scattering······································································	 41
K. Makiguchi et al.

Nuclear charge radii with a trained feed-forward neural network·····································································	 42
Di  Wu,  C. L. Bai,  et al.

Effects of finite nucleon size, vacuum polarization, and electromagnetic spin-orbit interaction on nuclear binding 
energies and radii in spherical nuclei·······························································································	 43
T. Naito, X. Roca-Maza, et al.

Trajectory in 2D plot of IS and IV densities of 48Ca and 208Pb·········································································	 44
S. Yoshida,  H. Sagawa, et al.

Energy-weighted sum rule for Gamow-Teller giant resonances in high-spin isomeric states of N = Z nuclei··················	 45
M. Sasano et al.

A fully microscopic model of total level density in spherical nuclei··································································	 46
N. Quang Hung et al.

Isobaric analog state energy in deformed nuclei: A toy model ········································································	 47
X. Roca-Maza et al.



- 8 -

RIKEN Accel. Prog. Rep. 54 (2021) CONTENTS

Parity-conserved self-consistent CHFB solution························································································	 48
K. Sugawara-Tanabe and K. Tanabe

Role of exact treatment of thermal pairing in radiative strength functions of 161, 163Dy nuclei·····································	 49
L. Tan Phuc et al.

Non-relativistic expansion of Dirac equation by the reconstituted Foldy-Wouthuysen transformation··························	 50
Y. X. Guo and H. Z. Liang

On the role of three-particle interactions in nuclear matter·············································································	 51
W. Bentz and I. C. Cloët

A3-Foresight theory collaboration for nuclear data library: A3LIB···································································	 52
K. Yoshida

3. Nuclear Data
EXFOR compilation of RIBF data in 2020·······························································································	 53

T. Tada et al.

4. Hadron Physics
Transverse momentum dependence of forward neutron single spin asymmetries in polarized p↑ + p collisions

at √ s  = 200 GeV······················································································································	 55
B. Mulilo et al.

Transverse single-spin asymmetry for very forward neutral pion production in polarized p + p collisions 
at √ s  = 510 GeV······················································································································	 56
M. H. Kim et al.

Transverse single spin asymmetry in charged pion production at midrapidity in polarized p + p collisions at 200 GeV······	 57
J. H. Yoo et al.

Improvement of the DCA resolution for PHENIX······················································································	 58
G. Nukazuka et al.

Recent progress of polarized Drell–Yan experiment at Fermilab,SpinQuest (E1039)··············································	 59
K. Nagai et al.

Measurement of J/ψ productions in p + d and p + p at SeaQuest······································································	 60
K. Nakano et al.

Expression of interest for EIC-Japan······································································································	 61
Y. Goto et al.

Semi-inclusive deep inelastic scattering at the Electron Ion Collider·································································	 62
R. Seidl

Bus-extender development for sPHENIX INTT detector···············································································	 63
T. Hachiya et al.

5. Hadron Physics (Theory)
Non-global logarithms in hadron collisions at Nc = 3···················································································	 65

Y. Hatta and T. Ueda

Verification of the QED tenth-order electron g − 2:Diagrams without a fermion loop··············································	 66
A. Hirayama and M. Nio

6. Particle Physics
Time development of conformal field theories associated with L1 and L−1 operators···············································	 67

T. Tada

Study of Lorentzian sine-square deformed CFT·························································································	 68
X. Liu and T. Tada

Empirical formulas for the standard-model parameters·················································································	 69
Y. Akiba

Quarternion-spin-isospin model for the standard-model parameters··································································	 70
Y. Akiba

R = 12H 2
0  and its implications to gravity and cosmology··············································································	 71

Y. Akiba



- 9 -

RIKEN Accel. Prog. Rep. 54 (2021)CONTENTS

7. Astrophysics and Astro-Glaciology
A novel high-resolution laser-melting sampler for discrete analyses of ion concentrations and stable

water isotopic compositions in firn and ice cores·················································································	 73
Y. Motizuki et al.

Annually resolved d-excess record from a shallow ice core (DFS10) near Dome Fuji station, East Antarctica················	 74
Y. V. Sahoo et al.

8. Accelerator
High-intensity vanadium-beam production to search for a new super-heavy element with Z = 119·····························	 75

T. Nagatomo et al.

R&D in AVF cyclotron······················································································································	 76
J. Ohnishi et al.

Charge stripper ring for RIKEN RI beam factory·······················································································	 77
H. Imao

2020 operational report for the Nishina RIBF water-cooling system·································································	 78
T. Maie, E. Ikezawa, et al.

Status of vacuum pumping systems in accelerator facilities···········································································	 79
Y. Watanabe et al.

9. Instrumentation
Development of 216Th and 220Th beams at the BigRIPS separator·····································································	 81

N. Fukuda et al.

BYACO ecosystem for innovative online operation of BigRIPS experiments with seamless connection to 
comprehensive analysis···············································································································	 82
T. Sumikama et al.

Development of auto-focusing and auto-centering system for the BigRIPS separator·············································	 83
Y. Shimizu et al.

Thermo-mechanical simulation of high-power rotating target for BigRIPS separator·············································	 84
K. Yoshida and Y. Yanagisawa

Incidents involving the DMT3 magnet in the beam transport line from SRC to BigRIPS·········································	 85
K. Kusaka et al.

Trace-back method for dispersion matching conditions of primary beams at RIBF················································	 86
A. Sakaue et al.

Conceptual design of a heavy ion storage ring RUNBA················································································	 87
M. Wakasugi et al.

Development of Resonant-Extraction Charge Breeder (RECB)·······································································	 88
R. Ogawara et al.

Development of a forward detector for the measurement of the mean square radius of the neutron distribution
of unstable nuclei by electron scattering···························································································	 89
H. Wauke et al.

Ion-beam-profile monitor using MCP at the SCRIT electron scattering facility····················································	 90
T. Ohnishi et al.

Extraction test of stopped Bi isotopes in PALIS gas cell···············································································	 91
T. Sonoda et al.

Improvement of evacuation time of RI from argon gas cell············································································	 92
T. Sonoda et al.

Fourth report on offline tests for RF carpet transportation in RF ion guide gas cell at the SLOWRI facility···················	 93
A. Takamine et al.

High mass resolving power and isomeric state separation at SLOWRI/ZD-MRTOF system·····································	 94
W. Xian, M. Rosenbusch, et al.

Offline ion source for laser spectroscopy of RI at SLOWRI···········································································	 95
M. Tajima et al.

Temperature and pressure dependence of ion extraction from RF gas cell···························································	 96
D. Hou, A. Takamine, et al.



- 10 -

RIKEN Accel. Prog. Rep. 54 (2021) CONTENTS

Degrader optimization for ZeroDegree gas cell··························································································	 97
S. Chen et al.

Online extraction efficiency from RF ion guide gas cell at SLOWRI·································································	 98
S. Iimura et al.

Development of MCP timing detector for low-energy heavy ions····································································	 99
T. T. Yeung et al.

Improvement of kicker system for rare-RI ring··························································································	 100
Y. Yamaguchi et al.

Improved position resolution of the beam diagnostics detector for the Rare-RI Ring··············································	 101
G. Hudson-Chang, S. Naimi, et al.

Computer server and network for HiCARI experiments················································································	 102
H. Baba et al.

Development of a high-bandwidth waveform processing system using RFSoC····················································	 103
S. Takeshige et al.

GPU acceleration of SAMURAI particle tracking simulation·········································································	 104
J. Gao

Observation of Rb D1 fluorescence in superfluid helium using picosecond time-resolved detection····························	 105
Y. Takeuchi et al.

Development of ion trap system for the neutralizer toward production of spin-polarized RI beam using atomic 
beam magnetic resonance method···································································································	 106
K. Imamura et al.

Status of the J-PARC E16 experiment in 2020···························································································	 107
S. Yokkaichi et al.

Construction of GEM Tracker for J-PARC E16 experiment Run0-a··································································	 108
T. N. Murakami et al.

Performance evaluation of the electron identification system for the J-PARC E16 experiment···································	 109
S. Nakasuga et al.

Intermediate silicon tracker for sPHENIX experiment at RHIC·······································································	 110
I. Nakagawa et al.

Detection efficiency of the INTT test bench for sPHENIX·············································································	 111
G. Nukazuka et al.

Radiation resistance of bus extender cable for sPHENIX-INTT······································································	 112
H. Imai et al.

Electrical and mechanical properties of the bus-extender··············································································	 113
M. Morita, Y. Akiba, et al.

Upgrade of the Si-CsI array TiNA for transfer reactions at OEDO···································································	 114
B. Mauss, J. W. Hwang, et al.

Heat durability test of molybdenum foil for the new CRIB cryogenic gas target···················································	 115
S. Hayakawa et al.

Radiation resistivity test of an optical fiber for laser cooling of francium atoms····················································	 116
T. Hayamizu et al.

Development of novel detection system for francium ions extracted from online surface ionizer································	 117
N. Ozawa et al.

Experiment on hydrogen removal apparatus for helium supply and recovery system··············································	 118
M. Nakamura et al.

Safety interlock system for LINAC building·····························································································	 119
A. Akashio et al.

Computing and network environment at the RIKEN Nishina Center·································································	 120
T. Ichihara et al.

CCJ operations in 2020······················································································································	 121
S. Yokkaichi et al.



- 11 -

RIKEN Accel. Prog. Rep. 54 (2021)CONTENTS

Ⅲ. RESEARCH ACTIVITIES II (Material Science and Biology)
1. Atomic and Solid State Physics (Ion)

Control of electrical conductivity in diamond by boron-implantation using an ECR ion source—application of
high-temperature and high-pressure annealing····················································································	 123
H. Yamazaki et al.

Single-event effects in SiC planar and trench power MOSFETs······································································	 124
M. Iwata et al.

Profile measurements of dual-microbeams generated by glass capillaries···························································	 125
M. Mori et al.

2. Atomic and Solid State Physics (Muon)
Partial order of conduction electrons in Mn3CoSi·······················································································	 127

S. Shamoto,  D. P. Sari, et al.

Magnetism and superconductivity in underdoped region of T*-type La1−x/2Eu1−x/2SrxCuO4−yFy····································	 128
M. Takahama et al.

Spin dynamics in Pyrochlore Nd2Mo2O7··································································································	 129
L. J. Chang et al.

Possible multipolar ordering in spin-orbital-entangled d 2 system on a face-centered-cubic lattice·······························	 130
T. Takayama et al.

Successive Transitions in Spin-dimer Compound Cs3V2Cl9············································································	 131
H. Kikuchi et al.

Magnetism of novel heavy fermion compound YbCu4Ni investigated by μSR······················································	 132
T. Taniguchi et al.

ZF-μSR measurement to investigate thermal hysteresis of MgTi2O4 at low temperature··········································	 133
U. Widyaiswari et al.

Observation of Cu spin fluctuations in over-doped regime La2-xSrxCuO4 nanoparticles············································	 134
S. Winarsih et al.

The electron transfer channel in the sugar recognition system assembled on gold nano particles································	 135
T. Goto et al.

Antiferromagnetic ordering of λ-(BEST)2FeCl4 observed by µSR measurement···················································	 136
T. Kobayashi et al.

Zero-field µSR on the out-of-plane superconductivity of λ-(BETS)2GaCl4··························································	 137
D. P. Sari et al.

Li-ion di usion in LiFeSixP1−xO4/C with x =0 and 0.03··················································································	 138
F. Astuti et al.

Measurement of muon spin rotation in muonic hydrogen atom·······································································	 139
S. Kanda and K. Ishida

A LYSO calorimeter prototype for muonic X-ray detection···········································································	 140
S. Kanda and K. Ishida

3. Radiochemistry and Nuclear Chemistry
Production of 266Bh in the 248Cm(23Na, 5n)266Bh reaction and its decay properties··················································	 141

H. Haba et al.

Measurement of the isotopic ratio of Np-236 to Np-237 in Th-232 + Li-7 reaction products by accelerator mass
spectrometry··································································································································	 142

A. Nakajima et al.

Production and photon measurement of 229Pa toward the observation of radiative decay of 229mTh······························	 143
Y. Shigekawa et al.

Measurement of extraction time and e ciency of 220Rn ions using a cryogenic RF-carpet gas cell for the chemistry
of superheavy elements···············································································································	 145
Y. Shigekawa et al.

Anion-exchange behavior of Db in HF/HNO3 solution·················································································	 147
M. Kato et al.



- 12 -

RIKEN Accel. Prog. Rep. 54 (2021) CONTENTS

Anion exchange of Rf in H2SO4 using the batch-type solid-liquid extraction apparatus AMBER································	 148
T. Yokokita et al.

Online anion-exchange experiment of Zr in H2SO4 for the chemical study of Rf in H2SO4·······································	 149
T. Yokokita et al.

Solvent extraction of Zr and Hf from HCl by Aliquat 336 using a flow-type extraction apparatus toward online 
chemical studies of element 104, rutherfordium··················································································	 150
Y. Kasamatsu et al.

Cation- and anion-exchange behavior and UV-vis spectroscopy of Zr in HBr for chemical characterization of 
bromide complexes of Rf·············································································································	 151
T. Yokokita and H. Haba

Solvent extraction of Fr and Cs with calix[4]arene-bis(benzocrown-6)······························································	 152
Y. Komori and H. Haba

Solvent extraction and speciation of astatine species via thin layer chromatography··············································	 153
S. Maruyama et al.

99Ru and 57Fe Mössbauer spectroscopic studies of Na2Ru1−xFexO3 of sodium-ion battery electrode (2)·························	 154
K. Hamano et al.

Targeted alpha therapy for thyroid cancer: Radiation-induced toxicity of [211At]NaAt in mice···································	 155
Y. Liu et al.

Quality confirmation of RIKEN 186Re using bifunctional chelating agents and derivatives·······································	 156
S. Oshikiri et al.

Complex formation of Rhenium-186 with lipophilic ligands —Comparison with technetium-99m—··························	 157
I. O. Umeda et al.

Simultaneous imaging of Na+/K+ by semiconductor Compton camera GREI·······················································	 159
S. Motomura et al.

Development of image reconstruction method for a multiple-isotope PET using 44mSc············································	 160
T. Fukuchi et al.

Double photon emission nuclides for double photon coincidence imaging··························································	 161
H. Takahashi et al.

Production cross sections of 225Ac in the 232Th(14N, xnyp) reactions at 116 and 132 MeV/nucleon·······························	 162
X. Yin et al.

Cross sections of alpha-particle-induced reactions on natNi: Production of 67Cu····················································	 164
S. Takács et al.

Production cross sections of 68Ga and radioactive by-products in deuteron-induced reactions on natural zinc·················	 165
Ts. Zolbadral et al. 

Activation cross section measurement of the deuteron-induced reaction on yttrium-89 for zirconium-89 production········	 166
M. Sakaguchi et al.

Excitation functions of deuteron-induced reactions on 141Pr for medical radioisotope production·······························	 167
M. Aikawa et al.

Production cross sections of medical radioisotope 153Sm in alpha-particle-induced reaction on natural neodymium··········	 168
M. Sakaguchi et al.

Production cross sections of 155Tb in deuteron-induced reactions on natural gadolinium··········································	 169
D. Ichinkhorloo et al.

Production cross sections of natEr(d, x)171Er reactions on natural erbium·····························································	 170
M. U. Khandaker and H. Haba

Measurement of production cross sections of 175Hf in the natLu(p, x) and natLu(d, x) reactions····································	 171
Y. Komori et al.

4. Radiation Chemistry and Biology
Selection of high-yield rice mutant induced by heavy-ion beam irradiation ························································	 173

Y. Hayashi et al.

Whole genome sequencing analysis for detecting mutations induced by carbon- and argon-ion irradiations of
rice (Oryza sativa L.)·················································································································	 174
R. Morita  et al.



- 13 -

RIKEN Accel. Prog. Rep. 54 (2021)CONTENTS

Detection of structural variations in three responsible genes induced by relatively high-LET ion beams in rice··············	 175
Y. Shirakawa et al.

Dose-dependent mutagenic effects of 160-MeV/nucleon-argon beam in Arabidopsis thaliana··································	 176
K. Ishii et al.

Argon-ion-induced mutant of Arabidopsis thaliana exhibiting accelerated leaf chlorosis·········································	 178
A. Sanjaya et al.

Effect of heavy-ion irradiation on survival rate of Torenia fournieri··································································	 179
A. Matsuta et al.

Behaviors of the Saprophytic Tricholoma matsutake Mutants G1 and Ar 59 In Vitro Substrate Cultivation: the former
exhibited Morphological Changes while the latter did not·······································································	 180
H. Murata et al.

Ⅳ. OPERATION RECORDS
Program Advisory Committee meetings for nuclear physics and for materials and life sciences·································	 181

H. Ueno et al.

Electric power status of RIKEN Nishina Center in 2020···············································································	 182
E. Ikezawa et al.

RILAC operation·····························································································································	 183
K. Oyamada, E. Ikewaza, et al.

Operation report on the ring cyclotrons in the RIBF accelerator complex···························································	 184
S. Ishikawa et al.

Operation report on the RIKEN AVF cyclotron for 2020···············································································	 185
M. Nishida et al.

Present status of liquid-helium supply and recovery system···········································································	 186
T. Dantsuka et al.

Operation of the BigRIPS cryogenic plant·······························································································	 187
K. Kusaka et al.

Radiation safety management at RIBF····································································································	 188
K. Tanaka et al.

Operation of the Pelletron tandem accelerator···························································································	 190
T. Ikeda et al.

Fee-based activities of the Industrial Application Research Team····································································	 191
A. Yoshida et al.

Activity report of the second-term (2014–2021) RIBF Theory Forum·······························································	 192
T. Abe et al.

Ⅴ. EVENTS
Symposium on Nuclear Data 2020········································································································	 195

H. Otsu et al.

The 8th Asia-Pacific Conference on Few-Body Problems in Physics (APFB2020)················································	 196
E. Hiyama et al.

Domestic Workshop on Spin Physics······································································································	 197
Y. Goto et al.

Ⅵ. ORGANIZATION AND ACTIVITIES OF RIKEN NISHINA CENTER
(Activities, Members, Publications & Presentations)

Organization

1. Organization Chart ·················································································································	 199

2. Finances······························································································································	 200

3. Staffing·······························································································································	 200

4. Research publication···············································································································	 201



- 14 -

RIKEN Accel. Prog. Rep. 54 (2021) CONTENTS

5. Management·························································································································	 202

6. International Collaboration········································································································	 206

7. Awards·······························································································································	 207

8. Brief overview of the RI Beam Factory·························································································	 209

Center Director·······························································································································	 211

Laboratories

Nuclear Science and Transmutation Research Division

Radioactive Isotope Physics Laboratory···························································································	 213

Spin isospin Laboratory··············································································································	 220

Nuclear Spectroscopy Laborarory···································································································	 227

High Energy Astrophysics Laborarory·····························································································	 232

Superheavy Element Research Group······························································································	 238

Superheavy Element Production Team·······················································································	 240

Superheavy Element Device Development Team··········································································	 243

Astro-Glaciology Research Group··································································································	 245

Nuclear Transmutation Data Research Group·····················································································	 247

Fast RI Data Team··············································································································	 248

Slow RI Data Team·············································································································	 250

Muon Data Team················································································································	 252

High-Intensity Accelerator R&D Group····························································································	 254

High-Gradient Cavity R&D Team····························································································	 255

High-Power Target R&D Team·······························································································	 256

Research Facility Development Division

Accelerator Group·····················································································································	 257

Accelerator R&D Team········································································································	 259

Ion Source Team················································································································	 260

RILAC Team····················································································································	 261

Cyclotron Team·················································································································	 262

Beam Dynamics & Diagnostics Team·······················································································	 263

Cryogenic Technology Team··································································································	 265

Infrastructure Management Team·····························································································	 266

Instrumentation Development Group·······························································································	 268

SLOWRI Team··················································································································	 270

Rare RI-ring Team··············································································································	 273

SCRIT Team·····················································································································	 275

Research Instruments Group·········································································································	 277

BigRIPS Team···················································································································	 278

SAMURAI Team················································································································	 281

Computing and Network Team································································································	 283

Detector Team···················································································································	 285

Accelerator Applications Research Division

Beam Mutagenesis Group············································································································	 287

Ion Beam Breeding Team······································································································	 288

Plant Genome Evolution Research Team····················································································	 291



- 15 -

RIKEN Accel. Prog. Rep. 54 (2021)CONTENTS

RI Application Research Group·····································································································	 293

Nuclear Chemistry Research Team···························································································	 294

Industrial Application Research Team·······················································································	 300

Subnuclear System Research Division

Quantum Hadron Physics Laboratory······························································································	 301

Strangeness Nuclear Physics Laboratory···························································································	 306

Radiation Laboratory··················································································································	 309

Meson Science Laboratory···········································································································	 314

RIKEN BNL Research Center·······································································································	 319

Theory Group····················································································································	 320

Experimental Group············································································································	 324

Computing Group···············································································································	 329

RIKEN Facility Offce at RAL·······································································································	 334

Safety Management Group···········································································································	 338

User Liaison Group···················································································································	 340

RIBF User Liaison Team·······································································································	 341

Outreach Team··················································································································	 342

Office of the Center Director·········································································································	 343

Partner Institutions···························································································································	 347

Center for Nuclear Study, Graduate School of Science, The University of Tokyo···········································	 348

Wako Nuclear Science Center, IPNS (Institute of Particle and Nuclear Studies), 

KEK (High Energy Accelerator Research Organization)··································································	 358

Ⅶ. APPENDICES
Symposia & Workshops·····················································································································	 361

Seminars·······································································································································	 362

Events··········································································································································	 367

Press Releases ································································································································	 368

Preprints ······································································································································	 369



- 16 -

RIKEN Accel. Prog. Rep. 54 (2021) CONTENTS







RIKEN Accel. Prog. Rep. 54 (2021)

First Beam from SRILAC

RILAC upgrade project—Background and
overview

The synthesis and naming of the 113th element, ni-
honium, is one of RIKEN’s most noteworthy achieve-
ments; further, it has had a social impact in that the
new element from Japan was added to the periodic
table of elements.1–3) This element was produced by
the RIKEN heavy-ion linac (RILAC),4) which has been
in operation since 1980 as an injector to the RIKEN
ring cyclotron (RRC) and for stand-alone applications
such as those in atomic physics. In 1996, RILAC was
upgraded to increase the beam intensity in RRC,5–7)
and in 2001, a booster linac8) was installed as part of
the RI Beam Factory (RIBF) project9) under finan-
cial support from CNS, the University of Tokyo. This
final step allowed nuclear physics experiments to be
conducted in the RILAC facility.

Following the success of nihonium, research collab-
orations led by RIKEN scientists have set the next
project of synthesizing new elements of atomic num-
bers greater than 118. To this end, metal ion beams
such as vanadium and chromium need to be acceler-
ated. However, the production cross section is ex-
pected to drop to less than a quarter of that for pro-
ducing nihonium, and therefore, beam intensities need
to be increased. In addition, it was estimated that the
acceleration energy will need to be increased. There-
fore, we need to increase the acceleration voltage of

Fig. 1. Overview of RILAC upgrade project. 18-GHz ECRIS was replaced by R28G-K, and a downstream
part of RILAC was replaced by SRILAC.

RILAC and beam intensity to initiate the project of
synthesizing the new element.

Large accelerator facilities have contributed to soci-
ety in the recent year in addition to promoting basic
science such as research on super heavy element (SHE).
At RIBF, several efforts have been invested in produc-
ing and distributing radioisotopes for research. One
of the most popular isotopes is 211At, and its produc-
tion using AVF cyclotrons is being actively pursued for
future medical applications.10) 211At has a short half-
life of approximately 7 h, and a high-intensity beam
of particles is essential for mass production. However,
the technology for the mass production of 211At has
not been established. Therefore, the establishment of
a technology for the mass production of useful isotopes
has been added to the objectives of the RILAC upgrade
plan.

The RILAC upgrade project (Fig. 1), which aims to
synthesize new elements and develop technology for the
mass production of useful radioisotopes, was approved
with a supplementary budget in FY2016. Indeed, this
enhancement plan will lead to a considerably higher
intensity of the beam to the RRC, especially the metal
ion beam, compared to that before.

The target performance expected in this upgrade
program is to accelerate ions with M/q = 6 to E =
6.5 MeV/nucleon at more than 2.5 particle µA. To
achieve this goal, we first built a new ion source. The
structure of the ion source is almost identical to the
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28-GHz superconducting electron cyclotron resonance
ion source (SC-ECRIS) that has been operational since
2010.11) There is a risk of damage to SC cavities in
the downstream caused by the high-intensity beams.
Therefore, we decided to limit the emittance in the
low energy beam transport (LEBT) section up to the
radio frequency quadrupole (RFQ) by measuring the
beam emittance effectively.

Second, we replaced the last four normal conducting
cavities in the RILAC booster with ten SC cavities to
increase acceleration energy. Quarter-wavelength res-
onators (QWRs) were used as the SC cavities. A fre-
quency of 73.0 MHz, which is four times the fundamen-
tal frequency of the RIBF, was selected for the SC cav-
ities. This frequency is selected considering its future
application as an RIBF injector. For the SC-QWR,
we developed a 75.5 MHz QWR that cooperates with
KEK under the ImPACT program since FY2014.12)
This experience has been of great help in the upgrade
project.

In addition to the ion source, SC cavities, and re-
frigerator, test facilities of the cavities and a new hot
laboratory building for processing radioisotopes were
constructed. Further, a gas-filled recoil ion separator
(GARIS) -II was moved from the RILAC facility to the
E6 room in the Nishina Memorial Building to start the
SHE experiments as soon as possible.13) Meanwhile,
the RRC resonator was modified to solve the problem
of insufficient voltage at the RRC,14) which had been
a bottleneck in increasing beam intensity. This modi-
fication greatly contributed to the large increase in the
uranium beam intensity for the BigRIPS experiments.

The construction of the ion source completed in
March 2018 and the installation of the SC cavity in
March 2019; this was followed by the construction of
the control system of the SC cavities and the com-

Fig. 2. Photograph of R28G-K and microwave generators
(18-GHz klystron amplifier and 28-GHz gyrotron sys-
tem). Extracted ion beams are analyzed by the dipole
magnet and transported to the accelerator cavities of
RILAC.

Fig. 3. Schematic cross section of the R28G-K. The large
volume plasma chamber is surrounded by six SC
solenoidal and one SC hexapole magnets. Both the 18-
and 28-GHz microwaves are injected from the right side
of the plasma chamber. The HTO is mounted on the
injection side of the plasma chamber.

missioning of the refrigerator in September 2019. The
first beam was delivered on January 28, 2020 and the
facility inspection was conducted on March 30, 2020,
which marked the completion of the construction plan
on schedule and within budget. This project could
not have been accomplished without the help of the
related manufacturers, KEK for the collaborative re-
search, administrative staff for the many orders, and
the management of the Nishina Center. We thank ev-
eryone who supported this project.

28-GHz Superconducting ECR Ion Source for
RILAC

We constructed a 28-GHz SC-ECRIS as an essential
part of the RILAC upgrade that began in FY2016. An
ECRIS confines a hot electron plasma in which elec-
trons are heated by microwaves through the ECR in a
“magnetic field well.” That is, a “magnetic mirror field”
created by a combination of solenoidal and hexapole
magnets known as the minimum-B configuration.15)
Multiple charged heavy ions are created by countless
collisions of ions with sufficiently high-energy electrons
in plasma. In the next projects at RILAC such as
the search for new SHE with atomic number Z > 118
and RI production, it is necessary to provide unprece-
dented high-intensity ion beams. This means that it
is necessary to confine the electron plasma, which has
a higher density and a higher temperature than the
plasma generated in the ECRIS used in RILAC, in
a stable manner. Therefore, as shown in Fig. 2, new
SC-ECRIS named RIKEN 28-GHz SC-ECRIS “KURE-
NAI” (R28G-K) equipped with fully SC magnets and a
high-power microwave generator system was launched
in 2018.
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28-GHz superconducting electron cyclotron resonance
ion source (SC-ECRIS) that has been operational since
2010.11) There is a risk of damage to SC cavities in
the downstream caused by the high-intensity beams.
Therefore, we decided to limit the emittance in the
low energy beam transport (LEBT) section up to the
radio frequency quadrupole (RFQ) by measuring the
beam emittance effectively.

Second, we replaced the last four normal conducting
cavities in the RILAC booster with ten SC cavities to
increase acceleration energy. Quarter-wavelength res-
onators (QWRs) were used as the SC cavities. A fre-
quency of 73.0 MHz, which is four times the fundamen-
tal frequency of the RIBF, was selected for the SC cav-
ities. This frequency is selected considering its future
application as an RIBF injector. For the SC-QWR,
we developed a 75.5 MHz QWR that cooperates with
KEK under the ImPACT program since FY2014.12)
This experience has been of great help in the upgrade
project.

In addition to the ion source, SC cavities, and re-
frigerator, test facilities of the cavities and a new hot
laboratory building for processing radioisotopes were
constructed. Further, a gas-filled recoil ion separator
(GARIS) -II was moved from the RILAC facility to the
E6 room in the Nishina Memorial Building to start the
SHE experiments as soon as possible.13) Meanwhile,
the RRC resonator was modified to solve the problem
of insufficient voltage at the RRC,14) which had been
a bottleneck in increasing beam intensity. This modi-
fication greatly contributed to the large increase in the
uranium beam intensity for the BigRIPS experiments.

The construction of the ion source completed in
March 2018 and the installation of the SC cavity in
March 2019; this was followed by the construction of
the control system of the SC cavities and the com-

Fig. 2. Photograph of R28G-K and microwave generators
(18-GHz klystron amplifier and 28-GHz gyrotron sys-
tem). Extracted ion beams are analyzed by the dipole
magnet and transported to the accelerator cavities of
RILAC.

Fig. 3. Schematic cross section of the R28G-K. The large
volume plasma chamber is surrounded by six SC
solenoidal and one SC hexapole magnets. Both the 18-
and 28-GHz microwaves are injected from the right side
of the plasma chamber. The HTO is mounted on the
injection side of the plasma chamber.

missioning of the refrigerator in September 2019. The
first beam was delivered on January 28, 2020 and the
facility inspection was conducted on March 30, 2020,
which marked the completion of the construction plan
on schedule and within budget. This project could
not have been accomplished without the help of the
related manufacturers, KEK for the collaborative re-
search, administrative staff for the many orders, and
the management of the Nishina Center. We thank ev-
eryone who supported this project.

28-GHz Superconducting ECR Ion Source for
RILAC

We constructed a 28-GHz SC-ECRIS as an essential
part of the RILAC upgrade that began in FY2016. An
ECRIS confines a hot electron plasma in which elec-
trons are heated by microwaves through the ECR in a
“magnetic field well.” That is, a “magnetic mirror field”
created by a combination of solenoidal and hexapole
magnets known as the minimum-B configuration.15)
Multiple charged heavy ions are created by countless
collisions of ions with sufficiently high-energy electrons
in plasma. In the next projects at RILAC such as
the search for new SHE with atomic number Z > 118
and RI production, it is necessary to provide unprece-
dented high-intensity ion beams. This means that it
is necessary to confine the electron plasma, which has
a higher density and a higher temperature than the
plasma generated in the ECRIS used in RILAC, in
a stable manner. Therefore, as shown in Fig. 2, new
SC-ECRIS named RIKEN 28-GHz SC-ECRIS “KURE-
NAI” (R28G-K) equipped with fully SC magnets and a
high-power microwave generator system was launched
in 2018.

2

R28G-K is equipped with six SC solenoidal magnets
and a SC hexapole magnet as shown in Fig. 3. The ar-
rangement of the SC magnets was set by the Ion source
team of RIKEN Nishina center11,16) based on previous
research.17–19) The SC coils are fabricated from Nb-Ti
alloy and immersed in liquid He (more than 300 L)
maintained in a high-power cryostat system combined
with two 10-K GM (RDK-408S, SHI ltd.) and one 4-K
GM (RDK-408D2, SHI ltd.) cryocoolers. Further, a
GM-JT cryocooler (4 W at 4 K, SHI ltd.) is used to re-
move the excess heat induced by the large amounts of
highly energetic X-ray radiation from the plasma. The
maximum magnetic field of microwave injection side
(Binj), beam extraction side (Bext), and radial mag-
netic field at the plasma chamber surface (Br) are 3.8,
2.4, and 2.1 T, respectively. Otherwise, the bottom
of the “field well” Bmin changes from 0.5 T to 1.0 T,

Fig. 4. Side and top views of the layout of SRILAC. Apparatuses described in the text are labeled.

which makes the microwaves with both frequencies of
18 GHz and 28 GHz available to induce ECR with suit-
able mirror ratios such as Binj/Bmin ∼ 4, Bext/Bmin

∼ 2–3, and Br/Bmin ∼ 2–3. Further, the shape of the
mirror field around the Bmin area can be changed ar-
bitrarily by using the six solenoidal magnets. In other
words, the field gradient and size of the ECR region can
be changed to study the effects on the ECR plasma
to optimize the beam intensity with a higher charge
state. Since the SC magnets can generate a strong
and large mirror field, the plasma chamber is a large-
capacity cylinder with an inner diameter of 150 mm
and a length of 575 mm. A total of 10 L/min or more
of cooling water flows through the chamber wall. The
large volume of the plasma chamber increases not only
the volume of plasma but also the confinement time of
the ions in the plasma to achieve a higher charge state.
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The high-power microwave system contains a 1.5-kW
klystron amplifier and 5-kW gyrotron for microwaves
with frequencies of 18 GHz and 28 GHz, respectively.
The high-power microwaves heat the electron in the
plasma to remove the electrons bound deep inside the
atoms or ions.

Recently, we have been developing a method to evap-
orate a solid material with a high melting point such
as vanadium or calcium oxide using the high tempera-
ture oven (HTO).20) The tungsten crucible of the HTO
is heated to 2,000 K by the Joule heat caused by the
high DC current of 700 A. For supplying the vanadium
beam to search for the new SHE, the experiment lasted
for about a month; therefore, we modified R28G-K
so that two ovens could be used as described in the
progress report this year.

Overview of SRILAC

The superconducting-RILAC (SRILAC) comprises
three cryomodules (CM1, CM2, and CM3, see “SRI-
LAC cryomodule” for detail), with room-temperature
medium energy beam transport (MEBT) between
them as shown in Fig. 4. The CMs contain nei-
ther SC magnets nor cold diagnostic devices. For
the beam transport line connecting the CMs, the so-
called MEBT, a newly designed beam energy posi-
tion monitor (BEPM) is employed instead of tradi-
tional wire scanners and Faraday cups to avoid the
generation of particulates that cause the degradation
of the cavity performance (See “Beam energy position
monitoring system for SRILAC” for detail). Further,
to prevent the contamination of the SC parts where
the vacuum pressure level is 1 × 10−8 Pa, it is im-
portant to have an isolation system between the exist-
ing room-temperature part where the vacuum pressure
level is several 10−5 Pa and the SRILAC (See “Com-
pact particle-removal differential-pumping system and
N2 gas-jet curtain for SRILAC” for detail).

Compact particle-removal differential-pumping
system and N2 gas-jet curtain for SRILAC

A compact non-evaporable getter-based differen-
tial pumping system (DPS) with electrostatic particle
suppressors21) has been developed to mitigate the large
difference in the vacuum and clean conditions between
the SRILAC and existing old RILAC with beamlines
built almost four decades ago. The three-stage DPS
was designed to achieve a pressure reduction from the
existing beamline vacuum (10−6–10−5 Pa) to an ultra-
high vacuum of less than 10−8 Pa in SC cavities within
a very limited length of only 75 cm, which ensures a
beam aperture greater than 40 mm. All components
(chambers, pumps, valves, vacuum gauges, etc.) were
cleaned and assembled in an ISO class-1 clean room.
The installation of the DPSs (UDPS and DDPS, See

Fig. 5. Photographs of DPS (Left) and gas-jet curtain
(Right).

Figs. 4 and 5) was completed in December 2019. In
operations during the past year, we confirmed that
the DPSs achieved the desired pressure reductions in
a stable manner without serious problems such as field
emission problems.

During operations with GARIS-III for SHE research,
He leakages to the SRILAC became an issue although a
four-stage large DPS upstream of the GARIS (DPSG)
was used for the windowless accumulation of He gas
up to ∼70 Pa. The pressure of DDPS is increased to
∼10−7 Pa with the gas-filled GARIS-III when we use
the narrow orifices of ϕ15 mm in the DPSG, which
makes it difficult to transport high-intensity heavy-ion
beams.

We introduced a N2 gas-jet curtain downstream of
DPSG (Figs. 4 and 5). The gas-jet curtain method is
a new method introduced in the DPS of the He gas
stripper.22) This method suppresses the leakage of He
gas by hitting a N2-gas jet perpendicular to the He gas
flow, and it converts the leaked gas into N2 gas, which
can be evacuated effectively with the DPS.

The gas-jet curtain system has a beam aperture
with the diameter of ϕ25 mm. The nozzle is a two-
dimensional Laval nozzle designed to generate an N2-
gas jet with a Mach number of 3.5 by optimizing with
CFD calculations (Fig. 5).

In the tests with the GARIS team, we confirmed
that there was no serious backflow of N2 gas to the
GARIS-III when the gas-jet curtain was under our op-
erating conditions using a quadrupole mass analyzer.
The effect of charge exchanges and energy losses of
the injected beams by N2 gas jet were confirmed to be
negligible.

The installation of the gas-jet curtain was finished
in September 2020. The leakage of He gas was sig-
nificantly reduced with the N2 gas-jet curtain and the
pressure of the DDPS was ∼10−8 Pa even with larger
orifices greater than ϕ25 mm in DPSG, which reduced
the difficulties with high-intensity beam transport to
the GARIS-III.
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Fig. 5. Photographs of DPS (Left) and gas-jet curtain
(Right).

Figs. 4 and 5) was completed in December 2019. In
operations during the past year, we confirmed that
the DPSs achieved the desired pressure reductions in
a stable manner without serious problems such as field
emission problems.

During operations with GARIS-III for SHE research,
He leakages to the SRILAC became an issue although a
four-stage large DPS upstream of the GARIS (DPSG)
was used for the windowless accumulation of He gas
up to ∼70 Pa. The pressure of DDPS is increased to
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can be evacuated effectively with the DPS.
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gas jet with a Mach number of 3.5 by optimizing with
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The effect of charge exchanges and energy losses of
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orifices greater than ϕ25 mm in DPSG, which reduced
the difficulties with high-intensity beam transport to
the GARIS-III.

4

Table 1. Design parameters of SC-QWRs for SRILAC.
The surface resistance is conservatively assumed to be
22.4 nΩ in the calculation.

Item Value
Operating temperature 4.5 K
Frequency at 4.5 K 73.0 MHz
Duty 100%
Einj 3.6 MeV/nucleon
Eout 6.5 MeV/nucleon
Maximum gap voltage 2.4 MV
Cavity type QWR (TEM)
No. of SC cavities 10
Synchronous phase −25◦

βopt 0.078
TTF 0.9
Aperture ϕ40 mm
G 22.4 Ω
Rsh/Q0 579 Ω
Target Q0 1.0× 109

Qext (1.0–4.5)× 106

P0 8 W
Eacc 6.8 MV/m
Vacc at Eacc = 6.8 MV/m, β= 0.078 2.16 MV
Epeak/Eacc 6.2
Bpeak/Eacc 9.6 mT/(MV/m)
Amplifier output 7.5 kW
Beam current ∼100 electric µA

SRILAC cryomodule

The SRILAC comprises three CMs that contain a
total of ten SC cavities.23,24) CM1 and CM2 each con-
tain four SC cavities, and CM3 contains two SC cavi-
ties (Fig. 4). The SC cavity of SRILAC is based on a
coaxial QWR made of pure niobium. The resonant fre-
quency is 73.0 MHz and the cavity is operated at 4.5 K
cooled by liquid helium. The SC-QWR is fabricated
using 3.5 mm and 4 mm pure niobium plates pressed
together to make the top plate, stem, outer conductor,
and bottom plate, and these are then assembled by
electron beam welding. This is the first actual QWR
made of pure niobium in Japan. Each QWR is de-
signed to provide an acceleration voltage of 2.4 MV or
higher at 8 W per unit. The design parameters of the
cavity are summarized in Table 1.

Cross-sectional views of the QWR and CM are
shown in Fig. 6. A pure titanium jacket is attached
outside the cavity to store liquid helium. Permalloy
is inserted into the space between the cavity and tita-
nium jacket for magnetic shielding. The resonant fre-
quency shifts because of external disturbances such as
fluctuations in the liquid helium pressure. The tuner
slightly pushes and deforms the cavity’s beam port,
which changes its capacitance and tunes its frequency
to compensate for the slow shift. However, the fre-
quency adjustment range of this tuner is 14 kHz to-

wards lowering the resonant frequency, and therefore,
the frequency variation is reduced by fine tuning the
stem of each cavity and the total length of the outer
conductor during assembly.25)

The inner surface of the cavity was chemically pol-
ished to 110 µm after assembly, annealed at 750◦C,
and then chemically polished to 20 µm to maximize
the performance of the SC cavity. The cavity was then
high-pressure washed with ultrapure water from each
port and vacuum sealed in an ISO class-1 clean room.
After vacuum sealing, it was baked at 120◦C, and per-
formance tests were conducted on the single unit. As
shown in Ref. 24), all ten actual cavities fabricated ex-
ceeded the target Q0 value of 1× 109 in the test. The
cavity must be operated in compliance with the High

Fig. 6. Cross-sectional views of SC-QWR (top) and cry-
omodule that contains four SC-QWRs (bottom).
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Pressure Gas Safety Act in Japan, and therefore, it
was fabricated after preliminary evaluation and then
commissioned for inspection.

A fundamental power coupler (FPC) and RF pickup
are mounted on the bottom plate of the cavity. The
FPC is a coaxial capacitively coupled type, vacuum
sealed with a single ceramic window in the normal tem-
perature section; it can handle the RF input power of
5 kW or more.26) The FPC inner conductor is fab-
ricated from oxygen-free copper, and the outer con-
ductor from stainless steel with a copper plating on
the inner surface. The thickness of the copper plating
was determined by balancing heat penetration with the
heat transfer to the low temperature side and heat gen-
eration caused by RF power.

The vacuum vessel of the CM is made of steel and
divided into the top plate, top box, middle box, bot-
tom box, and bottom plate. Electroless nickel plating
was applied to prevent corrosion. The cavity is built
with four glass-epoxy pillars on the bottom plate. One
support is fixed in place, while the other three slide
horizontally to allow for repositioning during cooling.
Liquid helium buffer pipe is installed at the top of
the cavity to control the liquid level for stable cool-
ing. An aluminum plate is used for the 80-K thermal
shield, which is cooled by liquid nitrogen flowing in se-
ries through three CMs. Cernox sensors are used as
thermo sensors for the cavity, Pt-Co for the 4.5 K re-
gion, and Pt100 for the 80 K region. The heat load
of the CM is estimated to be about 18 W for heat in-
trusion and about 32 W for RF loss in the cavity dur-
ing steady state operation in a module containing four
cavities. However, a heat load of 100 W per CM was
set as the design standard value for operation during
performance degradation.

The first step in assembling the CM is to move the
bottom plate with the cavity and the middle box into
the clean room and to fasten the cavity and beam pipe

Fig. 7. Photographs of cryomodule. (Left) After assem-
bling and sealing the cavities and beam pipes in the
clean room. (Right) After alignment at the installation
site.

Table 2. Requirements from cryomodules for SRILAC.

Item Value
No. of SC cavities 10
No. of cryomodules 2+ 1
Temperature of SC cavities 4.5 K
Temperature of thermal shield 80 K
Weight of cold mass 1475 kg
Heat load to 4.5 K cold mass

Dynamic 120 W
Static 30 W

Heat load to thermal shield 120 W
Cooling power ≥500 W
Inventory 313 L
Design pressure of the He vessel 0.125 MPa(A)
Allowable pressure fluctuation 4.0× 10−4 MPa

to seal their vacuum so that no dust can enter the
cavity. Then, helium piping, liquid nitrogen piping,
tuners, thermal shields, super insulators, etc. were in-
stalled, and the upper and lower boxes were covered
after moving to the installation site (Fig. 7).

A total of ten sets of digital low-level RF (LLRF)
circuits and 7.5 kW transistor amplifiers were intro-
duced to excite the cavities. A digital low-level circuit
is equipped with an FPGA that stabilizes the RF volt-
age and phase by PID control and obtains the tuning
phase from the directional coupler signal. Internal pa-
rameters of the digital low-level circuit can be set re-
motely from a programmable logic controller (PLC).
Transistor amplifiers can operate with full output re-
flection, and they are equipped with five 1.5 kW out-
put units with built-in isolators to continue operation
in the event of unit failure. A control system using
the PLC is provided for each CM to control these RF
equipment.

Cryogenic system for SRILAC

The requirements from CMs for the SRILAC are
summarized in Table 2. SC cavities work at 4.5 K.
The thermal shield is designed to be cooled down by
liquid nitrogen, and the total weight of the cold mass
is 1.5 ton. Heat load to 4.5 K and 80 K are 150 and
120 W, respectively. The inventory of liquid helium is
313 L and the allowable fluctuation of pressure in the
SC cavities is as small as 4 hPa because a change in
pressure can change the resonance frequency of the SC
cavities. The design pressure of the vessel is as low
as 0.125 MPa(A) because the cavity has bellow, which
cannot sustain higher pressure.

The cryogenic system was designed to have a cool-
ing power of 500 W at 4.5 K. This system comprises a
helium compressor, refrigerator, and buffer tank. The
cooling power is four times that of the heat load be-
cause we like to have a big margin to ensure contin-

6
- S6 -

RIKEN Accel. Prog. Rep. 54 (2021) FEATURE ARTICLE



Pressure Gas Safety Act in Japan, and therefore, it
was fabricated after preliminary evaluation and then
commissioned for inspection.

A fundamental power coupler (FPC) and RF pickup
are mounted on the bottom plate of the cavity. The
FPC is a coaxial capacitively coupled type, vacuum
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to seal their vacuum so that no dust can enter the
cavity. Then, helium piping, liquid nitrogen piping,
tuners, thermal shields, super insulators, etc. were in-
stalled, and the upper and lower boxes were covered
after moving to the installation site (Fig. 7).

A total of ten sets of digital low-level RF (LLRF)
circuits and 7.5 kW transistor amplifiers were intro-
duced to excite the cavities. A digital low-level circuit
is equipped with an FPGA that stabilizes the RF volt-
age and phase by PID control and obtains the tuning
phase from the directional coupler signal. Internal pa-
rameters of the digital low-level circuit can be set re-
motely from a programmable logic controller (PLC).
Transistor amplifiers can operate with full output re-
flection, and they are equipped with five 1.5 kW out-
put units with built-in isolators to continue operation
in the event of unit failure. A control system using
the PLC is provided for each CM to control these RF
equipment.

Cryogenic system for SRILAC

The requirements from CMs for the SRILAC are
summarized in Table 2. SC cavities work at 4.5 K.
The thermal shield is designed to be cooled down by
liquid nitrogen, and the total weight of the cold mass
is 1.5 ton. Heat load to 4.5 K and 80 K are 150 and
120 W, respectively. The inventory of liquid helium is
313 L and the allowable fluctuation of pressure in the
SC cavities is as small as 4 hPa because a change in
pressure can change the resonance frequency of the SC
cavities. The design pressure of the vessel is as low
as 0.125 MPa(A) because the cavity has bellow, which
cannot sustain higher pressure.

The cryogenic system was designed to have a cool-
ing power of 500 W at 4.5 K. This system comprises a
helium compressor, refrigerator, and buffer tank. The
cooling power is four times that of the heat load be-
cause we like to have a big margin to ensure contin-

6

uous operation even if the condition of the surface on
the cavities is not so good that the cavities need con-
siderably more cooling power. Figure 8 shows a cool-
ing diagram of the cryogenic system. The compressed
helium gas is introduced to a cold box and liquefied.
Liquid helium is then supplied to the three headers
in the CMs from the top. The evaporated cold he-
lium gas is returned to the cold box and the helium
compressor via heat exchangers. During pre-cooling,
helium gas is supplied from the bottom to cool down
the cavities efficiently. Green lines are used for liquid
nitrogen supplied for shield cooling. A backup com-
pressor for the superconducting ring cyclotron (SRC)
was used for this cryogenic system to reduce the to-
tal cost. The required pressure fluctuation of 4 hPa
looks tight; however, from experience, it is possible
by control return pressure by the return valve with
a precise pressure gauge. The Air Liquide company
supplied devices for the cryogenic system other than
the compressor. Radiation-resistant valve positioners
were adopted because we install the refrigerator in the
accelerator room.

The stand-alone operation of the helium refrigerator
demonstrated a cooling capacity of 700 W at 4.5 K be-
fore the first cooling of the SRILAC. Figure 9 shows the
cooling down curves. The cold mass was successfully
cooled down to liquid helium temperature in four days
although pre-cooling was halted because of the trou-
ble in the thermal insulation vacuum system for half
a day. The heat load was estimated from the heater
in the helium refrigerator to be 150 W for 2+ 1 CMs.
The pressure fluctuation was hit within 4 hPa.

Fig. 8. Cooling diagram for SRILAC.

Fig. 9. Temperature of cold masses in the three CMs in the
first cooling down.

Beam energy position monitoring system for
SRILAC

It is crucial to monitor a beam to accelerate it stable
manner. When the SRILAC beam is accelerated, beam
loss must be reduced to under 1 W/m. Furthermore,
destructive monitors generate outgassing; if they are
used, it becomes difficult to maintain the Q-value and
surface resistance of the SC cavities over a long period
of time. Therefore, we developed a new BEPM sys-
tem that can simultaneously measure the beam posi-
tion and energy by measuring the time-of-flight (TOF)
to continuously monitor the beam nondestructively. A
great advantage of this system is that it can handle
a time-chopped beam by synchronizing the measure-
ment system with the beam-chopping signal. At the
start of commissioning, the beam was chopped to sev-
eral percent duty cycle to protect the SC cavity from
beam loss. Although the beam intensity was 20 elec-
tric nA, we measured the beam position and energy
to accuracies of ±0.1 mm and several 10−4 precision,
respectively.

Depending on the installation location, three types
of BEPMs (Types I, II, and III) were designed and
11 BEPMs were fabricated. The BEPMs are installed
in the centers of the quadrupole magnets located be-
tween the CMs. Photographs of three types of BEPMs
and a cross section of a BEPM are shown in Fig. 10.
The ideal linear response of the quadrupole moments is
realized by using a parabolic design while maintaining
good linear position sensitivity.

A block diagram of the BEPMs and data-acquisition
(DAQ) system is shown in Fig. 11. The DAQ system
can synchronize the RF reference with a beam chopper
signal. The amplified pickup signals are transmitted
through coaxial cables to the signal processing devices.
The upstream and downstream signals are switched by
multiplexers and digitized by digitizers (PXIe-5160).
Although the sampling speed is 1.25 GS/s, a consider-
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ably higher sampling speed of 50 GS/s can be achieved
by using the random interleave mode under the con-
dition that the signal is repeating continuously. Thus,
highly accurate TOF measurements can be realized.
All modules are integrated into a PXI express chas-
sis. The signal process procedures are controlled by
the LabVIEW 2019 graphical programming language,
and module drivers are supported by the National In-
struments Corporation. The obtained data are shared
using the CA Lab that is a user-friendly, lightweight,
and high-performance interface between the LabVIEW
program language and EPICS-based control system.
It allows easy reading and writing of EPICS process
variables (PV). Measurement results are displayed on
a remote desktop. Further, once these data are saved,
the Control System Studio (CSS), which is an Eclipse-
based tool to operate a large-scale control system, can
display the results anywhere in the control room.

The first 40Ar13+ beam acceleration commissioning
was conducted using nine SC cavities. Figure 12 shows
the displayed results of the BEPM measurements im-
mediately after the beam was successfully accelerated
to 6.2 MeV/nucleon (2020/01/28 21:02). The wave-
forms, beam positions, and beam energies at each sta-
tion are displayed; the value circled in red indicates
the final accelerated energy.

The BEPM system worked extremely well when de-
termining phases of SC cavities and confirming beam
energies and positions, which enabled stable beam ac-
celeration. The measured beam energy is plotted in
Fig. 13 as a function of the phase of the final SC cav-
ity. In the focusing region, the lower energy beam gains

Fig. 10. Photographs of the three types of BEPMs: (a)
Type I, (b) Type II, and (c) Type III. (d) Cross section
drawing of a BEPM. (e) Schematic of Type I.27)

Fig. 11. Block diagram of BEPMs and DAQ system.27)

energy, whereas in the defocusing region, the lower
energy beam loses energy. This measurement clearly
shows us the region we should select to accelerate the
beam stably. The phases of SC cavities are currently
set to −25◦. Each phase of the SC cavity was measured
and set in sequence from upstream to downstream (See
“Beam Commissioning of SRILAC” for detail).

Overview of Control System for SRILAC
Project

A distributed control system that uses Experimen-
tal Physics and Industrial Control System (EPICS)
should be adopted as in RIBF to operate the SRILAC
project efficiently, and a higher-level application pro-
tocol needs to be integrated to the EPICS Channel
Access (CA) protocol. Further, the SRILAC control
system requires corrections and upgrades to the short-
comings of previous RILAC control system, for exam-
ple control protocol for an electromagnet power supply
and a machine protection system.

In this project, the R28G-K was installed at the fron-
tend of RILAC to increase the beam intensity. The
new SC-ECRIS control system consists of PLCs em-
bedded with EPICS.28) The ion source control system
differs from other control systems in that control sta-
tions with digital and analogue modules need to be
installed on the high-voltage stage. At RIBF, a reli-
ability of the conventional SC-ECRIS control system
is not so high because interlock signals are exchanged
via TCP/IP between the safety system and control sta-
tions on the high-voltage stage. The new SC-ECRIS
control system uses two different types of CPUs (se-
quence CPU and Linux CPU) in the main PLC sta-
tion, and it was connected to five PLC substations with
a star-topology field bus communication using optical
fibers for insulation. As a result, the interlock signal

8
- S8 -

RIKEN Accel. Prog. Rep. 54 (2021) FEATURE ARTICLE



ably higher sampling speed of 50 GS/s can be achieved
by using the random interleave mode under the con-
dition that the signal is repeating continuously. Thus,
highly accurate TOF measurements can be realized.
All modules are integrated into a PXI express chas-
sis. The signal process procedures are controlled by
the LabVIEW 2019 graphical programming language,
and module drivers are supported by the National In-
struments Corporation. The obtained data are shared
using the CA Lab that is a user-friendly, lightweight,
and high-performance interface between the LabVIEW
program language and EPICS-based control system.
It allows easy reading and writing of EPICS process
variables (PV). Measurement results are displayed on
a remote desktop. Further, once these data are saved,
the Control System Studio (CSS), which is an Eclipse-
based tool to operate a large-scale control system, can
display the results anywhere in the control room.

The first 40Ar13+ beam acceleration commissioning
was conducted using nine SC cavities. Figure 12 shows
the displayed results of the BEPM measurements im-
mediately after the beam was successfully accelerated
to 6.2 MeV/nucleon (2020/01/28 21:02). The wave-
forms, beam positions, and beam energies at each sta-
tion are displayed; the value circled in red indicates
the final accelerated energy.

The BEPM system worked extremely well when de-
termining phases of SC cavities and confirming beam
energies and positions, which enabled stable beam ac-
celeration. The measured beam energy is plotted in
Fig. 13 as a function of the phase of the final SC cav-
ity. In the focusing region, the lower energy beam gains

Fig. 10. Photographs of the three types of BEPMs: (a)
Type I, (b) Type II, and (c) Type III. (d) Cross section
drawing of a BEPM. (e) Schematic of Type I.27)

Fig. 11. Block diagram of BEPMs and DAQ system.27)

energy, whereas in the defocusing region, the lower
energy beam loses energy. This measurement clearly
shows us the region we should select to accelerate the
beam stably. The phases of SC cavities are currently
set to −25◦. Each phase of the SC cavity was measured
and set in sequence from upstream to downstream (See
“Beam Commissioning of SRILAC” for detail).

Overview of Control System for SRILAC
Project

A distributed control system that uses Experimen-
tal Physics and Industrial Control System (EPICS)
should be adopted as in RIBF to operate the SRILAC
project efficiently, and a higher-level application pro-
tocol needs to be integrated to the EPICS Channel
Access (CA) protocol. Further, the SRILAC control
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is not so high because interlock signals are exchanged
via TCP/IP between the safety system and control sta-
tions on the high-voltage stage. The new SC-ECRIS
control system uses two different types of CPUs (se-
quence CPU and Linux CPU) in the main PLC sta-
tion, and it was connected to five PLC substations with
a star-topology field bus communication using optical
fibers for insulation. As a result, the interlock signal
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exchanges the control station on the high-voltage stage
through field bus communication on the optical fiber;
system reliability was improved compared with the sys-
tem that uses the TCP/IP-based interlock signal.

With this SRILAC project, the layout of the beam-
line has changed and new electromagnet power sup-
plies have been introduced for the LEBT electromag-
net. Old electromagnet power supplies were utilized
for MEBT electromagnets. These electromagnet power
supplies control used GPIB as the communication pro-
tocol, and their performance was relatively low com-
pared with the modern protocol. Therefore, we up-
graded the power supplies to replace the GPIB com-
munication with the standard method of RIBF control
system such as FA-M3 PLC and NIO.29) In beam com-
missioning, approximately 30 modified electromagnet
power supplies were controlled via EPICS CA protocol
without problems.

With the installation of the SRILAC downstream of
the normal conducting RILAC, a machine protection
system has become necessary. For the previous RI-
LAC control system, the machine protection system,
which comprises a simple electromagnetic relay cir-
cuit has been implemented. The machine protection
system is called the Beam Interlock System (BIS) at
RIBF; further, we newly developed and implemented
BIS for SRILAC. The BIS has a mechanism that ac-
tivates the beam chopper for a signal triggered by an
error from the control equipment and stops the beam.
The speed at which the trigger signal is transmitted to
the CPU is improved compared with that of the con-
ventional BIS by adopting the field bus connection for
inter-station communication. In addition, by adopting
a ring-topology, we designed it to increase redundancy.

In the previous RILAC control system, hard-wired

Fig. 12. Displayed BEPM measurement results immedi-
ately after the 40Ar13+ beam was successfully acceler-
ated to 6.2 MeV/nucleon (2020/01/28 21:02). Positions
at station 4 were off scale, and it was corrected after the
first trial acceleration.27)

Fig. 13. Measured beam energy plotted as a function of the
phase of the final SC cavity.27)

control that directly connects the accelerator room and
control room with a wire was already replaced and all
operations were based on remote control. However,
various systems such as data collection and RF con-
trol were not integrated with the EPICS CA protocol,
and these were stand-alone systems. When the con-
trol system was updated in the SRILAC project, all
control protocols for the higher-level application were
integrated in the EPICS CA protocol. For example,
BEPM was a LabVIEW-based system using National
Instrument PXI, and by introducing CA Lab in the
middle layer, we succeeded to operate it using the
EPICS CA client.27)

Since we succeeded to access to almost all con-
trol equipment including the above-mentioned elec-
tromagnet power supply, BIS, BEPM, and RF using
the EPICS CA protocol, it had become possible to
unify the development method of the operator interface
(OPI) and realize various OPIs using CSS (Fig. 14).
In addition, the Archiver Appliance has been newly
introduced as the EPICS-based data archive system;
it has become possible to store nearly 10,000 signal
points as data at a cycle of 10 Hz or higher.30) This
system has the ability to search for arbitrary data by
the timestamp and visualize the data on a Web-based
application. During SRILAC beam commissioning, the
Archiver Appliance was very useful for clarifying the
behavior of SC cavity and the cause of troubles, and it
is currently one of the essential tools for SRILAC beam
tuning. In the RILAC control room (Fig. 1), consoles
for hard-wired control system have been removed and
new consoles ideal for the remote-control system have
been introduced (Fig. 15).

In the near future, we plan to improve the perfor-
mance of BIS and implement another type of machine
protection system driven by the behavior of electri-
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cal current for the electromagnet31) because of the in-
crease in the beam intensity from SRILAC.

Beam Commissioning of SRILAC

The design parameters of the SRILAC are listed in
Table 1, and its layout is shown in Fig. 4. The TEM
cavities for the SRILAC are designed to operate in the
CW mode. The gap length of the cavity is optimized
for β = 0.078 particles with a transit time factor of
0.9. The maximum gap voltage is 2.4 MV, which cor-
responds to an acceleration gradient Eacc of 6.8 MV/m
with a synchronous phase of −25◦.

The FPC is designed with a tunable coupling so that
a Qext range from 1× 106 to 4.5× 106 can be achieved
by changing the insertion distance of its antenna. The
maximum beam current is about 100 electric µA for
the SHE synthesis experiments; therefore, beam load-
ing is negligible. A low Qext as small as 106 was se-
lected to broaden the resonance curve with a ±60 Hz
operational-frequency-range achieved by an RF input
power of 7.5 kW. In October 2019, the first RF test
with an operational temperature of 4.5 K was per-
formed without significant trouble, except SC05 en-
countered a vacuum leakage from the ceramic window
of the coupler. During the RF test, amplitude feedback
and phase-lock loop parameters of the newly developed
digital LLRF were optimized and a stable RF-field was
successfully obtained.

After a successful RF test, in January 2020, the
beam acceleration test was conducted for the first time.
An 40Ar beam was accelerated based on the require-
ment for SHE synthesis experiments. However, one of
the SC-QWRs (SC05) was not available; therefore, the

Fig. 14. Screenshot of CSS-based OPI for Faraday cup op-
eration.

Fig. 15. New consoles for remote operation in the RILAC
control room.

acceleration energy was lowered to 6.2 MeV/nucleon
from the designed energy of 6.5 MeV/nucleon.

The 40Ar13+ beam with an intensity of approxi-
mately 23 electric nA (duty 3%, chopper frequency
1 kHz) was accelerated to 6.2 MeV/nucleon with a
gap voltage of 1.13 MV. For the SC-linac tuning, SC-
QWRs were energized one-by-one and the beam en-
ergy was measured with a systematic variation of the
RF-field phase (Fig. 16). The beam energy was pre-
cisely obtained by a TOF measurement with a pair of
BEPMs with a low beam current as described above.
The phase-scan plot, where Eout is plotted as a func-
tion of the RF-field phase for each cavity, is shown
in Fig. 16. The synchronous phase ϕs = −25◦ was
obtained by shifting the RF-field phase from the zero
acceleration/bunching phase by 65◦ towards the top
of the sine curve. The beam position remained almost
at the center of beam aperture during the phase scan
because of the geometrical correction caused by the
steering effect of the QWR cavity.23) The accelerated
beam energy successfully reached 6.2 MeV/nucleon at
9 PM on January 28, 2020.

After elaborate tuning, the transmission efficiency
from FC6A1 to FCe11 in Fig. 4 reached 100% with
a beam current of 6.11 electric µA. The vertical and
horizontal beam positions monitored by BEPM were
centralized and the beam loss which occurred at the
MEBT was minimized keeping the deterioration of the
vacuum pressure below 1× 10−7 Pa.

A 51V13+ beam with an energy from 4.2 MeV/nucleon
to 6.3 MeV/nucleon was delivered for a user service
time. To achieve a beam current of 10 particle µA,
the transmission efficiency of the low-energy part of
the RILAC and optimization of the beam transport of
the SRILAC are currently being analyzed. The data
archive system30) for many accelerator parameters in-
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gap voltage of 1.13 MV. For the SC-linac tuning, SC-
QWRs were energized one-by-one and the beam en-
ergy was measured with a systematic variation of the
RF-field phase (Fig. 16). The beam energy was pre-
cisely obtained by a TOF measurement with a pair of
BEPMs with a low beam current as described above.
The phase-scan plot, where Eout is plotted as a func-
tion of the RF-field phase for each cavity, is shown
in Fig. 16. The synchronous phase ϕs = −25◦ was
obtained by shifting the RF-field phase from the zero
acceleration/bunching phase by 65◦ towards the top
of the sine curve. The beam position remained almost
at the center of beam aperture during the phase scan
because of the geometrical correction caused by the
steering effect of the QWR cavity.23) The accelerated
beam energy successfully reached 6.2 MeV/nucleon at
9 PM on January 28, 2020.

After elaborate tuning, the transmission efficiency
from FC6A1 to FCe11 in Fig. 4 reached 100% with
a beam current of 6.11 electric µA. The vertical and
horizontal beam positions monitored by BEPM were
centralized and the beam loss which occurred at the
MEBT was minimized keeping the deterioration of the
vacuum pressure below 1× 10−7 Pa.

A 51V13+ beam with an energy from 4.2 MeV/nucleon
to 6.3 MeV/nucleon was delivered for a user service
time. To achieve a beam current of 10 particle µA,
the transmission efficiency of the low-energy part of
the RILAC and optimization of the beam transport of
the SRILAC are currently being analyzed. The data
archive system30) for many accelerator parameters in-
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cluding not only the RF-field of the RF cavities, but
also the excitation current of the magnets, vacuum,
temperature of the cooling water, and BEPMs, is very
helpful to understand what occurs during beam tun-
ing. Each cavity achieved the acceleration gradient of
5.7 MV/m that accelerates ions with M/q of 5.4 to
6.5 MeV/nucleon with ten cavities. The newly devel-
oped digital LLRF will be adopted to each RF system
of the RT-DTLs, RFQ, and bunchers to improve the
stability of their RF-field.

Beam transport optimization from SRILAC to
GARIS-III

This section reports on beam transport. Heavy-ion
beams accelerated to approximately 6 MeV/nucleon
by SRILAC are transported to GARIS-III through the
transport line called the high energy beam transport
(HEBT) line. The configuration of the beam line is
TQ–TQ–D–SQ–SQ–DQ (TQ = Triplet Quadrupole,
D = Dipole, SQ = Singlet Quadrupole, DQ = Dou-
blet Quadrupole) as shown in Fig. 4. Further, there
is one dipole magnet between the second SQ and DQ,
but this is not excited when the beam is transported
to GARIS-III. The duct diameter is 60 mm in most
places; however, it is narrowed to 15–25 mm just be-
fore the target because of DPSG.

The requirements for the beam transport of the
HEBT line are (A) beam loss less than a few percent
and (B) the adjustability of beam spot shape on the
GARIS-III target depending on the experimental con-
ditions. The first requirement is important for main-
taining the outside radiation dose. Since the side wall
of GARIS-III is relatively thin, it is necessary to mea-
sure and confirm the dose while optimizing beam trans-
port. For the second requirement, a horizontal ellipse
is desired in the production run to prevent the local de-

Fig. 16. Phase scan plot for first 40Ar 6.2 MeV/nucleon
acceleration test.

Fig. 17. Data of emittance measurement after phase-ellipse
adjustment at an object point e00. (Left) Measured
values (red dots) and fit results (black dots) of beam
widths at the point denoted as e01. (Right) Phase el-
lipse estimated by fitting results. Top and bottom fig-
ures correspond to horizontal and vertical directions,
respectively.

pletion of the rotating target, while a large circle shape
is desired in the calibration run. To satisfy these re-
quirements, the beam envelope should be narrower just
before the target, where there is a relatively smaller ac-
ceptance, and it should be wider at the target.

Detailed optical calculation is required according to
the phase ellipse of the beam at that time to realize
the ideal optics with a limited number of optical ele-
ments. The optics are adjusted in the following three
steps. First, the phase ellipse of the beam at e00, which
is defined as the object point in the optical design,
is measured using the wire scanners at e00 and e01
(Fig. 4). The beam width at e01 is measured with
several optics between e00 to e01 by changing the TQ
magnets. Comparing the obtained widths and transfer
matrices, the phase ellipse at e00 is estimated. Second,
the phase ellipse at e00 is adjusted to be upright by the
TQ upstream of e00 based on an optical calculation.
Third, the optics from the object point to GARIS-III
are tuned using optical simulation32) based on an ad-
justed phase ellipse at e00 and an experimental require-
ment for beam spot shape. In the default optics, the
position magnifications from e00 to GARIS-III are 1.0
in both of the horizontal and vertical directions. Based
on the measured phase ellipse and experimental re-
quirements, position magnifications are adjusted while
suppressing the beam envelope in the entire beam line.
Finally, the optical system is optimized with a few par-
ticle µA beam by fine-tuning the quadrupole magnets
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Fig. 18. Beam spot picture on viewer at GARIS-III tar-
get taken by CCD camera. The beam spot shape is a
horizontal ellipse as expected.

and steerers based on the baffle inside the differential
pumping system and viewer on the target.

Figure 17 shows an example of the estimated e00
phase ellipse after step 2, which causes the phase el-
lipse to be upright. This measurement was performed
in a commissioning run in June 2020, in which Ar11+
accelerated to 5 MeV/nucleon with intensity of 30 elec-
tric nA was utilized. The graphs shown on the left rep-
resent the beam widths (rms) measured by the e01 wire
scanner in each optics, the red dots represent the mea-
surements, and black dots represent fit results. The
contour plots shown on the right are phase ellipses at
e00 estimated from the fit results. Here, the phase el-
lipses are assumed to be two-dimensional Gaussian dis-
tributions. As shown in the figures, the phase ellipses
were adjusted to be upright as calculated. The hori-
zontal 4 rms emittance was ϵh = 3.1 (πmm·mrad), and
the vertical 4 rms emittance was ϵv = 6.5 (πmm·mrad),
respectively. These values were consistent within 20%
with the values before the phase-ellipse adjustment.
The measurement and adjustment of the phase ellipses
are almost automated except for the data acquisition
by the wire scanners; they are completed in about an
hour.

After the phase-ellipse adjustment, the optics from
e00 to the GARIS-III target were optimized. As shown
in Fig. 18, the beam spot on the target was tuned to
be a horizontal ellipse, as expected for the rotation
target. It was confirmed using Faraday cups that the
beam loss was controlled within a few percent. Also
leakage radiation was within the allowable range. In
these adjustments, the calculation of optics and the
application of calculated currents to magnets were au-
tomated; the optics optimization was completed in a
few hours including the fine adjustment of the steerers.

Optics in the HEBT line was optimized as expected
based on the phase ellipse measurement and optical
simulation. A new method to estimate the phase el-
lipse with non-destructive detector BPEMs33) is under
development.

References
1) K. Morita et al., J. Phys. Soc. Jpn. 81, 103201 (2012).
2) P. J. Karol et al., Pure Appl. Chem. 88, 139 (2016).
3) http://iupac.org/iupac-is-naming-the-four-new

-elements-nihonium-moscovium-tennessine-and-
oganesson/ .

4) M. Odera et al., Nucl. Instrum. Methods Phys. Res. A
227, 187 (1984).

5) A. Goto et al., RIKEN Accel. Prog. Rep.28, 163 (1995).
6) T. Nakagawa et al., Rev. Sci. Instrum.71, 637 (2000).
7) O. Kamigaito et al., Rev. Sci. Instrum.70, 4523 (1999).
8) O. Kamigaito et al., Rev. Sci. Instrum.76, 013306 (2005).
9) Y. Yano, Nucl. Instrum. Methods Phys. Res. B 261,

1009 (2007).
10) Y. Wang et al., RIKEN Accel. Prog. Rep.53, 192 (2020).
11) T. Nakagawa et al., Rev. Sci. Instrum.81, 02A320 (2010).
12) N. Sakamoto et al., Proc. 18th International Confer-

ence on RF Superconductivity (SRF2017), 681 (2017).
13) Y. Watanabe et al., RIKEN Accel. Prog. Rep. 51, 132

(2018).
14) K. Yamada et al., RIKEN Accel. Prog. Rep. 52, 13 (2019).
15) R. Geller, in Electron Cyclotron Resonance Ion Sources

and ECR Plasmas, (IOP Publishing, Bristol, 1996)
p. 121.

16) Y. Higurashi et al., Rev. Sci. Instrum.85, 02A953 (2014).
17) G. D. Alton et al., Rev. Sci. Instrum. 65, 775 (1994).
18) M. A. Leitner et al., Phys. Scr. T92, 171 (2001).
19) D. Hitz et al., Rev. Sci. Instrum. 73, 509 (2002).
20) J. Ohnishi, Proc. 23rd International Workshop on ECR

Ion Source (ECRIS2018), 180 (2018).
21) H. Imao et al., RIKEN Accel. Prog. Rep. 53, 10 (2020).
22) H. Imao et al., RIKEN Accel. Prog. Rep. 52, 14 (2019).
23) N. Sakamoto et al., Proc. 29th Linear Accelerator Con-

ference (LINAC18), 620 (2018).
24) K. Yamada et al., Proc. 19th International Conference

on RF Superconductivity (SRF2019), 502 (2019).
25) K. Suda et al., Proc. 19th International Conference on

RF Superconductivity (SRF2019), 182 (2019).
26) K. Ozeki et al., RIKEN Accel. Prog. Rep.52, 106 (2019).
27) T. Watanabe et al., Proc. 9th International Beam In-

strumentation Conference (IBIC2020), 295 (2020).
28) A. Uchiyama et al., Rev. Sci. Instrum.91, 025101 (2020).
29) A. Uchiyama et al., Proc. 16th Annu. Meet. Part. Ac-

cel. Soc. Jpn. (PASJ), 869 (2019).
30) A. Uchiyama et al., Proc. 17th Annu. Meet. Part. Ac-

cel. Soc. Jpn. (PASJ), 739 (2020).
31) K. Kumagai et al., RIKEN Accel. Prog. Rep.52, 115 (2019).
32) https://web-docs.gsi.de/~weick/gicosy/ .
33) T. Watanabe et al., Proc. 8th International Beam In-

strumentation Conference (IBIC2019), 526 (2019).

12
- S12 -

RIKEN Accel. Prog. Rep. 54 (2021) FEATURE ARTICLE



I. HIGHLIGHTS OF THE YEAR

<< Selection process of highlights >> 

Highlights are selected by a two-step process. In the first step, a referee who reviews a manuscript decides 
whether she/he would recommend it as one of the highlights. 
Members of the editorial board then make additional recommendations if they think an important contribution 
has not been recommended by the referee. 

The second step involves the editor-in-chief proposing a list of highlights based on the recommendation given 
above to the editorial board. After discussing the scientific merits and uniqueness of the manuscripts from 
viewpoints of experts/non-experts, the editorial board makes the final decision. 

Fig. 18. Beam spot picture on viewer at GARIS-III tar-
get taken by CCD camera. The beam spot shape is a
horizontal ellipse as expected.

and steerers based on the baffle inside the differential
pumping system and viewer on the target.

Figure 17 shows an example of the estimated e00
phase ellipse after step 2, which causes the phase el-
lipse to be upright. This measurement was performed
in a commissioning run in June 2020, in which Ar11+
accelerated to 5 MeV/nucleon with intensity of 30 elec-
tric nA was utilized. The graphs shown on the left rep-
resent the beam widths (rms) measured by the e01 wire
scanner in each optics, the red dots represent the mea-
surements, and black dots represent fit results. The
contour plots shown on the right are phase ellipses at
e00 estimated from the fit results. Here, the phase el-
lipses are assumed to be two-dimensional Gaussian dis-
tributions. As shown in the figures, the phase ellipses
were adjusted to be upright as calculated. The hori-
zontal 4 rms emittance was ϵh = 3.1 (πmm·mrad), and
the vertical 4 rms emittance was ϵv = 6.5 (πmm·mrad),
respectively. These values were consistent within 20%
with the values before the phase-ellipse adjustment.
The measurement and adjustment of the phase ellipses
are almost automated except for the data acquisition
by the wire scanners; they are completed in about an
hour.

After the phase-ellipse adjustment, the optics from
e00 to the GARIS-III target were optimized. As shown
in Fig. 18, the beam spot on the target was tuned to
be a horizontal ellipse, as expected for the rotation
target. It was confirmed using Faraday cups that the
beam loss was controlled within a few percent. Also
leakage radiation was within the allowable range. In
these adjustments, the calculation of optics and the
application of calculated currents to magnets were au-
tomated; the optics optimization was completed in a
few hours including the fine adjustment of the steerers.

Optics in the HEBT line was optimized as expected
based on the phase ellipse measurement and optical
simulation. A new method to estimate the phase el-
lipse with non-destructive detector BPEMs33) is under
development.

References
1) K. Morita et al., J. Phys. Soc. Jpn. 81, 103201 (2012).
2) P. J. Karol et al., Pure Appl. Chem. 88, 139 (2016).
3) http://iupac.org/iupac-is-naming-the-four-new

-elements-nihonium-moscovium-tennessine-and-
oganesson/ .

4) M. Odera et al., Nucl. Instrum. Methods Phys. Res. A
227, 187 (1984).

5) A. Goto et al., RIKEN Accel. Prog. Rep.28, 163 (1995).
6) T. Nakagawa et al., Rev. Sci. Instrum.71, 637 (2000).
7) O. Kamigaito et al., Rev. Sci. Instrum.70, 4523 (1999).
8) O. Kamigaito et al., Rev. Sci. Instrum.76, 013306 (2005).
9) Y. Yano, Nucl. Instrum. Methods Phys. Res. B 261,

1009 (2007).
10) Y. Wang et al., RIKEN Accel. Prog. Rep.53, 192 (2020).
11) T. Nakagawa et al., Rev. Sci. Instrum.81, 02A320 (2010).
12) N. Sakamoto et al., Proc. 18th International Confer-

ence on RF Superconductivity (SRF2017), 681 (2017).
13) Y. Watanabe et al., RIKEN Accel. Prog. Rep. 51, 132

(2018).
14) K. Yamada et al., RIKEN Accel. Prog. Rep. 52, 13 (2019).
15) R. Geller, in Electron Cyclotron Resonance Ion Sources

and ECR Plasmas, (IOP Publishing, Bristol, 1996)
p. 121.

16) Y. Higurashi et al., Rev. Sci. Instrum.85, 02A953 (2014).
17) G. D. Alton et al., Rev. Sci. Instrum. 65, 775 (1994).
18) M. A. Leitner et al., Phys. Scr. T92, 171 (2001).
19) D. Hitz et al., Rev. Sci. Instrum. 73, 509 (2002).
20) J. Ohnishi, Proc. 23rd International Workshop on ECR

Ion Source (ECRIS2018), 180 (2018).
21) H. Imao et al., RIKEN Accel. Prog. Rep. 53, 10 (2020).
22) H. Imao et al., RIKEN Accel. Prog. Rep. 52, 14 (2019).
23) N. Sakamoto et al., Proc. 29th Linear Accelerator Con-

ference (LINAC18), 620 (2018).
24) K. Yamada et al., Proc. 19th International Conference

on RF Superconductivity (SRF2019), 502 (2019).
25) K. Suda et al., Proc. 19th International Conference on

RF Superconductivity (SRF2019), 182 (2019).
26) K. Ozeki et al., RIKEN Accel. Prog. Rep.52, 106 (2019).
27) T. Watanabe et al., Proc. 9th International Beam In-

strumentation Conference (IBIC2020), 295 (2020).
28) A. Uchiyama et al., Rev. Sci. Instrum.91, 025101 (2020).
29) A. Uchiyama et al., Proc. 16th Annu. Meet. Part. Ac-

cel. Soc. Jpn. (PASJ), 869 (2019).
30) A. Uchiyama et al., Proc. 17th Annu. Meet. Part. Ac-

cel. Soc. Jpn. (PASJ), 739 (2020).
31) K. Kumagai et al., RIKEN Accel. Prog. Rep.52, 115 (2019).
32) https://web-docs.gsi.de/~weick/gicosy/ .
33) T. Watanabe et al., Proc. 8th International Beam In-

strumentation Conference (IBIC2019), 526 (2019).

12





RIKEN Accel. Prog. Rep. 54 (2021)

Oblate shapes and metastable states of 92, 94Se†

P. -A. Söderström,∗1,∗2,∗3,∗4 C. Lizarazo,∗1,∗2 V. Werner,∗1 N. Pietralla,∗1 P. M. Walker,∗5 G. X. Dong,∗6
F. R. Xu,∗7 T. R. Rodríguez,∗8 F. Browne,∗9 P. Doornenbal,∗3 S. Nishimura,∗3 C. R. Nit,ă,∗10 and

A. Obertelli∗1,∗3,∗11 for the SEASTAR2015 collaboration

The main goal of the second SEASTAR campaign1)

performed at the RIBF was the exploration of the nu-
clear structure evolution in the region of a possible on-
set of deformation and shape transition between the two
corner-stone nuclei 78Ni2) and 110Zr.3) As this region is
known for the large abundance of nuclear isomers,4) the
EURICA decay setup5,6) was installed at the end of the
ZeroDegree spectrometer in addition to the SEASTAR
instrumentation. Thus, complementary to the in-beam
spectroscopy data of the Se chain,7) it was possible to
observe internal isomeric decay using high-resolution γ-
ray spectroscopy.8)

The type of metastable configurations observed in de-
formed atomic nuclei, whereby two quasiparticle states
are formed by breaking pairs of nucleons close to the
Fermi level, significantly changing the angular momen-
tum projection on the symmetry axis is known as
K isomers. These typically originate from deformed
Nilsson orbitals coming up from lower-lying shells in
well deformed prolate nuclei. Analogously, the typical
downsloping of these orbitals on the oblate side opens
up the possibility for a new region of K isomers at low
Z and oblate deformation for exotic nuclei, involving
the same orbitals from higher-lying shells as within the
prolate deformed Z ∼ 72 region.

In Ref. 8), we report on the observation of such
states for 92, 94Se from EURICA during the SEASTAR
campaign, see Fig. 1, as well as the impact of their
decay pattern on the discussion of shape evolution
at N = 60. Potential energy surface calculations
suggest oblate Kπ = 7− (ν11/2−[505]⊗ ν3/2+[402])
and Kπ = 9− (ν11/2−[505]⊗ ν7/2+[404]) configura-
tions for the negative-parity states in 92Se, and Kπ =
7− (ν11/2−[505]⊗ ν3/2+[411]) for the isomer of 94Se.
For 94Se, this leads to a hindrance factor of FW =
2.49 × 108 and a reduced hindrance fν ∼ 25. Char-
acteristic values for E1 K-trap decays with ν = 6 are
within 27 ≲ fν ≲ 42.9,10)

Also, the observed Jπ = 7− states have very different
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Fig. 1. Level schemes constructed for 92, 94Se. The arrow
width of each transition indicates its intensity.

decay paths for the two isotopes. The decay properties
can partially be explained considering that the collec-
tive wave functions predicted by the SCCM method for
92Se7) are relatively soft, implying that K is not a good
quantum number due to the lack of well-defined rigid
axial symmetry. For 94Se, however, the SCCM method
proposes a rigid oblate ground state and a rigid pro-
late yrare band, increasing the wave-function overlap
between an oblate isomer and the oblate ground state
relative to the prolate yrare band.

This work presents the observation and interpretation
of 92, 94Se isomeric states. The different isomeric decay
paths of each isotope contrast the relatively smooth sys-
tematics of the ground-state and K = 2 excited bands
observed from in-beam spectroscopy.7) Also, a similar
32 ns isomer was recently observed for 94Kr at the ALTO
facility of the IPN Orsay with the ν-Ball array,11) allow-
ing the systematic evaluation of the 7− and 9− states
along N = 58.
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Properties of 187Ta revealed through isomeric decay†
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We report results from the production and separa-
tion of a low-energy beam of the neutron-rich tantalum
isotope, 187Ta114, together with its high-spin isomeric
state. The production process exploits multi-nucleon
transfer (MNT) reactions which have been shown to be
effective for making neutron-rich nuclei.1) The large an-
gular momentum transfer in MNT reactions is a key as-
pect for the formation of high-spin isomers.

The experiment was performed at the RIKEN Nishina
Center with the recently commissioned KEK Isotope
Separation System (KISS) facility.2) This is the first fa-
cility of its kind, capable of stopping heavy-ion reaction
products in a high-pressure (80 kPa) argon gas cell, per-
forming laser resonant ionization for element (Z) selec-
tivity, and achieving mass (A) separation of the elec-
trostatically extracted, singly charged, 20 keV ions in a
dipole magnet with a resolving power A/∆A = 900.

The 187Ta ions were produced by MNT reactions of
a 50 particle-nA beam of 136Xe at 7.2 MeV/nucleon,
delivered by the RIKEN Ring Cyclotron. The beam
was incident on a 5 µm thick natural tungsten target at
the entrance to the argon gas cell.

The 20 keV secondary beam of laser-ionized tanta-
lum was mass separated (1.5 ions/s of 187Ta) and trans-
ported to a moving-tape collection point, surrounded by
a low-background, 32-element gas proportional counter
with 80% of 4π solid angle for β particles and conversion
electrons3) and four Super Clover germanium γ-ray de-
tectors with a total absolute full-energy-peak efficiency
of 15% at 150 keV. The tape transport was operated
with equal beam-on/beam-off periods, with the radioac-
tivity moved to a shielded location at the end of each
cycle. The chosen beam-on periods were 30 s, 300 s and
1800 s, with five days of data taking.

An isomer in 187Ta at 1789(13) keV had been iden-
tified in the Experimental Storage Ring at GSI,4) but
without observation of the decay radiations. Details of
the excited-state structure of 187Ta have now been re-
† Condensed from the article in Phys. Rev. Lett. 125, 192505
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Fig. 1. Level scheme for 187Ta based on γ-ray transitions
observed following the decay of a T1/2 = 7.3(9) s isomer.

vealed by the isomeric γ-ray emissions, as illustrated in
Fig. 1. The isomer is found to have an excitation energy
of 1778(1) keV, with a half-life of 7.3(9) s.

Despite the proximity to N = 116, which is pre-
dicted to be the critical point for a ground-state prolate-
oblate shape transition, the reduced hindrance for the
191.7 keV, E2 isomeric decay remains substantial, with
fν = 27(1), indicating that K is approximately con-
served, and therefore that axial symmetry is not strongly
violated. Nevertheless, weak violation of axial symmetry
is indicated by the observed irregularity in the 9/2[514]
rotational band that is populated through the isomer de-
cay. Comparison with the rhenium isotone, 189Re, sup-
ports calculations showing that axial symmetry is better
conserved for the lower-Z nuclei, through the N ≈ 116
shape transition region.

The new capability to produce low-energy beams
of neutron-rich tantalum isotopes and isomers demon-
strates the power of the gas-stopping technique for nu-
clear structure studies of exotic neutron-rich nuclei, even
with refractory elements. This marks a milestone on the
way to the exploration of nuclei predicted to have well-
deformed oblate ground states.
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gular momentum transfer in MNT reactions is a key as-
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Separation System (KISS) facility.2) This is the first fa-
cility of its kind, capable of stopping heavy-ion reaction
products in a high-pressure (80 kPa) argon gas cell, per-
forming laser resonant ionization for element (Z) selec-
tivity, and achieving mass (A) separation of the elec-
trostatically extracted, singly charged, 20 keV ions in a
dipole magnet with a resolving power A/∆A = 900.

The 187Ta ions were produced by MNT reactions of
a 50 particle-nA beam of 136Xe at 7.2 MeV/nucleon,
delivered by the RIKEN Ring Cyclotron. The beam
was incident on a 5 µm thick natural tungsten target at
the entrance to the argon gas cell.

The 20 keV secondary beam of laser-ionized tanta-
lum was mass separated (1.5 ions/s of 187Ta) and trans-
ported to a moving-tape collection point, surrounded by
a low-background, 32-element gas proportional counter
with 80% of 4π solid angle for β particles and conversion
electrons3) and four Super Clover germanium γ-ray de-
tectors with a total absolute full-energy-peak efficiency
of 15% at 150 keV. The tape transport was operated
with equal beam-on/beam-off periods, with the radioac-
tivity moved to a shielded location at the end of each
cycle. The chosen beam-on periods were 30 s, 300 s and
1800 s, with five days of data taking.

An isomer in 187Ta at 1789(13) keV had been iden-
tified in the Experimental Storage Ring at GSI,4) but
without observation of the decay radiations. Details of
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Fig. 1. Level scheme for 187Ta based on γ-ray transitions
observed following the decay of a T1/2 = 7.3(9) s isomer.

vealed by the isomeric γ-ray emissions, as illustrated in
Fig. 1. The isomer is found to have an excitation energy
of 1778(1) keV, with a half-life of 7.3(9) s.

Despite the proximity to N = 116, which is pre-
dicted to be the critical point for a ground-state prolate-
oblate shape transition, the reduced hindrance for the
191.7 keV, E2 isomeric decay remains substantial, with
fν = 27(1), indicating that K is approximately con-
served, and therefore that axial symmetry is not strongly
violated. Nevertheless, weak violation of axial symmetry
is indicated by the observed irregularity in the 9/2[514]
rotational band that is populated through the isomer de-
cay. Comparison with the rhenium isotone, 189Re, sup-
ports calculations showing that axial symmetry is better
conserved for the lower-Z nuclei, through the N ≈ 116
shape transition region.

The new capability to produce low-energy beams
of neutron-rich tantalum isotopes and isomers demon-
strates the power of the gas-stopping technique for nu-
clear structure studies of exotic neutron-rich nuclei, even
with refractory elements. This marks a milestone on the
way to the exploration of nuclei predicted to have well-
deformed oblate ground states.
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In-gas-cell laser resonance ionization spectroscopy of 196, 197, 198Ir†
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The experimentally measured nuclear quadrupole de-
formation parameters of mercury, gold, platinum, and
iridium approach the value for the spherical shape with
increasing neutron number.1) However, for iridium iso-
topes, the finite-range droplet model (FRDM)2) predicts
a shape transition from prolate (A ≦ 196) to oblate
(A ≧ 197) at A = 197. We have investigated the evo-
lution of nuclear structure of iridium isotopes, 196–198Ir
(Z = 77, N = 119–121), with in-gas-cell laser ioniza-
tion spectroscopy as the first step of a systematic study
of nuclear structures for nuclei around N = 126 at the
KEK Isotope Separation System (KISS).3) In the present
work, we report the magnetic dipole moments (µ), mean-
square charge radii, and nuclear quadrupole deformation
parameters (β2), as determined from hyperfine structure
(HFS) measurements.

Neutron-rich iridium isotopes were produced us-
ing multi-nucleon transfer reactions of a 198Pt tar-
get (12.5 mg/cm2) and 136Xe beam (9.4 MeV/nucleon,
50 particle-nA).4) The target-like fragments were ther-
malized and neutralized in a gas cell filled with purified
Ar gas of ∼1 atm3) and re-ionized element-selectively
by using a laser resonance ionization technique at the
exit of the gas cell. The excitation transition of 5d76s2
4F9/2 → 9/2◦ (λ1 = 247.587 nm) was chosen for the
spectroscopy, and the excitation laser was produced by
a dye laser pumped by an excimer laser. The mass num-
ber was chosen using a dipole magnet with a mass re-
solving power of A/∆A ∼ 900. The mass-analyzed ions
were transported to a decay station, which consists of
a tape transport device, a multi-segmented proportional
gas counter, and four clover-type germanium detectors.

The extraction of each nucleus was confirmed through
the measurement of β-decay half-life. The HFS spectra
were measured by counting β-rays as a function of exci-
tation laser frequency, as shown in Fig. 1. The measured
spectra were fitted using the Voigt function for each tran-
sition between HFSs of ground and excited states to de-
termine the µ and isotope shift values.

The µ value of 197Ir (Iπ = 3/2+) was determined to be
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Fig. 1. Spectrum of 197Ir ion counts as a function of the exci-
tation laser frequency with the best fit (red solid line).
The black dotted line indicates the fitted background
level. The spectrum was measured at an argon gas pres-
sure of 74 kPa.

+0.27+0.10
−0.03 µN. In the case of the unknown spin nuclei

196Ir (Iπ = (0−)) and 198Ir, the results of chi-square
fitting strongly indicate that their nuclear spin are I > 0
with fitted µ values of +(0.31–0.36) µN (I = 1–3) for
196Ir and +(0.13–0.26) µN (I = 1–3) for 198Ir.

The quadrupole deformation parameter was deduced
from the measured isotope shifts while assuming an
axial-deformed nuclear charge distribution and theoret-
ical electronic factor of the excitation transition from
large-scale atomic calculations.5) The deduced |β2| val-
ues were 0.06(2) and 0.07(2) for 197Ir and 198Ir, respec-
tively.

The experimental µ values were compared with calcu-
lated µ values based on the strong coupling model.6,7)
The comparison shows good agreement in the µ value
for 197Ir with the assumption of prolate deformation and
suggests I = 1− or 2− for 196Ir and I = 2− for 198Ir.
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Fragmentation of single-particle strength around the doubly-magic
nucleus 132Sn and the position of the 0f5/2 proton-hole state in 131In†
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The neutron-hole and proton-hole nuclei 131Sn and
131In were studied using one-nucleon removal reactions
from doubly-magic 132Sn at relativistic energies. In
131In, a 2910(50)-keV γ ray was observed for the first
time, see Fig. 1, mainly thanks to the good energy and
time resolution of the eight LaBr3 detectors employed
in this experiment. This high-energy γ ray was ten-
tatively assigned to the decay of the 0f5/2 proton-hole
state to the known 1/2− level at 365 keV. Thus, the
excitation energy of the last so far unknown proton-
hole state in 132Sn was fixed to 3275(50) keV. From the
absolute intensities of the observed γ rays, the spec-
troscopic factors for the 1d5/2 and 0g7/2 neutron-hole
states in 131Sn and the 1p3/2 and 0f5/2 proton-hole
states in 131In were determined. They nicely agree
with those of the analog states with quantum numbers
n(ℓ+1)j+1 in 207Pb and 207Tl indicating that the close
resemblance between the shell structures around the
doubly-magic nuclei 132Sn and 208Pb established since
long also holds for the spectroscopic factors. To inves-
tigate the origin of the strong fragmentation of single-
particle strength state-of-the-art calculations based on
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Fig. 1. Doppler-corrected γ-ray spectra of 131In populated
via one-proton removal from 132Sn measured with a) 96
NaI crystals of DALI2 covering polar angles in the range
θ = 50–150◦ and b) eight LaBr3 detectors placed at θ =
30◦ (adopted from Fig. 1 of the original article).

the relativistic particle-vibration coupling model were
performed. While the coupling to the first excited 3−
states in the core nuclei 132Sn and 208Pb was identified
as the main origin for the reduced spectroscopic factors
measured for the 1d5/2/1f7/2 single-particle states in
131Sn/207Pb and the 1p3/2/1d5/2 levels in 131In/207Tl,
clearly more complex coupling scenarios are responsible
for the strong fragmentation and the small measured
spectroscopic factors in the case of the 0g7/2/0h9/2

states in 131Sn/207Pb and the 0f5/2/0g7/2 levels in
131In/207Tl.
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The neutron-hole and proton-hole nuclei 131Sn and
131In were studied using one-nucleon removal reactions
from doubly-magic 132Sn at relativistic energies. In
131In, a 2910(50)-keV γ ray was observed for the first
time, see Fig. 1, mainly thanks to the good energy and
time resolution of the eight LaBr3 detectors employed
in this experiment. This high-energy γ ray was ten-
tatively assigned to the decay of the 0f5/2 proton-hole
state to the known 1/2− level at 365 keV. Thus, the
excitation energy of the last so far unknown proton-
hole state in 132Sn was fixed to 3275(50) keV. From the
absolute intensities of the observed γ rays, the spec-
troscopic factors for the 1d5/2 and 0g7/2 neutron-hole
states in 131Sn and the 1p3/2 and 0f5/2 proton-hole
states in 131In were determined. They nicely agree
with those of the analog states with quantum numbers
n(ℓ+1)j+1 in 207Pb and 207Tl indicating that the close
resemblance between the shell structures around the
doubly-magic nuclei 132Sn and 208Pb established since
long also holds for the spectroscopic factors. To inves-
tigate the origin of the strong fragmentation of single-
particle strength state-of-the-art calculations based on
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Fig. 1. Doppler-corrected γ-ray spectra of 131In populated
via one-proton removal from 132Sn measured with a) 96
NaI crystals of DALI2 covering polar angles in the range
θ = 50–150◦ and b) eight LaBr3 detectors placed at θ =
30◦ (adopted from Fig. 1 of the original article).

the relativistic particle-vibration coupling model were
performed. While the coupling to the first excited 3−
states in the core nuclei 132Sn and 208Pb was identified
as the main origin for the reduced spectroscopic factors
measured for the 1d5/2/1f7/2 single-particle states in
131Sn/207Pb and the 1p3/2/1d5/2 levels in 131In/207Tl,
clearly more complex coupling scenarios are responsible
for the strong fragmentation and the small measured
spectroscopic factors in the case of the 0g7/2/0h9/2

states in 131Sn/207Pb and the 0f5/2/0g7/2 levels in
131In/207Tl.
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Experimental studies of the two-step scheme with an intense radioactive
132Sn beam for next-generation production of very neutron-rich nuclei†
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W. F. Henning∗4,∗5,∗1

The usefulness of a two-step scheme with a 132Sn
beam proposed1) for the efficient production of mid-
heavy very-neutron-rich RIs was investigated, as an al-
ternate method for the in-flight fission of a 238U beam
(one-step scheme). The two-step scheme is a combina-
tion of an isotope-separation online (ISOL) system with
a thick U target and a high-intensity proton beam as
the first step, and the projectile fragmentation of re-
accelerated RI beams (e.g., 132Sn) as the second step.
We measured production cross sections beyond 125Pd,
up to which the cross sections had already been mea-
sured at GSI together with the neighboring RIs,2) to
evaluate the yields of RIs using the two-step scheme with
a 132Sn beam. The 278-MeV/nucleon 132Sn beam was
supplied from BigRIPS, and the very neutron-rich RIs
around the neutron number N = 82 were produced in
the ZeroDegree spectrometer with a 5.97-mm Be target.
Yields obtained by the two-step and one-step schemes
were estimated based on the measured cross sections,
and we examined whether and to what extent the two-
step scheme at future 1-MW beam facilities can reach
further into the neutron-rich region.

Figure 1 shows the production yields of Pd isotopes
obtained using the two-step scheme with a 132Sn beam
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and the one-step scheme with 1-MW beam powers. The
two-step yields (Y2step) decrease more slowly with neu-
tron numbers than the one-step yields (Y1step), and
Y2step becomes larger than Y1step beyond 124Pd. The
ratio of Y2step/Y1step around the N = 82 region is shown
in Fig. 2. This ratio systematically increases, as moving
away from the stability line. Thus, the two-step scheme
is more favorable than the one-step scheme to yield more
neutron-rich region beyond our results, especially for the
region of the supernova r-process path. The calculated
Y2step with a cross-section formula COFRA4) indicated
by black lines reproduces the experimental results well.

ISOL systems can provide various RIs over the nu-
clear chart; thus, a wide region of very neutron-rich RI
beams can be produced by the two-step scheme. By us-
ing the ISOLDE yield database3) and the cross-section
formula COFRA, the Y2step in the whole region was es-
timated. The Y2step was expected to be larger than the
Y1step around the neutron-rich N = 50, 60, 82, and 90,
including the supernova r-process path. The two-step
scheme is considered a powerful tool to open a new win-
dow into the unknown region of mid-mass to heavy, very
neutron-rich nuclei.
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On-line commissioning of the new SLOWRI/ZD-MRTOF system

M. Rosenbusch,∗1 S. Chen,∗2 Y. Hirayama,∗1 D. S. Hou,∗3 S. Iimura,∗4,∗5 H. Ishiyama,∗4 Y. Ito,∗6 S. Kimura,∗4
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The new combined gas cell and MRTOF spectrograph
developed for high-precision atomic mass measurements
at BigRIPS has been finalized and transported to the
F11 position behind the ZeroDegree spectrometer of
RIBF. The combination of the new cryogenic gas cell1)
with the MRTOF system was initially tested in October
2020, where stable 39K+ ions were extracted from the
gas cell and detected at the system’s downstream TOF
detector. The system was ready to operate on-line just
before the start of the 2020 HiCARI campaign, which en-
abled the first on-line commissioning of the new setup.
The commissioning run took place in parasitic on-line
operation during the HiCARI experiments (see HiCARI
APR publications in this volume). After passing the Hi-
CARI target and detectors, the reaction products were
transported through the ZeroDegree spectrometer and
stopped in the new cryogenic gas cell. Energy degraders
were used to reduce the beam energy to match the He
gas cell’s stopping power. The stopped reaction prod-
ucts were extracted mostly as singly-charged ions and
transported to the MRTOF setup2) where their masses
were determined with high precision and accuracy. The
2020 HiCARI campaign lasted throughout the month of
November with five separate experiments, and another
two experiments took place in December. During our
commissioning, mass measurements covering four differ-
ent regions in the nuclide chart have been carried out
(see Fig. 1). Total system efficiencies, determined by
comparing the incoming rate from F11 at the PID sys-
tem with the detected rate after MRTOF, varied accord-
ing to the presence of contaminants in the helium gas.
While some of the radioactive species were dispersed
across molecular sidebands (e.g. 55ScOH+), very rea-
sonable ion transport could be reached for many other
species, e.g. 85As+ with 0.16% and 137Te+ with 1.3% to-
tal efficiency. In sum, the commissioning campaign was
highly successful with more than 70 atomic masses mea-
sured during the HiCARI campaign. Notable results
have been achieved in four different regions. Around
neutron-rich Ti and V isotopes, our results include iso-
topes from Ca to Fe with 55Sc, 58Ti, and 59V being
the most exotic, which improve nuclear masses very re-
cently measured using the TOF-Bρ method at NSCL3)
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Fig. 1. Nuclear mass measurements during the HiCARI cam-
paign and the results by the ZD-MRTOF system. Back-
round color code illustrates the measured precision from
AME2016 (see Nucleus-win for reference).

and RIBF4) denoting the front line of nuclear mass stud-
ies in this region. In the neutron-rich region above Ni,
nuclides have been studied reaching from Ga to Kr with
84Ga, 86Ge, 89As, and 91Se as most exotic isotopes. In
this group the isotopes 88, 89As have been measured for
the first time while three other isotopes provide a signifi-
cant improvement of the previously performed measure-
ments. Another region addressed with success is from
Mo to Rh isotopes including the first mass measurement
of 112Mo. In the fourth region addressed, i.e. near 132Sn,
we have demonstrated the isomeric mass separtion of
134g,mSb (W. Xian, APR same volume). In total, three
isotope masses have been measured for the first time
and eleven other isotope masses improve the present un-
certainty significantly. By performing this first on-line
commissioning of a gas stopper connected to BigRIPS
in a parasitic mode, we were able to efficiently identify
and resolve issues that could not be studied offline. This
will allow for a very rapid improvement in performance
going forward. In March 2021, the next commissioning
run takes place, wherein the neutron-rich Ni region will
be addressed by HiCARI group. Furthermore, two dif-
ferent beam times with the ZD-MRTOF system as main
experiment have been approved for 2021.
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2020, where stable 39K+ ions were extracted from the
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CARI target and detectors, the reaction products were
transported through the ZeroDegree spectrometer and
stopped in the new cryogenic gas cell. Energy degraders
were used to reduce the beam energy to match the He
gas cell’s stopping power. The stopped reaction prod-
ucts were extracted mostly as singly-charged ions and
transported to the MRTOF setup2) where their masses
were determined with high precision and accuracy. The
2020 HiCARI campaign lasted throughout the month of
November with five separate experiments, and another
two experiments took place in December. During our
commissioning, mass measurements covering four differ-
ent regions in the nuclide chart have been carried out
(see Fig. 1). Total system efficiencies, determined by
comparing the incoming rate from F11 at the PID sys-
tem with the detected rate after MRTOF, varied accord-
ing to the presence of contaminants in the helium gas.
While some of the radioactive species were dispersed
across molecular sidebands (e.g. 55ScOH+), very rea-
sonable ion transport could be reached for many other
species, e.g. 85As+ with 0.16% and 137Te+ with 1.3% to-
tal efficiency. In sum, the commissioning campaign was
highly successful with more than 70 atomic masses mea-
sured during the HiCARI campaign. Notable results
have been achieved in four different regions. Around
neutron-rich Ti and V isotopes, our results include iso-
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Fig. 1. Nuclear mass measurements during the HiCARI cam-
paign and the results by the ZD-MRTOF system. Back-
round color code illustrates the measured precision from
AME2016 (see Nucleus-win for reference).

and RIBF4) denoting the front line of nuclear mass stud-
ies in this region. In the neutron-rich region above Ni,
nuclides have been studied reaching from Ga to Kr with
84Ga, 86Ge, 89As, and 91Se as most exotic isotopes. In
this group the isotopes 88, 89As have been measured for
the first time while three other isotopes provide a signifi-
cant improvement of the previously performed measure-
ments. Another region addressed with success is from
Mo to Rh isotopes including the first mass measurement
of 112Mo. In the fourth region addressed, i.e. near 132Sn,
we have demonstrated the isomeric mass separtion of
134g,mSb (W. Xian, APR same volume). In total, three
isotope masses have been measured for the first time
and eleven other isotope masses improve the present un-
certainty significantly. By performing this first on-line
commissioning of a gas stopper connected to BigRIPS
in a parasitic mode, we were able to efficiently identify
and resolve issues that could not be studied offline. This
will allow for a very rapid improvement in performance
going forward. In March 2021, the next commissioning
run takes place, wherein the neutron-rich Ni region will
be addressed by HiCARI group. Furthermore, two dif-
ferent beam times with the ZD-MRTOF system as main
experiment have been approved for 2021.
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Mapping of a new deformation region around 62Ti†
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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 of nuclei far from stability can be
directly probed by mass measurements.

In the neutron-rich Cr and Ti region, the shell evo-
lution around the ls-closed neutron number of 40 has
attracted considerable attention in recent years. The
onset of island of inversion (IoI), which was discovered
around 32Mg1) for the first time, was theoretically pre-
dicted along the N = 40 isotones.2) The IoI is well char-
acterized by the emergence of the Jahn-Teller (JT) stabi-
lization,3,4) which is promoted by configuration mixing
on the Fermi surface. The goal of the present exper-
iment was to confirm the presence or absence of this
effect through the first mass measurements of neutron-
rich Ti isotopes around N = 40.

The experiment was performed at the RI Beam Fac-
tory (RIBF) at RIKEN, which is operated by RIKEN
Nishina Center and Center for Nuclear Study, Univer-
sity of Tokyo. The masses were measured directly by us-
ing the TOF-Bρ technique. Neutron-rich isotopes were
produced by fragmentation of a 70Zn primary beam at
345 MeV/nucleon in a 9Be target. The fragments were
separated by the BigRIPS separator,5) and transported
in the High-Resolution Beamline to the SHARAQ spec-
trometer.6)

Figure 1 shows the present results of the two-
neutron separation energy (S2n) of Sc, Ti, and V iso-
topes, together with theoretical S2n systematics ob-
tained from the macroscopic-microscopic Weizsäcker-
Skyrme-type formula with treatments of two radial basis
functions corrections (LZU).9) This model largely repro-
duces the S2n trends including the present results. How-
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Fig. 1. Two-neutron separation energies (S2n) of Sc, Ti, and
V isotopes around N = 40. Closed symbols indicate val-
ues determined from the present experimental masses,
and open symbols are literature values.7,8). Solid lines
connect isotopes, and dashed lines show theoretical pre-
dictions by the LZU model.9)

ever, it is obvious that the model underestimates the S2n

values in 61, 62Ti isotopes. The results, therefore, con-
firm that 62Ti becomes very stable.

Since the behavior of the mass surface is similar to
that in the N = 20 IoI, it is reasonably demonstrated
that the JT stabilization arises in the vicinity of 62Ti.
The theory4) suggests that this enhancement of the JT
stabilization around 62Ti is caused by configuration mix-
ing among neutron fpgd orbitals enhanced by the degen-
eracy of the neutron orbitals.

References
1) E. K. Warburton, J. A. Becker, B. A. Brown, Phys. Rev.

C 41, 1147 (1990).
2) B. A. Brown, Prog. Part. Nucl. Phys. 47, 517 (2001).
3) H. A. Jahn, E. Teller, Proc. Poy. Soc. A161, 220 (1937).
4) P. -G. Reinhard, E. W. Otten, Nucl. Phys. A420, 173

(1984).
5) T. Kubo, Nucl. Instrum. Methods Phys. Res. B 204, 97

(2003).
6) T. Uesaka et al., Prog. Theor. Exp. Phys. 2012, 03C007

(2012).
7) M. Wang et al., Chin. Phys. C 41, 030003 (2017).
8) Z. Meisel et al., Phys. Rev. C 101, 052801(R) (2020).
9) N. -N. Ma et al., Chin. Phys. C 43, 044105 (2019).

1- S19 -

RIKEN Accel. Prog. Rep. 54 (2021)I. HIGHLIGHTS OF THE YEAR



RIKEN Accel. Prog. Rep. 54 (2021)

Surface localization of the dineutron in 11Li†
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A unique aspect of nuclei with respect to other
fermionic many-body systems is the emergence of
a spatially compact two-neutron pair, dineutron,1)
which is completely different from the Bardeen-Cooper-
Schrieffer-(BCS)-like pairings that appear in momen-
tum space. The dineutron correlation is presumed to
be important for elucidating the stabilities and exotic
structures of neutron drip-line nuclei, as well as the infi-
nite nuclear matter. Studies on the dineutron formation
and the density dependence of 11Li are crucial because
it has a halo structure: the matter density gradually
varies from the saturated core to the very low-density
tail where only valence neutrons exist. It allows the
study of the density-dependent properties of the dineu-
tron correlation.

The quasifree (p, pn) reaction was employed to probe
the entire volume of 11Li with the least effect of absorp-
tion. The measurement was performed at RIBF using
the SAMURAI spectrometer,2) combined with the 15-
cm-thick liquid hydrogen target MINOS3) and dedicated
(p, pn) setup.

The strength of the dineutron in 11Li was evaluated
by using the correlation angle θnf , which is the angle
between the momentum vectors of two valence neutrons.
The spatially compact dineutron should have an angle
larger than 90◦. Figure 1 shows that the mean value of
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Fig. 1. Mean values of the correlation angle. Black dashed
line shows the expected ⟨θnf ⟩ value for the two uncorre-
lated neutrons. Inset shows a schematic of θnf in 11Li.

θnf clearly depends on the missing momentum k, which
is the measure of the radial position of the two neutrons
in 11Li. The peak structure of ⟨θnf ⟩ at k ∼ 0.3 fm−1

can be interpreted as the localization of the dineutron,
which is maximized at r ∼ 3.6 fm from the center of
the 9Li core. The quasi-free model4) well reproduces the
experimental data.

The result implies that the dineutron correlation is
prominent only around the 9Li core surface where the
density is 10−3 ≲ ρ/ρ0 ≲ 10−2, and it becomes weaker
at the tail of the halo, where the density is extremely low.
It is consistent with the Hartree-Fock-Bogoliubov calcu-
lation5) for infinite nuclear matter. If this is a universal
characteristic of the dineutron correlation, it should ap-
pear at the low-density surface of any neutron-rich nu-
clei. Future (p, pn) experiments should investigate the
nature of the dineutron correlation in nuclei of interest,
such as 6He, 16C, and 24O.
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Surface localization of the dineutron in 11Li†
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A unique aspect of nuclei with respect to other
fermionic many-body systems is the emergence of
a spatially compact two-neutron pair, dineutron,1)
which is completely different from the Bardeen-Cooper-
Schrieffer-(BCS)-like pairings that appear in momen-
tum space. The dineutron correlation is presumed to
be important for elucidating the stabilities and exotic
structures of neutron drip-line nuclei, as well as the infi-
nite nuclear matter. Studies on the dineutron formation
and the density dependence of 11Li are crucial because
it has a halo structure: the matter density gradually
varies from the saturated core to the very low-density
tail where only valence neutrons exist. It allows the
study of the density-dependent properties of the dineu-
tron correlation.

The quasifree (p, pn) reaction was employed to probe
the entire volume of 11Li with the least effect of absorp-
tion. The measurement was performed at RIBF using
the SAMURAI spectrometer,2) combined with the 15-
cm-thick liquid hydrogen target MINOS3) and dedicated
(p, pn) setup.

The strength of the dineutron in 11Li was evaluated
by using the correlation angle θnf , which is the angle
between the momentum vectors of two valence neutrons.
The spatially compact dineutron should have an angle
larger than 90◦. Figure 1 shows that the mean value of
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Fig. 1. Mean values of the correlation angle. Black dashed
line shows the expected ⟨θnf ⟩ value for the two uncorre-
lated neutrons. Inset shows a schematic of θnf in 11Li.

θnf clearly depends on the missing momentum k, which
is the measure of the radial position of the two neutrons
in 11Li. The peak structure of ⟨θnf ⟩ at k ∼ 0.3 fm−1

can be interpreted as the localization of the dineutron,
which is maximized at r ∼ 3.6 fm from the center of
the 9Li core. The quasi-free model4) well reproduces the
experimental data.

The result implies that the dineutron correlation is
prominent only around the 9Li core surface where the
density is 10−3 ≲ ρ/ρ0 ≲ 10−2, and it becomes weaker
at the tail of the halo, where the density is extremely low.
It is consistent with the Hartree-Fock-Bogoliubov calcu-
lation5) for infinite nuclear matter. If this is a universal
characteristic of the dineutron correlation, it should ap-
pear at the low-density surface of any neutron-rich nu-
clei. Future (p, pn) experiments should investigate the
nature of the dineutron correlation in nuclei of interest,
such as 6He, 16C, and 24O.
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Probing alpha clusters in the low-density region of the nuclear surface†

J. Tanaka,∗1 Z. H. Yang,∗2 S. Typel,∗3,∗4 and T. Uesaka∗1 for the RCNP (p, pα) Collaboration

The formation of alpha clusters in the ground state
of heavy nuclei has been unclear for many years, both
theoretically and experimentally. Although the exis-
tence of preformed alpha particles in alpha-decay nu-
clei is an essential element in the theory of alpha de-
cay,1) it was challenging to explain the appearance of
alpha clusters with the conventional mean-field mod-
els. In recent years, theoretical research based on the
generalized density functional made progress and pre-
dicted that alpha clusters can exist in the low-density
region of the nuclear surface.2) It was shown that the
formation amplitudes of alpha clusters on the nuclear
surface of tin isotopes decrease monotonically with in-
creasing neutron excess, and the formation amplitude
of 124Sn is approximately half that of 112Sn.3) To di-
rectly prove the existence of alpha clusters in the sur-
face of nuclei, the quasi-free alpha knockout reaction
is appropriate.

Our group performed an experiment at the Research
Center for Nuclear Physics of Osaka University. A pro-
ton beam at 392 MeV generated at the cyclotron facil-
ity bombarded stable tin targets (112Sn, 116Sn, 120Sn,
124Sn) with an intensity of 100 nA. To achieve the high-
precision measurement of knocked-out alpha particles,
we used double-arm spectrometers. The experimen-
tal setup is shown in Fig. 1. A proton beam impinges
on a tin target (red arrow from the left). Following a
ASn(p, pα)A−4Cd reaction (emphasized in the inset),
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Fig. 1. Schematic illustration of the experimental setup.
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Fig. 2. (a) Missing-mass spectrum of the 112Sn(p, pα)108Cd
reaction. (b) Neutron-number dependence of the
(p, pα) reaction cross sections.

a scattered proton is analyzed by the Grand Raiden
spectrometer at an angle of 45.3◦. A knocked-out al-
pha particle is analyzed by the LAS spectrometer at
an angle of 60.0◦.

The momenta of scattered protons and knocked-
out alpha particles were analyzed with the Grand
Raiden spectrometer4) and a large acceptance spec-
trometer, respectively. The missing-mass spectra of
Sn(p, pα)Cd reactions were constructed from these mo-
menta, and strong transitions from the ground state of
Sn to the vicinity of the ground state of Cd were ob-
served. Figure 2 shows (a) the missing-mass spectrum
of 112Sn(p, pα)108Cd. The peak indicated by the ar-
row is the transition from the ground state of 112Sn
to the vicinity of the ground state of 108Cd. Fig-
ure 2(b) shows the isotope dependence of cross sec-
tions.5) The black filled circles indicate experimental
data, and the red open squares indicate theoretical pre-
dictions, where the theoretical alpha-cluster formation
probabilities were converted to the (p, pα) cross sec-
tions using nuclear reaction calculations based on the
distorted wave impulse approximation. A good agree-
ment with the theoretical conjecture is observed.

The theoretical study further suggested not only the
control of the formation of alpha clusters by neutron
skins, but also the suppression of neutron skins by the
appearance of alpha clusters. The series of experimen-
tal studies of surface alpha clusters have the potential
to revise the parameters correlated with the neutron-
skin thickness in the nuclear equation of state in the
future.
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Reaction cross sections on a deuteron as a probe of nuclear radii†

W. Horiuchi,∗1 Y. Suzuki,∗2,∗3 T. Uesaka,∗3,∗4 and M. Miwa∗3,∗4

Total reaction or interaction cross section measure-
ment has been used as a standard tool to determine
the nuclear radii of unstable nuclei. The total reaction
cross section of a proton target is known to exhibit
strong incident energy dependence that can be used to
deduce both the neutron and proton radii.1,2) A neu-
tron target may also be useful for the structual study
of the unstable nuclei as it has a different sensitivity
compared to that of the proton target but no neutron
target exists. Since the deuteron is composed of neu-
trons and protons, the total reaction cross section on
a deuteron target must include both information on
the nucleus-neutron and the nucleus-proton scattering
profiles.

To describe high-energy nucleus-deuteron reactions,
we employ the Glauber model,3) wherein the nucleus-
nucleon total reaction cross section σN (N = n, p) can

be obtained by σN =
∫
db (1 −

∣∣eiχP
N (b)

∣∣2). Under
the optical-limit approximation, the optical phase-shift

function eiχ
P
N (b) at the impact parameter vector b can

be evaluated using the projectile’s density and nucleon-
nucleon (NN ) scattering profiles. A unique advantage
of the deuteron target is that one can calculate the
phase-shift function accurately using its ground-state
wave function ϕd(r). The nucleus-deuteron total reac-
tion cross section σd =

∫
db (1− Pd(b)), and it can be

obtained with

Pd(b) =
∣∣∣
∫

dr |ϕd(r)|2eiχ
P
p (b+ 1

2s)+iχP
n (b− 1

2s)
∣∣∣
2

, (1)

where r = (s, z) with z being the beam direction.
In most measurements, the interaction cross section

σd:I is observed but not σd. Since σd includes all inelas-
tic cross sections, σd > σd:I always holds. However, a
calculation of σd:I demands all bound-state wave func-
tions of the projectile, which is difficult in general. For
the deuteron target, provided the projectile has only
one bound state, i.e., its ground state, one can evalu-
ate σd−σd:I with the same inputs required to evaluate
σd as ∆0σ =

∫
db (P0(b)− Pd(b)) with

P0(b) =

∫
dr |ϕd(r)|2

∣∣∣eiχP
p (b+ 1

2s)+iχP
n (b− 1

2s)
∣∣∣
2

. (2)

If the projectile has more than one bound state, ∆0σ
gives the lower bound of σd − σd:I .
Figure 1 displays σd, σp, and σn for 30Ne as a
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Fig. 1. Various cross sections for 30Ne adopted from the

original paper. See text for details.

function of incident energy. σd is always significantly
smaller than σp + σn by about 70–90% of σp + σn due
to the “eclipse” of the constituent neutron and pro-
ton.3) The energy dependence of these cross sections
follows that of the NN total cross section. The in-
formation of the nucleus-neutron scattering profile is
included in σd. As already mentioned, the deuteron
target has the advantages that the upper bound of the
interaction cross section can be evaluated reliably us-
ing the deuteron wave function. Further, Fig. 1 dis-
plays the upper bound of the interaction cross section
σd:I and ∆0σ for 30Ne. ∆0σ has at maximum 60–
70 mb at around 80 MeV/nucleon, which is about 6%
of σd. In addition, ∆0σ decreases with increasing inci-
dent energy. The ratio ∆0σ/σd becomes at most few
percent beyond 300 MeV/nucleon. For the unstable
nuclei near the dripline that has only one bound state,
a reliable interaction cross section can be obtained,
and this greatly improves the accuracy of the radius
extraction. We conclude that measuring the total re-
action cross sections on both deuteron and proton tar-
gets is the most unambiguous and promising approach
to determine the neutron and proton radii of unstable
nuclei.
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Total reaction or interaction cross section measure-
ment has been used as a standard tool to determine
the nuclear radii of unstable nuclei. The total reaction
cross section of a proton target is known to exhibit
strong incident energy dependence that can be used to
deduce both the neutron and proton radii.1,2) A neu-
tron target may also be useful for the structual study
of the unstable nuclei as it has a different sensitivity
compared to that of the proton target but no neutron
target exists. Since the deuteron is composed of neu-
trons and protons, the total reaction cross section on
a deuteron target must include both information on
the nucleus-neutron and the nucleus-proton scattering
profiles.

To describe high-energy nucleus-deuteron reactions,
we employ the Glauber model,3) wherein the nucleus-
nucleon total reaction cross section σN (N = n, p) can

be obtained by σN =
∫
db (1 −

∣∣eiχP
N (b)

∣∣2). Under
the optical-limit approximation, the optical phase-shift

function eiχ
P
N (b) at the impact parameter vector b can

be evaluated using the projectile’s density and nucleon-
nucleon (NN ) scattering profiles. A unique advantage
of the deuteron target is that one can calculate the
phase-shift function accurately using its ground-state
wave function ϕd(r). The nucleus-deuteron total reac-
tion cross section σd =

∫
db (1− Pd(b)), and it can be

obtained with
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∣∣∣
∫

dr |ϕd(r)|2eiχ
P
p (b+ 1

2s)+iχP
n (b− 1
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, (1)

where r = (s, z) with z being the beam direction.
In most measurements, the interaction cross section

σd:I is observed but not σd. Since σd includes all inelas-
tic cross sections, σd > σd:I always holds. However, a
calculation of σd:I demands all bound-state wave func-
tions of the projectile, which is difficult in general. For
the deuteron target, provided the projectile has only
one bound state, i.e., its ground state, one can evalu-
ate σd−σd:I with the same inputs required to evaluate
σd as ∆0σ =

∫
db (P0(b)− Pd(b)) with

P0(b) =

∫
dr |ϕd(r)|2

∣∣∣eiχP
p (b+ 1

2s)+iχP
n (b− 1

2s)
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. (2)

If the projectile has more than one bound state, ∆0σ
gives the lower bound of σd − σd:I .
Figure 1 displays σd, σp, and σn for 30Ne as a
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function of incident energy. σd is always significantly
smaller than σp + σn by about 70–90% of σp + σn due
to the “eclipse” of the constituent neutron and pro-
ton.3) The energy dependence of these cross sections
follows that of the NN total cross section. The in-
formation of the nucleus-neutron scattering profile is
included in σd. As already mentioned, the deuteron
target has the advantages that the upper bound of the
interaction cross section can be evaluated reliably us-
ing the deuteron wave function. Further, Fig. 1 dis-
plays the upper bound of the interaction cross section
σd:I and ∆0σ for 30Ne. ∆0σ has at maximum 60–
70 mb at around 80 MeV/nucleon, which is about 6%
of σd. In addition, ∆0σ decreases with increasing inci-
dent energy. The ratio ∆0σ/σd becomes at most few
percent beyond 300 MeV/nucleon. For the unstable
nuclei near the dripline that has only one bound state,
a reliable interaction cross section can be obtained,
and this greatly improves the accuracy of the radius
extraction. We conclude that measuring the total re-
action cross sections on both deuteron and proton tar-
gets is the most unambiguous and promising approach
to determine the neutron and proton radii of unstable
nuclei.
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Mean-square radius of the neutron distribution and skin thickness
derived from electron scattering†

H. Kurasawa,∗1 T. Suda,∗2,∗3 and T. Suzuki∗2

To the authors’ knowledge, this is the first study to
deduce the neutron distribution from electron scatter-
ing data in the history of nuclear physics.1)

The question how neutrons are distributed in nuclei
has been a longstanding problem. Although it is one
of the most fundamental problems in nuclear physics,
the neutron distribution has not been well determined
yet, because there is no simple and reliable method to
explore it experimentally.2) In contrast to the neutron
distribution, the proton distribution has been widely
investigated through the nuclear charge density de-
duced from electron scattering.3) Electron scattering
is an unambiguous and unique tool to examine the
charge distribution, because the electromagnetic inter-
action is well understood and allows reactions that do
not disturb the nuclear ground-state properties.4)

So far, electron scattering has been believed to be
useful for the study of the only proton distribution and
has not been discussed in the context of the neutron
distribution in nuclei.4) The SCRIT in RIKEN5) also
constructed with the primary objective of exploring
the proton distribution in unstable nuclei, although the
neutron distribution plays a crucial role in the stability
of neutron-rich nuclei. Such dogma is based on the
fact that the neutron charge density is approximately
1% of the total nuclear charge density and oscillates
as a function of the nuclear coordinate, yielding zero
integrated charge.

Recently, the precise expressions for the moments of
the nuclear charge density were derived according to
relativistic quantum mechanics.6) It has been shown
that the second-order moment of the nuclear charge
density(R2

c) is dominated by the mean-square radius
(msr) of the point proton distribution (R2

p), while the
nth (≥ 4)-order moment depends on the (n-2)th-order
moment of the point neutron distribution also. For
example, the fourth-order moment (Q4

c) of the charge
density depends on the msr of the point neutron dis-
tribution (R2

n). The contribution of R2
n to Q4

c is dom-
inated by the number of excess neutrons.

The present authors have analyzed experimental
data of R2

c and Q4
c deduced from the electron scatter-

ing off 40Ca, 48Ca, and 208Pb, which are available at
present.3) First, using relativistic and non-relativistic
mean field models accumulated over the last 50 years
in nuclear physics, the linear relationship between the
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various moments are explored with the use of the least-
squares method. Next, from the intersection of the
predicted least-square lines and the lines of the exper-
imental value for R2

c or Q4
c , the values of R2

n together
with R2

p of those nuclei have been estimated. They are
obtained within 1% accuracy, including both experi-
mental error and the standard deviation of the least-
square lines.1)

This paper opens a new possibility of electron scat-
tering as a clean and practical probe to extract neutron
density information. As the contributions from the
neutron density to the charge density are expected to
increase in neutron-rich nuclei, the new electron scat-
tering facilities in the world5) which are led by the
SCRIT7) would make the forthcoming study of unsta-
ble nuclei more efficient and stimulating, both experi-
mentally and theoretically.
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Isotopic production of high-radiotoxic nuclide 90Sr via proton- and
deuteron-induced reactions†
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The processing of spent fuels from nuclear power
plants is a worldwide problem. The by-products of
the reprocessing of spent fuels are high-level radioac-
tive wastes, which contain minor actinides and fission
products. In this study, we focus on 90Sr, which is the
most radiotoxic nuclide in fission products.1) There is a
strong desire to develop nuclear transmutation technol-
ogy using accelerator facilities to reduce these harmful
nuclides. The simplest method is to irradiate the ra-
dioactive waste with a neutron beam. However, it is
not well known how much and into which nuclide 90Sr
is transmuted in this reaction. Therefore, it is essential
to study the reaction cross sections to each nuclide from
90Sr in advance. From this perspective, the inverse kine-
matics, i.e., incident 90Sr beam on light-particle targets,
is an effective method for identifying reaction products
in the forward direction.

The experiment was performed at RIBF. A secondary
beam including 90Sr was produced by the in-flight fis-
sion of 238U at 345 MeV/nucleon on a 3-mm-thick 9Be
production target, selected and identified event-by-event
using the TOF-Bρ-∆E method.2) Beam particles at
104 MeV/nucleon bombarded CH2, CD2, and C reac-
tion targets placed at the entrance of ZDS. The residual
nuclei produced in reactions were identified in ZDS with
the same method as BigRIPS. Because the momentum
acceptance of ZDS is limited to ±3%, the experiment
was conducted using five different momentum settings
(∆ (Bρ) /Bρ = −9, −6, −3, 0, and +3%) for each tar-
get to accept a wide range of the mass-to-charge ratio
A/Q. The reaction cross sections were deduced from the
number of incident 90Sr nuclides, the number of residual
particles of each species, and the thickness of the target.
The backgrounds of carbon from CH2 and CD2 targets
and beam-line materials were subtracted using empty
and carbon target runs.

The data points above 1 mb were obtained with good
statistics. These were compared with the calculations
using the Particle and Heavy Ion Transport code System
(phits),3) as shown in Fig. 1. The Liége Intranuclear
Cascade model (incl4.6) and the Generalized Evapora-
tion Model (gem) were employed in the calculations. It
is observed that the calculation results were overesti-
mated around the mass number of the projectile. Few-
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Fig. 1. Isotopic-production cross sections of proton- (circles)
and deuteron-induced (diamonds) reactions and those ob-
tained from the phits calculations (proton for solid and
deuteron for dotted lines).

nucleon removal reactions are not interpreted properly
in incl because momentum distributions of the nuclear
surface are treated in a semiclassical way.4) In addition,
even-odd staggering effects appeared excessively for nu-
clides produced by emitting many nucleons. This may
be controlled to some extent by considering the compe-
tition between particle and γ-ray emissions, as well as
the discrete energy levels, in the gem.

In the lower energy deuteron-induced reaction, it
has been observed that the initial reaction mechanism
changes drastically due to the breakup into proton and
neutron during the reaction.5) Thus, we would also like
to obtain the reaction data for 90Sr in the near future.
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CP -odd gluonic operators in QCD spin physics†

Y. Hatta∗1,∗2

The explanation of matter-antimatter asymmetry of
the universe requires new origins of CP -violation be-
yond the Standard Model (BSM). One of the inter-
esting CP -violating operators that can be induced in
the QCD Lagrangian due to BSM physics is the Wein-
berg operator.1) In this report I point out a novel rela-
tion between the hadronic matrix element of the Wein-
berg operator and a certain twist-four correction in
polarized Deep Inelastic Scattering (DIS). Such a re-
lation suggests an exciting possibility that polarized
DIS experiments can provide useful information to the
physics of the nucleon electric dipole moment (EDM),
or more generally, BSM-origins of hadronic CP viola-
tions.

The Weinberg operator is a dimension-six purely
gluonic operator

OW = gfabcF̃
a
µνF

µα
b F ν

cα. (1)

This operator violates CP and can be induced in
the QCD Lagrangian by physics beyond the Standard
Model. It is considered as one of the candidate op-
erators to generate a large EDM of the nucleons and
nuclei.

The key observation is the following exact operator
identity

OW = −∂µ(F̃µν
←→
D αF

να)− 1

2
F̃µν

←→
D 2Fµν

≡ O4 +OD, (2)

Eq. (2) shows that one can choose OW and O4 as the
independent basis of operators and study their mixing.
Due to the equation of motion, one can write

O4 ≈ ∂µ(ψ̄gF̃µνγ
νψ), (3)

to linear order in partial derivative ∂µ. Such mixing is
usually neglected in the literature because O4 is a total
derivative and hence does not contribute to the CP -
violating effective action

∫
d4xO4 = 0. However, when

it comes to hadronic matrix elements, mixing becomes
crucial because only the nonforward matrix element is
nonvanishing. Specifically, their RG equation takes the
form

d

d lnµ2

(
OW

O4

)
= −αs

4π

(
γW γ12
0 γ4

)(
OW

O4

)
(4)

where

γW =
7

3
Nc +

2

3
nf (5)
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is the anomalous dimension of the Weinberg opera-
tor.2) The anomalous dimension of O4 is the same
as that of the undifferentiated, twist-four operator
ψ̄gF̃µνγνψ and is known to be3)

γ4 =
8

3
CF +

2

3
nf . (6)

To determine the off-diagonal component γ12, I evalu-
ate the following three-point Green’s function

⟨0|T{ψ(−k)Aρ
a(q)ψ̄(p)OW }|0⟩ (7)

with off-shell momenta and nonzero momentum trans-
fer ∆ = k − p− q ̸= 0. The result is

γ12 = −3Nc. (8)

It immediately follows that the following linear combi-
nation is the eigenstate of the RG evolution

OW +
γ12

γW − γ4
O4 = OW − 9N2

c

3N2
c + 4

O4. (9)

Since this operator has a rather large anomalous di-
mension γW ∼ 10, in particular larger than γ4 by a fac-
tor of about 2, at high enough renormalization scales
µ2 one has

⟨OW ⟩ ≈ 9N2
c

3N2
c + 4

⟨O4⟩ ≈ 2.61⟨O4⟩, (10)

In terms of the nucleon matrix elements

⟨P |ψ̄gF̃µνγνψ|P ⟩ = −2f0M
2Sµ (11)

1

M3
⟨P ′|gfabcF̃ a

µνF
µσ
b F ν

cσ|P ⟩ = 4Eū′iγ5u. (12)

I get

E ≈ 9N2
c

2(3N2
c + 4)

f0 ≈ 1.3f0. (13)

Therefore, one can evaluate the matrix element E of
the Weinberg operator through the measurement of the
f0 parameter relevant to the twist-four corrections in
polarized DIS.4,5) f0 can be extracted from the g1(x)
structure function measured at the future Electron-
Ion Collider (EIC) in the U.S. This is a new connec-
tion between the EIC and physics beyond the Standard
Model. It will demonstrate the EIC’s unique capabil-
ity to address low-energy nucleon observables in a high
energy collider.
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Start the operation of AVF-BIS and its performance evaluation as a
successor system to BIS

M. Komiyama,∗1 A. Uchiyama,∗1 M. Fujimaki,∗1 M. Hamanaka,∗2 T. Nakamura,∗2 and N. Fukunishi∗1

The beam interlock system (BIS) for machine protec-
tion began operation in 2006 along with the beam com-
missioning of RIBF.1) The BIS is still under stable op-
eration; however, its maintenance has become gradually
difficult because some of the modules used in the system
are discontinued and cannot be replaced. In addition,
another problem is the declining performance of the sys-
tem because of the increase in the number of inputs to
the system during its 14 years of operation. Measure-
ments performed in summer 2020 show that the average
response time of BIS, the time from when the system re-
ceives the interlock signal to when the beam is stopped,
is approximately 18 ms, which is greater than the system
design value of 10 ms. To operate higher-power beams in
the future more safely, a response speed of 10 ms or less
is required. Therefore, we have been developing a succes-
sor system to the BIS for a few years, and we applied the
prototype to the AVF cyclotron and its low-energy ex-
perimental facility as AVF-BIS in summer 2020. We will
report its operation status and performance evaluation.

The hardware constitution and process flow of the pro-
totype are shown in Fig. 1; the details are reported in
Ref. 2). One new advantage of the prototype is that it
has a multi-central processing unit (CPU) configuration
that can shorten the response time of the system by using
different CPUs according to the speed required by each
process such as stopping the beam after receiving the in-
terlock signal and parameter setting of the system. We
set up the prototype comprising two programmable logic
controller (PLC) stations: one with a Linux-based CPU
and a sequence CPU was installed in the vault for the po-
larized ion source, and the other with a sequence CPU
was installed in vault C for the power supplies for the
magnets. The communication between the two stations
was performed through FL-net (an open network proto-
col used for interconnection between controllers) using
dedicated wiring; the signal setting and monitoring are
performed by the terminal in the control room via the
Ethernet. In AVF-BIS, 25 digital inputs and 24 analog
inputs are used as the interlock signals; 5 digital outputs
are used to stop a beam in total.

As a result of the oscilloscope-measured signal trans-
mission speed in the AVF-BIS, the observed response
time averaged 2 ms and 5.7 ms, respectively, within
one station and with both stations. The average re-
sponse time is 1.4 ms and 3.8 ms for the operation within
one station and using two stations, respectively, in the
test prior to the introduction of the prototype as AVF-
BIS. The difference between the two measurements is at-
tributed to the difference in the length of the ladder pro-

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

Fig. 1. Hardware constitution and process flow in the proto-
type. Blue lines represent communication via Ethernet,
green lines represent communication via PLC bus, and
purple lines represent communication via FL-net.

gram executed on the sequence CPU: the ladder program
became longer as a result of the repeated program modi-
fications when operating the prototype as the AVF-BIS.
However, it is sufficient as the performance of the AVF-
BIS. When deploying the AVF-BIS in the same scale as
the BIS that consists of 5 PLC stations with roughly
400 signals, the response time is estimated to be almost
10 ms. The basis for the estimation is as follows: increase
the number of total signals and the time required for the
signal transmission via FL-net increases depending on
the number of PLC stations.

The above result shows that it is possible to achieve
half the response time of the existing BIS by expanding
the prototype to the successor system of the BIS; how-
ever, simultaneously, it shows that it limits the perfor-
mance of the system. In a system with insufficient per-
formance, it may not be possible to maintain the increase
in the number of signals required to be monitored by the
BIS in the future when a higher-power beam accelerated
by RIBF, and another higher performance system may
be required again. To avoid such a scenario, we have
started to study a system with a field-programmable
gate array (FPGA). The process that requires high speed
is executed on the FPGA while the system is designed
based on PLC. The system aims to reduce the response
time to digital input signals to less than 1 ms.
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HiCARI: High-resolution Cluster Array at RIBF
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The RIKEN Nishina Center and the RIBF have been
conducting in-beam γ-ray spectroscopy experiments at
the forefront of nuclear structure research. Studies on
exotic nuclei have focused on experiments employing
beams with the largest possible isospin asymmetry. Low
beam intensities require thick secondary reaction tar-
gets to achieve reasonable luminosity for measurements
as well as a high efficiency γ-ray detector. The NaI(Tl)
detector array DALI21) features a very high detection
efficiency, ∼20% for 1 MeV γ rays, but it has very lim-
ited resolution for the transition energies (approximately
10% FWHM for typical in-beam experiments). This de-
tector is ideally suited for first spectroscopy experiments
for nuclei at the limits of the known nuclear chart, as well
as for studies featuring low level densities or selective
population of states such as magic nuclei or Coulomb
excitation. The detailed spectroscopy of complex level
schemes and measurements of excited state lifetimes are
not possible with the DALI2 array.

To overcome these limitation for in-beam γ-ray spec-
troscopy experiments at the RIBF, the HiCARI project
was initiated. The HiCARI array comprises segmented
high-purity germanium detectors. This provides excel-
lent energy resolution to in-beam experiments by im-
proving both the intrinsic energy resolution of the de-
tector material itself and the position resolution for the
interaction points of the γ ray with the detector ma-
terial, which is required for the Doppler reconstruction
of transition energies. The high resolution also allows
determining the lifetimes of excited states by analyz-
ing the shape of the peak in the Doppler reconstructed
spectrum. For the HiCARI array, eight Miniball triple
cluster detectors,2) 8(4)-fold segmented Clover detectors
from IBS Korea (two clusters) and IMP China (four clus-
ters), the RCNP quad-type 36-fold segmented tracking
detector, and a triple segmented tracking detector P3
from LBNL Berkeley, which is also 36-fold segmented,
are available. The final array installed at the F8 focus
for experiments employing the ZeroDegree spectrometer
comprises six Miniball triples, four Clovers, and the two
tracking detector modules; it is shown in Fig. 1.

The readout electronics is based on the digital data ac-
quisition of the GRETINA array.3) The signals of each
central contact and segment electrode are digitized with
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∗2 RIKEN Nishina Center
∗3 RCNP, Osaka University
∗4 Nuclear Science Division, Lawrence Berkeley National Labo-

ratory
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Fig. 1. HiCARI array located at the F8 focus. The beam
enters through the beam pipe from the left. The forward
ring (θlab ∼ 22–55◦) comprises six Miniball detector mod-
ules (MB). The tracking detectors (P3 and Quad) are lo-
cated in the horizontal plane, with the Clover detectors
(CL) arranged on top and bottom of the θlab ∼ 60–85◦

ring.

a 100 MHz sampling rate and recorded. The energy
is derived using a trapezoidal filter algorithm. For the
tracking detectors, the energy and three-dimensional po-
sition information of individual interaction points within
the segments is derived from the GRETINA signal de-
composition analysis.

Before the experimental campaign (for details on in-
dividual experiments, see contributions in this volume),
a series of characterization and commissioning measure-
ments was performed. In-beam measurements using an
intense 82Ge beam of approximately 260 MeV/nucleon
impinging on Be and Au targets of various thicknesses
were used to characterize the in-beam efficiency and res-
olution of the HiCARI array. The response to the high-
intensity, low-energy radiation from atomic processes in
the collision of beam and target was also investigated,
and the effect of different shielding materials was ex-
plored.
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Removing non-isobaric ions from an MRTOF-MS by periodic electric
pulses

S. X. Yan,∗1,∗2 M. Rosenbusch,∗2 W. D. Xian,∗3,∗2 S. D. Chen,∗3,∗2 Y. Hirayama,∗2 D. S. Hou,∗4,∗2 S. Iimura,∗5,∗6
H. Ishiyama,∗5 Y. Ito,∗7 S. Kimura,∗5 J. J. Liu,∗3,∗2 H. Miyatake,∗2 S. Nishimura,∗5 T. Niwase,∗8,∗5,∗2 P. Schury,∗2

A. Takamine,∗5 M. Wada,∗2 Y. X. Watanabe,∗2 and H. Wollnik∗9

In the recent SLOWRI/ZD-MRTOF1) commissioning
run, radioactive ions were extracted with stable molec-
ular ions spanning a wide mass range from impurities
in the helium gas cell. Owing to the periodic nature
of an MRTOF mass spectrometer (MRTOF-MS), this
leads to an overlapping of ions with ions of varying
A/q performing different numbers of laps in the TOF
spectra. Unwanted stable molecular ions with higher
abundance than the ions of interest prevented the
identification of exotic isotopes from BigRIPS. Thus,
it was necessary to devise a new purification method
to remove contaminant ions as much as possible in our
online measurement. An in-trap mass separation system
for the ZD-MRTOF system was not yet installed during
commissioning runs. Such systems are scheduled for
the future based on existing knowledge, e.g., selection
methods called in-trap potential lift technique2) and
in-trap deflector technique.3) Both techniques apply
electric pulses to eject unwanted ions, where a single
pulse on the order of a kilovolt is used at the moment of
ion ejection (only applicable for isobaric ion separation)
in the first method, and periodic low-voltage pulses are
applied to a deflector inside the MRTOF device for
the wideband ejection of ions in the second method.
Here, we implement a new mass filter method based on
periodic 600 V pulses of 2–4 µs duration using mirror
electrodes that were on the ground potential previously.
This periodic rectangular pulse is applied to injection-
side mirror electrodes 5–8 (see graphic and simulated
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Lens Eject mirror

To detector

Inject mirror 5, 6, 7, 8

Pulse off (0 V)

Pulse on (600 V)

Fig. 1. Schematic of cleaning mode and potential distribu-
tion along the axis in MRTOF-MS.
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Fig. 2. Measured TOF spectrum without and with the
cleaning mode; spectral peak marked in red is 82Ge.

potentials in Fig. 1).
The flight time depends on the mass-to-charge ratio

t ∝
√

(A/q) of the ions. Different ion species of equal
initial energy separate during flight in the MRTOF
analyzer according to their A/q. The “on”/“off” stage
of the pulses is synchronized with the wanted A/q
value, and therefore, it is ensured that the ions of
interest always experience the “off” stage when crossing
the pulsed electrodes. In turn, the unwanted A/q
ions are not synchronized, and they cross the pulsed
region randomly in time. Being affected by the pulses
once or several times changes their kinetic energy and
additionally scatters the ions in a radial direction, which
leads to unstable trajectories and ejection of ions. This
ejection scheme was first tested in a simulation, and then
applied in the experiment. After about 100–200 laps,
ions of undesirable A/q crossed this region several times,
and they could mostly be removed from the system. In
our online experiments, the cleaning mode was applied;
a comparison without and with the cleaning is shown
in Fig. 2. Only the selected mass range is retained,
and other mass areas are considerably clean in the
spectrum. Although a very slight peak shift may occur
due to the fluctuation of mirror potentials, this can
be measured and corrected in the mass analysis. The
new cleaning method was successful and enabled our
first online measurements to determine low count rate
nuclides.
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ion ejection (only applicable for isobaric ion separation)
in the first method, and periodic low-voltage pulses are
applied to a deflector inside the MRTOF device for
the wideband ejection of ions in the second method.
Here, we implement a new mass filter method based on
periodic 600 V pulses of 2–4 µs duration using mirror
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(A/q) of the ions. Different ion species of equal
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analyzer according to their A/q. The “on”/“off” stage
of the pulses is synchronized with the wanted A/q
value, and therefore, it is ensured that the ions of
interest always experience the “off” stage when crossing
the pulsed electrodes. In turn, the unwanted A/q
ions are not synchronized, and they cross the pulsed
region randomly in time. Being affected by the pulses
once or several times changes their kinetic energy and
additionally scatters the ions in a radial direction, which
leads to unstable trajectories and ejection of ions. This
ejection scheme was first tested in a simulation, and then
applied in the experiment. After about 100–200 laps,
ions of undesirable A/q crossed this region several times,
and they could mostly be removed from the system. In
our online experiments, the cleaning mode was applied;
a comparison without and with the cleaning is shown
in Fig. 2. Only the selected mass range is retained,
and other mass areas are considerably clean in the
spectrum. Although a very slight peak shift may occur
due to the fluctuation of mirror potentials, this can
be measured and corrected in the mass analysis. The
new cleaning method was successful and enabled our
first online measurements to determine low count rate
nuclides.
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Development of the gaseous Xe scintillation detector for heavy RI beams

Y. Hijikata,∗1 J. Zenihiro,∗1 H. Baba,∗2 M. Dozono,∗3 S. Enyo,∗1 N. Fukuda,∗2 T. Harada,∗2,∗4 Y. Matsuda,∗5
S. Michimasa,∗3 D. Nishimura,∗6 S. Nishimura,∗2 S. Ota,∗3 H. Sakaguchi,∗7 H. Sato,∗2 Y. Shimizu,∗2

S. Sugawara,∗6 H. Suzuki,∗2 H. Takahashi,∗6 H. Takeda,∗2 S. Takeshige,∗8 J. Tanaka,∗2 S. Terashima,∗9 R. Tsuji,∗1
T. Uesaka,∗2 S. Yamamura,∗10 and K. Yoshida∗2

In this contribution, we briefly report on the perfor-
mance test of the gaseous Xe scintillation detector in-
stalled in the F7 vacuum chamber of BigRIPS. In this
test, we use the detector for the particle identification
of heavy RI beams up to the atomic number Z ∼ 90
for the first time. At present, RIBF is the best facility
for the generation of high-intensity and high-energy RI
beams in the world. However, the use of high-intensity
RI beams is now limited because of radiation damage
and/or the slow responses of the standard detectors of
BigRIPS.1) As machine time is also limited because of
the hogh cost of electric power, failure to use the high-
intensity RI beams would be a significant loss.

Therefore, we proposed a new detector using scintil-
lation photons from Xe gas. Because the average energy
expended per scintillation photon is very small (<20 eV)
and its lifetime is relatively short (5 ns and 100 ns),2)
the detector is expected to have a good energy resolution
and a fast response time. The Xe detector is promising
for the ∆E measurements of high-intensity RI beams
(>100 kcps), where the ion chamber (IC) cannot work
because of the slow response. To replace the IC with the
Xe detector, we must first compare its energy resolution

Fig. 1. Photograph of the new version of the gaseous Xe
scintillation detector. Four 2-inch-ϕ PMTs (Hamamatsu,
R6041-406) were attached to the corners.
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Fig. 2. Z obtained using the IC (left) and the Xe detector
(right) vs. A/Q spectra with the Ge setting.

to that of the IC. A prototype of the detector was tested
using a cocktail secondary beam at 300 MeV/nucleon up
to Z = 55 at HIMAC, QST in Chiba. An rms resolution
of ∆Z = 0.2 around Z = 55 in sigma was achieved.3)
However, it is difficult to install the prototype in the
vacuum chambers at the focal planes in the BigRIPS
beamline owing to the thick detector material, which
consists of 4-atm and 12-cm-thick Xe gas and 2-mm-
thick Al windows. We recently built a new version of
the Xe detector with 2-atm and 9-cm-thick Xe gas and
125-µm-thick Kapton windows, as shown in Fig. 1. The
material thickness is approximately 100 mg/cm2, which
is comparable to that of the IC.

In November 2020, we installed the new detector in
the F7 vacuum chamber for the first time and performed
a test experiment by using several heavy RI and pri-
mary beam settings such as Ge, Sb, Er, Th, and U.
We successfully acquired data of particles of different Z
and different beam intensities. For the readout circuits,
flash ADC (CAEN V1730) have been used in addition to
the conventional QDC and TDC modules to check the
high-rate torelance. Figure 2 shows the obtained two-
dimensional PI spectra with the Ge setting. To deduce
Z and A/Q values, the energy loss ∆E of the IC and the
Xe detector as well as time of flight between the F3 and
F7 plastic scintillators are used. The rms resolution of
∆Z ∼ 0.22 determined from the ∆E in the Xe detector
is very close to that of the IC. Although the analysis
is ongoing, the preliminary spectra show that the Xe
detector will be helpful under high-intensity beam con-
ditions.
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µSR study of slightly pressurized organic superconductorκ-(ET)4Hg2.89Br8

D. P. Sari,∗1,∗2 Y. Ishii,∗1 I. Watanabe,∗2 and H. Taniguchi∗3

Organic superconductors are single-band system, sim-
ilar to high-critical-temperature (high-Tc) cuprates su-
perconductors. A distinct difference can be observed in
their lattice, i.e., squared cuprates and triangular or-
ganics. In the case of squared cuprates, the Mott insu-
lating state has an antiferromagnetic (AF) ground state
in the 1/2-filled band case, while the anisotropic trian-
gular (t = t′) organics also exhibit AF state. Here, t
and t′ are the nearest and next nearest transfer inte-
gral between sites, respectively. For a triangular lattice
Mott insulator, owing to geometrical frustration (t ∼ t′),
the system cannot be magnetically ordered down to the
mili-Kelvin order, i.e., a spin liquid state. Owing to hole
doping, it should also become metallic and supercon-
ducting (SC). However, the realistic candidate material
was limited until the discovery of hole-doped organic su-
perconductor κ-(ET)4Hg2.89Br8 (κ-HgBr). In metallic
state, resistivity exhibits the linear-temperature depen-
dence, ρ ∝ T , which is not a Fermi-liquid behavior. The
susceptibility from 300 to 2 K is nearly perfectly scaled
to that of a non-doped spin liquid organic insulator κ-
(ET)2Cu(CN)3.1) By pressure, this non-Fermi-liquid be-
havior turns into conventional Fermi-liquid behavior at
the Pc = 0.5 GPa, where Tc is also the highest (∼7 K)
in the pressure-temperature phase diagram.2) The non-
Fermi-liquid behavior at low-pressure region is similar
to the metallic state of high-Tc cuprates or low-pressure
range of multi-band heavy fermion CeCoIn5, and it is
referred to as a strange metallic region.1,2) Because κ-
HgBr exhibits similarities with other strongly correlated
electron systems, it is interesting to determine the type
of Cooper pairing that occurs in κ-HgBr.

We aim to determine the pairing symmetry in κ-
HgBr by µSR. We performed µSR measurement down
to 0.3 K on the ARGUS spectrometer at the RIKEN-
RAL muon facility with HELIOX cryostat and fly-path
setup. We developed a technique for applying a de-
cent pressure on κ-HgBr crystals because at ambient
pressure, the SC state of κ-HgBr is not bulky due to
the inhomogeneous state.3) Approximately 130 mg crys-
tals were carefully aligned and stuck together using di-
luted polymer glue. This strategy was effective for ap-
plying enough pressure on the sample as we conducted
magnetization measurement using SQUID with a simi-
lar sample setup. Figures 1(a) and (b) show the result
of SQUID measurement. The demagnetization effect due
to sample shape was treated for all analyses. The tem-
perature dependence of susceptibility determined Tc =
4.6(2) K whereas the field dependence of magnetization
(MH-curve) was measured at several temperatures; the
SC volume fractions were estimated at each tempera-
ture. Consequently, the estimated SC volume fraction
at 2 K was found to be approximately 90%, as shown in
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Fig. 1. (a) Temperature dependence of SC volume fraction
measured by SQUID. (b) Temperature dependence of Hc1

measured by SQUID down to 2 K compared with µSR
measurement. (c) ZF-µSR time spectra before and after
applying TF of 40 G. The solid lines are the exponential
decay fitting lines. (d) Relaxation rate of ZF-µSR time
spectra after applying several TF, from 2 to 40 G.

Fig. 1(a). Comparing this with the referred result ob-
tained from ac-susceptibility measurement,3) a pressure
of at least 0.3 GPa was applied to the sample. This ex-
pectation was confirmed by the estimation of the lower-
critical field, Hc1, by SQUID, resulting in the absolute
value of Hc1 at 0 K, i.e., 27 Oe. The result is consistent
with the measurement performed using zero-filed (ZF)
µSR at 0.3 K. Hc1 was estimated as follows. The sam-
ple was ZF-cooled to 0.3 K. Transverse-field (TF) was
applied for approximately 10 min to destroy the shield-
ing field. After cutting off the TF, the ZF-relaxation
rate was measured. At TF = 25 Oe, the relaxation
rate started to increase. Therefore, we concluded that
the sample was in bulk condition and a slight pressure,
P ≳ 0.3 GPa, was applied. Using these results, we mea-
sured the ZF-µSR relaxation rate in κ-HgBr down to
0.3 K. The temperature independence of ZF-relaxation
rate was observed, indicating that spontaneous internal
fields do not appear in the superconducting state. This
result is consistent with that in Ref. 4), in which the mea-
surement was performed down to 1.5 K and at ambient
pressure. Thus, the possibility of spin triplet and d+ id-
wave symmetry in κ-HgBr due to the expected triangular
lattice in κ-HgBr becomes very low. The temperature
dependence of London penetration depth measurement
using TF-µSR is necessary for determining the SC gap
symmetry, which will be discussed in the future work.
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Fig. 1. (a) Temperature dependence of SC volume fraction
measured by SQUID. (b) Temperature dependence of Hc1

measured by SQUID down to 2 K compared with µSR
measurement. (c) ZF-µSR time spectra before and after
applying TF of 40 G. The solid lines are the exponential
decay fitting lines. (d) Relaxation rate of ZF-µSR time
spectra after applying several TF, from 2 to 40 G.

Fig. 1(a). Comparing this with the referred result ob-
tained from ac-susceptibility measurement,3) a pressure
of at least 0.3 GPa was applied to the sample. This ex-
pectation was confirmed by the estimation of the lower-
critical field, Hc1, by SQUID, resulting in the absolute
value of Hc1 at 0 K, i.e., 27 Oe. The result is consistent
with the measurement performed using zero-filed (ZF)
µSR at 0.3 K. Hc1 was estimated as follows. The sam-
ple was ZF-cooled to 0.3 K. Transverse-field (TF) was
applied for approximately 10 min to destroy the shield-
ing field. After cutting off the TF, the ZF-relaxation
rate was measured. At TF = 25 Oe, the relaxation
rate started to increase. Therefore, we concluded that
the sample was in bulk condition and a slight pressure,
P ≳ 0.3 GPa, was applied. Using these results, we mea-
sured the ZF-µSR relaxation rate in κ-HgBr down to
0.3 K. The temperature independence of ZF-relaxation
rate was observed, indicating that spontaneous internal
fields do not appear in the superconducting state. This
result is consistent with that in Ref. 4), in which the mea-
surement was performed down to 1.5 K and at ambient
pressure. Thus, the possibility of spin triplet and d+ id-
wave symmetry in κ-HgBr due to the expected triangular
lattice in κ-HgBr becomes very low. The temperature
dependence of London penetration depth measurement
using TF-µSR is necessary for determining the SC gap
symmetry, which will be discussed in the future work.
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Targeted alpha therapy of cancer: Evaluation of [211At] AAMT
targeting LAT1†

K. Kaneda-Nakashima,∗1,∗2 Z. Zhang,∗2 Y. Manabe,∗1,∗2 A. Shimoyama,∗1,∗2 K. Kabayama,∗1,∗2 T. Watabe,∗1,∗2
Y. Kanai,∗1,∗3 K. Ooe,∗1,∗3 A. Toyoshima,∗1,∗2 Y. Shirakami,∗1,∗2,∗3 T. Yoshimura,∗1 M. Fukuda,∗2,∗4

J. Hatazawa,∗1,∗3 T. Nakano,∗2,∗4 K. Fukase,∗1,∗2 and A. Shinohara∗1,∗2

L-type amino acid transporter 1 (LAT1) is an iso-
form of the system L, which is Na+-independent neutral
amino acid transport agency. LAT1 is expressed in pri-
mary human cancers originating in various organs such
as the brain, lung, thymus, and skin, it is a well-known
specific cancer marker. Amino acid tracers containing
radioactive halogen have attracted attention for use as
probes in single photon emission computed tomography
(SPECT) and positron emission tomography (PET). L-
3-[18F]- α-methyl-tyrosine (18F-FAMT) has higher po-
tential for tumor specificity than 2-deoxy-2-[18F] fluoro-
glucose (18F-FDG), which is widely employed as a PET
probe for cancer staging. Further FDG has the poten-
tial for false-positive accumulation within inflammation
related to high glucose metabolism in macrophages or
neutrophils, whereas 18F-FAMT accumulates in tumors
via LAT1, which is expressed only in cancer cells.1) In
contrast, 18F-FAMT is not transported by other iso-
forms of the system L (e.g., LAT2, LAT3, and LAT4),
that are expressed in normal tissues.2,3) Therefore, our
L-3-[211At] - α-methyl-tyrosine (211At-AAMT) is ex-
pected to exhibit LAT1 specificity and to have the po-
tential to be used as a targeting alpha therapy (TAT)
treatment.

Methods
The 209Bi(α, 2n)211At reaction using the AVF Cy-

clotron at the Research Center for Nuclear Physics, Os-
aka University (Ibaraki, Japan) was used to produce
211At.4) Further 211At was produced with the same nu-
clear reaction at the Nishina Center for Accelerator-
Based Science, RIKEN, and it was then transported to
the Osaka University.

PANC-1 cells were cultured at 37◦C in D-MEM con-
taining 10% fetal bovine serum and 1% antibiotics in
a humidified incubator with 5% CO2. Cultured cells
were washed in PBS (-) and harvested with trypsin.
Tumor xenograft models were established by the sub-
cutaneous injection of 1× 107 cells in 0.2 mL of serum-
free medium and Matrigel (1:1) into female BALB/c-
nu/nu mice. PANC-1 xenograft mice (10 weeks old;
body weight = 19.3± 1.4 g) were used when the tumor
size reached approximately 50 mm3 on average.

The mice were divided into two groups according to
the injected dose [0.4 MBq (n = 4, 4.0± 0.2 MBq/mL);
control (n = 4)]. The control group only received sol-

† Condensed from the article Cancer Sci. 112(3), 1132 (2021)
∗1 Institute for Radiation Sciences, Osaka University
∗2 Graduate School of Science, Osaka University
∗3 Graduate School of Medicine, Osaka University
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tumor-bearing model (Right).

vents.
Tumor sizes and body weights were measured three

times per week. Mice were sacrificed when the tumor
size reached more than 10% of the total weight. The
mice were observed for 40 days. Uptakes were normal-
ized by the injected dose (MBq) and body weight (g).

Results
In the PANC-1 model, the control mice were in-

jected only with solvents (0.2 w/v% AcOH and 1 w/v%
ascorbic acid solution) and the 211At-AAMT treatment
group received i.v. injections of the 0.4 MBq/mouse
211At-AAMT solution. No inflammation or abnormal-
ities were observed around the injection site. In the
211At-AAMT treatment group, the tumor growth was
clearly inhibited and the body weight was not signifi-
cantly decreased compared to the control group (Fig. 1).

Conclusion
211At-AAMT may be considered a novel anti-cancer

drug. While 211At-AAMT could inhibit tumor growth
with a single treatment, the tumor was not completely
abolished, and therefore, a single injection was insuffi-
cient to decrease the tumor size continuously. Multiple
doses may be necessary to exploit the high anti-tumor
effect of 211At-AAMT. In conclusion, 211At-AAMT may
be an effective anti-cancer drug when administered mul-
tiple times or in combination with existing anti-cancer
drugs.
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Influence of antibody stabilization with sodium ascorbate on
radioimmunotherapy with an 211At-conjugated anti-tissue factor

antibody†

H. Takashima,∗1,∗2 Y. Koga,∗1,∗2 S. Manabe,∗3,∗4,∗5 K. Ohnuki,∗6 R. Tsumura,∗1 T. Anzai,∗1 N. Iwata,∗1
Y. Wang,∗2 T. Yokokita,∗2 Y. Komori,∗2 D. Mori,∗2 H. Haba,∗2 H. Fujii,∗6 Y. Matsumura,∗7 and M. Yasunaga∗1

Alpha radiation is characterized by higher linear trans-
fer compared to other types of ionizing radiation and a
range of 50–100 µm in tissue. Therefore, the selective
tumor accumulation of alpha emitters exerts potent an-
titumor effects without serious toxicity against normal
cells adjacent to the tumor. Astatine-211 (211At) is an
alpha emitter, its high production yield is sufficient to
prepare 211At-labeled radiopharmaceuticals for adminis-
tration at clinical doses.

Tissue factor (TF), a transmembrane glycoprotein ini-
tiating the extrinsic blood coagulation cascade, is over-
expressed in tumors such as gastric cancer, pancreatic
cancer, and malignant gliomas.1,2)

Immunoglobulin G (IgG) selectively accumulate in tu-
mor via the enhanced permeability and retention (EPR)
effect.3) In addition, the antigen-antibody reaction en-
hances the tumor accumulation of antibodies.2) There-
fore, we focused on applying anti-TF monoclonal anti-
bodies (mAbs) established by us to armed antibodies
such as antibody-drug conjugate (ADC)4–6) and anti-
body labeled with therapeutic radionuclides.

We synthesized 211At in the 209Bi(α, 2n)211At reac-
tion using the RIKEN azimuthally varying field (AVF)
cyclotron, and we labeled an anti-TF mAb with the ra-
dionuclide as previously reported.7)

To evaluate 211At-conjugaed anti-TF mAb, we per-
formed sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and flow cytometry analyses.
In the SDS-PAGE analysis, 211At-conjugated anti-TF
mAb was smeared, which was in contrast to band pat-
terns in 211At-unlabeled anti-TF mAbs. Consequently,
flow cytometry analysis revealed that the binding ac-
tivity of the astatinated mAb was disturbed compared
with 211At-unlabeled mAbs. These findings suggest that
anti-TF mAb was denatured by the 211At-induced radio-
chemical reaction. Then, to protect anti-TF mAb from
denaturation, we purified astatinated mAbs using an elu-
tion buffer containing sodium ascorbate (SA), which is a
free radical scavenger. In the SDS-PAGE analysis, band
patterns were demonstrated in 211At-conjugated anti-TF
mAbs eluted in phosphate-buffered saline (PBS) contain-
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Fig. 1. Summary of 211At-induced antibody denaturation
and protective effect of sodium ascorbate.

ing 0.6 or 1.2% SA and 211At-unlabeled mAbs. Conse-
quently, the binding activities of the astatinated anti-TF
mAbs in the SA solution were comparable to those of
211At-unlabeled mAbs.

211At-conjugated anti-TF mAbs stabilized with SA ex-
erted greater cytocidal effects on gastric cancer cells than
the astatinated mAb eluted in PBS. Similar to ADC,
the cytotoxicities of the stabilized immunoconjugates de-
pended on the level of TF in the cancer cell.

To evaluate in vivo toxicities, we observed the body
weight loss in mice administered SA, 211At-conjugated
anti-TF mAb, or free 211At. Although body weight
loss was observed in mice administered PBS containing
1.2% SA, the loss was transient and the radioprotectant
seemed tolerable. Body weight loss after the administra-
tion of the astatinated anti-TF mAb in PBS containing
1.2% SA was milder than free 211At dissolved in 1.2%
SA solution.

211At-conjugated anti-TF mAb eluted in PBS contain-
ing 1.2% SA showed significantly greater antitumor ef-
fects in a high TF-expressing gastric cancer xenograft
model than the non-stabilized immunoconjugate. Simi-
lar to ADC, the antitumor effect of the astatinated anti-
TF mAb in 1.2% SA soution depended on the TF ex-
pression on the cell membrane of cancer cells.

In summary, SA protected the astatinated anti-TF
mAb from 211At-induced antibody denaturation, which
resulted in the maintained binding and antitumor activ-
ities of the immunoconjugate (Fig. 1). Without intoler-
able side effects, 211At-conjugated anti-TF mAb eluted
in PBS containing 1.2% SA showed potent antitumor ef-
fects in gastric cancer xenograft models dependent on
the level of TF on the cancer cell membrane.
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Alpha radiation is characterized by higher linear trans-
fer compared to other types of ionizing radiation and a
range of 50–100 µm in tissue. Therefore, the selective
tumor accumulation of alpha emitters exerts potent an-
titumor effects without serious toxicity against normal
cells adjacent to the tumor. Astatine-211 (211At) is an
alpha emitter, its high production yield is sufficient to
prepare 211At-labeled radiopharmaceuticals for adminis-
tration at clinical doses.

Tissue factor (TF), a transmembrane glycoprotein ini-
tiating the extrinsic blood coagulation cascade, is over-
expressed in tumors such as gastric cancer, pancreatic
cancer, and malignant gliomas.1,2)

Immunoglobulin G (IgG) selectively accumulate in tu-
mor via the enhanced permeability and retention (EPR)
effect.3) In addition, the antigen-antibody reaction en-
hances the tumor accumulation of antibodies.2) There-
fore, we focused on applying anti-TF monoclonal anti-
bodies (mAbs) established by us to armed antibodies
such as antibody-drug conjugate (ADC)4–6) and anti-
body labeled with therapeutic radionuclides.

We synthesized 211At in the 209Bi(α, 2n)211At reac-
tion using the RIKEN azimuthally varying field (AVF)
cyclotron, and we labeled an anti-TF mAb with the ra-
dionuclide as previously reported.7)

To evaluate 211At-conjugaed anti-TF mAb, we per-
formed sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and flow cytometry analyses.
In the SDS-PAGE analysis, 211At-conjugated anti-TF
mAb was smeared, which was in contrast to band pat-
terns in 211At-unlabeled anti-TF mAbs. Consequently,
flow cytometry analysis revealed that the binding ac-
tivity of the astatinated mAb was disturbed compared
with 211At-unlabeled mAbs. These findings suggest that
anti-TF mAb was denatured by the 211At-induced radio-
chemical reaction. Then, to protect anti-TF mAb from
denaturation, we purified astatinated mAbs using an elu-
tion buffer containing sodium ascorbate (SA), which is a
free radical scavenger. In the SDS-PAGE analysis, band
patterns were demonstrated in 211At-conjugated anti-TF
mAbs eluted in phosphate-buffered saline (PBS) contain-
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ing 0.6 or 1.2% SA and 211At-unlabeled mAbs. Conse-
quently, the binding activities of the astatinated anti-TF
mAbs in the SA solution were comparable to those of
211At-unlabeled mAbs.

211At-conjugated anti-TF mAbs stabilized with SA ex-
erted greater cytocidal effects on gastric cancer cells than
the astatinated mAb eluted in PBS. Similar to ADC,
the cytotoxicities of the stabilized immunoconjugates de-
pended on the level of TF in the cancer cell.

To evaluate in vivo toxicities, we observed the body
weight loss in mice administered SA, 211At-conjugated
anti-TF mAb, or free 211At. Although body weight
loss was observed in mice administered PBS containing
1.2% SA, the loss was transient and the radioprotectant
seemed tolerable. Body weight loss after the administra-
tion of the astatinated anti-TF mAb in PBS containing
1.2% SA was milder than free 211At dissolved in 1.2%
SA solution.

211At-conjugated anti-TF mAb eluted in PBS contain-
ing 1.2% SA showed significantly greater antitumor ef-
fects in a high TF-expressing gastric cancer xenograft
model than the non-stabilized immunoconjugate. Simi-
lar to ADC, the antitumor effect of the astatinated anti-
TF mAb in 1.2% SA soution depended on the TF ex-
pression on the cell membrane of cancer cells.

In summary, SA protected the astatinated anti-TF
mAb from 211At-induced antibody denaturation, which
resulted in the maintained binding and antitumor activ-
ities of the immunoconjugate (Fig. 1). Without intoler-
able side effects, 211At-conjugated anti-TF mAb eluted
in PBS containing 1.2% SA showed potent antitumor ef-
fects in gastric cancer xenograft models dependent on
the level of TF on the cancer cell membrane.
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Kinetics of Rad51 foci in G2 phase after heavy-ion irradiation in
mammalian cells

M. Izumi∗1 and T. Abe∗1

DNA double-strand breaks (DSBs) are the most lethal
type of damage caused by ionizing irradiation and are
repaired mainly by non-homologous end joining (NHEJ)
or homologous recombination (HR) in mammalian cells;
alternative NHEJ and/or single-strand annealing work
only when both NHEJ and HR are impaired. Acceler-
ated heavy-ion particles with high linear energy transfer
(LET) induce complex and fragmented DNA damage
affecting the pathway choice and the efficiency of DSB
repair.

Several published results of survival assay using Chi-
nese hamster mutant cell lines deficient in NHEJ or
HR suggest that NHEJ is inhibited after heavy-ion ir-
radiation.1,2) In contrast, studies using inhibitors and
mouse mutant cell lines suggest that NHEJ is a ma-
jor repair pathway after heavy-ion irradiation, although
HR is more important for higher-LET radiation.3,4) It
is also reported that clustered DNA damage enhances
end resection, which could promote HR, alt-NHEJ, and
SSA.5,6) Therefore, the DNA repair mechanism after
heavy-ion irradiation is still controversial in higher eu-
karyotes.

Our previous study using human fibroblast and a spe-
cific inhibitor against NHEJ or HR suggests that NHEJ
and HR work competitively and compensate for each
other after X-irradiation.7) On the other hand, NHEJ
is the major repair pathway after heavy-ion irradiation,
and HR does not seem to compensate for NHEJ. How-
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and incubated in the presence of aphidicolin for 1 h after
irradiation. The foci formation of Rad51 and γH2AX was
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ever, it is unknown whether HR efficiently repairs DSBs
caused by heavy ions or whether the DNA damage check-
point delays the entry into the S/G2 phase, where HR
occurs.

In this study, we examined the DNA repair kinetics
as well as the repair pathway usage in the G2 phase.
Exponentially growing HeLa cells were irradiated with
X-rays, carbon ions, or argon ions and incubated in the
presence of aphidicolin to arrest S-phase progression and
inhibit transition from the S to the G2 phase. The re-
pair efficiency and pathway usage were estimated by the
kinetics of the phosphorylated histone H2AX foci and
Rad51 foci, which reflect the DSBs and HR, respectively.
S-phase cells were identified by the pan-nucleic staining
of the phosphorylated histone H2AX and excluded from
analysis.

The ratio of Rad51/phosphorylated histone H2AX
foci induced by heavy-ion irradiation was higher than
that induced by X-rays (Fig. 1). The number of Rad51
foci decreased more slowly after heavy-ion irradiation
than after X-ray irradiation, with the kinetics similar to
those of phosphorylated histone H2AX (Fig. 2). These
results suggest that HR is favored after heavy-ion irra-
diation, although HR repairs DSBs less efficiently after
heavy-ion irradiation.
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Improvement of rotifer as the new food item in larviculture†

K. Tsuneizumi,∗1 M. Yamada,∗1 K. Ichinose,∗1 H. Ichida,∗1 and T. Abe∗1

In larviculture, rotifers (Brachionus plicatilis sense
strict) are generally used as the initial food source.1) The
lorica length of rotifers is distributed in the range of 170–
320 µm in individuals carrying amictic eggs. The next
food item Artemia nauplii has a body length of 400–
1,000 µm. Although the proper management of feed
size and density associated with fish larval growth is
needed,2) there is a size gap between rotifers and Artemia
nauplii. No feed items to bridge the size gap of 320–
400 µm have been developed in the food scheme of fish
larvae.

To improve the mass mortality and abnormal devel-
opment of fish larvae during the period of growth cor-
responding to the size gap, this study applied carbon
and argon heavy-ion-beam irradiation in mutation breed-
ing3,4) to select rotifer mutants with larger lorica sizes.

In our previous study, the Notojima strain, known
as the largest rotifer strain in Japan, was irradiated
with carbon (C) and argon (Ar) ion beams at different
doses. We developed a screening method with the lorica
length as an indicator and established 56 large mutants
(Table 1).5) In this study, we measured the population
growth rate as the parameter of good bait. The popula-
tion growth rate of each large mutant line was observed
with 5-mL cultures. For each line, every five individ-
uals were inoculated into 6 wells containing 5 mL of
fresh culture medium (18 practical salinity units) with
Chlorella. The total number of rotifers in each well was
counted after 5 days. The population growth rate of each
well was calculated with the following equation: popula-
tion growth rate = ln (total population/5 individuals)/5

Fig. 1. Photograph of rotifer lines with proliferative differ-
ence and the control. (a) Control rotifer. (b1-3) Large
and proliferative mutants with higher population growth
rates than the control. Values are mean± standard er-
rors, and images of rotifer lines are of individuals with
the average lorica lengths. Scale bars represent 200 µm.

† Condensed from the article in Biosci. Biotech. and Biochem.
(DOI: 10.1093/bbb/zbaa094) (2021)

∗1 RIKEN Nishina Center

Table 1. Frequency of large and rapid-proliferative mutants

days). The average values of each large mutant line were
calculated using data obtained with six replications and
standardized using the control group.

The following 3 mutant lines showed a significantly
higher population growth rate than the control: TYA41
(Steel’s multiple comparison tests, P < 0.05), TYC78,
and TYC176 (P < 0.01) (Fig. 1). The large mutant
lines showed an equal or higher growth rate than the
control are categorized as the rapid proliferation in Ta-
ble 1. The frequency of appearance was calculated using
the mutant lines showing active proliferation after irra-
diation: mutant frequency (%) = (number of rapid pro-
liferation)/(number of active proliferation) × 100. The
highest frequency was observed at 100 and 200 Gy with
the C-ion beam. For TYC78 produced at 200 Gy, we
decided that a C-ion beam of 200 Gy was the optimal
irradiation condition to establish a large rotifer. Simi-
larly, the highest frequency was observed at 50 Gy with
the Ar-ion beam, and TYA41 was selected from the same
condition. This was also determined to be the optimum
irradiation dose. Thus, these three mutants are suitable
to solve the feed-size gap between rotifers and Artemia
nauplii and should improve the marine fish larviculture
system.

Food shortages due to population growth and in-
creased consumption are a major global concern, and
countries around the world are searching for ways to in-
crease food production. The enlarged rotifers obtained
in this study could potentially provide a stable supply of
larger rotifers at low cost, enhancing aquaculture.
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K. Tsuneizumi,∗1 M. Yamada,∗1 K. Ichinose,∗1 H. Ichida,∗1 and T. Abe∗1

In larviculture, rotifers (Brachionus plicatilis sense
strict) are generally used as the initial food source.1) The
lorica length of rotifers is distributed in the range of 170–
320 µm in individuals carrying amictic eggs. The next
food item Artemia nauplii has a body length of 400–
1,000 µm. Although the proper management of feed
size and density associated with fish larval growth is
needed,2) there is a size gap between rotifers and Artemia
nauplii. No feed items to bridge the size gap of 320–
400 µm have been developed in the food scheme of fish
larvae.

To improve the mass mortality and abnormal devel-
opment of fish larvae during the period of growth cor-
responding to the size gap, this study applied carbon
and argon heavy-ion-beam irradiation in mutation breed-
ing3,4) to select rotifer mutants with larger lorica sizes.

In our previous study, the Notojima strain, known
as the largest rotifer strain in Japan, was irradiated
with carbon (C) and argon (Ar) ion beams at different
doses. We developed a screening method with the lorica
length as an indicator and established 56 large mutants
(Table 1).5) In this study, we measured the population
growth rate as the parameter of good bait. The popula-
tion growth rate of each large mutant line was observed
with 5-mL cultures. For each line, every five individ-
uals were inoculated into 6 wells containing 5 mL of
fresh culture medium (18 practical salinity units) with
Chlorella. The total number of rotifers in each well was
counted after 5 days. The population growth rate of each
well was calculated with the following equation: popula-
tion growth rate = ln (total population/5 individuals)/5

Fig. 1. Photograph of rotifer lines with proliferative differ-
ence and the control. (a) Control rotifer. (b1-3) Large
and proliferative mutants with higher population growth
rates than the control. Values are mean± standard er-
rors, and images of rotifer lines are of individuals with
the average lorica lengths. Scale bars represent 200 µm.

† Condensed from the article in Biosci. Biotech. and Biochem.
(DOI: 10.1093/bbb/zbaa094) (2021)

∗1 RIKEN Nishina Center

Table 1. Frequency of large and rapid-proliferative mutants

days). The average values of each large mutant line were
calculated using data obtained with six replications and
standardized using the control group.

The following 3 mutant lines showed a significantly
higher population growth rate than the control: TYA41
(Steel’s multiple comparison tests, P < 0.05), TYC78,
and TYC176 (P < 0.01) (Fig. 1). The large mutant
lines showed an equal or higher growth rate than the
control are categorized as the rapid proliferation in Ta-
ble 1. The frequency of appearance was calculated using
the mutant lines showing active proliferation after irra-
diation: mutant frequency (%) = (number of rapid pro-
liferation)/(number of active proliferation) × 100. The
highest frequency was observed at 100 and 200 Gy with
the C-ion beam. For TYC78 produced at 200 Gy, we
decided that a C-ion beam of 200 Gy was the optimal
irradiation condition to establish a large rotifer. Simi-
larly, the highest frequency was observed at 50 Gy with
the Ar-ion beam, and TYA41 was selected from the same
condition. This was also determined to be the optimum
irradiation dose. Thus, these three mutants are suitable
to solve the feed-size gap between rotifers and Artemia
nauplii and should improve the marine fish larviculture
system.

Food shortages due to population growth and in-
creased consumption are a major global concern, and
countries around the world are searching for ways to in-
crease food production. The enlarged rotifers obtained
in this study could potentially provide a stable supply of
larger rotifers at low cost, enhancing aquaculture.

References
1) S. Mills et al., Hydrobiologia 796, 39 (2017).
2) T. Kotani et al., J. World Aquac. Soc. 40, 383 (2009).
3) T. Abe et al., inPlantMutationBreeding andBiotechnology,

edited byQ. Y. Shu et al. (CABI, Oxfordshire, 2012), p. 99.
4) A. Tanaka et al., J. Radiat. Res. 51, 223 (2010).
5) K. Tsuneizumi et al., RIKEN Accel. Prog. Rep.53, 213 (2020).
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RI beam production at BigRIPS in 2020

H. Takeda,∗1 N. Fukuda,∗1 H. Suzuki,∗1 Y. Shimizu,∗1 N. Inabe,∗1 K. Kusaka,∗1 M. Ohtake,∗1 Y. Yanagisawa,∗1
H. Sato,∗1 K. Yoshida,∗1 and T. Uesaka∗1

The radioactive isotope (RI) beam production at the
BigRIPS fragment separator1) in 2020 is presented here.
Table 1 summarizes the experimental programs that in-
volved the use of the BigRIPS separator in this period
and the RI beams produced for each experiment. All the
experiments originally scheduled for the spring beam-
time were postponed owing to the COVID-19 pandemic.
In the autumn beamtime, 238U and 70Zn primary beams
were provided.

The 238U beam campaign started in October. During
a tuning phase of BigRIPS at startup, an auto-focusing
and auto-centering system was tested with a 82Ge beam
for the first time at RIBF.2) After the BigRIPS tun-
ing phase followed by the commissioning of HiCARI,
a PALIS experiment was performed with an RI beam
around 191Bi to evaluate the extraction efficiency using
alpha emitters in the 191Bi region.

Five HiCARI experiments were subsequently per-
formed with the ZeroDegree spectrometer. A cocktail
beam of 84Ge/83Ga/82Zn was produced to study neutron
intruder states and collectivity. 86Se/84Ge, 88Se/86Ge,
and 90Se beams were produced to explore quadrupole
and octupole collectivity. A cocktail 111Nb/112Mo/113Tc
beam was produced to perform high-resolution spec-
troscopy and lifetime measurements. A 130Cd beam
was produced to study single-particle states in 129Ag.
A 136Te beam was produced to characterize a strongly
Coulomb-excited state above 4 MeV in 136Te. Dur-
ing these HiCARI experiments, mass measurements
with a multi-reflection time-of-flight mass spectrome-
ter (MRTOF-MS) located downstream of the ZeroDe-
gree spectrometer were performed symbiotically. Sub-
sequently, a machine study for the Rare RI Ring was

∗1 RIKEN Nishina Center

performed with a 75Ga beam.
At the end of the 238U beam campaign, a machine

study for a high-purity Th-beam development includ-
ing performance evaluations of beamline detectors for a
high-Z, high-rate RI beam was performed using a 220Th
beam.3)

After switching to the 70Zn primary beam, two Hi-
CARI experiments were conducted with the ZeroDegree
spectrometer. 56Ti and 58Ti beams were produced to
study the evolution of collectivity in Ti isotopes. 36Ca,
38Ca, 48Ca, and 54Ca beams were produced to investi-
gate systematically the reduction factor for the deduced
spectroscopic factors. A symbiotic MRTOF experiment
was performed again.

A new isotope search experiment was conducted
around the 45Si region at the end of the 70Zn beam cam-
paign.4)

The RI beam production at BigRIPS from the start
of operation in March 2007 is summarized in our
database.5) At first, you will be redirected to the wel-
come page. Follow the links “Database of RI Beams Pro-
duced at BigRIPS” → “List of Experiments” → “Sum-
mary” to reach the summary page; you can reach the
page in subsequent attempts.

References
1) T. Kubo, Nucl. Instrum. Methods Phys. Res. B 204, 97

(2003).
2) Y. Shimizu et al., in this report.
3) N. Fukuda et al., in this report.
4) H. Suzuki et al., in this report.
5) Y. Shimizu et al., Nucl. Instrum. Methods Phys. Res. B,

463, 158 (2020). Available at https://ribeam.riken.jp/ .

Table 1. List of experimental programs together with RI beams produced at the BigRIPS separator in 2020.

Primary beam (Period) Exp. Prog. No. Spokesperson Course RI beams

238U
345 MeV/nucleon
(Oct. 25–Nov. 24)

NP1712-RIBF166-03 T. Sonoda PALIS 191Bi
NP1912-RIBF196-01 F. Flavigny ZeroDegree 84Ge/83Ga/82Zn
NP1912-RIBF190-01 F. Browne ZeroDegree 86Se/84Ge, 88Se/86Ge, 90Se
NP1912-RIBF187-01 W. Korten ZeroDegree 111Nb/112Mo/113Tc
NP1912-RIBF189-02 Z. Podolyak ZeroDegree 130Cd
NP1912-RIBF193-01 A. Jungclaus ZeroDegree 136Te
PE19-02 / PE20-01 M. Wada ZeroDegree (symbiotic)
MS-EXP20-04 Y. Yamaguchi Rare RI Ring 75Ga
MS-EXP20-02 N. Fukuda ZeroDegree 220Th

70Zn
345 MeV/nucleon
(Dec. 2–Dec. 13)

NP1912-RIBF142R1-01 T. Koiwai ZeroDegree 56Ti, 58Ti
NP1912-RIBF170R1-01 H. Crawford ZeroDegree 36Ca, 38Ca, 48Ca, 54Ca
PE20-02 M. Wada ZeroDegree (symbiotic)
DA20-03 H. Suzuki BigRIPS 45Si
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Production cross-section measurement and new-isotope search for
very-neutron-rich RIs produced from 70Zn beam at 345 MeV/nucleaon

by BigRIPS separator

H. Suzuki,∗1 M. Yoshimoto,∗2 N. Fukuda,∗1 H. Takeda,∗1 Y. Shimizu,∗1 Y. Yanagisawa,∗1 H. Sato,∗1 and
K. Yoshida∗1

We performed production cross-section measurements
and a new-isotope search in the neutron-rich region
with the atomic numbers Z = 12–19, located south-
east of 48Ca in the nuclear chart. The neutron-rich ra-
dioactive isotopes (RIs) were produced by the projec-
tile fragmentation of a 600-particle-nA 70Zn beam at
345 MeV/nucleon impinged on a 10-mm-thick Be target
in the BigRIPS separator. Particle identification based
on the TOF-Bρ-∆E method1) was performed in the sec-
ond stage of BigRIPS. Three BigRIPS settings were used
with 45S, 43Si, and 45Si as centeral particles. The former
two settings were for the cross-section measurements,
and the last one was for the new-isotope search. The
production cross sections were deduced from the mea-
sured production rates and their transmission efficiencies
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Fig. 1. Measured production cross sections of RIs produced
in the 70Zn + Be reaction at 345 MeV/nucleon with semi-
empirical cross-section formulae. (a) Results for even-Z
isotopes. (b) Results for odd-Z isotopes.
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Fig. 2. PID plots obtained in the 45Si setting. Events of a
new isotope, 45Si, were clearly observed.

in BigRIPS, which were simulated with lise++ calcula-
tions.2) In the simulation, parameters that control the
momentum and angular distribution2,3) are not changed
from the default values in the current preliminary anal-
ysis.

Figure 1 shows the production cross sections of RIs
obtained in this work (filled symbols), together with
measurements in 2012 and 2014 (open symbols). The
solid, dashed, and dotted lines show the cross sections
predicted by the semi-empirical formula FRACS1.1,4)
EPAX2.15,5) and EPAX3.1a.6) Overall, FRACS1.1 best
reproduces the measured cross sections among these for-
mulae; however, around the very-neutron-rich region,
the discrepancy between the measured and predicted
cross sections becomes larger. A new isotope, 45Si,
was discovered in this work, as shown in Fig. 2. One
event was also observed at the location of 46Si, although
more elaborate analysis, such as background removal, is
needed for confirmation as a new isotope. The detailed
analysis is currently in progress.
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1) N. Fukuda et al., Nucl. Instrum. Methods Phys. Res. B

317, 323 (2013).
2) O. B. Tarasov, D. Bazin, lise++ site, http://lise.nsc

l.edu,MichiganStateUniversity .
3) H. Suzuki et al., Nucl. Instrum. Methods Phys. Res. B

317, 756 (2013).
4) B. Mei, Phys. Rev. C 95, 034608 (2017).
5) K. Sümmerer, B. Blank, Phys. Rev. C 61, 034607 (2000).
6) K. Sümmerer, Phys. Rev. C 86, 014601 (2012).
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Fig. 1. Measured production cross sections of RIs produced
in the 70Zn + Be reaction at 345 MeV/nucleon with semi-
empirical cross-section formulae. (a) Results for even-Z
isotopes. (b) Results for odd-Z isotopes.
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Fig. 2. PID plots obtained in the 45Si setting. Events of a
new isotope, 45Si, were clearly observed.

in BigRIPS, which were simulated with lise++ calcula-
tions.2) In the simulation, parameters that control the
momentum and angular distribution2,3) are not changed
from the default values in the current preliminary anal-
ysis.

Figure 1 shows the production cross sections of RIs
obtained in this work (filled symbols), together with
measurements in 2012 and 2014 (open symbols). The
solid, dashed, and dotted lines show the cross sections
predicted by the semi-empirical formula FRACS1.1,4)
EPAX2.15,5) and EPAX3.1a.6) Overall, FRACS1.1 best
reproduces the measured cross sections among these for-
mulae; however, around the very-neutron-rich region,
the discrepancy between the measured and predicted
cross sections becomes larger. A new isotope, 45Si,
was discovered in this work, as shown in Fig. 2. One
event was also observed at the location of 46Si, although
more elaborate analysis, such as background removal, is
needed for confirmation as a new isotope. The detailed
analysis is currently in progress.
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N = 32 shell closure below calcium: Low-lying structure of 50Ar†

M. L. Cortés,∗1,∗2 W. Rodriguez,∗3,∗1,∗4 P. Doornenbal,∗1 A. Obertelli,∗5,∗6 J. D. Holt,∗7,∗8 J. Menéndez,∗9,∗10
K. Ogata,∗11,∗12 A. Schwenk,∗6,∗13,∗14 N. Shimizu,∗9 J. Simonis,∗15 Y. Utsuno,∗16,∗9 K. Yoshida,∗16 and the

SEASTAR2017 Collaboration

An interesting region to study shell evolution is
around Ca isotopes, where the development of shell clo-
sures for N = 32 and N = 34 has been suggested.
The N = 32 sub-shell closure was evidenced by its
relatively high E(2+) energy,1) and confirmed by two-
proton knockout cross sections2) and mass measure-
ments.3) For the N = 34 shell closure, evidence was
provided by E(2+),4) systematic mass measurements,5)
and neutron-knockout cross sections.6) The preserva-
tion of the N = 32 shell closure has been determined
in Ti and Cr via spectroscopy, reduced transition prob-
abilities, and precision mass measurements, while for
N = 34, it has been suggested to disappear above Ca.
In contrast, the recent measurement of the E(2+) of
52Ar suggests the conservation of the N = 34 shell clo-
sure for Z = 18.7) The first spectroscopy of 50Ar showed
a relatively high E(2+),8) hinting at the conservation of
the N = 32 shell closure below Ca. A candidate for the
4+ state was also reported. No further spectroscopic in-
formation is available for this very exotic nucleus. This
work reports low-lying states in 50Ar.

A beam of 70Zn with an average intensity of 240 par-
ticle nA was fragmented on a Be target. Isotopes
were identified using BigRIPS9) and delivered to the
151.3(13)-mm-long liquid hydrogen target of MINOS10)

placed in front of the SAMURAI magnet. Outgoing
fragments were identified using SAMURAI and associ-
ated detectors.11) The DALI2+ array,12,13) composed of
226 NaI(Tl) detectors, was used to detect the emitted
γ-rays. Doppler-corrected γ-ray spectra were obtained
using the reaction vertex and the velocity of the frag-
ment reconstructed with MINOS.

Based on the spectra and γγ analysis of the
proton- and neutron-knockout, inelastic-scattering, and
multinucleon-removal reactions, the level scheme shown

† Condensed from Phys. Rev. C. 102, 064320 (2020)
∗1 RIKEN Nishina Center
∗2 INFN-Legnaro
∗3 Departamento de Física, Universidad Nacional de Colombia
∗4 Departamento de Física, Pontificia Universidad Javeriana
∗5 IRFU, CEA, Université Paris-Saclay
∗6 Institut für Kernphysik, Technische Universität Darmstadt
∗7 TRIUMF
∗8 Department of Physics, McGill University
∗9 Center for Nuclear Study, The University of Tokyo
∗10 Departament de Física Quàntica i Astrofísica, Universitat de

Barcelona
∗11 RCNP, Osaka University
∗12 Department of Physics, Osaka City University
∗13 ExtreMe Matter Institute (EMMI)
∗14 Max-Planck-Institut für Kernphysik
∗15 Institut für Kernphysik and PRISMA Cluster of Excellence,

Johannes Gutenberg-Universität
∗16 Advanced Science Research Center, JAEA

Fig. 1. Experimental level scheme of 50Ar.

in Fig. 1 was constructed. The two previously reported
transitions and five new ones were identified. Theo-
retical level energies and spectroscopic factors for the
proton- and neutron-knockout reactions were obtained
with shell-model calculations using the SDPF-MU in-
teraction, as well as with ab initio calculations using the
VS-IMSRG approach. Tentative spin assignments were
made based on the comparison of the calculations and
the experimental results. In both calculations, states
with Jπ = 2+ are preferably populated by the reac-
tions, as shown in the figure. In addition, a (3−) state
is suggested to be populated following the proton in-
elastic scattering. Both theoretical calculations provide
consistent results and a relatively good agreement with
the experimental data, emphasizing the subshell closure
at N = 32 and strengthening our understanding of shell
evolution in this region.
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Proton removal and lifetimes in the Ca isotopes: Spectroscopy and
reaction studies

H. L. Crawford,∗1 S. Paschalis,∗2 and M. Petri∗2 for the RIBF170R1 Collaboration

Nucleon knockout reactions are an essential and
powerful tool to study the single-particle structure of
nuclei far from stability. Through comparison of mea-
sured (σexp) and theoretical (σth) inclusive and exclu-
sive cross-sections they provide a method to assign spe-
cific single-particle configurations and occupancies of
states in nuclei. However, the theoretical description
of knockout reactions is challenging, requiring both a
treatment of the reaction dynamics and the nuclear
structure of initial and final states.

The ratio R = σexp/σth has been found, in stable
nuclei and specifically for (e, e′p) and single-nucleon
transfer reactions1,2) to be consistently less than 1
(R ∼ 0.6), a reduction attributed to short and long-
range correlations not captured in the shell-model.
However, moving away from β-stability, a study by
Tostevin and Gade3) using available one-nucleon re-
moval data on unstable isotopes performed at inter-
mediate energies (∼100 MeV/nucleon) shows a depen-
dence of R on the difference in the proton and neu-
tron separation energies of the initial system. This
dependence is in contrast to both transfer reaction
data taken at lower energies and to new data reported
recently by the R3B collaboration4) and RIBF5) for
quasi-free one-proton knockout at higher energies.

Given the important implications of disentangling
the reaction and structure effects related to the origin
of the ∆S dependence of R observed in knockout re-
actions, we have performed an experiment to directly
explore the isospin dependence of proton knockout on
both C and H targets at RIBF energies. In addition to
the reaction cross-sections, we were also able to take
advantage of the opportunity presented by the HiCARI
high-resolution γ-ray array6) at RIBF to simultane-
ously explore lifetimes in the neutron-rich Ca isotopes,
which provide an important testing ground for inter-
actions derived from chiral Effective Field Theory and
many-body methods.

The experiment was performed in December 2020 at
the RIBF as part of the HiCARI campaign. A 70Zn
primary beam was accelerated to 345 MeV/nucleon
and fragmented on a 9Be primary target to produce
secondary beams centered on 38, 48, 54Ca. Fragments
were separated and identified within BigRIPS using
the standard ∆E-TOF-∆E method. The secondary
beam impinged on 1 g/cm2 thick C and 1.2 g/cm2

thick CH2 targets at the F8 focal plane, which induced
knockout reactions. The reaction residues were identi-
fied in the ZeroDegree spectrometer. The preliminary

∗1 Nuclear Science Division, Lawrence Berkeley National Lab
∗2 Department of Physics, University of York

Fig. 1. (Top) Particle identification plot for incoming beam
particles in BigRIPS for the setting of 54Ca. (Bottom)
Reaction residue particle identification in the ZeroDe-
gree spectrometer, gated on incoming 54Ca particles.

particle identification plots for the setting on 54Ca are
shown in Fig. 1. De-excitation γ-rays were detected
within the HiCARI array.

Currently, the proton removal inclusive and exclu-
sive cross-sections from 38, 48, 54Ca to final states in
37, 47, 53K are under analysis. In addition, γ-ray spectra
in the most neutron-rich Ca isotopes, namely 53, 54Ca
are being carefully analyzed. Preliminary energy spec-
tra show evidence for lifetimes within the sensitivity
range for line-shape analysis, which will be pursued in
the next stages of analysis.
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explore the isospin dependence of proton knockout on
both C and H targets at RIBF energies. In addition to
the reaction cross-sections, we were also able to take
advantage of the opportunity presented by the HiCARI
high-resolution γ-ray array6) at RIBF to simultane-
ously explore lifetimes in the neutron-rich Ca isotopes,
which provide an important testing ground for inter-
actions derived from chiral Effective Field Theory and
many-body methods.

The experiment was performed in December 2020 at
the RIBF as part of the HiCARI campaign. A 70Zn
primary beam was accelerated to 345 MeV/nucleon
and fragmented on a 9Be primary target to produce
secondary beams centered on 38, 48, 54Ca. Fragments
were separated and identified within BigRIPS using
the standard ∆E-TOF-∆E method. The secondary
beam impinged on 1 g/cm2 thick C and 1.2 g/cm2

thick CH2 targets at the F8 focal plane, which induced
knockout reactions. The reaction residues were identi-
fied in the ZeroDegree spectrometer. The preliminary

∗1 Nuclear Science Division, Lawrence Berkeley National Lab
∗2 Department of Physics, University of York

Fig. 1. (Top) Particle identification plot for incoming beam
particles in BigRIPS for the setting of 54Ca. (Bottom)
Reaction residue particle identification in the ZeroDe-
gree spectrometer, gated on incoming 54Ca particles.

particle identification plots for the setting on 54Ca are
shown in Fig. 1. De-excitation γ-rays were detected
within the HiCARI array.

Currently, the proton removal inclusive and exclu-
sive cross-sections from 38, 48, 54Ca to final states in
37, 47, 53K are under analysis. In addition, γ-ray spectra
in the most neutron-rich Ca isotopes, namely 53, 54Ca
are being carefully analyzed. Preliminary energy spec-
tra show evidence for lifetimes within the sensitivity
range for line-shape analysis, which will be pursued in
the next stages of analysis.
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Evolution of collectivity in Ti isotopes towards the N = 40 island of
inversion

T. Koiwai∗1,∗2 and K. Wimmer∗3,∗2 for the RIBF142R1 Collaboration

Over the past decade, significant efforts on both the
experimental and theoretical fronts have focused on
the development of nuclear collectivity in exotic iso-
topes around N = 40. It was revealed that the new
island of inversion, where the intruder configuration is
strongly favored in the ground state, at N = 40 is cen-
tered around 64Cr.1,2) It is then interesting to question
whether this enhanced collectivity established in the
region around the Fe and Cr isotopes presents itself in
exotic systems with fewer protons, namely, Ti isotopes.
Several theoretical calculations2–6) show the difference
in the reduced transition rates, B(E2; 0+ → 2+) val-
ues, for neutron-rich Ti isotopes beyond 56Ti when
considering different model spaces. Although the ener-
gies for the first 2+ state are consistent and agree with
experimental data, the B(E2) values differ, depending
on whether the gd shell is included in the calculations.
This suggests that the boundary of the island of in-
version is located between 56Ti and 58Ti. To answer
these questions, the Coulomb excitation of 56, 58Ti was
measured.

The experiment was conducted at the RIBF as a
part of the HiCARI campaign. A 70Zn primary beam
with a maximum intensity of 600 particle nA was ac-
celerated to 345 MeV/nucleon and impinged on a 11-
mm-thick 9Be primary target to produce a secondary
beam for 56, 58Ti. The beam fragments were sepa-
rated and identified by the BigRIPS using the standard
∆E−TOF−Bρ method. The secondary beam im-
pinged on a 1-mm-thick Au target to induce a Coulomb
excitation reaction. A 3-mm-thick Be target was also
used to determine the nuclear contribution to the ex-
citation. The reaction residuals were identified by the
ZeroDegree spectrometer. De-excitation γ rays were
detected by the HiCARI array7) at the F8 focal plane.
The preliminary particle identification plots are shown
in Fig. 1. Tails will be removed by further analysis.

Currently, the data are under analysis. The prelim-
inary Doppler-corrected energy spectra show the clear
transition peaks at known energies of the first 2+ state
in both 56, 58Ti. Moreover, candidates of peaks are
found in coincidence with the one-neutron knockout
channel from 56, 58Ti, which will reveal the configura-
tion of the ground-state wave function of these nuclei.
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Fig. 1. Particle identification plots for both the incoming
beam and outgoing residuals. The top panel shows the
56Ti setting and the bottom the 58Ti setting.
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RIBF190: Exploring collectivity beyond 78Ni

F. Browne∗1 and V. Werner∗2 for the RIBF 190 Collaboration

Recently, it has been indicated that the doubly
magic 78Ni has competing low-lying spherical and
prolate-deformed states.1) In its north-east quadrant,
measurements of E(2+1 ) and E(4+1 ) of the N = 52, 54
Zn isotopes show deformation of ground-states be-
comes prominent beyond N = 50.2) Shell model3,4)
and interacting boson model calculations5) that repro-
duce the available spectroscopic information of N > 50
Se and Ge isotopes predict them as transitioning from
their N = 50 sphericity to collective structures. In the
case of the Ge isotopes this takes the form of soft and
rigid triaxiality, while the Se isotopes start to exhibit
prolate-oblate shape coexistence. Initial spectroscopy
seems to agree with the models that predict these in-
teresting features.6,7) In addition to the quadrupole de-
grees of freedom, octupole collectivity may be expected
to be enhanced in the neutron-rich Ge/Se region due to
their proximity to the “doubly octupole magic” num-
bers, N = 56 and Z = 34

An experiment was performed over 4 days with
three BigRIPS settings to extract the reduced tran-
sition probabilities of low-lying states in 84, 86Ge and
86, 88, 90Se in order to clarify the quadrupole and oc-
tupole collectivity of the region. Exotic nuclei were
produced from the in-flight fission of a 238U beam
which was accelerated to 345 MeV/nucleon. Follow-
ing fission, the isotopes of interest were selected in the
first stage of BigRIPS using the Bρ-∆E-Bρ technique
and identified with the second stage using their Bρ,
∆E, and time-of-flight (TOF) values. The BigRIPS
particle-identification plots for the three settings of
the experiment are shown in Fig. 1. Secondary tar-
gets of Be (3.8-mm-thick) and Bi (1.1 mm-thick) were
situated at the F8 focal plane to induce nuclear and
Coulomb excitations, respectively. Gamma rays emit-
ted from excited states were detected with the HiCARI
array8) which surrounded F8. The trajectory of in-
coming and outgoing ions with respect to the target
was measured with PPACs. Following the reaction
targets, ions were transported through the ZeroDegree
spectrometer where they were identified, again using
their Bρ, ∆E, and TOF values. Finally, the ions were
stopped in a gas cell and their masses recorded using
a MR-TOF setup.

While off-line data analysis is yet to begin, the on-
line γ-ray spectra show clearly that the main objectives
of the experiment are attainable. In addition to the
Coulomb excitation to the 2+1 states being observed in
all objective nuclei, some nuclei show 2+2 excitations
on the heavy target.

∗1 RIKEN Nishina Center
∗2 IKP, TU Darmstadt

2.5 2.55 2.6 2.65 2.7 2.75

A
to

m
ic

 n
um

be
r

31

32

33

34

35 Se86

Ge84

2.5 2.55 2.6 2.65 2.7 2.75

A
to

m
ic

 n
um

be
r

31

32

33

34

35 Se88

Ge86

Mass-to-charge ratio
2.5 2.55 2.6 2.65 2.7 2.75

A
to

m
ic

 n
um

be
r

31

32

33

34

35 Se90

Ge88

Fig. 1. On-line particle identification plots for the three
BigRIPS settings employed during the experiment. La-
bels refer to the identified ions below them.
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Neutron intruder states and collectivity beyond N = 50 towards 78Ni

F. Flavigny,∗1 M. Górska,∗2 and Zs. Podolyák∗3 for the RIBF196 and HiCARI Collaborations

The recent spectroscopy of 78Ni,1) together with
the identification of shape coexistence just below the
N = 50 shell closure for 80Ge2) and 79Zn,3) in-
dicates that deformed intruder configurations could
play a crucial role in low-energy structure proper-
ties in this region and towards the limits of the nu-
clear chart. Such configurations are predicted to orig-
inate from multiparticle-multihole excitations4) above
the N = 50 and Z = 28 shell gaps pushed down in
energy due to neutron-proton correlations, which en-
hance quadrupole collectivity. Quantifying how col-
lectivity develops near 78Ni is crucial because it in-
fluences binding energies and the drip-line location5)

with consequences for nucleosynthesis calculations re-
lying on these inputs. Because these states involve
many-particle excitations, their theoretical description
is challenging, and identifying them experimentally is,
thus, of prime interest to constrain models. So far,
very few experimental indications of these configura-
tions have been obtained in 80Ge and 79Zn, but no di-
rect evidence of these configurations exist for N = 50
or above in more exotic species.

During the RIBF196 experiment in November 2020,
we sought to identify and characterize for the first time
such 2p-1h intruder states in 83Ge and 81Zn which are
the last two odd-even N = 51 isotones above 79Ni. To
do so, we used neutron knockout from 84Ge and 82Zn,
both having two neutrons in the s1/2d5/2 valence space
above N = 50. This direct reaction allows the removal
of one of the neutrons from the quasi-full g9/2 orbital
below N = 50 to selectively populate 9/2+ intruder
states based on a ν(g9/2)

−1(s1/2d5/2)
+2 configuration

and extract their spectroscopic factors.
In addition, the first spectroscopy of low-lying lev-

els in 82, 84Zn6) recently indicated that magicity was
strictly confined to N = 50 in 80Zn with the onset of
deformation developing towards heavier Zn isotopes.
To reproduce these findings, it was demonstrated that
state-of-the-art shell model calculations needed to in-
clude sufficient valence orbitals above N = 50 (full
gds valence space) and to allow the breaking of the
78Ni core. Simultaneously to the study of the intruder
states mentioned above, these low-lying states in 82Zn
were populated using proton removal from 83Ga, and
their lifetimes will be studied by line-shape analysis.

To reach these scientific goals, we performed an ex-
periment in which a primary beam of 238U with a mean
intensity of 60 particle nA at 345 MeV/nucleon col-
lided with a 4-mm thick 9Be primary target at the
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Fig. 1. Preliminary particle identification of the secondary
beam in BigRIPS. Black, red and purple ellipsoids indi-
cate 84Ge, 83Ga, 82Zn respectively, see text for details.

object point of the BigRIPS separator. The secondary
beam was purified using Al degraders at the F1 and
F5 dispersive planes (8- and 2-mm thick). The sec-
ondary cocktail beam containing approximately 61%,
7.4% and 0.2% of 84Ge,83Ga and 82Zn, respectively, at
averaged rates of approximately 6100, 740, and 20 s−1

impinged for 2.5 days on a 6-mm-thick 9Be target at
253, 248, and 242 MeV/nucleon. Event-by-event iden-
tification of projectiles and reaction residues in terms
of the atomic number (Z) and mass-to-charge ratio
(A/Q) was achieved using the TOF-Bρ-∆E method
in both the BigRIPS and ZeroDegree spectrometers.
A preliminary particle identification plot in BigRIPS
without higher-order optical corrections is shown in
Fig. 1. De-excitation γ-rays of the neutron and proton
knockout residues 83Ge,82Zn and 81Zn were detected
using the HiCARI germanium array (described sepa-
rately7)) surrounding the secondary reaction target. A
0.5-mm-thick lead shield was placed around the beam
pipe surrounding the target to reduce the rate of low-
energy atomic background in the detectors. Known
and unknown transitions in 83Ge were clearly identi-
fied online. The statistics obtained in this neutron-
knockout channel will allow clear identification of the
states populated and their possible intruder character
after careful analysis of the feeding pattern.
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High-resolution spectroscopy and lifetime measurements in
neutron-rich Zr and Mo isotopes

W. Korten,∗1 B. Moon,∗2,∗3 and K. Wimmer∗4,∗3 for the RIBF187 Collaboration

One of the most interesting cases of shape evolution
in nuclei is encountered along the semi-magic (Z = 40)
Zr isotopes. While 90Zr, at neutron number N = 50,
shows properties of a doubly-magic nucleus, neutron-
deficient Zr isotopes become well-deformed towards
80Zr. On the neutron-rich side, a sudden onset of de-
formation is also indicated by the dramatic lowering of
the first excited 2+ state from 98Zr to 100Zr.

When going towards even more neutron-rich iso-
topes the question about the further shape evolution
arises since the theoretical predictions diverge. Many
theoretical calculations have been performed for 110Zr
since it combines the magic numbers Z = 40 and
N = 70 of the harmonic oscillator potential and could
be another quasi doubly-magic nucleus. This question
was answered in a previous SEASTAR experiment at
the RIBF,1) which measured the first excited states of
110Zr and showed that this isotope is rather well de-
formed. However, several questions remain open, such
as the possibility of shape coexistence or triaxial de-
formation at Z = 40, N = 70 as predicted by different
theoretical models.3–5)

We performed high-resolution spectroscopy of nu-
clei around 110Zr in an experiment with the HiCARI
array2) in order to measure lifetimes of their (first) ex-
cited states . The high-resolution γ-ray detectors from
HiCARI will allow to resolve level schemes by measur-
ing γ rays from ∼100 keV, and to measure lifetimes of
excited states between ∼20 ps and 1 ns. The results
will also allow to confirm the level scheme of 110Zr and
to measure decay branching ratios of states beyond the
2+1 for the first time.

The nuclei of interest were populated by proton-
removal reactions from projectiles around 112Mo, pro-
duced from a primary 238U beam, impinging on a sec-
ondary Be target. Particle identification of the ra-
dioactive beams for selecting the proper reaction chan-
nel was performed with the BigRIPS and the ZeroDe-
gree spectrometers. Examples of the particle identifi-
cation plots are shown in Fig. 1. Average intensities
and purities of the projectiles of interest amounted to
81 and 3000 pps and 0.8% and 34% for 111Nb and
113Tc, respectively. Additionally, 112Mo was transmit-
ted at a high rate as well. 110Zr was populated through
proton removal reactions from 111Nb and 112Mo. The
high intensity of 113Tc allowed to obtain significantly
more statistics for 112Mo than in the previous exper-
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Fig. 1. Preliminary particle Identification (PID) for Bi-

gRIPS (top) and ZeroDegree (ZD) spectrometer (bot-

tom).

iment.1) Additionally, the neighbouring even-even nu-
clei, 108Zr and 110Mo, have been populated strongly to
allow for a detailed lifetime analysis.
In order to optimize the experiment for the long life-

times of the 2+ states, expected to be several hundred
ps, the Be target was positioned 10 cm upstream of
the center of HiCARI. Lifetimes will be extracted us-
ing the line-shape method6) and will give access to the
collective properties. The experiment will allow to dis-
tinguish between predictions of different nuclear mod-
els concerning the shape of 110Zr, the key isotope for
the evolution of collective properties along the N = 70
isotones.
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Single particle structure of semi-magic 129Ag82

T. Parry,∗1 Zs. Podolyák,∗1 M. Górska,∗2 M. Armstrong,∗2 and A. Yaneva∗2 for the RIBF189 Collaboration

The shell structure is one of the fundamental in-
gredients in the understanding of mesoscopic systems,
which includes the atomic nucleus. One crucial ques-
tion in nuclear physics is how the quantum orbitals
evolve as the number of protons and neutrons change.
The ordering of the nuclear orbitals can change dras-
tically in neutron-rich nuclei. In extreme cases, tradi-
tional magic numbers can disappear and new ones can
emerge. Such changes were already observed for light
nuclei, and are predicted for middle-mass ones. The
evolution of orbitals and shell gap has obvious conse-
quences on the r-process nucleosynthesis, which is re-
sponsible for the production of half of the nuclei heav-
ier than iron. The abundances of nuclei with magic
neutron numbers are enhanced due to their lower neu-
tron capture probabilities. Thus the A ∼ 130 r-process
abundance peak is the consequence of the N = 82 neu-
tron shell closure. The unknown evolution of the shell
structure in this region is one of the main sources of
nuclear physics uncertainty in r-process calculations.
One has to rely on theoretical models whose predic-
tions for regions far off stability diverge significantly.

129Ag is a singly magic N = 82 nucleus. With three
protons holes below 132Sn it is neutron-rich, and any
experimental information to be obtained on its struc-
ture is directly applicable for the understanding of the
influence of the N = 82 nuclei on the r-process path.
Using proton knockout from 130Cd single proton states
in 129Ag can be populated.

The experiment was performed in November
2020. For an approximate length of 3 days a
345 MeV/nucleon beam of 238U with an average inten-
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Fig. 2. Doppler corrected γ-ray spectrum of 128Cd as
measured by the full HiCARI. Clearly visible are the
known2) 646 keV 2+ to 0+ and 785 keV 4+ to 2+ tran-
sitions.

sity of around 60 particle nA impinged on a 4 mm 9Be
target. Fission fragments were separated and identified
in flight with the BigRIPS separator centred on 130Cd.
Identification was achieved by using the Bρ-∆E-Bρ
technique on an individual particle basis. A prelimi-
nary BigRIPS particle identification plot is shown in
Fig. 1. This secondary radioactive beam impinged on
another target of 6 mm 9Be located at F8. The new
germanium HiCARI array1) was located around this
second beryllium target and used to detect the emit-
ted γ rays with high resolution. The reaction products
were identified in the ZeroDegree spectrometer, cen-
tred on 129Ag, using the same methods as in BigRIPS.

The obtained data set is under analysis. As an early
indication of the ability of the HiCARI array to achieve
in-flight gamma-ray spectroscopy the isotope 128Cd
was selected to confirm the array was functioning as
intended. 128Cd was selected due to its high yield and
its known structure.2) A preliminary Doppler corrected
γ-ray spectrum of 128Cd populated in one-proton re-
moval from 131In showing the 4+ and 2+ gamma rays
is presented in Fig. 2. Note that using β values de-
termined for individual particles, as well as updated
calibrations, will result in a much better improved en-
ergy resolution.
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Characterization of a strongly Coulomb-excited state at an excitation
energy above 4 MeV in 136Te

A. Jungclaus∗1 and P. Doornenbal∗2 for the NP1912-RIBF193 Collaboration

In April 2015, the experiment NP1306-RIBF98R1
was performed aiming for a methodical study of the
systematic uncertainties inherent to the analysis of
Coulomb excitation experiments at relativistic ener-
gies, using 136Te as a high-statistics test case. The
analysis of the obtained data is finished and the re-
sults are published.1–3) In that experiment, besides
the known 607-keV, 2+1 → 0+1 transition, additional γ
strength in the range 3.0–4.5 MeV was observed in the
inelastic excitation of 136Te on a gold target.4) The ex-
perimental spectra are nicely described assuming that
two γ rays are detected, whereas the bump at high
energy is too broad to be described by one single tran-
sition. However, due to the limited in-beam energy
resolution of the DALI2 spectrometer, the individual
γ-ray energies can only be determined with rather large
uncertainties. The intensity ratio between the two lines
clearly depends on the γ-ray multiplicity of the event.
The line at higher energy has a higher yield when only
one γ ray is detected, while the one at lower energy
is more intense for events with γ-ray multiplicity two.
From this observation, it can be concluded that the
γ ray with higher energy is emitted in cascades with
lower multiplicity. Unfortunately, however, due to ran-
dom coincidences with background γ rays, it is not pos-
sible to go beyond this qualitative statement. Based on
the available experimental information it is not possi-
ble to determine whether the two transitions populate
the 4+1 and 2+1 or the 2+1 and 0+1 states of 136Te.

The large cross section measured for the excitation
of a state above 4 MeV in a heavy nucleus such as 136Te
in the inelastic scattering on a gold target is difficult
to explain. Whatever the spin of the newly identified
state is, the corresponding transition probability is ex-
ceptionally large. Theoretical studies suggest that the
new excited state in 136Te may be related to the exis-
tence of loosely-bound neutrons outside the 132Sn core.
It is therefore of utmost interest to better characterize
this unusual state.

The availability of the HiCARI array at RIKEN in
2020 offered the unique opportunity to further inves-
tigate this interesting case. The superb position reso-
lution of the tracking detectors translates into a very
good in-beam energy resolution for high-energy γ rays.
Therefore, the inelastic excitation of 136Te on a gold
target was measured again with the goal to determine
the energies of the two high-energy γ rays emitted in
the decay of the new state with sufficient precision in
order to establish to which low-lying levels of 136Te the

∗1 IEM-CSIC, Madrid
∗2 RIKEN Nishina Center

Fig. 1. HiCARI γ-ray spectrum of 136Te populated via in-
elastic excitation on a gold target, considering either all
γ-ray multiplicities (black) or Mγ = 1 (red).

decay proceeds. In addition, also the inelastic excita-
tion on a Be target was studied in order to allow for a
determination of the nuclear deformation length from
the measured cross section. The aim of this part of
the experiment was to obtain further information with
respect to the spin of the new state above 4 MeV in
136Te.

The experiment NP1912-RIBF193 was performed
during the HiCARI campaign in November 2020. For
both the Au and Be targets the expected counting
statistics was accumulated and the taken data in the
experiment is currently under analysis. The selection
of the reaction channel was achieved via event-by-event
ion identification in the BigRIPS and ZeroDegree spec-
trometers. A preliminary γ-ray spectrum of 136Te in
the region around the known 2+1 → 0+1 transition, taken
with the HiCARI array following the inelastic excita-
tion on a gold target, is shown in Fig. 1.
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Study of the 9C proton breakup reaction

A. I. Chilug,∗1,∗2,∗3 V. Panin,∗4 L. Trache,∗1 D. State,∗1,∗2 I. C. Stefanescu,∗1,∗2 J. Tanaka,∗3 H. Otsu,∗3
T. Motobayashi,∗3 A. Spiridon,∗1 and T. Uesaka∗3 for HI-p Collaboration

The 9C proton breakup reaction was studied during
the SAMURAI29 experiment at RIKEN. The reaction
was studied by two methods: Coulomb dissociation and
nuclear breakup. The physics goal of the experiment
was to evaluate the astrophysical S18-factor of the in-
verse process, the 8B(p, γ)9C, at energies relevant for
astrophysics.

The SAMURAI29 experiment is the first performed
among a series of 4 experiments with proton-rich
secondary beams and was carried out with a 160-
MeV/nucleon 9C beam produced from an 18O primary
beam, at the F13 focal plane using the SAMURAI mag-
netic spectrometer. The whole experimental setup is
detailed in Ref. 1) and in Ref. 2). The detection sys-
tem was prepared to ensure the inclusive and exclusive
measurements of the 9C breakup reaction. Therefore,
a silicon GLAST-type detector system and a set of two
new drift chambers (PDC1 and PDC2) were used to de-
tect the protons produced in the breakup. Both systems
were used for the first time during the experiment.

The silicon detectors, the signals of which were pro-
cessed using a combination of HINP16 electronics and
the new Dual-Gain Preamplifiers developed by the
RIKEN-ATOMKI collaboration,3) enabled the simulta-
neous detection of the proton and 8B from the reaction.
Therefore, they cover a large dynamic energy range, as
shown in Fig. 1. Having these tracking detectors to-
gether with other SAMURAI standard detectors enabled
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Fig. 1. Energy deposited by the proton and 8B recorded si-
multaneously in the first layer of the silicon detector.
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Fig. 2. Protons tracked in the proton drift chambers (PDCs).

the reconstruction of the proton momentum distribu-
tion, which provides information on the shell occupied
by the removed proton in 9C.

A serious complication in the analysis is the back-
ground from the interaction of the beam particles with
the experimental detectors, which must be excluded
from the events. One example is the protons produced
in the plastic scintillator bars of the HODF, which were
detected in the PDCs. In Fig. 2, the red dots indicate the
protons produced in the target with the condition of co-
incident proton signals in the silicon detectors, whereas
the events marked with the black box area in the figure
are protons produced in the HODF detector.

The following steps have been achieved so far in the
data analysis.

(1) The one-proton removal channel from 9C nucleus
is clearly separated in the data.

(2) With the tracked positions in the silicon detectors
placed after the target, it was possible to recon-
struct the reaction vertex.

(3) The proton and 8B momentum distributions were
determined.

(4) The Coulomb dissociation yield of the 9C breakup
as a function of the relative energy between the
proton and 8B was obtained.

Further analysis of the experimental data is in
progress.
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Gamow-Teller giant resonance in 11Li neutron drip-line nucleus
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Recent nuclear physics studies are increasingly fo-
cused on the region far from the valley of stability,
thereby leading to an increase in the intensity of avail-
able exotic isotopes. We started a program1) at the
RIKEN Radioactive Isotope Beam Factory with the ob-
jective of measuring the spin-isospin responses of light
nuclei along the neutron drip line. There are no avail-
able data on nuclear collectivity (giant resonances) on
any drip-line nucleus.

In the SAMURAI30 experiment, we studied the most
basic nuclear collectivity, the Gamow-Teller (GT) giant
resonance, in 11Li (at 181 MeV/nucleon) and 14Be (at
198 MeV/nucleon) nuclei. The charge-exchange (CE)
(p, n) reactions in inverse kinematics are efficient tools
for extracting the B(GT) strengths of unstable isotopes,
up to high excitation energies, without Q-value limita-
tion.2) The uniqe setup of the Particle Analyzer Neutron
Detector Of Real-time Acquisition (PANDORA)3) low-
energy neutron counter + SAMURAI magnetic spec-
trometer,4) together with a thick liquid hydrogen target
allowed us to perform such measurements with high lu-
minosity and low background. In our previous study on
132Sn, we verified that with this setup, we can extract
the strength distribution of isovector spin-flip giant res-
onances in unstable nuclei with quality comparable to
those on stable nuclei.5)

In the 11Li(p,n)11Be reaction, we identified clear kine-
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Fig. 1. Excitation energy spectrum in the 6◦–8◦ center-of-
mass system for 8Li+ t.

matical correlations6) between the neutron energy and
laboratory scattering angle for more than ten different
decay channels of 11Be: 10Be+n, 9Be+ 2n, 9Li+ p+n,
8Li+ p+ 2n, 9Li+ d, 8Li+ t, 8Li+ d+n, 7Li+ t+n,
7Li+ d+ 2n, 6Li+ t+ 2n, α+ 6He+n and 2α+ 3n.

The excitation-energy spectra up to approximately
40 MeV have been reconstructed. The background sub-
traction and acceptance correction are performed. As
an example, Fig. 1 presents the excitation energy spec-
trum in the daughter nucleus 11Be for the 8Li+ t de-
cay channel for θC.M. = 6◦–8◦. A forward scattering
peak in the 0◦–10◦ center-of-mass system indicates a
strong GT transition in all decay channles at approx-
imately 19 MeV, below the Isobaric analogue state,7)
which agrees well with previous beta-decay studies.8)
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Experimental one-proton (neutron) removal cross
sections σ−1p (σ−1n) with light target nuclei (Be and
C) at intermediate energies have been shown to be
hindered with respect to the corresponding theoretical
values. Their ratio Rs = σexp/σth (reduction factor)
shows a strong linear dependence on the difference be-
tween the 1p and 1n separation energies, ∆S = Sp−Sn

(Sn−Sp).
1,2) This dependence has been recognized as a

key to understand correlations beyond the shell-model-
based picture of atomic nuclei. The theoretical cross
sections are evaluated using shell-model spectroscopic
factors C2S combined with an established reaction the-
ory at intermediate energies, such as eikonal and im-
pulse approximation. The reduction factor depends on
the reaction used and the reduction mechanisms are
yet to be clarified.3)

We report a preliminary result of the one-proton
removal cross section of 25F with a carbon target at
218 MeV/nucleon. This data point is a useful addition
to the systematics of the one-nucleon removal cross sec-
tions. It should be noted that 25F has one proton more
than doubly-magic 24O. Accordingly, we expect that
the spectroscopic factor for proton removal from 25F is
close to unity. However, the recent 25F(p, 2p) measure-
ment at SHARAQ at RIBF4) obtained a much-reduced
value of 0.36(13) from 25F to the bound 24O. We also
note that the ∆S value of 10.17(24) MeV for 25F lies
between those of the stable nuclei (|∆S| < 8 MeV) and
drip-line nuclei (|∆S| = 15–30 MeV). As such, the one-
nucleon removal cross section from 25F on the carbon
target is a valuable addition.
The 25F(−p) removal cross section on the carbon
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target was measured using the SAMURAI device at
RIBF, as a by-product of the measurement of the one-
proton removal of 26F and 27F into 25O and 26O,
respectively.5) For details of the experimental setup
and method, see Ref. 5). The 25F secondary beam
was produced by the projectile-fragmentation of 48Ca
at 345 MeV/nucleon with a thick beryllium target.
The beam intensity of 25F reached 1.1×103 parti-
cles/s with a purity of 3.4%. The 25F projectile then
impinged on the carbon target with a thickness of
1.8 g/cm2. The mean energy at the middle of the
target was 218 MeV/nucleon, with momentum accep-
tance of |∆P/P | ≤ 0.6%. The particle identification
(PID) for 25F was obtained by the standard method at
the BigRIPS.5) The PID of the 24O residue was made
by the measurements of the time of flight (TOF), and
energy loss ∆E at the hodoscope (HODF), with the
magnetic rigidity (Bρ) obtained by the tracking with
the two multi-wire drift chambers, FDC1 and FDC2,
at the entrance and exit of the SAMURAI supercon-
ducting magnet, respectively.5,6) The central field of
the magnet was 3.0 T.
The 25F(−p) removal cross section was extracted us-

ing the ratio of the counts of the outgoing 24O to those
of 25F, where the background events measured with
the empty target were subtracted. The effect of re-
action loss in the thick target was incorporated using
the procedure in Ref. 7). The obtained preliminary
value of the one-proton removal cross section of 25F is
7.1(8) mb. usdb-interaction shell- and eikonal-model
calculations give the theoretical cross section 14.9 mb,
resulting in the reduction factor Rs = 0.48(5). Further
evaluation of nucleon removal cross sections in neigh-
boring neutron-rich isotopes is in progress.
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In this report, we present the particle identifica-
tion (PID) results of the decay fragments from the
48Cr(p,n)48Mn reaction in the SAMURAI11 experi-
ment.1)

The charge number Z and mass to charge ratio
A/Z are used to identify particles, where Z is calcu-
lated using the energy loss ∆E and time-of-flight mea-
sured in the hodoscope and A/Z is calculated using
the rigidity and flight path from the simulation and
the time-of-flight. With the position and angle infor-
mation from the drift chambers before and after the
SAMURAI magnet, the rigidity and trajectory of the
particle could be extracted by simulation. The simu-
lation program uses a 4th-order Runge-Kutta method
to simulate the trajectory and it iterates several times
to determine the rigidity that reproduces the position
and angle measured in the drift chambers.

Our hodoscope detector consists of seven bars. The
size of each bar is 1200 mm(H) × 100 mm(W) ×
10 mm(T). The PID in one hodoscope bar is shown
in Fig. 1. Because the position on the PID plot of one
particle could be slightly shifted in different bars, we
evaluate the resolution on one bar only. The resolution
of the charge number Z is σZ,48Cr = 0.20 and σZ,46V

= 0.19, corresponding to 5.0σ separation for Z = 23
and Z = 24. The resolution of the mass to charge ra-
tio A/Z is σA/Z,46V = 0.0099 and σA/Z,47V = 0.0083,
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corresponding to 4.3σ separation.
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Fig. 1. PID in one bar of hodoscope. This bar is the one
next to the bar hitting by beam particles, on the higher
rigidity side. Some particles are labeled on the figure.
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systems†
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In the last couple of decades, pions produced in
the high density regions of heavy ion collisions have
been considered to be one of sensitive probes to in-
vestigate the symmetry energy term in the nuclear
equation of state at high densities, a key property
to understand neutron stars. In our new experiment
designed to study the symmetry energy, the multi-
plicities of negatively and positively charged pions
have been measured with high accuracy for central
132Sn+ 124Sn, 112Sn+ 124Sn, and 108Sn+ 112Sn colli-
sions at E/A = 270 MeV with the SπRIT Time Pro-
jection Chamber2,3) placed inside the SAMURAI spec-
trometer4) at RIBF. While individual pion multiplici-
ties are measured to 4% accuracy, those of the charged
pion multiplicity ratios are measured to 2% accuracy.
We compare these data to predictions from seven ma-
jor transport models which have taken part in the
Transport Model Evaluation Project (TMEP).5–7) The
calculations reproduce qualitatively the dependence of
the multiplicities and their ratios on the total neutron
and proton number in the colliding systems.

As shown in Fig. 1, however, the predictions of the
transport models from different codes differ too much
to allow extraction of reliable constraints on the sym-
metry energy from the data even using the double pion
ratio. This finding may explain previous contradic-
tory conclusions on symmetry energy constraints ob-
tained from pion data in Au+Au system.8–12) These
new results call for still better understanding of the dif-
ferences among transport codes, and new observables

† Condensed from the article in Phys. Lett. B 813, 136016
(2021)1)
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that are more sensitive to the density dependence of
the symmetry energy.

Fig. 1. (Left panel) Experimental charged pion yield ra-
tios as a function of N/Z together with the results of
seven transport-model predictions for the soft and stiff
symmetry energies (the difference of predictions are pre-
sented by the height of colored boxes). The dashed blue
line is a power-law fit with the function (N/Z)3.6, while
the dotted blue line represents (N/Z)2 of the system.
(Right panel) Double pion yield ratios for 132Sn+ 124Sn
and 108Sn+ 112Sn. The data and their uncertainty are
given by the red horizontal bar and the results of the
transport models are shown by the colored boxes, in a
similar way as in the left panel. Taken from Ref. 1).
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The SπRIT-time projection chamber (TPC)1) project
aims to constrain the high-density nuclear symmetry en-
ergy by using heavy-ion collisions. We measured light
charged particles emitted from central Sn + Sn colli-
sions at 270 MeV/nucleon, which have been predicted
to provide sensitive probes of the symmetry energy
at supra-saturation densities.2) In this report, we de-
scribe the reconstruction efficiency of protons in central
132Sn+ 124Sn collisions.

The Sn target is placed approximately 1 cm upstream
from the TPC; hence, the charged particles emitted in
forward angles are mainly observed. In central Sn+ Sn
collisions producing high charged-particle multiplicity,
signals induced by charged particles can interfere with
each other, causing the tracks to be merged and/or bro-
ken. As it would be difficult to fully simulate realistic
situations, the embedding technique3) is applied. The
digitized signal of a single proton traversing the TPC
is generated based on a Monte Carlo simulation. Sub-
sequently, the generated signal is embedded into real
events, which are analyzed by the same track reconstruc-
tion algorithm as for the physical tracks. The proton’s
reconstruction efficiency with a given track multiplicity
can be estimated by comparing the embedded tracks and
the reconstructed tracks.

The spectrum of transverse momentum pT vs. scaled
rapidity y0 = y/yc.m.

NN − 1 of protons is corrected by the
following procedure, where y and yc.m.

NN are the rapidity
of the detected proton and the center-of-mass rapidity
of the nucleon-nucleon system, respectively. It is noted
that the momentum resolution of the TPC can distort
the measured spectrum. To consider this bin-smearing
effect in the efficiency calculation, the distribution of
embedded protons needs to be properly weighted. First,
the measured pT-y0 spectrum is used as the weighting
factor. The efficiency as a function of pT-y0 is obtained
as the ratio of reconstructed protons to embedded ones.
Subsequently, the corrected pT-y0 spectrum of protons is
obtained as the raw spectrum divided by the efficiency.
In the next iteration, the corrected spectrum is used as
the weighting factor. This process is iterated until the
correction converges.

As shown in Fig. 1, the correction converged after two
iterations. Since we limited the azimuthal angle of tracks
∗1 Department of Physics, Kyoto University
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Fig. 1. The top panel shows pT-integrated dN/dy0 spectra
of protons in central 132Sn+ 124Sn collisions with and
without efficiency corrections (colored and black mark-
ers, respectively). The bottom panel shows the efficiency
obtained with respect to their ratios.

to −30◦ ≤ ϕ ≤ 20◦ in the analysis, which is expected
to be the efficient region of the TPC, the reconstruction
efficiency of protons is estimated to be approximately
90%. The efficiency exceeds 100% at y0 > 1.8 because
the original statistics of protons is quite low at such a
high y0 and overcounting occurs owing to the smearing of
the proton rapidity at a lower y0. In addtion to protons,
the pT-y0 spectra of deuterons and tritons are also cor-
rected, which are being compared with theoretical pre-
dictions to extract physics statements for publications
in the future.
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factor. The efficiency as a function of pT-y0 is obtained
as the ratio of reconstructed protons to embedded ones.
Subsequently, the corrected pT-y0 spectrum of protons is
obtained as the raw spectrum divided by the efficiency.
In the next iteration, the corrected spectrum is used as
the weighting factor. This process is iterated until the
correction converges.

As shown in Fig. 1, the correction converged after two
iterations. Since we limited the azimuthal angle of tracks
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Fig. 1. The top panel shows pT-integrated dN/dy0 spectra
of protons in central 132Sn+ 124Sn collisions with and
without efficiency corrections (colored and black mark-
ers, respectively). The bottom panel shows the efficiency
obtained with respect to their ratios.

to −30◦ ≤ ϕ ≤ 20◦ in the analysis, which is expected
to be the efficient region of the TPC, the reconstruction
efficiency of protons is estimated to be approximately
90%. The efficiency exceeds 100% at y0 > 1.8 because
the original statistics of protons is quite low at such a
high y0 and overcounting occurs owing to the smearing of
the proton rapidity at a lower y0. In addtion to protons,
the pT-y0 spectra of deuterons and tritons are also cor-
rected, which are being compared with theoretical pre-
dictions to extract physics statements for publications
in the future.
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neutrons in heavy-ion collisions at beam energies of 400 MeV/nucleon

S. Yamamura,∗1,∗2 S. Nishimura,∗2 T. Isobe,∗2 V. H. Phong,∗2 M. Kaneko,∗2,∗3 T. Murakami,∗3 Y. Nakai,∗2
D. Nishimura,∗4 M. Nishimura,∗2 N. Chiga,∗2 and E. Takada∗5

The anisotropic collective flow of protons and neutrons
in heavy-ion collisions is expected to provide experimen-
tal information on the equation of state (EOS) of high-
density and neutron-rich nuclear matters because it re-
flects the symmetry energy at the high-density region.1)
The anisotropy is expressed by the distribution function
of particle emissions observed from the reaction plane as

dN

dφ
=

N0

2π

(
1 + 2

∑
n

vn cosnφ

)
, (1)

where φ, N0 and vn represent the emission angle of the
particles observed from the reaction plane, normalization
constant, and the anisotropic strength, respectively. The
difference between the v1 (directed flow) of neutrons and
of protons is theoretically expected to be highly sensitive
to EOS around target rapidity2) even though only a few
experimental data are available.

A pilot experiment (H355) was conducted at HIMAC
by impinging 400 MeV/nucleon 132Xe beam on a CsI
target (500 mg/cm2) at a high intensity of 106 parti-
cles/spill to measure the proton and neutron flows pre-
cisely. In this experiment, 32 plastic scintillators (EJ299-
33, 30 × 55 × 127 mm3) were used to identify neutrons
using pulse-shape discrimination. The detectors were
placed parallel to the beam axis and in a cylindrical con-
figuration to detect particles at target rapidity. Charged
and neutral particles can be identified by combining
these detectors called NiGIRI (Neutron, ion, and γ-ray
identification for radioactive isotope beam) and charged
particle veto scintillators. Figure 1 shows the prototype
NiGIRI array.3) Energies of the detected particles are
deduced from the time-of-flight between the CsI target

Fig. 1. NiGIRI detectors3) (16 arrays 2 layers).
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Fig. 2. Measured distribution functions dN/φ of charged par-
ticles (left), neutrons (center), and γ rays (right). The
spectra were integrated over momentum and impact pa-
rameter.

and NiGIRI detectors. Another set of 32 plastic scintil-
lators called the Kyoto-array were used to cover the mid-
rapidity region. The emitted angles of the charged par-
ticles were measured for determining the reaction plane.
The plane was determined by the beam axis and Q vec-
tor obtained using

Q =
∑
k

(
cos θk
sin θk

)
, (2)

where θk denotes a hit angle of Kyoto-array; the sum-
mation is taken over the number of detected particles.
The cross-talk events observed in the Kyoto-array were
mostly rejected in the Q-vector determination to mini-
mize the detector bias.

Emission angles of charged particles, neutrons, and γ
rays with respect to the angle of Q vector were studied
at target rapidity using the data of NiGIRI. Figure 2
shows the measured distribution functions (dN/dφ) of
the charged particles, neutrons, and γ rays. The results
indicate a clear anisotropy for charged particles and neu-
trons, and show flatter distribution for γ rays; the results
are expected to indicate collective flow, particularly v1,
and therefore a pressure gradient is observed in the high-
density region in heavy-ion collisions.

To the best of the author’s knowledge, this experiment
prooves for the first time that it is possible to directly
compare the collective flow among light charged ions and
neutrons around target rapidity. An upgraded experi-
ment with a higher resolution of the reaction plane de-
tector arrays will be performed at HIMAC and possibly
RIBF in the future.
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The equation of state (EOS) of nuclear matter is ex-
pressed as the EOS of the symmetric nuclear matter and
the symmetry energy. Particularly, the symmetry en-
ergy is important for understanding astrophysical phe-
nomena, such as neutron stars. The EOS of symmet-
ric nuclear matter is understood from previous experi-
ments on stable nuclei, however there is much less un-
derstanding of the the symmetry energy. From many
theoretical studies, it is known that the slope parame-
ter of the symmetry energy is strongly correlated with
neutron skin thickness, which is defined as the difference
between the neutron and proton root-mean-square radii.
In neutron-rich nuclei, the excess neutrons form a neu-
tron skin structure. It is expected that this symmetry
energy can be constrained by determining the neutron
skin thickness from the neutron and proton density dis-
tributions.

We employed proton elastic scattering to extract neu-
tron and proton density distributions. For stable nuclei,
we have established a method to extract the proton and
neutron density distributions using proton elastic scat-
tering.1) To employ this method to unstable nuclei with
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Fig. 1. A/Q spectrum of secondary beam including 132Sn

deduced from position and time-of-flight information at
BigRIPS. The peak of 132Sn is located at A/Q = 2.64
shown in red. The A/Q resolution in r.m.s is 0.058%.
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Fig. 2. Kinematical correlations of 132Sn between scattering
angles θ and kinematic energies of scattered protons Tp.
The red dotted line indicates elastic scattering events be-
tween 132Sn at 303.9 MeV/nucleon and protons.

large asymmetry, we started a new project to measure
the elastic scattering of protons with RI beams (ESPRI)
in inverse kinematics. We developed a recoil proton
spectrometer (RPS), which consists of a 1-millimeter-
thick solid hydrogen target (SHT2)), two multi-wire drift
chambers (MWDCs), two plastic scintillators, and four-
teen NaI rods. We measure the angle and energy of the
recoil protons from the SHT using the RPS. We success-
fully performed ESPRI measurements for several light
unstable nuclei.3)

132Sn has a larger isospin asymmetry than 208Pb, and
is expected to have a thicker neutron skin thickness. In
Novenver 2019, we performed proton elastic scattering
from 132Sn at 300 MeV/nucleon at the F12 area.4) The
total beam rate was up to 600 kcps, and the purity of
132Sn was 20%. The A/Q spectrum of the secondary
beam including 132Sn under high intensity is shown in
Fig. 1. We identified elastic events of 132Sn from the cor-
relation of the kinematic energies and recoil angles of the
scattered protons with NaI rods and MWDCs as shown
in Fig. 2. Data analysis for deducing the excitation en-
ergy spectrum of 132Sn and the angular distribution of
the cross section is now in progress.
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The equation of state (EOS) of nuclear matter is ex-
pressed as the EOS of the symmetric nuclear matter and
the symmetry energy. Particularly, the symmetry en-
ergy is important for understanding astrophysical phe-
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ric nuclear matter is understood from previous experi-
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derstanding of the the symmetry energy. From many
theoretical studies, it is known that the slope parame-
ter of the symmetry energy is strongly correlated with
neutron skin thickness, which is defined as the difference
between the neutron and proton root-mean-square radii.
In neutron-rich nuclei, the excess neutrons form a neu-
tron skin structure. It is expected that this symmetry
energy can be constrained by determining the neutron
skin thickness from the neutron and proton density dis-
tributions.

We employed proton elastic scattering to extract neu-
tron and proton density distributions. For stable nuclei,
we have established a method to extract the proton and
neutron density distributions using proton elastic scat-
tering.1) To employ this method to unstable nuclei with
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large asymmetry, we started a new project to measure
the elastic scattering of protons with RI beams (ESPRI)
in inverse kinematics. We developed a recoil proton
spectrometer (RPS), which consists of a 1-millimeter-
thick solid hydrogen target (SHT2)), two multi-wire drift
chambers (MWDCs), two plastic scintillators, and four-
teen NaI rods. We measure the angle and energy of the
recoil protons from the SHT using the RPS. We success-
fully performed ESPRI measurements for several light
unstable nuclei.3)

132Sn has a larger isospin asymmetry than 208Pb, and
is expected to have a thicker neutron skin thickness. In
Novenver 2019, we performed proton elastic scattering
from 132Sn at 300 MeV/nucleon at the F12 area.4) The
total beam rate was up to 600 kcps, and the purity of
132Sn was 20%. The A/Q spectrum of the secondary
beam including 132Sn under high intensity is shown in
Fig. 1. We identified elastic events of 132Sn from the cor-
relation of the kinematic energies and recoil angles of the
scattered protons with NaI rods and MWDCs as shown
in Fig. 2. Data analysis for deducing the excitation en-
ergy spectrum of 132Sn and the angular distribution of
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Results on the β decay of 60Ge and 62Ge measured at RIBF
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The investigation of the structure of nuclei close to
the limits of stability is a topic of paramount importance
in modern nuclear physics. The Tz = −2, 60Ge nucleus
is a semi-magic, N = 28 isotone whose decay is almost
unknown. An exotic feature seen in other Tz = −2 nu-
clei1,2) is the competition between the γ de-excitation
and the (isospin-forbidden) proton emission from the
T = 2 isobaric analog state populated by β decay in the
daughter nucleus. Little was known about the decay of
the Tz = −1, 62Ge nucleus. In other Tz = −1 nuclei a
suppression of isoscalar γ transitions between Jπ = 1+,
T = 0 states (Warburton and Weneser quasi-rule3,4))
has been observed.5)

Heavy proton-rich nuclei can be produced with un-

Correlation time [ms]
−200 −100 0 100 200 300 400 500 600

C
ou

nt
s 

/ 2
 m

s

1

10

102

 = 25.0(3) ms1/2T

60Ge

Fig. 1. Time correlations between 60Ge implants in
WAS3ABi and subsequent β-delayed protons (Ep >
1 MeV) detected in the same pixel of WAS3ABi.
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Fig. 2. Time correlations between implanted 62Ge ions and
β decays in the same or adjacent pixel of WAS3ABi.

precedented statistics at the Radioactive Isotope Beam
Factory (RIBF) of the RIKEN Nishina Center. In the
NP1112-RIBF82 experiment, 1.5×104 60Ge and 2.1×106
62Ge ions were recorded. They were produced by frag-
menting a 78Kr primary beam (345 MeV/nucleon and
intensity up to 250 particle nA) on a Be target. The
fragments were selected and identified by the BigRIPS
separator by means of the Bρ-∆E-ToF method. They
were then implanted in the WAS3ABi setup, consisting
of three 1-mm-thick double-sided Si strip detectors of
a 6 × 4 cm2 area. The EURICA array, arranged in 12
clusters containing 7 high-purity Ge crystals each, was
used for γ detection.

For 60Ge, the first experimental information on both
the β-delayed proton and γ emissions has been ex-
tracted. By gating on the β-delayed proton emission,
a half-life value of 25.0(3) ms has been obtained for
60Ge (Fig. 1). For 62Ge, new information on the β-
delayed γ emission has been obtained, indicating the
persistence of the quasi-rule.3,4) A half-life value of
73.5(1) ms has been extracted for 62Ge (Fig. 2). The
precision on both 60Ge and 62Ge half-lives has been im-
proved in comparison with values in the literature.
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In this contribution, we present preliminary results
of the analysis of the β-decay of 70Kr from the ex-
periment NP1112-RIBF93. The main goal of the ex-
periment was to study isospin-related effects and p-n
pairing signatures in the region of A ∼ 70 using the
information obtained from the β-decays of 70, 71Kr.

To produce the isotopes of interest the fragmen-
tation of a 78Kr primary beam with an energy of
345 MeV/nucleon was used. Average beam currents of
40 particle nA were provided by the RIKEN Nishina
Center accelerator complex. The 78Kr primary beam
impinged on a 5 mm thick 9Be target to produce
a cocktail radioactive beam. The fragments pro-
duced were then separated and selected using the Bi-
gRIPS separator. The ions were then implanted in the
WAS3ABi active stopper, surrounded by the EURICA
γ-ray spectrometer1) for the study of their β decay.

Gamma rays associated to the de-excitation of states
populated in the daughter nucleus 70Br were identi-
fied using conventional β-γ and β-γ-γ coincidence tech-
niques similarly to the procedure followed in Ref. 2).
For more details see Refs. 3, 4). The analysis has also
allowed us to improve the precision of the deduced β-
decay half-life and construct the level scheme of states
populated in the decay, which extends up to 3.3 MeV
excitation energy in 70Br.

In Fig. 1 we present the deduced Gamow-Teller β
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Fig. 1. Preliminary comparison of the experimental (black)
and calculated accumulated B(GT) values for the 70Kr
→ 70Br β decay.5) The experimental B(GT) uncertain-
ties are determined by the feeding error of the levels
and the error of the half-life. The orange solid line
corresponds to the values calculated for the oblate min-
imum, the blue dashed line corresponds to the prolate
minimum of the ground state of 70Kr.

strength in the daughter nucleus compared to the pre-
dictions of the pn quasiparticle random-phase approx-
imation (pnQRPA) calculations for two possible defor-
mation minima in 70Kr.5) The calculations presented
here are based on the SLy4 force, which is a well tested
force throughout the whole nuclear chart. Alterna-
tive theoretical calculations are also performed using
a pseudo-LS model.6) We are presently working in the
final details of a publication7) based on this study.
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In this contribution, we present preliminary results
of the analysis of the β-decay of 70Kr from the ex-
periment NP1112-RIBF93. The main goal of the ex-
periment was to study isospin-related effects and p-n
pairing signatures in the region of A ∼ 70 using the
information obtained from the β-decays of 70, 71Kr.

To produce the isotopes of interest the fragmen-
tation of a 78Kr primary beam with an energy of
345 MeV/nucleon was used. Average beam currents of
40 particle nA were provided by the RIKEN Nishina
Center accelerator complex. The 78Kr primary beam
impinged on a 5 mm thick 9Be target to produce
a cocktail radioactive beam. The fragments pro-
duced were then separated and selected using the Bi-
gRIPS separator. The ions were then implanted in the
WAS3ABi active stopper, surrounded by the EURICA
γ-ray spectrometer1) for the study of their β decay.

Gamma rays associated to the de-excitation of states
populated in the daughter nucleus 70Br were identi-
fied using conventional β-γ and β-γ-γ coincidence tech-
niques similarly to the procedure followed in Ref. 2).
For more details see Refs. 3, 4). The analysis has also
allowed us to improve the precision of the deduced β-
decay half-life and construct the level scheme of states
populated in the decay, which extends up to 3.3 MeV
excitation energy in 70Br.

In Fig. 1 we present the deduced Gamow-Teller β
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Fig. 1. Preliminary comparison of the experimental (black)
and calculated accumulated B(GT) values for the 70Kr
→ 70Br β decay.5) The experimental B(GT) uncertain-
ties are determined by the feeding error of the levels
and the error of the half-life. The orange solid line
corresponds to the values calculated for the oblate min-
imum, the blue dashed line corresponds to the prolate
minimum of the ground state of 70Kr.

strength in the daughter nucleus compared to the pre-
dictions of the pn quasiparticle random-phase approx-
imation (pnQRPA) calculations for two possible defor-
mation minima in 70Kr.5) The calculations presented
here are based on the SLy4 force, which is a well tested
force throughout the whole nuclear chart. Alterna-
tive theoretical calculations are also performed using
a pseudo-LS model.6) We are presently working in the
final details of a publication7) based on this study.
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The properties of nuclei away from the line of sta-
bility, revealed in the β-decay of the neutron-rich side,
are crucial in understanding nuclear structure evolution
and providing inputs for r-process simulations. Mea-
surements of half-lives, one- and two-neutron emission
probabilities (Pn,2n), and neutron energy spectra pro-
vide information on the β-decay strength distribution
(Sβ). The Sβ measurement for Ga with N > 50, 83, 84Ga
showed that the decay properties of the r-process iso-
topes near 78Ni are dominated by the Gamow-Teller
decay of the 78Ni-core states.1) Through their work on
86, 87Ga using BRIKEN,3) R. Yokoyama et al.,2) demon-
strated a need to consider the competition between one-
and multi-neutron emissions to predict branching ratios
of r-process nuclei. It also strengthened the argument
for the necessity of neutron energy measurements for
understanding the details of the neutron emission pro-
cess. The Versatile Array of Neutron Detector at Low
Energy (VANDLE)4) experiment at RIBF RIKEN aims
to provide measurements of Sβ for the decay of 78Ni
and neighboring nuclei using time-of-flight (ToF) based
neutron spectroscopy. The isotopes of interest were pro-
duced from a 345 MeV/nucleon ∼46-particle-nA 238U
beam impinged on 4-mm-thick Be target by projectile

Fig. 1. VANDLE setup at the F11 focal plane of ZDS.
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Fig. 2. Neutron energy spectrum of 81Cu measured by VAN-
DLE.

fragmentation. The nuclei identified by the BigRIPS5)

facility were supplied to the F11 focal plane, where they
were implanted in a segmented-YSO based implanta-
tion detector6) for ∼4 days. A YSO detector consists
of a segmented YSO crystal (75× 75× 5 mm3) coupled
to a position-sensitive photo-multiplier tube. YSO is
used to establish ion-beta correlations and provides the
start time of the ToF. VANDLE, consisting of EJ200
scintillator bars coupled at both ends to PMTs, pro-
vides the stop time of neutron ToF. A set of 48 medium
(3× 6× 120 cm3) VANDLE bars were arranged in a 100-
cm radius circle with YSO at the center, as shown in
Fig. 1. In addition, two HPGe clovers and ( ten 3” × 3”
and two 2” × 2”) LaBr3 were set up in a close geometry
around the YSO detector to record γ-transitions from
the decays. All the signals were read using XIA Pixie-
16 revF digitizers at 250 MHz and 12-bit digitization.7)
Neutron spectra were measured for 78–81Cu isotopes to
establish the role of the N = 50 shell gap on the β-
decay properties. We show the first measurement of
the neutron energy spectrum of 81Cu52 decay in Fig. 2.
The spectrum indicates that neutrons with energies of
0.4–3 MeV were emitted from excited states in 81Zn.
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As we move further from the line of β-stability to-
wards the neutron drip line, Qβ values become larger
than the two-neutron separation energy (S2n), which
allows multi-neutron emissions after β-decay. In the
neutron-rich nuclei along the astrophysical r-process
path, multi-neutron emissions are considered to be
dominant decay modes.1) The numbers of neutrons
emitted in the β-decays of exotic nuclei modify the
decay path back to stability and affect the final abun-
dance calculation. However, experimental data that
enable the evaluation of multi-neutron emissions for
the r-process nuclei are almost non-existent. Until
quite recently, theoretical predictions of the neutron
emission branching ratio (Pn) were based on a cut-off
model that assumes only the higher-multiplicity neu-
tron emission prevails in the energy regions open to
multiple neutron-emission channels. In order to in-
clude the competition of one-neutron emission from the
states above S2n, Kawano et al. developed a Hauser-
Feshbach statistical model calculation.2)

We studied neutron-rich Ga isotopes by means of
β-n-γ spectroscopy at RIBF using the high-efficiency
neutron counter array BRIKEN,3–5) with two Ge
clover detectors. The result that one-neutron emission
is dominant for all the four Ga isotopes was interpreted
as competition in one-neutron emission among two-
neutron unbound states, and we demonstrated that
the inclusion of the statistical model reproduces the
branching ratio better than the cut-off model.6)

Recently, we analyzed γ-ray spectra of the decay of
84–87Ga. Figure 1 shows γ spectra gated by the neu-
tron multiplicity of the BRIKEN array for the decay of
86Ga. γ rays from 84, 85, 86Ge are clearly identified in
the 2n, 1n, and 0n gated spectra. The 2+ → 0+ γ ray
from 84Ge in the two-neutron branches was observed
at 624 keV. The intensity of the 624-keV γ ray per 100
two-neutron decays was 37(8)%. We performed our
Hauser-Feshbach statistical model calculation by using
the strength distribution and level densities from shell-
model calculations. This model was used to validate
the measurement of the neutron spectra in the decay of
83, 84Ga.7) The shell model produced less states below
S2n than the number of the default levels generated by
the statistical model using the Gilbert-Cameron for-
mula. When known, the low-lying states in the decay
∗1 Department of Physics and Astronomy, the University of
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daughters calculated by the shell model were replaced
with experimental data. Compared with the feeding
of the experimental 624-keV state in 84Ge, the statis-
tical model predicted the γ intensity as 33%, which
is in good agreement with the experimental value we
measured. The statistical model also reproduced the γ
branching ratio of other γ rays in the decay. The de-
tailed β-n-γ analysis of other neutron-rich Ga isotopes
is in progress.
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Fig. 1. (a) γ-ray spectra of the decay of 86Ga gated by
neutron multiplicities in the BRIKEN array. (b) Decay
scheme. γ branching per 100 decays is shown in the
square brackets.
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multiple neutron-emission channels. In order to in-
clude the competition of one-neutron emission from the
states above S2n, Kawano et al. developed a Hauser-
Feshbach statistical model calculation.2)

We studied neutron-rich Ga isotopes by means of
β-n-γ spectroscopy at RIBF using the high-efficiency
neutron counter array BRIKEN,3–5) with two Ge
clover detectors. The result that one-neutron emission
is dominant for all the four Ga isotopes was interpreted
as competition in one-neutron emission among two-
neutron unbound states, and we demonstrated that
the inclusion of the statistical model reproduces the
branching ratio better than the cut-off model.6)

Recently, we analyzed γ-ray spectra of the decay of
84–87Ga. Figure 1 shows γ spectra gated by the neu-
tron multiplicity of the BRIKEN array for the decay of
86Ga. γ rays from 84, 85, 86Ge are clearly identified in
the 2n, 1n, and 0n gated spectra. The 2+ → 0+ γ ray
from 84Ge in the two-neutron branches was observed
at 624 keV. The intensity of the 624-keV γ ray per 100
two-neutron decays was 37(8)%. We performed our
Hauser-Feshbach statistical model calculation by using
the strength distribution and level densities from shell-
model calculations. This model was used to validate
the measurement of the neutron spectra in the decay of
83, 84Ga.7) The shell model produced less states below
S2n than the number of the default levels generated by
the statistical model using the Gilbert-Cameron for-
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daughters calculated by the shell model were replaced
with experimental data. Compared with the feeding
of the experimental 624-keV state in 84Ge, the statis-
tical model predicted the γ intensity as 33%, which
is in good agreement with the experimental value we
measured. The statistical model also reproduced the γ
branching ratio of other γ rays in the decay. The de-
tailed β-n-γ analysis of other neutron-rich Ga isotopes
is in progress.
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Fig. 1. (a) γ-ray spectra of the decay of 86Ga gated by
neutron multiplicities in the BRIKEN array. (b) Decay
scheme. γ branching per 100 decays is shown in the
square brackets.
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Spectroscopy of 99Cd and 101In from β decays of 99In and 101Sn†
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Experimental knowledge in the doubly magic 100Sn
region, relevant for tests of nuclear shell models (SM),
proton-neutron interactions in N ≈ Z ≈ 50 nuclei
and the end of the rapid proton-capture process (rp-
process) in nuclear astrophysics, has been expanded
through a β-decay spectroscopy campaign at RIBF.1)
The literature on β decays of 99In and 101Sn has been
either nonexistent or contentious due to low statistics,
but subsequent analyses of the β-delayed γ-ray spec-
troscopy data from the RIBF9 experiment revealed
new states in 99Cd and addressed the ambiguity con-
cerning the level scheme of 101In.

Using WAS3ABi2) and EURICA3) detectors which
were deployed at the end of the ZeroDegree spectrome-
ter, decay events following 99In and 101Sn ion implan-
tations were correlated. 30 new γ rays belonging to
99Cd were observed, and a subset of γ rays previously
assigned to 101In has been confirmed in this measure-
ment. Two new high-energy γ rays were assigned to
101In in this work. The available γ-γ coincidence data
was analyzed to build on the level scheme of 99Cd,
as shown in Fig. 1. Alternatively, the experimental
energies and intensities of the γ rays were compared
with the SM calculations based on the SR88MHJM4)

interaction, in a model space of π(2p1/2, 1g9/2) and
ν(1g7/2, 2d5/2, 2d3/2, 3s1/2, 1h11/2) orbitals above the
88Sr core. The effect of varying effective charges and
theoretical transition energies on the branching ratios
of γ rays was assessed. Tentative assignments of new
excited states were made for both 99Cd and 101In,
where a good agreement was found within theoretical
uncertainties. No significant inconsistencies in the in-
tensities of γ rays were found between the experiment
and theory in a γ-ray energy range of 0–2500 keV.
β-delayed proton emission events from the decay of

101Sn were recorded and incorporated in the γ-ray in-
tensity analysis. The competition between branching
ratios of protons versus γ rays from high-energy states
in 101In was evaluated using a semi-empirical theory
on proton emission.5) The two competing hypotheses
concerning the ground-state spin of 101Sn, being either
the 5/2+ based on the 2d5/2 single-neutron configu-
ration or the 7/2+ based on the 1g7/2 configuration,
were examined by comparing the experimental γ-ray

† Condensed from the article in Phys. Rev. C. 102, 014304
(2020)
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Fig. 1. Experimental level scheme of 99Cd, compared to SM
calculations. Only the states revealed by the β decay
of 99In are shown. The blue arrows indicate new γ rays
observed in this work.

intensities and the integrated β-delayed proton emis-
sion branching ratio to theoretical values. Due to the
imprecise knowledge of the proton separation energy
of 101In and low experimental γ-ray statistics, there
was insufficient circumstantial evidence for an unam-
biguous spin assignment of the ground state of 101Sn.
Determining the single-particle energies of the N = 51
isotones, 99Cd and 101Sn, would result in an enhanced
systematic review of the N = 50 shell evolution in the
proton-rich nuclei close to 100Sn.
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In this report we are presenting the progress on the
analysis of the NP1612-RIBF147 experiment. The goal
of this experiment was to study the beta decay of 100Sn
and neighbouring nuclei using the total absorption tech-
nique. In our measurement the total absorption spec-
trometer DTAS1) was used in combination with the im-
plantation detector AIDA.2) Details of the experiment
can be found in Ref. 3).

One key aspect of the work performed was to improve
the signal to background ratio of the coincident data as
much as possible. The sorting conditions of the data
and the number of parameters available for the analysis
makes this task daunting without proper quantification
of the code optimisations. For that reason we introduced
a figure of merit. The figure quantifies the improvements

Fig. 1. Parameters employed in the definition of the figure
of merit for the time distribution of the β particles. The
area S stands for signal, B for background, b is the high
of the background. B is estimated using the backward
correlation time interval [−ts, 0]. Tib stands for implant-
β time.
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Fig. 2. Time distribution of the β particles emitted after the
decay of 100Sn in coincidence with DTAS.

made by the changes in the analysis code looking for the
reduction of the accidental correlations associated to the
decay of 100Sn. In our study we changed several sort-
ing parameters and compared the area of the true cor-
relations (S) with the area of the background (B) (see
Fig. 1. for an schematic view). The optimisation con-
sisted in looking for conditions that increase the S to B
ratio. Note that the correlation time window (ts) is re-
lated to the decay half-life of the implanted nucleus of
interest. Some improvements on the AIDA sorting code
were also necessary.4)

In Fig. 2 we show the present status of the implant-β
time correlation (gated with the condition on the DTAS
firing) after implementing all cleaning conditions for the
100Sn. Thanks to the procedures applied, an increase
of the signal to background ratio of the order of 20%
was achieved, improving the DTAS gamma correlated
data. In the near future we will refine the calibration
of the detectors and calculate the response function of
the setup, which is mandatory for the total absorption
spectrum analysis. Due to technical problems during our
run we were only able to take data for 4 days from a total
of 10 approved days. The continuation of the experiment
is expected to occur in 2021.
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time correlation (gated with the condition on the DTAS
firing) after implementing all cleaning conditions for the
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was achieved, improving the DTAS gamma correlated
data. In the near future we will refine the calibration
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The properties of the 2+2 band in even-even nuclei
are closely connected with the triaxial motion in the
direction of the γ degree of freedom, such as the γ-
vibration, rigid triaxial rotor,1) or γ-unstable rotor.2)
The lowering of the known 2+2 -state energy in neutron-
rich molybdenum isotopes (Z = 42) is interpreted as the
development of these triaxial motions associated with
the ground-state shape. We studied the neutron-rich
106, 108, 110Mo isotopes with higher statistics by measur-
ing the β-delayed γ rays.

A neutron-rich cocktail beam was produced from the
fragmentation of a 345-MeV/nucleon 238U86+ beam.
The nuclides were separated and identified on the Bi-
gRIPS separator and delivered to F11. The ions and
β particles were detected by the WAS3ABi active stop-
per. A high-purity Ge array, EURICA,3) and fast-timing
LaBr3(Ce) array were used to measure the energy and
time of γ rays.

Figure 1 shows B(E2) determined from the lifetime
measurement of the 2+1 states using the LaBr3(Ce) ar-
ray. The quadrupole deformation parameters β2 of
106, 108, 110Mo were deduced to be 0.349(13), 0.327(10),
and 0.305(7), respectively. The results were compared
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Fig. 1. B(E2; 2+1 → 0+1 ) of the neutron-rich Mo isotopes.
The theoretical results calculated with SLy4 and SLy5+T
interactions are shown.

with beyond-mean-field calculations using SLy4 and
SLy5+T interactions, for which the predicted ground-
state shapes were oblate and prolate, respectively. The
prolate shape was indicated because the calculation with
the SLy5+T interaction reproduces both B(E2) and the
energies of the ground-state band.

The 2+2 band in 110Mo was extended up to the 7+

state. The energy staggerings of the 2+2 bands in
106, 108, 110Mo are close to that of the axially symmetric
rotor of the γ-vibrational state, rather than Davydov’s
rigid-triaxial rotor model or Wilets-Jean model for γ-
unstable nuclei. A candidate of the two-phonon γ vi-
brational band with Kπ = 4+, which has not been well
established yet, was found in 110Mo. The Kπ = 4+ band
decays only to the γ-vibrational band, and the energy
of the Kπ = 4+ state is 2.5 times larger than that of
the 2+2 state. Moreover, new 0+2 states were assigned in
108Mo and 110Mo.

The spin and parity of parent nuclei were assigned
from the log ft values to be 4− and 2− for the ground
state in 106Nb and 108Nb, respectively. Two β-decaying
states were identified in 110Nb, and their spin-parities
were asigned as 2− and 6−.
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Evolution of proton single-particle states in neutron-rich Sb isotopes
beyond N = 82†
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The chain of Sb isotopes, with a single proton outside
the closed Z = 50 proton shell, has attracted for many
years a special interest since it offers the unique possi-
bility to study the evolution of the proton single-particle
states in the Z = 50–82 major shell over a wide range
of neutron number. Prior to this work, excited-state in-
formation was available from the very neutron-deficient
isotope 105Sb, close to the presumably doubly-magic
100Sn, up to the neutron-rich isotope 135Sb. Above the
N = 82 neutron shell gap, when the neutrons start fill-
ing the 1f7/2 orbital, a dramatic decrease of the energy
of the 5/2+1 state from 962 keV in 133Sb to 281 keV in
135Sb was observed.1,2)

The present work aimed for an extension of the ex-
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Fig. 1. Excitation energy difference between the 5/2+
1 and

7/2+
1 states in the odd Sb isotopes. Experimental values

are shown as open (literature) and filled (present work)
diamonds while solid blue (green) lines represent the re-
sults of SM calculations employing the Napoli (N3LOP)
interactions. The differences between the effective SPE
of the 1d5/2 and 0g7/2 orbitals are shown by dashed lines
(adopted from Fig. 7 of the original article).

perimental information towards more neutron-rich Sb
isotopes. Excited states in 136, 137, 138Sb, populated in
the β decay of the semi-magic Sn isotopes 136, 137, 138Sn,
were studied within the EURICA campaign. The clean
ion identification and high γ-ray detection efficiency al-
lowed to observe for the first time the decay of excited
states in the N = 86 isotope 137Sb, which is consid-
ered as one of the key nuclei to pin down the evolution
of the single-particle structure beyond N = 82. As
shown in Fig. 1, the experimental energy of the 5/2+1
state, Ex = 84 keV, lies in the middle between the re-
sults of shell-model calculations performed using two
different realistic effective interactions, labeled Napoli
and N3LOP. Together with a similar comparison for
136, 138Sb, the new experimental information thus al-
lows to trace the evolution of the single-particle energies
above the N = 82 shell closure.
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and N3LOP. Together with a similar comparison for
136, 138Sb, the new experimental information thus al-
lows to trace the evolution of the single-particle energies
above the N = 82 shell closure.
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The Rare-Earth Peak (REP) is a distinctive local
maximum observed around mass A ∼ 160 in the ele-
mental abundance distribution of the rapid-neutron cap-
ture process (r-process). Because the REP is formed af-
ter neutron exhaustion,1) it provides a unique probe for
studying the late-time environmental conditions of the r-
process site.2) According to theoretical models, β-decay
rates (T1/2) and delayed neutron emission probabilities
(Pn-values) play important roles in the formation of the
REP.3) The region of nuclei with the most significant
impact on the formation of the REP has been deter-
mined via sensitivity studies.4) Most of the T1/2 on this
region have already been measured by the EURICA col-
laboration.7) However, the experimental determination
of Pn-values is yet to be achieved.

The NP1612-RIBF148 experiment exploits the unique
capabities of the BRIKEN setup5,6) for the measure-
ment of β-delayed neutrons. This experiment attemps to
study Pn-values and T1/2 for the nuclei which are impor-
tant to REP formation.4) In the 2018 experimental run,
a 60-particle-nA 238U beam, with 345 MeV/nucleon, hit-
ting a 4 mm thick Be target was used to produce the sec-
ondary radioactive beam. The neutron-rich fragments
were filtered out by the BigRIPS fragment separator
and the ZeroDegree spectrometer. The beam setting
was centered on 165Pm.

Here, we report preliminary results from the 2018 ex-
perimental run. Figure 1 shows the measured beta-decay
half-lives in the region from Ce to Nd isotopes. The ex-
perimental results are compared with previous measure-
ments performed by the EURICA collaboration,7) and
with FRDM + QRPA theoretical calculations.8,9) The
BRIKEN experimental data agree well with the previ-
ous measurements. In addition, our results exhibit an
improved precision for the heavier nuclei region. Based
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on the current status of the data analysis for this ex-
periment, we expect to obtain at least one new T1/2 per
atomic number on the heavier isotopes from the Ce to
Nd region. These results will be reported in the future.
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Fig. 1. Systematic trends in BRIKEN results of β-decay
half-lifes (blue) compared with previous measurements
(red),7) and theoretical calculations.8,9)

References
1) R. Surman et al., Phys. Rev. Lett. 79, 1809 (1997).
2) M. R. Mumpower et al., Astrophys. J. 752, 117 (2012).
3) A. Arcones et al., Phys. Rev. C 83, 045809 (2011).
4) M. R. Mumpower et al., Phys. Rev. C 85, 04580 (2012).
5) I. Dillmann et al., Nucl. Phys. News 28, 28 (2018).
6) A. Tolosa-Delgado et al., Nucl. Instrum. Methods Phys.

Res. A 925, 133 (2019).
7) J. Wu et al., Phys. Rev. Lett. 118, 072701 (2017).
8) P. Möller et al., Phys. Rev. C 67, 055802 (2003).
9) P.Möller et al., At. Data Nucl. Data Tables125, 1 (2019).

1- 27 -

RIKEN Accel. Prog. Rep. 54 (2021)II-1. Nuclear Physics



RIKEN Accel. Prog. Rep. 54 (2021)

Precision measurement of ground-state electric quardrupole moment
for neutron-rich 21O

A. Gladkov,∗1 H. Yamazaki,∗1 Y. Ichikawa,∗1 A. Takamine,∗1 H. Nishibata,∗2 K. Asahi,∗1 K. Kawata,∗1,∗3
K. Imamura,∗1 M. Tajima,∗1 K. Tsubura,∗1 and H. Ueno∗1

The anomalous nuclear properties had been exper-
imentally indicated for the neutron-rich 23O isotope,
such as the formation of halo structure1) and the pres-
ence of the new neutron magic number at neutron
number2) N = 16. This originates the interest in the
shell evolution in this region of neutron-rich oxygen iso-
topes. Such information can be directly provided by
the knowledge about the nuclear properties of neigh-
boring isotopes, such as 21O.

Previously, we have conducted the measurements of
the electromagnetic moments of 21O3) and the ground-
state magnetic moment has been successfully deter-
mined. However, due to RF tank circuit limitations,
the obtained spectrum for the quadrupole moment (Q-
moment) measurement was insufficient to make firm
conclusions and required further study. Since then, the
experimental setup was improved and the Q-moment
has been successfully measured.

The present experiment was carried out using the
RIPS separator at the RIBF facility. A spin-polarized
beam of neutron-rich 21O was produced in the pro-
jectile fragmentation reaction of a 22Ne beam at
70 MeV/nucleon on a 185-mg/cm

2 Be target. To en-
sure polarization, the momentum window and emis-
sion angle of the secondary fragments were selected
to be pF = p0 × (0.97 ± 0.03) and θF > 1.5◦, re-
spectively. Here, p0 is the fragment momentum cor-
responding to the projectile velocity. The secondary
beam of 21O was then purified by the momentum and
momentum-loss analyses and delivered to the β-ray
detected nuclear magnetic resonance (β-NMR) appa-
ratus installed downstream the beam line. The well-
established method of β-NMR4) in combination with
adiabatic fast passage technique5) was applied to mea-
sure quadrupole moment.

The obtained nuclear quadrupole resonance (NQR)
spectra are shown on Fig. 1. It consists of the two se-
ries of measurements. The black circles represent the
measurement with ±44 kHz modulation of quadrupole
coupling constant νQ = eqQ/h, where q, Q and h de-
note the electric field gradient of the stopper material,
the Q-moment and the Planck’s constant, respectively.
The spectra are plotted with AβP values measured as
a function of deviation from the peak frequency νpeakQ ,
where AβP is the β-decay asymmetry parameter, and
P the 21O nuclear spin polarization. A resonant peak
formed by the β rays emitted from 21O stopped at the
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Fig. 1. β-NQR spectra of 21O in TiO2 single crystal. The
figure shows the results of two series of measurements
with νQ modulation of ±44 kHz (black circles) and
±17 kHz (red circles) are shown.

substitution site of TiO2 is clearly identified in Fig. 1.
Due to the improvement in polarization detection, the
signal-to-noise ratio was greatly increased and a less
pronounced additional NQR effect was detected at a
lower Q-moment region.

In order to investigate this minor peak in more
detail, a measurement with narrower scan width of
±17 kHz was conducted. The result of this measure-
ment is represented on Fig. 1 by the red solid cir-
cles. The centroid position of the small peak is consis-
tent with the previous nuclear quadrupole resonance
(NQR) measurement of 21O at RIPS in 2016.3) The
origin of the additional lower-amplitude peak is un-
der analysis. In overall, the two NQR measurements
confirmed the existence of a major peak at higher Q-
moment region that could not be detected in 2016 due
to several experimental limitations. The Q-moment
value of 21O can be then firmly assigned based on the
obtained results. The uncertainty assignment based
on the peak shape analysis and the discussion of the
results in terms of 21O nuclear structure are work-in-
progress.
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Magnetic moments present an important tool to
study the single-particle character of excited states.
They are directly related to the g factor and provide a
crucial test for the wave functions of particular states
predicted by theoretical models. One experimental re-
quirement for the measurement of g factors is the spin
alignment of the nuclear ensemble that is obtained in
the reaction populating a nucleus of interest. In this
experiment, Coulomb fission is used to produce the nu-
clear alignment, and the magnetic moments of isomeric
states are investigated.

The region around the doubly magic 132Sn has been
of prime interest in the past decades owing to its im-
portance from the perspectives of astrophysics and
nuclear structure. The investigation of nuclei with
few valence particles is interesting because several iso-
meric structures emerge in them. For example, the
three-proton-hole Z = 47 isotopes 124, 125Ag have iso-
mers based on the unique parity orbitals π(0g9/2) and
ν(0h11/2).1)

The experiment is performed at the RIBF using the
BigRIPS spectrometer. A primary 238U beam at an
energy of 345 MeV/nucleon impinged on a thin 184W
production target with an average beam intensity of
approximately 100 particle nA. The momentum distri-
bution is selected with slits at the F1 focal plane. The
nuclei of interest are separated and identified using the
BigRIPS separator.2) The secondary ions are stopped
in a 3-mm-thick Cu host at the F8 focal point. The de-
tection setup consisted of four high-purity Ge (HPGe)
and two LaBr3(Ce) detectors, arranged with each de-
tector type at 90◦ with respect to each other. To mea-
sure the magnetic moments, the TDPAD method is
used; it has been applied successfully at the RIBF.3–5)

In the experiment, approximately 5·106 ions of 124Ag
and approximately 3·106 ions of 125Ag are identified in
each of the experimental settings. The particle identi-
fication (PID) of these secondary ions is achieved after
the identification and tracking detectors are fully cal-
ibrated offline. The spectroscopy could be performed
after calibration and various corrections of the γ-ray
detectors in energy and time. Figure 1 shows the de-
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Fig. 1. Delayed HPGe energy spectrum for the 125Ag ions.
Background transitions are labelled with “#.” The inset
shows the time-resolution spectrum of one detector for
a source and in-beam measurement.

layed γ-ray energy spectrum of all Ge detectors with
a PID gate for the 125Ag ions. All transitions below
the known (17/2−) isomer can be identified. For the
TDPAD analysis, a good in-beam time resolution is es-
sential. The setup is optimized using 60Co and 152Eu
sources, with a typical resolution of 8(1) ns (FWHM)
achieved by the detectors in the range of interest. This
corresponds to a resolution of 12(1) ns in-beam for
the same detector, e.g., for the 670 keV transition in
125Ag. As an example, the inset of Fig. 1 shows the
time-resolution spectrum for one of the HPGe detec-
tors, demonstrating the capabilities of this setup. The
analysis of the magnetic moment from the oscillation
pattern is currently in progress. Therefore, it is nec-
essary to have spin alignment, which will be shown by
measuring the magnetic moment of a known calibra-
tion case.
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In our previous study, the candidate resonance of
the 4n system (tetra-neutron) was determined using the
4He(8He, 8Be)4n reaction with a 186 MeV/nucleon 8He
beam.1) A new measurement with better statistics and
better accuracy was performed to confirm the existence
of the tetra-neutron system.2)

The intensity of the 8He beam was 3.5 × 106 par-
ticles per second at the liquid helium target, and ap-
proximately twice compared to that of the previous ex-
periment. Low pressure multi-wire drift chambers (LP-
MWDCs) were installed at the focal planes F3, F6, and
F-H10(S0), to measure the trajectory and momentum of
the beam. The time reference to determine the drift time
in LP-MWDCs was obtained from a plastic scintillator
at F3.

We present the analysis of the LP-MWDCs developed
to eliminate accidental coincidence events induced by the
high intensity beam. The 8He beam from the SRC had
a bunch structure with a periodic cycle of 73 ns. There
are two cases of accidental coincidence as illustrated in
Fig. 1(a) and (b). The filled circles represent the parti-
cle, which triggered the data acquisition. The other par-

(a)

(b)

beam

TRF = 73 ns

Triggered bunch Next bunch

time

Fig. 1. Time structure of the beam bunch. The solid cir-
cles show particles triggering data acquisition, and the
open circles are accidental particles. (a) Beam contains
both the ‘Triggered bunch’ and ‘Next bunch.’ (b) Two
particles are in the triggered bunch.
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∗8 Department of Physics, the University of Tokyo

Sum of drift charge (a.u.)

310×

C
ou

nt
s 

(a
.u

.)

0

500

1000

1500

2000

2500

3000

3500

2 4 6 8 10 12

Fig. 2. Energy distribution of LP-MWDC.

ticle in the next bunch (open circle) hits in (a), whereas
two particles together hit in the same bunch in (b). In
the analysis, we carefully treated these events, which
created multiple hits within the maximum drift time of
120 ns in the LP-MWDCs. The events of Fig. 1(a) were
successfully identified by selecting the drift-time region
of the LP-MWDC and the total traveling time from F3
to S2 focus corresponding to the beam energy.

In the case of Fig. 1(b), we simply eliminated such
events because the triggered beam particle and acciden-
tal particle in the same bunch cannot be distinguished.
To identify such cases, we estimated the total energy
spectrum obtained by using the Time-Over-Threshold
data of its signal. Figure 2 shows the total energy distri-
butions measured at LP-MWDC; two peaks are visible.
The peak at higher energies results from multiple-hit
events, and 75% of the multiple hit events were rejected
by selecting energies below 6,000. This value is con-
sistent with the probability of an occurrence of pile up
events.

After the treatment, the tracking efficiency of the
beam was 95%. In the present experiment, one of the
LP-MWDCs installed at F-H10 was damaged under the
intense irradiation of the 8He beam and operated with
a low efficiency of 48%. The overall tracking efficiency
of the 8He beam is therefore 80%, which still ensures
better statistics than the previous experiment.

Data analysis is in progress toward the final result.
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two particles together hit in the same bunch in (b). In
the analysis, we carefully treated these events, which
created multiple hits within the maximum drift time of
120 ns in the LP-MWDCs. The events of Fig. 1(a) were
successfully identified by selecting the drift-time region
of the LP-MWDC and the total traveling time from F3
to S2 focus corresponding to the beam energy.

In the case of Fig. 1(b), we simply eliminated such
events because the triggered beam particle and acciden-
tal particle in the same bunch cannot be distinguished.
To identify such cases, we estimated the total energy
spectrum obtained by using the Time-Over-Threshold
data of its signal. Figure 2 shows the total energy distri-
butions measured at LP-MWDC; two peaks are visible.
The peak at higher energies results from multiple-hit
events, and 75% of the multiple hit events were rejected
by selecting energies below 6,000. This value is con-
sistent with the probability of an occurrence of pile up
events.

After the treatment, the tracking efficiency of the
beam was 95%. In the present experiment, one of the
LP-MWDCs installed at F-H10 was damaged under the
intense irradiation of the 8He beam and operated with
a low efficiency of 48%. The overall tracking efficiency
of the 8He beam is therefore 80%, which still ensures
better statistics than the previous experiment.

Data analysis is in progress toward the final result.
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Alpha-decay correlated mass measurement of 206, 207Ra using an
MRTOF-MS system equipped with an α-TOF detector
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Toward the precise mass measurement of heavy and
superheavy nuclides, the SHE-Mass-II facility1) was con-
structed with a multi-reflection time-of-flight mass spec-
trograph (MRTOF-MS)2) coupled with the gas-filled re-
coil ion separator GARIS-II.3) We installed an α-TOF4)

detector, which simultaneously records the time-of-flight
(TOF) signal and subsequent α-decay. In order to
demonstrate the α-TOF detector, an experiment was
performed using the 51V+ 159Tb reaction. A 51V beam
was accelerated to 6.0 MeV/nucleon by the RIKEN Ring
Cyclotron (RRC). The beam energy on the target was
reduced by an aluminum degrader to 4.8 MeV/nucleon.
The beam impinged upon 460 µg/cm2-thick 159Tb tar-
gets with a 3 µm Ti backing, mounted in a rotating
target wheel.

The fusion evaporation residues (ERs) were separated
from the primary beam and transported using GARIS-
II. After decelerating ERs using a Mylar foil, the ERs
were stopped in a cryogenic helium gas catcher, and the
thermalized ions were extracted by a radio frequency
(RF) carpet and transported to the MRTOF-MS via
multiple RF ion traps.

We observed ERs, 206, 207Fr, and 206, 207Ra as doubly
charged ions. The subsequent α-decays were addition-
ally detected by the α-TOF detector. Using 206, 207Fr
as the isobaric references, the masses of 206, 207Ra were
directly determined. The mass excess of 206Ra was
3540(54) keV, which agrees with the values reported in
AME2016.5)

The TOF spectrum for the A/q = 103.5 region is
shown in Fig. 1. The singles events and 207Ra decay-
correlated events are plotted. In the case of the ground
state of 207Ra, the correlated events of the TOF and the
α-decay could not be observed, because the incoming
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Fig. 1. Time-of-flight spectrum around the 207Ra2+ region.
The red histogram indicates the decay-correlated events.
The green and blue lines show the fitting of the ground
and isomeric states of the singles (solid lines) and decay-
correlated events (dot lines).

rate was higher than the decay rate, while the decay-
correlated events were observed in the isomeric state
207mRa owing to its short half-life. The energies of the
α-decay were selected as higher than 7.32 MeV, 2σ apart
from the centroid of 207gRa, to avoid contamination from
207gRa.

The peaks of singles 207g/mRa2+ and decay-correlated
207mRa2+ were fitted. The shape of the peak was deter-
mined by 207Fr2+. The mass excess of 207gRa was deter-
mined to be 3538(15) keV, and the excitation energy of
207mRa was Eex = 552(42) keV from the α-decay corre-
lated TOF spectrum. These values are consistent with
those evaluated by α-decay spectroscopy.5)

The alpha branching ratio of 207mRa was determined
from the counting of TOF and α-decay events. The spin
parity was expected to be 13/2+ based on its single-
particle level energy and the analogous reduced alpha
width to the neighboring nuclei.
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First high-precision direct determination of the atomic mass of a
superheavy nuclide

P Schury,∗1 T. Niwase,∗1,∗2,∗3 M. Wada,∗1 P. Brionnet,∗2 S. Chen,∗4 T. Hashimoto,∗5 H. Haba,∗2 Y. Hirayama,∗1
D. S. Hou,∗6,∗7,∗8 S. Iimura,∗9,∗2,∗1 H. Ishiyama,∗2 S. Ishizawa,∗10,∗2 Y. Ito,11,∗2,∗1 D. Kaji,∗2 S. Kimura,∗2
H. Koura,∗11 J. J. Liu,∗4,∗1 H. Miyatake,∗1 J. -Y. Moon,∗5 K. Morimoto,∗2 K. Morita,∗12,∗13 D. Nagae,∗13

M. Rosenbusch,∗1 A. Takamine,∗2 Y. X. Watanabe,∗1 H. Wollnik,∗14 W. Xian,∗4,∗1 and S. X. Yan∗15

We present the first direct measurement of the
atomic mass of a superheavy nuclide. Atoms of 257Db
(Z = 105) were produced online at the RIKEN Nishina
Center for Accelerator-Based Science using the fusion-
evaporation reaction 208Pb(51V, 2n)257Db. The gas-
filled recoil ion separator GARIS-II was used to sup-
press both the unreacted primary beam and some
transfer products, prior to delivering the energetic
beam of 257Db ions to a helium gas-filled ion stop-
ping cell wherein they were thermalized. Thermal-
ized 257Db3+ ions were then transferred to a multi-
reflection time-of-flight mass spectrograph for mass
analysis. An alpha particle detector embedded in
the ion time-of-flight detector allowed disambiguation
of the rare 257Db3+ time-of-flight detection events
from background by means of correlation with char-
acteristic α-decays (see also T. Niwase in this is-
sue). The extreme sensitivity of this technique al-
lowed a precision atomic mass determination from
11 events. The mass excess was determined to be
100 063(231)stat(72)sys keV/c2.

In recent experience, elements with a second ioniza-
tion potential below 24 eV have been near uniformly
extracted from the gas cell as doubly charged ions.
Surprisingly, no counts were seen for 257Db2+, while
257Db3+ was observed with the rate which, based on
cross-section, target thickness, and primary beam in-
tensity, indicated it constituted the preponderance of
257Db ions. The rate of 257Db3+ extracted from the
gas cell was roughly 4 per day. These ions were ana-
lyzed by the MRTOF-MS with the α-TOF detector,1)
which allowed us to correlate ToF events with subse-
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Fig. 1. Apparent A/q evaluated for each ToF single near
the expected position of 257Db3+. The data are plotted
in terms of deviation from the A/q for 257Db3+ as de-
termined from AME16.2) Statistical uncertainties are
only evaluated for α-decay correlated ToF events.

quent α-decays. Such correlations allowed removal of
even low-intensity backgrounds and confirm that we
were truly measuring 257Db3+.

Figure 1 shows the data measured over 105 hours of
beam on target. As the MRTOF was operated with a
resolving power of Rm ≈ 300 000, the A/q range pre-
sented is about 10-FWHM. The red points represent
events where the ToF signal was followed within 120 s
by an α decay event with energy Eα ≥ 7.0 MeV to en-
compass all possible α-decays from 257Db and its decay
products; some α-decay-correlated ToF events within
this gate were attributed to the α-decay of 211Po.

Based on the 11 alpha decay correlated ToF events,
the mass of 257Db could be determined with a preci-
sion of 231 keV/c2 (82 µu/e). The value is in agree-
ment with indirect measurements.2,3) Unfortunately,
the mass resolution of the MRTOF and the energy res-
olution of the α-TOF were insufficient to resolve iso-
meric states. With recent improvements in the mass
resolving power (See S. Yan in this issue) we should be
able to resolve the isomer and ground state provided
the isomer has excitation energy above 250 keV/c2.
A followup effort to determine the state order via
MRTOF mass analysis is planned for FY2021.
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We present the first direct measurement of the
atomic mass of a superheavy nuclide. Atoms of 257Db
(Z = 105) were produced online at the RIKEN Nishina
Center for Accelerator-Based Science using the fusion-
evaporation reaction 208Pb(51V, 2n)257Db. The gas-
filled recoil ion separator GARIS-II was used to sup-
press both the unreacted primary beam and some
transfer products, prior to delivering the energetic
beam of 257Db ions to a helium gas-filled ion stop-
ping cell wherein they were thermalized. Thermal-
ized 257Db3+ ions were then transferred to a multi-
reflection time-of-flight mass spectrograph for mass
analysis. An alpha particle detector embedded in
the ion time-of-flight detector allowed disambiguation
of the rare 257Db3+ time-of-flight detection events
from background by means of correlation with char-
acteristic α-decays (see also T. Niwase in this is-
sue). The extreme sensitivity of this technique al-
lowed a precision atomic mass determination from
11 events. The mass excess was determined to be
100 063(231)stat(72)sys keV/c2.

In recent experience, elements with a second ioniza-
tion potential below 24 eV have been near uniformly
extracted from the gas cell as doubly charged ions.
Surprisingly, no counts were seen for 257Db2+, while
257Db3+ was observed with the rate which, based on
cross-section, target thickness, and primary beam in-
tensity, indicated it constituted the preponderance of
257Db ions. The rate of 257Db3+ extracted from the
gas cell was roughly 4 per day. These ions were ana-
lyzed by the MRTOF-MS with the α-TOF detector,1)
which allowed us to correlate ToF events with subse-
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Fig. 1. Apparent A/q evaluated for each ToF single near
the expected position of 257Db3+. The data are plotted
in terms of deviation from the A/q for 257Db3+ as de-
termined from AME16.2) Statistical uncertainties are
only evaluated for α-decay correlated ToF events.

quent α-decays. Such correlations allowed removal of
even low-intensity backgrounds and confirm that we
were truly measuring 257Db3+.

Figure 1 shows the data measured over 105 hours of
beam on target. As the MRTOF was operated with a
resolving power of Rm ≈ 300 000, the A/q range pre-
sented is about 10-FWHM. The red points represent
events where the ToF signal was followed within 120 s
by an α decay event with energy Eα ≥ 7.0 MeV to en-
compass all possible α-decays from 257Db and its decay
products; some α-decay-correlated ToF events within
this gate were attributed to the α-decay of 211Po.

Based on the 11 alpha decay correlated ToF events,
the mass of 257Db could be determined with a preci-
sion of 231 keV/c2 (82 µu/e). The value is in agree-
ment with indirect measurements.2,3) Unfortunately,
the mass resolution of the MRTOF and the energy res-
olution of the α-TOF were insufficient to resolve iso-
meric states. With recent improvements in the mass
resolving power (See S. Yan in this issue) we should be
able to resolve the isomer and ground state provided
the isomer has excitation energy above 250 keV/c2.
A followup effort to determine the state order via
MRTOF mass analysis is planned for FY2021.
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β-decay spectroscopy of 187Ta
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The nuclear data of neutron-rich nuclei around N =
126, such as the nuclear mass, decay half-life, and de-
cay scheme, are key for understanding the formation of
the third peak around A = 195 through the r-process
in explosive stellar environments, and the data are re-
quired to be investigated experimentally. Furthermore,
the neutron-rich region around Z = 75 is not only a tran-
sition region of nuclear deformation, but also expected to
contain high-energy long-lived isomers. Owing to the as-
trophysical and nuclear physics interests in this nuclear
region, nuclear spectroscopy has been performed at the
KEK Isotope Separation System (KISS) 1,2) installed in
the Radioactive Isotope Beam Factory (RIBF), RIKEN.

The isomeric states of 187Ta (Z = 73, N = 114) were
first observed in the Experimental Storage Ring (ESR)
at GSI.3) In that study, the half-lives and excited en-
ergies were determined to be 2.3(6) min for the ground
state (gs), 22(9) s for the first isomeric state (m1) at the
excitation energy Ex = 1789(13) keV, and >5 min for
the second isomeric state (m2) at Ex = 2935(14) keV.3)
We performed the β- and γ-decay spectroscopy of 187Ta
to investigate the nuclear structure of the ground and
two isomeric states at KISS. They are predicted to have
nuclear spins of 25/2− and 41/2+ for the m1 and m2
states, respectively. The results of successful experi-
ments on the m1 isomer were reported in Ref. 4). The
present report describes the progress of the analysis in-
vestigating the unknown β-decays of 187gs,m1,m2Ta.

187gs,m1,m2Ta were produced using multi-nucleon
transfer reactions of a natural tungsten target (5 µm
thick) and 136Xe beam (7.2 MeV/nucleon, 50 particle-
nA). The target-like fragments were thermalized and
neutralized in a gas cell filled with purified Ar gas of
∼1 atm2) and re-ionized element-selectively by using a
laser resonance ionization technique5) at the exit of the
gas cell. Subsequently, the mass number was chosen by
using a dipole magnet with a mass resolving power of
A/∆A ∼ 900. The mass-analyzed ions were transported
to the decay station, which consists of a tape transport
device, a multi-segmented proportional gas counter,6)
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Fig. 1. Energy spectrum of γ-rays associated with the β-
decay of 187Ta and 187W, as well as some of the internal
transitions of 187m1Ta. The labels indicate the energy
(keV) and possible origin of the observed γ-rays. The
inset shows a part of the low-energy level scheme in 187W.
The values in parentheses are the relative intensities of
transitions.7)

and four clover-type germanium detectors.
Figure 1 shows the γ-ray energy spectrum in coinci-

dence with events of the gas counter telescope, which
are sensitive to electron energies of >100 keV.6) The
measurement was performed with the time sequence of
beam-on/off = 1800/1800 sec. We observed γ-rays orig-
inating from β-decays of 187Ta as well as 187W (T1/2 =
24.0 h), which is the daughter nucleus of 187Ta, and from
the internal decay of 187m1Ta (T1/2 = 7.3(9) sec)4) emit-
ting high-energy (>100 keV) conversion electrons. The
γ-ray transitions were assigned not only through com-
parison with previously reported transition energies,7)
but also by checking the half-lives from the energy-gated
time spectra for each gamma peak. Consequently, all of
the observed γ-rays emitted from 187W were identified
(upper right scheme in Fig. 1). The observed γ-rays
emitted from 187Re agree with those measured in previ-
ous decay studies.

Further analysis to determine the decay branch from
the three states of 187Ta is ongoing.
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β-γ Spectroscopy of 192Re
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Decay spectroscopy of 192Re has been carried out us-
ing the KEK Isotope Separation System (KISS).1–3) A
RI beam of 192Re was produced via multi-nucleon trans-
fer between a 50-particle-nA projectile of 136Xe and
a natural Pt target with a thickness of 10.7 mg/cm2.
The 10.75-MeV/nucleon primary beam from the RIKEN
Ring Cyclotron was decelerated to 8.8 MeV/nucleon af-
ter passing through Ti degraders placed in front of the
Pt target. The reaction products were thermalized and
neutralized in a doughnut-shaped gas cell filled with 80-
kPa gaseous argon, and then transported by a gas flow
to the cell outlet, where a two-color, two-step resonant
laser ionization technique was applied for an unambigu-
ous selection of a single element. The singly charged
192Re+ ions were extracted through the RF ion guides
and reaccelerated at 20 keV, followed by mass separation
using the KISS spectrometer.

During 4.2 days of data run, about 1.5×105 192Re nu-
clides were collected with an average intensity of 0.3 par-
ticles/s on a 12-µm-thick aluminized mylar tape at the
end of the KISS beamline. The decay measurements
were carried out with three different beam-on/off con-
ditions of 90/180, 24/48, and 45/15 s in order to ac-
commodate decays both from the ground state (T1/2 =

16(1) s4)) and from a previously reported long-lived iso-
mer (T1/2 = 61+40

−20 s5)) in 192Re. The implantation posi-
tion was surrounded by a multi-segmented proportional
gas counter (MSPGC) that covered 80% of the 4π solid
angle with two layers of 16 counters.6) The MSPGC was
surrounded by four large-volume Clover-type HPGe de-
tectors in a close geometry, having a γ-ray add-backed
full-energy peak efficiency of 7.8% at 1 MeV.

Figure 1 shows an example of the β-delayed γ-ray co-
incidence spectrum and the decay scheme of 192Re ob-
tained in the present work. More details about the ex-
perimental results and physics discussion are described
in Ref. 7).
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Fig. 1. Top: γ-ray energy spectrum measured in coincidence
with MSPGC following implantation of 192Re. Transi-
tions in 192Os are labeled with their energy values, while
γ-ray peaks that originate from the room background and
beam contaminants are marked with crosses and asterisk,
respectively. The inset magnifies a high-energy region.
Bottom: Level scheme of 192Os populated in the β de-
cay of 192Re. The observed γ rays are consistent with
those reported in Ref. 4). The superscript “1u” indicates
first-forbidden unique β decay.
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β-γ Spectroscopy of 192Re

H. Watanabe,∗1,∗2,∗3 Y. X. Watanabe,∗3 Y. Hirayama,∗3 A. N. Andreyev,∗4,∗5 T. Hashimoto,∗6 F. G. Kondev,∗7
G. J. Lane,∗8 Yu. A. Litvinov,∗9 J. J. Liu,∗10 H. Miyatake,∗3 J. Y. Moon,∗6 A. I. Morales,∗11 M. Mukai,∗2,∗3,∗12

S. Nishimura,∗2 T. Niwase,∗2,∗13 M. Rosenbusch,∗3 P. Schury,∗3 M. Wada,∗3 and P. M. Walker∗14

Decay spectroscopy of 192Re has been carried out us-
ing the KEK Isotope Separation System (KISS).1–3) A
RI beam of 192Re was produced via multi-nucleon trans-
fer between a 50-particle-nA projectile of 136Xe and
a natural Pt target with a thickness of 10.7 mg/cm2.
The 10.75-MeV/nucleon primary beam from the RIKEN
Ring Cyclotron was decelerated to 8.8 MeV/nucleon af-
ter passing through Ti degraders placed in front of the
Pt target. The reaction products were thermalized and
neutralized in a doughnut-shaped gas cell filled with 80-
kPa gaseous argon, and then transported by a gas flow
to the cell outlet, where a two-color, two-step resonant
laser ionization technique was applied for an unambigu-
ous selection of a single element. The singly charged
192Re+ ions were extracted through the RF ion guides
and reaccelerated at 20 keV, followed by mass separation
using the KISS spectrometer.

During 4.2 days of data run, about 1.5×105 192Re nu-
clides were collected with an average intensity of 0.3 par-
ticles/s on a 12-µm-thick aluminized mylar tape at the
end of the KISS beamline. The decay measurements
were carried out with three different beam-on/off con-
ditions of 90/180, 24/48, and 45/15 s in order to ac-
commodate decays both from the ground state (T1/2 =

16(1) s4)) and from a previously reported long-lived iso-
mer (T1/2 = 61+40

−20 s5)) in 192Re. The implantation posi-
tion was surrounded by a multi-segmented proportional
gas counter (MSPGC) that covered 80% of the 4π solid
angle with two layers of 16 counters.6) The MSPGC was
surrounded by four large-volume Clover-type HPGe de-
tectors in a close geometry, having a γ-ray add-backed
full-energy peak efficiency of 7.8% at 1 MeV.

Figure 1 shows an example of the β-delayed γ-ray co-
incidence spectrum and the decay scheme of 192Re ob-
tained in the present work. More details about the ex-
perimental results and physics discussion are described
in Ref. 7).
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Fig. 1. Top: γ-ray energy spectrum measured in coincidence
with MSPGC following implantation of 192Re. Transi-
tions in 192Os are labeled with their energy values, while
γ-ray peaks that originate from the room background and
beam contaminants are marked with crosses and asterisk,
respectively. The inset magnifies a high-energy region.
Bottom: Level scheme of 192Os populated in the β de-
cay of 192Re. The observed γ rays are consistent with
those reported in Ref. 4). The superscript “1u” indicates
first-forbidden unique β decay.
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Insight into the reaction dynamics of proton drip-line nuclear system
17F + 58Ni at near-barrier energies†

L. Yang,∗1 C. J. Lin,∗1,∗16 H. Yamaguchi,∗2,∗3 J. Lei,∗4 P. W. Wen,∗1 M. Mazzocco,∗5,∗6 N. R. Ma,∗1 L. J. Sun,∗1
D. X. Wang,∗1 G. X. Zhang,∗7 K. Abe,∗2 S. M. Cha,∗8 K. Y. Chae,∗8 A. Diaz-Torres,∗9 J. L. Ferreira,∗10

S. Hayakawa,∗2 H. M. Jia,∗1 D. Kahl,∗1 A. Kim,∗11 M. S. Kwag,∗8 M. La Commara,∗12 R. Navarro Pérez,∗13
C. Parascandolo,∗14 D. Pierroutsakou,∗14 J. Rangel,∗10 Y. Sakaguchi,∗2 C. Signorini,∗5,∗6 E. Strano,∗5,∗6

X. X. Xu,∗1 F. Yang,∗1 Y. Y. Yang,∗15 G. L. Zhang,∗7 F. P. Zhong,∗1,∗16 and J. Lubian∗10

In recent times, the availability of high-quality ra-
dioactive beams has greatly increased our ability to
study the reactions induced by exotic nuclei.1) In con-
trast to neutron-halo projectiles, reactions induced by
weakly bound proton-rich nuclei, especially those with
proton-halo or valence-proton structures, present dis-
tinctive properties. Both the core and valence proton
have long-range Coulomb interaction with the target;
thus, the dynamic Coulomb polarization effect is of par-
ticular importance.2) So far, research on reactions with
proton drip-line nuclei is still in its infancy, and the re-
action mechanism is not yet clear.

17F can be treated properly with a two-body model
as an inert 16O core and a loosely bound proton.3) In
this report, we present the results of complete kine-
matics measurements to investigate the reaction mecha-
nisms of 17F interacting with 58Ni at energies around the
Coulomb barrier. The experiment was performed at the
Center for Nuclear Study Radioactive Ion Beam separa-
tor (CRIB).4) The Multi-layer Ionization-chamber Tele-
scope Array (MITA)5) was used to detect the reaction
products over a large range of Z. Angular distributions
of elastic scattering, exclusive and inclusive breakup, as
well as the total fusion (TF) cross sections were derived
simultaneously for the first time.

The excitation functions of the total reaction (σR),
inclusive (σInc.16O) and exclusive (σExc.16O) 16O, as well
as the TF from evaporation protons are shown in Fig. 1.
Fusion is dominant in the above-barrier region, and
it reduces exponentially as the energy decreases. The
σInc.16O and σExc.16O, however, vary smoothly with

† Condensed from the article in Phys. Lett. B 813, 136045
(2021)
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the energy, and σInc.16O becomes the major compo-
nent in the sub-barrier region. The behavior of the TF
cross section can only be reproduced by the continuum-
discretized coupled-channels (CDCC) calculation con-
sidering the couplings from the continuum states, in-
dicating that the enhancement of TF at the sub-barrier
energy is mainly due to the breakup coupling.

Fig. 1. Excitation functions of the total reaction (stars), ex-
clusive (squares) and inclusive (triangles) breakups, and
the TF (circles). The curves denote the correspond-
ing theoretical results: the solid line denotes the cou-
pled channel (CC) result; the dot-dot-dashed and dotted
curves are the CDCC results for TF and elastic breakup,
respectively; the dashed line shows the CDCC calcula-
tions performed by switching off the couplings from the
continuum states (NCC); and the dot-dashed line is the
result of the three-body model proposed by Ichimura,
Austern, and Vincent6) plus CDCC. The arrow indicates
the nominal position of the Coulomb barrier.
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Dineutron and effective pairing forces in momentum space

M. Yamagami ∗1

The spatial two-neutron correlation, called dineutron
correlation, is one of the unique features around the neu-
tron drip line. The dineutron correlation has been dis-
cussed extensively in light-mass nuclei such as 11Li,1,2)
but it is considered to be a universal phenomenon over
all mass-number regions.3)

We propose a new effective pairing force by fo-
cusing on the spatial structure of a neutron pair.
First, we discuss the necessity by performing a three-
body model calculation with the density-dependent
zero-range force (DD δ(r)-force),1,2) Vδ(r1, r2) =
V (0) {1− η[ρ(r1)/ρ0]} δ(r1 − r2). The DD δ(r)-force is
widely used in nuclear structure calculations.1–3) It must
be supplemented with a cutoff in the two-particle spec-
trum, ε1 + ε2 ≤ Ecut. The parameters V (0) and η are
adjusted for each Ecut so as to reproduce the properties
of low-energy neutron-neutron (nn) scattering and the
two-neutron energy E2n of finite nuclei. The parameter
ρ0 = 0.16 fm−3 is the saturation density.

In Fig. 1, the root-mean-square (rms) values krel and
qcm of the relative and center of mass (cm) momenta of
paired neutrons in 11Li and 12Be are shown. krel con-
verges, while qcm diverges as a function of Ecut owing to
undesirable coupling to high-momentum components of
single-particle states in the continuum.

In order to overcome the difficulties, we consider
a new effective pairing force in momentum space (k
space) that has a non-local separable form (k-SEP
force), VSEP = − 1

2π2V
(0)
k g(k)g(k′)h(q)h(q′). Here, the

Yamaguchi-type form factor g(k) = 1/(k2 + Λ2) and
the Gaussian distribution h(q) = (

√
πq0)

−3e−q2/q20 for
the relative momentum k and the cm momentum q of
paired neutrons are adopted. The parameters V

(0)
k and

qre
l cm

Fig. 1. Relative momentum krel and cm momentum qcm of
the neutron pair in 11Li and 12Be. The results using the
k-SEP force and the DD δ(r)-force are shown.

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

Fig. 2. Two-neutron energies E2n obtained with the k-SEP
force (q0 = 0.209 and 0.171fm−1) and the DD δ(r)-force
with fixed Ecut = 40 MeV and η = 0.849, in comparison
with the experimental data.

Λ are fixed so as to reproduce the properties of low-
energy nn scattering.4) The parameter q0 is fixed by the
two-neutron energy E2n of finite nuclei.

The krel and qcm obtained with the k-SEP force are
shown in Fig. 1. They converge well above Ecut =
100 MeV. Here, the parameter q0 = 0.209 fm−1

(0.171 fm−1) is used for 11Li (12Be). The small cm mo-
mentum qcm indicates that the pairing correlation occurs
only around the nuclear surface region in real space. The
relative momentum krel in 12Be becomes larger than that
in Borromean 11Li owing to the high-momentum com-
ponent in the bound 1p1/2 state.

The two-neutron energies E2n of three-body systems
can be classified into two categories as shown in Fig. 2.
The Borromean nuclei (6He, 22C, 11Li) are well de-
scribed with q0 = 0.209 fm−1, while q0 = 0.171 fm−1

for non Borromean nuclei. Because the parameter q0
introduces a cutoff for correlations in the opening angle
θk between k1 and k2 as cos θk ≲ q20/(2k1k2) in h(q),
the pairing correlations have a more collective nature in
calculation with a larger q0.

In conclusion, we proposed a new effective pairing
force that describes well the structure of the neutron
pair. It is also easily utilizable in various frameworks
such as the density functional theory in k space.5)
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Structure of 12C studied by the no-core Monte-Carlo shell model

T. Abe,∗1 P. Maris,∗2 T. Otsuka,∗1,∗3 N. Shimizu,∗4 Y. Utsuno,∗5,∗4 and J. P. Vary∗2

Carbon-12 is of particular importance in our life. This
nucleus is produced by the triple-α reactions through the
second 0+ state known as the Hoyle state. The proper-
ties of this state are still being investigated actively both
in the experimental and theoretical ways. On the theo-
retical side, ab initio approaches for low-energy nuclear
structure calculations have been developed rapidly in re-
cent years, owing to recent computational and method-
ological developments. Here, we report the low-lying
states of 12C examined by the ab initio calculations in
the no-core Monte Carlo shell model (MCSM).1)

We have performed the large-scale calculations in the
no-core shell-model (NCSM) method,2) applying the
MCSM technique for conventional shell-model calcula-
tions.3–5) The no-core MCSM calculations have been
done with 100 basis states in the basis space of Nshell = 7
with the harmonic-oscillator energy of h̄ω = 20 MeV. We
have adopted the Daejeon16 NN interaction,6) which is
based on an NN interaction from chiral effective field
theory (χEFT).

Figure 1 shows preliminary results of the no-core
MCSM calculations in comparison with the experimen-
tal data.7) In Fig. 1, the absolute energies and tran-
sition strengths for three low-lying states are shown.
The no-core MCSM results with the Daejeon16 inter-
action provide a reasonable agreement with the exper-
imental data for the ground 0+ and the first-excited
2+ states. The experimental ground-state energy is
−92.16 MeV, while our result is −91.9 MeV and well
reproduces the no-core full-configuration (NCFC, one of
the other NCSM approaches) result with the same in-
teraction of −92.9(1) MeV.6) The point-proton radius
for the ground state is ∼2.29 fm both in the no-core
MCSM and the NCFC methods, corresponding to the
experimental value of 2.33 fm. The excitation energy
of the first-excited 2+ state is 5.01 MeV in the no-core
MCSM and 4.57(15) MeV in the NCFC. These ener-
gies are also comparable with the experimental value of
4.44 MeV. The electric quadrupole and monopole tran-
sition strengths are also in reasonable agreement with
the experimental values.

The excitation energy of the second 0+ state, however,
is higher than the experimental value by ∼3 MeV and the
point-proton radius is 2.60 fm, which is smaller than the
values by the phenomenological calculations, typically
larger than 3 fm (see, for example, Ref. 8) and references
therein). It is because the Hoyle state is believed to
have the loosely-bound three-α-cluster structure and is

∗1 RIKEN Nishina Center
∗2 Department of Physics and Astronomy, Iowa State University
∗3 Department of Physics, the University of Tokyo
∗4 Center for Nuclear Study, the University of Tokyo
∗5 Advanced Science Research Center, Japan Atomic Energy

Agency

�
�

�

������

�
�

�

������� ����������������
�
�

�����������
��
�
�

�	��
�

�

������
������

�	��
�

�

�������������

�
�

�

����������
�����
�


�
�

��������������
�


�
�

�	��
�

�

��������������

�	��
�

�

������������
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Fig. 1. Excitation spectra of 12C. The right (left) side in the
figure shows no-core MCSM results (experimental data)
with the red (black) color. The energy levels of three
low-lying states are shown by horizontal bars. The elec-
tric quadrupole and monopole transition strengths are de-
noted by arrows. The experimental data are taken from
Ref. 7).

challenging to be described in the harmonic-oscillator
basis at least with the basis space employed here. It is
awaited to extrapolate our results obtained in the finite
basis-space size into the infinite basis-space-size limit so
as to compare with the experimental values and also
the other theoretical calculations in more detail. Based
on our preliminary calculations, the investigation of the
intrinsic structure of 12C is currently underway, aiming
to elucidate the α-cluster structure in light-mass nuclear
systems from first principles.
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Structure of 12C studied by the no-core Monte-Carlo shell model

T. Abe,∗1 P. Maris,∗2 T. Otsuka,∗1,∗3 N. Shimizu,∗4 Y. Utsuno,∗5,∗4 and J. P. Vary∗2

Carbon-12 is of particular importance in our life. This
nucleus is produced by the triple-α reactions through the
second 0+ state known as the Hoyle state. The proper-
ties of this state are still being investigated actively both
in the experimental and theoretical ways. On the theo-
retical side, ab initio approaches for low-energy nuclear
structure calculations have been developed rapidly in re-
cent years, owing to recent computational and method-
ological developments. Here, we report the low-lying
states of 12C examined by the ab initio calculations in
the no-core Monte Carlo shell model (MCSM).1)

We have performed the large-scale calculations in the
no-core shell-model (NCSM) method,2) applying the
MCSM technique for conventional shell-model calcula-
tions.3–5) The no-core MCSM calculations have been
done with 100 basis states in the basis space of Nshell = 7
with the harmonic-oscillator energy of h̄ω = 20 MeV. We
have adopted the Daejeon16 NN interaction,6) which is
based on an NN interaction from chiral effective field
theory (χEFT).

Figure 1 shows preliminary results of the no-core
MCSM calculations in comparison with the experimen-
tal data.7) In Fig. 1, the absolute energies and tran-
sition strengths for three low-lying states are shown.
The no-core MCSM results with the Daejeon16 inter-
action provide a reasonable agreement with the exper-
imental data for the ground 0+ and the first-excited
2+ states. The experimental ground-state energy is
−92.16 MeV, while our result is −91.9 MeV and well
reproduces the no-core full-configuration (NCFC, one of
the other NCSM approaches) result with the same in-
teraction of −92.9(1) MeV.6) The point-proton radius
for the ground state is ∼2.29 fm both in the no-core
MCSM and the NCFC methods, corresponding to the
experimental value of 2.33 fm. The excitation energy
of the first-excited 2+ state is 5.01 MeV in the no-core
MCSM and 4.57(15) MeV in the NCFC. These ener-
gies are also comparable with the experimental value of
4.44 MeV. The electric quadrupole and monopole tran-
sition strengths are also in reasonable agreement with
the experimental values.

The excitation energy of the second 0+ state, however,
is higher than the experimental value by ∼3 MeV and the
point-proton radius is 2.60 fm, which is smaller than the
values by the phenomenological calculations, typically
larger than 3 fm (see, for example, Ref. 8) and references
therein). It is because the Hoyle state is believed to
have the loosely-bound three-α-cluster structure and is
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Fig. 1. Excitation spectra of 12C. The right (left) side in the
figure shows no-core MCSM results (experimental data)
with the red (black) color. The energy levels of three
low-lying states are shown by horizontal bars. The elec-
tric quadrupole and monopole transition strengths are de-
noted by arrows. The experimental data are taken from
Ref. 7).

challenging to be described in the harmonic-oscillator
basis at least with the basis space employed here. It is
awaited to extrapolate our results obtained in the finite
basis-space size into the infinite basis-space-size limit so
as to compare with the experimental values and also
the other theoretical calculations in more detail. Based
on our preliminary calculations, the investigation of the
intrinsic structure of 12C is currently underway, aiming
to elucidate the α-cluster structure in light-mass nuclear
systems from first principles.
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Double charge-exchange phonon states†

X. Roca-Maza,∗1,∗2 H. Sagawa,∗3,∗4 and G. Colò∗1,∗2

The possibility of inducing double charge-exchange
(DCX) excitations by means of heavy-ion beams at
intermediate energies has recently fostered interest in
new collective excitations such as double isobaric ana-
log states (DIAS) and double Gamow-Teller giant res-
onances (DGTR). A research program based on a new
reaction, (12C, 12Be(0+2 )), is planned at the RIKEN
RIBF facility with high-intensity heavy-ion beams at
the optimal energy of Elab = 250 MeV/nucleon to ex-
cite the spin-isospin response.1) A big advantage of
this reaction is based on the fact that it is a (2p, 2n)-
type DCX reaction, and one can use a neutron-rich
target to excite DGTR strength. In this report, we
present some formulas to evaluate different combina-
tions of the average excitation energies of DIAS and
DGTR by using commutator relations for the dou-
ble isospin

∑A
i,j=1 t−(i)t−(j) and spin-isospin operator∑A

i,j=1 σ(i)t−(i)σ(j)t−(j). Here, t = τ/2, and σ and
τ denote the Pauli matrices in spin and isospin space,
respectively. Specifically, we present formulas to es-
timate EDIAS − 2EIAS from the most relevant isospin
symmetry breaking (ISB) terms in the nuclear Hamil-
tonian and EDGTR −EDIAS − 2(EGTR −EIAS) from a
simple albeit realistic Hamiltonian including separable
residual interactions.
The expectation value for the energy of the DIAS is

defined as

EDIAS ≡ ⟨DIAS|H|DIAS⟩ − ⟨0|H|0⟩ , (1)

where |0⟩ represents the ground state, and

|DIAS⟩ ≡ T−|IAS⟩
⟨IAS|T+T−|IAS⟩1/2

(2)

is the definition of the DIAS state in terms of
the IAS that, in turn, can be written as |IAS⟩ ≡
T−|0⟩/⟨0|T+T−|0⟩1/2, where T+ =

∑A
i t+(i) and T− =∑A

i t−(i) are the isospin raising and lowering opera-
tors, respectively.
Starting from Eq. (1) and the definitions of DIAS

and IAS previously given, one may write the excitation
energy of DIAS as

EDIAS =
⟨0|[T 2

+, [H, T 2
−]]|0⟩

⟨0|T 2
+T

2
−|0⟩

, (3)

assuming that the ground state has good isospin;
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in other words, there is no isospin mixing, and
T+|0⟩ = 0. Remembering that the EIAS is written
as, within the same approximation (i.e., no isospin
mixing in the ground state), EIAS = ⟨IAS|H|IAS⟩ −
⟨0|H|0⟩ = ⟨0|[T+, [H, T−]]|0⟩/⟨0|T+T−|0⟩, one can
eventually write

EDIAS = 2EIAS +
⟨0|[T+, [T+, [[H, T−], T−]]]|0⟩

2(N − Z)(N − Z − 1)
. (4)

The energy of the double GT state can be defined in
an analogous way to Eq. (3) as

EDGTR =
⟨0|[O2

+, [H, O2
−]]|0⟩

⟨0|O2
+O

2
−|0⟩

, (5)

where the GT transition operators are O± =∑A
i σz(i)t±(i). After some algebraic manpulations, we

can rewrite the energy of DGTR (5) as

EDGTR = 2EGT +
⟨0|[O+, [O+, [[H,O−], O−]]]|0⟩

2(N − Z)(N − Z − 1)
.

(6)
Double GT and IAS average excitation energies have
been determined for the first time using double and
quartic commutator relations. In order to pro-
vide semi-quantitative theoretical estimates, we have
adopted two approximations. First, an independent
particle picture has been assumed. We have also pro-
vided expressions in which, by simplifying further, the
neutron and proton distributions have been taken as
hard spheres. This simplification has turned out to be
very useful to capture the main terms dominating the
calculated quantities.
In conclusion, within our approach, double IAS and

GT resonance energies in neutron-rich nuclei are dom-
inated by the same physics as their single counter-
parts because the main contribution is from 2EIAS

and 2EGTR, respectively. Hence, the effect of two-
body Coulomb interaction has a decisive effect on the
average energy EDIAS, while the spin-orbit and resid-
ual isospin and spin-isospin interactions play a sub-
stantial role in the average energy EDGTR − EDIAS.
More specifically, we have found that the corrections
due to quartic commutators follow the approximate
laws EDIAS − 2EIAS ≈ 3

2A
−1/3 MeV (even the isospin

mixing effects are accounted in EIAS) and EDGTR −
EDIAS − 2(EGTR − EIAS) ≈ 16A−1 MeV.
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Exotic nuclear shape due to cluster formation at high angular
momentum†
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It is now well established that clustering plays a very
important role in self-conjugate light nuclei and is also
associated with strongly deformed shapes of nuclei.1,2)
One of the probes to study this deformation experi-
mentally at high temperature (T ) and angular momen-
tum (J) is the γ-decay from the giant dipole resonance
(GDR) built on excited states.1,2) The GDR lineshape
gets fragmented in deformed nucleus providing crucial
information about the nuclear deformation. As a matter
of fact, it has been successfully employed experimentally
to study the Jacobi shape transition, an abrupt change
of shape from non-collective oblate to collective triaxial
or prolate shape above a critical spin, in several light nu-
clei such as 31P, 45Sc, 46Ti and 47V.1,2) However, when
this shape transition is examined in self-conjugate nu-
clei 32S1) and 28Si2) through the reactions 20Ne+ 12C
and 16O+ 12C, respectively, the GDR lineshape frag-
ments into two prominent peaks at high J(∼20h̄) pro-
viding a direct evidence of the large deformation but,
intriguingly, the shapes found are completely different
from those seen from Jacobi shape transition (signature
of which is a sharp peak at 10 MeV arises due to the
Coriolis splitting of the GDR frequencies). Therefore,
these observations clearly highlight that the clustering
is not only important in mass A < 20 region but could
also play major role in A ∼ 30, which has not been
studied enough.

Microscopic effects such as shell structure, pairing
and isospin effects play important role in deciding the
nuclear structures at low excitation energy. However,
even after incorporating these effects, the experimen-
tal GDR lineshapes (T ∼ 2.0 MeV and J ∼ 20h̄)
could not be explained for 28Si and 32S nuclei.3) In the
present work, an extended quantum molecular dynam-
ics (EQMD) model4) has been carried out to understand
the GDR lineshapes of 28Si and 32S nuclei, and to inves-
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Fig. 1. EQMD calculations for both 32S and 28Si nuclei.

tigate how the exotic shapes due to cluster formation
at high T and J are manifested through GDR strength
function.

The results of EQMD calculation have been compared
with the existing experimental data of 32S and 28Si as
shown in Fig. 1. It should be mentioned that the alpha
correlation is included in the EQMD model based on
the fact that the many body nucleon-nucleon correlation
is intrinsically embedded in all microscpic QMD type
model and the details of EQMD results are discussed in
Refs. 3, 4). It is found that the EQMD predicts the gen-
eral trend of the experimental GDR strength functions
for 32S and 28Si by considering the ring or toroidal con-
figuration. Nevertheless, the peak around 25 MeV can
only arrive due to cluster formation highlighting the ex-
istence of the α-clustering structure at such high T and J
since this peak could not be predicted within the mean-
field calculations. Interestingly, the rotation of these
exotic shapes will not lead to the Coriolis splitting of
the GDR strength function (due to larger moment of in-
ertia leading to smaller angular frequency), which could
be the reason for the absence of the Jacobi shape tran-
sition in 32S and 28Si. The present result highlights the
role of α cluster states above the decay threshold, which
is still an open field of investigation.
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Nuclear density distributions are the basic properties
of atomic nuclei. Traditionally, the charge density distri-
butions have been measured using electron-nucleus scat-
tering. Hadronic probes have been used to study matter
density distributions, especially via proton-nucleus scat-
tering. Recently, we proposed a practical approach to
extract the nuclear surface diffuseness of unstable nu-
clei using proton-nucleus elastic scattering differential
cross sections.1,2) As a natural extension of the previ-
ous study, we investigated antiproton-nucleus scatter-
ing because it could provide a different sensitivity to
the nuclear structure than the proton probe because the
antiproton-nucleon (p̄N) total cross sections are typi-
cally 3–4 times larger than those of NN at incident en-
ergies varying from a few hundreds to thousands MeV.

High-energy antiproton-nucleus reactions can be ef-
ficiently described by the Glauber model.3) The total
reaction and elastic scattering cross sections can be ob-
tained by evaluating the optical phase-shift function
eiχ(b) as a function of the impact parameter vector
b. In optical limit approximation, we have iχ(b) =
−
∫
ρN (r)ΓN̄N (b − s) dr, where r = (s, z) with z de-

noting the beam direction, nucleon (N) one-body den-
sity ρN (r), and antinucleon-nucleon N̄N profile function
ΓN̄N (b). The parameters of the profile function were de-
termined to reproduce the p̄N and p̄-12C cross-section
data. The validity of the present model is demonstrated
in Fig. 1. The theoretical cross sections were signifi-
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Fig. 1. Elastic scattering differential cross sections for
antiproton-nucleus scattering at 180 MeV/nucleon
adopted from the original paper.
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cantly consistent with the experimental data without
any adjustable parameter using harmonic-oscillator type
density distributions that reproduce the observed charge
radii.

We found that strong absorption occurs even beyond
the nuclear radius owing to the large p̄N elementary
cross sections, resulting in strong sensitivity in the nu-
clear tail. This sensitivity is quantified by taking an
example of a possible halo nucleus 31F, which is located
at the fluorine dripline; however, the antiproton scatter-
ing on unstable nuclei is still not feasible. According to
the investigations in Ref. 4) the shell gap between 0f7/2
and 1p3/2 orbits is essential and the dominance of the
(1p3/2)

2 configuration forms the halo structure in 31F.
We considered these density distributions of 31F with
(1p3/2)

2 (halo) and (0f7/2)
2 (nonhalo) dominance from

Ref. 4) and calculated the ratio of the total reaction cross
sections of antiproton and proton scattering. Figure 2
displays the ratios of 31F as a function of incident energy.
The ratios of 29F with harmonic-oscillator type density
distributions are also plotted for comparison. 31F with
the halo tail yielded the largest ratios, while the non-
halo density produced almost the same behavior as 29F,
which demonstrates the advantage of antiproton scatter-
ing in the analysis of dilute density distribution.
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During the last few decades, theoretical and experi-
mental studies of the isotopic changes of ground- and
low-lying states have been performed intensively to elu-
cidate the evolution of the shell structure, shape coex-
istence phenomena, and shape transitions. In particu-
lar, charge radii and electromagnetic moments are very
sensitive quantities from which precise information of
the nuclear structure can be extracted.

Machine learning (ML) is one of the most popu-
lar algorithms for dealing with complex systems ow-
ing to its powerful and convenient inference abilities.
The neural network, which is an algorithm of machine
learning, has been widely used in different fields: arti-
ficial intelligence (AI), medical treatment, and physics
of complex systems. In this work, we attempt to train
a ML model for a description of the nuclear charge
radii based directly on some experimental or quasi-
experimental data, such as proton and neutron num-
bers, shell effect, and deformation. We search for any
other physical quantities that are correlated to the
charge radii.

To this end, we employ a standard fully connected
feed-forward neural network (FNN), which can build a
complex mapping between the input space and output
space through multiple compounding of simple non-
linear functions. The FNN is a multilayer neural net-
work with an input layer, hidden layers, and an output
layer. The structure of the neural network is labelled
as [N1, N2, . . ., Nn], where Ni denotes neuron num-
bers of the ith layer and i = 1 and n represent the
input and output layer, respectively. In this study, we
adopt the input layer N1 = 3 and the output layer
Nn = 1. The model is trained with the input data set
of proton number Z, neutron number N , the excita-
tion energy of the first 2+ state E2+1

, and the symmetry
energy. The deformation and shell effects on charge ra-
dius are included by the E2+1

values. We adopt as the
data set all the nuclei for which the experimental val-
ues of both E2+1

, and charge radii are available. The
data set includes 347 nuclei in total. As the data set
is not large enough, we must choose a small network
structure, which includes 44 neurons and involves 201
parameters.

In the present ML study, all the charge radii of Ca,
Sm, and Pb isotopes are included in the testing set
to check the prediction power of models. The model
reproduces well not only the slope of isotopic depen-
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Fig. 1. Charge radii of Ca isotopes calculated by the model
trained with and without taking the symmetry energy
input into account. The ML results obtained with and
without the symmetry energy input are labelled by the
red stars and green diamonds, respectively. The exper-
imental data taken from Refs. 1), 2) are labelled by the
filled black circles.

dence, but also the kink of charge radii at the magic
numbers N = 82 of Sm isotopes and N = 126 of Pb
isotopes. The obtained charge radii of Ca isotopes
with and without symmetry energy input are shown
in Fig. 1. Experimental results taken from Refs. 1),
2) show a sharp kink structure at N = 28 and a peak
between two closed shells at N = 20 and 28, followed
by a rapid increase after N = 28. This figure indicates
that the symmetry energy input is critical for the qual-
itative and quantitative description of the Ca isotopes.

We also perform Hartree-Fock-Bogolyubov (HFB)
calculations for the radii of Ca isotopes. The HFB
calculations show a clear correlation between the sym-
metry energy and charge radii in Ca isotopes as far as
the absolute magnitude is concerned. Whereas the ML
shows that the symmetry energy input has a remark-
able effect on the precise descriptions of charge radii of
Ca isotopes including the kink structure, the HFB cal-
culation shows that the symmetry energy changes the
absolute magnitude of charge radii, but the kink struc-
ture at N = 28 is not well reproduced. The physical
implication of the present successful ML study remains
an open question and needs to be studied in the future.
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In the density functional theory (DFT) for nuclear
physics, the ground-state energy is usually given by
Egs = T0 +Enucl [ρp, ρn] +ECd [ρch] +ECx [ρch], where
T0 is the Kohn-Sham kinetic energy and Enucl, ECd,
and ECx are the energy density functionals (EDFs) of
the nuclear, Coulomb direct, and Coulomb exchange
parts, respectively. Here, ρp and ρn are the ground-
state density distributions of protons and neutrons,
respectively, and ρch is the charge density distribution.

The Coulomb EDF EC = ECd+ECx is, in principle,
written in terms of the charge density ρch

1) because the
Coulomb interaction involves the charge itself, instead
of the point protons. Nevertheless, the protons and
neutrons are assumed to be point particles, i.e., ρch ≡
ρp, in most self-consistent nuclear DFT calculations.
In this paper, the finite-size effects of nucleons are im-
plemented to the self-consistent steps of the Skyrme
Hartree-Fock calculation, where only the electric form
factors of nucleons are considered. The Coulomb di-
rect term ECd holds the conventional form, while the
modified Perdew-Burke-Ernzerhof GGA Coulomb ex-
change functional 2,3) is used instead of the exact Fock
term.
The charge density distribution ρch is written in

terms of ρp, ρn, and the electric form factors of

protons and neutrons, G̃Ep and G̃En, as ρ̃ch (q) =

G̃Ep

(
q2
)
ρ̃p (q)+G̃En

(
q2
)
ρ̃n (q), where the quantities

with the tilde denote those in the momentum space.
Once the finite-size effects are considered, i.e., ρch ̸≡
ρp, the chain rule of the functional derivative should
be applied to derive the effective potential of the nu-

cleon τ , Veffτ (r) =
δE[ρp,ρn]
δρτ (r)

. Finally, the Coulomb

potential for nucleons with the finite-size effects reads
VCτ (r) = {VC [ρch] ∗GEτ} (r), where VC [ρch] is the
conventional form of the Coulomb potential and ∗ de-
notes the convolution. The Coulomb potential for
the neutrons does not vanish within the self-consistent
finite-size effects, because GEn ̸≡ 0.
Other possible electromagnetic (EM) contributions,

i.e., the vacuum polarization and EM spin-orbit inter-
action, are also considered. We used effective one-body
potential of the vacuum polarization for a charged
particle under the Coulomb potential caused by ρch,
known as the Uehling potential.4) The EM spin-orbit
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interaction, which originates from the interaction be-
tween the nucleon spin and VCτ , is also considered by
using the first-order perturbation theory.
The isospin-symmetry breaking (ISB) terms of the

nuclear force are also implemented to compare the con-
tributions of the EM interaction with those of the ISB
terms of nuclear force. The SAMi functional5) is used
for the nuclear EDF for most calculations, and the
SAMi-ISB functional6) is used instead when the ISB
originating from Enucl is considered explicitly.
The proton finite-size effect makes the nuclei more

bound; for example, the nucleon finite-size effect de-
creases the binding energy by 8.2 MeV in 208Pb. In
contrast, the neutron finite-size effect makes the nuclei
less bound, and its contribution is almost one order of
magnitude smaller than the proton contribution, for
example, by 1.2 MeV in 208Pb, which is non-negligible
in heavy nuclei. The contribution of the vacuum polar-
ization to the total energy is also non-negligible, and it
makes the nuclei less bound, for example, by 3.7 MeV
in 208Pb. The contribution of the electromagnetic spin-
orbit interaction to the total energy is approximately
50 keV. Systematically, the contribution of the ISB
terms of the nuclear force to the total energy is com-
parable to that of the proton finite-size effect in heavy
nuclei, while the former is more significant than the
latter in light nuclei. The neutron finite-size effect and
vacuum polarization are also non-negligible. On the
other hand, the contribution of the electromagnetic
spin-orbit interaction to the total energy depends on
the shell structure.
The mass difference between the mirror nuclei 48Ca

and 48Ni was also calculated. All the corrections to the
Coulomb functional with the SAMi-ISB functional co-
operate to reproduce the mirror-nuclei mass difference
within 300 keV accuracy, while the error is 1.5 MeV if
the conventional Coulomb functional is used.
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Trajectory in 2D plot of IS and IV densities of 48Ca and 208Pb†

S. Yoshida,∗1 H. Sagawa,∗2,∗3 J. Zenihiro,∗2,∗4 and T. Uesaka∗2

Recently, the neutron skin thicknesses of doubly
closed shell nuclei 208

82Pb126 and 48
20Ca28 have been in-

vestigated intensively. Theoretical studies with mod-
ern energy density functionals (EDFs) indicate that the
thickness of the neutron skin, ∆rnp ≡ rn− rp, embodies
the stability of pure neutron matter and provides im-
portant information on the symmetry energy of neutron
matter equation of states (EoS), which is a sum of the
well-known EoS of the symmetric nuclear matter and
the symmetry energy. The two EoSs govern the forma-
tion of not only nuclei but also astrophysical phenomena
such as neutron stars and supernova explosions.

In this paper, we propose a model to examine the de-
tails of the symmetry energy by using the isoscalar (IS)
and isovector (IV) density distributions. The neutron
skin is an integrated quantity extracted from neutron
and proton density distributions. However, the radial
density distributions will provide more information to
elucidate quantitatively the EoS of both nuclear matter
and neutron matter. To this end, it is essential to study
the radial dependence of IS and IV densities, which can
be extracted from neutron and proton densities.

The IS and IV densities are defined as ρIS(r) =
ρn(r) + ρp(r) and ρIV(r) = ρn(r) − ρp(r), respectively.
Experimental IS and IV densities of 48Ca1) are plotted
in Fig. 1. The solid black curve sandwiched by the dot-
ted lines is the experimental trajectory of IS versus IV
densities at different radii r. The equi-energy contour
lines of HF EDF, ε(ρn, ρp) = ε(ρIS, ρIV) = constant, are
calculated using SAMi-J27 and plotted for the values
from 3 MeV at ρIS = ρIV ≈ 0 to −15 or −16 MeV at the
saturation density ρIS ≈ 0.16 fm−3 with an energy step
of 1 MeV.

The dashed lines correspond to the constant IV den-
sity line ρIV = ρIS(N − Z)/A of the asymmetric nu-
clear matter. The experimental trajectory is above the
constant density limit in the surface region. This fea-
ture suggests a strong IV pressure to push the IV den-
sity towards the surface region rather than the interior
of nucleus. The Fermi liquid of a finite nucleus may
fill the valley determined by EDF from the bottom at
approximately ρIS = 0.16 fm−3 to the top of valley at
ρIS = ρIV = 0.0 fm−3. The trajectory plots are started
from the right-hand side at r = 0 fm and ends at the
left corner at r = 6 fm. The dots on the solid line in-
dicate different radius points with r = 0, 1, 2, 3, . . . fm
from the right to the left. The positive IV density at
r = 0 fm reflects a larger neutron density than that of
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Fig. 1. Trajectories of isoscalar (IS) and isovector (IV) den-
sities of 48Ca. The experimental curve (black solid line)
is compared with theoretical ones with Skyrme interac-
tions. The equi-energy contour lines are calculated using
the SAMi-J family. The equi-energy contour lines are
plotted for SAMi-J27. See the text for details.

protons at the central region corresponding to r = 0 fm.
Keeping the ρIS almost constant, the experimental curve
rises to the surface region at r = 3 fm, where the dots
are separated largely because of a rapid change in the
IV density. This can be understood qualitatively from
a flat contour map around the IS density ρ = 0.16 fm−3

so that the IV density can have large freedom within the
limit of the equi-energy contour line.

We can see a clear J-dependence for the enhancement
of IV density at r = 4 fm; a larger J value yields a
greater neutron density at the surface. Compared with
the experimental data, SAMi-J27 shows the best agree-
ment in the entire region of this plot.

In summary, we propose a new 2D plotting method
of IS-IV densities to extract not only the empirical sym-
metry energy coefficients J , L, and Ksym, but also the
asymmetric isospin term Kτ in the nuclear incompress-
ibility. We found strong correlations between the curva-
ture of the 2D density at the density ρIS = 0.1 fm−3 and
the symmetry energy coefficients J , L, and Kτ . The
optimal values are found to be J = 27.2 MeV, L =
31.6 MeV, Ksym = −154.7 MeV, and Kτ = −300.6 MeV
for the SAMi-J EDF from the IS-IV density plots of 48Ca
and 208Pb.

Reference
1) J. Zenihiro et al., arXiv:1810.11796 (2018).
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matter equation of states (EoS), which is a sum of the
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ted lines is the experimental trajectory of IS versus IV
densities at different radii r. The equi-energy contour
lines of HF EDF, ε(ρn, ρp) = ε(ρIS, ρIV) = constant, are
calculated using SAMi-J27 and plotted for the values
from 3 MeV at ρIS = ρIV ≈ 0 to −15 or −16 MeV at the
saturation density ρIS ≈ 0.16 fm−3 with an energy step
of 1 MeV.

The dashed lines correspond to the constant IV den-
sity line ρIV = ρIS(N − Z)/A of the asymmetric nu-
clear matter. The experimental trajectory is above the
constant density limit in the surface region. This fea-
ture suggests a strong IV pressure to push the IV den-
sity towards the surface region rather than the interior
of nucleus. The Fermi liquid of a finite nucleus may
fill the valley determined by EDF from the bottom at
approximately ρIS = 0.16 fm−3 to the top of valley at
ρIS = ρIV = 0.0 fm−3. The trajectory plots are started
from the right-hand side at r = 0 fm and ends at the
left corner at r = 6 fm. The dots on the solid line in-
dicate different radius points with r = 0, 1, 2, 3, . . . fm
from the right to the left. The positive IV density at
r = 0 fm reflects a larger neutron density than that of
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Fig. 1. Trajectories of isoscalar (IS) and isovector (IV) den-
sities of 48Ca. The experimental curve (black solid line)
is compared with theoretical ones with Skyrme interac-
tions. The equi-energy contour lines are calculated using
the SAMi-J family. The equi-energy contour lines are
plotted for SAMi-J27. See the text for details.

protons at the central region corresponding to r = 0 fm.
Keeping the ρIS almost constant, the experimental curve
rises to the surface region at r = 3 fm, where the dots
are separated largely because of a rapid change in the
IV density. This can be understood qualitatively from
a flat contour map around the IS density ρ = 0.16 fm−3

so that the IV density can have large freedom within the
limit of the equi-energy contour line.

We can see a clear J-dependence for the enhancement
of IV density at r = 4 fm; a larger J value yields a
greater neutron density at the surface. Compared with
the experimental data, SAMi-J27 shows the best agree-
ment in the entire region of this plot.

In summary, we propose a new 2D plotting method
of IS-IV densities to extract not only the empirical sym-
metry energy coefficients J , L, and Ksym, but also the
asymmetric isospin term Kτ in the nuclear incompress-
ibility. We found strong correlations between the curva-
ture of the 2D density at the density ρIS = 0.1 fm−3 and
the symmetry energy coefficients J , L, and Kτ . The
optimal values are found to be J = 27.2 MeV, L =
31.6 MeV, Ksym = −154.7 MeV, and Kτ = −300.6 MeV
for the SAMi-J EDF from the IS-IV density plots of 48Ca
and 208Pb.
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Energy-weighted sum rule for Gamow-Teller giant resonances in
high-spin isomeric states of N = Z nuclei†

M. Sasano,∗1 H. Sagawa,∗1,∗2 T. Suzuki,∗3,∗4 and M. Honma∗2

Among collective modes,1) the Gamow-Teller (GT)
giant resonance is an interesting excitation mode. It is
a 0 h̄ω excitation that is characterized by the quantum-
number changes in the orbital angular momentum
(∆L = 0), spin (∆S = 1), and isospin (∆T = 1).
It is induced by the transition operator στ .

Recently, an experimental project was proposed to
measure the GT transitions from the 52Fe(12+) high-
spin isomeric state provided as an RI beam.2) Inspired
by this, herein, we derived an energy-weighted sum
rule (EWSR) to estimate the energies of GT giant res-
onances in high-spin isomeric (HSI) states in N = Z
nuclei and evaluated the spin and isospin residual inter-
actions by comparing the EWSR with the shell model
calculations.

The sum rules provide a reliable tool for evaluating
the natures of giant resonances. In the calculations of
sum rules, the contributions from all the final states
are summed up. Therefore, the sum-rule values solely
depend on the properties of the initial ground state
and the Hamiltonian of the system, but they are not
sensitive to the details of the final states. Roughly
speaking, the non-energy-weighted sum rule (NEWSR)
provides a criterion for the collectivity of the observed
resonances, while the EWSR provides a measure of the
interaction strength driving the oscillation.

By dividing EWSR with NEWSR, the average en-
ergy of the resonance can be derived. We found that,
with the simple Bohr-Mottelson Hamiltonian,3) the av-
erage energy relation is written as

Eν=−1
GT − Eν=−1

M1 = 4
κστ − κσ

A
⟨i |S0| i⟩ . (1)

Here, κστ and κσ are the spin-isospin and spin coupling
constants used in the hamiltonian. A is the mass num-
ber of the nucleus. ⟨i |S0| i⟩, and Eν=−1

GT and Eν=−1
M1

correspond to the expectation value of the spin excess
along the elongation axis of the nucleus, the average
energies of the GT and M1 transitions, respectively.

This relation is analogous to the average energy re-
lation derived in Ref. 4) for N > Z 0+ nuclei. In the
latter case, the left-hand side of the relation is the en-
ergy difference between the GT giant resonance and
the isobaric analog state. ⟨i |S0| i⟩ in the right-hand
side is replaced with the neutron excess N −Z. Thus,
† Condensed from the article in Phys. Rev. C 103, 014308
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instead of κστ−κσ, κστ−κτ appears. The GT energies
in high-spin isomers with N = Z have different sensi-
tivies from those in N > Z 0+ nuclei. This is because
these states have different symmetries in the spin and
isospin space.

We used the newly derived energy relation to ana-
lyze the results of the shell model calculations for the
GT transition from 52Fe(12+) and 94Ag(21+) N = Z
high spin isomers. In the shell-model calculations, the
effective interactions, GXPF1J5) and PIGD5G36) were
used for Fe and Ag, respectively. From the analysis,
κστ − κσ was derived as 20.4–20.5 MeV. By assuming
a κστ value of 23 MeV, the strength of the spin resid-
ual interaction, κσ was deduced as 2.5 MeV. Thus, we
demonstrated that the GT energies in high spin iso-
mers are useful for evaluating the short-range part of
the spin residual interaction, which is important to de-
scribe the onset of the pion condensation in nuclear
matter.

We thank Haozhao Liang for the valuable dis-
cussions. This work was supported in part by
JSPS KAKENHI (Grant Numbers JP19K03858 and
JP19K03855).
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A fully microscopic model of total level density in spherical nuclei†

N. Quang Hung,∗1,∗2 N. Dinh Dang,∗3 L. TanPhuc,∗1,∗2 N. Ngoc Anh,∗4 T. Dong Xuan,∗1,∗2 and T. V. Nhan Hao5

The nuclear level density (NLD) is one of impor-
tant inputs for the calculations of low-energy nuclear
reactions and astrophysics. It also contains various in-
formation on the internal structure of atomic nuclei
such as single-particle levels, pairing correlations, spin
distributions, collective (vibrational and/or rotational)
excitations, nuclear thermodynamics, etc. Although
many theoretical studies have been carried out during
the last seven decades to find a reliable and fully micro-
scopic model of NLD, there has still been lacking a fully
microscopic NLD model. Recently, we have proposed
a microscopic NLD model based on the exact pairing
plus independent-particle model at finite temperature
(EP+IPM).1) The latter, which has a very short com-
puting time and contains no fitting parameters to the
experimental NLD data, can describe quite well the
NLDs and thermodynamic properties of several hot
nuclei. Nevertheless, the EP+IPM still contains two
shortcomings, which limit its fully microscopic foun-
dation. These shortcomings come from the use of em-
pirical formulas for the spin cut-off σ and collective
enhancement factors. The latter is a multiplication of
the vibrational kvib and rotational krot enhancement
factors.1)

In this paper, we develop a fully microscopic ver-
sion of the EP+IPM, limited to spherical nuclei (rota-
tional enhancement factor krot = 1), in which three
significant improvements are included. First, the
single-particle spectra are taken from the Hartree-
Fock mean field plus exact pairing (HF+EP) with an
effective MSk3 interaction,2) instead of the Woods-
Saxon potential in the original version of EP+IPM.
Second, the spin cut-off parameter is directly calcu-
lated by using the statistically thermodynamic method
σ2 = 1

2

∑
k m

2
ksech

2
(
1
2Ek/T

)
, where mk is the single-

particle spin projection (in the deformed basis) and
Ek is the quasiparticle energy. Last, the vibra-
tional enhancement of NLD is directly calculated
based on the vibrational partition function Zvib(T ) =∑

λ,i(2λ+ 1)e−Eλ
i /T , where Eλ

i are all the eigenvalues
obtained by solving the self-consistent HF+EP+RPA
(SC-HFEPRPA) equation3) for the corresponding mul-
tipolarity λ, which runs from 0 to 5. The total parti-
tion function of the system is then calculated by com-
bining this vibrational partition function with that
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Fig. 1. Total NLDs obtained within the fully microscopic
EP+IPM by gradually adding higher collective vibra-
tional modes λ to the vibrational partition function ver-
sus the experimental data for 60Ni (a) and 90Zr (b).
Experimental data are taken from Refs. 4–8).

of the EP+IPM (without vibrational enhancement),
namely lnZ ′

total = lnZ ′
EP+IPM + lnZ ′

vib, where Z ′(T )

is the excitation partition function.1)
The numerical tests for two spherical 60Ni and 90Zr

nuclei (see Fig. 1) show that the monopole and dipole
excitations (λ = 0+ and 1−) have little enhancement to
the total NLD. By adding the quadrupole λ = 2+ and
octupole 3− excitations, the EP+IPM NLDs are in ex-
cellent with the experimental data. However, adding
higher hexadecapole λ = 4+ and quintupole λ = 5−

excitations enhances the NLD further but the results
obtained slightly overestimate the experimental data
because these states are always located at a very high-
excitation energy, which goes beyond the vibrational
excitation region. The results shown in Fig. 1 are of
particular valuable as they are the first microscopic
calculation, which confirms the important role of the
quadrupole and octupole excitations in the description
of NLD. We also found that the vibrational enhance-
ment factor obtained within our fully microscopic ap-
proach is smaller than that calculated using the em-
pirical and phenomenological formulas. In addition,
the spin cut-off factor obtained within our microscopic
approach are larger than that obtained by using the
empirical formula.
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Fig. 1. Total NLDs obtained within the fully microscopic
EP+IPM by gradually adding higher collective vibra-
tional modes λ to the vibrational partition function ver-
sus the experimental data for 60Ni (a) and 90Zr (b).
Experimental data are taken from Refs. 4–8).

of the EP+IPM (without vibrational enhancement),
namely lnZ ′

total = lnZ ′
EP+IPM + lnZ ′

vib, where Z ′(T )

is the excitation partition function.1)
The numerical tests for two spherical 60Ni and 90Zr

nuclei (see Fig. 1) show that the monopole and dipole
excitations (λ = 0+ and 1−) have little enhancement to
the total NLD. By adding the quadrupole λ = 2+ and
octupole 3− excitations, the EP+IPM NLDs are in ex-
cellent with the experimental data. However, adding
higher hexadecapole λ = 4+ and quintupole λ = 5−

excitations enhances the NLD further but the results
obtained slightly overestimate the experimental data
because these states are always located at a very high-
excitation energy, which goes beyond the vibrational
excitation region. The results shown in Fig. 1 are of
particular valuable as they are the first microscopic
calculation, which confirms the important role of the
quadrupole and octupole excitations in the description
of NLD. We also found that the vibrational enhance-
ment factor obtained within our fully microscopic ap-
proach is smaller than that calculated using the em-
pirical and phenomenological formulas. In addition,
the spin cut-off factor obtained within our microscopic
approach are larger than that obtained by using the
empirical formula.
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Isobaric analog state energy in deformed nuclei: A toy model†

X. Roca-Maza,∗1,∗2 H. Sagawa,∗3,∗4 and G. Colò∗1,∗2

The effects of deformation on the energy of the iso-
baric analog state (IAS) are studied through microscopic
deformed Hartree-Fock-Bogolyubov calculations. A sim-
ple yet physical toy model is also presented to provide
guidance when predicting unknown IAS energies of de-
formed nuclei. The deformed HFB calculations are per-
formed for several neutron-deficient medium-mass and
heavy nuclei to predict the IAS energies.

Isospin is one of the most important (approximate)
symmetries in nuclei. The validity of isospin symmetry
has been established by the experimental observation
of IASs by charge-exchange reactions. Recently, these
states have been investigated extensively in connection
with the symmetry energy, particularly to determine the
so-called slope parameter L. Thus far, theoretical studies
of IAS have mainly focused on spherical nuclei such as
48Ca, 90Zr, and 208Pb. However, a large number of de-
formed nuclei exist, but transparent information on the
effects of deformation on IAS is still lacking. In this pa-
per, we derive a general formula for the effects of defor-
mation on the Coulomb direct contribution to the energy
of the IAS and provide a simple albeit physical model.
Then, we study several neutron-deficient medium-mass
and heavy nuclei, which are now planned to be studied
experimentally in RCNP, Osaka within the LUNESTAR
project.

The IAS energy EIAS can be defined as the energy
difference between the analog state |A⟩ and the parent
state |0⟩ as follows:

EIAS = ⟨A|H|A⟩ − ⟨0|H|0⟩ = ⟨0|T+[H, T−]|0⟩
⟨0|T+T−|0⟩

, (1)

where T± =
∑A

i t±(i) are the isospin raising/lowering
operators. The direct Coulomb term of IAS energy for
an axially symmetric nucleus can be evaluated as

ECd
IAS = ECd,sph

IAS

[
1− β2nβ2p

4π

+
(β2n − β2p)(β2n + β2p)

4π
+

(β2n − β2p)
2

4π

]
,(2)

where β2n(2p) is the quadrupole deformations for neu-
trons (protons). For β2n = β2p, this reduces to

ECd
IAS = ECd,sph

IAS

[
1− β2

2

4π

]
. (3)

From Eq. (3), one should expect that a larger quadrupole
deformation corresponds to a smaller IAS energy. For
a qualitative understanding of the effect of deformation
† Condensed from the article in Phys. Rev. C102, 064303 (2020)
∗1 Dipartimento di Fisica, Università degli Studi di Milano
∗2 INFN, Sezione di Milano
∗3 RIKEN Nishina Center
∗4 Center for Mathematics and Physics, the University of Aizu

Table 1. Results of deformed HFB calculations with SAMi
EDF.1) All energies are in MeV. EHFB

IAS is the sum of the
direct Coulomb, exchange Coulomb, and isospin mixing
contributions. The deformation effect on IAS energy has
been estimated from the HFB calculations, ∆EHFB

IAS ≡
EHFB

IAS (β2n, β2p)− EHFB
IAS (β2n = 0, β2p = 0).

Nucl. β2n β2p EHFB
IAS Eexp

IAS
2) ∆EHFB

IAS

102
46Pd 0.186 0.174 13.346 −0.162

106
48Cd 0.255 0.256 13.810 −0.089

112
50Sn 0.192 0.199 14.085 14.019 −0.001

120
52Te 0.039 0.042 14.353 −0.001

124
54Xe 0.000 0.000 14.749 0.000

130
56Ba 0.000 0.000 15.114 0.000

136
58Ce 0.126 0.158 15.352 −0.081

138
58Ce 0.040 0.047 15.331 −0.010

142
60Nd 0.000 0.000 15.509 0.000

144
62Sm 0.000 0.000 15.950 16.075 0.000

156
66Dy 0.201 0.225 16.755 −0.003

158
66Dy 0.197 0.217 16.723 −0.028

162
68Er 0.348 0.378 16.975 16.861 −0.112

164
68Er 0.346 0.377 16.881 16.778 −0.110

168
70Yb 0.385 0.413 17.171 −0.212

174
72Hf 0.304 0.319 17.629 −0.091

176
72Hf 0.267 0.276 17.538 17.388 −0.086

180
74W 0.278 0.299 17.911 −0.101

184
76Os 0.335 0.355 18.223 −0.171

190
78Pt −0.147 −0.141 18.649 −0.037

196
80Hg −0.180 −0.187 18.906 −0.070

on the IAS energy, Eq. (3) predicts, for very deformed
nuclei with β2 ≈ 0.8, a relative reduction in EIAS of
approximately 5% with respect to the spherical nucleus.

Table 1 lists the results of deformed HFB calculations
for several neutron-deficient nuclei as predicted by SAMi
EDF. EHFB

IAS is the sum of the direct Coulomb, exchange
Coulomb, and isospin mixing contributions. The defor-
mation effect is also shown as ∆EHFB

IAS , and it varies from
−212 keV in 168Yb at the maximum to zero for no de-
formation cases.

The deformed HFB results reproduce well the experi-
mentally known IAS energies within an error of approx-
imately100 keV and previde a good guide for the ex-
perimental search for new IAS states of these neutron-
deficient nuclei. In general, the deformation effect is
small, but it might be important for the precise predic-
tion of IAS energy within an accuracy of several tenths
of keV.
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Parity-conserved self-consistent CHFB solution

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

We developed a new program for solving the con-
strained Hartree-Fock-Bogoliubov (CHFB) equation
without parity mixing. In this scheme (CHFB5), we
require five constraints, one each on the total angular-
momentum I, proton number Z+ in the + parity shell
(p+), proton number Z− in the − parity shell (p−),
neutron number N+ in the + parity shell (n+), and
neutron number N− in the − parity shell (n−). As
an example, we choose 134Nd with the same param-
eter set as that adopted in Ref. 1). Here, we solved
the full CHFB equation2) including all exchange terms
(Fock terms), while Ref. 1). adopts only the Hartree
terms. The values of (Z+, Z−, N+, N−) are selected in
reference to the usual CHFB solutions with three con-
straints (CHFB3). The usual CHFB3 solutions show
(Z+, Z−, N+, N−) = (14.59, 17.41, 13.87, 10.13) at I =
0, while (14.04, 17.96, 14.0, 10.0) at I = 26. Here,
(Z,N) = (32, 24) are numbers outside the closed core
(28, 50). Thus, we select (14, 18, 14, 10) for the CHFB5
equation. The intrinsic difference between CHFB3 and
CHFB5 solutions is in the quasi-particle (QP) ener-
gies. In Fig. 1, we compare the behavior of the lowest
QP energies of Λ with its time-reversed energy Λ̃ vs.
I. The equations for Λ and Λ̃ have been provided in
Ref. 2). The degeneracy is lifted by the Coriolis anti-
pairing effect with increasing I. Figure 1(A) shows the
neutron shell, and (B) the proton shell. In both pan-
els, ± specifies the ± shell; the filled symbols express
Λ̃ and the open symbols Λ. Those in the abbrevia-
tion “with" denote CHFB5 solutions, while the others
denote CHFB3 solutions. At low I, QP energies by
CHFB3 and CHFB5 solutions coincide in the neutron
shells (A); however, there is a considerable difference
among the p+ shell (B). The negative value of Λ in the
n+ shell is observed at I = 10 in both CHFB3 and
CHFB5 solutions; this indicates the first backbending
is caused by the i13/2 level in the n+ shell. There occur
negative values of Λ in the n+ and n− shells around
I = 20 to 26, and they correspond to decreasing ∆n,
i.e., 0.00021 (CHFB3) and 0.00035 (CHFB5).
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Fig. 1. (A) Lowest QP energies Λ and Λ̃ in the neutron shell
as functions of angular momentum I. The red open-
circles represent Λ, and the red filled-circles represent
Λ̃ in the n+ shell by the CHFB3 solutions; the orange
open-triangles denote Λ, and the orange filled-triangles
represent Λ̃ in the n+ shell by the CHFB5 solutions.
The open squares represent Λ, and the filled squares
represent Λ̃ in the n−shell by the CHFB3 solutions,
while the blue open-triangles-down represent Λ, and the
blue filled-triangles-down represent Λ̃ in the n−shell by
the CHFB5 solutions. (B) The lowest QP energies of
Λ and Λ̃ in the proton shell as functions of I. The
red open-circles represent Λ, and the red filled-circles
represent Λ̃ in the p+ shell by the CHFB3 solutions,
while the orange open-triangles represent Λ, and the
orange filled-triangles represent Λ̃ in the p+ shell by
the CHFB5 solutions. The open squares represent Λ,
and the filled squares represent Λ̃ in the p−shell by the
CHFB3 solutions, while the blue open-triangles-down
represent Λ and the blue filled-triangles-down represent
Λ̃ in the p−shell by the CHFB5 solutions.
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Parity-conserved self-consistent CHFB solution

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

We developed a new program for solving the con-
strained Hartree-Fock-Bogoliubov (CHFB) equation
without parity mixing. In this scheme (CHFB5), we
require five constraints, one each on the total angular-
momentum I, proton number Z+ in the + parity shell
(p+), proton number Z− in the − parity shell (p−),
neutron number N+ in the + parity shell (n+), and
neutron number N− in the − parity shell (n−). As
an example, we choose 134Nd with the same param-
eter set as that adopted in Ref. 1). Here, we solved
the full CHFB equation2) including all exchange terms
(Fock terms), while Ref. 1). adopts only the Hartree
terms. The values of (Z+, Z−, N+, N−) are selected in
reference to the usual CHFB solutions with three con-
straints (CHFB3). The usual CHFB3 solutions show
(Z+, Z−, N+, N−) = (14.59, 17.41, 13.87, 10.13) at I =
0, while (14.04, 17.96, 14.0, 10.0) at I = 26. Here,
(Z,N) = (32, 24) are numbers outside the closed core
(28, 50). Thus, we select (14, 18, 14, 10) for the CHFB5
equation. The intrinsic difference between CHFB3 and
CHFB5 solutions is in the quasi-particle (QP) ener-
gies. In Fig. 1, we compare the behavior of the lowest
QP energies of Λ with its time-reversed energy Λ̃ vs.
I. The equations for Λ and Λ̃ have been provided in
Ref. 2). The degeneracy is lifted by the Coriolis anti-
pairing effect with increasing I. Figure 1(A) shows the
neutron shell, and (B) the proton shell. In both pan-
els, ± specifies the ± shell; the filled symbols express
Λ̃ and the open symbols Λ. Those in the abbrevia-
tion “with" denote CHFB5 solutions, while the others
denote CHFB3 solutions. At low I, QP energies by
CHFB3 and CHFB5 solutions coincide in the neutron
shells (A); however, there is a considerable difference
among the p+ shell (B). The negative value of Λ in the
n+ shell is observed at I = 10 in both CHFB3 and
CHFB5 solutions; this indicates the first backbending
is caused by the i13/2 level in the n+ shell. There occur
negative values of Λ in the n+ and n− shells around
I = 20 to 26, and they correspond to decreasing ∆n,
i.e., 0.00021 (CHFB3) and 0.00035 (CHFB5).
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Fig. 1. (A) Lowest QP energies Λ and Λ̃ in the neutron shell
as functions of angular momentum I. The red open-
circles represent Λ, and the red filled-circles represent
Λ̃ in the n+ shell by the CHFB3 solutions; the orange
open-triangles denote Λ, and the orange filled-triangles
represent Λ̃ in the n+ shell by the CHFB5 solutions.
The open squares represent Λ, and the filled squares
represent Λ̃ in the n−shell by the CHFB3 solutions,
while the blue open-triangles-down represent Λ, and the
blue filled-triangles-down represent Λ̃ in the n−shell by
the CHFB5 solutions. (B) The lowest QP energies of
Λ and Λ̃ in the proton shell as functions of I. The
red open-circles represent Λ, and the red filled-circles
represent Λ̃ in the p+ shell by the CHFB3 solutions,
while the orange open-triangles represent Λ, and the
orange filled-triangles represent Λ̃ in the p+ shell by
the CHFB5 solutions. The open squares represent Λ,
and the filled squares represent Λ̃ in the p−shell by the
CHFB3 solutions, while the blue open-triangles-down
represent Λ and the blue filled-triangles-down represent
Λ̃ in the p−shell by the CHFB5 solutions.
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Role of exact treatment of thermal pairing in radiative strength
functions of 161, 163Dy nuclei†

L. Tan Phuc,∗1,∗2 N. Quang Hung,∗1,∗2 N. Dinh Dang,∗3 L. T. Quynh Huong,∗4 N. Ngoc Anh,∗5 N. Ngoc Duy,∗6
L. Ngoc Uyen,∗7 and N. Nhu Le,∗8

The photon or radiative strength function (RSF), de-
fined as the average electromagnetic transition proba-
bility per unit of γ-ray energy Eγ ,1) has an important
role in the study of nuclear reaction properties such as
γ-ray emission rate, reaction cross section, and/or nu-
clear astrophysical processes.2) Very recently, we have
proposed a microscopic model to simultaneously describe
the nuclear level density and RSF.3) For the RSF, we
employed the phonon damping model (PDM),4) which
consistently includes the exact thermal pairing (EP), in
order to take into account both temperature-dependent
giant dipole resonance (GDR) width (within the PDM)
and thermal pairing (within the EP). The goal of the
current work is to shed a light on the microscopic na-
ture of the low-energy enhancement in the RSF data
caused by the PDR (Pygmy Dipole Resonance). Three
dysprosium isotopes 161, 162, 163Dy are selected to do
the calculations within the EP+PDM. The results will
be compared with the phenomenological models (stan-
dard Lorentzian-SLO and generalized Lorentzian-GLO)
and the other microscopic model (Quasiparticle random-
phase approximation-QRPA). The RSF at each energy
Eγ and temperature T is defined as follow

fE1(Eγ , T ) =(
1

3π2ℏ2c2

)
π

2

σE1ΓE1(Eγ , T )SE1(Eγ , T )

Eγ
,

(1)

where σE1 is the GDR cross section which is obtained mi-
croscopically within the PDM, ΓE1 is the temperature-
dependent GDR width, and SE1 is the GDR strength
function.

Figure 1 depicts the total RSFs obtained within
the PDM with and without EP the experimental
data5) as well as those obtained within the microscopic
D1M+QRPA (E1 and E1 + M1) and phenomenologi-
cal GLO-SLO models. The results obtained show that,
due to the effect of EP, the EP+PDM can describe rea-
sonably well the RSF data in both low and high-energy
regions without adding any extra strength function. As a
result, at least eight free parameters have been reduced
within the EP+PDM calculations as compared to the
description by the phenomenological GLO-SLO model.
† Condensed from the article in Phys. Rev. C 102, 061302(R)
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Fig. 1. Total RSFs obtained within the PDM (thin solid
lines), EP+PDM (thick solid lines) versus the QRPA
RSFs for the E1 and E1+M1 excitations and the exper-
imental data5) for 161–163Dy. The dashed, dash-dotted,
and dotted lines stand for the RSFs obtained within
the phenomenological GLO-SLO models with 2 PDRs,
1 PDR, and without PDR, respectively.

Temperature is found to have a significant effect on the
RSF at the low energy Eγ ≤ Sn, whereas it does not
change much the RSF in the high-energy one Eγ > Sn,
questioning the validity of the Brink-Axel hypothesis.
In addition, due to the effects of EP and couplings of
all ph, pp, and hh configurations within the PDM, the
EP+PDM can also partially reproduce the scissors res-
onance in 161–163Dy nucleus at low Eγ without adding a
SR strength function in the RSF. These findings indicate
the importance of EP and couplings to non-collective pp
and hh configurations at finite temperature in the mi-
croscopic description of total RSF in excited nuclei.
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Non-relativistic expansion of Dirac equation by the reconstituted
Foldy-Wouthuysen transformation†

Y. X. Guo∗1,∗2 and H. Z. Liang∗2,∗1

In the past few decades, the density functional theory
(DFT) has been successfully applied in both the non-
relativistic and relativistic frameworks to describe the
ground-state and excited-state properties of thousands
of nuclei in a microscopic and self-consistent manner.
However, the connection between these two frameworks
remains unclear. The non-relativistic expansion of the
Dirac equation is considered to be a potential bridge
connecting these two frameworks.1,2)

Recently, the reconstituted similarity renormaliza-
tion group (SRG) method was proposed.3) Compared to
conventional methods, the reconstituted SRG method
not only showed a much faster convergence, but also
yielded single-particle densities ρv(r) = ψ†(r)ψ(r) that
are closer to the exact values. Moreover, for the single-
particle scalar densities ρs(r) = ψ†(r)γ0ψ(r), the γ0
matrix should be transformed in the same manner as
the Dirac Hamiltonian. However, the original Dirac
Hamiltonian is operated with infinite steps of unitary
transformations in both the conventional and recon-
stituted SRG methods. Therefore, the calculations of
single-particle scalar densities are not trivial in SRG
methods.

Meanwhile, with the consideration of the strong
scalar potential, we further applied another well-known
technique, the Foldy-Wouthuysen (FW) transforma-
tion, to the general cases in the covariant DFT and
performed the corresponding expansion up to the 1/M4

order.4) With the present FW transformation, all the
unitary transformations involved hold explicit forms.
On this basis and with inspiration from the reconsti-
tuted SRG method, we developed the reconstituted FW
transformation. By replacing the bare mass M with the
Dirac mass M∗ and defining the corresponding new op-
erators, the contributions related to the higher powers
of the quotient of the scalar potential and the bare mass
are absorbed into the lower orders.

As a step forward, the so-called picture-change er-
ror,5,6) i.e., the difference between the densities calcu-
lated in the Schrödinger picture and those obtained in
the Dirac picture, has also been investigated through
calculations starting from basic field operators. After
considering such picture-change errors, i.e., the rela-
tivistic corrections, both the single-particle vector and
scalar densities become much closer to the exact results.
In addition, the difference between ρv and ρs originates
from the 1/M∗2 order, as does the relativistic correc-

† Condensed from the article in Phys. Rev. C 101, 024304
(2020)
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Fig. 1. Difference between the single-particle density and
the single-particle scalar density for the neutron 2d5/2
state of nucleus 208Pb.

tion ∆ρ. Therefore, the relativistic corrections also play
a crucial role in the difference between the vector and
scalar densities.

By taking the 2d5/2 state of 208Pb as an example, the
difference between the single-particle density and the
single-particle scalar density is shown with the black
solid line in Fig. 1. The result without any relativis-
tic correction is shown with the olive dashed line, while
the results calculated with the consideration of relativis-
tic corrections up to the 1/M∗2 and 1/M∗3 orders are
shown with the blue dotted and red dash-dotted lines,
respectively. It can be seen from Fig. 1 that the differ-
ences between the results without the relativistic cor-
rections and the exact values are systematic. There are
differences in the positions of peaks and nodes as well
as the amplitudes. In contrast, the results with the rel-
ativistic corrections remarkably reproduce the behavior
of the exact values, particularly in terms of the positions
of peaks and nodes.

Based on the above discussions, the reconstituted
FW transformation is a promising method to connect
the relativistic and non-relativistic DFTs for future
studies.
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difference between the single-particle density and the
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solid line in Fig. 1. The result without any relativis-
tic correction is shown with the olive dashed line, while
the results calculated with the consideration of relativis-
tic corrections up to the 1/M∗2 and 1/M∗3 orders are
shown with the blue dotted and red dash-dotted lines,
respectively. It can be seen from Fig. 1 that the differ-
ences between the results without the relativistic cor-
rections and the exact values are systematic. There are
differences in the positions of peaks and nodes as well
as the amplitudes. In contrast, the results with the rel-
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of the exact values, particularly in terms of the positions
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On the role of three-particle interactions in nuclear matter†

W. Bentz∗1 and I. C. Cloët∗2

In a previous publication1) we discussed an interest-
ing relation between the skewness J of nuclear matter
(J = 27ρ3

(
d3EA/dρ

3
)
, where ρ is the baryon density

and EA the energy per nucleon in isospin symmetric
nuclear matter) and the isoscalar three-particle inter-
action parameters. In this paper, we wish to discuss
an equally interesting relation between the slope pa-
rameter L of the symmetry energy (L = 3ρdas

dρ , where
as ≃ 32 MeV is the symmetry energy) and the isovec-
tor three-particle interaction parameters.

We extend Landau’s basic formula2) for the vari-
ation of the energy density of nuclear matter to in-
clude the third order term, which involves the spin-
averaged three-particle forward scattering amplitude
h(τ1τ2τ3)(k⃗1, k⃗2, k⃗3). Here τi = (p, n), and h is symmet-
ric under simultaneous interchanges of the momentum
variables k⃗i and the isospin variables τi. Taking finally
the isospin symmetric limit, we can derive the following
relations for J and L in terms of the incompressibility
K and the symmetry energy as:

J = −9K +
9p2F
M

×
[(

−3+
8

3

M

M∗

)
− 4

3

MpF
M∗2

∂M∗

∂pF
+

M

M∗ (H0−H1)

]
,

L = 3as −
p2F
2M

×

[(
1− 2

3

M

M∗

)
+µ

(
M

M∗

)2

− M

M∗

(
H ′

0−
1

3
H1

)]
.

Here pF is the Fermi momentum, M the free nucleon
mass, M∗ the Landau effective mass, ∂M∗

∂pF
refers to the

momentum dependence of M∗ at the Fermi surface,
and µ = ρ ∂

∂ρ(3)

(
∆M∗

M

)
expresses the dependence of

∆M∗ = M∗(p) −M∗(n) on the isovector density ρ(3) =
ρ(p) − ρ(n). The dimensionless isoscalar and isovector
three-particle interaction parameters

Hℓ =

(
2pFM

∗

π2
ρ

)
hℓ , H ′

ℓ =

(
2pFM

∗

π2
ρ

)
h′
ℓ

are the ℓ = 0, 1 moments of the isoscalar (hℓ =
1
4 (h

(ppp)
ℓ + 3h

(ppn)
ℓ )) and isovector (h′

ℓ = 1
4 (h

(ppp)
ℓ −

h
(ppn)
ℓ )) combinations of the 3-particle forward scat-

tering amplitude at the Fermi surface.
By using empirical information, it was shown in

Ref. 1) that the above expression for J requires a large
positive 3-particle term M

M∗ (H0 −H1) > 1.24. On the
other hand, if we use the canonical value as = 32 MeV
† Condensed from an article by W. Bentz and I. C. Cloët, to

be published in Phys. Rev. C (2021)
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Fig. 1. First two terms in the Faddeev series. Circles rep-
resent two-body t-matrices.

together with µ ≃ 0.27, which is the central value of
the empirical range µ = 0.27±0.25 reported in Ref. 3),
the sum of the first two terms in [. . . ] in the expres-
sion for L is ∼ 0.6, almost independent of M∗ within
the empirical range 0.7 < M∗/M < 1. The empiri-
cal range of the slope parameter3) L = 59 ± 16 MeV
then implies that the 3-particle term M

M∗

(
H ′

0 − 1
3H1

)
is negative, with a magnitude smaller than unity.

Theoretically the three-particle amplitudes should
be calculated from the Faddeev equation, which is il-
lustrated by Fig. 1. The driving term, which we call
the “2-particle correlation (2pc) term,” can be easily
estimated by using effective contact interactions of the
Landau-Migdal type. Restricting the calculation to s-
waves (ℓ = 0) for simplicity gives the analytic results

H
(2pc)
0 =

ln 2

4

(
F 2
0 + 3F

′2
0 + 3G2

0 + 9G
′2
0

)
,

H
′(2pc)
0 =

ln 2

4

(
1

3
F 2
0 +

4

3
F0F

′
0 −

1

3
F

′2
0 +G2

0 + 4G0G
′
0 −G

′2
0

)
.

Here F0, F
′
0, G0, G

′
0 are the dimensionless ℓ = 0 two-

particle Landau-Migdal parameters, as defined for ex-
ample in Ref. 2). While the isoscalar H(2pc)

0 is positive
definite and of the order of unity or even larger, de-
pending mainly on the magnitude of G′

0, the isovector
H

′(2pc)
0 is negative and small compared to unity for

most of the published sets of Landau-Migdal param-
eters. Because the p-wave term H1 is suppressed by
large factors,1) this simple estimate makes it plausible
that the three-body interactions give a large positive
contribution to J , and a small negative contribution
to L. To obtain more quantitative results, it would be
interesting to apply the Faddeev method in the frame-
work of effective field theories for nuclear matter.
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A3-Foresight theory collaboration for nuclear data library: A3LIB

K. Yoshida∗1 for the A3LIB Collaboration

A quantitative understanding of the r-process nu-
cleosynthesis requires nuclear data across the nuclear
chart, including the vicinities of the neutron drip line,
which are experimentally inaccessible. Thus the nu-
clear theory plays a decisive role to bridge between
nuclear experiments at RI beam facilities and micro-
scopic inputs of the r-process simulation.

The condition of the r-process is given by an as-
trophysical environment of explosive phenomena with
some possible scenarios. Although nuclear physics that
enters the reaction network may depend on the sce-
nario, the most important nuclear data are the nu-
clear masses, β-decay properties, and neutron capture
rates;1,2) Given the neutron-number density, tempera-
ture, and entropy, the seed nuclei are formed through
the nuclear statistical equilibrium. Here, the nuclear
masses are a key nuclear physics quantity. When the
temperature decreases in the order of 100 keV, various
nuclear reactions take place, and the neutron-capture
process generates neutron-rich nuclei. If the neutron-
number density is high, it proceeds to the production
of the heaviest nuclei, and fission occurs. In every pro-
cess, competition with the β-decay should be consid-
ered. The β-decay and the β-delayed neutron emission
play a role in shaping the final abundance distributions
observed in nature.

The nuclear energy-density functional (EDF) ap-
proach is a possible theoretical model to describe the
above-mentioned nuclear properties in a vast mass re-
gion of the nuclear chart in a single framework. Re-
searchers in the A3 (Chine, Japan, and Korea) coun-
tries have developed the nuclear EDF method and
computational techniques. It is natural to start collab-
oration on the construction of the nuclear data table
necessary for the r-process modeling and the develop-
ment of the associated nuclear many-body theory.

I briefly explain a rough plan of the theory collab-
oration. As shown in Fig. 1, the development of the
theory and model for each nuclear property is strongly
related. The key to success is the construction of the
EDF. Given the EDF, the binding energy of a nu-
cleus and the single-particle level density are obtained
in a Kohn–Sham scheme. Parallel to an attempt at
the microscopic construction of EDF from an inter-
particle interaction, a phenomenological construction
is planned in collaboration with the researchers in Ko-
rea. The KIDS functional was introduced to better
describe the neutron-star equation of state. We apply
the KIDS functional to open-shell nuclei, where the nu-
cleonic superfluidity and shape deformation show up.
Subsequently, the KIDS functional is improved for fi-
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Fig. 1. Plan for the development of A3LIB.

nite nuclei. We developed a novel method for describ-
ing odd mass nuclei for a systematic calculation of the
nuclear mass. The implementation is performed in the
KIDS code.

To describe the neutron capture and β decay rates,
we employ the EDF-based quasiparticle RPA (QRPA).
In neutron-rich nuclei where the neutron separation
energy is approximately a few MeV, the direct capture
process dominates over the compound process. In such
a case, the low-lying excited states and transitions are
evaluated microscopically. The description of the tran-
sitions among excited states is in progress. For β decay,
we take two approaches: a beyond QRPA method for
magic nuclei to describe the spreading effect and the
QRPA for deformed nuclei.

The microscopic calculation of the fission rate is a
big challenge in nuclear theory. The mass parameters
and potential energy in the collective (effective) Hamil-
tonian for fission are microscopically calculated in an
EDF approach. The fission rate is then evaluated, e.g.,
by WKB approximation. Hybrid modeling for the fis-
sion yield is planned, where the parameters of the phe-
nomenological model, such as the Langevin approach,
are evaluated by a microscopic EDF method.

Finally, the uncertainty quantification is essential in
developing a new generation of the nuclear data table.
The A3LIB is based on the EDF method; thus, all the
calculated quantities are correlated through the cou-
pling constants of EDF. We plan to perform the cor-
relation analysis at each step of the calculation. The
results will be provided in the existing data library on-
line.
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nite nuclei. We developed a novel method for describ-
ing odd mass nuclei for a systematic calculation of the
nuclear mass. The implementation is performed in the
KIDS code.

To describe the neutron capture and β decay rates,
we employ the EDF-based quasiparticle RPA (QRPA).
In neutron-rich nuclei where the neutron separation
energy is approximately a few MeV, the direct capture
process dominates over the compound process. In such
a case, the low-lying excited states and transitions are
evaluated microscopically. The description of the tran-
sitions among excited states is in progress. For β decay,
we take two approaches: a beyond QRPA method for
magic nuclei to describe the spreading effect and the
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The microscopic calculation of the fission rate is a
big challenge in nuclear theory. The mass parameters
and potential energy in the collective (effective) Hamil-
tonian for fission are microscopically calculated in an
EDF approach. The fission rate is then evaluated, e.g.,
by WKB approximation. Hybrid modeling for the fis-
sion yield is planned, where the parameters of the phe-
nomenological model, such as the Langevin approach,
are evaluated by a microscopic EDF method.

Finally, the uncertainty quantification is essential in
developing a new generation of the nuclear data table.
The A3LIB is based on the EDF method; thus, all the
calculated quantities are correlated through the cou-
pling constants of EDF. We plan to perform the cor-
relation analysis at each step of the calculation. The
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EXFOR compilation of RIBF data in 2020

T. Tada,∗1 M. Kimura,∗1,∗3 M. Aikawa,∗2,∗4 and N. Otuka∗4,∗5

Nuclear reaction data support the most essential
part of nuclear technologies (power production, nu-
clear fuel cycles, environmental monitoring, dosime-
try, radiation safety, radioisotope production, radio-
therapy, and medical diagnostics, etc.) and sciences
(nuclear physics, nuclear chemistry, geophysics, and
astrophysics). Nuclear databases are compilations of
measured reaction data, and they play a vital role
in providing the best estimate for nuclear reactions
to various science fields and related areas. One of
the largest and globally used public nuclear reaction
databases is the EXFOR library (EXchange FORmat
for experimental nuclear reaction data).1) The EXFOR
library is a universal common repository for nuclear re-
actions established in 1967. The International Network
of Nuclear Reaction Data Centres (NRDC) maintains
the EXFOR library under the auspices of the Interna-
tional Atomic Energy Agency (IAEA).2) The EXFOR
library covers a wide range of nuclear reactions such
as neutron-, charged-particle- and photon-induced re-
actions.

Our group, the Hokkaido University Nuclear Reac-
tion Data Centre (JCPRG),3) was founded in 1973 and
joined the NRDC as the first member of the Asian
countries in 1975. We are responsible for the compi-
lation of the charged-particle- and photon-induced nu-
clear reactions measured in Japanese facilities.4) Our
contributions to the EXFOR database reaches ap-
proximately 10% of the total amount. The database
compilation process involves the scanning of peer-
reviewed journals for published papers within the EX-
FOR scope. A unique entry number is assigned to each
selected paper to be compiled for the EXFOR library.
We extract the information of the bibliography, exper-
imental setup, measured physical quantities, measured
numerical data and uncertainties. The information is
input in a single entry of EXFOR. During this process,
we contact the corresponding authors for questions on
the contents of the papers and requests for numerical
data.

JCPRG has been cooperating with the RIKEN
Nishina Center for the compilation of data obtained
by RIBF since 2010, which aims to enrich the avail-
ability of RIBF data. In 2020, we compiled 45 new
articles produced at Japanese facilities and modified
18 old entries. This includes 17 articles from RIKEN,
15 new articles, and 2 old entries. The compiled data

∗1 Graduate School of Science, Hokkaido University
∗2 Faculty of Science, Hokkaido University
∗3 Research Center for Nuclear Physics (RCNP), Osaka Uni-

versity
∗4 RIKEN Nishina Center
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Table 1. Entry numbers with references compiled from
RIBF data in 2020.

Entries

New E26255) E26266) E26337)

E26348) E26419) E264410)

E264511) E264612) E264813)

E265014) E265215) E265316)

E265417) E265518) E265719)

Revised E255720) E261621)

Total 17

are accessible by entry numbers listed in Table 1. We
thank the authors of these papers for their kind coop-
eration.

We acknowledge that collaboration with RIKEN is a
great help for us to establish an effective procedure for
the compilations. Most RIKEN data are very quickly
compiled after publication and end-users can access
it smoothly. We also thank all authors of RIKEN
articles who kindly provided numerical data. This
greatly helps increase the accuracy and quality of the
database.
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Transverse momentum dependence of forward neutron single spin
asymmetries in polarized p↑ + p collisions at

√
s = 200 GeV†

B. Mulilo∗1,∗2 for the PHENIX Collaboration

The PHENIX Collaboration has, for the first time,
explicitly measured the transverse momentum (pT )-
dependent single spin asymmetries (AN ) for inclu-
sive neutrons produced in the forward region of the
PHENIX detector with η > 6.8 using 2015 data. Dur-
ing this time, a proton with transverse polarization col-
lided with another proton at

√
s = 200 GeV. Owing to

the limited acceptance and resolution of the detector,
the measured quantities were considerably smeared.
We, therefore, corrected for the smearing in the mea-
sured pT and azimuth (ϕ) using unfolding.1)

As the physics of forward neutron production is
not clearly understood, we performed detailed simu-
lations using different event generators as input to a
full geant3 simulation.2) The generators dpmjet3.1,
pythia6.1, and pythia8.2 were used because diffrac-
tive processes are very differently handled. Another
generator was an empirical distribution of forward neu-
trons in pT , mimicking a one-pion exchange (OPE)
model in which a pion balancing the momentum be-
tween the incoming proton and outgoing neutron col-
lided with the other proton beam using pythia 8.
Ultra-peripheral collisions (UPCs) also play a role in
forward neutron production.3) The distribution of pho-
tons was, therefore, simulated using the starlight4)

generator, and the photons collided with the proton
beam using pythia 8. As all Monte Carlo (MC) gener-
ators were intrinsically spin independent, we simulated
spin effects by re-weighting events as a function of the
generated pT (pT,g) and azimuth (ϕg) with the spin
states (↑) and (↓) randomly assigned. Furthermore, as
the shape of pT -dependent AN is not precisely known,
we used three weight forms to provide as much flexi-
bility as possible. The weight (w) based on a polyno-
mial of third order (Pol3), power law, and exponential
forms is given by Eqs. (1), (2), and (3), respectively,
with Pol3 being the most general one:

w=
(
a · pT,g+b · p2T,g+c · p3T,g

)
sin(ϕg+λ · π), (1)

where λ (±1) is the spin state and a, b, and c are free
parameters. Accordingly, the power-law weight is,

w =
(
a · pbT,g

)
sin(ϕg + λ · π), (2)

and the last parameterization is an exponential form,
which eventually decays asymptotically as

w = a
(
1− eb·pT,g

)
sin(ϕg + λ · π). (3)

† Condensed from article in Phys. Rev. D 103, 032007 (2021)
∗1 RIKEN Nishina Center
∗2 Department of Physics, Korea University

Fig. 1. Overall pT -dependent AN values shown as black
solid square points averaged over all parameterizations,
MC, and unfolding. Shaded boxes display total uncer-
tainties from the unfolding, choice of MC, and func-
tional form. Light-green, brown, and yellow shaded re-
gions show χ2 below 10 units for Pol3, power-law, and
exponential forms, respectively, while the correspond-
ing broken lines show the best matching parameteriza-
tions.

The performance of parameters, functional form, and
MC generator in reproducing AN values was evaluated
by the minimum χ2 between the measured MC and
data asymmetries. The 2D spin-dependent neutron
yields in pT and ϕ were then unfolded using the TSV-
DUnfold class based on a singular value decomposition
(SVD)1) of the smearing response matrix. Overall AN

values were finally calculated from the unfolded yields
using the left-right AN formula5) after fitting a sine
modulation having magnitude and phase as free pa-
rameters. In Fig. 1, overall AN values rapidly increase
at low pT (≲ 0.1 GeV/c) and slowly level off at high pT .
With this result, the first reliable tests of mechanisms
producing these asymmetries can be performed.
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Transverse single-spin asymmetry for very forward neutral pion
production in polarized p+ p collisions at

√
s = 510 GeV†

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

In high-energy polarized p+ p collision, the left-right
cross section asymmetry, which is called as transverse
single-spin asymmetry (AN ) of very forward (η > 6)
particle production, plays an important role in under-
standing the spin-involved production mechanism from
the view points of perturbative and nonperturbative
interactions. The RHICf experiment1) measured the
AN of very forward neutral pion in polarized p+ p col-
lisions at

√
s = 510 GeV in June, 2017 at the Rela-

tivistic Heavy Ion Collider (RHIC).
The nonzero asymmetries of the neutral pion have

been measured by many experiments2,3) in the forward
(2 < η < 4) kinematic range, and they have been
explained only by quarks and gluons’ degrees of free-
dom. However, a possible contribution from the non-
perturbative interaction has been recently highlighted
because larger asymmetries were observed in more iso-
lated neutral pion events4,5) that could be connected
to nonperturbative event topology. A straightforward
approach to studying the role of nonperturbative in-
teraction is measuring the AN of the neutral pion in
the very forward kinematic area where the nonpertur-
bative interaction is expected to dominate.

We installed an electromagnetic calorimeter (RHICf
detector) at the zero-degree area 18 m away from the
beam collision point at the STAR experiment. The
RHICf detector consists of two sampling calorimeters
with lateral dimensions of 20 mm × 20 mm and 40 mm
× 40 mm, respectively. Both calorimeters are com-
posed of 17 tungsten absorbers, 16 GSO plates for en-
ergy measurement, and 4 layers of GSO bars for po-
sition measurement. Since the radiation length of the
detector is 44 X0, the electromagnetic shower stops
its development in the middle of the detector. The
RHICf detector has an energy resolution of 2.5–3.5%
for 100–250 GeV π0s and the pT resolution of 3.0–4.5%
in 0.0 < pT < 0.8 GeV/c.

To the best of our knowledge, we observed large
asymmetry in a very forward neutral pion production
for the first time, which means a possible contribu-
tion from the nonperturbative interaction. Compari-
son between RHICf and previous forward neutral pion
measurements are depicted in Fig. 1. At very low
pT < 0.07 GeV/c, the asymmetries are consistent with
zero. However, as pT increases, the asymmetries in-
crease as a function of xF , approximately showing the
same magnitudes and tendency of the forward ones.

† Condensed from the article in Phys. Rev. Lett. 124, 252501
(2020)
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Fig. 1. Forward (black) and very forward (color) neutral
pion asymmetries as a function of xF in different pT
regions.

It may be necessary to consider nonperturbative inter-
action to understand both forward and very forward
neutral pion asymmetries.

However, RHICf data can be affected by perturba-
tive interaction in the low pT region. The perturbative
and nonperturbative interactions may make their own
nonzero asymmetries respectively. Since the result of
this report is the one analyzed inclusively, more de-
tailed analysis is necessary to reduce the diverse pos-
sibilities.

We have started combined analysis with STAR. Sig-
nals in the STAR detectors will identify whether the
neutral pions of the nonzero asymmetries come from
perturbative or nonperturbative interaction. Further,
we are preparing a series of follow-up experiments for
developing a larger detector. In the near future, fur-
ther analysis and experiments will provide a powerful
input to understand the origin of both forward and
very forward neutral pion asymmetries.
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Transverse single-spin asymmetry for very forward neutral pion
production in polarized p+ p collisions at

√
s = 510 GeV†

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

In high-energy polarized p+ p collision, the left-right
cross section asymmetry, which is called as transverse
single-spin asymmetry (AN ) of very forward (η > 6)
particle production, plays an important role in under-
standing the spin-involved production mechanism from
the view points of perturbative and nonperturbative
interactions. The RHICf experiment1) measured the
AN of very forward neutral pion in polarized p+ p col-
lisions at

√
s = 510 GeV in June, 2017 at the Rela-

tivistic Heavy Ion Collider (RHIC).
The nonzero asymmetries of the neutral pion have

been measured by many experiments2,3) in the forward
(2 < η < 4) kinematic range, and they have been
explained only by quarks and gluons’ degrees of free-
dom. However, a possible contribution from the non-
perturbative interaction has been recently highlighted
because larger asymmetries were observed in more iso-
lated neutral pion events4,5) that could be connected
to nonperturbative event topology. A straightforward
approach to studying the role of nonperturbative in-
teraction is measuring the AN of the neutral pion in
the very forward kinematic area where the nonpertur-
bative interaction is expected to dominate.

We installed an electromagnetic calorimeter (RHICf
detector) at the zero-degree area 18 m away from the
beam collision point at the STAR experiment. The
RHICf detector consists of two sampling calorimeters
with lateral dimensions of 20 mm × 20 mm and 40 mm
× 40 mm, respectively. Both calorimeters are com-
posed of 17 tungsten absorbers, 16 GSO plates for en-
ergy measurement, and 4 layers of GSO bars for po-
sition measurement. Since the radiation length of the
detector is 44 X0, the electromagnetic shower stops
its development in the middle of the detector. The
RHICf detector has an energy resolution of 2.5–3.5%
for 100–250 GeV π0s and the pT resolution of 3.0–4.5%
in 0.0 < pT < 0.8 GeV/c.

To the best of our knowledge, we observed large
asymmetry in a very forward neutral pion production
for the first time, which means a possible contribu-
tion from the nonperturbative interaction. Compari-
son between RHICf and previous forward neutral pion
measurements are depicted in Fig. 1. At very low
pT < 0.07 GeV/c, the asymmetries are consistent with
zero. However, as pT increases, the asymmetries in-
crease as a function of xF , approximately showing the
same magnitudes and tendency of the forward ones.
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Fig. 1. Forward (black) and very forward (color) neutral
pion asymmetries as a function of xF in different pT
regions.

It may be necessary to consider nonperturbative inter-
action to understand both forward and very forward
neutral pion asymmetries.

However, RHICf data can be affected by perturba-
tive interaction in the low pT region. The perturbative
and nonperturbative interactions may make their own
nonzero asymmetries respectively. Since the result of
this report is the one analyzed inclusively, more de-
tailed analysis is necessary to reduce the diverse pos-
sibilities.

We have started combined analysis with STAR. Sig-
nals in the STAR detectors will identify whether the
neutral pions of the nonzero asymmetries come from
perturbative or nonperturbative interaction. Further,
we are preparing a series of follow-up experiments for
developing a larger detector. In the near future, fur-
ther analysis and experiments will provide a powerful
input to understand the origin of both forward and
very forward neutral pion asymmetries.
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Transverse single spin asymmetry in charged pion production at
midrapidity in polarized p+ p collisions at 200 GeV

J. H. Yoo∗1 for the PHENIX Collaboration

One of the main goals of the RHIC spin program is
the determination of the transverse-spin structure of the
proton, which can in turn provide some insight into the
angular-momentum component of partons. For reach-
ing the goal, we measure Transverse Single-Spin Asym-
metries (TSSAs) which are left-right asymmetries of fi-
nal stage particles produced in the transversely polar-
ized p+ p collision.1) The TSSAs (AN ) of pion at mid-
rapidity in p+ p collision is expected to be helpful to
understand the transversity distributions of quark and
gluons, the transverse intrinsic parton momentum, ini-
tial and final state effects. In PHENIX the charged pions
at mid-rapidity can be measured by the central arm de-
tectors that consist of the Electro-Magnetic Calorimeter
(EMCal), Ring-Imaging Cherenkov Detec tor (RICH),
Drift Chamber (DC), Pad Chamber (PC). Trigger fired
if pions deposited energy over than 1.4 GeV on EM-
Cal and we can detect charged pion’s track and en-
ergy. In mid-rapidity charged pion measurement, the
background is categorized into two sources which are
hadron background(kaon and proton) and electron back-
ground(electron and positron). Pions with momentum
above 5 GeV/c create Cherenkov light in the RICH but
kaons and protons can’t create Cherenkov light under
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Fig. 1. E/p distribution in pion enhancement sample for five
PT bins.
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Table 1. Background fraction of two samples.

particle pT bin (GeV/c) rπ,e

5–6 0.0436
6–7 0.0688

π± 7–8 0.1375
8–11 0.1192
11–15 0.2154
5–6 0.00652
6–7 0.06569

e± 7–8 0.1646
8–11 0.8560
11–15 0.9178

16 GeV/c and 30 GeV/c, respectively. Only electron
background remained an object to subtract. In EM-
Cal, electrons lost most of their energy by electromag-
netic interactions. Therefore, primary electron’s en-
ergy/momentum (E/p) distributed around 1. A sec-
ondary electron track from photon conversion would be
incorrectly reconstructed with large momentum. There-
fore secondary electron’s energy/momentum would be
in the low area. because we can know only background
fraction but we can’t distinguish electron event from
pion event, Eq. (1) is used for background correction
of the asymmetries.2) By using Monte Carlo simulation,
we calculated electron background fraction in both pion
enhancement sample (0.2 < E/p < 0.8) and electron
enhancement sample (E/p < 0.2 and 0.8 < E/p).

Aπ
N =

Aπ,Sig
N (1 + rπ)−Ae,Sig

N rπ(1 + re)

1− rπre
(1)

rπ ≡ Nπ,Bg

Nπ,Sig
=

Ae
DATA

Ae
MClumi_scaled

×
Ne

MClumi_scaled

Nπ+e
DATA

(2)

Aπ,Sig
N , Ae,Sig

N are asymmetry in the pion and electron
enhanced sample, respectively. Ae

DATA, Ae
MClumi_scaled

are amplitude of the Gaussian centered at around one
in the data and the luminosity scaled MC simulation,
respectively. Nπ,e

DATA and Nπ,e
MClumi_scaled

are number of
entries in the E/p distributions for the data and the lu-
minosity scaled MC simulation in pion enhanced sample,
respectively. Figure 1 shows E/p distribution of pion
data and distributions of pion and electron in MC, re-
spectively. Background fraction tended to increase with
increasing pT (Table 1). These values are used to calcu-
late corrected AN for charged pion.
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Improvement of the DCA resolution for PHENIX

G. Nukazuka,∗1 Y. Akiba,∗1 T. Hachiya,∗1,∗2 and T. Todoroki∗3

The PHENIX experiment accumulated data from the
Relativistic Heavy Ion Collider at Brookhaven National
Laboratory from 2001 to 2016 to study quark-gluon
plasma and the spin structure of the nucleon.

The measurement of the distance of closest approach
(DCA), which is the minimum distance from a beam
collision point to the trajectory of a reconstructed parti-
cle, significantly suppress the background to heavy-flavor
production measurements in a single electron channel.
The vertex tracker (VTX)1,2) consists of two layers with
silicon pixel sensors and two layers with silicon strip sen-
sors. The VTX in each of the west and east arms mea-
sures the trajectory, and the beam-beam counter deter-
mines the Z-coordinate of the beam collision point. DCA
is calculated event by event using this information.

In 2016, PHENIX measured Au-Au collisions at the
collision energy

√
sNN = 200 GeV. One of the tasks

needed to start the data summary tape production of
the data is the alignment of the VTX detector. In the
alignment process, we found strong linear correlations
between DCA in the transverse direction with respect to
the beam-axis and the residual in track fitting in the di-
rection s = r∆ϕ (Fig. 1), where r is the distance from the
beam axis and ∆ϕ is the relative azimuth angle between
hits and track projections on the VTX plane. The ab-
scissa and ordinate axes represent the residual in the s di-
rection and the transverse DCA, respectively. Only clus-
ters with a transverse momentum pT between 1.5 GeV/c
and 2.0 GeV/c are shown in Fig. 1. Green points show
average values over the DCA of a residual bin. A linear
fitting shown with the red line estimates the correlation.

The correlation strength depends on pT , the arm, and
the VTX layer. The correlations can be used to correct
the DCA value and to improve the DCA resolution. The
corrected DCA distribution is narrower than the raw dis-
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Fig. 1. Correlation between DCA and the cluster residual in
the s direction in the innermost layer of the west arm with
the selection 1.5 < pT < 2.0 GeV/c.
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tribution (Fig. 2). The dark and light blue histograms
represent the raw and corrected DCA distributions, re-
spectively. Fittings with a Gaussian function to the raw
DCA (red) and the corrected DCA (orange) yield DCA
resolutions.

Figure 3 shows DCA resolution as a function of pT .
The dark and light blue graphs are the raw and corrected
DCA resolutions in the west arm, respectively, while the
graphs in dark and light red are those in the east arm.
The black points indicate the nominal DCA resolution
for a run in 2011.2) By applying all corrections, the res-
olution is improved by 15% to 35%.

In 2016, VTX was operated without one strip layer in
the west arm owing to a beam accident in 2015. Un-
der those severe conditions, a DCA resolution less than
50 µm was achieved in pT > 2.0 GeV/c, while it was
approximately 60 µm in 2011.2)

This method may reduce background in the heavy fla-
vor measurements because it is valid for data from other
PHENIX runs, in principle.
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Improvement of the DCA resolution for PHENIX

G. Nukazuka,∗1 Y. Akiba,∗1 T. Hachiya,∗1,∗2 and T. Todoroki∗3

The PHENIX experiment accumulated data from the
Relativistic Heavy Ion Collider at Brookhaven National
Laboratory from 2001 to 2016 to study quark-gluon
plasma and the spin structure of the nucleon.

The measurement of the distance of closest approach
(DCA), which is the minimum distance from a beam
collision point to the trajectory of a reconstructed parti-
cle, significantly suppress the background to heavy-flavor
production measurements in a single electron channel.
The vertex tracker (VTX)1,2) consists of two layers with
silicon pixel sensors and two layers with silicon strip sen-
sors. The VTX in each of the west and east arms mea-
sures the trajectory, and the beam-beam counter deter-
mines the Z-coordinate of the beam collision point. DCA
is calculated event by event using this information.

In 2016, PHENIX measured Au-Au collisions at the
collision energy

√
sNN = 200 GeV. One of the tasks

needed to start the data summary tape production of
the data is the alignment of the VTX detector. In the
alignment process, we found strong linear correlations
between DCA in the transverse direction with respect to
the beam-axis and the residual in track fitting in the di-
rection s = r∆ϕ (Fig. 1), where r is the distance from the
beam axis and ∆ϕ is the relative azimuth angle between
hits and track projections on the VTX plane. The ab-
scissa and ordinate axes represent the residual in the s di-
rection and the transverse DCA, respectively. Only clus-
ters with a transverse momentum pT between 1.5 GeV/c
and 2.0 GeV/c are shown in Fig. 1. Green points show
average values over the DCA of a residual bin. A linear
fitting shown with the red line estimates the correlation.

The correlation strength depends on pT , the arm, and
the VTX layer. The correlations can be used to correct
the DCA value and to improve the DCA resolution. The
corrected DCA distribution is narrower than the raw dis-
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Fig. 1. Correlation between DCA and the cluster residual in
the s direction in the innermost layer of the west arm with
the selection 1.5 < pT < 2.0 GeV/c.
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tribution (Fig. 2). The dark and light blue histograms
represent the raw and corrected DCA distributions, re-
spectively. Fittings with a Gaussian function to the raw
DCA (red) and the corrected DCA (orange) yield DCA
resolutions.

Figure 3 shows DCA resolution as a function of pT .
The dark and light blue graphs are the raw and corrected
DCA resolutions in the west arm, respectively, while the
graphs in dark and light red are those in the east arm.
The black points indicate the nominal DCA resolution
for a run in 2011.2) By applying all corrections, the res-
olution is improved by 15% to 35%.

In 2016, VTX was operated without one strip layer in
the west arm owing to a beam accident in 2015. Un-
der those severe conditions, a DCA resolution less than
50 µm was achieved in pT > 2.0 GeV/c, while it was
approximately 60 µm in 2011.2)

This method may reduce background in the heavy fla-
vor measurements because it is valid for data from other
PHENIX runs, in principle.
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Recent progress of polarized Drell–Yan experiment at Fermilab,
SpinQuest (E1039)

K. Nagai,∗1 Y. Goto,∗2 Y. Miyachi,∗3 K. Nakano,∗2,∗4 G. Nukazuka,∗2,∗3 S. Sawada,∗2,∗5 and T. -A. Shibata∗2,∗6

The SpinQuest (E1039) experiment aims to inves-
tigate the structure of the proton through the polar-
ized fixed-target Drell–Yan process at Fermilab. In the
Drell–Yan process, an antiquark (q̄) in a hadron and
a quark (q) in another hadron annihilate and decay
into a lepton pair (ℓ + ℓ̄) via a virtual photon (γ∗):
q + q̄ → γ∗ → ℓ + ℓ̄. The Drell–Yan process is a suit-
able probe to study antiquarks in the proton because
the antiquark is always involved in this process.

One of the most important unresolved puzzles of the
proton is the “proton spin puzzle.” The proton spin
has been considered to be carried by the quark spins.
However, the EMC experiment at CERN showed that
the contributions of spins of quarks and antiquarks to
the proton spin are much less than 100%.1,2) Further
experiments later confirmed that these contributions
constitute only approximately 30% of the proton spin.
Many possible contributions have been considered to
solve this puzzle. One of them is the contribution of
the orbital angular momenta (OAM) of quarks and
antiquarks.

The Sivers function, which is a function of the
Bjorken x and the transverse momentum of the quarks,
can give some hints about the OAM contributions.
The Sivers function is a kind of so-called transverse-
momentum-dependent parton distribution function
(TMD). It represents the correlation beween the trans-
verse momentum of a quark and the spin of the parent
hadron. If the Sivers functions of antiquarks are non-
zero, then the contributions of the OAM of antiquarks
to the proton spin are not zero. The Sivers function
(fSivers) is proportional to the single-spin asymmtry
(AN ): fSivers ∝ AN ∝ (NL − NR)/(NL + NR), where
N is the number of Drell–Yan dimuons and the sub-
scripts L and R denote the direction of the virtual pho-
ton (left and right, respectively). Therefore, the Sivers
functions can be experimentally accessed by measuring
the single-spin asymmetry.

The semi-inclusive deep inelastic scattering (SIDIS)
experiments have found the non-zero value of single-
spin asymmetries of quarks. The contributions of
quarks and antiquarks are not separated by SIDIS.
The SpinQuest experiment will measure the single-spin
asymmetry of d̄ and ū in the Drell–Yan process using
a 120 GeV proton beam and polarized hydrogen and
deuterium targets.
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Fig. 1. The E906 spectrometer.3) The target system has
been renewed, and dark-photon hodoscopes are in-
stalled for SpinQuest.

The SpinQuest spectrometer is basically the same as
the SeaQuest (E906) spectrometer3) (Fig. 1). We are
now updating it for the SpinQuest experiment. The
major update is the installation of the polarized tar-
gets, as the E906 experiment used only unpolarized
targets. The details have already been reported in the
previous progress report.4) We installed another set
of hodoscope planes to detect potential dark photon
events. Its optimization is underway.

The detectors are being repaired and updated. All
the drift chambers for SpinQuest were used in the E906
experiment, but one of the drift chambers was dam-
aged after the E906 experiment was completed. We
have determined the cause of damage and have re-
paired the drift chamber. Some of the less efficient
proportional tubes and hodoscopes have also been re-
paired. The optimization of their operation is now in
progress.

The beam time is expected to begin in the middle
of 2021. After two years of data aquisition, we expect
to find an important piece in the proton spin puzzle.
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Measurement of J/ψ productions in p+ d and p+ p at SeaQuest

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

The partonic structure of the proton is one of the most
vital topics in hadron physics. The SeaQuest (E906) ex-
periment at the Fermi National Accelerator Lab (FNAL)
in USA is aimed at measuring the flavor asymmetry
of light antiquarks in the proton, d̄(x)/ū(x), at large
Bjorken x (≳ 0.3). It utilizes the 120-GeV proton beam
from the FNAL Main Injector and targets of liquid hy-
drogen and liquid deuterium. The preliminary result
of d̄(x)/ū(x) using the Drell–Yan process has been re-
ported.1)

The data recorded by SeaQuest include J/ψ produc-
tions. The p + d/p + p ratio of J/ψ cross sections is
sensitive to distributions of both antiquarks and gluons
through the qq̄ annihilation (qq̄ → J/ψ) and gluon fu-
sion (gg → J/ψ), as shown in Fig. 1. The qq̄ annihi-
lation dominates at large Feynman x (xF ≳ 0.4) where
SeaQuest can measure. Therefore, this measurement is
expected to provide additional constraints on parton dis-
tribution functions (PDFs), particularly of antiquarks at
the middle Bjorken x. The systematic uncertainties of
the measurement are largely reduced by taking the ratio
of the cross sections.

Muon pairs from J/ψ decays were detected by the
SeaQuest spectrometer.2)

SeaQuest acquired physics data from 2013 to 2017 to
record 1.4×1018 beam protons on targets. The first half
of the recorded data were analyzed. Figure 2 shows the
distributions of the invariant mass of muon pairs. The
yield of J/ψ was evaluated based on the fraction of the
J/ψ component in this fit. The detection efficiency of
J/ψ was corrected by simulation. The beam intensity
was measured with a secondary-electron emission mon-
itor (SEM) for normalizing the p + d and p + p cross
sections.

Fig. 1. Leading diagrams of J/ψ productions.
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Figure 3 shows the p+ d/p+ p ratio of the J/ψ cross
sections as a function of xF . The systematic uncer-
tainty of the SeaQuest result arises from the modeling
of the combinatorial background and the relative lumi-
nosity normalization between targets. The experimental
result is consistent with the two predictions as shown in
the figure. The analysis including the latter half of the
recorded data is underway.

Fig. 2. Distributions of invariant mass of muon pairs. The
points are experimental data obtained by SeaQuest. They
were fitted by the components of the four processes,
namely the Drell-Yan process, J/ψ production, ψ′ pro-
duction, and combinatorial background. The sum of the
four components is represented by the thick line. :

Fig. 3. Cross-section ratio vs. xF . The points are experimen-
tal data obtained by SeaQuest. The two lines are predic-
tions3) by the color evapolation model with different PDF
sets.
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The Electron-Ion Collider (EIC) is a great research
opportunity for Japan, and we are working to form a
Japanese group (EIC-Japan). We will form a high-
energy accelerator-based experimental group in the
field of both nuclear and particle physics. In response
to the “Call for Expressions of Interest (EOIs) for Po-
tential Cooperation on the EIC Experimental Pro-
gram” by BNL and JLab, we submitted an EOI by
the EIC-Japan group in November, 2020. The EOI is
non-binding, and its purpose is to guide expectations
and better understand the potential EIC experimental
equipment scope.

In Japan, the Science Council of Japan (SCJ) devel-
oped a master plan for large-scale research programs in
academia (Master Plan 2020) in 2019–2020. The EIC
was recognized as an important international collabo-
rative research project with a long-term research plan
by the Future Planning Committee of the Committee
on Nuclear Physics, and it was proposed to the Master
Plan. Consequently, the EIC was selected as an aca-
demic major research project although it was not yet
selected as a priority project in the Master Plan 2020.

The EIC-Japan group plans to design and con-
struct forward detectors of the EIC detector, espe-
cially calorimeters, to lead the study on forward and
very forward physics. Forward detectors are one of the
most important detectors for precisely reconstructing
certain events of the deep inelastic scattering (DIS)
process, which is the basis of all research at the EIC.
We can precisely determine the spin and internal or-
bital motion of partons in the nucleon, which is still
poorly understood, by measuring the forward and most
forward jets, hadrons, photons, and electrons and by
studying their correlations. In particular, the contri-
bution of gluons, sea quarks, and orbital angular mo-
mentum to the proton spin remains a mystery. In ad-
dition, our understanding of the most forward events
is expected to greatly enhance the development of
QCD-based event generators. Further, this will greatly
contribute to eliminating uncertainties in other high-
energy particle experiments and cosmic ray observa-
tions.

We participated in the development of the forward
hadron calorimeter,1) which is essential for forward
jet reconstruction and hadron energy measurements,
as well as triggering. Designing and developing the
calorimeter is a joint project with the EIC generic
detector R&D group eRD1 and the STAR upgrade
project. A prototype calorimeter developed as the
STAR forward calorimeter comprises 38 layers of iron
absorbers and plastic scintillator plates. A wavelength-

∗1 RIKEN Nishina Center

shifting (WLS) plate provides uniform and efficient
light collection from all scintillation tiles along the
depth of the tower. The light from the WLS plate
is measured with SiPMs. Since the energy resolution
of this detector is 70%/

√
E(GeV)) with an additional

constant term, the one for the EIC requires higher en-
ergy resolution.

We proposed the development of a zero-degree ap-
paratus in the EIC experiment,2) and it has been ap-
proved as eRD27 this year. Zero degree detectors serve
critical roles for a number of important physics top-
ics at the EIC. We study the requirements and tech-
nologies of zero-degree detectors, and we develop a
position-sensitive zero-degree calorimeter (ZDC). In
this program, we will conduct 1) a photon detector
study at a low energy <300 MeV, cooperating with
eRD1 for crystal and glass scintillators; 2) a proto-
type study of ZDC with position sensitivity, with the
ALICE-FoCal technology and the LHC-ZDC technol-
ogy with fused silica; and 3) a radiation hardness study
of scintillators.

Subsequently, in addition to the proposals in the
master plan, we have expanded our activities as a
Japanese group to include a group interested in build-
ing a silicon tracking detector. The team is open to
new collaborators. Heavy flavor quarks are highlighted
at the EIC as the ideal probe to study open questions
in QCD, such as mass and flavor dependence of energy
loss, fragmentation and hadronization modification in
a nuclear medium, nuclear parton distributions, and
so on. Silicon sensor detectors are the key technology
employed for heavy flavor detection by observing their
decay vertex precisely. The performance of silicon sen-
sors thus plays a crucial role in pursuing the research in
heavy flavor physics at a satisfactory level. We propose
to apply a silicon sensor based on silicon-on-insulator
monolithic pixel (SOIPIX) detector technology3) that
has been developed by the KEK group. SOIPIX has
demonstrated the world’s best tracking resolution of
0.680± 0.006 µm in a silicon detector using 120 GeV
FNAL’s test beam. Further SOIPIX is employed as
the inner vertex detector of 4π silicon hybrid detector
proposed by ANL and BNL collaborators.
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Semi-inclusive deep inelastic scattering at the Electron Ion Collider

R. Seidl∗1

The electron-ion collider, EIC, will be a newly build
accelerator at Brookhaven National Laboratory to col-
lide polarized electrons with polarized protons and
light ions, as well as unpolarized heavier nuclei. It will
be the perfect place to study the strong interaction
with collision energies between

√
s = 29 to 141 GeV

and luminosities that are expected to be three orders
of magnitude higher than achieved at the HERA ring
in Germany. In early 2020 the US DOE office of sci-
ence acknowledged the EIC officially as a project that
will be built in the next 10 years. A large commu-
nity of more than 1000 members has already formed
with interest in the EIC, organized as the EIC user
group.1) Within this group a call for a comprehensive
Yellow report was formed that updates earlier publi-
cations on the physics goals2,3) and closely looks at
the technological options for EIC detectors to have in
order to fulfill these physics goals. The main process
at the EIC is deeply inelastic lepton-nucleon (or nu-
cleus) scattering, DIS, in which only the scattered lep-
ton is detected. The kinematic variables x, which is
the momentum fraction of the nucleon a parton has,
and the momentum transfer of the process Q2 can be
extracted. Typically scales of Q2 > 1 GeV2 are con-
sidered as in that case the extracted cross sections and
spin asymmetries can be factorized into hard scatter-
ing processes between partons that can be described
by perturbative QCD and nonperturbative parton dis-
tribution functions, PDFs. PDFs describe the distribu-
tion of quarks and gluons within the nucleon as a func-
tion of the momentum fraction x at a given scale Q2.
In semi-inclusive DIS at least one final state hadron is
also detected and the type, charge, momentum frac-
tion z and transverse momentum relative to the boson
mediating the lepton-parton scattering informs on the
flavor, spin and intrinsic transverse momentum of the
struck parton with the help of fragmentation functions.
These semi-inclusive DIS processes cover most of the
main physics goals of the EIC. For example, the spin
contribution by individual sea quark flavors to the total
nucleon spin can be probed this way. Also the three-
dimensional momentum picture of the nucleon can be
obtained via SIDIS measurements and the closely re-
lated Sivers function and the tensor charges for quarks,
sea-quarks and gluons (gluons only for the Sivers func-
tion).

As an example of the work by the SIDIS group of the
yellow report, the four-dimensional coverage of SIDIS
hadrons was studied at all envisioned collision energies
taking into account a potential detector configuration
ranging from −3.5 < η < 3.5 with varying particle

∗1 RIKEN Nishina Center

Fig. 1. Particle identification acceptance ratios for pions
from semi-inclusive events at the EIC as a function of
momentum fraction z and transverse momentum PT , in
bins of x and Q2.

identification (PID) ranges depending on suitable tech-
nologies. Figure 1 displays the coverage for pions. One
can see that at intermediate x and Q2 the maximum
PID momentum of only 6 GeV limits the expected cov-
erage while elsewhere the coverage is sufficient. This
is caused by the fact that at central rapidities no com-
pact PID detector can cover a larger momentum range.
Using these detector coverages and realistic smearing,
pseudo-data was created resembling actual measure-
ments extrapolated to about 10 fb−1, which corre-
sponds to about a year of EIC running. This pseudo-
data was then used in global fits by theorists to extract
the impact on various physics goals of the EIC such as
the tensor charges that potentially relates to physics
beyond the standard model,4) the Sivers function,5)
as well as the expected scale dependence of the func-
tions that relate to the three-dimensional momentum
picture of the nucleon. The Yellow Report is now pub-
licly available6) and provides the basis for the ongoing
review process of the DOE.
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accelerator at Brookhaven National Laboratory to col-
lide polarized electrons with polarized protons and
light ions, as well as unpolarized heavier nuclei. It will
be the perfect place to study the strong interaction
with collision energies between

√
s = 29 to 141 GeV

and luminosities that are expected to be three orders
of magnitude higher than achieved at the HERA ring
in Germany. In early 2020 the US DOE office of sci-
ence acknowledged the EIC officially as a project that
will be built in the next 10 years. A large commu-
nity of more than 1000 members has already formed
with interest in the EIC, organized as the EIC user
group.1) Within this group a call for a comprehensive
Yellow report was formed that updates earlier publi-
cations on the physics goals2,3) and closely looks at
the technological options for EIC detectors to have in
order to fulfill these physics goals. The main process
at the EIC is deeply inelastic lepton-nucleon (or nu-
cleus) scattering, DIS, in which only the scattered lep-
ton is detected. The kinematic variables x, which is
the momentum fraction of the nucleon a parton has,
and the momentum transfer of the process Q2 can be
extracted. Typically scales of Q2 > 1 GeV2 are con-
sidered as in that case the extracted cross sections and
spin asymmetries can be factorized into hard scatter-
ing processes between partons that can be described
by perturbative QCD and nonperturbative parton dis-
tribution functions, PDFs. PDFs describe the distribu-
tion of quarks and gluons within the nucleon as a func-
tion of the momentum fraction x at a given scale Q2.
In semi-inclusive DIS at least one final state hadron is
also detected and the type, charge, momentum frac-
tion z and transverse momentum relative to the boson
mediating the lepton-parton scattering informs on the
flavor, spin and intrinsic transverse momentum of the
struck parton with the help of fragmentation functions.
These semi-inclusive DIS processes cover most of the
main physics goals of the EIC. For example, the spin
contribution by individual sea quark flavors to the total
nucleon spin can be probed this way. Also the three-
dimensional momentum picture of the nucleon can be
obtained via SIDIS measurements and the closely re-
lated Sivers function and the tensor charges for quarks,
sea-quarks and gluons (gluons only for the Sivers func-
tion).

As an example of the work by the SIDIS group of the
yellow report, the four-dimensional coverage of SIDIS
hadrons was studied at all envisioned collision energies
taking into account a potential detector configuration
ranging from −3.5 < η < 3.5 with varying particle

∗1 RIKEN Nishina Center

Fig. 1. Particle identification acceptance ratios for pions
from semi-inclusive events at the EIC as a function of
momentum fraction z and transverse momentum PT , in
bins of x and Q2.

identification (PID) ranges depending on suitable tech-
nologies. Figure 1 displays the coverage for pions. One
can see that at intermediate x and Q2 the maximum
PID momentum of only 6 GeV limits the expected cov-
erage while elsewhere the coverage is sufficient. This
is caused by the fact that at central rapidities no com-
pact PID detector can cover a larger momentum range.
Using these detector coverages and realistic smearing,
pseudo-data was created resembling actual measure-
ments extrapolated to about 10 fb−1, which corre-
sponds to about a year of EIC running. This pseudo-
data was then used in global fits by theorists to extract
the impact on various physics goals of the EIC such as
the tensor charges that potentially relates to physics
beyond the standard model,4) the Sivers function,5)
as well as the expected scale dependence of the func-
tions that relate to the three-dimensional momentum
picture of the nucleon. The Yellow Report is now pub-
licly available6) and provides the basis for the ongoing
review process of the DOE.
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Bus-extender development for sPHENIX INTT detector

T. Hachiya,∗1,∗4 Y. Akiba,∗1 D. Cacace,∗2 K. Cheng,∗3 S. Hasegawa,∗5 D. Imagawa,∗9 H. Imai,∗9 T. Kondo,∗6
C. Kuo,∗3 H. -S. Li,∗7 R. -S. Lu,∗8 E. Mannel,∗2 C. Miraval,∗2 M. Morita,∗4 I. Nakagawa,∗1 Y. Namimoto,∗4

S. Nishimori,∗4 R. Nouicer,∗2 G. Nukazuka,∗1 R. Pisani,∗2 M. Shibata,∗4 C. Shih,∗3 M. Stojanovic,∗7
W. -C. Tang,∗3 and X. Wei∗7

sPHENIX is a major upgrade of the PHENIX ex-
periment at RHIC, and it aims to study the proper-
ties of quark-gluon plasma by measuring jet and up-
silon productions and their modifications. An inter-
mediate tracker (INTT) is a silicon strip barrel detec-
tor for sPHENIX.1) A bus-extender is a special cable
used for signal transfer between the INTT detector and
read-out electronics placed at least 120 cm away from
the INTT. The bus-extender has the following require-
ments: (1) flexibility, (2) length, (3) high-density signal
line (128 lines/5 cm), and (4) high-speed signal transfer
(by LVDS).

We developed a bus-extender in the past three
years.2) We found that the prototype of our 120 cm-
long bus-extender exhibits good electrical performance
in terms of signal loss and reflection. Some issues were
found in the prototype. The first issue is the forma-
tion of the through hole. The bus-extender comprises a
four-layer flexible printed cuicuit, and the through hole
is used to connect the signal lines between layers. We
found that the through hole had a nodule structure,
which can cause instability during long-term use. Fig-
ure 1 shows the layer structure of the bus-extender (left)
and the cross section view of the through hole (middle);
the nodule structure is formed in the through hole. We
attempted the production procedure by changing the
drilling methods and Cu-plating methods to remove
the nodules; however, they still existed. We changed

Fig. 1. (left) Layer structure of the bus-extender. (middle)
Cross section of the through hole made by the original
glue; nodules are formed. (right) Cross section of the
hole with the new glue.
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Fig. 2. Result of the thermal cycling test (1000 cycles in 50
days).

the glue used to laminate the multiple layers; this new
glue works effectively. Figure 1 (right) shows the cross-
section of the hole with the new glue.

We performed a thermal cycling test to test its long-
term stability. The test employs the application of high
(75◦C) and low (−15◦C) temperatures for 30 min each;
the temperature are changed at short time intervals
(5 min). We repeated this test for 1000 cycles. We pre-
pared three samples and measured the resistance of the
through holes to evaluate the stability. These samples
had 400, 600, and 1000 through holes that are daizy
chained. During the test, the polymer of the sample
expands and shrinks because of changes in tempera-
ture. This results in cracks in the through hole. If
the through holes have cracks, the resistance becomes
a large value. Figure 2 shows the result of the thermal
cycling test. The resistances changes repeatedly within
a valid range because of the changes in temperature for
the entire periods. This indicates that the through hole
has sufficent stability.

The second issue is that the peel strength of the pro-
totype is about 4 N. This value is very small compared
with the standard FPC (20 N). We found that the new
glue improved the peel strength to 30–40 N. The results
are summized in Ref. 3).

The radiation hardness and yield rate of the bus-
extender are also studied. The current status of the
studies are summarized in the Refs. 4, 5).

We successfully developed the bus-extender, and we
plan to start mass production in 2021.
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Non-global logarithms in hadron collisions at Nc = 3†

Y. Hatta∗1,∗2 and T. Ueda∗3

Recently, there have been a lot of activities in de-
veloping Monte Carlo algorithms for simulating par-
ton showers beyond the large-Nc (leading-Nc) approx-
imation where Nc = 3 is the number of colors. Tra-
ditionally, in most event generators, the large-Nc ap-
proximation has been the only practical way to keep
track of the color indices of many partons involved.
Among other observables, the finite-Nc corrections are
particularly important but difficult to quantify for the
so-called non-global observables1) which are sensitive
to the wide-angle emission of soft gluons in restricted
regions of phase space. In Ref. 2), we have devel-
oped a framework to resum non-global logarithms at
Nc = 3 by improving and completing the earlier at-
tempt.3) Numerical results are so far available only
for two observables in e+e− annihilation: interjet en-
ergy flow2) and the hemisphere jet mass distribution.4)
In this work we demonstrate that our approach can
be practically applied to hadron collisions where it is
probably most useful. We do so by explicitly comput-
ing the rapidity gap survival (or ‘veto’) probabilities in
Higgs plus dijet production pp → HjjX. The relevant
logarithms are of the form (αs lnQ/Eout)

n where Q is
the hard scale (Higgs mass or jet transverse momen-
tum) and Eout ≪ Q is the veto scale.

Consider quark-quark scattering qi(p1)qj(p2) →
qk(p3)ql(p4)H where i, j, k, l = 1, 2, 3 are color indices.
The outgoing quarks with momenta p3, p4 are back-
to-back and detected as two jets in the forward and
backward directions. We are interested in the proba-
bility that the energy emitted in the central rapdiity
region π − θin > θ > θin is less than Eout.

The leading-order amplitude can be written as

Mijkl = M1δkiδlj +M8t
a
kit

a
lj . (1)

where M1,8 are amplitudes in the singlet and octet
channel. We dress up (1) by attaching soft gluons to
external legs in the eikonal approximation. We then
square it and average over color indices to get the cross
section

M2
1P

1
qq +

N2
c − 1

4N2
c

M2
8P

8
qq. (2)

P 1,8 are the gap survival probabilities in the singlet
and octet channels.

† Condensed from the article in Nucl. Phys. B 962, 115273
(2021)
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Fig. 1. Gap survival probability in qq → qqH, color-octet
channel.
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tr(U3U

†
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†
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†
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†
2 )
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c

⟩
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, (4)

where Uα is the fundamental Wilson line in the direc-
tion of α. We compute these probabilities as a function
of

τ =
αs

π
ln

PT

Eout
. (5)

The result for P 8
qq for θin = π/3 is shown in Fig. 1 to-

gether with its various approximations. Surprisingly,
we find a very good agreement with the large-Nc ap-
proximation in which P is simply computed from the
solution of the Banfi-Marchesini-Smye equation.5) A
similar conclusion is reached for other channels includ-
ing gluons in the initial state. While we do not fully
understand the reason of this agreement at the mo-
ment, if it turns out to be a robust feature, it is good
news because one can approximately get full-Nc results
in hadron collisions using the known large-Nc frame-
works.1,5)
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Verification of the QED tenth-order electron g−2:
Diagrams without a fermion loop

A. Hirayama∗1,∗2 and M. Nio∗1,∗2

A comparison between the measured value of the
electron anomalous magnetic moment and its theoret-
ical prediction is the most stringent test of the quan-
tum electrodynamics (QED) and, hence, the standard
model (SM) of elementary particles. The measurement
was performed by trapping a single electron in a cylin-
drical Penning trap. The deviation of the g value of
the electron from Dirac’s prediction, ae = (g − 2)/2,
was determined as1)

ae[expt.] = 0.001 159 652 180 73 (28) [0.24 ppb]. (1)

A new experiment aiming at a 20-fold improvement in
the uncertainty is in progress.
To match the precision of measurement, theory must

take into account small but non-negligible contribu-
tions from hadronic and electroweak interactions. The
QED contribution is dominant and required up to the
tenth order of perturbation theory because (α/π)5 ∼
6.8×10−14, where α is the fine-structure constant. By
now, all terms up to the eighth order have been firmly
established. The tenth-order term was obtained only
by one group and has not yet been cross-checked.2) To
theoretically predict ae, a value of α is needed. Re-
cently, two very precise values of α became available,
both of which were determined using atom interferom-
etry. The Cs3) and Rb4) atom experiments yielded

α−1(Cs) = 137.035 999 046 (27) [0.20 ppb], (2)

α−1(Rb) = 137.035 999 206 (11) [81 ppt], (3)

respectively. The difference is about 5.5 σ. A new Cs
experiment has already started to reveal one more digit
of α. We then have two SM predictions of ae:

ae[theory : α(Cs)] = 0.001 159 652 181 62 (23), (4)

ae[theory : α(Rb)] = 0.001 159 652 180 265 (94), (5)

where the uncertainty is solely governed by that from
α in both cases. Note that the discrepancy between
measurement and theory is positive in sign for α(Cs),
while it is negative for α(Rb).
Considering the accuracy required for future exper-

iments, the tenth-order QED term must be carefully
reexamined. A total of 12,672 Feynman vertex dia-
grams contributes to the tenth-order term. Among
them, 6,354 diagrams without a fermion loop form a
gauge-invariant set called Set V. This is the most dif-
ficult set to evaluate, and the uncertainty of the QED
contribution to ae entirely originates from SetV.

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

So far, two independent numerical evaluations of
Set V have been executed by two groups.5,6) There is,
however, 4.8 σ tension between the results. The dif-
ference is still negligible for the current precision of ae
but will certainly become crucial in the near future.
In Ref. 5), numerical integration was performed on

389 self-energy-like diagrams each, which are con-
catenations of nine vertex diagrams via the Ward-
Takahashi identity. In contrast, 3,213 integrals derived
from vertex diagrams were evaluated in Ref. 6). Be-
cause the renormalization schemes used to construct
integrands are different, the numerical result of one in-
tegral of the former does not coincide with the sum
of the corresponding nine integrals of the latter. The
direct comparison of numerical results of integrals is
nontrivial.
The gap can be filled by calculating the difference

in vertex renormalization constants, δL, of two renor-
malization schemes for every vertex diagram. The dif-
ference in numerical results of Set V integrals can be
expressed in terms of these δL’s and lower-order con-
tributions of the anomalous magnetic moment.
We numerically computed all the necessary δL’s that

are derived from 1 second-, 4 fourth-, 28 sixth-, and
269 eighth-order vertex diagrams. The computation
took approximately 120,000 hours in total. This is a
small and quick calculation compared with the numer-
ical evaluation of SetV integrals.
Diagram-by-diagram comparison was performed for

the fourth-, sixth-, and eighth-order cases, and our ver-
ification method worked very well. For the tenth order,
we examined numerical results representing the 2,232
Set V vertex diagrams that have no self-energy subdi-
agram and correspond to 135 integrals of self-energy-
like diagrams. No inconsistency was found in any of
the 135 integrals between Refs. 5) and 6). The inves-
tigation of the remaining 4,122 diagrams that have at
least one self-energy subdiagram is in progress and will
be completed soon.
We thank Prof. T. Aoyama and Prof. M. Hayakawa

for useful discussions. This work is supported in
part by JSPS KAKENHI 16K95338, 19K21872, and
20H05646. Numerical calculations were conducted on
HOKUSAI-BigWaterfall of RIKEN.
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ical prediction is the most stringent test of the quan-
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drical Penning trap. The deviation of the g value of
the electron from Dirac’s prediction, ae = (g − 2)/2,
was determined as1)
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respectively. The difference is about 5.5 σ. A new Cs
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of α. We then have two SM predictions of ae:

ae[theory : α(Cs)] = 0.001 159 652 181 62 (23), (4)
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where the uncertainty is solely governed by that from
α in both cases. Note that the discrepancy between
measurement and theory is positive in sign for α(Cs),
while it is negative for α(Rb).
Considering the accuracy required for future exper-

iments, the tenth-order QED term must be carefully
reexamined. A total of 12,672 Feynman vertex dia-
grams contributes to the tenth-order term. Among
them, 6,354 diagrams without a fermion loop form a
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ficult set to evaluate, and the uncertainty of the QED
contribution to ae entirely originates from SetV.

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

So far, two independent numerical evaluations of
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however, 4.8 σ tension between the results. The dif-
ference is still negligible for the current precision of ae
but will certainly become crucial in the near future.
In Ref. 5), numerical integration was performed on

389 self-energy-like diagrams each, which are con-
catenations of nine vertex diagrams via the Ward-
Takahashi identity. In contrast, 3,213 integrals derived
from vertex diagrams were evaluated in Ref. 6). Be-
cause the renormalization schemes used to construct
integrands are different, the numerical result of one in-
tegral of the former does not coincide with the sum
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direct comparison of numerical results of integrals is
nontrivial.
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ference in numerical results of Set V integrals can be
expressed in terms of these δL’s and lower-order con-
tributions of the anomalous magnetic moment.
We numerically computed all the necessary δL’s that

are derived from 1 second-, 4 fourth-, 28 sixth-, and
269 eighth-order vertex diagrams. The computation
took approximately 120,000 hours in total. This is a
small and quick calculation compared with the numer-
ical evaluation of SetV integrals.
Diagram-by-diagram comparison was performed for

the fourth-, sixth-, and eighth-order cases, and our ver-
ification method worked very well. For the tenth order,
we examined numerical results representing the 2,232
Set V vertex diagrams that have no self-energy subdi-
agram and correspond to 135 integrals of self-energy-
like diagrams. No inconsistency was found in any of
the 135 integrals between Refs. 5) and 6). The inves-
tigation of the remaining 4,122 diagrams that have at
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Time development of conformal field theories associated with L1 and
L−1 operators†

T. Tada∗1,∗2

An unconventional time development of the two-
dimensional conformal field theory (CFT) induced by
the L1 and L−1 operators was studied by employing
the formalism previously developed in a study of sine-
square deformation (SSD).1) Consequently, we found
that the retention of the Virasoro algebra naturally
leads to the presence of a cut-off near the fixed points
(shown as gray blobs in Fig. 1). The introduction of a
scale by the cut-off may appear at odds with the con-
formal symmetry; however, it is essential to derive the
formula for entanglement entropy.2,3)

The SSD of two-dimensional CFT4) has been ex-
plained with a formalism developed in Refs. 5, 6), in
which unconventional time developments, other than
the radial time development, were utilized to study
CFTs. One such time development suited with the
study of SSD was named “dipolar quantization.” Fur-
ther generalization was investigated by Wen, Ryu
and Ludwig,7) where the entanglement Hamiltonian
and other interesting deformations of two-dimensional
CFT were studied.

In this study, we visit the following particular time
development, which was not studied in Ref. 6):

L1 + L−1 + L̄1 + L̄−1, (1)

instead of ordinary L0 + L̄0. We found that this time-
development corresponds to the entanglement Hamil-
tonian as discussed in Ref. 7).

The significance of the operator (1) can be under-
stood in the following way. The L0, L1, and L−1 oper-
ators constitute sl(2,R) algebra. A linear combination
of these operators,

x(0)L0 + x(1)L1 + x(−1)L−1, (2)

can be mapped to

x′(0)L0 + x′(1)L1 + x′(−1)L−1, (3)

by the adjoint action of sl(2,R); however, the following
quadratic form of the coefficients, which is known as
the quadratic Casimir element, remains the same:

c(2) ≡
(
x(0)

)2

− 4x(1)x(−1). (4)

Using this c(2), the general linear combinations (2)
can be categorized into three distinctive groups that

† Condensed from the article in J. Phys. A Math Theor. 53,
255401 (2020)
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are not accessible from each other by the sl(2,R) ac-
tion. Typical operators for each group are: L0 repre-
sents c(2) > 0, L0 − 1

2 (L1 + L−1) represents c(2) = 0,
and L1 + L−1 represents c(2) < 0. Thus, we could
investigate the L1 +L−1 operator by applying the for-
malism developed in Refs. 5, 6) and demonstrate that
the aforementioned three cases, including L1 + L−1,
can be studied in a unified manner.

z

L

Lc

Lc

Fig. 1. Flow of time t can be considered to begin at a sec-
tion of space with length L (solid line). The remaining
space, including infinity, is depicted as a dashed line
and denoted by Lc. The setup corresponds to the en-
tanglement entropy for the segment with length L.
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Study of Lorentzian sine-square deformed CFT†

X. Liu∗1,∗2 and T. Tada∗2,∗3

The concept of sine-square deformation (SSD) was
first introduced into two-dimensional conformal field
theory (2D CFT) in Ref. 1). In previous studies, we
found that the introduction of SSD in 2D CFT de-
fines a new time translation generated by the SSD
Hamiltonian.1) The SSD CFT processes the Virasoro
algebra with a continuum index.2) Further, inspired
by the discovery in SSD CFT, we generalized this
study to CFT using more general modular Hamilto-
nians, and found three different types of Virasoro al-
gebra in the Euclidean CFT.3) In this study, we extend
our analysis to Lorentzian CFT. To consider CFT in
the Minkowski spacetime, the universal covering space
of the Minkowski spacetime must be introduced. Gen-
erally, a spacetime is mapped to a Penrose diamond
on the cylinder, which is the universal covering of the
Penrose diamond. The time translation is defined on
the universal covering using the Luscher-Mack Hamil-
tonian P̂0+K̂0

2 .4) Consider the worldline for a particle in
a Penrose diamond; if we perform a special conformal
transformation, the worldline may cross the bound-
ary of the Penrose diamond and move on to the next
patch. This problem can be solved if the time trans-
lation for the CFT is defined to be confined in a sin-
gle Penrose diamond, implying that the CFT becomes
effectively non-compact under such time translations.
This can be achieved by applying SSD in Lorentzian
CFT; the non-compactness of CFT can be observed
from the continuum index of the Virasoro Algebra.5)
We performed similar analysis as that in the Euclidean
signature.2,3) Next, we investigate the three different
cases with Hamiltonians having plus, minus, and zero
values in the quadratic Casimir element. We select
three examples from the three cases:

• The Luscher Mack Hamiltonian P̂0+K̂0

2 ,
• The Rindler Hamiltonian M̂01,
• The Naive Hamiltonian P̂0.

We define different mode decompositions of the
energy-stress tensor with 0th modes corresponding to
each Hamiltonian in the three cases. By applying the
commutation relation of the energy-stress tensor, we
can obtain three types of Virasoro Algebra:

• Luscher Mack type: The Virasoro generators in
this type must bear discrete indices; otherwise,
ambiguities are observed in the generators.

• Rindler type: The Virasoro generators in this type
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Fig. 1. The universal covering space of the Penrose dia-
mond (shaded region) is charted by u+ and u−. While
the conformal symmetry is represented using the entire
covering space, the time flow by P0 (arrowed line) is
confined within a single Penrose diamond.

must bear discrete indices to remove the ambigu-
ities and preserve the local conformal symmetry.
There is UV divergence in the central extensional
term in the Virasoro Algebra.

• The Naive type: The Virasoro generators can have
continuum indices. This corresponds to the SSD
case, where the theory is effectively non-compact.
Thus, the time translation is confined inside a sin-
gle Penrose diagram. See Fig. 1.

The conformal invariance requires the introduction
of the universal covering space; moreover, occasionally,
the Lorentzian CFT is considered to be unphysical ow-
ing to the existence of a closed time-like curve. In this
study, our analysis ensured that there is no closed time-
like curve if the Naive Hamiltonian is selected instead
of the Luscher-Mack Hamiltonian.5)
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Empirical formulas for the standard-model parameters

Y. Akiba∗1

We report empirical formulas for the parameters of
the standard-model. Table 1 lists the formulas for the
mass of the charged leptons (e, µ, τ), three neutrinos
(ν1, ν2, ν3), six quarks (u, c, t, d, s, b), and gauge bosons
(W , Z), and Higgs boson (H). The formulas yield the
masses in terms of the Planck mass

Mpl = 1.220910± 0.000029× 1019 GeV.

The last column of the table presents the relative dif-
ference |mc

p/m
m
p −1| of the calculated value mc

p and the
measured value mm

p for particle p. Table 2 compares

Table 1. Formulas for the masses of the SM particles.

p formula (µp = mp/Mpl) |mc
p/m

m
p − 1|

e
1

12π2
ϵ
1/3
0

(
1 +

1

4

1

(6π)2

)−1

5.9× 10−6

µ
3

2
ϵ
1/3
0

(
1− 3

6π
+

27

4

1

(6π)2

)−1

5.2× 10−5

τ 9πϵ
1/3
0

(
1− 3

4

1

6π
+

5

4

1

(6π)2

)−1

1.6× 10−5

ν1
2

3
ϵ
1/2
0

(
1 +

1

6π

)−1

See Table 2

ν2 2ϵ
1/2
0

(
1− 1

6π

)−1

See Table 2

ν3 4πϵ
1/2
0

(
1 +

1

6π

)−1

See Table 2

t 8(6π)2ϵ
1/3
0 5.5× 10−3

c 12ϵ
1/3
0 3.8× 10−2

u 8(6π)−2ϵ
1/3
0 3.9× 10−3

b 3(6π)ϵ
1/3
0

(
1 +

3

2

1

6π
+

27

4

1

(6π)2

)−1

5.6× 10−3

s ϵ
1/3
0 2.2× 10−2

d (6π)−1ϵ
1/3
0

(
1 +

1

6π

)−1

1.6× 10−2

Z
1

(8π2)
ϵ
1/4
0

(
1 +

1

12

1

6π
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1

12

1

(6π)2

)−1/2

1.5× 10−5

W
2−1/4

(8π2
ϵ
1/4
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(
1− 3

2

1

6π
− 9

4

1

(6π)2

)−1/2

1.0× 10−4

H
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8π2
ϵ
1/4
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(
1 +

3

2

1

6π
− 9

2

1

(6π)2

)−1/2

3.4× 10−4

Table 2. Comparison of the calculated masses of neutrinos

with the neutrino oscillation data.

Quantity Calculated Measured

m2
2 −m2

1 7.39× 10−5 eV2 7.37+0.20
−0.15 × 10−5 eV2

m2
3 −m2

1 2.58× 10−3 eV2 2.56± 0.04× 10−3 eV2
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the mass values from the formulas and neutrino oscil-
lation data. Table 3 lists the formulas for the Cabibbo-
Kobayashi-Maskawa quark mixing parameters. Ta-
ble 4 lists the formulas for the neutrino-mixing angles.
Table 5 lists the formulas for the fine structure con-
stant α and the strong coupling constant αs. These
formulas yield 24 of 25 free parameters of the standard-
model. The remaining one, the neutrino CP violation
angle δCP , has not been measured. The values calcu-
lated from the formulas are in good agreement with
the data. The one common constant in the mass for-
mulas, ϵ0 = 2× (6π)−48, which agrees with the Hubble
constant H0 times the Planck time tpl (ϵ0 ≃ H0 × tpl)
within the accuracy of H0, suggests that the particle
masses are related to the expansion of the universe.
A model to explain these formulae is reported in the
next article,1) and implications to gravity and cosmol-
ogy are reported in the article appearing after that.2)

Table 3. Formulas of the CKM matrix elements.

formula calculated measured

Vus

(
1

6π

(
1+

1

6π

)−1
)1/2

0.22445 0.22452± 0.0044

Vcb

(
2

3

)1/2 1

6π
0.04332 0.04214± 0.00076

Vub
4

3

1

(6π)2
0.003753 0.00365± 0.00012

η̄

(
1+

3

2

1

6π
+
27

4

1

(6π)2

)
1

π
0.3497 0.355+0.012

−0.011

Table 4. Formulas of the neutrino-mixing matrix.

formula calculated measured

s12

(
1

3

(
1− 1

6π

)(
1+

1

6π

)−1
)1/2

0.547 0.545± 0.016

s23

(
3

2π

(
1+

1

6π

)(
1− 1

6π

)−1
)1/2

0.729 0.714± 0.053

s13

(
1

12π

)1/2 (
1− 1

6π

)(
1+

1

6π

)−1

0.146 0.147± 0.003

Table 5. Formulas of the coupling constants α and αs(MZ)

formula calculated rel. error

α−1 44π
(
1 +

1

3

1

6π

)−1/2

137.0238 8.9× 10−5

αs(MZ)

√
2

4π

(
1 +

1

6π

)
0.11851 3.5× 10−3
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Quarternion-spin-isospin model for the standard-model parameters

Y. Akiba ∗1

The standard model (SM) successully describes the
nature, but it has at least 25 free parameters. In
the preceding article1) we reported empirical formu-
las with no free parameter for 24 SM parameters: 15
particle masses, four Cabbibo-Kobayashi-Masukawa
(CKM) quark mixing parameters, three neutrino mix-
ing angles, the fine structure constant, and the strong
coupling constant.
The pattern of the formulas suggests that there is

an algebraic model underpinning them and that the
numbers 6π and ϵ0 = 2 × (6π)−48 play key roles in
this model. The fact that ϵ0 agrees with the Hubble
constant H0 times the Planck time tpl, ϵ0 ≃ H0tpl,
suggests that there is a relation between the mass of
the SM particles and the metric of spacetime.
In this article, we introduce the quarternion-spin-

isospin (QST) model, which explains these formulas
and the relation H0tpl = ϵ0. The QST model is so
named because it is based on operators that are prod-
ucts of unit quarternions and operators of spin and
weak isospin.
The QST model is based on the following 64 opera-

tors that are introduced here as normalized primordial
action (NPA):

{Iµσντa

6π
,
ετa

6π
,
εi

6π
,
εIcτ c

6π
,
εiτ3

6π
,
−εIc

4π
,
−εi

2π
,−ε, ε, i, 1

}
.

The QST model has five primary ansatzes.
(A1) The Planck time tpl = 5.3912 × 10−44 s is the
minimum duration of time in nature. The time t is
an integer n in the unit of tpl, and the physics state
at t = n is represented as |n⟩. tpl is a fundamental
constant of nature, as are the speed of light in vacuum
c and the Planck constant h̄.
(A2) The change of |n⟩ for tpl is represented by a set

of 49 operators L̂EAD
p we name as elementary action

density (EAD). An EAD corresponds to a term of the
SM Lagrangian.
(A3) An EAD is a sum of the equivalent vee product
P48(S48, σ) of 48 NPAs,

L̂EAD
p =

∑
P48(S

NPA
48 , σ)=

∑
∂̂σ(p1) ∨ · · · ∨ ∂̂σ(p48),

where SNPA
48 = {∂̂p1 , · · · , ∂̂p48} is a set of 48 NPAs and

σ is a permutation (k → σ(k), 1 ≤ k ≤ 48).
(A4) All 49 EADs are invariant for the following per-
mutations:

(I1, I2, I3) → (I1, I2, I3), (I2, I3, I1), (I3, I1, I2),

(σ1, σ2, σ3) → (σ1, σ2, σ3), (σ2, σ3, σ1), (σ3, σ1, σ2).

There are 12 EADs that are invariant for permutations:

∗1 RIKEN Nishina Center

Table 1. Values of elementary action densities.

(6π)2ϵ0iτ3 (6π)2ϵ0i (6π)ϵ0iτ3 (6πϵ0i) (6π)ϵ0 ϵ0iτ3 ϵ0i ϵ0
L̂g3D 3∗a
L̂g2D 2a
L̂GG 24∗a
L̂uG 8a
L̂cG 24∗b
L̂tG 8b
L̂m
B 18b

e 4a 1 3∗b
µ 4a −12a 27a 3∗c
τ 4a −3 3∗a 1 + 4
ν1 12a 12 2b
ν2 −4a 4 2b
ν3 12a 12 2
ν′3 12a 12 −2
U15 −12a 2a
U17 3× (−4) −12b 2b
D −12a 1
u 4b −8a
c 4b + 4c −24∗

t 4c −8b
d −12a −12a −3∗

s −12b 3∗d
b 4d 6 3∗b 27b 18a
Z 12∗b 1 1
H −4 −6 18c
W 12∗b −18∗ −27

(τ1, τ2, τ3) → (τ1, τ2, τ3), (τ2, τ3, τ1), (τ3, τ1, τ2).

(1)

(A5) The SM emerges as a continuous approximation
of the QST model as each EAD becomes a term of the
SM Lagrangian in the limit of tpl → 0.
We found 49 EADs that correspond to the elemen-

tary particles of the SM, which are summarized in Ta-
ble 1. All of the 24 formulas of the parameters of the
standard model can be derived from the 49 EADs in
the table. The model also predicts that the CP vi-
olation in the neutrino sector is 100%. Thus, all of
the 25 free parameters of the standard model are de-
rived from the QST model. In additon, the model pre-
dicts that the Hubble constant times the Planck time
is H0tpl = 2×(6π)−48. We discuss the implications for
general relativity and cosmology in the next article.2)
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minimum duration of time in nature. The time t is
an integer n in the unit of tpl, and the physics state
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(A2) The change of |n⟩ for tpl is represented by a set

of 49 operators L̂EAD
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SM Lagrangian.
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(A5) The SM emerges as a continuous approximation
of the QST model as each EAD becomes a term of the
SM Lagrangian in the limit of tpl → 0.
We found 49 EADs that correspond to the elemen-

tary particles of the SM, which are summarized in Ta-
ble 1. All of the 24 formulas of the parameters of the
standard model can be derived from the 49 EADs in
the table. The model also predicts that the CP vi-
olation in the neutrino sector is 100%. Thus, all of
the 25 free parameters of the standard model are de-
rived from the QST model. In additon, the model pre-
dicts that the Hubble constant times the Planck time
is H0tpl = 2×(6π)−48. We discuss the implications for
general relativity and cosmology in the next article.2)
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R = 12H2
0 and its implications to gravity and cosmology

Y. Akiba ∗1

In the preceding article,1) I report a model (QST
model) that can yield the formulas of the standard
model (SM) parameters. The model implies that the
product of the Hubble constant H0 and the Planck
time tpl is H0tpl = 2 × (6π)−48 = ϵ0. This relation is
derived as follows.
The spacetime metric of the Hubble expansion is

ds2 = −dt2 + e2H0t(dx2 + dy2 + dz2).

The Ricci scalar curvature R and
√
−g of this metric

are

R = 12H2
0 ,√

−g = e3H0t.

For t = tpl, we have
√
−g = e3H0t ≃ 1+3H0tpl. In the

QST model, the correspondence relation is

√
−g ↔ 1 + L̂g3D = 1 + 3ϵ0.

Thus, we have H0tpl = ϵ0. Because H0 = ϵ0/tpl is
a constant, R is a constant. The QST model implies
that R = 12H2

0 (constant). We discuss the implication
of this equation in general relativity and cosmology
below.
We can generalize the metric to allow local changes

of the scale with a constraint R = 12H2
0 :

ds2 = −e2u(x,y,z)dt2 + e2H0t(dx2 + dy2 + dz2).

The R of this metric is

R = −(2∆u+ 3(∇u)2)e−2H0t + 12H2
0e

−2u

= 12H2
0 .

We can show that Coulomb gravity can be derived from
this metric. When we take the approximation H0 ≃ 0,
we have

R = −2∆u− 3(∇u)2 = 0.

If u is small, we can ignore the (∇u)2 term, and we
have ∆u = 0. In general relativity, g00 ≃ −1 − 2ϕG,
where ϕG is the gravitational potential. As e2u = −g00
and e2u ≃ 1 + 2u, u ≃ ϕG. Therefore,

∆ϕG ≃ ∆u = 0.

Thus, the relation R = 0 implies Coulombic gravita-
tional potential under the weak gravity approximation.
If we take into account the fact that H0 ̸= 0, the po-
tential equation for gravity becomes non-linear.
Next, we discuss the effect of R = 12H2

0 for the mo-
tion of an astronomical object. Consider the following

∗1 RIKEN Nishina Center

metric (Sp-metric):

ds2=−dt2+e2H0t

(
dr2

1− 2rs
r

+r2(dθ2+sin2 θdϕ2)

)
.

One can show that the Ricci tensor Rµν and the Ricci
scalar curvature R of this metric are

Rt
t = 3H2

0 , R
r
r = 3H2

0 − 2rs
r3

e−2H0t,

Rθ
θ = Rϕ

ϕ = 3H2
0 +

rs
r3

e−2H0t,

R = Rt
t +Rr

r +Rθ
θ +Rϕ

ϕ = 12H2
0 .

This metric describes the spacetime metric outside a
very large spherical mass, e.g., a star or a planet. It is a
metric with spherical symmetry, like the Schwartzchild
metric, but with R = 12H2

0 . Note that Rµν = 0 and
R = 0 for the Schwartzchild metic.
One can solve Keplerian moton in this metric. The

solution implies that the radius r of a circular orbit of
an object around the large mass at the origin increases
with time as

ṙ/r =
√
2H0 = 1.0104× 10−10/yr.

The factor
√
2 arises from the fact that the Keplerian

motion is a two dimensional motion. One can show
that the scale expansion rate of two-dimensional radius
ρ with R = 12H2

0 is
√
2H0.

This prediction agrees with the observed rate of ex-
pansion of the the Moon’s orbit radius rMoon around
the Earth2) within the uncertainty of the data.

ṙMoon = 3.82± 0.07cm/yr,

ṙMoon/rMoon = (0.994± 0.0182)× 10−10/yr.

This good agreement indicates that the expansion of
the lunar-orbit radius is due to Hubble expansion.
We found a few emprical formulas of cosmological

parameters that are similar to those of the SM param-
eters. For CMB temperature, we found

T =
1

(6π)2
ϵ0

1/2

(
1 +

1

4π
− 1

(6π)2

)1/2

.

This formula yields T calc
CMB = 2.7249 K, which agrees

with the obsrved value TCMB = 2.7255 ± 0.0006 K
within the uncertainty of the data. The QST model
can explain the emprical formula.

References
1) Y. Akiba, in this report.
2) B. G. Bills, R. D. Ray, Geophys. Res. Lett. 26, 3045

(1999).
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A novel high-resolution laser-melting sampler for discrete analyses of
ion concentrations and stable water isotopic compositions in firn and ice

cores

Y. Motizuki,∗1 Y. Nakai,∗1 K. Takahashi,∗1 J. Hirose,∗1 Y. V. Sahoo,∗1 Y. Yano,∗1 M. Yumoto,∗2 M. Maruyama,∗2
M. Sakashita,∗2 K. Kase,∗2 and S. Wada∗2

Ice cores preserve past climatic changes and, in some
cases, astronomical signals. Here we present a newly de-
veloped automated ice-core sampler that employs laser
melting (see Fig. 1). In our system, a hole in an ice core
approximately 3 mm in diameter is melted and heated
well below the boiling point by laser irradiation, and the
meltwater is simultaneously siphoned by a 2 mm diam-
eter movable evacuation nozzle that also holds the laser
fiber. The advantage of sampling by laser melting is
that molecular ion concentrations and stable water iso-
tope compositions in ice cores can be measured at high
depth resolution, which is advantageous for ice cores with
low accumulation rates, such as ice cores drilled around
Dome Fuji station in Antarctica.

This device takes highly discrete samples from ice
cores, attaining depth resolution as small as ∼3 mm with
negligible cross contamination; the resolution can also be
set at longer lengths suitable for validating longer-term
profiles of various ionic and water isotopic constituents
in ice cores.

The laser beam used to melt the ice is supplied through
the wall of the freezer container by a continuous-wave
operated Er-doped fiber laser (CEFL-TERA, Keopsys
Inc.) through optical fibers (core/clad diameter =
200/220 µm). The laser wavelength is 1.55 µm (near
infrared) and the maximum output power is 10 W. The
1.55-µm wavelength takes advantage of the strong ab-
sorption bands of ice and water from 1.4–1.6 µm. In ad-
dition, because 1.55-µm lasers are commonly used in op-
tical communication technologies, suitable optical fibers
are commercially available.

To check the stability of the sampler in the −20◦C

Fig. 1. Photo showing a newly-developed laser-melting ice
core sampler.

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

Fig. 2. Photo showing an ice block after the continuous ex-
traction of 100 meltwater samples in a stability test.

environment, we performed a continuous sampling test
in which 100 vials were filled with a minimal volume
(0.65 mL) of meltwater. In this test, the laser power was
set at 1.9 W, the nozzle intrusion speed was 0.52 mm/s,
the pumping speed was 5.5 mL/min, and the horizontal
and vertical pitch of the nozzle was 2.5 mm. It took 8
hours 47 minutes to complete this test with no issues
the ∼−20◦C environment. Figure 2 shows a dummy ice
block made up from ultrapure water (Milli-Q water) after
this stability test. We conclude that the sampling rate
will not be a bottleneck during high-throughput isotopic
and ionic ice-core analyses.

We also conducted experiments to check whether there
was any leaching of ions from inner components and to
check the degree by which samples mixed with each other
during continuous sample collection. We found a 2.4%
“memory effect,” which is usually significantly less than
the analytical accuracy (a few µg/L) of ion analyses by
ion chromatography. We conclude that internal contam-
ination and cross contamination are negligible with this
sampler.

With this new sampler design, the analysis of the
2,000-year record embodied in the Dome Fuji firn core,
which took us several years, could now be finished in
about 30 working days by using two isotopic analyz-
ers. For the first time, we can now realistically con-
template strategic plans for cores recovered from low-
accumulation sites that include large numbers of re-
peated operations, such as compiling continuous 2,000-
year profiles with annual resolution of ionic and wa-
ter isotopic constituents. Finally, our sampler has the
capability to profile ionic and isotopic constituents at
monthly resolution to pursue intriguing transient signals,
potentially by annual layer counting.
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1) Motizuki et al., submitted to Cold Reg. Sci. Technol.
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Annually resolved d-excess record from a shallow ice core (DFS10) near
Dome Fuji station, East Antarctica

Y. V. Sahoo,∗1, Y. Motizuki,∗1, Y. Nakai,∗1, and K. Takahashi,∗1

Ice cores are well preserved and utilized as proxies for
past climates and temperature reconstruction. A second-
order equation given by the deuterium excess1) (referred
to as d-excess), d = δD − 8 × δ18O, is defined from
the Meteoric Water Line. Here, δD and δ18O are the
isotopic water compositions given by δD or δ18O (�) =
(Rmeasured − RVSMOW)/RVSMOW, where R is the ratio
2H/1H or 18O/16O, RVSMOW is the reference standard,
Vienna Standard Mean Ocean Water, and Rmeasured is
the measured ratio of a sample.

The d-excess is primarily related to physical parame-
ters such as relative humidity, air temperature, sea sur-
face temperature of the oceanic source or precipitation
at the site, and the trajectory of moisture source.2) On
a global scale, an annual average value of d is relatively
constant around 10.

Vimeux et al.3) demonstrated the d-excess changes
during transition from the glacial and interglacial pe-
riods of Vostok deep ice core data; the changes were well
characterized in the plot of d-excess versus δD, impli-
cating changes in oceanic moisture sources as a result
of changes in Earth’s orbital obliquity. The d-excess
records for the Dome Fuji site have been studied with
daily snow precipitation4,5) and a deep ice core spanning
the past 360,000 years.6) So far, moisture sources and
climate changes have been studied for deep ice cores in
Antarctica which span a long period; however, is it possi-
ble to determine the same tendency on short scales with
annually-resolved d-excess data from shallow ice cores?
Here, we briefly report the correlation of d-excess with
δ18O in a shallow ice core.

The shallow ice core (DFS10) was drilled in 2010 from
the site at 10 km south of Dome Fuji station, East
Antarctica. The DFS10 site is located (77◦40’S, 39◦62’E)
at 3,800 m above sea level. The ice core drilling project
was conducted by Japanese Antarctic Research Expedi-
tion. The analyzed samples represent a temporal resolu-
tion of about one year ranging from 2 m to 60 m in depth
(∼1300 years). All samples were analyzed using Liquid
Water Isotope Analyzer (Los Gatos Research, Inc.) at
RIKEN.

A linear relation between δD and δ18O, with a slope of
7.77, R2 = 0.987 for DFS10 was determined. This is close
to the local meteoric water line. The d-excess shows no
correlation with δ18O (δD) on an annual or short scale;
however, simulation studies established a correlation on
longer scales with other ice cores drilled in Antarctica.
Fig. 1a shows a smoothed 50 data points running av-
erage of d-excess plotted against smoothed δ18O, and
clusters into groups are evident. This case shows hi-
erarchal structures: For groups of ∼500 years, a gen-

∗1 RIKEN Nishina Center

Fig. 1. (a) Deuterium excess versus δ18O; the data are
smoothed using 50 data points running average. The color
highlights the bunched ∼500 years period to show the
changes in d-excess. (b) The same, but for data points
from 1496 to 1973 CE (blue highlight from a) are subdi-
vided into ∼50 years period.

eral decrease in d-excess with time is observed, suggest-
ing that the moisture source could have systematically
changed through the years. Each group subdivided into
shorter time scales (∼50 years) reveals smaller clusters of
d-excess pattern changing with time (Fig. 1b). As seen
here, the d-excess/δ18O small clusters follow a pattern
with time. This pattern is not observed in a similar plot
with the raw data (R2 = 0.04, Pearson’s R = −0.19).

The d-excess variation depends on a number of fac-
tors and intensive simulation or modeling studies are
necessary to provide an insight into climate change on
a shorter scale, which needs to be assessed using shallow
ice cores.

References
1) W. Dansgaard, Tellus 16, 436 (1964).
2) L. Merlivat, J. Jouzel, J. Geophys. Res. 84, 5029 (1979).
3) F. Vimeux et al., Nature 398, 410 (1999); J. Geophy.

Res. 106(31), 863 (2001).
4) H. Motoyama et al., J. Geophy.Res.110, D11106 (2005).
5) K. Fujita,O. Abe, Geophys. Res. Lett.33, L18503 (2006).
6) R. Uemura et al., Clim. Past. 8, 1109 (2012).
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Dome Fuji station, East Antarctica

Y. V. Sahoo,∗1, Y. Motizuki,∗1, Y. Nakai,∗1, and K. Takahashi,∗1

Ice cores are well preserved and utilized as proxies for
past climates and temperature reconstruction. A second-
order equation given by the deuterium excess1) (referred
to as d-excess), d = δD − 8 × δ18O, is defined from
the Meteoric Water Line. Here, δD and δ18O are the
isotopic water compositions given by δD or δ18O (�) =
(Rmeasured − RVSMOW)/RVSMOW, where R is the ratio
2H/1H or 18O/16O, RVSMOW is the reference standard,
Vienna Standard Mean Ocean Water, and Rmeasured is
the measured ratio of a sample.

The d-excess is primarily related to physical parame-
ters such as relative humidity, air temperature, sea sur-
face temperature of the oceanic source or precipitation
at the site, and the trajectory of moisture source.2) On
a global scale, an annual average value of d is relatively
constant around 10.

Vimeux et al.3) demonstrated the d-excess changes
during transition from the glacial and interglacial pe-
riods of Vostok deep ice core data; the changes were well
characterized in the plot of d-excess versus δD, impli-
cating changes in oceanic moisture sources as a result
of changes in Earth’s orbital obliquity. The d-excess
records for the Dome Fuji site have been studied with
daily snow precipitation4,5) and a deep ice core spanning
the past 360,000 years.6) So far, moisture sources and
climate changes have been studied for deep ice cores in
Antarctica which span a long period; however, is it possi-
ble to determine the same tendency on short scales with
annually-resolved d-excess data from shallow ice cores?
Here, we briefly report the correlation of d-excess with
δ18O in a shallow ice core.

The shallow ice core (DFS10) was drilled in 2010 from
the site at 10 km south of Dome Fuji station, East
Antarctica. The DFS10 site is located (77◦40’S, 39◦62’E)
at 3,800 m above sea level. The ice core drilling project
was conducted by Japanese Antarctic Research Expedi-
tion. The analyzed samples represent a temporal resolu-
tion of about one year ranging from 2 m to 60 m in depth
(∼1300 years). All samples were analyzed using Liquid
Water Isotope Analyzer (Los Gatos Research, Inc.) at
RIKEN.

A linear relation between δD and δ18O, with a slope of
7.77, R2 = 0.987 for DFS10 was determined. This is close
to the local meteoric water line. The d-excess shows no
correlation with δ18O (δD) on an annual or short scale;
however, simulation studies established a correlation on
longer scales with other ice cores drilled in Antarctica.
Fig. 1a shows a smoothed 50 data points running av-
erage of d-excess plotted against smoothed δ18O, and
clusters into groups are evident. This case shows hi-
erarchal structures: For groups of ∼500 years, a gen-

∗1 RIKEN Nishina Center

Fig. 1. (a) Deuterium excess versus δ18O; the data are
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highlights the bunched ∼500 years period to show the
changes in d-excess. (b) The same, but for data points
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eral decrease in d-excess with time is observed, suggest-
ing that the moisture source could have systematically
changed through the years. Each group subdivided into
shorter time scales (∼50 years) reveals smaller clusters of
d-excess pattern changing with time (Fig. 1b). As seen
here, the d-excess/δ18O small clusters follow a pattern
with time. This pattern is not observed in a similar plot
with the raw data (R2 = 0.04, Pearson’s R = −0.19).

The d-excess variation depends on a number of fac-
tors and intensive simulation or modeling studies are
necessary to provide an insight into climate change on
a shorter scale, which needs to be assessed using shallow
ice cores.
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High-intensity vanadium-beam production to search for a new
super-heavy element with Z = 119†

T. Nagatomo,∗1 Y. Higurashi,∗1 J. Ohnishi,∗1 T. Nakagawa,∗1 and O. Kamigaito∗1

In March 2020, we successfully accelerated the
first beam (40Ar13+) using several superconducting
quarter-wavelength resonators (SC-QWRs)2) installed
in RIKEN heavy-ion linear accelerator (RILAC)1) to
achieve enough energy to synthesize new super-heavy
elements (SHEs) with an atomic number greater than
118. To overcome the extremely small production
cross section of SHE with Z = 119, it was neces-
sary to provide a highly charged vanadium (V)-ion
beam such as 51V13+ with very high intensity. Thus,
we constructed a superconducting electron cyclotron
resonance ion source (SC-ECRIS) for RILAC, which
was named RIKEN 28-GHz SC-ECEIS “KURENAI”
(R28G-K).3) R28G-K has essentially the same struc-
ture4) as another SC-ECRIS that is the only source of
heavy ions including uranium for RIBF, which is re-
named RIKEN 28-GHz SC-ECEIS “SUI” (R28G-S).5,6)
When operating the SC-QWR, the particulate matter
sputtered from the beam pipe irradiated by the beam
is thought to significantly reduce the gap voltage by
increasing the surface resistance of the cavity, thus we
must suppress the beam loss as much as possible. For
this purpose, we installed “slit triplet” in the low en-
ergy beam transport to limit the transverse emittance.3)
This indicates that only a portion of the beam extracted
from R28G-K is available despite the demand for an
unprecedented beam intensity. Therefore, we system-
atically studied the effects of the amount of the V va-
por and power of the microwaves, which heat up the
plasma in the ion source, on the beam intensity, and
the optimal parameters that would allow long-term ex-
periments with the highest possible beam intensity.

The upper figure in Fig. 1 shows the two high temper-
ature ovens (HTOs)7) installed in the ion source. The
HTO was developed as an evaporator for high melting
point materials such as vanadium. The V-vapor amount
was equivalent to the sum of the consumption rates of
the metallic V sample in each HTO crucible. The ca-
pacity of each crucible was approximately 2.2 gram of
the granular metallic V. The 51V13+-beam intensity ex-
tracted from R28G-S was obtained as a contour plot
in the lower figure in Fig. 1 as a function of the con-
sumption rate of the V metal and the total power of
the 18- and 28-GHz microwaves. As a consequence of
the contour plot, it was deduced that a 400-electric µA
V13+-beam can be produced at ∼6-mg/h consumption
and 2.5-kW microwaves. Because the total capacity of
the two HTO crucibles is 4.4 gram, we can provide the

† Condensed from the article in the Proc. of 24th Int. Work-
shop on ECR Ion Sources (ECRIS’20), East Lansing, USA,
September 2020, in press

∗1 RIKEN Nishina Center

high intense V beam for one month without interrup-
tion. Furthermore, at 24-mg/h consumption and 2.9-
kW microwaves, we also obtained the V-ion beam with
an intensity of 600 electric µA that is suitable for es-
sential development, for example, target development.

18-GHz
wave guide

28-GHz
wave guide

Crucible
HTO1

Crucible
HTO2

Biased disk

Consumption rate (mg/h)

51V13+ beam intensity (electric µA)
0 600200 400

Supporting gas : 14N2
Acceleration voltage:12.6 kV

Fig. 1. Two HTO mounted on the injection flange of the
plasma chamber of R28G-K (upper), and obtained con-
tour plot of the 51V13+ beam intensity as a function of
the consumption rate and the microwave power (lower).
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R&D in AVF cyclotron

J. Ohnishi,∗1 A. Goto,∗2 and Y. Kotaka∗3

We aim to increase the beam intensity and energy
in the AVF cyclotron. In 2020, 7.25 MeV/nucleon He
beams with intensity greater than 40 µA were sta-
bly supplied for RI-production experiments, and the
maximum beam energy was successfully increased from
14 MeV to 30 MeV for protons. This paper describes the
supply of a 30 MeV proton beam and the temperature-
monitoring system in the deflector septum for extracting
beams with an intensity greater than 1 kW.

Previously, the maximum energy of the AVF cyclotron
for protons was 14 MeV; however, in the summer of
2017, the new central region was installed to accelerate
beams with higher energies, for example, a 30 MeV pro-
ton (Harmonic H = 1 acceleration) and 14 MeV/nucleon
deuteron.1) The shape of the old and new central regions,
orbits of 30 MeV protons, and the central orbit of nor-
mal H = 2 operation are shown in Fig. 1. In February
2020, an acceleration test was conducted because the RI-
production experiment using the 30 MeV proton beam
was scheduled. The results of this test showed that a
part of the beam in the second turn hit the phase slit,
which was modified in 2019, and the shape of the slit was
corrected in a hurry. As a result, a 30 MeV proton beam
with a current of 10 µA was successfully accelerated and
supplied for the user’s experiment in June. The passing
efficiency in the AVF cyclotron was approximately 7%.

To prevent the deflector septum from melting due to
beam loss, a system was installed to monitor the tem-
perature of the septum with thermocouples (TCs) and
to stop the beam when an abnormal temperature rise
is detected. Figure 2 shows a part of the deflector to
which the TCs are attached. The septum is made of

Fig. 1. New and old central region of the AVF Cyclotron.
Hatched area indicates the old region. Beam orbits for
30 MeV protons and the central orbit of the normal H = 2
acceleration are also shown.

∗1 RIKEN Nishina Center
∗2 Institute of Materials Structure Science, KEK
∗3 Center for Nuclear Study, University of Tokyo

Fig. 2. Tip of the deflector septum to which thermocouples
are attached.

Fig. 3. Time response of temperatures on the septum calcu-
lated by ansys.

copper, and it has a thickness of 0.3 mm and a height
of 12 mm. As shown in the figure, the septum has a
notch with a length of 20 mm in the beam direction for
dispersing beam loss. The two TCs were attached 6 mm
above and below the tip of the septum notch. Figure 3
shows the time response of the temperatures at the tip
of the septum notch (beam loss point) and the TC po-
sition calculated with ansys2) for a beam loss of 300 W
(assuming a beam diameter of 2 mm). These calculation
results show that the maximum temperature of the sep-
tum exceeds the melting point of copper (1085◦C) within
1 s with a beam loss of approximately 370 W. Further,
it is found that the temperature rise at the TC position
was as small as one tenth of the maximum temperature
and its response speed was slow. Therefore, we will stop
the beam before the septum melts when the temperature
rise for each 0.1 s measurement interval exceeds a prede-
termined value owing to any abnormal beam loss. The
system will be used in 2021 when the permission limit
on the radiation protection for the 7.25 MeV/nucleon He
beams will be increased to 70 µA.

References
1) J. Ohnishi et al., RIKEN Accel. Prog. Rep.51, 137 (2018).
2) https://www.ansys.com/ .
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Charge stripper ring for RIKEN RI beam factory†

H. Imao∗1

The use of charge strippers is almost inevitable for
the efficient acceleration of particularly heavy ions such
as uranium in heavy-ion accelerator complexes. At
the RIKEN RI Beam Factory (RIBF), the total charge
stripping efficiency of two strippers, He gas1,2) and ro-
tating graphite sheet disk strippers,3) used for uranium
acceleration is less than 5%, which creates a serious
bottleneck for potential intensity upgrades in the near
future. We have proposed the use of charge stripper
rings (CSRs)4,5) as a cost-effective method to achieve a
10-fold increase in the intensity of the 238U beams at
RIBF.

Figure 1 shows a design view of the CSR for the
first stripper (CSR1), which is a compact isometric
ring with the same design circumferences of 37.1953 m
(15 times the distance interval of the beam bunches
from the RIKEN Ring Cyclotron (RRC) at a fre-
quency of 18.25 MHz) for all circulating uranium beams
with eight different charge states from 59+ to 66+.
CSR1 consists of gas strippers (He and nitrogen strip-
pers), eight main bending magnets (BM1-8), two accel-
eration cavities, a re-buncher, four charge-dependent
quadrupole stations, injection magnets (IBM and in-
jector quadrupole triplets), extractor bending magnets
(EBM1 and EBM2), steerers for closed-orbit distortion
corrections, and diagnostic boxes involving beam diag-
nostics and vacuum pumps. In the CSR1, beams other
than the selected U64+ beams reenter the stripper with
a ring after recovering the energy lost in the stripper.
The U35+ beams are injected simultaneously into the
charge stripper ring using the charge exchange injec-
tion method. The recycling cycles are repeated, and
only the U64+ beams are continuously extracted, us-
ing a magnetic deflection channel. The isometric ring

† Condensed from the article in J. Instrm. 15, P12036 (2020)
∗1 RIKEN Nishina Center

is used to hold the bunch structure of beams to match
the acceptance of the latter-stage cyclotrons.

The CSR1 lattice is a mirror-symmetric reversed lat-
tice with the symmetry plane at the center of the
stripper section. The high-density quadrupole stations
equipped with a quadrupole doublet or triplet for all
charge states will be used to control the optics for all
charge states. The design of a compact quadrupole
magnet is a key issue. We have already finished the cal-
culations and are preparing to manufacture “hourglass-
like” quadrupole magnets6) as shown in Fig. 1.

We conducted some calculations for the key design is-
sues of CSR1. A realistic lattice for 8 charge states cir-
culating in CSR1 was derived. Possible sources of emit-
tance growth with a new multi-stage stripper scheme
were also investigated. We also performed calculations
for the beam transport of U35+ from RRC to CSR1 and
then those of U64+ from CSR1 to fRC. The effective
charge stripping efficiency of CSR1 in the present cal-
culation was approximately 60%, and further detailed
calculations and optimizations were conducted.
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Fig. 1. Design view of the CSR1 (left) and “hourglass-like” quadrupole magnet (right).
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2020 operational report for the Nishina RIBF water-cooling system

T. Maie,∗1 K. Kusaka,∗1 E. Ikezawa,∗1 Y. Watanabe,∗1 K. Kobayashi,∗2 J. Shibata,∗2 M. Oshima,∗3

H. Shiraki,∗3 and H. Hirai∗3

Operation Condition

As the COVID-19 pandemic affected the opera-
tion of the cooling systems of Nishina and RIBF in
FY2020, the RIBF operation planned for the H1 term
was completely cancelled. In FY2020, RIBF’s cool-
ing systems were operated for approximately two and
half months, and Nishina’s cooling systems for AVF-
standalone, AVF+RRC, AVF+RRC+IRC and RI-
LAC2+RRC+GARIS-II were operated for approxi-
mately five months. No significant troubles that could
cause the long-term interruption of accelerator opera-
tion occurred, and the cooling systems operated stably,
with the exception of some minor problems.

Trouble Report

In troubleshooting, the symptoms were fortunately
minor. Therefore, instead of interrupting the machine
time for repairs, while providing emergency measures,
repairs such as the switching of beams or summer
maintenance were performed during the long-term ac-
celerator outage period. The typical examples of trou-
bles that occurred in FY2020 are a water leak from
the cooling plumbing joint and deterioration of cool-
ing water purity due to water leakage, failure in the
cooling water pump motor bearing, failure in the con-
trol instrumentation air compressor, and device out-
ages caused by an instantaneous voltage drop due to a
lightning strike (1–2 times a year).

Periodic Maintenance

Although the operation time was shorter overall be-
cause the COVID-19 pandemic, regular maintenance
was conducted as planned. As we report it every year,
we omit details about the periodic maintenance

Upgrades

The construction of cooling systems dedicated to the
diagnostic device (named “New FC-G01”) for high-
intensity beams began this year, as planned. After
the completion of the construction in March 2021, the
construction of the power systems and control systems
is planned to start in April 2021 with the goal of start-
ing a comprehensive test run within FY2021. Further-
more, an actual load test using the beam of the equip-

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Co., Ltd.
∗3 Nippon Air Conditioning Service Co., Ltd.

ment for enhancing the RRC cooling capacity, which
was completed in 2019, is scheduled for March. If the
measurement result is satisfactory, the cooling systems
are planned to be used in the operation of RIBF from
April 2021. The cooling systems are expected to con-
tribute greatly to the mitigation of the fluctuations
in the magnetic field due to temperature variations in
the RRC cooling water, which has been the problem
for many years.
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Status of vacuum pumping systems in accelerator facilities

Y. Watanabe,∗1 E. Ikezawa,∗1 M. Fujimaki,∗1 S. Watanabe,∗1 K. Yamada,∗1 M. Nishida,∗2 K. Oyamada,∗2
J. Shibata,∗2 K. Yadomi,∗2 and A. Yusa∗2

Vacuum pumping systems in accelerator facilities have
the following two problems: vacuum leakage and update
issue. The vacuum leakage is a malfunction of old accel-
erator facilities caused by age-related deterioration. The
update issue is that almost all old vacuum pumps and
accessories cannot be replaced with new units owing to a
budget limitation. In this paper, we discuss the current
status of vacuum pumping systems.1,2)

A vacuum pumping system in an accelerator facil-
ity1) comprises cryopump systems, turbomolecular pump
(TMP) systems, rough pumping systems, additional
chamber (AC) pumping systems, and subpumping sys-
tems (subvacuum of a resonator). Table 1 lists the num-
ber of vacuum pumping systems in accelerator facilities.
Each ring cyclotron contains more than 80 sets of cryop-
ump systems,2) more than 120 sets of TMP systems, and
2–8 sets of rough pumping, AC pumping, or sub-pumping
systems. In addition, more than 160 module-type vac-
uum gauges (total pressure gauge controller) combined
with Pirani and cold cathode gauges are used to monitor
vacuum pressure and interlocking vacuum process con-
trol in accelerator facilities. Table 2 lists the number of
malfunctions in the pumps and gauges from 2018 to 2020.
In a year, three to nine malfunctions occur in each unit.
The number of malfunctions may have been lower before
2017 because of the shutdown of the RILAC due to the
SRILAC installation in 2017–2019 and the closure of the
RIBF due to the COVID-19 pandemic in 2020.

Vacuum pumping systems have been in operation for
14–42 years.2) In particular, RRC cryopumps, large RI-
LAC TMPs (5000 L/s), and large RRC TMPs (5000 L/s)
were manufactured in 1985, 1978–1987, and 1985, respec-
tively. In addition, the doses in the SRC, IRC, and AVF
room are extremely high during beam irradiation. There-
fore, the number of malfunctions caused by age-related
deterioration and environmental radiation will increase
further in the future. New spare units of vacuum pump-
ing systems were purchased gradually, but these spare
units are still not sufficient. The following requirements
remain.

(1) All the existing RRC cryopump compressors have
been discontinued by the manufacturer; therefore,

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

Table 2. Number of malfunctions from 2018 to 2020.

2018 2019 2020
Cryopumpa 4 6 7
Turbomolecular pumpb 3 8 4
Rotary pump 5 3 7
Vacuum gaugec 4 6 9
a Includes a compressor. b Includes an attached power supply.
c Includes a controller, Pirani gauge, and cold cathode gauge.

at least six cryopump compressors must be re-
placed with new ones within a few years. Based
on such measures, one cryopump system set of the
IRC-NE valley cavity was relocated to the RRC-VS
valley cavity in 2019, and two cryopump systems
operate in the IRC-NE valley cavity. Six SRC cry-
opump compressors should be also replaced with
new ones in the future.

(2) In the case of large TMPs, although one 5000 L/s
TMP of the RRC was replaced with a new one
in 2017 and one of the RILAC is scheduled to be
updated, the other 5000 L/s TMPs are not yet
scheduled for replacement. In addition, a few mal-
functions of large rotary pumps (RPs) have been
occurring in the rough pumping system of ring cy-
clotrons and have not been repaired. Therefore,
these large RPs must be replaced with new units
in the future, although their operating times are
lower.

However, small TMPs and RPs as well as vacuum
gauges have been repaired or updated, and these have
been relatively stable. Oil leaks in small RPs were mainly
repaired by replacing new O-rings and seals, and vacuum
gauges were repaired by replacing some boards and parts.

Consequently, if more cryopumps or TMPs malfunc-
tion in a year, it will be difficult to operate accelerator
facilities depending on the number of spare units. There-
fore, the priority would be to purchase a sufficient num-
ber of spare units.

References
1) S. Yokouchi et al., RIKEN Accel. Prog. Rep.41, 101 (2008).
2) Y. Watanabe et al., RIKEN Accel. Prog. Rep.50, 154 (2016).

Table 1. Number of vacuum pumping systems in accelerator facilities.

RILACa RILAC2a AVFa RRC fRC IRC SRC BTa

Cryopump system 11 8 2 14 6 14b 22 3c

TMP system (TMP + RP) 14 11 1 4 2 4d 4d 78
Rough pumping system (MDPe + RP) − − − 2d 2 2 2 −
AC pumping system (TMP + RP) − − − 4 − 4 − −
Sub-pumping system (TMP + RP) − − − − − 4 8 −
Module-type vacuum gauge 16 9 1 14 3 14 10 78
a Excludes ion sources, SRILAC, or charge strippers. b One set was relocated to RRC. c Includes a re-buncher and D6-BEA.
d One is out of order or offline. e Mechanical booster pump.
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Development of 216Th and 220Th beams at the BigRIPS separator

N. Fukuda,∗1 H. Suzuki,∗1 Y. Shimizu,∗1 H. Takeda,∗1 J. Tanaka,∗1 and K. Yoshida∗1

We report the status of the development of 216Th and
220Th beams that are to be used in the recently proposed
nuclear-reaction experiment at SAMURAI. The goal of
this development is to determine the BigRIPS separator
settings that completely meet the requirements for the
beams used in the experiment.

The Th (216Th or 220Th) beam is produced by means
of the projectile fragmentation of a 345 MeV/nucleon
238U beam and separated using the BigRIPS separa-
tor. The essential requirements for the beam are as
follows:

(1) Th-beam rate ≥104 Hz
(2) Total beam rate at BigRIPS-F7 ≤ 5× 104 Hz
(3) Beam energy ≥250 MeV/nucleon

In order to meet the requirments of (1) and (2) simul-
taneously, the purity of the Th beam must be 20%
or heigher. Meanwhile, to achieve a higher beam en-
ergy (requirement (3)), the thicknesses of the produc-
tion target and degrader must be small, which could re-
sult in insufficient isotope separation and thereby make
it difficult to obtain high purity. Another concern is
the particle identification (PID) of heavy fragments.
In BigRIPS, in-flight PID based on the TOF-Bρ-∆E
method1) has successfully been performed for heavy
fragments with Z = 82–90 and beam energies of approxi-
mately 200 MeV/nucleon.2) However, for fragments with
higher beam energy (≥250 MeV/nucleon in the present
case), PID might be more difficult because of the dete-
rioration in Z resolution caused by possible energy-loss
straggling due to charge-state fluctuations.3)

A test of the Th-beam production was conducted as
a machine study (MS-EXP20-02) in November 2020. In
consideration of the limited beam time of 12 h, we fo-
cused on the evaluation of PID performance and the
investigation of contaminants. The RI beams around
220Th were produced by the projectile fragmentation of
a 238U beam impinging on a 1-mm-thick beryllium tar-
get. The setting of the BigRIPS separator was nearly
optimized for the production of a 220Th beam, in which
the magnetic rigidity Bρ values at D1, D2, and the sec-
ond stage (D3–D6) of BigRIPS were tuned for He-like,
H-like, and He-like 220Th ions, respectively, to remove
huge contaminants from large fission-fragment yields.
A 1-mm-thick aluminum degrader was installed at F5,
while there was no suitable (sufficiently thin) degrader
installed at F1. Instead, the parallel-plate avalanche
(PPAC) detector at F1 served as a charge-exchange foil
to reduce the amount of contaminants.

Figure 1 shows the Z vs. A/Q PID plot for fragments
produced (a) without and (b) with the F5 degrader. The
A/Q values of the fragments were deduced under the
assumption that the charge states of the ions did not
∗1 RIKEN Nishina Center

Fig. 1. Particle identification plot of Z vs. A/Q for fragments
produced in the 238U+Be reaction a) without energy de-
graders and b) with an energy degrader (1-mm-thick Al)
was used at F5. The red solid circle indicates the ex-
pected location of 220Th88+ (A/Q = 2.5, Z = 90).

change at F5. The relative A/Q resolution is evaluated
to be 0.08% in 1σ. No significant amounts of contami-
nants were observed in either setting. In the presence of
the F5 degrader, fragments in the region of Z = 85–95
were extracted as intended, showing that a thickness of
1 mm is sufficient for the aluminum degrader. The ex-
pected location of 220Th88+ is indicated by the red solid
circle, in which no blobs of isotopes are found in each set-
ting. This is probably because most of the ions transmit-
ted to F7 changed their charge state at F5, and conse-
quently, their A/Q values could not be deduced correctly
under the present assumption. Therefore, charge-state
identification based on accurate Bρ analysis is required
to achieve correct PID. It should also be noted that the
relative Z resolution is as poor as 0.69% (1σ). Elaborate
data analysis is currently in progress.
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BYACO ecosystem for innovative online operation of BigRIPS
experiments with seamless connection to comprehensive analysis

T. Sumikama,∗1 Y. Shimizu,∗1 and H. Baba∗1

Device and detector settings can be optimized on-
line by using information based on histograms created
in an online analysis. The particle identification (PID)
of a radioactive isotope (RI) beam is often necessary
to check the detector response. PID analysis is one of
the most important issues, especially for RI-beam tun-
ing, to produce the required RI beams at the BigRIPS
fragment separator.1) RI-beam separation and PID are
difficult for heavy or low-energy RI beams, since the
charge state of the RI beam could be different from
that of the fully-stripped ion and/or the accuracy of
the energy-loss prediction may be insufficient. For the
PID analysis of RI beams having different charge states
from that of the main RI beam or occasionally having
any charge states, comprehensive analyses including
fine calibrations and consistency checks among differ-
ent RI-beam settings were performed after the exper-
iments.2–4) In order to operate the BigRIPS separator
for these types of RI beams, it is desirable to perform
the comprehensive analysis online.

The BeYond Analysis, Control, or Operation alone
(BYACO) ecosystem is being developed for the in-
novative online operation of BigRIPS experiments by
connecting the comprehensive analyses seamlessly with
other components such as device and detector controls
and data acquisition systems. BYACO connects each
component using REST and WebSocket application
programming interfaces (APIs) by applying rapidly
evolving web technologies, as shown in Fig. 1. The
BYACO main server is built using Node.js5) and dis-
tributes a single-page application in the web browser,
which is written using the React JavaScript library.6)
The main server handles requests as the proxy server.
Other servers return a response for the forwarded re-
quest and can generate an event-driven request to oth-
ers. To share information in real time, push notifica-
tions are sent using WebSocket technology. A client or
each server sends a list of interest to the main server.
When each server detects updates, they are sent to
requesting clients through the main server.

The data analysis is divided into real-time and com-
prehensive analyses, as shown in Fig. 1. The raw-
data calibration and PID reconstruction are processed
in the real-time analysis. The obtained variables in-
cluding the raw data are stored as a TTree object
in root.7) When waveform data are taken in the fu-
ture, high-throughput processing will be necessary be-
fore the real-time PID reconstruction. For the com-
prehensive analysis, a root-based graphical user in-
terface (GUI) analyzer for the BigRIPS experiment
∗1 RIKEN Nishina Center
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Fig. 1. Conceptual diagram of the BYACO ecosystem. The
REST and WebSocket APIs are used for the communi-
cation. The sequencer programming is for sequential
operations such as automatic RI-beam tuning.

(BigROOT) was developed. Macro programs used in
the offline analysis are implemented as selectable tools
working on PROOF-Lite in root,7) which provides
functions for the event loop as well as histogram draw-
ing and final analyses. The GUIs to perform simple
curve fitting and to make projection and profile his-
tograms have been implemented.

The sequential operation consisting of the data ac-
quisition, analysis, device control, etc. needs to await a
response or status change. At present, the sequence of
these asynchronous tasks, which are performed by re-
ferring to many types of information, are managed us-
ing the Redux and Redux-Saga libraries8,9) on Node.js.
As the first application of the sequential operation, the
automatic focusing and centering of RI beams were
tested online in 2020 with great success.10)
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Development of auto-focusing and auto-centering system for the
BigRIPS separator

Y. Shimizu,∗1 N. Fukuda,∗1 H. Takeda,∗1 H. Suzuki,∗1 T. Sumikama,∗1 T. Baba,∗1 and K. Yoshida∗1

Various radioactive isotope (RI) beams have been
produced by the superconducting in-flight separator Bi-
gRIPS since 2007.1) We are developing the technologies
of the RI-beam separation2,3) and particle-identification
analysis.4) We developed efficient RI beam production,
including a control system for the magnetic field with
a feedback algorithm.5) In the case of a 132Sn beam,
the production time was reduced by a factor of approx-
imately 1/4 in the past decade. To further improve
the efficiency of RI beam production, we are develop-
ing a fully automatic RI beam production system based
on our technological developments and experiences. As
the first step, auto-focusing and auto-centering systems
were developed to automatically tune the STQs and
dipole magnets on the BigRIPS separator.

In the auto-focusing and auto-centering systems, we
used the BYACO (BeYond Analysis, Control, or Opera-
tion alone) ecosystem developed for online operation of
the BigRIPS separator by connecting the comprehen-
sive analyses seamlessly with others, such as devices
and data acquisition (DAQ) systems.6) The sequencer
programming of the auto-focusing and auto-centering
includes an automated loop, which consists of 7 steps

1. Start DAQ,
2. Start analysis,
3. Provide analyzed results,
4. Stop DAQ,
5. Evaluate new magnet currents,
6. Apply new magnet currents, and
7. Output the stability of the magnets.

The realtime analysis program is always running to con-
vert raw data into analyzed data stored as a TTree ob-
ject in root.7) Presently, when the step shifts from 5
to 6, one of the choices “APPLY TO TUNE,” “NEXT
FOCAL PLANE,” and “FINISH” must be selected on
the browser interface.

The system test of the auto-focusing and auto-
centering system was conducted online for the 82Ge-
beam production required for HiCARI commissioning.
The auto-centering was performed for each focal plane
in the order of F2, F5, and F7. Subsequently, the auto-
focusing was performed for each focal plane in the order
of F1, F2, F3, F5, and F7. Figure 1 shows the positions
and phase spaces at each focal plane after the auto-
focusing and auto-centering. These auto-tunings were
successfully demonstrated. Furthermore, the operation
time became shorter than that of conventional manual
tuning.

In future work, the simultaneous tuning of the STQs
∗1 RIKEN Nishina Center

and dipole magnets will be continuously automated in
the order of F1 to F7.
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Fig. 1. Positions (left column) and phase spaces (right col-
umn) at each focal plane (F3, F5, and F7) after the
auto-focusing and auto-centering. The pink curves and
lines show the fitted functions of the Gaussian and 1st
order polynomial, respectively. The p1 values show the
fitted results.
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Thermo-mechanical simulation of high-power rotating target for
BigRIPS separator

K. Yoshida∗1 and Y. Yanagisawa∗1

Thermo-mechanical simulations have been performed
for the high-power rotating target system1,2) of the Bi-
gRIPS separator in order to evaluate the stability of the
rotating target against high-power beam irradiation. A
2-mm-thick Be target rotating at 300 rpm is expected to
heat up to 1230◦C3) with a 238U beam at an energy of
345 MeV/nucleon and intensity of 1 particle µA, which
meets the target beam intensity of RIBF. The Be tar-
get does not melt in the heat of the beam, because the
melting point of Be is 1287◦C. However, it is not clear
whether the target is stable under thermal deformation
or the destruction of the target at such a high temper-
ature. Thus, the thermo-mechanical simulation of the
rotating target was performed to check its stability.

Coupled transient thermal-structural finite-element
analysis using the simulation code ansys4) was utilized
for the thermo-mechanical simulation. In the first step,
the temperature distribution of the rotating target was
obtained through a transient thermal calculation with
the moving heat-source model described Ref. 3). The
simulation model consisted of the Be target with a di-
ameter of 300 mm and thicknesses of 2, 3, 4 mm and
a cooling disk with a diameter of 240 mm and a thick-
ness of 25 mm in which a cooling water channel was
formed. The temperature dependence of thermal con-
ductivity and heat capacity were taken into account in
the calculation. Heat transfer coefficients of 10.5 and
3 kW/m2 K were used for thermal contacts between the
cooling water and cooling disk and between the cool-
ing disk and Be target, respectively. The obtained time-
dependent temperature distribution was then transferred
to the transient structural calculation with ansys un-
der elastic and plastic deformation. The deformation
and stress caused by the thermal expansion of the tar-
get at the given temperature distribution were calculated
in a time-dependent manner. The temperature depen-
dence of the Young’s modulus, strain-stress curve (bilin-
ear hardening is assumed), and thermal expansion coef-
ficient of the Be target were taken into account in the
calculation.

Figure 1 shows the calculated results for a 238U beam
at 345 MeV/nucleon and 1 particle µA with a size of
1 mm2 impinging on a 2-mm-thick Be target rotating at
300 rpm. In the figure, only half of the model is dis-
played in order to show the cross section of the target.
In Fig. 1(a), the temperature distribution is mapped in
color on the original model shape. The highest tem-
perature is observed at the beam spot, and the high-
temperature region is spread along the beam trajectory.
The Von Mises stress due to the thermal expansion is
mapped on the deformed model shape in Fig. 1(b). The

∗1 RIKEN Nishina Center

Fig. 1. Results of thermo-mechanical calculation of the rotat-
ing target. Only half of the simulation model is displayed
in the figure to show the cross section of the target. (a)
Temperature distribution of the target displayed in color
on the original model shape (not deformed). (b) von
Mises stress distribution displayed in color on the de-
formed shape. Deformation was magnified by a factor
50 so that the deformation can be viewed easily.

deformation is magnified by a factor 50 and shown in
Fig. 1(b). The Be target is enlarged by 0.6 mm in the
radial direction and bent toward the cooling disk by
0.3 mm at the circumference. Thus, the deformation
is very small compared with the 300-mm diameter of the
rotating target. A small but finite plastic deformation is
observed along the beam trajectory. This is why the von
Mises stress at the beam trajectory decreases after the
beam passes. A plastic expansion occurs at the beam
spot, and the expanded shape is retained even when the
temperature drops after the beam passes through.

The maximum von Mises stress of 260 MPa appeared
at the contact region between the target and cooling disk.
The value is well below the ultimate tensile strength of
440 MPa. The calculation results show that the rotating
target is stable under thermal deformation and destruc-
tion.
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Incidents involving the DMT3 magnet in the beam transport line from
SRC to BigRIPS

K. Kusaka,∗1 K. Yoshida,∗1 M. Ohtake,∗1 and Y. Yanagisawa∗1

The DMT3 magnet in the “T-course” beamline is de-
signed as a resistive-type magnet with saddle-shaped
correction coils in addition to main coils. The correc-
tion coils are installed in the gap of the magnet and
were originally excited with the main coils in series.
The main coil has 72 turns and consists of 6 double
pancakes, in which a 13.5× 13.5 mm hollow conductor
is wound 6 times in each layer. The correction coil, on
the other hand, is a 12-turn double pancake. However,
the layer isolation of the lower correction coil was dam-
aged in an October 2017 incident.1) Furthermore, the
upper correction coil was found to be short-circuited
in November 2019.2) We then investigated the possible
use of the DMT3 magnet without correction coils by
increasing the energizing current.

As the maximum current of the original DMT3
power supply was 650 A, an additional auxiliary DC
power supply was introduced in the DMT3 excitation
circuit in a parallel connection. Water-cooled protec-
tion diodes were also used for safety.2) At the end of
the beam time in December 2019, we excited only the
main coils in the DMT3 magnet using two power sup-
plies with currents of 150 A and 563 A. We confirmed
that the uranium beam focused on the BigRIPS target
well and the main coils were well cooled with sufficient
water flow. However, ramping the DMT3 power sup-
ply from 0 to 563 A with the simultaneous use of the
auxiliary power supply with a current of 150 A caused
instability; therefore, we were forced to ramp up in a
stepwise manner to avoid instability.

In March 2020, we again tested power supplies for
the operation of the DMT3 magnet without correction
coils. Using the same excitation circuit, we energized
the main coils while monitoring the voltage of each
coil pancake. We found that the lower main coil was
damaged.

Figure 1 shows the excitation voltage at each pan-
cake of the DMT3 coils. Firstly, we energized the mag-
net by using the auxiliary power supply only with a
current of 150 A. The voltages of all the pancakes co-
incided. We then further energized the magnet using
the DMT3 power supply with a maximum current of
650 A. The total current was 800 A, which was larger
than the current of 710 A used to transport uranium
beams from SRC. The excitation voltages of the sec-
ond and the fourth pancakes of the lower main coils
decreased with time, while the voltage of other four
pancakes increased because of the temperature rise of
conductors. These unstable behaviors in excitation
voltage indicate damage to the isolation between coil
∗1 RIKEN Nishina Center

Fig. 1. Excitation voltage at each pancake of the DMT3
lower main coil.

layers. We then decreased the current and re-energized
with currents of 100 A and 610 A. The excitation volt-
age of all pancakes coincided in this case. We consider
that the two pancakes are not critically damaged.

Although the lower main coil of DMT3 was dam-
aged, 238U and 70Zn beams were successfully trans-
ported from SRC to BigRIPS targets in 2020 beam
time. We excited the DMT3 magnet with the main
coils and undamaged lower correction coil, which was
installed in 2018.

New main coils for the DMT3 magnet are now being
designed and fabricated. The new main coil is designed
so as to fit in the DMT3 iron pole and yoke. Further-
more, we increased the number of turns from 72 to 84
such that the original DMT3 power supply energizes
the magnet without an auxiliary power supply. New
main coils will be installed in early summer 2021.
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Trace-back method for dispersion matching conditions of primary
beams at RIBF

A. Sakaue,∗1 D. S. Ahn,∗1 H. Baba,∗1 N. Fukuda,∗1 N. Fukunishi,∗1 N. Inabe,∗1 K. Itahashi,∗1 K. Kusaka,∗1
T. Nishi,∗1 Y. Shimizu,∗1 T. Sumikama,∗1 H. Suzuki,∗1 H. Takeda,∗1 T. Uesaka,∗1 Y. Yanagisawa,∗1
K. Yoshida,∗1 S. Y. Matsumoto,∗2,∗3 R. Sekiya,∗2,∗3 Y. K. Tanaka,∗3 K. Yako,∗4 and H. Geissel∗5

We are preparing for an experiment to search for
double Gamow-Teller giant resonance (RIBF-141R1,
DGTGR) at RIBF. We use a part of BigRIPS, F0-F5,
as a spectrometer;1) this is a common setup for spectro-
scopic experiments at the pionic Atom Factory (RIBF-
135R1, piAF).

In these experiments, the energy spread of the pri-
mary beam has the largest contribution to the energy
resolution. To remedy this situation, we are developing
dispersion-matching optics, where the energy spread is
canceled out under the condition that the dispersion at
the target position F0 (x|δ)F0 is 34.1 mm/% for DGTGR
and 44.6 mm/% for piAF.

In order to satisfy these conditions with sufficient pre-
cision, we need to develop diagnostic methods of the
phase distributions at F0 based on tracking information
and the tuning method by using the optical elements
in the upper stream. Owing to severe radiation condi-
tions, detectors in the upstream sections require radia-
tion hardening, and the information obtained in the sec-
tion is limited. Here, we employ the trace-back method
to obtain the phase distributions from distributions mea-
sured by tracking detectors at the F3, F5, and F7 planes.
In this method, a set of the horizontal position x, angle
a, and relative momentum deviation from the reference
particle δ (= δp/p) at F3 is converted to one at a cer-
tain plane by multiplying with a transfer matrix. The
x and a at F3 are instantly obtained by measuring the
trajectory of the beam using the tracking detectors. The
δ is deduced from the horizontal positions x at F5 and
F7, which are dispersive and achromatic focal planes,
respectively.

We attempted to apply the method by analyzing
data taken in June 2018 for study of the supercon-
ducting ring cyclotron-BigRIPS (SRC-BigRIPS) optical
system. A primary beam of 18O8+ with an energy of
230 MeV/nucleon was transported to F7. The beam tra-
jectory was measured by parallel-plate avalanche coun-
ters (PPACs) at F3, F5, and F7 for different settings of
optics between SRC and F0.

We obtained reconstructed phase distributions at F0
by using the trace-back method. Figure 1 shows the
distributions at F0 for two different settings of optics,
which are (x|δ)F0 = 34.1 mm/% for the upper panel
and 44.6 mm/% for the lower panel. Each slope corre-
sponds to the dispersion at F0, and the deduced values
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∗3 RIKEN Cluster for Pioneering Research
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Fig. 1. Correlation between the deduced x and δ at F0 for
two different settings: (x|δ)F0 = 34.1 mm/% (upper
panel) and (x|δ)F0 = 44.6 mm/% (lower panel). Fitting
results obtained using linear functions are shown with red
lines. Each slope corresponds to the deduced dispersion.

are 30.8 mm/% and 37.3 mm/%, respectively. The fit
region corresponds to the momentum spread for the well-
tuned beam (σ ∼ 0.03%).2) The precision of determina-
tion of the dispersion at F0 is approximately 3 mm/%,
which is sufficient as the experimental resolution. The
absolute values of dispersion in this measurement were
slightly different from the ideal values. By referring to
the reconstructed distribution, we can tune the optics
so as to cancel the difference. We are now refining the
tuning method to provide an online feedback based on
the diagnosis.

In summary, we have developed the trace-back
method for tuning the dispersion at F0 so as to fulfill
the matching condition. We are now working on an op-
timization of the tuning method for the beam time.
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Fig. 1. Correlation between the deduced x and δ at F0 for
two different settings: (x|δ)F0 = 34.1 mm/% (upper
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are 30.8 mm/% and 37.3 mm/%, respectively. The fit
region corresponds to the momentum spread for the well-
tuned beam (σ ∼ 0.03%).2) The precision of determina-
tion of the dispersion at F0 is approximately 3 mm/%,
which is sufficient as the experimental resolution. The
absolute values of dispersion in this measurement were
slightly different from the ideal values. By referring to
the reconstructed distribution, we can tune the optics
so as to cancel the difference. We are now refining the
tuning method to provide an online feedback based on
the diagnosis.

In summary, we have developed the trace-back
method for tuning the dispersion at F0 so as to fulfill
the matching condition. We are now working on an op-
timization of the tuning method for the beam time.
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Conceptual design of a heavy ion storage ring RUNBA

M. Wakasugi,∗1,∗2 T. Ohnishi,∗1 R. Ogawara,∗1,∗2 S. Takagi,∗2 K. Kuze,∗2 and Y. Yamaguchi∗1

We plan to construct a heavy ion storage ring,
RUNBA (Recycled-Unstable-Nuclear Beam Accumula-
tor) adjacent to the SCRIT facility in the E21 experi-
mental room. RUNBA will be a research and develop-
ment machine for developing and establishing a beam
recycling technique in a storage ring for application to
nuclear reaction studies for rare RI beam. This project is
ongoing under the joint research program between ICR
Kyoto University and RIKEN Nishina Center (RNC). In
the last year, we transfered the storage ring (sLSR),1)
which was avandoned for more than ten years, from ICR
to RNC. RUNBA is a rebuilt machine of sLSR and we
are designing the lattice structure and machine layout in
E21. Figure 1 shows a current floor plan of the RUNBA
facility. RUNBA will be connected to ERIS, which is an
ISOL system for SCRIT experiments.

Continuous singly-charged ion beams from ERIS are
converted into a pulsed ion beam by FRAC and a highly-
charged ion beam by RECB (Resonant Extraction
Charge Breeder),2) which is under development at ICR.
A fully-stripped pulsed ion beam with 10 keV/nucleon
is injected into RUNBA with a multi-turn injection
method. Consequently, it can be accelerated up to
10 MeV/nucleon by repeating five times the acceleration
process in which the ion velocity doubled by sweeping
an RF frequency at the non-resonant ferrite cavity and
synchronously ramping up the magnetic field.

The concept of beam recycling is that the energy loss,
energy straggling, and transverse angular straggling pro-
duced when the beam passes through the internal tar-
get are corrected turn by turn and particle by parti-
cle, and beam circulation is stably maintained until nu-
clear reaction occurs at the target. Therefore, devices
required to be equipped in RUNBA in addition to the

Fig. 1. A plane view of RUNBA facility.

∗1 RIKEN Nishina Center
∗2 ICR, Kyoto University

Fig. 2. Beta and dispersion functions of RUNBA.

Table 1. Lattice structure and properties of RUNBA.

Circumference (m) 26.557
Maximum Bρ (Tm) 1.05
Transition γ 1.855
Harmonics (10 keV/nucleon, 10 MeV/nucleon) (32, 1)
RF frequency (MHz) 1.674–3.348
Tunes (νx, νy) (2.368, 1.695)
Max. dispersion functions (ηx, ηy) (m) (3.497, 0.0)
at focal point
Beta functions (βx, βy) (m) (0.697, 0.527)
Dispersion functions (ηx, ηy) (m) (0.0, 0.0)

fundamental optical elements include an internal target
system, acceleration cavity, energy-dispersion corrector,
and transverse emittance corrector. The fundamental
properties in the current design of RUNBA are summa-
rized in Table 1. The beta and dispersion functions over
the whole ring are shown in Fig. 2. RUNBA optics is
formed with 6 bending magnets, 3-family 12 quadrupole
magnets, 2-family 4 sextupole magnets, and a triple-
bend achromatic arc structure that is adopted to pro-
vide achromatic focus points for internal target insertion
in the straight section. In another straight section, an
energy-dispersion corrector will be installed and emit-
tance correctors in the horizontal and vertical directions
are placed at positions where the betatron phase ad-
vances are 0.75 from the target. The diffusion of energy
spread would be suppressed by giving appropriate posi-
tive or negative energy gain determined from the differ-
ence in flight time from the target to energy-dispersion
corrector. The emittance correctors transversely kick
ions according to the transverse position measured at
the target. These new feedback systems are now being
developed at ICR.
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Development of Resonant-Extraction Charge Breeder (RECB)

R. Ogawara,∗1,∗2 S. Takagi,∗2 K. Tsukada,∗2 H. Tongu,∗2 Y. Kuriyama,∗2 and M. Wakasugi∗1,∗2

In the RUNBA project,1) RI ions from ERIS2) are
accelerated in the storage ring (RUNBA) for nuclear re-
action experiments. For efficient acceleration, RI ions
should be a highly charged ion beam. Although an EBIT
type charge breeder (CB) is widely used to increase
the charge state, an efficiency of only 20% hase been
achieved do far because of finite spread in charge state
distribution.3) We developed a prototype of a resonant-
extraction charge breeder (RECB) to improve the effi-
ciency, the RECB can selectable extract only the desired
charge state ions.

In a RECB, a longitudinal electrostatic potential for
ion trapping is designed as a quadratic shape on an elec-
tron beam axis (Fig. 1). The longitudinal motion of
ions in the potential is a simple harmonic oscillation for
which the frequency depends on the mass-to-charge ra-
tio. Thus, the ion motion is excited by adding an os-
cillation to the electrostatic potential at the resonant
frequency. Then, ions of a selected charge state are ex-
tracted from the trapping regions, and the others are
left in the RECB. When we apply a time-dependent po-
tential Vtrap(z, t) = (a + b sin(ωt))z2 (z, ω, and a and
b represent the position, frequency of the potential os-
cillation, and constants, respectively), the ion motion is
described by Mathieu’s differential equation.

As shown in Fig. 1, RECB consists of an electron gun,
a solenoid coil, an electron beam collector, and 20 elec-
trodes that form the trapping potential Vtrap(z, t) using
a DC power supply and a function generator. In the
trapping region, the energy, current, and beam radius,
of the electron beam were −32 keV, 10 mA, and 0.06 mm,
respectively. Collection efficiency at the electron beam
collector was more than 99.5% when the solenoid mag-
netic field was 0.13 T. Extracted ions with an energy
of 10 keV/q from the RECB were separated by the an-
alyzing magnet, and then, they were detected with a
channeltron.

Fig. 1. The schematic diagram of the prototype RECB.

∗1 RIKEN Nishina Center
∗2 Institute for Chemical Research, Kyoto University

 0

 10

 20

 30

 40

 50  100  150  200  250  300

E
v
en

t 
ra

te
 [

cp
s]

Frequency of potential oscillation ω [kHz]

Potential oscillation ON (Non)

Potential oscillation OFF(Noff)

Fig. 2. Spetrum of extracted 12C4+ ions.

 0

 0.5

 1

 1.5

 2

 2.5

 0  5  10  15  20

H
+

H2
+

12
C

4+

12
C

2+ 16
O

2+ 12
C

+

14
N

+

CO
2+

CH3
+

16
O

+

OH
+

H2O
+

19
F

+

E
n
h
an

ce
m

en
t 

fa
ct

o
r

Mass-to-charge ratio (A/q)

(Non-Noff) / Noff

Fig. 3. Enhancement factors of extracted of 12C4+ ions.

We evaluate the performance of the potential oscilla-
tion by measuring the extracted residual gas ions (vac-
uum pressure = 5 × 10−6 Pa). Figure 2 shows an ex-
ample of a 12C4+ ion extraction where the depth of the
quadratic shape potential is 150 V and the function gen-
erator supplies a 1.0 Vpp sine wave for a short duration
of 0.5 ms with a repetition rate of 500 Hz. The red and
blue plots indicate the spectrum of the extracted 12C4+

ions from the RECB with and without the potential
oscillation (Non and Noff), respectively. We confirmed
that 12C4+ ions were extracted at their fundamental fre-
quency (90 kHz) and second order harmonic frequency
(180 kHz). The spread of the spectrum was attributed
to a distortion of the electrostatic potential produced by
the space charge of trapped ions. Figure 3 shows the en-
hancement factor estimated by the event rate for (Non −
Noff) divided by that for Noff at a frequency of 90 kHz.
The enhancements for the 12C4+ ions were 30, 42, and
9.0 times greater than those for the 12C+, 12C2+, and
H+

2 (same A/q of 12C6+) ions, respectively. In future
work, we will optimize the electrostatic potential form
to improve charge state selectivity for extraction.
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We evaluate the performance of the potential oscilla-
tion by measuring the extracted residual gas ions (vac-
uum pressure = 5 × 10−6 Pa). Figure 2 shows an ex-
ample of a 12C4+ ion extraction where the depth of the
quadratic shape potential is 150 V and the function gen-
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of 0.5 ms with a repetition rate of 500 Hz. The red and
blue plots indicate the spectrum of the extracted 12C4+

ions from the RECB with and without the potential
oscillation (Non and Noff), respectively. We confirmed
that 12C4+ ions were extracted at their fundamental fre-
quency (90 kHz) and second order harmonic frequency
(180 kHz). The spread of the spectrum was attributed
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Development of a forward detector for the measurement of the mean
square radius of the neutron distribution of unstable nuclei by electron

scattering

H. Wauke,∗1,∗2 A. Enokizono,∗1 T. Suda,∗1,∗2 K. Tsukada,∗1,∗3 T. Ohnishi,∗1 M. Wakasugi,∗1,∗3 M. Watanabe∗1

In nuclear physics, the nucleon density distribution is
an essential physical quantity because it directly reflects
the wave function of nucleons. Electron scattering pro-
vides detailed information of the nucleus’s charge den-
sity distribution, dominated by the proton distribution.
However, it is difficult to determine the neutron distri-
bution by electron scattering because its contribution to
the charge density distribution is less than a few percent.

It was recently suggested that the mean square ra-
dius (msr) of the neutron distribution could be accessed
by measuring the fourth–order moment of the charge
density distribution.1,2) The charge form factor deduced
from elastic electron scattering at the low momentum
transfer can be Taylor-expanded as F (q) ∼ 1−<r2>c

6 q2+
<r4>c

120 q4 − <r6>c

5040 q6 · · · , where F is the form factor, q is
the momentum transfer, and < rn >c is the nth-order
moments of the charge density distribution. Figure 1
shows the q2 dependence of the 132Xe form factor and
the contribution of each term of the above equation. The
msr of the neutron distribution measurement of unstable
nuclei by electron scattering will be obtained in a region
that covers the forward scattering angle (12–25◦ for the
electron beam energy Ee = 150 MeV). In the low momen-
tum transfer region (less than 0.09 fm−2 in the case of Xe
isotopes), the form factor is sensitive almost to only the
second- and fourth-order moments of the charge density
distribution.

The study of the msr of the neutron distribution of Xe

Fig. 1. q2 dependence of the 132Xe form factor obtained by
the past experiment.4) The black line shows the form fac-
tor for which all moments are calculated. The red and
blue lines show the form factor up to the second- and
fourth-order moment of the charge density distribution,
respectively.
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Vertex in the beam direction [mm]

Fig. 2. Reconstructed vertex distribution of electron scatter-
ing events from the target region (blue line). The red line
shows the events where the scattered electrons have ki-
netic energies higher than 100 MeV. The events at −450
to −200 mm are from the material upstream of the target
region. The blue line shows events containing low energy.

isotopes (stable : 124–136Xe, unstable : 138, 140Xe) by elec-
tron scattering is under consideration at the SCRIT facil-
ity.3) A forward detector for measuring the fourth-order
moment of the charge density distribution is under dis-
cussion. A series of background studies were performed
using an alternative detector to investigate the number of
background events at the new setup for the measurement
in the low momentum transfer region. This is because it
may not be possible for the forward detector to distin-
guish between the elastic scattered electrons signals from
the target nuclei and the background signal if there are
more or similar amounts of background events than the
true one in the target region (length is 500 mm). The
background study was performed with a calorimeter ar-
ray of seven CsI crystals and two drift chambers, which
covered a scattering angle of 18 ± 1◦ from the center of
the SCRIT device and measured the scattered electrons
energy E′

e by summing energy deposits of CsIs.
Figure 2 shows the reconstructed vertex distribution

of electron scattering events from the target region. The
red line in Fig. 2 denotes those of E′

e > 100 MeV and is
identified as the elastic events. These events at −450 to
−200 mm are considered as the elastic scattering events
of the electron beam halo from the material upstream of
the target region. The forward detector cannot separate
these events from the vertex distribution of the target
nuclei. It needs to consider approaches to reduce back-
ground events, for example, by reducing the material
around the SCRIT device.
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Ion-beam-profile monitor using MCP at the SCRIT electron scattering
facility

T. Ohnishi,∗1 S. Ichikawa,∗1 and M. Wakasugi∗1,∗2

At the SCRIT electron scattering facility,1) ion-beam-
profile monitors2) are installed in the ion-beam trans-
port line for injecting low-energy (∼10 keV) ions into the
SCRIT device.1) They are composed of a meshed Fara-
day cup, a CsI(Tl) scintillator, an optical prism, and a
network-based CCD camera. Using these monitors, ion-
beam tuning is performed in real time. However, it is
difficult to apply them to a low-rate ion beam, such as a
continuous beam with 107 ions/s or a pulsed beam with
106 ions/pulse, because the number of produced photons
is considerably less than the expected value calculated
using the conversion factor, 2 × 104 photons/MeV. One
of the reasons for this suppression is that the low-energy
ions stop near the surface of a CsI(Tl) scintillator and the
number of involved CsI molecules is insufficient. Thus,
a new ion-beam-profile monitor is required for real-time
beam tuning with low-energy RI beams. This year, we
tested a new monitor using a micro channel plate (MCP)
and report out first results in this paper.

Figure 1 presents a schematic view and photograph of
an ion-beam-profile monitor using an MCP. This monitor
consists of two MCPs equipped with a phosphor screen
(HAMAMATSU F2806 with P46), an optical prism,
and a network-based CCD camera (Basler scA640-70gc).
The horizontal and vertical dimensions of the effective
area of the MCP are 45 mm and 35 mm, respectively. A
collimator, which has a 28-mm diameter hole, is installed
in front of the optical prism to define the effective detec-
tion area because the effective area of the MCP is larger
than the entrance size of the optical prism, 30 mm2. In
the present setting, ion beams are directly observed with
MCPs. The applied voltages of MCP-in, MCP-out, and
Phos-in, which are electrodes shown in Fig. 1, are 0, 2,

CCD

Viewport

Photons

Optical prism

Collimator

Phosphor screenMCP×2

Ion beam

MCP-out
MCP-in

Phos-in

Fig. 1. Schematic view and photograph of the ion-beam-
profile monitor. MCP-IN, MCP-OUT, and Phos-in rep-
resent electrodes of the monitor.
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Fig. 2. Beam profile of 1 pulse with a 104 ions/pulse beam.
Left figure is the image of the beam profile and right figure
is its digital number distribution.

and 6 kV, respectively. The extracted electron cloud re-
sulting from the beam encountering the MCP surface is
converted to photons in the phosphor screen, which are
transported to the CCD camera through the collimator
and the optical prism. The exposure time of the CCD
camera is set to 500 µs. Data from the CCD camera
are monitored through a network in real time. With a
pulsed beam, the trigger of the CCD camera is synchro-
nized with the injection timing.

The commissioning of the new ion-beam-profile moni-
tor was performed using a 138Ba-ion beam of 6 keV. Fig-
ure 2 shows the measured beam profile of only 1 pulse
using a 1-Hz pulsed beam with 104 ions/pulse. The num-
ber of ions with a low-intensity pulsed beam was esti-
mated with the current of a continuous beam, 13 pA,
measured at the Faraday cup installed in front of the
ion-beam-profile monitor. Calibration was performed us-
ing a 0.3-nA continuous beam and a pulsed beam with
5×105 ions/pulse. Figure 2 shows an image of the beam
profile (left) and its digital number distribution (right).
More detailed analysis is being performed to estimate
the number of injected ions using only the digital num-
ber distribution.

We tested the new ion-beam-profile monitor using an
MCP with a low-intensity pulsed ion beam. The beam
profile of a low-intensity pulsed ion beam was success-
fully measured in real time. In the case of RI beams us-
ing the present monitor, electrons corresponding to the
decay of the RIs can cause background events. To avoid
this problem, a thin foil is installed in front of the MCPs
to stop RI beams, and electrons produced during the de-
cay of RIs are used as an MCP signal. Next year, we
will test a new setup using RI beams and evaluate its
applicability considering the efficiency and position res-
olution.
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Extraction test of stopped Bi isotopes in PALIS gas cell

T. Sonoda,∗1 I. Katayama,∗1 M. Wada,∗2 H. Ishiyama,∗1 V. Sonnenschein,∗3 H. Tomita,∗3 R. Terabayashi,∗3
K. Hattori,∗3 H. Iimura,∗4 S. Iimura,∗1 T. M. Kojima,∗1 M. Rosenbusch,∗2 A. Takamine,∗1 N. Fukuda,∗1
T. Kubo,∗1 S. Nishimura,∗1 Y. Shimizu,∗1 T. Sumikama,∗1 H. Suzuki,∗1 H. Takeda,∗1 M. Tanigaki,∗5 and

K. Yoshida∗1

We are developing a scheme of parasitic low-energy
RI-beam production (PALIS)1) in the second focal
chamber (F2) of BigRIPS to effectively use rare iso-
topes and to perform comprehensive measurements of
the physical properties of exotic nuclei.

In our previous experiment,2) we confirmed the feasi-
bility of a new gas-cell geometry that separates high- and
low-radiation areas with a long gas tube. The current
setup for the PALIS on-line examination evaluates RI ex-
traction by detecting alpha rays via alpha-emitter decay,
which results in enhanced sensitivity because of the ex-
tremely low background environment. While the alpha-
emitter element should be available on resonant laser
ionization in an off-line or on-line experiment. There-
fore, we chose a bismuth (191Bi) beam that can be pro-
duced by projectile fragmentation via a uranium beam
and beryllium target. In a 12 hours online PALIS ex-
periment, we focused on two objectives: 1) identify the
stopped Bi isotope and 2) extract the stopped Bi isotope
from the gas cell.

To achieve the first objective, we observed alpha rays
created via decays from the alpha emitters that were
stopped in the ∆E solid-state detector (SSD) placed
in front of the gas cell by adjusting the energy de-
grader, as shown in Fig. 1. As the energy resolu-
tion was considerably low because of the high electri-
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Fig. 1. Alpha spectrum observed using a ∆E Solid-state de-
tector (SSD) placed in front of the gas cell. The inset
shows the alpha counts versus time in the beam-off pe-
riod in the energy range of 6.1–6.6 MeV in the alpha
spectrum.
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Fig. 2. Alpha spectrum observed using a silicon PIN diode
placed after the gas-cell exit.

cal background at F2, isotope identification by alpha
energy (Eα) was impossible from this energy spectrum.
However, we obtained other information from the tim-
ing chart by using a pulsed BigRIPS beam. The half-
lives extrapolated by decay fitting to individual timing
charts for specific energy ranges were 42.12± 4.66 s (5.4–
6.1 MeV), 11.87± 0.73 s (6.1–6.6 MeV) and 7.7± 0.3 s
(6.6–7.5 MeV). The tentative isotope candidates for
these half-lives are 192Bi (T1/2 = 39.6 s,Eα = 6060 keV),
191Bi (T1/2 = 12.4 s,Eα = 6309 keV), and 190Bi (T1/2 =
6.4 s,Eα = 6456 keV).

To achieve the second objective, we performed an
extraction test of RIs that were stopped in argon gas
(50 kPa) and transported to the gas-cell exit via a long
gas tube by simple gas flow to finally impinge on a silicon
PIN diode detector located after the gas-cell exit hole.
We confirmed the extracted RIs from alpha spectra ob-
served using the silicon PIN diode, as shown in Fig. 2.
These extracted RIs included species of all charge states
such as neutral and positive/negative ions. By com-
parison with the total number of alpha counts detected
at the ∆E SSD, normalizing primary beam intensity,
and considering the solid angle of the detector, we pre-
liminarily evaluated the extraction efficiency as approx-
imately 1%.

The extraction of stopped RIs out of the gas cell was
confirmed. In the next beam time, we will apply laser
ionization for producing low-energy RI beam.
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Improvement of evacuation time of RI from argon gas cell

T. Sonoda,∗1 M. Wada,∗2 K. Hattori,∗3 H. Iimura,∗4 S. Iimura,∗1 H. Ishiyama,∗1 I. Katayama,∗1 T. M. Kojima,∗1
M. Rosenbusch,∗2 V. Sonnenschein,∗3 R. Terabayashi,∗3 A. Takamine,∗1 and H. Tomita∗4

An argon gas cell coupled to a resonant laser ioniza-
tion is a powerful tool for the production of high-purity
low-energy RI-beam. This method utilizes neutral RI
transportation using simply a gas flow, until it reaches
the location for laser ionization which is typically close
to the exit of the gas cell. A feasible RI is restricted by
its half-life, which should be longer than the evacuation
time of the gas cell. The evacuation time can be deter-
mined from the conductance of a small exit aperture and
gas cell volume. Under adiabatic expansion, the conduc-
tance depends only on the diameter of the exit aperture1)

as follows:

C = 0.14× ϕ2. (1)

where the units are L/s for C and mm for ϕ. The gas
is argon. The evacuation time of a gas cell of volume V
can be written as:

t =
V

C
. (2)

For example, when the gas cell volume is 100 cm3 and
the exit diameter is 1 mm, the evacuation time is 714 ms.
This value makes it difficult to aim for very rare RI re-
gions, where the half-lives are typically less than 100 ms.

In order to address a fast evacuation, two solutions
can be considered: (1) using a small volume for the gas
cell and (2) using a large exit aperture. However, these
improvements are limited by the stopping efficiency for
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high-energy RIs, which require a large volume accep-
tance. They are also limited by the capability of dif-
ferential pumping. Here we propose installation of an
rf-carpet with a very small exit aperture in the initial
differential pumping room while using a large aperture
for the gas cell exit. Figure 1 shows a schematic lay-
out. The rf-carpet is placed after the gas cell exit. The
pressure in this room can be increased up to 1 kPa at
which the ion extraction by the rf-carpet is still practi-
cal without a discharge problem. The ions move with
a gas jet toward the rf-carpet after exiting the gas cell;
subsequently they are guided by the rf- and dc-electric
fields to the exit of the rf-carpet. Owing to the small
exit aperture of the rf-carpet, the loads from the follow-
ing differential pumping are suppressed. When the exit
aperture of the gas cell is large, the total gas through-
put becomes very high, leading to an extremely high gas
consumption cost. However, by using a gas circulation
system,2) the gas consumption rate can be drastically
saved.

A preliminary off-line experiment was conducted with
a 0.4 mm rf-carpet aperture for photo-ionized Bi ions.
The pressure at the rf-carpet was approximately 500 Pa.
Bi atoms were produced inside the gas cell, and sub-
sequently they were ionized by the laser and extracted
from the gas cell exit (2 mmϕ). Figure 2 shows the result
of the comparison when the ions are collected on the rf-
carpet and on the spig rods placed next to the rf-carpet.
We confirmed a reasonable extraction efficiency for the
rf-carpet. The feasibility study is in progress.
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An argon gas cell coupled to a resonant laser ioniza-
tion is a powerful tool for the production of high-purity
low-energy RI-beam. This method utilizes neutral RI
transportation using simply a gas flow, until it reaches
the location for laser ionization which is typically close
to the exit of the gas cell. A feasible RI is restricted by
its half-life, which should be longer than the evacuation
time of the gas cell. The evacuation time can be deter-
mined from the conductance of a small exit aperture and
gas cell volume. Under adiabatic expansion, the conduc-
tance depends only on the diameter of the exit aperture1)

as follows:

C = 0.14× ϕ2. (1)

where the units are L/s for C and mm for ϕ. The gas
is argon. The evacuation time of a gas cell of volume V
can be written as:
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For example, when the gas cell volume is 100 cm3 and
the exit diameter is 1 mm, the evacuation time is 714 ms.
This value makes it difficult to aim for very rare RI re-
gions, where the half-lives are typically less than 100 ms.

In order to address a fast evacuation, two solutions
can be considered: (1) using a small volume for the gas
cell and (2) using a large exit aperture. However, these
improvements are limited by the stopping efficiency for
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high-energy RIs, which require a large volume accep-
tance. They are also limited by the capability of dif-
ferential pumping. Here we propose installation of an
rf-carpet with a very small exit aperture in the initial
differential pumping room while using a large aperture
for the gas cell exit. Figure 1 shows a schematic lay-
out. The rf-carpet is placed after the gas cell exit. The
pressure in this room can be increased up to 1 kPa at
which the ion extraction by the rf-carpet is still practi-
cal without a discharge problem. The ions move with
a gas jet toward the rf-carpet after exiting the gas cell;
subsequently they are guided by the rf- and dc-electric
fields to the exit of the rf-carpet. Owing to the small
exit aperture of the rf-carpet, the loads from the follow-
ing differential pumping are suppressed. When the exit
aperture of the gas cell is large, the total gas through-
put becomes very high, leading to an extremely high gas
consumption cost. However, by using a gas circulation
system,2) the gas consumption rate can be drastically
saved.

A preliminary off-line experiment was conducted with
a 0.4 mm rf-carpet aperture for photo-ionized Bi ions.
The pressure at the rf-carpet was approximately 500 Pa.
Bi atoms were produced inside the gas cell, and sub-
sequently they were ionized by the laser and extracted
from the gas cell exit (2 mmϕ). Figure 2 shows the result
of the comparison when the ions are collected on the rf-
carpet and on the spig rods placed next to the rf-carpet.
We confirmed a reasonable extraction efficiency for the
rf-carpet. The feasibility study is in progress.
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Fourth report on offline tests for RF carpet transportation in RF ion
guide gas cell at the SLOWRI facility

A. Takamine,∗1 S. Iimura,∗1,∗2,∗3 D. Hou,∗3,∗4,∗5 M. Wada,∗3 M. Rosenbusch,∗3 S. Chen,∗3,∗6 W. Xian,∗3,∗6
S. Yan,∗3,∗7 P. Schury,∗3 Y. Ito,∗1,∗8 T. M. Kojima,∗1 T. Sonoda,∗1 Y. X. Watanabe,∗3 H. Ueno,∗1 and

H. Ishiyama∗1

A new gutter structure RF ion guide gas cell1) was de-
veloped at the SLOWRI facility. The gas cell comprises
two RF carpet (RFC) stages. We previously reported
on the transportation efficiencies of the 1st stage RFC
for various gas pressures and various RF frequencies.2,3)
In this report, the transport efficiency including the 2nd
stage RFC is presented.

The 2nd RFC comprises concentric ring electrodes
with a pitch of 0.26 mm (electrode width of 0.1 mm and
inter-electrode spacing of 0.16 mm); there is a ϕ0.65 mm
exit hole at the center of the 2nd RFC. Ions are collected
onto the 1st carpet and transported to the inner edges
of the pair of the 1st RFCs. After they are pulled over
the edge to the 2nd RFC by a DC field, they are de-
livered to the exit hole by the “ion surfing” transport
technique that uses the combination of two-phases RF
and four-phases audio-frequency (AF) fields4) (Fig. 1).
A segmented quadrupole ion beam guide (smQPIG) is
placed behind the exit hole. The ions are transported to
a high vacuum region by the smQPIG through differen-
tial pumping stages.

We recently investigated the transport efficiency in-
cluding the 2nd RFC in offline tests. Cesium ions were
produced from a surface ionization ion source at the in-

1st
RFC

2nd
RFC

1st
RFC

Ion trajectory

Fig. 1. Sketch of 1st RFC and 2nd RFCs around the exit
hole with an ion trajectory in blue.
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Fig. 2. Offline test results on the transport efficiency for Cs+

as a function of AF voltages at various AF frequencies.

ner wall of the gas cell. The entire setup has been de-
scribed in Ref. 1). We measured the ion currents on
the RFCs and subsequently on the smQPIG. The RFC
transport efficiency was defined as the ratio of the two
currents.

Figure 2 shows the test results in 133 mbar of room
temeperature He gas as a function of the AF voltages
for various AF frequencies. The RF voltages applied
to the 1st and 2nd RFCs were 103 Vpp at 8.15 MHz
and 111 Vpp at 10.06 MHz, respectively. The push DC
field between the 1st and 2nd RFCs was ∼40 V/cm.
We achieved ∼90% transport efficiency with an AF fre-
quency of 125 kHz in this measurement. The plots
show a sudden drop at 12–15 Vpp for AF frequencies
≥125 kHz, because the AF signals became highly dis-
torted by the AF/RF coupling circuitry. An attempt to
improve the circuit characteristics is afoot.

This gas cell was coupled to an MRTOF mass spec-
trograph for a parasitic experiment during the HiCARI
campaign in 2020. The online experiment results about
this gas cell are reported in other articles by S. Iimura
and D. Hou in this issue.
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High mass resolving power and isomeric state separation at
SLOWRI/ZD-MRTOF system

W. Xian,∗1,∗2 M. Rosenbusch,∗2 S. Chen,∗1,∗2 Y. Hirayama,∗2 D. Hou,∗3,∗2 S. Iimura,∗5,∗4 H. Ishiyama,∗4
Y. Ito,∗6 S. Kimura,∗4 J. Liu,∗3 H. Miyatake,∗2 S. Nishimura,∗4 T. Niwase,∗7,∗4,∗2 P. Schury,∗2 A. Takamine,∗4

M. Wada,∗2 Y. X. Watanabe,∗2 H. Wollnik,∗8 and S. Yan∗9

With high precision and accuracy, as well as short
measuring times, the multi-reflection time-of-flight mass
spectrograph (MRTOF-MS) has become competitive
with Penning traps for measuring masses of short-lived
nuclei.1) In 2013, the first MRTOF built at RIKEN was
tested online by measuring 8Li ions. The mass excess of
8Li was accurately reported to be 20947.6(15)(34) keV
(∆m/m ∼ 6.6 × 10−7). The mass resolving power
achieved at that time was Rm > 150k.2) In 2020, a
next-generation device of similar design has been put
into operation at the ZeroDegree spectrometer of RIBF
with the goal of measuring very exotic nuclides and
their isomers with a higher resolving power.

In the MRTOF reflection chamber, ions are confined
and reflected back and forth between a pair of ion
reflection mirrors, allowing the ions to have a flight
path of up to or beyond one kilometer. In any field-free
drift region, more energetic ions have a shorter time-of-
flight, but in the reflection region inside the ion mirrors,
this can change because of the shape of the potential
distribution. It is possible to make more energetic
ions penetrate deeper into the mirrors to achieve a
longer flight path that compensates for their higher
energy and equilibrates the time-of-flight with that
of less energetic ions. The better this compensation
works, the narrower the final TOF distribution can
be as ions with different energies can simultaneously
reach the detector.3) However, this requires a non-
trivial search for complex mirror potentials and those
of ion-optical focusing elements located in the central
drift tube section. In our case, this would require a
search in 11-dimensional parameter space.

In a first-order approach, every possible potential
distribution is the generator of a function mapping
the TOF of an ion to a kinetic energy TOF(E). In
recent offline experiments using the new ZD-MRTOF
system, by use of a pulsed drift tube between the
ion trap and MRTOF, we measured these response
functions in a much wider energy range than done
before. This measurement was repeated after changing
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Fig. 1. TOF spectrum of 134gSb+ and 134mSb+ in the online
experiment of the ZD-MRTOF system.

some voltage of each ion mirror. In this manner,
the effect of changing each mirror potential on this
function could be studied. This allowed for an improved
local search around the present conditions to fulfill the
condition ∂TOF(E)/∂E ≈ 0 for a particular number
of reflections. The different shapes of the TOF(E)
functions have been added in an appropriate manner,
which resulted in a new voltage configuration with
excellent energy compensation.

In the corresponding offline tests, by using 39K+ ions
from a thermal ion source to perform the procedure
mentioned above, a mass resolving power
Rm ∼ 700k was achieved for the first time at RIBF,
with a flight time of ∼9 ms after 490 laps.

The first online commissioning experiment of the
MRTOF at ZeroDegree terminal was conducted at the
end of 2020. Even under online conditons, we were
generally able to maintain a mass resolving power
in excess of 500k during the commissioning. This
high mass resolving power allowed us to demonstrate
an isomeric separation of 134m, gSb+, which has an
isomeric state with an excitation energy of 279(1) keV
[T1/2 = 10.07(5) s] above the ground state [T1/2 =
0.78(6) s]. As shown in Fig. 1, we could successfully
identify the ground state (134gSb+) and the isomeric
state (134mSb+) in the TOF spectrum owing to the very
high mass resolving power that the ZD-MRTOF system
achieved.
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drift region, more energetic ions have a shorter time-of-
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longer flight path that compensates for their higher
energy and equilibrates the time-of-flight with that
of less energetic ions. The better this compensation
works, the narrower the final TOF distribution can
be as ions with different energies can simultaneously
reach the detector.3) However, this requires a non-
trivial search for complex mirror potentials and those
of ion-optical focusing elements located in the central
drift tube section. In our case, this would require a
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In a first-order approach, every possible potential
distribution is the generator of a function mapping
the TOF of an ion to a kinetic energy TOF(E). In
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ion trap and MRTOF, we measured these response
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which resulted in a new voltage configuration with
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Rm ∼ 700k was achieved for the first time at RIBF,
with a flight time of ∼9 ms after 490 laps.
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[T1/2 = 10.07(5) s] above the ground state [T1/2 =
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Offline ion source for laser spectroscopy of RI at SLOWRI†

M. Tajima,∗1 A. Takamine,∗1 M. Wada,∗2 and H. Ueno∗1

The collinear laser spectroscopy of radioactive iso-
tope (RI) beams is a powerful technique used to di-
rectly measure the nuclear properties of ground or iso-
meric states. Isotope shift measurement is planned us-
ing RI ion beams supplied from the universal slow RI-
beam facility (SLOWRI) at RIBF. The main targets are
medium-mass nuclei of refractory elements, for which
experimental studies are insufficient. To achieve high
precision, it is essential to determine a reference fre-
quency with well-studied isotopes for the planned spec-
troscopy apparatus to minimize systematic uncertain-
ties. In this work, an ion source combining the laser
ablation of solid targets in helium gas and a radio fre-
quency (RF) ion guide system with an RF carpet1) was
constructed for the reference measurement of isotope
shifts.

Figure 1(a) shows a sketch of the ion source. It
consists of cylindrical DC electrodes, an RF carpet,
a quadrupole ion beam guide, and an RF quadrupole
(RFQ). A solid target for laser ablation was fixed on
the surface of the cylindrical DC electrodes. Helium
gas was continuously introduced into the first cham-
ber via a piezo valve while the second and the third
chambers were evacuated. The pressure of the first
chamber was measured using a capacitance manome-
ter and stabilized by controlling the piezo valve with
proportional-integral-derivative (PID) feedback. A Q-
switched Nd:YAG laser (532 nm, ∼5 ns width) was in-
stalled outside the chamber. The laser light was fo-
cused using a lens, and the light passed through a view
port normal to the ablation target surface. The laser
power was 25 mJ per pulse at maximum, and it could
be varied using a manual attenuator. The spot size was
≤1 mm, which corresponds to a maximum fluence of
3.2 J/cm2. The lens was moved using XY linear stages
remotely controlled via a labview program on a step-
by-step basis such that the laser spot moved randomly
on the surface of the target. This ion source system
was connected to a test beamline through an insula-
tion flange. The ion source could be biased to 10 kV to
extract ion beams to the downstream beamline, which
was grounded. A dipole magnet with movable slits was
placed in front of and behind the magnet to observe
mass spectra.

Figures 1(b) and (c) show the observed mass spec-
tra when solid targets of the refractory elements Zr and
W were used for laser ablation, respectively. The ra-
tio of intensity among the isotopes was consistent with
natural abundance. The performance of the ion guide

† Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 486, 48 (2021)
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Fig. 1. (a) Sketch of the ion-source system. (b) Mass spec-
trum of Zr+. (c) Mass spectrum of W+.

system was studied separately using a Cs+ emitter,
and the transport efficiency was approximately 60–80%.
The laser-intensity threshold of ion formation was 1–
1.3 J/cm2, and weak dependence on the repetition rate
of laser ablation was observed. Consequently, 105–107
singly charged ions per laser pulse, consistent with the
natural abundance, were successfully observed for metal
targets of Ni, Ag, Zr, Ta, W, and a barium compound
(BaF2). The energy spread of the extracted ions was
evaluated to be <1 eV via a comparison of the width of
the obtained mass spectra with trajectory simulations
assuming various initial temperatures, although direct
measurements are needed for conclusive evidence.

Therefore, singly charged ion beams of one selec-
tive isotope including refractory elements are available
for the reference measurement of collinear laser spec-
troscopy. Background reduction will be possible using a
time gate in coincidence with the pulsed ablation laser.
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Temperature and pressure dependence of ion extraction
from RF gas cell

D. Hou,∗1,∗2,∗3 A. Takamine,∗4 S. Iimura,∗4,∗5 S. Chen,∗2,∗6 Y. Hirayama,∗2 H. Ishiyama,∗4 Y. Ito,∗7 S. Kimura,∗4
J. Liu,∗1 H. Miyatake,∗2 S. Nishimura,∗4 M. Rosenbusch,∗2 P. Schury,∗2 M. Wada,∗2 Y. X. Watanabe,∗2

H. Wollnik,∗8 W. Xian,∗2,∗6 and S. Yan∗2,∗9

The SLOWRI facility relies on gas catcher cells to
employ the radio-frequency (RF) ion guide method for
thermalizing and transporting radioactive ions.1) Dur-
ing an online experiment, we studied the pressure and
temperature dependence of ion extraction from the gas
cell. Molecular impurities in the gas cell can react and
exchange charge2) with the ions of interest during their
transport, and even after extraction, the ions can be neu-
tralized and combined with molecular impurities. Be-
cause of the relatively low mobility of molecular impuri-
ties, they decrease the overall extraction efficiency of the
gas cell. To reduce the amounts of molecular contami-
nants, we used high-purity helium and a gas purification
system and operated the gas cell at very low tempera-
tures. At temperatures below 50 K, most of these molec-
ular impurities are absorbed at the wall of the gas cell.

In this online test setup, secondary beams passed
through the ZeroDegree spectrometer and stopped in the
gas cell. Subsequently they were extracted from the gas
cell and transported to a multi-reflection time-of-flight
(MRTOF) mass spectrograph for mass measurements.

The setup, as implemented in the commissioning runs,
allowed for cooling the gas cell to ≈180 K. To avoid con-
voluting the stopping and extraction efficiencies, a pres-
sure regulation system maintains a constant gas density
of ≈33 µg/cm3 for all temperatures. As shown in Fig. 1,

Fig. 1. Rates of 135Sb+ at different temperatures of the gas-
cell chamber.
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Fig. 2. Rates of 135Sb+ and 136Te+ observed at MRTOF as
functions of RTE gas-cell pressure.

the extraction of 135Sb+ increases dramatically as the
temperature falls below 210 K, at which some molecular
impurities, such as H2O, SO2, and Cl2, start to decrease.
As the cryogenic cooling system reaches its lower limit
before the extraction efficiency saturates, we intend to
implement improvements to allow better cooling prior
to the next online campaign.

By varying the gas density, we can probe the stopping
efficiency. Figure 2 shows the results of such a measure-
ment, performed with the gas cell at ≈180 K, with the
observed rate of 136Te+ and 135Sb+ plotted as functions
of room temperature-equivalent (RTE) helium pressure.
As one might expect, the stopping fraction increased as
the gas density increased. As such, we must consider
how to safely operate at the highest possible gas density.

We used lise++ to evaluate the stopping efficiency in
the gas cell. With a pressure of 220 mbar RTE, 6.4%
of 136Te and 6.5% of 135Sb should be stopped in he-
lium gas, while decreasing the pressure to 133 mbar RTE
would result in the reduction of stopping efficiencies to
2.3% and 2.4%, respectively. As shown in Fig. 2, the
rates improved by a factor of 3.4 for 136Te and 4.3 for
135Sb, while lise++ indicated that the stopping efficien-
cies should only increase by a factor of 2.7 from 133 mbar
to 220 mbar. The difference likely results from the pres-
sure dependence of the RF ion guide efficiency and ion
mobility. Detailed analysis is underway to find an op-
timum operation condition ahead of the next online ex-
periment.
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Temperature and pressure dependence of ion extraction
from RF gas cell

D. Hou,∗1,∗2,∗3 A. Takamine,∗4 S. Iimura,∗4,∗5 S. Chen,∗2,∗6 Y. Hirayama,∗2 H. Ishiyama,∗4 Y. Ito,∗7 S. Kimura,∗4
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H. Wollnik,∗8 W. Xian,∗2,∗6 and S. Yan∗2,∗9

The SLOWRI facility relies on gas catcher cells to
employ the radio-frequency (RF) ion guide method for
thermalizing and transporting radioactive ions.1) Dur-
ing an online experiment, we studied the pressure and
temperature dependence of ion extraction from the gas
cell. Molecular impurities in the gas cell can react and
exchange charge2) with the ions of interest during their
transport, and even after extraction, the ions can be neu-
tralized and combined with molecular impurities. Be-
cause of the relatively low mobility of molecular impuri-
ties, they decrease the overall extraction efficiency of the
gas cell. To reduce the amounts of molecular contami-
nants, we used high-purity helium and a gas purification
system and operated the gas cell at very low tempera-
tures. At temperatures below 50 K, most of these molec-
ular impurities are absorbed at the wall of the gas cell.

In this online test setup, secondary beams passed
through the ZeroDegree spectrometer and stopped in the
gas cell. Subsequently they were extracted from the gas
cell and transported to a multi-reflection time-of-flight
(MRTOF) mass spectrograph for mass measurements.

The setup, as implemented in the commissioning runs,
allowed for cooling the gas cell to ≈180 K. To avoid con-
voluting the stopping and extraction efficiencies, a pres-
sure regulation system maintains a constant gas density
of ≈33 µg/cm3 for all temperatures. As shown in Fig. 1,

Fig. 1. Rates of 135Sb+ at different temperatures of the gas-
cell chamber.
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Fig. 2. Rates of 135Sb+ and 136Te+ observed at MRTOF as
functions of RTE gas-cell pressure.

the extraction of 135Sb+ increases dramatically as the
temperature falls below 210 K, at which some molecular
impurities, such as H2O, SO2, and Cl2, start to decrease.
As the cryogenic cooling system reaches its lower limit
before the extraction efficiency saturates, we intend to
implement improvements to allow better cooling prior
to the next online campaign.

By varying the gas density, we can probe the stopping
efficiency. Figure 2 shows the results of such a measure-
ment, performed with the gas cell at ≈180 K, with the
observed rate of 136Te+ and 135Sb+ plotted as functions
of room temperature-equivalent (RTE) helium pressure.
As one might expect, the stopping fraction increased as
the gas density increased. As such, we must consider
how to safely operate at the highest possible gas density.

We used lise++ to evaluate the stopping efficiency in
the gas cell. With a pressure of 220 mbar RTE, 6.4%
of 136Te and 6.5% of 135Sb should be stopped in he-
lium gas, while decreasing the pressure to 133 mbar RTE
would result in the reduction of stopping efficiencies to
2.3% and 2.4%, respectively. As shown in Fig. 2, the
rates improved by a factor of 3.4 for 136Te and 4.3 for
135Sb, while lise++ indicated that the stopping efficien-
cies should only increase by a factor of 2.7 from 133 mbar
to 220 mbar. The difference likely results from the pres-
sure dependence of the RF ion guide efficiency and ion
mobility. Detailed analysis is underway to find an op-
timum operation condition ahead of the next online ex-
periment.
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Degrader optimization for ZeroDegree gas cell

S. Chen,∗1,∗2 Y. Hirayama,∗2 D. Hou,∗3,∗2 S. Iimura,∗4,∗5 H. Ishiyama,∗4 Y. Ito,∗6 S. Kimura,∗4 J. Liu,∗3
H. Miyatake,∗2 S. Nishimura,∗4 T. Niwase,∗7,∗4,∗2 M. Rosenbusch,∗2 P. Schury,∗2 A. Takamine,∗4 M. Wada,∗2

Y. X. Watanabe,∗2 H. Wollnik,∗8 W. Xian,∗1,∗2 and S. Yan∗9,∗2

Using a high-quality beam provided by BigRIPS and
the ZeroDegree spectrometer, a system combining a gas
cell and a multi-reflection time-of-flight (MRTOF) mass
spectrograph was set up at F11 to study the masses
of exotic nuclei.1) The first online commissioning was
conducted in the winter of 2020 as parasitic experi-
ments during the HiCARI campaign. To achieve the
mass measurement in the MRTOF device, the radioac-
tive beams received from ZeroDegree must be stopped
in the gas cell, which is 500-mm long and filled with
He gas. The typical beam energy behind ZeroDegree is
100–200 MeV/nucleon. To stop such high-energy beams
in the He gas, a degrader is essential, and its thickness
must be precisely adjusted. Therefore, a movable de-
grader system was introduced.

Figure 1 shows a sketch of the gas cell with the de-
grader system. The degrader system contains a rota-
tional flat degrader placed in front of the gas cell and a
downstream silicon detector array inside the outer cham-
ber. The flat degrader was coupled to a step motor,
which can rotate the degrader plate from 0◦ to 55◦ in
steps of 0.0072◦; therefore, it can finely adjust the ef-
fective thickness of the degrader. The downstream sil-
icon detectors contain 15 Si PIN photodiods s3204-09,
arranged in a 5× 3 array to cover the full range of the
beam spot. After losing most of its energy in the flat
degrader, part of the beam is stopped in the He gas,
while the rest deposits energy in the Si detectors. The
signal from the Si detectors was acquired in coincidence
with the beam-line detectors of ZeroDegree for particle

Fig. 1. Sketch of the ZeroDegree gas cell and degrader sys-
tem.
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Fig. 2. Degrader optimization for 85Ge (solid) and 85As
(dash). The black curve shows the ratio of the rate de-
tected by an Si detector to the rate at F11. Only one Si
detector was used in the analysis. The red curve is the
rate of isotope identification in the mass spectrum. The
inset shows the ZeroDegree particle identification. The
upper panel displays the corresponding lise calculations
using the beam energy measured in ZeroDegree.

identification; therefore, optimization can be performed
for specific isotopes. The stopping in He gas can be op-
timized according to the beam energy loss measured by
the Si detectors2) or simply using the beam rate from
the Si detectors.

Figure 2 demonstrates the degrader optimization with
a 2.5-mm-thick Al flat degrader for 85Ge and 85As dur-
ing the commissioning run. The fractions (black), cal-
culated as the beam rate detected in the Si detectors
compared with the rate at F11, decrease with increas-
ing degrader angle. The rates of isotopes observed in
the MRTOF mass spectrum (red) show peak structures,
from which we can determine the optimized degrader
angle for each isotope. The lise calculations well re-
produce the measured pattern; however, discrepancies
in the absolute angles are observed, which emphasize
the importance of such direct measurement in experi-
ments. For low-intensity isotopes (rate in MRTOF as
low as 1 count/h), the direct measurement of the rate
curve in MRTOF is not feasible. In this case, the frac-
tion curve from Si can still be measured. Combined with
the lise calculation, the optimized degrader angle can be
determined in future experiments.

References
1) M. Wada, RIKEN Proposal NP1912-RIBF176.
2) J. Liu, RIKEN Accel. Prog. Rep. 53, 133 (2020).

1
- 97 -

RIKEN Accel. Prog. Rep. 54 (2021)II-9. Instrumentation



RIKEN Accel. Prog. Rep. 54 (2021)

Online extraction efficiency from RF ion guide gas cell at SLOWRI

S. Iimura,∗1,∗2,∗3 A. Takamine,∗1 D. Hou,∗4,∗3,∗5 M. Rosenbusch,∗3 M. Wada,∗3 S. Chen,∗3,∗6 J. Liu,∗4
W. Xian,∗3,∗6 S. Yan,∗7,∗3 P. Schury,∗3 S. Kimura,∗1 T. Niwase,∗8,∗1,∗3 Y. Ito,∗9 T. Sonoda,∗1 T. M. Kojima,∗1

Y. X. Watanabe,∗3 S. Naimi,∗1 S. Michimasa,∗10 S. Nishimura,∗1 A. Odahara,∗2 and H. Ishiyama∗1

We have been developing a radio-frequency carpet
(RFC)–type ion guide1) gas catcher cell (RFGC) at the
SLOWRI. In offline tests, the maximam transport effi-
ciency for the RFGC was more than 80%,2) where the
efficiency was defined as the ratio of ion current ex-
tracted from the cell to that corrected at the first-stage
RFC. Here, the efficiency does not include factors such
as ion survival probability and ion losses due to molec-
ular formation. In order to obtain the “real” efficiency,
an online test was performed using radioactive isotopes
(RIs) provided by BigRIPS with an energy of several
100 MeV/nucleon as a symbiotic experiment behind the
ZeroDegree spectrometer (ZD), in conjunction with the
HiCARI campaign.

A multi-reflection time-of-flight (MRTOF) mass spec-
trometer3) installed at the downstream of the RFGC was
used for particle identification (PID) and mass measure-
ments, as shown in Fig. 1. The RIs partly stop in the
RFGC, after passing through a rotational energy de-
grader. Subsequently, the stopped ions are extracted
from the RFGC and transported to the MRTOF system
through quadrupole ion guides and flat-type ion trap.

Table 1 presents the preliminary result for the effi-
ciencies for several RI species. After identification at
ZD, the total efficiency (εtotal) for each RI was deter-

Fig. 1. Schematic view of the experimental setup. The RFGC
is 50 cm long. It was operated at a nominal temperature
of 180 K and pressurized with helium to 200 mbar room-
temperature equivalent.
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Table 1. Total efficiencies (εtotal) measured with the detec-
tors on ZD and the MRTOF. Stopping efficiencies (εstop)
were calculated from lise++ The transport efficiencies
(εtrans) correspond to ion transmission after stopping in
the gas cell.

Nuclide (ions) εtotal εstop εtrans

134Sb+ 1.1% 9.1% 12%
137Te+ 1.3% 9.2% 14%
88Se+ 0.33% 3.4% 10%
90Se+ 0.36% 2.0% 18%
85As+ 0.16% 3.6% 4%

55ScOH+ 0.0007% 2.9% 0.02%
48CaOH+ 0.014% 3.2% 0.44%

mined as the ratio between the observed count rate after
the MRTOF and the count rate before the RFGC. The
stopping efficiency (εstop) is the fraction of RIs stopped
in the RFCG, which was evaluated using lise++ based
on the measured energy distribution of each RI. By fu-
ture application of mono-energetic beam optics,4) εstop
is expected to improve by a factor of more than 5.

The transport efficiency (εtrans) was obtained to sub-
tract εtotal from εstop. It should be noted that εtrans
includes transmission not only for RFGC but also for
the ion guide, ion trap, and MRTOF. As indicated in
Table 1, for many RIs, a reasonable εtrans higher than
10% could be obtained. In this situation, εtrans can de-
pend on several factors such as the incoming beam in-
tensity contributing to space-charge effects,5) mass-to-
charge ratio sensitive to RF trap stability,2) and half-life
providing decay loss. Another important dependency
originates from the chemical properties of the incom-
ing species when impurities are present in the He gas;
e.g., 55ScOH+ was identified. Those molecular forma-
tions can be suppressed by further improvement of the
cooling performance of the RFGC, based on our expe-
rience of the cryogenic gas cell at GARIS II.6) Further
improvement of the gas cell is ongoing.

We have successfully measured the masses of more
than 70 nuclides in this experiment and are in the process
of further analysis and simulation.
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Development of MCP timing detector for low-energy heavy ions

T. T. Yeung,∗1,∗2 S. Nishimura,∗2 W. Xian,∗1,∗3 and H. Ishiyama∗2

A prototype microchannel plate (MCP) timing detec-
tor was developed for correlated measurement of time
of flight and decay properties by coupling with a multi-
reflection time-of-flight mass spectrograph. The detec-
tor consists of a silicon PIN photodiode S3590-19 and
an MCP F2223-21SH, as shown in Fig. 1. We investi-
gated the performance of the detector using five types
of beams: 2, 3 and 9 MeV 197Au and 0.6 and 3 MeV 4He
at the Pelletron accelerator. Three degrader settings
were available to reduce the beam intensity and provide
various beam energies. The beam was collimated by a
0.2-millimeter-wide hole, degraded by a 2-micrometer-
thick mylar foil, or stopped by a 0.5-millimeter-thick
aluminum sheet, as shown in Fig. 1.

Energy calibration of a silicon detector for 197Au was
conducted by evaluating its dead layer thickness and
pulse height defect using the Stopping and Range of Ions
in Matter (srim) code1) and assuming the charge state
assignment for the multi-peak 9 MeV Au5+ spectrum in
Fig. 2. From the srim results, the entrance window ef-
fect and the nuclear collision effect account for 7% and
48%, respectively, of 9 MeV Au. By considering both
effects, the calculated dead layer thickness of the silicon
detector was 0.266 μm and the energy-response function
was obtained.

Based on coincidence of the MCP and silicon detector
signals, the detection efficiency of the MCP was evalu-
ated. The MCP efficiency for detecting Au is over 90%
down to 2 MeV, as shown in Fig. 3. Pulse height anal-
ysis was performed to determine the energy response
of the MCP using the offline data produced by a digi-

Fig. 1. Schematic of experimental setup, including degrader
and MCP timing detector, with voltage settings. Position
of aluminum plate is adjustable. Ion beam, secondary
electrons, and decay particle are shown. Decay is not in
scope of this experiment.
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tizer. The pulse height of the MCP fast amplifier sig-
nal was calculated by subtracting the baseline from the
maximum of the pulse. The response was sensitive and
increased with the beam energy linearly, as shown in
Fig. 4. We confirmed that the MCP timing detector
could be a complementary option for a timing detector
instead of MagneTOF and α-TOF.2)
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Improvement of kicker system for rare-RI ring

Y. Yamaguchi,∗1 D. Nagae,∗1,∗2 S. Naimi,∗1 A. Ozawa,∗1,∗3 and M. Wakasugi∗1,∗4

The kicker system at the rare-RI ring (R3) facility has
contributed to successful event-by-event measurements.
Thus far, three kicker units have been utilized for inject-
ing and ejecting particles using the same field waveform.
However, this is not ideal because the top of waveform is
not flat (see Fig. 1(a)). It causes an approximately 10%
fluctuation in the kick angle within an effective injec-
tion duration of 100 ns. In addition, because the ejec-
tion duration is the same as the injection duration, it
is impossible to eject all nuclides having different revo-
lution times.1) In the following, we report a successful
improvement in these issues by the addition of a kicker
magnet.

Recent R3 experiments are conducted with an injec-
tion energy of around 165 MeV/nucleon. Revolution
time at R3, which has a circumference of 60.35 m, is
approximately 380 ns. It is necessary to make the mag-
netic field strength negligibly small when particles pass
the kicker in the next revolution after injection. Hence,
a flat-top with a duration of 100 ns is appropriate con-
sidering the fall time of the magnetic field. Furthermore,
it is possible to eject all circulated particles in a single
ejection duration by lengthening the flat-top to 380 ns
or more.

The magnetic field shown in Fig. 1(a) is achieved by

Fig. 1. Black line shows measured magnetic field, whereas
blue line shows field experienced by particle (see text).
Black and Blue dots indicate kicked events of 78Kr and
75Ga, respectively.
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Fig. 2. Time-of-flights of ejected nuclides in single ejection
as function of their momentum.

trial and error by adding a capacitor to suppress the
reflections.2) In this study, two different types of mag-
netic field waveforms with and without this additional
capacitor are produced. When passing through these
two different fields, which are generated by two kicker
units, a particle experiences a total magnetic field that
has a flat-top (see Fig. 1(b)). Each kicker unit can gen-
erate a magnetic field twice within 0.7 ms. For injection,
two kicker units are used, whereas for ejection, two ad-
ditional kicker units are needed. To ensure a long flat-
top ejection waveform, the delay between the firing of
the first two kicker units and the additional two units is
fixed to approximately 350 ns.

Blue dots in Fig. 1(b) indicate the kicked 75Ga par-
ticles counted by a plastic scintillator with a width of
5 mm installed in the center orbit of the R3. This mea-
surement was performed while changing the kicker trig-
ger timing in 10 ns steps. It can be clearly seen that the
count rate is constant compared with the 78Kr case in
the range of 100 ns, for which a flat-top has been real-
ized. Kick angle fluctuation on the flat-top is expected
to be 1%.

Figure 2 shows the measured flight times of the ejected
nuclides as a function of momentum obtained from the
position information of the PPAC at BigRIPS-F5. We
succeeded in ejecting all injected nuclides in a single ejec-
tion. The events of 76Ge that were not ejected in the first
kick were ejected in the next kick. Thus, a long flat-top
of approximately 400 ns was realized. Consequently, ex-
perimental efficiency became at least twice better than
that achieved using the previous method, where different
ejection timings were needed to eject all particles.
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The kicker system at the rare-RI ring (R3) facility has
contributed to successful event-by-event measurements.
Thus far, three kicker units have been utilized for inject-
ing and ejecting particles using the same field waveform.
However, this is not ideal because the top of waveform is
not flat (see Fig. 1(a)). It causes an approximately 10%
fluctuation in the kick angle within an effective injec-
tion duration of 100 ns. In addition, because the ejec-
tion duration is the same as the injection duration, it
is impossible to eject all nuclides having different revo-
lution times.1) In the following, we report a successful
improvement in these issues by the addition of a kicker
magnet.

Recent R3 experiments are conducted with an injec-
tion energy of around 165 MeV/nucleon. Revolution
time at R3, which has a circumference of 60.35 m, is
approximately 380 ns. It is necessary to make the mag-
netic field strength negligibly small when particles pass
the kicker in the next revolution after injection. Hence,
a flat-top with a duration of 100 ns is appropriate con-
sidering the fall time of the magnetic field. Furthermore,
it is possible to eject all circulated particles in a single
ejection duration by lengthening the flat-top to 380 ns
or more.

The magnetic field shown in Fig. 1(a) is achieved by

Fig. 1. Black line shows measured magnetic field, whereas
blue line shows field experienced by particle (see text).
Black and Blue dots indicate kicked events of 78Kr and
75Ga, respectively.
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Fig. 2. Time-of-flights of ejected nuclides in single ejection
as function of their momentum.

trial and error by adding a capacitor to suppress the
reflections.2) In this study, two different types of mag-
netic field waveforms with and without this additional
capacitor are produced. When passing through these
two different fields, which are generated by two kicker
units, a particle experiences a total magnetic field that
has a flat-top (see Fig. 1(b)). Each kicker unit can gen-
erate a magnetic field twice within 0.7 ms. For injection,
two kicker units are used, whereas for ejection, two ad-
ditional kicker units are needed. To ensure a long flat-
top ejection waveform, the delay between the firing of
the first two kicker units and the additional two units is
fixed to approximately 350 ns.

Blue dots in Fig. 1(b) indicate the kicked 75Ga par-
ticles counted by a plastic scintillator with a width of
5 mm installed in the center orbit of the R3. This mea-
surement was performed while changing the kicker trig-
ger timing in 10 ns steps. It can be clearly seen that the
count rate is constant compared with the 78Kr case in
the range of 100 ns, for which a flat-top has been real-
ized. Kick angle fluctuation on the flat-top is expected
to be 1%.

Figure 2 shows the measured flight times of the ejected
nuclides as a function of momentum obtained from the
position information of the PPAC at BigRIPS-F5. We
succeeded in ejecting all injected nuclides in a single ejec-
tion. The events of 76Ge that were not ejected in the first
kick were ejected in the next kick. Thus, a long flat-top
of approximately 400 ns was realized. Consequently, ex-
perimental efficiency became at least twice better than
that achieved using the previous method, where different
ejection timings were needed to eject all particles.

References
1) S. Naimi et al., J. Phys. Conf. Ser. 1643, 012058 (2020).
2) H. Miura et al., RIKEN Accel. Prog. Rep. 49, 154 (2016).

1

RIKEN Accel. Prog. Rep. 54 (2021)

Improved position resolution of the beam diagnostics detector for the
Rare-RI Ring
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To measure masses of rare isotopes at RIBF using the
Rare-RI Ring, it is essential to increase the efficiency by
better monitoring the beam condition at the injection
into the ring. Therefore, we are developing a large area
position-sensitive detector with a thin foil. The principle
of the detector operation is based on secondary electrons
(SEs) emitted from a thin foil when the beam passes
through. The SEs are first accelerated by the accelera-
tion grid and then reflected by the mirror grids potential
(see Fig. 1). The beam position is inferred from SEs po-
sition measurement with the delay line MCP placed 90◦
from the foil. To achieve high position resolution the SEs
velocity spread should be minimized inside the detector
by simply increasing the acceleration voltage. However,
increasing the voltage led to undesirable effects such as
bending of the grid’s wires and electrical discharges. We
report here on the improvements introduced to minimize
these effects. We tested different versions of the detec-
tor during four experiments conducted at HIMAC with
a 200 MeV/nucleon 84Kr beam. The details of the ex-
perimental setup can be found eslewhere.1) The position
resolution as well as the accuracy of the detector for each
experiment are shown in Fig. 1. In Table 1 are summa-
rized the improvements introduced for each version of
the detector as well as the acceleration potential that
could be applied. The new wiring method for the grids
is based on the method developed in this Ref. 2). With
this method, the grids’ wires were tighter and higher
voltage could be applied resulting in improved resolu-
tion. By reducing the thickness of the spacer between
the mirrors and acceleration grids, higher voltage up to
7 kV could be applied. This could be understood in the
context of the Paschen Curve that related the product
of the gas pressure and distance between the grids to
the discharge voltage. By a systematic study of differ-
ent spacer sizes we deduced that reducing the spacer size
was necessary for the same vacuum condition. The reso-

Table 1. Condition for each experiment (see text)

Jul.
19

Nov.
19

Oct.
20(1)

Oct.
20(2)

New wiring method X O O O
Pitch of girds [mm] 1 2 1 1
Mirr Spacer [mm] 8 8 8 6
Acc Spacer [mm] 10 10 10 8
Acc. Potential [kV] 3 4 4 7

∗1 RIKEN Nishina Center
∗2 Department of Physics, University of Tsukuba
∗3 IMP, CAS
∗4 National Institute of Radiological Sciences (NIRS), QST
∗5 Faculty of Sciences, Kyushu University

lution achieved in this condition was the best resolution
ever achieved for large area detector of this type. We
also tested the detector with a larger pitch size (2 mm)
for a better transparency of the detector. However, it
showed the worst performance. To improve further the
position resolution we are planning to test a compact
version of the same detector.
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Fig. 1. (top) Schematic side-view of the position-sensitive
detector. (bottom) Detector resolution (A&B) and ac-
curacy (C&D) in the horizontal X and vertical Y posi-
tion from four HIMAC experiments. The accuracy is de-
fined as deviation from expected position. For Oct20(2),
the accuracy is not plotted for the Y because a different
method was used to optimize the voltage and accuracy
could not be estimated.
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Computer server and network for HiCARI experiments

H. Baba,∗1 F. Browne,∗1 P. Doornenbal,∗1 B. Mauss,∗1 B. Moon,∗1 D. Suzuki,∗1 N. Aoi,∗2 S. Iwazaki,∗2
A. Kohda,∗2 Y. Yamamoto,∗2 T. Koiwai,∗3,∗1 R. Taniuchi,∗4,∗1 and K. Wimmer∗5,∗1 for the HiCARI

Collaboration

The HiCARI project1) has been launched at the
RIKEN RIBF. To process signals from Ge detectors,
the GRETINA data acquisition system (DAQ)2) is
adopted. 100 MHz digitizers acquire information on
the energy, timing, and pulse shapes of detectors and
send data to data processing nodes. For tracking-
type Ge detectors, data processing nodes perform pulse
shape analysis (PSA) to obtain position information.
Finally, processed data are merged by the event builder
node and stored into a RAID storage system. For this
DAQ system, computer servers and network equipment
were newly installed. In addition, HOKUSAI SS3) is
used as a near-online analysis environment. In this re-
port, we describe the computer server and network for
the HiCARI experiment.

Table 1 lists the computer nodes. Five nodes of HP
ProLiant DL360 G10 (16 CPU cores) were newly in-
stalled. One node is for the event builder; three nodes
(48 CPU cores in total) are for the PSA of a triple seg-
mented tracking detector from LBNL Berkeley (LBNL
P3), which has 111 signals in total; and the last one
is for the data process (DP) of Miniball and clover
detectors (152 signals in total). Since PSA is not ap-
plied for Miniball and clover detectors, the demand for
CPU resources is small. However, owing to the lim-
itation of the GRETINA DAQ software, the number
of processes per OS is limited. To optimize the allo-
cation of CPU resources, four virtual machines (VM)
are launched using KVM.4) Three CPU cores are al-
located to each VM, and four CPU cores are reserved
for the KVM host process. In addition, ten HP Pro-
Liant DL380 G6 (8 CPU cores) were transported from
RCNP Osaka. Eight nodes (64 CPU cores in total) are
used for the PSA of the RCNP quad-type segmented
tracking detector (RCNP Quad). One of them is used
for the DAQ controller, and the last one is reserved as

Table 1. List of computer nodes.

Function Model Unit Core
DAQ Controller DL380 G6 1 8
Event Builder DL360 G10 1 16
PSA for LBNL P3 DL360 G10 3 48
DP for Miniball/Clover DL360 G10 1 16
PSA for RCNP Quad DL380 G6 8 64
Spare DL380 G6 1 8

∗1 RIKEN Nishina Center
∗2 RCNP, Osaka University
∗3 Department of Physics, University of Tokyo
∗4 Department of Physics, University of York
∗5 IEM-CSIC
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Fig. 1. Network diagram for HiCARI experiments.

a spare node.
A data analysis environment has been prepared in

HOKUSAI SS for RIBF experiments. HOKUSAI SS
is a private cloud system based on OpenStack.5) As
of January 2021, a total of 80 cores and a disk space
of 100 TB has been secured, and it can be expanded
upon request. These resources are allocated not only
to the HiCARI project, but also to other experimental
projects. In 2020, 64 cores out of 80 cores were ten-
tatively allocated to the VM of HiCARI experiments.
From 2021, the resource allocation will be optimized
according to the usage.

The network diagram for the HiCARI experiment is
shown in Fig. 1. Sixty digitizers are installed on the
B2F, and sixteen CPU boards (called IOC) send data
to the PSA nodes. Processed data are merged by the
event builder and stored in the RAID system via an
8-Gbps fibre channel-storage area network (FC-SAN).
For now, a total of 160 TB of space has been prepared
for the HiCARI project, and 36 TB of data were ac-
quired in 2020. These data were also transferred to the
HOKUSAI SS through a 10-Gbps Ethernet connection
for near-online analysis.

In summary, the computer server and network equip-
ment were set up for the HiCARI project. They worked
stably and successfully acquired data of seven experi-
mental proposals. The equipment reported in this pa-
per will be used for upcoming HiCARI experiments in
2021.
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Development of a high-bandwidth waveform processing system using
RFSoC

S. Takeshige,∗1 H. Baba,∗2 K. Kurita,∗1 Y. Togano,∗1 J. Zenihiro,∗3 and Y. Hijikata∗3

We are developing a real-time digital signal process-
ing unit using a GHz-band flash-type analog-to-digital
converter (FADC) to establish the next-generation data
acquisition system at RIBF. In experiments using ra-
dioactive ion (RI) beams, it is necessary to identify each
particle. For this purpose, detectors are installed along
the beam line, and signals are acquired on an event-
by-event basis. However, as the amount of beams in-
creases, conventional CAMAC/VME ADC/TDC mod-
ules become a measurement bottleneck owing to its slow
processing rate. For germanium detectors, real-time dig-
ital signal processing is applied using 100-MHz FADCs
instead of conventional ADC/time-to-digital converter
(TDC) modules.1) However, 100 MHz is insufficient for
signals with high-frequency components such as those
from plastic scintillators used as beam-line detectors.

The Xilinx radio frwaquency system-on-chip (RFSoC)
has been commercially available since 2018. It is a de-
vice designed for 5 G communication and integrates an
FADC (up to 5 GHz) and field-programmable gate ar-
ray (FPGA) on one chip. This RFSoC has the potential
to perform real-time digital signal processing for high-
intensity RI-beam experiments.

In this study, we used the Xilinx ZCU111 evaluation
kit2) (Fig. 1). This kit has 8 channels of ADC inputs,
8 channels of DAC outputs, and 20 channels of general-

Fig. 1. Xilinx ZCU111 evaluation kit used for development.

∗1 Department of Physics, Rikkyo University
∗2 RIKEN Nishina Center
∗3 Department of Physics, Kyoto University

So ware Trigger

External Trigger

8x Analog Signal

Enable
FADC

to DDR 
Memory

Fig. 2. Block diagram of the implemented external trigger
function.The bold line shows the implemented part.
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Fig. 3. An example of an acquired plastic scintillator wave-
form.

purpose I/O ports. The specifications of the ADC input
are as follows: 100 Ω differential impedance, AC cou-
pling, and 1 Vppd voltage range. The maximum sam-
pling frequency of the ADC is 4.096 GHz, and the reso-
lution is 12 bits.

As it is not possible to impliment external triggers
with sample FPGA firmware provided by Xilinx, we
added external trigger function. The block diagram is
shown in Fig. 2. When data acquisition is started, a
software trigger is enabled. At this time, when an exter-
nal trigger is issued, digitized data are stored in memory.
Finally, data are retrieved by a PC via the network. An
example of an acquired plastic scintillator waveform is
shown in Fig. 3.

We added an external trigger function to the RFSoC
device and confirmed that it works successfully. Basic
studies such as the measurement of the timing resolution
are in progress.
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GPU acceleration of SAMURAI particle tracking simulation

J. Gao∗1,∗2

The possibility of graphical processing unit(GPU)
acceleration of the trajectory simulation of particles
passing through SAMURAI was evaluated. To obtain
A/Z in particle identification plot, information such as
the flight path and rigidity obtained from this type of
simulation is necessary. Usually, this tracking simula-
tion is the most time-consuming step in the analysis of
SAMURAI data.

As with most other steps in nuclear physics data
analysis, this particle tracking simulation is performed
event by event. Therefore the simulation could be ac-
celerated by distributing the events to large amount of
threads of a GPU to process in parallel. In principle,
all the event-by-event analysis could be accelerated by
parallel computing and could take advantage of a GPU.

Another advantage of a GPU is its special cache
structure. In contrast to the linear structured cache
in a CPU, the cache in a GPU could have a higher-
dimensional layout.1) Therefore, when interpolating in
the magnet field map, the GPU could fetch the neigh-
boring mesh point with fewer cache misses.

In this work, a simplified task is designed to evalu-
ate the performance of trajectory simulation on a CPU
and GPU. The standard program used in data analy-
sis takes the position and angle before and after the
magnet and provides the rigidity as the output. It it-
erates several times to obtain a certain rigidity that
reproduces the position and angle measured in the ex-
periment. This simplified version takes the position,
angle, and rigidity before the magnet and outputs the
position and angle after the megnet without any itera-
tions. The CPU version is modified from the code used
for the particle identification of SAMURAI11 data.2)

The program uses a fourth-order Runge-Kutta
method to simulate the trajectory of a particle in the
SAMURAI magnet. Both the CPU and GPU ver-
sions of the program were developed. The test was
performed on a server with 4 Intel Xeon Gold 6136
CPUs (each has 12 cores/24 threads), 128 GB mem-
ory, and one Nvidia Titan V GPU. The CPU version
code is written in Go programming language and opti-
mized using the AVX2 assembly.3,4) The GPU version
is written in C++ and CUDA. 1024000 events were fed
into the programs, and each version ran 3 times.

The results are summarized in Table 1. The timer
starts immediately after the field map is loaded into the
main or GPU memory and the input data are loaded
into the main memory, and it stops as soon as the cal-
culation finishes, which means the hard disk I/O time
is excluded so that the time of calculation is isolated.

∗1 School of Physics, Peking University
∗2 RIKEN Nishina Center

Table 1. Test results of CPU and GPU versions of the sim-
plified simulation. The GPU could accelerate the sim-
ulation by a factor of 5 to 13 times approximately.

code CPU 1 CPU 2 GPU
configuration 32 coroutines 126 coroutines 320× 32

test #1 13.292 s 5.277 s 0.999 s
test #2 13.309 s 5.319 s 1.004 s
test #3 13.317 s 5.378 s 1.011 s
average 13.306 s 5.324 s 1.004 s

In Table 1, the CPU 1 code enabled 34 threads and
allocated 32 coroutines for simulation. The CPU 2
code enabled all the 128 threads and allocated 126
coroutines for simulation. The GPU version divides
the input data into 100 groups, each of which is passed
to a device function using a configuration of 320 thread
blocks and 32 threads per block. Different groups
are processed asynchronously to hide the time of data
transfer between the main memory and device mem-
ory.

For SAMURAI11 data, it takes 3.15 iterations on
average to obtain the rigidity and a maxmium of 5 it-
erations. For the CPU1 and CPU 2 configurations, the
time for simulation should be 13.306 × 3.15 = 41.91 s
and 5.324×3.15 = 16.77 s, respectively. If we consider
the worst case for the GPU, where each thread block
contains an event that need 5 iterations, then the sim-
ulation time is 1.004×5 = 5.02 s, which is 8 or 3 times
faster than the CPU version, depending on the number
of threads used in the CPU code.

In conclusion, with a reasonable GPU cost and cod-
ing effort, the simulation could be made significantly
faster.
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Observation of Rb D1 fluorescence in superfluid helium using
picosecond time-resolved detection

Y. Takeuchi,∗1,∗2 H. Kuramochi,∗3 K. Ishii,∗4 K. Imamura,∗2 A. Takamine,∗2 M. Doi,∗1,∗2 T. Yamamoto,∗1,∗2
Y. Matsuo,∗1,∗2 Y. Zempo,∗5 T. Tahara,∗4 and H. Ueno∗2

Our research group is developing a laser spectroscopy
technique (OROCHI) for atoms in superfluid helium (He
II). When atoms are introduced into He II, the surround-
ing helium atoms are pushed out by the exchange (Pauli)
repulsion force.1) The resulting vacuum region is called
an atomic bubble. Because the shape of the electron
orbit of an impurity atom is deformed according to its
energy state, the atomic bubble is also deformed follow-
ing the shape change of the atomic orbit. According
to the Franck-Condon principle, the time required for
the atomic transition is 10−15 s, which is much shorter
than the time required for the bubble deformation there-
fore, it is considered that the bubble is deformed after
the transition. The wavelengths of atomic transitions
for both absorption and emission in He II are shifted
from those in vacuum owing to this deformation cycle.2)
The emission wavelength is considered to change in cor-
respondence with the degree of bubble deformation.

It is estimated that the time required for the bubble
deformation is of the order of a few picoseconds, but
so far, the relaxation time has not been measured in
the time domain in bulk He II. In this study, we aim
to determine the relaxation time through time-resolved
emission measurements at different wavelengths.

The OROCHI group is conducting a research project
in collaboration with the Molecular spectroscopy labo-
ratory to observe the relaxation time of Rb atomic bub-
bles in He II.3) Recently, we evaluated the performance
of the time-correlated single photon counting (TCSPC)
detection system that will be used for photo-detection
in the relaxation time measurement. Observations were
performed using an avalanche photodiode (APD) and
time amplitude converter (TAC) as detectors. So far,
our research group has used PMT for laser-induced fluo-
rescence (LIF) photon counting of Rb atoms. This mea-
surement will be the first LIF observation by the TCSPC
system.system.

Fig. 1. Experimental setup of LIF detection.
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Fig. 2. Observed photon intensity as a function of delay time.

We first confirmed the fluorescence detection of the
D1 line of the Rb atom (absorption center wavelength
in He II: 778.0 nm). We used a picosecond mode-
locked Ti:sapphire laser (laser power: 130 mW, repe-
tition rate: 80 MHz, pulse width: 1.6 ps, center wave-
length: 778.2 nm) as an excitation laser, and we observed
LIF using the APD and acquired data using a TCSPC
module (SPCM, Becker & Hickl GmbH) (Fig. 1). The
Rb atoms were supplied by performing laser ablation on
the RbCl sample installed above the observation area
and laser dissociation to RbCl clusters in He II. The
monochromator wavelength was set at 793 nm, which is
the center of the emission line.

Figure 2 shows the result of the observation. The
data plotted here are the observed photon intensities as a
function of delay time. In this figure, the blue triangle is
the total detected light when all lasers are turned on, and
the orange dot is the scattered light when only the exci-
tation laser is turned on. The fact that the peaks appear
at the same position of the horizontal axis indicates that
the excitation laser is scattered inside the cryostat and
is slightly detected, although the monochromator wave-
length is 15 nm longer than that of the excitation laser.
The background also contains ambient light from sources
other than the laser in the environment. The blue curve
has a longer tail. This tail indicates the decay due to
the lifetime of the Rb D1 emission. While the excitation
pulse interval was 12.5 ns, the fluorescence lifetime was
27 ns therefore, atoms are excited by the next laser pulse
before the emission vanishes and LIF photons are piled
up. Therefore, the result agreed with the expectation
that the spectrum would have the appearance of a saw-
tooth wave with repeated cycles of decay and rise due to
excitation on top of the piled-up signal.

With the current data, the background scattered light
is not small, and the setup should be adjusted so that
more fluorescence light can be obtained. We are planning
to make such improvements and move to the observation
of weaker emission on the short-wavelength side.
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Development of ion trap system for the neutralizer toward production of
spin-polarized RI beam using atomic beam magnetic resonance method

K. Imamura,∗1 A. Takamine,∗1 and H. Ueno∗1

Spin-polarized radioactive isotope (RI) beams have
been used for the measurements of nuclear electro-
magnetic moments and spins to investigate nuclear
structure. In many experiments, the polarization of nu-
clear spin is generated via a projectile fragmentation re-
action. Although the reaction mechanisms have been
well studied so far, the achievable spin polarization is
typically as low as several percentage points.1) Laser
optical pumping can realize spin polarization of greater
than a few tens of percentage points, but the method is
element-limited. A highly efficient and universal method
for producing spin-polarized RI beams is desired. For
this purpose, we are developing a spin-polarized beam
production apparatus using the atomic beam magnetic
resonance (ABMR) method. In the method, the spin
polarization of neutral atomic beams is generated by
two-step spin selection using multi-pole magnets and
magnetic resonance. The efficient production of a ther-
mal energy neutral RI atomic beam is significantly dif-
ficult from a technical perspective, although the ABMR
method itself is one of the conventional methods for in-
vestigating spin-related nuclear properties of nuclei near
the stability region.2) To overcome this difficulty, we pro-
pose a new ion neutralizer which, combines ion trapping
with the laser cooling technique. The main feature of
the neutralizer is that it traps and cools RIs produced
by nuclear reactions to decrease the beam energy.

In the system, we first prepare laser-cooled ions in a
linear Paul trap. RI ions of several eV are introduced to
the trap region of the laser-cooled ions and trapped us-
ing He buffer gas cooling. The trapped RI ions are sym-
pathetically cooled down through Coulomb interaction
between laser-cooled ions and the RI ions. After cooling,
a neutralization gas (e.g., N2, NH3, and so on) is blown
against the RI ions. Subsequently, neutral atoms are
produced by charge-exchange interaction. For the effi-
cient extraction of the neutral atoms, we apply a swing
field in the beam-propagation direction to move trapped

Fig. 1. Schematic diagram of the setup.
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Fig. 2. Mass spectrum obtained downstream of the linear
Paul trap.

RI ions back and forth prior to the neutralization.
In order to develop the proposed neutralizer, we initi-

ated an offline R&D experiment using Rb by construct-
ing a linear Paul trap system and quadrupole mass filter
(QMF) for selecting ions that are introduced to the trap
region. The experimental setup for the R&D experiment
is shown in Fig. 1. Rb ions emitted from a surface-
ionization ion source were guided to a linear Paul trap
after mass selection by a QMF. The electrodes of the
trap were assembled at the head of the cryostat, which
is used for realizing a sufficient high vacuum to con-
duct the ion trapping and laser cooling experiment. We
achieved a vacuum of ∼10−8 Pa in the current setup.
Two gas lines were prepared near the center part of the
trap. One is used for introducing He as the buffer gas to
perform buffer gas cooling. The other is used for intro-
ducing a neutralization gas. A channel electron multi-
plier (CEM) detector was placed downstream of the trap
to detect transported ions.

Toward the Rb ion trap experiment, we conducted an
ion transportation test. Figure 2 shows a mass spectrum
of the ions transported. The vertical and horizontal axes
correspond to ion counts and RF voltages applied to the
QMF electrodes, respectively. Three peaks correspond
to singly charged K, Rb, and Cs. According to this
result, we confirmed that sufficient Rb ions to test ion
trapping are guided from the ion source to the trap. We
will proceed to the next step of Rb ion trapping. We
will then start a neutralization test in the near future.
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Status of the J-PARC E16 experiment in 2020

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

We proposed the experiment E161) to measure the
vector meson decays in nuclei in order to investigate
the chiral symmetry restoration in dense nuclear matter.
The experiment started at the J-PARC Hadron Experi-
mental Facility.

This experiment aims to systematically study the
spectral modification of vector mesons in nuclei, partic-
ularly the ϕ meson, using the e+e− decay channel with
statistics that are two orders larger in magnitude than
those of the precedent E3252) experiment performed at
KEK-PS. In other words, it aims to accumulate 1× 105

to 2× 105 events for each nuclear target (H, C, Cu, and
Pb) and deduce the dependence of the spectral modifi-
cation on the size of matter and meson momentum.

A scientific (“stage-1”) approval was granted to the
experiment E16 by PAC in March 2007. For the full
(“stage-2”) approval, a technical design report was sub-
mitted to PAC in May 2014 and reviewed for experi-
mental and budgetary feasibility. In the PAC meeting
held in July 2017, the stage-2 approval for 320 hours
of a commissioning run was granted. In this run, back-
ground measurement at the new beamline is required.
The construction of High-momentum beamline, where
the experiment will be conducted, has been completed
by KEK in June 2020.

Our proposed spectrometer has 26 modules. As shown
in Fig. 1, a module consists of Lead-glass calorime-
ter(LG) and Hadron-blind detector (HBD) for electron
identification, as well as three-layers of GEM Trackers
(GTR) and a single layer of silicon strip detecor (SSD) as
the tracking devices. Owing to budget limitations, the
commissioning run was started with a limited number of
modules.

The first half of the commissioning run, called Run-
0a, was successfully performed in June 4–20, 2020, with
a configuration of 6(SSD)-6(GTR)-4(HBD)-6(LG) mod-
ules.3) The beam was delayed from February in the orig-
inal plan, owing to a bureaucratic issue and possibly be-
cause of the COVID-19 pandemic, in the Nuclear Regu-
latory Agency, to issue the permission for the new beam-
line. As a user beamtime, 159 hours were executed, in-
cluding 10-hours of downtime in total; each downtime
was less than 30 min. (downtimes over 30 min were com-
pensated). Here, “downtime” is due to problems caused
by the accelerator or the beamline operation and not by
users.

As the design, a primary proton beam with an inten-
sity of 1×1010 protons per 2 sec duration (5.2 sec cycle)
was delivered to our spectrometer. The interaction rate
at the targets (C and Cu) is 10 MHz because the total
interaction length of the targets is 0.2%. One of our
concerns, GEM breakdown under a high particle rate,

∗1 RIKEN Nishina Center

Fig. 1. Plan view of the proposed E16 spectrometer in the
eight-module configuration for Run-1. The red lines show
the parts that have been constructed as of December
2021, for the commissioning run planned for February
2021 (Run-0b). The SSD located in the innermost layer
is not shown.

was not observed in HBD. In GTR, the breakdown of 13
strips was observed in 300-GTR, which caused approx-
imately 11% of dead region in total, but operation was
continued. The electron ID performance of HBD and
LG were roughly confirmed.

A background study was performed, and the LG single
rate was found to be two times as high as the expecta-
tion, which is a scaled value of the E325 experiment.
However, a factor of two is within the designed margin.
The origin of the background will be studied to improve
the situation.

As of January 2021, the second half of the commis-
sioning run, Run-0b, is scheduled for February 2021.
GTR and HBD were uninstalled from the spectrome-
ter after the Run-0a, and refurbished in J-PARC and
RIKEN, respectively. Additionally, two GTR and two
HBD modules were newly constructed, and installed in
November–December 2020 along with the refurbished
ones. Consequently, a 6(SSD)-8(GTR)-6(HBD)-6(LG)
were installed, as shown by the red lines in Fig. 1.

After Run-0b, Run-1 (physics run) is planned for au-
tumn 2022. Its approval should be obtained at the J-
PARC PAC. We have to update the technical design
report for Run-1 based on the result of Run-0 and sub-
mit by December 2021, following which discussion will
be conducted at the PAC held in January 2022.
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Construction of GEM Tracker for J-PARC E16 experiment Run0-a

T. N. Murakami∗1 for the J-PARC E16 Collaboration

The J-PARC E16 experiment1) has started to reveal
the relationship between spontaneous chiral symme-
try breaking and masses of hadrons. We measure the
mass spectrum of the ϕ meson in nuclei using e+ e−

decays. The momenta of e+ and e− are reconstructed
from the curvature in a magnetic field; therefore, track-
ing of the lepton pairs is quite essential. To deal with
the expected high-particle rate of 5 kHz/mm2 and to
cover a wide area of 1.1 m2, we adopted a gas elec-
tron multiplier (GEM) as the tracking device. GEM
chambers are reported to operate normally even under
a 25 kHz/mm2 particle rate.2)

We have developed GEM Tracker (GTR), whose
GEM foils are manufactured by a Japanese com-
pany. Each GEM chamber consists of three differ-
ent sizes of the chambers; 100 mm× 100 mm (GTR1),
200 mm× 200 mm (GTR2), and 300 mm× 300 mm
(GTR3). A GEM chamber consists of three GEM foils
and is filled with Ar+CO2 (70:30) gas. Each cham-
ber enable measuring the positions of charged parti-
cles with a resolution of 100 µm.3) We prepared six
modules of GTR for the first commissioning run for
E16 (Run0-a) in June 2020. They were placed to cover
the same solid acceptance surrounding the target. The
process of construction was as follows: In the first step,
we selected good GEM foils for stable operation. We
measured the leakage current by applying 500-V be-
tween the bottom and top electrodes of the GEM foils
with a 400 mL/min N2 gas flow. We required the leak-
age current to be less than 10 nA/100 cm2 and the
number of discharges to be less than 10/h. The results
are summarized in Table 1. After selecting good foils,
we assembled them as a GEM chamber. Prior to in-
stallation, two steps were performed. First, we tested
the chambers for presenting sufficient operation stabil-
ity and sufficiently high amplification gain of 6000, as
required for a position resolution of 100 µm. If there
were problems, such as an insufficient gain or impos-
sibility of applying a nominal voltage of 380 V to the
GEM electrodes, we disassembled the chamber and ex-
changed the GEM foils. Second, we transported them
to the experimental area, set them on the CFRP frame,
as shown in Fig. 1, and tested them again. Here, we
checked the operation stability as well as the cable dis-
connections. Subsequently, we successfully installed
the GTR in the spectrometer magnet.

∗1 Department of Physics, Graduate School of Science, The
University of Tokyo

Table 1. Results of leak current test. Approximately 100
GEM foils were checked over 3 months.

size of GEM ( mm2) good bad sum
100× 100 21 15 36
200× 200 18 12 30
300× 300 19 11 30

sum 58 38 96

Fig. 1. GEM chambers attached in CFRP frame. This is
single module of GTR, and six modules are placed sur-
rounding targets in Run0-a.
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Performance evaluation of the electron identification system for the
J-PARC E16 experiment

S. Nakasuga∗1,∗2,∗3 for the J-PARC E16 Collaboration

The J-PARC E16 experiment1) is proposed for mea-
suring the spectral modification of vector mesons in
nucleus. Here, we detect electron-positron pairs gen-
erated in ϕ meson decays, produced in pA reactions.
It is crucial for a successful measurement to separate
electrons from huge hadronic backgrounds, especially
pions, which are a primary component of those.
For the electron identification, we adopt two-stage

detectors comprising hadron blind detectors (HBDs)
and lead-glass electro-magnetic calorimeters (LGs).
The HBD is a gas-type Cherenkov detector with a
CF4 radiator.2) Emitted Cherenkov photons are con-
verted into electrons at a CsI photocathode, and these
electrons are amplified by a gas-electron multiplier
(GEM).3) The LG is a calorimeter sensitive to EM
showers generated by an incident particle in lead-glass.
The high-energy electrons generate large showers com-
pared with pions; therefore, the LG is able to distin-
guish electrons from pions based on the quantity of
Cherenkov photons emitted by the showers.
Both detectors were developed independently, and

their performances were evaluated separately.4,5) If
particle detection by one detector affects another de-
tector, the combined performance of the system pos-
sibly becomes worse than expected from the individ-
ual performances. For example, an incident pion may
produce knock-on electrons in the CF4 radiator of the
HBD, one of which may have sufficient energy to pro-
duce EM showers in the LG, which is installed behind
the HBD. These effects are expected to be small; how-
ever, experimental validation is necessary.
We performed a beam test for a total performance

evaluation of the HBD and LG in the commissioning
run of the E16 spectrometer at the high-momentum
beamline at J-PARC. As shown in Fig. 1, we con-
structed a novel setup, which covered the forward ac-
ceptance of the E16 spectrometer. The responses of the
HBD and the LG were examined for pions, identified
by the triple coincidence of scintillation counters and
two gas Cherenkov detectors (GCs) positioned in front
of the HBD. The primary beam intensity was typically
1 × 109 protons/spill suitable for the readout system
of this measurement. We adopted one carbon and two
copper targets, whose total thickness was 0.2% inter-
action length. This was the same configuration as the
E16 experiment.

∗1 Department of Physics, Graduate School of Science, Kyoto
University

∗2 Advanced Science Research Center, Japan Atomic Energy
Agency

∗3 RIKEN Nishina Center

Fig. 1. Experimental setup for evaluating the overall per-

formance of the electron identification system.

The HBD and LG distinguished electrons from pi-
ons by applying a threshold to the number of detected
photons. We measured the threshold dependence of
three quantities: single rejection power of the HBD
(SRHBD), that of the LG (SRLG), and total rejection
power of the HBD and the LG (TR). Here, the rejec-
tion power was defined as the number of total events
divided by that of misidentified events. If the corre-
lation between the detectors is negligible, the product
of SRHBD and SRLG is expected to be consistent with
TR. At the threshold, which will be used in the fu-
ture experiment, the values of SRHBD and SRLG were
determined to be 49± 44 and 3.6± 0.1, respectively;
therefore, the product of these values was 178± 16.
Compared with the product, the measured value of TR
was 174± 29. These two values were consistent within
their statistical uncertainties; therefore, we concluded
that the HBD and LG independently work for pions.
In the coming beamtime in February and June

2021, we plan to study and evaluate the performance
minutely with the E16 spectrometer, in terms of rate
capability and the response depending on an incident
angle and momentum of incoming particles.
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Intermediate silicon tracker for sPHENIX experiment at RHIC

I. Nakagawa,∗1 Y. Akiba,∗1 D. Cacace,∗2 K. Cheng,∗3 T. Hachiya,∗1,∗4 S. Hasegawa,∗5 D. Imagawa,∗9 H. Imai,∗9
T. Kondo,∗6 C. Kuo,∗3 H. -S. Li,∗7 R. -S. Lu,∗8 E. Mannel,∗2 C. Miraval,∗2 M. Morita,∗4 Y. Namimoto,∗4

S. Nishimori,∗4 R. Nouicer,∗2 G. Nukazuka,∗1 R. Pisani,∗2 M. Shibata,∗4 C. Shih,∗3 M. Stojanovic,∗7
W. -C. Tang,∗3 and X. Wei∗7

The INTermediate Tracker (INTT) is the one of
three major tracking detectors to be implemented in
sPHENIX experiment1) which is to be launched in 2023
at RHIC. It is consisted of two layers of silicon strip
sensors assembled into the barrel structure covering the
central region of sPHENIX collision point. Silicon sen-
sors and FPHX readout chips2) are implemented on high
density interconnect (HDI) cables which are glued on
top of a 50 cm long cooling stave. The stave as shown
in Fig. 1 is made of the carbon fiber reinforced plastics
and fabricated in Asuka co.

The mass production of silicon sensors, FPHX chips,
and HDI cables have been completed. The stave produc-
tion is to be completed by the end of February, 2021. A
bus extender cable (BEC) and a conversion cable (CC)
form series of INTT readout chain together with the
HDI cable. The development of the BEC and CC are
almost completed3) and the mass production of these
cables are scheduled in JFY2021. Several preproduc-
tion INTT ladders (Fig. 2) have been assembled in Na-
tional Taiwan University and BNL. Once the final tune
for the optimization of assembly procedure is over, the
mass production of the ladder assembly will be started
and expected to be finished in Spring, 2021.

The preparation for testing production ladders has
been ongoing at Nara Women’s University in both hard-
ware and software. There 3 major items listed below are

Fig. 1. The CFRP staves for INTT ladder.

∗1 RIKEN Nishina Center
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∗8 Department of Physics, National Taiwan University
∗9 Department of Physics, Rikkyo University

under development.

(1) Source test fixture: The motor driven radia-
tion source scanner of the ladder (Fig. 3)

(2) FPHX readbacker: The software application
to read back the resisters of FPHX chips.

(3) Interception board: The compact circuit board
to be inserted between the readout cables which
branches out signal traffic without disturbing the
data taking. To be used for debugging of any
mis-communications between ladder and readout
control board.2)

Fig. 2. Fully assembled INTT preproduction ladders.

Fig. 3. The fixture for radiation source test of a ladder.
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The INTermediate Tracker (INTT) is the one of
three major tracking detectors to be implemented in
sPHENIX experiment1) which is to be launched in 2023
at RHIC. It is consisted of two layers of silicon strip
sensors assembled into the barrel structure covering the
central region of sPHENIX collision point. Silicon sen-
sors and FPHX readout chips2) are implemented on high
density interconnect (HDI) cables which are glued on
top of a 50 cm long cooling stave. The stave as shown
in Fig. 1 is made of the carbon fiber reinforced plastics
and fabricated in Asuka co.

The mass production of silicon sensors, FPHX chips,
and HDI cables have been completed. The stave produc-
tion is to be completed by the end of February, 2021. A
bus extender cable (BEC) and a conversion cable (CC)
form series of INTT readout chain together with the
HDI cable. The development of the BEC and CC are
almost completed3) and the mass production of these
cables are scheduled in JFY2021. Several preproduc-
tion INTT ladders (Fig. 2) have been assembled in Na-
tional Taiwan University and BNL. Once the final tune
for the optimization of assembly procedure is over, the
mass production of the ladder assembly will be started
and expected to be finished in Spring, 2021.

The preparation for testing production ladders has
been ongoing at Nara Women’s University in both hard-
ware and software. There 3 major items listed below are

Fig. 1. The CFRP staves for INTT ladder.
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under development.

(1) Source test fixture: The motor driven radia-
tion source scanner of the ladder (Fig. 3)

(2) FPHX readbacker: The software application
to read back the resisters of FPHX chips.

(3) Interception board: The compact circuit board
to be inserted between the readout cables which
branches out signal traffic without disturbing the
data taking. To be used for debugging of any
mis-communications between ladder and readout
control board.2)

Fig. 2. Fully assembled INTT preproduction ladders.

Fig. 3. The fixture for radiation source test of a ladder.

References
1) Conceptual Design Report of sPHENIX (2018).
2) C. Aidala et al., Nucl. Instrum. Methods Phys. Res. A

755, 44 (2014).
3) T. Hachiya et al., in this report.

1

RIKEN Accel. Prog. Rep. 54 (2021)

Detection efficiency of the INTT test bench for sPHENIX

G. Nukazuka,∗1 Y. Akiba,∗1 D. Cacace,∗2 K. Cheng,∗3 T. Hachiya,∗1,∗4 S. Hasegawa,∗5 D. Imagawa,∗6 H. Imai,∗6
T. Kondo,∗7 C. Kuo,∗3 H. -S. Li,∗8 R. -S. Lu,∗9 E. Mannel,∗2 C. Miraval,∗2 M. Morita,∗4 I. Nakagawa,∗1
Y. Namimoto,∗4 S. Nishimori,∗4 R. Nouicer,∗2 R. Pisani,∗2 M. Shibata,∗4 C. Shih,∗3 M. Stojanovic,∗7

W. -C. Tang,∗3 and X. Wei∗8

sPHENIX1) will start data acquisition in the Relativis-
tic Heavy Ion Collider at Brookhaven National Labora-
tory from 2023 to study quark-gluon plasma. The Sili-
con Intermidiate Trackter (INTT),2) which is one of the
crucial pieces in the detector complex, enables us to per-
form jet flavor tagging with high precision and low back-
ground. INTT inherits the readout electronics from the
Forward Silicon Vertex Detector of PHENIX3) so that
R&D can proceed with low cost in a short period.

In a test-beam experiment at Fermilab,4) we confirmed
that the prototype of INTT satisfied the essential spec-
ifications for position resolution and timing resolution.
Detection efficiency was approximately 96%, although
almost 100% was expected. In these measurements,
the prototype worked using the internal clock (BCO)
of 9.4 MHz while the beam arrived independently from
BCO. The lower-than-expected detection efficiency can
be due to timing mismatch between the beam and BCO,
because of which signals of the silicon module were oc-
casionally not detected.

To test the hypothesis, we implemented an external
trigger system using the Nuclear Instrumentation Mod-
ule (NIM) and Computer Aided Measurement And Con-
trol (CAMAC) modules and integrated it into the exist-
ing data acquisition system (DAQ) (Fig. 1). The silicon
module was set between two trigger scintillators. The
transverse dimensions of the scintillators were the same
as the active area of the silicon module. One scintilla-
tor on the top was set along the silicon module, while
the other was rotated by 90◦ longitudinally to restrict
acceptance. Coincidence of signals from the two scintil-
lators is treated as a trigger signal. The DAQ stores the
following parameters:
• hit information on the silicon module
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INTT Sillicon
module

Readout
Chip/Card

VME crate

PC

Slow control
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NIM modules for
signal processes

・Crate cntroller
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・Intterupt reg.
・Output reg.

・FEM
・FEM-IB

Data transfer

Trigger input

Data transfer
and
control
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Cosmic ray

Fig. 1. Overview of the new DAQ system. See Ref. 3) for
some of the abbreviations.
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Fig. 2. Detection efficiency as a function of BCO phase with
the quality cuts.

• total charge and timing information of the scintilla-
tor signals

• the timing difference between the coincidence signal
and a BCO pulse, i.e., a phase of BCO.

In the analysis, quality cuts for analog-to-digital con-
verter (ADC) and time-to-digital converter (TDC) distri-
butions of the scintillator signals reject noise-like events.
The detection efficiency defined as a ratio of the num-
ber of trigger events with INTT hit to the number of the
trigger events is calculated after applying the quality cuts
as a function of the BCO phase (Fig. 2). Measurement
could not be performed for a sixth of the BCO period ow-
ing to technical difficulties. A clear drop in efficiency in
the first 100TDCchannels was found as expected. The
average efficiency excluding and including the dropping
region was approximately 94% and 85%, respectively.
This low-efficiency condition can be the reason for the
96% efficiency obtained in the test-beam experiments.
The efficiency obtained in this study is lower than that
in the test-beam experiment because the acceptance re-
striction was not perfect; consequently cosmic rays could
activate the trigger without impingement on the silicon
module.

We could also observe a positive correlation between
the efficiency and ADC for the bottom scintillator. Re-
quiring higher ADC value to the signal may eliminate
cosmic rays, which do not penetrate the silicon sensor.
This observation suggests that optimization of the setup
can yield a higher detection efficiency.

In summary, we found dependency of the detection
efficiency on the BCO phase. It explains the lower ef-
ficiency observed in the test-beam experiment. Since
RHIC will provide a beam-synced trigger, this timing
mismatch cannot be an issue for sPHENIX
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We are developing INTermidate Tracker (INTT),
which is a new tracking detector for the sPHENIX
experiment at RHIC in BNL, which is a successor of
PHENIX. The INTT needs to be designed to trans-
mit approximately 14k signal lines through a very nar-
row space; therefore any commercial detector avail-
able in the market will not fit to interconnect the
INTT and the downstream readout controller board
(ROC).1) Thus, we have been developing a long and
high-density cable, which is called “bus extender” for
the last four years.

The bus extender cable is a multilayered flexible
print cable. Liquid crystal polymer (LCP) and copper
foil layers are laminated using an epoxy glue, forming
a multilayered structure. The LCP and the glue are
made of macromolecule materials; therefore, there is
concern for their use under the radiation enviroment
because macromolecules are known to be weak against
a radiation dose, in geneanl. Thus, the cable needs to
demonstrate radiation hardness. We list the following
two physical characteristics as indicators of the radia-
tion hardness: 1) loss of flexibility, 2) decrease in the
peel strength of the glue. The former can be quantita-
tively evaluated by measuring Young’s modulus. The
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Fig. 1. Ratio of Young’s modulus as function of radiation
dose.
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Fig. 2. Peeling strength as function of radiation dose.

latter was evaluated by a peel force measurement.
Dedicated test samples for the radiation test were

fabricated, which have the same layer structure as the
bus extender but a smaller size: 40 cm length and 2 cm
width each. These test samples are exposed to gamma
ray radiation from a 60Co source at a facility in the
National Institute of Quantum and Radiological and
Technology.

The natural frequency method was employed to
measure Young’s modulus. The natural frequency can
be related with Young’s modulus as defined in Eq. (1)
where, f is the natural frequency, E is Young’s mod-
ulus, I is the moment of second-order, A is a cross-
section area, ρ is the density, l is the length, and λ is
a constant. λ is approximately 1.8 for basic frequency.

f =
λ2

2πl2

√
EI

ρA
(1)

Figure 1 shows the results of the measurement. The
vertical axis shows the ratio of the observed Young’s
modulus of the samples with and without exposure.
The result is constant within the size of the error bars,
and thus, there is no indication of loss of flexibility.

Figure 2 shows the radiation dose dependence of the
observed peel strength. The peel strength is measured
using SHIMAZU MST-I. A clear degradation of the
peel strength is observed. However, the degradation
is still moderate within the expected radiation dose
∼5 kGy in three of sPHENIX operation. We conclude
that the bus extender demonstrates sufficient radiation
hardness to be used in the sPHENIX experiment.
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1) T. Hachiya et al., in this report.
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We are developing INTermidate Tracker (INTT),
which is a new tracking detector for the sPHENIX
experiment at RHIC in BNL, which is a successor of
PHENIX. The INTT needs to be designed to trans-
mit approximately 14k signal lines through a very nar-
row space; therefore any commercial detector avail-
able in the market will not fit to interconnect the
INTT and the downstream readout controller board
(ROC).1) Thus, we have been developing a long and
high-density cable, which is called “bus extender” for
the last four years.

The bus extender cable is a multilayered flexible
print cable. Liquid crystal polymer (LCP) and copper
foil layers are laminated using an epoxy glue, forming
a multilayered structure. The LCP and the glue are
made of macromolecule materials; therefore, there is
concern for their use under the radiation enviroment
because macromolecules are known to be weak against
a radiation dose, in geneanl. Thus, the cable needs to
demonstrate radiation hardness. We list the following
two physical characteristics as indicators of the radia-
tion hardness: 1) loss of flexibility, 2) decrease in the
peel strength of the glue. The former can be quantita-
tively evaluated by measuring Young’s modulus. The
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Fig. 2. Peeling strength as function of radiation dose.

latter was evaluated by a peel force measurement.
Dedicated test samples for the radiation test were

fabricated, which have the same layer structure as the
bus extender but a smaller size: 40 cm length and 2 cm
width each. These test samples are exposed to gamma
ray radiation from a 60Co source at a facility in the
National Institute of Quantum and Radiological and
Technology.

The natural frequency method was employed to
measure Young’s modulus. The natural frequency can
be related with Young’s modulus as defined in Eq. (1)
where, f is the natural frequency, E is Young’s mod-
ulus, I is the moment of second-order, A is a cross-
section area, ρ is the density, l is the length, and λ is
a constant. λ is approximately 1.8 for basic frequency.

f =
λ2

2πl2

√
EI

ρA
(1)

Figure 1 shows the results of the measurement. The
vertical axis shows the ratio of the observed Young’s
modulus of the samples with and without exposure.
The result is constant within the size of the error bars,
and thus, there is no indication of loss of flexibility.

Figure 2 shows the radiation dose dependence of the
observed peel strength. The peel strength is measured
using SHIMAZU MST-I. A clear degradation of the
peel strength is observed. However, the degradation
is still moderate within the expected radiation dose
∼5 kGy in three of sPHENIX operation. We conclude
that the bus extender demonstrates sufficient radiation
hardness to be used in the sPHENIX experiment.
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The sPHENIX experiment at the Relativistic Heavy
Ion Collider (RHIC) is scheduled to start in 2023 in
Brookhaven National Laboratory (BNL). The INTerme-
diate Tracker (INTT)1) is a silicon sensor strip detec-
tor to be implemented in the central rapidity region.
The massive raw data generated in INTT need to be
transmitted to downstream readout electronics through
a quite narrow and curving cabling path for 1.2 m. As
there is no commercial cable available, a high-signal-
density cable was developed using flexible printed cable
technology. The cable is called “bus-extender” and has
62 pairs of 130-µm-width signal lines. The bus extender
mainly transmits digital signals. The development of the
bus extender is in the final stage.2)

Owing to the long path length of high-density flexible
printed cables, the poor performance of signal transmis-
sion of high-frequency data is a major concern. A simu-
lation predicts 30% attenuation for a 200 MHz signal.

An eye diagram is a useful tool to visually inspect the
attenuation and distortion of the signal pulse. We mea-
sured the eye diagram by overlaying the waveforms of
various bit patterns. The transmission efficiency can be
evaluated qualitatively by the size of the opening of the
eye. Figure 1(a) and (b) show the eye diagram of the low-
voltage differential signaling (LVDS) signals before and
after passing the bus-extender. From the comparison,
the attenuation of the signal is determined as 33%. The
result is consistent with the simulation. It is found that
the eye opening after the bus-extender is too small to re-
ceive the signals at the readout electronics. To solve the
problem, we increase the drawing current of the LVDS

Fig. 1. Eye diagrams (a) before and (b) after the bus-
extender in the readout chain.
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Fig. 2. (a) Stress concerning the U-shaped curvature of test
pieces. (b) Peeling strength as a function of the peeled
length, evaluated in the region covered by a red circle.

signals from 2 mA to 8 mA to effectively obtain a suffi-
ciently wider eye opening.

The mechanical properties are also important to assess
the long-term stability and radiation hardness. The bus
extender needs to survive at least three years of opera-
tion in a high-radiation environment. The bus-extender
is made using a liquid crystal polymer (LCP) as sub-
strate, instead of a polyimide, which is generally used
for flexible cables. LCP is a new material used for high-
energy physics experiments. Therefore, we studied its
mechanical properties by comparing it with polyimide.
In addition, this study provides a baseline to assess the
radiation hardness.

We measured two quantities: (1) flexibility and (2)
peeling strength between layers of the multilayered ca-
ble. Here, the results of the 2-cm-wide specimen used
are shown instead of results per unit. The former is
measured by bending the cable in the middle by 180◦ as
it forms a “U-shape” inside view. The stress from the
cable is recorded for several test samples as a function of
curvature and is plotted in Fig. 2(a). The flexibility is
evaluated by the slope of a 4 N increase in the curvature
region from 0.02 to 0.11/mm. This result is further com-
pared to that from cables exposed to radiation, and no
drastic change was found.3) Therefore, we could obtain
the reference value for flexibility. The latter is measured
by recording the stress of peeling off the cable as a func-
tion of the stroke. The result plotted in Fig. 2(b) shows
a peeling strength of 34 to 44 N. This value is twice that
of the polyimide.

We plan to start the mass production of bus-extenders
in 2021. The continuity of all signal lines will be tested
using newly developed test equipment.4)
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Upgrade of the Si-CsI array TiNA for transfer reactions at OEDO

B. Mauss,∗1 J. W. Hwang,∗2,∗3 D. Suzuki,∗1 N. Ma,∗2 N. Imai,∗2 M. Dozono,∗2 S. Michimasa,∗2 T. Sumikama,∗1
S. Ota,∗2 C. Iwamoto,∗1 N. Iwasa,∗3 and F. Endo∗3

TiNA is an array of silicon strip detectors (SSDs)
and CsI(Tl) crystals for measuring recoiling particles
from transfer reactions.1) Initially, TiNA had six tele-
scopes in a lamp-shade configuration. Each telescope
had a YY1-type single-sided SSD of Micron and two
CsI crystals behind the SSD, the total active area of
which is 6 × 5 cm2. The telescopes were placed 8 to
10 cm away from the reaction point and surrounded
the beam axis. They covered a laboratory angle range
of 100◦ to 150◦. TiNA has been used in several transfer
experiments at RIBF.2,3)

Upcoming experiments using transfer reactions,
however, require a larger solid angle and better res-
olutions in angle and energy. For instance, for the
50Ca(d, p) experiment at the OEDO beamline, an ex-
citation energy resolution better than 200 keV in σ
should be achieved. The upgrade project of TiNA has
been launched to fulfill these requirements. In this re-
port, we present the details of the improvements of
TiNA and the results of the offline test.

Figure 1 shows the upgraded structure of TiNA.
Four more telescopes are introduced to cover a larger
solid angle, and they are located between the target
and the YY1 telescopes. Each has a 0.3 mm-thick
TTT2-type double-sided SSD (DSSD) of Micron and
four 25 mm-thick CsI(Tl) crystals. The DSSD cov-
ers 97 × 97 mm2. The CsI crystals placed behind can
measure relatively high-energy charged particles (e.g.,
protons with E < 80 MeV). The angular resolution is
improved to be less than 0.5◦. Three new trapezoidal
CsI crystals are brought in to fully cover the active
area of the original YY1 SSD.

A new electronic system for the TTT2 has been es-
tablished. Since the additional detectors have more
than a thousand channels, we employ the General
Electronics for TPCs (GET), an integrated system for
signal processing including analog to digital convert-
ers (ADCs), trigger logic, and amplifiers for detectors
with many channels.4) For the connection between the
DSSDs and GET, flexible-printed-circuit (FPC) con-
nectors and circuits for the separation of signals from
a DC bias are used. A new scattering chamber housing
was prepared as well.

The performance of the GET system to readout the
signal from the TTT2 was tested at RIKEN. The test
bench consisted of one TTT2 and a standard 241Am
α-source installed inside the new TiNA chamber. The
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Fig. 1. Schematic drawing of TiNA after upgrade. The
YY1-type SSDs and CsI(Tl) crystals of original TiNA
are colored with blue and red, respectively. The new
TTT2-type DSSDs and CsI(Tl) crystals are colored
with green and purple, respectively.

detector was fully depleted at −55 V. The GET system
consisted of an application-specific integrated circuit
(ASIC) and ADC (AsAd) board connected to a total
of 256 strips and a reduced version of the Concentra-
tion Board (rCoBo). The system was triggered by an
internal multiplicity signal of rCoBo. A pulse-shape
analysis is performed on the GET digitized signal to
extract the energy of particle hits. The resolution ob-
tained on the 241Am α-spectrum is 28 keV (FWHM)
for the 5.485 MeV peak. More tests have been per-
formed with the full system using 4 AsAd boards con-
nected to a normal CoBo. It yielded similar results.

In conclusion, the TiNA array was upgraded by inte-
grating new DSSDs, CsI detectors, and the GET sys-
tem. The performance was tested using a standard
α-source. The results demonstrate the high resolu-
tion capabilities allowed by the new design and elec-
tronic circuit. This resolution was used to simulate
the 50Ca(d, p) reaction. The overall excitation energy
resolution is less than 150 keV in σ, which is within
the experiment specification. The full system of TiNA
will be tested in-beam at the Tandem accelerator of
the University of Kyushu in January 2021.

References
1) P. Schrock et al., CNS Annu. Rep. 2016, CNS-REP-96,

7 (2017).
2) K. Wimmer et al., CNS Annu. Rep. 2017, CNS-REP-

97, 7 (2019).
3) N. Imai et al., CNS Annu. Rep. 2018, CNS-REP-98, 1

(2020).
4) E. C. Pollacco et al., Nucl. Instrum. Methods Phys. Res.

A 887, 81 (2018).

1
- 114 -

RIKEN Accel. Prog. Rep. 54 (2021) II-9. Instrumentation



RIKEN Accel. Prog. Rep. 54 (2021)

Upgrade of the Si-CsI array TiNA for transfer reactions at OEDO

B. Mauss,∗1 J. W. Hwang,∗2,∗3 D. Suzuki,∗1 N. Ma,∗2 N. Imai,∗2 M. Dozono,∗2 S. Michimasa,∗2 T. Sumikama,∗1
S. Ota,∗2 C. Iwamoto,∗1 N. Iwasa,∗3 and F. Endo∗3

TiNA is an array of silicon strip detectors (SSDs)
and CsI(Tl) crystals for measuring recoiling particles
from transfer reactions.1) Initially, TiNA had six tele-
scopes in a lamp-shade configuration. Each telescope
had a YY1-type single-sided SSD of Micron and two
CsI crystals behind the SSD, the total active area of
which is 6 × 5 cm2. The telescopes were placed 8 to
10 cm away from the reaction point and surrounded
the beam axis. They covered a laboratory angle range
of 100◦ to 150◦. TiNA has been used in several transfer
experiments at RIBF.2,3)

Upcoming experiments using transfer reactions,
however, require a larger solid angle and better res-
olutions in angle and energy. For instance, for the
50Ca(d, p) experiment at the OEDO beamline, an ex-
citation energy resolution better than 200 keV in σ
should be achieved. The upgrade project of TiNA has
been launched to fulfill these requirements. In this re-
port, we present the details of the improvements of
TiNA and the results of the offline test.

Figure 1 shows the upgraded structure of TiNA.
Four more telescopes are introduced to cover a larger
solid angle, and they are located between the target
and the YY1 telescopes. Each has a 0.3 mm-thick
TTT2-type double-sided SSD (DSSD) of Micron and
four 25 mm-thick CsI(Tl) crystals. The DSSD cov-
ers 97 × 97 mm2. The CsI crystals placed behind can
measure relatively high-energy charged particles (e.g.,
protons with E < 80 MeV). The angular resolution is
improved to be less than 0.5◦. Three new trapezoidal
CsI crystals are brought in to fully cover the active
area of the original YY1 SSD.

A new electronic system for the TTT2 has been es-
tablished. Since the additional detectors have more
than a thousand channels, we employ the General
Electronics for TPCs (GET), an integrated system for
signal processing including analog to digital convert-
ers (ADCs), trigger logic, and amplifiers for detectors
with many channels.4) For the connection between the
DSSDs and GET, flexible-printed-circuit (FPC) con-
nectors and circuits for the separation of signals from
a DC bias are used. A new scattering chamber housing
was prepared as well.

The performance of the GET system to readout the
signal from the TTT2 was tested at RIKEN. The test
bench consisted of one TTT2 and a standard 241Am
α-source installed inside the new TiNA chamber. The
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Fig. 1. Schematic drawing of TiNA after upgrade. The
YY1-type SSDs and CsI(Tl) crystals of original TiNA
are colored with blue and red, respectively. The new
TTT2-type DSSDs and CsI(Tl) crystals are colored
with green and purple, respectively.

detector was fully depleted at −55 V. The GET system
consisted of an application-specific integrated circuit
(ASIC) and ADC (AsAd) board connected to a total
of 256 strips and a reduced version of the Concentra-
tion Board (rCoBo). The system was triggered by an
internal multiplicity signal of rCoBo. A pulse-shape
analysis is performed on the GET digitized signal to
extract the energy of particle hits. The resolution ob-
tained on the 241Am α-spectrum is 28 keV (FWHM)
for the 5.485 MeV peak. More tests have been per-
formed with the full system using 4 AsAd boards con-
nected to a normal CoBo. It yielded similar results.

In conclusion, the TiNA array was upgraded by inte-
grating new DSSDs, CsI detectors, and the GET sys-
tem. The performance was tested using a standard
α-source. The results demonstrate the high resolu-
tion capabilities allowed by the new design and elec-
tronic circuit. This resolution was used to simulate
the 50Ca(d, p) reaction. The overall excitation energy
resolution is less than 150 keV in σ, which is within
the experiment specification. The full system of TiNA
will be tested in-beam at the Tandem accelerator of
the University of Kyushu in January 2021.
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Heat durability test of molybdenum foil for the new CRIB cryogenic
gas target

S. Hayakawa,∗1 N. Ma,∗1 H. Shimizu,∗1 and H. Yamaguchi∗1,∗2

A cryogenic gas target was developed and used for
over 10 years1) for high-intensity low-energy secondary
beam productions at CRIB (Center for Nuclear Study
RI Beam separator.2)) The basic design comprises a
stainless-steel gas cell with a 80-mm-long vs. ϕ20-mm
cylindrical aperture, where the target gas is confined
by 2.5-µm-thick Havar foil windows at the beam en-
trance and exit sides. The gas supply duct and gas cell
are cryogenically cooled by liquid nitrogen. A forced
gas flow system is employed through the entire gas line
to avoid density reduction under high heat deposition
caused by beam irradiation. The maximum intensity
of the primary beam irradiation is limited by the heat
durability of the Havar foil, which is known to be 2 W.
Therefore, the gas target is always operated at a suffi-
ciently low heat deposition of the primary beam onto
the Havar foil windows to avoid damage.

Currently, we are developing a 26Si RI beam with
an intensity of 5×104 pps or higher for future mea-
surements of the α-resonant scattering and 26Si(α, p)
reaction at CRIB (Exp. No. NP1812-AVF55). The
highest beam intensity of 26Si achieved at CRIB
is 1.2 × 104 pps3) with a 24Mg primary beam at
7.5 MeV/nucleon and 0.2 particle µA (pµA), which
is limited by the 2-W heat deposition on the Havar
windows. The above goal is possible once we achieve
the maximum heat deposition of 8 W or higher. To
this end, we consider the following design changes: (1)
Using a foil material with a higher heat conductivity
and/or higher melting point than those of Havar foil;
(2) Redesigning the gas cell with a higher cooling per-
formance.

In the previous test experiment (Exp. No. NP1812-
AVF55-01), we confirmed the advantages of molybde-
num (Mo) and titanium (Ti) over Havar foil. The for-
mer has better high-temperature property due to its
higher melting point and heat conductivity, and the
latter has lower heat deposition because the minimum
required vacuum-tight thickness offers smaller energy
loss of the beam passing through it. Next, we tested the
heat durability of 2- and 3-µm-thick Mo foil mounted
on the currently used gas target cell in the Detector
Develop Beam Time (Exp. No. DD20-01). The target
cell was filled with 4He gas up to 400 Torr, cooled by
liquid nitrogen with forced circulation. An 16O beam
at 6.8 MeV/nucleon was injected into the gas target
with the maximum beam intensity of 1.4 pµA. The
time course of the maximum temperature monitored
by the thermography is shown in Fig. 1 for different
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Fig. 1. Time course of maximum temperatures.

foil thicknesses and beam intensities. Note that the
read temperature tends to be considerably lower than
the expected value because of the limited spatial reso-
lution of the thermography for the beam spot size. For
an overall trend, the thicker foil is more easily heated
up because of the larger energy loss of the beam parti-
cle than the thinner one. We believe that the process
of each foil above 1.3 pµA was different; the temper-
ature of the thinner one (blue line) increased gradu-
ally and the foil suddenly exploded at some point. In
contrast, the thicker one (red line) showed a pinhole
created right after the beam injection started, and the
read temperature was decreasing as the hole expanded
to loose the gas completely at the end. Despite such
different trends, the breaking intensity was found to be
similar (1.3–1.4 pµA), which can be attributed to the
mechanical strength of the thinner foil becoming too
weak to hold the gas even at a lower temperature where
the thicker foil is still stable (even with a pinhole). We
conclude that both the 2- and 3-µm-thick Mo foils can
resist a beam intensity of 1.0–1.1 pµA or a heat depo-
sition of 6–7 W at least; thicker foils are preferred for
stable operation.

The remaining issue is the more efficient heat release
from the Mo foil to the cryogenic gas cell body; this
can be achieved by a design change (2). This is im-
portant to achieve further heat duration (>8 W) and
for a more stable long-duration operation. This will be
tested by another Detector Development Beam Time
(Exp. No. DD20-02).

References
1) H. Yamaguchi et al., Nucl. Instrum. Methods Phys. Res.

A 589, 150 (2008).
2) Y. Yanagisawa et al., Nucl. Instrum. Methods Phys. Res.

A 539, 74 (2005).
3) H. S. Jung et al., Phys. Rev. C 85, 045802 (2012).

1
- 115 -

RIKEN Accel. Prog. Rep. 54 (2021)II-9. Instrumentation



RIKEN Accel. Prog. Rep. 54 (2021)

Radiation resistivity test of an optical fiber for laser cooling of francium
atoms

T. Hayamizu,∗1 K. Nakamura,∗2 T. Aoki,∗3 Y. Kotaka,∗2 H. Nagahama,∗2 S. Nagase,∗2 M. Ohtsuka,∗2,∗4
N. Ozawa,∗2 M. Sato,∗3 A. Takamine,∗1 K. S. Tanaka,∗5 H. Haba,∗1 and Y. Sakemi∗2

Francium is an alkali element in the 7th period, and
all its isotopes are radioactive with half-lives of up to
20 min. The application of francium atoms to high-
precision spectroscopy for testing fundamental symme-
tries has been implemented on a vertical beam line of
the E7 room at the RI Beam Factory. Francium is pro-
duced in the 197Au(18O,xn)215–xFr reaction and finally
supplied as laser-cooled atoms into the spectroscopic re-
gion. For Fr production, a 7 MeV/nucleon 18O6+ beam
(target current 18 eµA) propagating through two beryl-
lium foils and helium gas flow is injected into a gold
target positioned at the end of the beam line. However,
the optical experimental region for spectroscopy is ex-
posed to high radiation from the target, which is placed
a few meters away. Therefore, the optical experimental
devices should be evaluated for radiation resistivity.

Laser sources were placed in the laser spectroscopy
room in the basement of the RIBF building. A titanium-
sapphire laser and external cavity diode lasers supplied
718 nm light beams for the laser cooling of Fr atoms.
These light beams will be transported to the E7 room
via 400 m of optical fiber. The optical fiber consists of
a polarization-maintaining optical fiber (Fujikura SM63-
PS-U25D) covered by a stainless flexible tube and flame-
retardant polyvinyl chloride (Nippon Steel Welding &
Enginering PICOFLEC). One of the concerns is radia-
tion damage caused by boron, which has a large capture
cross section of neutrons, contained in stress-applied
parts of this optical fiber.1) We expected the radia-
tion damage to cause two behaviors: transmission power
drifting and degradation of light polarizability.

To evaluate the radiation resistivity, we performed a
light transmission monitoring test using 40 m of the
same model optical fiber wired inside the E7 room, dur-
ing the Fr production beam time (maximum 7.9 eµA).
A part of the optical fiber (4.5 m) was stuck with plastic
masking tape on the vertical flat surface of a steel rack
approximately 1.2 m away from the vertical beam line.
The ends of the optical fiber were connected to an op-
tical monitoring system set downstairs of the E7 room,
where the radiation level is low. A 685 nm, 1 mW light
beam from a diode laser was used for the monitoring
system. The output light power of the diode laser, and
each s- and p-polarized light power from the optical fiber
were monitored using power meters. We determined the
transmittance T by the power of the s-polarized out-
put light from the optical fiber normalized by the value
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Fig. 1. The upper figure shows the integrated neutron dose
at the E7 room monitoring post from the beginning of
measurement, and the lower figure shows the optical-fiber
transmittance.

of the input power monitor. In addition, the radiation
dose to the optical fiber was estimated using data from
the E7 room monitoring posts. The peak value of the
neutron dose rate was 3.7 mSv/hr, and the integrated
neutron dose at the monitoring posts over the beam time
was 21.6 mSv. Considering only the distance from the
target, the expected dose of the optical fiber was several
times larger than the dose estimated at the monitoring
post.

The data obtained during the beam time are shown in
Fig. 1. Although it is clear that the cumulative neutron
dose and the fluctuation of T in Fig. 1 did not correlate,
T gradually reduced by less than 1% during 27 h. In
order to identify whether this was caused by the irradi-
ation, we carried out followup tests with a low radiation
background condition. By checking the optics used in
the monitoring system, we found that the coupling effi-
ciency on the fiber couplers may have caused a similar
drift. In conclusion, a significant change beyond the
measurement accuracy of the transmitted light power
and light polarization due to the irradiation was not ob-
served with the current experimental setup. Additional
checks using a higher radiation dose are necessary to en-
sure that this optical fiber can be used for a longer beam
time.
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tion damage to cause two behaviors: transmission power
drifting and degradation of light polarizability.
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beam from a diode laser was used for the monitoring
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each s- and p-polarized light power from the optical fiber
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at the E7 room monitoring post from the beginning of
measurement, and the lower figure shows the optical-fiber
transmittance.

of the input power monitor. In addition, the radiation
dose to the optical fiber was estimated using data from
the E7 room monitoring posts. The peak value of the
neutron dose rate was 3.7 mSv/hr, and the integrated
neutron dose at the monitoring posts over the beam time
was 21.6 mSv. Considering only the distance from the
target, the expected dose of the optical fiber was several
times larger than the dose estimated at the monitoring
post.

The data obtained during the beam time are shown in
Fig. 1. Although it is clear that the cumulative neutron
dose and the fluctuation of T in Fig. 1 did not correlate,
T gradually reduced by less than 1% during 27 h. In
order to identify whether this was caused by the irradi-
ation, we carried out followup tests with a low radiation
background condition. By checking the optics used in
the monitoring system, we found that the coupling effi-
ciency on the fiber couplers may have caused a similar
drift. In conclusion, a significant change beyond the
measurement accuracy of the transmitted light power
and light polarization due to the irradiation was not ob-
served with the current experimental setup. Additional
checks using a higher radiation dose are necessary to en-
sure that this optical fiber can be used for a longer beam
time.
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Development of novel detection system for francium ions extracted from
online surface ionizer

N. Ozawa,∗1 H. Nagahama,∗2 T. Hayamizu,∗3 K. Nakamura,∗2 M. Sato,∗3,∗4 S. Nagase,∗1 Y. Kotaka,∗2
K. Kamakura,∗2 K. S. Tanaka,∗5 M. Otsuka,∗3 T. Aoki,∗3,∗4 Y. Ichikawa,∗3,∗6 A. Takamine,∗3 H. Haba,∗3

H. Ueno,∗3 and Y. Sakemi∗2

One of the origins of the matter-antimatter asymme-
try in the Universe is considered to be the violation of
the charge conjugation and parity symmetries.1) The ex-
istence of a non-zero permanent electric dipole moment
(EDM) of an elementary particle is an indicator of sym-
metry violation.

In particular, electron EDM (eEDM) is enhanced in
paramagnetic atoms,2) up to 103 in the case of francium
(Fr), which is the heaviest alkali.3,4) We are currently
developing an eEDM measurement system using laser-
cooled Fr atoms.

Fr atoms are produced in a surface ionizer via the nuclear
fusion-evaporation reaction, 197Au(18O,xn)215−xFr.5)
An 18O primary beam is irradiated onto a solid Au tar-
get. A fraction of the produced Fr atoms reach the sur-
face via thermal diffusion, where they are released as ions
owing to the surface ionization effect on the Au surface.
Using electrodes placed next to the target, the ions are
extracted at a 45-degree angle at 1 keV energy. The
Fr ion production rate depends on the Au target tem-
perature, which is controlled using an infrared heater
installed on the opposite side of the beam irradiation
surface of the target.

The Fr yield is monitored by detecting the α particles
emitted during their decay using a Si solid state detec-
tor (SSD). In previous experiments, because the infrared
light from the heater acted as a noise source for the SSD,
the heater needed to be stopped for each measurement.
However, turning off the heater frequently caused the

Fig. 1. Developed Fr ion beam detector. Light from infrared
heater is shielded by shielding rings.
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Fig. 2. Typical energy spectrum of α particles emitted during
decay of ions captured on FC surface, obtained using the
SSD. Labelled peaks within the range of 6.5–6.8 MeV are
identified as Fr.

Fr production to become inefficient, owing to the rapid
drop in the Au target temperature.

To overcome this problem, we have developed a novel
Fr ion detection system that is insensitive to the infrared
light of the heater. The detection system, as shown in
Fig. 1, consists of an SSD, a Faraday cup (FC), and a
moving rod attached to four shielding rings. The ex-
tracted Fr ions are first irradiated onto the FC surface,
where the beam intensity is observed as electronic cur-
rent. Subsequently, the FC is moved to the front of the
SSD, where the α particles are detected. Throughout
the operation, the shielding rings fit to the cylindrical
wall of the chamber with a negligible clearance; there-
fore the light hardly enters the SSD.

In September 2020, an experiment on Fr produc-
tion was conducted. Figure 2 shows the energy spec-
trum of the α particles detected by the SSD. The spec-
trum analysis shows that a 210Fr ion beam of 5× 106/s
was extracted. The Au target was heated to 960◦C,
and an 18O6+ beam of 1 particle µA accelerated to
7 MeV/nucleon using an RIKEN AVF cyclotron was
used as the primary beam.

Throughout the experiment, the infrared heater had
a negligible effect on the SSD. Therefore, the newly de-
veloped Fr ion detection system enables beam detection
without stopping the infrared heater, which is advanta-
geous for stable production of Fr ions.
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Experiment on hydrogen removal apparatus for helium supply and
recovery system

M. Nakamura,∗1 T. Dantsuka,∗1 and H. Okuno∗1

In the past, the liquid-helium supply and recovery
system of the Wako campus have suffered severe dam-
ages from hydrogen impurities in the system.1) To re-
move this hydrogen from the recovered helium gas, we
developed hydrogen removal methods utilized for our
system. We found that the silver-zeolite “Ag400” made
by “Molecular Products Inc.” can be used as the ad-
sorbent, and the applicability of Ag400 for hydrogen
removal was confirmed.2) At that time, we did not in-
stall the hydrogen removal apparatus earnestly in our
system. However, a new liquid-helium supply system
was constructed and operated from 2017 because of
the deterioration of the old system.3) In this system,
the newly established hydrogen removal apparatus was
installed beforehand. In this study, we examined the
amount of hydrogen that can be adsorbed by Ag400,
which had not been minutely evaluated until now.

The experimental setup consists of a hydrogen tank,
a pressure gauge, a buffer tank, three switch valves, a
reaction tank, a data logger, and a vacuum pump. The
volume of the buffer tank is approximately 550 cc, and
that of the reaction cylinder is approximately 18 cc.
These parts are connected as shown in Fig. 1.

The experiment is performed by the following three
steps. i) Approximately 20 g of Ag400 is filled in the
reaction cylinder. Valve 1 is closed and the whole setup
are evacuated. ii) Valve 2 is closed, the valve 1 is re-
leased and hydrogen gas is filled to the buffer tank;
its pressure reaches 0.4 MPaG. iii) Valves 1 and 3 are
closed and valve 2 is released. Hydrogen gas is sup-
plied to the reaction cylinder and adsorption begins.
The change of the pressure of the buffer tank is moni-
tored by the pressure gauge and recorded by the data
logger.

Fig. 1. Experimental setup.
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Fig. 2. Change of hydrogen pressure in the buffer tank.

The result of this experiment is shown in Fig. 2.
From this figure, it can be observed that the hydro-
gen pressure in the buffer tank reduced rapidly from
0.4 MPaG to 0.34 MPaG in approximately 30 min af-
ter the start of the adsorption reaction. After 12 h, the
pressure slowly reduced to 0.32 MPaG. Finally, the hy-
drogen pressure reduced to approximately 0.31 MPaG
and settled at the equilibrium state. This result shows
that 20 g of Ag400 can adsorb approximately 500 scc
of hydrogen gas throughout the experimental process.

We use approximately 4 kg of Ag400 in the hydrogen
removal apparatus in the liquid helium supply and re-
covery system. Hence, approximately 0.10 Nm3 of hy-
drogen impurity gas can be removed by this apparatus.
Usually, the concentration of hydrogen contained in re-
covered helium gas ranges from 0.05 ppm to 1.5 ppm
in our system. Therefore, supposing that the recovered
helium gas contains 0.1 ppm of hydrogen, our appara-
tus can purify approximately 1000,000 Nm3 of recov-
ered helium gas. However, the total volumes of liquid
helium supplied in one year in Wako campus were from
180,000 L to 200,000 L.3) When all this liquid helium is
vaporized, approximately 135,000 Nm3 to 150,000 Nm3

of helium gas is generated. In this case, we will evalu-
ate that 4 kg of Ag400 can be used approximately 6–7
years for hydrogen removal.

In the next steps, we will evaluate other characteris-
tics of hydrogen removal apparatus containing Ag400.
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drogen impurity gas can be removed by this apparatus.
Usually, the concentration of hydrogen contained in re-
covered helium gas ranges from 0.05 ppm to 1.5 ppm
in our system. Therefore, supposing that the recovered
helium gas contains 0.1 ppm of hydrogen, our appara-
tus can purify approximately 1000,000 Nm3 of recov-
ered helium gas. However, the total volumes of liquid
helium supplied in one year in Wako campus were from
180,000 L to 200,000 L.3) When all this liquid helium is
vaporized, approximately 135,000 Nm3 to 150,000 Nm3

of helium gas is generated. In this case, we will evalu-
ate that 4 kg of Ag400 can be used approximately 6–7
years for hydrogen removal.

In the next steps, we will evaluate other characteris-
tics of hydrogen removal apparatus containing Ag400.
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Safety interlock system for LINAC building

A. Akasiho,∗1 H. Sakamoto,∗1 and K. Tanaka∗1

An interlock system of the LINAC building toward
human safety (LHIS) works for human radiation safety
and compliance with radiation lows. Because the previ-
ous interlock system was operated for 30 years, it was
too complicated to operate and maintain through long-
term repeated system improvements and generational
changes of developers. Further, a machine protection
system (MPS), that is applied to accelerator machine
safety, was part of the previous interlock system. This
was an operational risk wherein both machine protection
and human safety systems were in the same system as
it was possible to cause operational conflict. Therefore,
the new LHIS was completely separated from MPS.

Figure 1 shows the chart for a new LHIS. In this sys-
tem, a programmable logic controller (PLC) controls
each safety device in the LINAC building directory. The
indicator light shows “beam on” or “beam off” at the en-
trance doors of the irradiation room and the accelera-
tor room, as shown in Fig. 2. The status of the doors
are monitored, and then the LHIS determines whether
beam irradiation is possible. When the radiation work-
ers enter the irradiation rooms, all take safety keys to
recognize the LHIS where the workers are in the room
and to inhibit beam irradiation. A radiation monitor
generates a signal to the LHIS if it detects an abnormal
dose level. Radiation dose level are recorded to radiation
monitoring system. An access control PC independent
from LHIS and operated by an access management sys-
tem generate a signal to the LHIS if a worker handles
its entry operation during beam irradiation.

Figure 2 shows an operational screen for the LHIS
operational PC (LHIS PC) that sends operational com-
mands to PLC as shown in Fig. 1. The schematic di-

Fig. 1. Conceptual diagram for new LHIS.

∗1 RIKEN Nishina Center

Fig. 2. Part of screen of LHIS PC. Positions of BSs are indi-
cated.

agram of the LINAC building is displayed. The LHIS
covers three areas which are accelerator room, irradi-
ation room of the Linac building, and the Connecting
building. Each area has its own beam shutter (BS) to
stop the beam discretely if an interlock incident occur.
Each BS on the accelerator is set on its upstream part
to stop a beam before entering the room, as shown in
Fig. 2. In the previous systems, a faraday cup, which
is applied for accelerator operation, is also commonly
applied as BS. The BSs are independent of the faraday
cups at LHIS.

Instructions are issued from the LHIS PC to PLC re-
motely. The LHIS PCs are set at a radiation control
room in the Nishina building and an accelerator opera-
tion room in the LINAC building. The position of each
operated device such as doors for the accelerator room
and the irradiation room is shown in Fig. 2. Green color
for the devices shows an acceptable status of a beam
irradiation, corresponds to “close” for the door case. A
yellow color door shows abnormal status of door “open.”
All operations for the devices are recorded in the LHIS
PCs.

LHIS is handled by the accelerator operators for RI-
LAC. The operators choose a button on the screen for
the beam irradiation area. Then LHIS analyzes condi-
tions of the safety devices for accelerator operation and
beam irradiation. A BS opens if all statuses are good.
If any status is not sufficient, an “abnormal” indication
is displayed and the BS does not open. While the BS
open, if a door for accelerator or irradiation rooms open,
the LHIS status changes to “abnormal” and BS closes.

The LHIS operation was successfully started at Octo-
ber 2019. At 2020, a rotating red light was installed at
the entrance of the irradiation room to show the X-ray
risk by the RILAC RF cavity.
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Computing and network environment at the RIKEN Nishina Center

T. Ichihara,∗1 Y. Watanabe,∗1 and H. Baba∗1

We operate the Linux cluster systems1) at the RIKEN
Nishina Center (RNC).

Figure 1 shows the current configuration of the Linux
servers at the RNC.

We adopted the Scientific Linux (SL), which is a clone
of Red Hat Enterprise Linux (RHEL), as the operating
system. Since the support of SL 6 was scheduled to be
terminated in November 2020,2) the SL 6 OSes installed
in some servers were replaced with SL 7 or CentOS 8.
The host RIBF.RIKEN.JP is used as the mail server,
NFS server of the user home directory, and NIS mas-
ter server. This is the core server for the RIBF Linux
cluster. Mailing list services are also supported.

The hosts RIBFSMTP1/2 are the mail gateways used
for tagging spam mails and isolating virus-infected mails.
Since the OSes of RIBFSMTP1/2 were SL 6, we re-
placed them by SL 7 in September. The latest version
of Sophos Email Protection-Advanced (PMX 6.4.9) was
reinstalled. Figure 2 shows the mail trends in December
2020. Approximately 50% of the incoming mails were
blocked by the PMX ip-blocker.

A research record server RIBFDBOX was installed,
and it started operation in April 2015. Since five years
have passed, we replaced the research record server
RIBFDBOX by an HP-DL20G9 server in February
2020. At the same time, the OS and application software
were upgraded to CentOS 8.2 and Proself 5, respectively.

The streaming server RIBFSS started operation in
2015 with the Wowza Streaming Engine V4.3 soft-
ware, which can stream Real Time Messaging Proto-
col (RTMP) protocol. To play streaming videos of the
RTMP protocol, the Adobe flash player should be in-
stalled in the PC. Since the support of the Adobe flash
player for Windows OS and macOS was discontinued at
the end of 2020, the operation of the streaming server
RIBFSS was terminated at the same time.

The data analysis servers RIBFDATA02/03 are
mostly used to store and analyze the experimental data
at RIBF. We have replaced the two RAID units (104 TB
each) for /rarf/w file system by new ones. Further, the
OSes of the RIBFDATA02/03 were upgraded from SL 6
by SL 7 in September.

We have been operating approximately 70 units of
wireless LAN access points in RNC. Almost the entire
radiation-controlled area of the East Area of RIKEN
Wako campus is covered by wireless LAN for the con-
venience of experiments and daily work. Six units of
new wireless LAN access points (WAPM1266R) were in-
stalled in 2020.3)

∗1 RIKEN Nishina Center

�

�����

�

������

������

�����

��
�����

�

�

�

� �

�

�

�

����
	����	�
����	
��

�

�

�

�

�

�

��	�������
�� �

�

� �

������
�����������������

�

�

�

� �

�

� �

�

�

� �

�

�

�

�

�

� �

�

� �

�

� �

�

� �

�

� ��

�

Fig. 1. Configuration of the RIBF Linux cluster.

Fig. 2. Mail trends: message categories in December 2020.
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Computing and network environment at the RIKEN Nishina Center
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We operate the Linux cluster systems1) at the RIKEN
Nishina Center (RNC).

Figure 1 shows the current configuration of the Linux
servers at the RNC.

We adopted the Scientific Linux (SL), which is a clone
of Red Hat Enterprise Linux (RHEL), as the operating
system. Since the support of SL 6 was scheduled to be
terminated in November 2020,2) the SL 6 OSes installed
in some servers were replaced with SL 7 or CentOS 8.
The host RIBF.RIKEN.JP is used as the mail server,
NFS server of the user home directory, and NIS mas-
ter server. This is the core server for the RIBF Linux
cluster. Mailing list services are also supported.

The hosts RIBFSMTP1/2 are the mail gateways used
for tagging spam mails and isolating virus-infected mails.
Since the OSes of RIBFSMTP1/2 were SL 6, we re-
placed them by SL 7 in September. The latest version
of Sophos Email Protection-Advanced (PMX 6.4.9) was
reinstalled. Figure 2 shows the mail trends in December
2020. Approximately 50% of the incoming mails were
blocked by the PMX ip-blocker.

A research record server RIBFDBOX was installed,
and it started operation in April 2015. Since five years
have passed, we replaced the research record server
RIBFDBOX by an HP-DL20G9 server in February
2020. At the same time, the OS and application software
were upgraded to CentOS 8.2 and Proself 5, respectively.

The streaming server RIBFSS started operation in
2015 with the Wowza Streaming Engine V4.3 soft-
ware, which can stream Real Time Messaging Proto-
col (RTMP) protocol. To play streaming videos of the
RTMP protocol, the Adobe flash player should be in-
stalled in the PC. Since the support of the Adobe flash
player for Windows OS and macOS was discontinued at
the end of 2020, the operation of the streaming server
RIBFSS was terminated at the same time.

The data analysis servers RIBFDATA02/03 are
mostly used to store and analyze the experimental data
at RIBF. We have replaced the two RAID units (104 TB
each) for /rarf/w file system by new ones. Further, the
OSes of the RIBFDATA02/03 were upgraded from SL 6
by SL 7 in September.

We have been operating approximately 70 units of
wireless LAN access points in RNC. Almost the entire
radiation-controlled area of the East Area of RIKEN
Wako campus is covered by wireless LAN for the con-
venience of experiments and daily work. Six units of
new wireless LAN access points (WAPM1266R) were in-
stalled in 2020.3)
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Fig. 1. Configuration of the RIBF Linux cluster.

Fig. 2. Mail trends: message categories in December 2020.
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CCJ operations in 2020

S. Yokkaichi,∗1 H. En’yo,∗1 T. Ichihara,∗1 W. Nakai,∗1 and Y. Watanabe∗1

Overview
The RIKEN Computing Center in Japan (CCJ)1)

commenced operations in June 2000 as the largest off-
site computing center for the PHENIX2) experiment
being conducted at RHIC. Since then, CCJ has been
providing numerous services as a regional computing
center in Asia. We have transferred several hundred
terabytes of raw data files and nDSTa) files from the
RHIC Computing Facility (RCF)3) to CCJ.

Many analysis and simulation projects are being con-
ducted at CCJ, which are listed on the web page
http://ccjsun.riken.go.jp/ccj/proposals/. As of De-
cember 2020, CCJ has contributed to 44 published pa-
pers and 45 doctoral theses.

Computing hardware and software
The network configuration and the computing hard-

ware (nodes) and software (OS, batch queuing systems,
database engine, etc.) are almost the same as described
in the previous APR.4) We have two login servers, one
main server (users’ home directory, NIS, DNS, and
NTP), and two disk servers, the disk sizes of which
are 13 and 26 TB. The main server has an external
SAS RAID (21 TB) for the home and work regions of
users as well as system usage. Moreover, the server has
a RAID with built-in disks (13 TB) that can be used
temporarily by users and the system.

We operate 25 computing nodes, of which 16 nodes
were purchased in March 2009 and 9 nodes were pur-
chased in March 2011. Thus, in total, 344 (= 8 × 16
nodes + 24×9 nodes ) jobs can be processed simultane-
ously by these computing nodes using a batch queuing
system, LSF 9.1.3.5) Upgrade to LSF 10 is planned in
JFY 2021. Table 1 lists the number of malfunctioning
SATA or SAS disks in the HP servers, namely, comput-
ing nodes and NFS/AFS servers.

One database (postgreSQL6)) server and one AFS7)

server are operated in order to share the PHENIX com-
puting environment. It should be noted that only the
SL58) environment is shared by the computing nodes,
which have approximately 0.9 TB of library files. We
operated two data-transfer servers, which have a 12 TB
SATA RAID with built-in disks. This year, another
data-transfer server, which has a capacity of 39 TB,
was deployed. Data transfer from J-PARC was per-
formed in June during an experiment over 16 days, and
33 TB of raw data were transferred to CCJ. The data
were archived in a tape device in Hokusai.9) In addi-
tion, we operate two dedicated servers for the RHICf
group10) and two servers for the J-PARC E16 group11)

∗1 RIKEN Nishina Center
a) Term for a type of summary data files in PHENIX

Table 1. Number of malfunctioning HDDs in HP servers
during 2011–2020.

Type (Size) total 20 19 18 17 16 15 14 13 12 11
SATA (1 TB) 192 9 8 16 18 8 14 11 16 20 9
SATA (2 TB) 120 5 10 2 10 2 10 0 2 5 4
SATA (4 TB) 10 0 0 0 − − − − − − −
SAS (146 GB) 38 3 6 3 1 5 3 2 0 1 1
SAS (300 GB) 26 1 2 0 1 0 1 1 0 0 1

Table 2. Tape usage in Hokusai as of December 2020.

user total PHENIX
official

KEK/
J-PARC RHICf user-level

archive

size (TB) 921 749 60 3 109

in order to keep their dedicated compilation and library
environments along with some data.

A server for the test of Docker12) was deployed to
support the sPHENIX/EIC users as well as to develop
an OS-independent job submission scheme.

Joint operation with ACCC/HOKUSAI
CCJ and the RIKEN Integrated Cluster of Clusters

(RICC) have been jointly operated since July 2009. In
April 2015, a new system named “HOKUSAI Great-
wave”13) was launched by RIKEN ACCC,9) and the
joint operation with CCJ continued, with the inclusion
of a new hierarchical archive system in which approxi-
mately 900 TB of CCJ data are stored. A breakdown
of the data is presented in Table 2.

In autumn 2020, ACCC started a system of charging
users for their usage of CPU time and storage capacity.
Tape usage is not yet charged as of 2020, and a charging
policy for the future has not yet been fixed. We are in
discussiions with ACCC to set a reasonable fee.
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Control of electrical conductivity in diamond by boron-implantation
using an ECR ion source—application of high-temperature and

high-pressure annealing

H. Yamazaki,∗1 T. Minamidate,∗2 M. Kidera,∗1 A. Yamamoto,∗3 R. Kato,∗4 and H. Ueno∗1

Diamond is an excellent electrical insulator with a
large band-gap of 5.5 eV. It becomes a semiconductor
when doped with a small amount of boron (for p-type)
or phosphorus (for n-type). Ekimov et al. reported that
B-doped diamond, when doped beyond the metal-to-
insulator transition at nB ∼ 3 × 1020 B/cm3, exhibits
superconductivity in samples grown by the high-pressure
and high-temperature synthesis.1) Theoretically, the su-
perconducting critical temperature Tc can be signifi-
cantly increased by reducing the effects of the disorder
in the B-doping processes.2) For a higher Tc, more sub-
tle control of doping using CVD and/or MBE methods
is required. However, a different method based on ion
implantation is also worth investigating, since it enables
selective ion-doping in a controlled manner. This has
great potential for future device applications.

We attempted to control the electrical conductivity in
diamond by using the ion-implantation technique, utiliz-
ing RILAC at the RIBF facility. For n- and p-type semi-
conductors (and possibly superconductors), nitrogen and
boron ions were implanted into diamonds, respectively.
By varying the beam intensity and irradiation time, the
concentration of nitrogen or boron was controlled. Note
that it is challenging to obtain the n-type semiconductor,
as well as the n-type superconductor, by nitrogen-doping
of diamond, since nitrogen behaves as a deep donor in
diamond and does not contribute to conductivity.3)

Fig. 1. The process of high-temperature and high-pressure
annealing.

∗1 RIKEN Nishina Center
∗2 Faculty of Science, Tokyo University of Science
∗3 Graduate School of Engineering and Science, Shibaura Insti-

tute of Technology
∗4 Condensed Molecular Materials Laboratory, RIKEN

Fig. 2. Temperature dependence of electrical resistivity be-
fore and after annealing for B concentrations of (a)
1.8× 1021, (b) 1.3× 1022, and (c) 6.8× 1022 B/cm3. The
possibility of the hopping conductivity in carrier-doped
semiconductor cannot be denied for these samples.

Fig. 3. Typical appearance of Ib- and IIa-type diamonds.

In this fiscal year, we continued studying boron-
implanted diamonds. Boron ions were implanted into
diamond crystals (each size is 1× 1× 0.3 mm3) at 5 keV
(implantation depth: ∼10 nm) by using an ECR ion
source.4)) Ten samples of different concentrations from
nB ∼ 4.9 × 1020 to 6.8 × 1022 B/cm3 were studied.
The magnetization and electrical resistivity measure-
ments showed that the as-implanted diamonds do not
exhibit superconducting transitions, even though nB’s
are nominally beyond the metal-to-insulator transition
at 3 × 1020 B/cm3. To reduce the lattice damage pro-
duced during the implantation, we performed annealing
treatments after implantation. The phase diagram of
carbon shows that diamond is not stable at low pres-
sures; we annealed the samples at 800◦C and 4 GPa for
1 hour. The process of the annealing is shown in Fig. 1.
Contrary to our expectations, the annealed samples ex-
hibited no sign of superconductivity (see Fig. 2).

The laser Raman spectra with 632.8 nm excitation
indicated that the annealing promoted the NV− cen-
ter formation in diamond. To reduce this effect, we
are preparing for the boron implantation of IIa-type di-
amonds (Fig. 3) with nitrogen concentration less than
8 ppm.
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Single-event effects in SiC planar and trench power MOSFETs

M. Iwata,∗1 E. Mizuta,∗1 M. Takahashi,∗1 and H. Shindou∗1

Wide-bandgap semiconductors such as silicon carbide
(SiC) have been attracting attention as materials for
high-efficiency semiconductor devices. The adoption of
SiC power modules has recently progressed in the field
of railways and automobiles. In the aerospace industry,
the use of SiC devices requires the effects of radiation
to be clarified and these issues to be overcome. In this
paper, we report the results of radiation tests for SiC
power metal-oxide-semiconductor field-effect transistors
(MOSFETs).

Two types of commercial n-channel SiC power MOS-
FETs were used in this experiment, as shown in Fig. 1.
The maximum rating for the drain-source breakdown
voltage of these devices is 1200 V. Test samples were
irradiated with 136Xe ions of 638 MeV perpendicularly
at the device surface at room temperature in air using
RIKEN RILAC2 in combination with the RIKEN Ring
Cyclotron (RRC). During irradiation, the gate voltage,
VGS , was set to 0 V. The drain bias voltage, VDS , was
initialized at 100 V and increased in 20 V steps. The
total fluence at each VDS was 3.0× 105 ions/cm2.

Figure 2 shows the current transition of IDS during
irradiation up to VDS = 160 V. The leakage current of
the planar-type sample started to increase gradually at
VDS = 140 V, as shown in Fig. 2(a). This behavior is
quite different from that usually observed during heavy-
ion irradiation on Si power MOSFETs, where the leak-
age current abruptly increases by single-event burn-out.
The tendency of gradual increase on the planar sample
is analogous to the failure modes of SiC Schottky bar-
rier diodes.1) On the other hand, the leakage current of
the trench-type sample increased rapidly at the begin-
ning of irradiation, as shown in Fig. 2(b). In Si trench
MOSFETs, a degradation mechanism related to a micro-
dose effect due to heavy-ion irradiation was reported,2)
and we assume that the same effect is caused in the SiC

Fig. 1. Cross-sectional structure of the test devices.

∗1 Research and Development Directorate, Japan Aerospace Ex-
ploration Agency

Fig. 2. Result of current monitoring during irradiation.

Fig. 3. Result of current monitoring before and after irradi-
ation.

trench-type sample. The trench structure enables the ir-
radiated ions to pass through the gate oxide along the
entire length of the channel and generate electron-hole
pairs. Trapped holes might exist in the gate oxide be-
cause the hole diffusion velocity is less than that of elec-
trons, and they might introduce a large leakage current
path immediately after the start of irradiation.

Figure 3 shows the I-V curves of the drain leakage
current before and after irradiation. The degradation by
irradiation seemed worse in the trench-type sample than
in the planar sample.

Because the planar-type SiC MOSFETs did not show
the microdose effect and its leakage current after irradi-
ation was less than that of the trench-type sample, the
planar gate structure can be considered suitable for use
in space.

References
1) S. Kuboyama et al., IEEE Trans. Nucl. Sci. 53, 6 (2006).
2) J. A. Felix et al., IEEE Trans. Nucl. Sci. 54, 6 (2007).

1
- 124 -

RIKEN Accel. Prog. Rep. 54 (2021) III-1. Atomic & Solid State Physics (Ion)



RIKEN Accel. Prog. Rep. 54 (2021)

Single-event effects in SiC planar and trench power MOSFETs

M. Iwata,∗1 E. Mizuta,∗1 M. Takahashi,∗1 and H. Shindou∗1

Wide-bandgap semiconductors such as silicon carbide
(SiC) have been attracting attention as materials for
high-efficiency semiconductor devices. The adoption of
SiC power modules has recently progressed in the field
of railways and automobiles. In the aerospace industry,
the use of SiC devices requires the effects of radiation
to be clarified and these issues to be overcome. In this
paper, we report the results of radiation tests for SiC
power metal-oxide-semiconductor field-effect transistors
(MOSFETs).

Two types of commercial n-channel SiC power MOS-
FETs were used in this experiment, as shown in Fig. 1.
The maximum rating for the drain-source breakdown
voltage of these devices is 1200 V. Test samples were
irradiated with 136Xe ions of 638 MeV perpendicularly
at the device surface at room temperature in air using
RIKEN RILAC2 in combination with the RIKEN Ring
Cyclotron (RRC). During irradiation, the gate voltage,
VGS , was set to 0 V. The drain bias voltage, VDS , was
initialized at 100 V and increased in 20 V steps. The
total fluence at each VDS was 3.0× 105 ions/cm2.

Figure 2 shows the current transition of IDS during
irradiation up to VDS = 160 V. The leakage current of
the planar-type sample started to increase gradually at
VDS = 140 V, as shown in Fig. 2(a). This behavior is
quite different from that usually observed during heavy-
ion irradiation on Si power MOSFETs, where the leak-
age current abruptly increases by single-event burn-out.
The tendency of gradual increase on the planar sample
is analogous to the failure modes of SiC Schottky bar-
rier diodes.1) On the other hand, the leakage current of
the trench-type sample increased rapidly at the begin-
ning of irradiation, as shown in Fig. 2(b). In Si trench
MOSFETs, a degradation mechanism related to a micro-
dose effect due to heavy-ion irradiation was reported,2)
and we assume that the same effect is caused in the SiC

Fig. 1. Cross-sectional structure of the test devices.

∗1 Research and Development Directorate, Japan Aerospace Ex-
ploration Agency

Fig. 2. Result of current monitoring during irradiation.

Fig. 3. Result of current monitoring before and after irradi-
ation.

trench-type sample. The trench structure enables the ir-
radiated ions to pass through the gate oxide along the
entire length of the channel and generate electron-hole
pairs. Trapped holes might exist in the gate oxide be-
cause the hole diffusion velocity is less than that of elec-
trons, and they might introduce a large leakage current
path immediately after the start of irradiation.

Figure 3 shows the I-V curves of the drain leakage
current before and after irradiation. The degradation by
irradiation seemed worse in the trench-type sample than
in the planar sample.

Because the planar-type SiC MOSFETs did not show
the microdose effect and its leakage current after irradi-
ation was less than that of the trench-type sample, the
planar gate structure can be considered suitable for use
in space.

References
1) S. Kuboyama et al., IEEE Trans. Nucl. Sci. 53, 6 (2006).
2) J. A. Felix et al., IEEE Trans. Nucl. Sci. 54, 6 (2007).

1

RIKEN Accel. Prog. Rep. 54 (2021)

Profile measurements of dual-microbeams generated by glass capillaries

M. Mori,∗2,∗1 T. Ikeda,∗1,∗2 and W. -G. Jin∗2

Tapered glass capillary optics is known to be a
simple and reliable microbeam generator for ion/laser
beams.1,2) The DNA of living cells is seriously dam-
aged by not only ion-beam irradiation but also UV light.
However, to avoid mis-hitting of a target cell nucleus, a
laser sight of a visible micrometer-sized spot is needed
prior to the UV microbeam shooting, where the visible
light never damages the DNA. We have proposed a dual-
microbeam system of visible light + ion beam (produced
at Pelletron in RIKEN Nishina Center) and visible + UV
light because any quantum beams can be transmitted
through the capillary optics. The transmission charac-
teristics and the microbeam profiles of visible laser were
investigated until 2017,3) followed by the similar study
for UV microbeams.4) To realize the system of visible
+ UV laser, the two microbeam spots should be on the
same position. In this report, the displacement between
the two spots as a function of possible mis-alignment of
the input beam is described, although a laser beam is
well-guided by the capillary optics.

Figure 1 shows the setup in Toho University. A UV
laser with a wavelength λ = 375 nm from a source
(THORLABS L375P70MLD) entered a glass capillary
with an outlet diameter of 60 µm, where the capillary
was aligned with an accuracy better than the smallest
scale of 0.34 mrad in the mirror tuning. The microbeam
profile approximately 3-mm downstream of the capillary
was obtained as shown in Fig. 2 by a knife-edge method
employing a motorized stage (SURUGASEIKI XY620-
G-N) and a photodiode (OPHIR PD300) connected to
a power meter display. The central sharp peak like an
airy disk, which is known in Fraunhofer diffraction for
a circular aperture, was used to extract the full width
at half maximum (FWHM) as the spot size after Gaus-
sian fitting. A visible light laser (λ = 488 nm) from a
source (Photochemical Research Associates Inc. LA15R)
also entered the capillary with a half mirror, which was
tilted horizontally to emulate the mis-alignment with a

Fig. 1. Experimental setup with a knife-edge method to ob-
tain the beam profiles. The distance L ∼ 3 mm.
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Fig. 2. Horizontal profile of a UV microbeam. The spot size
is defined as the FWHM of the central sharp peak.

Fig. 3. Displacement of the visible spot from the UV spot as
a function of θ, along with the spot sizes.

step of 0.68 mrad. The peak position and the spot size of
each laser were measured according to the tilting angle
θ, where θ = 0 when the UV and visible laser entered
coaxially.

The displacements of the visible laser spot from the
UV spot as a function of θ are plotted in Fig. 3. The
green and purple symbols show the peak positions of
visible and UV lasers, respectively, where the UV peak
positions were set to zero. The vertical bars correspond
to the spot sizes, which depend on the initial beam di-
vergences. As expected, the UV spot sizes were almost
constant. We confirmed that the visible laser peak posi-
tions were measured to be constant in the larger θ region
(≥1.36). The guiding effect of the laser beam through
the capillary optics is clearly proven.5) However, for UV
spot sizes of ∼30 µm, the mis-alignment θ should be sup-
pressed to less than 1.36 mrad to obtain the same spot
positions so that the mis-hitting in the UV microbeam
irradiation is avoided.
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Partial order of conduction electrons in Mn3CoSi

S. Shamoto,∗1,∗2,∗3,∗4 D. P. Sari,∗5,∗3 I. Watanabe,∗3 H. Yamauchi,∗4 and L. -J. Chang∗1

Unconventional phase transitions have been discov-
ered in various materials.1) One of them is a phase sep-
aration at the tri-critical point of quantum phase tran-
sition.2) Partial magnetic order has been observed in a
non-centrosymmetric compound of MnSi near the quan-
tum phase transition under pressure.3,4) On the search
of new unconventional magnetic transition, we dis-
covered the highest-temperature magnetic short-range
order (SRO) in a new noncentrosymmetric magnet
Mn3RhSi by the complementary use of muon spin relax-
ation (HiFi and ARGUS at ISIS), neutron, X-ray scat-
tering, electron diffraction, and magnetization measure-
ments.5) It has a hyperkagome network of magnetic Mn
ions. We think that the unconventional magnetic SRO
emerges due to the spatially inhomogeneous order pa-
rameter, where the Lifshitz condition is violated by the
Dzyalonshinskii-Moriya interaction in a noncentrosym-
metric magnet. The intriguing point of the SRO is not
limited in the highest-temperature record of magnetic
SRO, but also in the observed Q-position different from
long-range antiferromagnetic (AF) order Q-position. At
present, however, the mechanism is still unknown. To
reveal the mechanism, we believe that it is necessary to
complete the phase diagram (Fig. 2) by measuring the
related family compounds such as Mn3CoSi (a = 6.28 Å)
with a different lattice constant resulting in a different

Fig. 1. Temperature dependence of TF µSR asymmetry of
Mn3CoSi.
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Fig. 2. Phase diagram of β-Mn type structure alloys.

bandwidth from that of Mn3RhSi (a = 6.47 Å). The Néel
temperature of Mn3CoSi is about 100 K, whereas that of
Mn3RhSi is 190 K. However, it was unknown which the
SRO transition temperature of Mn3CoSi becomes lower
than that of Mn3RhSi.

TF µSR measurement of Mn3CoSi (RB2070006) suc-
cessfully showed SRO anomaly above Néel temperature
in the asymmetry as shown in Fig. 1. The magnetic
SRO of Mn3CoSi is found to start at about 250 K. From
this result, we may conclude that the SRO temperature
increases with increasing the lattice constants as shown
in Fig. 2. This result suggests that the present world
record of SRO temperature may further increase with
increasing the lattice constant.

References
1) S. Shamoto, J. Phys. Soc. Jpn. 88, 081008 (2019),

arXiv:1905.03905.
2) D. Belitz, T. R. Kirkpatrick, T. Vojta, Rev. Mod. Phys.

77, 579 (2005).
3) C. Pfleiderer et al., Nature 427, 227 (2004).
4) Y. J. Uemura et al., Nat. Phys. 3, 29 (2007).
5) H. Yamauchi, D. P. Sari, I. Watanabe, Y. Yasui,

L. -J. Chang, K. Kondo, T. U. Ito, M. Ishikado, M. Hag-
ihara, M. D. Frontzek, S. Chi, J. A. Fernandez-Baca,
J. S. Lord, A. Berlie, A. Kotani, S. Mori, S. Shamoto,
Commun. Mat. 1, 43 (2020).

1
- 127 -

RIKEN Accel. Prog. Rep. 54 (2021)III-2. Atomic & Solid State Physics (Muon)



RIKEN Accel. Prog. Rep. 54 (2021)

Magnetism and superconductivity in underdoped region of T*-type
La1−x/2Eu1−x/2SrxCuO4−yFy

M. Takahama,∗1,∗2 T. Taniguchi,∗1 D. P. Sari,∗3,∗4 I. Watanabe,∗3 and M. Fujita∗1

In the study of high-transition-temperature cuprates,
the doping evolution of magnetism and its relationship
with superconductivity are important issues. It had
been considered that the superconductivity is induced
by carrier doping into Mott insulators.1) However, the
appearance of superconductivity in RE2CuO4 (RE =
rare earth) without effective carrier doping (undoped
superconductivity) was clarified by improving mate-
rial synthesis and annealing techniques.2,3) After the
discovery of undoped superconductivity, the broad su-
perconducting (SC) phase was reported.4)

Recently, we succeeded in synthesizing T*-type
structured La1−x/2Eu1−x/2SrxCuO4 (LESCO) in
which the oxygen coordination around a copper ion
is five and reported the magnetic and SC proper-
ties as functions of Sr concentration.5,6) Our muon
spin rotation/relaxation (µSR) measurement of LE-
SCO revealed the presence of a spin-glass state and
the absence of static magnetism in the as-sintered
non-SC and high-pressure oxidated SC samples, re-
spectively. Therefore, the short-range magnetic or-
der disappears with the emergence of superconduc-
tivity, suggesting competition between the two states.
However, as it is challenging to synthesize a single-
phase sample of LESCO with a smaller x, the elec-
tronic state of the underdoped (UD) region of T*-
type cuprates has not been investigated. Thus, we
newly synthesized La1−x/2Eu1−x/2SrxCuO4−yFy (LE-
SCOF), in which the hole concentration can be re-
duced by increasing y while keeping the single-phase
T*-type structure. The evidence of low carrier den-
sity in both as-sintered and oxidation-annealed LE-
SCO was reported by x-ray absorption spectroscopy
measurement,6) and LESCO with x≲ 0.23 corresponds
to UD La2−xSrxCuO4. Therefore, LESCOF with x =
0.18 is expected to be located in a more UD region.
The magnetism in UD LESCOF was studied by µSR
measurements at RIKEN-RAL.

Figure 1(a) shows the temperature dependence of
the zero-field µSR time spectra of as-sintered LESCOF
with x = 0.18 and y = 0.14. Exponential-type spec-
tra are observed below ∼80 K, and muon spin preces-
sion was observed at the lowest temperature of 5.1 K.
The appearance of precession suggests the emergence
of long-range magnetic order. Furthermore, the tem-
perature at which the spectra change from Gaussian-
type to exponential is higher than that in the pristine
∗1 Institute for Materials Research, Tohoku University
∗2 Department of Physics, Tohoku University
∗3 RIKEN Nishina Center
∗4 College of Engineering, Shibaura Institute of Technology

Fig. 1. Zero-field µSR time spectra of (a) as-sintered and
(b) oxidation-annealed La1−x/2Eu1−x/2SrxCuO4−yFy

with x = 0.18 and y = 0.14.

LESCOF with x = 0.18,4) indicating the development
of static magnetism upon underdoping. On the other
hand, the oxidation-annealed SC sample shows no ev-
idence of magnetic order down to 2 K (Fig. 1(b)).

Two characteristic features of magnetism were clar-
ified in the present study. Firstly, a long-range mag-
netic ordered state exists in the lightly doped sample
of as-sintered T*-type LESCOF. Combined with pre-
viously reported results,4) the short-range spin-glass
state is replaced by the long-range state upon under-
doping, as is the case with other cuprates. Secondly,
such an ordered state disappears with annealing in
connection with the emergence of superconductivity.
Therefore, our results suggest that strong Cu-spin cor-
relations cause the superconductivity in T*-type LE-
SCO, and that the spin fluctuations play an essen-
tial role in the mechanism of superconductivity in the
lightly hole-doped region.
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netic ordered state exists in the lightly doped sample
of as-sintered T*-type LESCOF. Combined with pre-
viously reported results,4) the short-range spin-glass
state is replaced by the long-range state upon under-
doping, as is the case with other cuprates. Secondly,
such an ordered state disappears with annealing in
connection with the emergence of superconductivity.
Therefore, our results suggest that strong Cu-spin cor-
relations cause the superconductivity in T*-type LE-
SCO, and that the spin fluctuations play an essen-
tial role in the mechanism of superconductivity in the
lightly hole-doped region.
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Spin dynamics in Pyrochlore Nd2Mo2O7
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Nd2Mo2O7 is metallic and exhibits a ferromagnetic
transition at a Curie temperature Tc = 93 K. In contrast
with other Nd-pyrochlore systems, such as Nd2Sn2O7

and Nd2Zr2O7, where the magnetic moments are local-
ized, Nd2Mo2O7 possesses delocalized electrons, which
may host novel phenomena associated with the interac-
tion between the localized moments Nd3+ and the itin-
erant moment Mo4+. Particularly, Nd2Mo2O7 exhibits
unusual spin chirality,1,2) and possesses a two-in-two-out
(AIAO) spin ice spin configuration on Nd3+. Unlike the
AIAO magnetic order of Ir4+ in Nd2Ir2O7, the XY type
order of Ru4+ in Nd2Ru2O7, and Mo4+ in Nd2Mo2O7 or-
ders along the 001 direction. In Nd2Mo2O7, the anoma-
lies appearing at 93 K in both the magnetic and heat ca-
pacity is attributed to the Mo4+ ordering temperature,
whereas the ordering of Nd3+ becomes significant below
30 K.3) Therefore, it is interesting to study the spin dy-
namics in the delocalized electron system of Nd2Mo2O7

and compare them to those of other Nd-pyrochlores by
µSR technique. Moreover, applied fields in Nd2Mo2O7

may change the ground state of Nd3+.3) µSR experi-
ments were carried out at ARGUS spectroscopy, RIKEN-
RAL, between the temperature ranges of 5–300 K to ob-
tain the information below and above the magnetic tran-
sition temperatures of 30 and 93 K. Figure 1(a) shows
the zero-field mSR relaxation spectra at 7.5, 35, 95,
and 160 K and the fitted curves using the function of
A1 exp(−λ1t) +A2 exp(−λ2t) +A3. The plots of the fit-
ted parameters are shown in Fig. 1(b). The initial drop
of the muon relaxation below 95 K indicates the mag-
netic order of the compound, which can also be confirmed
by the increasing of the relaxation rate λ1 in Fig. 1(b).

Fig. 1. (a) zero-field µSR relaxation spectra at 7.5, 35,
95, and 160 K and fitted curves using the function of
A1 exp(−λ1t)+A2 exp(−λ2t)+A3; (b) plots of the fitted
parameters.
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Fig. 2. Temperature-dependence of the asymmetry spectra
of muon relaxation signal between 5 and 300 K in the
applied field of 4000 G. The spectra can be separated into
three different temperature intervals of 30 K and 93 K,
the transition temperatures of Nd3+ and Mo4+ ordering
temperatures, respectively.

The initial drop made it impossible to determine the
magnetic volume fraction of the AIAO spin structure.
However, the transition at 30 K cannot be picked up
clearly by muon relaxation. The asymmetry of the slow
relaxation parameter exhibits a magnetic anomaly. Lon-
gitudinal fields were applied up to 4000 G to evaluate
the decoupling of muons on the sites. An applied con-
stant of 4000 G in the temperature-dependent scans was
also utilized in the experiments. The transitions at 30
and 93 K can be clarified in the measurements as shown
in Fig. 2, in which the relaxations of the spectra are
separated to three groups in three different temperature
ranges. Proper models have to be proposed to fit these
curves and higher fields are necessary to decouple the
muon relaxations for further study on this compound.

At 5 K, the significant differences of the asymmetry
and muon relaxation have been observed before and af-
ter an applied field (not shown in the figure). Similar
behaviour does not appear at a higher temperature of
85 K. This hysteresis at 5 K indicates ferromagnetic
components at low temperature. In our experiments,
this hysteresis even happens in a small applied field of
100 G. The magnetic structure of Nd2Mo2O7, had been
reported as a spin chirality “umbrella” structure,4) which
is consistent with the observation made in the µSR spec-
tra at low temperatures. This phase occurs below the
Nd3+ ordering temperature only, and does not exist be-
low the Mo4+ ordering temperature between 93 K and
30 K. However, muon precession was not observed in the
experiments. We are working on a proper model to fit
the spectra below 30 K.
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Possible multipolar ordering in spin-orbital-entangled d2 system on a
face-centered-cubic lattice

T. Takayama,∗1,∗2 D. P. Sari,∗3,∗4 I. Watanabe,∗4 and H. Takagi∗1,∗2,∗5

The interplay of strong spin-orbit coupling (SOC)
and electron correlation in heavy transition-metal com-
pounds containing 4d and 5d elements has been re-
vealed to give rise to unprecedented electronic states
of matter. In such systems, strong SOC produces spin-
orbit-entangled Jeff states of d-electrons. The inter-
actions between spin-orbital-entangled objects are dis-
tinct from those in spin-only systems, and a plethora of
novel electronic phases has been predicted to emerge.
In d2 configurations, SOC yields Jeff = 2 quintet states.
When the Jeff = 2 states are placed on a face-centered-
cubic (FCC) lattice, multipolar ordering phenomena
such as charge quadrupolar and magnetic octupole or-
derings are expected to emerge.1,2)

To explore such multipolar orderings of d-electrons,
we focused on cubic tungsten halides A2WCl6 (A =
K, Rb, Cs) with a 5d2 configuration of W4+ ions. The
regular WCl6 octahedra form an FCC lattice. In these
compounds, the magnetic susceptibility χ(T ) shows a
Curie-Weiss behavior at high temperatures, and the
effective moments are close to the value expected for
Jeff = 2 (µeff ∼ 1.22 µB). K2WCl6 displays an anomaly
in specific heat C(T ) at approximately 180 K, which
corresponds to a structural transition from cubic to
tetragonal, but no further anomaly was observed at
lower temperatures. Rb2WCl6 and Cs2WCl6 show no
pronounced anomaly in C(T ) and χ(T ) down to 2 K,
although a deviation from the Curie-Weiss behavior
is observed at approximately 100 K. The magnetic
ground state of these materials is thus not clear yet.

One of the possible ground states is the formation
of magnetic octupolar ordering, which has been sug-
gested for d2 double-perovskite oxides.3) In those ox-
ides, although any signature of magnetic dipolar or-
dering was found in χ(T ) and neutron diffraction, a
clear oscillatory signal was observed in muon spin ro-
tation (µSR) measurements, indicating time-reversal-
symmetry breaking. The other possibility, especially
for K2WCl6, is that the structural transition lifts the
degeneracy of the Jeff = 2 quintet and selects the non-
magnetic Jz

eff = 0 singlet ground state (i.e., charge
quadrupole order), which can be regarded as a spin-
orbital nematic state in analogy with the Sz = 0
spin-nematic state. In this case, the time-reversal-
symmetry is retained, and no oscillatory signal is ex-
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Fig. 1. Zero-field time spectra of muon asymmetry for
Cs2WCl6 at several temperatures.

pected in µSR.
In order to investigate the ground states, we per-

formed a µSR measurement on powder samples of
A2WCl6 (A = K, Rb, Cs) using ARGUS, ISIS. For all
the samples, the time dependence of muon asymmetry
at low temperatures only shows a monotonic decrease,
indicating a nonmagnetic ground state. Figure 1 shows
the result for Cs2WCl6. The time dependence of muon
asymmetry at zero magnetic field did not show any
pronounced change down to 2 K. For K2WCl6, the re-
laxation rate λ, obtained by fitting with a Lorentzian
curve, shows a kink at approximately 180 K, where
a structural transition occurs. No such anomaly was
found in Cs2WCl6 or Rb2WCl6.

This result excludes the presence of magnetic dipo-
lar or octupolar ordering in A2WCl6. The question
of whether the Jeff = 2 moments remain fluctuating or
form a quadrupolar ordering with a spin-singlet ground
state remains open. We expect that the ground states
of these compounds can be clarified in combination
with other measurements, especially the analysis of
low-temperature crystal structures.
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asymmetry at zero magnetic field did not show any
pronounced change down to 2 K. For K2WCl6, the re-
laxation rate λ, obtained by fitting with a Lorentzian
curve, shows a kink at approximately 180 K, where
a structural transition occurs. No such anomaly was
found in Cs2WCl6 or Rb2WCl6.

This result excludes the presence of magnetic dipo-
lar or octupolar ordering in A2WCl6. The question
of whether the Jeff = 2 moments remain fluctuating or
form a quadrupolar ordering with a spin-singlet ground
state remains open. We expect that the ground states
of these compounds can be clarified in combination
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A3M2X9 (A = Cs, Rb : M = transition metal el-
ements: X = Cl, Br) compounds with trigonal space
group P63/mmc are composed of isolated di-nuclear
complexes [M2X9]3− and their magnetic properties are
explained within an isolated or weakly coupled spin
dimer model. Because these spin dimers are arranged
in a triangular form, the spin frustration effect is ex-
pected to appear when magnetic phase transition oc-
curs via finite interdimer interactions. Cs3V2Cl9, one
member of the A3M2X9 family with magnetic ion V3+

(S = 1), was previously studied via magnetic suscep-
tibility and inelastic neutron scattering measurement
using powder sample1) and no magnetic ordering was
observed above 1.5 K. We recently synthesized a single
crystal of Cs3V2Cl9 and measured susceptibility χ(T )
and specific heat, and we found successive phase tran-
sition at TN ≈ 4 K and Tn ≈ 15 K.2)

These successive phase transitions are not explained
within the framework of the isolated dimer model, and
they show the presence of non-negligible interdimer in-
teraction. χ(T ) shows no anomaly at Tn although TN

is accompanied by the cusp-like anomaly of χ(T ). The
lower temperature transition is suggested to be an an-
tiferromagnetic transition although the spin structure
is not clear. The higher temperature transition is not
a mere crystal structure transition because the tran-
sition temperature depends on the applied magnetic
field.

We measured the µSR of Cs3V2Cl9 to clarify the na-
ture of the successive phase transitions. Figure 1 shows
the zero-field muon spin relaxation (ZF-µSR) spectra
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measured down to 1.6 K. At relatively high temper-
atures, the spectra follow Gaussian curves. As the
temperature decreases, the spectra changes from Gaus-
sian to an exponential curve following as exp(−λst) +
af exp(−λf t), where λs and λf denote slow and fast
relaxation rates, and as and af represent amplitudes
of the asymmetry of slow and fast components, respec-
tively. Solid lines in Fig. 1 are fitted results. Figure 2
shows the temperature dependence of λs. A distinct
peak is observed at around TN , which confirms that a
magnetic long range order occurs at this temperature.
No anomaly of lambda is observed at Tn, which indi-
cates that an internal field does not appear. The phase
transition at Tn is not accompanied by the internal
field, whereas the value of Tn depends on the applied
magnetic field. One candidate for the transition at Tn

is a spin nematic order wherein quadrupole moments,
not magnetic moments, play the role of an order pa-
rameter. Because the nematic state does not break the
time-reversal symmetry, usual magnetic probes includ-
ing muon do not detect this transition.3) Several the-
oretical studies indicate the occurrence of the nematic
order in an S = 1 triangular lattice antiferromagnet
or spin dimer magnets. The findings obtained by this
µSR experiments make it more likely that Tn is the
nematic transition.
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Magnetism of novel heavy fermion compound YbCu4Ni investigated by
µSR

T. Taniguchi,∗1 K. Osato,∗1,∗2 M. Fujita,∗3 D. P. Sari,∗3,∗4 and I. Watanabe∗3,∗5

The f -electron systems show many examples of quan-
tum critical phenomena.1) In previous works, high-
quality crystals and advanced experimental methods
provided many instances of quantum critical phenomena
originating from antiferromagnetism. Recently, quan-
tum critical phenomena that cannot be explained by
the self-consistent renormalization (SCR) theory have
attracted much attention. However, to study such quan-
tum critical phenomena, actual candidate materials and
adequate experimental methods are required.

We focused on YbCu4T (T = transition metal) be-
cause this family exhibits exotic physical phenomena
such as the valence transition at zero field and ambi-
ent pressure in YbCu4In.2,3) In YbCu4Au, valence and
magnetic transitions are induced by applying a magnetic
field.4) Since the Yb site in this family has three-fold
symmetry, this system may show an ordered phase orig-
inating from geometrical frustration.

The temperature dependence of the specific heat
(C/T ) of YbCu4Ni shows a power-law behavior. This
behavior is consistent with the quantum critical phe-
nomena, but the SCR theory cannot explain the tem-
perature dependence of C/T .5) The purpose of our re-
search is to understand the origin of the power-law be-
havior of C/T in YbCu4Ni. Magnetism usually plays
the vital role of quantum criticality. Thus, we performed
muon spin relaxation (µSR) measurements at RIKEN-
RAL because µSR is a powerful tool to obtain informa-
tion on static and dynamic spin correlations.

Figure 1 shows the temperature dependence of the
µSR time spectra. To derive the magnetic fluctuation of
the f -electron, we applied a longitudinal magnetic field
of 100 G. Rapid relaxation was observed at low temper-
atures below 2 K, indicating the appearance of magnetic
fluctuation. However muon spin precession was not ob-
served down to the lowest temperature of 0.4 K. We
determined the asymmetry of the spectrum at 0.4 K for
the time after ∼4 µs as the baseline (∼16%). These
results suggest the inhomogeneous magnetic field at the
muon stopping site even at the lowest measurement tem-
perature.

Here, we discuss the origin of the power-law behavior
of C/T from the viewpoint of magnetic fluctuation. As
in the case of antiferromagnetism, it is highly possible
that the magnetic fluctuation is the cause of the temper-
ature dependence of C/T . There are two possible origins
of the magnetic fluctuations: (1) the novel quantum crit-
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Fig. 1. Temperature dependence of the µSR time spectra of
YbCu4Ni in a longitudinal field of 100 G.

icality and (2) magnetic inhomogeneity. For the former
case, it was theoretically aspect pointed out that a dra-
matic increase in effective mass should be observed near
the quantum critical point, other than that from the an-
itferromagnetic phase.6) For example, the temperature
dependence of C/T shows logarithmic behavior in β-
YbAlB4 even when the valence fluctuation contributed
to the physical properties.7) For the latter case, owing
to the distribution of the Kondo temperature originating
from the magnetic inhomogeneity, C/T at low tempera-
tures may show a behavior similar to quantum critical-
ity.8) Since inhomogeneous states such as the spin-glass
state may appear because of the geometrical frustration,
the latter case is also a candidate scenario. µSR mea-
surements below 0.4 K may provide evidence to clarify
the above two possibilities.

In conclusion, we performed the µSR measurements
of YbCu4Ni. At low temperature, the magnetic fluctu-
ation increased. It is highly possible that the power-law
behavior of C/T is caused by this fluctuation.
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ZF-µSR measurement to investigate thermal hysteresis of MgTi2O4 at
low temperature

U. Widyaiswari,∗1,∗2 N. Hanasaki,∗3 B. Kurniawan,∗2 and I. Watanabe∗1,∗2

We investigated spinel titanate (MgTi2O4) which
has a 3d1 electron (S = 1/2) within the Ti3+ ion and
forms a pyrochlore lattice,1) to explore the magnetic
ground state of this strongly correlated system. The
lattice of MgTi2O4 has a cubic structure at room tem-
perature and shows a transition to a tetragonal struc-
ture at Tst ≃ 260 K.2) This structural phase transi-
tion is accompanied by a metal-insulator transition and
changes in magnetic properties.2) Isobe et al. proposed
a spin-singlet insulator as the ground state, which did
not form any magnetic ordering.2)

Previously, we found that there was no long-range
ordered state in MgTi2O4 down to 6 K through zero-
field muon spin resonance (ZF-µSR) measurements.
Our preliminary study on MgTi2O4 showed that ther-
mal hysteresis occurs in the temperature dependence
of heat capacity below 3.5 K down to 2.5 K. To investi-
gate the origin of the thermal hysteresis and magnetic
properties at a much lower temperature, we extend
the ZF-µSR measurement down to 2 K using VAR-
IOX at the RIKEN-RAL Muon Facility in the United
Kingdom. ZF-µSR measurements were performed be-
low 30 K with descending temperature (cooling proce-
dure) and ascending temperature (warming procedure)
to observe the thermal hysteresis. The time spectra,
shown in Fig. 1(a), can be fitted using Eq. (1).

A(t) = AGKT(1/3+2/3(1−∆2t2) exp(−∆2t2/2))

+AL exp(−λt), (1)

where AGKT and AL are the initial asymmetry from
Gaussian and Lorentzian components at t = 0, respec-
tively.

The absolute value of the temperature dependence
of muon spin relaxation, λ(T), was in good agreement
with the previous result3) and is shown in Fig. 1(b).
This result demonstrated that the muon spin relax-
ation rate does not change significantly indicating the
absence of the ordered state down to 2 K. Further-
more, there is no difference in the muon spin relaxation
rate measured in the cooling and warming procedures.
This indicates that the thermal hysteresis observed in
the heat-capacity measurement is beyond the muon-
spin time window; therefore, we could not detect such
behavior down to 2 K.
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Fig. 1. (a) ZF-µSR time spectra of MgTi2O4; the solid
line is the fitting resulted obtained using Eq. (1). (b)
Temperature dependence of the muon spin relaxation
rate.
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Observation of Cu spin fluctuations in over-doped regime La2-xSrxCuO4

nanoparticles

S. Winarsih,∗1 T. Adachi,∗2 T. Goto,∗2 B. Kurniawan,∗3 B. Soegijono,∗3 and I. Watanabe∗4

The first observation of exchange anisotropy or ex-
change bias was reported for cobalt particles capped by
cobalt oxide.1) The shifted hysteresis loop in field-cooled
suggested the occurrence of exchange coupling between
the ferromagnetic spin of cobalt with the antiferromag-
netic spin of cobalt oxide. For gold nanoparticles encap-
sulated by butanethiol, clear evidence of magnetism was
observed when the size of the gold cluster was 2.2 nm, as
studied by muon-spin relaxation (µSR).2) The relaxation
of muon spins decreased with increasing temperature
in the longitudinal field, (LF-µSR), indicating the ex-
istence of a magnetic moment. Even though magnetism
was clearly observed, this study could not distinguish
whether the magnetic moment was located at the encap-
sulated molecules or inside the gold nanoparticles.

The existence of ferromagnetic spins at the surface was
also suggested to lead to the observation of a hysteresis
loop at 10 K in CuO nanoparticles.3) An anomalously
enhanced Curie term at low temperatures in high-Tc su-
perconductor cuprate (HTSC), La2-xSrxCuO4, with x =
0.10–0.30, when the particle size was reduced to 113 nm
was also linked to the role of the spins at the surface.4)
This suggests that the surface effect plays an important
role in both free-standing nanoparticles, like CuO and
La2-xSrxCuO4, and nanoparticles capped by molecules,
like oxide-coated particles of cobalt and nanogold capped
by butanethiol. However, the mechanism of the role of
the surface causing the emergence of ferromagnetism in
nanoparticles is still an open question.

We aimed to investigate nano-sizing effects in
La2-xSrxCuO4 because the observation of possible ferro-
magnetism is a new interesting phenomenon in HTSCs.
In the bulk case, a ferromagnetic phase was predicted
in the heavily overdoped regime where the supercon-
ductance was suppressed.5,6) This appearance of ferro-
magnetism in La2-xSrxCuO4 from the underdoped to the
overdoped regime is a new question in HTSCs because
superconductivity and magnetic ordering are believed to
be interconnected.

To synthesize free-standing nanoparticles, the chemi-
cal reaction method is believed as one of the best meth-
ods because it is a bottom-up method.7) A bottom-
up method implies spontaneous self-assembly from the
atomic level to the nanoparticle level. The detailed syn-
thesis route is reported in our former paper.8)
µSR measurements on La2-xSrxCuO4 with x = 0.20

and particle size of 46 nm were performed at the RIKEN-
RAL Muon Facility, Rutherford-Appleton Laboratory,
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Fig. 1. Temperature dependence of relaxation rate of muon
spins, λ, of La2-xSrxCuO4 with x = 0.20 and particle size
of 46 nm.

UK, using a pulsed positive surface muon beam. Fig-
ure 1 displays the temperature dependence of the relax-
ation rate of the muon spins. The relaxation rate starts
rapidly increasing below 10 K. This indicates the slowing
down of the Cu spin fluctuations below 10 K, which, in
turn, suggests that magnetic correlations are developed
at low temperatures. Compared to the bulk case, no
magnetic correlation was observed even at 0.3 K.9)

Our present result reveals that nano-sizing induces
weak magnetism owing to the development of Cu spin
fluctuation. Moreover, our magnetization results show
that the superconductivity is strongly suppressed in
La2-xSrxCuO4 nanoparticles. These results suggest an
anticorrelation between the magnetic order and the su-
perconductivity and show that the superconductivity in
an HTSC is strongly influenced by the magnetic order,
which can be explained by the stripe theory. We pro-
vided a new insight of studying Cu spin dynamics by
investigating the nano-sizing effects in an HTSC, which
is typically examined based on the impurity effects on
the Cu site.9–11)
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The electron transfer channel in the sugar recognition system
assembled on gold nano particles

T. Goto,∗1 T. Hashimoto,∗1 D. P. Sari,∗2 and I. Watanabe∗3

The recently reported electrochemical sugar recogni-
tion system consisting of a gold nano particle (GNP)
with a diameter of 12 nm, a ruthenium complex and a
phenylboronic acids, attracts much interest because of
its high sensitivity for various sugars such as D-glucose
or D-fructose. When sugar molecules are “recognized” by
the phenylboronic site, the response of electrochemical
voltammetry of the ruthenium complex site drastically
changes, enabling the system to work as a highly sen-
sitive sugar-sensor.1,2) In this recognition process, the
change in the electronic state at the phenylboronic acids
site caused by sugar must be transferred to the ruthe-
nium complex site. The purpose of this study is to find
out by LF-µSR technique a channel of the electron trans-
fer from the phenylboronic acid site to the ruthenium
complex via gold nano particle. By its finding, we will
be given a better understanding of the sugar-recognition
mechanism, and also, a possibility to develop a sensor
with still higher sensitivity and more functions.

As the present system includes alkyl-chains in the
ruthenium complex and the phenylboronic acid site, the
injected muons pick up one electron to form a neutral
atomic state, which is soon thermalized and bonded to a
relatively-reactive site on the chain. The brought-in elec-
trons may show one-dimensional motion along the chain,
if the electron transfer channel between the ruthenium
complex and the phenylboronic site exists.

This behavior can be detected sensitively by measur-
ing the muon-spin relaxation process, which is caused
by the magnetic interaction between the muon spin and
the moving electron produced by muon itself. In other
words, in place of the attachment of sugar molecules to
phenylboronic acid site, one utilizes muon as a trigger
to induce a moving electron and also as an observer of
it. This method is known as the muon-labelling mea-
surement.

The characteristic dimensionality of the electron mo-
tion can be readily studied by measuring LF dependence
of µSR relaxation rate λ;3) for one-dimensional motion,
λ is expected to be proportional to (HLF)−1/2, where
HLF is the externally applied field along the muon spin
polarization. This method was first applied to the po-
laron motion in oganic polymer chains,4) and also suc-
cessfully to the typical one dimensional system, DNA.5)

Zero (ZF) and longitudinal (LF) field-µSR measure-
ments at room temperature were performed on a pow-
der sample at RIKEN-RAL Muon Facility using a spin-
polarized pulsed surface-muon (µ+) beam with a mo-
mentum of 27 MeV/c. The muon spin depolarization
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Fig. 1. Temperature dependence of dynamical component of
relaxation rate λ under various longitudinal fields HLF.
The inset shows the typical depolarization curves of the
asymmetry (%) with fitted functions. Each curve is ver-
tically shifted for clarity.

data above 0.1 T were analyzed with the function eλτ ,
where λ is the depolarization rate due to the dynamical
spin fluctuation. Note that in this field region, the ef-
fect of quasi static nuclear spins or GKT, Kubo-Toyabe
function is neglected.

The field dependence of λ is shown in Fig. 1. With
decreasing HLF from the highest field 0.38 T, λ showed
a slight but finite increase until HLF

∼= 0.2 T, below
which λ saturates. An appreciably high depolariza-
tion in the totally non-magnetic compound indicates
that some muon-triggered moving electron process ex-
ists. The observed increase is weaker than expected for
the one dimensional diffusion case. This indicates that
the contribution from the diffusion process has the lower
boundary in the fluctuation spectrum, as is evident from
the functional form of λHLF dependence, and in fact is
reported for previous report.4)

In order to confirm that the observed behavior of λ
comes from the one-dimensional movement along alkyl-
chain, investigation on wider field region or equivalently
on wider fluctuation spectrum, including NMR is in-
evitable, and is now on the progress.
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Antiferromagnetic ordering of λ-(BEST)2FeCl4 observed by µSR
measurement
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In the organic conductor λ-(BETS)2FeCl4 (see Fig. 1
for BETS), there is a significant strong exchange interac-
tion between the 3d electrons of Fe ions, and π electrons
of BETS molecules, i.e., π-d interaction. This results in
exotic properties such as a field-induced superconductiv-
ity1) and a metal-insulator transition with antiferromag-
netic (AF) ordering, where 3d electrons are paramagnetic
even below the AF transition temperature indicated by
the heat capacity measurement.2) To understand these
phenomena, a deep understanding of the π-d interac-
tion mechanism is required. As a clue to this, the mag-
netism of λ-(STF)2FeCl4 has been recently evaluated.
As shown in Fig. 1, the STF molecule is a molecule in
which part of the selenium in the BETS molecule is re-
placed by sulphur. Magnetisation, NMR, and Mössbauer
measurements showed that λ-(STF)2FeCl4 exhibits AF
ordering at 16 K, where both 3d and π electrons are or-
dered, whereas further development of the internal mag-
netic field owing to the polarized magnetisation of the 3d
spins was observed below 8 K.3–5) In addition, µSR mea-
surements demonstrated that the slow precession signals
due to the AF order of π-electrons and the fast preces-
sion signals due to the polarization of 3d spins appear
from different temperatures. The magnetic properties
that appeared when the BETS molecule was replaced by
the STF molecule are thought to be caused by changes
in the π-d and d-d interactions. Therefore, to evaluate
the relationship between the molecular substitution and
the change in the π-d interaction, we focused on the sub-
stitution from BETS to BEST molecules (see Fig. 1 for
BEST). Because the electron density of the outer chalco-
gen atoms is small, the expansion of the orbitals by the
substitution from S to Se is expected to cause steric hin-
drance and reduce the π-d interaction.

According to the reported magnetisation measurement
of λ-(BEST)2FeCl4, it exhibits paramagnetic behaviour
down to 4 K.6) However, because the observed spin sus-
ceptibility is dominated by 3d spins, the magnetism of π
spins is almost concealed. To reveal the magnetic order
of the 3d and π electrons, a microscopic measurement
that can sensitively detect the internal field is necessary.

Fig. 1. Structures of donor molecules.
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Fig. 2. Zero-field µSR time spectra of λ-(BEST)2FeCl4. In-
set: temperature dependence of initial asymmetry.

For this purpose, we performed µSR measurements on
λ-(BEST)2FeCl4.

Figure 2 shows the µSR time spectra at several tem-
peratures. We observed that the initial asymmetry
changes abruptly between 28.4 K and 25.6 K. The time
spectra A(t) are fitted by the stretched exponential func-
tion, A(t) = A exp[−(λt)β ] + Abg, where A and Abg

are the asymmetries due to the muons stopped inside
the sample and at the sample holder, λ is the relax-
ation rate, and β is the stretched exponent, respectively.
From this analysis, we deduced that the initial asym-
metry A indeed decreases below ∼30 K, as shown in
the inset of Fig. 2, although its transition temperature
is not clear. Because the AF order of π spin was also
observed in λ-(BEST)2GaCl4 consisting of nonmagnetic
Ga ions, the change in the initial asymmetry observed
in λ-(BEST)2FeCl4 can be understood by the AF order.
In fact, the disappearance of the paramagnetic EPR sig-
nal was observed at 25 K in recent ESR measurements,
suggesting an AF transition.

Compared to λ-(STF)2FeCl4, it is interesting to know
whether the fast precession signal due to the polariza-
tion of 3d spins is observed or not. Within our ex-
perimental error, no significant spectral change was ob-
served from 25.6 K to 2.11 K, suggesting that only the
π spins are magnetically ordered. In λ-(BETS)2FeCl4,
unlike λ-(BEST)2GaCl4, the anisotropy of the mag-
netic susceptibility was observed with AF transition.
Therefore, we confirmed that the magnetic state of λ-
(BEST)2GaCl4 is different from that of λ-(BETS)2FeCl4
and λ-(STF)2FeCl4. These results provide important
clues for the mechanism of π-d interaction.
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sion signals due to the polarization of 3d spins appear
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that appeared when the BETS molecule was replaced by
the STF molecule are thought to be caused by changes
in the π-d and d-d interactions. Therefore, to evaluate
the relationship between the molecular substitution and
the change in the π-d interaction, we focused on the sub-
stitution from BETS to BEST molecules (see Fig. 1 for
BEST). Because the electron density of the outer chalco-
gen atoms is small, the expansion of the orbitals by the
substitution from S to Se is expected to cause steric hin-
drance and reduce the π-d interaction.

According to the reported magnetisation measurement
of λ-(BEST)2FeCl4, it exhibits paramagnetic behaviour
down to 4 K.6) However, because the observed spin sus-
ceptibility is dominated by 3d spins, the magnetism of π
spins is almost concealed. To reveal the magnetic order
of the 3d and π electrons, a microscopic measurement
that can sensitively detect the internal field is necessary.
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Fig. 2. Zero-field µSR time spectra of λ-(BEST)2FeCl4. In-
set: temperature dependence of initial asymmetry.

For this purpose, we performed µSR measurements on
λ-(BEST)2FeCl4.

Figure 2 shows the µSR time spectra at several tem-
peratures. We observed that the initial asymmetry
changes abruptly between 28.4 K and 25.6 K. The time
spectra A(t) are fitted by the stretched exponential func-
tion, A(t) = A exp[−(λt)β ] + Abg, where A and Abg

are the asymmetries due to the muons stopped inside
the sample and at the sample holder, λ is the relax-
ation rate, and β is the stretched exponent, respectively.
From this analysis, we deduced that the initial asym-
metry A indeed decreases below ∼30 K, as shown in
the inset of Fig. 2, although its transition temperature
is not clear. Because the AF order of π spin was also
observed in λ-(BEST)2GaCl4 consisting of nonmagnetic
Ga ions, the change in the initial asymmetry observed
in λ-(BEST)2FeCl4 can be understood by the AF order.
In fact, the disappearance of the paramagnetic EPR sig-
nal was observed at 25 K in recent ESR measurements,
suggesting an AF transition.

Compared to λ-(STF)2FeCl4, it is interesting to know
whether the fast precession signal due to the polariza-
tion of 3d spins is observed or not. Within our ex-
perimental error, no significant spectral change was ob-
served from 25.6 K to 2.11 K, suggesting that only the
π spins are magnetically ordered. In λ-(BETS)2FeCl4,
unlike λ-(BEST)2GaCl4, the anisotropy of the mag-
netic susceptibility was observed with AF transition.
Therefore, we confirmed that the magnetic state of λ-
(BEST)2GaCl4 is different from that of λ-(BETS)2FeCl4
and λ-(STF)2FeCl4. These results provide important
clues for the mechanism of π-d interaction.
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Zero-field µSR on the out-of-plane superconductivity of
λ-(BETS)2GaCl4

D. P. Sari,∗1,∗2 K. Hiraki,∗3 I. Watanabe,∗1 and Y. Ishii∗1

λ-(BETS)2GaCl4 is a quasi-two-dimensional organic
metal and it is reported as a high-anisotropic type-II su-
perconductor. It exhibits rich physical properties once
we substitute Ga with Fe, Cl with Br, or once we re-
duce the Se content in the BETS molecule (BETS =
(CH2)2S2Se2C6S2S2(CH2)2).1) In the P-T phase dia-
gram, the neighboring phase adjacent to the supercon-
ducting (SC) state is the Mott insulating state, which is
antiferromagnetically ordered, and separated by a sus-
picious paramagnetic insulating state with no magnetic
ordering down to 0.3 K.2) A theoretical study based on
anisotropic spin fluctuations-mediated superconductiv-
ity suggested an anisotropic gap structure with two nodal
lines,3) whereas 13C-NMR study evidenced two types of
magnetic fluctuations of the π-electron down to 2 K.4)
There is an urgent requirement for the detailed experi-
mental determination of the SC gap structure. We per-
formed a series of transverse-field (TF) µSR measure-
ment to determine the SC gap structure. First, we found
that the SC gap structure of λ-(BETS)2GaCl4 was un-
usual as it exhibited both d-wave and s-wave symmetry
characteristics.4,5) Furthermore, considering the study
by Powell and McKenzie for entire families of organic
superconductors, we plan to confirm whether time re-
versal symmetry breaking is related to this unusual SC
gap structure. Zero-field (ZF) µSR is a powerful tool to
detect such breaking symmetry in the SC state.

We recently performed a series of zero-field µSR us-
ing aligned single crystals. We prepared ∼130 mg sin-
gle crystals and oriented them in the same direction.
Measurements were performed using the ARGUS spec-
trometer at the RIKEN-RAL pulse muon facility with a
HELIOX cryostat and fly-path setup. The single pulse
mode was used to collect 80M events. In a previous
report6) we showed the result when the polarized muon
beam direction was nearly perpendicular to the conduct-
ing plane. We prepared another sample setup (∼100 mg)
to measure with the polarized muon beam direction par-
allel to the conducting plane. In this report, we compare
both measurements to gain information regarding out-
of-plane superconductivity.

Figure 1 shows normalized time spectra at several
temperatures below and above the critical temperature
(Tc ∼ 5.5 K). Open circle curves indicate normalized
time spectra with the muon beam direction perpendic-
ular to the conducting plane.6) Blue solid lines indi-
cate fitting lines using a stretched exponential function
A(t) = A0 exp(−(λt)β). At 1.5 K, λ and β values were
0.2281(35) µs−1 and 1.123(16), respectively. No tem-
perature dependence was observed between the normal
and SC states. Closed circle curves indicate normal-
∗1 College of Engineering, Shibaura Institute of Technology
∗2 RIKEN Nishina Center
∗3 Department of Physics, Fukushima Medical University

Fig. 1. Normalized ZF-µSR time spectra with the setup of
µ+ injected parallel and perpendicular to the conduct-
ing plane. The solid lines represent fitting lines obtained
using the stretched exponential function.

ized time spectra with the muon beam direction parallel
to conducting plane, which reflects the intrinsic behav-
ior of the out-of-plane properties. Although there was
no temperature dependence between the normal and SC
states, we found that the shape of the spectra was dis-
tinct with the open circle spectra showing in-plane prop-
erties in λ-(BETS)2GaCl4. All spectra were best fit by a
stretched exponential function. At 1 K, λ and β values
were 1.881(21) µs−1 and 1.34(2). In-plane properties
have a stronger relaxation while the shape is toward a
single exponential function. λ-(BETS)2GaCl4 has high-
anisotropy SC properties such as the large ratio of in-
plane/out-of-plane upper critical field and transfer inte-
gral, Hc2||/Hc2⊥ > 47) and t||/t⊥ ∼ 13,3) respectively.
Then, the stronger in-plane λ can be related to the an-
tiferromagnetic fluctuations of the π-electron within the
conducting plane, which mediates the superconductivity.

These results confirm that the exotic SC state behav-
ior proposed in this material based on TF-µSR could be
beyond triplet superconductivity or time-reversal sym-
metry breaking properties. The next step is to relate
this ZF-µSR result with the TF-µSR results using single
crystals.
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Li-ion diffusion in LiFeSixP1−xO4/C with x = 0 and 0.03

F. Astuti,∗1 D. P. Sari,∗2,∗3 M. Zainuri,∗1 Darminto,∗1 and I. Watanabe∗2

The primary issue in the use of LiFePO4 in battery
applications is its low intrinsic electronic conductivity
and lithium-ion diffusion coefficient. Furthermore, there
is an urgent need to improve the cycle life and long-
term cyclability of LiFePO4.1) Several strategies have
been considered to enhance the electronic/ionic conduc-
tivity and cycle life of LiFePO4, such as carbon coating,
reduction of particle size, and element doping.2)

Powder samples of LiFeSixP1−xO4/C with x = 0 and
0.03 were prepared by a solid-state method. Single-
phase samples of LiFePO4 have not been obtained so
far. Our study strongly supports that Si doping sig-
nificantly improves the electrochemical performance of
LiFePO4 as reported in Ref. 3). A sample with x = 0.03
yielded the highest specific capacity. Further study on
Li-ion diffusion is significant for increasing the battery
performance. Muon spin relaxation (µSR) is a powerful
tool to study Li-ion diffusion.

In order to study the Li-ion diffusion in
LiFeSixP1−xO4/C further, we measured zero-field and
longitudinal-field µSR (ZF- and LF-µSR, respectively)
using the ARGUS spectrometer at the RIKEN-RAL
Muon Facility. The ZF-µSR was measured in the tem-
perature range of 5–30 K, and the LF-µSR was measured

Fig. 1. LF-µSR spectra on of LiFeSixP1−xO4/C with (a) x =
0 and (b) x = 0.03.
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Fig. 2. Temperature dependences of ∆ with (a) x = 0 and
(b) x = 0.03 and of λ with (c) x = 0 and (d) x = 0.03 for
LiFeSixP1−xO4/C.

at 300 K under low magnetic fields of 5 G and 10 G.
Figure 1 shows the LF-µSR spectra of LiFeSixP1−xO4/

C with (a) x = 0 and (b) 0.03. The dynamic behavior at
300 K was clearly observed for LiFeSixP1−xO4/C with
x = 0 and 0.03 because there is only a small “decoupling”
effect due to applied LF. The spectra were fitted by an
exponentially relaxing dynamic Kubo-Toyabe function.

Based on Fig. 2, the field distribution width (∆)
and field fluctuation (λ) were found to be independent
of temperature down to 50 K, whereas ∆ and λ in-
creased with temperature decreasing below 50 K for
samples with x = 0 and x = 0.03. There is no abrupt
change in ∆ or λ in either sample. Following the re-
sults in Ref. 4), we obtained the diffusion coefficient as
DLi = (1.598 ± 0.0033) × 10−10 cm2/s, for x = 0 and
DLi = (1.751± 0.0037)× 10−10cm2/s for x = 0.03. The
present result demonstrates the slight increase of Li-ion
diffusion by silicon substitution, which can improve the
performance of LiFePO4 cathode materials. Addition-
ally, from the ZF-µSR results, the magnetic transition
temperature was detected, starting from the tempera-
ture 50 K and close to the estimation of the Neel tem-
perature, TN, LiFePO4 reported in Ref. 5).
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Measurement of muon spin rotation in muonic hydrogen atom

S. Kanda∗1 and K. Ishida∗2

A muonic atom is a bound-state consisting of a neg-
ative muon and a nucleus. The charge radius of the
nucleus can be obtained by measuring the Lamb shift
in a muonic atom. In 2010, the Lamb shift of muonic
hydrogen (µp) measured at the Paul Scherrer Institute
indicated a significantly smaller proton charge radius
than previously known from hydrogen spectroscopy
and electron-proton scattering.1)

In addition to the charge radius, the proton’s size is
expressed by the Zemach radius, which is defined by
convolving the charge and magnetic moment distribu-
tion. The Zemach radius is derived from the hyperfine
splitting (HFS), in contrast to the charge radius de-
rived from the Lamb shift. For the Zemach radius, the
consistency between muonic and electronic measure-
ments has not been fully discussed due to muonic mea-
surements’ limited precision. To tackle this problem,
we are preparing for laser spectroscopy of the ground-
state HFS in µp atoms.2)

In the experiment, a circularly polarized laser beam
excites µp atoms in the spin-singlet state to the spin-
triplet one. However, excited µp atoms are quenched
by spin-exchange collisions with protons.3) There is no
experimental result of this hyperfine quenching rate for
µp atoms; therefore, we performed a muon spin rota-
tion (µSR) measurement using a low-density gaseous
hydrogen target. Only µp atoms in the spin-triplet
state show muon spin precession.

Figure 1 illustrates an experimental setup at Port 4
of the RIKEN-RAL muon facility. A pulsed negative
muon beam irradiates hydrogen gas filled in an alu-

Fig. 1. Experimental setup: (a) cross-sectional view; (b)
view from upstream. The numbers in the parentheses
denote (1) hydrogen gas contained in an aluminum ves-
sel, (2-5) electron detectors, (6) Helmholtz coils. Note
that the electron detectors are not shown in (b).
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Fig. 2. Decay electron time spectrum with protium gas tar-
get at 0.1 atm. A transverse magnetic field of 66.7 mT
was applied. Each line corresponds to the respective
fitting result. The vertical axis is normalized by the
number of beam pulses.

minum vessel. The momentum of the beam was set
to 20 MeV/c. The gas pressure was 0.1 atm at room
temperature. A transverse magnetic field of 66.7 mT
was applied using a Helmholtz coil. Under these con-
ditions, the quenching time of the triplet state and
the spin precession period are expected to be 500 ns
and 320 ns, respectively. The electrons from the muon
decay were counted by a detector consisting of scin-
tillating fibers and silicon photomultipliers (SiPMs).
Kalliope front-end electronics4) processed the signal
from the SiPM, and a multi-hit time-to-digital con-
verter (TDC) recorded the time.

Figure 2 shows a decay electron time spectrum. The
spectrum has components corresponding to hydrogen,
aluminum, silver, and constant background events.
The beam has a double-pulse structure with a 320 ns
interval. The first two peaks of the spectrum corre-
spond to prompt electrons. Detailed analysis to ex-
tract the µSR asymmetry is in progress.

This experiment was conducted under the user pro-
gram RB1970003 at the RIKEN-RAL muon facility.
This work was supported by Japanese JSPS KAK-
ENHI Grant Numbers 18K13572 and 19H04618.
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A LYSO calorimeter prototype for muonic X-ray detection

S. Kanda∗1 and K. Ishida∗2

The Weinberg angle is an energy-dependent param-
eter that describes the mixing of electromagnetic and
weak interactions. Measurements of the Weinberg angle
at various energy scales are important as a precision test
of the standard model and a search for new physics. The
Weinberg angle can be determined via neutral current
interactions. The most precise result was obtained at a
low-energy scale by observing the atomic parity viola-
tion (APV) in cesium atoms.1)

When a nuclear Coulomb potential captures a neg-
ative muon, the muon forms an exotic bound state
called a muonic atom. An APV experiment using
muonic atoms provides a unique opportunity to search
for physics beyond the standard model. In the 1990s,
several experiments were conducted at the Paul Scher-
rer Institute.2) However, no parity-odd transition was
observed because of difficulties in the experiment.

A new experiment using a high-intensity pulsed muon
beam and a segmented calorimeter has been proposed
to revisit this topic. The process of interest is the tran-
sition from the 2S state to the 1S state, which involves
a one-photon emission. In the experiment, a segmented
calorimeter consisting of Ce: LYSO crystals and silicon
photomultipliers (SiPMs) detects X-rays from muonic
atoms. The target energy resolution is 10% (FWHM)
at 75 keV. As the first stage of the project, a calorime-
ter prototype was developed and tested at Port4 of the
RIKEN-RAL muon facility.

Figure 1 illustrates the experimental setup. Muonic
X-rays and decay electrons from a graphite target were
detected using the prototype detector. The detector has
two layers, each consisting of a 2-cm-square, 3-mm-thick
crystal attached to four SiPMs (Hamamatsu S13360-
3050CS) with an active area of 3-mm-square. The sig-
nals were amplified and shaped using EASIROC-based
electronics and recorded with a waveform digitizer using

Fig. 1. Experimental setup. The inset shows the structure
of the prototype.
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Fig. 2. Electron and X-rays time spectra. The prompt elec-
trons were detected by the beam monitor.

Fig. 3. X-ray energy spectrum obtained by the calorimeter
prototype.

DRS4.
Figure 2 shows the time spectra of electrons and X-

rays. Since electrons penetrate the two detector lay-
ers, the coincidence analysis allowed us to distinguish
between electron and X-ray events. Figure 3 shows an
energy spectrum of muonic X-rays. The energy was cali-
brated with the 81 keV line of 133Ba. The peak structure
was consistent with K X-rays of muonic carbon atoms.
While the prototype demonstrated a sufficient time res-
olution, there is room for improvement in the energy
resolution. A new version with improved light collection
efficiency is under fabrication.

The authors thank Dr. Adrian Hillier and Ms. Bethany
Hampshire for their kind assistance in preparation for
the experimental setup at RAL. This experiment was
conducted under the user program RB1970126 at the
RIKEN-RAL muon facility. This work was supported
by Japanese JSPS KAKENHI Grant Number 19H04618.
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Production of 266Bh in the 248Cm(23Na, 5n)266Bh reaction and its decay
properties†

H. Haba,∗1 F. Fan,∗2 D. Kaji,∗1 Y. Kasamatsu,∗3 H. Kikunaga,∗4 Y. Komori,∗1 N. Kondo,∗3 H. Kudo,∗5
K. Morimoto,∗1 K. Morita,∗1,∗6 M. Murakami,∗7 K. Nishio,∗8 J. P. Omtvedt,∗9 K. Ooe,∗10 Z. Qin,∗2 D. Sato,∗5

N. Sato,∗1 T. K. Sato,∗8 Y. Shigekawa,∗1 A. Shinohara,∗3 M. Takeyama,∗11 T. Tanaka,∗12 A. Toyoshima,∗13
K. Tsukada,∗8 Y. Wakabayashi,∗14 Y. Wang,∗1 S. Wulff,∗9 S. Yamaki,∗1 S. Yano,∗1 Y. Yasuda,∗3 and T. Yokokita∗1

The decay properties of the neutron-rich and long-
lived isotopes 267Bh and 266Bh, which are located around
the deformed shell at Z = 108 and N = 162, were studied
in the 249Bk(22Ne, 5;4n)266, 267Bh,1) 209Bi(70Zn,n)278Nh
→ 274Rg → 270Mt → 266Bh,2) 243Am(26Mg, 3n)266Bh,3)
and 248Cm(23Na, 5;4n)266, 267Bh4) reactions. However,
the reported decay properties such as α energies and
half-lives of the isotopes are not in good agreement.
In this work, we investigated the excitation functions
and decay properties of 266Bh and 267Bh via the
248Cm(23Na, 5;4n)266, 267Bh reactions using the GARIS
gas-jet and MANON setups.5)

248Cm2O3 targets of 256–290 µg/cm2 thicknesses on
2-µm Ti backing foils were bombarded with a 23Na7+
beam extracted from the RIKEN Heavy-Ion LINAC. The
beam energies at the middle of the target were 121.2,
125.9, 130.6, and 135.3 MeV. The typical beam intensity
was 3 pµA. The evaporation residues (EVRs) of inter-
est were separated in-flight from the beam particles and
the majority of the nuclear transfer products by GARIS.
At the focal plane of GARIS, the EVRs passed through
a Mylar vacuum window foil of 0.7-µm thickness and
entered the gas-jet chamber, where the EVRs were ther-
malized in He gas, attached to KCl aerosol particles, and
transported through a Teflon capillary (2.0-mm i.d. ×
10-m length) to the rotating wheel apparatus MANON
for α/SF-spectrometry. In MANON, the aerosol parti-
cles were deposited on a Au-coated (5 nm) Mylar foil
of 0.5-µm thickness, forty of which were set on the pe-
riphery of a rotating wheel. The wheel was stepped to
position the foils between 15 pairs of Si PIN photodiodes
(Hamamatsu S3204-09). The step intervals of MANON
were set to 5.0, 8.5, and 15.0 s.

We searched for time-correlated α-α and α-SF event

† Condensed from the article in Phys. Rev. C 102, 024625 (2020)
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∗2 Institute of Modern Physics, Chinese Academy of Sciences
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Fig. 1. Cross sections for the 248Cm(23Na, 5;4n)266, 267Bh
reactions as a function of the laboratory-frame energy
ELab. The curves are the HIVAP calculations6) for the
248Cm(23Na,xn)271−xBh reactions (x = 3–6).

pairs in a time window of 340 s. Consequently, a total
of 23 chains were assigned to 266Bh, its daughter nu-
clide 262Db, and granddaughter 258Lr, while no chain
was assigned to 267Bh. The α-particle energies of 266Bh
disperse widely in the range of Eα = 8.62–9.40 MeV. The
reported α groups of Eα = 9.29 MeV,1) Eα = 9.08 and
9.39 MeV,2) Eα = 9.03 MeV,3) and Eα = 8.82, 8.84–
8.99, and 9.05–9.23 MeV4) for 266Bh are all within our
α-energy range, except for Eα = 9.77 MeV.2) The half-
life of 266Bh was measured to be T1/2 = 10.0+2.6

−1.7 s,
which is an order of magnitude longer than the pre-
viously reported values of T1/2 ≃ 1 s1) and T1/2 =

0.66+0.59
−0.26 s,3) and 5 times longer than T1/2 = 2.1+2.9

−0.8 s.2)
As shown in Fig. 1, the excitation function for the
248Cm(23Na, 5n)266Bh reaction was measured for the
first time, and it indicates a maximum of σ = 57±14 pb
at 130.6 MeV. The excitation function was reproduced
by the statistical model code hivap.6) The upper-limit
cross section of σ ≤ 14 pb was also derived for the
248Cm(23Na, 4n)267Bh reaction at 121.2 MeV.
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Measurement of the isotopic ratio of Np-236 to Np-237 in
Th-232+Li-7 reaction products by accelerator mass spectrometry

A. Nakajima„∗1,∗2 K. Teranishi,∗1,∗3 A. Yokoyama,∗1,∗4 A. Sakaguch,∗1,∗5 K. Hain,∗6 R. Morita,∗1,∗3
A. Seto,∗1,∗4 A. Nagai,∗1,∗4 D. Mori,∗1 Y. Komori,∗1 T. Yokokita,∗1 Y. Wang,∗1 and H. Haba∗1

Neptunium-236 can be a useful tracer in the deter-
mination of Np-237, an isotope of the minor actinide
Np, which exists in tiny quantities in the environment
owing to its release from nuclear facilities and nuclear
tests. Such determination is of practical use in vari-
ous earth science fields such as surface material circu-
lation and environmental pollution assessment.1) The
measurement of Np-237 is expected to be quantified
by accelerator mass spectrometry (AMS), although an
internal standard method for Np needs an appropri-
ate spike. Chemical yield tracers for several elements
are available now, but the spike for neptunium has
not been developed yet. We aim to devise an efficient
method for the production of Np-236 in the ground
state of half-life 1.54 × 105 y as a candidate for the
spike nuclide, with minimal contamination by Np-237.

In this study, Np-236 tracer production was imple-
mented in the reaction of Th-232+Li-7 to measure
Np-237. The resulting yields of Np-236m and Np-236g
were presented in the previous report.2) The yield in
the ground state (6−) was found to be larger than that
in the excited state (1+) in the studied energy range.
This demonstrates that the reaction system adopted is
promising. In addition, we have to measure the iso-
topic ratios of Np-236g to Np-237 in the same nuclear
system.

We irradiated Th foil targets with 42 MeV Li-7 ions
from the RIKEN AVF cyclotron while integrating the
beam current with a Faraday cup in the irradiation
course. Chemical procedures were performed to isolate
Np atoms from the target. Details of the procedures
were described previously.2)

For the Np-236g and Np-237 measurement, samples
for AMS and inductively coupled plasma mass spec-
trometry (ICP-MS) were prepared through purifica-
tion with UTEVA resin after waiting for Np-236m to
decay out, and they were brought to the VERA facility
in the University of Vienna, with which this project is
in collaboration.

Figure 1 shows the preliminary isotopic ratios of Np-
236g to Np-237 isotopes measured using AMS. The
yield of Np-236 was found to be approximately 10
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Fig. 1. Preliminary isotopic ratios of Np-236g to Np-237 in
the Th-232+Li-7 reaction system compared with the
theoretical prediction. Closed circles represent the ob-
servation, while open circles indicate data from calcu-
lation.

times larger than that of Np-237 in the studied en-
ergy range. The figure also shows the ratios calcu-
lated under a simple assumption with the nuclear re-
action model code empire23) comprising various nu-
clear models. A large discrepancy is observed between
the observation and prediction. It may be due to dif-
ficulty in the yield reproduction of used models at the
energy region beyond the maximum yield energy for
the products. The observation indicates that the re-
action system adopted is promising thus far, although
the data may need to be modified because of contami-
nation by uranium nuclides and other nuclides with a
mass number of 236.

The analysis of the result is in progress, and addi-
tional experiments including mass spectrometry are in
planning. We aim to confirm the precision and repro-
ducibility of the data in consideration of the contami-
nation by isobars, which affects the mass measurement
and is a major concern.
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Production and photon measurement of 229Pa toward the observation
of radiative decay of 229mTh

Y. Shigekawa,∗1 T. Yokokita,∗1 Y. Komori,∗1 and H. Haba∗1

The first excited state of 229Th (229mTh) has an ex-
tremely low excitation energy of ∼8.3 eV (150 nm),1)
which may enable a nuclear clock with unprecedent-
edly low uncertainty. So far, the radiative half-life of
229mTh, which is an important parameter to develop
the nuclear clock, has not yet been determined. To
directly observe the radiative decay (γ-ray emission)
of 229mTh, the internal conversion (IC) process with
a half-life of ∼7 µs2) must be prohibited by placing
229mTh in the chemical environments where the elec-
tron binding energy is higher than the excitation en-
ergy of 229mTh. 229mTh doped into fluoride crystals is
a candidate for such chemical environments. We are
aiming to dope a CaF2 crystal with 229mTh by dop-
ing with 229Pa, which decays to 229mTh by electron
capture with a negligibly small recoil energy. Suit-
able doping can be realized by implanting high-energy
229Pa ions into a crystal and then annealing it. In
this study, we developed a method for producing 229Pa
(T1/2 = 1.5 d) in the 232Th(p, 4n)229Pa reaction and
separating it from the target. We also measured low-
energy photons from Pa isotopes on a CaF2 crystal to
evaluate the background toward the future γ-ray mea-
surement of 229mTh.

Two 232Th metallic foils (thickness: 69.07 mg/cm2,
purity: 99.5%) were irradiated with a 30-MeV pro-
ton beam having an intensity of 1 µA for 10 h at the
RIKEN AVF cyclotron. After the irradiation, we mea-
sured γ-ray spectra for the 232Th foils and fractions
resulting from the subsequent chemical separation pro-
cess using a Ge detector.

The chemical separation process for one of the foils
was performed as follows. First, we dissolved the foil
in 2 mL of 11.3 M HCl plus 300 µL of 1 M HF and
heated the solution to dryness. The sample was dis-
solved in 2 mL of 11.3 M HCl, following which 1.1 g
of Al(NO3)3 · 9H2O was added as a masking agent for

Fig. 1. Setup of the photon measurement of 229Pa.

∗1 RIKEN Nishina Center

Fig. 2. Count rates of photons as a function of the elapsed
time for the 151-nm (red circle) and 171-nm (blue
square) filters. Red and blue lines show the decay curves
of 230Pa fitted to the data.

the remaining F− ions. After the solution was dried
up and dissolved in 2 mL of 11.3 M HCl, the solu-
tion was fed into an anion-exchange column (Muromac
1X8, 100–200 mesh, ∼1.0 mL). We poured 10 mL of
11.3 M HCl into the column to elute Th isotopes, Ac
isotopes, and some fission products. Next, we added
10 mL of 6 M HCl to elute Zr, following which 5 mL
of 8 M HNO3 was added to elute Zr, Mo, Ru, Sb, and
Te isotopes. After we added 1 mL of 11.3 M HCl, Pa
isotopes were eluted with 8 mL of 9 M HCl/0.1 M HF.
The chemical yield of Pa isotopes in the whole process
was 94(2)% (residual Pa isotopes were observed in the
8 M HNO3 eluate). The radioactivity of chemically
separated 229Pa at the end of bombardment was eval-
uated to be 30(1) MBq, while those of 232Pa, 230Pa
(T1/2 = 17.4 d), 95Zr (T1/2 = 64.03 d), and 97Zr
(T1/2 = 16.75 h), included as impurities, were 2.18(3),
0.89(4), 0.0054(7), and 0.40(2) MBq, respectively.

The 229Pa sample dissolved with 27 M HF was
dropped on a CaF2 crystal, which was then annealed
at 900◦C for 1 h in a He gas flow (3 L/min). Pho-
tons from the crystal were measured with a photomul-
tiplier (PMT, Hamamatsu R10454) in vacuum (Fig. 1).
Band-pass filters for the photons of 151 ± 20 and
171±20 nm (eSource Optics) placed between the crys-
tal and the PMT were switched every 5 min. The ra-
dioactivities of 229Pa, 230Pa, and 232Pa were 10.7(8),
35(2), and 0.381(8) kBq at the start of the measure-
ment (11 days after the proton irradiation).

As shown in Fig. 2, the count rates of photons for
both filters are ∼10 counts per second (cps), which

1
- 143 -

RIKEN Accel. Prog. Rep. 54 (2021)III-3. Radiochemistry & Nuclear Chemistry



are much higher than the dark count rate of the PMT
(0.96 cps). The detected photons would originate from
the Cherenkov radiation caused by the passage of beta
particles though the CaF2 crystal. The long decay
time of photons (half-life >7 d) in Fig. 2 indicates that
the Cherenkov photons dominantly originate from the
beta decay of 230Pa (0.004 photons per beta particle).
If we implant 100 kBq of 229Pa into a CaF2 crystal,
anneal it, and start the measurement one day after the
proton irradiation, the background photons from 232Pa
and 230Pa are estimated to be ∼30 cps, which is much
higher than the estimated count rate of γ rays from
229mTh (2 cps). Thus, we plan to perform the mass
separation of 229Pa to reduce the amount of 232Pa and
230Pa by a factor of >10 when we implant 229Pa into a
CaF2 crystal. Implanting 229Pa into a crystal with an
efficiency of 0.1–1% allows us to observe a growth and
decay curve of photons of several cps only for the 151-
nm filter, resulting in the unambiguous identification
of the γ rays from 229mTh.

References
1) B. Seiferle et al., Nature 573, 243 (2019); A. Yamaguchi

et al., Phys. Rev. Lett. 123, 222501 (2020); T. Sikorsky
et al., Phys. Rev. Lett. 125, 142503 (2020).

2) B. Seiferle et al., Phys. Rev. Lett. 118, 042501 (2017).

2
- 144 -

RIKEN Accel. Prog. Rep. 54 (2021) III-3. Radiochemistry & Nuclear Chemistry



are much higher than the dark count rate of the PMT
(0.96 cps). The detected photons would originate from
the Cherenkov radiation caused by the passage of beta
particles though the CaF2 crystal. The long decay
time of photons (half-life >7 d) in Fig. 2 indicates that
the Cherenkov photons dominantly originate from the
beta decay of 230Pa (0.004 photons per beta particle).
If we implant 100 kBq of 229Pa into a CaF2 crystal,
anneal it, and start the measurement one day after the
proton irradiation, the background photons from 232Pa
and 230Pa are estimated to be ∼30 cps, which is much
higher than the estimated count rate of γ rays from
229mTh (2 cps). Thus, we plan to perform the mass
separation of 229Pa to reduce the amount of 232Pa and
230Pa by a factor of >10 when we implant 229Pa into a
CaF2 crystal. Implanting 229Pa into a crystal with an
efficiency of 0.1–1% allows us to observe a growth and
decay curve of photons of several cps only for the 151-
nm filter, resulting in the unambiguous identification
of the γ rays from 229mTh.

References
1) B. Seiferle et al., Nature 573, 243 (2019); A. Yamaguchi

et al., Phys. Rev. Lett. 123, 222501 (2020); T. Sikorsky
et al., Phys. Rev. Lett. 125, 142503 (2020).

2) B. Seiferle et al., Phys. Rev. Lett. 118, 042501 (2017).

2

RIKEN Accel. Prog. Rep. 54 (2021)

Measurement of extraction time and efficiency of 220Rn ions using a
cryogenic RF-carpet gas cell for the chemistry of superheavy elements
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We have been developing a cryogenic RF-carpet gas
cell for the gas-phase chemistry of superheavy elements
(SHEs) with short half-lives (<5 s) such as 283Cn (Z =
112), 284Nh (Z = 113), and 289Fl (Z = 114).1) We
designed and constructed the gas cell, and measured
the transportation efficiency of ions from the surface
of the RF carpet to its central hole (>80%) using Cs+
ions emitted from a Cs ion source.1) In this work, we
measured the extraction time and efficiency of ions to
the outlet of the quadrupole ion guide (QPIG) using
220Rn (T1/2 = 55.6 s) ions emitted from a 224Ra source
with recoil energy from alpha decay.

The 224Ra source (45 kBq) was prepared by collect-
ing 224Ra ions recoiling out of a 228Th source to the
surface of a Cu foil (diameter 10 mm).2) As shown in
Fig. 1, 220Rn ions recoiling out of the 224Ra source
placed 50 mm from the RF carpet were decelerated
by the He buffer gas, extracted from the RF carpet,
and transported to an Al foil (thickness 0.8 µm) via
QPIG. The number of 220Rn ions on the Al foil was
measured by alpha-particle spectrometry using a Si de-
tector. The extraction efficiency against a variety of
voltages applied to the RF carpet and QPIG was ob-
tained by dividing the number of 220Rn ions extracted
on the Al foil by that emitted from the 224Ra source.

The extraction time measurement was performed by
synchronously applying a pulsed voltage to the 224Ra
source (55 V, width 2–10 ms) and a pulsed RF voltage
to the QPIG (1.6 MHz, 74 Vpp, width 2–100 ms). The
pulsed voltage to the source creates a pulse of 220Rn
ions, which reach the QPIG with some delay. The
extraction time can be obtained by searching the pulse

Fig. 1. Setup of the measurement of extraction time and
efficiency of 220Rn ions.
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Fig. 2. Extraction efficiency of 220Rn ions as a function of
the RF voltage applied to the RF carpet.

Fig. 3. Counts of 220Rn ions as a function of the pulse
RF voltage applied to the QPIG for a He pressure of
100 mbar (black circle). The differentiated data (red
square) is fitted with a Gaussian function (blue line).

width of the QPIG RF voltage at which the 220Rn
counts increase.

Figure 2 shows the extraction efficiency as a function
of the RF voltage applied to the RF carpet, where we
find that the maximum efficiency is obtained with an
RF voltage of 88 Vpp for every He gas pressure (50,
100, 150, and 200 mbar, room temperature equivalent).
Similarly, we determined the best values for the audio-
frequency voltage of the RF carpet, and the RF and
DC voltages of the QPIG. We obtained an extraction
efficiency of ∼66% even for a He pressure of 200 mbar
(Fig. 2), which is higher than the value for the RF-
funnel type gas cell (5% at 70 mbar).3)

Figure 3 shows an example of the results of the ex-
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traction time measurement, where the counts of 220Rn
ions increase and saturate with an increase in the pulse
width of the QPIG RF voltage. The differentiated
data was fitted with a Gaussian function, yielding a
mean extraction time of 22.0(6) ms for 100 mbar. The
mean extraction times for 50, 150, and 200 mbar were
determined in the same way as 6.7(4), 30.1(11), and
33.8(9) ms, respectively.

The high extraction efficiency (∼66%) and fast ex-
traction time (<40 ms) indicate that the developed gas
cell is applicable to the chemistry of SHEs with half-
lives of less than 100 ms at low production rates. We
plan to develop a gas chromatographic apparatus con-
nected to the gas cell, and perform online experiments.
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Anion-exchange behavior of Db in HF/HNO3 solution

M. Kato,∗1 S. Adachi,∗2 A. Toyoshima,∗3 K. Tsukada,∗4 M. Asai,∗4 T. Yokokita,∗5 Y. Komori,∗5 Y. Wang,∗5
Y. Shigekawa,∗5 D. Mori,∗5 H. Haba,∗5 A. Kashihara,∗2 A. Nakajima,∗2 K. Tokoi,∗6 Y. Suzuki,∗2 K. Nishizuka,∗2

and K. Sueki∗7

The superheavy elements with atomic number ≥104
are located in the 7th period of the periodic table. Be-
cause of the relativistic effects caused by the large pos-
itive charge of their atomic nuclei, they are expected to
have different chemical properties from those of lighter
homologues. However, since these elements have very
short half-lives and low production rates, it is difficult to
reveal their chemical properties.

The aqueous chemistry of Db was studied in com-
parison with its lighter homologues Nb and Ta and the
pseudohomologue Pa. Previous studies on the aqueous
chemistry of the fluoride complex of Db suggested that
Db would form [DbOF4]− like Nb or [PaOF5]2− and/or
[PaF7]2− like Pa, but not [DbF6]− like Ta.1,2) However,
there was no significant difference in the Kd values be-
tween Nb and Pa in the solutions in which Db anion-
exchange experiments were performed. Therefore, it was
not possible to determine whether Db was similar to Nb
or Pa, and it is also difficult to determine the chemical
species of the fluoride complex of Db.

In our previous work, we revealed that there is a large
difference in the Kd values between Nb and Pa in the
mixture solution of HF and 1.0 M HNO3.3) The different
Kd values for Nb and Pa imply that they have different
chemical species. Thus, it is considered that the chemi-
cal species of Db can be determined by obtaining the Kd

value of Db in this mixed solution and comparing it with
those of Nb and Pa. In this study, we performed online
anion-exchange experiments of Db in HF/1.0 M HNO3

mixture solution using automated rapid chemistry ap-
paratus (ARCA) to identify the chemical species of the
fluoride complex of Db.

The online anion-exchange chromatography of 262Db,
88gNb, and 170Ta was performed. The nuclides were
produced in the 248Cm(19F,xn), natGe(19F,nx), and
natGd(19F,nx) reactions, respectively, at the RIKEN
K70 AVF cyclotron. In the 262Db and 170Ta experi-
ments, the products were transported by the He/KCl
gas-jet system and were deposited on the collection site
of ARCA for 120 s. Subsequently, the products were
dissolved in a solution of 14.5 M HF/1.0 M HNO3. The
solution was fed onto the micro chromatographic column
(1.6 mm i.d. × 7 mm) filled with anion-exchange resin
(MCI GEL CA08Y) at a flow rate of 1.0 mL/min. The
effluent was collected on two Ta disks as fractions 1 and
2. The remaining products in the column were stripped
with a solution of 0.015 M HF/6.0 M HNO3 and collected
on another two Ta disks as fractions 3 and 4.

∗1 Master’s Program in Education, University of Tsukuba
∗2 Graduate School of Science and Tchnology, University of
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∗3 Institute for Radiation Sciences, Osaka University
∗4 Japan Atomic Energy Agency
∗5 RIKEN Nishina Center
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Fig. 1. Distribution coefficients, Kd, of Nb, Ta, Pa, and Db.

These disks were rapidly evaporated to dryness and
subjected to α-particle measurements with an auto-
mated rapid α/SF detection system.4) After the mea-
surement, γ-rays of 170Ta were monitored with Ge de-
tectors.

In the 88gNb and 170Ta experiments, the transported
reaction products were deposited on the collection site
of ARCA and were dissolved in a solution of 4.4–14.5 M
HF/1.0 M HNO3. Subsequently, the solution was fed
onto the microcolumn under the same experimental con-
ditions as those for Db. The effluent fractions were col-
lected in 7 polypropylene(PP) tubes, and the remain-
ing products were collected in another PP tube. These
fractions were assayed by γ-ray spectrometry with a Ge
detector.

We conducted 350 anion-exchange experiments and
observed 5α events from 262Db. Its adsorption probabil-
ity on the resin was determined by the α counts found in
fractions 1–4. The Kd value of Db was determined using
the relation between Kd and the adsorption probability
(%ads) of Nb and Ta studied in our previous work.3) Fig-
ure 1 shows the Kd values of Nb, Ta, Pa, and Db. The
Kd value of Db is close to that of Nb, while it is signifi-
cantly larger than that of Pa. In our previous study, we
found a large difference in the Kd value trends between
Nb and Pa. The increase in the Kd value of Nb indi-
cates a change in the chemical species from [NbOF−

4 ] to
[NbF−

6 ]. In contrast, the Kd value of Pa decreased mono-
tonically, implying that the Pa species retains its form in
this [F−] region. The present result suggests that Db is
similar to the behavior of Nb, and the chemical species
of Db chage from fluoro-oxo complex to fluoride like Nb.

In the near future, we will perform further anion-
exchange experiments to observe the variation in Kd val-
ues of Db and identify the fluoride complex of Db.
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Anion exchange of Rf in H2SO4 using the batch-type solid-liquid
extraction apparatus AMBER

T. Yokokita,∗1 Y. Kasamatsu,∗2 E. Watanabe,∗2 Y. Komori,∗1 Y. Shigekawa,∗1 Y. Wang,∗1 D. Mori,∗1

H. Ninomiya,∗2 S. Hayami,∗2 K. Tonai,∗2 K. Ghosh,∗1 A. Shinohara,∗2 and H. Haba∗1

The relativistic effect on orbital electrons is rela-
tively more pronounced for heavy elements. In partic-
ular, the chemical properties of superheavy elements
(SHEs) with atomic number Z ≥ 104 are expected
to deviate from the periodicity of their lighter homo-
logues in the periodic table. Thus, it is important
and interesting to investigate the chemical properties
of SHEs. So far, ion-exchange experiments on SHEs
have been conducted to determine the distribution co-
efficients (Kd), which are defined as the ratio of the el-
emental concentrations of the two phases.1) However,
those values at equilibrium have not been obtained in
most studies. To obtain the Kd values at equilibrium,
the batch-type solid-liquid extraction apparatus called
AMBER was developed,2) and the equilibrium Kd val-
ues on the chloride complexation of Rf were success-
fully obtained in an Aliquat 336/HCl system.3)

To study the sulfate complexation of Rf, we plan to
perform anion-exchange experiments of Rf and its ho-
mologous elements. In our previous study, by using
AMBER, we obtained the Kd value of Rf in 0.11 M
H2SO4.

4) The obtained Kd value of Rf is ∼10 mL g−1,
probably indicating that Rf does not form anionic
species or that counter ions of HSO−

4 and SO2−
4 inhibit

the adsorption of Rf on the anion-exchange resin. In
this study, to reduce the effect of counter ions, we per-
formed an anion-exchange experiment of Rf in 0.060 M
H2SO4, which is lower than 0.11 M.
In the anion exchange of Rf and Hf, we simultane-

ously produced 261Rf (T1/2 = 68 s) and 169Hf (T1/2

= 3.24 min) by the bombardment of a mixture of
248Cm and natGd with an 18O beam delivered from
the K70 AVF cyclotron at RIKEN. The products were
transported to a chemistry room by a He/KCl gas-
jet system. The transported products were deposited
on the collection site of AMBER’s dissolution equip-
ment for 3 min and dissolved with 0.24 mL of 0.060,
0.30, and 0.46 M H2SO4. The solution sample was
injected into a chemical reaction container containing
the anion-exchange resin (MCI GEL CA08Y). After
shaking the container with a shaker for 10, 30, and
90 s, only the solution phase was discharged from the
container through a PTFE filter with compressed air.
The discharged solution was collected in a Ta disk on
the round table of an automated rapid α/SF detec-
tion system5) and evaporated quickly to dryness using
hot He gas and a halogen heat lamp. Subsequently,
the Ta disk was transferred to the position under a

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

Si PIN photodiode detector, and α-particle measure-
ment was performed. After the α-particle measure-
ment, the γ-ray was measured with a Ge detector to
monitor 169Hf. We also performed control experiments
with 10-s shaking without the resin to determine the
standard radioactivity of the solution sample. The Kd

values were determined from the radioactivity in the
resin and solution phases, the volume of the solution
phase, and the mass of the dry resin.
We conducted 390 anion-exchange and 92 control

cycles, and observed a total of 73 α events from the
decay of 261Rf and its daughter nuclide 257No (T1/2 =
24.5 s), including 10 time-correlated α–α correlations.
The radioactivity ratios of 261Rf between the resin and
solution phases were estimated from the α events. In
0.060 M H2SO4, the Kd values of Hf were constant
in all the studied time ranges, indicating that equilib-
rium in the anion exchange of Hf was accomplished
within 10 s. Those of Rf were also constant in all the
time ranges studied, yielding values of approximately
20 mL g−1. This indicates that Rf is not adsorbed on
the resin.
We also obtained the Kd values of Rf, Zr, Hf, and

Th in 0.060–0.46 M H2SO4. The obtained Kd values of
Rf are low (≤25 mL g−1) in the entire studied H2SO4

concentration range. In contrast, the Kd values of Zr,
Hf, and Th are ≥70 mL g−1 at 0.060 M H2SO4. These
results suggest that Rf does not form anionic species
and that Zr, Hf, and Th form anionic species in this
studied condition. The Kd values at 0.060 M H2SO4

follow the order of Zr > Hf ≫ Th > Rf, and this se-
quence is consistent with the trend predicted by theo-
retical calculation.6) On the other hand, the sequence
of Kd values is Th > Rf > Hf ≥ Zr in the cation ex-
change in the H2SO4/HNO3 system.7) In the future,
we plan to discuss the chemical species of Rf in this
studied condition from the obtained anion-exchange
behavior of Rf, Zr, Hf, and Th and chemical species of
Zr, Hf, and Th.
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injected into a chemical reaction container containing
the anion-exchange resin (MCI GEL CA08Y). After
shaking the container with a shaker for 10, 30, and
90 s, only the solution phase was discharged from the
container through a PTFE filter with compressed air.
The discharged solution was collected in a Ta disk on
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follow the order of Zr > Hf ≫ Th > Rf, and this se-
quence is consistent with the trend predicted by theo-
retical calculation.6) On the other hand, the sequence
of Kd values is Th > Rf > Hf ≥ Zr in the cation ex-
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Online anion-exchange experiment of Zr in H2SO4 for the chemical
study of Rf in H2SO4
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The chemical properties of superheavy elements
(SHEs) with atomic number Z ≥ 104 are expected to
deviate from the periodicity of their lighter homologues
in the periodic table. Thus, chemical studies on SHEs
are interesting. These elements are produced at accel-
erators by using heavy-ion-induced nuclear reactions.
The production rates of these elements are low, and
their half-lives are short (T1/2 ≤ 1 min). Thus, the
chemical studies of SHEs are conducted on a single-
atom basis. Therefore, performing, the chemical ex-
periment of SHEs is difficult. Thus far, the chemical
properties of SHEs have been discussed by comparing
them with those of their homologous elements.1)

In the solution chemistry of SHEs, ion exchange and
solvent extraction are often performed.1) To study the
sulfate complexation of Rf, we plan to perform anion-
exchange experiments of Rf along with its homologous
elements. By using the batch-type solid-liquid extrac-
tion apparatus called AMBER2), we measured the Kd

values of Rf in 0.060–0.46 M H2SO4.3,4) In our previ-
ous study, to obtain the comparison data for Rf, we
performed an online anion-exchange experiment of Zr
and Hf by using AMBER.5) However, the Kd values of
Zr had large errors, because the radioactivity of 85Zr
was very low. In this work, we re-examined the online
anion-exchange behavior of 89mZr with higher radioac-
tivities.

89mZr was produced in the 89Y(d, 2n)89mZr reaction
by using the K70 AVF cyclotron at RIKEN. The nu-
clear reaction products were transported to a chem-
istry room by a He/KCl gas-jet system. The trans-
ported products were deposited on the collection site
of the AMBER’s dissolution equipment for 1 min and
were then dissolved with 0.23 mL of 0.060, 0.11, 0.26,
0.30, 0.46, and 0.72 M H2SO4. The solution sample
was injected into a chemical reaction container contain-
ing 1.4–3.8 mg of an anion-exchange resin (Mitsubishi
Chemical Co., MCI GEL CA08Y). After shaking the
container with a shaker for 10, 30, and 90 s, only the
solution phase was discharged from the container by
using a PTFE filter with compressed air. The dis-
charged solution was collected in a PP tube, and was
assayed by γ-ray spectroscopy. We also performed con-
trol experiments with 10, 30, and 90 s shaking without
the resin to determine the standard radioactivity of the
solution sample. The Kd values were determined from
the following equation:

Kd = ArVs/Aswr = (Ac −As)Vs/Aswr (1)
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Fig. 1. The Kd values of Zr in anion exchange as a function
of H2SO4 concentration.

where Ar, As, and Ac are radioactivities of the resin,
the solution, and the control solution, respectively; Vs

is the volume (mL) of the solution; and wr is the mass
of the dry resin (g).

Figure 1 shows the H2SO4-concentration depen-
dence of the Kd values of Zr in the online and offline
experiments. The Kd values of Zr in the online exper-
iment are in agreement with those in the offline exper-
iment within the error range in 0.11–0.72 M H2SO4.
This indicates that the Kd values of Zr in equilibrium
are obtained in the online experiment at these H2SO4

concentrations. However, at 0.060 M H2SO4 the Kd

value of Zr in the online experiment was lower than
that in the offline experiment. A probable reason for
this disagreement is that the Kd value at this low con-
centration is too high to be determined with the AM-
BER system. Another possibility is that the chemical
reaction time is not sufficient for the anion-exchange
equilibrium. Therefore, it is important to directly in-
vestigate the reaction time dependence of the anion-
exchange behavior of Rf to confirm the anion-exchange
reaction equilibrium of Rf.

From this work, we obtained the comparison data
for Rf. We will discuss the sulfate complexation of Rf
based on the anion-exchange behavior of Rf, Zr, Hf,
and Th in a separate study.4)
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Chemical studies of the transactinide (superheavy) el-
ements with atomic numbers Z ≥ 104 are imperative for
systematic understanding of all the elements in the pe-
riodic table. In particular, the influence of relativistic
effects on orbital electrons of superheavy elements could
cause their unique chemical properties. For chemical
experiments on superheavy elements which can be pro-
duced only by nuclear reactions, repetitive or flow-type
rapid chemistry apparatus connected with a gas-jet sys-
tem which rapidly transports the nuclear reaction prod-
ucts from the accelerator room to the chemistry labo-
ratory (“online” experiment) is required. The chemical
properties of heavy elements are discussed on the ba-
sis of comparison of their behaviors with those of the
corresponding homologues.

We plan to apply a flow-type solvent extraction ap-
paratus, having a chemical reaction unit which shortens
the time required for equilibrium, to transactinide chem-
istry in order to obtain equilibrium D values for short-
lived transactinide elements. Thus, we developed such a
solvent extraction apparatus for the online transactinide
chemistry and determined the conditions to rapidly ob-
tain equilibrium D values for Zr and Hf toward the ex-
traction of 261Rf. In addition, we carried out the online
extraction experiment as a model experiment for Rf us-
ing the developed apparatus.

First of all, we carried out the solvent extraction of
Zr and Hf by the conventional shaking (batch) method
to obtain the equilibrium D values using 88Zr and 175Hf
tracers. The D values were determined from the concen-
tration ratio of the tracers between organic and aqueous
solutions.

Then, we developed an online flow-type solvent ex-
traction apparatus: flow Injection Solvent Extraction
apparatus for heavy elements (ISE) for rapid solvent
extraction and phase separation toward the extraction
of 68-s 261Rf. The developed extraction apparatus is
equipped with a reactor tube filled with PTFE chips
to mix aqueous and organic solutions thoroughly (ex-
traction unit; EU).1) By this unit, the diffusion length
of metal complexes between the aqueous and organic
solutions decreases, which is expected to aid the rapid
achievement of equilibrium in the extraction reactions.

† Condensed from the article in Solvent Extr. Ion Exch. 38, 318
(2020)
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Fig. 1. Schematic diagram of online solvent extraction ex-
periment for heavy elements.

For rapid phase separation between aqueous and organic
solutions, a flow-type phase separation unit (PSU) using
a PTFE membrane filter (pore size: 0.8 µm) is set down-
stream of the EU.2) The online extraction experiment
employing the ISE was carried out using the 89g,mZr
and 173Hf nuclides produced at the AVF cyclotron in
RCNP as shown schematically in Fig. 1.

The D values obtained with ISE in 7.8 M HCl are
clearly lower than the equilibrium D values, suggest-
ing that the equilibrium D values cannot be obtained
in 7 M HCl. When the extraction was carried out in
9.3 and 11.2 M HCl using a 30-cm-long EU packed with
250–500 µm PTFE chips, the D values obtained with
ISE are all equivalent with the equilibrium values, indi-
cating that the extraction reactions rapidly reach equi-
librium state under these conditions. It was also found
that the elution of almost all the isotopes from PSU was
accomplished within 55 s. Based on this time informa-
tion, the time taken for extraction and evaporation for
α measurements in Rf experiment can be estimated to
be <2 min, which is sufficiently fast in comparison with
the previous experiment of 261Rf (∼100 s).

A linear relationship was observed between the log-
arithm of D value and the logarithm of Aliquat 336
concentration for both Zr and Hf, suggesting that the
extracted chloride complex determined from the slopes
(net charge) could be [MCl6]2−. Similar discussion can
be made for Rf, which will help to understand the chlo-
ride complexation of Rf.
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tion, the time taken for extraction and evaporation for
α measurements in Rf experiment can be estimated to
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A linear relationship was observed between the log-
arithm of D value and the logarithm of Aliquat 336
concentration for both Zr and Hf, suggesting that the
extracted chloride complex determined from the slopes
(net charge) could be [MCl6]2−. Similar discussion can
be made for Rf, which will help to understand the chlo-
ride complexation of Rf.
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Cation- and anion-exchange behavior and UV-vis spectroscopy of Zr in
HBr for chemical characterization of bromide complexes of Rf
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The chemical properties of superheavy elements
(SHEs) with atomic number Z ≥ 104 deviate from the
periodicity of their lighter homologues in the periodic
table because of the strong relativistic effects on valence
electron shells in these heavy atoms. Therefore, chemical
research studies on these elements are intriguing and of
great importance. However, the chemical study of these
elements is very difficult because the half-lives of these
elements are short and the production rates of these el-
ements are low.1)

Anion-exchange studies in HF and HCl have been re-
ported for element 104, Rf.2,3) The observed adsorption
strength on the anion-exchange resin is Zr ≈ Hf > Rf in
1.9–13.9 M HF2) and Rf > Zr > Hf in 7.0–9.0 M HCl.3)
We are interested in the anion-exchange result of Rf in
HBr because the adsorption sequence is different between
HF and HCl media. There is one report on the bromide
complex of Rf.4) In this report, the solvent extraction of
Rf and its homologous elements were performed. Rf was
not extracted from 7.75–9.0 M HBr, while Zr and Hf were
extracted. Further study on the bromide complexation
of Rf is required to understand the halide complexation
of Rf in detail, In this work, cation and anion exchanges
of Zr were performed to obtain the comparison data for
Rf. The UV-vis spectra of Zr in HBr solution was mea-
sured to discuss the ion-exchange behavior of Zr.

The 88Z was produced in the 89Y(d, 3n) reaction us-
ing the RIKEN AVF cyclotron; further, 88Zr was purified
by an anion-exchange method. The cation- and anion-
exchange of Zr were performed by employing the batch
method in 1.1–8.8 M HBr, which is the same procedure
an in Ref. 5). Further, control experiments without the
resin were performed to determine the standard radioac-
tivity of the solution sample. The distribution coefficient
(Kd) was obtained according to Kd = (Ac −As)V/Asw;
here, Ac and As denote the radioactivities in the con-
trol and exchanged solutions, respectively. V denotes
the volume of the solution, and w denotes the weight of
the ion-exchange resin.

Fig. 1. Variation of the Kd values of Zr on the cation ex-
change resin as a function of [HBr].

∗1 RIKEN Nishina Center

Fig. 2. UV-vis spectra of Zr in 1.1–7.9 M HBr.

The UV-vis spectra of 0.016–0.33 M Zr in the 1.1–
7.9 M HBr solution were measured with UV-vis spectro-
spectrophotometer (JASCO Co., V-730) to obtain the
structural information on the Zr species in HBr.

In the anion exchange, the Kd values of Zr are low (<
10 mL g−1) for all [HBr] studied in this work, indicating
which implies Zr does not form anionic species at 1.1–
8.8 M. This anion-exchange behavior is consistent with
that using macro amounts of Zr.6) The variation of the
Kd values of Zr on the cation exchange resin are shown
in Fig. 1. The Kd values decrease with an increase in
[HBr] in the range 1.1–7.0 M, and they increase above
7.0 M.

The UV-vis spectra of Zr in HBr solution are shown
in Fig. 2. At 1.1–5.2 M, one adsorption band is seen
at λmax = 410–421 nm, and its molar adsorption coef-
ficient (∆ε) increases with an increase of [HBr]. Above
6.0 M, the UV-vis spectra shows two adsorption bands at
λmax = 390–391 and 463–467 nm, and both increase with
an increase in [HBr], which indicates that the dominant
Zr species is changed. This spectral change at 6.0 M is
reasonably reflected on the variation of the Kd values in
Fig. 1: bromide complexes are increasingly formed with
an increase in [HBr], and above 7.0 M, a different bro-
mide complex is adsorbed on the cation-exchange resin.
It is possibility that the oxybromide complex of Zr is
protonated and the cationic species of Zr increases.

In the future, we plan to measure the Raman spectra
of ZrBr4 in the HBr solution and the mass spectra of the
solvent extracted Zr species to determine the Zr species
in the HBr solution.
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Solvent extraction of Fr and Cs with calix[4]arene-bis(benzocrown-6)
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Francium (Fr) is the heaviest alkali metal, with the
atomic number 87. It is one of the least-studied ele-
ments among the naturally occurring elements because
all its isotopes are short-lived. The half-life of its longest-
lived isotope, 223Fr, is only T1/2 = 21.8 min. Owing to
experimental difficulties, the chemical properties of Fr
have not been studied in detail so far. We aim to clarify
the chemical bonding nature of Fr, which is influenced
by relativistic effects, through complex formation stud-
ies of Fr. For that purpose, we performed solvent extrac-
tion experiments on 212Fr (T1/2 = 20 min) with several
crown ethers and compared the results with those on
137Cs (T1/2 = 30.1 y).1) We found that the distribution
ratios (D) of Fr and Cs are almost the same, although the
D values of Cs are slightly higher than those of Fr in the
extraction with dibenzo-21 crown-7 (DB21C7). Haver-
lock et al. examined the complex formation of Fr+ with
calix[4]arene-bis(benzocrown-6) (BC6B) in 2003.2) The
D values of Fr are almost one order of magnitude higher
than those of Cs. Such a large difference is surprising
because the ionic radius of Fr (173 pm3)) is close to that
of Cs (167 pm4)). However, the mechanism for the large
difference has not been clarified yet. The higher affinity
of BC6B for Fr than for Cs is interesting and impor-
tant to understand the chemical properties and chemical
bonding of Fr. In this work, we reinvestigated the solvent
extraction behavior of Fr and Cs with BC6B to confirm
the large difference between Fr and Cs.2)

We used 221Fr (T1/2 = 4.8 min) produced as the α-
decay daughter of 225Ac (T1/2 = 9.9 d). First, we pre-
pared an 225Ac/221Fr generator. 4 MBq of 225Ac was
dissolved in 1 mL of 0.01 M HNO3. It was loaded onto
an LN resin column (100–150 µm; φ5 mm × H10 mm).
225Ac was adsorbed on the LN resin, and its daughter nu-
clide 221Fr was generated inside the column. 221Fr was
repetitively eluted with 0.5 mL of 0.01 M HNO3 after its
growth. The yield of 221Fr was ≥98% with one-time elu-
tion. 500 Bq of 137Cs dissolved in 5 µL of H2O was added
into the 221Fr solution. The solution was dried up, fol-
lowing which 221Fr and 137Cs were dissolved in 1.4 mL of
10−4–3 M NaNO3 aqueous solutions to achieve 221Fr and
137Cs concentrations of ∼10−13–10−12 M and ∼10−10 M,
respectively. 700 µL of this aqueous solution was shaken
for 5 min together with an equal volume of an organic
phase, 1.5× 10−3 M BC6B in 1,2-dichloroethane. After
centrifugation, 500 µL of each phase was subjected to γ-
ray spectrometry with Ge detectors to determine the D
values as D = [M+]organic/[M

+]aqueous, where M denotes
221Fr or 137Cs. We also investigated the D values of Cs
under almost the same experimental condition as Haver-
lock et al.2) by dissolving 221Fr and 137Cs with 10−4–3 M
NaNO3/10

−4 M CsNO3 aqueous solutions.
The time required for Fr and Cs to reach extrac-

tion equilibrium was confirmed to be less than 1 min,
which agrees with the results of Haverlock et al.2) Fig-

∗1 RIKEN Nishina Center

Fig. 1. Variation of D values of Fr and Cs as a func-
tion of NaNO3 concentration [NaNO3] in their extraction
from 10−4–3 M NaNO3 and 10−4–3 M NaNO3/10

−4 M
CsNO3 aqueous solutions into 1.5×10−3 M BC6B in 1,2-
dichloroethane.

ure 1 shows the D values of Fr and Cs as a function
of NaNO3 concentration. Closed symbols indicate the D
values from the 10−4–3 M NaNO3 aqueous solutions, and
open ones indicate those from 10−4–3 M NaNO3/10

−4 M
CsNO3 aqueous solutions. The D values of Fr and Cs are
comparable in both the solutions, although the D values
of Cs are slightly higher than those of Fr. These results
are reasonable when considering the similar ionic radii of
Fr and Cs and our previous results obtained using crown
ethers.1) In the 10−4–3 M NaNO3/10

4 CsNO3 aqueous
solutions, however, the D values of both Fr and Cs are
smaller by factors of 2 to 14 than those in the 10−4–
3 M NaNO3 aqueous solutions. This might be because
macro amounts of Cs (10−4 M) inhibit the extraction
of Fr and Cs, although an excess amount of BC6B ex-
ists in the extraction system (the concentration ratio of
[Cs]:[BC6B] = 1:15 Note that our D values of Fr from
10−4–3 M NaNO3 aqueous solutions and those of Cs from
10−4–3 M NaNO3/10

−4 M CsNO3 aqueous solutions are
consistent with those reported by Haverlock et al.2) Be-
cause Haverlock et al.2) independently obtained the D
values of Fr and Cs using the 221Fr tracer and 10−4 M
CsNO3, respectively, the large difference between the D
values of Fr and Cs was observed.

The slightly higher D values of Cs than those of Fr
using BC6B are similar to those using DB21C7.1) The
reason of the order of the D values of Cs > Fr in the
extraction with BC6B and DB21C7 is unclear at this
moment. Quantum chemistry calculations for Fr as well
as Cs are needed to interpret the experimental results
and to discuss the electronic state and chemical bonding
nature of Fr.
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using BC6B are similar to those using DB21C7.1) The
reason of the order of the D values of Cs > Fr in the
extraction with BC6B and DB21C7 is unclear at this
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The short path length and high linear energy trans-
fer of α particles are expected to enable targeted alpha
therapy for the treatment of cancer. A promising nu-
clide among various α emitters is 211At with a half-life
of 7.21 h, which has gained prominence owing to its ap-
propriate half-life for labelling and drug pharmacokinet-
ics and potential to synthesize labelled compounds as a
halogen element. This has motivated several preclini-
cal studies on At chemistry.1) However, the successive
chemical processes for the general use of At chemistry
have not been understood well. One of the difficulties in
At chemistry is the coexistence of several At species in
a sample. For instance, the species of At−, AtO−

3 , and
AtO−

4 are identified in some solutions via thin layer chro-
matography (TLC).2) This makes the processes complex,
and the species need to be adjusted by varying the redox
potential, hydrogen ion concentration, and other factors
for appropriate preparation of At solutions.

We aimed to study At species in diisopropyl ether
(DIPE) solvent, which was shown to extract cationic
species of At in a previous study.3) Speciation of At
was performed via TLC similar to the method in Ref. 2)
but in an argon atmosphere, to allow preservation of the
species during the drying and development time for the
TLC.

In this study, 211At was produced via the 209Bi(α, 2n)
reaction at the RIKEN AVF cyclotron and delivered to
Kanazawa University. The irradiated Bi target was dis-
solved in 3 mL of 6 M HNO3 and mixed with an appro-
priate amount of H2O to prepare 1 M HNO3 solution,

Fig. 1. TLC chromatogram of At species extracted from 9 M
HCl.
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Fig. 2. Distributions of At species extracted to DIPE by TLC
and their extraction ratios.

7 mL of which was used to extract the 211At nuclide into
7 mL of dodecane solvent.

Aliquots of the dodecane solution were subjected to
back extractions into several solutions of various HCl
concentrations ranging from 1 M to 9 M. Approximately
0.5 mL of each HCl solution was subject to solvent ex-
traction with 0.5 mL of DIPE. TLC was performed on
10 µL of each DIPE solution to determine the 211At
species.

Figure 1 displays the TLC chromatogram showing a
new species at approximately Rf = 0.2, which was not
found in an open air experiment, in addition to the At−,
AtO−

3 , and AtO−
4 . Figure 2 demonstrates the composi-

tions of the At species, except for the continuum compo-
sition deduced from the TLC chromatograms, in Ref. 2),
and the At extraction rates dependent on the HCl con-
centration. The new species increases with the increase
in the HCl concentration and the extraction rate. There-
fore, the species is considered to be a cation of At based
on a previous study.3)

We are in planning on applying the TLC technique to
other extraction systems to identify extracted At species
and clarify the mechanism of At extraction. Such infor-
mation will be useful to construct chemical processes for
the general use of At chemistry.
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99Ru and 57Fe Mössbauer spectroscopic studies of Na2Ru1 xFexO3

of sodium-ion battery electrode (2)
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Sodium-ion batteries have the potential to be the
next-generation batteries to replace lithium-ion bat-
teries owing to the abundance of its raw materials.
Na2RuO3 is a kind of Na-excess layered oxide and
is promising as a cathode material for Na-ion bat-
teries.1) In this study, we demonstrate the oxidation
states and the coordination environments of Ru ions
in Na2RuO3 after charging and discharging processes
via Mössbauer spectroscopy, X-ray diffraction (XRD),
and electrochemical analysis.2)

A sample of Na2Ru0.99Fe0.01O3 was prepared via
a solid-state reaction. Stoichiometric mixtures of
RuO2, NaHCO3, and Fe2O3 were pressed and sin-
tered at 850◦C for 48 h in an Ar atmosphere. The
sample was confirmed to possess a single phase by
XRD.2) In the electrochemical treatment, a mixture
of Na2Ru0.99Fe0.01O3, acetylene black, and polyvinyli-
dene difluoride as a binder was applied on an Al foil.
The Al foil with Na2Ru0.99Fe0.01O3 and a carbon sheet
were used as the cathode and the anode, respectively.
As the electrolyte, 1 M NaBF4 solution was used.1)
These materials were packed in a battery cell and sub-
sequently charged by applying with a DC current of
4 V for 0.5 h. In the XRD pattern after charging, the
characteristic peaks of triclinic ilmenite-type NaRuO3

were assigned, in addition to those of honeycomb-type
Na2RuO3.

For performing 99Ru Mössbauer spectroscopy, the
source nuclide 99Rh (T1/2 = 16.1 d) was produced by
the nuclear reaction of 99Ru(p,n)99Rh at the AVF Cy-
clotron. 99Ru Mössbauer spectra were measured at
5 K in a conventional liquid He cryostat.3) The 99Ru
Mössbauer spectra of Na2Ru0.99Fe0.01O3 obtained at
5 K before and after charging are shown in Figs. 1(a)
and (b), respectively. The spectrum before charging
was fitted by a broadened single line, indicating Ru4+

with the isomer shift δ = −0.27(1) mm/s.2,3) The
spread of the linewidth was considered to be caused by
the doping of Fe atoms. Concurrently, the spectrum
measured after charging had a poor quality owing to
the small amount of sample packed into the battery
cell. However, this spectrum was analyzed to consist
of two components having hyperfine magnetic fields
(Hhf) with quadrupole splitting (∆EQ). The red com-
ponent (δ = −0.27(4) mm/s, ∆EQ = 0.51(9) mm/s,
Hhf = 4.7(2) T) was consistent with the oxidation
state of Ru4+ before charging. The blue compo-
nent (δ = −0.01(4) mm/s, ∆EQ = 0.07(7) mm/s,
Hhf = 17.9(9) T) presented a larger isomer shift and a
∗1 Dep. of Eng. Sci., University of Electro-Commun
∗2 RIKEN Nishina Center

Fig. 1. 99Ru Mössbauer spectra of Na2Ru0.99Fe0.01O3

(a) before charging and (b) after charging.

larger internal magnetic field. The value of δ indicated
that the oxidation state of Ru after charging changed
from 4+ to 5+. It is probable that the oxidation num-
ber of Ru ions increased as Na+ ions were removed
by charging, and that Hhf was generated as the struc-
ture changed to a three-dimensional ilmenite structure
from a two-dimensional layer structure with a Na+ de-
ficiency. This speculation is supported by the observa-
tion of magnetic splitting in the 57Fe Mössbauer spec-
trum at low temperatures. The ratio of the area inten-
sity of the blue component was approximately 66%,
which is almost consistent with the Coulomb number
of the one-electron oxidation reaction under the elec-
trochemical conditions of 4 V for 0.5 h.
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Targeted alpha therapy for thyroid cancer: Radiation-induced toxicity
of [211At]NaAt in mice†
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E. Shimosegawa,∗2 T. Nakano,∗3,∗5 A. Shinohara,∗3,∗4 and J. Hatazawa∗3,∗5

Radioactive iodine (RAI) therapy is used for the treat-
ment of patients with differentiated thyroid cancer.1,2)
However, a percentage of patients shows insufficient
131I accumulation3) or low therapeutic effect even with
enough 131I accumulation, and some patients suffer from
recurrence or metastases and become RAI-refractory
during follow-up.4,5) For these patients, a more effective
treatment is required.

Astatine (211At) is a halogen with chemical proper-
ties similar to those of iodine, but it emits alpha parti-
cles, and we have found that the radiochemical purity
of astatide dramatically improves upon treatment with
1% ascorbic acid. Consequently, the uptake of 211At in-
creases in the thyroid gland and thyroid cancer cells.7)
In this study, we evaluated the radiation-induced toxic-
ity of different doses of 211At-NaAt solution at different
time points to estimate its time-dependent toxicity.

Methods
The biodistribution of 211At-NaAt was measured in

normal ICR mice (n = 12) and the absorbed doses in
major organs were calculated.

Groups of ICR mice (n = 60) were injected with
0.1 MBq or 1 MBq of 211At-NaAt using saline as the con-
trol group (n = 30). Their body weight and food intake
were followed up for 60 days. The blood cell count and
serum level of biochemical parameters were measured 3,
7, 15, 29, and 60 days after injection. Histological analy-
ses of major organs with hematoxylin and eosin staining
were performed.

Fig. 1. %ID/g of main organs in normal ICR mice adminis-
tered with 211At-NaAt solution.

† Condensed from the article in Transl Oncol. 13, 4 100757
(2020)
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Fig. 2. Evaluation of hematological toxicity in the control,
0.1 MBq, and 1 MBq groups.

Fig. 3. Histological changes in the thyroid gland (left) and
testis (right) evaluated by HE staining in the 1 MBq group
on day 29.

Results
Figure 1 revealed a high-absorbed dose in the thyroid

gland, stomach, bladder, heart, lungs, spleen, kidneys,
and testes. The 0.1 MBq group showed no abnormalities.
The 1 MBq group showed decreased body weight and
food intake. Figure 2 showed that hematological toxicity
was mild and transient. The total cholesterol, albumin,
and total protein increased with no signs of recovery,
which can be attributed to hypothyroidism. Figure 3
showed atrophy and fibrosis in the thyroid gland and a
transient hypospermatogenesis was found in the testis of
one mouse on day 29.

Conclusion
High-dose administration of 211At-NaAt showed tran-

sient toxicity in the white blood cells and testis without
severe hematological or renal toxicity, suggesting its tol-
erable safety as targeted alpha-therapy for differentiated
thyroid cancer in the 1 MBq group.
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Quality confirmation of RIKEN 186Re using bifunctional chelating
agents and derivatives

S. Oshikiri,∗1,∗2 M. K. -Satake,∗1,∗2 H. Kato,∗1,∗2 Y. Komori,∗1 K. Suzuki,∗1,∗2 T. Kobayashi,∗2 A. Hino,∗2 and
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Rhenium-186 (half-life T1/2 = 3.7186 days) and 188Re
(T1/2 = 17.003 hours) emit beta rays appropriate for
targeted radiotherapy use. These radioactive Re iso-
topes are used according to the tumor size and form
radiotheranostic pairs with 99mTc for radiodiagnosis.1)

However, 186Re has not been investigated as well as
188Re has.2) One of the possible reasons is that it is
difficult to obtain no-carrier-added 186Re through the
classical production method of the 185Re(n, γ)186Re re-
action, while no-carrier-added 188Re can be obtained us-
ing a 188W/188Re generator.1,3) At RIKEN, we started
to produce no-carrier-added 186Re (RIKEN 186Re) in
the 186W(d, 2n)186Re reaction at the RIKEN AVF cy-
clotron. In this study, we selected DADT, ECD, MAG3,
and DMSA (Fig. 1) as model compounds, which had
already been reported in many articles,4–7) and evalu-
ated radiolabeling efficiencies for these compounds to
confirm the quality of RIKEN 186Re, especially in terms
of its usefulness as a radioisotope (RI) material for bi-
functional chelating agents and derivatives.8,9)

In this report, the method for DADT radiolabeling is
described below as the representative among the model
compounds.
Step 1: RIKEN 186Re (3.8 MBq) was dissolved in

0.05 M hydrochloric acid to prepare a 186Re
stock solution (138 MBq/mL). The radioactiv-
ity of 186Re was determined using a germanium
semiconductor detector and a dose calibrator.

Step 2: 2.2 µL of the 186Re stock solution in Step 1 was
added to 63.8 µL of saline to prepare a 186Re
solution.

Step 3: 3.0 µL of the 186Re solution in Step 2 was mixed
with 2.5 µL of DADT (1.0 µg), 1.4 µL of tin (II)
dichloride dihydrate (10 µg), and 2.0 µL of L-
tartaric acid (200 µg) aqueous solution.

Step 4: The mixture in Step 3 was heated to 99◦C and
held for 15 min.

Step 5: The radiolabeling yield of 186Re-DADT was
determined using the TLC method with a
C18 reversed-phase TLC plate (NAGEL RP-
18W/UV254) and eluted with acetone and
0.5 M ammonium acetate in a volume ratio of
13:7.

As a result, the radiolabeling yield of 186Re-DADT at
the specific radioactivity of 4.3 GBq/mmol was 86%. In
Ref. 4), 88% of the radiolabeling yield of 188Re-DADT
at the specific radioactivity of 23 GBq/mmol was re-
ported. To compare these results, each activity of 186Re
and 188Re was converted to the amount of substance.
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Fig. 1. Chemical structures of DADT, ECD, MAG3, and

DMSA.

Both 4.3 GBq of 186Re and 23 GBq of 188Re correspond
to 3.3 nmol. This indicates that the ratio of the amount
of DADT to that of 186/188Re was constant. Therefore,
it was regarded that our result of labeling yield corre-
sponded to that of 188Re in Ref. 4). In a previous in
vivo and in vitro evaluation, the radiolabeling of 222-
MAMA(N -6-Ahx-OEt) with 186Re was performed on
6.1 GBq/mmol.10) It was suggested that RIKEN 186Re
is useful as an RI material for in vivo and in vitro stud-
ies.
Regarding the radiolabeling efficiencies for ECD,

MAG3, and DMSA, the radiolabeling yields were 51%,
46%, and 95%, respectively. It was revealed that these
compounds are also able to form 186Re complexes, al-
though these are preliminary results.
In conclusion, our study revealed the availability of

RIKEN 186Re for radiolabeling and its feasibility as
an RI material with bifunctional chelating agents and
derivatives. By optimizing the labeling conditions in the
future, RIKEN 186Re is expected to be applied to tar-
geted radiotherapy using bifunctional chelating agents,
such as a peptide moiety in their structures.11)
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Complex formation of Rhenium-186 with lipophilic ligands
—Comparison with technetium-99m—
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Technetium-99m is the most used nuclide in diag-
nostic nuclear medical imaging because the energy of
its gamma-ray emission (140 keV) is ideal for imag-
ing using gamma cameras, and it can be produced on
demand at medical facilities by using 99Mo/99mTc gen-
erators. Various lesions can be visualized when 99mTc-
labeled radiopharmaceuticals accumulate at the lesion
site because of their unique mechanisms. In recent
years, radiotheranostics have received considerable at-
tention because radionuclide-targeted treatments are
performed based on the imaging of the same target
area.1) Although 99mTc-radiopharmaceuticals are spe-
cialized for diagnostic imaging, their specific lesion ac-
cumulation properties are attractive for radiotheranos-
tics. Rhenium, a group 7 congeneric element of tech-
netium, is assumed to have chemical properties similar
to those of Tc. 186Re is an ideal radiotheranostic nu-
clide because it is a beta-emitting nuclide, and it emits
gamma-ray associated with beta decay, whose energy
is suitable for radionuclide therapy and imaging. Thus
far, 186Re has been produced by neutron irradiation in
nuclear reactors, and it is difficult to obtain in Japan.
At the RIKEN RI beam factory (RIBF), we succeeded
in producing no-carrier-added, high-purity 186Re us-
ing an accelerator-based ion beam irradiation. 99mTc-
radiopharmaceuticals are complexes of 99mTc and a
variety of ligands. Further rhenium is expected to
form complexes as an analog of Tc. Therefore, it is
important to evaluate the complex forming ability of
Re. In this study, the complex formation of Re with
lipophilic ligands was investigated using 186Re pro-
duced at RIBF.

Rhenium-186 was produced in the 186W(d, 2n)186Re
reaction. A 24-MeV deuteron beam delivered from the
AVF cyclotron was irradiated onto a 186WO3 pellet
target (isotope enrichment of 186W: 99.79%; thickness:
580 mg/cm2). After irradiation, 186Re was purified
by chemical separation procedure.2) The aqueous so-
lution of 186Re-perrhenate in 0.01 M HCl (radioac-
tivity concentration: 83.0 MBq/mL) was supplied.
MRP20 (N-(2(1H pyrolylmethyl)) N′-(4-pentene-3-
one-2)) ethane-l, 2-diamine), ECD (ethyl cysteinate
dimer), and BMEDA (n, n-bis(2-mercaptoethyl)-
n′,n′-diethylethylene-diamine) were used as lipophilic
chelating ligands. Stannous chloride was used as a
reductant and GH (sodium glucoheptonate) was used
as a stabilizer for 186Re(V). The formation of 186Re-
ligand complexes was evaluated using octanol/water
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Fig. 1. Profiles of the paper chromatography of the reac-
tion products of 186Re with various lipophilic ligands.
Development solution: methanol or physiological saline
solution. Detection: Autoradiography using imaging
plates.

extraction and paper chromatography, and it was de-
veloped in methanol or physiological saline.

We have been developing new radiopharmaceuti-
cals by encapsulating various radionuclides in lipo-
somes, which are capable DDS carriers.3) We used re-
mote loading methods, to achieve a high concentra-
tion of radionuclides in liposomes, that is, a ligand ex-
change reaction across the liposomal membrane using
lipophilic and hydrophilic ligands. We successfully pre-
pared 99mTc- liposomes using MRP20 as a lipophilic
ligand. We first examined the reaction between 186Re
and MRP20; sit was found that 186Re and MRP20
did not form chelate complexes under the same condi-
tions as 99mTc. Therefore, the optimal conditions for
the reaction of 186Re with lipophilic ligands MRP20,
ECD, and BMEDA were investigated. 99mTc could
form stable complexes with each of these three lig-
ands under mild conditions. The complex formation
between 186Re and these lipophilic ligands required 10
times more reducing agent, higher reaction tempera-
tures, and longer reaction times than those of 99mTc.
Representative paper chromatography profiles of these
reaction products are shown in Fig. 1. 186Re and ECD
formed a lipophilic ligand complex that moved close to
the solvent front in methanol. In the reaction of 186Re
with BMEDA, the products were different depending
on the reaction process. The products of process A
seemed to contain [186ReO−

4 ] and the lipophilic com-
plex. 186Re and MRP20 could not form a complex even
with these severe conditions, and their chromatogram
profiles were almost the same as those of [186ReO−

4 ].
Based on these results, we speculate that 186Re was
more difficult to reduce compared to 99mTc analogues;
further, the reaction rate with ligands was slower than
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that of 99mTc. 186Re seemed to be re-oxidizing with
oxygen from the air back to [186ReO−

4 ], which may
compete with the complex formation and inhibit the
reaction.

It is believed that rhenium has similar chemical
properties to technetium, and it can be handled in the
same manner. However, the results of this study indi-
cate that their chemical properties are very different at
least in terms of the ligand-complex formation. Highly
concentrated and stable 186Re-labeling compounds are
necessary to promote radiotheranostics. The present
findings will help establish optimized labeling meth-
ods for 186Re.
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Simultaneous imaging of Na+/K+ by semiconductor Compton camera
GREI

S. Motomura,∗1 I. Kii,∗1,∗2 H. Haba,∗3 H. Yakushiji,∗1 Y. Watanabe,∗1 and S. Enomoto∗4

We have been studying the simultaneous imaging of
sodium (Na) and potassium (K) ions that are dynam-
ically controlled in a living body. Na+ and K+ are
very common cations in body fluids; however, inter-
estingly, they are controlled very differently by some
biomolecules. Owing to the different behavior and
distribution of Na+ and K+, membrane potential can
be formed in neurons, and Na+ can be reabsorbed in
the kidneys. Therefore, the imaging of Na+/K+ dy-
namics may be beneficial in inspecting the function of
biomolecules.

As summarized in a previous report, we were able to
simultaneously take the images of 24NaCl and 43KCl
solutions using our imaging apparatus GREI.1,2) How-
ever, we determined some challenges to be addressed
in the imaging of 24Na, in addition to the low detection
efficiency for the 1369-keV gamma ray. In the gamma-
ray energy spectrum of 24Na + 43K (Fig. 1), there is
a gamma-ray peak at 1732 keV that corresponds to
the double escape peak for the 2754-keV gamma ray
of 24Na. This originates from the escape of two 511-
keV gamma rays created by the annihilation of the
positron that was created by the pair-creation inter-
action of gamma rays in the gamma-ray detectors. In
addition, the E1+E2 = 1732 keV events were observed
in the E1-E2 histogram (Fig. 2), where E1 and E2
represent the detected energies by the front and rear
detectors, respectively. Furthermore, the E1 + E2 =
2754 keV events were also observed, although the mea-
surable energy range for each detector was less than
2000 keV in the current GREI system. We inferred
that these 1732- and 2754-keV gamma events doubled
the dead time of the GREI system. Hence, to realize
efficient imaging experiment, we need to further de-
velop a proper method to process the gamma events.

To circumvent the current problem of 24Na, we de-
cided to use 22Na for now. Although 22Na is not
suitable for clinical use, owing to its long half-life of
2.6 years, we can use it for preliminary or preclini-
cal experiments. 22Na is a positron emitter and emits
two 511-keV gamma-rays and one 1275-keV intrinsic
gamma ray.

We performed GREI imaging experiment of 22Na
and 43K simultaneously injected in a live mouse. We
can use a 511-keV gamma-ray peak to identify 22Na,
which is in the optimal imaging efficiency region for

∗1 RIKEN Center for Biosystems Dynamics Research
∗2 Compass to Healthy Life Research Complex Program,
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∗3 RIKEN Nishina Center for Accelerator-Based Science
∗4 RIKEN Center for Life Science Technologies

GREI (Fig. 3). The E1-E2 histogram for 22Na + 43K
is shown in Fig. 4. Clear lines can be observed for each
gamma ray that were all covered by the energy range
of GREI. This study is still ongoing, and the results
are being prepared to be considered for publication.

Fig. 1. Gamma-ray energy
spectrum of 24Na and 43K
measured by GREI.

Fig. 2. E1-E2 histogram of
24Na and 43K.

Fig. 3. Gamma-ray energy
spectrum of 22Na and 43K
measured by GREI.

Fig. 4. E1-E2 histogram of
22Na and 43K.
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Development of image reconstruction method for a multiple-isotope
PET using 44mSc†

T. Fukuchi,∗1 M. Shigeta,∗1 H. Haba,∗2 D. Mori,∗2 T. Yokokita,∗2 Y. Komori,∗2 S. Yamamoto,∗3 and
Y. Watanabe∗1

Positron emission tomography (PET) is a powerful
tool for radio-tracer imaging in a living biological ob-
ject. However, conventional PET is useful only for single-
tracer imaging because of the energy constancy of anni-
hilation photons, which are utilized for PET imaging. In
order to improve PET imaging, we have developed a new
small-animal PET system that can be used for multiple-
tracer simultaneous imaging. Our PET system, named
multiple-isotope PET (MI-PET), detects not only anni-
hilation photons but also prompt γ-rays, which are emit-
ted successively after positrons, using additional γ-ray
detectors. Previously, we succeeded in proving the basic
principle of MI-PET using a prototype system.1,2)

Because of the imperfectness of the prompt γ-ray de-
tection in MI-PET imaging with a pure positron emitter
and positron-γ emitter, an image for the pure positron
emitter taken by MI-PET is superposed by the positron-
γ emitter. Therefore, to create an isolated image of
the pure positron emitter, we developed an image re-
construction method based on subtraction between data
with the absence (data-D) and presence (data-T) of
the prompt γ-ray detection. For this subtraction, the
spatial normalization of the prompt γ-ray sensitivity is
needed. Therefore, long-period normalization scans of a
positron-γ emitter, 44mSc, was performed using a cylin-
drical phantom 180 mm in length and 78 mm in diam-
eter. These normalization data were also used for the
analysis of the counting-rate dependence of the sensitiv-
ity based on its proper decay half-life of 58.6 h. The
initial activity of the 44mSc phantom was 2.45 MBq, and
the measurement time was 235 h, which corresponds to
approximately 4 half-lives.

To evaluate the practical performance of the devel-
oped image reconstruction method, dual-isotope mouse
imaging was performed using 18F-FDG and a simple sub-
stance, 44mSc. In this experiment, 1.13-MBq of 18F-
FDG and 1.23-MBq of 44mSc were administered to an
8-week-old normal male mouse by a tail vein injection.
After 38 min from administration, a 30-min scan with
bed motion was performed under anaesthesia. This an-
imal experiment was performed in accordance with the
Principles of Laboratory Animal Care (NIH Publication
No. 85-23, revised 1985) and approved by the Institu-
tional Animal Care and Use Committee (IACUC) of
RIKEN, Kobe Branch.

Scandium-44m was produced at RIBF via the
45Sc(d, p2n)44mSc (for normalization scan) and

† Condensed from the article in Jour. of Inst., (in press) (2021)
∗1 RIKEN Center for Biosystems Dynamics Research
∗2 RIKEN Nishina Center
∗3 Department of Radiological and Medical Laboratory Science,

Nagoya University

Fig. 1. Photograph (left) and reconstructed images of a
mouse administrated with 18F-FDG and 44mSc. (i) image-
D (44mSc and 18F-FDG), (ii) image-T (44mSc), and (iii)
image-A (18F-FDG).

Table 1. VOI analysis of the mouse. Values are shown in kBq.

Image-D Image-T D-T Image-A
Heart 31.7 10.2 21.5 23.9
Liver 421.3 427.6 −6.3 0.9
Bladder 69.0 9.2 59.8 77.3

44Ca(d, 2n)44mSc (for mouse imaging) reactions with a
24-MeV deuterium beam from the AVF cyclotron, pu-
rified by chemical processes at the hot lab, and trans-
ported to the RIKEN Center for Biosystems Dynamics
Research in Kobe.

Reconstructed mouse images from data-D (image-D:
44mSc and 18F-FDG) and data-T (image-T: 44mSc) as
well as an isolated image of the pure-positron emitter
(image-A: 18F-FDG) are shown in Fig. 1. From image-
T, we can clearly observe 44mSc accumulation in the
liver, whereas from image-A, 18F-FDG accumulated in
the heart and urinary bladder. These distributions are
reasonable from a physiological viewpoint.

To make a quantitative analysis, 3D volumes of in-
terest (VOIs) were set on the heart, liver, and blad-
der for image-D, image-T, and image-A. The values of
these VOIs and direct subtraction between image-D and
image-T (D-T) are listed in Table 1. The D-T activity in
the liver was negative. However, activity in the liver of
image-A, which has no biological specific accumulation
of 18F-FDG, was nearly zero and was comparable with
other non-accumulated sections. From this result, we
concluded that our newly developed image-A isolation
method is useful for practical multiple-isotope imaging
using MI-PET.
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Double photon emission nuclides for double photon coincidence imaging

H. Takahashi,∗1 M. Uenomachi,∗1 K. Shimazoe,∗1 and H. Haba∗2

Positron emission tomography (PET) is known as a
very high sensitivity imaging method. One reason for
this is that it utilizes a coincidence technique, where
two detectors are used to identify the event; therefore,
a high signal-to-noise ratio is realized. However, PET
uses only 511 keV gamma rays. Thus, it cannot be used
to distinguish all positron emitters.

Some nuclides successively emit two gamma-ray pho-
tons in a very short time. The use of such gamma
photons can lead a new type of coincidence imag-
ing method.1,2) Recently, we proposed a new concept
of time/position correlation type tomography method
based on a directionality sensitive gamma camera. For
this, we need a nuclide that emits two photons in a rela-
tively short period. Thus far, we have proposed the use
of 111In, which emits a 171 keV photon and after the
life time of 85 ns, it emits a 245 keV photon. When the
measurement system identifies a 171 keV photon, the
system waits for a 245 keV photon for approximately
300 ns. If the system recognizes the 245 keV photon,
it records two gamma photons and their incident an-
gles, and then, it proceeds to the next measurement.
To record angles, an electron tracking type Compton
imager can be used for 300–600 keV gamma-ray pho-
tons; however, multi-pinhole cameras can be used for
low-energy gamma rays. This enables double photon
emission computed tomography (DPECT). Although
111In is feasible for measurements, the advantage of
the double-photon coincidence method lies in its multi-
nuclide capability. Therefore, we are exploring other
candidates for double-photon emission nuclides. The
gamma ray energies should not be too large since the
detection efficiency for high energy gamma rays is lim-

Fig. 1. Decay scheme of 43K.3)

∗1 School of Engineering, University of Tokyo
∗2 RIKEN Nishina Center

Fig. 2. Single photon Compton image of a 43K source. The
color bar shows relative intensity.

ited.
For nuclear medicine applications, the half-life of the

nuclide should not be too short or too long. The double-
photon yield should be large. The gamma-ray energies
should not be too large since the detection efficiency
for high-energy gamma rays is limited. Further, two
photons should be emitted within a short period. Al-
though there are various possibilities for double-photon
emission nuclides. they cannot all be used owing to the
above requirements. Then we successfully found the
following nuclides thus far.

43K is a beta minus nuclide followed by gamma pho-
ton emissions. The half-life of the nuclide 43K is 22.3 h,
which is a reasonable value. The decay scheme of this
nuclide is shown in Fig. 1. It emits three pairs of gamma
rays. The first pair is a 617 keV photon (79%) and a
372 keV photon (87%). The second pair is a 397 keV
photon (11.9%) and a 593 keV photon (11.3%). Finally,
the third pair is a 221 keV photon (4.8%) and a 372 keV
photon. The longest life time is 81 ps. Therefore, two
gamma-ray photons are observed almost simultaneously
in the measurement system. The time resolution is very
close to that of positron annihilation. The TOF method
can be used to localize the event for this nuclide. As
a first step, the single-photon Compton image was ob-
tained as shown in Fig. 2. In this research, 43K was
produced at RIKEN for radioisotope imaging.
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Production cross sections of 225Ac in the 232Th(14N,xnyp) reactions at
116 and 132 MeV/nucleon

X. Yin,∗1 A. Nambu,∗1 Y. Komori,∗1 D. Mori,∗1 S. Oshikiri,∗1,∗2 H. Kato,∗1,∗2 A. Hino,∗2 and H. Haba∗1

225Ac (T1/2 = 10.0 d) is one of the most promising
alpha-particle-emitting radionuclides for targeted ra-
dionuclide therapy.1) However, the current global avail-
ability of 225Ac is too small to support large clini-
cal trials, and a stable supply system for 225Ac has
not yet been established in Japan even at the ba-
sic research scale of 100 MBq. A spallation reaction
of 232Th with high-energy protons is expected to be
a potential production route for 225Ac.2) At RIKEN,
radionuclides of a large number of elements, called
multitracer, have been produced by the spallation of
metallic targets such as natTi, natAg, and 197Au ir-
radiated with a 135 MeV/nucleon 14N beam from the
RIKEN Ring Cyclotron (RRC).3) In this work, we in-
vestigated the feasibility of 225Ac production via the
232Th(14N,xnyp)225Ac reaction for the future domes-
tic supply of 225Ac. We also investigated the produc-
tion of 225Ra (T1/2 = 14.9 d) because it is useful as an
225Ac/225Ra generator to produce high-radionuclidic-
purity 225Ac.2)

A 14N7+ beam was extracted from the RRC. Three
metallic 232Th foils (69 mg/cm2), two 27Al plates
(415 mg/cm2), and another three 232Th foils were
placed in this order from the upstream side of the beam
in the multitracer production chamber.3) The targets
were irradiated for 1 h with a 20-pnA-intensity beam.

Fig. 1. Radioactive decay curve of the 440.5-keV γ-line of
213Bi on the decay chain of 225Ra → 225Ac → 221Fr
→ 227At → 213Bi → · · · . The solid curve indicates
the fitting result using the two-body successive decay
equation (225Ra → 225Ac → · · · ).

∗1 RIKEN Nishina Center
∗2 RI Research Department, FUJIFILM Toyama Chemical

Co., Ltd.

Fig. 2. Cross sections of the 232Th(14N,xnyp)225Ac, 225Ra
reactions in comparison with the phits calculations.

After the irradiation, the second foil of each set of three
232Th foils was subjected to γ-ray spectrometry with
Ge detectors to determine the production cross sec-
tions of 225Ac and 225Ra. The 27Al plates were used
as beam-energy degraders. The beam energies on the
measured 232Th targets were calculated to be 132 and
116 MeV/nucleon using the stopping power model4) in
the lise++ program.5)

The radioactivities of 225Ac and 225Ra at the end of
the irradiation were determined by following the ac-
tivity of 213Bi (T1/2 = 45.59 min), which was in ra-
dioactive equilibrium as the great granddaughter of
225Ac. Figure 1 shows a typical decay curve of the
440.5-keV γ-line of 213Bi. The two-body successive de-
cay equation (225Ra → 225Ac → · · · ) was applied to fit
the decay curve after subtracting the small contribu-
tion of the 440.4-keV γ-ray of 228Ac, which originally
existed in the 232Th target as the granddaughter of
232Th. Some short-lived parents of 225Ac and 225Ra
were produced in the reactions; therefore the mea-
sured cross sections of 225Ac and 225Ra are cumulative
for electron-capture decay and β− decay, respectively.
The cross sections of the 232Th(14N,xnyp)225Ac,225Ra
reaction are shown in Fig. 2. The cross sections of
225Ac are larger than those of 225Ra by a factor of
5. The experimental results were compared with those
calculated by the Particle and Heavy Ion Transport
code System (phits).6) The phits code reproduces the
cross sections of 225Ac, while it overestimates those
of 225Ra by a factor of 4. The production yield of
225Ac was tentatively evaluated to be 3.3 MBq/pµA·h
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equation (225Ra → 225Ac → · · · ).

∗1 RIKEN Nishina Center
∗2 RI Research Department, FUJIFILM Toyama Chemical

Co., Ltd.

Fig. 2. Cross sections of the 232Th(14N,xnyp)225Ac, 225Ra
reactions in comparison with the phits calculations.

After the irradiation, the second foil of each set of three
232Th foils was subjected to γ-ray spectrometry with
Ge detectors to determine the production cross sec-
tions of 225Ac and 225Ra. The 27Al plates were used
as beam-energy degraders. The beam energies on the
measured 232Th targets were calculated to be 132 and
116 MeV/nucleon using the stopping power model4) in
the lise++ program.5)

The radioactivities of 225Ac and 225Ra at the end of
the irradiation were determined by following the ac-
tivity of 213Bi (T1/2 = 45.59 min), which was in ra-
dioactive equilibrium as the great granddaughter of
225Ac. Figure 1 shows a typical decay curve of the
440.5-keV γ-line of 213Bi. The two-body successive de-
cay equation (225Ra → 225Ac → · · · ) was applied to fit
the decay curve after subtracting the small contribu-
tion of the 440.4-keV γ-ray of 228Ac, which originally
existed in the 232Th target as the granddaughter of
232Th. Some short-lived parents of 225Ac and 225Ra
were produced in the reactions; therefore the mea-
sured cross sections of 225Ac and 225Ra are cumulative
for electron-capture decay and β− decay, respectively.
The cross sections of the 232Th(14N,xnyp)225Ac,225Ra
reaction are shown in Fig. 2. The cross sections of
225Ac are larger than those of 225Ra by a factor of
5. The experimental results were compared with those
calculated by the Particle and Heavy Ion Transport
code System (phits).6) The phits code reproduces the
cross sections of 225Ac, while it overestimates those
of 225Ra by a factor of 4. The production yield of
225Ac was tentatively evaluated to be 3.3 MBq/pµA·h

1

at 132–80 MeV/nucleon by normalizing the phits cal-
culations to the experimental cross sections. Based
on our typical experimental conditions (incident beam
energy: 132 MeV; beam intensity: 1 pµA; target thick-
ness: 4.5 g/cm2; irradiation time: 2 d), approximately
150 MBq of 225Ac can be produced at the end of the
irradiation. In the near future, we will measure the
cross sections of 225Ac and 225Ra at lower energies of
80 and 100 MeV/nucleon to evaluate their yields more
reliably.
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Cross sections of alpha-particle-induced reactions on natNi: Production
of 67Cu†
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67Cu is considered one of the most promising ra-
dioisotopes in targeted radio-immunotherapy. It is a
β−-emitter with a mean β− energy (E−

β = 141 keV)
that allows treating tumors of size up to approximately
4 mm. Its decay is followed by the emission of low-
energy gamma rays suitable for SPECT imaging. Its
half-life (T1/2 = 61.83 h) is optimal for human applica-
tions. Among the charged-particle-induced production
routes, the 64Ni(α, p)67Cu reaction requires much less
enriched (expensive) target material for providing a com-
parable amount of 67Cu activity as compared to proton
or deuteron production routes. The available literature
data are very different from each other in terms of both
shape and amplitude, and only one experiment provided
cross-section data above 25 MeV; therefore, we decided
to investigate this production route up to 51 MeV.

Experiments were performed at the RIKEN AVF cy-
clotron. The stacked-foil activation technique and high-
resolution γ-ray spectrometry were applied. Pure metal-
lic foils of natNi and natTi from Nilaco Corp., Japan
with an average thickness of 5 µm were used. The foils
were paired (Ni-Ni, or Ti-Ti) in the stack to handle
the recoil effect. Four irradiations were performed using
51.04, 49.42, 40.94, and 26.57 MeV alpha-particle beams.
The incident beam energy was measured by the time-of-
flight method.1) The energy loss of the alpha particles
was calculated using the semi-empirical formula of An-
dersen and Ziegler.2) The average beam intensity mea-
sured using a Faraday cup was cross checked with the
natTi(α, x)51Cr monitor reaction.3) After a small correc-
tion of the measured beam intensities, the re-measured
cross-sections for the natTi(α, x)51Cr monitor reaction
agreed perfectly with their recommended value.3) Several
series of γ-ray spectra were recorded for each irradiated
foil by using a high-resolution HPGe detector-based γ-
spectrometer without chemical separation for increasing
cooling times to follow the decay of the reaction prod-
ucts. Q-values and decay data were taken from the Q-
value calculator4) and NuDat 2.7 database5) of National
Nuclear Data Center, respectively. On the natNi target,
67Cu can be produced only in the 64Ni(α, p)67Cu reac-
tion with an alpha-particle beam. The threshold energy
of this reaction is Ethr = 4.93 MeV.

The deduced isotopic cross sections for the
64Ni(α, p)67Cu reaction were normalized to 100% 64Ni

† Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 479, 125 (2020)
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Fig. 1. Excitation function of the 64Ni(α, p)67Cu reaction in
comparison with previously reported experimental data
and the result of the model calculation taken from the
TENDL-2019 database.5)

isotopic abundance. Additionally, direct and/or cumula-
tive “elemental” activation cross-sections were deduced
for the formation of 64, 61, 60Cu, 63, 62Zn, and 57, 56Ni
radionuclides as possible radio-contaminants. The ob-
tained experimental data were compared with the exper-
imental data available in the literature and the results
of the TALYS theoretical model calculation taken from
the TENDL-20196) data library.

Thick target yields were calculated to estimate the
expected amount of 67Cu and the possible radio-
contamination level of the other co-produced copper ra-
dionuclides by using the spline-fitted experimental data
in the calculation. It was concluded that the produc-
tion of 67Cu is possible on a highly enriched 64Ni target
for local use only. To reduce the amount of co-produced
64Cu, the bombarding alpha-particle energy should be
kept below 30 MeV. During a 24 h-long (30 MeV and
30 µA) irradiation, the estimated end-of-bombardment
(EOB) activity of 67Cu is approximately 1 GBq, and the
expected activity of the co-produced 64Cu is approxi-
mately 0.15%.

This work was conducted in the framework of a com-
mon research program between the JSPS and HAS (Con-
tract No: FY2019-2020 and NKM-43/2019).
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clotron. The stacked-foil activation technique and high-
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with an average thickness of 5 µm were used. The foils
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the recoil effect. Four irradiations were performed using
51.04, 49.42, 40.94, and 26.57 MeV alpha-particle beams.
The incident beam energy was measured by the time-of-
flight method.1) The energy loss of the alpha particles
was calculated using the semi-empirical formula of An-
dersen and Ziegler.2) The average beam intensity mea-
sured using a Faraday cup was cross checked with the
natTi(α, x)51Cr monitor reaction.3) After a small correc-
tion of the measured beam intensities, the re-measured
cross-sections for the natTi(α, x)51Cr monitor reaction
agreed perfectly with their recommended value.3) Several
series of γ-ray spectra were recorded for each irradiated
foil by using a high-resolution HPGe detector-based γ-
spectrometer without chemical separation for increasing
cooling times to follow the decay of the reaction prod-
ucts. Q-values and decay data were taken from the Q-
value calculator4) and NuDat 2.7 database5) of National
Nuclear Data Center, respectively. On the natNi target,
67Cu can be produced only in the 64Ni(α, p)67Cu reac-
tion with an alpha-particle beam. The threshold energy
of this reaction is Ethr = 4.93 MeV.

The deduced isotopic cross sections for the
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Fig. 1. Excitation function of the 64Ni(α, p)67Cu reaction in
comparison with previously reported experimental data
and the result of the model calculation taken from the
TENDL-2019 database.5)

isotopic abundance. Additionally, direct and/or cumula-
tive “elemental” activation cross-sections were deduced
for the formation of 64, 61, 60Cu, 63, 62Zn, and 57, 56Ni
radionuclides as possible radio-contaminants. The ob-
tained experimental data were compared with the exper-
imental data available in the literature and the results
of the TALYS theoretical model calculation taken from
the TENDL-20196) data library.

Thick target yields were calculated to estimate the
expected amount of 67Cu and the possible radio-
contamination level of the other co-produced copper ra-
dionuclides by using the spline-fitted experimental data
in the calculation. It was concluded that the produc-
tion of 67Cu is possible on a highly enriched 64Ni target
for local use only. To reduce the amount of co-produced
64Cu, the bombarding alpha-particle energy should be
kept below 30 MeV. During a 24 h-long (30 MeV and
30 µA) irradiation, the estimated end-of-bombardment
(EOB) activity of 67Cu is approximately 1 GBq, and the
expected activity of the co-produced 64Cu is approxi-
mately 0.15%.

This work was conducted in the framework of a com-
mon research program between the JSPS and HAS (Con-
tract No: FY2019-2020 and NKM-43/2019).
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Production cross sections of 68Ga and radioactive by-products in
deuteron-induced reactions on natural zinc†
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68Ga (T1/2 = 68 min), a positron emitter, is a valu-
able medical isotope used for positron emission tomog-
raphy (PET).1) Charged-particle-induced reactions us-
ing cyclotrons are preferable routes for 68Ga production.
One of the routes is the deuteron-induced reaction on
zinc. Our literature survey revealed three experimental
studies on the cross sections of the natZn(d,x)68Ga re-
action were found,2–4) and there is a large discrepancy
among their experimental data. Therefore, we measured
the cross sections of 68Ga via the deuteron-induced reac-
tion on natural zinc. In addition, we measured the cross
sections of co-produced radioisotopes to investigate pos-
sible radioactive impurities.

The experiment was performed at the AVF cyclotron
of RIKEN RI Beam Factory. The stacked-foil activation
technique and γ-ray spectrometry were used to measure
the activation cross sections. The target was composed
of metallic foils of natZn (17.64 mg/cm2, 99.9% purity,
Nilaco Corp., Japan) and natTi (9.13 mg/cm2, 99.6%
purity, Nilaco Corp., Japan) and irradiated for 22 min by
a 24-MeV deuteron beam. The incident beam energy was
measured using the time-of-flight method. The energy
degradation in the stacked target was calculated using
the srim code.5) A beam intensity of 96 nA was measured
using a Faraday cup.

The γ-ray spectra of the activated foils without chem-
ical separation were measured using a high-resolution
high-purity germanium (HPGe) detector. The detector
was calibrated using a multiple γ-ray point source. The
dead time was kept less than 7% in the measurement.
Each foil was measured several times after cooling times
ranging from 40 min to 18 d for different half-lives of
products.

The cross sections of the natTi(d,x)48V monitor re-
action were derived to assess the beam parameters. A
comparison of the measured cross sections with the rec-
ommended values6) showed that the beam intensity was
increased by 6.6% relative to the measured value and
corrected to 102.4 nA.

The cross sections of the natZn(d,x)68Ga reaction were
derived from the measurement of the 1077.34-keV γ-line
(Iγ = 3.22%) from the 68Ga decay. The measured exci-
tation function is shown in Fig. 1 in comparison with pre-
vious data2–4) and the theoretical estimation of TENDL-
2017.7)

Our result agrees with the data reported by Šimečková

† Condensed from the article in Appl. Radiat. Isot. 159, 109095
(2020)
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Fig. 1. Excitation function of the natZn(d,x)68Ga reaction in
comparison with previous data2–4) and the TENDL-2017
data.7)

et al.3) and the normalized data for the (d, 2n) reaction
on 68Zn reported by Gilly et al.4) However, the data re-
ported by Nassiff and Münzel2) are much lower than the
present data in the entire energy range. The TENDL-
2017 data overestimate the experimental data around
the peak in the energy range of 8–18 MeV. The contri-
bution of the 67Zn(d,n)68Ga reaction is small, and the
68Zn(d, 2n)68Ga reaction is dominant above the thresh-
old energy of 6.1 MeV based on the TENDL-2017 pre-
diction. The production cross sections of co-produced
radionuclides 65, 66, 67Ga, 63, 65, 69mZn, 61Cu, and 58Co
were also determined. Enriched 68Zn is preferable for
the production of 68Ga because radioactive isotopic im-
purities are not produced below 14.6 MeV, which is the
threshold energy of the 68Zn(d, 3n)67Ga reaction.

The physical yield of the natZn(d,x)68Ga reaction
was deduced from the spline-fitted curve of the mea-
sured excitation function. The derived yield reaches
2.37 GBq/µAh at 23.2 MeV.

This work is supported by JSPS KAKENHI Grant
Number 17K07004. Ts.Z. was granted a scholarship by
the M-JEED project (Mongolian-Japan Engineering Ed-
ucation Development Program, J11B16).
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on yttrium-89 for zirconium-89 production†
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Zirconium-89 (T1/2 = 78.41 h) is a positron emitter
that is used for positron emission tomography (PET).
Its long half-life enables its delivery over long dis-
tances and it is suitable for immuno-PET.1) High-
specific activity of the radionuclide can be produced us-
ing charged-particle-induced reactions. There are two
promising reactions, namely, the 89Y(p,n)89Zr and the
89Y(d, 2n)89Zr reactions. The former has been well in-
vestigated and a large amount of experimental data is
present. However, there is a lack of research on the lat-
ter reactions and the peak amplitudes of the excitation
functions are dispersed.2) Therefore, we performed an
experiment of the deuteron-induced reactions on 89Y
to measure the production cross sections of 89Zr. Ad-
ditionally, the cross sections for co-produced radionu-
clides, 88Zr, 90mY, 88Y, and 87mSr, were determined.

The experiment was performed at the RIKEN AVF
cyclotron. We adopted well-known and established
methods, such as stacked-foil activation technique and
high-resolution γ-ray spectrometry. Thin metallic foils
of 89Y (purity 99.0%, thickness 25 µm, Goodfellow
Co., Ltd., UK) and natTi (purity 99.6%, thickness
20 µm, Nilaco Corp., Japan) were used as the target
foils. Their weight and area were measured and the
derived thicknessess of 89Y and natTi were 12.7 and
9.1 mg/cm2, respectively. The foils were then cut into
a size of 8 × 8 mm2. Nine sets of four 89Y and two
natTi pieces were stacked as the target. The natTi foils
were used for the natTi(d,x)48V monitor reaction to
assess the thicknesses of the foils and beam parame-
ters. The stacked target in a target holder served as
a Faraday cup and it was irradiated by a deuteron
beam for 1 h. The average beam intensity of 102.3 nA
was measured by the Faraday cup. The incident beam
energy of 23.6 ± 0.2 MeV was measured by the TOF
method. The energy degradation in the stacked target
was calculated using the srim code.3) γ-ray spectra
from each irradiated foil without chemical separation
were measured using a high-resolution HPGe detec-
tor. The foils other than the first one in the same
groups were measured to compensate the recoil losses
of the products. The efficiency of the detector was cal-
ibrated using 152Eu and mixed γ-ray standard sources.
Nuclear-decay data were taken from NuDat 2.7.4)

† Condensed from the article in Nucl. Instrum. Methods Phys.
Res. B 472, 59 (2020)
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Fig. 1. Cumulative cross sections of the 89Y(d, 2n)89gZr re-
action in comparison to the previous data2) and the
TENDL-2017 data.6)

The cross sections of the natTi(d,x)48V monitor re-
action were derived from the measurements of the γ
line at 983.5 keV (Iγ = 99.98%). Based on a compar-
ison with the IAEA recommended values,5) the thick-
nesses of the 89Y foils were corrected by +2% within
their uncertainty and the measured beam parameters
were adopted without any corrections.

The cross sections of the 89Y(d, 2n)89gZr reaction
were derived using measurements of the 909.2-keV γ
line (Iγ = 99.04%) emitted with the decay of 89gZr.
The metastable state 89mZr (T1/2 = 4.161 min) de-
cayed completely during cooling times. The cumula-
tive cross sections were determined, as shown in Fig. 1,
with the previous studies and the TENDL-2017 val-
ues.6) Our experimental data were found to be con-
sistent with the latest four works. The TENDL-2017
values were larger than all experimental data in the
energy region between 6 and 20 MeV.

This work is supported by the Japan - Hungary Re-
search Cooperative Program, JSPS and HAS, and by
JSPS KAKENHI Grant Number 17K07004.
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derived thicknessess of 89Y and natTi were 12.7 and
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a size of 8 × 8 mm2. Nine sets of four 89Y and two
natTi pieces were stacked as the target. The natTi foils
were used for the natTi(d,x)48V monitor reaction to
assess the thicknesses of the foils and beam parame-
ters. The stacked target in a target holder served as
a Faraday cup and it was irradiated by a deuteron
beam for 1 h. The average beam intensity of 102.3 nA
was measured by the Faraday cup. The incident beam
energy of 23.6 ± 0.2 MeV was measured by the TOF
method. The energy degradation in the stacked target
was calculated using the srim code.3) γ-ray spectra
from each irradiated foil without chemical separation
were measured using a high-resolution HPGe detec-
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Fig. 1. Cumulative cross sections of the 89Y(d, 2n)89gZr re-
action in comparison to the previous data2) and the
TENDL-2017 data.6)

The cross sections of the natTi(d,x)48V monitor re-
action were derived from the measurements of the γ
line at 983.5 keV (Iγ = 99.98%). Based on a compar-
ison with the IAEA recommended values,5) the thick-
nesses of the 89Y foils were corrected by +2% within
their uncertainty and the measured beam parameters
were adopted without any corrections.

The cross sections of the 89Y(d, 2n)89gZr reaction
were derived using measurements of the 909.2-keV γ
line (Iγ = 99.04%) emitted with the decay of 89gZr.
The metastable state 89mZr (T1/2 = 4.161 min) de-
cayed completely during cooling times. The cumula-
tive cross sections were determined, as shown in Fig. 1,
with the previous studies and the TENDL-2017 val-
ues.6) Our experimental data were found to be con-
sistent with the latest four works. The TENDL-2017
values were larger than all experimental data in the
energy region between 6 and 20 MeV.

This work is supported by the Japan - Hungary Re-
search Cooperative Program, JSPS and HAS, and by
JSPS KAKENHI Grant Number 17K07004.
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Excitation functions of deuteron-induced reactions on 141Pr for
medical radioisotope production

M. Aikawa,∗1,∗2 T. Maehashi,∗3 D. Ichinkhorloo,∗1,∗2 Y. Komori,∗2 and H. Haba∗2

Investigation of the production of medical radioiso-
topes is indispensable for the development of imaging
and therapy. Radioisotopes 140Nd (T1/2 = 3.37 d) and
142Pr (T1/2 = 19.12 h) are expected for 140Nd/140Pr
generator in positron emission tomography (PET)1)
and the treatment for arteriovenous malformations,2)
respectively. Some charged-particle-induced reactions
can produce these two radioisotopes. Among them,
we focused on deuteron-induced reactions on monoiso-
topic element 141Pr. In a literature survey, only two
experimental studies for these reactions were found3,4)

below 30 MeV and their experimental cross-section
data are scattered. Therefore, we performed an ex-
periment to measure the production cross sections of
140Nd and 142Pr to contribute to the development of
nuclear medicine.

The experiment was performed at the RIKEN AVF
cyclotron. The stacked-foil activation technique and
high-resolution γ-ray spectrometry were adopted in the
experiment.

The stacked target consisted of pure metallic foils of
141Pr and natTi. The natTi foils were interleaved for
the natTi(d,x)48V monitor reaction to assess the beam
parameters and target thicknesses. The 141Pr (purity:
99%, thickness: 100 µm, size: 25× 25 mm2) and natTi
(purity: 99.6%, thickness: 5 µm, size: 50× 100 mm2)
foils were purchased from Nilaco Corp., Japan. The
surface area and weight of each foil were measured
and their thicknesses were determined to be 67.6 and
2.3 mg/cm2. The foils were cut into a small size of
8× 8 mm2 to fit a target folder. Nine sets of Pr-Ti-Ti
foils were stacked into the target folder that served as
a Faraday cup.

The stacked target was irradiated with a deuteron
beam for 30 min. The beam intensity of 107 nA was
measured by the Faraday cup. The incident energy
of 24.1 MeV was measured using the time-of-flight
method. Energy degradation in the stacked target was
calculated using the srim code.5)

γ rays emitted from the irradiated foils were mea-
sured using an HPGe detector. The efficiency of the
detector was calibrated using a standard γ-ray point
source. Each 141Pr foil with the next natTi catcher
foil for recoiled products was measured five times af-
ter cooling times from 2.2 h to 40.2 d. The dead time
was kept below 5.2%. The required nuclear data were
retrieved from the NuDat 2.8 online database.6)

The natTi(d,x)48V monitor reaction was used to as-
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Fig. 1. Cross sections of the 141Pr(d, p)142Pr reaction in
comparison with the previous data3,4) and the TENDL-
2019 values.8)

sess the beam parameters and target thicknesses. The
cross sections of the monitor reaction were derived
from the measurement of the 983.5-keV γ line. The
result was compared with the IAEA recommended val-
ues.7) According to the comparison, the beam intensity
was corrected by −7%. The corrected intensity and
measured thicknesses were used to deduce the produc-
tion cross sections.

The cross sections of the 141Pr(d, p)142Pr reaction
were derived from the measurement of the 1575.6-keV
γ line (Iγ = 3.7%) with decay of 142Pr. The result
is shown in Fig. 1 with the previous studies3,4) and
the TENDL-2019 values.8) The previous experimental
data and their trends are almost consistent with our
result within the uncertainties, which are large due to
that of the γ-ray intensity (∆Iγ/Iγ = 10.8%). The
TENDL-2019 values were found to be smaller than all
experimental data.
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Production cross sections of medical radioisotope 153Sm in
alpha-particle-induced reaction on natural neodymium

M. Sakaguchi,∗1,∗2 M. Aikawa,∗3,∗2 N. Ukon,∗4,∗2 Y. Komori,∗2 H. Haba,∗2 N. Otuka,∗5,∗2 and S. Takács∗6

Samarium-153 (T1/2 = 46.3 h) is a beta and
gamma emitter that can be applied in radiol-
ogy. This radionuclide is used for the palliation of
metastatic bone cancer as the ethylenediamino-tetrakis-
methylenediphosphonic acid (EDTMP) chelate.1)

153Sm is typically obtained via the neutron capture
reaction on enriched 152Sm in nuclear reactors, but
its specific activity is rather low.2) For the practical
use of 153Sm in radiotherapy, other production routes
of 153Sm with relatively high specific activities are re-
quired.

This radionuclide can be generated in an alpha-
particle-induced reaction on natural neodymium. Only
one excitation-function measurement has been reported
in the literature for the natNd(α, x)153Sm reaction up
to 26.2 MeV.2) To confirm the available data and to ob-
tain new data of this reaction, we decided to perform an
experiment on the natNd(α, x) reactions up to 51 MeV.

The experiment was performed at the RIKEN AVF
cyclotron. The standard stacked-foil activation tech-
nique was adopted for this experiment. The target
was composed of twenty-one natNd foils (purity: 99.0%;
thickness: 16.68 mg/cm2; Goodfellow Co., Ltd., UK)
and fourteen natTi foils (purity: 99.6%; thickness:
2.35 mg/cm2; Nilaco Corp., Japan). The thicknesses
of these foils were derived by measuring their weights
and surface areas. The natTi foils were used for the
natTi(α, x)51Cr monitor reaction to assess the initial
beam parameters and the energy loss of the beam in
the target. The stacked target was irradiated in a target
holder, which served as a Faraday-cup, with an alpha-
particle beam for 1 h. The primary incident energy
and average beam intensity were 51.1 MeV and 172 nA,
respectively. Energy degradation through the stacked
target was calculated using the srim code.3)

After a cooling time of approximately 30 min, the
target was disassembled, and the gamma-ray spectrom-
etry of the foils was started. The gamma-ray spectra
were measured using a high-purity germanium (HPGe)
detector (ORTEC GMX30P4-70) without chemical sep-
aration and analyzed using the Gamma Studio (SEIKO
EG&G) software for each foil.

The cross sections of the natTi(α, x)51Cr monitor re-
action were derived from the 320.1-keV gamma-line
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Fig. 1. Excitation function for the natNd(α, x)153Sm reac-
tion compared with previous experimental data2) and
the TENDL data.6)

(Iγ = 9.910%), and the experimental excitation func-
tion was compared with the IAEA recommended val-
ues.4) The thickness of the natNd foils was adjusted by
−1.5% to fit the recommended values and found to be
16.43 mg/cm2 according to the comparison. The thick-
ness of natTi foils and the beam parameters were un-
changed.

The excitation function of the natNd(α, x)153Sm re-
action was determined using gamma rays with the rel-
atively low energy of 103.18 keV (Iγ = 29.25%). There-
fore, the attenuation effect in the metallic Nd foil was
considered and calculated from X-ray mass attenuation
coefficients.5) As a result of the calculation, the net
counts of the gamma rays were corrected by +2.1%.
Figure 1 shows the corrected cross sections in com-
parison with the results of a previous study2) and the
TENDL-2019 data.6) The previous data are not consis-
tent with our experimental data and the TENDL data,
underestimate both experimental data. The maximum
cross section in this work is 1.1 mb, which indicates that
this reaction may be unsuitable for the mass production
of 153Sm.

This work was supported by JSPS KAKENHI Grant
Number 17K07004.
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atively low energy of 103.18 keV (Iγ = 29.25%). There-
fore, the attenuation effect in the metallic Nd foil was
considered and calculated from X-ray mass attenuation
coefficients.5) As a result of the calculation, the net
counts of the gamma rays were corrected by +2.1%.
Figure 1 shows the corrected cross sections in com-
parison with the results of a previous study2) and the
TENDL-2019 data.6) The previous data are not consis-
tent with our experimental data and the TENDL data,
underestimate both experimental data. The maximum
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Production cross sections of 155Tb in deuteron-induced reactions
on natural gadolinium

D. Ichinkhorloo,∗1,∗2 M. Aikawa,∗1,∗3,∗4 Ts. Zolbadral,∗2,∗3,∗4 Y. Komori,∗3 and H. Haba∗3

Terbium-155 (T1/2 = 5.32 d) can be used for single-
photon emission computed tomography (SPECT)1) and
produced through charged-particle-induced reactions.
Among the reactions, we focused on the deuteron-
induced reaction on natural gadolinium. In a litera-
ture survey, three experimental studies on the reaction
were found.2–4) However, some discrepancies could be
found among the experimental data. Therefore, we mea-
sured the cross sections of the deuteron-induced reaction
on natural gadolinium. The result was compared with
the previously published experimental data2–4) and the
TENDL-2019 data.5)

The experiment was performed at the RIKEN AVF
cyclotron. We used the stacked-foil activation technique
and the high-resolution γ-ray spectrometry to determine
the activation cross sections.

The stacked target consisted of 8×8 mm2 foils cut from
a large natGd foil (25 µm, 50×100 mm2, 99.9% purity, Ni-
laco Corp., Japan) and a natTi foil (5 µm, 50×100 mm2,
99.6% purity, Nilaco Corp., Japan). The isotopic com-
position of natGd is 152Gd (0.2%), 154Gd (2.2%), 155Gd
(14.8%), 156Gd (20.5%), 157Gd (15.7%), 158Gd (24.8%)
and 160Gd (21.8%).

The sizes and weights of the large foils were measured
to derive the thicknesses. The thicknesses of the natGd
and natTi foils were found to be 25.3 and 2.34 mg/cm2,
respectively. The natTi foils were interleaved for the
natTi(d,x)48V monitor reaction to assess beam parame-
ters and target thicknesses. The cut foils were stacked
into a target holder, which served as a Faraday cup.

The stacked target was irradiated with the beam for
60 min. An average intensity of 98.1 nA was measured
by the Faraday cup. The beam energy was measured by
the time-of-flight method.6) Energy degradation in the
stacked target was calculated using the Stopping and
Range of Ions in Matter (srim) code.7)

The γ-rays emitted from each irradiated foil were
measured using a high-resolution high-purity germa-
nium (HPGe) detector and analyzed using the software
Gamma Studio software (SEIKO EG&G).

The total uncertainties (∼10%) were estimated from
the square root of the quadratic summation of each com-
ponent; statistical uncertainty (0.4–1.5%), target thick-
ness (2%), target purity (1%), beam intensity (5%), de-
tector efficiency (6%) and γ-ray intensity (1.3%).

The cross sections of the natTi(d,x)48V monitor reac-
tion were derived using the line at 983.525 keV (Iγ =
99.98%). The derived cross sections were compared with
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Fig. 1. Excitation function of the natGd(d,x)155Tb reac-
tion along with the previously published data2–4) and
TENDL-2019 data.5)

the values recommended by the International Atomic
Energy Agency (IAEA).8) We could obtain good agree-
ments between the results and the recommended values.

The γ line at 105.3 keV (Iγ = 25.1%) emitted with the
155Tb decay was measured to derive the cross sections of
the natGd(d,x)155Tb reaction. The measurements were
performed after a cooling time of 3 days. The result is
presented in Fig. 1 along with the previously published
experimental data2–4) and TENDL-2019 data.5) Our re-
sult shows good agreement with the previous experimen-
tal data within the uncertainty, except for one data point
at 22 MeV of Tárkányi et al.4) The TENDL-2019 data
substantially overestimate all the experimental data in
the lower energy region.

In the summary, we performed an experiment to mea-
sure the excitation functions of the natGd(d,x)155Tb re-
action up to 24.1 MeV at the RIKEN AVF cyclotron.
The production cross sections of 155Tb were determined.
The result was compared with the experimental data
studied published previously and the TENDL data. We
good agreement between our result and the previous ex-
perimental results.
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Production cross sections of natEr(d,x)171Er reactions on natural
erbium†

M. U. Khandaker∗1,∗2 and H. Haba∗2

The nuclear reaction cross-sections play a key role in
optimization of production parameters for radionuclide
of interest via the use of particle accelerators. In this
study, the production cross-sections of natEr(d,x)171Er
reaction has been measured by using stacked foil
activation technique combined with HPGe gamma-
ray spectrometry. 171Er (T1/2 = 7.516 h; Eγ =
308.291 keV, Iγ = 64%) finds remarkable applications
for the development and evaluation of pharmaceuti-
cal drug delivery systems via the well-known gamma
scintigraphic technique.1) The measured cross-sections
for 171Er also find great significance as a short-lived
parent for producing medically important long-lived
daughter 171Tm (T1/2 = 1.92 y) via the 170Er(d, p)
171Er → 171Tm process. Note that considering the
common drawbacks of (n, γ) production route, several
authors2) studied the production possibility of erbium
radionuclides via light-charged particles-induced reac-
tions on several targets. However, since a search of
literature shows that the status of deuteron-induced
reaction cross-sections on erbium is not satisfactory,
further study on such processes may find great signifi-
cance in various respect.

Under this circumstance, the production cross-
sections of natEr(d,x)171Er nuclear reaction has been
measured from threshold up to 23.06 MeV by using the
AVF cyclotron of the RIKEN RI Beam Factory, Wako,
Japan. Details on the irradiation technique, radioac-

Fig. 1. Excitation function of the natEr(d,x)171Er reaction.

† Condensed from Nucl. Instrum. Methods Phys. Res. B 470,
1 (2020)
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Fig. 2. Thick target integral yields (physical) for 163, 170Tm
and 171Er radionuclides.

tivity determination, and data evaluation procedures
are available in Ref. 3). Owing to the space limita-
tion of this report, we present only the natEr(d,x)171Er
cross sections and the deduced yield in Figs. 1 and 2,
respectively. Measured cross sections with an overall
uncertainty are listed in Ref. 3). The cross-sections
were normalized by using the natTi(d,x)48V monitor
cross sections recommended by IAEA. Measured data
were critically compared with the available literature
data, and an overall good agreement was found. How-
ever, only partial agreements were obtained with the
data extracted from the tendl-2017 library and em-
pire-3.2.2 code.

Realizing the applications of measured radionuclides
including natEr(d,x)171Er → 171Tm in medical and
other fields, it is hope that the measured data could
play an important role in enrichment of the cross
section database that are useful for applications in
the medical, industrial and accelerator technologies.
The large discrepancy for the 170Er(d, p)171Er (Ethr =
0.0 MeV) reaction between the model code and the
measurement is an important clue to modify the model
code.
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Measurement of production cross sections of 175Hf in the natLu(p,x) and
natLu(d,x) reactions

Y. Komori,∗1 H. Haba,∗1 M. Aikawa,∗2 M. Saito,∗2 S. Takács,∗3 and F. Ditrói∗3

The chemical characterization of superheavy elements
(SHEs) with atomic number ≤104 is one of the most im-
portant and challenging subjects in the field of nuclear
chemistry. Prior to chemistry experiments on SHEs, it
is important to find suitable chemical systems and ex-
perimental conditions using the no-carrier-added radio-
tracers of their lighter homologues. The long-lived Hf
isotope, 175Hf (T1/2 = 70 d), is useful for basic studies
on element 104, Rf. The 175Hf isotope can be produced
in proton- and deuteron-induced reactions on natLu. For
efficient and quantitative production of this isotope, ex-
citation functions are necessary to know. However, data
are available only for the natLu(p,x)175Hf reaction1) and
not for the natLu(d,x)175Hf. In this work, we measured
the excitation functions for these reactions at RIKEN
and the Institute for Nuclear Research (ATOMKI).

The excitation functions were measured using the
stacked foil technique. At RIKEN, a target stack
that consisted of 9 sets of a natLu foil (99% pu-
rity, 27.1 mg/cm2 thickness), a natTa foil (99.95%,
17.0 mg/cm2), and 2 natTi foils (≤99.6%, 4.4 mg/cm2)
was irradiated with a 14-MeV proton beam supplied from
the RIKEN AVF cyclotron. Another target stack that
consisted of 17 sets of a natLu foil (99%, 27.6 mg/cm2),
a natTa foil (99.95%, 17.1 mg/cm2), and a natTi foil
(≤99.6%, 4.4 mg/cm2) was irradiated with a 24-MeV
deuteron beam. At ATOMKI, a target stack that con-
sisted of 17 sets of a natLu foil (99%, 20.7 mg/cm2),
a natTa foil (99.95%, 17.0 mg/cm2), and 2 natTi foils
(≤99.6%, 5.4 mg/cm2) was irradiated with an 18-MeV
proton beam from the MGC-20E cyclotron. Another
target stack that consisted of 8 sets of a natLu foil (99%,
20.7 mg/cm2) and a natTi foil (≤99.6%, 4.4 mg/cm2)
was irradiated with a 10-MeV deuteron beam. The natTa
foils were used to determine the excitation functions for
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Fig. 1. Excitation function for the natLu(p,x)175Hf reaction.
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Fig. 2. Excitation function for the natLu(d,x)175Hf reaction.

the natTa(p,x) and natTa(d,x) reactions. The natTi foils
were used to confirm the beam energy and intensity
based on the monitor reactions of natTi(p,x)48V and
natTi(d,x)48V. All these target stacks were irradiated
with 170–220 nA beam currents for 2 h. After the ir-
radiation, each foil was subjected to γ-ray spectrometry
with Ge detectors.

The excitation functions were measured for the
natLu(p,x)173, 175Hf and natLu(d,x)173, 175Hf,
173, 174m, 174g, 176m, 177m, 177gLu reactions. Figures 1 and
2 show the excitation functions for the natLu(p,x)175Hf
and natLu(d,x)175Hf reactions, respectively. For both re-
actions, our data measured at RIKEN and ATOMKI are
consistent with each other. Data of the natLu(p,x)175Hf
reaction are also consistent with the data previously pub-
lished by Bennet et al.1) Theoretically predicted cross
sections for the natLu(p,x)175Hf reaction in the TENDL-
2019 library2) are lower than the experimental ones at
9–14 MeV. The peak energy of the excitation function in
the TENDL-2019 is approximately 1.5 MeV lower than
the experimental one. For the natLu(d,x)175Hf reac-
tion, TENDL-2019 slightly overestimates the cross sec-
tions at 10–14 MeV and above 15 MeV. The peak en-
ergy in TENDL-2019 is approximately 1 MeV lower than
the experimental one. Physical thick-target yields of
175Hf were deduced from the measured excitation func-
tions. The yield of 175Hf in the natLu(p,x)175Hf re-
action is 0.47 MBq/µA · h in the energy range of 4.2–
17.2 MeV, while that in the natLu(d,x)175Hf reaction is
2.0 MBq/µA · h in the range of 5.7–24.0 MeV. The yield
of the natLu(d,x)175Hf reaction is 4 times larger than
that of the natLu(p,x)175Hf reaction in the energy ranges
investigated in this work.

References
1) M. E. Bennet et al., Nucl. Instrum. Methods Phys. Res.

B 276, 62 (2012).
2) A. J. Koning, D. Rochman, Nucl. Data Sheets 113, 2841
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Selection of high-yield rice mutant induced by heavy-ion beam
irradiation

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

Improvement in productivity is the main objective of
rice breeding. Rice grain yield is determined based on
three components: the number of panicles per plant,
number of grains per panicle, and grain weight. Among
them, the grain weight is a stable varietal character and
effective target trait for the mutation breeding of high-
yield rice.

We performed mutant selection for achieving high-
yield rice from M2 populations obtained by heavy-ion
beams irradiation. M2 seeds used in this study were
derived from irradiated dry rice seeds of ‘Nipponbare’
(Oriza Sativa L.) with C-ion, Ar-ion, and Fe-ion. Liner
energy transfer (LET) and irradiation doses are summa-
rized in Table 1. These conditions were the most efficient
with the highest mutation rate at each LET in our pre-
vious study.1,2)

There were 790 M1 lines in total and ten plants from
each M1 line were planted in the paddy field. In our pre-
vious study on rice, we isolated various mutants of the
flowering period, plant height, leaf color, tillering, and
weakness by visual evaluation in the paddy field. How-
ever, the identification of grain size in the field for mutant
selection is not easy and is inefficient. Panicle weight
reflects the grain size and fertile grain number, which
are two major components of the yield. We adopted the
method of measuring the weight of the main panicle from
each M1 plant to select the candidates of the mutant.
First, some lines were excluded from panicle weight se-
lection when segregated mutations were observed in the
field. We selected 18 candidates based on panicle weight
from 462 M1 lines (Table 2).

Next year, we conducted a yield survey on a small
scale to confirm their traits and narrow down the candi-
dates. Thirty M3 seedlings of each candidate line were
planted in a plot (0.9 m wide and 3 m long). ‘Nippon-
bare’ was used as control. To avoid the border effect, 8
plants from the inner plot (2.4 m2) were collected. The
panicle weight, spikelet number, seed fertility, and grain
weight were investigated on the main culms. The grains
from the line with the higher weight were dehulled; the

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

Table 1. Irradiation conditions of heavy-ion beams.

Ion Energy
(MeV/nucleon)

LET
(keV/µm)

Dose
(Gy)

C 135 30 175
Ar (184) 160 184 20
Ar (290) 95 290 10
Fe 90 650 20

Table 2. Number of lines selected in each generation.

Ion Planted
M1 line

Surveyed
M1 line

Candidates
M2 M3

C 200 113 5 2
Ar (184) 200 121 4 0
Ar (290) 200 122 4 1
Fe 190 106 5 2
Total 790 462 18 5

grain width, grain length, and grain thickness were mea-
sured using a rice analyzer (RGQ1 10B, SATAKE). How-
ever, some lines which had low fertility or low number of
grains were not included in the grain size measurement
even though their grain weight were high, because the
trade-off relationship between the single grain size and
grain number should be considered. In addition, lines
with large individual differences were excluded. Finally,
five lines were selected based on their large grain size.
There was a trend for long grains in all 5 candidates
(Table 3). Among them, Ar-39 achieved the best results
in most components. Our previous study succeeded in
discovering novel gene: LIN1 using the long grain mutant
induced by Ar-ion irradiation.3) The genetic analysis of
these candidates to reveal relevant genes is in progress
while continuing repeated yield surveys on a large scale.

References
1) Y. Hayashi et al., RIKEN Accel. Prog. Rep.50, 27 (2017).
2) Y. Hayashi et al., RIKEN Accel. Prog. Rep.51, 238 (2018).
3) R. Morita et al., Molecular Breeding 39, 135 (2019).

Table 3. Mean± standard error of yield-related characters and grain size for selected M3 lines.

Line Panicle weight
(g/one panicle)

Grain number
(/panicle)

Seed fertility
(%)

Grain weight
(g/1,000 grain)

Grain size (mm)
Length Width Thickness

‘Nipponbare’ 2.95± 0.07 130.4± 5.58 87.3± 1.86 24.2± 0.26 5.02± 0.03 2.81± 0.02 1.88± 0.01
C-98 3.32± 0.14 135.6± 5.19 85.1± 1.44 25.0± 0.21 5.08± 0.02 2.77± 0.02 1.86± 0.01
C-190 2.80± 0.06 118.0± 2.78 83.2± 1.70 25.8± 0.13 5.18± 0.02 2.85± 0.02 1.89± 0.01
Ar-39 3.63± 0.14 148.8± 5.70 85.4± 0.89 25.7± 0.23 5.17± 0.02 2.89± 0.02 1.89± 0.01
Fe-134 3.10± 0.11 129.0± 3.91 83.5± 1.69 25.5± 0.17 5.12± 0.02 2.85± 0.02 1.88± 0.01
Fe-153 3.03± 0.10 126.6± 4.50 83.5± 1.48 25.2± 0.27 5.08± 0.02 2.85± 0.02 1.89± 0.01
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Whole genome sequencing analysis for detecting mutations induced by
carbon- and argon-ion irradiations of rice (Oryza sativa L.)

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

A mutation analysis with high-throughput sequenc-
ing is a powerful tool for characterizing the molecu-
lar nature of mutations induced by mutagen at the
whole-genome level. We have investigated the muta-
tion effect following heavy ion-beam irradiation of rice
(Oryza sativa L. cv. Nipponbare), a monocotyledonous
model plant, using high-throughput sequencing. In this
study, we irradiated C-ion (LET: 30 keV/µm) or Ar-ion
(LET: 290 keV/µm) to rice, and investigated numbers
and types of mutations induced by both ions at whole-
genome level to examine whether the difference in the
LET value of the ions influences the numbers and sizes
of mutations in rice genome.

We irradiated C-ion (175 Gy, LET: 30 keV/µm) or
Ar-ion (10 Gy, LET: 290 keV/µm) to rice (Oryza sativa
L. cv. Nipponbare) dry seeds. The plants from irra-
diated seeds (M1 plants) were grown in a paddy field
and self-pollinated to obtain M2 seeds. Next year, we
grew M2 plants in a paddy field to collect mutant plants
with visible phenotypes and harvest M3 seeds from the
each plant. For this study, we selected 11 and 4 mu-
tant plants from C-ion and Ar-ion irradiations, respec-
tively. Genomic DNA extraction for Whole-genome se-
quence was performed from the leaves of individual M3

plants. Candidate mutation extraction were performed
using “bioinformatics pipeline.”1) We extracted candi-
date mutations using a combination of the gatk, pindel,
delly, and manta programs. gatk adopted the follow-
ing parameters of (-stand_call_conf 50 -A Coverage -A
RMSMappingQuality -baq CALCULATE_AS_NECESSARY). pindel
was used following parameters of (-window_size 1
–report_long_insertions –report_breakpoints
–minimum_support_for_event 3 –min_inversion_size 10).
delly and manta were run with default parameters. All
mutations detected were visually confirmed using Inte-
grated Genomics Viewer (IGV).2)

We detected 1718 mutations from 11 C-ion-irradiated
mutants, and 426 mutations from 4 Ar-ion-irradiated
mutants. The average numbers of total mutations in
a mutant genome were 156.2 and 106.5 for C-ion and
Ar-ion irradiations, respectively. The most abundant
mutations induced by both C-ion and Ar-ion irradia-
tion were single-nucleotide variants (SNVs). The aver-
age numbers of SNVs in a mutant genome were 123.2
and 86.8 for C-ion and Ar-ion, respectively (Fig. 1).
The second most abundant mutations induced by both
C-ion and Ar-ion irradiation were small (<100 bp) in-
sertions and deletions (indels). The average numbers of
indels in a mutant genome were 31.5 and 16.3 for C-
ion and Ar-ion, respectively. There were large deletions
∗1 RIKEN Nishina Center
∗2 Graduate School of Agricultural Science, Tohoku University

Fig. 1. Average number of SNV, small Indel, Large deletion,
and SV induced by C-ion (blue) and Ar-ion (red) irradi-
ations. Error bars indicate standard error.

(≥100 bp) and structural variations (SVs), such as in-
version and translocation in a mutant genome derived
from both C-ion and Ar-ion irradiations. The average
numbers of large deletions and SVs in a mutant genome
were 0.2 and 1.3 for C-ion, and 1.0 and 2.5 for Ar-ion,
respectively. Comparing the mutations induced by C-
ion and Ar-ion, the number of small mutation, such as
SNVs and small indels, tended to be higher in the C-
ion irradiation than in Ar-ion irradiation. Conversely,
the number of both large deletion and SVs tended to be
higher in Ar-ion than in C-ion. These tendencies cor-
responded to the results observed in the irradiation of
Arabidopsis seeds.3) They compared the number of mu-
tations induced by C-ion (LET: 30 keV/µm) or Ar-ion
(LET: 290 keV/µm) irradiation using Arabidopsis, a di-
cotyledonous model plant, at the whole-genome level,
and demonstrated that Ar-ions induced rearrangements
(including large-deletion and SVs) more frequently than
C-ions.3) They also indicated that Ar-ions induced SNVs
less frequently than C-ions. The findings obtained in this
study and that of Kazama et al. (2017) suggested that
C-ion irradiation tends to induce small mutations pre-
dominantly, whereas Ar-ion irradiation tends to induce
higher number of large deletions and SVs than C-ion
irradiations of both rice and Arabidopsis genomes. Be-
cause the sample size was not sufficient to compare the
numbers of each mutation induced by C-ion and Ar-ion
statistically in this study, we plan to increase the sample
size to perform a more detailed analysis.

References
1) H. Ichida et al., Plant J. 98, 301 (2019).
2) J. T. Robinson et al., Nat. Biotechnol. 29, 24 (2011).
3) Y. Kazama et al., Plant J. 92, 1020 (2017).
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mutants. The average numbers of total mutations in
a mutant genome were 156.2 and 106.5 for C-ion and
Ar-ion irradiations, respectively. The most abundant
mutations induced by both C-ion and Ar-ion irradia-
tion were single-nucleotide variants (SNVs). The aver-
age numbers of SNVs in a mutant genome were 123.2
and 86.8 for C-ion and Ar-ion, respectively (Fig. 1).
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Fig. 1. Average number of SNV, small Indel, Large deletion,
and SV induced by C-ion (blue) and Ar-ion (red) irradi-
ations. Error bars indicate standard error.

(≥100 bp) and structural variations (SVs), such as in-
version and translocation in a mutant genome derived
from both C-ion and Ar-ion irradiations. The average
numbers of large deletions and SVs in a mutant genome
were 0.2 and 1.3 for C-ion, and 1.0 and 2.5 for Ar-ion,
respectively. Comparing the mutations induced by C-
ion and Ar-ion, the number of small mutation, such as
SNVs and small indels, tended to be higher in the C-
ion irradiation than in Ar-ion irradiation. Conversely,
the number of both large deletion and SVs tended to be
higher in Ar-ion than in C-ion. These tendencies cor-
responded to the results observed in the irradiation of
Arabidopsis seeds.3) They compared the number of mu-
tations induced by C-ion (LET: 30 keV/µm) or Ar-ion
(LET: 290 keV/µm) irradiation using Arabidopsis, a di-
cotyledonous model plant, at the whole-genome level,
and demonstrated that Ar-ions induced rearrangements
(including large-deletion and SVs) more frequently than
C-ions.3) They also indicated that Ar-ions induced SNVs
less frequently than C-ions. The findings obtained in this
study and that of Kazama et al. (2017) suggested that
C-ion irradiation tends to induce small mutations pre-
dominantly, whereas Ar-ion irradiation tends to induce
higher number of large deletions and SVs than C-ion
irradiations of both rice and Arabidopsis genomes. Be-
cause the sample size was not sufficient to compare the
numbers of each mutation induced by C-ion and Ar-ion
statistically in this study, we plan to increase the sample
size to perform a more detailed analysis.
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Detection of structural variations in three responsible genes induced by
relatively high-LET ion beams in rice

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

The molecular characteristics of mutations induced by
a heavy-ion beam with a relatively high LET in rice,
a model plant of monocotyledonous, has not yet been
revealed. In this study, we irradiated dry seeds of rice
(Oryza sativa L. ‘Nipponbare’) with Fe- or Ar-ion beams,
isolated 3 mutants for which the responsible gene has
been clarified, and characterized the structure of the mu-
tated gene using polymerase chain reaction (PCR) anal-
ysis.

A pla1 mutant (Ar7-165, Fig. 1) was isolated from
239 M1 lines irradiated with Ar ions (7.5 Gy, LET:
289 keV/µm). In this mutant, no PCR amplification
occurred when primers designed for amplification of the
central area of the PLA1 gene (primer pairs F4 and R20,
F6 and R21, and uF5 and R21, as shown in Fig. 2) were
used, suggesting that structural variations (SVs) such as
inversion or translocation occurred in the gene (Fig. 2).

A dwarf mutant (Fe15-235, Fig. 1) that showed a de-
fect in gibberellin biosynthesis was isolated from 236 M1

lines irradiated with Fe ions (15 Gy, LET: 650 keV/µm).
We conducted PCR analysis with the primers for gib-
berellin biosynthesis-related genes and detected a dele-
tion in the region including the 1st to 6th exon of the
OsKS1 gene (Fig. 2). Additional PCR and sequencing
analyses revealed that Fe15-235 harbors a 9,843 bp dele-
tion (Chr04: 31018475 - 31028317) in the OsKS1 gene.

We isolated the brd1 mutant (WAr30-204), which
showed a dwarf phenotype with a defect in brassinos-
teroid biosynthesis from 242 M1 lines irradiated with

Fig. 1. Morphological comparison of (a) Nipponbare, (b)
Ar7-165, and (c) Fe15-235 plants 24 days after sowing.
Scale bar = 5 cm.

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

Fig. 2. Schematic representation of mutated genes. Purple
boxes indicate protein coding regions (exons), and yellow
marks indicate the position of the DNA double-strand
breaks induced by heavy-ion beams. In the case of the
Ar7-165 mutant, the position of the primers used in PCR
are shown. Red arrows indicate primers for which DNA
amplification occurs in PCR, whereas blue arrows indicate
primers for which DNA amplification did not occur in
PCR.

Ar ions generated by the WACAME line1) (30 Gy,
LET:184 keV/µm). PCR analysis revealed that this mu-
tant harbors a 27 kb deletion involving the entire Os-
BRD1 gene (Fig. 2). Another deletion of approximately
5 kb was also detected 18 kb downstream from the 27-
kb deletion. It suggested that a complex mutation with
large deletions occurred in the OsBRD1 gene region.
Our findings suggest that a heavy-ion beam with a rel-
atively high LET may predominantly induce large dele-
tions or SVs in the responsible gene region in rice. This
tendency was also observed in the PCR and sequence
analysis for Arabidopsis mutants induced by Ar-ion ir-
radiation on dry seeds2) and rice mutants induced by
Ar-ion irradiation on imbibed seeds.3)
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Dose-dependent mutagenic effects of 160-MeV/nucleon-argon beam
in Arabidopsis thaliana

K. Ishii,∗1 S. Ohbu,∗1 Y. Shirakawa,∗1 and T. Abe∗1

Heavy-ion beams are used as an effective muta-
gens that induce localized mutations owing to their
high linear energy transfer (LET). We previously re-
ported a dose-dependent mutagenic effect of a 135-
MeV/nucleon-carbon beam (30 keV/µm) in Arabidop-
sis thaliana in which the number of mutations per
genome was dose-dependently increased in the range
of 150–350.1) In this study, we investigated the dose-
dependent mutagenic effect of a 160-MeV/nucleon-
argon beam and its difference to that of a 135-
MeV/nucleon beam.

Dry seeds of Arabidopsis thaliana (the Col-0 wild-
type strain or CS16118 strain, which possesses a het-
erozygous null mutation in the APG3 gene for mea-
suring the mutation rate in M1 generation2)) were ir-
radiated with 160-MeV/nucleon-argon ions in doses of
0–120 Gy. The LET of the argon-ion beams was con-
trolled to 188 keV/µm. Survival and mutation rates
in M1 generation were measured as previously de-
scribed.2) Randomly selected ten M2 plants were har-
vested from one self-pollinated M1 plant. Genomic
DNA was extracted from a mixture of the leaves of
the ten M2 plants. Five DNA pools were sequenced
for each dose using HiSeq X-Ten sequencing systems
(Illumina Inc.). The read sequences obtained were in-
put into the mutational analysis pipeline, AMAP, as
described previously,3) with some modifications. The
mutation candidates were detected with gatk (Hap-
lotypeCaller), pindel, and breakdancer software.
The number of mutations was counted as follows: For

Fig. 1. Mutation rate in M1 generation after irradiation of
160-MeV/nucleon-argon beam (n ≥ 500).

∗1 RIKEN Nishina Center

Fig. 2. Number of mutations in M2 generation induced af-
ter irradiation of 188 keV/µm argon-ion beam (black
circles) and 30 keV/µm carbon-ion beam (white
rhombi).

small mutations that included single nucleotide substi-
tutions and <100 bp indels (insertions and deletions),
each mutation was counted as one. For large muta-
tions, that included ≥100 bp indels and chromosome
rearrangements), the number of junctions in each mu-
tant line were counted. Total number of these muta-
tions per DNA pool was envisaged as the number of
mutations per genome.

In the M1 generation, the average survival rate (flow-
ering rate one month after cultivation2)) was 94% at
80 Gy-irradiation and decreased to 74% at 100 Gy-
irradiation (data not shown). The mutation rate (ap-
pearance ratio of white sector mutation2)) indicated
an increasing tendency with the increasing dose in the
range of 10–80 Gy (Fig. 1). The highest mutation rate
was 7.7% at 60 Gy-irradiation, which is as high as that
previously reported (7.0% at 400 Gy with 30 keV/µm
of LET; p = 0.54 by chi-square test).2) The decreased
mutation rate at 100 Gy-irradiation may reflect the
radiation overdose, as seen in the survival rate.

The number of mutations per genome in the M2 gen-
eration after 188 keV/µm argon ion beam irradiation
compared to that after 30 keV/µm carbon ion beam
irradiation previously reported1,4) is shown in Fig. 2.
After 400-Gy irradiation of the 30 keV/µm carbon-
ion beam, the mutation rate in the M1 generation was
approximately 7%2) and the average number of muta-
tions in the M2 generation was 59 (Fig. 2). In contrast,
after the 60-Gy irradiation of the 188 keV/µm argon-
ion beam, the mutation rate in the M1 generation was
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Heavy-ion beams are used as an effective muta-
gens that induce localized mutations owing to their
high linear energy transfer (LET). We previously re-
ported a dose-dependent mutagenic effect of a 135-
MeV/nucleon-carbon beam (30 keV/µm) in Arabidop-
sis thaliana in which the number of mutations per
genome was dose-dependently increased in the range
of 150–350.1) In this study, we investigated the dose-
dependent mutagenic effect of a 160-MeV/nucleon-
argon beam and its difference to that of a 135-
MeV/nucleon beam.

Dry seeds of Arabidopsis thaliana (the Col-0 wild-
type strain or CS16118 strain, which possesses a het-
erozygous null mutation in the APG3 gene for mea-
suring the mutation rate in M1 generation2)) were ir-
radiated with 160-MeV/nucleon-argon ions in doses of
0–120 Gy. The LET of the argon-ion beams was con-
trolled to 188 keV/µm. Survival and mutation rates
in M1 generation were measured as previously de-
scribed.2) Randomly selected ten M2 plants were har-
vested from one self-pollinated M1 plant. Genomic
DNA was extracted from a mixture of the leaves of
the ten M2 plants. Five DNA pools were sequenced
for each dose using HiSeq X-Ten sequencing systems
(Illumina Inc.). The read sequences obtained were in-
put into the mutational analysis pipeline, AMAP, as
described previously,3) with some modifications. The
mutation candidates were detected with gatk (Hap-
lotypeCaller), pindel, and breakdancer software.
The number of mutations was counted as follows: For

Fig. 1. Mutation rate in M1 generation after irradiation of
160-MeV/nucleon-argon beam (n ≥ 500).

∗1 RIKEN Nishina Center

Fig. 2. Number of mutations in M2 generation induced af-
ter irradiation of 188 keV/µm argon-ion beam (black
circles) and 30 keV/µm carbon-ion beam (white
rhombi).

small mutations that included single nucleotide substi-
tutions and <100 bp indels (insertions and deletions),
each mutation was counted as one. For large muta-
tions, that included ≥100 bp indels and chromosome
rearrangements), the number of junctions in each mu-
tant line were counted. Total number of these muta-
tions per DNA pool was envisaged as the number of
mutations per genome.

In the M1 generation, the average survival rate (flow-
ering rate one month after cultivation2)) was 94% at
80 Gy-irradiation and decreased to 74% at 100 Gy-
irradiation (data not shown). The mutation rate (ap-
pearance ratio of white sector mutation2)) indicated
an increasing tendency with the increasing dose in the
range of 10–80 Gy (Fig. 1). The highest mutation rate
was 7.7% at 60 Gy-irradiation, which is as high as that
previously reported (7.0% at 400 Gy with 30 keV/µm
of LET; p = 0.54 by chi-square test).2) The decreased
mutation rate at 100 Gy-irradiation may reflect the
radiation overdose, as seen in the survival rate.

The number of mutations per genome in the M2 gen-
eration after 188 keV/µm argon ion beam irradiation
compared to that after 30 keV/µm carbon ion beam
irradiation previously reported1,4) is shown in Fig. 2.
After 400-Gy irradiation of the 30 keV/µm carbon-
ion beam, the mutation rate in the M1 generation was
approximately 7%2) and the average number of muta-
tions in the M2 generation was 59 (Fig. 2). In contrast,
after the 60-Gy irradiation of the 188 keV/µm argon-
ion beam, the mutation rate in the M1 generation was

1

7.7% (Fig. 1) but the average number of mutations in
the M2 generation was 29 (Fig. 2). The difference in
the average number of mutations in the M2 generation
under between the two irradiation conditions can be
attributed to the content of the mutations. Among the
number of mutations in the M2 generation induced by
the 30 keV/µm carbon-ion beam, only 4% were derived
from large mutations, whereas 32% were obtained by
188 keV/µm argon-ion beam. Further analysis, for ex-
ample, to compare the number of genes affected by the
mutations including inversions that possibly cause the
chromosomal position effect of the 30 keV/µm carbon-
ion and the 188 keV/µm argon-ion beam may pro-
vide insight into the mutagenic characteristics of each
beam.
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2) Y. Kazama et al., Plant Biotechnol. 29, 441 (2012).
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Argon-ion-induced mutant of Arabidopsis thaliana exhibiting
accelerated leaf chlorosis†

A. Sanjaya,∗1 Y. Kazama,∗2,∗3 K. Ishii,∗2 S. Ohbu,∗2 T. Abe,∗2 and M. Fujiwara∗1,∗2

Chloroplast development in leaf tissues is crucial for
plant growth and productivity. Plant leaves are com-
posed of the epidermis, which forms the outermost layer,
and the mesophyll and vasculature inside. In the model
plant Arabidopsis thaliana, chloroplasts are distributed
in leaf epidermal pavement and guard cells, as well as
in mesophyll cells. Despite vast research on the struc-
ture and function of leaf chloroplasts, there is limited
knowledge about their regulations in the plant life cycle.

To explore possible novel gene functions for leaf chloro-
plast development, we attempted a forward genetic ap-
proach. We created mutants of A. thaliana by expos-
ing dry seeds of ecotype Col-0 to accelerated argon ions
(290 keV/µm, 50 Gy) at RIBF.1) Following two rounds of
cultivation and selfing, as well as a macroscopic screen-
ing of the M3 generation of plants, we isolated a new
mutant, designated as Ar50-33-pg1.

During seedling development, Ar50-33-pg1 produced
slightly pale cotyledons and leaves under standard plant
growth conditions (Fig. 1A, B). As the mutant leaves ex-
panded and matured, their chlorosis became prominent
(Fig. 1C). This observation of accelerated leaf chloro-
sis was supported by the chlorophyll measurement of
detached leaves through spectrophotometry (data not
shown). Furthermore, Ar50-33-pg1 exhibited abnormal-
ities at the reproductive stage, including phenotypes of
late flowering, flower longevity, and low seed production
(data not shown).

Microscopic examination of expanding leaves of wild-

(A)

(B)

(C)

Fig. 1. Growth and morphology of seedlings of Arabidop-
sis. (A) 2-week-old wild-type seedling. (B) 2-week-old
Ar50-33-pg1 seedling. In (A) and (B), images of chloro-
phyll autofluorescence were taken at the same excita-
tion condition by stereofluorescence microscopy. Scale
bar = 5 mm. (C) 4-week-old wild-type and Ar50-33-pg1
seedlings. Scale bar = 5 cm.

† Condensed from the article in Plants 10, 848 (2021)
∗1 Department of Biology, Sophia University
∗2 RIKEN Nishina Center
∗3 Department of Biosciences and Biotechnology, Fukui Prefec-

tural University
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Fig. 2. Fluorescence microscopy of leaf epidermal guard cells
and pavement cells of Arabidopsis. (A) Wild type. (B)
Ar50-33-pg1. Differential interference contrast (DIC) and
chlorophyll autofluorescence (colored in red) images of
cells from epidermal peels of growing rosette leaves. Scale
bar = 10 µm.

type and Ar50-33-pg1 plants under normal observation
conditions revealed that a certain population of mu-
tant epidermal chloroplasts lacked chlorophyll autoflu-
orescence signal (Fig. 2). Meanwhile, mutant mesophyll
chloroplasts retained chlorophyll autofluorescence until
later stages of leaf senescence. Therefore, the chloro-
sis leaf phenotype of Ar50-33-pg1 might involve tissue-
dependent chloroplast abnormalities between the epider-
mis and mesophyll.

Backcrossing and segregation analyses indicated that
the chlorotic phenotype of Ar50-33-pg1 is associated
with impaired epidermal chloroplasts and is caused by
a single nuclear recessive allele. Through whole-genome
resequencing, Ar50-33-pg1 was revealed to contain a
∼0.9 Mb deletion from position 12621534 to 13561533
in chromosome V, which spans approximately 40 puta-
tive or well-characterized protein-coding genes. One of
them encoded a known chloroplast membrane-localized,
ATP-independent metalloprotease, Ethylene-dependent
Gravitropism-deficient and Yellow-green 1 (EGY1).2)

Ar50-33-pg1 was then crossed with an egy1 mutant3)
in both directions. All F1 seedlings were similar to both
parents in that they commonly exhibited accelerated leaf
chlorosis with epidermal chloroplast defects. F1 plant
phenotypes at the reproductive stage were all wild type-
like. Therefore, EGY1 was deemed to be the main causal
gene for the impaired chloroplast phenotypes in Ar50-33-
pg1.

References
1) Y. Kazama et al., The Plant J. 92, 1020 (2017).
2) G. Chen et al., Plant J. 41, 364 (2005).
3) T. Hirano et al., Mutat. Res. 735, 19 (2012).
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Effect of heavy-ion irradiation on survival rate of Torenia fournieri

A. Matsuta,∗1 M. Hatashita,∗2 K. Takagi,∗2 Y. Hayashi,∗3 T. Abe,∗3 K. Murai,∗1 and Y. Kazama∗1,∗3

A heavy-ion beam is a powerful mutagen that has
high linear energy transfer (LET). We previously demon-
strated that the value of LET affects the size and type
of the induced mutations in a model plant Arabidopsis
thaliana; a C-ion beam with an LET of 30.0 keV/µm
predominantly induce small mutations that affect al-
most single genes, while an Ar-ion beam with an LET of
290 keV/µm can induce chromosomal rearrangements in-
cluding translocation and large inversions or deletions.1)
We focus on the induction of chromosomal rearrange-
ments because they can affect multiple genes resulting
in the induction of new phenotypic traits that have not
been ever observed by single gene mutations.

To investigate such a broad spectrum of phenotypes,
we aim at observing the floral phenotypes of Torenia
fournieri after the irradiation of heavy-ion beams with
high LET, because its simple floral structure with col-
orful petals allows us to observe the change in the phe-
notypes with high visibility.2) Moreover, T. fournieri is
a useful plant for genetic analysis and molecular biology
because of its small genome size (2n = 18, 171 Mb), and
because of the transformation techniques established.3,4)
Once an interesting mutant is isolated, mutations includ-
ing rearrangements responsible for its phenotype can be
determined by whole-genome resequencing. Dry seed
irradiation and screening of seed propagated mutants
needs to be conducted using an inbred strain, to effi-
ciently perform the investigation of the phenotypic mu-
tation spectrum followed by whole-genome resequencing.
In this study, prior to performing mutant screening, dose
dependence on survival was examined and the effect of
LETs on survival was compared.

The inbred line ‘Zairai murasaki’ was kindly provided
by Dr. Nishijima of the National Institute of Floricul-
tural Science. Dry seeds of ‘Zairai murasaki’ were ir-
radiated with Ar ions with LETs of 184 keV/µm and
290 keV/µm, respectively, at a dose range of 25–200 Gy
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Fig. 1. LET-dependent effect on survival rate in T. fournieri.

∗1 Department of Bioscience and Biotechnology, Fukui Prefec-
tural University

∗2 Res. and Develop. Dept., The Wakasa Wan Energy Research
Center

∗3 RIKEN Nishina Center

Fig. 2. Photographs of wild-type flower (A); a mutant flower
with a rough-edged pistil and petals (B), and a mutant
flower without the yellow spot (C). Bars: 1 cm for whole
photos, 1 mm for the photos of pistils.

in the RIKEN RI-beam factory. C-ion beam irradia-
tion with an LET of 50 keV/µm was carried out by
the Wakasa Wan Multi-purpose Accelerator with Syn-
chrotron and Tandem at the Wakasa Wan Energy Re-
search Center at a dose range of 100–500 Gy. Irradiated
M1 seeds were surface-sterilized and incubated on 0.7%
agar containing 1/2 MS medium supplemented with 3%
sucrose at 25◦C under long-day conditions (16 h light,
8 h dark). About 30–50 seeds were sown for each irradi-
ation treatment. After 1.5 months, the survival rate (the
number of plants having true leaves per total number of
germinated plants) was determined.

In any LET, survival rates were decreased as the ir-
radiation dose increased (Fig. 1). The effect on survival
rate differed among LET values; it increased as LET
values increased. The Ar ion beam with the LET of
290 keV/µm was the most effective for the reduction
of the survival rates, although the effect of higher val-
ues of LET will need to be tested. Based on the rule
of thumb that a dose showing around 90% survival is
the most effective in mutation induction, the most effec-
tive doses on mutation induction were estimated from
the current results; 300 Gy, 75 Gy, and 50 Gy for the
C ion (50 keV/µm), Ar ion (184 keV/µm), and Ar ion
(290 keV/µm), respectively.

Mutant screening is carried out in the M2 generation
because a phenotype caused by recessive mutation is ex-
pressed in the M2 generation. However, we identified
two mutants from 30 and 16 M1 plants after irradiation
with LETs of 290 keV/µm and 184 keV/µm, respectively.
The former has jagged pistil and petals (Fig. 2B), and
the latter has no yellow spot (Fig. 2C). These pheno-
types were observed in all flowers produced on the same
branch. The detection of mutations responsible for these
phenotypes is in progress.
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Behaviors of the Saprophytic Tricholoma matsutake Mutants G1 and
Ar 59 In Vitro Substrate Cultivation: the former exhibited

Morphological Changes while the latter did not†

H. Murata,∗1 T. Yamanaka,∗1 T. Shimokawa,∗1 T. Abe,∗2 H. Ichida,∗2 Y. Hayashi,∗2 and A. Ohta∗1

Tricholoma matsutake produces a specialty mushroom
“matsutake” only in a symbiotic association with live
trees in the wild, unlike cultivated mushrooms based on
wood-decaying fungi. Another ectomycorrhizal mush-
room Lyophyllum shimeji is commercially cultivated to
produce the gourmet mushroom “shimeji ” using spawn
substrates comprising barley and saw dust for a few
decades.1) The key to successful L. shimeji fruiting is
that the isolates that can grow as spawn without host
plants and easily produce fruiting bodies using a proto-
col similar to that used for cultivated mushrooms.1)

We previously reported T. matsutake mutants G1 and
Ar 59; the former was isolated after irradiating the wild-
type NBRC 33136 (a.k.a., Y1) with γ-rays, and the lat-
ter was isolated after irradiating the wild-type with an
argon-ion beam.2) Both mutants exhibited significantly
higher amylase and cellulase activities compared with
the wild-type; however, G1 gained more saprophytic
traits, and it became lethal rather than symbiotic to Pi-
nus densiflora seedlings, whereas Ar 59 remained symbi-
otic. Because of such phenotypic conversions, we exam-
ined if these mutants could exhibit some morphological
changes relevant to fruiting body production.

Fig. 1. Morphological changes in T. matsutake G1 after sub-
strate cultivation at 23◦C for 3 months followed by 16◦C
for 6 months. (A–C) Lumps arising from the spawn are
indicated by arrows. (D) Cross-section of lump indicates
tissue differentiation. Scale bars 5 mm.

† Condensed partly from the article in Bulletin of FFPRI 19, 2
153 (2020)

∗1 Forest Research and Management Organization
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Fig. 2. Mycelial growth of T. matsutake NBRC 33136 (=
Y1), Ar 59, and G1 after the substrate cultivation for
ca. 1 month. Scale bars 10 mm.

The T. matsutake mutants G1 and Ar 59 and their
wild-type NBRC 33136 were separately cultivated with
a modified barley-based substrate. G1 developed sev-
eral tiny (∼5–7 mmϕ) lumps arising from the spawn
(Fig. 1A–C). Cross-sections of the lumps indicated that
they were not simple aggregates of aerial hyphae but
tissue-like, although some uncertainty remains as to
whether the lumps are related to fruiting bodies such
as a remnant of the inner veil around the pileal margin.
The lumps occurred in the G1 spawn in three consecu-
tive independent experiments did not grow into fruiting
bodies. Like G1, Ar 59 grew better in the substrate than
the wild-type (Fig. 2); however unlike G1, it did not ex-
hibit any morphological changes as observed in NBRC
33136.

The lumps developed in the G1 spawn consecutively in
the three independent experiments, and they developed
sporadically for nearly 2 years, while other traits of G1
that characterize this mutant, including colony morphol-
ogy on agar plates, increased degrading enzymatic activ-
ities, and harmful effects on plants, were maintained.2)

Morphological changes associated with sexual repro-
duction requires an environment desirable for such vital
life cycle events including nutrient availability, temper-
ature, and moisture fluctuations. In the habitat of T.
matsutake, such moisture and temperature fluctuations
occur in the soil and in the atmosphere, even within a
single day. To resolve this problem, we are currently
inducing mutations in T. matsutake G1 by irradiating
with heavy-ion beams so that we can obtain mutants
that can easily enter the sexual reproduction stage and
fruit in artificial cultivation only with substrates. This
line of irradiation breeding can eventually yield cultivars
of T. matsutake.
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2) H. Murata et al., Botany 97, 463 (2019).
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Program Advisory Committee meetings for nuclear physics and for
materials and life sciences

H. Ueno,∗1 K. Yoneda,∗1 K. Ishida,∗1 H. Yamazaki,∗1 N. Imai,∗2 Y. X. Watanabe,∗3 K. Yako,∗2 Y. Hirayama,∗3
and M. Iwasaki∗1

There are two Program Advisory Committees
(PACs) that are responsible for reviewing submitted
proposals in the fields of nuclear physics (NP-PAC)
and materials and life science (ML-PAC). The NP-
PAC is co-organized by the RIKEN Nishina Center
(RNC), the Center for Nuclear Study (CNS), the Uni-
versity of Tokyo, and the Wako Nuclear Science Cen-
ter (WNSC), Institute of Particle and Nuclear Studies
(IPNS), KEK. The NP-PAC reviews experimental pro-
grams at RI Beam Factory (RIBF), whereas the ML-
PAC reviews those at the Rutherford Appleton Labo-
ratory (RAL) and RIBF.

NP-PAC

The 21st NP-PAC meeting was held online on De-
cember 14–16, 2020 at 9:00 p.m.–2:00 a.m. JST,1)
where 30 proposals were received and reviewed. This
was the first online meeting conducted owing to the
travel restrictions imposed by COVID-19. The PAC
members watched the presentation videos prepared by
the applicants in advance, and only conducting a ques-
tion and answer session with the applicants on the day
of the meeting, thus streamlining the meeting. Pro-
posals were evaluated on the basis of five grades: S,
A, B, C, and D. Those with a grade of B or higher
were approved, of which those with a rating of S or A
will be given priority for beamtime allocation. Table 1
summarizes the outcome of the 21st NP-PAC meeting.

The members of the 21st NP-PAC meeting were
R.V. F. Janssens (Chair, Univ. of North Car-
olina), D. Ackermann (GANIL), N. Aoi (Osaka
Univ.), M. J.G. Borge (CSIC, Madrid), R. Char-
ity (Washington Univ. in St. Louis), A.O. Macchi-
avelli (LBNL), G. Martinez-Pinedo (GSI/TU Darm-
stadt), I. Moore (Univ. of Jyväskylä) D. J. Morrissey
(MSU), H. Nakada (Chiba Univ.), A. Obertelli (TU
Darmstadt), T. Saito (RIKEN), K. Sekiguchi (Tohoku
Univ.), P. J. Woods (Univ. of Edinburgh), A. Vitturi
(Univ. of Padova), and X. Zhou (IMP).

ML-PAC

The 20th ML-PAC meeting was held in January
2021.2) At this meeting, only proposals for the use of
the RIBF were solicited, and not proposals for the use
of muon beams at RAL owing to the RAL-ISIS long
shutdown. All the five submitted RIBF proposals were

∗1 RIKEN Nishina Center
∗2 Center for Nuclear Study, the University of Tokyo
∗3 Wako Nuclear Science Center (WNSC), IPNS, KEK

reviewed. As with the NP-PAC, a face-to-face meet-
ing was avoided, and in consideration of the number of
applications, the review was conducted through email.
For experimental proposals using RIBF, the same eval-
uation grade as for NP-PAC was adopted. The out-
come of the meeting is summarized in Table 2.

The members of the 20th ML-PAC meeting
were A. D. Hillier (Chair, RAL-ISIS), T. Takayanagi
(Saitama Univ.) Y. Kobayashi (Univ. of Electro-
Communications) Z. Qin (CAS-IMP), and Y. Miyazawa
(Yamagata Univ.).

Table 1. Summary of the outcome of the 21st NP-PAC
meeting. The sum of the proposals ranked with S and
A is listed in the “approval” columns.

21st NP-PAC (December 14–16, 2020)
proposal number beam time (days)
request approval request approval

RILAC (GARIS, ...) 5 2 61.5 15
AVF (CRIB, ...) 7 4 85.5 51
RRC (KISS, ...) 2 1 12.5 6
BigRIPS/ZD 7 3 56.5 16
SHARAQ/OEDO 1 0 7.5 0
SAMURAI 9 4 81.5 32.5
Rare RI Ring 1 0 12 0

(BigRIPS-related 18 7 157.5 48.5 )
Total 32 14 317 120.5

Table 2. Summary of the outcome of the 20th ML-PAC
meeting. For the RIBF proposals, the sum of the pro-
posals ranked with S and A is listed in the “approval”
columns.

20th ML-PAC (January 2021)
proposal number beam time (days)
request approval request approval

RAL —no call for proposals—
RIBF 5 5 20 17
Total 5 5 20 17

References
1) http://www.nishina.riken.jp/RIBF/NP-PAC/ .
2) http://www.nishina.riken.jp/RIBF/ML-PAC/ .
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Electric power status of RIKEN Nishina Center in 2020

E. Ikezawa,∗1 M. Kidera,∗1 Y. Watanabe,∗1 H. Yamasawa,∗1 and O. Kamigaito∗1

The average hourly electrical power consumption of
the RIKEN Nishina Center (RNC) for each day in 2020
is shown in Fig. 1. The total electrical power con-
sumption by RNC in 2020 was 56,549 MWh, which
was 1% lower than that in 2019. When the experi-
ment using an argon (40Ar) beam accelerated by the
AVF + RRC+ IRC was conducted on July 1, 2020, the

∗1 RIKEN Nishina Center

maximum commercial electrical power supply to the
RIKEN Wako campus reached 20.4 MW with a cogen-
eration system (CGS) output of 6.0 MW. When RI
Beam Factory (RIBF) experiments using an uranium
(238U) beam were conducted on October 23, 2020,
the maximum electrical power consumption of RNC
reached 17.5 MW.

Fig. 1. Average hourly electrical power consumption of RNC for each day in 2020.
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RILAC operation

K. Oyamada,∗2 E. Ikezawa,∗1 M. Kase,∗1 T. Nakagawa,∗1 N. Sakamoto,∗1 H. Okuno,∗1 N. Fukunishi,∗1
Y. Watanabe,∗1 M. Komiyama,∗1 A. Uchiyama,∗1 T. Maie,∗1 M. Nagase,∗1 M. Fujimaki,∗1 T. Watanabe,∗1
H. Hasebe,∗1 H. Imao,∗1 K. Ozeki,∗1 K. Suda,∗1 Y. Higurashi,∗1 K. Yamada,∗1 S. Watanabe,∗1 M. Kidera,∗1

T. Nagatomo,∗1 K. Kumagai,∗1 T. Nishi,∗1 T. Ohki,∗2 H. Yamauchi,∗2 M. Tamura,∗2 A. Yusa,∗2 K. Kaneko,∗2
and O. Kamigaito∗1

The RILAC saw the commissioning of a supercon-
ducting RILAC (SRILAC) from January to March
2020. Some statistics regarding the operation of RI-
LAC from January 1 to December 31, 2020 are pre-
sented in Table 1. Table 2 lists the beam service times
in the standalone mode of RILAC in 2020. The details
are described elsewhere in this progress report.

We performed the following maintenance works dur-
ing the reporting period.

(1) In the radio-frequency(rf) systems, DC high-
voltage power supplies were subjected to annual
inspection. The major components with me-
chanical parts were subjected to simple inspec-
tion.

(2) The water pumps were subjected to simple in-
spection. All cooling towers were subjected to
monthly inspection.

(3) All turbomolecular pumps were subjected to
simple inspection. Cryogenic pumps used for
cavities No. 1, No. 2, A1, and A2 were over-
hauled.

(4) All magnet power supplies were subjected to
simple inspection.

Table 1. Statistics of RILAC operation from January 1 to
December 31, 2020.

Operation time of RILAC 2878.3 h

Mechanical problem 161.3 h

Standalone RILAC 1970.6 h

Injection into RRC 0.0 h

Total beam service time of RILAC 1970.6 h

∗1 RIKEN Nishina Center
∗2 SHI Accelerator Service Ltd.

We faced the following mechanical problems during
the reporting period.

(1) The cooling parts of drift tubes in RILAC cavi-
ties No. 2, No. 4, and No. 5 had a coolant leak.
We repaired the parts with a repair material.

(2) The plate DC power supply for a tetrode
(SIEMENS-RS2012CJ) in the rf amplifier of RI-
LAC No. 5 malfunctioned. It was fixed by re-
placing the electric parts.

(3) Water was found to have splashed in the rf power
feeder of RILAC cavity No. 1 because of leakage
from a cooling pipe for the coaxial conductor.
We replaced it with new ones.

(4) The water cooling pipe of the RFQ cavity had a
water leak. We repaired the cooling pipe with a
repair material.

(5) A section of the air-pressure pipe for the contact
fingers of the rf shorting plate in RILAC cavity
No. 6 had a vacuum leak because of a deterio-
rated O-ring. We replaced it with a new one.

Table 2. Beam service times of RILAC in the standalone
mode in 2020.

Beam course Total time (h) %

e11 997.37 50.6

e2 973.23 49.4

Total 1970.60 100.0
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Operation report on the ring cyclotrons in the RIBF accelerator
complex

S. Ishikawa,∗1 K. Suda,∗2 T. Dantsuka,∗2 M. Fujimaki,∗2 T. Fujinawa,∗2 N. Fukunishi,∗2 S. Fukuzawa,∗1
M. Hamanaka,∗1 H. Hasebe,∗2 Y. Higurashi,∗2 E. Ikezawa,∗2 H. Imao,∗2 O. Kamigaito,∗2 Y. Kanai,∗2 M. Kase,∗2

M. Kidera,∗2 K. Kobayashi,∗1 M. Komiyama,∗2 R. Koyama,∗1 K. Kumagai,∗2 T. Maie,∗2 T. Nagatomo,∗2
T. Nakagawa,∗2 M. Nakamura,∗2 T. Nakamura,∗1 M. Nishida,∗1 M. Nishimura,∗1 J. Ohnishi,∗2 H. Okuno,∗2
K. Ozeki,∗2 N. Sakamoto,∗2 J. Shibata,∗1 N. Tsukiori,∗1 A. Uchiyama,∗2 S. Watanabe,∗2 T. Watanabe,∗2

Y. Watanabe,∗2 K. Yamada,∗2 K. Yadomi,∗1 and H. Yamasawa∗2

The operation report of the ring cyclotrons in the
RIBF accelerator complex from Jan. to Dec. 2020 is pre-
sented. Table 1 presents a summary of the beams accel-
erated by these cyclotrons. The availability is defined as
the ratio of the actual beam service time to the sched-
uled beam service time, which is an index of the stable
Operation of accelerators. In calculating each availabil-
ity, for beam service times that were completed earlier
than scheduled, the scheduled times are identified with
the actual times. Multiple experiments supplying identi-
cal beams are treated as one and presented in a row. The
total actual beam service time was 1639.1 h. The ratio
of the beam service times between the experiments con-
ducted in the old facility (RARF) and the new facility
(RIBF) was 54:46.

In the RARF, the actual beam service time was
884.5 h, and the availability was 95.7%. In the RIBF, two
beam services were carried out. The actual beam service
time was 754.6 h, and the availability was 89.8%. Due to
the declaration of a state of emergency in relation to the
COVID-19 infection, experiments were cancelled for two
months from April. Vacuum leak occurred at the RRC
resonator No.1 in May, and weld repair was carried out.
Due to the repair, all the beam service times scheduled
in June were cancelled.

In the 238U beam supply for eight experiments, we
achieved a maximum beam intensity of 116 particle nA,
which is 1.2 times higher than that of the previous beam

∗1 SHI Accelerator Service Ltd.
∗2 RIKEN Nishina Center

service in Nov. 2019. The highest record was obtained
due to the upgrade of the RRC resonators1,2) and the
change in gap spacing of the RRC-EDC in 2018, and
the relocation of the fRC-EIC in 2020. The beam supply
was stopped for 8 days due to the repair of the SRC-EDC
and SRC-Resonator 2 (RES2). A septum electrode of the
EDC was damaged by a loss of the high intensity beams.
After the exchange of the EDC, a beam intensity was
reduced to 70 particle nA to prevent EDC damage again.
RES2 could not be excited because the contact fingers
for the coarse tuning plate was partially burned out by a
high RF input power. The damaged contact fingers were
exchanged. The beam service time was 510.5 h, and the
availability was 81.8%.

In the 70Zn beam supply for three experiments, we
recorded the highest beam intensity of 782 particle nA,
which is 3.1 times higher than that of the previous beam
service in May 2017. The increase of beam intensity was
achieved due to the improvement of the oven in the ion
source and of the beam tuning based on the beam sup-
ply parameters obtained by a scaling of that for 238U.
The beam service time was 244.2 h, and the availability
was 113.1% because the tuning time was shorter than
planned and the experiment was started ahead of sched-
ule.
References
1) K. Yamada et al., RIKEN Accel. Prog. Rep. 52, 13 (2019).
2) K. Yamada et al., J. Part. Accel. Soc. Jpn. 17, 159 (2020).

Table 1. Summary of the accelerated beams in 2020.

Beam
particle

Energy
(MeV/nucleon)

Acceleration
mode Beam course

Beam intensity
(particle nA)

Requested Actual

Beam service
time (h)

Scheduled Actual

Availability
(%)

RARF

12C 135

AVF-RRC

E5B (Biology) 1 450.0 27.5 9.2 100.0
14N 135 E3B (RI production) 500 571.0 48.0 49.5 103.2
20Ne 135 ESB (Biology) 1 270.0 4.0 2.6 100.0
22Ne 70 E6 (Material) 250 300.0 108.0 107.9 99.9
40Ar 95 E5A (Material) 1 26.5 84.0 86.1 102.5
56Fe 90 ESB (Biology) 1 3.5 6.0 2.1 100.0
84Kr 70 E5A (Material) 1 9.7 240.0 205.8 85.6
4He 7.25

RILAC2-RRC
A10 (MS) 18300 590.0 33.6 33.6 100.0

136Xe 10.75 E2B (KEK/KISS)
/E3A (Material) 250 325.0 381.0 371.5 97.5

40Ar 160 AVF-RRC-IRC E5B (Biology) 1 23.3 23.5 16.2 100.0

RIBF
70Zn 345 RILAC2-RRC

-fRC-IRC-SRC
BigRIPS/ZD >600 782.0 216.0 244.2 113.1

238U 345 BigRIPS/ZD
/Rare-RI Ring >60 116.3 624.0 510.5 81.8

Total 1795.6 1639.1 92.9
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time was 754.6 h, and the availability was 89.8%. Due to
the declaration of a state of emergency in relation to the
COVID-19 infection, experiments were cancelled for two
months from April. Vacuum leak occurred at the RRC
resonator No.1 in May, and weld repair was carried out.
Due to the repair, all the beam service times scheduled
in June were cancelled.

In the 238U beam supply for eight experiments, we
achieved a maximum beam intensity of 116 particle nA,
which is 1.2 times higher than that of the previous beam

∗1 SHI Accelerator Service Ltd.
∗2 RIKEN Nishina Center
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change in gap spacing of the RRC-EDC in 2018, and
the relocation of the fRC-EIC in 2020. The beam supply
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EDC was damaged by a loss of the high intensity beams.
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for the coarse tuning plate was partially burned out by a
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recorded the highest beam intensity of 782 particle nA,
which is 3.1 times higher than that of the previous beam
service in May 2017. The increase of beam intensity was
achieved due to the improvement of the oven in the ion
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ply parameters obtained by a scaling of that for 238U.
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ule.
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1) K. Yamada et al., RIKEN Accel. Prog. Rep. 52, 13 (2019).
2) K. Yamada et al., J. Part. Accel. Soc. Jpn. 17, 159 (2020).
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The yearly report on the operation of the RIKEN
AVF cyclotron (denoted as AVF hereafter) for the pe-
riod January-December 2020 is presented. AVF deliv-
ered beams to five courses for stand-alone operations:
C01 (machine study), C03 (radioactive isotope (RI) pro-
duction), C12 (CNS, RI production), E7A (CRIB), and
E7B (RI production, student experiment). On the other
hand, when AVF was used as an injector of the RIKEN
Ring Cyclotron (RRC), beams were delivered to two
courses: RRC-RARF and RRC-IRC-E5. Figure 1 shows
the experimental apparatuses around AVF.

Thus far, AVF was equipped with three ion sources
to deliver various ion beams: the superconducting elec-
tron cyclotron resonance ion source (SC ECRIS), Hyper
ECRIS, and polarized ion source (PIS, only used for po-
larized deuterons). However, a GM refrigerator used for
cooling the superconducting mirror coils in SC ECRIS
had become too old. Therefore, SC ECRIS was replaced
with the 18 GHz ECRIS that had been used at RILAC,
and beam deliveries from the 18 GHz ECRIS commenced
in January.

The yearly operation statistics are presented in Ta-
bles 1 and 2. In a total operation time of 2702 h, 1520 h
was spent for stand-alone operation, and 1182 h was
spent for injection to RRC. Because of the declaration of
a state of emergency due to the COVID-19 outbreak, all
beam times scheduled for April and May were canceled.

Fig. 1. Overview of the AVF cyclotron with ion sources, each
experimental course, and beam transport line to RRC.

∗1 SHI Accelerator Service Ltd.
∗2 RIKEN Nishina Center
∗3 Center for Nuclear Study, the University of Tokyo

This is a main reason why the operation time for stand-
alone operation in this year is considerably less than that
in the previous year. In addition, an RI production ex-
periment using 30-MeV protons was conducted for the
first time in June.

Table 1. Comparison of AVF operation statistics with that
in the previous year.

AVF stand-alone operation 2019 2020
Tuning of AVF [h] 1314 744
Trouble of AVF [h] 0 1
C01 M. S. [h] 0 12
C03 exp. [h] 873 631
C12 exp. [h] 36 18
E7A exp. [h] 789 12
E7B exp. [h] 152 101
Sub total [h] 3166 1520

AVF operation as injector of RRC 2019 2020
Tuning of AVF [h] 117 178
Trouble of AVF [h] 0 5
RRC-RARF exp. [h] 320 999
RRC-RIBF exp. [h] 0 0
Sub total [h] 437 1182
Total [h] 3603 2702

Table 2. AVF beam list in 2020.

Particle Energy
(MeV/nucleon) Course

Stand-alone operation
p 12.00 C03
p 19.00 C12
p 30.00 C01, C03
d 12.00 C03
α 6.50 E7B
α 7.25 C03, E7B
α 12.50 C03

7Li 6.00 C03
16O 6.80 E7A
18O 7.00 C12
19F 6.30 C03
Operation as injector of RRC
12C 7.00 RRC-RARF
14N 7.00 RRC-RARF
20Ne 7.00 RRC-RARF
22Ne 3.97 RRC-RARF
40Ar 3.80 RRC-IRC-RARF
40Ar 5.20 RRC-RARF
56Fe 5.00 RRC-RARF
84Kr 3.97 RRC-RARF
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Present status of liquid-helium supply and recovery system

T. Dantsuka,∗1 H. Okuno,∗1 M. Nakamura,∗1 S. Tsuruma,∗1 M. Takahashi,∗1 M. Kuroiwa,∗1 M. Ohshima,∗2
H. Miura,∗2 H. Shiraki,∗2 H. Hirai,∗2 K. Kimura,∗2 M. Haneda,∗2 A. Mikami,∗2 M. Nagano,∗2 and H. Hazama∗2

The liquid-helium supply and recovery system,1)
which can produce liquid helium at a liquefaction rate
of 200 L/h from pure helium gas, has been under stable
operation since the beginning of April 2001. However,
as operation failure due to deterioration over time has
increased in recent years, duplication of the liquefier
was conducted in 2017. The new liquefier can produce
liquid helium at a liquefaction rate of 220 L/h from
pure helium gas. Although the older helium liquefier
has been failing since the summer of 2018, with the
new helium liquefier, a constant supply of liquid he-
lium can be enabled. The older helium liquefier was
repaired in February 2020.

The volumes of liquid helium supplied each year
from 2001 to 2019 are illustrated in Fig. 1. From 2001
to 2013, there was a gradual increase in the supplied
volume, with two declines observed in 2009 and 2011.
In 2014, the supplied volume decreased owing to a sys-
tem malfunction. However, in 2015, the supplied vol-
ume returned to its original value. In 2016, the sup-
plied volume decreased but slightly increased in 2017.
In 2018, the supply volume increased significantly. In
2019, we supplied approximately 140,000 L of liquid
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Fig. 1. Volumes of liquid helium supplied to the various laboratories for each fiscal year from 2001 to 2019.

∗1 RIKEN Nishina Center
∗2 Nippon Air Conditioning Service K.K

helium despite the high price of helium gas.
However, the purity of helium gas recovered from

the laboratories gradually deteriorated. At present,
the impurity concentration in the recovered gas is ap-
proximately 1000 ppm. The impurity concentration
does not affect the liquefaction operation, but is nec-
essary to observe the progress.

Furthermore, the volume of helium gas recovered
from each building in the Wako campus as well as the
volume transported to the liquid helium supply and re-
covery system were measured. The recovery efficiency,
which is defined as the ratio of the amount of recovered
helium gas to the amount of supplied liquid helium,
was calculated. The recovery efficiency for the build-
ings on the south side of the Wako campus, namely the
Cooperation Center building of the Advanced Device
Laboratory, Chemistry and Material Physics building,
and Nanoscience Joint Laboratory building, increased
to approximately 95%.

Reference
1) K. Ikegami et al., RIKEN Accel. Prog. Rep. 34, 349

(2001).
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liquid helium at a liquefaction rate of 220 L/h from
pure helium gas. Although the older helium liquefier
has been failing since the summer of 2018, with the
new helium liquefier, a constant supply of liquid he-
lium can be enabled. The older helium liquefier was
repaired in February 2020.

The volumes of liquid helium supplied each year
from 2001 to 2019 are illustrated in Fig. 1. From 2001
to 2013, there was a gradual increase in the supplied
volume, with two declines observed in 2009 and 2011.
In 2014, the supplied volume decreased owing to a sys-
tem malfunction. However, in 2015, the supplied vol-
ume returned to its original value. In 2016, the sup-
plied volume decreased but slightly increased in 2017.
In 2018, the supply volume increased significantly. In
2019, we supplied approximately 140,000 L of liquid
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Fig. 1. Volumes of liquid helium supplied to the various laboratories for each fiscal year from 2001 to 2019.
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helium despite the high price of helium gas.
However, the purity of helium gas recovered from

the laboratories gradually deteriorated. At present,
the impurity concentration in the recovered gas is ap-
proximately 1000 ppm. The impurity concentration
does not affect the liquefaction operation, but is nec-
essary to observe the progress.

Furthermore, the volume of helium gas recovered
from each building in the Wako campus as well as the
volume transported to the liquid helium supply and re-
covery system were measured. The recovery efficiency,
which is defined as the ratio of the amount of recovered
helium gas to the amount of supplied liquid helium,
was calculated. The recovery efficiency for the build-
ings on the south side of the Wako campus, namely the
Cooperation Center building of the Advanced Device
Laboratory, Chemistry and Material Physics building,
and Nanoscience Joint Laboratory building, increased
to approximately 95%.
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Operation of the BigRIPS cryogenic plant

K. Kusaka,∗1 M. Ohtake,∗1 K. Yoshida,∗1 M. Ohshima,∗2 A. Mikami,∗2 H. Hazama,∗2 H. Miura,∗2 H. Shiraki,∗2
H. Hirai,∗2 K. Kimura,∗2 M. Nagano,∗2 H. Shiba,∗2 and S. Okada∗2

We operated the BigRIPS cryogenic plant for only
2,838 h in 2020 because the spring beam time was can-
celled due to the declaration of state of emergency over
COVID-19. The operation periods were from March 4
to April 24 and from September 25 to December 21. Af-
ter the long shutdown of the RIBF facility, we started
cooling down the warmed-up superconducting triplet
quadrupole (STQ) magnets on October 2.

After successful cooldown operation, we excited STQ1
magnet with stepwise ramping. The STQ1 magnet is
an air-core-type superconducting magnet and consists
of three quadrupole coils, P1, P2, and P3, and one
hexapole coil, SX.1) In contrast to the other STQ’s case,
we excite the coils P1, P2, and P3 separately after cool-
ing down. Before simultaneous excitation of all coils, the
coils P1, P3, and SX coils were excited up to their nom-
inal current of 740 A, 628 A, and 32.5 A, respectively.
However, when we ramped P2 from 610 A to 620 A, it
quenched with a current of 620 A, which is 8 A less than
the nominal current. This was the fourth quench of P2,
and we consider that it a training quench.

Except for the quenching of P2, we operated the cryo-
genic system without any trouble. We measured the
vibrations of the compressor unit and observed low oil
contamination in helium gas during operations. The to-
tal operation time of the compressor unit was 75,060 h.

Figure 1 shows the vibration acceleration in the ver-
tical and horizontal directions as a function of the to-
tal operation time. We have been measuring the vibra-
tions of the compressor at the high-pressure and low-
pressure sides since 2015. Two rapid increases of the vi-
bration acceleration at operation times of 59,000 h and
71,000 h are indicated by arrows. They were caused
by the damage of the bearing unit in December 20162)

and June 2019.3) The vibration acceleration mostly re-
mained below 8 m/s2 during the operation period. We

Fig. 1. Vibration acceleration of the compressor unit. The
operation period in 2020 is indicated.

∗1 RIKEN Nishina Center
∗2 Nippon Air Conditioning Services Co., Ltd.

Fig. 2. Oil contamination at the entrance of the third coa-
lescer vessel.

consider that the exceptionally large value of 10.3 m/s2
at 74,883 h in the vertical direction at the high-pressure
side is due to measurement error.

We measured the operation interval of the drain valves
of the coalescer vessels in the compressor unit in order to
evaluate the oil contamination level. We have replaced
coalescer filter elements 5 times since 2008. The oper-
ation periods of the replaced filter elements were from
August 2008 to July 2010, from September 2010 to July
2012, from September 2012 to July 2014, from Septem-
ber 2014 to July 2016, and from September 2016 to June
2019. Figure 2 shows an estimate of the oil contamina-
tion level at the entrance of the third coalescer vessel
as a function of the coalescer filter operation time. The
navy-blue, green, and yellow diamonds represent the es-
timates for the first, second, and third elements, respec-
tively. The fourth and the fifth elements are shown with
pink and red diamonds, respectively. The oil contami-
nation values measured using the oil check kit are also
shown. The open triangles, squares, and circles repre-
sent the results for the first, second, and third elements,
respectively. The results for the fourth and the fifth el-
ements are indicated by the open diamonds and circles,
respectively. The drain valve of the coalescer vessel op-
erated only once in 2020 after the last maintenance in
2019. The operation time and the estimate of the oil
contamination level for the current coalescer are 3550 h
and 0.05 wt.ppm, respectively, as shown by the brown
diamond in Fig. 2.

Both estimations of the oil contamination level are
consistent with each other, and the performance effi-
ciency of the fifth set of filter elements seems to be better
than that of the others.

References
1) K. Kusaka et al., IEEE Trans. Appl. Supercond. 18, 240
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2) K. Kusaka et al., RIKEN Accel. Prog. Rep.50, 285 (2017).
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Radiation safety management at RIBF

K. Tanaka,∗1 Y. Uwamino,∗1,∗2 H. Sakamoto,∗1 R. Hirunuma-Higurashi,∗1 H. Mukai,∗3 A. Akashio,∗1
T. Okayasu,∗1 R. Suzuki,∗4 M. Takekoshi,∗4 T. Sato,∗4 K. Igarashi,∗1 S. Iizuka,∗1 N. Usudate,∗1 and Y. Shioda∗1

The results of radiation monitoring at RIBF, car-
ried out at the border of the facility and the radiation-
controlled area are reported. The residual doses along
the accelerator setups are also presented. In 2020,
a 238U beam of approximately 345 MeV/nucleon was
provided at an intensity of 70 particle nA in October
and November. Subsequently, a 70Zn beam of approx-
imately 345 MeV/nucleon of 800 particle nA was used
in November and December.

The dose rates at the boundary of the radiation-
controlled area were monitored. Neutron and γ-ray
monitors were used at three locations: the roofs of the
RRC, IRC, and BigRIPS. Figure 1 shows the annual
neutron dose at these positions. In 2020, even the high-
est annual dose of 9 µSv/y at the IRC roof was lower
than the legal limit of 5.2 mSv/y. The dose at the
IRC roof sensitive to IRC and SRC operation time. In
2020, these operated for only three months. Therefore,
the annual dose of the IRC roof was small.

The dose rates at the site boundary, where the legal
limit is 1 mSv/y, were monitored by neutron and γ-ray
monitors. The detection limits of the neutron monitor
were 2 µSv/y and 0.01 µSv/h. The annual dose in 2020
was 3.6 µSv of neutron but less than the hourly detec-
tion limits any time after the background correction.
The detection limit of the γ-ray monitor was 8 µSv/y.
The annual dose of the γ-ray was lower than the limit,
which is considerably lower than the legal limit.

The residual radioactivity at the deflectors of the cy-

Fig. 1. Radiation dose at the boundary of the radiation-
controlled area.

∗1 RIKEN Nishina Center
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Fig. 2. Dose rates of residual radioactivity at the deflectors
of 5 cyclotrons.

clotrons was measured just before maintenance work.
The residual dose depends on factors such as the

beam intensity, accelerator operation time, and cool-
ing time. The data were obtained from the cyclotrons
maintenance works, when the deflectors were accessi-
ble. Therefore, the cooling times have not been con-
stant. The dose rates from 1986 are shown in Fig. 2.
The dose rates for fRC, IRC, and SRC are shown for
the years after 2006, when the RIBF operation started.
For AVF, the dose rate increased in 2006 because the
radioisotope production was started and the beam in-
tensity increased.

The residual radioactivity along the beam lines was
measured after almost every experiment. Figure 3
shows the locations of the measurement points where
high residual doses were observed. Table 1 lists the
dose rates, beam conditions, and cooling time at
the measurement points. The maximum dose was
46 mSv/h at point 23, which is in the vicinity of the
beam dump of BigRIPS.

Although the radioactivity in the closed cooling sys-
tem at BigRIPS is reported annually, it is omitted be-
cause the radioactivity was not measured in 2020.

The E-learning module, which can be accessed any-
time and from anywhere (even from outside RIKEN),
has been used for the re-training of the radiation work-
ers at RIBF. Approximately 580 radiation workers
have completed the training in 2020. This is lower than
the number in recent years because of the COVID-19
restriction of immigration and etc.

As described above, radiation management to com-
ply with lows and to keep radiation levels as low as
possible has been carried out successfully.
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beam intensity, accelerator operation time, and cool-
ing time. The data were obtained from the cyclotrons
maintenance works, when the deflectors were accessi-
ble. Therefore, the cooling times have not been con-
stant. The dose rates from 1986 are shown in Fig. 2.
The dose rates for fRC, IRC, and SRC are shown for
the years after 2006, when the RIBF operation started.
For AVF, the dose rate increased in 2006 because the
radioisotope production was started and the beam in-
tensity increased.

The residual radioactivity along the beam lines was
measured after almost every experiment. Figure 3
shows the locations of the measurement points where
high residual doses were observed. Table 1 lists the
dose rates, beam conditions, and cooling time at
the measurement points. The maximum dose was
46 mSv/h at point 23, which is in the vicinity of the
beam dump of BigRIPS.

Although the radioactivity in the closed cooling sys-
tem at BigRIPS is reported annually, it is omitted be-
cause the radioactivity was not measured in 2020.

The E-learning module, which can be accessed any-
time and from anywhere (even from outside RIKEN),
has been used for the re-training of the radiation work-
ers at RIBF. Approximately 580 radiation workers
have completed the training in 2020. This is lower than
the number in recent years because of the COVID-19
restriction of immigration and etc.

As described above, radiation management to com-
ply with lows and to keep radiation levels as low as
possible has been carried out successfully.

1

Fig. 3. Layout of the beam lines at RIBF. The measure-
ment locations listed in Table 1 are indicated.

Table 1. Dose rates measured at beam lines in 2020.
Points 1–24 indicate the locations where measurements
were taken as shown in Fig. 3.

Point
Dose
rate

(µSv/h)

Date
(M/D)

Particle Energy
(AMeV)

Intensity
(pnA)

Cooling
time
(h)

1 100 8/12 α 7.3 10000 554
2 139 8/12 α 7.3 10000 554
3 250 8/12 α 7.3 10000 554
4 100 12/28 α 6.5 10 281
5 188 8/12 C-12 135 2 882
6 4000 12/24 Zn-70 50 990 270
7 2500 12/24 Zn-70 50 990 270
8 110 8/12 Ar-40 66 24 979
9 200 12/24 Zn-70 114 800 270
10 7000 12/24 Zn-70 345 760 271
11 14000 12/24 Zn-70 345 760 271
12 120 12/24 Zn-70 345 760 270
13 150 12/24 Zn-70 345 760 270
14 581 12/24 Zn-70 345 760 270
15 110 12/24 Zn-70 345 760 270
16 130 12/24 Zn-70 345 760 271
17 3300 12/24 Zn-70 345 760 271
18 6000 12/24 Zn-70 345 760 271
19 30000 12/24 Zn-70 345 760 271
20 530 12/24 Zn-70 345 760 271
21 280 12/24 Zn-70 345 760 271
22 230 12/24 Zn-70 345 760 271
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Operation of the Pelletron tandem accelerator

T. Ikeda,∗1 M. Hamagaki,∗1 and H. Sato∗1

Ion beams with an energy range of MeV are available
from the tandem accelerator (Pelletron 5SDH-2, 1.7 MV
max.) in the Nishina R&D Building, which is managed
by the Detector Team of RNC. This accelerator is also
registered as joint-use equipment in Wako campus for
material analysis. As shown in the configuration of the
accelerator and beam lines (Fig. 1), two ion sources are
available. One is the RF charge-exchange ion source,
called Alphatross, for experiments using He ion beams.
The other is the Source of Negative Ions by Cesium Sput-
tering (SNICS), which can generate almost all other ions.
Thus far, ion species of H, He, Li, B, C, N, O, Si, Ti, Ni,
Cu, and Au have been accelerated at 0.5–1.7 MV.

There are four beam lines named BL-E/Wnn (nn de-
notes the bending angle). In 2020, BL-E15 was restarted
for a user group in the field of material science to per-
form the analysis of Rutherford backscattering (RBS)
spectrometry. In the west side, BL-W15 (multipurpose
line) was used for a micrometer-sized ion beam based on
glass capillary optics with an end window. This was for
horizontal microbeam irradiation experiments. The irra-
diation port was developed to have a simple connection
to the BL-W15 line. It took a few hours to mount the
microbeam port, including the vacuum pumping. At the
end of 2020, BL-W30 was under construction for new
microbeam irradiation studies of the biological samples
in air or solution.

From January 1 to December 31, 2020, the total ma-
chine time (MT) including a machine study was only

Fig. 1. Pelletron tandem accelerator and beam lines in the
Nishina R&D Building.

Fig. 2. (a) Apparatus for the RBS spectrometry connected
to the Pelletron accelerator. (b) Online analysis.

∗1 RIKEN Nishina Center

Table 1. Beam conditions and experiments conducted in the
tandem accelerator.

Ion Energy
[MeV]

Beam current
[pnA] Experiment Operation

time [days]
1H+ 2.0–3.0 1–120 Irradiation 8

4He2+ 2.28 0.25–5 RBS 4

Table 2. Approved conditions at the RIKEN Pelletron.

Ion Maximum Energy Ion Maximum Energy

H 3.5 MeV B 10.2 MeV
He 5.1 MeV C 12 MeV

Li/Be 6.8 MeV other 0.6 MeV/nucleon

12 days, where the condition test of the ion sources is
not included. In addition to the total MT, development
activities were suppressed in 2020.

The ion species accelerated in this year were the light
ions H+ and He2+ with energies ranging from 2.0 to
3.0 MeV, as summarized in Table 1. The RBS exper-
iments always used the energy of 2.28 MeV, following
convention. Points 1–6 below list the studies that used
the beam lines, along with the number of days of MT.
All the studies, including those with zero days of MT,
were routine experiments before 2020.

(1) Microbeam performance study with H ions using
glass capillaries at BL-W15 and W301,2) (7 days)

(2) Microbeam (He ion) irradiation for single cells at
BL-W303) (0 days)

(3) RBS/ERDA experiments using carbon ions (4
days)

(4) Educational experiment of proton capture by car-
bon/boron nucleus for Nishina School (0 days)

(5) Development of charged-particle/gamma-ray de-
tector to be used for RIBF experiments (0 days)

(6) Other development using protons (1 day)

The maximum energies of accelerated ions are summa-
rized in Table 2. Since 2019, the regulation of the max-
imum energy of carbon ions was changed from 7.2 MeV
to 11.9 MeV, where 12C6+ is accelerated with the full
voltage of 1.7 MV.

A commercial RBS apparatus (Charles Evans and As-
sociates Model RBS-400) is shown in Fig. 2(a). A go-
niometer to rotate the sample is fixed inside the chamber,
which is in a vacuum level of the order of 10−7 Torr. The
He2+ beam intensity was less than 10 nA. Improvements
in the vacuum level and beam intensity are in progress.
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Fee-based activities of the Industrial Application Research Team
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The fee-based activities of the Industrial Application
Research Team in 2020, which are the utilization of
heavy-ion beams in the industry and the distribution
of radioisotopes, are summarized below.

RIKEN Nishina Center allows the use of the AVF
cyclotron, RILAC, and RIKEN Ring Cyclotron (RRC)
by private companies in Japan for a fee.1) At present,
the main users are semiconductor companies that ir-
radiate space-use semiconductor devices with Ar, Kr,
and Xe ions from the RRC to simulate single-event
effects due to the heavy-ion components of cosmic ra-
diation. Proposals for beam utilization are reviewed
by a program advisory committee dedicated to indus-
trial use (InPAC). In July 2020, InPAC reviewed and
approved via e-mail three proposals that were in con-
tinuation to previously approved proposals and held its
10th meeting online, where it reviewed and approved
two new proposals. In 2020, six companies executed
eleven fee-based beamtimes, seven of which utilized a
Kr beam with a total beam time of 153 h and four
utilized an Ar beam with a total beam time of 73 h.
In response to the users’ demand, we are preparing to
supply C ions and considering the supply of Xe ions
with higher energies.

Since 2007, RIKEN has distributed radioisotopes
(RIs) to users in Japan for a fee in collaboration with
the Japan Radioisotope Association2) (JRIA). The nu-
clides are 65Zn (T1/2 = 244 days), 109Cd (T1/2 = 463
days), 88Y (T1/2 = 107 days), 85Sr (T1/2 = 65 days),
and 67Cu (T1/2 = 61.8 hours) produced at the AVF cy-
clotron by the Nuclear Chemistry Research Team. Ac-
cording to a material transfer agreement (MTA) drawn
between JRIA and RIKEN, JRIA mediates the trans-
action of the RIs and distributes them to users. 65Zn
and 109Cd are delivered approximately two weeks after
the acceptance of an order. 85Sr, 88Y, and 67Cu, which
have short half-lives, are not stocked like 65Zn and
109Cd but are instead produced in a scheduled beam-
time after an order is accepted. Therefore, they are
delivered two months or more after an order. Details
can be found in the online ordering system J-RAM3)

of JRIA.
In 2020, we delivered one shipment of 109Cd with an

activity of 10 MBq, three of 65Zn with a total activity
of 12 MBq, two of 88Y with a total activity of 2 MBq,
and two of 85Sr with a total activity of 3 MBq. The
final recipients of the RIs were four universities, one
private company, and one medical research center.

Figure 1 shows the yearly trends in the number of
orders and the amounts of distributed RIs. Compared
with 2019, the amounts of distributed 109Cd, 65Zn, and

∗1 RIKEN Nishina Center

85Sr increased, that of distributed 67Cu decreased, and
that of distributed 88Y remained the same. During
the past 10 years, the demand for long-lived RIs has
drastically decreased, whereas that for short-lived RIs
is increasing.

Fig. 1. Number of orders (upper) and amounts (lower) of
the RIs distributed yearly from 2007 to 2020. The dis-
tribution of 88Y started in 2010, that of 85Sr in 2015,
and that of 67Cu in 2018.

References
1) http://ribf.riken.jp/sisetu-kyoyo/ (Japanese).
2) http://www.jrias.or.jp/ (Japanese),

http://www.jrias.or.jp/e/ (English).
3) https://j-ram.org (Japanese).

1
- 191 -

RIKEN Accel. Prog. Rep. 54 (2021)IV. OPERATION RECORDS



RIKEN Accel. Prog. Rep. 54 (2021)
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Preface

Recent advancements in radioactive-isotope (RI)
beam technology have opened up the research field of
the physics of exotic nuclei. Since the RIBF started op-
eration in 2007, our experimental capabilities have been
significantly expanded, including neutron- and proton-
rich nuclei as well as superheavies. With increasing
experimental data for a vast mass region of the nuclear
chart, nuclear structure and reaction theories are ex-
pected to play a more important role in interpreting
the data and in profoundly understanding atomic nu-
clei. A mission of the second-term Theory Forum (TF2)
is to discuss physics in the future of RIBF. Taking over
the discussions in the first-term Theory Forum (TF1)
(2006–2014), we have been working through various ac-
tivities. Although most of the members were renewed,
Dr. Y. Utsuno, Dr. K. Ogata, and Dr. S. Wanajo acted
as mediators to bridge the activities of TF1 and TF2.
We would like to express our gratitude to them. This re-
port summarizes our activities over the last seven years
to facilitate handover to the third-term Theory Forum.
Because of the limited space in this progress report, de-
tails about our activities are provided on a web page.1)

Short reports from WGs

TF2 was divided into several working groups (WGs)
to discuss physics cases intensively. We also had in-
tergroup discussions regularly. Here, we present short
summaries of these activities, which are categorized into
three subjects: nuclear astrophysics, the physics of su-
perheavy elements, and the physics of nuclear many-
body problems. More details on each subject can be
found on the website.

Nuclear astrophysics: r-process, EOS, and nuclear mat-
ter

In the field of nuclear astrophysics, discussions were
started with two WGs. The primary purpose of the
r-process WG was to improve the current theoretical
calculations of nuclear properties, including the masses,
decay half-lives, neutron-capture reaction rates, and nu-
clear fission rates for the r-process nucleosynthesis cal-

∗1 RIKEN Nishina Center
∗2 Kindai University
∗3 Department of Physics, Hokkaido University
∗4 Department of Physics, the University of Tokyo
∗5 Department of Physics, Kyushu University
∗6 JAEA
∗7 Faculty of Arts and Science, Kyushu University
∗8 Astrophysical Big Bang Laboratory, RIKEN
∗9 Department of Physics, Kyoto University

culations. The possibility of updating these rates used
in the nucleosynthesis community was discussed, partic-
ularly to reflect the latest results from nuclear theory
groups in Japan. A novel mass model based on the
Bayesian neural-network method was proposed to as-
sess the model uncertainty and to evaluate the impact
of new measurements on the prediction. The signifi-
cance of direct reaction on the neutron capture rates
was investigated through a microscopic approach. Fur-
thermore, we found a compelling difference between
the phenomenological fission distributions widely used
in the nucleosynthesis calculations and the results ob-
tained using a dynamical model based on the Langevin
model in the neutron-rich r-process region. This shows
the necessity of considering dynamical fission in the
data on systematic fission yields for better r-process
calculation.

The equation of state (EOS) and nuclear matter WG
aimed to determine the nuclear-physics constraints on
the nuclear EOS. The connection between the astro-
physical observations and the nuclear properties re-
vealed at RIBF has been explored. We found that we
can construct a model that can account for the indi-
cation of GW170817 if the symmetry energy at twice
the saturation density of nuclear matter is 40–60 MeV.
The symmetry energy in this density region can be con-
strained from the collision experiment of neutron-rich
heavy ions measured by the SAMURAI spectrometer
at RIBF.

In addition to these activities focusing specifically
on theoretical nuclear physics, we organized a series of
workshops to bring together nuclear physicists and as-
trophysicists motivated by the discovery of an r-process
event (kilonova) associated with the gravitational-wave
detection by the Advanced LIGO–Advanced Virgo from
merging neutron stars. The workshops were held at
RNC (June 2018), YITP Kyoto University (May 2019),
and NAOJ (October 2020).

Superheavy elements

The main purpose of the superheavy element and
fission WG (SHE/Fission WS) was to give theoreti-
cal suggestions and make proposals for experiments on
new superheavy elements conducted at RIBF. A pri-
mary interest in the physics of superheavy elements is
to synthesize new elements exceeding Z = 118, and to
produce nuclei at the center of the island of stability
located around Z = 114 and N = 184. For the former,
heavier projectiles and stable actinide targets are being
promoted. For the latter, there is no available set of
stable projectiles and targets because the center of the
island of stability is located in the neutron-rich region.
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mary interest in the physics of superheavy elements is
to synthesize new elements exceeding Z = 118, and to
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1

It is thus desirable to estimate the possibility of new-
element synthesis based on the theoretical calculation
and to propose new experiments.

To synthesize superheavy elements, we proposed the
optimum incident energy and the combination of a tar-
get and projectile based on the calculated evaporation-
residue cross section. We also calculated the properties
of new superheavy elements: lifetime, deformation, nu-
clear structure, fission barrier height, decay proprieties,
etc. We then suggested a new approach to the synthesis
of superheavy nuclei.

We (co)organized the RIBF ULIC mini-WS in Au-
gust 2016 as a kick-off meeting and subsequently held a
WS entitled “New developments in superheavy element
research” at Kyushu University in July 2018.

Nuclear structure, collective motion, many-body corre-
lations, and halo

The nuclear systems under extreme conditions are
expected to reveal new facets associated with the cor-
relations among nucleons. A uniqueness of drip-line
nuclei was discussed in view of the nuclear interactions
and the strong correlations in a dilute system, such as
the multi-neutron halo and its condensation. A pos-
sibility of measuring the many-body correlations was
also discussed through the nuclear responses and reac-
tions. The connections between the nuclear responses
and the EOS of nuclear matter or the reaction (decay)
rates relevant to the r-process were investigated.

The true pleasure in nuclear physics is the diversity
of research topics. Thus, we realized the importance
of offering an opportunity to young colleagues, partic-
ularly students and post-docs, where we can frankly
discuss nascent plans of physics research. To provide
such an environment and to explore important physics
for future experiments at RIBF in a variety of research
subjects covered in the WG, we decided to organize
“Hodan-kai” meetings. In contrast to the style of an or-
dinary workshop, the Hodan-kai aims to facilitate the
exchange of unmatured ideas among young researchers.
To concentrate on physics discussions, the venue was a
relatively isolated place, and the presentation files are
not open to the public.

The first Hodan-kai was held from July 31 to August
2, 2017 and focused mainly on the latest theoretical re-
search on nuclear physics. The second and third meet-
ings were held in February 2019 and 2020, respectively.
The topics discussed were extended in the second and
third meetings, as listed in Table 1. In the third meet-
ing, in addition to talks given in the regular Hodan-kai
style, two “panel discussion” sections consisting of in-
troductory talks by organizers and 5–7 short talks by
invited panelists were newly organized to facilitate in-
teraction among the participants. The program and
summary of the Hodan-kai are shared on their respec-
tive websites.2–4)

Table 1. Number of talks by theoretical and experimental
nuclear physicists and researchers from other fields, as
well as participants in the successive Hodan-kai meet-
ings.

Date Theor. Exp. Other Participants
1st Aug 2017 22 1 0 49
2nd Feb 2019 6 7 12 42
3rd Feb 2020 6 7 4 43

Collaboration and Perspective

In addition to the collaborations among the TF2
members, collaborative works with other researchers
have been conducted, and further collaborations are ex-
pected in the near future. We have already co-authored
4 papers on the experiments performed at RIBF, 2 pro-
posals to the RIBF PAC, 24 papers on the theoretical
analysis of the RIBF data, and 30 papers on the physics
expected in the future RI beam facilities. Furthermore,
30+ invited talks on the physics of RI beams have been
delivered by the TF2 members during this term.

We have been discussing nuclear fission with ex-
perimentalists of the Japan Atomic Energy Agency
(JAEA). The measurement of nuclear fission processes
and the formation of nuclei in the actinide region us-
ing the multinucleon transfer reaction have been inten-
sively studied at the tandem facility of JAEA. Through
joint research between JAEA and Kindai University, we
have published a number of co-authored papers that
have advanced the analysis of experimental data and
the interpretation of experimental data. Students of
Kindai University attended the summer training school
at JAEA. These young students are expected to lead
the physics of exotic nuclei in the future. This activity
will thus be a starting point for further collaborative
research in the physics of superheavy nuclei and fission.

The JSPS-NRF-NSFC A3 Foresight Program “Nu-
clear Physics in the 21st Century” started in 2019. A
microscopic understanding of the r-process is one of the
main projects, and theoretical collaboration among the
A3 countries is key to success. The activities in TF2
would set a foundation for the extended collaboration.
A plan for the construction of a microscopic nuclear
data library based on nuclear density-functional theory
is described in Ref. 5).

References
1) https://www.nishina.riken.jp/RIBF/TheoForum/index.

html .
2) 1st Hodan-kai, https://indico2.riken.jp/event/2509/ .
3) 2nd Hodan-kai, https://indico2.riken.jp/event/

2864/ .
4) 3rd Hodan-kai, https://indico2.riken.jp/event/3157/ .
5) K. Yoshida, in this report.
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Symposium on Nuclear Data 2020

H. Otsu on behalf of the SND2020 Local Organizing Committee∗1

The Symposium on Nuclear Data 2020 (SND2020)
was held on November 26–27, 2020 at the RIBF con-
ference room as an on-site venue, combined with on-
line connections. This symposium originated from the
first conference1) held in 1978 under the auspices of the
Japan Atomic Energy Research Institute (JAERI) and
Japanese Nuclear Data Committee (Sigma Research
Committee) and has been held almost every year since.
The Nuclear Data Division (NDD) of the Atomic En-
ergy Society of Japan (AESJ) took over the organiza-
tion of this symposium in 2006. Since then, the sym-
posium has been organized by an executive committee
of the Nuclear Data Division. In practice, it has been
hosted in turn by JAEA, domestic universities, or other
research institutes every fiscal year.

In 2020, RIKEN Nishina Center hosted the sympo-
sium for the first time, in order to plant the seeds for
cross-disciplinary research, to promote new collabora-
tions, and to expand the possibility of collaborations.
For the effective functioning of the symposium, CNS
(U-Tokyo), WSNC (KEK), and the University of Tokyo
were asked to co-host the event, and these institutes
formed the local organizing committee.

The symposium consisted of 16 invited talks, 2 tu-
torial lectures, and 26 poster presentations, followed
by an RIBF facility tour. The full program and ab-
stracts of the symposium are available on the SND2020
webpage.2) The invited talks covered recent topics and
progress in nuclear data activities and consisted of five
sessions: 1) accelerator facilities and nuclear data, 2)
fission and heavy-ion nuclear spectroscopy, 3) nuclear
reaction, 4) nuclear medicine and pharmacology, and
5) deep learning or machine learning, and its applica-
tion to nuclear physics and nuclear data. A feature of
this year’s symposium was the inclusion of a session on
machine learning. Machine learning is expected to play
an important role in the next decade for nuclear physics
and nuclear data, where multiple variables are handled
and analyzed from raw or processed data. An introduc-
tion to the fundamentals of deep learning was provided
including its origins, history of development, and rela-
tionship with computing power, The session carefully
examined the capabilities of deep learning, examples of
common pitfalls, and expectations for the future.

The two tutorial lectures were dedicated to the basic
theory and actual operation of nuclear reactors. The
lectures aimed to explain how nuclear reactors are es-
tablished as macroscopic systems, so that even nuclear
physics researchers, who usually understand physical
phenomena from a microscopic perspective, could un-
derstand them. It is uncertain whether the aims were

∗1 RIKEN Nishina Center

Fig. 1. Symposium photo of on-site participants in front and
on-line participants on screen.

fully achieved, but such efforts are believed to be worth-
while.

Poster presentations were held using the break-out
room function of the Zoom web meeting tool. This
was necessary to prevent cluster outbreaks of COVID-
19 that can potentially be introduced by face-to-face
discussions. Therefore, not only on-site participants
but also online participants presented their posters re-
motely. The posters themselves were located on the
wall at the on-site conference room. Therefore, the on-
site participants were able to examine the posters not
only during the poster session, but also during coffee
breaks.

Figure 1 shows a group photograph of both on-site
and online participants of the symposium. Despite the
COVID-19 pandemic, which restricted public access,
62 on-site participants visited RIKEN Wako campus.
Together with 59 online participants, a total of 121
researchers and students joined the symposium. The
Zoom web meeting tool was utilized not only for the
poster session but also for several oral presentations.
The on-site presentations were distributed via Zoom,
and the remote presentations were shown on the screen
at the conference room. Therefore, this conference was
held in the hybrid model of on-site and remote par-
ticipation. This model will be followed in the future
as well. The next year’s symposium will be hosted by
J-PARC.

References
1) Proc. the 1978 Seminar on Nuclear Data, https://in

is.iaea.org/collection/NCLCollectionStore/_Pub
lic/11/537/11537325.pdf .

2) https://indico2.riken.jp/e/snd2020 .
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The 8th Asia-Pacific Conference on Few-Body Problems in Physics
(APFB2020)

E. Hiyama,∗1,∗2 A. Tamii,∗3 and S. Ishikawa4

The 72th Yamada Conference: The 8th Asia-
Pacific Conference on Few-Body Problems in Physics
(APFB2020) was held in Kanazawa, Japan on March
1–5, 2021. The purpose of the APFB conference is to
encourage PhD students and young researchers in Asian
countries to study few-body problems in various physics
fields. The 1st APFB conference was held in Tokyo in
1999. Subsequently, we held the following APFB confer-
ences: 2nd APFB, Shanghai, China in 2002; 3rd APFB,
Nakhon Ratchasima, Thailand in 2005; 4th APFB, De-
pok, Indonesia in 2008; 5th APFB, Seoul, Korea in 2011;
6th APFB, Adelaide, Australia in 2014; and 7th APFB,
Guilin, China in 2017. The 8th APFB was planned to
be conducted in August 2020. However, because of the
COVID-19 pandemic, we postponed it to March 1–5,
2021. As the pandemic situation continued well into
2021, we organized the conference in a hybrid format,
that is, with participation both online and on-site. The
venue for the on-site part of the conference was Bunka
hall in Kanazawa, where one large room was prepared for
the plenary session and two smaller rooms were prepared
for parallel sessions. While maintaining social distanc-
ing, we prepared desks and chairs for 60 persons in the
plenary-session room and for approximately 20 persons
in the other rooms. Moreover, on-site participants were
requested to wear masks during the conference, and the
consumption of food and drinks was prohibited.

The following topics were covered in APFB2020: few-
hadron systems and their interactions, hadron struc-
ture and quantum chromodynamics, structure of light
nuclei and hypernuclei, relativistic aspects of few-body
systems near stability and their interactions, symme-
tries and symmetry breaking, electroweak interactions

Fig. 1. Conference photograph from the on-site venue.

∗1 RIKEN Nishina Center
∗2 Department of Physics, Tohoku University
∗3 RCNP, Osaka University
∗4 Science Research Center, Hosei University

Fig. 2. Opening address at the on-site venue.

in few-hadron systems, atomic and molecular systems,
exotic few-body systems and astrophysics, and methods
in few-body systems

This hybrid conference had approximately 300 partic-
ipants in total, of which 50 participants attended on-
site and approximately 250 attended online. We had
160 domestic participants, about 80 participants from
other Asian countries, 40 from Europe, and 15 from
the U.S.A. All participants from abroad attended on-
line. APFB2020 featured 36 plenary talks, 10 invited
talks in parallel sessions, and 90 contributed talks. The
most difficult tasks in the hybrid-style conference was to
organize a scientific program and to solve network prob-
lems. We also needed to address the differences in time
zone among Asian countries, Europe, and the U.S.A.
Therefore, we split the plenary session into the morning
(for the US time zone) and evening (for the European
time zone). The parallel sessions were conducted late in
the morning and in the early afternoon. In addition, we
carefully prepared a reliable network connection, which
was expensive. However, we were concerned about poor
network connections from presenters. To avoid this dif-
ficulty, we asked them to provide recoded talks in ad-
vance. As expected, we had to use some of the recoded
talks during the conference because of poor connections.

The next international Conference on few-body prob-
lems in physics will be held in Beijing, China in 2022.
We hope that the conference will be conducted entirely
on-site as it would be more efficient to conduct discus-
sions on physics in that manner.

Finally, we would like to acknowledge RIKEN Nishina
Center, RCNP, RIKEN iTHEMS, Kyushu University,
and Tohoku University as co-host institutes and univer-
sities. Furthermore, the conference was hosted by the
Yamada Science Foundation through a Grant-in-Aid for
Scientific Research on Innovative Areas, titled “Cluster-
ing as windows on the hierarchical structure of quantum
systems.”
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Domestic Workshop on Spin Physics

Y. Goto,∗1 for the Local Organizing Committee

24th International Symposium on Spin Physics was
scheduled to be held in Matsue City in September 2020
as SPIN2020, but it was postponed to October 2021
because of COVID-19 pandemic and will be held as
SPIN2021. Prior to SPIN2021, we held a domestic
workshop on spin physics as a satellite workshop of
SPIN2021 on February 23rd and 24th, 2021 to discuss
future themes of spin physics and related fields, activ-
ities of various groups, and prospects for development
in Japan, as well as to provide a platform for presen-
tations by young researchers. The workshop language
was Japanese.

In the workshop, topics related to spin phenomena in
particle and nuclear physics and related fields were dis-
cussed. In accordance with the topics to be discussed
in SPIN2021, the following topics were reviewed:

• proton radius for the nucleon structure
• RHIC and COMPASS results, three-dimensional

parton distribution, and QCD spin physics for the
spin structure of hadrons

• physics of the Electron-Ion Collider for future fa-
cilities and experiments

• theoretical and experimental reviews for funda-
mental symmetries and physics beyond the stan-
dard model

• polarized electron sources and solid polarized tar-
gets

• physics at LEPS for spin physics research using
photon, lepton, and hadron probes

• low-energy spin physics in nuclear reactions and
nuclei

• applications of spin physics

The workshop also included presentations by young
researchers on the understanding of the single-spin
asymmetry, nucleon structure studies based on the lat-
tice field theory, theory of the electric-dipole moment,
spin-spin correlation in K-pp decay, polarized target
of COMPASS, study of three-body nucleon force using
a polarized target, and structure analysis of materials
by neutron scattering. The presentations and discus-
sions will be published and distributed as conference
proceedings.

SPIN2021 is planned to be held in October as a hy-
brid conference combining on-site and online sessions.
The domestic workshop was held at the same venue
as that for SPIN2021, the Kunibiki Messe Conven-
tion Center in Matsue City. Together with the venue
staff, we discussed ideas for the success of the hybrid
conference and held the domestic workshop as a test
run of SPIN2021. Considering the current situation

∗1 RIKEN Nishina Center

Fig. 1. Setup of the venue for the hybrid conference.

of COVID-19, only the organizing committee partici-
pated on-site this time, while the others participated
online. The number of on-site participants in the work-
shop was 7, and the number of online participants was
45.

The on-site portion of the workshop was in the for-
mat of a regular research meeting in a conference room,
which was distributed via Zoom so that people could
participate online. The system shown in Fig. 1 was
prepared so that the online participants could partic-
ipate in the question and answer session in the same
way as on-site participants. Some speakers and chair-
persons spoke on-site, while others presented online.
The speakers at the venue displayed their slides on the
projector as in a normal conference, and the operator
distributed a split line to Zoom. The online speakers
also displayed their slides via Zoom screen sharing.

The workshop was held with financial support from
the RIKEN Nishina Center and with great help from
the venue staff. The hybrid conference method al-
lowed us to integrate on-site and online discussions
and conduct an active workshop. We would like to
build on the success of this experience to organize a
larger SPIN2021 International Symposium with paral-
lel sessions in addition to the plenary session, welcom-
ing more on-site and online participants from abroad.

1
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VI. ORGANIZATION AND ACTIVITIES
OF RIKEN NISHINA CENTER

(Activities, Members, Publications & Presentations) 





 

1. Organization
1.1 Organization Chart as of March 31, 2021 （End of FY2020）
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1.2 Topics in FY2020 

Year Date Topics in Management 

2020 Apr. 1 Newly appointed: 
RNC Director: Hiroyoshi SAKURAI 

2020 Oct. 1 Newly appointed: 
Team Leader of Plant Genome Evolution Research Team: Hiroyuki ICHIDA 

2020 Oct. 1 Newly appointed: 
Team Leader of Infrastructure Management Team: Masanori KIDERA 

2. Finances

A transition of the RNC budget for the past four years is shown in following graph. 

3. Staffing

At the start of FY 2019, there were 142 personnel affiliated with RNC and 419 researchers visiting RNC for research purpose. The following 
graphs show a breakdown of personnel into six categories as of April 1, 2019, and a transition of the number of each category. 

Permanent Researcher 

Contract Researcher 

Technical staff 

Special Postdoctoral Researcher 

Junior Research Associate 

External researcher 

Million Yen 
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4. Research publication

The number of papers published annually from RNC is shown graphically using the data obtained from Clarivate Analytics’ Web of Science 
Documents.  

Citation analysis for the past four years 

As of April 2021    
Year 

Indicators 
2017 2018 2019 2020

Total number of papers 298 286 301 300 

Percentage of papers in top 10% 16.78 20.63 9.63 1.33 

Percentage of papers in top 1% 2.68 4.20 1.00 12.67 
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5. Management

Headed by the RNC Director Hiroyoshi SAKURAI, the RIKEN Nishina Center for Accelerator-Based Science (RNC) consists of: 

 9 Laboratories
 10 Groups with 27 Teams
 2 overseas research centers with 3 Groups 

as of the end of FY2020. There are also two 'Partner Institutes' which conduct research in the laboratories set up in RNC. RNC is managed 
by its Director who takes into consideration the majority decision of the RNC Coordination Committee. The management of RNC is supported 
by the following committees: 

 Program Advisory Committee 
 Safety Review Committee
 RIBF Machine Time Committee
 Public Relations Committee 

There are also committees to support the President of RIKEN and/or the Director of RNC such as: 

 Nishina Center Advisory Council with three subcommittees:
・RBRC Scientific Review Committee (SRC)
・International Advisory Committee for the RIKEN-RAL Muon Facility
・RBRC Management Steering Committee (MSC)

Nishina Center for Accelerator-based Science 

Executive Members (as of March 31, 2021) 
Hiroyoshi SAKURAI Director 
Osamu KAMIGAITO Deputy Director (Research Facility Development Division) 
Tomoko ABE Deputy Director (Accelerator Application Division) 
Masahiro IWASAKI Deputy Director (Subnuclear System Research Division)  
Yasushige YANO Senior Advisor 
Tohru MOTOBAYASHI Senior Advisor 

RNC Coordination Committee 

The following subjects relevant to the RNC management are deliberated under the chairmanship of the RNC Director:  
 Establishment of the new organization or reorganization in RNC
 Personnel management of RNC researchers
 Research themes and research budget
 Approval of the Partner Institutes
 Evaluation of the management of RNC and the response to the recommendations by external evaluation 

The RNC Coordination Committee is held monthly. 

Members (as of March 31, 2021) 

Hiroyoshi SAKURAI Director, RNC; Director, Radioactive Isotope Physics Laboratory and Nuclear Transmutation Data Research Group; 
Team Leader, Muon Date Team 

Osamu KAMIGAITO Deputy Director, RNC; Director, Accelerator Group and High-Intensity Accelerator R&D Group; Team Leader, 
Infrastructure Management Team 

Tomoko ABE Deputy Director, RNC; Director, Beam Mutagenesis Group; Team Leader, Ion Beam Breeding Team 
Masahiko IWASAKI Deputy Director, RNC; Director, Meson Science Laboratory 
Yasushige YANO Senior Advisor, RNC 
Tohru MOTOBAYASHI Senior Advisor, RNC 
Tomohiro UESAKA Director, Spin Isospin Laboratory and Research Instruments Group 
Hideki UENO Director, Nuclear Spectroscopy Laboratory and User Liaison Group; Team Leader, Outreach Team 
Toru TAMAGAWA Director, High Energy Astrophysics Laboratory 
Emiko HIYAMA Director, Strangeness Nuclear Physics Laboratory 
Yuko MOTIZUKI Director, Astro-Glaciology Research Group 
Kosuke MORITA Director, Superheavy Element Research Group 
Hiroki OKUNO Deputy Group Director, Accelerator Group; Team Leader, Accelerator R&D Team, Cryogenic Technology Team, and 

High-Power Target R&D Team 
Nobuhisa FUKUNISHI Deputy Group Director, Accelerator Group; Team Leader, Beam Dynamics & Diagnostics Team 
Masanori WAKASUGI Director, Instrumentation Development Group; Team Leader, Rare RI-Ring Team and SCRIT Team 
Hiromitsu HABA Director, RI Application Research Group; Team Leader, RI Application Team and Superheavy Element Production 
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Team  
Kanenobu TANAKA Director, Safety Management Group 
Eiji IKEZAWA Team Leader, RILAC Team 
Hideaki OTSU Team Leader, SAMURAI Team and Fast RI Data Team 
Naruhiko SAKAMOTO Team Leader, Cyclotron Team and High-Gradient Cavity R&D Team 
Hiromi SATO Team Leader, Detector Team  
Toshiyuki SUMIKAMA Team Leader, Slow RI Data Team 
Takahide NAKAGAWA Team Leader, Ion Source Team 
Koji MORIMOTO Team Leader, Superheavy Element Device Development Team 
Atsushi YOSHIDA Team Leader, Industrial Application Research Team 
Koichi YOSHIDA Team Leader, BigRIPS Team 
Ken-ichiro YONEDA Team Leader, RIBF User Liaison Team 
Hironobu ISHIYAMA Team Leader, SLOWRI Team 
Hidetada BABA Team Leader, Computing and Network Team 
Hiroyuki Ichida Team Leader, Plant Genome Evolution Research Team 
Masanori Kidera Team Leader, Infrastructure Management Team 
Tsukasa TADA Vice Chief Scientist, Quantum Hadron Physics Laboratory 
Yasushi WATANABE Deputy Team Leader, RIBF User Liaison Team 
Yutaka WATANABE Deputy Team Leader, Infrastructure Management Team 
Hideto EN'YO Director, RIKEN BNL Research Center; Director, Radiation Laboratory 
Yasuyuki AKIBA Group Leader, Experimental Group, RIKEN BNL Research Center 
Taku IZUBUCHI Group Leader, Computing Group, RIKEN BNL Research Center 
Toshiyuki HASHIMOTO Director, Nishina Center and iTHEMS Promotion Office 

Program Advisory Committee 

The Program Advisory Committee reviews experimental proposals submitted by researchers and reports the approval/disapproval of the 
proposals to the RNC Director. The Committee also reports to the RNC Director the available days of operation at RIBF or the Muon 
Facility at RAL allocated to researchers. The Committee is divided into three categories according to the research field.  

 Nuclear Physics Experiments at RIBF (NP-PAC): academic research in nuclear physics
 Materials and Life Science Researches at RNC (ML-PAC): academic research in materials science and life science
 Industrial Program Advisory Committee (In-PAC): non-academic research

Program Advisory Committee for Nuclear Physics Experiments at RI Beam Factory (NP-PAC) 

The 21st NP-PAC was held on December 14−16, 2020 at RIBF.  
Members (as of March 31, 2021) 

Robert V.F. JANSSENS (Chair) University of North Carolina at Chapel Hill 
Dieter ACKERMANN  GANIL  
Nori AOI Osaka University 
Maria J.G. BORGE Consejo Superior de Investigaciones Científicas 
Robert CHARITY Washington University in St. Louis 
Augusto O. MACCHIAVELLI Lawrence Berkeley National Laboratory 
Gabriel MARTINEZ-PINEDO Technische Universität Darmstadt, GSI Helmholtzzentrum für Schwerionenforschung 
Iain MOORE University of Jyväskylä 
David J. MORRISSEY Michigan State University 
Hitoshi NAKADA Chiba University 
Alexandre OBERTELLI Technische Universität Darmstadt  
Takehiko SAITO RIKEN Cluster for Pioneering Research 
Kimiko SEKIGUCHI Tohoku University 
Philip J. WOODS University of Edinburgh 
Andrea VITTURI Universita' di Padova 
Xiaohong ZHOU Institute of Modern Physics, CAS 

Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC) 

The ML-PAC of FY2020 was held between January 13 and 20, 2021 via e-mail.  
Members (as of March 31, 2021) 

Adrian HILLIER (Chair) ISIS, RAL (UK) 
Zhi QIN Institute of Modern Physics, CAS 
Toshiyuki Takayanagi Saitama University 
Yoshio Kobayashi The University of Electro-Communications 
Yutaka Miyazawa Yamagata University 

Industrial Program Advisory Committee (In-PAC) 
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The 10th In-PAC was held on July 30, 2020 via Web meeting. 

Safety Review Committee 

The Safety Review Committee is composed of two sub committees, the Safety Review Committee for Accelerator Experiments and the Hot-
Lab Safety Review Committee. These Committees review the safety regarding the usage of radiation generating equipment based on the 
proposal submitted to the RNC Director from the spokesperson of the approved experiment. 

Safety Review Committee for Accelerator Experiments 

Members (as of March 31, 2021) 
Hiromi SATO (Chair) Team Leader, Detector Team 
Kouji MORIMOTO Team Leader, Superheavy Element Device Development Team 
Eiji IKEZAWA Team Leader, RILAC Team 
Hiromitsu HABA Team Leader, RI Application Team 
Atsushi YOSHIDA Team Leader, Industrial Cooperation Team 
Koichi YOSHIDA Team Leader, BigRIPS Team 
Naoki FUKUDA Technical Scientis, BigRIPS Team 
Naruhiko SAKAMOTO Team Leader, Cyclotron Team 
Daisuke SUZUKI Research Scientist, Radioactive Isotope Physics Laboratory 
Masaki SASANO  Senior Research Scientist, Spin Isospin Laboratory 
Yuichi ICHIKAWA Senior Research Scientist, Nuclear Spectroscopy Laboratory 

External members 
Shinichiro MICHIMASA Assistant Professor, Center for Nuclear Study, University of Tokyo 
Hidetoshi YAMAGUCHI Lecturer, Center for Nuclear Study, University of Tokyo 
Yutaka WATANABE Associate Professor, High Energy Accelerator Research Organization, KEK 

Ex officio members 
Kanenobu TANAKA Director, Safety Management Group  
Hisao SAKAMOTO Technical Scientist, Safety Management Group 

Hot-Lab Safety Review Committee 

Members (as of March 31, 2020) 
Tetsuya OHNISHI (Chair) Senior Research Scientist, SCRIT Team 
Kanenobu TANAKA  Director, Safety Management Group 
Hisao SAKAMOTO Technical Scientist, Safety Management Group 
Hiroki MUKAI Technical Staff I, Safety Management Group 
Eriko HIGURASHI      Technical Scientist, Safety Management Group 
Hiromitsu HABA Team Leader, RI Application Team 
Kazuya TAKAHASHI Senior Research Scientist, Nuclear Chemistry Research Team 

RIBF Machine Time Committee 

Upon request of the RNC Director, the RIBF Machine Time Committee deliberates on the machine time schedule of RIBF and reports the 
results to the Director. 

Members (as of March 31, 2021) 
Hideki UENO (Chair) Director, User Liaison Group and Nuclear Spectroscopy Laboratory 
Osamu KAMIGAITO Director, Accelerator Group 
Masanori WAKASUGI Director, Instrumentation Development Group 
Tomohiro UESAKA Director, Research Instruments Group and Spin Isospin Laboratory 
Nobuhisa FUKUNISHI Deputy Group Director, Accelerator Group 
Hiroki OKUNO Deputy Group Director, Accelerator Group 
Shunji Nishimura Senior Research Scientist, Radioactive Isotope Physics Laboratory 
Tomoko ABE Director, Beam Mutagenesis Group 
Hiromitsu HABA Director, RI Application Research Group 
Kanenobu TANAKA  Director, Safety Management Group 
Ken-ichiro YONEDA Team Leader, RIBF User Liaison Team 
Kouji MORIMOTO Team Leader, Superheavy Element Research Device Development Team 
Koichi YOSHIDA Team Leader, BigRIPS Team 

External members 
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Kentaro YAKO Associate Professor, Center for Nuclear Study, University of Tokyo 
Hidetoshi YAMAGUCHI Lecturer, Center for Nuclear Study, University of Tokyo 
Yutaka WATANABE Associate Professor, High Energy Accelerator Research Organization, KEK 

Observers 
Hiroyoshi SAKURAI Director, RNC; Director, Radioactive Isotope Physics Laboratory and Nuclear Transmutation Data Research Group; 

Team Leader, Muon Date Team 
Hideto EN'YO Director, RIKEN BNL Research Center; Director, Radiation Laboratory 
Susumu SHIMOURA Director, Center for Nuclear Study, University of Tokyo 
Michiharu WADA Director, KEK Wako Nuclear Science Center 
Hiroari Miyatake Professor, High Energy Accelerator Research Organization, KEK 
Daisuke Suzuki Chair, The RIBF Users Executive Committee (RIBF-UEC), Research Scientist, Radioactive Isotope Physics 

Laboratory) 
Kosuke MORITA Director, Superheavy Element Research Group 
Hideaki OTSU Team Leader, SAMURAI Team 
Atsushi YOSHIDA Team Leader, Industrial Cooperation Team 
Tohru MOTOBAYASHI Senior Advisor, RNC 
Hideyuki SAKAI Senior Advisor, RNC 
Yasuhiro SAKEMI Professor, Center for Nuclear Study, University of Tokyo 
Hironobu Ishiyama Team Leader, SLOWRI Team 
Toshiyuki Hashimoto Director, Nishina Center and iTHEMS Promotion Office 
Kazushige FUKUSHIMA Manager, Nishina Center and iTHEMS Promotion Office 

Public Relations Committee 

Upon request of the RNC Director, the Public Relations Committee deliberates and coordinates the following matters:  
 Creating public relations system for RNC
 Prioritization of the public relations activities for RNC
 Other general and important matters concerning the public relations of RNC

Members (as of March 31, 2021) 
Toshiyuki HASHIMOTO (Chair) Director, Nishina Center and iTHEMS Promotion Office 
Osamu KAMIGAITO Deputy Director, RNC; Director, Accelerator Group 
Tomoko ABE Deputy Director, RNC; Director, Beam Mutagenesis Group 
Masahiko IWASAKI Deputy Director, RNC; Director, Meson Science Laboratory  
Tomohiro UESAKA Director, Spin Isospin Laboratory and Research Instruments Group 
Hideki UENO Director, Nuclear Spectroscopy Laboratory and User Liaison Group 
Toru TAMAGAWA Director, High Energy Astrophysics Laboratory 
Emiko HIYAMA Director, Strangeness Nuclear Physics Laboratory 
Kosuke MORITA Director, Superheavy Element Research Group 
Hideto EN'YO Director, RIKEN BNL Research Center; Director, Radiation Laboratory 

RBRC Management Steering Committee (MSC) 

RBRC MSC is set up according to the Memorandum of Understanding between RIKEN and BNL concerning the collaboration on the Spin 
Physics Program at the Relativistic Heavy Ion Collider (RHIC). The 26th and 27th MSC was held on July 16 and August 20, 2019, 
respectively. 

Members (as of March 31, 2021) 
Shigeo Koyasu Executive Director, RIKEN 
Hiroyoshi Sakurai    Director, RNC; Director, Radioactive Isotope Physics Laboratory and Nuclear Transmutation Data Research Group; 

Team Leader, Muon Date Team 
Shoji NAGAMIYA Senior Visiting Scientist, RNC 
Robert TRIBBLE  Deputy Director for Science and Technology, BNL 
Dmitori DENISOV Deputy Associate Laboratory Director for High Energy Physics, BNL 
Berndt MUELLER Associate Laboratory Director for Nuclear and Particle Physics, BNL 

- 205 -

RIKEN Accel. Prog. Rep. 54 (2021)VI. RNC ACTIVITIES



 

6. International Collaboration

Country Partner Institute Objects RNC contact person 

Austria Stefan Meyer Institute for 
Subatomic Physics Framework Masahiko IWASAKI, Director, Meson Science 

Laboratory 

China China Nuclear Physics Society Creation of the council for China -Japan 
research collaboration on nuclear physics 

Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

Peking University Nuclear Science Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

Institute of Modern Physics, 
Chinese Academy of Science Physics of heavy ions Hiroyoshi SAKURAI, Director, Radioactive Isotope 

Physics Laboratory 

School of Nuclear Science and 
Technology, Lanzhou University Framework Masahiko IWASAKI, Director, Meson Science 

Laboratory 

School of Physics, Nanjing 
University Framework Emiko HIYAMA, Director, Strangeness Nuclear 

Physics Laboratory 

Department of Physics, Faculty of 
Science, The University of Hong 
Kong 

Experimental and educational research 
collaboration in experimental nuclear physics 

Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

School of physics, Nankai 
University Framework Emiko HIYAMA, Director, Strangeness Nuclear 

Physics Laboratory 

School of Physical Sciences, 
USTC,  Framework Masahiko IWASAKI, Director, Meson Science 

Laboratory 

Finland University of Jyvaskyla Basic nuclear physics and related 
instrumentation 

Hironobu ISHIYAMA, Team Leader, SLOWRI 
Team 

France 
National Institute of Nuclear 
Physics and Particle Physics 
(IN2P3) 

Physics of heavy ions Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

Normandy University Framework Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

Commissariat à l'énergie 
atomique et aux énergies 
alternatives (CEA, French 
Alternative Energies and Atomic 
Energy Commission)・Direction 
des Sciences de la Matière” 
(DSM) 

Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

Germany GSI Physics of heavy ions and accelerator Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

Department of Physics, 
Technische Universität Darmstadt Framework Emiko HIYAMA, Director, Strangeness Nuclear 

Physics Laboratory 

Hungary 
The Institute of Nuclear Research 
of the Hungarian Academy of 
Sciences (ATOMKI) 

Nuclear physics, Atomic Physics Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

Indonesia ITB, UNPAD, ITS, UGM, UI Material science using muons at the RIKEN-
RAL muon facility 

Masahiko IWASAKI, Director, Meson Science 
Laboratory 

Hasanuddin University 
Agricultural science and related fields 
involving heavy-ion beam mutagenesis using 
Indonesian crops 

Tomoko ABE, Director, Beam Mutagenesis Group 

Italy 
Applied Physics Division, 
National Institute for New 
Technologies, Energy and 
Environment (ENEA) 

Framework Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

European Center for Theoretical 
Studies in Nuclear Physics and 
Related Areas (ECT*) 

Theoretical physics Tetsuo HATSUDA, Director, Quantum Hadron 
Physics Laboratory 

Istituto Nazionale di Fisica 
Nucleare (INFN) Physics of heavy ions Hiroyoshi SAKURAI, Director, Radioactive Isotope 

Physics Laboratory 
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Country Partner Institute Objects RNC contact person 

Korea Seoul National University Nishina School Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

College of Natural Science, Ewha 
Women’s University Framework Tomohiro UESAKA, Director, Spin Isospin 

Laboratory 

College of Natural Sciences, 
INHA University Framework Emiko HIYAMA, Director, Strangeness Nuclear 

Physics Laboratory 

Malaysia Universiti Sains Malaysia Muon Science Masahiko IWASAKI, Director, Meson Science 
Laboratory 

Norway 
Faculty of Mathematics and 
Natural Science, University of 
Oslo（UiO MN） 

Framework Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

Poland 
The Henryk Niewodniczanski 
Institute of Nuclear 
Physics, Polish Academy of 
Sciences(IFPAN) 

Framework Hiroyoshi SAKURAI, Director, Radioactive Isotope 
Physics Laboratory 

Romania 
“Horia Hulubei” National 
Institute of Physics and Nuclear 
Engineering Bucharest-Magurele, 
Romania 

Framework Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

University of Bucharest Framework Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

Russia Joint Institute for Nuclear 
Research (JINR) Framework Tomohiro UESAKA, Director, Spin Isospin 

Laboratory 

Russian Research Center 
“Kurchatov Institute” Framework Hiroyoshi SAKURAI, Director, Radioactive Isotope 

Physics Laboratory 

Switzerland Paul Scherrer Institute Improve the performance and reliability of 
accelerator systems Osamu KAMIGAITO, Director, Accelerator Group 

USA Columbia University The development of QCDCQ Hideto EN’YO, Director, Radiation Laboratory 

Michigan State University Comprehensive 
The use of TPC (Time Projection Chamber) 

Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

Vietnam Vietnam Atomic Energy 
Commission Framework Hiroyoshi SAKURAI, Director, Radioactive Isotope 

Physics Laboratory 

Europe 
European Nuclear Science and 
Application 
Research2 

Framework Tomohiro UESAKA, Director, Spin Isospin 
Laboratory 

The European Organization for 
Nuclear Research (CERN) 

R&D and application of micro-pattern gas 
detectors (MPGD) technology (RD51 
Collaboration) 

Hideto EN’YO, Director, Radiation Laboratory 

The European Organization for 
Nuclear Research (CERN) Collaboration in the ALICE Experiment Hideto EN’YO, Director, Radiation Laboratory 

7. Awards

Awardee, Laboratory / Team Award Organization Date 

Tomoki KIMURA, Visiting Scientist at the High Energy 
Astrophysics Laboratory 

The Young Scientists' Prize, the 
Commendation for Science and 
Technology for FY2020 

Japan Minister of Education, Culture, 
Sports, Science and Technology 

Apr. 7 

Masaki NISHIMURA, Student Trainee at Nuclear 
Spectroscopy Laboratory 

The Student Presentation Award of the 
Physical Society of Japan in the field 
of experimental/theoretical nuclear 
physics 

The Physical Society of Japan May. 16 

Takashi ICHIHARA, Special Temporary Research 
Scientist at the Radioactive Isotope Physics Laboratory 

The 2020JPCERT/CC Certificate of 
Gratitude JPCERT Coordination Center Aug. 19 
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Atsumi. SAITO, Student Trainee at the Spin Isospin 
Laboratory 

The A3F-CNSSS Young Scientist 
Awards 

The Center for Nuclear Study, The 
University of Tokyo (CNS) 

Aug. 21 

Guo YIXIN, Student Trainee at the Quantum Hadron 
Physics Laboratory 

The A3F-CNSSS Young Scientist 
Awards 

The Center for Nuclear Study, The 
University of Tokyo (CNS) 

Aug. 21 

Huang SIWEI, IPA at the Spin Isospin Laboratory The A3F-CNSSS Young Scientist 
Awards 

The Center for Nuclear Study, The 
University of Tokyo (CNS) 

Aug. 21 

Junki TANAKA, Postdoctoral Researcher at the Spin 
Isospin Laboratory 

The A3F-CNSSS Young Scientist 
Awards 

The Center for Nuclear Study, The 
University of Tokyo (CNS) 

Aug. 21 

Tomoya NAITO, Student Trainee at the Hadron Quantum 
Hadron Physics Laboratory 

The A3F-CNSSS Young Scientist 
Awards 

The Center for Nuclear Study, The 
University of Tokyo (CNS) 

Aug. 21 

Takahiro NISHI, Postdoctoral Researcher at the 
Accelerator Group 

The 17th Annual Meeting Award (the 
9th) 

The Particle Accelerator Society of 
Japan 

Sep. 2 

Kazuma NAKAZAWA, Visiting Scientist at the 
Strangeness Nuclear Physics Laboratory 

The 66th Nishina Memorial Prize for 
FY2020 Nishina Memorial Foundation Dec. 4 
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8. Brief overview of the RI Beam Factory

Intensity of Primary Beams

Beamtime for experiments 

- 209 -

RIKEN Accel. Prog. Rep. 54 (2021)VI. RNC ACTIVITIES





Activities of the Center Director

Meeting Attendance as Ex Officio
International Meetings

[NuPECC associate member]
Online Meeting, October 15–16, 2020. A report of “News from Nishina Center” was given.
Online Meeting, March 5, 2020.

[IUPAP WG9]
No meeting was organized because of COVID-19 pandemic.

Domestic Meetings
[核物理委員会]
仁科センター報告, オンライン開催, 2020 年 6 月 28 日.
仁科センター報告, オンライン開催, 2020 年 9 月 15 日.
仁科センター報告, オンライン開催, 2021 年 1 月 10 日.
仁科センター報告, オンライン開催, 2021 年 3 月 13 日.

[日本原子力産業協会量子放射線利用普及連絡協議会]
第 32 回会合, オンライン開催, 2020 年 11 月 24 日.

List of Publications & Presentations
Publications

[Review Articles]
櫻井博儀他, 「新時代を拓く加速器の『これから』」, Isotope News, 特別号 No. 5 (2021 年 1 月号).

Presentations
[Domestic Conferences/Workshops]
土井琢身, 馬場秀忠, 櫻井博儀（招待講演）,「理研の物理学研究における研究データ戦略とその事例～原子核物理学を中心とした
データ利活用の拡大に挑戦～」, 理研ハッカソンオープンシンポジウム —理研が進めるオープンサイエンスの実践—, オンライ
ン開催, 2021 年 3 月 22 日.

Outreach Activities
櫻井博儀, 「RI ビームファクトリーで進展する元素変換科学」, 核物理委員会×ナレッジキャピタル超学校 ONLINE スペシャル
「21 世紀原子核物理の展望～トップ研究者が語る最前線～」, 2020 年 9 月 27 日.
櫻井博儀, 「『魔法数』の謎を解く」, 理研ニュース 474 (2020 年 12 月).
櫻井博儀, 「有馬朗人先生を偲んで」, 理研ニュース 477 (2021 年 3 月).

Others
[テレビ番組出演]
「ノーベル賞の源流, 仁科芳雄博士」, OHK 岡山放送, 2020 年 12 月 5 日.
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Nuclear Science and Transmutation Research Division
Radioactive Isotope Physics Laboratory

1. Abstract
This Laboratory works as one of core research groups conducting programs at the world-premiere heavy-ion accelerator facility

of RIKEN “RI Beam Factory (RIBF).” The Laboratory explores exotic nuclear structures and dynamics in exotic nuclei that have
never been investigated before, such as those with largely imbalanced proton and neutron numbers. Our aim is to develop new
experimental techniques utilizing fast radioactive isotope (RI) beams at RIBF, to discover new phenomena and properties in exotic
nuclei. The Laboratory is focusing three major subjects; shell evolution of very neutron-rich nuclei, the r-process path and equation-
of-state in asymmetric nuclear matter. The Laboratory has initiated international collaborations for in-beam gamma spectroscopy,
decay spectroscopy and heavy-ion induced reactions, and has formed a discussion forum for next generation gamma-ray detectors.

2. Major Research Subjects
(1) Study of structure and dynamics of exotic nuclei through developments of new tools in terms of reaction- and technique-based

methodology
(2) Research on EOS in asymmetric nuclear matter via heavy-ion induced reactions
(3) Detector developments for spectroscopy and reaction studies

3. Summary of Research Activity
(1) In-beam gamma spectroscopy

In the medium and heavy mass region explored at RIBF, collective natures of nuclei are one of important subjects, which are
obtained through production and observation of high excited and high spin states. To populate such states, heavy-ion induced reactions
such as fragmentation, fission are useful. So far, we have developed two-step fragmentation method as an efficient method to identify
and populate excited states, and lifetime measurements to deduce transition strength.

Devices utilized for the in-beam gamma spectroscopy are ZeroDegree Spectrometer (ZDS) and a NaI array DALI2. Since the end
of 2008, the first spectroscopy on nuclei island-of-inversion region was performed, we have explored step-by-step new and unknown
regions in the nuclear chart. The second campaign in 2009 was organized to study background components originating from atomic
processes in a heavy target. Neutron-rich nuclei at N = 20 to 28 were studied in 2010. In 2011–2013, we conducted experiment
programs for Ca-54, Ni-78, neutron-rich nuclei at N = 82 and neutron-deficient nuclei at Z = 50.

A multitude of data obtained with inelastic, nucleon knock-out, fragmentation channels have been analyzed and published. In
2011–2013, collective natures of Mg-36, 38 and Si-42 were both published in PRL. Excited states firstly observed in Ca-54 were
reported in Nature to demonstrate a new nuclear magic number of 34. Fragmentation reaction has been found efficient for nuclei
with A > 100 and low-lying excited state in Pd-126 has been successfully observed and reported in PRC. In 2019, results of the first
spectrosocpy of 40Mg was published in PRL, to demonstrate the exotic structure which is very different from in other neutron-rich Mg
isotopes.

To further strengthen the in-beam gamma spectroscopy at RIBF, we have proposed a new setup of MINOS + DALI2 to search
for the 1st excited states in even-even neutron-rich nuclei with Z ∼ 20 to 40. The program was submitted to the PAC 2013 as a
new category of proposal, “proposal for scientific program” and was S-ranked. A dedicated collaboration “SEASTAR” has been
established as a subset of in-beam gamma collaboration “SUNFLOWER.” The three campaigns were organized in 2014, 2015 and
2017 to study very neutron-rich isotopes, and were very productive to access very neutron-rich nuclei such as Ar-52, Ca-56, Ni-78,
Kr-100, Zr-110. In 2019, the result of the first spectroscopy of Ni-78 was published in Nature.

A new project of high resolution gamma spectroscopy with fast beams “HiCARI” has been proposed at PAC 2018. MINIBALL
and several Ge tracking detectors from Japan, Europe, the USA and Korea are being combined to form an array of germanium
detectors. The new setup aims to accelerate researches of the nuclear structure by observing gamma-lines in even-odd nuclei and
measuring lifetimes of excited states. The two workshops were organized in 2019, and the machine time of 43.5 days in total was
approved at PAC 2019. A part of the HiCARI programs was successfully conducted in 2020. The other HiCARI programs will be
performed in 2021.

Concerning a next generation detector, a discussion forum has been established to write up a white paper on tracking germanium
detectors and high-efficient crystal detectors such LaBr3 and GAGG.

(2) Decay spectroscopy
Beta- and isomer-spectroscopy is an efficient method for studying nuclear structure, especially for non-yrast levels. We had

accumulated experimental techniques at the RIPS facility to investigate nuclear structure in light mass region via beta-gamma and
beta-p coincidence. Concerning the medium and heavy mass region available at RIBF, we have developed two position-sensitive
active-stoppers, strip-silicon detectors and a cylindrical active stopper called CAITEN, to achieve a low-background measurement by
taking correlation between heavy ion stop position and beta-ray emission position. A site of decay-spectroscopy at the new facility of
RIBF is the final focal plane of ZDS, where high precision of TOF in particle identification is obtained due to a long flight path from
BigRIPS to ZDS.

At the end of 2009, the first decay spectroscopy was organized with a minimum setup of four clover gamma detectors and silicon
strip detectors, to study neutron-rich nuclei with A ∼ 110. The first campaign was found successful and efficient to publish four
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letter articles in 2011, two PRL’s and two PLB’s. One of the PRL papers is associated to the r-process path where half-lives for 18
neutron-rich nuclei were determined for the first time. The other PRL paper reported a finding of deformed magic number 64 in the
Zr isotopes.

The success of the first decay-spectroscopy campaign stimulated to form a new large-scale collaboration “EURICA,” where a
twelve Euroball cluster array is coupled with the silicon-strip detectors to enhance gamma efficiency by a factor of 10. A construction
proposal of “EURICA” was approved in the PAC 2011, and the commissioning was successfully organized in spring 2012. Since
then, physics runs had been conducted for programs approved to survey nuclei of interest as many as possible, such as Ni-78, Pd-128,
Sn-100. The EURICA collaboration finished its physics programs in summer 2016. So far, 54 papers including 14 PRL’s and 13
PLB’s were published. One of the highlights is discovery of a seniority isomer in Pd-128, of which cascade gamma decay gives the
energy of first excited state and robustness of N = 82 magic number, and the other is a half-life measurement for 110 neutron-rich
nuclei across the N = 82 shell gap, which shows implications for the mechanism and universality of the r-process path.

Beta-delayed neutron emission probability of medium and heavy neutron-rich nuclei is important to understand nuclear structure
and the r-process path. In 2013, a new collaboration “BRIKEN” has been established to form a He-3 detector array. A present
design of the array has neutron efficiency as high as 70% up to 3 MeV. The array was coupled with the AIDA silicon strip system. A
construction proposal was approved at the PAC 2013 and three physics proposals have been approved. The commissioning run was
conducted in autumn 2016. The major physics runs were conducted in 2017–2020.

The CAITEN detector was successfully tested with fragments produced with a Ca-48 beam in 2010.

(3) Equation-of-state via heavy-ion central collisions
Equation-of-state in asymmetric nuclear matter is one of major subjects in physics of exotic nuclei. Pi-plus and pi-minus yields

in central heavy ion collisions at the RIBF energy are considered as one of EOS sensitive observables at the RIBF energy. To observe
charged pions, a TPC for the SAMURAI spectrometer is being constructed under an international collaboration “SπRIT,” Construction
proposal was submitted at the PAC 2012, and physics proposals were approved at the PAC 2012 and 2013. The physics runs were
successfully conducted in spring 2016. The data analysis is in progress to produce the first physics results. The first physics paper has
been published in 2020.

An international symposium “NuSYM” on nuclear symmetry energy was organized at RIKEN July 2010 to invite researchers
in three sub-fields, nuclear structure, nuclear reaction and nuclear astrophysics, and to discuss nuclear symmetry energy together.
Since then, the symposium series have been held every year and been useful to encourage theoretical works and to strengthen the
collaboration.

(4) Nucleon correlation and cluster in nuclei
Nucleon correlation and cluster in nuclei are matters of central focus in a “beyond mean-field” picture. The relevant programs

with in-beam gamma and missing-mass techniques are to depict nucleon condensations and correlations in nuclear media as a function
of density as well as temperature. Neutron-halo and –skin nuclei are objects to study dilute neutron matter at the surface. By changing
excitation energies in neutron-rich nuclei, clustering phenomena and role of neutrons are to be investigated.

In 2013, two programs were conducted at the SAMURAI spectrometer. One is related to proton-neutron correlation in the C-12
nucleus via p-n knockout reaction with a carbon target. The other is to search for a cluster state in C-16, which was populated via
inelastic alpha scattering. The data is being analyzed.

In 2018, a new project based on missing mass spectroscopy was launched to investigate an exotic cluster state in a very proton-
rich nucleus. The experiment was organized at GANIL with combination of RIKEN liquid hydrogen target CRYPTA and the MUST2
detector array in 2018.
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C. Sidong, P. -A. Söderström, T. Sumikama, H. Suzuki, H. Takeda, Y. Takei, M. Tanaka, J. Wu, and S. Yagi, “β Decay of the very
neutron-deficient 60Ge and 62Ge nuclei,” Phys. Rev. C 103, 014324 (2021).

T. Sumikama, N. Fukuda, N. Inabe, D. Kameda, T. Kubo, Y. Shimizu, H. Suzuki, H. Takeda, K. Yoshida, H. Baba, F. Browne, A. M. Bruce,
R. Carroll, N. Chiga, R. Daido, F. Didierjean, P. Doornenbal, Y. Fang, G. Gey, E. Ideguchi, T. Isobe, S. Lalkovski, Z. Li, G. Lorusso,
R. Lozeva, H. Nishibata, S. Nishimura, I. Nishizuka, A. Odahara, Z. Patel, Z. Podolyák, P. H. Regan, S. Rice, O. J. Roberts, H. Sakurai,
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P. -A. Söderström, D. Sohler, S. Takeuchi, H. Toernqvist, V. Vaquero, V. Wagner, S. Wang, V. Werner, X. Xu, H. Yamada, D. Yan,
Z. Yang, M. Yasuda, and L. Zanetti, “N = 32 shell closure below calcium: Low-lying structure of 50Ar,” Phys. Rev. C 102, 064320
(2020).

A. Jungclaus, J. M. Keatings, G. S. Simpson, H. Naı̈dja, A. Gargano, S. Nishimura, P. Doornenbal, G. Gey, G. Lorusso, P. -A. Söderström,
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K. Hadynska-Klek, Z. Korkulu, S. Koyama, Y. Kubota, A. Jungclaus, J. Lee, M. Lettmann, B. D. Linh, J. Liu, Z. Liu, C. Lizarazo,
C. Louchart, R. Lozeva, K. Matsui, T. Miyazaki, K. Moschner, S. Nagamine, N. Nakatsuka, C. Nita, S. Nishimura, C. R. Nobs,
L. Olivier, S. Ota, Z. Patel, Z. Podolyák, M. Rudigier, E. Sahin, T. Y. Saito, C. Shand, P. -A. Söderström, I. G. Stefan, T. Sumikama,
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Nuclear Science and Transmutation Research Division
Spin isospin Laboratory

1. Abstract
The Spin Isospin Laboratory pursues research activities putting primary focus on interplay of spin and isospin in exotic nuclei.

Understanding nucleosyntheses in the universe, especially those in r- and rp-processes is another big goal of our laboratory.
Investigations on isospin dependences of nuclear equation of state, spin-isospin responses of exotic nuclei, occurrence of various

correlations at low-densities, evolution of spin-orbit coupling are main subjects along the line. We are leading a mass measurement
project with the Rare RI Ring project, too. Through the experimental studies, we will be able to elucidate a variety of nuclear
phenomena in terms of interplay of spin and isospin, which will in turn, lead us to better understanding of our universe.

2. Major Research Subjects
(1) Direct reaction studies of neutron-matter equation of state
(2) Study of spin-isospin responses with RI-beams
(3) R-process nucleosynthesis study with heavy-ion storage ring
(4) Application of spin-polarization technique to RI-beam experiments and other fields
(5) Development of special targets for RI-beam experiments

3. Summary of Research Activity
(1) Direct reaction studies of neutron matter equation of state

Direct reactions induced by light-ions serve as powerful tools to investigate various aspects of nuclei. We are advancing experi-
mental programs to explore equation of state of neutron matter, via light-ion induced reactions with RI-beams.
(1-1) Determination of a neutron skin thickness by proton elastic scattering

A neutron skin thickness is known to have strong relevance to asymmetry terms of nuclear equation of state, especially to a
term proportional to density. The ESPRI project aims at determining density distributions in exotic nuclei precisely by proton elastic
scattering at 200–300 MeV/nucleon. An experiment for 132Sn that is a flagship in this project has been successfully performed.
(1-2) Asymmetry terms in nuclear incompressibility

Nuclear incompressibility represents stiffness of nuclear matter. Incompressibility of symmetric nuclear matter is determined
to be 230 ± 20 MeV, but its isospin dependence still has a large uncertainty at present. A direct approach to the incompressibility
of asymmetric nuclear matter is an experimental determination of energies of isoscalar giant monopole resonances (GMR) in heavy
nuclei. We have developed, in close collaboration with Center for Nuclear Study (CNS) of University of Tokyo, an active gas target
for deuteron inelastic scattering experiments to determine GMR energies. The active gas target has been already tested with oxygen
and xenon beams at HIMAC and finally has been applied to a 132Sn experiment at RIBF.
(1-3) Multi-neutron and α-cluster correlations at low densities

Occurrences of multi-neutron and α-cluster correlations are other interesting aspects of nuclear matter and define its low-density
behavior. The multi-neutron and α-cluster correlations can be investigated with the large-acceptance SAMURAI spectrometer. The
SAMURAI has been already applied to experiments to explore light neutron-rich nuclei close to the dripline. We plan to reinforce
experimental capabilities of the SAMURAI by introducing advanced devices such as MINOS (Saclay) and NeuLAND (GSI).
(1-4) Fission barrier heights in neutron-rich heavy nuclei

The symmetry energy has a strong influence on fission barrier heights in neutron-rich nuclei. Knowledge on the fission barrier
heights, which is quite poor at present, is quite important for our proper understanding on termination of the r-process. We are planning
to perform, in collaboration with the TU Munich group, (p, 2p)-delayed fission experiments at the SAMURAI to determine the fission
barrier heights in neutron-rich nuclei in Pb region.

(2) Study of spin-isospin responses with RI-beams
The study of spin-isospin responses in nuclei forms one of the important cores of nuclear physics. A variety of collective states,

for example isovector giant dipole resonances, isobaric analogue states, Gamow-Teller resonances, have been extensively studied by
use of electromagnetic and hadronic reactions from stable targets.

The research opportunities can be largely enhanced with light of availabilities of radioactive isotope (RI) beams and of physics of
unstable nuclei. There are three possible directions to proceed. The first direction is studies of spin-isospin responses of unstable nuclei
via inverse-kinematics charge exchange reactions. A neutron-detector array WINDS has been constructed, under a collaboration of
CNS, Tokyo and RIKEN, for inverse kinematics (p, n) experiments at the RI Beam Factory. We have already applied WINDS to the
(p, n) experiments for 12Be, 132Sn and plan to extend this kind of study to other exotic nuclei.

The second direction is studies with RI-beam induced charge exchange reaction. RI-beam induced reactions have unique proper-
ties which are missing in stable-beam induced reactions and can be used to reach the yet-to-be-discovered states. We have constructed
the SHARAQ spectrometer and the high-resolution beam-line at the RI Beam Factory to pursue the capabilities of RI-beam induced
reactions as new probes to nuclei. One of the highlights is an observation of β+ type isovector spin monopole resonances (IVSMR) in
208Pb and 90Zr via the (t, 3He) reaction at 300 MeV/nucleon.

The third direction is studies of neutron- and proton-rich nuclei via stable-beam induced charge exchange reactions, which is
conducted under collaboration with Research Center for Nuclear Physics (RCNP), Osaka University. We have performed the double
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Occurrences of multi-neutron and α-cluster correlations are other interesting aspects of nuclear matter and define its low-density
behavior. The multi-neutron and α-cluster correlations can be investigated with the large-acceptance SAMURAI spectrometer. The
SAMURAI has been already applied to experiments to explore light neutron-rich nuclei close to the dripline. We plan to reinforce
experimental capabilities of the SAMURAI by introducing advanced devices such as MINOS (Saclay) and NeuLAND (GSI).
(1-4) Fission barrier heights in neutron-rich heavy nuclei

The symmetry energy has a strong influence on fission barrier heights in neutron-rich nuclei. Knowledge on the fission barrier
heights, which is quite poor at present, is quite important for our proper understanding on termination of the r-process. We are planning
to perform, in collaboration with the TU Munich group, (p, 2p)-delayed fission experiments at the SAMURAI to determine the fission
barrier heights in neutron-rich nuclei in Pb region.

(2) Study of spin-isospin responses with RI-beams
The study of spin-isospin responses in nuclei forms one of the important cores of nuclear physics. A variety of collective states,

for example isovector giant dipole resonances, isobaric analogue states, Gamow-Teller resonances, have been extensively studied by
use of electromagnetic and hadronic reactions from stable targets.

The research opportunities can be largely enhanced with light of availabilities of radioactive isotope (RI) beams and of physics of
unstable nuclei. There are three possible directions to proceed. The first direction is studies of spin-isospin responses of unstable nuclei
via inverse-kinematics charge exchange reactions. A neutron-detector array WINDS has been constructed, under a collaboration of
CNS, Tokyo and RIKEN, for inverse kinematics (p, n) experiments at the RI Beam Factory. We have already applied WINDS to the
(p, n) experiments for 12Be, 132Sn and plan to extend this kind of study to other exotic nuclei.

The second direction is studies with RI-beam induced charge exchange reaction. RI-beam induced reactions have unique proper-
ties which are missing in stable-beam induced reactions and can be used to reach the yet-to-be-discovered states. We have constructed
the SHARAQ spectrometer and the high-resolution beam-line at the RI Beam Factory to pursue the capabilities of RI-beam induced
reactions as new probes to nuclei. One of the highlights is an observation of β+ type isovector spin monopole resonances (IVSMR) in
208Pb and 90Zr via the (t, 3He) reaction at 300 MeV/nucleon.

The third direction is studies of neutron- and proton-rich nuclei via stable-beam induced charge exchange reactions, which is
conducted under collaboration with Research Center for Nuclear Physics (RCNP), Osaka University. We have performed the double

charge exchange 12C(18O,18Ne) 12Be reaction at 80 MeV/nucleon to investigate structure of a neutron-rich 12Be nucleus. Peaks corre-
sponding to ground and excited levels in 12Be have been clearly observed. Another double charge exchange reaction, (12C,12Be(0+2 ))
are being used to search for double Gamow-Teller resonances.

(3) R-process nucleosynthesis study with heavy-ion storage ring
Most of the r-process nuclei become within reach of experimental studies for the first time at RI Beam Factory at RIKEN. The

Rare RI Ring at RIBF is the unique facility with which we can perform mass measurements of r-process nuclei. Construction of the
Rare RI Ring started in FY2012 in collaboration with Tsukuba and Saitama Universities. A major part of the ring has been completed
and the commissioning run is planned in FY2014.

We are planning to start precise mass measurements of r-process nuclei soon. A series of experiments will start with nuclei in the
A = 80 region and will be extended to heavier region.

(4) Application of spin-polarization technique to RI-beam experiments and other fields
A technique to produce nuclear polarization by means of electron polarization in photo-excited triplet states of aromatic molecules

can open new applications. The technique is called “Tripletd-DNP.” A distinguished feature of Triplet-DNP is that it works under a
low magnetic field of 0.1–0.7 T and temperature higher than 100 K, which exhibits a striking contrast to standard dynamic nuclear
polarization (DNP) techniques working in extreme conditions of several Tesla and sub-Kelvin.

We have constructed a polarized proton target system for use in RI-beam experiments. Recent experimental and theoretical studies
have revealed that spin degrees of freedom play a vital role in exotic nuclei. Tensor force effects on the evolution of shell and possible
occurrence of p-n pairing in the proton-rich region are good examples of manifestations of spin degrees of freedom. Experiments
with the target system allow us to explore the spin effects in exotic nuclei. It should be noted that we have recently achieved a proton
polarization of 40% at room temperature in a pentacene-d14 doped p-terphenyl crystal.

Another interesting application of Triplet-DNP is sensitivity enhancement in NMR spectroscopy of biomolecules. We started a
new project to apply the Triplet-DNP technique to study protein-protein interaction via two-dimensional NMR spectroscopy, in close
collaboration with biologists and chemists.

(5) Development of special targets for RI-beam experiments
For the research activities shown above, we are developing and hosting special targets for RI-beam experiments listed be-

low:
(a) Polarized proton target (described in (4))
(b) Thin solid hydrogen target
(c) MINOS (developed at Saclay and hosted by the Spin Isospin Laboratory)
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L. X. Chung, Zs. Dombrádi, F. Flavign, S. Franchoo, I. Gašparic, R. -B. Gerst, J. Gibelin, K. I. Hahn, D. Kim, T. Koiwa, Y. Kondo,
P. Koseoglo, J. Lee, C. Lehr, B. D. Linh, H. N. Liu, T. Lokotko, M. MacCormick, K. Moschner, T. Nakamura, S. Y. Park, D. Rossi,
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Nuclear Science and Transmutation Research Division
Nuclear Spectroscopy Laborarory

1. Abstract
The research group has conducted nuclear-physics studies utilizing stopped/slowed-down radioactive-isotope (RI) beams mainly

at the RIBF facility. These studies are based on the technique of nuclear spectroscopy such as β-ray-detected NMR (β-NMR), γ-
PAD (Perturbed Angular Distribution), laser, and Mössbauer among other methods that takes advantage of intrinsic nuclear properties
such as nuclear spins, electromagnetic moments, and decay modes. In particular, techniques and devices for the production of spin-
controlled RI beams have been developed and combined to the spectroscopic studies, which enable high-sensitivity measurements of
spin precessions/resonances through a change in the angular distribution of radiations. Anomalous nuclear structures and properties
of far unstable nuclei are investigated from thus determined spin-related observables. The group also aims to apply such techniques to
interdisciplinary fields such as fundamental physics and materials science by exploiting nuclear probes.

2. Major Research Subjects
(1) Nuclear spectroscopy utilizing spin-oriented fast RI beams
(2) Nuclear/Atomic laser spectroscopy & SLOWRI R&D
(3) Application of RI probes to materials science
(4) Fundamental physics: Study of symmetry

3. Summary of Research Activity
(1) Nuclear spectroscopy utilizing spin-oriented fast RI beams

Measurements of static electromagnetic nuclear moments over a substantial region of the nuclear chart have been conducted for
structure studies on the nuclei far from the β-decay stability. Utilizing nuclear spin orientation phenomena of RIs created in the
projectile-fragmentation reaction, ground- and excited-state electromagnetic nuclear moments been determined by means of the β-
ray-detected nuclear magnetic resonance (β-NMR) and the γ-ray time differential perturbed angular distribution (γ-TDPAD) methods.
In particular, a new method developed for controlling spin in a system of rare RIs, taking advantage of the mechanism of the two-step
projectile fragmentation reaction combined with the momentum-dispersion matching technique, has been developed and employed
making fully use of world’s highest intensity rare RIBs delivered from BigRIPS for rare isotopes.

(2) Nuclear/Atomic laser spectroscopy & SLOWRI R&D
The group has been conducting system development for nuclear laser spectroscopy from the following two approaches in order

to realize experiments for rare isotopes at RIBF. One is collinear laser spectroscopy for a large variety of elements using slowed-
down RI beams produced via a projectile-fragmentation reaction, which can be achieved only by the universal low-energy RI-beam
delivery system, SLOWRI, under installation in collaboration with the SLOWRI Team. This slowed-down RI-beam scheme enables
to perform high-precision laser spectroscopy even with fast-fragmentation-based RIBs without the elemental limitation problematic
in the ISOL-based RIBs.

The other approach is a new method utilizing superfluid helium (He II) as a stopping medium of energetic RI beams, in which the
characteristic atomic properties of ions surrounded by superfluid helium enables us to perform unique nuclear laser spectroscopy. RI
ions trapped in He II are known to exhibit a characteristic excitation spectrum significantly blue-shifted compared with the emission
one. Consequently, the background derived from the excitation-laser stray light, which often causes serious problems in measurements,
can be drastically reduced.

(3) Application of RI probes to materials science
The application of RI and heavy ion beams as a probe for condensed matter studies is also conducted by the group. The micro-

scopic material dynamics and properties have been investigated through the deduced internal local fields and the spin relaxation of
RI probes based on various spectroscopies utilizing RI probes such as β-NMR/NQR spectroscopy, Mössbauer spectroscopy, the γ-ray
time differential perturbed angular correlation (γ-TDPAC) spectroscopy. Furthermore, studies on the control of electrical conductivity
of diamond by boron and nitrogen implantation are ongoing.

Provided that highly spin-polarized RI probes are produced independently of their element properties and doped into a substance
as an impurity, the constituent particle of the substance can be substituted by the same element RI probe without changing the material
structure. This scheme provides a new opportunity for materials-science researches, but a key technology, production of element-
independent highly spin-polarized RI beams, has not yet been achieved. In this subject, the group has conducted R&D studies to
realize an ultra-slow & highly-spin-polarized RI beams, based on the technique of the atomic beam resonance.

(4) Fundamental physics: Study of symmetry
The nuclear spins of stable and unstable isotopes sometimes play important roles in fundamental physics research. New exper-

imental methods and devices have been developed for studies of the violation of time reversal symmetry (T-violation) using spin-
polarized nuclei. These experiments aim to detect the small frequency shift in the spin precession arising from new mechanisms
beyond the Standard Model.
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A. Bracco, S. Călinescu, C. M. Campbell, M. P. Carpenter, P. Chowdhnury, M. Ciemała, N. Cieplicka-Oryǹczak, D. Cline, C. Clisu,
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H. Lenske, C. Matei, D. Nichita, A. Pappalardo, and T. Petruse, “Electromagnetic character of the competitive γγ/γ-decay from 137mBa,”
Nat. Commun. 11, 3242-1–8 (2020).

Y. Sato, Y. Yamada, Y. Kobayashi, M. K. Kubo, M. Mihara, W. Sato, J. Miyazaki, T. Nagatomo, T. Ando, N. Takahama, K. Some, M. Sato,
S. Sato, and A. Kitagawa, “In-beam Mössbauer spectra of 57Mn implanted into lithium aluminium hydride,” Appl. Radiat. Isot. 170,
109582-1–7 (2021).

Y. Yamada, Y. Sato, Y. Kobayashi, T. Ando, N. Takahama, K. Some, M. Sato, M. Mihara, M. K. Kubo, W. Sato, J. Miyazaki, T. Nagatomo,
J. Kobayashi, A. Okazawa, S. Sato, A. Kitagawa, “In-beam Mössbauer spectra for 57Mn implanted sulfur hexafluoride,” Hyperfine
Interact. 241, 15-1–6 (2020).

Presentations
[International Conferences/Workshops]

A. Takamine (invited), “SLOWRI rf gas catcher development toward symbiotic mass measurement at F11,” RIBF User Meeting 2020,
online, September 2–10, 2020.

M. Mukai, “In-gas-jet laser spectroscopy of 199–202Pt, 195–198Ir, 193–198Os,” SSRI-PNS Collaboration Meeting 2020, online, Japan, September
3, 2020.

H. Ueno (invited), “Nuclear spectroscopy with spin-polarized RI beams,” The International School for Strangeness Nuclear Physics 2020
(SNP School 2020), online & J-PARC, Ibaraki, Japan, December 2–5, 2020.

[Domestic Conferences/Workshops]
上野秀樹 (依頼講演),「高偏極 RIビームの生成と核・物質科学研究への応用」,新学術領域研究「宇宙観測検出器と量子ビームの
出会い。新たな応用への架け橋。」第 2回領域研究会,オンライン開催, 2020年 7月 27–28日.

今村慧 (口頭発表),「RI原子線磁気共鳴に向けた中性化装置開発」，新学術領域「宇宙観測検出器と量子ビームの出会い．新たな
応用への架け橋．」第 2回領域全体会議，オンライン開催, 2020年 7月 27–28日.

飯村俊, 高峰愛子, M. Rosenbusch, 和田道治, S. Chen, J. Liu, W. Xian, D. Hou, S. Yan, P. Schury, 園田哲, 小島隆夫, 渡辺裕,
小田原厚子, 石山博恒, 「理研 BigRIPS SLOWRI における RF カーペットガスセルの開発」, 日本物学会 2020 年秋季大会,
オンライン開催, 2021年 9月 14–17日.

三原基嗣,松多健策,福田光順,若林諒,沖本直哉,福留美樹,泉川卓司,野口法秀,生越瑞揮,大坪隆,西村太樹,髙橋弘幸,菅原奏来,
Aleksey Gladkov,北川敦志,佐藤眞二,「短寿命酸素 NMRプローブ核 19Oの物質科学利用」,日本物学会 2020年秋季大会,オン
ライン開催, 2021年 9月 14–17日.

角田佑介,大塚孝治,清水則孝,本間道雄,宇都野穣,「モンテカルロ殻模型による Z = 28近傍の核構造の研究」,日本物学会 2020
年秋季大会,オンライン開催, 2021年 9月 14–17日.

阿部喬 (口頭発表), “Ab initio description of light nuclei from no-core Monte Carlo shell model,”第 5回クラスター階層領域研究会,オ
ンライン開催, 2020年 9月 24–25日.

上野秀樹 (依頼講演),「RI・重イオンビームの学際的利用に向けた研究開発」,新領域開拓課題物質階層原理 &ヘテロ界面研究合
同年次成果報告会,オンライン開催, 2021年 2月 8–9日.

市川雄一 (招待講演),「低エネルギースピン物理」,日本のスピン物理学の展望研究会,島根県松江市,オンライン開催, 2021年 2月
23–24日.

田島美典,高峰愛子,飯村秀紀,和田道治, H. A. Schuessler,上野秀樹,「コリニアレーザー分光による四重極変形度測定を通した原
子核構造研究にむけた開発 II」,日本物学会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

小澤直也, 長濱弘季, 早水友洋, 中村圭佑, 佐藤幹, 永瀬慎太郎, 小高康照, 鎌倉恵太, 田中香津生, 大塚未来, 青木貴稔, 市川雄一,
高峰愛子,羽場宏光,上野秀樹,酒見泰寛,「フランシウム原子の電気双極子能率探索のための表面電離イオン源の開発」,日本物
学会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

飯村俊, 高峰愛子, M. Rosenbusch, 和田道治, S. Chen, D. Hou, J. Liu, W. Xian, S. Yan, P. Schury, 木村創大, 庭瀬暁隆, 伊藤由太,
園田哲,小島隆夫,渡辺裕, N. Sara,道正新一郎,西村俊二,小田原厚子,石山博恒,「理研 BigRIPS SLOWRIにおける RFカーペッ
トガスセルの開発—オンライン実験と質量測定—」,日本物学会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

大谷優里花,三原基嗣,松多健策,福田光順,若林諒,沖本直哉,福留美樹,木村容子,高山元,泉川卓司,野口法秀,生越瑞揮,佐藤弥紗,
高津和哉,大坪隆,西村太樹,髙橋弘幸,菅原奏来, Aleksey Gladkov,北川敦志,佐藤眞二,百田佐多生,奥村寛之,森口哲朗,小沢顕,
「19Oの偏極ビーム生成と固体燃料電池研究への応用」,日本物学会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.
清水則孝,角田佑介,宇都野穣,大塚孝治,「準粒子真空基底によるモンテカルロ殻模型の拡張」,日本物学会第 76回年次大会,オン
ライン開催, 2021年 3月 12–15日.

大塚孝治,角田佑介,角田直文,阿部喬,清水則孝, P. Van Duppen,高柳和雄,鈴木俊夫,宇都野穣,上野秀樹,「原子核物理の再出発」,
KEK理論センター研究会「原子核・ハドロン物理 2020」,オンライン開催, 2020年 10月 6日.

大塚孝治,「原子核物理の再出発」, ELPH研究会 C028「電子散乱による原子核研究—原子核の電荷密度・陽子・中性子の分布と
半径—」,オンライン開催, 2021年 3月 18–19日.

高峰愛子 (招待講演), “Isotope shift measurement project at the SLOWRI facility,” ELPH研究会 C028「電子散乱による原子核研究—
原子核の電荷密度・陽子・中性子の分布と半径—」,オンライン開催, 2021年 3月 18–19日.

大塚孝治, 角田直文, 高柳和雄, 清水則孝, 鈴木俊夫, 宇都野穣, 上野秀樹, 「原子核物理の再出発」, “Neutron driplines and shape
evolution of atomic nuclei,”第 3回クラスター階層領域研究会,オンライン開催, 2020年 5月 18日.

[University Lectures]
H. Ueno, “Applied Radiation Engineering,” Department of Nuclear Engineering and Management, Graduate School of Engineering, the
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H. Lenske, C. Matei, D. Nichita, A. Pappalardo, and T. Petruse, “Electromagnetic character of the competitive γγ/γ-decay from 137mBa,”
Nat. Commun. 11, 3242-1–8 (2020).

Y. Sato, Y. Yamada, Y. Kobayashi, M. K. Kubo, M. Mihara, W. Sato, J. Miyazaki, T. Nagatomo, T. Ando, N. Takahama, K. Some, M. Sato,
S. Sato, and A. Kitagawa, “In-beam Mössbauer spectra of 57Mn implanted into lithium aluminium hydride,” Appl. Radiat. Isot. 170,
109582-1–7 (2021).

Y. Yamada, Y. Sato, Y. Kobayashi, T. Ando, N. Takahama, K. Some, M. Sato, M. Mihara, M. K. Kubo, W. Sato, J. Miyazaki, T. Nagatomo,
J. Kobayashi, A. Okazawa, S. Sato, A. Kitagawa, “In-beam Mössbauer spectra for 57Mn implanted sulfur hexafluoride,” Hyperfine
Interact. 241, 15-1–6 (2020).

Presentations
[International Conferences/Workshops]

A. Takamine (invited), “SLOWRI rf gas catcher development toward symbiotic mass measurement at F11,” RIBF User Meeting 2020,
online, September 2–10, 2020.

M. Mukai, “In-gas-jet laser spectroscopy of 199–202Pt, 195–198Ir, 193–198Os,” SSRI-PNS Collaboration Meeting 2020, online, Japan, September
3, 2020.

H. Ueno (invited), “Nuclear spectroscopy with spin-polarized RI beams,” The International School for Strangeness Nuclear Physics 2020
(SNP School 2020), online & J-PARC, Ibaraki, Japan, December 2–5, 2020.

[Domestic Conferences/Workshops]
上野秀樹 (依頼講演),「高偏極 RIビームの生成と核・物質科学研究への応用」,新学術領域研究「宇宙観測検出器と量子ビームの
出会い。新たな応用への架け橋。」第 2回領域研究会,オンライン開催, 2020年 7月 27–28日.

今村慧 (口頭発表),「RI原子線磁気共鳴に向けた中性化装置開発」，新学術領域「宇宙観測検出器と量子ビームの出会い．新たな
応用への架け橋．」第 2回領域全体会議，オンライン開催, 2020年 7月 27–28日.

飯村俊, 高峰愛子, M. Rosenbusch, 和田道治, S. Chen, J. Liu, W. Xian, D. Hou, S. Yan, P. Schury, 園田哲, 小島隆夫, 渡辺裕,
小田原厚子, 石山博恒, 「理研 BigRIPS SLOWRI における RF カーペットガスセルの開発」, 日本物学会 2020 年秋季大会,
オンライン開催, 2021年 9月 14–17日.

三原基嗣,松多健策,福田光順,若林諒,沖本直哉,福留美樹,泉川卓司,野口法秀,生越瑞揮,大坪隆,西村太樹,髙橋弘幸,菅原奏来,
Aleksey Gladkov,北川敦志,佐藤眞二,「短寿命酸素 NMRプローブ核 19Oの物質科学利用」,日本物学会 2020年秋季大会,オン
ライン開催, 2021年 9月 14–17日.

角田佑介,大塚孝治,清水則孝,本間道雄,宇都野穣,「モンテカルロ殻模型による Z = 28近傍の核構造の研究」,日本物学会 2020
年秋季大会,オンライン開催, 2021年 9月 14–17日.

阿部喬 (口頭発表), “Ab initio description of light nuclei from no-core Monte Carlo shell model,”第 5回クラスター階層領域研究会,オ
ンライン開催, 2020年 9月 24–25日.

上野秀樹 (依頼講演),「RI・重イオンビームの学際的利用に向けた研究開発」,新領域開拓課題物質階層原理 &ヘテロ界面研究合
同年次成果報告会,オンライン開催, 2021年 2月 8–9日.

市川雄一 (招待講演),「低エネルギースピン物理」,日本のスピン物理学の展望研究会,島根県松江市,オンライン開催, 2021年 2月
23–24日.

田島美典,高峰愛子,飯村秀紀,和田道治, H. A. Schuessler,上野秀樹,「コリニアレーザー分光による四重極変形度測定を通した原
子核構造研究にむけた開発 II」,日本物学会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

小澤直也, 長濱弘季, 早水友洋, 中村圭佑, 佐藤幹, 永瀬慎太郎, 小高康照, 鎌倉恵太, 田中香津生, 大塚未来, 青木貴稔, 市川雄一,
高峰愛子,羽場宏光,上野秀樹,酒見泰寛,「フランシウム原子の電気双極子能率探索のための表面電離イオン源の開発」,日本物
学会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

飯村俊, 高峰愛子, M. Rosenbusch, 和田道治, S. Chen, D. Hou, J. Liu, W. Xian, S. Yan, P. Schury, 木村創大, 庭瀬暁隆, 伊藤由太,
園田哲,小島隆夫,渡辺裕, N. Sara,道正新一郎,西村俊二,小田原厚子,石山博恒,「理研 BigRIPS SLOWRIにおける RFカーペッ
トガスセルの開発—オンライン実験と質量測定—」,日本物学会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

大谷優里花,三原基嗣,松多健策,福田光順,若林諒,沖本直哉,福留美樹,木村容子,高山元,泉川卓司,野口法秀,生越瑞揮,佐藤弥紗,
高津和哉,大坪隆,西村太樹,髙橋弘幸,菅原奏来, Aleksey Gladkov,北川敦志,佐藤眞二,百田佐多生,奥村寛之,森口哲朗,小沢顕,
「19Oの偏極ビーム生成と固体燃料電池研究への応用」,日本物学会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.
清水則孝,角田佑介,宇都野穣,大塚孝治,「準粒子真空基底によるモンテカルロ殻模型の拡張」,日本物学会第 76回年次大会,オン
ライン開催, 2021年 3月 12–15日.

大塚孝治,角田佑介,角田直文,阿部喬,清水則孝, P. Van Duppen,高柳和雄,鈴木俊夫,宇都野穣,上野秀樹,「原子核物理の再出発」,
KEK理論センター研究会「原子核・ハドロン物理 2020」,オンライン開催, 2020年 10月 6日.

大塚孝治,「原子核物理の再出発」, ELPH研究会 C028「電子散乱による原子核研究—原子核の電荷密度・陽子・中性子の分布と
半径—」,オンライン開催, 2021年 3月 18–19日.

高峰愛子 (招待講演), “Isotope shift measurement project at the SLOWRI facility,” ELPH研究会 C028「電子散乱による原子核研究—
原子核の電荷密度・陽子・中性子の分布と半径—」,オンライン開催, 2021年 3月 18–19日.

大塚孝治, 角田直文, 高柳和雄, 清水則孝, 鈴木俊夫, 宇都野穣, 上野秀樹, 「原子核物理の再出発」, “Neutron driplines and shape
evolution of atomic nuclei,”第 3回クラスター階層領域研究会,オンライン開催, 2020年 5月 18日.

[University Lectures]
H. Ueno, “Applied Radiation Engineering,” Department of Nuclear Engineering and Management, Graduate School of Engineering, the

University of Tokyo.
H. Yamazaki, “Physics in Daily Life (in Japanese),” General Education Course, Otsuma Women’s University.
A. Takamine, “Exercises in Basic Physics I (in Japanese),” Department of Advanced Sciences, Faculty of Science and Engineering, Hosei

University.
A. Takamine, “Exercises in Basic Physics II (in Japanese),” Department of Advanced Sciences, Faculty of Science and Engineering, Hosei

University.

Press Releases
新聞等掲載: 「中性子過剰ジルコニウム同位体の励起状態での変形」,フジサンケイビジネスアイ, 2020年 5月 22日.
プレスリリース: 東京大学,理化学研究所,日本原子力研究開発機構,上智大学,日本大学,宇都宮大学共同記者発表,「原子核の存
在限界（中性子ドリップライン）の新たなメカニズム－中性子は原子核にいくつ入るか－」, 2020年 11月 5日.

新聞等掲載: 「原子核の最大中性子数決定－新たなメカニズム提唱－」,科学新聞, 2020年 11月 27日.
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Nuclear Science and Transmutation Research Division
High Energy Astrophysics Laborarory

1. Abstract
In the immediate aftermath of the Big Bang, the beginning of our universe, only hydrogen and helium existed. However, nuclear

fusion in the interior of stars and the explosion of supernovae in the universe over 13.8 billion years led to the evolution of a world
brimming with the many different elements we have today. By using scientific satellites or balloons to observe X-rays and gamma-rays
emitted from celestial objects, we are observing the synthesis of the elements at their actual source. Our goal is to comprehensively
elucidate the scenarios for the formation of the elements in the universe, together with our research on sub-atomic physics through the
use of an accelerator.

2. Major Research Subjects
(1) History of nucleosynthesis in the universe
(2) Physics in extreme conditions in the universe
(3) Research and development of innovative radiation detectors
(4) Apply radiation technology for human to live in space

3. Summary of Research Activity
High Energy Astrophysics Laboratory started in April 2010. The goal of our research is to reveal the mechanism of nucleosyn-

thesis and the evolution of elements in the universe, and to observe/discover exotic physical phenomena in extremely strong magnetic
and/or gravitational fields. We have observed supernova remnants, strongly magnetized neutron stars, pulsars, black holes and galaxies
with X-ray astronomical satellites, balloons and ground-based telescopes.

(1) Nucleosynthesis in the universe
(1-1) XRISM

We have contributed to the XRISM (X-ray imaging and spectroscopy mission) mission for the launch in FY2022. XRISM is the
recovery mission of the ASTRO-H/Hitomi satellite, which was launched in February 2016 but lost by an accident one month after the
launch. Hitomi carried four X-ray and gamma-ray detectors covering the 0.3–600 keV energy range. We, in collaboration with JAXA
(Japan Aerospace Exploration Agency), Tokyo Metropolitan University, Kanazawa University, Saitama University, NASA/GSFC etc.,
contributed to the soft X-ray spectrometer (SXS), which achieves unprecedented energy resolution (<7 eV) in the 0.3–12 keV energy
band with a low temperature micro calorimeter. We hoped to use SXS to discover many previously-unknown elemental lines in the
universe and to measure the abundance of these elements, but this was not possible with Hitomi. The XRISM satellite carries almost
identical X-ray detectors as the Hitomi satellite, and is expected to carry out scientific observations that were not done with the Hitomi
mission.
(1-2) MAXI

From April 2018, High Energy Astrophysics Laboratory hosts MAXI (Monitor of All-sky X-ray Image) onboard International
Space Station (ISS), which was attached on ISS in 2009. MAXI is a RIKEN-lead project collaborating with JAXA and other univer-
sities. Since MAXI scans X-ray all-sky in 90 minutes, many transient objects including neutron star or blackhole binaries are found.
All of the data are going to public soon after they are taken, and almost all of the groups in high-energy phenomena rely on the MAXI
data. Until the end of 2020, we issued 362 alerts as ATEL (Astronomer’s Telegram). To detect counterparts of neutron star merger
events (i.e. gravitational wave events), we have prepared an automatic searching system and keep watching all-sky.

(2) Extremely strong magnetism and gravity
(2-1) IXPE

We have contributed to the NASA’s world-first X-ray polarimeter mission IXPE (Imaging X-ray Polarimeter Explorer). High
Energy Astrophysics Laboratory is responsible for providing the gas electron multipliers (GEMs) to the IXPE mission: the GEM is a
key device of the X-ray polarimeter and produced based on our patent for space use. The IXPE satellite is scheduled to launched in
the second half of 2021. We have already provided the flight qualified GEMs to the project in FY2018, and have contributed to the
detector calibrations in FY2019.

By using the IXPE satellite, we aim to proof the strong magnetism of Magnetars, which are one of the species of neutron stars
which have ultra-strong magnetic field B > 1011 T. In such ultra-strong magnetic field, higher-order diagrams, O(eB/m2), O(eB/m2)2

etc., never ignored in the QED perturbation theory. As the results, we observe newly-emerging phenomenon such as vacuum polariza-
tion, vacuum birefringence, etc. If such exotic phenomena are detected, we sure that Magnetars have really ultra-strong magnetic field.
In FY2020, we performed a simulation of scientific observations of Magnetars, which are neutron stars with ultra-strong magnetic
fields.
(2-2) Astrophysical data analysis

In parallel with the mission development/operations, we are studying gamma-ray binary systems, which are one of the most
important astrophysical targets in the MeV gamma-ray band. To reveal a long-standing question of the physical mechanism of efficient
particle acceleration in these systems, we focused on the characteristic object LS 5039 and performed the timing analysis in the X-ray
band. It resulted in hints of pulsation signals with an about 9-sec period. Though further confirmations are needed considering the
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Nuclear Science and Transmutation Research Division
High Energy Astrophysics Laborarory

1. Abstract
In the immediate aftermath of the Big Bang, the beginning of our universe, only hydrogen and helium existed. However, nuclear

fusion in the interior of stars and the explosion of supernovae in the universe over 13.8 billion years led to the evolution of a world
brimming with the many different elements we have today. By using scientific satellites or balloons to observe X-rays and gamma-rays
emitted from celestial objects, we are observing the synthesis of the elements at their actual source. Our goal is to comprehensively
elucidate the scenarios for the formation of the elements in the universe, together with our research on sub-atomic physics through the
use of an accelerator.

2. Major Research Subjects
(1) History of nucleosynthesis in the universe
(2) Physics in extreme conditions in the universe
(3) Research and development of innovative radiation detectors
(4) Apply radiation technology for human to live in space

3. Summary of Research Activity
High Energy Astrophysics Laboratory started in April 2010. The goal of our research is to reveal the mechanism of nucleosyn-

thesis and the evolution of elements in the universe, and to observe/discover exotic physical phenomena in extremely strong magnetic
and/or gravitational fields. We have observed supernova remnants, strongly magnetized neutron stars, pulsars, black holes and galaxies
with X-ray astronomical satellites, balloons and ground-based telescopes.

(1) Nucleosynthesis in the universe
(1-1) XRISM

We have contributed to the XRISM (X-ray imaging and spectroscopy mission) mission for the launch in FY2022. XRISM is the
recovery mission of the ASTRO-H/Hitomi satellite, which was launched in February 2016 but lost by an accident one month after the
launch. Hitomi carried four X-ray and gamma-ray detectors covering the 0.3–600 keV energy range. We, in collaboration with JAXA
(Japan Aerospace Exploration Agency), Tokyo Metropolitan University, Kanazawa University, Saitama University, NASA/GSFC etc.,
contributed to the soft X-ray spectrometer (SXS), which achieves unprecedented energy resolution (<7 eV) in the 0.3–12 keV energy
band with a low temperature micro calorimeter. We hoped to use SXS to discover many previously-unknown elemental lines in the
universe and to measure the abundance of these elements, but this was not possible with Hitomi. The XRISM satellite carries almost
identical X-ray detectors as the Hitomi satellite, and is expected to carry out scientific observations that were not done with the Hitomi
mission.
(1-2) MAXI

From April 2018, High Energy Astrophysics Laboratory hosts MAXI (Monitor of All-sky X-ray Image) onboard International
Space Station (ISS), which was attached on ISS in 2009. MAXI is a RIKEN-lead project collaborating with JAXA and other univer-
sities. Since MAXI scans X-ray all-sky in 90 minutes, many transient objects including neutron star or blackhole binaries are found.
All of the data are going to public soon after they are taken, and almost all of the groups in high-energy phenomena rely on the MAXI
data. Until the end of 2020, we issued 362 alerts as ATEL (Astronomer’s Telegram). To detect counterparts of neutron star merger
events (i.e. gravitational wave events), we have prepared an automatic searching system and keep watching all-sky.

(2) Extremely strong magnetism and gravity
(2-1) IXPE

We have contributed to the NASA’s world-first X-ray polarimeter mission IXPE (Imaging X-ray Polarimeter Explorer). High
Energy Astrophysics Laboratory is responsible for providing the gas electron multipliers (GEMs) to the IXPE mission: the GEM is a
key device of the X-ray polarimeter and produced based on our patent for space use. The IXPE satellite is scheduled to launched in
the second half of 2021. We have already provided the flight qualified GEMs to the project in FY2018, and have contributed to the
detector calibrations in FY2019.

By using the IXPE satellite, we aim to proof the strong magnetism of Magnetars, which are one of the species of neutron stars
which have ultra-strong magnetic field B > 1011 T. In such ultra-strong magnetic field, higher-order diagrams, O(eB/m2), O(eB/m2)2

etc., never ignored in the QED perturbation theory. As the results, we observe newly-emerging phenomenon such as vacuum polariza-
tion, vacuum birefringence, etc. If such exotic phenomena are detected, we sure that Magnetars have really ultra-strong magnetic field.
In FY2020, we performed a simulation of scientific observations of Magnetars, which are neutron stars with ultra-strong magnetic
fields.
(2-2) Astrophysical data analysis

In parallel with the mission development/operations, we are studying gamma-ray binary systems, which are one of the most
important astrophysical targets in the MeV gamma-ray band. To reveal a long-standing question of the physical mechanism of efficient
particle acceleration in these systems, we focused on the characteristic object LS 5039 and performed the timing analysis in the X-ray
band. It resulted in hints of pulsation signals with an about 9-sec period. Though further confirmations are needed considering the

signal detection level, this result suggests that it harbors a strongly magnetized neutron star (magnetar). We proposed a new possibility
that the particle acceleration could be related to the strong magnetic field of the magnetar, and have published a paper.

(3) Innovative breakthrough in astrophysics with a small satellite
We are developing technology and acquiring know-how to make space observation, which requires a lot of money, possible with

small satellites at low cost. NASA and other space agencies around the world have realized the importance of this opportunities and
have started space observation activities using small satellites. NinjaSat is a micro-satellite mission (6U CubeSat; 30 × 20 × 10 cm3)
led by RIKEN in collaboration with universities. NinjaSat will be deployed from the ISS in 2022. Although several science missions
have recently been conducted using micro-satellites, NinjaSat is the world’s first general purpose CubeSat mission to observe X-ray
sources. NinjaSat carries two Xe-filled gas detectors with 2-degree-wide collimators and performs spectroscopy between 2–50 keV
and timing obervation with a timing resolution of about 120 µs. Since the effective area is not large (∼40 cm2 at 6 keV), the target
of the NinjaSat is a long-term monitoring of bright X-ray sources which are discovered by MAXI etc. In general, bright objects are
difficult to observe and a continuous observations for long period is impossible with large satellite missions. The aim of NinjaSat is
to perform observations that are difficult to perform on larger missions. For example, NinjaSat observes the time variability of binary
neutron stars and binary black holes in conjunction with the ground-based optical, radio and gravitational telescopes. We developed
and tested an engineering model of the X-ray detectors in 2020.

(4) Future X-ray and gamma-ray detectors
In collaboration with NASA Goddard Space Flight Center, we have developed and tested a hard X-ray polarimeter with a Time

Projection Chamber technique. This TPC polarimeter is one of candidates of the future satellite XPP (X-ray polarimeter Probe
mission) planned with an international consortium.

As an successor of the MAXI mission, we are also verifying the principle of a new concept, multiplexing lobster-eye (MuLE)
optics, to monitor the entire sky with a wide field-of-view for detecting and immediate reporting transient objects such as a neutron
star merger. We puslished a peper on the conceptual design of MuLE, and proved the concept by a simple experiment in 2020.

To explore the MeV gamma-ray sky in the Universe, we are proceeding with the GRAMS project. It utilizes a large-scale liquid
argon time projection chamber as a gamma-ray imager and aims to improve the sensitivity in the MeV band, by more than an order of
magnitude than before. In a large-scale detector, MeV gamma rays are easily Compton-scattered multiple times and they sometimes
escape from the detector before they deposit all energies. Thus, one of the key techniques for the above goal is to establish an algorithm
that can reconstruct the incoming gamma-ray energy and direction from such a complex scattering event. We have proposed a new
event reconstruction algorithm based on the maximum likelihood, by formulating physical processes in MeV gamma-ray telescopes.
It is one of the first algorithms that can also estimate the escape gamma-ray energy. We have confirmed that it works successfully for
the multiple scattering events using Geant4 simulations, and have demonstrated a proof of concept of the GRAMS project.
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岩切渉,内山秀樹, Chin-Ping Hu,高橋弘充,小高裕和,丹波翼,「明るい X線源の柔軟な観測を狙う超小型 X線衛星 NinjaSat」,日
本天文学会 2021年春季年会,オンライン, 2021年 3月 16–19日.

武田朋志 (口頭発表), 玉川徹, 榎戸輝揚, 北口貴雄, 加藤陽, 沼澤正樹, 三原建弘, 岩切渉, 内山秀樹, 内山慶祐, 吉田勇登, 大田尚享,
林昇輝,佐藤宏樹, Chin-Ping Hu,高橋弘充,小高裕和,丹波翼,「超小型 X線衛星 NinjaSatに搭載のガス X線検出器の開発 (2)」,
日本天文学会 2021年春季年会,オンライン, 2021年 3月 16–19日.

吉田勇登 (口頭発表), 玉川徹, 榎戸輝揚, 北口貴雄, 加藤陽, 沼澤正樹, 三原建弘, 岩切渉, 内山秀樹, 内山慶祐, 武田朋志, 大田尚享,
林昇輝,佐藤宏樹, Chin-Ping Hu,高橋弘充,小高裕和,丹波翼,「超小型 X線衛星 NinjaSat搭載の高電圧印加/アナロク信号処理
基板の開発 (2)」,日本天文学会 2021年春季年会,オンライン, 2021年 3月 16–19日.

岩切渉 (口頭発表),戸枝純哉,芳野史弥,井上諒太,長谷川航平,坪井陽子,玉川徹,榎戸輝揚,北口貴雄,加藤陽,沼澤正樹,三原建弘,
内山慶祐, 武田朋志, 吉田勇登, 大田尚享, 林昇輝, 佐藤宏樹, 内山秀樹, Chin-Ping Hu, 高橋弘充, 小高裕和, 丹波翼, 「超小型 X
線衛星 NinjaSatに搭載する小型て軽量な X線コリメーターの開発」,日本天文学会 2021年春季年会,オンライン, 2021年 3月
16–19日.

佐々木亮 (口頭発表),坪井陽子,岩切渉,岡本豊,北古賀智紀,河合広樹,三原建弘,根來均,他 MAXIチーム,「全天 X線監視装置
MAXIを用いた巨大恒星フレアの統計的研究」,日本天文学会 2021年春季年会,オンライン, 2021年 3月 16–19日.

根來均 (口頭発表), 中島基樹, 芹野素子, 三原建弘, 岩切渉, 安達稜, 河合誠之, 小川翔司, 中平聡志, 松岡勝 他 MAXI チーム,
「MAXI/GSCか検出した 2020年度後半の突発現象—ミニアウトバーストの検出—」,日本天文学会 2021年春季年会,オンライ
ン, 2021年 3月 16–19日.

玉川徹 (口頭発表), 榎戸輝揚, 北口貴雄, 加藤陽, 沼澤正樹, 三原建弘, 武田朋志, 吉田勇登, 大田尚亨, 林昇輝, 内山慶祐, 岩切渉,
内山秀樹,佐藤宏樹, Chin-Ping Hu,高橋弘充,小高裕和,丹波翼,「超小型 X線天体観測衛星 NinjaSat」,日本物理学会第 76回年
次大会,オンライン, 2021年 3月 12–15日.

高橋弘充 (口頭発表), Quin Abarr, 朝倉一統, 粟木久光, Matthew G. Baring, Richard Bose, Dana Braun, Gianluigi de Geronimo,
Paul Dowkontt, John Elliot,榎戸輝揚, Manel Errando,深沢泰司,古澤彰浩, Thomas Gadson, Epharaim Gau, Victor Guarino,郡司修一,
袴田知宏, Kenny Hall,花岡真帆, Keon Harmon,服部憲吾,林田清, L, Scott Heatwole, Arman Hossen,井出峻太郎,今里郁弥,今澤遼,
石橋和紀,石田学,石倉彩美, Nirmal Kumar Iyer, Fabian Kislat, Mozsi Kiss,鴨川航,北口貴雄, David Kotsifakis, Henric Krawczynski,
James Lanzi, Lindsey Lisalda, 前田良知, 松下友亮, 眞武寛人, 松本浩典, 峯田大晴, 宮本明日香, 宮澤拓也, 水野恒史, 中庭望,
野田博文,大出優一,岡島崇,岡崎貴樹, Izabella Pastrani, Mark Pearce, N, Zachary Peterson, Helen Poon, Chris Purdy, Brian Rauch,
Felix Ryde,斎藤芳隆,佐久間翔太郎,澤上拳明, Chris Shreeves, Garry Simburger, Carl Snow, Sean Spooner, Theodor-Adrian Stana,
David Stuchlik,鈴木瞳,武田朋志,武尾舞,玉川徹,田村啓輔,常深博,内田和海,内田悠介,内山慶祐, Brett Vincent, Andrew West,
Eric Wulf,山本龍哉,楊冲,米山友景,吉田勇登,善本真梨那, XL-Caliburチーム,「硬 X線偏光観測実験 XL-Calibur気球実験計
画の 2022年フライトへ向けた準備状況」,日本物理学会第 76回年次大会,オンライン, 2021年 3月 12–15日.

郡司修一 (口頭発表),寺島政伸,渡邉瑛里,斎藤耀,水野恒史,内田和海,山本龍哉,深沢泰司,高橋弘充,玉川徹,北口貴雄,榎戸輝揚,
内山慶祐, 三石郁之, 山口友洋, 柏倉一斗, 田原譲, 林田清, 朝倉一統, 岩切渉, Martin Weisskopf, Brian Ramsey, Stephen O’Dell,
Paolo Soffitta, Luca Baldiniほか IXPE衛星チーム,「X線偏光衛星 IXPEの開発の現状」,日本物理学会第 76回年次大会,オンラ
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イン, 2021年 3月 12–15日.
寺島政伸 (口頭発表),郡司修一,渡邉瑛里,斎藤耀,水野恒史,内田和海,山本龍哉,深沢泰司,高橋弘充,玉川徹,北口貴雄,榎戸輝揚,
内山慶祐, 三石郁之, 山口友洋, 柏倉一斗, 田原譲, 林田清, 朝倉一統, 岩切渉, Martin Weisskopf, Brian Ramsey, Stephen O’Dell,
Paolo Soffitta, Luca Baldiniほか IXPE衛星チーム,「IXPE衛星による GRB afterglowの偏光観測シミュレーション」,日本物理
学会第 76回年次大会,オンライン, 2021年 3月 12–15日.

山本あゆ美 (口頭発表),坂本貴紀,芹野素子,李晋,盛顯捷,天谷友亮,米徳大輔,澤野達哉,三原建弘,三石郁之,「X線ビームライン
を用いたロブスターアイ光学系の性能評価試験」,日本物理学会第 76回年次大会,オンライン, 2021年 3月 12–15日.

米田浩基 (口頭発表), 高嶋聡, 小高裕和, 井上芳幸, 辻直美, 一戸悠人, Georgia Karagiorgi, Reshmi Mukherjee, Tsuguo Aramaki,
Jonathan Asaadi, Kerstin Perez, GRAMSコラボレーション,「GRAMS実験 3: 全体報告・イベント再構成アルゴリズムの開発」,
日本物理学会第 76回年次大会,オンライン, 2021年 3月 12–15日.

高嶋聡 (口頭発表),小高裕和,馬場彩,米田浩基,木村眞人,田中雅士,寄田浩平, GRAMSコラボレーション,「GRAMS実験 4: 液
体アルゴン検出器のエネルギー測定性能と宇宙線バックグラウンドの研究」,日本物理学会第 76回年次大会,オンライン, 2021
年 3月 12–15日.

石崎欣尚 (ポスター発表), Richard L. Kelley,赤松弘規,粟木久光, Thomas G. Bialas, Gregory V. Brown, Meng P. Chao, Elisa Costantini,
Jan-Willem den Herder, Michael J. Dipirro, Megan E. Ekart,江副祐一郎, Carlo Ferrigno,藤本龍一,古澤彰浩, Steven M. Graham, Mar-
tin Grim,林多佳由,堀内貴史,星野晶夫,一戸悠人,飯塚亮,石田学,石川久美, Caroline A. Kilbourne,北本俊二, Maurice A. Leuteneg-
ger,三石郁之,水本岬希,森英之,大橋隆哉,岡島崇, Stephane Paltani, F. Scott Porter,佐藤浩介,澤田真理,瀬田弘美, Peter J. Shirron,
Gary J. Sneiderman, Yang Soong, Andrew E. Szymkowiak,竹井洋,玉川徹,辻本匡弘,内田悠介, Cor P. de Vries,山田真也,山崎典
子,安田進,吉岡奈紗,「X線分光撮像衛星 (XRISM)搭載 Resolveの開発状況」,第 21回宇宙科学シンポジウム,オンライン, 2021
年 1月 6–7日.

玉川徹,(ポスター発表)北口貴雄,榎戸輝揚,内山慶祐,三石郁之,山口友洋,柏倉一斗,田原譲,郡司修一,渡邉瑛里,寺島政伸,斎藤耀,
深沢泰司,水野恒史,高橋弘充,内田和海,山本龍哉,岩切渉,林田清,朝倉一統, Martin Weisskopf, Brian Ramsey, Stephen O’Dell,
Paolo Soffitta, Luca Baldiniほか IXPE衛星チーム,「X線偏光観測衛星 IXPE開発の現状」,第 21回宇宙科学シンポジウム,オン
ライン, 2021年 1月 6–7日.

三石郁之 (ポスター発表), 山口友洋, 柏倉一斗, 瀧川歩, 田村啓輔, 宮田喜久子, 田原譲, 玉川徹, 大西崇文, 立花一志, 立花正満,
村島健介,「X線偏光観測衛星 IXPE搭載に向けた望遠鏡用サーマルシールドの開発 (2)」,第 21回宇宙科学シンポジウム,オン
ライン, 2021年 1月 6–7日.

郡司修一 (ポスター発表),寺島政伸,渡邉瑛里,斎藤耀,水野恒史,内田和海,山本龍哉,深沢泰司,高橋弘充,玉川徹,北口貴雄,榎戸輝揚,
内山慶祐, 三石郁之, 山口友洋, 柏倉一斗, 田原譲, 林田清, 朝倉一統, 岩切渉, Martin Weisskopf, Brian Ramsey, Stephen O’Dell,
Paolo Soffitta, Luca Baldiniほか IXPE衛星チーム,「日本チームによる IXPE衛星の偏光観測シミュレーションの現状」,第 21
回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

三原建弘 (ポスター発表),根来均,中平聡志ほかMAXIチーム,「MAXIの現状」,第 21回宇宙科学シンポジウム,オンライン, 2021
年 1月 6–7日.

根来均 (ポスター発表), 中島基樹, 芹野素子, 三原建弘, 上野史郎, 冨田洋, 中平聡志, 菅原泰晴, 河合誠之, 吉田篤正, 坂本貴紀,
杉田聡司,上田佳宏,坪井陽子,岩切渉,山内誠,山岡和貴,川室太希,志達めぐみ,杉崎睦,松岡勝,「2020年にMAXIが発見した
新天体と突発現象」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

富永愛侑 (ポスター発表),中平聡志,志達めぐみ,大枝幹,海老沢研,菅原泰晴,根来均,河合誠之,杉崎睦,上田佳宏,三原建弘ほか
MAXIチーム,「ブラックホール X線新星MAXI J1348-630の発見」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月
6–7日.

三原建弘 (ポスター発表) (理研)ほかMAXIチーム,「MAXI後期運用 (3)期間中 (2018-2020)のMAXIの成果: 論文,リンクと概
説」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

米徳大輔 (口頭発表),三原建弘,土居明広,坂本貴紀,津村耕司, HiZ-GUNDAM WG,「ガンマ線バーストを用いた初期宇宙・極限
時空探査計画 HiZ-GUNDAM」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

李晋 (ポスター発表),坂本貴紀,芹野素子,澤野達哉,米徳大輔,三石郁之,三原建弘,「ロブスターアイ光学系の地上試験及びシミュ
レータによる性能評価」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

荻野直樹 (ポスター発表),有元誠,澤野達哉,米徳大輔,平賀純子,坂本貴紀,盛顯捷,谷津陽一,「HiZ-GUNDAMに向けた CMOSイ
メージセンサの高速読み出しシステムの開発」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

澤野達哉 (ポスター発表),,米徳大輔,有元誠,李晋,三原建弘,荻野直樹,坂本貴紀,芹野素子「ロブスターアイ光学系による X線突
発天体検出アルゴリズムの研究」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

武田朋志 (口頭発表)(理科大/理研),玉川徹,榎戸輝揚,北口貴雄,加藤陽,沼澤正樹,三原建弘 (理研),岩切渉 (中央大),内山秀樹 (静
岡大),内山慶祐,吉田勇登 (理科大/理研),佐藤宏樹 (芝浦工大/理研), Chin-Ping Hu (京都大),高橋弘充 (広島大),小高裕和,「超小
型 X線衛星 NinjaSatに搭載のガス X線検出器の開発」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.

吉田勇登 (理科大/理研), 玉川徹, 榎戸輝揚, 北口貴雄, 加藤陽, 沼澤正樹, 三原建弘 (理研), 岩切渉 (中央大), 内山秀樹 (静岡大),
内山慶祐,武田朋志 (理科大/理研),佐藤宏樹 (芝浦工大/理研), Chin-Ping Hu(京都大),高橋弘充 (広島大),小高裕和 (東京大)「超
小型 X 線衛星 NinjaSat に搭載の高電圧印加・アナロク信号処理ボードの開発」, 日本天文学会 2020 年秋季年会, オンライン,
2020年 9月 8–10日.

佐藤宏樹 (芝浦工大/理研), 玉川徹, 榎戸輝揚, 北口貴雄, 加藤陽, 沼澤正樹, 三原建弘 (理研), 岩切渉 (中央大), 内山秀樹 (静岡大),
内山慶祐, 武田朋志, 吉田勇登 (理科大/理研), Chin-Ping Hu (京都大), 高橋弘充 (広島大), 小高裕和 (東大) 「超小型 X 線衛星
Ninjasatに搭載の X線背景放射減衰シールドの最適化」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.

畠内康輔,春日知明,丹波翼,高嶋聡,鈴木寛大,渡邊泰平,南木宙斗,谷本敦,小高裕和,馬場彩 (東大),周圓輝 (理科大/理研),玉川徹
(理研),長澤俊作,峰海里,高橋忠幸 (東大 Kavli IPMU),成影典之 (国立天文台),佐久間翔太郎,朝倉一統,林田清 (阪大)「CMOS
イメージセンサを用いた硬 X線撮像偏光計の開発 III」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.
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イン, 2021年 3月 12–15日.
寺島政伸 (口頭発表),郡司修一,渡邉瑛里,斎藤耀,水野恒史,内田和海,山本龍哉,深沢泰司,高橋弘充,玉川徹,北口貴雄,榎戸輝揚,
内山慶祐, 三石郁之, 山口友洋, 柏倉一斗, 田原譲, 林田清, 朝倉一統, 岩切渉, Martin Weisskopf, Brian Ramsey, Stephen O’Dell,
Paolo Soffitta, Luca Baldiniほか IXPE衛星チーム,「IXPE衛星による GRB afterglowの偏光観測シミュレーション」,日本物理
学会第 76回年次大会,オンライン, 2021年 3月 12–15日.

山本あゆ美 (口頭発表),坂本貴紀,芹野素子,李晋,盛顯捷,天谷友亮,米徳大輔,澤野達哉,三原建弘,三石郁之,「X線ビームライン
を用いたロブスターアイ光学系の性能評価試験」,日本物理学会第 76回年次大会,オンライン, 2021年 3月 12–15日.

米田浩基 (口頭発表), 高嶋聡, 小高裕和, 井上芳幸, 辻直美, 一戸悠人, Georgia Karagiorgi, Reshmi Mukherjee, Tsuguo Aramaki,
Jonathan Asaadi, Kerstin Perez, GRAMSコラボレーション,「GRAMS実験 3: 全体報告・イベント再構成アルゴリズムの開発」,
日本物理学会第 76回年次大会,オンライン, 2021年 3月 12–15日.

高嶋聡 (口頭発表),小高裕和,馬場彩,米田浩基,木村眞人,田中雅士,寄田浩平, GRAMSコラボレーション,「GRAMS実験 4: 液
体アルゴン検出器のエネルギー測定性能と宇宙線バックグラウンドの研究」,日本物理学会第 76回年次大会,オンライン, 2021
年 3月 12–15日.

石崎欣尚 (ポスター発表), Richard L. Kelley,赤松弘規,粟木久光, Thomas G. Bialas, Gregory V. Brown, Meng P. Chao, Elisa Costantini,
Jan-Willem den Herder, Michael J. Dipirro, Megan E. Ekart,江副祐一郎, Carlo Ferrigno,藤本龍一,古澤彰浩, Steven M. Graham, Mar-
tin Grim,林多佳由,堀内貴史,星野晶夫,一戸悠人,飯塚亮,石田学,石川久美, Caroline A. Kilbourne,北本俊二, Maurice A. Leuteneg-
ger,三石郁之,水本岬希,森英之,大橋隆哉,岡島崇, Stephane Paltani, F. Scott Porter,佐藤浩介,澤田真理,瀬田弘美, Peter J. Shirron,
Gary J. Sneiderman, Yang Soong, Andrew E. Szymkowiak,竹井洋,玉川徹,辻本匡弘,内田悠介, Cor P. de Vries,山田真也,山崎典
子,安田進,吉岡奈紗,「X線分光撮像衛星 (XRISM)搭載 Resolveの開発状況」,第 21回宇宙科学シンポジウム,オンライン, 2021
年 1月 6–7日.

玉川徹,(ポスター発表)北口貴雄,榎戸輝揚,内山慶祐,三石郁之,山口友洋,柏倉一斗,田原譲,郡司修一,渡邉瑛里,寺島政伸,斎藤耀,
深沢泰司,水野恒史,高橋弘充,内田和海,山本龍哉,岩切渉,林田清,朝倉一統, Martin Weisskopf, Brian Ramsey, Stephen O’Dell,
Paolo Soffitta, Luca Baldiniほか IXPE衛星チーム,「X線偏光観測衛星 IXPE開発の現状」,第 21回宇宙科学シンポジウム,オン
ライン, 2021年 1月 6–7日.

三石郁之 (ポスター発表), 山口友洋, 柏倉一斗, 瀧川歩, 田村啓輔, 宮田喜久子, 田原譲, 玉川徹, 大西崇文, 立花一志, 立花正満,
村島健介,「X線偏光観測衛星 IXPE搭載に向けた望遠鏡用サーマルシールドの開発 (2)」,第 21回宇宙科学シンポジウム,オン
ライン, 2021年 1月 6–7日.

郡司修一 (ポスター発表),寺島政伸,渡邉瑛里,斎藤耀,水野恒史,内田和海,山本龍哉,深沢泰司,高橋弘充,玉川徹,北口貴雄,榎戸輝揚,
内山慶祐, 三石郁之, 山口友洋, 柏倉一斗, 田原譲, 林田清, 朝倉一統, 岩切渉, Martin Weisskopf, Brian Ramsey, Stephen O’Dell,
Paolo Soffitta, Luca Baldiniほか IXPE衛星チーム,「日本チームによる IXPE衛星の偏光観測シミュレーションの現状」,第 21
回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

三原建弘 (ポスター発表),根来均,中平聡志ほかMAXIチーム,「MAXIの現状」,第 21回宇宙科学シンポジウム,オンライン, 2021
年 1月 6–7日.

根来均 (ポスター発表), 中島基樹, 芹野素子, 三原建弘, 上野史郎, 冨田洋, 中平聡志, 菅原泰晴, 河合誠之, 吉田篤正, 坂本貴紀,
杉田聡司,上田佳宏,坪井陽子,岩切渉,山内誠,山岡和貴,川室太希,志達めぐみ,杉崎睦,松岡勝,「2020年にMAXIが発見した
新天体と突発現象」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

富永愛侑 (ポスター発表),中平聡志,志達めぐみ,大枝幹,海老沢研,菅原泰晴,根来均,河合誠之,杉崎睦,上田佳宏,三原建弘ほか
MAXIチーム,「ブラックホール X線新星MAXI J1348-630の発見」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月
6–7日.

三原建弘 (ポスター発表) (理研)ほかMAXIチーム,「MAXI後期運用 (3)期間中 (2018-2020)のMAXIの成果: 論文,リンクと概
説」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

米徳大輔 (口頭発表),三原建弘,土居明広,坂本貴紀,津村耕司, HiZ-GUNDAM WG,「ガンマ線バーストを用いた初期宇宙・極限
時空探査計画 HiZ-GUNDAM」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

李晋 (ポスター発表),坂本貴紀,芹野素子,澤野達哉,米徳大輔,三石郁之,三原建弘,「ロブスターアイ光学系の地上試験及びシミュ
レータによる性能評価」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

荻野直樹 (ポスター発表),有元誠,澤野達哉,米徳大輔,平賀純子,坂本貴紀,盛顯捷,谷津陽一,「HiZ-GUNDAMに向けた CMOSイ
メージセンサの高速読み出しシステムの開発」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

澤野達哉 (ポスター発表),,米徳大輔,有元誠,李晋,三原建弘,荻野直樹,坂本貴紀,芹野素子「ロブスターアイ光学系による X線突
発天体検出アルゴリズムの研究」,第 21回宇宙科学シンポジウム,オンライン, 2021年 1月 6–7日.

武田朋志 (口頭発表)(理科大/理研),玉川徹,榎戸輝揚,北口貴雄,加藤陽,沼澤正樹,三原建弘 (理研),岩切渉 (中央大),内山秀樹 (静
岡大),内山慶祐,吉田勇登 (理科大/理研),佐藤宏樹 (芝浦工大/理研), Chin-Ping Hu (京都大),高橋弘充 (広島大),小高裕和,「超小
型 X線衛星 NinjaSatに搭載のガス X線検出器の開発」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.

吉田勇登 (理科大/理研), 玉川徹, 榎戸輝揚, 北口貴雄, 加藤陽, 沼澤正樹, 三原建弘 (理研), 岩切渉 (中央大), 内山秀樹 (静岡大),
内山慶祐,武田朋志 (理科大/理研),佐藤宏樹 (芝浦工大/理研), Chin-Ping Hu(京都大),高橋弘充 (広島大),小高裕和 (東京大)「超
小型 X 線衛星 NinjaSat に搭載の高電圧印加・アナロク信号処理ボードの開発」, 日本天文学会 2020 年秋季年会, オンライン,
2020年 9月 8–10日.

佐藤宏樹 (芝浦工大/理研), 玉川徹, 榎戸輝揚, 北口貴雄, 加藤陽, 沼澤正樹, 三原建弘 (理研), 岩切渉 (中央大), 内山秀樹 (静岡大),
内山慶祐, 武田朋志, 吉田勇登 (理科大/理研), Chin-Ping Hu (京都大), 高橋弘充 (広島大), 小高裕和 (東大) 「超小型 X 線衛星
Ninjasatに搭載の X線背景放射減衰シールドの最適化」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.

畠内康輔,春日知明,丹波翼,高嶋聡,鈴木寛大,渡邊泰平,南木宙斗,谷本敦,小高裕和,馬場彩 (東大),周圓輝 (理科大/理研),玉川徹
(理研),長澤俊作,峰海里,高橋忠幸 (東大 Kavli IPMU),成影典之 (国立天文台),佐久間翔太郎,朝倉一統,林田清 (阪大)「CMOS
イメージセンサを用いた硬 X線撮像偏光計の開発 III」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.

高橋弘充, 内田和海, 内田悠介, 深沢泰司, 水野恒史 (広島大学), 林田清, 松本浩典, 常深博 (大阪大学), 前田良知, 石田学, 斎藤芳
隆 (宇宙科学研究所), 宮澤拓也 (沖縄科学技術大学院大学), 粟木久光 (愛媛大学), 石橋和紀 (名古屋大学), 北口貴雄, 玉川徹, 榎
戸輝揚 (理化学研究所), 内山慶祐, 武田朋志, 吉田勇登 (東京理科大学), 郡司修一 (山形大学), Henric Krawczynski(ワシントン
大学), Fabian Kislat(ニューハンプシャー大学), 岡島崇, 田村啓輔, 林多佳由 (NASA), Mark Pearce(スウェーデン王立工科大学),
XL-Caliburチーム「硬 X線偏光観測実験 XL-Calibur気球の 2022年フライトへ向けた準備状況」,日本天文学会 2020年秋季年
会,オンライン, 2020年 9月 8–10日.

山本龍哉, 水野恒史, 深沢泰司, 高橋弘充, 内田和海 (広島大), 玉川徹, 北口貴雄, 榎戸輝揚 (理研), 三石郁之, 山口友洋, 柏倉一斗,
田原譲 (名古屋大),郡司修一,渡邊瑛理,寺島政伸,斎藤耀 (山形大),林田清,朝倉一統 (大阪大),内山慶祐 (東理大/理研),岩切渉 (中
央大), Martin Weisskopf, Brian Ramsey, Stephen O ’Dell(NASA/MSFC), Paolo Soffitta(IAPS), Luca Baldini(INFN),他 IXPEチーム
「シミュレーションを用いた IXPE衛星による広がった天体の軟 X線偏光解析手法の研究」,日本天文学会 2020年秋季年会,オ
ンライン, 2020年 9月 8–10日.

山口友洋,瀧川歩,柏倉一斗,三石郁之,田原譲,大西崇文,立花一志 (名古屋大学),宮田喜久子 (名城大学),田村啓輔 (NASA/GSFC,
UMBC),玉川徹 (理研),立花正満,村島健介 (株式会社カネカ)「X線偏光観測衛星 IXPE搭載 X線望遠鏡用受動型熱制御素子
サーマルシールドの開発 (7)」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.

小高裕和, 高嶋聡 (東京大学), 井上芳幸, 米田浩基, 辻直美 (理研), 一戸悠人 (立教大学), Georgia Kara- giorgi, Reshmi Mukherjee
(Columbia大学), Tsuguo Aramaki (Northeastern大学/SLAC), GRAMSコラボレーション「GRAMS計画 1: MeVガンマ線観測・
ダーククマター探索気球実験」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.

根來均,中島基樹,青木真凜 (日大),三原建弘,松岡勝 (理研),岩切渉,北古賀智紀,岡本豊 (中央大),志達めぐみ (愛媛大),菅原泰晴
(JAXA),庭野聖史,河合誠之 (東工大)他 MAXIチーム「MAXI/GSCが検出した 2020年度前半の突発現象: X線連星系の短期
長期活動と増光する矮新星 SS Cygの検出」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.

米田浩基 (理研),牧島一夫 (Kavli IPMU/東大理/理研),榎戸輝揚 (理研), Dmitry Khangulyan(立教大),峰海里 (東大理/Kavli IPMU),
水野恒史 (広島大),高橋忠幸 (Kavli IPMU/東大理)「ガンマ線連星 LS 5039の, NuSTAR衛星と Fermi衛星を用いた広帯域スペ
クトル解析」,日本天文学会 2020年秋季年会,オンライン, 2020年 9月 8–10日.

内田悠介 (口頭発表), Quin Abarr, 粟木久光, Richard Bose, Dana Braun, Gialuigi de Geronimo, Paul Dowkontt, 榎戸輝揚, Manel Er-
rando, 深沢泰司, Tom Gadson, Victor Guarino, 郡司修一, Keon Harmon, 林田清, Scott Heatwole, 石田学, Fabian Kislat, Mozsi
Kiss, 北口貴雄, Henric Krawczynski, Nirmal Kumar Iyer, Rakhee Kushwah, James Lanzi, Shaorui Li, Lindsey Lisalda, 前田良知,
松本浩典,宮澤拓也,水野恒史,岡島崇, Mark Pearce, Zachary Peterson, Brian Rauch, Felix Ryde,斎藤芳隆, Theodor-Adrian Stana,
David Stuchlik, 高橋弘充, 武田朋志, 玉川徹, 田村啓輔, 常深博, 内田和海, 内山慶祐, Andrew West, Eric A. Wulf, 吉田勇登, XL-
Caliburチーム,「硬 X線集光偏光系 XL-Calibur気球実験の準備状況と 0.8 mm厚 CZT検出器の性能」,日本物理学会 2020年
秋季大会,オンライン, 2020年 9月 14–17日.

小高裕和 (口頭発表),畠内康輔,春日知明,渡邊泰平,丹波翼,鈴木寛大,高嶋聡,南木宙斗,谷本敦,馬場彩,周圓輝,玉川徹,長澤俊作,
峰海里,高橋忠幸,成影典之,佐久間翔太郎,朝倉一統,林田清,「CMOSイメージャを用いた X線偏光撮像システムの開発 V:開
発と性能評価の現状」,日本物理学会 2020年秋季大会,オンライン, 2020年 9月 14–17日.

米田浩基 (口頭発表),牧島一夫,榎戸輝揚, Dmitry Khangulyan,峰海里,水野恒史,高橋忠幸,「ガンマ線連星 LS 5039の MeVガン
マ線放射の起源と,マグネター連星の可能性」,日本物理学会 2020年秋季大会,オンライン, 2020年 9月 14–17日.

小高裕和 (口頭発表),高嶋聡,井上芳幸,米田浩基,辻直美,一戸悠人, Georgia Karagiorgi, Reshmi Mukherjee, Tsuguo Aramaki, GRAMS
コラボレーション,「GRAMS実験 1: MeVガンマ線観測・ダークマター探索気球実験ミッション概要」,日本物理学会 2020年
秋季大会,オンライン, 2020年 9月 14–17日.

高嶋聡 (口頭発表),小高裕和,馬場彩,米田浩基,木村眞人,田中雅士,寄田浩平, GRAMSコラボレーション,「GRAMS実験 2: 液体ア
ルゴン検出器における多重コンプトン散乱イベントの解析」,日本物理学会 2020年秋季大会,オンライン, 2020年 9月 14–17日.

米田浩基,「ガンマ線連星 LS 5039のMeVガンマ線放射と,マグネター連星系の可能性」, Pulsar Bi-Monthly Meeting,オンライン,
2020年 12月.

[Seminars]
米田浩基,「ガンマ線連星 LS 5039のマグネター連星系の可能性: 硬 X線パルスの兆候と強いMeVガンマ線放射」,高エネルギー
宇宙物理学研究会 2020,東京大学宇宙線研, 2020年 12月.

Hiroki Yoneda, “Mystery of the strong MeV gamma-ray emission from gamma-ray binary systems—magnetic reconnection close to
magnetars in binaries? —,”知の共有ゼミ,理研, 2020年 6月.

Hiroki Yoneda, “The mystery of the MeV gamma-ray emission from gamma-ray binary systems,” , ICRR Seminar,オンライン, 2020年
12月.

Outreach Activities
三原建弘ほか,「ISS 20年,日本の挑戦の軌跡」, NHKコズミックフロントネクスト 2020年 12月 17日放送.
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Nuclear Science and Transmutation Research Division
Superheavy Element Research Group

1. Abstract
The elements with their atomic number Z > 103 are called as trans-actinide or superheavy elements. This group has been studying

the physical and chemical properties of superheavy elements. They must be produced by artificially for the scientific study utilizing
the accelerators in RIBF. Two teams lead the study of the superheavy elements. Superheavy Element Production Team studies various
methods of efficient production of the superheavy elements and their physical and chemical properties. Superheavy Element Device
Development Team develops the main experimental device, i.e., the gas-filled recoil ion separator, GARIS.

The synthesis of elements having atomic numbers over 119 will be attempted with the aim of establishing nuclear synthesis
technology that reaches the “island of stability” where the lifetime of atomic nuclei is expected be prolonged significantly. With the
aim of constructing an ultimate nuclear model, maximum utilization will be made of key experimental devices which become fully
operational in order to conduct research for the syntheses of element 119 and 120.

2. Major Research Subjects
Superheavy Element Production Team
(1) Searching for new elements
(2) Spectroscopic study of the nucleus of heavy elements
(3) Chemistry of superheavy elements
(4) Study of a reaction mechanism for fusion process Superheavy Element Device Development Team
(5) Maintenance of GARIS, GARIS-II and development of new gas-filled recoil ion separator GARIS-III
(6) Maintenance and development of detector and DAQ system for GARIS, GARIS-II and GARIS-III
(7) Maintenance and development of target system for GARIS, GARIS-II and GARIS-III

3. Summary of Research Activity
(1) Searching for new elements

To expand the periodic table of elements and the nuclear chart, we will search for new elements.

(2) Spectroscopic study of the nucleus of heavy elements
Using the high sensitivity system for detecting the heaviest element, we plan to perform a spectroscopic study of nuclei of the

heavy elements.

(3) Chemistry of superheavy elements
Study of chemistry of the trans-actinide (superheavy element) has just started world-wide, making it a new frontier in the field of

chemistry. Relativistic effects in chemical property are predicted by many theoretical studies. We will try to develop this new field.

(4) Study of a reaction mechanism for fusion process
Superheavy elements have been produced by complete fusion reaction of two heavy nuclei. However, the reaction mechanism of

the fusion process is still not well understood theoretically. When we design an experiment to synthesize nuclei of the superheavy
elements, we need to determine a beam-target combination and the most appropriate reaction energy. This is when the theory becomes
important. We will try to develop a reaction theory useful in designing an experiment by collaborating with the theorists.

(5) Research highlight
The discovery of a new element is one of the exciting topics both for nuclear physicists and nuclear chemists. The elements with

their atomic number Z > 103 are called as trans-actinides or superheavy elements. The chemical properties of those elements have not
yet been studied in detail. Since those elements do not exist in nature, they must be produced by artificially, by using nuclear reactions
for the study of those elements. Because the production rate of atoms of those elements is extremely small, an efficient production and
collection are key issues of the superheavy research. In our laboratory, we have been trying to produce new elements, studying the
physical and chemical properties of the superheavy elements utilizing the accelerators in RIKEN.

Although the Research Group for Superheavy element has started at April 2013, the Group is a renewal of the Superheay Element
Laboratory started at April 2006, based on a research group which belonged to the RIKEN accelerator research facility (RARF), and
had studied the productions of the heaviest elements. The main experimental apparatus is a gas-filled recoil ion separator GARIS. The
heaviest elements with their atomic numbers, 107 (Bohrium), 108 (Hassium), 109 (Meitnerium), 110 (Darmstadtium), 111 (Roen-
togenium), and 112 (Copernicium) were discovered as new elements at Helmholtzzentrum fur Schwerionenforschung GmbH (GSI),
Germany by using 208Pb or 209Bi based complete fusion reactions, so called “cold fusion” reactions. We have made independent
confirmations of the productions of isotopes of 108th, 110th, 111th, and 112th elements by using the same reactions performed at GSI.
After these work, we observed an isotope of the 113th element, 278113, in July 2004, in April, 2005, and in August 2012. The isotope,
278113, has both the largest atomic number, (Z = 113) and atomic mass number (A = 278) which have determined experimentally
among the isotopes which have been produced by cold fusion reactions. We could show the world highest sensitivity for production
and detection of the superheavy elements by these observations. Our results that related to 278113 has been recognized as a discovery
of new element by a Joint Working Party of the International Union of Pure and Applied Chemistry (IUPAC) and International Union
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Nuclear Science and Transmutation Research Division
Superheavy Element Research Group

1. Abstract
The elements with their atomic number Z > 103 are called as trans-actinide or superheavy elements. This group has been studying

the physical and chemical properties of superheavy elements. They must be produced by artificially for the scientific study utilizing
the accelerators in RIBF. Two teams lead the study of the superheavy elements. Superheavy Element Production Team studies various
methods of efficient production of the superheavy elements and their physical and chemical properties. Superheavy Element Device
Development Team develops the main experimental device, i.e., the gas-filled recoil ion separator, GARIS.

The synthesis of elements having atomic numbers over 119 will be attempted with the aim of establishing nuclear synthesis
technology that reaches the “island of stability” where the lifetime of atomic nuclei is expected be prolonged significantly. With the
aim of constructing an ultimate nuclear model, maximum utilization will be made of key experimental devices which become fully
operational in order to conduct research for the syntheses of element 119 and 120.

2. Major Research Subjects
Superheavy Element Production Team
(1) Searching for new elements
(2) Spectroscopic study of the nucleus of heavy elements
(3) Chemistry of superheavy elements
(4) Study of a reaction mechanism for fusion process Superheavy Element Device Development Team
(5) Maintenance of GARIS, GARIS-II and development of new gas-filled recoil ion separator GARIS-III
(6) Maintenance and development of detector and DAQ system for GARIS, GARIS-II and GARIS-III
(7) Maintenance and development of target system for GARIS, GARIS-II and GARIS-III

3. Summary of Research Activity
(1) Searching for new elements

To expand the periodic table of elements and the nuclear chart, we will search for new elements.

(2) Spectroscopic study of the nucleus of heavy elements
Using the high sensitivity system for detecting the heaviest element, we plan to perform a spectroscopic study of nuclei of the

heavy elements.

(3) Chemistry of superheavy elements
Study of chemistry of the trans-actinide (superheavy element) has just started world-wide, making it a new frontier in the field of

chemistry. Relativistic effects in chemical property are predicted by many theoretical studies. We will try to develop this new field.

(4) Study of a reaction mechanism for fusion process
Superheavy elements have been produced by complete fusion reaction of two heavy nuclei. However, the reaction mechanism of

the fusion process is still not well understood theoretically. When we design an experiment to synthesize nuclei of the superheavy
elements, we need to determine a beam-target combination and the most appropriate reaction energy. This is when the theory becomes
important. We will try to develop a reaction theory useful in designing an experiment by collaborating with the theorists.

(5) Research highlight
The discovery of a new element is one of the exciting topics both for nuclear physicists and nuclear chemists. The elements with

their atomic number Z > 103 are called as trans-actinides or superheavy elements. The chemical properties of those elements have not
yet been studied in detail. Since those elements do not exist in nature, they must be produced by artificially, by using nuclear reactions
for the study of those elements. Because the production rate of atoms of those elements is extremely small, an efficient production and
collection are key issues of the superheavy research. In our laboratory, we have been trying to produce new elements, studying the
physical and chemical properties of the superheavy elements utilizing the accelerators in RIKEN.

Although the Research Group for Superheavy element has started at April 2013, the Group is a renewal of the Superheay Element
Laboratory started at April 2006, based on a research group which belonged to the RIKEN accelerator research facility (RARF), and
had studied the productions of the heaviest elements. The main experimental apparatus is a gas-filled recoil ion separator GARIS. The
heaviest elements with their atomic numbers, 107 (Bohrium), 108 (Hassium), 109 (Meitnerium), 110 (Darmstadtium), 111 (Roen-
togenium), and 112 (Copernicium) were discovered as new elements at Helmholtzzentrum fur Schwerionenforschung GmbH (GSI),
Germany by using 208Pb or 209Bi based complete fusion reactions, so called “cold fusion” reactions. We have made independent
confirmations of the productions of isotopes of 108th, 110th, 111th, and 112th elements by using the same reactions performed at GSI.
After these work, we observed an isotope of the 113th element, 278113, in July 2004, in April, 2005, and in August 2012. The isotope,
278113, has both the largest atomic number, (Z = 113) and atomic mass number (A = 278) which have determined experimentally
among the isotopes which have been produced by cold fusion reactions. We could show the world highest sensitivity for production
and detection of the superheavy elements by these observations. Our results that related to 278113 has been recognized as a discovery
of new element by a Joint Working Party of the International Union of Pure and Applied Chemistry (IUPAC) and International Union

of Pure and Applied Physics (IUPAP). Finally, we named the 113th element as “Nihonium.”
We decided to make one more recoil separator GARIS-II, which has an acceptance twice as large as existing GARIS, in order to

realize higher sensitivity. The design of GARIS-II has finished in 2008. All fabrication of the separator will be finished at the end of
fiscal year 2008. It has been ready for operation after some commissioning works.

Preparatory work for the study of the chemical properties of the superheavy elements has started by using the gas-jet transport
system coupled to GARIS. The experiment was quite successful. The background radioactivity of unwanted reaction products has been
highly suppressed. Without using the recoil separator upstream the gas-jet transport system, large amount of unwanted radioactivity
strongly prevents the unique identification of the event of our interest. This new technique makes clean and clear studies of chemistry
of the heaviest elements promising.

The spectroscopic study of the heaviest elements has started by using alpha spectrometry. New isotope, 263Hs (Z = 108), which
has the smallest atomic mass number ever observed among the Hassium isotopes, had discovered in the study. New spectroscopic
information for 264Hs and its daughters have obtained also. The spectroscopic study of Rutherfordium isotope 261Rf (Z = 104) has
done and 1.9-s isomeric state has directly produced for the first time.

Preparatory works for the study of the new superheavy elements with atomic number 119 and 120 have started in 2013. We
measured the reaction products of the 248Cm (48Ca, xn)296−xLv (Z = 116) previously studied by Frelov Laboratory of Nuclear Reaction,
Russia, and GSI. We observed 5 isotopes in total which tentatively assigned to 293Lv, and 292Lv.
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Nuclear Science and Transmutation Research Division
Superheavy Element Research Group
Superheavy Element Production Team

1. Abstract
The elements with atomic number Z ≥ 104 are called as trans-actinide or superheavy elements (SHEs). Superheavy Element

Production Team investigates synthesis mechanisms of SHEs, nuclear properties of SHE nuclei, and chemical properties of SHEs
mainly in collaboration with Superheavy Element Devise Development Team and Nuclear Chemistry Research Team of RIKEN
Nishina Center.

2. Major Research Subjects
(1) Search for new superheavy elements
(2) Decay spectroscopy of the heaviest nuclei
(3) Study of reaction mechanisms for production of the heaviest nuclei
(4) Study of chemical properties of the heaviest elements

3. Summary of Research Activity
(1) Search for new superheavy elements

In November, 2016, the 7th period of the periodic table was completed with the official approval of four new elements, nihonium
(Nh, atomic number Z = 113), moscovium (Mc, Z = 115), tennessine (Ts, Z = 117), and oganesson (Og, Z = 118) by International
Union of Pure and Applied Chemistry. We have started to search for new elements to expand the chart of the nuclides toward to the
island of stability and the periodic table of the elements toward the 8th period. In January, 2020, RIKEN heavy-ion Linear ACcelerator
(RILAC) was upgraded as Superconducting RIKEN heavy-ion Linear ACcelerator (SRILAC). We developed the new gas-filled recoil
ion separator GARIS III on the beam line of SRILAC. In June and July, 2020, we conducted the commissioning of the SRILAC +
GARIS III setup in the 169Tm + 40Ar, 208Pb + 40Ar, and 208Pb + 51V reactions. Then, we started to search for new element, element
119 in the 248Cm + 51V reaction in October, 2020.

(2) Decay spectroscopy of the heaviest nuclei
In collaboration with KEK, we developed a multi-refection time-of-fight mass spectrograph (MRTOF-MS) equipped with an

α-TOF detector on the focal plane of GARIS-II at RRC for decay-correlated mass measurements of low-yield and short-lived SHE
isotopes. By correlating measured time-of-flight signals with decay events, it can suppress background events and obtain accurate,
high-precision mass and half-life values even in cases of very low event rates. The performance of the system was investigated using
the Ra isotopes produced in the 159Tb + 51V reaction.

(3) Study of reaction mechanisms for production of the heaviest nuclei
SHE nuclei have been produced by complete fusion reactions of two heavy nuclei. However, the reaction mechanism of the

fusion process is still not well understood both theoretically and experimentally. We measured excitation functions for the quasielastic
scattering of the 248Cm + 51V reaction using GARIS III at SRILAC. The result can be utilized to estimate the optimal incident beam
energy for production of isotopes of new element 119.

(4) Study of chemical properties of the heaviest elements
Chemical characterization of newly-discovered SHEs is an extremely interesting and challenging subject in modern nuclear and

radiochemistry. In collaboration with Nuclear Chemistry Research Team of RIKEN Nishina Center, we are developing SHE pro-
duction systems as well as rapid single-atom chemistry apparatuses for chemistry studies of SHEs. We installed a gas-jet transport
system to the focal plane of GARIS at RILAC. This system is a promising approach for exploring new frontiers in SHE chemistry: the
background radiations from unwanted products are strongly suppressed, the intense primary heavy-ion beam is absent in the gas-jet
chamber, and hence the high gas-jet extraction yield is attained. Furthermore, the beam-free conditions make it possible to investigate
new chemical systems. In 2020, we continued to develop an ultra-rapid gas-chromatograph apparatus at the focal plane of GARIS for
the gas chemistry of SHEs. This apparatus consists of an RF carpet gas cell and a cryo-gas-chromatograph column with a Si detec-
tor array. For the aqueous chemistry, we developed a flow solvent extraction apparatus which consisted of a continuous dissolution
apparatus Membrane DeGasser (MDG), a Flow Solvent Extractor (FSE), and a liquid scintillation detector for α/SF-spectrometry.
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high-precision mass and half-life values even in cases of very low event rates. The performance of the system was investigated using
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fusion process is still not well understood both theoretically and experimentally. We measured excitation functions for the quasielastic
scattering of the 248Cm + 51V reaction using GARIS III at SRILAC. The result can be utilized to estimate the optimal incident beam
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duction systems as well as rapid single-atom chemistry apparatuses for chemistry studies of SHEs. We installed a gas-jet transport
system to the focal plane of GARIS at RILAC. This system is a promising approach for exploring new frontiers in SHE chemistry: the
background radiations from unwanted products are strongly suppressed, the intense primary heavy-ion beam is absent in the gas-jet
chamber, and hence the high gas-jet extraction yield is attained. Furthermore, the beam-free conditions make it possible to investigate
new chemical systems. In 2020, we continued to develop an ultra-rapid gas-chromatograph apparatus at the focal plane of GARIS for
the gas chemistry of SHEs. This apparatus consists of an RF carpet gas cell and a cryo-gas-chromatograph column with a Si detec-
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早水友洋, Emily Altiere, Eric R. Miller, David J. Jones, Kirk W. Madison,百瀬孝昌,「キセノンの 5p56p← 5p6 遷移の高分解能 2光
子分光」,第 6回精密計測を元に科学技術に変革をもたらす回路技術調査専門委員会,オンライン, 2021年 3月 23日.

Press Releases
原子 1 つの沈殿を調べる! —超重元素ラザホージウムの共沈挙動の実験的観測—, 理化学研究所, 2021 年 2 月 18 日. https:
//www.riken.jp/press/2021/20210218_1 .

Outreach Activities
羽場宏光,「原子の仕組みとラジオアイソトープの応用～新元素の探索からがんの治療まで～」,令和 2年度（2020年度）八王子
市生涯学習センター主催市民自由講座,八王子, 2021年 3月 9日.

Nuclear Science and Transmutation Research Division
Superheavy Element Research Group
Superheavy Element Device Development Team

1. Abstract
A gas-filled recoil ion separator has been used as a main experimental device for the study of superheavy elements. This team

is in charge of maintaining, improving, developing, and operating the separators and related devices. In the RIBF facility, three gas-
filled recoil ion separators are installed at RILAC and RRC facility. One is GARIS that is designed for a symmetric reaction such as
coldfusion reaction, and the other two are developed for an asymmetric reaction such as hot-fusion reaction, GARIS-II and GARIS-III.
New elements 278113 were produced by 70Zn + 209Bi reaction using GARIS. Further the new element search is currently in progress
by using GARIS-II and GARIS-III.

2. Major Research Subjects
(1) Maintenance of GARIS, GARIS-II and development of new separator GARIS-III
(2) Maintenance and development of detector and DAQ system for superheavy element research
(3) Maintenance and development of target system for GARIS, GARIS-II and GARIS-III

3. Summary of Research Activity
The GARIS-II and III are newly developed which has an acceptance twice as large as existing GARIS, in order to realize higher

transmission. A new element search program aiming to element 119 was started using GARIS-II. And new separator GARIS-III was
developed and installed into the RILAC experimental hall. After the some commissioning works of GARIS-III, new 119th element
search has been started. We will also offer user-support if a researcher wishes to use the devices for his/her own research program.

Members
Team Leader

Kouji MORIMOTO

Research/Technical Scientists
Masaki FUJIMAKI (Senior Technical Scientist) Daiya KAJI (Technical Scientist)

Postdoctoral Researcher
Pierre BRIONNET

Postdoctoral Researcher
Sota KIMURA

Junior Research Associate
Toshitaka NIWASE

Visiting Scientists
Shin-ichi GOTO (Niigata Univ.)
Eiji IDEGUCHI (Osaka Univ.)
Yuta ITO (JAEA)

Katsuhisa NISHIO (JAEA)
Fuyuki TOKANAI (Yamagata Univ.)

Student Trainees
Satoshi ISHIZAWA (Yamagata Univ.)
Yoshiki TAKAHASHI (Niigata Univ.)

Hiroki TSUNODA (Niigata Univ.)

List of Publications & Presentations
Publications

[Original Papers]
S. Hofmann, S. N. Dmitriev, C. Fahlander, J. M. Gates, J. B. Roberto, and H. Sakai, “On the discovery of new elements (IUPAC/IUPAP

Report), —Report of the 2017 Joint Working Group of IUPAC and IUPAP—,” Pure Appl. Chem. 92, 1387 (2020).

[Review Articles]
庭瀬暁隆,「MRTOF+α-TOFによる 257Dbの直接質量測定」,放射化学 43, 31 (2021年 3月).
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Presentations
[International Conferences/Workshops]

K. Morimoto (oral), “Present status and plans of GARIS, GARIS-II and GARIS-III,” SSRI-PNS Collaboration Meeting 2020, online,
September 3, 2020.

[Domestic Conferences/Workshops]
庭瀬暁隆 (口頭), P. Schury, 和田道治, P. Brionnet, S. Chen, 橋本尚志, 羽場宏光, 平山賀一, D. S. Hou, 飯村俊, 石山博恒, 石澤倫,
伊藤由太,加治大哉,木村創大,小浦寛之, J. Liu,宮武宇也, J. Y. Moon,森田浩介,森本幸司,長江大輔, M. Rosenbusch,高峰愛子,
渡辺裕, W. Xian, S. X. Yan, H. Wollnik,「MRTOF+α-TOFによる 257Dbの直接質量測定」,日本放射化学会第 64回討論会 (2020),
オンライン, 2020年 9月 9日–11日.

庭瀬暁隆 (口頭),「MRTOF+α-TOF検出器による（超）重核の精密質量と α崩壊の相関測定」, 2020重元素核化学ワークショッ
プ,オンライン, 2021年 3月 30日.

Awards
庭瀬暁隆,若手優秀発表賞,日本放射化学会第 64回討論会 (2020),令和 2年度理研桜舞賞,理化学研究所.

Others
石澤倫,「超重元素探索に用いられる TOF検出器の検出率向上に関する研究」,山形大学大学院理工学研究科博士学位論文 (2021).
Toshitaka Niwase, “First direct mass measurement of superheavy nuclide via MRTOF mass spectrograph equipped with an α-TOF detec-

tor,” Department of Physics, Kyushu University, Doctoral Thesis (2021).
内藤夏樹,「後方準弾性散乱測定による 51V+ 248Cm/208Pb系の融合障壁分布の研究」,九州大学大学院理学研究院修士論文 (2021).
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[Domestic Conferences/Workshops]
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伊藤由太,加治大哉,木村創大,小浦寛之, J. Liu,宮武宇也, J. Y. Moon,森田浩介,森本幸司,長江大輔, M. Rosenbusch,高峰愛子,
渡辺裕, W. Xian, S. X. Yan, H. Wollnik,「MRTOF+α-TOFによる 257Dbの直接質量測定」,日本放射化学会第 64回討論会 (2020),
オンライン, 2020年 9月 9日–11日.

庭瀬暁隆 (口頭),「MRTOF+α-TOF検出器による（超）重核の精密質量と α崩壊の相関測定」, 2020重元素核化学ワークショッ
プ,オンライン, 2021年 3月 30日.

Awards
庭瀬暁隆,若手優秀発表賞,日本放射化学会第 64回討論会 (2020),令和 2年度理研桜舞賞,理化学研究所.

Others
石澤倫,「超重元素探索に用いられる TOF検出器の検出率向上に関する研究」,山形大学大学院理工学研究科博士学位論文 (2021).
Toshitaka Niwase, “First direct mass measurement of superheavy nuclide via MRTOF mass spectrograph equipped with an α-TOF detec-

tor,” Department of Physics, Kyushu University, Doctoral Thesis (2021).
内藤夏樹,「後方準弾性散乱測定による 51V+ 248Cm/208Pb系の融合障壁分布の研究」,九州大学大学院理学研究院修士論文 (2021).

Nuclear Science and Transmutation Research Division
Astro-Glaciology Research Group

1. Summary of Research Activities
Our Astro-Glaciology Research Group promotes both experimental and theoretical studies to open up the new interdisciplinary

research field of astro-glaciology, which combines astrophysics, astrochemistry, glaciology, and climate science.
On the experimental side, we measure isotopic and ionic concentrations in ice cores drilled at Dome Fuji station, Antarctica,

in collaboration with the National Institute of Polar Research (NIPR, Tokyo). Here, the ice cores are time capsules which preserve
atmospheric information of the past. In particular, the ice cores obtained around the Dome Fuji site are very unique, because they
contain much more information on the stratosphere than any other ice cores obtained from elsewhere on Earth. This means that
we have significant advantages in using Dome Fuji ice cores if we wish to study the Universe, since UV photons, gamma-rays, and
highenergy protons emitted by astronomical phenomena affect the stratosphere. Our principal aim is thus to acquire and interpret
information preserved in ice cores regarding:

• Signatures of past volcanic eruptions and solar cycles;
• Relationships between climate change and volcanic activity, and climate change and solar activity as well;
• Traces of past supernovae in our galaxy, in order to understand better the rate of galactic supernova explosions.

Moreover, we are promoting experimental projects on:

• Development of an automated laser melting sampler for analyzing ice cores with high depth resolution;
• Development of precise analytical techniques of high sensitivity for analyzing ice cores;
• The evolution of molecules in space.
• The application of analytical methods for measuring isotopes in ice cores to archaeological artifacts;

On the theoretical side, we are simulating numerically:

• Chemical effects of giant solar flares and supernovae on the Earth’s atmosphere;
• The explosive and the r-process nucleosynthesis in core-collapse supernovae.

Combining our experimental evidence and theoretical simulations, we are promoting the researches mentioned above. These all will
contribute to understanding relationships between the Universe and Earth. In particular, climate change is the most critical issue facing
the world in the 21st century. It is also emphasized that the frequency of supernova explosions in our galaxy has not yet been fully
understood, and it is the key to understand the r-process nucleosynthesis.

Members
Director

Yuko MOTIZUKI

Special Temporary Research Scientist
Kazuya TAKAHASHI

Senior Research Scientist
Yoichi NAKAI

Technical Staff I
Yu Vin SAHOO

Senior Visiting Scientists
Yasushige YANO Kunihiko KODERA

Visiting Scientists
Hideharu AKIYOSHI (Nat’l Inst. for Environmental Studies)
Hisashi HAYAKAWA (Nagoya Univ.)
Akira HORI (Kitami Inst. of Tech.)
Kazuho HORIUCHI (Hirosaki Univ.)

Yoshinori IIZUKA (Hokkaido Univ.)
Naoyuki KURITA (Nagoya Univ.)
Hideki MADOKORO (Mitsubushi Heavy Industries, Ltd.)
Hideaki MOTOYAMA (Nat’l Inst. of Polar Res.)

Visiting Technicians
Junya HIROSE (Fusion Tech. Co., Ltd.) Yuma HASEBE (Denryoku Comp. Ctr., Ltd.)

Assistant
Keiko SUZUKI

Part-time Workers
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Satomi NEGISHI (Research Part-time Worker I) Kanako FUJITA (Administrative Part-time Worker I)

List of Publications & Presentations
Publications

[Original Papers]
S. Katsuda, H. Fujiwara, Y. Ishisaki, Y. Maeda, K. Mori, Y. Motizuki, K. Sato, M. S. Tashiro, and Y. Terada, “New measurement of

the vertical atmospheric density profile from occultations of the crab nebula with X-Ray astronomy satellites Suzaku and Hitomi,” J.
Geophys. Res. (Space Physics) 126, (4) e28886, doi:10.1029/2020JA028886 (2021).

E. Tsantini, T. Minami, M. A. C. Ontiveros, K. Takahashi, and J. C. Melgarejo, “Sulfur isotope analysis to examine the provenance of
cinnabar used in wall paintings in the Roman domus Avinyó (Barcelona),” Minerals 11, (1) 6 (2021).

K. Kitajima, Y. Nakai, W. M. C. Sameera, M. Tsuge, A. Miyazaki, H. Hidaka, A. Kouchi, and N. Watanabe, “Delivery of electrons by
proton-hole transfer in ice at 10 K: Role of surface OH radicals,” J. Phys. Chem. Lett. 12, 704 (2021).

A. Miyazaki, N. Watanabe, W. M. C. Sameera, Y. Nakai, M. Tsuge, T. Hama, H. Hidaka, and A. Kouchi, “Photostimulated desorption
of OH radicals from amorphous solid water: Evidence for the interaction of visible light with an OH-ice complex,” Phys. Rev. A 102,
052822 (2020).

[Books]
望月優子,佐藤勝彦,「シリーズ現代の天文学第 1巻人類の住む宇宙第 2版」（第 2刷観測進展にあわせ改訂）, pp. 99–144（「第 3
章元素の起源」）岡村定矩他編,日本評論社, 2020年 4月.

望月優子,佐藤勝彦,「天文学辞典（インターネット版）」,「r過程」（部分執筆）, https://astro-dic.jp/r-process/,日本天文
学会, 2020年 10月.

望月優子,佐藤勝彦,「天文学辞典（インターネット版）」,「s過程」（部分執筆）, https://astro-dic.jp/s-process/,日本天文
学会, 2020年 10月.

[Proceedings]
南武志,高橋和也,「与呂木古墳から出土した頭蓋骨付着朱の硫黄同位体比分析」,三木市文化研究資料第 35集「与呂木古墳・与
呂木 12号墳—与呂木青葉台団地造成に伴う発掘調査報告書」,三木市教育委員会, 35–39 (2021).

高橋和也,南武志,藤田淳,池田征弘,「硫黄同位体比分析による兵庫県の遺跡出土朱の産地推定」,兵庫県立考古博物館研究紀要 13,
53-–58 (2020).

Presentations
[International Conferences/Workshops]

Y. Motizuki (e-poster), Y. Nakai, K. Takahashi, J. Hirose, Y. V. Sahoo, Y. Yano, M. Yumoto, M. Maruyama, M. Sakashita, K. Kase, and
S. Wada, “A novel laser-melting ice-core sampler with high depth resolution and high throughput for discrete ice core analyses,” The
11th International Symposium on Polar Science, Online event, November 16-–December 18, 2020.

[Domestic Conferences/Workshops]
中井陽一,日高宏,渡部直樹,「低エネルギーイオンと低温氷表面との反応実験装置開発の現状 2」,日本物理学会第 76回年次大会,
オンライン発表, 2021年 3月 12–15日.

北島謙生,中井陽一, W. M. C. Sameera,宮﨑彩音,柘植雅士,日髙宏,香内晃,渡部直樹,「極低温アモルファス氷への紫外光・電子
線同時照射による負の氷透過電流生成」,原子衝突学会第 45回年会,オンライン発表, 2020年 12月 8–10日.

高橋和也,中井陽一,本山秀明,望月優子,「高感度硫黄同位体比分析法を用いた南極ドームふじ基地氷床コアから得られた試料の
分析」,日本分析化学会第 69回年会,オンライン開催, 2020年 9月 16–18日.

菅澤佳世,三宅芙沙,多田悠馬,堀内一穂,大谷昴,笹公和,高橋努,松村万寿美,落合悠太,高野健太,望月優子,高橋和也,中井陽一,
本山秀明,松崎浩之,「約 100年分のドームふじアイスコア中 10Beと 36Clの高分解能測定による BC5480年宇宙線イベントの
調査」,第 81回応用物理学会秋季学術講演会,オンライン開催, 2020年 9月 8–11日.

Press Releases
Kazuya Takahashi and Yuko Motizuki, “Sticky tape: A key ingredient for mapping artifact origins,” March 9, 2020. https://www.
riken.jp/en/news_pubs/research_news/pr/2019/20191126_2/
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K. Kitajima, Y. Nakai, W. M. C. Sameera, M. Tsuge, A. Miyazaki, H. Hidaka, A. Kouchi, and N. Watanabe, “Delivery of electrons by
proton-hole transfer in ice at 10 K: Role of surface OH radicals,” J. Phys. Chem. Lett. 12, 704 (2021).

A. Miyazaki, N. Watanabe, W. M. C. Sameera, Y. Nakai, M. Tsuge, T. Hama, H. Hidaka, and A. Kouchi, “Photostimulated desorption
of OH radicals from amorphous solid water: Evidence for the interaction of visible light with an OH-ice complex,” Phys. Rev. A 102,
052822 (2020).

[Books]
望月優子,佐藤勝彦,「シリーズ現代の天文学第 1巻人類の住む宇宙第 2版」（第 2刷観測進展にあわせ改訂）, pp. 99–144（「第 3
章元素の起源」）岡村定矩他編,日本評論社, 2020年 4月.

望月優子,佐藤勝彦,「天文学辞典（インターネット版）」,「r過程」（部分執筆）, https://astro-dic.jp/r-process/,日本天文
学会, 2020年 10月.

望月優子,佐藤勝彦,「天文学辞典（インターネット版）」,「s過程」（部分執筆）, https://astro-dic.jp/s-process/,日本天文
学会, 2020年 10月.

[Proceedings]
南武志,高橋和也,「与呂木古墳から出土した頭蓋骨付着朱の硫黄同位体比分析」,三木市文化研究資料第 35集「与呂木古墳・与
呂木 12号墳—与呂木青葉台団地造成に伴う発掘調査報告書」,三木市教育委員会, 35–39 (2021).

高橋和也,南武志,藤田淳,池田征弘,「硫黄同位体比分析による兵庫県の遺跡出土朱の産地推定」,兵庫県立考古博物館研究紀要 13,
53-–58 (2020).

Presentations
[International Conferences/Workshops]

Y. Motizuki (e-poster), Y. Nakai, K. Takahashi, J. Hirose, Y. V. Sahoo, Y. Yano, M. Yumoto, M. Maruyama, M. Sakashita, K. Kase, and
S. Wada, “A novel laser-melting ice-core sampler with high depth resolution and high throughput for discrete ice core analyses,” The
11th International Symposium on Polar Science, Online event, November 16-–December 18, 2020.

[Domestic Conferences/Workshops]
中井陽一,日高宏,渡部直樹,「低エネルギーイオンと低温氷表面との反応実験装置開発の現状 2」,日本物理学会第 76回年次大会,
オンライン発表, 2021年 3月 12–15日.

北島謙生,中井陽一, W. M. C. Sameera,宮﨑彩音,柘植雅士,日髙宏,香内晃,渡部直樹,「極低温アモルファス氷への紫外光・電子
線同時照射による負の氷透過電流生成」,原子衝突学会第 45回年会,オンライン発表, 2020年 12月 8–10日.

高橋和也,中井陽一,本山秀明,望月優子,「高感度硫黄同位体比分析法を用いた南極ドームふじ基地氷床コアから得られた試料の
分析」,日本分析化学会第 69回年会,オンライン開催, 2020年 9月 16–18日.

菅澤佳世,三宅芙沙,多田悠馬,堀内一穂,大谷昴,笹公和,高橋努,松村万寿美,落合悠太,高野健太,望月優子,高橋和也,中井陽一,
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Press Releases
Kazuya Takahashi and Yuko Motizuki, “Sticky tape: A key ingredient for mapping artifact origins,” March 9, 2020. https://www.
riken.jp/en/news_pubs/research_news/pr/2019/20191126_2/

Nuclear Science and Transmutation Research Division
Nuclear Transmutation Data Research Group

1. Abstract
The nuclear waste problem is an inevitable subject in nuclear physics and nuclear engineering communities. Since the Chicago

Pile was established in 1942, nuclear energy has become one of major sources of energy. However, nowadays the nuclear waste
produced at nuclear power plants has caused social problems. Minor actinide components of the waste have been studied well as a fuel
in fast breeder reactors or ADS. Long-lived fission products (LLFP) in waste, on the other hand, have not been studied extensively. A
deep geological disposal has been a policy of several governments, but it is difficult to find out location of the disposal station in terms
of security, sociology and politics. To solve the social problem, a scientific effort is necessary for nuclear physics community to find
out efficient methods for reduction of nuclear waste radioactivity. In the world-wide situation above, our Group aims to obtain reaction
data of LLFP at RIBF and other muon facilities for muon capture data. These data are necessary to design an accelerator-based system
for transmutation, and also may lead to a new discovery and invention for peaceful use of nuclear power and the welfare of humanity.

2. Major Research Subjects
The Group is formed by three research teams. The first two Teams, “Fast RI Data Team” and “Slow RI Data Team,” are in

charge of proton- and deuteron-induced reaction data of LLFP in inverse kinematics at RIBF. The third Team “Muon Data Team” is
to obtain muon capture data of LLFP at muon facilities. All of the teams are focusing to obtain high-quality data which are essentially
necessary to establish reliable reaction models. Each team has its own subjects and promotes LLFP reaction programs based on their
large experiences, techniques and skills.

3. Summary of Research Activity
In 2014, all the teams polished up experimental strategies, formed collaboration and prepared experiments. Physics runs for

spallation reaction were successfully organized at RIBF in 2015–2017. The muon program started at RCNP, Osaka University in
spring 2016 and the data for Pd isotopes were successfully obtained in 2017–2019 via in-beam method with DC beams at RCNP, and
via activation method with pulsed beams at J-PARC and ISIS-RAL/RIKEN facilities.

The reaction data obtained with both fast and energy-degraded beams at RIBF encouraged the nuclear data group of JAEA, and
a new database called “JENDLE/ImPACT-2018” has been released. The new database has been generated by a newly developed
reaction model “DEURACS” which treats deuteron-induced reactions. DEURACS reproduces very well cross section data, and much
better than other reaction models. A simulation code “PHITS” has been re-coordianted to use the database information.

In December 2018, the Team leader, Hideaki Otsu, was invited to join Technical Meeting of IAEA, entitled “Novel Multidisci-
plinary Applications with Unstable Ion Beams and Complementary Techniques.” Our activity has been demonstrated and recognized
internationally. In November 2020, Hideaki Otsu organized a domestic conference entitled “RIKEN Sympoium on Nuclear Data
2020”.

Member
Director

Hiroyoshi SAKURAI

List of Publications & Presentations
Presentations

[Domestic Conferences/Workshops]
櫻井博儀（招待講演）,「仁科センターの核データ活動」, 理研シンポジウム「2020 年度核データ研究会」, 和光市, 2020 年 11 月

26–27日.
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Nuclear Science and Transmutation Research Division
Nuclear Transmutation Data Research Group
Fast RI Data Team

1. Abstract
Fast RI team aims at obtaining and accumulating the cross section data for long lived fission products (LLFPs) in order to explore

the possibility of using accelerator for nuclear transmutation.
LLFPs as nuclear waste have been generated continuously in nuclear power plants for wealth for human lives, while people

noticed the way of disposal has not necessarily been established, especially after the Fukushima Daiichi power plant disaster. One of
the ways to reduce the amount of LLFP or to recover them as recycled resources is nuclear transmutation technique.

RIBF facility has a property to generate such LLFP as a secondary beam and the beam species are identified by event by event.
Utilizing the property, absolute values of the cross section of various reactions on LLFPs are measured and accumulated as a database.

2. Major Research Subjects
(1) Measurement of reaction products by the interaction of LLFPs with proton, deuteron, and photon to explore candidate reac-

tions for the transmutation of LLFPs.
(2) Evaluation of the cross section data for the neutron induced reactions from the obtained data.

3. Summary of Research Activity
(1) Acting as a collaboration hub on many groups which plan to take data using fast RI beams in RIBF facility.
(2) Concentrating on taking data for proton and deuteron induced spallation reactions with inverse kinematics.
(3) Accumulating the cross section data and evaluating them as evaluated nuclear data.
(4) Evaluating cross section of neutron induced reaction on LLFP by collaborating with the nuclear model calculation and eval-

uation group.
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Nuclear Science and Transmutation Research Division
Nuclear Transmutation Data Research Group
Slow RI Data Team

1. Abstract
This team is in charge of the development of low-energy RI beams of long-lived fission fragments (LLFP) from the 238U by means

of degrading the energy of beams produced by the BigRIPS fragment separator.

2. Major Research Subjects
Studies of the slowing down and purification of RI beams are the main subjects of the team. Developments of devices used for

the slowing down of RI beams are also an important subject.
(1) Study and development of the slowed-down methods for LLFP.
(2) Development of the devices used for the slowing down.
(3) Operation of the BigRIPS separator and supply the low energy LLFP beam to the experiment in which the cross sections of

LLFP are measured at the low energy.
(4) Development of the framework to seamlessly handle device, detector, DAQ, and analysis for the easy control of the complicate

slowed-down RI beam production and its development.

3. Summary of Research Activity
A new OEDO beam line, designed for the slowed-down RI beams, was constructed under the collaboration with CNS, the Uni-

versity of Tokyo. Our group was responsible for the construction of the infrastructure such as the cooling water and the electrical
equipment, and the movement and alignment of existing vacuum chambers, quadrupole magnets. The power supply for the Supercon-
ducting Triplet Quadrupoles (STQ) was made, which had a stability also under the low current condition.

Slowed-down 93Zr beams with 20 or 50 MeV/nucleon were successfully developed at June 2016 for the first time. The methods
to obtain the narrow energy, position, and angle distribution were developed. The methods of the energy adjustment and the particle
identification at 50 MeV/nucleon were developed. The 93Zr and 107Pd beams with 50 MeV/nucleon were produced for the nucle-
artransmutation experiments using proton or deuteron targets at October 2016. The commissioning experiment of the OEDO beam
line was successfully performed at June 2017. The first transmutation experiments using OEDO beam line were performed with 93Zr,
107Pd, and 79Se around 20 MeV/nucleon.

With our developments, the slowed-down RI beams became ready for the transmutation experiments. On the other hand, the
procedure to make the slowed-down RI beams became highly specialized. In order to easily produce the slowed-down RI beam, the
framework is under the development to seamlessly handle the device, detector, DAQ, and analysis. The procedure of the RI-beam
energy control was implemented in the web application.
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1. Abstract
Dr. Yoshio Nishina observed muons in cosmic rays in 1937. The muon is an elementary particle similar to electron and classified

to lepton group. The muon has positive or negative electric charge, and the lifetime is 2.2 µsec. The negative muon (µ−) is 207 times
heavier than the electron and behaves as a “heavy electron” in materials. The negative muon is captured by atomic orbits of nuclei
to form a muonic atom and cascades down to the 1 s orbit to make muon nuclear capture. The muon is combined with a proton in
the nucleus to convert to a neutron and a neutrino. The muon nuclear capture reaction on a nucleus (A

Z N) with the atomic number Z
and mass number A generates the isotopes of A−x

Z−1N(x = 0, 1, 2, 3, 4) by emitting some neutrons in the reaction. The phenomenon is
called “muon nuclear transmutation.” The reaction branching ratio of A

Z N(µ−, xnν)A−x
Z−1N reactions (x = 0, 1, 2, 3, 4) is one of important

factors toward various applications with nuclear transmutation technique. From a viewpoint of the nuclear physic, the muon nuclear
capture reaction is very unique and interesting. A high-energy compound nuclear state is suddenly generated in the nuclei associated
with a weak conversion process of proton to neutron and neutrino. Many experimental results have been so far reported, however, the
reaction mechanism itself is not well clarified. The research team aims at obtaining the experimental data to investigate the reaction
mechanism of muon nuclear capture, and also at theoretical understanding on the nuclear capture reaction.

2. Major Research Subjects
(1) Experimental clarification on the mechanism of nuclear muon capture reaction
(2) Theoretical understanding on the nuclear muon capture reaction
(3) Interdisciplinary applications with the nuclear transmutation technique

3. Summary of Research Activity
There are two experimental methods to study the muon nuclear capture reaction. The first one is “muon in-beam spectroscopy

method.” The neutron and γ-ray emissions from the excited states of A−x
Z−1N nuclei are prompt events and are observed by the “muon

in-beam spectroscopy method” with a DC muon beam. The reaction branching ratio is directly determined by measuring the neutron
multiplicity in the reaction. The DC muon beam is available at the MuSIC (Muon Science Innovative Channel) muon facility in the
Research Center for Nuclear Physics (RCNP) at Osaka University. The second one is “muon activation method” with the pulsed
muon beam. The produced unstable nuclei A−x

Z−1N make β+/− decays. The γ-rays associated with β+/− decays to the daughter nuclei are
observed in the experiment. The build-up curve of γ-ray yield at muon beam-on and the decay curve at beam-off are measured. Since
the half-lives and decay branching ratios of β+/−-γ decays are known, the reaction branching ratios to the A−x

Z−1N nuclei are determined
by the γ-ray yield curves. The pulsed muon beam is available at the RIKEN-RAL Muon Facility in the UK and J-PARC muon facility.

Muon nuclear capture reactions are studied on five isotope-enriched palladium targets (104, 105, 106, 108, 110Pd) and five isotope-
enriched zirconium targets (90, 91, 92, 94, 96Zr) employing two experimental methods. By obtaining the experimental data on the Pd and Zr
targets, the reaction mechanism is investigated experimentally, and the results are compared with appropriate theoretical calculations.
The 107Pd is classified to a long-lived fission product (LLFP) and is contained in a spent nuclear fuel. The study of muon nuclear
capture on the Pd and Zr targets is aiming at exploring a possible reaction path to make the nuclear transmutation of the Pd and Zr
metal extracted from the spent nuclear fuel without an isotope separation process. This research was funded by the ImPACT Program
of Council for Science, Technology and Innovation (Cabinet Office, Government of Japan).

(1) Experiments with “muon in-beam spectroscopy method”
Muon nuclear capture reactions were investigated on five palladium targets (104, 105, 106, 108, 110Pd) by employing the DC muon

beam at MuSIC. The γ-ray and neutron in the muon nuclear capture reaction were measured with the time information relative to
muon beam arrival. The measured neutron multiplicity gives the reaction branching ratio of A

46Pd(µ−, xnν)A−x
45 Rh reactions, where

A = 104, 105, 106, 108, 110 and x = 0, 1, 2, 3, 4.
Employing a newly built neutron spectrometer, the neutron was measured to obtain the reaction branching ratios of muon capture

reactions on the Pd targets. We have constructed a neutron spectrometer named “Seamine”: Scintillator Enclosure Array for Muon
Induced Neutron Emission. The spectrometer consists of 21 liquid scintillation counters, 2 Ge γ-ray detectors, 7 BaF2 counters. The
Pd target, muon beam counters and muon degraders are placed at the center of spectrometer. The neutron counter is a BC-501A
liquid scintillation counter with 20 cm diameter and 5 cm depth and is connected to a 5” photo multiplication tube (H4144-01). The
total neuron detection efficiency is estimated 5%, where the distance is 4 cm from the target to neutron counters. The Ge γ-ray
detectors are placed at 10 cm form the target, and the typical detection efficiency is 0.5% for 200 keV γ-ray. The BaF2 counters are
located beneath the target to detect fast γ-rays emitted from the compound nucleus formed in the reactions. Signals from the liquid
scintillation counters are processed in a CAEN V1730B waveform digitizer (16 channel, 14 bit, 500 M samplings/sec.). The neuron-γ
discrimination is performed on-line during the experiment, and the detailed data analysis is conducted off-line after the experiment.
The neutron energy spectrum is constructed in the digitizer. Signals from Ge detectors are also processed in the digitizer to obtain the
energy and time spectrum of γ-rays associated with the reaction. Signals from the BaF2 counters and muon beam counters are sent to
the digitizer to make the fast timing signals.

We have established the muon in-beam spectroscopy method employing the “Seamine” spectrometer. The neutron data analysis
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capture reaction is very unique and interesting. A high-energy compound nuclear state is suddenly generated in the nuclei associated
with a weak conversion process of proton to neutron and neutrino. Many experimental results have been so far reported, however, the
reaction mechanism itself is not well clarified. The research team aims at obtaining the experimental data to investigate the reaction
mechanism of muon nuclear capture, and also at theoretical understanding on the nuclear capture reaction.
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3. Summary of Research Activity
There are two experimental methods to study the muon nuclear capture reaction. The first one is “muon in-beam spectroscopy

method.” The neutron and γ-ray emissions from the excited states of A−x
Z−1N nuclei are prompt events and are observed by the “muon

in-beam spectroscopy method” with a DC muon beam. The reaction branching ratio is directly determined by measuring the neutron
multiplicity in the reaction. The DC muon beam is available at the MuSIC (Muon Science Innovative Channel) muon facility in the
Research Center for Nuclear Physics (RCNP) at Osaka University. The second one is “muon activation method” with the pulsed
muon beam. The produced unstable nuclei A−x

Z−1N make β+/− decays. The γ-rays associated with β+/− decays to the daughter nuclei are
observed in the experiment. The build-up curve of γ-ray yield at muon beam-on and the decay curve at beam-off are measured. Since
the half-lives and decay branching ratios of β+/−-γ decays are known, the reaction branching ratios to the A−x

Z−1N nuclei are determined
by the γ-ray yield curves. The pulsed muon beam is available at the RIKEN-RAL Muon Facility in the UK and J-PARC muon facility.
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enriched zirconium targets (90, 91, 92, 94, 96Zr) employing two experimental methods. By obtaining the experimental data on the Pd and Zr
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The 107Pd is classified to a long-lived fission product (LLFP) and is contained in a spent nuclear fuel. The study of muon nuclear
capture on the Pd and Zr targets is aiming at exploring a possible reaction path to make the nuclear transmutation of the Pd and Zr
metal extracted from the spent nuclear fuel without an isotope separation process. This research was funded by the ImPACT Program
of Council for Science, Technology and Innovation (Cabinet Office, Government of Japan).

(1) Experiments with “muon in-beam spectroscopy method”
Muon nuclear capture reactions were investigated on five palladium targets (104, 105, 106, 108, 110Pd) by employing the DC muon

beam at MuSIC. The γ-ray and neutron in the muon nuclear capture reaction were measured with the time information relative to
muon beam arrival. The measured neutron multiplicity gives the reaction branching ratio of A

46Pd(µ−, xnν)A−x
45 Rh reactions, where

A = 104, 105, 106, 108, 110 and x = 0, 1, 2, 3, 4.
Employing a newly built neutron spectrometer, the neutron was measured to obtain the reaction branching ratios of muon capture

reactions on the Pd targets. We have constructed a neutron spectrometer named “Seamine”: Scintillator Enclosure Array for Muon
Induced Neutron Emission. The spectrometer consists of 21 liquid scintillation counters, 2 Ge γ-ray detectors, 7 BaF2 counters. The
Pd target, muon beam counters and muon degraders are placed at the center of spectrometer. The neutron counter is a BC-501A
liquid scintillation counter with 20 cm diameter and 5 cm depth and is connected to a 5” photo multiplication tube (H4144-01). The
total neuron detection efficiency is estimated 5%, where the distance is 4 cm from the target to neutron counters. The Ge γ-ray
detectors are placed at 10 cm form the target, and the typical detection efficiency is 0.5% for 200 keV γ-ray. The BaF2 counters are
located beneath the target to detect fast γ-rays emitted from the compound nucleus formed in the reactions. Signals from the liquid
scintillation counters are processed in a CAEN V1730B waveform digitizer (16 channel, 14 bit, 500 M samplings/sec.). The neuron-γ
discrimination is performed on-line during the experiment, and the detailed data analysis is conducted off-line after the experiment.
The neutron energy spectrum is constructed in the digitizer. Signals from Ge detectors are also processed in the digitizer to obtain the
energy and time spectrum of γ-rays associated with the reaction. Signals from the BaF2 counters and muon beam counters are sent to
the digitizer to make the fast timing signals.

We have established the muon in-beam spectroscopy method employing the “Seamine” spectrometer. The neutron data analysis

is in progress to obtain the multiplicity, the energy and the TOF spectrum using start signals given by γ-rays detected in the BaF2
counters. The γ-ray data gives the energy spectrum of prompt γ-rays and muonic X-rays originated from the 104, 105, 106, 108, 110Pd
targets.

(2) Experiments with “muon activation method” at the RIKEN-RAL Muon Facility
We conducted the experiments on the muon nuclear capture employing the muon activation method at the RIKEN-RAL Muon

Facility in the UK. The pulsed muon beam was irradiated on the 104, 105, 106, 108, 110Pd targets. The γ-rays were detected by a Ge detector
located at the downstream of the Pd targets to maximize the detection efficiency. The build-up and decay curves of γ-ray intensities
were measured associated with β+/− decays of produced unstable nuclei to daughter nuclei. The γ-ray-yield curves give the absolute
radiation activity produced by the reaction, and the reaction branching ratios are determined for A

46Pd(µ−, xnν)A−x
45 Rh reactions. The

decay curves of γ-rays from the produced nuclei with long half-lives were measured under low γ-ray background at an experimental
apparatus built in a separated room. The detailed off-line data analysis is in progress.

(3) Experiments with “muon activation method” at J-PARC muon facility
The experiments employing the muon activation method were performed at J-PARC muon facility. The five isotope-enriched Pd

targets (104, 105, 106, 108, 110Pd) were irradiated by the pulsed muon beam, and the build-up and decay curves of γ-ray intensities were
measured.

In addition to the Pd targets, the experiments on five isotope-enriched Zr target (90, 91, 92, 94, 96Zr) were conducted to obtain the
reaction branching ratios of A

40Zr(µ−, xnν)A−x
39 Y reactions, where A = 90, 91, 92, 94, 96. The obtained reaction branching ratios on the

Pd and Zr targets are important to understand the reaction mechanism of muon nuclear capture. The 93Zr is one of the LLFP and is
contained in a spent nuclear fuel. The experiment on the Zr targets is to explore a possibility to realize the nuclear transmutation of
the Zr metal extracted from the spent nuclear fuel.

In order to obtain the reaction branching ratio of 107
46 Pd(µ−, xnν)107−x

45 Rh reactions, the muon activation experiment was performed
employing a Pd target containing 107Pd of 15.3%. The γ-ray intensities associated with β+/− decays of produced unstable nuclei were
measured to obtain the build-up and decay curves. Once the branching ratios of the reactions on the 104, 105, 106, 108, 110Pd targets are
obtained, these contributions are extracted from the branching-ratio data obtained for the Pd target with 107Pd. The reaction branching
ratio of 107

46 Pd(µ−, xnν)107−x
45 Rh reactions is finally determined. The detailed off-line data analysis is in progress.

(4) Comparison with theory
The muon activation method gives the reaction branching ratios. The muon in-beam spectroscopy method gives the neutron

multiplicity and the neutron energy spectrum. These experimental results are important to understand the compound nuclear state and
neutron emission mechanism. The reaction branching ratios obtained by the muon activation method are compared with the results of
neutron multiplicity measurements. The neutron energy spectrum is considered to be reflected by the energy distribution of compound
nuclear state and neutron emission mechanism. The experimental results are compared with the appropriate calculations employing the
neutron emission mechanisms due to an evaporation, a cascade and a direct emission processes with assuming the energy distribution
at compound nuclear state.
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Nuclear Science and Transmutation Research Division
High-Intensity Accelerator R&D Group

1. Abstract
The High-Intensity Accelerator R&D group, consisting of two teams, develops elemental technology of high-power accelerators

and high-power targets, aiming at future applications to nuclear transmutations of long-lived fission product into short-lived nuclides.
The research subjects are superconducting rf cavities for low-velocity ions, design of high-power accelerators, high-power target
systems and related technologies.

Nuclear transmutation with high-intensity accelerators is expected to reduce the high-level radioactive wastes and to recycle
the precious resources such as rare-earth materials in future. This method is one of the important applications of the ion-accelerator
technologies that have been developed at RIKEN for a long time. Under the framework of ImPACT Fujita Program, we have conducted
R&D of elemental technology related to the high-power accelerators and high-power targets, from FY2014 to FY2018. We gained a
lot of experiences in these R&Ds. Among them, the development of a superconducting rf cavity has become the basis of the upgrade
program of the RILAC facility which started in 2016.

2. Major Research Subjects
(1) R&D of elemental technology of high-power accelerators and high-power targets.

3. Summary of Research Activity
(1) A high-gradient rf cavity has been constructed and tested based on the superconducting rf technology.
(2) Several candidates for the high-power target have been proposed and their prototypes have been tested.
(3) A high-current deuteron RFQ has been designed.
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Osamu KAMIGAITO (concurrent: Group Director, Accelera-
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Nuclear Science and Transmutation Research Division
High-Intensity Accelerator R&D Group

1. Abstract
The High-Intensity Accelerator R&D group, consisting of two teams, develops elemental technology of high-power accelerators

and high-power targets, aiming at future applications to nuclear transmutations of long-lived fission product into short-lived nuclides.
The research subjects are superconducting rf cavities for low-velocity ions, design of high-power accelerators, high-power target
systems and related technologies.

Nuclear transmutation with high-intensity accelerators is expected to reduce the high-level radioactive wastes and to recycle
the precious resources such as rare-earth materials in future. This method is one of the important applications of the ion-accelerator
technologies that have been developed at RIKEN for a long time. Under the framework of ImPACT Fujita Program, we have conducted
R&D of elemental technology related to the high-power accelerators and high-power targets, from FY2014 to FY2018. We gained a
lot of experiences in these R&Ds. Among them, the development of a superconducting rf cavity has become the basis of the upgrade
program of the RILAC facility which started in 2016.

2. Major Research Subjects
(1) R&D of elemental technology of high-power accelerators and high-power targets.

3. Summary of Research Activity
(1) A high-gradient rf cavity has been constructed and tested based on the superconducting rf technology.
(2) Several candidates for the high-power target have been proposed and their prototypes have been tested.
(3) A high-current deuteron RFQ has been designed.
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Nuclear Science and Transmutation Research Division
High-Intensity Accelerator R&D Group
High-Gradient Cavity R&D Team

1. Abstract
We develop new components for accelerators dedicated for low-beta-ions with very high intensity. Specifically, we are designing

and constructing a cryomodule for superconducting linac efficient for acceleration of low-beta-ions. In parallel, we try to optimize an
rf acceleration system by making computer simulations for acceleration of very high intensity beams.

2. Major Research Subjects
(1) Development of high-gradient cavites for low beta ions
(2) Development of power saving cryomodules

3. Summary of Research Activity
• Development of highly efficient superconducting accelerator modules
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Nuclear Science and Transmutation Research Division
High-Intensity Accelerator R&D Group
High-Power Target R&D Team

1. Abstract
The subjects of this team cover R&D studies with respect to target technology for the transmutation of the LLFPs.

2. Major Research Subjects
(1) Liquid lithium target for production of neutron or muon
(2) Beam window without solid structure

3. Summary of Research Activity
(1) Liquid lithium target for production of neutron or muon (H. Okuno)
(2) Beam window with solid structure (H. Okuno)

Members
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Special Postdoctoral Researcher
Yasuto MIYAKE
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Nuclear Science and Transmutation Research Division
High-Intensity Accelerator R&D Group
High-Power Target R&D Team

1. Abstract
The subjects of this team cover R&D studies with respect to target technology for the transmutation of the LLFPs.

2. Major Research Subjects
(1) Liquid lithium target for production of neutron or muon
(2) Beam window without solid structure

3. Summary of Research Activity
(1) Liquid lithium target for production of neutron or muon (H. Okuno)
(2) Beam window with solid structure (H. Okuno)

Members
Team Leader

Hiroki OKUNO

Special Postdoctoral Researcher
Yasuto MIYAKE

Research Facility Development Division
Accelerator Group

1. Abstract
The Accelerator Group, consisting of seven teams, pursues various upgrade programs on the world-leading heavy-ion accelerator

facility, RI Beam Factory (RIBF), to enhance the accelerator performance and operation efficiency. The programs include the R&D of
superconducting ECR ion source, charge stripping systems, beam diagnostic devices, radio-frequency systems, control systems, and
beam simulation studies. We are also maintaining the large infrastructure to realize effective operation of the RIBF. Moreover, we are
actively promoting the applications of the facility to various research fields.

Our primary mission is to supply intense, stable heavy-ion beams for the users through effective operation, maintenance, and
upgrade of the RIBF accelerators and related infrastructure. The director members govern the development programs that are not dealt
with by a single team, such as intensity upgrade and effective operation. We also discuss the future plans of RIBF along with other
laboratories belonging to the RIBF research division.

Various improvements and developments have been carried out for the RIBF accelerators in order to upgrade the beam intensities
and stability. Owing to the efforts, for example, we succeeded in accelerating the uranium beam of 117 pnA through SRC in October
2020. This surpassed the long-standing target of 100 pnA, and also means that one of goals of the current mid-term plan of RNC has
been achieved. The beam intensity of 70Zn increased to 788 pnA in December 2020, corresponding to the beam power of 19.0 kW.

On the other hand, at the new RILAC facility, which was commissioned at the end of FY2019 with the superconducting booster
linac (SRILAC), a superheavy element synthesis experiment was started after the closure of RIKEN due to COVID-19. Despite a
problem in one of the superconducting cavities, a high-intensity vanadium beam is being supplied to the users. Construction of a new
beam line for the R&D of mass production method of 211At has been also started at the RILAC facility.

An upgrade plan of RIBF for further increasing uranium beam has been continuously discussed. The plan is based on the idea of
“charge-stripper ring (CSR),” which is used to improve the overall stripping efficiency of the uranium beam. This device recirculates
and re-injects the uranium ions into the charge stripper until the ions have the charge state required for the succeeding acceleration,
while the bunch structure is kept with its isometric orbit lengths for all the charge states. We are planning to install two CSRs in the
RIBF accelerator chain and the ultimate goal of the uranium beam intensity is 2,000 pnA at the exit of SRC. Initial design study of the
first CSR (CSR1) has been almost completed. A pair of quadrupole magnets, that will be used in CSR1, is under fabrication, in order
to study the magnetic field in and around the magnets.

2. Major Research Subjects
(1) Intensity upgrade of RIBF accelerators (Okuno)
(2) Effective and stable operation of RIBF accelerators (Fukunishi)
(3) Stable operation of the upgraded RILAC facility
(4) Promotion of the future plan

3. Summary of Research Activity
(1) The maximum intensity of the uranium beam reached 117 pnA at 345 MeV/nucleon, which corresponds to the beam power

of 9.6 kW.
(2) The maximum intensity of zinc beam reached 788 pnA, corresponding to 19.0 kW.
(3) The overall beam availability for the RIBF experiments was 90% in 2020.
(4) The new RILAC facility, which was commissioned at the end of FY2019 with the superconducting booster linac (SRILAC),

started supplying high-intensity vanadium beam for a superheavy element synthesis experiment.
(5) The large infrastructure was properly maintained based on a well-organized cooperation among the related sections in RIKEN.
(6) An intensity-upgrade plan of the RIBF has been further investigated. Elemental R&D of the first charge-stripper ring (CSR1)

is under progress.
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Research Part-time Worker I
Akira GOTO Masayuki KASE
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Tadashi FUJINAWA Toshiyuki HATTORI (Tokyo Tech)
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List of Publications & Presentations
Publications

[Original Papers]
O. Kamigaito, “Circuit-model formulas for external-Q factor of resonant cavities with capacitive and inductive coupling,”

arXiv:2005.05843 (2020).

Presentations
[International Conferences/Workshops]

O. Kamigaito (invited), “Commissioning of superconducting linac booster for heavy-ion linac at RIKEN,” 30th Linear Accelerator Con-
ference (LINAC20), Liverpool, United Kingdom (ONLINE), September 1–4, 2020.

Outreach Activities
“First beam acceleration test successfully performed at SRILAC,” RIKEN NEWS No. 470 (8) 2020.
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Research Part-time Worker I
Akira GOTO Masayuki KASE

Research Consultants
Tadashi FUJINAWA Toshiyuki HATTORI (Tokyo Tech)

Visiting Scientists
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[Original Papers]
O. Kamigaito, “Circuit-model formulas for external-Q factor of resonant cavities with capacitive and inductive coupling,”

arXiv:2005.05843 (2020).

Presentations
[International Conferences/Workshops]

O. Kamigaito (invited), “Commissioning of superconducting linac booster for heavy-ion linac at RIKEN,” 30th Linear Accelerator Con-
ference (LINAC20), Liverpool, United Kingdom (ONLINE), September 1–4, 2020.

Outreach Activities
“First beam acceleration test successfully performed at SRILAC,” RIKEN NEWS No. 470 (8) 2020.

Research Facility Development Division
Accelerator Group
Accelerator R&D Team

1. Abstract
We are developing the key hardware in upgrading the RIBF accelerator complex. Our primary focus and research is charge

stripper which plays an essential role in the RIBF accelerator complex. Charge strippers remove many electrons in ions and realize
efficient acceleration of heavy ions by greatly enhancing charge state. The intensity of uranium beams is limited by the lifetime of the
carbon foil stripper conventionally installed in the acceleration chain. The improvement of stripper lifetimes is essential to increase
beam power towards the final goal of RIBF in the future. We are developing the low-Z gas stripper. In general gas stripper is free from
the lifetime related problems but gives low equilibrium charge state because of the lack of density effect. Low-Z gas stripper, however,
can give as high equilibrium charge state as that in carbon foil because of the suppression of the electron capture process. Another our
focus is the upgrade of the world’s first superconducting ring cyclotron.

2. Major Research Subjects
(1) Development of charge strippers for high power beams (highly oriented graphite film, low-Z gas)
(2) Upgrade of the superconducting ring cyclotron
(3) Maintenance and R&D of the electrostatic deflection/inflection channels for the beam extraction/injection

3. Summary of Research Activity
(1) Development of charge strippers for high power beams (foil, low-Z gas)

(H. Hasebe, H. Imao, H. Okuno)
We are developing the charge strippers for high intensity heavy ion beams. We are focusing on the developments on highly

oriented carbon graphite films and gas strippers including He gas stripper.

(2) Upgrade of the superconducting ring cyclotron
(J. Ohnishi, H. Okuno)
We are focusing on the upgrade of the superconducting ring cyclotron.

(3) Maintenance and R&D of the electrostatic deflection/inflection channels for the beam extraction/injection
(J. Ohnishi, H. Okuno)
We are developing high-performance electrostatic channels for high power beam injection and extraction.
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Research Facility Development Division
Accelerator Group
Ion Source Team

1. Abstract
Our aim is to operate and develop the ECR ion sources for the accelerator-complex system of the RI Beam Factory. We focus on

further upgrading the performance of the RI Beam Factory through the design and fabrication of a superconducting ECR ion source
for production of high-intensity heavy ions.

2. Major Research Subjects
(1) Operation and development of the ECR ion sources
(2) Development of a superconducting ECR heavy-ion source for production of high-intensity heavy ion beams

3. Summary of Research Activity
(1) Operation and development of ECR ion sources

(T. Nakagawa, M. Kidera, Y. Higurashi, T. Nagatomo, Y. Kanai, and H. Haba)
We routinely produce and supply various kinds of heavy ions such as zinc and calcium ions for the super-heavy element search

experiment as well as uranium ions for RIBF experiments. We also perform R&D’s to meet the requirements for stable supply of
high-intensity heavy ion beams.

(2) Development of a superconducting ECR ion source for use in production of a high-intensity heavy ion beam
(T. Nakagawa, J. Ohnishi, M. Kidera, Y. Higurashi, and T. Nagatomo)
The RIBF is required to supply heavy ion beams with very high intensity so as to produce RI’s and for super-heavy element search

experiment. We have designed and are fabricating an ECR ion source with high magnetic field and high microwave- frequency, since
the existing ECR ion sources have their limits in beam intensity. The coils of this ion source are designed to be superconducting for the
production of high magnetic field. We are also designing the low-energy beam transport line of the superconducting ECR ion source.
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Research Facility Development Division
Accelerator Group
Ion Source Team

1. Abstract
Our aim is to operate and develop the ECR ion sources for the accelerator-complex system of the RI Beam Factory. We focus on

further upgrading the performance of the RI Beam Factory through the design and fabrication of a superconducting ECR ion source
for production of high-intensity heavy ions.

2. Major Research Subjects
(1) Operation and development of the ECR ion sources
(2) Development of a superconducting ECR heavy-ion source for production of high-intensity heavy ion beams

3. Summary of Research Activity
(1) Operation and development of ECR ion sources

(T. Nakagawa, M. Kidera, Y. Higurashi, T. Nagatomo, Y. Kanai, and H. Haba)
We routinely produce and supply various kinds of heavy ions such as zinc and calcium ions for the super-heavy element search

experiment as well as uranium ions for RIBF experiments. We also perform R&D’s to meet the requirements for stable supply of
high-intensity heavy ion beams.

(2) Development of a superconducting ECR ion source for use in production of a high-intensity heavy ion beam
(T. Nakagawa, J. Ohnishi, M. Kidera, Y. Higurashi, and T. Nagatomo)
The RIBF is required to supply heavy ion beams with very high intensity so as to produce RI’s and for super-heavy element search

experiment. We have designed and are fabricating an ECR ion source with high magnetic field and high microwave- frequency, since
the existing ECR ion sources have their limits in beam intensity. The coils of this ion source are designed to be superconducting for the
production of high magnetic field. We are also designing the low-energy beam transport line of the superconducting ECR ion source.

Members
Team Leader

Takahide NAKAGAWA

Research/Technical Scientists
Takashi NAGATOMO (Senior Technical Scientist) Yoshihide HIGURASHI (Technical Scientist)

Special Temporary Research Scientist
Yasuyuki KANAI

List of Publications & Presentations
Presentations

[International Conferences/Workshops]
T. Nagatomo (poster), “High intense vanadium-beam production to search for new super-heavy element with Z = 119,” 24th International

Workshop on ECR Ion Sources (ECRIS2020), East Lansing, USA, September 28–30, 2020.

Research Facility Development Division
Accelerator Group
RILAC Team

1. Abstract
The operation and maintenance of the RIKEN Heavy-ion Linac (RILAC) have been carried out. There are two operation modes:

one is the stand-alone mode operation and the other is the injection mode operation. The RILAC has been used especially as an
injector for the RIKEN RI- Beam Factory accelerator complex. The RILAC is composed of the 28 GHz SC ECR ion source, the
frequency-variable RFQ linac, the frequency-variable main linac, and the SC booster linac (SRILAC).

2. Major Research Subjects
(1) The long-term high stability of the RILAC operation.
(2) Improvement of high efficiency of the RILAC operation.

3. Summary of Research Activity
The RILAC was started to supply ion beams for experiments in 1981. Thousands hours are spent in a year for delivering many

kinds of heavy-ion beams to various experiments.
The RILAC has two operation modes: one is the stand-alone mode operation delivering low-energy beams directly to experiments

and the other is the injection mode operation injecting beams into the RRC. In the first mode, the RILAC supplies a very important
beam to the nuclear physics experiment of “the research of super heavy elements.” In the second mode, the RILAC plays a very
important role as upstream end of the RIBF accelerator complex.

The maintenance of these devices is extremely important in order to keep the log-term high stability and high efficiency of the
RILAC beams. Therefore, improvements are always carried out for the purpose of more stable and more efficient operation.
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PASJ2020 FRSP06.

- 261 -

RIKEN Accel. Prog. Rep. 54 (2021)VI. RNC ACTIVITIES



Research Facility Development Division
Accelerator Group
Cyclotron Team

1. Abstract
Together with other teams of Nishina Center accelerator division, maintaining and improving the RIBF cyclotron complex. The

accelerator provides high intensity heavy ions. Our mission is to have stable operation of cyclotrons for high power beam operation.
Recently stabilization of the rf system is a key issue to provide 10 kW heavy ion beam.

2. Major Research Subjects
(1) RF technology for Cyclotrons
(2) Operation of RIBF cyclotron complex
(3) Maintenance and improvement of RIBF cyclotrons
(4) Single turn operation for polarized deuteron beams
(5) Development of superconducting linac

3. Summary of Research Activity
• Development of the rf system for a reliable operation
• Development of highly stabilized low level rf system
• Development of superconducting linac
• Development of the intermediate-energy polarized deuteron beams.
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めのエミッタンス測定及び光学系調整」Proc. PASJ2020, online meeting, THOO08, 116–119 (2020).

N. Sakamoto, M. Fujimaki, E. Ikezawa, H. Imao, O. Kamigaito, T. Nagatomo, T. Nishi, K. Ozeki, K. Suda, A. Uchiyama, T. Watanabe,
Y. Watanabe, and K. Yamada, “Commissioning of superconducting-linac booster for RIKEN heavy-ion linac,” Proc. PASJ2020, online
meeting, FRPP05, 679–683 (2020).

Presentations
[International Conferences/Workshops]

K. Suda, O. Kamigaito, K. Ozeki, N. Sakamoto, K. Yamada, E. Kako, H. Nakai, K. Umemori, H. Hara, A. Miyamoto, K. Sennyyu,
and T. Yanagaisawa, ““Compact tuner designed to minimize the intervals of QWRs for RIKEN heavy-ion linac,” Tesla Technology
Collaboration Meeting 2020 (TTC 2020), Geneva (CERN), Switzerland, February 4–7, 2020.

K. Yamada, “Cryomodule design, assembly and installation utilizing “KOACH” system,” Tesla Technology Collaboration Meeting 2020
(TTC 2020), Geneva (CERN), Switzerland, February 4–7, 2020.

N. Sakamoto, K. Yamada, K. Suda, K. Ozeki, O. Kamigaito, Y. Watanabe, H. Imao, T. Nagatomo, E. Ikezawa, K. Kumagai, S. Dantsuka,
E. Kako, H. Nakai, and K. Umemori, “Commissioning and operation of RIKEN heavy ion superconducting linac,” Tesla Technology
Collaboration Meeting 2021 (TTC 2021), online (Hosted by DESY), January 19–21, 2021.

K. Ozeki, “Power coupler issues in CM operation from RIKEN,” Tesla Technology Collaboration Meeting 2021 (TTC 2021), online
(Hosted by DESY), January 19–21, 2021.

[Domestic Conferences/Workshops]
西隆博,内山暁仁,上垣外修一,坂本成彦,長友傑,福西暢尚,藤巻正樹,渡邉環,渡邉裕,「理研超伝導線形加速器ビームラインのた
めのエミッタンス測定及び光学系調整」(THOO08),第 17回日本加速器学会年会,オンライン開催, 2020年 9月 2–4日.

Others
坂本成彦,「理研 RIBFにおける低速重イオン用超伝導線形加速器の開発」,「加速器」17, 70–80 (2020).
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Research Facility Development Division
Accelerator Group
Cyclotron Team

1. Abstract
Together with other teams of Nishina Center accelerator division, maintaining and improving the RIBF cyclotron complex. The

accelerator provides high intensity heavy ions. Our mission is to have stable operation of cyclotrons for high power beam operation.
Recently stabilization of the rf system is a key issue to provide 10 kW heavy ion beam.

2. Major Research Subjects
(1) RF technology for Cyclotrons
(2) Operation of RIBF cyclotron complex
(3) Maintenance and improvement of RIBF cyclotrons
(4) Single turn operation for polarized deuteron beams
(5) Development of superconducting linac

3. Summary of Research Activity
• Development of the rf system for a reliable operation
• Development of highly stabilized low level rf system
• Development of superconducting linac
• Development of the intermediate-energy polarized deuteron beams.

Members
Team Leader

Naruhiko SAKAMOTO

Research/Technical Scientists
Kazutaka OZEKI (Senior Technical Scientist) Kenji SUDA (Technical Scientist)

List of Publications & Presentations
Publications

[Proceedings]
西隆博,内山暁仁,上垣外修一,坂本成彦,長友傑,福西暢尚,藤巻正樹,渡邉環,渡邉裕,「理研超伝導線形加速器ビームラインのた
めのエミッタンス測定及び光学系調整」Proc. PASJ2020, online meeting, THOO08, 116–119 (2020).

N. Sakamoto, M. Fujimaki, E. Ikezawa, H. Imao, O. Kamigaito, T. Nagatomo, T. Nishi, K. Ozeki, K. Suda, A. Uchiyama, T. Watanabe,
Y. Watanabe, and K. Yamada, “Commissioning of superconducting-linac booster for RIKEN heavy-ion linac,” Proc. PASJ2020, online
meeting, FRPP05, 679–683 (2020).

Presentations
[International Conferences/Workshops]
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and T. Yanagaisawa, ““Compact tuner designed to minimize the intervals of QWRs for RIKEN heavy-ion linac,” Tesla Technology
Collaboration Meeting 2020 (TTC 2020), Geneva (CERN), Switzerland, February 4–7, 2020.

K. Yamada, “Cryomodule design, assembly and installation utilizing “KOACH” system,” Tesla Technology Collaboration Meeting 2020
(TTC 2020), Geneva (CERN), Switzerland, February 4–7, 2020.

N. Sakamoto, K. Yamada, K. Suda, K. Ozeki, O. Kamigaito, Y. Watanabe, H. Imao, T. Nagatomo, E. Ikezawa, K. Kumagai, S. Dantsuka,
E. Kako, H. Nakai, and K. Umemori, “Commissioning and operation of RIKEN heavy ion superconducting linac,” Tesla Technology
Collaboration Meeting 2021 (TTC 2021), online (Hosted by DESY), January 19–21, 2021.

K. Ozeki, “Power coupler issues in CM operation from RIKEN,” Tesla Technology Collaboration Meeting 2021 (TTC 2021), online
(Hosted by DESY), January 19–21, 2021.

[Domestic Conferences/Workshops]
西隆博,内山暁仁,上垣外修一,坂本成彦,長友傑,福西暢尚,藤巻正樹,渡邉環,渡邉裕,「理研超伝導線形加速器ビームラインのた
めのエミッタンス測定及び光学系調整」(THOO08),第 17回日本加速器学会年会,オンライン開催, 2020年 9月 2–4日.

Others
坂本成彦,「理研 RIBFにおける低速重イオン用超伝導線形加速器の開発」,「加速器」17, 70–80 (2020).

Research Facility Development Division
Accelerator Group
Beam Dynamics & Diagnostics Team

1. Abstract
Aiming at stable and efficient operation of the RIBF cascaded cyclotron system, Beam Dynamics and Diagnostics Team developes

power supplies, beam instrumentation, computer control and beam dynamic studies. We have successfully increased the beam avail-
ability for user experiments to more than 90%. We have also established small-beam-loss operations. The latter strongly contributes
to recent high-power operations at RIBF.

2. Major Research Subjects
(1) More efficient and stable operations of the RIBF cascaded cyclotron system
(2) Maintenance and developments of the beam instrumentation
(3) Developments of computer control system for more intelligent and efficient operations
(4) Maintenance and improvements of the magnet power supplies for more stable operations
(5) Upgrade of the existing beam interlock system for high-power beams with few tens of kW

3. Summary of Research Activity
(1) High-intensity heavy-ion beams such as 117-pnA uranium, 173-pnA xenon, 486-pnA krypton, 788-pnA Zinc and 740-pnA

calcium beams have been obtained.
(2) The world-first high-Tc SQUID beam current monitor has been developed.
(3) The bending power of the fixed-frequency Ring Cyclotron has been upgraded to 700 MeV.
(4) The world-most-intense V beams are stably supplied to super-heavy-element-search experiments.
(5) The RIBF control system has been operated stably by replacing legacy hardware controllers carried over from our old facility

with new ones. Several useful operation tools are also developed.
(6) The dated power supplies exciting the main coils of RIKEN Ring Cyclotron has been upgraded to a new one having a better

long-term stability than the old ones.
(7) Developments of automatic beam tuning methods based on recent machine-learning technology and adaptive control are in

progress.

Members
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Research/Technical Scientists
Masaki FUJIMAKI (Senior Technical Scientist)
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Technical Scientist
Akito UCHIYAMA (Technical Scientist)

Expert Technician
Misaki KOMIYAMA

Postdoctoral Researcher
Takahiro NISHI

Research Associate
Hiroki FUJII

Visiting Scientists
Shin-ichiro HAYASHI (Hiroshima Int’l Univ.)
Atsushi KAMOSHIDA (Nat’l Instruments Japan Corporation)

Takuya MAEYAMA (Kitasato Univ.)

List of Publications & Presentations
Publications

[Review Articles]
K. Yamada, “Upgrade of the rf system for RIKEN Ring Cyclotron,” J. Part. Accel. Soc. Jpn. 17, 159–168 (2020).
N. Fukunishi, “Performance upgrade and present status of RI Beam Factory accelerator complex,” J. Part. Accel. Soc. Jpn. 17, 236–246

(2020).
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[Proceedings]
N. Fukunishi, “Beam intensity upgrade of RIKEN RI Beam Factory,” Proceedings of 17th Annual Meeting of Particle Accelerator Society

of Japan, 7–12 (2020).
T. Nishi, A. Uchiyama, O. Kamigaito, N. Sakamoto, T. Nagatomo, N. Fukunishi, M. Fujimaki, T. Watanabe, and Y. Watanabe, “Emittance

measurement and ion optics tuning for SRILAC beam line,” Proceedings of 17th Annual Meeting of Particle Accelerator Society of
Japan, 116–119 (2020).

T. Watanabe, T. Toyama, K. Hanamura, H. Imao, A. Uchiyama, K. Ozeki, O. Kamigaito, N. Sakamoto, T. Nishi, N. Fukunishi, K. Yamada,
Y. Watanabe, R. Koyama, and A. Kamoshida, “Commissioning of the beam energy and position monitor system for the superconducting
RIKEN heavy-ion linac,” Proceedings of 17th Annual Meeting of Particle Accelerator Society of Japan, 718–723 (2020).

A. Uchiyama and M. Komiyama, “Introduction of archiver appliance to RILAC control system,” Proceedings of 17th Annual Meeting of
Particle Accelerator Society of Japan, 739–742 (2020).

T. Watanabe, N. Fukunishi, H. Imao, O. Kamigaito, T. Nishi, T. Ozeki, N. Sakamoto, A. Uchiyama, Y. Watanabe, K. Yamada, T. Toyama,
A. Kamoshida, K. Hanamura, and R. Koyama, “Commissioning of the beam energy position monitoring system for the superconducting
RIKEN heavy-ion linac,” Proceedings of 9th International Beam Instrumentation Conference, 295–302, ISBN:978-3-95450-222-6
(2020).

Presentations
[International Conferences/Workshops]

T. Watanabe (invited), N. Fukunishi, H. Imao, O. Kamigaito, T. Nishi, T. Ozeki, N. Sakamoto, A. Uchiyama, Y. Watanabe, K. Ya-
mada, T. Toyama, A. Kamoshida, K. Hanamura, and R. Koyama, “Commissioning of the beam energy position monitoring system for
the superconducting RIKEN heavy-ion linac,” 9th International Beam Instrumentation Conference, FRAO04, Santos, Brazil (online),
September 14–18, 2020.

[Domestic Conferences/Workshops]
N. Fukunishi (invited), “Beam intensity upgrade of RIKEN RI Beam Factory,” 17th Annual Meeting of Particle Accelerator Society of

Japan, WEOOP02, Online, September 2–4, 2020.
T. Nishi (oral), A. Uchiyama, O. Kamigaito, N. Sakamoto, T. Nagatomo, N. Fukunishi, M. Fujimaki, T. Watanabe, and Y. Watanabe,

“Emittance measurement and ion optics tuning for SRILAC beam line,” 17th Annual Meeting of Particle Accelerator Society of Japan,
THOO08, Online, September 2–4, 2020.

T. Watanabe (poster), T. Toyama, K. Hanamura, H. Imao, A. Uchiyama, K. Ozeki, O. Kamigaito, N. Sakamoto, T. Nishi, N. Fukunishi,
K. Yamada, Y. Watanabe, R. Koyama, and A. Kamoshida, “Commissioning of the beam energy and position monitor system for the
superconducting RIKEN heavy-ion linac,” 17th Annual Meeting of Particle Accelerator Society of Japan, FRPP20, Online, September
2–4, 2020.

A. Uchiyama (poster) and M. Komiyama, “Introduction of archiver appliance to RILAC control system,” 17th Annual Meeting of Particle
Accelerator Society of Japan, FRPP26, Online, September 2–4, 2020.

T. Watanabe (invited), “Construction of beam energy position monitoring system using PXI digitizers for the superconducting RIKEN
heavy-ion linac,” LabVIEW User’s Particle Accelerator Community 2020.12.16 Online Conference, Online, December 16, 2020.

Awards
T. Nishi, “Emittance measurement and ion optics tuning for SRILAC beam line,” Oral Presentation Awards of 17th Annual Meeting of

Particle Accelerator Society of Japan (2020).
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RIKEN heavy-ion linac,” Proceedings of 9th International Beam Instrumentation Conference, 295–302, ISBN:978-3-95450-222-6
(2020).
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T. Watanabe (invited), N. Fukunishi, H. Imao, O. Kamigaito, T. Nishi, T. Ozeki, N. Sakamoto, A. Uchiyama, Y. Watanabe, K. Ya-
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“Emittance measurement and ion optics tuning for SRILAC beam line,” 17th Annual Meeting of Particle Accelerator Society of Japan,
THOO08, Online, September 2–4, 2020.

T. Watanabe (poster), T. Toyama, K. Hanamura, H. Imao, A. Uchiyama, K. Ozeki, O. Kamigaito, N. Sakamoto, T. Nishi, N. Fukunishi,
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Awards
T. Nishi, “Emittance measurement and ion optics tuning for SRILAC beam line,” Oral Presentation Awards of 17th Annual Meeting of

Particle Accelerator Society of Japan (2020).

Research Facility Development Division
Accelerator Group
Cryogenic Technology Team

1. Abstract
We are operating the cryogenic system for the superconducting ring cyclotron in RIBF. We are operating the helium cryogenic

system in the south area of RIKEN Wako campus and delivering the liquid helium to users in RIKEN. We are trying to collect
efficiently gas helium after usage of liquid helium.

2. Major Research Subjects
(1) Operation of the cryogenic system for the superconducting ring cyclotron in RIBF.
(2) Operation of the helium cryogenic plant in the south area of Wako campus and delivering the liquid helium to users in Wako

campus.

3. Summary of Research Activity
(1) Operation of the cryogenic system for the superconducting ring cyclotron in RIBF (H. Okuno, T. Dantsuka, M. Nakamura,

T. Maie).
(2) Operation of the helium cryogenic plant in the south area of Wako campus and delivering the liquid helium to users in Wako

campus. (T. Dantsuka, S. Tsuruma, M. Kuroiwa, M. Takahashi, H. Okuno).

Members
Team Leader

Hiroki OKUNO

Research/Technical Scientist
NAKAMURA (Senior Technical Scientist)

Expert Technicians
Tomoyuki DANTSUKA Takeshi MAIE

Part-time Workers
Mamoru TAKAHASHI (Research Part-time Worker I)
Shizuho TSURUMA (Administrative Part-time Worker I)

Mayumi KUROIWA (Administrative Part-time Worker II)
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Research Facility Development Division
Accelerator Group
Infrastructure Management Team

1. Abstract
Our team is in charge of the design, operation, and maintenance of the large-scale infrastructure for the entire RI Beam Factory

(RIBF), including cooling water, air conditioning, and electrical equipment, as well as the research and development of their advanced
management. In order to operate the RIBF efficiently, it is very important to ensure the sound operation of these infrastructures that
lead to the stable functioning of various devices. Another important mission is to coordinate the scheduling of major construction and
repair work related to the RIBF so that beamtime runs smoothly.

The recent issue is the aging of infrastructure equipment. In line with these measures, we are making modifications that contribute
to the stability of accelerator equipment and energy saving. In addition, infrastructure equipment has many sensors for management,
and a huge amount of measurement data from these sensors is archived. We are planning to use this data to build a more advanced
management system.

2. Major Research Subjects
(1) Operation, maintenance and monitoring of infrastructure of RI Beam Factory.
(2) Development of advanced management of infrastructure that contributes to accelerator and beam stability.
(3) Coordination of large construction work and modification related to RI Beam Factory.

Members
Team Leader

Masanori KIDERA

Deputy Team Leader
Yutaka WATANABE

Special Temporary Technical Scientist
Shu WATANABE

Special Temporary Employee
Hideyuki YAMASAWA

List of Publications & Presentations
Publications

[Proceedings]
西田稔,大関和貴,後藤彰,大西純一,大城幸光,福澤聖児,濱仲誠,石川盛,小林清志,小山亮,仲村武志,西村誠,柴田順翔,月居憲俊,
矢冨一慎,藤巻正樹,福西暢尚,長谷部裕雄,日暮祥英,今尾浩士,上垣外修一,加瀬昌之,木寺正憲,込山美咲,熊谷桂子,真家武士,
長友傑,中川孝秀,奥野広樹,坂本成彦,須田健嗣,内山暁仁,渡部秀,渡邉環,渡邉裕,山田一成,鎌倉恵太,小高康照,「理研 AVF
サイクロトロン運転の現状報告」, “Status report on the operation of RIKEN AVF Cyclotron,” Proc. 17th Annu. Meet. Part. Accel.
Soc. Jpn., p. 921, 2020年 10月 23日.

石川盛,須田健嗣,福澤聖児,濱仲誠,小林清志,小山亮,仲村武志,西田稔,西村誠,柴田順翔,月居憲俊,矢冨一慎,段塚知志,藤巻正樹,
藤縄雅, 福西暢尚, 長谷部裕雄, 日暮祥英, 池沢英二, 今尾浩士, 上垣外修一, 金井保之, 加瀬昌之, 木寺正憲, 込山美咲, 熊谷桂子,
真家武士, 長友傑, 中川孝秀, 中村仁音, 大西純一, 奥野広樹, 大関和貴, 坂本成彦, 内山暁仁, 渡部秀, 渡邉環, 渡邉裕, 山田一成,
山澤秀行,「理研RIBFにおけるリングサイクロトロンの運転報告」, “Status report of the operation of RIBF ring cyclotrons,”第 17回
日本加速器学会年会プロシーディングス, web公開のみ, 2020年 10月 21日. https://www.pasj.jp/web_publish/pasj2020/
proceedings/PDF/WESP/WESP03.pdf .

坂本成彦,藤巻正樹,池沢英二,今尾浩士,上垣外修一,長友傑,西隆博,大関和貴,須田健嗣,内山暁仁,渡邉環,渡邉裕,山田一成,「理
研超伝導線型加速器 SRILACのコミッショニング」, “Commissioning of superconducting-linac booster for RIKEN heavy-ion linac,”
第 17 回日本加速器学会年会プロシーディングス, web 公開のみ, 2020 年 10 月 21 日. https://www.pasj.jp/web_publish/
pasj2020/proceedings/PDF/WESP/WESP03.pdf .
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「理研超伝導重イオンリニアック用ビームエネルギー・位置モニターシステムのコミッショニング」, “Commissioning of the beam
energy position monitoring system for the superconducting RIKEN Heavy-ion LINAC,” Proc. 9th International Beam Instrumentation
Conference (IBIC 2020), pp. 295–302 October 30, 2020. http://accelconf.web.cern.ch/ibic2020/papers/frao04.pdf .

渡邉環,外山毅,花村幸篤,今尾浩士,内山暁,大関和貴,上垣外修一,坂本成彦,西隆博,福西暢尚,山田一成,渡邉裕,小山亮,鴨志田敦史,
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monitor system for the superconducting RIKEN Heavy-ion Linac,” 第 17 回日本加速器学会年会, PASJ2020 FRPP20, pp. 718–723,
2020年 10月 23日. https://www.pasj.jp/web_publish/pasj2020/proceedings/PDF/FRPP/FRPP20.pdf
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Research Facility Development Division
Accelerator Group
Infrastructure Management Team

1. Abstract
Our team is in charge of the design, operation, and maintenance of the large-scale infrastructure for the entire RI Beam Factory

(RIBF), including cooling water, air conditioning, and electrical equipment, as well as the research and development of their advanced
management. In order to operate the RIBF efficiently, it is very important to ensure the sound operation of these infrastructures that
lead to the stable functioning of various devices. Another important mission is to coordinate the scheduling of major construction and
repair work related to the RIBF so that beamtime runs smoothly.

The recent issue is the aging of infrastructure equipment. In line with these measures, we are making modifications that contribute
to the stability of accelerator equipment and energy saving. In addition, infrastructure equipment has many sensors for management,
and a huge amount of measurement data from these sensors is archived. We are planning to use this data to build a more advanced
management system.

2. Major Research Subjects
(1) Operation, maintenance and monitoring of infrastructure of RI Beam Factory.
(2) Development of advanced management of infrastructure that contributes to accelerator and beam stability.
(3) Coordination of large construction work and modification related to RI Beam Factory.

Members
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1. Abstract
This group develops core experimental installations at the RI Beam factory. Three projects are currently going on. SLOWRI is an

experimental installations under testing and a common element enabling multiple-use. This will stop high-energy RI beams in a gas-
catcher system and re-accelerates up to several-tenth keV, and the high-quality cold RI beam will be delivered to the users. SCRIT is
the world first facility for an electron scattering off unstable nuclei, and has been constructed independently of the RIBF main facility.
The first physic result was demonstrated in 2017, and the facility is now under upgrading of the electron beam power driving the RI
beam production. Rare-RI Ring is an event-by-event operated heavy-ion storage ring aiming at the precision mass measurement for
extremely rare exotic nuclei. This is now open for an experimental proposal application, and has already performed PAC-approved
experiments, and an improvement for higher precise mass measurement is now going on. A small size heavy-ion storage ring,
RUNBA, is R&D machine for technical development of beam recycling aiming at nuclear reaction study for rarely produced isotopes.
This is under preparing for construction and the technical development for some key components in the ring are now going on. All
instrumentations were designed to maximize the research potential of the world’s most intense RI beams, and the exclusive equipment
available at the RI Beam Factory makes experimental challenges possible. Technologies and experiences accumulated in this group
will be able to provide opportunities of new experimental challenges and the foundation for future developments of RIBF.

2. Major Research Subjects
(1) SCRIT Project
(2) SLOWRI Project
(3) Rear RI Ring Project
(4) RUNBA project (Beam recycling development)

3. Summary of Research Activity
We are developing beam manipulation technology in carrying out above listed project. They are the high-quality slow RI beam

production (SCRIT and SLOWRI), the beam cooling and stopping (SCRIT and SLOWRI), and the beam accumulation technology
(Rare RI Ring and RUNBA) in a storage ring. The technological knowhow accumulated in our projects will play a significant role
in the next generation RIBF. Status and future plan for each project is described in subsections. The electron scattering from 132Xe
isotopes has been successfully measured and the nuclear charge density distribution has been obtained in SCRIT. We are upgrading
the power of electron beam from RTM, which is the driver for RI production, for going to world-first electron scattering off unstable
nuclei. Performance of Rare RI Ring has already been evaluated and successfully started mass-measurements for unknown-mass
nuclei in the experiments approved by PAC. Recently, we succeeded in measurement of masses of 74, 76Ni, 122Rh, 123, 124Pd, and 125Ag
for the first time. Since expected performances on a mass resolution and an efficiency has slightly been unachieved, the fast kicker
system and the optics tuning system are under improvement. SLOWRI is now under test experiments to establish a slow RI beam
production using two types of gas cells. PALIS has been commissioned from 2015, and basic functions such as, for instance, the
RI-beam stopping in Ar gas cell and the extraction from the gas cell have beam evaluated. RF carpet gas cell (RFGC) combined
with multi-reflection time-of-flight device is now working as a movable mass spectrograph at some facility such as ZeroDegree and
GARIS. Detail status and future plans for these projects are described in subsections.

According to the future plans of the Nishina Center, we have started development of a beam re-cycling technique. A circulation
of an RI beam in a storage ring equipped by a thin internal target is maintained until that some nuclear reaction occur at the target.
In order to establish a beam re-cycling technique, the energy loss has to be compensated and growth of the energy-spread and the
emittance have to be corrected by using a re-acceleration system and a beam-cooling or a fast feedback system, respectively. A beam
re-cycling technique is supposed to greatly enhance an RI use efficiency in a nuclear physics study. For the development of these
novel technique, we will construct a relatively small size of heavy-ion storage ring (RUNBA) connected to ISOL (ERIS) in the SCRIT
facility. This is equipped by acceleration devices and beam-cooling devices necessary in our R&D study. It was originally constructed
as a beam cooler ring (sLSR) at the Institute for Chemical Research (ICR), Kyoto University more than ten years ago. This ring
is re-cycled at RIBF and it has been already moved to RIBF. Technical development for key devices required in RUNBA such as a
charge breeder (CB), an energy-dispersion corrector (EDC), angular diffusion corrector (ADC), and an internal target system have
been already started under the research cooperation agreement with ICR Kyoto University.
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This group develops core experimental installations at the RI Beam factory. Three projects are currently going on. SLOWRI is an

experimental installations under testing and a common element enabling multiple-use. This will stop high-energy RI beams in a gas-
catcher system and re-accelerates up to several-tenth keV, and the high-quality cold RI beam will be delivered to the users. SCRIT is
the world first facility for an electron scattering off unstable nuclei, and has been constructed independently of the RIBF main facility.
The first physic result was demonstrated in 2017, and the facility is now under upgrading of the electron beam power driving the RI
beam production. Rare-RI Ring is an event-by-event operated heavy-ion storage ring aiming at the precision mass measurement for
extremely rare exotic nuclei. This is now open for an experimental proposal application, and has already performed PAC-approved
experiments, and an improvement for higher precise mass measurement is now going on. A small size heavy-ion storage ring,
RUNBA, is R&D machine for technical development of beam recycling aiming at nuclear reaction study for rarely produced isotopes.
This is under preparing for construction and the technical development for some key components in the ring are now going on. All
instrumentations were designed to maximize the research potential of the world’s most intense RI beams, and the exclusive equipment
available at the RI Beam Factory makes experimental challenges possible. Technologies and experiences accumulated in this group
will be able to provide opportunities of new experimental challenges and the foundation for future developments of RIBF.

2. Major Research Subjects
(1) SCRIT Project
(2) SLOWRI Project
(3) Rear RI Ring Project
(4) RUNBA project (Beam recycling development)

3. Summary of Research Activity
We are developing beam manipulation technology in carrying out above listed project. They are the high-quality slow RI beam

production (SCRIT and SLOWRI), the beam cooling and stopping (SCRIT and SLOWRI), and the beam accumulation technology
(Rare RI Ring and RUNBA) in a storage ring. The technological knowhow accumulated in our projects will play a significant role
in the next generation RIBF. Status and future plan for each project is described in subsections. The electron scattering from 132Xe
isotopes has been successfully measured and the nuclear charge density distribution has been obtained in SCRIT. We are upgrading
the power of electron beam from RTM, which is the driver for RI production, for going to world-first electron scattering off unstable
nuclei. Performance of Rare RI Ring has already been evaluated and successfully started mass-measurements for unknown-mass
nuclei in the experiments approved by PAC. Recently, we succeeded in measurement of masses of 74, 76Ni, 122Rh, 123, 124Pd, and 125Ag
for the first time. Since expected performances on a mass resolution and an efficiency has slightly been unachieved, the fast kicker
system and the optics tuning system are under improvement. SLOWRI is now under test experiments to establish a slow RI beam
production using two types of gas cells. PALIS has been commissioned from 2015, and basic functions such as, for instance, the
RI-beam stopping in Ar gas cell and the extraction from the gas cell have beam evaluated. RF carpet gas cell (RFGC) combined
with multi-reflection time-of-flight device is now working as a movable mass spectrograph at some facility such as ZeroDegree and
GARIS. Detail status and future plans for these projects are described in subsections.

According to the future plans of the Nishina Center, we have started development of a beam re-cycling technique. A circulation
of an RI beam in a storage ring equipped by a thin internal target is maintained until that some nuclear reaction occur at the target.
In order to establish a beam re-cycling technique, the energy loss has to be compensated and growth of the energy-spread and the
emittance have to be corrected by using a re-acceleration system and a beam-cooling or a fast feedback system, respectively. A beam
re-cycling technique is supposed to greatly enhance an RI use efficiency in a nuclear physics study. For the development of these
novel technique, we will construct a relatively small size of heavy-ion storage ring (RUNBA) connected to ISOL (ERIS) in the SCRIT
facility. This is equipped by acceleration devices and beam-cooling devices necessary in our R&D study. It was originally constructed
as a beam cooler ring (sLSR) at the Institute for Chemical Research (ICR), Kyoto University more than ten years ago. This ring
is re-cycled at RIBF and it has been already moved to RIBF. Technical development for key devices required in RUNBA such as a
charge breeder (CB), an energy-dispersion corrector (EDC), angular diffusion corrector (ADC), and an internal target system have
been already started under the research cooperation agreement with ICR Kyoto University.
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1. Abstract
SLOWRI is a universal low-energy RI-beam facility at RIBF that provides a wide variety of short-lived nuclei as high-purity and

low-emittance ion beams or stored ions in a trap, including a parasitic operation mode. The SLOWRI team develops and manages the
facility and performs high-precision spectroscopy experiments. The construction of the SLOWRI facility began in FY2013 and com-
missioning work is ongoing. From FY2019, SLOWRI has been started to be co-operated under RNC and WNSC/KEK collaboration.

High-energy radioactive ion beams from the projectile fragment separator BigRIPS are thermalized in a large He gas catcher cell
(RFGC) or in a small Ar gas catcher cell (PALIS cell). From these gas cells, the low-energy ion beams will be delivered via mass
separators and switchyards to various devices: such as an ion trap, a collinear fast beam apparatus, and a multi-reflection time of flight
mass spectrograph. A multi-reflection time-of-flight mass spectrograph (MRTOF) has been also developed.

Two mass measurement projects using MRTOF mass spectrographs have been started: one is for trans uranium elements at
the GARIS facility and the other is for r-process nuclides at SLOWRI facility. At GARIS-II, we installed second prototype RFCG
combined with MRTOF, which is a medium-sized cryogenic RF-carpet He gas cell. Using second prototype RFGC, more than
80 nuclear masses have been measured including first mass measurements of Md and Es isotopes. In FY2020, we have started mass
measurements for neutron rich unstable nuclei using a fission source installed in the second prototype RFGC. At SLOWRI facility, third
prototype RFGC has been installed at F11, the downstream of ZeroDegree spectrometer, which is a 50-cm-long RF-carpet-type He
gas cell combined with MRTOF. In November and December of FY2020, we have successfully performed the on-line commissioning,
symbiotically by using RIs provided for HiCARI campaign. The extraction efficiency in total has been achieved at 1% in maximum
and the masses on more than 70 nuclei have been measured using RIs provided with BigRIPS.

Parallelly, the on-line commissioning for PALIS has been continuously performed at F2 of BigRIPS. In FY2020, the extraction
of I-emitter Bi Isotopes by the gas flow without a laser ionization has been confirmed from PALIS gas cell.

2. Major Research Subjects
(1) Construction of the stopped and low-energy RI-beam facility, SLOWRI.
(2) Development of a multi-reflection time-of-flight mass spectrograph for precision mass measurements of short-lived nuclei.
(3) Development of collinear laser spectroscopy apparatus.
(4) Development of a parasitic slow RI-beam production method using resonance laser ionization.

3. Summary of Research Activity
(1) Construction of stopped and low-energy RI-beam facility (SLOWRI)

SLOWRI consists of two gas catchers (RF carpet gas cell and PALIS gas cell), mass separators a 50-m-long beam transport line,
a beam cooler-buncher, an isobar separator, and a laser system. The RF carpet gas cell (RFGC) will be installed at the exit of the D5
dipole magnet of BigRIPS. The gas catcher contains a large cryogenic He gas cell with a large traveling wave rf-carpet. The PALIS
gas cell is installed in the vicinity of the second focal plane slit of BigRIPS. It will provide parasitic RI-beams from those ions lost in
the slits during other experiments. In this gas catcher, thermalized RI ions quickly become neutral and will be re-ionized by resonant
laser radiations. Off- and on-line commissioning is underway.

Based on test experiments with the prototype setups, the RF-carpet gas cell contains a three stage rf-carpet structure: a gutter rf
carpet (1st carpet) for the collection thermal ions in the cell into a small slit, a narrow (about 10 mm) traveling-wave rf-carpet (2nd
carpet) for collection of ions from the gutter carpet and for transporting the ions towards the exit, and a small rf carpet for extraction
from the gas cell. The off-line test has been completed in FY2019.

A 50-cm-long RFGC, which is a prototype for final version RFGC with 1.5 m length, has been installed at F11 of ZeroDegreee
spectrometer of BigRIPS in FY2020. In November and December of 2020, the on-line commissioning has been successfully performed
symbiotically using RIs provided with BigRIPS during HiCARI campaign. The extraction efficiency in total has been achieved at 1%
in maximum.

(2) Development of a multi-reflection TOF mass spectrograph for short-lived nuclei
The atomic mass is one of the most important quantities of a nucleus and has been studied in various methods since the early days

of modern physics. From among many methods we have chosen a multi-reflection time-of-flight (MRTOF) mass spectrometer. Slow
RI beams extracted from the RF ion-guide are bunched and injected into the spectrometer with a repetition rate of ∼100 Hz. A mass-
resolving power of 170,000 has been obtained with a 2 ms flight time for 40K and 40Ca isobaric doublet. This mass-resolving power
should allow us to determine ion masses with an accuracy of ≤10−7. A new MRTOF has been assembled in FY2019 to be coupled
with the third prototype of RFGC and has been installed at F11 of BigRIPS in FY2020. Mass measurements using RIs provided with
BigRIPS during HiCARI campaign have been symbiotically performed. As the result, atomic masses on more than 70 nuclei have
been successfully measured. Among them, 11 isotope masses improve the present uncertainty significantly and 3 isotope masses have
been measured for the first time.
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1. Abstract
SLOWRI is a universal low-energy RI-beam facility at RIBF that provides a wide variety of short-lived nuclei as high-purity and

low-emittance ion beams or stored ions in a trap, including a parasitic operation mode. The SLOWRI team develops and manages the
facility and performs high-precision spectroscopy experiments. The construction of the SLOWRI facility began in FY2013 and com-
missioning work is ongoing. From FY2019, SLOWRI has been started to be co-operated under RNC and WNSC/KEK collaboration.

High-energy radioactive ion beams from the projectile fragment separator BigRIPS are thermalized in a large He gas catcher cell
(RFGC) or in a small Ar gas catcher cell (PALIS cell). From these gas cells, the low-energy ion beams will be delivered via mass
separators and switchyards to various devices: such as an ion trap, a collinear fast beam apparatus, and a multi-reflection time of flight
mass spectrograph. A multi-reflection time-of-flight mass spectrograph (MRTOF) has been also developed.

Two mass measurement projects using MRTOF mass spectrographs have been started: one is for trans uranium elements at
the GARIS facility and the other is for r-process nuclides at SLOWRI facility. At GARIS-II, we installed second prototype RFCG
combined with MRTOF, which is a medium-sized cryogenic RF-carpet He gas cell. Using second prototype RFGC, more than
80 nuclear masses have been measured including first mass measurements of Md and Es isotopes. In FY2020, we have started mass
measurements for neutron rich unstable nuclei using a fission source installed in the second prototype RFGC. At SLOWRI facility, third
prototype RFGC has been installed at F11, the downstream of ZeroDegree spectrometer, which is a 50-cm-long RF-carpet-type He
gas cell combined with MRTOF. In November and December of FY2020, we have successfully performed the on-line commissioning,
symbiotically by using RIs provided for HiCARI campaign. The extraction efficiency in total has been achieved at 1% in maximum
and the masses on more than 70 nuclei have been measured using RIs provided with BigRIPS.

Parallelly, the on-line commissioning for PALIS has been continuously performed at F2 of BigRIPS. In FY2020, the extraction
of I-emitter Bi Isotopes by the gas flow without a laser ionization has been confirmed from PALIS gas cell.

2. Major Research Subjects
(1) Construction of the stopped and low-energy RI-beam facility, SLOWRI.
(2) Development of a multi-reflection time-of-flight mass spectrograph for precision mass measurements of short-lived nuclei.
(3) Development of collinear laser spectroscopy apparatus.
(4) Development of a parasitic slow RI-beam production method using resonance laser ionization.

3. Summary of Research Activity
(1) Construction of stopped and low-energy RI-beam facility (SLOWRI)

SLOWRI consists of two gas catchers (RF carpet gas cell and PALIS gas cell), mass separators a 50-m-long beam transport line,
a beam cooler-buncher, an isobar separator, and a laser system. The RF carpet gas cell (RFGC) will be installed at the exit of the D5
dipole magnet of BigRIPS. The gas catcher contains a large cryogenic He gas cell with a large traveling wave rf-carpet. The PALIS
gas cell is installed in the vicinity of the second focal plane slit of BigRIPS. It will provide parasitic RI-beams from those ions lost in
the slits during other experiments. In this gas catcher, thermalized RI ions quickly become neutral and will be re-ionized by resonant
laser radiations. Off- and on-line commissioning is underway.

Based on test experiments with the prototype setups, the RF-carpet gas cell contains a three stage rf-carpet structure: a gutter rf
carpet (1st carpet) for the collection thermal ions in the cell into a small slit, a narrow (about 10 mm) traveling-wave rf-carpet (2nd
carpet) for collection of ions from the gutter carpet and for transporting the ions towards the exit, and a small rf carpet for extraction
from the gas cell. The off-line test has been completed in FY2019.

A 50-cm-long RFGC, which is a prototype for final version RFGC with 1.5 m length, has been installed at F11 of ZeroDegreee
spectrometer of BigRIPS in FY2020. In November and December of 2020, the on-line commissioning has been successfully performed
symbiotically using RIs provided with BigRIPS during HiCARI campaign. The extraction efficiency in total has been achieved at 1%
in maximum.

(2) Development of a multi-reflection TOF mass spectrograph for short-lived nuclei
The atomic mass is one of the most important quantities of a nucleus and has been studied in various methods since the early days

of modern physics. From among many methods we have chosen a multi-reflection time-of-flight (MRTOF) mass spectrometer. Slow
RI beams extracted from the RF ion-guide are bunched and injected into the spectrometer with a repetition rate of ∼100 Hz. A mass-
resolving power of 170,000 has been obtained with a 2 ms flight time for 40K and 40Ca isobaric doublet. This mass-resolving power
should allow us to determine ion masses with an accuracy of ≤10−7. A new MRTOF has been assembled in FY2019 to be coupled
with the third prototype of RFGC and has been installed at F11 of BigRIPS in FY2020. Mass measurements using RIs provided with
BigRIPS during HiCARI campaign have been symbiotically performed. As the result, atomic masses on more than 70 nuclei have
been successfully measured. Among them, 11 isotope masses improve the present uncertainty significantly and 3 isotope masses have
been measured for the first time.

(3) Development of collinear fast beam apparatus for nuclear charge radii measurements
The root-mean-square charge radii of unstable nuclei have been determined exclusively by isotope shift measurements of the

optical transitions of singly charged ions or neutral atoms by laser spectroscopy. Many isotopes of alkali, alkali-earth, and noble-gas
elements in addition to several other elements have been measured by collinear laser spectroscopy since these ions all have good
optical transitions and are available at conventional ISOL facilities. However, isotopes of other elements, especially refractory and
short-lived ones, have not been investigated so far.

In SLOWRI, isotopes of all atomic elements will be provided as well collimated, mono-energetic ion beams. This should expand
the range of nuclides available for laser spectroscopy. An off-line mass separator and a collinear fast beam apparatus with a large
solid-angle fluorescence detector was built previously. A 617-nm transition of the metastable Ar+ ion at 20 keV was measured with
both collinear and anti-collinear geometry, which allowed determination of the absolute resonant frequency of the transition at rest
with a relative accuracy better than 10−8. A new setup is under preparation at the SLOWRI experiment area in collaboration with the
Nuclear Spectroscopy Laboratory.

(4) Development of parasitic slow RI-beam production scheme using resonance laser ionization
More than 99.9% of RI ions produced in projectile fission or fragmentation are simply dumped in the first dipole magnet and the

slits. A new scheme, named PALIS, meant to rescue such precious RI using a compact gas catcher cell and resonance laser ionization,
was proposed as a part of SLOWRI. The thermalized RI ions in a cell filled with Ar gas can be quickly neutralized and transported to
the exit of the cell by gas flow. Irradiation of resonance lasers at the exit ionizes neutral RI atoms efficiently and selectively. PALIS
has been installed at F2 at the downstream of BigRIPS. and off- and on-line commissioning is under progress.

At F2, due to high radiation from a beam dump, it is not easy to handle ions using electric ion guides. Therefore, a 70-cm-long gas
pipe from the Ar gas cell was newly installed to transport RIs to relatively low radiation area thanks for the Ar gas flow. In FY2020, we
have confirmed the transportation of RIs through the gas pipe to the relatively low radiation area using -emitting Bi isotopes provided
with BigRIPS. In FY2021, an on-line test for resonant laser ionization is planned using α-emitting Bi isotopes.
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Research Facility Development Division
Instrumentation Development Group
Rare RI-ring Team

1. Abstract
The aim of Rare-RI Ring (R3) is to measure the masses of short-lived unstable nuclei far from the beta-stability line. In particular,

a high-precision mass measurement for nuclei located around the r-process pass (rare-RI) is required in nucleosynthesis point of
view. The R3 completed the construction at the end of 2014, and has been performed commissioning experiments several times by
2017. Through the commissioning experiments, we confirmed the high ability of R3 as a storage ring capable of handling one event,
and demonstrated that it is possible to perform the time-of-flight Isochronous Mass Spectrometry (IMS) in shorter than 1 ms. We
have acquired an adequate efficiency to conduct the mass measurement experiments in the end of 2017. In 2020, a machine study
was conducted using upgraded kicker system. We succeeded in extracting all injected nuclides in a single extraction and then the
experimental efficiency became at least twice better than that achieved using the previous method, where different extraction timings
were needed to extract all nuclides. Furthermore, the systematic uncertainty caused by different kick angles has been eliminated.
The open question of the first mass measurement experiment in 2018 will be solved by performing mass measurement experiments
utilizing the upgraded kicker system in 2021.

2. Major Research Subjects
(1) Further improvement of experimental efficiency and mass measurement precision
(2) Precision mass measurement for rarely produced isotopes related to r-process

3. Summary of Research Activity
In the commissioning experiments up to 2017, we confirmed the unique performances of R3 and demonstrated the time-of-flight

isochronous mass measurement method. The ring structure of R3 was designed with a similar concept of a separate-sector ring
cyclotron. It consists of six sectors and straight sections, and each sector consists of four rectangular bending magnets. Two magnets
at both ends of each sector are additionally equipped with ten trim coils to form a precise isochronous field. We have realized in
forming the precise isochronous field of 5 ppm with wide momentum range of ∆p/p = ±0.5%. Another performance required for
R3 is to efficiently seize hold of an opportunity of the mass measurement for rare-RIs produced unpredictably. It was realized by
constructing the Isotope-Selectable Self-trigger Injection (ISSI) scheme which pre-identified rare-RI itself triggers the injection kicker
magnets. Key device was an ultra-fast response kicker system that has been successfully developed. Full activation of the kicker
magnetic field can be completed within the flight time of the rare-RI from an originating point (F3 focal point in BigRIPS) of the
trigger signal to the kicker position in R3.

Since R3 accumulates, in principle, only one event, we fabricated high-sensitive beam diagnostic devices in the ring. They should
be applicable even for one event circulation. One of them is a cavity type of Schottky pick-up installed in a straight section of R3.
The Schottky pick-up successfully monitored a single 78Kr36+ ion circulation with the measurement time of less than 10 ms in the first
commissioning experiment. We also confirmed that it is useful for fine tuning of the isochronous field. Another is a timing monitor,
which detects secondary electrons emitted from thin carbon foil placed on the circulation orbit. The thickness of the foil is 50 µg/cm2.
This timing monitor is working well to observe first several tens turns for injected event.

We performed mass measurement in the third commissioning experiment by using unstable nuclei which masses are well-known.
The masses of 79As, 77Ga, 76Zn, and 75Cu relative to 78Ge were derived with the accuracy of less than 10 ppm. In addition, we have
improved the extraction efficiency to 2% by considering the matching condition between the emittance of injection events and the
acceptance of R3. This extraction efficiency was sufficient to conduct the accepted two proposals: mass measurements of Ni isotopes
and mass measurements of Sn region.

In the beginning of 2018, we examined the feasibility of these two proposals in detail and decided to proceed with two proposals
at the same period. In the beginning of November 2018, we have conducted the first experiment using R3 to measure the masses for
74, 76Ni in 4 days. After that, we also measured the masses for 122Rh, 123, 124Pd, and 125Ag in 4.5 days at the end of November 2018.
These nuclei were successfully extracted from R3 with the efficiency of 1–2%. However, unexpected deviation from the evaluated
values of literature remains in the masses obtained by detailed analysis. This open question is thought to be due to the following two
reasons. One is that the TOF at R3 is mistaken because the target nuclei were extracted at a slope part of kicker field distribution. The
other is that the absolute value of beta or magnetic rigidity determined for each extracted event is incorrect. In order to eliminate the
former concern and verify the latter, we have improved the kicker system. This improvement achieves a flat-top of 100 ns for injection
and a long flat-top of 350 ns or more for extraction.

A machine study was conducted using the upgraded kicker system in November 2020. We succeeded in extracting all events with
different revolution times at once by realizing a long flat-top. Experimental efficiency became at least twice better than that achieved
using the previous method, where different extraction timings were needed to extract all nuclides. In addition, it was confirmed that
there is a risk that an incorrect mass will be derived when extracted events at a slope part of kicker field distribution, depending on an
isochronous condition. On the other hand, the masses could be derived with the expected accuracy when extracted events at a flat-top
part of kicker field distribution. Since each proposal mentioned above still has a machine time of several days, we will conduct mass
measurement experiments using the upgraded kicker system in 2021 and solve the open question.
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1. Abstract
The SCRIT Electron Scattering Facility has been constructed at RIKEN RIBF. This aims at investigation of internal nuclear struc-

ture for short-lived unstable nuclei by means of electron scattering. SCRIT (Self-Confining RI Ion Target) is a novel method to form
internal targets in an electron storage ring. This is a unique method for making electron scattering experiments for unstable nuclei pos-
sible. Construction of the facility has been started in 2009. This facility consists of an electron accelerator (RTM), a SCRITequipped
electron storage ring (SR2), an electron-beam-driven RI separator (ERIS), and a window-frame spectrometer for electron scattering
(WiSES) which consists of a large window-frame dipole magnet, drift chambers and trigger scintillators. Installation of all compo-
nents in the facility was completed in 2015. After the comprehensive test and tuning, the luminosity was reached to 3 × 1027/(cm2s)
with the number of injected ions of 3 × 108. In 2016, we successfully completed a measurement of diffraction of scattered electrons
from 132Xe nuclei and determined the charge density distribution for the first time. The facility is now under setting up to move the
first experiment for unstable nuclei.

2. Major Research Subjects
Development of SCRIT electron scattering technique and measurement of the nuclear charge density distributions of unstable

nuclei.

3. Summary of Research Activity
SCRIT is a novel technique to form internal target in an electron storage ring. Positive ions are three dimensionally confined in the

electron beam axis by transverse focusing force given by the circulating electron beam and applied electrostatic longitudinal mirror
potential. The created ion cloud composed of RI ions injected from outside works as a target for electron scattering. Construction
of the SCRIT electron scattering facility has been started in 2009. The electron accelerators RTM and the storage ring SR2 were
successfully commissioned in 2010. Typical accumulation current in SR2 is 250–300 mA at the energy range of 120–300 MeV that is
required energy range in electron scattering experiment. The SCRIT device was inserted in the straight section of SR2 and connected
to an ISOL named ERIS (Electron-beam-driven RI separator for SCRIT) by 20-m long low energy ion transport line. A buncher
system based on RFQ linear trap named FRAC (Fringing-RF-field-Activated dc-to-pulse converter) was inserted in the transport line
to convert the continuous beam from ERIS to pulsed beam, which is acceptable for SCRIT. The detector system WiSES consisting of
a high-resolution magnetic spectrometer, drift chambers and trigger scintillators, was constructed, and it has a solid angle of 100 msr,
energy resolution of 10−3, and the scattering angle coverage of 25–55 degrees. A wide range of momentum transfer, 80–300 MeV/c,
is covered by changing the electron beam energy from 150 to 300 MeV.

We successfully measured a diffraction pattern in the angular distribution of scattered electron from 132Xe isotope at the electron
beam energy of 150 MeV, 200 MeV, and 300 MeV, and derived the nuclear charge distribution by assuming two-parameters Fermi
model for the first time. At this time, luminosity was reached to 3 × 1027/(cm2s) at maximum and the averaged value was 1.2 ×
1027/(cm2s) with the number of injected target ions of 3 × 108.

We are now under preparation for going to the experiments for unstable nuclei. There are some key issues for that. They are
increasing the intensity of the RI beams from ERIS, efficient DC-to-pulse conversion at FRAC, improving the transmission efficiency
from FRAC to SCRIT, and effective suppression of the background in measurement of scattered electrons. RI beam intensity will be
improved by upgrading the electron beam power from 10 W to 60 W, increasing the contained amount of U in the target ion source,
and some modifications in mechanical structure in the ion source. For upgrading the electron beam power, the RF system of RTM
has been maintained intensively, and we will continue the development of RTM. For efficient DC-to-pulse conversion, we established
the two-step bunching method, which is time compression at FRAC in combination with pre-bunching at the ion source using grid
action. Furthermore, we will improve the conversion efficiency and the transmission efficiency from FRAC to the SCRIT device by
cooling the trapped ions using minuscule amounts of a buffer gas. These improvements on FRAC were already confirmed in off-line
test. Since one of significant contribution to the background for scattered electron is scattering from massive structural objects around
the trapping region originated from halo components of the electron beam, we remodeled the SCRIT electrodes. The vacuum pump
system at the SCRIT device has been upgraded to reduce the contribution of residual gases. Luminosity for radioactive Xe isotopes is
expected to be more than 1026/(cm2s) after these improvements. Then, we will be able to start experiments for unstable nuclei. When
further upgrading in the RTM power planed to be 3 kW will be achieved, we can extend the measurements to more exotic nuclei.

In 2018, we developed several instruments. One is the introduction of the surface-ionization type ion source at ERIS in order
to increase kinds of radioactive beam and to produce high intensity beam. Another development is the upgrading of the drift cham-
ber located in front of the magnetic spectrometer of WiSES to improve the momentum resolution and angular acceptance. These
developments help us to realize experiments for unstable nuclei.

In 2019, we installed a newly designed SCRIT electrodes. The main purpose of the replacement was to lower the background
during the measurement due to the electron scattering from the SCRIT electrodes itself but not from the ion targets for the experiment.
For that purpose, we employed thin metal wires to construct the electrodes rather than metal plates nor blocks. In addition, we
modified the inside structure of the SCRIT chamber to symmetrize the electric ground potential affecting the potential curve inside the
electrodes.
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In 2020, we tested accelerators RTM and SR2 if they bear for long term experiment for 24 hours. Currently, we are adjusting the
SR2 accelerator and ion source ERIS to be ready for the real electron scattering measurement of unstable nuclei.
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Research Instruments Group

1. Abstract
The Research Instruments Group is the driving force at RI Beam Factory (RIBF) for continuous enhancement of activities and

competitiveness of experimental research. Consisting of four teams, we are in charge of the operation, maintenance, and improvement
of the core research instruments at RIBF, such as the BigRIPS in-flight RI separator, ZeroDegree spectrometer and SAMURAI spec-
trometer, and the related infrastructure and equipment. We are also in charge of the production and delivery of RI beams using the
BigRIPS separator. The group also conducts related experimental research as well as R&D studies on the research instruments.

2. Major Research Subjects
Design, construction, operation, maintenance, and improvement of the core research instruments at RIBF and related R&D studies.

Experimental studies on exotic nuclei.

3. Summary of Research Activity
The current research subjects are summarized as follows:
(1) Production and delivery of RI beams and related research
(2) Design, construction, operation, maintenance, and improvement of the core research instruments at RIBF and their related

infrastructure and equipment
(3) R&D studies on the core research instruments and their related equipment at RIBF
(4) Experimental research on exotic nuclei using the core research instruments at RIBF
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1. Abstract
This team is in charge of design, construction, development and operation of BigRIPS in-flight separator and its related research

instruments at RI beam factory (RIBF). They are employed not only for the production of RI beams but also the experimental studies
using RI beams.

2. Major Research Subjects
Design, construction, development and operation of BigRIPS in-flight separator, RI-beam transport lines, and their related research

instruments.

3. Summary of Research Activity
This team is in charge of design, construction, development and operation of BigRIPS in-flight separator, RI-beam transport lines,

and their related research instruments such as ZeroDegree spectrometer at RI beam factory (RIBF). They are employed not only for
the production of RI beams but also various kinds of experimental studies using RI beams. The research subjects may be summarized
as follows:

(1) General studies on RI-beam production using in-flight scheme.
(2) Studies on ion-optics of in-flight separators, including particle identification of RI beams.
(3) Simulation and optimization of RI-beam production.
(4) Development of beam-line detectors and their data acquisition system.
(5) Experimental studies on production reactions and unstable nuclei.
(6) Experimental studies of the limits of nuclear binding.
(7) Development of superconducting magnets and their helium cryogenic systems.
(8) Development of a high-power production target system.
(9) Development of a high-power beam dump system.
(10) Development of a remote maintenance and remote handling systems.
(11) Operation, maintenance and improvement of BigRIPS separator system, RI-beam transport lines, and their related research

instruments such as ZeroDegree spectrometer and so on.
(12) Experimental research using RI beams.
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H. Takeda, S. Takeuchi, R. Taniuchi, Ya. Watanabe, Yu. Watanabe, H. Yamasaki, X. F. Yang, Y. L. Ye, and K. Yoshida, “Spallation
and fragmentation cross sections for 168 MeV/nucleon 136Xe ions on proton, deuteron, and carbon targets,” Phys. Rev. C 101, 064623
(2020).
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RIBF-I,”日本物理学会 2020年秋季大会,オンライン開催, 2020年 9月 14–17日.

海老名直樹,「中性子過剰核の準弾性散乱散乱測定用陽子検出器の開発 II」,日本物理学会 2020年秋季大会,オンライン開催, 2020
年 9月 14–17日.

齊藤敦美,「中性子過剰ヘリウム同位体のクーロンおよび核力分解反応」,日本物理学会 2020年秋季大会,オンライン開催, 2020年
9月 14–17日.
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大津秀暁, “Cluster structure study on neutron rich nuclei,”第 5回クラスター階層領域研究会,オンライン, 2020年 9月 24–25日.
堀川晃太 (poster),「中性子過剰核における短距離相関実験のための反跳陽子検出器の開発」,日本物学会第 76回年次大会,オンラ
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Research Facility Development Division
Research Instruments Group
Computing and Network Team

1. Abstract
This team is in charge of development, management and operation of the computing and network environment, mail and informa-

tion servers and data acquisition system and management of the information security of the RIKEN Nishina Center.

2. Major Research Subjects
(1) Development, management and operation of the general computing servers
(2) Development, management and operation of the mail and information servers
(3) Development, management and operation of the data acquisition system
(4) Development, management and operation of the network environment
(5) Management of the information security

3. Summary of Research Activity
This team is in charge of development, management and operation of the computing and network environment, mail and infor-

mation servers and data acquisition system and management of the information security. The details are described elsewhere in this
progress report.

(1) Development, management and operation of the general computing servers
We are operating Linux/Unix NIS/NFS cluster system for the data analysis of the experiments and general computing. This

cluster system consists of eight computing servers with 64 CPU cores and totally 200 TB RAID of highly-reliable Fibre-channel
interconnection. There are approximately 300 active user accounts on this cluster system (a total of about 800 accounts were registered
so far). We are adopting the latest version of the Scientific Linux (X86 64) as the primary operating system, which is widely used in
the accelerator research facilities, nuclear physics and high-energy physics communities in the world.

(2) Development, management and operation of the mail and information servers
We are operating RIBF.RIKEN.JP server as a mail/NFS/NIS server. This server is a core server of RIBF Linux cluster system.

Postfix has been used for mail transport software and dovecot has been used for imap and pop services. These software packages
enable secure and reliable mail delivery. Sophos Email Security and Control (PMX) installed on the mail front-end servers which
tags spam mails and isolates virus-infected mails. The probability to identify the spam is approximately 95–99%. We are operating
several information servers such as Web servers, Integrated Digital Conference (INDICO) server, Wiki servers, Groupware servers,
Wowza streaming servers. We have been operating approximately 70 units of wireless LAN access points in RNC. Almost the entire
radiation-controlled area of the East Area of RIKEN Wako campus is covered by wireless LAN for the convenience of experiments
and daily work.

(3) Development, management and operation of the data acquisition system
We have developed the standard data-acquisition system named as RIBFDAQ. This system can process up to 40 MB/s data. By

using crate-parallel readout from front-end systems such as CAMAC and VME, the dead time could be minimized. To synchronize the
independent DAQ systems, the time stamping system has been developed. The resolution and depth of the time stamp are 10 ns and
48 bits, respectively. This time stamping system is very useful for beta decay experiments such as EURICA, BRIKEN and VANDLE
projects. One of the important tasks is the DAQ coupling, because detector systems with dedicated DAQ systems are transported to
RIBF from foreign facilities. In case of SAMURAI Silicon (NSCL/TUM/WUSTL), the readout system is integrated into RIBFDAQ.
The projects of MUST2 (GANIL), MINOS (CEA Saclay), NeuLAND (GSI) and TRB3 (TUM) cases, data from their DAQ systems
are transferred to RIBFDAQ and merged online. For SPIRIT (RIKEN/GANIL/CEA Saclay/NSCL), RIBFDAQ is controlled from
the NARVAL-GET system that is a large-scale signal processing system for the time projection chamber. EURICA (GSI), BRIKEN
(GSI/Univ. Liverpool/IFIC), VANDLE (UTK) and OTPC (U. Warsaw) projects, we adopt the time stamping system to apply individual
trigger for each detector system. In this case, data are merged in offline. In addition, we are developing intelligent circuits based on
FPGA. General Trigger Operator (GTO) is an intelligent triggering NIM module. Functions of “common trigger management,” “gate
and delay generator,” “scaler” are successfully implemented. The trigger system in BigRIPS DAQ is managed by 5 GTO modules. To
improve the data readout speed of VME system, we have successfully developed the MPV system which is a parallel readout extension
of the VME system. Data readout sequence is completely parallelized that helps to improve the DAQ deadtime. Thanks to the MPV
system, now the DAQ system in RIBF is 10 times faster than in 2007. Toward to the next generation DAQ system, I have started to
develop a real-time data processing unit based on Xilinx RFSoC that includes FPGA and 4 GHz FADC.

(4) Development, management and operation of the network environment
We have been managing the network environment collaborating with Information Systems Division in RIKEN. All the Ethernet

ports of the information wall sockets are capable of the Gigabit Ethernet connection (10/100/1000 BT). In addition, some 10 Gbps
networks port has been introduced to RIBF experimental area. Approximately 100 units of wireless LAN access points have been
installed to cover the almost entire area of Nishina Center.
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(5) Management of the information security
It is essential to take proper information security measures for information assets. We are managing the information security of

Nishina Center collaborating with Information Systems Division in RIKEN.

Members
Team Leader

Hidetada BABA

Research/Technical Scientist
Yasushi WATANABE (Senior Research Scientist)

Special Temporary Research Scientist
Takashi ICHIHARA

Visiting Scientist
Shoichiro KAWASE (Kyushu Univ.)

Student Trainee
Shoko TAKESHIGE (Rikkyo Univ.)

List of Publications & Presentations
Presentations

[International Conferences/Workshops]
H.Baba (poster) et al., “MPV—Parallel Readout Architecture for the VME data acquisition system,” 22nd IEEE Real Time Conference,

Virtual, October 12–23, 2020.

[Domestic Conferences/Workshops]
武重祥子 (oral),馬場秀忠他,「RFSoCを用いた高帯域波形処理システムの開発」,日本物理学会第 73回年次大会,千葉県野田市 (東
京理科大学), 2018年 3月 22–25日.

馬場秀忠 (oral),「並列化 VMEの紹介」,計測システム研究会 2020@J-PARC,茨城県東海村 (KEK東海キャンパス) &オンライン
開催, 2020年 11月 26–27日.

Awards
市原卓, 2020年 JPCERT/CC感謝, JPCERTコーディネーションセンター, 2020年 8月 19日.
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(5) Management of the information security
It is essential to take proper information security measures for information assets. We are managing the information security of

Nishina Center collaborating with Information Systems Division in RIKEN.
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Presentations
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Virtual, October 12–23, 2020.

[Domestic Conferences/Workshops]
武重祥子 (oral),馬場秀忠他,「RFSoCを用いた高帯域波形処理システムの開発」,日本物理学会第 73回年次大会,千葉県野田市 (東
京理科大学), 2018年 3月 22–25日.
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Awards
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Research Facility Development Division
Research Instruments Group
Detector Team

1. Abstract
This team is in charge of development, fabrication, and operation of various detectors used for nuclear physics experiments at

RIBF. Our current main mission is maintenance and improvement of detectors which are used at BigRIPS separator and its succeeding
beam lines for beam diagnosis and particle identification of RI beams. We are also engaged in R&D of new detectors that can be used
for higher-intensity RI beams. In addition, we are doing the R&D which uses the pelletron accelerator together with other groups.

2. Major Research Subjects
Development, fabrication, and operation of various detectors for nuclear physics experiments, including beam-line detectors which

are used for the production and delivery of RI beams (beam diagnosis and particle identification). R&D which uses the pelletron
accelerator.

3. Summary of Research Activity
The current research subjects are summarized as follows:
(1) Maintenance and improvement of the beam-line detectors which are used at BigRIPS separator and its succeeding beam lines.
(2) Development of new beam-line detectors with radiation hardness and tolerance for higher counting rates.
(3) Management of the pelletron accelerator and R&D which uses the pelletron.

Members
Team Leader

Hiromi SATO

Research/Technical Scientist
Tokihiro IKEDA (Senior Research Scientist)

Research Consultant
Manabu HAMAGAKI

Visiting Scientist
Takeshi KOIKE (Tohoku University)

Student Trainees
Yuka HIKIMA (Toho University)
Mitsumasa MORI (Toho University)

Keito SANGU (Toho University)
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[Original Papers]
A. Revel, O. Sorlin, F. M. Marqués, Y. Kondo, J. Kahlbow, T. Nakamura, N. A. Orr, F. Nowacki, J. A. Tostevin, C. X. Yuan, N. L. Achouri,

H. Al Falou, L. Atar, T. Aumann, H. Baba, K. Boretzky, C. Caesar, D. Calvet, H. Chae, N. Chiga, A. Corsi, H. L. Crawford, F. De-
launay, A. Delbart, Q. Deshayes, Z. Dombrádi, C. A. Douma, Z. Elekes, P. Fallon, I. Gašparić, J. -M. Gheller, J. Gibelin, A. Gillibert,
M. N. Harakeh, W. He, A. Hirayama, C. R. Hoffman, M. Holl, A. Horvat, Á. Horváth, J. W. Hwang, T. Isobe, N. Kalantar-Nayestanaki,
S. Kawase, S. Kim, K. Kisamori, T. Kobayashi, D. Körper, S. Koyama, I. Kuti, V. Lapoux, S. Lindberg, S. Masuoka, J. Mayer, K. Miki,
T. Murakami, M. Najafi, K. Nakano, N. Nakatsuka, T. Nilsson, A. Obertelli, F. de Oliveira Santos, H. Otsu, T. Ozaki, V. Panin,
S. Paschalis, D. Rossi, A. T. Saito, T. Saito, M. Sasano, H. Sato, Y. Satou, H. Scheit, F. Schindler, P. Schrock, M. Shikata, Y. Shimizu,
H. Simon, D. Sohler, L. Stuhl, S. Takeuchi, M. Tanaka, M. Thoennessen, H. Törnqvist, Y. Togano, T. Tomai, J. Tscheuschner, J. Tsub-
ota, T. Uesaka, Z. Yang, M. Yasuda, and K. Yoneda, “Extending the southern shore of the island of inversion to 28F,” Phys. Rev. Lett.
124, 152502 (2020).

K. J. Cook, T. Nakamura, Y. Kondo, K. Hagino, K. Ogata, A. T. Saito, N. L. Achouri T. Aumann, H. Baba, F. Delaunay, Q. Deshayes,
P. Doornenbal N. Fukuda, J. Gibelin, J. W. Hwang, N. Inabe, T. Isobe, D. Kameda, D. Kanno, S. Kim, N. Kobayashi, T. Kobayashi,
T. Kubo, S. Leblond, J. Lee, F. M. Marqués, R. Minakata, T. Motobayashi, K. Muto, T. Murakami, D. Murai, T. Nakashima, N. Nakat-
suka, A. Navin, S. Nishi, S. Ogoshi, N. A. Orr, H. Otsu, H. Sato, Y. Satou, Y. Shimizu, H. Suzuki, K. Takahashi, H. Takeda, S. Takeuchi,
R. Tanaka, Y. Togano, J. Tsubota, A. G. Tuff, M. Vandebrouck, and K. Yoneda, “Halo structure of the neutron-dripline nucleus 19B,”
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G. Jhang, J. Estee, J. Barney, G. Cerizza, M. Kaneko, J. W. Lee, W. G. Lynch, T. Isobe, M. Kurata-Nishimura, T. Murakami, C. Y. Tsang,
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Accelerator Applications Research Division
Beam Mutagenesis Group

1. Abstract
This group promotes biological applications of ion beams from RI Beam Factory (RIBF). Ion Beam Breeding Team studies

various biological effects of fast heavy ions and develops new technology to breed plants and microbes by heavy-ion irradiations.
Plant Genome Evolution Research Team studies the effect of chromosomal rearrangements on plant genomes and phenotypes.

2. Major Research Subjects
(1) Biological effects of fast heavy ions
(2) Molecular nature of DNA alterations induced by heavy-ion irradiation
(3) Research and development of heavy-ion breeding
(4) Study on the effect of chromosomal rearrangements on plant genomes and phenotypes

3. Summary of Research Activity
Summary of research activities of the two teams are given in the sections of each team.

Members
Director

Tomoko ABE

Team Leaders
Tomoko ABE Hiroyuki ICHIDA

- 287 -

RIKEN Accel. Prog. Rep. 54 (2021)VI. RNC ACTIVITIES



Accelerator Applications Research Division
Beam Mutagenesis Group
Ion Beam Breeding Team

1. Abstract
Ion beam breeding team studies various biological effects of fast heavy ions. It also develops new technique to breed plants and

microbes by heavy-ion irradiations. Fast heavy ions can produce dense and localized ionizations in matters along their tracks, in
contrast to photons (X rays and gamma rays) which produce randomly distributed isolated ionizations. These localized and dense ion-
ization can cause double-strand breaks of DNA which are not easily repaired and result in mutation more effectively than singlestrand
breaks. A unique feature of our experimental facility at the RIKEN Ring Cyclotron (RRC) is that we can irradiate living tissues in
atmosphere since the delivered heavy-ion beams have energies high enough to penetrate deep in matter. This team utilizes a dedicated
beam line (E5B) of the RRC to irradiate microbes, plants and animals with beams ranging from carbon to iron. Its research subjects
cover study of ion-beam radiation mutagenesis, genome-wide analyses of mutation, and development of new plants and microbial
varieties by heavy-ion irradiation. Thirty-five new varieties have already been brought to the market.

2. Major Research Subjects
(1) Study on the biological effects by heavy-ion irradiation
(2) Study on the molecular nature of DNA alterations induced by heavy-ion irradiation
(3) Innovative applications of heavy-ion beams

3. Summary of Research Activity
We study biological effects of fast heavy ions from the RRC using 135 A MeV C, N, Ne ions, 95 A MeV Ar ions, 90 A MeV Fe

ions and from the IRC using 160 A MeV Ar ions. We also develop breeding technology of microbes and plants. Main subjects are:

(1) Study on the biological effects by heavy-ion irradiation
Heavy-ion beam deposits a concentrated amount of dose at just before stop with severely changing the linear energy transfer

(LET). The peak of LET is achieved at the stopping point and known at the Bragg peak (BP). Adjusting the BP to target malignant
cells is well known to be effective for cancer therapy. On the other hand, a uniform dose distribution is a key to the systematic study
for heavy-ion mutagenesis, thus to the improvement of the mutation efficiency. Plants and microbes therefore, are irradiated using ions
with stable LET. We investigated the effect of LET ranging from 23 to 640 keV/µm, on mutation induction using dry seeds of the model
plants Arabidopsis thaliana and rice (Oryza sativa L.). The most effective LET (LETmax) was 30 keV/µm in Arabidopsis. LETmax
irradiations showed the same mutation rate as that by chemical mutagens, which typically cause high mutation rate. The LETmax
was 23–39 keV/µm in buckwheat, 23–50 keV/µm in rice and 50–70 keV/µm in wheat. By contrast, when LET was 290 keV/µm, the
mutation rate was low and the survival rate was greatly reduced in plants. In the case of microbe, filamentous fungus (Neurospora
crassa), the Ar ions at 290 keV/µm demonstrated higher mutagenic activity than the Fe-ions at 640 keV/µm. Thus, the LET is an
important factor to be considered in heavy-ion mutagenesis.

(2) Study on the molecular nature of DNA alterations induced by heavy-ion irradiation
A whole-genome analysis with high-throughput sequencing is a powerful tool used to characterize the nature of induced mutations.

We have been using whole genome sequencing to analyze DNA mutations in Arabidopsis and rice genomes. C ions with LETmax
mainly induced single nucleotide variants (SNVs) and small insertions and deletions (InDels), while the number of large deletions
and chromosomal rearrangements was low. However, 290-keV/µm Ar ions showed a different mutation spectrum: SNVs and number
of small InDels was low, while the number of large deletions (≧100 bp) and chromosomal rearrangements was high. Number of
mutated gene induced by C-ion and Ar-ion irradiation is less than 10, relatively small, and often only 1 mutation is found near the
mapped location. Thus, irradiation with these ions can efficiently generate knockout mutants of a target gene and can be applied
to reverse genetics. Mutants of the causative gene of Arabidopsis induced by ion beam irradiation were compared at 30 keV/µm
and 290 keV/µm with two typical LETs. The most mutations irradiated with C ion at 30 keV/µm were small deletions (<100 bp).
Irradiation with 290-keV/µm C-ion and Ar-ion resulted in the most large-deletions and chromosomal rearrangements, and decreased
small deletions.

(3) Innovative application of heavy-ion beams
In 1999, we formed a consortium for ion-beam breeding consisting of 24 groups. In 2020, the consortium grew to 184 groups

from Japan and 20 from overseas. Previously, the ion-beam breeding procedures were carried out using mainly flowers and ornamental
plants. We have recently put a new non-pungent and tearless onion, ‘Smile ball,’ on the market along with ‘Kiku Meigetsu,’ an
edible late flowering chrysanthemum. In addition, a new project was launched to expand the cultivation area of this variety of
chrysanthemum in Yamagata prefecture. Beneficial variants have been grown for various plant species, such as high yield sea weeds,
lipids hyperaccumulating unicellular alga, medicinal plant with high productivity of medicinal ingredient, peanuts without major
allergens, oranges with delayed coloring and one-month late harvest, and lettuce with a low browning property as a cut vegetable. As
a result of a collaborative study with the University of Hasanuddin, we have selected five useful aromatic rice mutants and increased
the percentage of fertile grains from 32% control to over 52%. By broadening the target of heavy-ion breeding extending from flowers
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Accelerator Applications Research Division
Beam Mutagenesis Group
Ion Beam Breeding Team

1. Abstract
Ion beam breeding team studies various biological effects of fast heavy ions. It also develops new technique to breed plants and

microbes by heavy-ion irradiations. Fast heavy ions can produce dense and localized ionizations in matters along their tracks, in
contrast to photons (X rays and gamma rays) which produce randomly distributed isolated ionizations. These localized and dense ion-
ization can cause double-strand breaks of DNA which are not easily repaired and result in mutation more effectively than singlestrand
breaks. A unique feature of our experimental facility at the RIKEN Ring Cyclotron (RRC) is that we can irradiate living tissues in
atmosphere since the delivered heavy-ion beams have energies high enough to penetrate deep in matter. This team utilizes a dedicated
beam line (E5B) of the RRC to irradiate microbes, plants and animals with beams ranging from carbon to iron. Its research subjects
cover study of ion-beam radiation mutagenesis, genome-wide analyses of mutation, and development of new plants and microbial
varieties by heavy-ion irradiation. Thirty-five new varieties have already been brought to the market.

2. Major Research Subjects
(1) Study on the biological effects by heavy-ion irradiation
(2) Study on the molecular nature of DNA alterations induced by heavy-ion irradiation
(3) Innovative applications of heavy-ion beams

3. Summary of Research Activity
We study biological effects of fast heavy ions from the RRC using 135 A MeV C, N, Ne ions, 95 A MeV Ar ions, 90 A MeV Fe

ions and from the IRC using 160 A MeV Ar ions. We also develop breeding technology of microbes and plants. Main subjects are:

(1) Study on the biological effects by heavy-ion irradiation
Heavy-ion beam deposits a concentrated amount of dose at just before stop with severely changing the linear energy transfer

(LET). The peak of LET is achieved at the stopping point and known at the Bragg peak (BP). Adjusting the BP to target malignant
cells is well known to be effective for cancer therapy. On the other hand, a uniform dose distribution is a key to the systematic study
for heavy-ion mutagenesis, thus to the improvement of the mutation efficiency. Plants and microbes therefore, are irradiated using ions
with stable LET. We investigated the effect of LET ranging from 23 to 640 keV/µm, on mutation induction using dry seeds of the model
plants Arabidopsis thaliana and rice (Oryza sativa L.). The most effective LET (LETmax) was 30 keV/µm in Arabidopsis. LETmax
irradiations showed the same mutation rate as that by chemical mutagens, which typically cause high mutation rate. The LETmax
was 23–39 keV/µm in buckwheat, 23–50 keV/µm in rice and 50–70 keV/µm in wheat. By contrast, when LET was 290 keV/µm, the
mutation rate was low and the survival rate was greatly reduced in plants. In the case of microbe, filamentous fungus (Neurospora
crassa), the Ar ions at 290 keV/µm demonstrated higher mutagenic activity than the Fe-ions at 640 keV/µm. Thus, the LET is an
important factor to be considered in heavy-ion mutagenesis.

(2) Study on the molecular nature of DNA alterations induced by heavy-ion irradiation
A whole-genome analysis with high-throughput sequencing is a powerful tool used to characterize the nature of induced mutations.

We have been using whole genome sequencing to analyze DNA mutations in Arabidopsis and rice genomes. C ions with LETmax
mainly induced single nucleotide variants (SNVs) and small insertions and deletions (InDels), while the number of large deletions
and chromosomal rearrangements was low. However, 290-keV/µm Ar ions showed a different mutation spectrum: SNVs and number
of small InDels was low, while the number of large deletions (≧100 bp) and chromosomal rearrangements was high. Number of
mutated gene induced by C-ion and Ar-ion irradiation is less than 10, relatively small, and often only 1 mutation is found near the
mapped location. Thus, irradiation with these ions can efficiently generate knockout mutants of a target gene and can be applied
to reverse genetics. Mutants of the causative gene of Arabidopsis induced by ion beam irradiation were compared at 30 keV/µm
and 290 keV/µm with two typical LETs. The most mutations irradiated with C ion at 30 keV/µm were small deletions (<100 bp).
Irradiation with 290-keV/µm C-ion and Ar-ion resulted in the most large-deletions and chromosomal rearrangements, and decreased
small deletions.

(3) Innovative application of heavy-ion beams
In 1999, we formed a consortium for ion-beam breeding consisting of 24 groups. In 2020, the consortium grew to 184 groups

from Japan and 20 from overseas. Previously, the ion-beam breeding procedures were carried out using mainly flowers and ornamental
plants. We have recently put a new non-pungent and tearless onion, ‘Smile ball,’ on the market along with ‘Kiku Meigetsu,’ an
edible late flowering chrysanthemum. In addition, a new project was launched to expand the cultivation area of this variety of
chrysanthemum in Yamagata prefecture. Beneficial variants have been grown for various plant species, such as high yield sea weeds,
lipids hyperaccumulating unicellular alga, medicinal plant with high productivity of medicinal ingredient, peanuts without major
allergens, oranges with delayed coloring and one-month late harvest, and lettuce with a low browning property as a cut vegetable. As
a result of a collaborative study with the University of Hasanuddin, we have selected five useful aromatic rice mutants and increased
the percentage of fertile grains from 32% control to over 52%. By broadening the target of heavy-ion breeding extending from flowers

to crops such as grains, the technology will contribute to solving the global problems of food shortage and environmental destruction.

Members
Team Leader

Tomoko ABE

Research/Technical Scientists
Tokihiro IKEDA (Senior Research Scientist)
Masako IZUMI (Senior Research Scientist)
Teruyo TSUKADA (Senior Research Scientist)

Kazuhide TSUNEIZUMI (Senior Research Scientist)
Ryouhei MORITA (Technical Scientist)

Research & Development Scientists
Hiroyuki ICHIDA

Technical Staff I
Yoriko HAYASHI Yuki SHIRAKAWA

Technical Staff II
Sumie OHBU Mieko YAMADA

Special Temporary Technical Scientists
Hiroshi ABE Katsunori ICHINOSE

Research Consultant
Masahiro MII (Chiba Univ.)

Visiting Scientists
Ayumi DEGUCHI (Chiba Univ.)
Makoto FUJIWARA (Sophia Univ.)
Eitaro FUKATSU (Forestry and Forest Products Res. Inst.)
Tomonari HIRANO (Univ. of Miyazaki)
Akiko HOKURA (Tokyo Denki Univ.)
Yutaka MIYAZAWA (Yamagata Univ.)
Kazumitsu MIYOSHI (Chiba Univ.)
Toshikazu MORISHITA (Nat’l Agriculture and Food Res.

Org.)
Koji MURAI (Fukui Prefectural Univ.)

Kyosuke NIWA (Tokyo Univ. of Marine Sci. and Tech.)
Norihiro OHTSUBO (Kyoto Prefectural Univ.)
Tadashi SATO (Tohoku Univ.)
Yoichi SATO (Riken Food Co., Ltd.)
Kenichi SUZUKI (Suntory Flowers Co., Ltd.)
Hinako TAKEHISA (Nat’l Agriculture and Food Res. Org.)
Masanori TOMITA (Central Res. Inst. of Electric Power In-

dustry)
Masao WATANABE (Tohoku Univ.)
Takeshi YAMAKI (Riken Vitamin Co., Ltd.)

Visiting Technicians
Yukiko KANAZAWA (Nippon Beet Sugar Manufacturing Co.,

Ltd.)
Norihide KISHINO (Sanwa Norin Co. Ltd.)

Miho MOGAMIYA (Riken Food Co., Ltd.)
Daisuke SAITO (Riken Food Co., Ltd.)
Takuji YOSHIDA (Takii & Co., Ltd)

Research Fellow
Hironari UCHIDA (Saitama Agricultural Tech. Res. Center)

List of Publications & Presentations
Publications

[Original Papers]
T. Hirano, Y. Sato, K. Ichinose, M. Yamada, Y. Hayashi, N. Fukunishi, and T. Abe, “Mutant induction in gametophytes of Undaria

pinnatifida (Phaeophyceae) by heavy ion beam irradiation,” Phycol. Res. 68, 63–69 (2019).
N. Fukuda, N. Kitajim, Y. Terada, T. Abe, I. Nakai, and A. Hokura, “Visible cellular distribution of cadmium and zinc in the hyperaccu-

mulator Arabidopsis halleri ssp. gemmifera determined by 2-D X-ray fluorescence imaging using high-energy synchrotron radiation,”
Metallomics 12, 193–203 (2019).

Y. Oono, H. Ichida, R. Morita, S. Nozawa, K. Satoh, A. Shimizu, T. Abe, H. Kato, and Y. Hase, “Genome sequencing of ion-beam-induced
mutants facilitates detection of candidate genes responsible for phenotypes of mutants in rice,” Mutat. Res. Fund. Mol. Mech. Mutagen.
(2020).

R. Tabassum, T. Dosaka, H. Ichida, R. Morita, Y. Ding, T. Abe, and T. Katsube-Tanaka, “FLOURY ENDOSPERM11-2 encodes plastid
HSP70-2 involved with the temperature-dependent chalkiness of rice (Oryza sativa L.) grains,” Plant J. 103, 604–616 (2020).

K. Kaya, Y. Kazama, T. Abe, and F. Shiraishi, “Influence of medium components and pH on the production of odd-carbon fatty acids by
Aurantiochytrium sp. SA-96,” J. Appl. Phycol. 32, 1597–1606 (2020).

- 289 -

RIKEN Accel. Prog. Rep. 54 (2021)VI. RNC ACTIVITIES



S. Muramatsu, K. Atsuji, K. Yamada, K. Ozasa, H. Suzuki, T. Takeuchi, Y. Hashimoto-Marukawa, Y. Kazama, T. Abe, K. Suzuki, and
O. Iwata, “Isolation and characterization of a motility-defective mutant of Euglena gracilis,” Peer J 8, e10002 (2020).

H. Murata, S. Nakano, T. Yamanaka, T. Shimokawa, T. Abe, H. Ichida, Y. Hayashi, and K. Tahara, “Argon-ion beam induced mutants
of the ectomycorrhizal agaricomycete Tricholoma matsutake defective in β-1,4-endoglucanase activity promote the seedling growth of
Pinus densiflora in vitro,” Botany, 99(3), DOI:10.1139/cjb-2020-0076 (2020).

[Proceedings]
A. M. Okasa, M. Riadi, K. Toriyama, K. Ishii, Y. Hayashi, T. Sato, T. Abe, Trisnawaty, N. J. Panga, and R. Sjahril, “Mutation breeding

for improvement of aromatic rice mutant by using ion beam irradiation,” IOP Conf. Ser. Earth Environ. Sci. 486, 012091 (2020).

Presentations
[International Conferences/Workshops]

T. Kashiwabara, N. Kitajima, R. Onuma, N. Fukuda, S. Endo, Y. Terada, T. Abe, A. Hokura, and I. Nakai, “Synchrotron micro-X-ray
fluorescence imaging of arsenic in frozen-hydrated sections of a root of Pteris vittate,” Goldschmidt2020: Global Virtual Conference,
online, June 21–26, (2020).

T. Abe (invited), “Development for ion-beam breeding technology over the last two decades in Japan,” Virtual Meeting on FAO/IAEA
Mutation Breeding Network (MBN) for Asia Pacific Region, online, November 12–13, (2020).

[Domestic Conferences/Workshops]
常泉和秀,山田美恵子,一瀬勝紀,市田裕之,金禧珍,萩原篤志,川田実季,片山貴士,﨑山一孝,手塚信弘,小磯雅彦,阿部知子,「シオ
ミズツボワムシの高増殖・大型変異系統の樹立」,日本農芸化学会 2020年度大会,福岡県福岡市 (九州大学), 2020年 3月 26日.

市田裕之,阿部知子,「オープンソースな変異タイピング手法の開発とイネをモデルとした概念実証」,日本育種学会第 137回講演
会,東京都文京区 (東京大学), 2020年 3月 28日.

渡邊遙,大部澄江,阿部知子,風間裕介,「ゲノム編集によるシロイヌナズナへの 758 kbの逆位の導入」,同上.
A. M. Okasa, M. Riadi, 佐藤雅志, 鳥山欽哉, 石井公太郎, 林依子, 阿部知子, R. Sjahril, “An approach toward isolating early-heading

mutants from Tana Toraja local aromatic rice ‘Pare Bau’ irradiated with heavy ion-beam,”同上.
橋本佳澄,西浦愛子,上田純平,風間裕介,阿部知子,市田裕之,村井耕二,「2倍体ヒトツブコムギにおける重イオンビーム照射によ
る超極早生変異体 extra early-flowering 4の原因遺伝子の同定」,同上.

森田竜平,市田裕之,石井公太郎,林依子,安部弘,白川侑希,一瀬勝紀,常泉和秀,風間智彦,鳥山欽哉,佐藤雅志,阿部知子,「イネ長
粒変異体 lin1の単離および原因遺伝子同定」,同上.

石井公太郎,大部澄江,白川侑希,阿部知子,「全ゲノム変異解析による重イオンビームの高頻度な変異誘発線量区の推定」,同上.
村井耕二,風間裕介,阿部知子,「2倍体ヒトツブコムギにおける重イオンビーム突然変異体作出のための最適処理条件」,同上.
Y. Ding(口頭発表), T. Katsube-Tanaka, H. Ichida, R. Morita, and T. Abe, “Studies on chalkiness of the rice cultivar ‘Kinmaze’under heat

stress,”日本作物学会第 250回講演会,オンライン開催, 2020年 9月 3–4日.
蝶野真喜子 (ポスター発表),藤田雅也,神山紀子,松中仁,氷見英子,市田裕之,阿部知子,川上直人,「粒の赤みが弱い新規コムギ変
異体の農業特性」,日本育種学会第 138回講演会,オンライン開催, 2020年 10月 10–11日.

藤田悠生 (ポスター発表),市田裕之,風間智彦,阿部知子,鳥山欽哉,「インディカイネ品種 Lebedに由来する雄性不稔遺伝子とそ
の抑制遺伝子の解析」,同上.

石井公太郎 (口頭発表),風間裕介,浅野円花,阿部知子,河野重行,「Ar・Feイオンビーム照射によって生じるクロレラ染色体の断
片化と染色体再編成」,同上.

南壮次郎 (口頭発表),渡邊遥,大部澄江,阿部知子,風間裕介,「ゲノム編集を用いたシロイヌナズナへの染色体再編成の導入」,同上.
野村文希 (ポスター発表),風間裕介,阿部知子,村井耕二,「イオンビーム照射により作出された Ppd-1欠失『農林 61号』変異系統
の解析」,第 15回ムギ類研究会,オンライン開催, 2020年 12月 26日.

橋本佳澄 (ポスター発表),西浦愛子,風間裕介,市田裕之,阿部知子,村井耕二,「重イオンビーム照射によって作出された超極早生
コムギ変異体 extra early-flowering 4（exe4）の花成関連遺伝子の発現解析」,同上.

Awards
佐藤陽一,斎藤大輔,最上谷美穂,令和 2年度（第 21回）民間部門農林水産研究開発功績者表彰（農林水産技術会議会長賞民間部
門）,「わかめ養殖種苗の優良系統開発と生産条件最適化による普及実用化」,農林水産会議, 2020年 11月 12日.

Patents
石井重久,阿部知子,林依子,サクラ「真和」,品種登録出願番号 34356,出願日 2019年 11月 27日.
石井重久,阿部知子,林依子,サクラ「真理」,品種登録出願番号 34356,出願日 2019年 11月 27日.
石井重久,阿部知子,林依子,サクラ「真星」,品種登録出願番号 34356,出願日 2020年 4月 14日.

Outreach Activities
We established the “Asagao (morning glory) club” to deepen the understanding of our technology of mutation breeding. The club

distributes the morning glory seeds irradiated with C-ion on request, and collects and compiles the observation reports of their growth.
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Accelerator Applications Research Division
Beam Mutagenesis Group
Plant Genome Evolution Research Team

1. Abstract
Established in May 2018 and succeed in October 2020, the plant genome evolution research team studies the effect of heavy-

ion induced mutations on plant and microbial phenotypes. Chromosome rearrangements including translocations, inversions, and
deletions are thought to play an important role in evolution and have a greater potential to achieve large phenotypic changes. However,
this potential has not been fully investigated due to the lack of an effective method to induce and analyze complexed mutations.
We employ the population genomics approach with robust molecular biology and bioinformatics techniques to characterize genomic
mutations in model and non-model plant and microbial species, and create the future of mutation breeding.

2. Major Research Subjects
(1) Study on the effect of chromosomal rearrangements on plant genomes and phenotypes
(2) Genomics-based approach to revolutionize the mutagenesis in model and non-model plants and microbes

3. Summary of Research Activity
(1) Study on the effect of chromosomal rearrangements on plant genomes and phenotypes

We have established an efficient bioinformatics pipeline named AMAP, an automated mutation analysis pipeline, and have used
it for genome-wide analysis of chromosome rearrangements and other mutations in various organisms. In Arabidopsis, we isolated a
short-petiole mutant, Ar55-as1, from Ar-beam irradiated population at a dose of 50 Gy with an LET of 290 keV/µm. We showed that
this mutant has no typical base substitutions, deletions, and insertions that were linked to the mutant’s phenotype, but has chromosomal
rearrangements in the genome. Genetic linkage analysis showed that the short-petiole phenotype and the presence or absence of the
inversion on chromosome 2 was completely linked in M3 generation, indicating that this inversion is responsible for the phenotype.
The Ar55-as1 mutant will serve as a good model to investigate the effects on gene expressions by chromosomal rearrangements.

We previously isolated a high oil-production mutant of Parachlorella kessleri, a starch and oil-producing unicellular green algae,
by C-beam irradiations. The effect on chromosomal rearrangements by Ar- and Fe-beams was quantitatively evaluated by cytological
observations and high-throughput sequencing. As the result, Fe-beam irradiation at a dose of 75 Gy caused dramatic increase of
fragmented chromosomes: 14 percent of the population had more than 30 chromosomes right after the irradiation and three percent of
the population still remained more than 20 chromosomes after four consecutive cultures, although the wild-type P. kessleri cells have
only seven A- and three B-chromosomes. We performed whole-genome sequencing in two mutants, and the results indicated that one
mutant, Fe75-1-3H had chromosomal rearrangements with 10 junction regions, and the other, Ar75-1-2C, had a novel chromosomal
terminus by the result from a translocation.

(2) Genomics-based approach to revolutionize the mutagenesis in model and non-model plants and microbes
Recent advances in genome sequencing and bioinformatics technology enabled us to obtain a genome-wide view of the induced

mutations in unselected populations. We chose baker’s yeast and a legume Lotus japonicus as model systems, irradiated different doses
of carbon-ion beams to these organisms, and determined the dose-survival correlation. We isolated a semi-dwarf L. japonicus mutant,
identified the responsible mutation by whole-genome sequencing, and started to characterize the phenotypic traits of this mutant. The
semi-dwarf L. japonicus mutant is suitable for high-density cultivation in laboratory environment and may serve as an efficient model
platform for legume-Rhizobium symbiosis.
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heat stress,”日本作物学会第 250回講演会,オンライン開催, 2020年 9月 3–4日.
蝶野真喜子 (ポスター発表),藤田雅也,神山紀子,松中仁,氷見英子,市田裕之,阿部知子,川上直人,「粒の赤みが弱い新規コムギ変
異体の農業特性」,日本育種学会第 138回講演会,オンライン開催, 2020年 10月 10–11日.

藤田悠生 (ポスター発表),市田裕之,風間智彦,阿部知子,鳥山欽哉,「インディカイネ品種 Lebedに由来する雄性不稔遺伝子とそ
の抑制遺伝子の解析」,同上.

石井公太郎 (口頭発表),風間裕介,浅野円花,阿部知子,河野重行,「Ar・Feイオンビーム照射によって生じるクロレラ染色体の断
片化と染色体再編成」,同上.

橋本佳澄 (ポスター発表),西浦愛子,風間裕介,市田裕之,阿部知子,村井耕二,「重イオンビーム照射によって作出された超極早生
コムギ変異体 extra early-flowering 4（exe4）の花成関連遺伝子の発現解析」,第 15回ムギ類研究会,オンライン開催, 2020年 12
月 26日.
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Y. Oono, H. Ichida, R. Morita, S. Nozawa, K. Satoh, A. Shimizu, T. Abe, H. Kato, and Y. Hase, “Genome sequencing of ion-beam-
induced mutants facilitates detection of candidate genes responsible for phenotypes of mutants in rice,” Mutat. Res. Fund. Mol. Mech.
Mutagen.821, 111691 (2020).

R. Tabassum, T. Dosaka, H. Ichida, R. Morita, Y. Ding, T. Abe, and T. Katsube-Tanaka, “FLOURY ENDOSPERM11-2 encodes plastid
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市田裕之,阿部知子,「オープンソースな変異タイピング手法の開発とイネをモデルとした概念実証」,日本育種学会第 137回講演
会,東京都文京区 (東京大学), 2020年 3月 28日.

橋本佳澄,西浦愛子,上田純平,風間裕介,阿部知子,市田裕之,村井耕二,「2倍体ヒトツブコムギにおける重イオンビーム照射によ
る超極早生変異体 extra early-flowering 4の原因遺伝子の同定」,同上.
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粒変異体 lin1の単離および原因遺伝子同定」,同上.

石井公太郎,大部澄江,白川侑希,阿部知子,「全ゲノム変異解析による重イオンビームの高頻度な変異誘発線量区の推定」,同上.
Y. Ding (口頭発表), T. Katsube-Tanaka, H. Ichida, R. Morita, and T. Abe, “Studies on chalkiness of the rice cultivar ‘Kinmaze’ under

heat stress,”日本作物学会第 250回講演会,オンライン開催, 2020年 9月 3–4日.
蝶野真喜子 (ポスター発表),藤田雅也,神山紀子,松中仁,氷見英子,市田裕之,阿部知子,川上直人,「粒の赤みが弱い新規コムギ変
異体の農業特性」,日本育種学会第 138回講演会,オンライン開催, 2020年 10月 10–11日.

藤田悠生 (ポスター発表),市田裕之,風間智彦,阿部知子,鳥山欽哉,「インディカイネ品種 Lebedに由来する雄性不稔遺伝子とそ
の抑制遺伝子の解析」,同上.

石井公太郎 (口頭発表),風間裕介,浅野円花,阿部知子,河野重行,「Ar・Feイオンビーム照射によって生じるクロレラ染色体の断
片化と染色体再編成」,同上.

橋本佳澄 (ポスター発表),西浦愛子,風間裕介,市田裕之,阿部知子,村井耕二,「重イオンビーム照射によって作出された超極早生
コムギ変異体 extra early-flowering 4（exe4）の花成関連遺伝子の発現解析」,第 15回ムギ類研究会,オンライン開催, 2020年 12
月 26日.

Accelerator Applications Research Division
RI Application Research Group

1. Abstract
RI Application Research Group promotes industrial applications of radioisotopes (RIs) and ion beams at RIKEN RI Beam Factory

(RIBF). Nuclear Chemistry Research Team develops production technologies of useful RIs for application studies in nuclear and
radiochemistry. The team also develops technologies of mass spectrometry for trace-element and isotope analyses and apply them
to the research fields such as cosmochemistry, environmental science, archaeology, and so on. Industrial Application Research Team
promotes industrial applications of the accelerator facility and its related technologies.

2. Major Research Subjects
(1) Research and development of RI production technologies at RIBF
(2) RI application researches
(3) Distribution of RIs produced at RIBF
(4) Development of trace element analyses using accelerator techniques and their applications to geoscience and archaeological

research fields
(5) Development of chemical materials for ECR ion sources of the RIBF accelerators
(6) Development of technologies on industrial utilization and novel industrial applications of RIBF
(7) Support of industrial utilization of the heavy-ion beams at RIBF
(8) Support of materials science experiments

3. Summary of Research Activity
See the subsections of Nuclear Chemistry Research Team and Industrial Application Research Team.

Member

Director
Hiromitsu HABA

List of Publications & Presentations
See the subsections of Nuclear Chemistry Research Team and Industrial Application Research Team.
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Accelerator Applications Research Division
RI Application Research Group
Nuclear Chemistry Research Team

1. Abstract
The Nuclear Chemistry Research Team develops production technologies of unique radioisotopes (RIs) at RIKEN RI Beam

Factory (RIBF) and applies them in the research fields of physics, chemistry, biology, engineering, medicine, pharmaceutical and
environmental sciences. The purified RIs such as 65Zn, 67Cu, 85Sr, 88Y, and 109Cd are delivered to universities and institutes through
Japan Radioisotope Association. We also develop new technologies of mass spectrometry for the trace-element analyses using accel-
erator techniques and apply them to the research fields such as cosmochemistry, environmental science, archaeology, and so on. We
perform various isotopic analyses on the elements such as S, Pd, and Pb using ICP-MS, TIMS, and IRMS. We also develop chemical
materials such as metallic 238U, 238UO2, and 48CaO for ECR ion sources of the heavy-ion accelerators at RIBF.

2. Major Research Subjects
(1) Research and development of RI production technologies at RIBF
(2) RI application researches
(3) Development of trace element analyses using accelerator techniques and their applications to geoscience and archaeological

research fields
(4) Development of chemical materials for ECR ion sources of the heavy-ion accelerators at RIBF

3. Summary of Research Activity
(1) Research and development of RI production technologies at RIBF and RI application researches

Due to its high sensitivity, the radioactive tracer technique has been successfully applied for investigations of the behavior of
elements in the fields of chemistry, biology, engineering, medicine, pharmaceutical and environmental sciences. We have been de-
veloping production technologies of useful radioisotopes (RIs) at RIBF and conducting their application studies in collaboration with
many researchers in various fields. With 30-MeV proton, 24-MeV deuteron, and 50-MeV alpha beams from the AVF cyclotron, we
presently produce about 100 RIs from 7Be to 211At. Among them, 65Zn, 67Cu, 85Sr, 88Y, and 109Cd are delivered to Japan Radioisotope
Association for fee-based distribution to the general public in Japan. Our RIs are also distributed to researchers under the Supply
Platform of Short-lived Radioisotopes for Fundamental Research, supported by MEXT KAKENHI in FY2016–2021. On the other
hand, RIs of a large number of elements are simultaneously produced from metallic targets such as natTi, natAg, natHf, 197Au, and 232Th
irradiated with a 135-MeV nucl.−1 14N beam from the RIKEN Ring Cyclotron. These multitracers are also supplied to universities
and institutes as collaborative researches.

In 2020, we developed production technologies of RIs such as 7Be, 28Mg, 43K, 44mSc, 44Ti, 48Cr, 186Re, 211At, 212Pb, 224Ra,
225Ac, and 229Pa which were strongly demanded but lack supply sources in Japan. We also investigated the excitation functions for
the natV(d, x), natGd(d, x), 141Pr(d, x), and natNd(α, x) reactions to quantitatively produce useful RIs. We used radiotracers of 28Mg,
211At, 212Pb, 224Ra, and 229Pa for application studies in chemistry, 44mSc, 67Cu, 186Re, 211At, and 225Ac in nuclear medicine, and 43K,
48Cr, 186Re, and 211At in engineering. We also produced 65Zn, 85Sr, 88Y, and 109Cd for our scientific researches on a regular schedule
and supplied the surpluses through Japan Radioisotope Association to the general public. In 2020, we accepted 6 orders of 65Zn with
a total activity of 33 MBq, 5 orders of 85Sr with 9.7 MBq, 1 order of 88Y with 1 MBq, and 1 order of 109Cd with 10 MBq. We also
distributed 7Be (0.45 MBq × 1), 88Zr (1 MBq × 2), 95Nb (1 MBq × 1 and 2 MBq × 1), 121mTe (2 MBq × 1), 175Hf (1 MBq × 2), and
211At (5 MBq × 6, 10 MBq × 1, 18 MBq × 2, 50 MBq × 1, 80 MBq × 1, and 100 MBq × 16) under the Supply Platform of Short-lived
Radioisotopes for Fundamental Research.

(2) Superheavy element chemistry
Chemical characterization of newly-discovered superheavy elements (SHEs, atomic number Z ≥ 104) is an extremely interest-

ing and challenging subject in modern nuclear and radiochemistry. We are developing SHE production systems as well as rapid
single-atom chemistry apparatuses at RIBF. Using heavy-ion beams from RILAC and AVF, 261Rf (Z = 104), 262Db (Z = 105),
265Sg (Z = 106), and 266Bh (Z = 107) are produced in the 248Cm(18O, 5n)261Rf, 248Cm(19F, 5n)262Db, 248Cm(22Ne, 5n)265Sg, and
248Cm(23Na, 5n)266Bh reactions, respectively, and their chemical properties are investigated.

We installed a gas-jet transport system to the focal plane of the gas-filled recoil ion separator GARIS at RILAC. This system is
a promising approach for exploring new frontiers in SHE chemistry: the background radiations from unwanted products are strongly
suppressed, the intense primary heavy-ion beam is absent in the gas-jet chamber, and hence the high gas-jet extraction yield is attained.
Furthermore, the beam-free condition makes it possible to investigate new chemical systems. To realize aqueous chemistry studies of
Sg and Bh, we have been developing a continuous and rapid solvent extraction apparatus which consists of a continuous dissolution
apparatus Membrane DeGasser (MDG), a Flow Solvent Extractor (FSE), and a liquid scintillation detector for α/SF-spectrometry. On
the other hand, we produced radiotracers of 88, 89mZr, 95Nb, 175Hf, and 177, 179Ta at the AVF cyclotron and conducted model experiments
for aqueous chemistry studies on Rf and Db. We also developed a cryogenic RF-carpet gas cell, which will be placed on the focal
plane of GARIS and connected to a gas chromatographic apparatus, for the future gas-phase chemistry of the short-lived SHEs (<3 s).
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Accelerator Applications Research Division
RI Application Research Group
Nuclear Chemistry Research Team

1. Abstract
The Nuclear Chemistry Research Team develops production technologies of unique radioisotopes (RIs) at RIKEN RI Beam

Factory (RIBF) and applies them in the research fields of physics, chemistry, biology, engineering, medicine, pharmaceutical and
environmental sciences. The purified RIs such as 65Zn, 67Cu, 85Sr, 88Y, and 109Cd are delivered to universities and institutes through
Japan Radioisotope Association. We also develop new technologies of mass spectrometry for the trace-element analyses using accel-
erator techniques and apply them to the research fields such as cosmochemistry, environmental science, archaeology, and so on. We
perform various isotopic analyses on the elements such as S, Pd, and Pb using ICP-MS, TIMS, and IRMS. We also develop chemical
materials such as metallic 238U, 238UO2, and 48CaO for ECR ion sources of the heavy-ion accelerators at RIBF.

2. Major Research Subjects
(1) Research and development of RI production technologies at RIBF
(2) RI application researches
(3) Development of trace element analyses using accelerator techniques and their applications to geoscience and archaeological

research fields
(4) Development of chemical materials for ECR ion sources of the heavy-ion accelerators at RIBF

3. Summary of Research Activity
(1) Research and development of RI production technologies at RIBF and RI application researches

Due to its high sensitivity, the radioactive tracer technique has been successfully applied for investigations of the behavior of
elements in the fields of chemistry, biology, engineering, medicine, pharmaceutical and environmental sciences. We have been de-
veloping production technologies of useful radioisotopes (RIs) at RIBF and conducting their application studies in collaboration with
many researchers in various fields. With 30-MeV proton, 24-MeV deuteron, and 50-MeV alpha beams from the AVF cyclotron, we
presently produce about 100 RIs from 7Be to 211At. Among them, 65Zn, 67Cu, 85Sr, 88Y, and 109Cd are delivered to Japan Radioisotope
Association for fee-based distribution to the general public in Japan. Our RIs are also distributed to researchers under the Supply
Platform of Short-lived Radioisotopes for Fundamental Research, supported by MEXT KAKENHI in FY2016–2021. On the other
hand, RIs of a large number of elements are simultaneously produced from metallic targets such as natTi, natAg, natHf, 197Au, and 232Th
irradiated with a 135-MeV nucl.−1 14N beam from the RIKEN Ring Cyclotron. These multitracers are also supplied to universities
and institutes as collaborative researches.

In 2020, we developed production technologies of RIs such as 7Be, 28Mg, 43K, 44mSc, 44Ti, 48Cr, 186Re, 211At, 212Pb, 224Ra,
225Ac, and 229Pa which were strongly demanded but lack supply sources in Japan. We also investigated the excitation functions for
the natV(d, x), natGd(d, x), 141Pr(d, x), and natNd(α, x) reactions to quantitatively produce useful RIs. We used radiotracers of 28Mg,
211At, 212Pb, 224Ra, and 229Pa for application studies in chemistry, 44mSc, 67Cu, 186Re, 211At, and 225Ac in nuclear medicine, and 43K,
48Cr, 186Re, and 211At in engineering. We also produced 65Zn, 85Sr, 88Y, and 109Cd for our scientific researches on a regular schedule
and supplied the surpluses through Japan Radioisotope Association to the general public. In 2020, we accepted 6 orders of 65Zn with
a total activity of 33 MBq, 5 orders of 85Sr with 9.7 MBq, 1 order of 88Y with 1 MBq, and 1 order of 109Cd with 10 MBq. We also
distributed 7Be (0.45 MBq × 1), 88Zr (1 MBq × 2), 95Nb (1 MBq × 1 and 2 MBq × 1), 121mTe (2 MBq × 1), 175Hf (1 MBq × 2), and
211At (5 MBq × 6, 10 MBq × 1, 18 MBq × 2, 50 MBq × 1, 80 MBq × 1, and 100 MBq × 16) under the Supply Platform of Short-lived
Radioisotopes for Fundamental Research.

(2) Superheavy element chemistry
Chemical characterization of newly-discovered superheavy elements (SHEs, atomic number Z ≥ 104) is an extremely interest-

ing and challenging subject in modern nuclear and radiochemistry. We are developing SHE production systems as well as rapid
single-atom chemistry apparatuses at RIBF. Using heavy-ion beams from RILAC and AVF, 261Rf (Z = 104), 262Db (Z = 105),
265Sg (Z = 106), and 266Bh (Z = 107) are produced in the 248Cm(18O, 5n)261Rf, 248Cm(19F, 5n)262Db, 248Cm(22Ne, 5n)265Sg, and
248Cm(23Na, 5n)266Bh reactions, respectively, and their chemical properties are investigated.

We installed a gas-jet transport system to the focal plane of the gas-filled recoil ion separator GARIS at RILAC. This system is
a promising approach for exploring new frontiers in SHE chemistry: the background radiations from unwanted products are strongly
suppressed, the intense primary heavy-ion beam is absent in the gas-jet chamber, and hence the high gas-jet extraction yield is attained.
Furthermore, the beam-free condition makes it possible to investigate new chemical systems. To realize aqueous chemistry studies of
Sg and Bh, we have been developing a continuous and rapid solvent extraction apparatus which consists of a continuous dissolution
apparatus Membrane DeGasser (MDG), a Flow Solvent Extractor (FSE), and a liquid scintillation detector for α/SF-spectrometry. On
the other hand, we produced radiotracers of 88, 89mZr, 95Nb, 175Hf, and 177, 179Ta at the AVF cyclotron and conducted model experiments
for aqueous chemistry studies on Rf and Db. We also developed a cryogenic RF-carpet gas cell, which will be placed on the focal
plane of GARIS and connected to a gas chromatographic apparatus, for the future gas-phase chemistry of the short-lived SHEs (<3 s).

(3) Development of trace element analyses using accelerator techniques and their applications to geoscience and archaeological
research fields
We have been developing the ECR Ion Source Mass Spectrometer (ECRIS-MS) for trace element analyses. We renovated the

detection system of ECRIS-MS and evaluated its sensitivity and mass resolution power. We equipped a laser-ablation system with an
ion source and a pre-concentration system to achieve high-resolution analyses for noble gases such as Kr and Xe.

Using the conventional ICP-MS, TIMS, IRMS, and so on, we studied Pb and S isotope ratios on cinnabar and asphalt samples
from ancient ruins in Japan to elucidate the distribution of goods in the archaic society and to reveal the establishment of the Yamato
dynasty in the period from Jomon to Tumulus. We established a sampling technique for pigment without any damages on the artifacts
or wall paintings, using a S-free adhesive tape. Then, we applied the technique to the analyses of the pigment from Roman ruins
(Avinyó in Barcelona, Spain). We also applied the technique to the analyses of the red-color substances on the artifacts such as
Kyoden remains (Izumo-city, Shimane prefecture), Renpeijou-ato (Zentsuji-City, Kagawa prefecture) and so on. We also established
the method to identify the source mine of vermilion, using sulfur, mercury and lead isotopic analyses, and we applied this method to
investigation of vermilion from three representative tombs (Kofunperiod in Japan)

(4) Development of chemical materials for ECR ion sources of the heavy-ion accelerators at RIBF
In 2020, we prepared 238UO2 on a regular schedule for 238U-ion accelerations with the 28-GHz ECR of RILAC II.
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theranostic radionuclide Ag-111 from Pd target,” Society of Nuclear Medicine and Molecular Imaging (SNMMI) Annual Meeting
2020, online, July 11–14, 2020.

H. Haba (invited), “Production and applications of radioisotopes at RIKEN RI Beam Factory—Search for new elements through diagnosis
and therapy of cancer—,” Symposium on Nuclear Data 2020, Wako, Japan, November 26–27, 2020.

Y. Komori (poster), H. Haba, M. Aikawa, M. Saito, S. Takács, and F Ditrói, “Production cross sections of 175Hf in the natLu(p,xn) and
natLu(d,xn) reactions,” Symposium on Nuclear Data 2020, Wako, Japan, November 26–27, 2020.

T. Hayamizu (oral), H. Haba, K. Nakamura, T. Aoki, H. Nagahama, K. Tanaka, N. Ozawa, M. Ohtsuka, and Y. Sakemi, “Development of
ultracold francium atomic sources towards the permanent EDM search,” Yamada Conference LXXII: The 8th Asia-Pacific Conference
on Few-Body Problems in Physics (APFB2020), Kanazawa, Japan, March 1–5, 2021.

[Domestic Conferences/Workshops]
高島大輝 (ポスター発表),古賀宣勝,大貫和信,津村遼,岩田望,眞鍋史乃,羽場宏光,藤井博史,安永正浩,松村保広,「アルファ線放
出核種アスタチン—211結合抗組織因子抗体の開発」,第 36回日本 DDS学会学術集会,神戸, 2020年 8月 28–29日.

羽場宏光 (招待講演),「ラジオアイソトープの製造と応用～新元素の探索からがん治療まで～」,第 17回日本加速器学会年会,オ
ンライン, 2020年 9月 2–4日.

中島朗久 (口頭発表), 坂口綾, 早川優太, 羽場宏光, 松村夏紀, 寺西翔, 森田涼雅, 横北卓也, 小森有希子, Yang Wang, 森大輝, Karin
Hain,山崎信哉, Jian Zheng,末木啓介,横山明彦,「U+p及び Th+Li反応による Np同位体励起関数の作成」,日本放射化学会第
64回討論会 (2020),オンライン, 2020年 9月 9–11日.

寺西翔 (口頭発表),森田涼雅,早川優太,坂口綾,中島朗久,小森有希子,横北卓也,森大輝,羽場宏光,横山明彦,「232Th+7Li反応の
Np合成系における不完全融合反応の影響」,日本放射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

森田涼雅 (口頭発表),寺西翔,早川優太,坂口綾,中島朗久,小森有希子,横北卓也,森大輝,羽場宏光,横山明彦,「232Th+7Li反応に
おける反跳率補正による核分裂断面積測定法の確立」,日本放射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

Xiaojie Yin (口頭発表),南部明弘,小森有希子,森大輝,羽場宏光,「Production of 225Ac in the 232Th(14N,xnyp)225Ac reaction」,日本放
射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

庭瀬暁隆 (口頭発表), P. Schury,和田道治, P. Brionnet, S. Chen,橋本尚志,羽場宏光,平山賀一, D. S. Hou,飯村俊,石山博恒,石澤倫,
伊藤由太,加治大哉,木村創大,小浦寛之, J. J. Liu,宮武宇也, J. Y. Moon,森本幸司,森田浩介,長江大輔, M. Rosenbusch,高峰愛子,
渡辺裕, H. Wollnik, W. Xian, S. X. Y an,「MRTOF+α-TOFによる 257Dbの直接質量測定」,日本放射化学会第 64回討論会 (2020),
オンライン, 2020年 9月 9–11日.

重河優大 (口頭発表),山口敦史,佐藤望,高峰愛子,和田道治,羽場宏光,「核化学研究用高周波イオン収集システムの開発」,日本放
射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

重河優大 (口頭発表),山口敦史,鈴木健太,羽場宏光,平木貴宏,菊永英寿,増田孝彦,西村俊二,笹尾登,吉見彰洋,吉村浩司,「U-233
の α-γ同時計数測定による Th-229の原子核励起状態の半減期の決定」,日本放射化学会第 64回討論会 (2020),オンライン, 2020
年 9月 9–11日.

加藤瑞穂 (口頭発表),安達サディア,豊嶋厚史,塚田和明,浅井雅人,羽場宏光,横北卓也,小森有希子,重河優大, Yang Wang,森大輝,
柏原歩那,床井健運,中島朗久,鈴木雄介,西塚魁人,末木啓介,「HF/HNO3 系における Dbの陰イオン交換挙動」,日本放射化学
会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

横北卓也 (口頭発表),笠松良崇,渡邉瑛介,小森有希子,重河優大,森大輝,王洋,二宮秀美,速水翔,東内克馬,ゴーシュコースタブ,
篠原厚,羽場宏光,「硫酸系における Rfの陰イオン交換：分配係数の硫酸濃度依存性」,日本放射化学会第 64回討論会 (2020),
オンライン, 2020年 9月 9–11日.

濱野健太郎 (口頭発表),小林義男,羽場宏光,上野秀樹,「ナトリウム電池電極材料 Na2Ru1-xFexO3 のメスバウアースペクトル」,日
本放射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

大江一弘 (口頭発表),渡部直史,白神宜史,森大輝,横北卓也,小森有希子,羽場宏光,畑澤順,「核医学利用に向けた Ag-111の加速
器による製造と分離精製」,日本放射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

青井景都 (口頭発表),新裕貴,川﨑康平,丸山峻平,鷲山幸信,西中一朗,羽場宏光,森大輝, Yang Wang,横山明彦,「211Rn/211Atジェ
ネレータシステムに必要な 207Po除去の条件の最適化」,日本放射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

丸山峻平 (口頭発表),川崎康平,青井景都,東美里,西中一朗,鷲山幸信,羽場宏光,森大輝,横山明彦,「薄層クロマトグラフィーを利
用したアスタチン化学種同定による溶媒抽出の最適化」,日本放射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

小森有希子 (ポスター発表),羽場宏光,「Calix[4]arene-bis(benzocrown-6)を用いた Frと Csの溶媒抽出」,日本放射化学会第 64回
討論会 (2020),オンライン, 2020年 9月 9–11日.

小森有希子 (ポスター発表),羽場宏光,合川正幸,斎藤萌美, Sándor Takács, Ferenc Ditrói,「natLu(p,xn)および natLu(d,xn)反応によ
る 175Hfの生成断面積の測定」,日本放射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

渡邉瑛介 (ポスター発表),笠松良崇,横北卓也,速水翔,東内克馬,重河優大,羽場宏光,篠原厚,「Rfの化学研究に向けた 89mZrの硝
酸系でのオンライン陰イオン交換実験」,日本放射化学会第 64回討論会 (2020),オンライン, 2020年 9月 9–11日.

Z. Tsoodol (口頭発表), M. Aikawa, D. Ichinkhorloo, T. Khishigjargal, E. Norov, Y. Komori, H. Haba, S. Takács, F. Ditrói, and Z. Szűcs,
“Production cross sections of the medically interesting radionuclide 45Ti in the deuteron-induced reaction on 45Sc,” 日本原子力学会

2020年秋の大会,オンライン, 2020年 9月 16日–18日.
高橋浩之 (口頭発表),島添健次,鎌田圭,羽場宏光,百瀬敏光,「多光子ガンマ線時間・空間相関型イメージング法の開発 1 (概要)」,

2021年第 68回応用物理学会春季学術講演会,オンライン, 2021年 3月 16–19日.
鎌田圭 (口頭発表),金敬鎭,吉野将生,島添健次,高橋美和子,羽場宏光,百瀬敏光,高橋浩之,吉川彰,「多光子ガンマ線時間・空間
相関型イメージング法の研究 2 (シンチレータ開発)」, 2021 年第 68 回応用物理学会春季学術講演会,オンライン, 2021 年 3 月
16–19日.

羽場宏光 (口頭発表),横北卓也,王洋,南部明弘,臼田祥子,高橋浩之,島添健次,鎌田圭,百瀬敏光,高橋美和子,「多光子ガンマ線
時間・空間相関型イメージング法の開発 (3)多光子放出核種生成」, 2021年第 68回応用物理学会春季学術講演会,オンライン,
2021年 3月 16–19日.

島添健次 (口頭発表), 上ノ町水紀, 大鐘健一朗, 高橋浩之, 鎌田圭, 吉川彰, 羽場宏光, 百瀬敏光, 高橋美和子, 「多光子ガンマ線時
間・空間相関型イメージング法の開発 (システム開発)」, 2021年第 68回応用物理学会春季学術講演会,オンライン, 2021年 3月
16–19日.

藤澤豊 (口頭発表),森大輝,羽場宏光,間賀田泰寛,飯田靖彦,「Cu-67標識新規ソマトスタチン誘導体を用いた神経内分泌腫瘍に対
する腫瘍抑制効果の評価」,第 60回日本核医学会学術総会,神戸, 2020年 11月 12–14日.

竹村友紀 (口頭発表),横北卓也,結城真美,田沢周作,羽場宏光,「TATのための 228Th/224Ra/212Pbジェネレータシステム開発に関
する基礎検討」,第 60回日本核医学会学術総会,神戸, 2020年 11月 12–14日.

大江一弘 (口頭発表),渡部直史,白神宜史,森大輝,横北卓也,小森有希子,羽場宏光,畑澤順,「治療用核種 Ag-111の Pd標的から
の加速器製造と分離精製」,第 60回日本核医学会学術総会,神戸, 2020年 11月 12–14日.

髙島大輝 (ポスター発表),古賀宣勝,大貫和信,津村遼,岩田望,眞鍋史乃,羽場宏光,藤井博史,松村保広,安永正浩,「アルファ線放
出核種アスタチン-211結合抗組織因子抗体の前臨床試験」,第 27回次世代医工学研究会,オンライン, 2020年 12月 7日.

羽場宏光 (口頭発表),「ケミカルプローブに利用できる理研 RI」, Chemical Probe第三回合同セミナー,オンライン, 2020年 12月
14日.

Yin Xiaojie (口頭発表),「Production of 225Ac in the 232Th(14N,xnyp)225Ac reaction」, Chemical Probe第三回合同セミナー,オンライ
ン, 2020年 12月 14日.

羽場宏光 (招待講演),「多光子ガンマ線放出核種の製造」,科学研究費基盤研究 (S)「多光子ガンマ線時間/空間相関型断層撮像法の
研究」ワークショップ「多光子ガンマ線検出技術の新展開」,オンライン, 2020年 12月 21日.

岡井晃一 (口頭発表), Kjeld Beeks, 藤本弘之, 羽場宏光, 原秀明, 海野弘之, 笠松良崇, 北尾真司, 小早川大貴, 小無健司, 増田孝彦,
宮本祐樹, 平木貴宏, 笹尾登, Thorsten Schumm, 瀬戸誠, 重河優大, Simon Stellmer, 玉作賢治, 植竹智, 渡部信, 渡部司, 山口敦史,
安田勇輝,依田芳卓,吉見彰洋,吉村浩司,吉村太彦,「トリウム 229アイソマー状態からの真空紫外光観測に向けた Th:CaF2 結
晶の光学特性評価」,日本物理学会第 76回年次大会（2021年）,オンライン, 2021年 3月 12–15日.

小澤直也 (口頭発表), 長濱弘季, 早水友洋, 中村圭佑, 佐藤幹, 永瀬慎太郎, 小高康照, 鎌倉恵太, 田中香津生, 大塚未来, 青木貴稔,
市川雄一,高峰愛子,羽場宏光,上野秀樹,酒見泰寛,「フランシウム原子の電気双極子能率探索のための表面電離イオン源の開
発」,日本物理学会第 76回年次大会（2021年）,オンライン, 2021年 3月 12–15日.

羽場宏光 (招待講演),「理研における At-211の製造分離状況と将来計画」,放射線科学基盤機構シンポジウム「核医学セラノスティ
クス：基盤技術から臨床応用まで/Theranostics from radioisotope production technology to clinical application」,オンライン, 2021
年 3月 18日.

重河優大 (口頭発表),「Pa-229を利用した Th-229mの真空紫外光観測実験の現状」, 2020重元素核化学ワークショップ,オンライ
ン, 2021年 3月 30日.

Press Releases
原子 1 つの沈殿を調べる! —超重元素ラザホージウムの共沈挙動の実験的観測—, 理化学研究所, 2021 年 2 月 18 日. https:
//www.riken.jp/press/2021/20210218_1 .

Patents
田沢周作,竹村友紀,結城真美,竹内康隆,芝原裕規,羽場宏光,横北卓也,「目的核種の生成方法」,特願 2021-037814.

Outreach Activities
羽場宏光,「原子の仕組みとラジオアイソトープの応用～新元素の探索からがんの治療まで～」,令和 2年度（2020年度）八王子
市生涯学習センター主催市民自由講座,八王子, 2021年 3月 9日.
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1. Abstract
Industrial application research team handles non-academic activities at RIBF corresponding mainly to industries.

2. Major Research Subjects
(1) Support of industrial utilization of the RIBF accelerator beam.
(2) Fee-based distribution of radioisotopes produced at RIKEN AVF Cyclotron.

3. Summary of Research Activity
(1) Support of Industrial Utilization of RIBF

RNC promote facility-sharing program “Promotion of applications of high-energy heavy ions and RI beams.” In this program,
RNC opens a part of the RIBF facility, which includes the AVF cyclotron, RILAC, RIKEN Ring Cyclotron and experimental in-
struments, to non-academic proposals from users including private companies. The proposals are reviewed by a program advisory
committee, industrial PAC (In-PAC). The proposals which have been approved by the In-PAC are allocated with beam times and the
users pay RIKEN the beam time fee. The intellectual properties obtained by the use of RIBF belong to the users. In order to encourage
the use of RIBF by those who are not familiar with utilization of ion beams, the first two beam times of each proposal can be assigned
to trial uses which are free of beam time fee.

In July 2020, the In-PAC met and approved fee-based proposals from private companies; two proposals from new companies and
three proposals from continuously using companies. In January 2021, the In-PAC held a mail review and approved three fee-based
proposals from continuous users. In 2020, six companies executed eleven fee-based beamtimes, seven of which utilized a Kr beam
with a total beam time of 153 h and four utilized, an Ar beam with a total beam time of 73 h.

(2) Fee-based distribution of radioisotopes produced at RIKEN AVF Cyclotron
We have been handling fee-based distribution of radioisotopes since 2007. The radionuclides are 65Zn (T1/2 = 244 days), 109Cd

(463 days), 88Y (107 days), 85Sr (65 days) and 67Cu (2.58 days) which are produced at the AVF cyclotron by the Nuclear Chemistry
Research Team. According to a material transfer agreement (MTA) drawn between Japan Radioisotope Association (JRIA) and
RIKEN, JRIA mediates the transaction of the RIs and distributes them to users. Details can be found on the online ordering system
J-RAM home page of JRIA.

In 2020, we delivered one shipment of 109Cd with an activity of 10 MBq, three of 65Zn with a total activity of 12 MBq, two of 88Y
with a total activity of 2 MBq, and two of 85Sr with a total activity of 3 MBq. The final recipients of the RIs were four universities,
one private company, and one medical research center.

Members
Team Leader

Atsushi YOSHIDA

Contract Researcher
Tadashi KAMBARA

Technical Staff I
Akihiro NAMBU

List of Publications & Presentations
Others

Fee-based beamtimes for private companies: Kr beam 153 h, Ar beam 73 h.
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Subnuclear System Research Division
Quantum Hadron Physics Laboratory

1. Abstract
Atomic nuclei are made of protons and neutrons bound by the exchange of pion and other mesons. Also, protons and neutrons

are made of quarks bound by the exchange of gluons. These strong interactions are governed by the non-Abelian gauge theory
called the quantum chromodynamics (QCD). On the basis of theoretical and numerical analyses of QCD, we study the interactions
between the nucleons, properties of the dense quark matter realized at the center of neutron stars, and properties of the hot quark-gluon
plasma realized in the early Universe. Strong correlations common in QCD and cold atoms are also studied theoretically to unravel
the universal features of the strongly interacting many-body systems. Developing perturbative and non-perturbative techniques in
quantum field theory and string theory are of great importance not only to solve gauge theories such as QED and QCD, but also to find
the theories beyond the standard model of elementary particles. Various theoretical approaches along this line have been attempted.

2. Major Research Subjects
(1) Perturbative and non-perturbative methods in quantum field theories
(2) Quantum computing
(3) Lattice gauge theory
(4) QCD under extreme conditions
(5) Nuclear and atomic many-body problems

3. Summary of Research Activity
(1) Perturbative and non-perturbative methods in quantum field theories
(1-1) Theory of the anomalous magnetic moment of the electron

The anomalous magnetic moment of the electron ae measured in a Penning trap occupies a unique position among high precision
measurements of physical constants in the sense that it can be compared directly with the theoretical calculation based on the renor-
malized quantum electrodynamics (QED) to high orders of perturbation expansion in the fine structure constant α, with an effective
parameter α/π. Both numerical and analytic evaluations of ae up to (α/π)4 were firmly established. The coefficient of (α/π)5 has
been obtained recently by an extensive numerical integration. The contributions of hadronic and weak interactions have also been
estimated. The sum of all these terms leads to ae(theory) = 1 159 652 181.606 (11)(12)(229) × 10−12, where the first two uncertainties
are from the tenth-order QED term and the hadronic term, respectively. The third and largest uncertainty comes from the current best
value of the fine-structure constant derived from the cesium recoil measurement: α−1(Cs) = 137.035 999 046 (27). The discrepancy
between ae (theory) and ae (experiment) is 2.4σ. Assuming that the standard model is valid so that ae (theory) = ae (experiment)
holds, we obtained α−1(ae) = 137.035 999 1496 (13)(14)(330), which is nearly as accurate as α−1(Cs). The uncertainties are from the
tenth-order QED term, hadronic term, and the best measurement of ae, in this order.
(1-2) Transport theory of chiral fermions under external gravity and fluid field

We formulated the kinetic theory of chiral matter in external gravitational fields, based on quantum field theory. The resulting
kinetic theory reveals that the Riemann curvature induces non-dissipative transport phenomena of chiral fermions. In particular, we
found that the spin-gravity coupling results in the antiparallel flow of the charge current and energy current of fermions, which is never
explained in the classical picture. These novel framework and phenomena takes place not only in cosmological systems involving
neutrinos but also in chiral matter affected by background fluid, such as quark-gluon plasma, graphene and Dirac/Weyl semimetals.
We demonstrated that a temperature gradient and fluid vorticity induce a pressure correction and charge and energy flow in Dirac/Weyl
semimetals.
(1-3) Spin transport of massive fermion

We derived the spin kinetic theory under external electromagnetic and gravitational fields. We derived the global equilibrium
conditions from the kinetic equations and find that the finite Riemann curvature or an external electromagnetic field is necessary to
determine the spin-thermal vorticity coupling. Solving the equation of motion of axial vector part of the Wigner transformed fermion
propagator, we evaluated the Pauli-Lubanski vector, which expresses the spin polarization of massive fermions, at the local equilibrium
and out of equilibrium. This formula is potentially important of the Λ polarization puzzle found in heavy-ion collisions, which cannot
be understood in the calculations based on global equilibrium assumption.
(1-4) Chiral vortical effect in condensed matter systems

We revisited the chiral vortical effect in condensed matter physics, by using the semiclassical wave-packet theory. In high-energy
physics, the chiral vortical current is conventionally defined as the Noether current. Such a definition is however improper in the
context of condensed matter systems since there potentially exists the contributions of the magnetization current. Indeed we showed
that the chiral vortical current is compensated by the magnetization current. Hence the chiral vortical effect cannot be observed in
pseudo-relativistic condensed matter systems, such as Dirac/Weyl semimetals. Instead, we demonstrated that the chiral vortical effect
is an observable in several nonrelativistic matter, and suggested possible table-top experimental setups.
(1-5) Lorentzian conformal field theories through sine-square deformation

In quantum field theories, symmetry plays an essential and exceptional role. Focusing on some proper symmetry and delving
into its meaning have been proven to be one of the most fruitful strategies. We reexamined two-dimensional Lorentzian conformal
field theory using the formalism previously developed in a study of sine-square deformation of Euclidean conformal field theory. We
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construct three types of Virasoro algebra. One of them reproduces the result by Luscher and Mack, while another type exhibits the
divergence in the central charge term. The other leads the continuous spectrum and contains no closed time-like curve in the system.

(2) Quantum computing
(2-1) Hybrid quantum annealing via molecular dynamics

A novel quantum-classical hybrid scheme was proposed to efficiently solve large-scale combinatorial optimization problems. The
key concept is to introduce a Hamiltonian dynamics of the classical flux variables associated with the quantum spins of the transverse-
field Ising model. Molecular dynamics of the classical fluxes can be used as a powerful preconditioner to sort out the frozen and
ambivalent spins for quantum annealers. It was demonstrated that the performance and accuracy of our smooth hybridization are
better in comparison to the standard classical algorithms (the tabu search and the simulated annealing) by employing the MAX-CUT
and Ising spin-glass problems.

(3) Lattice gauge theory
(3-1) Most charming dibaryon near unitarity

The interaction between Ωccc–Ωccc in the S -wave and spin-0 channel was studied from the (2 + 1)-flavor lattice QCD with nearly
physical light-quark masses and the relativistic heavy quark action with the physical charm quark mass. The time-dependent HAL
QCD method was employed to extract the ΩcccΩccc potential from the lattice QCD data of two-baryon spatial correlation, and the
scattering observables were calculated. The potential was found to be attractive at mid-range and weakly repulsive at short-range.
Taking into account the Coulomb repulsion with the charge form factor of Ωccc as well, the scattering length aC

0 ∼= 19 fm and the
effective range rC

eff ∼= 0.45 fm were obtained. The ratio rC
eff/a

C
0 ∼= −0.024, whose magnitude is considerably smaller than that of the

dineutron (−0.149), indicates that ΩcccΩccc is located in the unitary region.
(3-2) d∗(2380) dibaryon from lattice QCD

The ∆∆ dibaryon resonance d∗(2380) with (Jπ, I) = (3+, 0) was studied from the 3-flavor lattice QCD with heavy pion masses (mπ
= 0.68, 0.84, 1.02 GeV). The central ∆∆ potential in 7S3 channel obtained by HAL QCD method shows a strong short-range attraction,
so that a quasi-bound state corresponding to d*(2380) is formed with the binding energy 25–40 MeV below the ∆∆ threshold for the
heavy pion masses. The tensor part of the transition potential from ∆∆ to NN was also extracted. Although the obtained transition
potential is strong at short distances, the decay width of d∗(2380) to NN in the D-wave was found to be kinematically suppressed.
(3-3) Stress tensor around static quark-anti-quark from Yang-Mills gradient flow

The spatial distribution of the stress tensor around the quark-anti-quark pair in SU(3) lattice gauge theory was studied. The
YangMills gradient flow plays a crucial role to make the stress tensor well-defined and derivable from the numerical simulations on
the lattice. The resultant stress tensor with a decomposition into local principal axes shows, for the first time, the detailed structure
of the flux tube along the longitudinal and transverse directions in a gauge invariant manner. The linear confining behavior of the
potential at long distances is derived directly from the integral of the local stress tensor.

(4) QCD under extreme conditions
(4-1) Finite density QCD based on complex Langevin method

The complex Langevin method (CLM) is one of a promising approach to overcome the sign problem. The central idea of this
approach is that the stochastic quantization does not require the probabilistic interpretation of the Boltzmann weight e−S even when the
action takes complex values. Although the equivalence between CLM and the familiar path integral quantization is quite nontrivial, it
is pointed out that the probability distribution of the drift term can judge the correctness of the CLM. This enable us to perform lattice
simulation of QCD based on CLM in the finite density region in a self-contained manner. We discussed the applicability of the CLM
with four-flavor staggered fermions on a 83 × 16 lattice with quark mass m = 0.01. In particular, we focus on the behavior of the
eigenvalue distribution of the fermion mass matrix which is closely related to the appearance of the singular drift problem.
(4-2) Non-equilibrium quantum transport of chiral fluids from kinetic theory

We introduced the quantum-field-theory (QFT) derivation of chiral kinetic theory (CKT) from the Wigner-function approach,
which manifests side jumps and non-scalar distribution functions associated with Lorentz covariance and incorporates both back-
ground fields and collisions. The formalism is utilized to investigate second-order responses of chiral fluids near local equilib-
rium. Such nonequilibrium anomalous transport is dissipative and affected by interactions. Contributions from both quantum cor-
rections in anomalous hydrodynamic equations (EOM) of motion and those from the CKT and Wigner functions (WF) are con-
sidered in a relaxation-time approximation (RTA). Anomalous charged Hall currents engendered by background electric fields and
temperature/chemical-potential gradients are obtained. Furthermore, chiral magnetic/vortical effects (CME/CVE) receive viscous cor-
rections as non-equilibrium modifications stemming from the interplay between side jumps, magnetic-moment coupling, and chiral
anomaly.
(4-3) Hadron-quark crossover in cold and hot neutron stars

We presented a much improved equation of state for neutron star matter, QHC19, with a smooth crossover from the hadronic
regime at lower densities to the quark regime at higher densities. We now use the Togashi et al. equation of state, a generalization of
the Akmal-Pandharipande-Ravenhall equation of state of uniform nuclear matter, in the entire hadronic regime; the Togashi equation of
state consistently describes nonuniform as well as uniform matter, and matter at beta equilibrium without the need for an interpolation
between pure neutron and symmetric nuclear matter. We describe the quark matter regime at higher densities with the Nambu-
JonaLasinio model, now identifying tight constraints on the phenomenological universal vector repulsion between quarks and the
pairing interaction between quarks arising from the requirements of thermodynamic stability and causal propagation of sound. The
resultant neutron star properties agree very well with the inferences of the LIGO/Virgo collaboration, from GW170817, of the pressure
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field Ising model. Molecular dynamics of the classical fluxes can be used as a powerful preconditioner to sort out the frozen and
ambivalent spins for quantum annealers. It was demonstrated that the performance and accuracy of our smooth hybridization are
better in comparison to the standard classical algorithms (the tabu search and the simulated annealing) by employing the MAX-CUT
and Ising spin-glass problems.

(3) Lattice gauge theory
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The interaction between Ωccc–Ωccc in the S -wave and spin-0 channel was studied from the (2 + 1)-flavor lattice QCD with nearly
physical light-quark masses and the relativistic heavy quark action with the physical charm quark mass. The time-dependent HAL
QCD method was employed to extract the ΩcccΩccc potential from the lattice QCD data of two-baryon spatial correlation, and the
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0 ∼= −0.024, whose magnitude is considerably smaller than that of the

dineutron (−0.149), indicates that ΩcccΩccc is located in the unitary region.
(3-2) d∗(2380) dibaryon from lattice QCD

The ∆∆ dibaryon resonance d∗(2380) with (Jπ, I) = (3+, 0) was studied from the 3-flavor lattice QCD with heavy pion masses (mπ
= 0.68, 0.84, 1.02 GeV). The central ∆∆ potential in 7S3 channel obtained by HAL QCD method shows a strong short-range attraction,
so that a quasi-bound state corresponding to d*(2380) is formed with the binding energy 25–40 MeV below the ∆∆ threshold for the
heavy pion masses. The tensor part of the transition potential from ∆∆ to NN was also extracted. Although the obtained transition
potential is strong at short distances, the decay width of d∗(2380) to NN in the D-wave was found to be kinematically suppressed.
(3-3) Stress tensor around static quark-anti-quark from Yang-Mills gradient flow

The spatial distribution of the stress tensor around the quark-anti-quark pair in SU(3) lattice gauge theory was studied. The
YangMills gradient flow plays a crucial role to make the stress tensor well-defined and derivable from the numerical simulations on
the lattice. The resultant stress tensor with a decomposition into local principal axes shows, for the first time, the detailed structure
of the flux tube along the longitudinal and transverse directions in a gauge invariant manner. The linear confining behavior of the
potential at long distances is derived directly from the integral of the local stress tensor.

(4) QCD under extreme conditions
(4-1) Finite density QCD based on complex Langevin method

The complex Langevin method (CLM) is one of a promising approach to overcome the sign problem. The central idea of this
approach is that the stochastic quantization does not require the probabilistic interpretation of the Boltzmann weight e−S even when the
action takes complex values. Although the equivalence between CLM and the familiar path integral quantization is quite nontrivial, it
is pointed out that the probability distribution of the drift term can judge the correctness of the CLM. This enable us to perform lattice
simulation of QCD based on CLM in the finite density region in a self-contained manner. We discussed the applicability of the CLM
with four-flavor staggered fermions on a 83 × 16 lattice with quark mass m = 0.01. In particular, we focus on the behavior of the
eigenvalue distribution of the fermion mass matrix which is closely related to the appearance of the singular drift problem.
(4-2) Non-equilibrium quantum transport of chiral fluids from kinetic theory

We introduced the quantum-field-theory (QFT) derivation of chiral kinetic theory (CKT) from the Wigner-function approach,
which manifests side jumps and non-scalar distribution functions associated with Lorentz covariance and incorporates both back-
ground fields and collisions. The formalism is utilized to investigate second-order responses of chiral fluids near local equilib-
rium. Such nonequilibrium anomalous transport is dissipative and affected by interactions. Contributions from both quantum cor-
rections in anomalous hydrodynamic equations (EOM) of motion and those from the CKT and Wigner functions (WF) are con-
sidered in a relaxation-time approximation (RTA). Anomalous charged Hall currents engendered by background electric fields and
temperature/chemical-potential gradients are obtained. Furthermore, chiral magnetic/vortical effects (CME/CVE) receive viscous cor-
rections as non-equilibrium modifications stemming from the interplay between side jumps, magnetic-moment coupling, and chiral
anomaly.
(4-3) Hadron-quark crossover in cold and hot neutron stars

We presented a much improved equation of state for neutron star matter, QHC19, with a smooth crossover from the hadronic
regime at lower densities to the quark regime at higher densities. We now use the Togashi et al. equation of state, a generalization of
the Akmal-Pandharipande-Ravenhall equation of state of uniform nuclear matter, in the entire hadronic regime; the Togashi equation of
state consistently describes nonuniform as well as uniform matter, and matter at beta equilibrium without the need for an interpolation
between pure neutron and symmetric nuclear matter. We describe the quark matter regime at higher densities with the Nambu-
JonaLasinio model, now identifying tight constraints on the phenomenological universal vector repulsion between quarks and the
pairing interaction between quarks arising from the requirements of thermodynamic stability and causal propagation of sound. The
resultant neutron star properties agree very well with the inferences of the LIGO/Virgo collaboration, from GW170817, of the pressure

versus baryon density, neutron star radii, and tidal deformabilities. The maximum neutron star mass allowed by QHC19 is 2.35 MS,
consistent with all neutron star mass determinations.
(4-4) Gluonic energy and momentum distribution at finite temperature

We studied the energy-momentum distribution of the gluons around a static quark at finite temperature on the basis of the
effective field theory (EFT) of thermal QCD. Spatial correlations between the Polyakov loop and the energy-momentum tensor
were calculated up to the next-to-leading order in EFT. The results were compared with the recent quenched lattice QCD calculation
obtained by using the gradient flow formalism. The EFT results and the lattice QCD data agree quite well without any fitting
parameters at high temperature above deconfinement. On the other hand, there is a substantial difference near the critical temperature
especially in the distribution of the energy density, which indicates some non-perturbative effect.

(5) Nuclear and atomic many-body problems
(5-1) Density functional theory for nuclear structure

The atomic nuclei are composed of protons and neutrons interacting via the nuclear and Coulomb interactions. The density
functional theory (DFT) is widely used to calculate the ground-state properties. Nevertheless, because of the lack of knowledge of
nuclear interaction in medium (effective interaction), the effective interaction is fitted to experimental data, and it has been attained to
develop a high-accuracy one. In contrast, the nucleons have finite charge distributions, while this is not considered in DFT calculation.
Because it is indispensable to treat the Coulomb interaction more accurately to achieve high-accuracy nuclear effective interaction, we
consider such finite-size effects to nuclear DFT, and we reveal that such effects give a non-negligible contribution to nuclear binding
energies. In nuclear structure calculation, both non-relativistic and relativistic schemes of DFT are used, while the connection between
them, especially in terms of the effective interaction, is not understood well. To reveal it, we also develop the efficient non-relativistic
reduction of the many-body systems.
(5-2) Fundamental problems of density functional theory

The density functional theory (DFT) is one of the powerful methods to calculate ground-state properties of the quantum many-
body problems, including atomic nuclei, atoms, molecules, and solids. The accuracy of the DFT depends on the energy density
functional (EDF), which contains information on the interaction. We develop a method to calculate EDF for electronic systems
purely microscopically using the functional renormalization group. In this method, energy density for so many various densities can
be calculated, and eventually, DFT calculation can be performed without fitting energy density to some functional forms. We also
develop the relativistic DFT in which the finite-light-speed correction to the Coulomb interaction is also considered to calculate the
ground-state properties of super-heavy elements.
(5-3) One-dimensional Bose and Fermi gases with contact interactions

We investigate local quantum field theories for one-dimensional (1D) Bose and Fermi gases with contact interactions, which
are closely connected with each other by Girardeau’s Bose-Fermi mapping. While the Lagrangian for bosons includes only a two-
body interaction, a marginally relevant three-body interaction term is found to be necessary for fermions. Because of this three-body
coupling, the three-body contact characterizing a local triad correlation appears in the energy relation for fermions, which is one of the
sum rules for a momentum distribution. In addition, we apply in both systems the operator product expansion to derive large-energy
and momentum asymptotics of a dynamic structure factor and a single-particle spectral density. These behaviors are universal in the
sense that they hold for any 1D scattering length at any temperature. The asymptotics for the Tonks-Girardeau gas, which is a Bose
gas with a hardcore repulsion, as well as the Bose-Fermi correspondence in the presence of three-body attractions are also discussed.
(5-4) Mesoscopic spin transport between strongly interacting Fermi gases

We investigate a mesoscopic spin current for strongly interacting Fermi gases through a quantum point contact. Under the
situation where spin polarizations in left and right reservoirs are same in magnitude but opposite in sign, we calculate the contribution
of quasiparticles to the current by means of the linear response theory and many-body T -matrix approximation. For a small spin-bias
regime, the current in the vicinity of the superfluid transition temperature is strongly suppressed due to the formation of pseudogaps.
For a large spin-bias regime where the gases become highly polarized, on the other hand, the current is affected by the enhancement of
a minority density of states due to Fermi polarons. We also discuss the broadening of a quasiparticle peak associated with an attractive
polaron at a large momentum, which is relevant to the enhancement
(5-5) Optical spin conductivity in ultracold quantum gases

Measurement of frequency-resolved spin transport is a subject of much interest in condensed matter physics. Here we show that
the optical spin conductivity, which is a small AC response of a spin current, can be measured with existing methods in ultracold atom
experiments. We point out that once interatomic interactions are turned on, the optical spin conductivity becomes nontrivial even in
clean ultracold atomic gases and thereby can be a probe of generic quantum states of matter. This is a sharp contrast to the optical mass
conductivity which becomes trivial in typical cold-atom systems without disorder and lattice potential. For systems with arbitrary spin
degrees of freedom, we construct a general formalism of the optical spin conductivity and derive the f -sum rule. To demonstrate
the availability of the optical spin conductivity, our formalism is applied to a spin-1/2 Fermi superfluid and a spin-1 Bose-Einstein
condensate. It turns out that both superfluids show nontrivial responses that cannot be captured with the Drude conductivity. The
application of our proposed method to generic ultracold atomic gases with spin degrees of freedom is feasible.
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T. Naito, G. Colò, H. Liang, and X. Roca-Maza, “Second and fourth moments of the charge density and neutron-skin thickness of atomic

nuclei,” arXiv:2101.07680 [nucl-th] (2021).
Z. Wang, T. Naito, H. Liang, and W. H. Long, “Exploring effects of tensor force and its strength via neutron drops,” arXiv:2101.04860

[nucl-th] (2021).
Y. Tanabe, Y. Ito, K. Sugawara, M. Koshino, S. Kimura, T. Naito, I. Johnson, T. Takahashi, and M. Chen, “Dirac Fermion kinetics in

three-dimensionally curved graphene,” Adv. Mater. 32, 202005838 (2020).
X. Liu and T. Tada, “Analysis for Lorentzian conformal field theories through sine-square deformation,” Prog. Theor. Exp. Phys. 2020,

061B01225 (2020).
Z. Wang, T. Naito, and H. Liang, “Tensor effects on shell-structure evolution in N = 82 isotones and Z = 50 isotopes in the relativistic

Hartree-Fock theory,” arXiv:2012.13143 [nucl-th] (2020).
Y. Sekino and Y. Nishida, “Field theoretical aspects of one-dimensional Bose and Fermi gases with contact interactions,” Phys. Rev. A

103, 043307 (2021).
T. Naito, S. Endo, K. Hagino, and Y. Tanimura, “Are atoms spherical?” arXiv:2009.05955 [physics.atom-ph] (2020).
K. Murakami, Y. Akahoshi, and S. Aoki, “S-wave kaon-nucleon potentials with all-to-all propagators in the HAL QCD method,” Prog.

Theor. Exp. Phys. 2020, 093B03 (2020).
H. Irie, H. Liang, T. Doi, S. Gongyo, and T. Hatsuda, “Hybrid quantum annealing via molecular dynamics,” Sci. Rep. 11, 8426 (2021)
Y. Akahoshi, S. Aoki, T. Aoyama, T. Doi, T. Miyamoto, and K. Sasaki, “The HAL QCD potential in I = 1 ππ system with the ρ meson

bound state,” (2020). Prog. Theor. Exp. Phys. 2020, 073B07 (2020).

- 305 -

RIKEN Accel. Prog. Rep. 54 (2021)VI. RNC ACTIVITIES



Subnuclear System Research Division
Strangeness Nuclear Physics Laboratory

1. Abstract
We proposed accurate calculation method called ‘Gaussian Expansion Method using infinitesimally shifted Gaussian lobe basis

function.’ When one proceeds to four-body systems, calculation of the Hamiltonian matrix elements becomes much laborious. In order
to make the four-body calculation tractable even for complicated interactions, the infinitesimally-shifted Gaussian lobe basis function
has been proposed. The GEM with the technique of infinitesimally-shifted Gaussians has been applied to various three-, four- and
five-body calculations in hypernuclei, the four-nucleon systems, and cold-atom systems. As results, we succeeded in extracting new
understandings in various fields.

2. Major Research Subjects
(1) Structure of Hypernuclei and neutron-rich nuclei from the view point of few-body problem
(2) Structure of exotic hadron system
(3) quantum atomic system and ultra cold atomic system
(4) Equation of state for neutron star

3. Summary of Research Activity
(1) We study Λ hypernuclei of C and B isotopes. We calculated Λ binding energies of these Λ hypernuclei and found halo

structure in the Λ 1p state with extended wave functions. In addition, we propose to measure electric-dipole transition
between Λ 1p and 1s states to see evidence for this hyperon halo structure.

(2) Bound states of double-heavy tetraquark systems are studied in a constituent quark model. We have two bound states for
T = 0, Jπ = 1+ in bbu-bar u-bar system. One is deeply bound state and the other is a shallow bound state. The former state is
in good agreement with the result by lattice QCD.

(3) We investigate the miscibility of two kinds of bosons with repulsive interactions. In addition to the known miscible and
immiscible phases, we predict a partially miscible phase due to quantum fluctuations. It leads to the formation of mixed
bubbles that are similar to quantum liquid droplets found in attractive mixtures and could be observed in experiments.
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Subnuclear System Research Division
Strangeness Nuclear Physics Laboratory

1. Abstract
We proposed accurate calculation method called ‘Gaussian Expansion Method using infinitesimally shifted Gaussian lobe basis

function.’ When one proceeds to four-body systems, calculation of the Hamiltonian matrix elements becomes much laborious. In order
to make the four-body calculation tractable even for complicated interactions, the infinitesimally-shifted Gaussian lobe basis function
has been proposed. The GEM with the technique of infinitesimally-shifted Gaussians has been applied to various three-, four- and
five-body calculations in hypernuclei, the four-nucleon systems, and cold-atom systems. As results, we succeeded in extracting new
understandings in various fields.

2. Major Research Subjects
(1) Structure of Hypernuclei and neutron-rich nuclei from the view point of few-body problem
(2) Structure of exotic hadron system
(3) quantum atomic system and ultra cold atomic system
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P. Naidon (invited), “Mixed bubbles in repulsive Bose-Bose mixtures,” Kindai University, December 16, 2020.
P. Naidon (invited), “Universal few-body physics,” 2-Part Lecture at Strange Nuclear Physics School 2020, December 2–5, 2020.
P. Naidon (invited), “QCD-like phase diagram of resonantly interacting SU(3) Fermi gases,” Kyushu University, July 10, 2020.

Press Releases
「極低温での新しい量子相 “混合バブル”を予言—混和性・非混和性の中間に存在する部分混和性の発見—」, 2021年 3月 22日.

Subnuclear System Research Division
Radiation Laboratory

1. Abstract
Nucleons, such as protons and neutrons, are a bound state of constituent quarks glued together with gluons. The detail structure

of nucleons, however, is not well understood yet. Especially the mechanism to build up the spin of proton, which is 1/2, is a major
problem in physics of the strong force. The research goal of Radiation Laboratory is to solve this fundamental question using the world
first polarized-proton collider, realized at RHIC in Brookhaven National Laboratory (BNL) in USA. RHIC stands for Relativistic
Heavy Ion Collider, aiming also to create Quark Gluon Plasma, the state of Universe just after the Big Bang, and study its property.
RIKEN-BNL Research Center (RBRC) also directed by H. En’yo carries our core team at BNL for those exciting researches using the
PHENIX detector and its upgraded sPHENIX detector in preparation. We have observed that the proton spin carried by gluons is finite
and indeed sizable. We also identified W bosons in the electron/positron decay channel and in the muon decay channel, with which we
showed how much anti-quarks carry the proton spin. Other than the activities at RHIC we are preparing and starting new experiments
at J-PARC and Fermilab to study the nature of hadron and preparing for the electron-ion collider (EIC). We are also performing
technical developments such as novel ion sources, fine-pitch silicon pixel detectors and high-performance trigger electronics.

2. Major Research Subjects
(1) Spin physics with relativistic polarized-proton collisions at RHIC
(2) Study of nuclear matter at high temperature and/or at high density
(3) Technical developments on radiation detectors and accelerators

3. Summary of Research Activity
(1) Experimental study of spin structure of proton using RHIC polarized proton collider

[See also RIKEN-BNL Research Center Experimental Group for the activities at BNL]
The previously published central rapidity neutral and charged pion double spin asymmetries at the highest collision energies at

RHIC of 510 GeV have been augmented with the world’s first preliminary direct photon results. The direct photon probe also restricts
the initial, hard interaction to be predominantly between a quark and a gluon thus further increasing the sensitivity to the gluon spin.
It has therefore been considered the golden channel to access the gluon spin, albeit the statistics are limited. Also, the first preliminary
jet results have been extracted by PHENIX. The jet measurement is in principle a cleaner probe since no fragmentation functions are
involved as in the pion results. All these results will be included in future global fits of all the existing experimental data in the world
and will improve the sensitivity of quark and gluon spin contributions to the total spin of the nucleon.

While orbital angular momentum cannot be directly accessed at RHIC, several transverse spin phenomena have been observed
which relate to orbital angular momentum and the three-dimensional structure of the nucleon. These phenomena by themselves have
become a major field of research as the dynamics of the strong interaction can be studies with these functions. Various single spin
asymmetry measurements have been obtained for various rapidities. When moving to central rapidities, these left-right asymmetries
are known to be very small for neutral pions. Since then, they have been confirmed to be small also for eta mesons. A substantially
improved data set with significantly reduced uncertainties has been recently published in PRD for both final states. For the first time
also direct photon single spin asymmetries have been extracted at RHIC. The direct photon asymmetries are again very important here
as they are only sensitive to the transverse spin effects in the initial state and not the fragmentation-related effects. Furthermore, it
provides sensitivity to a gluon correlation function that is not accessible in other processes. The direct photon results have also been
submitted for publication in PRL.

In June of 2017, an electro-magnetic calorimeter was installed in the most forward area of the STAR experiment and took polarized
proton collision data for neutral particle production (neutron, photon, neutral pion). The cross-section measurement will give us new
inputs to develop high-energy particle-collision models which are essential to understand air-shower from ultra-high energy cosmic
rays. The asymmetry measurement will improve the understanding of hadronic collisions at small scales. An unexpectedly large
neutral pion asymmetry has been found using this data that may connect to the large pion asymmetries at smaller rapidities and higher
transverse momenta. The results have been published in PRL.

At similar rapidities also neutron asymmetries have been observed in the past. While previously only their general magnitude
was obtained, using unfolding techniques it was possible to extract the first asymmetries as a function of the neutron transverse
moment for proton-proton collisions. These results have been published in PRD and correlated asymmetries, as well as asymmetries
in proton-nucleus collisions are being prepared.

Some of us are participating in the Fermilab SeaQuest experiment as a pilot measurement of muon pairs from Drell-Yan process
using a 120-GeV unpolarized proton at Fermilab. After finishing unpolarized measurements in 2017 to study the quark spin-orbit
effect, a new measurement with a polarized proton target will start in 2021 to study the sea-quark orbit effect of the polarized proton in
the target. The first result from the SeaQuest experiment on the asymmetry of the antimatter in the proton has been recently published
in Nature.

For many jet related measurements fragmentation functions are necessary to gain spin and or flavor sensitivity. Those are currently
extracted by some of us using the KEK-Belle data. In addition to using the fragmentation results with RHIC measurements, they will
also provide the basis for most of the key measurements to be performed at the electron-ion collider. In 2020, in improved result for
single and di-hadron fragmentation in different event topologies was published in PRD. These measurements are essential to nearly
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all nucleon structure measurements at RHIC, semi-inclusive DIS and the EIC.
As the Electron-Ion Collider is becoming a reality, many of us are participating in the various community efforts to define the

physics goals of the EIC and how they inform on the choices of collisions energies, luminosities, and detector components. While the
accelerator efforts are naturally led by the two main nuclear physics laboratories in the US, BNL and JLAB, a large EIC user group of
more than 1200 members from all around the world is working on making the EIC a reality. Within this group, we are participating
in various functions from the steering committee, the conference and talks committee to various physics or detector related topical
groups. During 2020 the community effort leading to the so-called Yellow Report studied and summarized these physics and detector
requirements in detail and the Yellow Report has since been made public on the arXiv.

(2) Experimental study of quark-gluon plasma using RHIC heavy ion collider
[See also RIKEN-BNL Research Center Experimental Group for the activities at BNL]
We have completed several key measurements in the study of quark-gluon plasma at RHIC. As the top of them, we lead the

analysis of the first thermal photon measurement in heavy ion collisions. The measurement indicates that the initial temperature
reached in the central Au+Au collision at 200 GeV is about 350 MeV, far above the expected transition temperature Tc ∼ 170 MeV,
from hadronic phase to quark-gluon plasma. This work was rewarded by Nishina Memorial Prize given to Y. Akiba in 2011. We also
measured direct photons in d +Au and direct photon flow strength ν2 and ν3 in Au+Au

We led measurement of heavy quark (charm and bottom) using VTX, a 4-layer silicon vertex tracker which we jointly constructed
with US DOE. The detector was installed in PHENIX in 2011. PHENIX recorded approximately 10 times more data of Au+Au
collisions in the 2014 run than the 2011 run. PHENIX recorded high statistics p+ p and p+ A data in 2015, and the doubled the
Au+Au in 2016. PHENIX concluded its data taking in the 2016 run.

The results of the 2011 run were published in Physical Review C (Phys. Rev. C 93, 034904 (2016)). This is the first publication
from VTX. The result showed that the electrons from bottom quark decay is suppressed for pT > 4 GeV/c, but the suppression factor
is smaller than that of charm decay electrons for 3 < pT < 4 GeV/c. This is the first observation of bottom electron suppression in
heavy ion collisions, and the first result that shows the bottom and charm suppression is different. The results of b→ e and c→ e
measurement in the 2015 p+ p run has been published in Physical Review D99, 092003 (2019). The centrality dependence of the
suppression b→ e and c→ e from the 2014 Au+Au data is in preparation. The 2016 run is the final data taking run of PHENIX, and
this run doubled the dataset for heavy-flavor measurement with VTX. This year we completed the VTX geometry calibration of the
2016 run.

PHENIX published measurements of flow strength in p+Au, d +Au, and 3He+Au (Nat. Phys. 15, 214 (2019)). The results
provide strong evidence for formation of small droplet of quark gluon plasma in collisions of small systems at RHIC.

In Wako we are operating a cluster computer system (CCJ) specialized to analyze huge data sets taken with the PHENIX detector.
It consists of 28 nodes (18 old nodes and 10 new nodes) each of which has two CPUs and 10 sets of local disks for data repository
(old node: quad-core CPU, 1 TB disk, new node: six-core CPU, 2 TB disk). There are 264 CPU cores and 380 TB disks in total.
This configuration ensures the fastest disk I/O when each job is assigned to the node where the required data sets are stored. It is also
important that this scheme does not require an expensive RAID system and network. Through this development we have established
a fast and cost-effective solution in analyzing massive data.

The data of 0.9 PByte obtained by the PHENIX experiment is stored in a hierarchical storage system which is a part of HOKUSAI
BigWaterfall/SailingShip supercomputer systems operated by the Head Office for Information Systems and Cybersecurity. In addition,
we operate a dedicated server for the RHICf group and two servers for the J-PARC E16 group, to keep their dedicated compilation
and library environments, and some data.

(3) Study of properties of mesons and exotic hadrons with domestic accelerators
Preparation of the experiment E16 at J-PARC Hadron experimental facility is underway with several Grant-in-Aids. This exper-

iment aims to perform a systematic study of the spectral modification of low-mass vector mesons in nuclei to explore the physics of
chiral symmetry breaking and restoration in dense nuclear matter, namely, the mechanism proposed by Nambu to generate most of
hadron masses.

The Gas Electron Multiplier (GEM) technology is adopted for the two key detectors, GEM Tracker (GTR) and Hadron-blind
Cherenkov detector (HBD). To improve electron-identification performance, lead-glass calorimeters (LG) are used in combination
with HBD. We are in the production phase. Read-out electronics and trigger logic modules are also installed and tested. We have been
a member of the CERN-RD51 collaboration to acquire the read-out technology for GEM. The MoU for RD51 was extended for the
period of 2019–2023.

Due to the budgetary limitation, we aim to install a part of the detectors at the beginning of the experiment, eight modules of a
set of GTR, HBD and LG, out of 26 modules in the full installation. J-PARC PAC (Program Advisory Committee) gave us a stage-2
approval in July 2017 to perform commissioning runs (Run 0). Although there is a significant delay from the originally planned date
of March 2016, the construction of the beam line by KEK was completed finally in early 2020 to perform this experiment.

We performed the 1st half of commissioning run (Run-0a) in June 2020 successfully, using a primary proton beam with an
intensity of 1 × 1010 protons per 2-sec duration of beam spill. This intensity is a designed full intensity of the beam line. The 2nd
half, which started in February 2021, was suspended due to the malfunction of the J-PARC MR accelerator and a compensation beam
time is allocated in June 2021. Eight modules of GTR, six modules of HBD and six modules of LG are assembled and installed in the
E16 spectrometer magnet in January 2021 for this beam time. First physics run is planned in JFY2022, after two more HBDs and two
more LG modules are installed.
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As the Electron-Ion Collider is becoming a reality, many of us are participating in the various community efforts to define the

physics goals of the EIC and how they inform on the choices of collisions energies, luminosities, and detector components. While the
accelerator efforts are naturally led by the two main nuclear physics laboratories in the US, BNL and JLAB, a large EIC user group of
more than 1200 members from all around the world is working on making the EIC a reality. Within this group, we are participating
in various functions from the steering committee, the conference and talks committee to various physics or detector related topical
groups. During 2020 the community effort leading to the so-called Yellow Report studied and summarized these physics and detector
requirements in detail and the Yellow Report has since been made public on the arXiv.

(2) Experimental study of quark-gluon plasma using RHIC heavy ion collider
[See also RIKEN-BNL Research Center Experimental Group for the activities at BNL]
We have completed several key measurements in the study of quark-gluon plasma at RHIC. As the top of them, we lead the

analysis of the first thermal photon measurement in heavy ion collisions. The measurement indicates that the initial temperature
reached in the central Au+Au collision at 200 GeV is about 350 MeV, far above the expected transition temperature Tc ∼ 170 MeV,
from hadronic phase to quark-gluon plasma. This work was rewarded by Nishina Memorial Prize given to Y. Akiba in 2011. We also
measured direct photons in d +Au and direct photon flow strength ν2 and ν3 in Au+Au

We led measurement of heavy quark (charm and bottom) using VTX, a 4-layer silicon vertex tracker which we jointly constructed
with US DOE. The detector was installed in PHENIX in 2011. PHENIX recorded approximately 10 times more data of Au+Au
collisions in the 2014 run than the 2011 run. PHENIX recorded high statistics p+ p and p+ A data in 2015, and the doubled the
Au+Au in 2016. PHENIX concluded its data taking in the 2016 run.

The results of the 2011 run were published in Physical Review C (Phys. Rev. C 93, 034904 (2016)). This is the first publication
from VTX. The result showed that the electrons from bottom quark decay is suppressed for pT > 4 GeV/c, but the suppression factor
is smaller than that of charm decay electrons for 3 < pT < 4 GeV/c. This is the first observation of bottom electron suppression in
heavy ion collisions, and the first result that shows the bottom and charm suppression is different. The results of b→ e and c→ e
measurement in the 2015 p+ p run has been published in Physical Review D99, 092003 (2019). The centrality dependence of the
suppression b→ e and c→ e from the 2014 Au+Au data is in preparation. The 2016 run is the final data taking run of PHENIX, and
this run doubled the dataset for heavy-flavor measurement with VTX. This year we completed the VTX geometry calibration of the
2016 run.

PHENIX published measurements of flow strength in p+Au, d +Au, and 3He+Au (Nat. Phys. 15, 214 (2019)). The results
provide strong evidence for formation of small droplet of quark gluon plasma in collisions of small systems at RHIC.

In Wako we are operating a cluster computer system (CCJ) specialized to analyze huge data sets taken with the PHENIX detector.
It consists of 28 nodes (18 old nodes and 10 new nodes) each of which has two CPUs and 10 sets of local disks for data repository
(old node: quad-core CPU, 1 TB disk, new node: six-core CPU, 2 TB disk). There are 264 CPU cores and 380 TB disks in total.
This configuration ensures the fastest disk I/O when each job is assigned to the node where the required data sets are stored. It is also
important that this scheme does not require an expensive RAID system and network. Through this development we have established
a fast and cost-effective solution in analyzing massive data.

The data of 0.9 PByte obtained by the PHENIX experiment is stored in a hierarchical storage system which is a part of HOKUSAI
BigWaterfall/SailingShip supercomputer systems operated by the Head Office for Information Systems and Cybersecurity. In addition,
we operate a dedicated server for the RHICf group and two servers for the J-PARC E16 group, to keep their dedicated compilation
and library environments, and some data.

(3) Study of properties of mesons and exotic hadrons with domestic accelerators
Preparation of the experiment E16 at J-PARC Hadron experimental facility is underway with several Grant-in-Aids. This exper-

iment aims to perform a systematic study of the spectral modification of low-mass vector mesons in nuclei to explore the physics of
chiral symmetry breaking and restoration in dense nuclear matter, namely, the mechanism proposed by Nambu to generate most of
hadron masses.

The Gas Electron Multiplier (GEM) technology is adopted for the two key detectors, GEM Tracker (GTR) and Hadron-blind
Cherenkov detector (HBD). To improve electron-identification performance, lead-glass calorimeters (LG) are used in combination
with HBD. We are in the production phase. Read-out electronics and trigger logic modules are also installed and tested. We have been
a member of the CERN-RD51 collaboration to acquire the read-out technology for GEM. The MoU for RD51 was extended for the
period of 2019–2023.

Due to the budgetary limitation, we aim to install a part of the detectors at the beginning of the experiment, eight modules of a
set of GTR, HBD and LG, out of 26 modules in the full installation. J-PARC PAC (Program Advisory Committee) gave us a stage-2
approval in July 2017 to perform commissioning runs (Run 0). Although there is a significant delay from the originally planned date
of March 2016, the construction of the beam line by KEK was completed finally in early 2020 to perform this experiment.

We performed the 1st half of commissioning run (Run-0a) in June 2020 successfully, using a primary proton beam with an
intensity of 1 × 1010 protons per 2-sec duration of beam spill. This intensity is a designed full intensity of the beam line. The 2nd
half, which started in February 2021, was suspended due to the malfunction of the J-PARC MR accelerator and a compensation beam
time is allocated in June 2021. Eight modules of GTR, six modules of HBD and six modules of LG are assembled and installed in the
E16 spectrometer magnet in January 2021 for this beam time. First physics run is planned in JFY2022, after two more HBDs and two
more LG modules are installed.

(4) Detector development for PHENIX experiment
The PHENIX experiment proposes substantial detector upgrades to go along the expected accelerator improvements, including

the future electron-ion collider “EIC.” The present PHENIX detector is repurposed to the sPHENIX (super PHENIX) detector which
reuses the Babar solenoid magnet at SLAC and is covered by the hadronic calorimeter which was not available in the previous RHIC
experiments. The sPHENIX was approved for the Project Decision-2/3 (corresponds to DOE’s Critical Decision-2/3) in May 2019.
We RIKEN group have been developing the one of the tracking devices of sPHENIX detector, so called intermediate tracker (INTT)
since 2015. The INTT provides the best timing resolution among the sPHENIX tracking system, in conjunction with a time projection
chamber and a MAPS based vertex detectors. The prototype detectors demonstrated satisfactory performance in the efficiency and
position resolutions as designed in the last two beam tests at the Fermilab Test Beam Facility (FTBF) using 120 GeV proton beam in
March 2018 and June 2019. The production of silicon ladder assembly has been proceeded both in Taiwan Silicon Detector Facility
(TSiDF) and BNL since Spring 2021. The INTT barrel assembly will be started in this Summer.

We have been planning to build a forward spectrometer to be added to the sPHENIX detector. With this addition, the detector
called fsPHENIX will have hadronic and electromagnetic calorimetry as well as tracking capability in the forward rapidity region.
This upgrade makes it possible to study forward jets and hadrons in jets which are of vital importance for the cold QCD program in
polarized p+ p and p+ A collisions at RHIC. The fsPHENIX detector can be further upgraded to the ePHENIX detector to be used
for electron-ion collisions at EIC. We are preparing test bench to perform R&D for the forward hadron calorimeter.

As the further investigation of the neutral pion production asymmetry discovered in the RHICf experiment, we started preparation
for the next phase of the experiment, namely RHICf-II. The target year of physics data taking is 2024 as a part of either STASR or
sPHENIX experiments. The highlight of the upgraded experiment is to adopt a larger acceptance with higher position resolution for the
zero-degree calorimeter (ZDC). The detector technology developed for the FoCAL upgrade project of the ALICE experiment at LHC
well satisfies the RHICf-II performance requirement. We thus resumed the associated membership of the ALICE collaboration, and
the RHICf-II detectors are to be developed together with the ALICE FoCAL collaboration. This new detector technology development
is also a part of an essential R&D programs for a ZDC detector for EIC.
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Subnuclear System Research Division
Meson Science Laboratory

1. Abstract
Particles like muons, pions, and kaons have finite life times, so they do not exist in natural nuclei or matters. By implanting these

particles into nuclei/matters, exotic phenomena in various objects can be studied from new point of view.
For example, kaon is the second lightest meson, which has strange quark as a constituent quark. It is expected that if one embeds

mesons into nuclei, the sizes of the nuclei become smaller and one can form a high-density object beyond the normal nuclear density.
Study of this object could lead to better understanding of the origin of the mass of the matter, and may reveal the quark degree of
freedom beyond the quark-confinement. The other example is the weak interaction in nuclear matter. It can only be studied by the
weak decay of hypernuclei, which have Lambda particle in the nuclei.

Muon provides even wider scope of studies, covering condensed matter physics as well as nuclear and atomic physics, and we
are trying to extend the application field further into chemical and biological studies. For instance, stopping positively charged muon
in a material, we obtain information on the magnetic properties or the local field at the muon trapped site (µSR). Injecting negatively
charged muon to hydrogen gas, muonic hydrogen atom (µp) is formed. We are planning to measure µp hyperfine splitting energy to
measure proton magnetic radius, which is complementary quantity to the proton charge radius and its puzzle. We are also interested
in precision measurement of muon property itself, such as muon anomalous magnetic moment (g − 2).

In our research, we introduce different kind of impurities into nuclei/matters, and study new states of matter, new phenomena, or
the object properties.

2. Major Research Subjects
(1) Study of meson property and interaction in nuclei
(2) Origin of matter mass/quark degree of freedom in nuclei
(3) Condensed matter and material studies with muon
(4) Nuclear and particle physics studies via muonic hydrogen
(5) Development of ultra cold muon beam, and its application from material science to particle physics

3. Summary of Research Activity
(1) Hadron physics at J-PARC, RIKEN-RIBF, GSI and SPring-8

Kaon and pion will shed a new insight to the nuclear physics. The recent discovery of deeply bound pionic atom enables us to
investigate the properties of mesons in nuclear matter. At RIKEN-RIBF, we are preparing precise experimental study of the pionic
atom. Very lately, we succeeded to discover kaonic nuclear bound state, “K−pp,” at J-PARC. The yield dependence on momentum-
transfer shows that observed system is unexpectedly small. We extended our study on Λ(1405) that could be K-p bound state. By these
experiments, we are studying the KN− interaction, and clarify the nature of kaon in nuclei. At Spring-8 and at GSI, we are planning to
study omega and η′ nuclei. By these experiments, we aim to be a world-leading scientific research group using these light meta-stable
particles.
(1-1) Deeply bound kaonic nuclei

J-PARC E15 experiment had been performed to explore the simplest kaonic nuclear bound state, “K−pp.” Because of the strong
attraction between KN−, the K− in nuclei may attract surrounding nucleons, resulting in forming a deeply bound and extremely dense
object. Measurement of the kaon properties at such a high-density medium will provide precious information on the origin of hadron
masses, if the standard scenario of the hadron-mass-generation mechanism, in which the hadron masses are depends on matter density
and energy, is correct. Namely, one may study the chiral symmetry breaking of the universe and its partial restoration in nuclear
medium.

The E15 experiment was completed to observe the “K−pp” bound state by the in-flight 3He(K−, n) reaction, which allows us
the formation via the invariant-mass spectroscopy by detecting decay particles from “K−pp.” For the experiment, we constructed a
dedicated spectrometer system at the secondary beam-line, K1.8BR, in the hadron hall of J-PARC.

With the Λpn final states obtained in the first stage experiment, we observed a kinematic anomaly in the Λp invariant mass
near the mass threshold of M(K−pp) (total mass of kaon and two protons) at the lower momentum transfer q region. We conducted
a successive experiment to examine the nature of the observed kinematical anomaly in the Λpn final state, and we confirmed the
existence of the bound state below the mass threshold of M(K−pp) at as deep as the binding energy of 40 MeV. The momentum
transfer q naturally prefers lower momentum for the bound state formation, but the observed event concentration extended having the
form-factor parameter ∼400 MeV/c. Based on the PWIA calculation, the data indicated that the “K−pp” system could be as small as
∼0.6 fm. It is astonishingly compact in contrast to the mean nucleon distance ∼1.8 fm.

This observed signal shows that a meson (qq− ) forms a quantum state where baryons (qqq) exist as nuclear medium, i.e., a
highly excited novel form of nucleus with a kaon, in which the mesonic degree-of-freedom still holds. This is totally new form of
nuclear system, which never been observed before.
(1-2) Precision X-ray measurement of kaonic atom

To study the KN− interaction at zero energy from the atomic state level shift and width of kaon, we have performed an X-ray
spectroscopy of atomic 3d → 2p transition of negatively charged K-mesons captured by helium atoms. However, our first experiment
is insufficient in energy resolution to see the K−-nucleus potential. Aiming to provide a breakthrough from atomic level observation,
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experiments, we are studying the KN− interaction, and clarify the nature of kaon in nuclei. At Spring-8 and at GSI, we are planning to
study omega and η′ nuclei. By these experiments, we aim to be a world-leading scientific research group using these light meta-stable
particles.
(1-1) Deeply bound kaonic nuclei

J-PARC E15 experiment had been performed to explore the simplest kaonic nuclear bound state, “K−pp.” Because of the strong
attraction between KN−, the K− in nuclei may attract surrounding nucleons, resulting in forming a deeply bound and extremely dense
object. Measurement of the kaon properties at such a high-density medium will provide precious information on the origin of hadron
masses, if the standard scenario of the hadron-mass-generation mechanism, in which the hadron masses are depends on matter density
and energy, is correct. Namely, one may study the chiral symmetry breaking of the universe and its partial restoration in nuclear
medium.

The E15 experiment was completed to observe the “K−pp” bound state by the in-flight 3He(K−, n) reaction, which allows us
the formation via the invariant-mass spectroscopy by detecting decay particles from “K−pp.” For the experiment, we constructed a
dedicated spectrometer system at the secondary beam-line, K1.8BR, in the hadron hall of J-PARC.

With the Λpn final states obtained in the first stage experiment, we observed a kinematic anomaly in the Λp invariant mass
near the mass threshold of M(K−pp) (total mass of kaon and two protons) at the lower momentum transfer q region. We conducted
a successive experiment to examine the nature of the observed kinematical anomaly in the Λpn final state, and we confirmed the
existence of the bound state below the mass threshold of M(K−pp) at as deep as the binding energy of 40 MeV. The momentum
transfer q naturally prefers lower momentum for the bound state formation, but the observed event concentration extended having the
form-factor parameter ∼400 MeV/c. Based on the PWIA calculation, the data indicated that the “K−pp” system could be as small as
∼0.6 fm. It is astonishingly compact in contrast to the mean nucleon distance ∼1.8 fm.

This observed signal shows that a meson (qq− ) forms a quantum state where baryons (qqq) exist as nuclear medium, i.e., a
highly excited novel form of nucleus with a kaon, in which the mesonic degree-of-freedom still holds. This is totally new form of
nuclear system, which never been observed before.
(1-2) Precision X-ray measurement of kaonic atom

To study the KN− interaction at zero energy from the atomic state level shift and width of kaon, we have performed an X-ray
spectroscopy of atomic 3d → 2p transition of negatively charged K-mesons captured by helium atoms. However, our first experiment
is insufficient in energy resolution to see the K−-nucleus potential. Aiming to provide a breakthrough from atomic level observation,

we introduce a novel X-ray detector, namely superconducting transition-edge-sensor (TES) microcalorimeter offering unprecedented
high energy resolution, being more than one order of magnitude better than that achieved in the past experiments using conventional
semiconductor detectors. The experiment J-PARC E62 aims to determine 2p-level strong interaction shifts of kaonic 3He and 4He
atoms by measuring the atomic 3d → 2p transition X-rays using TES detector with 240 pixels having about 23 mm2 effective area
and the average energy resolution of 7 eV (FWHM) at 6 keV. We carried out the experiment at J-PARC in June 2018 and successfully
observed distinct X-ray peaks from both atoms. The data analysis is now ongoing.

Another important X-ray measurement of kaonic atom would be 2p→ 1s transition of kaonic deuteron (K−-d). We have measured
same transition of kaonic hydrogen (K−-p), but the width and shift from electro-magnetic (EM) value reflect only isospin average of
the KN interaction. We can resolve isospin dependence of the strong interaction by the measurements both for K−-p and K−-d. The
experiment J-PARC E57 aims at pioneering measurement of the X-rays from K−-d atoms. Prior to full (stage-2) approval of the E57
proposal, we performed a pilot run with hydrogen target in March 2019.
(1-3) Deeply bound pionic atoms and η′ mesonic nuclei

We have been working on precision spectroscopy of pionic atoms systematically, which leads to understanding of the non-trivial
structure of the vacuum and the origin of hadron masses. The precision data set stringent constraints on the chiral condensate at
nuclear medium. We are presently preparing for the precision systematic measurements at RIBF. A pilot experiment performed in
2010 showed a unprecedented results of pionic atom formation spectra with finite reaction angles. The measurement of pionic 121Sn
performed in 2014 showed a very good performance of the system. We have been finalizing the data analysis to achieve information
on the pion-nucleus interaction based on the pionic atom spectroscopy. At the same time we have been working on a systematic high
precision spectroscopy of pionic tin isotopes.

We are also working on spectroscopy of η′ mesonic nuclei in GSI/FAIR. Theoretically, peculiarly large mass of η′ is attributed
to UA(1) symmetry and chiral symmetry breaking. As a result, large binding energy is expected for η′ meson bound states in nuclei
(η′-mesonic nuclei). From the measurement, we can access information about gluon dynamics in the vacuum via the binding energy
and decay width of η′-nuclear bound state. We are preparing for a new experiment using a large solid angle detectors at GSI.
(1-4) 3

Λ
H lifetime puzzle and our approach

Three recent heavy ion experiments (HypHI, STAR, and ALICE) announced surprisingly short lifetime for 3
Λ

H hyper-nucleus’s
Mesonic Weak Decay (MWD), which seems to be inconsistent with the fact that the 3

Λ
H is a very loosely bound system. It is very

interesting to study this with a different experimental approach. We proposed a direct measurement of 3
Λ

H MWD lifetime with ∼20%
resolution at J-PARC hadron facility by using K− meson beam at 1 GeV/c. As for the feasibility test, we also measure 4

Λ
H lifetime.

A Cylindrical Detector System (CDS) used in J-PARC E15/E31 experiment is employed to capture the delayed π− as a weak decay
product from 3, 4

Λ
H a calorimeter is installed in the very forward region to tag fast π0 meson emission at ∼0 degree, which ensures that

the Λ hyperon production with small recoil momentum. By this selection, we can improve the ratio between 3, 4
Λ

H and quasi-free Λ and
Σ background. A test beam for feasibility study with 4He target has been conditionally approved by J-PARC PAC. We will conduct
the experiment and to present the data in short.

(2) Muon science at RIKEN-RAL branch
The research area ranges over particle physics, condensed matter studies, chemistry and life science. Our core activities are

based on the RIKEN-RAL Muon Facility located at the Rutherford-Appleton Laboratory (UK), which provides intense pulsed-muon
beams. We have variety of important research activities such as particle/nuclear physics studies with muon’s spin and condensed
matter physics by muon spin rotation/relaxation/resonance (µSR).
(2-1) Condensed matter/materials studies with µSR

We stated to share experimental equipment with those of RAL in order to make organization of RIKEN beam time schedules
easier and to enhance the efficiency to carry out RIKEN’s experiments. We use shared cryostats and manpower supports available
from RAL as well we other experimental areas. Both two µSR spectrometers, ARGUS (Port-2) and CHRNUS (Port-4), are working
wel wit maintenance supports provide from RAL. Among our scientific activities on µSR studies from year 2017 to 2020, following
studies are most important subjects of material sciences at the RIKEN-RAL muon facility:

(1) Multi magnetic transitions in the Ru-based pyrochlore systems, R2Ru2O7.
(2) Magnetic properties of the nano-cluster gold in the border of macro- and micro- scale.
(3) Novel magnetic and superconducting properties of nano-size La-based high-Tc superconducting curates.
(4) Determination of muon positions estimated from density functional theory (DFT) and dipole-field calculations.
(5) Chemical muonic states in DNA molecules.

(2-2) Nuclear and particle physics studies via ultra-cold muon beam and muonic atoms
If we can improve muon beam emittance, timing and energy dispersion (so-called “ultra-cold muon”), then the capability of µSR

studies will be drastically improved. The ultra-cold muon beam can stop in a thin foil, multi-layered materials and artificial lattices, so
one can apply the µSR techniques to surface and interface science. The development of ultra-cold muon beam is also very important
as the source of pencil-like small emittance muon beam for muon g − 2 measurement.

Ultra-cold muon beam has been produced by laser ionization of muoniums in vacuum (bound system of µ+ and electron). We
are developing two key components, high efficiency muonium generator at room temperature and high intensity ionization laser. The
study of muonium generator has been done in collaboration with TRIUMF. In 2013, we demonstrated at least 10 times increase of
the muonium emission efficiency by fabricating fine laser drill-holes on the surface of silica aerogel. Further study was done in 2017
with more than 20 aerogel target having different surface conditions. We are analyzing the data to identify which condition most
contributed to increasing the muonium emission efficiency. We also developed a high power Lyman-α laser in collaboration with laser
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group at RIKEN. In this laser development, we succeeded to synthesize novel laser crystal Nd:YGAG, which has an ideal wavelength
property for laser amplification to generate Lyman-α by four-wave mixing in Kr gas cell. We already achieved 10 times increase of
Lyman-α generation than before. However, in order to increase the intensity by one more order, we need a larger size crystal. So far
we have inhomogeneity problem but we are trying to solve this problem.

A large discrepancy was found recently in the proton charge radius between the new precise value from muonic hydrogen atom at
PSI and the values from normal hydrogen spectroscopy and e-p scattering. We are planning a precise measurement of proton Zemach
radius (with charge and magnetic distributions combined) using the laser spectroscopy of hyperfine splitting energy in the muonic
hydrogen atom. As a key parameter for designing the experiment, we need to know the quench rate of the muonic proton polarization
due to collision with surrounding protons, for which only theoretical estimations are available. We first measured the quench rate of
muonic deuterium polarization in deuterium gas, which confirmed the long lifetime consistent with the calculation. We also carried
out measurement on muonic proton in low pressure hydrogen gas and the analysis is in progress.
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佐久間史典（口頭発表）,「軽い K中間子原子核の系統的測定」,日本物理学会第 76回年次大会,オンライン, 2021年 3月 12–15日.

山我拓巳（口頭発表）,「K−ppのスピン・パリティ測定とK
0
nnの探索」,日本物理学会第 76回年次大会,オンライン, 2021年 3月

12–15日.
浅野秀光（口頭発表）,「K−d反応の運動量移行と π±Σ± 不変質量分布の関係」,日本物理学会第 76回年次大会,オンライン, 2021
年 3月 12–15日.

橋本直（口頭発表）,「TESマイクロカロリメータを用いた K 中間子ヘリウム原子 X線精密分光」,日本物理学会第 76回年次大
会,オンライン, 2021年 3月 12–15日.

赤石貴也（口頭発表）,「K− ビームを用いたハイパートライトンの寿命直接測定の現状」,日本物理学会第 76回年次大会,オンラ
イン, 2021年 3月 12–15日.

赤石貴也（口頭発表）,「3
Λ

H寿命直接測定のための PbF2 カロリメータの性能評価 (2)」,日本物理学会 2020年秋季大会,オンライ
ン, 2021年 3月 12–15日.

山我拓巳（招待講演）, “Measurement of spin-spin correlation in K−pp decay,”日本のスピン物理学の展望,オンライン, 2021年 2月
23–24日.

山我拓巳（招待講演）,「J-PARC E15実験におけるKNN 束縛状態の発見と今後の展望」, ELPH研究会 C029「様々なフレーバー
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Press Releases
正負のミュオンで捉えたイオンの動き 2020年 8月 7日—Liイオンの動きを,負ミュオンで確認,正ミュオンで詳細観察—一般財
団法人総合科学研究機構（CROSS）中性子科学センター杉山純サイエンスコーディネータ国立研究開発法人理化学研究所（理
研）仁科加速器科学研究センター石田勝彦協力研究員.

Subnuclear System Research Division
RIKEN BNL Research Center

1. Abstract
The RIKEN BNL Research Center was established in April 1997 at Brookhaven National Laboratory with Professor T. D. Lee

of Columbia University as its initial Director. The Center is dedicated to the study of strong interactions, including spin physics,
lattice QCD and RHIC physics through the nurturing of a new generation of young physicists. Professor Lee was succeeded by BNL
Distinguished Scientist, the former BNL director, N. P. Samios, who served until 2013. The other former BNL director, S. H. Aronson
led the Center from 2013. Hideto En’yo succeeded the director position starting from JFY 2017. Support for RBRC was initially for
five years and has been renewed four times, and presently extends to March 2023. Theoretical activities in the RBRC Theory and
Computing Groups are closely and intimately related to those of the Nuclear Theory, High Energy Theory and Lattice Gauge Theory
Groups at BNL. The RBRC Experimental Group jointly works with Radiation Laboratory at Wako RIKEN, the RHIC Spin Group
at BNL, the RHIC Spin Physics community, and the PHENIX/sPHENIX collaboration. BNL provides office space, management,
computing and administrative support. The Deputy Director of RBRC is D. Morrison (BNL). In May 2021 Y. Hatta (BNL) becomes
Theory Group leader, succeeding D. Kharzeev. Y. Akiba (RIKEN) is Experimental Group leader and T. Izubuchi (BNL) is Computing
Group leader.

2. Major Research Subjects
Major research subjects of the theory group are
(1) Spin structure of proton
(2) Gluon saturation at small-x
(3) Physics of quark gluon plasma

Major research subjects of the computing group are
(1) Search for new law of physics through tests for Standard Model of particle and nuclear physics
(2) Dynamics of QCD and related theories
(3) Theoretical and algorithmic development for lattice field theories, QCD machine design

Major research subject of the experimental group are
(1) Experimental Studies of the Spin Structure of the Nucleon
(2) Study of Quark-Gluon Plasma at RHIC
(3) sPHENIX detector construction

3. Summary of Research Activity
Summary of Research Activities of the three groups of the Center are given in the sections of each group.
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Deputy Director
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Subnuclear System Research Division
RIKEN BNL Research Center
Theory Group

1. Abstract
The efforts of the RBRC theory group are concentrated on the major topics of interest in High Energy Nuclear Physics, in

particular, the physics explored by the RHIC experiment at Brookhaven National Laboratory (BNL). This includes: understanding
of the Quark-Gluon Plasma (QGP); the nature of dense quark matter; the initial state in high energy collisions, the Color Glass
Condensate and its evolution to QGP through a Glasma; QCD spin physics; physics relevant to the future Electron-Ion Collider at
BNL.

2. Major Research Subjects
(1) Heavy Ion Collisions, QCD phase diagram
(2) Perturbative Quantum Chromo-Dynamics (QCD)
(3) Nucleon structure, mass and spin

3. Summary of Research Activity
(1) Phase diagram of QCD

The major goal of RHIC heavy-ion program is to map out the QCD phase diagram at finite temperature and density. Together
with collaborations, V. Skokov has determined the location of the Yang-Lee edge singularity in the O(N) model using the functional
renormalization group method. This can be applied to the QCD phase diagram to determine the radius of convergence of the fugacity
expansion and hence the location of the QCD critical point at finite chemical potential.

(2) QCD at small x
The initial condition of heavy-ion collisions at RHIC is governed by the Color Glass Condensate (CGC) which is the universal

form of matter in the high energy (small-x) limit of QCD. The RBRC scientists have made major contributions to this field, and
the efforts continue to date. V. Skokov has worked on various aspects of the CGC and their phenomenological consequences. In
particular, he has calculated the multiplicity and transverse momentum dependence of the elliptic flow parameter ν2 in proton-nucleus
(pA) collisions in the dense-dilute framework of CGC. Together with M. Li, he has also computed the first saturation corrections in pA
collisions by solving the real-time classical Yang-Mills equation. Y. Mehtar-Tani and R. Boussarie have proposed a novel formulation
of the gluon transverse momentum dependent (TMD) distribution which captures the leading logarithms in both the Bjorken and
Regge limits.

(3) Jet and jet quenching
Jets have become an important tool to uncover the transport properties of matter created in heavy-ion collisions and the nontrivial

parton structure in the nucleon. These are important goals of the sPHENIX and EIC experiments. Y. Mehtar-Tani has pushed the
calculation of jet quenching to higher precision, now up to next-to-next-to-leading order (NNLO) in the opacity expansion. Together
with collaborators, he has made concrete prediction of the nuclear modification factor at the LHC based on the state-of-the-art theory
of jet quenching. Y. Hatta and collaborators calculated the impact of soft gluon resummation on the azimuthal angular correlation of
jets. It has been shown that angular correlations of perturbative origin are numerically significant. They could obscure the primordial
correlation due to the nontrivial parton distribution such as the linearly polarized gluon distribution. Y. Hatta and T. Ueda has calculated
the gap survival probability in dijet production in proton-proton collisions at the LHC, resumming the nonglobal logarithms without
any approximation to the number of colors.

(4) Origin of proton mass
Understanding the origin of proton mass is one of the most important goals of the future Electron-Ion Collider. Y. Hatta and

R. Boussarie has developed an OPE-based approach to calculate the cross section of near-threshold electro-production of heavy
quarkonia at large photon virtuality. The impact of the gluon condensate, related to the proton mass via the trace anomaly, has been
estimated. D. Kharzeev argued that the cross section is dominated by the form factor of the trace of the energy momentum tensor.
Based on this, he has extracted the nucleon “mass radius” from the recent experimental data on J/psi production from the Jefferson
laboratory. Y. Hatta and Y. Zhao have introduced a parton distribution function associated with the gluon condensate and performed a
one-loop calculation with a special attention to the possible zero mode.

(5) Hydrodynamical simulation of heavy-ion collisions
C. Shen has developed a comprehensive dynamical platform to simulate the evolution of fireballs created in heavy-ion collisions

based on numerical codes for the viscous hydrodynamic equation. This can be applied to RHIC experiments with a wide range in
center-of-mass energy, from the top energy (200 GeV per nucleon) to very low energy (7 GeV per nucleon) relevant to the ongoing
Beam Energy Scan II experiment (BES II). This allows him to extract the shear viscosity from the input equation of state and the
experimental data on particle multiplicity, etc. C. Shen has also studied various aspects of heavy-ion collisions such as Lambda
polarization, deutron production and signals of vortex formation.
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jets. It has been shown that angular correlations of perturbative origin are numerically significant. They could obscure the primordial
correlation due to the nontrivial parton distribution such as the linearly polarized gluon distribution. Y. Hatta and T. Ueda has calculated
the gap survival probability in dijet production in proton-proton collisions at the LHC, resumming the nonglobal logarithms without
any approximation to the number of colors.

(4) Origin of proton mass
Understanding the origin of proton mass is one of the most important goals of the future Electron-Ion Collider. Y. Hatta and

R. Boussarie has developed an OPE-based approach to calculate the cross section of near-threshold electro-production of heavy
quarkonia at large photon virtuality. The impact of the gluon condensate, related to the proton mass via the trace anomaly, has been
estimated. D. Kharzeev argued that the cross section is dominated by the form factor of the trace of the energy momentum tensor.
Based on this, he has extracted the nucleon “mass radius” from the recent experimental data on J/psi production from the Jefferson
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one-loop calculation with a special attention to the possible zero mode.

(5) Hydrodynamical simulation of heavy-ion collisions
C. Shen has developed a comprehensive dynamical platform to simulate the evolution of fireballs created in heavy-ion collisions

based on numerical codes for the viscous hydrodynamic equation. This can be applied to RHIC experiments with a wide range in
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(6) Quantum information & computing
RBRC theorists also work on quantum computing and quantum information science. Y. Kikuchi discussed how to recover dam-

aged information from Hawking radiation in Hayden-Preskill thought experiment. D. Kharzeev, Y. Kikuchi, and K. Ikeda have studied
the real-time dynamics of the topological susceptibility near the critical point of massive Schwinger model and observed a sharp
maximum due to critical fluctuations. Their spin Hamiltonian formulation is suitable for future digital quantum simulations.

(7) Beyond the standard model physics in low and high energy nuclear physics
Together with collaborators, J. de Vries has explored possible manifestations of physics beyond the Standard Mode (BSM) in

low energy nuclear physics such as neutrinoless double beta decays and the nucleon electric dipole moment. In particular, his group
has presented a first estimate of the complete amplitude of neutrinoless double beta decay including a contact term necessary for
renormalization in chiral effective theory. J. de Vries also studied the prospect to discover sterile neutrinos at the LHC in the framework
of neutrino-extended Standard Model Effective Field Theory.

(8) New connection between the nucleon electric dipole moment and QCD spin physics
One of the plausible operators to induce an electric dipole moment (EDM) in nucleons is the Weinberg operator which is a

dimension-6, purely gluonic operator. Y. Hatta has found a novel relation between the nucleon matrix element of the Weinberg
operator and certain twist-4 corrections in polarized Deep Inelastic Scattering (DIS) experiment. Based on this observation, he has
made a numerical estimate of the EDM which turned out to be smaller than a previous estimate based on the QCD sum rule.
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1. Abstract
RIKEN BNL Research Center (RBRC) Experimental Group studies the strong interactions (QCD) using RHIC accelerator at

Brookhaven National Laboratory, the world first heavy ion collider and polarized p+ p collider. We have three major activities: Spin
Physics at RHIC, Heavy ion physics at RHIC, and detector upgrades of PHENIX experiment at RHIC.

We study the spin structure of the proton using the polarized proton-proton collisions at RHIC. This program has been promoted
by RIKEN’s leadership. The first focus of the research is to measure the gluon spin contribution to the proton spin. Recent results
from PHENIX π0 measurement and STAR jet measurement has shown that gluons in the proton carry about 30% of the proton spin.
This is a major milestone of RHIC spin program. The second goal of the spin program is to measure the polarization of anti-quarks
in the proton using W→ e and W→ µ decays. The results of W→ e measurement was published in 2016. The final results of W→ µ
was published in 2018.

The aim of Heavy ion physics at RHIC is to re-create Quark Gluon Plasma (QGP), the state of Universe just after the Big Bang.
Two important discoveries, jet quenching effect and strong elliptic flows, have established that new state of dense matter is indeed
produced in heavy ion collisions at RHIC. We are now studying the property of the matter. Recently, we have measured direct photons
in Au+Au collisions for 1 < pT < 3 GeV/c, where thermal radiation from hot QGP is expected to dominate. The comparison between
the data and theory calculations indicates that the initial temperature of 300 MeV to 600 MeV is achieved. These values are well above
the transition temperature to QGP, which is calculated to be approximately 160 MeV by lattice QCD calculations.

We had major roles in detector upgrades of PHENIX experiment, namely, the silicon vertex tracker (VTX) and muon trigger
upgrades. Both of the upgrade is now complete. The VTX is the main device to measure heavy quark (charm and bottom) production
and the muon trigger is essential for W→ µ measurement. The results from the first run with VTX detector in 2011 was published.
The results show that electrons from bottom quark decay is strongly suppressed at high pT, but the suppression is weaker than that of
charm decay electron for 3 < pT < 4 GeV/c. We have recorded 10 times as much Au+Au collisions data in each of the 2014 run and
2016 run. The large dataset will produce definitive results on heavy quark production at RHIC.

PHENIX completed its data taking in 2016. We are now working on R&D of intermediate silicon tracker INTT for sPHENIX, a
new experiment at RHIC that will be installed in the PHENIX IR.

2. Major Research Subjects
(1) Experimental Studies of the Spin Structure of the Nucleon
(2) Study of Quark-Gluon Plasma at RHIC
(3) sPHENIX INTT detector

3. Summary of Research Activity
We study the strong interactions (QCD) using the RHIC accelerator at Brookhaven National Laboratory, the world first heavy ion

collider and polarized p+ p collider. We have three major activities: Spin Physics at RHIC, Heavy ion physics at RHIC, and detector
upgrades of PHENIX experiment. From 2016, Y. Akiba (Experimental Group Leader) is the Spokesperson of PHENIX experiment.

(1) Experimental study of spin structure of proton using RHIC polarized proton collider
How is the spin of proton formed with 3 quarks and gluons? This is a very fundamental question in Quantum Chromodynamics

(QCD), the theory of the strong nuclear forces. The RHIC Spin Project has been established as an international collaboration between
RIKEN and Brookhaven National Laboratory (BNL) to solve this problem by colliding two polarized protons for the first time in
history. This project also has extended the physics capabilities of RHIC.

The first goal of the Spin Physics program at RHIC is to determine the gluon contribution to proton spin. It is known that the spin
of quark accounts for only 25% of proton spin. The remaining 75% should be carried either by the spin of gluons or the orbital angular
momentum of quarks and gluons. One of the main goals of the RHIC spin program has been to determine the gluon spin contribution.
Before the start of RHIC, there was little experimental constraint on the gluon polarization, ∆G.

PHENIX measures the double helicity asymmetry (ALL) of π0 production to determine the gluon polarization. Our most recent
publication of π0ALL measurement at 510 GeV shows non-zero value of ALL, indicating that gluons in the proton is polarized. Global
analysis shows that approximately 30% of proton spin is carried by gluons.

Figure 1 and Fig. 2 shows most recent spin physics measurement with PHENIX from our group. Figure 1 show the ALL of charged
pions in polarized p+ p collisions at

√
s = 510 GeV and Fig. 2 shows AN(pT ) of very forward neutron. These results are published in

Physical Review D.
Members of our group also participate in RHICf experiment, a small experiment at RHIC to measure particle production and

single spin asymmetry of particles produced at very forward direction. Figure 3 shows AN(xF) of very forward π0 measured by RHICf
compared with other experiments, published in Physical Review Letters. This is the first published results of RHICf experiment.

(2) Experimental study of Quark-Gluon Plasma using RHIC heavy-ion collider
The goal of high energy heavy ion physics at RHIC is study of QCD in extreme conditions i.e. at very high temperature and at
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RIKEN BNL Research Center (RBRC) Experimental Group studies the strong interactions (QCD) using RHIC accelerator at

Brookhaven National Laboratory, the world first heavy ion collider and polarized p+ p collider. We have three major activities: Spin
Physics at RHIC, Heavy ion physics at RHIC, and detector upgrades of PHENIX experiment at RHIC.

We study the spin structure of the proton using the polarized proton-proton collisions at RHIC. This program has been promoted
by RIKEN’s leadership. The first focus of the research is to measure the gluon spin contribution to the proton spin. Recent results
from PHENIX π0 measurement and STAR jet measurement has shown that gluons in the proton carry about 30% of the proton spin.
This is a major milestone of RHIC spin program. The second goal of the spin program is to measure the polarization of anti-quarks
in the proton using W→ e and W→ µ decays. The results of W→ e measurement was published in 2016. The final results of W→ µ
was published in 2018.

The aim of Heavy ion physics at RHIC is to re-create Quark Gluon Plasma (QGP), the state of Universe just after the Big Bang.
Two important discoveries, jet quenching effect and strong elliptic flows, have established that new state of dense matter is indeed
produced in heavy ion collisions at RHIC. We are now studying the property of the matter. Recently, we have measured direct photons
in Au+Au collisions for 1 < pT < 3 GeV/c, where thermal radiation from hot QGP is expected to dominate. The comparison between
the data and theory calculations indicates that the initial temperature of 300 MeV to 600 MeV is achieved. These values are well above
the transition temperature to QGP, which is calculated to be approximately 160 MeV by lattice QCD calculations.

We had major roles in detector upgrades of PHENIX experiment, namely, the silicon vertex tracker (VTX) and muon trigger
upgrades. Both of the upgrade is now complete. The VTX is the main device to measure heavy quark (charm and bottom) production
and the muon trigger is essential for W→ µ measurement. The results from the first run with VTX detector in 2011 was published.
The results show that electrons from bottom quark decay is strongly suppressed at high pT, but the suppression is weaker than that of
charm decay electron for 3 < pT < 4 GeV/c. We have recorded 10 times as much Au+Au collisions data in each of the 2014 run and
2016 run. The large dataset will produce definitive results on heavy quark production at RHIC.

PHENIX completed its data taking in 2016. We are now working on R&D of intermediate silicon tracker INTT for sPHENIX, a
new experiment at RHIC that will be installed in the PHENIX IR.

2. Major Research Subjects
(1) Experimental Studies of the Spin Structure of the Nucleon
(2) Study of Quark-Gluon Plasma at RHIC
(3) sPHENIX INTT detector

3. Summary of Research Activity
We study the strong interactions (QCD) using the RHIC accelerator at Brookhaven National Laboratory, the world first heavy ion

collider and polarized p+ p collider. We have three major activities: Spin Physics at RHIC, Heavy ion physics at RHIC, and detector
upgrades of PHENIX experiment. From 2016, Y. Akiba (Experimental Group Leader) is the Spokesperson of PHENIX experiment.

(1) Experimental study of spin structure of proton using RHIC polarized proton collider
How is the spin of proton formed with 3 quarks and gluons? This is a very fundamental question in Quantum Chromodynamics

(QCD), the theory of the strong nuclear forces. The RHIC Spin Project has been established as an international collaboration between
RIKEN and Brookhaven National Laboratory (BNL) to solve this problem by colliding two polarized protons for the first time in
history. This project also has extended the physics capabilities of RHIC.

The first goal of the Spin Physics program at RHIC is to determine the gluon contribution to proton spin. It is known that the spin
of quark accounts for only 25% of proton spin. The remaining 75% should be carried either by the spin of gluons or the orbital angular
momentum of quarks and gluons. One of the main goals of the RHIC spin program has been to determine the gluon spin contribution.
Before the start of RHIC, there was little experimental constraint on the gluon polarization, ∆G.

PHENIX measures the double helicity asymmetry (ALL) of π0 production to determine the gluon polarization. Our most recent
publication of π0ALL measurement at 510 GeV shows non-zero value of ALL, indicating that gluons in the proton is polarized. Global
analysis shows that approximately 30% of proton spin is carried by gluons.

Figure 1 and Fig. 2 shows most recent spin physics measurement with PHENIX from our group. Figure 1 show the ALL of charged
pions in polarized p+ p collisions at

√
s = 510 GeV and Fig. 2 shows AN(pT ) of very forward neutron. These results are published in

Physical Review D.
Members of our group also participate in RHICf experiment, a small experiment at RHIC to measure particle production and

single spin asymmetry of particles produced at very forward direction. Figure 3 shows AN(xF) of very forward π0 measured by RHICf
compared with other experiments, published in Physical Review Letters. This is the first published results of RHICf experiment.

(2) Experimental study of Quark-Gluon Plasma using RHIC heavy-ion collider
The goal of high energy heavy ion physics at RHIC is study of QCD in extreme conditions i.e. at very high temperature and at

Fig. 1. Double spin asymmetry ALL of charged pions in midrapidity in p+ p collisions at
√

5 = 510 GeV compared with theoretical predictions of perturbative
QCD. Published in Phys. Rev. D 102, 032001 (2020).

Fig. 2. Pt dependence of single spin asymmetry AN of very forward neutron in p+ p. Published in Phys. Rev. D 103, 032007 (2021).

very high energy density. Experimental results from RHIC have established that dense partonic matter is formed in Au+Au collisions
at RHIC. The matter is very dense and opaque, and it has almost no viscosity and behaves like a perfect fluid. These conclusions are
primarily based on the following two discoveries:
• Strong suppression of high transverse momentum hadrons in central Au+Au collisions (jet quenching)
• Strong elliptic flow

These results are summarized in PHENIX White paper, which has more than 3000 citations to date. The focus of the research in
heavy ion physics at RHIC is now to investigate the properties of the matter. RBRC have played the leading roles in some of the most
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Fig. 3. AN (xF ) of very forward π0 measured by RHICf experiment is compared with other data. Published in Phys. Rev. Lett. 124, 252501 (2020).

important results from PHENIX in the study of the matter properties. These include (1) measurements of heavy quark production
from the single electrons from heavy flavor decay (2) measurements of J/Ψ production (3) measurements of di-electron continuum
and (4) measurements of direct photons.

Our most important result is the measurement of direct photons for 1 < pT < 5 GeV/c in p+ p and Au+Au through their internal
conversion to e+ e− pairs. If the dense partonic matter formed at RHIC is thermalized, it should emit thermal photons. Observation of
thermal photon is direct evidence of early thermalization, and we can determine the initial temperature of the matter. It is predicted that
thermal photons from QGP phase is the dominant source of direct photons for 1 < pT < 3GeV/c at the RHIC energy. We measured
the direct photon in this pT region from measurements of quasi-real virtual photons that decays into low-mass e+ e− pairs. Strong
enhancement of direct photon yield in Au+Au over the scaled p+ p data has been observed. Several hydrodynamical models can
reproduce the central Au+A data within a factor of two. These models assume formation of a hot system with initial temperature of
Tinit = 300 MeV to 600 MeV. This is the first measurement of initial temperature of quark gluon plasma formed at RHIC. Y. Akiba
received 2011 Nishina memorial Prize mainly based on this work.

PHENIX experiment recently measured the flow in small collision systems (p+Au, d +Au, and 3He+Au), and observed strong
flow in all of these systems. Theoretical models that assume formation of small QGP droplets best describe the data. These results are
published in Nature Physics in 2019.

(3) sPHENIX INTT detector
The group had major roles in several PHENIX detector upgrades, namely, the silicon vertex tracker (VTX) and muon trigger

upgrades. VTX is a high precision charged particle tracker made of 4 layers of silicon detectors. It is jointly funded by RIKEN and
the US DOE. The inner two layers are silicon pixel detectors and the outer two layers are silicon strip detectors. Y. Akiba is the project
manager and A. Deshpande is the strip system manager. The VTX detector was completed in November 2010 and subsequently
installed in PHENIX. The detector started taking data in the 2011 run. With the new detector, we measure heavy quark (charm and
bottom) production in p+ p, A+A collisions to study the properties of quark-gluon plasma. The final result of the 2011 run was
published. The result show that single electrons from bottom quark decay is suppressed, but not as strong as that from charm decay
in low pT region (3 < pT < 4 GeV/c). This is the first measurement of suppression of bottom decay electrons at RHIC and the first
observation that bottom suppression is smaller than charm. We have recorded 10 times as much Au+Au collisions data in each of the
2014 run and 2016 run. The large dataset will produce definitive results on heavy quark production at RHIC. A preliminary results on
the elliptic flow strength ν2 of b→ e and c→ e has been presented in Quark Matter 2018 conference. The results of bottom/charm ratios
in p+ p collisions at 200 GeV from the 2015 run was published (Phys. Rev. D 99 092003 (2019)). A paper reporting measurements
of the nuclear suppression factor RAA of charm and bottom in Au+Au collisions from the 2014 data is in preparation.

PHENIX completed its data taking in 2016. We are now working on construction of intermediate silicon tracker INTT for
sPHENIX, a new experiment at RHIC that will start taking data in 2023. Figure 4 shows snapshot of INTT construction work. INTT
consists of 56 ladders of silicon detector. So far approximately 30 ladders are produced. INTT will be completed in JFY2021.
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important results from PHENIX in the study of the matter properties. These include (1) measurements of heavy quark production
from the single electrons from heavy flavor decay (2) measurements of J/Ψ production (3) measurements of di-electron continuum
and (4) measurements of direct photons.

Our most important result is the measurement of direct photons for 1 < pT < 5 GeV/c in p+ p and Au+Au through their internal
conversion to e+ e− pairs. If the dense partonic matter formed at RHIC is thermalized, it should emit thermal photons. Observation of
thermal photon is direct evidence of early thermalization, and we can determine the initial temperature of the matter. It is predicted that
thermal photons from QGP phase is the dominant source of direct photons for 1 < pT < 3GeV/c at the RHIC energy. We measured
the direct photon in this pT region from measurements of quasi-real virtual photons that decays into low-mass e+ e− pairs. Strong
enhancement of direct photon yield in Au+Au over the scaled p+ p data has been observed. Several hydrodynamical models can
reproduce the central Au+A data within a factor of two. These models assume formation of a hot system with initial temperature of
Tinit = 300 MeV to 600 MeV. This is the first measurement of initial temperature of quark gluon plasma formed at RHIC. Y. Akiba
received 2011 Nishina memorial Prize mainly based on this work.

PHENIX experiment recently measured the flow in small collision systems (p+Au, d +Au, and 3He+Au), and observed strong
flow in all of these systems. Theoretical models that assume formation of small QGP droplets best describe the data. These results are
published in Nature Physics in 2019.

(3) sPHENIX INTT detector
The group had major roles in several PHENIX detector upgrades, namely, the silicon vertex tracker (VTX) and muon trigger

upgrades. VTX is a high precision charged particle tracker made of 4 layers of silicon detectors. It is jointly funded by RIKEN and
the US DOE. The inner two layers are silicon pixel detectors and the outer two layers are silicon strip detectors. Y. Akiba is the project
manager and A. Deshpande is the strip system manager. The VTX detector was completed in November 2010 and subsequently
installed in PHENIX. The detector started taking data in the 2011 run. With the new detector, we measure heavy quark (charm and
bottom) production in p+ p, A+A collisions to study the properties of quark-gluon plasma. The final result of the 2011 run was
published. The result show that single electrons from bottom quark decay is suppressed, but not as strong as that from charm decay
in low pT region (3 < pT < 4 GeV/c). This is the first measurement of suppression of bottom decay electrons at RHIC and the first
observation that bottom suppression is smaller than charm. We have recorded 10 times as much Au+Au collisions data in each of the
2014 run and 2016 run. The large dataset will produce definitive results on heavy quark production at RHIC. A preliminary results on
the elliptic flow strength ν2 of b→ e and c→ e has been presented in Quark Matter 2018 conference. The results of bottom/charm ratios
in p+ p collisions at 200 GeV from the 2015 run was published (Phys. Rev. D 99 092003 (2019)). A paper reporting measurements
of the nuclear suppression factor RAA of charm and bottom in Au+Au collisions from the 2014 data is in preparation.

PHENIX completed its data taking in 2016. We are now working on construction of intermediate silicon tracker INTT for
sPHENIX, a new experiment at RHIC that will start taking data in 2023. Figure 4 shows snapshot of INTT construction work. INTT
consists of 56 ladders of silicon detector. So far approximately 30 ladders are produced. INTT will be completed in JFY2021.

Fig. 4. Left panel shows completed INTT ladders. Right panel shows the test assembly of a half barrel of INTT detector.
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1. Abstract
The computing group founded in 2011 as a part of the RIKEN BNL Research Center established at Brookhaven National Labo-

ratory in New York, USA, and dedicated to conduct researches and developments for large-scale physics computations important for
particle and nuclear physics. The group was forked from the RBRC Theory Group.

The main mission of the group is to provide important numerical information that is indispensable for theoretical interpretation
of experimental data from the first principle theories of particle and nuclear physics. Their primary area of research is lattice quantum
chromodynamics (QCD), which describes the sub-atomic structures of hadrons, which allow us the ab-initio investigation for strongly
interacting quantum field theories beyond perturbative analysis.

The RBRC group and its collaborators have emphasized the necessity and importance of precision calculations, which will pre-
cisely check the current understandings of nature, and will have a potential to find a physics beyond the current standard model of
fundamental physics. We have therefore adopted techniques that aim to control and reduce any systematic errors. This approach has
yielded many reliable results.

The areas of the major activities are R&D for high performance computers, developments for computing algorithms, and re-
searches of particle, nuclear, and lattice theories. Since the inception of RBRC, many breakthroughs and pioneering works has carried
out in computational forefronts. These are the use of the domain-wall fermions, which preserve chiral symmetry, a key symmetry for
understanding nature of particle nuclear physics, the three generations of QCD devoted supercomputers, pioneering works for QCD
calculation for Cabibbo-Kobayashi-Maskawa theory, QCD+QED simulation for isospin breaking, novel algorithm for error reduction
in general lattice calculation. Now the chiral quark simulation is performed at the physical up, down quark mass, the precision for
many basic quantities reached to accuracy of sub-percent, and the group is aiming for further important and challenging calculations,
such as the full and complete calculation of CP violating K → ππ decay and ε′/ε, or hadronic contributions to muon’s anomalous
magnetic moment g − 2. Another focus area is the nucleon’s shape, structures, and the motion of quarks and gluon inside nucleon
called parton distribution, which provide theoretical guidance to physics for sPHENIX and future Electron Ion Collider (EIC), Hyper
Kamiokande, DUNE, or the origin of the current matter rich universe (rather than anti-matter). Towards finite density QCD, they also
explore Quantum Computing to overcome the sign problem. The Machine Learning (ML) and Artificial Intelligence (AI) are the new
topics some of members are enthusiastically studying lately.

2. Major Research Subjects
(1) Search for new law of physics through tests for Standard Model of particle and nuclear physics, especially in the framework

of the Cabibbo-Kobayashi-Maskawa (CKM), hadronic contributions to the muon’s anomalous magnetic moment (g − 2) for
FNAL and J-PARC’s experiments, as well as B physics at Belle II and LHCb.

(2) Nuclear Physics and dynamics of QCD or related theories, including study for the structures of nucleons related to physics
for Electron Ion Collider (EIC or eRHIC), Hyper Kamiokande, T2K, DUNE.

(3) Theoretical and algorithmic development for lattice field theories, QCD machine (co-)design and code optimization.

3. Summary of Research Activity
In 2011, QCD with Chiral Quarks (QCDCQ), a third-generation lattice QCD computer that is a pre-commercial version of IBM’s

Blue Gene/Q, was installed as an in-house computing resource at the RBRC. The computer was developed by collaboration among
RBRC, Columbia University, the University of Edinburgh, and IBM. Two racks of QCDCQ having a peak computing power of 2×200
TFLOPS are in operation at the RBRC. In addition to the RBRC machine, one rack of QCDCQ is owned by BNL for wider use for
scientific computing. In 2013, 1/2 rack of Blue Gene/Q is also installed by US-wide lattice QCD collaboration, USQCD. The group
has also used the IBM Blue Gene supercomputers located at Argonne National Laboratory and BNL (NY Blue), and Hokusai and
RICC, the super computers at RIKEN (Japan), Fermi National Accelerator Laboratory, the Jefferson Lab, and others. From 2016, the
group started to use the institutional cluster both GPU and Intel Knight Landing (KNL) clusters installed at BNL and University of
Tokyo extensively.

Such computing power enables the group to perform precise calculations using up, down, and strange quark flavors with proper
handling of the important symmetry, called chiral symmetry, that quarks have. The group and its collaborators carried out the first
calculation for the direct breaking of CP (Charge Parity) symmetry in the hadronic K meson decay (K → ππ) amplitudes, ε′/ε, which
provide a new information to CKM paradigm and its beyond. They also provide the hadronic contribution in muon’s anomalous mag-
netic moment (g − 2)µ. These calculation for ε′/ε, hadronic light-by-light of (g − 2), are long waited calculation in theoretical physics
delivered for the first time by the group. The K → ππ result in terms of ε′/ε currently has a large error, and deviates from experimental
results by 2.1σ. To collect more information to decide whether this deviation is from the unknown new physics or not, the group con-
tinues to improve the calculation in various way to reduce their error. Hadronic light-by-light contribution to (g − 2)µ is improved by
more than two order of magnitudes compared to our previous results. As of 2019 summer, their calculation is among the most precise
determination for the g − 2 hadronic vacuum polarization (HVP), and only one calculation in the world for the hadronic light-by-light
(HLbL) contribution at physical point. These (g − 2)µ calculations provide the first principle theoretical prediction for on-going new
experiment at FNAL and also for the planned experiment at J-PARC. Other projects including flavor physics in the framework of the
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Figure 42: Photonic-correction diagrams to order O(↵) with external vector operators. Adapted from Ref. [403].

Figure 43: SIB-correction diagrams to order O(∆m). The diamonds denote the insertion of a scalar operator. Adapted from Ref. [403].

set of diagrams coming from the expansion to O(↵) in the QED coupling is shown in Fig. 42.29 These diagrams can
be divided into three di↵erent classes: QED corrections to the quark-connected contributions are given by diagrams V ,
S , and S T ; diagrams F, D3, and D3T represent corrections to the quark-disconnected contributions; while diagrams T ,
D1, D1T , D2 and Td, D1d, D1d,T , D2d account for QED IB e↵ects coming from dynamical sea quarks for the quark-
connected and quark-disconnected contributions (the latter denoted by a subscript d), respectively. Diagrams S T , D1T ,
D3T , D1d,T of Fig. 42, denoted by subscripts T , correspond to the insertions of the tadpole operator. The latter is a
feature of lattice discretization and plays a crucial role in order to preserve gauge invariance to O(↵) in the expansion
of the quark action. In the calculation performed in Ref. [11] tadpole contributions are absent since insertions of local
vector currents are used. Regularization-specific IB e↵ects associated with the tuning of the quark critical masses in
the presence of QED interactions [389, 393] arise when the lattice fermionic action does not preserve chiral symmetry,
as in the case of Wilson and twisted-mass fermions (see, e.g., Refs. [12, 375]). This requires in addition the evaluation
of diagrams with insertions of pseudoscalar densities (i.e., replacing the insertions of a scalar operator in Fig. 43 by
pseudoscalar currents). IB corrections due to the expansion in the quark masses are given by the diagrams in Fig. 43.

The ETM [12, 375] and RBC/UKQCD [11] calculations are performed within the so-called electroquenched
approximation, i.e., by treating sea quarks as neutral particles with respect to electromagnetism. Thus, diagrams where

29The use of lattice conserved vector currents at the source and at the sink requires the evaluation of additional diagrams [432].
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Fig. 1. Feynman diagrams for Lattice QCD computations of Muon’s anoma-
lous magnetic moment (g − 2)µ to take into account for the effects of
quark’s electric charges. Each diagram, in which the black dots connect-
ing the quark propagators (solid curves) are the electric current emmit-
ting or absorbing photons (wave curves), represents a part of the isospin
breaking effects to hadronic vacuum polarization contribution to (g−2)µ
(top plot).
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Figure 44: Compilation of recent results for aHVP, LO
µ in units of 10�10. The filled dark blue circles are lattice results that are included in the “lattice

world average”. The average, which is obtained from a conservative averaging procedure in Sec. 3.5.1, is indicated by a light blue band, while the
light-green band indicates the “no new physics” scenario, where aHVP, LO

µ results are large enough to bring the SM prediction of aµ into agreement
with experiment. The unfilled dark blue circles are lattice results that are older or superseded by more recent calculations. The red squares indicate
results obtained from the data-driven methods reviewed in Sec. 2. See Table 8 for more information on the results included in the plot. Adapted
from Ref. [443].

are not included in the averages.
The lattice results for the dominant light-quark connected contribution aHVP, LO

µ (ud), shown in the upper-right
panel of Fig. 45, exhibit a similar spread in central values as those for aHVP, LO

µ . There is a 2.4� tension between
the results with lowest (ETM-18/19 [17, 377]) and highest (Mainz/CLS-19 [15], PACS-19 [13]) central values, while
BMW-17 [10], RBC/UKQCD-18 [11], FHM-19 [14], and Aubin et al.-19 [16] lie in between. In HPQCD-16 [376],
the light-quark connected contribution is not defined in the same way as in this review, as it is evaluated there at
the physical charged pion mass. As a result it cannot be directly compared to lattice results for aHVP, LO

µ (ud) and
is therefore omitted from Fig. 45. As discussed in Sec. 3.2, aHVP, LO

µ (ud) is sensitive to the long-distance (large
Euclidean time) behavior of the vector-current correlator, which is the region where the correlator su↵ers from a StN
problem. It is possible that the above tension is related to the di↵erent strategies employed to control and model this
important region. Further investigations, including comparisons of other intermediate quantities with di↵erent levels
of sensitivity to the short- and long-distance contributions, would be useful. The fact that the tension between di↵erent
results is larger than the individual errors may be an indication that some systematic e↵ects are underestimated. We
expect that this situation will improve in future high-precision studies, which will enable more refined analyses of the
underlying systematic errors.

The strange- and charm-quark connected contributions aHVP, LO
µ (s) and aHVP, LO

µ (c) are shown in the upper-right
and lower-left panels of Fig. 45 respectively. These quantities are already calculated at close to target precision.
The results for aHVP, LO

µ (s) and for aHVP, LO
µ (c) from Refs. [10, 11, 17, 358, 377] are nicely consistent. However, the

PACS-19 [13] result for aHVP, LO
µ (s) is in 1� tension with the other lattice results while for aHVP, LO

µ (c) it is in almost
2� tension with the rest. The strange- and charm-quark connected contributions, while insensitive to FVEs and StN

81

Fig. 2. Current summary of the Hadronic Vacuum Polarization (HVP) con-
tribution for Muon’s anomalous magnetic moment (g − 2)µ. Above the
upper horizontal line shows various Lattice QCD determinations of HVP
while the red results from hadronic decay of electron positron scattering
(R-ratio), the green bands is the experimental results of (g−2)µ showing
a 3–4σ discrepancies.

CKM theory for kaons and B mesons that include the new calculation of b-baryon decay, Λb → p; the electromagnetic properties
of hadrons; the proton’s and neutron’s form factors and structure function including electric dipole moments; proton decay; nucleon
form factors, which are related to the proton spin problem or neutrino-nucleon interaction; Neutron-antineutron oscillations; inclusive
hadronic decay of τ leptons; nonperturbative studies for beyond standard model such composite Higgs or dark matter models from
strong strongly interacting gauge theories; a few-body nuclear physics and their electromagnetic properties; QCD thermodynamics
in finite temperature/density systems such as those produced in heavy-ion collisions at the Relativistic Heavy Ion Collider; Quantum
Information, Quantum Computing; and applications of Machine Learning (ML) in field theories.

The RBRC group and its collaborators have emphasized the necessity and importance of precision calculations, which will provide
stringent checks for the current understandings of nature, and will have a potential to find physics beyond the current standard model
of fundamental physics. We have therefore adopted techniques that aim to control and reduce any systematic errors. This approach
has yielded many reliable results, many of basic quantities are now computed within sub-percent accuracies.

The group also delivers several algorithmic breakthroughs, which speed up generic lattice gauge theory computation. These novel
technique divides the whole calculation into frequent approximated calculations, and infrequent expensive and accurate calculation
using lattice symmetries called All Mode Averaging (AMA), or a compression for memory needs by exploiting the local-coherence
of QCD dynamics. Together with another formalism, zMobius fermion, which approximate chiral lattice quark action efficiently, the
typical calculation is now improved by a couple of orders of magnitudes, and more than an order of magnitude less memory needs
compared to the traditional methods. RBRC group and its collaborators also provide very efficient and generic code optimized to the
state-of-arts CPU or GPU, and also improve how to efficiently generate QCD ensemble.

Members
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Taku IZUBUCHI

Special Postdoctoral Researchers
Akio TOMIYA
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Figure 42: Photonic-correction diagrams to order O(↵) with external vector operators. Adapted from Ref. [403].

Figure 43: SIB-correction diagrams to order O(∆m). The diamonds denote the insertion of a scalar operator. Adapted from Ref. [403].

set of diagrams coming from the expansion to O(↵) in the QED coupling is shown in Fig. 42.29 These diagrams can
be divided into three di↵erent classes: QED corrections to the quark-connected contributions are given by diagrams V ,
S , and S T ; diagrams F, D3, and D3T represent corrections to the quark-disconnected contributions; while diagrams T ,
D1, D1T , D2 and Td, D1d, D1d,T , D2d account for QED IB e↵ects coming from dynamical sea quarks for the quark-
connected and quark-disconnected contributions (the latter denoted by a subscript d), respectively. Diagrams S T , D1T ,
D3T , D1d,T of Fig. 42, denoted by subscripts T , correspond to the insertions of the tadpole operator. The latter is a
feature of lattice discretization and plays a crucial role in order to preserve gauge invariance to O(↵) in the expansion
of the quark action. In the calculation performed in Ref. [11] tadpole contributions are absent since insertions of local
vector currents are used. Regularization-specific IB e↵ects associated with the tuning of the quark critical masses in
the presence of QED interactions [389, 393] arise when the lattice fermionic action does not preserve chiral symmetry,
as in the case of Wilson and twisted-mass fermions (see, e.g., Refs. [12, 375]). This requires in addition the evaluation
of diagrams with insertions of pseudoscalar densities (i.e., replacing the insertions of a scalar operator in Fig. 43 by
pseudoscalar currents). IB corrections due to the expansion in the quark masses are given by the diagrams in Fig. 43.

The ETM [12, 375] and RBC/UKQCD [11] calculations are performed within the so-called electroquenched
approximation, i.e., by treating sea quarks as neutral particles with respect to electromagnetism. Thus, diagrams where

29The use of lattice conserved vector currents at the source and at the sink requires the evaluation of additional diagrams [432].
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world average”. The average, which is obtained from a conservative averaging procedure in Sec. 3.5.1, is indicated by a light blue band, while the
light-green band indicates the “no new physics” scenario, where aHVP, LO

µ results are large enough to bring the SM prediction of aµ into agreement
with experiment. The unfilled dark blue circles are lattice results that are older or superseded by more recent calculations. The red squares indicate
results obtained from the data-driven methods reviewed in Sec. 2. See Table 8 for more information on the results included in the plot. Adapted
from Ref. [443].
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the results with lowest (ETM-18/19 [17, 377]) and highest (Mainz/CLS-19 [15], PACS-19 [13]) central values, while
BMW-17 [10], RBC/UKQCD-18 [11], FHM-19 [14], and Aubin et al.-19 [16] lie in between. In HPQCD-16 [376],
the light-quark connected contribution is not defined in the same way as in this review, as it is evaluated there at
the physical charged pion mass. As a result it cannot be directly compared to lattice results for aHVP, LO

µ (ud) and
is therefore omitted from Fig. 45. As discussed in Sec. 3.2, aHVP, LO

µ (ud) is sensitive to the long-distance (large
Euclidean time) behavior of the vector-current correlator, which is the region where the correlator su↵ers from a StN
problem. It is possible that the above tension is related to the di↵erent strategies employed to control and model this
important region. Further investigations, including comparisons of other intermediate quantities with di↵erent levels
of sensitivity to the short- and long-distance contributions, would be useful. The fact that the tension between di↵erent
results is larger than the individual errors may be an indication that some systematic e↵ects are underestimated. We
expect that this situation will improve in future high-precision studies, which will enable more refined analyses of the
underlying systematic errors.

The strange- and charm-quark connected contributions aHVP, LO
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CKM theory for kaons and B mesons that include the new calculation of b-baryon decay, Λb → p; the electromagnetic properties
of hadrons; the proton’s and neutron’s form factors and structure function including electric dipole moments; proton decay; nucleon
form factors, which are related to the proton spin problem or neutrino-nucleon interaction; Neutron-antineutron oscillations; inclusive
hadronic decay of τ leptons; nonperturbative studies for beyond standard model such composite Higgs or dark matter models from
strong strongly interacting gauge theories; a few-body nuclear physics and their electromagnetic properties; QCD thermodynamics
in finite temperature/density systems such as those produced in heavy-ion collisions at the Relativistic Heavy Ion Collider; Quantum
Information, Quantum Computing; and applications of Machine Learning (ML) in field theories.

The RBRC group and its collaborators have emphasized the necessity and importance of precision calculations, which will provide
stringent checks for the current understandings of nature, and will have a potential to find physics beyond the current standard model
of fundamental physics. We have therefore adopted techniques that aim to control and reduce any systematic errors. This approach
has yielded many reliable results, many of basic quantities are now computed within sub-percent accuracies.

The group also delivers several algorithmic breakthroughs, which speed up generic lattice gauge theory computation. These novel
technique divides the whole calculation into frequent approximated calculations, and infrequent expensive and accurate calculation
using lattice symmetries called All Mode Averaging (AMA), or a compression for memory needs by exploiting the local-coherence
of QCD dynamics. Together with another formalism, zMobius fermion, which approximate chiral lattice quark action efficiently, the
typical calculation is now improved by a couple of orders of magnitudes, and more than an order of magnitude less memory needs
compared to the traditional methods. RBRC group and its collaborators also provide very efficient and generic code optimized to the
state-of-arts CPU or GPU, and also improve how to efficiently generate QCD ensemble.
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Center, Virtual (BNL), October 30, 2020.
A. Tomiya (invited), “Machine learning and theoretical physics,” Progress of Particle Physics 2020, Virtual (YITP), September 4, 2020.
A. Tomiya (oral), “Thermal field theory with pure states,” Asia-Pacific Symposium for Lattice Field Theory (APLAT 2020), Virtual

(KEK), August 6, 2020 (JST).
A. Tomiya (invited), “Applications of machine learning to computational physics,” A. I. for Nuclear Physics, Virginia (Jefferson Labora-

tory), U.S.A., March 3, 2020.

[Domestic Conferences/Workshops]
富谷昭夫 (口頭発表), “Gauge covariant neural network for 4 dimensional non-abelian gaugetheory,”「ゲージ共変なニューラルネット
と 4次元非可換ゲージ理論への応用 (Gauge covariant neural network for 4 dimensional non-abelian gauge theory)」, Deep Learning
and Physics,オンライン開催, 2020年 4月 8日 (JST).

富谷昭夫 (口頭発表),「動的フェルミオンを含む非可換ゲージ理論のための自己学習モンテカルロ法」,日本物学会第 76回年次大
会,オンライン開催, 2021年 3月 12–15日 (JST).

富谷昭夫 (招待講演),チュートリアル講演「理論物理学における機械学習の応用」,第 5回統計・機械学習若手シンポジウム,オン
ライン開催, 2020年 12月 3–5日 (JST).

富谷昭夫 (口頭発表),「ニューラルネットを使った 2次元イジング模型の相検出」, Deep Learning and Physics 2020,オンライン開
催 (大阪大学), 2020年 11月 26日 (JST).

[Seminars]
L. Jin (invited), “Lattice calculations in muon g − 2,” The Theory Seminar at the Department of Physics and Astronomy, University of

California, Davis, online, May 2021.
L. Jin (invited), “Lattice calculations in muon g − 2,” The Lunch Seminar at the Institute of Theoretical Physics, Chinese Academy of

Sciences, online, April 2021.
L. Jin (invited), “First-principles calculation of electroweak box diagrams from lattice QCD,” The Physics Seminar in Hunan University,

online, December 2020.
L. Jin (invited), “First-principles calculation of electroweak box diagrams from lattice QCD,” The Theory Seminar at the Institute of

Modern Physics, Chinese Academy of Sciences, online, July 2020.
L. Jin (invited), “First-principles calculation of electroweak box diagrams from lattice QCD,” The BNL Nuclear Theory Seminar, online,

May 2020.
L. Jin (invited), “Lattice calculation of the hadronic light-by-light contribution to the muon magnetic moment,” The QCD Seminar, online,

May 2020.
S. Syritsyn (invited), “From quarks and gluons to nucleons and nuclei,” Seminar at IACS (Inst. Adv. Comp. Sci), Stony Brook, Oct 8,
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T. Izubuchi, H. Ohki and S. Syritsyn, “Computing Nucleon Electric Dipole Moment from lattice QCD,” PoS LATTICE2019, 290 (2020).
M. Bruno, T. Izubuchi, C. Lehner and A. S. Meyer, “Exclusive Channel Study of the Muon HVP,” PoS LATTICE2019, 239 (2019)
M. Kawaguchi, S. Matsuzaki, A. Tomiya, “Analysis on nonperturbative flavor violation at chiral crossovercriticality in QCD,”

arXiv:2005.07003 [hep-ph].
A. Tomiya, Y. Nagai, “Gauge covariant neural network for 4 dimensional non-abelian gaugetheory,” arXiv:2103.11965 [hep-lat].
M. Kawaguchi, S. Matsuzaki, A. Tomiya, “A new critical endpoint in thermomagnetic QCD,” arXiv:2102.05294 [hep-ph].
Y. Nagai, A. Tanaka, A. Tomiya, “Self-learning Monte-Carlo for non-abelian gauge theory withdynamical fermions,” arXiv:2010.11900

[hep-lat].
H. -T. Ding, S. -T. Li, A. Tomiya, X. -D. Wang, Y. Zhang, “Chiral properties of (2+ 1)-flavor QCD in strong magnetic fields at zerotem-

perature,” arXiv:2008.00493 [hep-lat].
H. -T. Ding, S. -T. Li, S. Mukherjee, A. Tomiya, X. -D. Wang, “Meson masses in external magnetic fields with HISQ fermions,”

arXiv:2001.05322 [hep-lat].

Presentations
[International Conferences/Workshops]

L. Jin (invited), “Lattice calculations in muon g − 2,” The Hadron Mass and Structure Forum, online, April 2021.
L. Jin (invited), “Muon g−2: hadronic light-by-light contribution and lattice QCD,” The Muon g−2 Discussion Forum, Peking University,

online, April 2021.
L. Jin (invited), “Pion electric polarizability,” the χQCD Collaboration Meeting, online, January 2021.
L. Jin (invited), “Lattice calculation of the hadronic light-by-light contribution to the muon magnetic moment,” The Hadron Physics

Online Forum, online, August 2020.
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と 4次元非可換ゲージ理論への応用 (Gauge covariant neural network for 4 dimensional non-abelian gauge theory)」, Deep Learning
and Physics,オンライン開催, 2020年 4月 8日 (JST).

富谷昭夫 (口頭発表),「動的フェルミオンを含む非可換ゲージ理論のための自己学習モンテカルロ法」,日本物学会第 76回年次大
会,オンライン開催, 2021年 3月 12–15日 (JST).

富谷昭夫 (招待講演),チュートリアル講演「理論物理学における機械学習の応用」,第 5回統計・機械学習若手シンポジウム,オン
ライン開催, 2020年 12月 3–5日 (JST).

富谷昭夫 (口頭発表),「ニューラルネットを使った 2次元イジング模型の相検出」, Deep Learning and Physics 2020,オンライン開
催 (大阪大学), 2020年 11月 26日 (JST).

[Seminars]
L. Jin (invited), “Lattice calculations in muon g − 2,” The Theory Seminar at the Department of Physics and Astronomy, University of

California, Davis, online, May 2021.
L. Jin (invited), “Lattice calculations in muon g − 2,” The Lunch Seminar at the Institute of Theoretical Physics, Chinese Academy of

Sciences, online, April 2021.
L. Jin (invited), “First-principles calculation of electroweak box diagrams from lattice QCD,” The Physics Seminar in Hunan University,

online, December 2020.
L. Jin (invited), “First-principles calculation of electroweak box diagrams from lattice QCD,” The Theory Seminar at the Institute of

Modern Physics, Chinese Academy of Sciences, online, July 2020.
L. Jin (invited), “First-principles calculation of electroweak box diagrams from lattice QCD,” The BNL Nuclear Theory Seminar, online,

May 2020.
L. Jin (invited), “Lattice calculation of the hadronic light-by-light contribution to the muon magnetic moment,” The QCD Seminar, online,

May 2020.
S. Syritsyn (invited), “From quarks and gluons to nucleons and nuclei,” Seminar at IACS (Inst. Adv. Comp. Sci), Stony Brook, Oct 8,

2020.
A. Tomiya (oral), “Gauge covariant neural network for 4 dimensional non-abelian gaugetheory,” MIT, online, April 29, 2020.
A. Tomiya (oral), “Applications of machine learning on theoretical physics,” Ochanomizu University, online, May 19, 2020.
A. Tomiya (oral), “Gauge covariant neural network for 4 dimensional non-abelian gaugetheory,” RIKEN Center for Computational Sci-

ence (R-CCS), online, April 28, 2020.
A. Tomiya (oral), “Applications of machine learning for theoretical physics,” J-PARC, online, March 18, 2020.
A. Tomiya (oral), “Self-learning Monte-Carlo for non-abelian gauge theory withdynamical fermions,” Yukawa Institute for Theoretical

Physics (YITP), Kyoto Univeristy, online, December 7, 2020.
A. Tomiya (oral), “Applications of machine learning on theoretical physics,” Shimane University, online, October 29, 2020
A. Tomiya (oral), “Lattice gauge theory with quantum computers,” RIKEN Center for Computational Science (R-CCS), online, June 3,

2020.
A. Tomiya (oral), “Lattice gauge theory with quantum computers,” Osaka University, online, May 12, 2020.

Awards
富谷昭夫,理研基礎科学特別研究員成果発表会ポスター賞, 2021年 1月.

Press Releases
Brookhaven National Laboratory (April 7, 2021), “Background on Brookhaven Lab’s Involvement in the Muon g-2 Experiment,” https:
//www.bnl.gov/newsroom/news.php?a=218814 .

CERN Courier (April 14, 2021), “An anomalous moment for the muon,” https://cerncourier.com/a/an-anomalous-moment-fo
r-the-muon/ .

UConn Today (May 20, 2021), “UConn Physicists Focus on a Law-Breaking Particle,” https://today.uconn.edu/2021/05/uconn-
physicists-focus-on-a-law-breaking-particle/ .
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Subnuclear System Research Division
RIKEN Facility Office at RAL

1. Abstract
Our core activities are based on the RIKEN-RAL Muon Facility located at the ISIS Neutron & Muon Source at the Rutherford

Appleton Laboratory (UK), which provides intense pulsed-muon beams. The RIKEN-RAL Muon Facility is a significant and long-
standing collaboration between RIKEN and RAL in muon science—with 2020 being the 30th years of continuous agreements between
RIKEN and RAL. The Facility enables muon science throughout Japan and other field—it continues to attract proposals from a wide
variety of Japanese universities and institutions (with over 80 groups having now used the facility), and including industrial users such
at Toyota, and has been instrumental in establishing scientific links with other Asian universities.

Muons have their own spins with 100% polarization, and can detect local magnetic fields and their fluctuations at muon stopping
sites very precisely. The method to study the characteristics of materials by observing time dependent changes of muon spin polar-
ization is called “Muon Spin Rotation, Relaxation and Resonance” (µSR method), and is applied to study electro-magnetic properties
of insulating, metallic, magnetic and superconducting systems. Muons reveal static and dynamic properties of the electronic state of
materials in the zero-field condition, which is the ideal magnetic condition for research into magnetism. For example, we have carried
out µSR investigations on a wide range of materials including frustrated pyrochlore systems, which have variety of exotic ground
states of magnetic spins, so the magnetism study of this system using muon is quite unique.

The ultra-cold muon beam can be stopped in thin foil, multi-layered materials and artificial lattices, which enables us to apply the
aSR techniques to surface and interface science. The development of an ultra-cold muon beam is also very important as a source of
pencil-like small emittance muon beam for muon g − 2/EDM measurement. We have been developing muonium generators to create
more muonium atoms in vacuum even at room temperature to improve beam quality compared with the conventional hot-tungsten
muonium generator. We have demonstrated a strong increase in the muonium emission efficiency by fabricating fine laser drill-holes
on the surface of silica aerogel. We are also developing a high power Lyman-alpha laser in collaboration with the Advanced Photonics
group at RIKEN. The new laser will ionize muoniums 100 times more efficiently for slow muon beam generation.

Over the past 2–3 years, a significant development activity in muon elemental analysis has taken place, proton radius experiments
have continued and been developed, and chip irradiation experiments have also continued.

2. Major Research Subjects
(1) Materials science by muon-spin-relaxation method and muon site calculation
(2) Development of elemental analysis using pulsed negative muons
(3) Nuclear and particle physics studies via muonic atoms and ultra-cold muon beam
(4) Other muon applications

3. Summary of Research Activity
(1) Material science at the RIKEN-RAL muon facility

Muons have their own spins with 100% polarization, and can detect local magnetic fields and their fluctuations at muon stopping
sites very precisely. The µSR method is applied to studies of newly fabricated materials. Muons enable us to conduct (1) material
studies under external zero-field condition, (2) magnetism studies with samples without nuclear spins, and (3) measurements of muon
spin relaxation changes at wide temperature range with same detection sensitivity. The detection time range of local field fluctuations
by µSR is 10−6 to 10−11 second, which is an intermediate region between neutron scattering method (10−10–10−12second) and Nuclear
Magnetic Resonance (NMR) (longer than 10−6 second). At Port-2 and 4 of the RIKEN-RAL Muon Facility, we have been performing
µSR researches on strong correlated-electron systems, organic molecules, energy related materials and biological samples to study
electron structures, superconductivity, magnetism, molecular structures and crystal structures.

Among our scientific activities on µSR studies from year 2017 to 2020, following subjects of material sciences are most important
achievements at the RIKEN-RAL muon facility:

(1) Multi magnetic transitions in the Ru-based pyrochlore systems, R2Ru2O7.
(2) Novel magnetic and superconducting properties of nano-size La-based high-Tc superconducting cuprates.
(3) Determination of muon positions estimated from density functional theory (DFT) and dipole-field calculations.
(4) Chemical muonic states in DNA molecules.
Result-1) Doped hole effects on the magnetic properties of corner-shared magnetic moments on pyrochlore systems gave us new

interpretations to understand exotic phenomena, like the quantum criticality of magnetic moments and a quasi-magnetic monopole
state. Result-2) The same nano-size effect was examined on the La-based high-Tc superconducting oxide changing the electronic state
from insulating to superconducting. We confirmed the reduction in the magnetic interaction and the disappearance of the supercon-
ducting state leading the increase in the ferromagnetic interaction within the wide-range of the hole concentration. Result-3) Well
known and deeply investigated La2CuO4 has opened a new scheme of the Cu spin. Taking into account quantum effects to expand
the Cu-spin orbital and muon positions, we have succeeded to explain newly found muon sites and hyperfine fields at those sites.
Result-4) Chemical states of the muon which attaches to DNA molecules were investigated by the avoided level-crossing muon-spin
resonance experiments. In conjunction with DFT calculations, we are trying to reveal the electron motion though the DNA molecule.

We have been continuing to develop muon-science activities in Asian countries. We enhanced international collaborations to
organize new µSR experimental groups and to develop muon-site calculation groups using computational method. We are creating
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(1) Materials science by muon-spin-relaxation method and muon site calculation
(2) Development of elemental analysis using pulsed negative muons
(3) Nuclear and particle physics studies via muonic atoms and ultra-cold muon beam
(4) Other muon applications

3. Summary of Research Activity
(1) Material science at the RIKEN-RAL muon facility

Muons have their own spins with 100% polarization, and can detect local magnetic fields and their fluctuations at muon stopping
sites very precisely. The µSR method is applied to studies of newly fabricated materials. Muons enable us to conduct (1) material
studies under external zero-field condition, (2) magnetism studies with samples without nuclear spins, and (3) measurements of muon
spin relaxation changes at wide temperature range with same detection sensitivity. The detection time range of local field fluctuations
by µSR is 10−6 to 10−11 second, which is an intermediate region between neutron scattering method (10−10–10−12second) and Nuclear
Magnetic Resonance (NMR) (longer than 10−6 second). At Port-2 and 4 of the RIKEN-RAL Muon Facility, we have been performing
µSR researches on strong correlated-electron systems, organic molecules, energy related materials and biological samples to study
electron structures, superconductivity, magnetism, molecular structures and crystal structures.

Among our scientific activities on µSR studies from year 2017 to 2020, following subjects of material sciences are most important
achievements at the RIKEN-RAL muon facility:

(1) Multi magnetic transitions in the Ru-based pyrochlore systems, R2Ru2O7.
(2) Novel magnetic and superconducting properties of nano-size La-based high-Tc superconducting cuprates.
(3) Determination of muon positions estimated from density functional theory (DFT) and dipole-field calculations.
(4) Chemical muonic states in DNA molecules.
Result-1) Doped hole effects on the magnetic properties of corner-shared magnetic moments on pyrochlore systems gave us new

interpretations to understand exotic phenomena, like the quantum criticality of magnetic moments and a quasi-magnetic monopole
state. Result-2) The same nano-size effect was examined on the La-based high-Tc superconducting oxide changing the electronic state
from insulating to superconducting. We confirmed the reduction in the magnetic interaction and the disappearance of the supercon-
ducting state leading the increase in the ferromagnetic interaction within the wide-range of the hole concentration. Result-3) Well
known and deeply investigated La2CuO4 has opened a new scheme of the Cu spin. Taking into account quantum effects to expand
the Cu-spin orbital and muon positions, we have succeeded to explain newly found muon sites and hyperfine fields at those sites.
Result-4) Chemical states of the muon which attaches to DNA molecules were investigated by the avoided level-crossing muon-spin
resonance experiments. In conjunction with DFT calculations, we are trying to reveal the electron motion though the DNA molecule.

We have been continuing to develop muon-science activities in Asian countries. We enhanced international collaborations to
organize new µSR experimental groups and to develop muon-site calculation groups using computational method. We are creating

new collaborations with new teams in different countries and also continuing collaborations in µSR experiments on strongly correlated
systems with researchers from Taiwan, Indonesia, China, Thailand and Malaysia including graduate students. We are starting to
collaborate with the new Chinese muon group who are developing the Chinese Muon Facility and trying to develop more muon
activities in the Asian area.

(2) Development of elemental analysis using pulsed negative muons
There has been significant development of elemental analysis using negative muons on Port 4 and Port 1 over the past couple

of years. Currently, elemental analysis commonly uses X-ray and electron beams, which accurately measure surfaces. However, a
significant advantage of muonic X-rays over those of electronic X-rays is their higher energy due to the mass of the muon. These high
energy muonic X-rays are emitted from the bulk of the samples without significant photon self-absorption. The penetration depth of
the muons can be varied by controlling the muon momentum, providing data from a thin slice of sample at a given depth. This can be
over a centimetre in iron, silver and gold or over 4 cm in less dense materials such as carbon.

Some techniques for elemental analysis are destructive or require the material under investigation to undergo significant treatment
and some of the techniques are only sensitive to the surface. Therefore, negative muons offer a unique service in which they can
measure inside, beyond the surface layer and completely non-destructively.

The areas of science that have used negative muons for elemental analysis have been very diverse. The largest area is the cultural
heritage community as the non-destructive ability is particularly important and will become more so. This community have investi-
gated swords from different eras, coins (Roman gold and silver, Islamic silver and from the Tudor Warship Mary Rose), miniature
boats from Sardinia, reliefs on Baptist church gate, Bronze Age tools and cannon balls. In addition, energy materials (Li composition
for hydrogen storage), bio-materials (search for iron to potentially help understand Alzheimer’s), engineering alloys (manufacturing
processes for new materials for jet engines), and functional materials (surface effects in piezo electrics) have also been investigated.

The study was extended to see the difference by isotopes of silver and lead, which may give hint on the source of the material.

(3) Ultra-cold (low energy) muon beam generation and applications
Positive muon beam with thermal energy has been produced by laser ionization of muonium (bound system of µ+ and electron)

emitted from a hot tungsten surface with stopping surface muon beam at Port-3. The method generates a positive muon beam with
acceleration energy from several 100 eV to several 10 keV, small beam size (a few mm) and good time resolution (less than 8 nsec). By
stopping the ultra-cold muon beam in thin foil, multi-layered materials and artificial lattices, we can precisely measure local magnetic
field in the materials, and apply the µSR techniques to surface and interface science. In addition, the ultra-cold muon is very important
as the source of pencil-like small emittance muon beam for muon g − 2/EDM measurement. It is essential to increase the slow
muon beam production efficiency by 100 times for these applications. There are three key techniques in ultra-cold muon generation:
production of thermal muonium, high intensity Lyman-alpha laser and the ultra-cold muon beam line.

A high-power Lyman-alpha laser was developed in collaboration with the Advanced Photonics group at RIKEN. The new laser
system is used at J-PARC U-line and, upon completion, will ionize muoniums 100 times more efficiently for slow muon beam
generation. In this development, we succeeded to synthesize novel ceramic-based Nd:YGAG crystal, which realized a highly efficient
and stable laser system. However, larger size crystal than presently available is needed for full design power. We are working hard to
improve the crystal homogeneity including the option of using material with slightly different composition.

We also succeeded in developing an efficient muonium generator, laser ablated silica aerogel, which emits more muoniums into
vacuum even at room temperature. Study has been done at TRIUMF utilizing positron tracking method of muon decay position.
We demonstrated in 2013 at least 10 times increase of the muonium emission efficiency by fabricating fine laser drill-holes on the
surface of silica aerogel. Further study was carried out in 2017 to find the optimum fabrication that will maximize the muonium
emission. From the analysis, we found the emission has large positive correlation with the laser ablated area rather than with any
other parameters. We also confirmed the muon polarization in vacuum. An alternative detection method for muonium emission using
muonium spin rotation, which will be sensitive even to muoniums near the surface, was tested at RIKEN-RAL in 2018 and was found
successful. The study was further applied to the measurement of the temperature dependence.

In RIKEN-RAL Port 3, the ultra-cold muon beam line, which had been designed with hot tungsten, was completely rebuilt to use
advantage of the new room temperature silica aerogel target. The equipment was tested with surface muon beam and basic data such
as muon stopping in aerogel were taken. A similar target design will be adopted in the ultimate cold muon source planned for muon
g − 2/EDM at J-PARC.

(4) Other fundamental physics studies
A measurement of the proton radius using 2S -2P transition of muonic hydrogen at PSI revealed that the proton charge radius

is surprisingly smaller than the radius measured using normal hydrogen spectroscopy and e-p scattering by more than 5 times their
experimental precision. The muonic atom has larger sensitivity to the proton radius because the negative muon orbits closer to
the proton, although there is no reason why these measurements can yield inconsistent results if there exists no exotic physics or
unidentified phenomenon behind. The cause of the discrepancy is not understood yet, thus a new measurement with independent
method is much anticipated.

We proposed the measurement of the proton radius by using the hyperfine splitting of the muonic hydrogen ground state. This
hyperfine splitting is sensitive to the Zemach radius, which is a convolution of charge and magnetic-dipole distributions inside proton.
We are planning to re-polarize the muonic hydrogen by a circularly polarized excitation laser (excites one of the F = 1 states and
regenerates the muon spin polarization), and detect the recovery of the muon decay-asymmetry along the laser.

Preparation using muon beam is in progress. We measured the muon stopping distribution in low-density hydrogen-gas cell, which
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gave us consistent results with beam simulation. Another key is the lifetime of the upper hyperfine state of the muonic hydrogen that
will contribute the polarization. We successfully observed the clear muon spin precession of muonic deuterium atom in 2018 for the
first time in the world. The measurement with muonic protium was carried out in 2019 and the data is being analyzed.

(5) Other topics
RIKEN and ISIS have signed a new collaboration agreement for the period 2018–2023. This is the fourth in a continuous series of

agreements, the first being signed in 1990, resulting in a partnership which will have lasted over 30 years. Under the new agreement,
ownership and operation of the facility was passed to ISIS, a refurbishment programme of the facility has started, a user programme for
Japanese scientists continued under the partnership between RIKEN and ISIS. The RIKEN-RAL collaboration is regularly highlighted
as a good example of UK-Japanese science partnership at the UK-Japan Joint Committee on Science and Technology (chaired by the
UK Chief Scientific Advisor to Government and a counterpart from Japan)—for example, Dr. King and Dr. Watanabe presented
RIKEN-RAL at the November 2016 meeting of the Committee. The RIKEN-RAL collaboration has also enabled the development
of collaborative activity between RIKEN and other Asian universities, e.g. through several MoUs with Indonesian and Malaysian
universities.

It was very unfortunate that the research activity at RIKEN-RAL had severe restriction in FY2020 due to the COVID-19 pan-
demic. Almost all the access to RIKEN-RAL by external users had to be stopped. Even though, we managed to carry out several
µSR experiments with mailed samples, where the ISIS staff mounted the samples and the external users controlled the experimental
sequence remotely.
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gave us consistent results with beam simulation. Another key is the lifetime of the upper hyperfine state of the muonic hydrogen that
will contribute the polarization. We successfully observed the clear muon spin precession of muonic deuterium atom in 2018 for the
first time in the world. The measurement with muonic protium was carried out in 2019 and the data is being analyzed.

(5) Other topics
RIKEN and ISIS have signed a new collaboration agreement for the period 2018–2023. This is the fourth in a continuous series of

agreements, the first being signed in 1990, resulting in a partnership which will have lasted over 30 years. Under the new agreement,
ownership and operation of the facility was passed to ISIS, a refurbishment programme of the facility has started, a user programme for
Japanese scientists continued under the partnership between RIKEN and ISIS. The RIKEN-RAL collaboration is regularly highlighted
as a good example of UK-Japanese science partnership at the UK-Japan Joint Committee on Science and Technology (chaired by the
UK Chief Scientific Advisor to Government and a counterpart from Japan)—for example, Dr. King and Dr. Watanabe presented
RIKEN-RAL at the November 2016 meeting of the Committee. The RIKEN-RAL collaboration has also enabled the development
of collaborative activity between RIKEN and other Asian universities, e.g. through several MoUs with Indonesian and Malaysian
universities.

It was very unfortunate that the research activity at RIKEN-RAL had severe restriction in FY2020 due to the COVID-19 pan-
demic. Almost all the access to RIKEN-RAL by external users had to be stopped. Even though, we managed to carry out several
µSR experiments with mailed samples, where the ISIS staff mounted the samples and the external users controlled the experimental
sequence remotely.
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Safety Management Group

1. Abstract
The RIKEN Nishina Center for Accelerator-Based Science possesses one of the largest accelerator facilities in the world, which

consists of two heavy-ion linear accelerators and five cyclotrons. This is the only site in Japan where uranium ions are accelerated.
The center also has electron accelerators of microtron and synchrotron storage ring. Our function is to keep the radiation level in
and around the facility below the allowable limit and to keep the exposure of workers as low as reasonably achievable. We are also
involved in the safety management of the Radioisotope Center, where many types of experiments are performed with sealed and
unsealed radioisotopes.

2. Major Research Subjects
(1) Safety management at radiation facilities of Nishina Center for Accelerator-Based Science
(2) Safety management at Radioisotope Center
(3) Radiation shielding design and development of accelerator safety systems

3. Summary of Research Activity
Our most important task is to keep the personnel exposure as low as reasonably achievable, and to prevent an accident. Therefore,

we daily patrol the facility, measure the ambient dose rates, maintain the survey meters, shield doors and facilities of exhaust air
and wastewater, replenish the protective supplies, and manage the radioactive waste. Advice, supervision and assistance at major
accelerator maintenance works are also our task.

Minor improvements of the radiation safety systems were also done. The old type of computer system unit for the radiation
monitoring system and the old UPS for radiation management system of the RIBF building were replaced. The old exhaust equipment
of hotlabo exhaust system in Nishina building was also replaced.
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User Liaison Group

1. Abstract
The User Liaison Group is a group that provides user support, including various procedures required for accelerator use, in order

to promote collaborative-use of the RIBF facilities. The group will provide user support on matters necessary for RIBF experiments,
from application to completion. The group will also provide technical support for the dissemination of information on the research
results of the RIBF.

The group consists of two teams. The RIBF User Liaison Team provides various supports to visiting RIBF users through the RIBF
Users Office. Managing RIBF beam time and organizing the Program Advisory Committee Meetings to review RIBF experimental
proposals are also important mission of the Team in order to enhance collaborative-use of the RIBF. The Outreach Team has created
various information materials, such as pamphlets, posters, and homepages, to introduce the research activities in the RNC. On the
homepage, we provide information on usage of the RIBF facility. The team also participate in science introduction events hosted by
public institutions. In addition, the User Liaison Group also takes care of laboratory tours for RIBF visitors from public. The numbers
of visitors usually amounts to 2,300 per year.
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User Liaison Group

1. Abstract
The User Liaison Group is a group that provides user support, including various procedures required for accelerator use, in order

to promote collaborative-use of the RIBF facilities. The group will provide user support on matters necessary for RIBF experiments,
from application to completion. The group will also provide technical support for the dissemination of information on the research
results of the RIBF.

The group consists of two teams. The RIBF User Liaison Team provides various supports to visiting RIBF users through the RIBF
Users Office. Managing RIBF beam time and organizing the Program Advisory Committee Meetings to review RIBF experimental
proposals are also important mission of the Team in order to enhance collaborative-use of the RIBF. The Outreach Team has created
various information materials, such as pamphlets, posters, and homepages, to introduce the research activities in the RNC. On the
homepage, we provide information on usage of the RIBF facility. The team also participate in science introduction events hosted by
public institutions. In addition, the User Liaison Group also takes care of laboratory tours for RIBF visitors from public. The numbers
of visitors usually amounts to 2,300 per year.
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User Liaison Group
RIBF User Liaison Team

1. Abstract
To enhance synergetic common use of the world-class accelerator facility, the Radioisotope Beam Factory (RIBF), it is necessary

to promote a broad range of applications and to maximize the facility’s importance. The facilitation and promotion of the RIBF are
important missions charged to the team. Important operational activities of the team include: i) the organization of international Pro-
gram Advisory Committee (PAC) meetings to review experimental proposals submitted by RIBF users, ii) RIBF beam-time operation
management, and iii) promotion of facility use by hosting outside users through the RIBF Independent Users program, which is a
new-user registration program begun in FY2010 at the RIKEN Nishina Center (RNC) to enhance the synergetic common use of the
RIBF. The team opened the RIBF Users Office in the RIBF building in 2010, which is the main point of contact for Independent Users
and provides a wide range of services and information.

2. Major Research Subjects
(1) Facilitation of the use of the RIBF
(2) Promotion of the RIBF to interested researchers

3. Summary of Research Activity
(1) Facilitation of the use of the RIBF

The RIBF Users Office, formed by the team in 2010, is a point of contact for user registration through the RIBF Independent User
program. This activity includes:
• registration of users as RIBF Independent Users,
• registration of radiation workers at the RIKEN Wako Institute,
• provision of an RIBF User Card (a regular entry permit) and an optically stimulated luminescence dosimeter for each RIBF

Independent User, and
• provision of safety training for new registrants regarding working around radiation, accelerator use at the RIBF facility, and

information security, which must be completed before they begin RIBF research. The RIBF Users Office is also a point of
contact for users regarding RIBF beam-time-related paperwork, which includes:

• contact for beam-time scheduling and safety review of experiments by the In-House Safety Committee, and
• maintaining the above information in a beam-time record database.

In addition, the RIBF Users Office assists RIBF Independent Users with matters related to their visit, such as invitation procedures,
visa applications, and the reservation of on-campus accommodation.

(2) Promotion of the RIBF to interested researchers
• The team has organized an international PAC for RIBF experiments; it consists of leading scientists worldwide and reviews

proposals in the field of nuclear physics (NP) purely on the basis of their scientific merit and feasibility. The team also assists
another PAC meeting for material and life sciences (ML) organized by the RNC Advanced Meson Laboratory. The NP PAC
meeting is organized once a year regularly, and the ML PAC meetings are organized once or twice a year.

• The team coordinates beam times for PAC-approved experiments and other development activities. It manages the operating
schedule of the RIBF accelerator complex according to the decisions arrived at by the RIBF Machine Time Committee.

• To promote research activities at RIBF, proposals for User Liaison and Industrial Cooperation Group symposia/mini-workshops
are solicited broadly both inside and outside of the RNC. The RIBF Users Office assists in the related paperwork.

• The team is the point of contact for the RIBF users’ association. It arranges meetings at RNC headquarters for the RIBF User
Executive Committee of the users’ association.

• The Team conducts publicity activities, such as arranging for RIBF tours, development and improvement of the RNC official web
site, and delivery of RNC news via email and the web.
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User Liaison Group
Outreach Team

1. Abstract
The mission of the Outreach Team is to provide various “intangible” technical support for the dissemination of information on the

research in RNC. For instance, the team creates brochures introducing the RNC and the RIBF accelerator facility, posters of symposia
and the summer school hosted by RNC, the center homepage containing information such as details of RNC and the procedure for the
use of the RIBF facility, and images of equipment and facilities available for researchers inside and outside RIKEN, among the others.
Furthermore, the team also participates in science introduction events hosted by public institutions.

2. Major Work Contents
The major work contents of the Outreach Team is to promote the publicity of RNC, through the creation of various materials such

as brochures, websites, posters, and videos, among the others. The arrangement of tours of the RIBF facility and the exhibition and
introduction of the RIBF facility at science events are also conducted independently or in cooperation with RIKEN Public Relations
Office.

3. Summary of Work Activity
The specific work contents performed by the team are as follows:
• [Website] The Team creates/manages the RNC official website (http://www.nishina.riken.jp), which introduces the orga-

nization and its research activities. This website plays an important role in providing information to researchers who visit RNC
to conduct his/her own research.

• [Brochures] The Team has produced various brochures introducing the organization and the studies performed at RNC. The
brochures named “Your body is made of star scraps” explaining element synthesis in the universe and “Introduction of RIBF
Facility” in a cartoon style for children are among them.

• [Posters] Conference/Symposium posters connected with RNC were prepared on the request of organizers. For general purpose,
a special poster featuring the nuclear chart has been prepared for distribution. In commemoration of the discovery of nihonium,
brochures and posters dedicated to the ceremony were made.

• [RIBF Cyclopedia] In April 2012, the permanent exhibition hall (RIBF Cyclopedia) located at the entrance hall of the RIBF
building was set up in cooperation with RIKEN Public Relations Office. Explanatory illustrations on nuclear science, research at
RIBF, RIBF history, a 3D nuclear chart built with LEGO blocks, and a 1/6-size GARIS model are displayed to help understanding
through visual means. The Team is also working on updating the exhibits.

• [RIBF facility tour] The Team arranges RIBF facility tour for over 2000 visitors per year. The tour is guided by a researcher.
• [Science event participation] In 2010, 2012, 2013, 2015, and 2016, the sub-team opened an exhibition booth of RNC to introduce

the latest research activities on the occasion of the “Science Agora” organized by Japan Science and Technology Agency (JST).
From time to time, the sub-team was invited to participate in scientific events by MEXT, Wako city, and Nissan global foundation.
One attraction targeting children is the hands-on work of assembling “Iron-beads” to create a nuclear chart or a shape of nihonium.

In addition to the above-noted work contents, the Team conducts a variety of works, such as taking pictures of meetings organized by
RNC, cooperation in the production of a 3D video to explain the accelerators and the research at RIBF, among the others.
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Furthermore, the team also participates in science introduction events hosted by public institutions.

2. Major Work Contents
The major work contents of the Outreach Team is to promote the publicity of RNC, through the creation of various materials such

as brochures, websites, posters, and videos, among the others. The arrangement of tours of the RIBF facility and the exhibition and
introduction of the RIBF facility at science events are also conducted independently or in cooperation with RIKEN Public Relations
Office.

3. Summary of Work Activity
The specific work contents performed by the team are as follows:
• [Website] The Team creates/manages the RNC official website (http://www.nishina.riken.jp), which introduces the orga-

nization and its research activities. This website plays an important role in providing information to researchers who visit RNC
to conduct his/her own research.

• [Brochures] The Team has produced various brochures introducing the organization and the studies performed at RNC. The
brochures named “Your body is made of star scraps” explaining element synthesis in the universe and “Introduction of RIBF
Facility” in a cartoon style for children are among them.

• [Posters] Conference/Symposium posters connected with RNC were prepared on the request of organizers. For general purpose,
a special poster featuring the nuclear chart has been prepared for distribution. In commemoration of the discovery of nihonium,
brochures and posters dedicated to the ceremony were made.

• [RIBF Cyclopedia] In April 2012, the permanent exhibition hall (RIBF Cyclopedia) located at the entrance hall of the RIBF
building was set up in cooperation with RIKEN Public Relations Office. Explanatory illustrations on nuclear science, research at
RIBF, RIBF history, a 3D nuclear chart built with LEGO blocks, and a 1/6-size GARIS model are displayed to help understanding
through visual means. The Team is also working on updating the exhibits.

• [RIBF facility tour] The Team arranges RIBF facility tour for over 2000 visitors per year. The tour is guided by a researcher.
• [Science event participation] In 2010, 2012, 2013, 2015, and 2016, the sub-team opened an exhibition booth of RNC to introduce

the latest research activities on the occasion of the “Science Agora” organized by Japan Science and Technology Agency (JST).
From time to time, the sub-team was invited to participate in scientific events by MEXT, Wako city, and Nissan global foundation.
One attraction targeting children is the hands-on work of assembling “Iron-beads” to create a nuclear chart or a shape of nihonium.

In addition to the above-noted work contents, the Team conducts a variety of works, such as taking pictures of meetings organized by
RNC, cooperation in the production of a 3D video to explain the accelerators and the research at RIBF, among the others.
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Deputy Team Leader
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Office of the Center Director

1. Abstract
This office is in place from JFY2018 to conduct works that the Center Director deems necessary for the operation of the research

center and the secretarial work related to the research center in general.

2. Major Work Contents
• Nishina Center Monthly Meeting

The pupose of the meeting is to share information on activities within the Nishina Center with all of the members. The meeting
covers introduction of new comers, press-released achievements, announcement of events organized by or related to the Nishina
Center, safety issues, and others to be informed to all members. The meeting agenda is distributed to all of the members via
mailing-list.

• Conference Support
Assistant staff members support coherently a large-size conference hosted by the Nishina Center.

• Orientation for new comers to the Nishina Center
The Orientation is organized once a year to the new comers to give instructions for emergency response, safety in research,
computer and network resources and security, and research misconduct prevention.

3. Summary of Work Activity
• Nishina Center Monthly Meeting

Noriko Asakawa arranged the agenda and Hidetada Baba supported the on-line video system for the meeting.
– The 157th Meeting on April 2, 2020

(1) Greetings from newly appointed RNC director
(2) Introduction of new arrivals and newly appointed members

– The 158th Meeting on May 13, 2020
(1) Greetings from the new RNC deputy director (Iwasaki)
(2) Introduction of newcomers who joined RNC in April and May
(3) “Swelling of doubly magic 48Ca core in Ca isotopes beyond N = 28” (M. Tanaka)
(4) Coronavirus update

RIKEN’s initiative (Sakurai, the RNC director)
Remote work from home: tips and problems, issues to be addressed

(5) Other
– The 159th Meeting on June 10, 2020

(1) Report from the RNC director
Current events

(2) Introduction of a press release
“Discovery that a single proton from a fluorine nucleus can have a major effect on the state of the nucleus” (Uesaka)

(3) Information exchange on corona update
– The 160th Meeting on July 8, 2020

(1) Report from the RNC director
The RNC director reported on the facility visit by M. Ueno, State Minister of MEXT
revision of the RIKEN rules and the coronavirus update.

(2) Situation in BNL and Long Island under the COVID-19 Pandemic (I. Nakagawa)
At the beginning of April, the outbreak of COVID-19 hit New York where BNL is located, which then led to a
medical collapse at the epic center, New York City. Living on the outskirts of New York City (nearby BNL), my
family and I waited for the right timing to returning to Japan by closely monitoring the situation in NY and Tokyo.
With much improvement of the situation in New York lately, we were able to return to Japan safely just recently.
BNL is under the process of gradual reopening.

– The 161st Meeting on September 9, 2020
(1) Report from the RNC director
(2) Report from the Nishina Center and iTHEMS Promotion Office
(3) Website featuring RIKEN-RAL Muon Facility’s 30th anniversary
(4) FY2019 RIKEN Ohbu Award

Researcher Incentive Award
Research & Industry Partnership Incentive Award

(5) Press Release
(6) Other

– The 162nd Meeting on October 14, 2020
(1) Greetings from the newly appointed Team Leaders

Masanori Kidera (Infrastructure Management Team)
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Hiroyuki Ichida (Plant Genome Evolution Research Team)
(2) 2020 JPCERT/CC Certificate of Appreciation

Takashi Ichihara (Radioactive Isotope Physics Laboratory)
(3) Topics on the RIKEN information systems (Baba)
(4) Report from the RNC director

COVID-19
Facility tour
Lecture Presentation (Organizer: Nuclear Physics Committee)

(5) Other
– The 163rd Meeting on November 11, 2020

(1) Report on award
A3F-CNSSS20 Award for young scientist
The 9th Annual Award presented by the Particle Accelerator Society of Japan at the 17th Annual Meeting

(2) Report from the RNC director
Update on COVID-19
Facility tour

(3) Other
e-learning on research ethics (Motobayashi)

– The 164th Meeting on December 9, 2020
(1) On passing of Dr. Akito Arima, former RIKEN President
(2) Introduction of award recipient (Hiyama)

Recipient of the FY2020 Nishina Memorial Prize: Kazuma Nakazawa (Strangeness Nuclear Physics Laboratory)
(3) Report on symposium (Otsu)

SND2020 (Symposium on Nuclear Data) held on November 23–27
(4) On Accelerator Progress Report (Ueno)
(5) Report from the RNC director

Outstanding matters from the old Nishina Laboratory
COVID-19 situation

(6) Other
– The 165th Meeting on January 13, 2021

(1) Introduction of a newcomer (Haba)
Yin Xiaojie Post doctorate Researcher (Nuclear Chemistry Research Team)

(2) Generation of high intensity Zn beam (Higurashi)
(3) Report from the RNC director

New Year’s greetings
COVID-19 situation

(4) Other
– The 166th Meeting on February 10, 2021

(1) Press Release
Discovery in neutron pair correlation inside the halo nuclei of Lithium-11—Evidence of dineutron at the surface
of neutron-rich nuclei found (Uesaka)
Filling a crucial gap in aquafarming: ion beam breeding to the rescue (Abe)

(2) Report from the RNC director
COVID-19 situation

(3) Other
– The 167th Meeting on March 10, 2021

(1) Introduction of a newcomer (K. Yoshida)
Masahiro Yoshimoto (Postdoctoral Researcher, BigRIPS Team)

(2) Relocation of the third cyclotron (Fukushima)
(3) RIKEN Open Day (Tanaka)
(4) Report from the RNC director

COVID-19 situation
(5) Retirement speech

Eiji Ikezawa (Team Leader, RILAC Team)
• Conference Support

No large size conferences hosted by the Nishina Center were organized.

• Orientation for new comers to the Nishina Center
Due to the COVID-19 pandemic, the Orientation was not organized in 2020.
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(3) RIKEN Open Day (Tanaka)
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COVID-19 situation
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Eiji Ikezawa (Team Leader, RILAC Team)
• Conference Support

No large size conferences hosted by the Nishina Center were organized.

• Orientation for new comers to the Nishina Center
Due to the COVID-19 pandemic, the Orientation was not organized in 2020.
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Partner Institutions

The RIKEN Nishina Center for Accelerator-Based Science (RNC) has collaborated with universities and research institutes since 2008
under the research partnership agreement. This collaboration framework permits an external institute to develop its own projects at
the RIKEN Wako Campus in equal partnership with the RNC. At present, two institutes—the Center for Nuclear Study (CNS), the
University of Tokyo and the Wako Nuclear Science Center (WNSC), Institute of Particle and Nuclear Studies (IPNS), High Energy
Accelerator Research Organization (KEK)—are conducting joint research under the research partnership agreement.

The CNS and RNC signed the research partnership agreement in 2008. Until then, the CNS had collaborated in joint programs
with RIKEN under the “Research Collaboration Agreement on Heavy Ion Physics” (collaboration agreement) signed in 1998. The
partnership agreement redefines procedures related to the joint programs while keeping the spirit of the collaboration agreement. The
joint programs include experimental nuclear-physics activities using CRIB, SHARAQ, and GRAPE at the RI Beam Factory (RIBF),
accelerator development; and activities at RHIC PHENIX.

The KEK-WNSC and RNC signed a research partnership agreement on “Low-Energy Unstable Nuclear Beam Science” in 2011.
The joint experimental programs are based on the KEK Isotope Separation System (KISS). The KISS has been available for RIBF
users since 2015. The research collaboration agreement for the SLOWRI facility and the multi-reflection time-of-flight (MRTOF)
mass spectrograph was then signed in 2019, based on which the SLOWRI Joint Operation Committee has been established for the
collaborative use and operation of the SLOWRI facility.

Experimental proposals that request the use of the above-noted devices of the CNS and KEK, together with other key devices at
the RIBF, are screened by the Program Advisory Committee for Nuclear Physics experiments at the RIBF (NP-PAC). The NP-PAC
meetings are co-hosted by the CNS and KEK.

Matters necessary for the smooth promotion of joint research based on the research partner agreement are determined at the Collabora-
tion Liaison Council. More specific matters related to the execution of collaborative research are discussed at the Collaboration Liaison
Committee established under the Liaison Council. In order to enhance the effectiveness of coordination and information sharing on
joint research programs, the Joint Researchers Meeting was established in 2020 under the Collaboration Liaison Committee.

Several members of both institutes have also been invited to participate as external members in RNC committees related to the
operation of the RIBF, such as the Machine-Time Committee and the Safety Review Committee.

The activities of the CNS and KEK are reported in the succeeding pages.
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Partner Institution
Center for Nuclear Study, Graduate School of Science
The University of Tokyo

1. Abstract
The Center for Nuclear Study (CNS) aims to elucidate the nature of nuclear system by producing the characteristic states where

the Isospin, Spin and Quark degrees of freedom play central roles. These researches in CNS lead to the understanding of the matter
based on common natures of many-body systems in various phases. We also aim at elucidating the explosion phenomena and the
evolution of the universe by the direct measurements simulating nuclear reactions in the universe. In order to advance the nuclear
science with heavy-ion reactions, we develop AVF upgrade, CRIB and SHARAQ facilities in the large-scale accelerators laboratories
RIBF. The OEDO facility has been developed as an upgrade of the SHARAQ, where a RF deflector system has been introduced to
obtain a good quality of low-energy beam. A new project for fundamental symmetry using heavy RIs has been starting to install new
experimental devices in the RIBF. We promote collaboration programs at RIBF as well as RHIC-PHENIX and ALICE-LHC with
scientists in the world, and host international meetings and conferences. We also provide educational opportunities to young scientists
in the heavy-ion science through the graduate course as a member of the department of physics in the University of Tokyo and through
hosting the international summer school.

2. Major Research Subjects
(1) Accelerator Physics
(2) Nuclear Astrophysics
(3) Nuclear spectroscopy of exotic nuclei
(4) Quark physics
(5) Nuclear Theory
(6) OEDO/SHARAQ project
(7) Exotic Nuclear Reaction
(8) Low Energy Nuclear Reaction Group
(9) Active Target Development
(10) Fundamental Physics

3. Summary of Research Activity
(1) Accelerator physics

One of the major tasks of the accelerator group is the AVF upgrade project that includes development of ion sources, upgrading the
AVF cyclotron of RIKEN and the beam transport system to CRIB, E7B, and C12 in the E7 experiment room. In 2020, the operating
time of the HyperECR was 1146 hours. The beam extraction system of the HyperECR is developed to realize a high intensity and low
emittance beam and the study of mixing gas is started for heavy ionization. The calculation model of injection beam orbit of the AVF
cyclotron was completed and the study of the optimization of injection beam orbit was started. For the detailed studies on ion optics
of the beamline to CRIB and experiment device of Fr-EDM measurement from AVF cyclotron, the development of 4-dimensional
emittance monitor for high power ion beams was started. the prototype was completed and evaluated for performance.

(2) Nuclear astrophysics
The main activity of the nuclear astrophysics group is to study astrophysical reactions and special nuclear structure, such as

clusters, using the low-energy RI beam separator CRIB. To produce RI beams at CRIB with higher intensity, a project to improve the
heat durability of the cryogenic gas target is in progress. In 2020, we used a high-current oxygen beam to test the heat durability of the
gas target. Sealing foils of several materials and copper extention parts were employed in the test, and we found the target can stand
for the beam heat much exceeding the previous limit of 2 Watts per foil. The secondary beam development is also on going. A 6He
RI beam was first produced at CRIB in March 2021, as the lightest RI beam ever created at CRIB. We successfully produced a 6He
beam at the intensity more than 105 pps, which is to be used for the approved 6He+ p scattering measurement, as well as other future
experiments.

(3) Nuclear structure of exotic nuclei
The NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) group studies exotic structures in high-isospin and/or high-

spin states in nuclei. The CNS GRAPE (Gamma-Ray detector Array with Position and Energy sensitivity) is a major apparatus for
high-resolution in-beam gamma-ray spectroscopy. Missing mass spectroscopy using the SHARAQ is used for another approach on
exotic nuclei. The group plays a major role in the OEDO/SHARAQ project described below. In 2020, analysis of a new measurement
of the 4He(8He, 8Be)4n reaction for better statistics and better accuracy has been proceeding.

(4) Quark physics
Main goal of the quark physics group is to understand the properties of hot and dense nuclear matter created by colliding heavy

nuclei at relativistic energies. The group has been involved in the PHENIX experiment at Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory, and the ALICE experiment at Large Hadron Collider (LHC) at CERN. As for ALICE, the group

- 348 -

RIKEN Accel. Prog. Rep. 54 (2021) VI. RNC ACTIVITIES



Partner Institution
Center for Nuclear Study, Graduate School of Science
The University of Tokyo

1. Abstract
The Center for Nuclear Study (CNS) aims to elucidate the nature of nuclear system by producing the characteristic states where

the Isospin, Spin and Quark degrees of freedom play central roles. These researches in CNS lead to the understanding of the matter
based on common natures of many-body systems in various phases. We also aim at elucidating the explosion phenomena and the
evolution of the universe by the direct measurements simulating nuclear reactions in the universe. In order to advance the nuclear
science with heavy-ion reactions, we develop AVF upgrade, CRIB and SHARAQ facilities in the large-scale accelerators laboratories
RIBF. The OEDO facility has been developed as an upgrade of the SHARAQ, where a RF deflector system has been introduced to
obtain a good quality of low-energy beam. A new project for fundamental symmetry using heavy RIs has been starting to install new
experimental devices in the RIBF. We promote collaboration programs at RIBF as well as RHIC-PHENIX and ALICE-LHC with
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in the heavy-ion science through the graduate course as a member of the department of physics in the University of Tokyo and through
hosting the international summer school.
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One of the major tasks of the accelerator group is the AVF upgrade project that includes development of ion sources, upgrading the
AVF cyclotron of RIKEN and the beam transport system to CRIB, E7B, and C12 in the E7 experiment room. In 2020, the operating
time of the HyperECR was 1146 hours. The beam extraction system of the HyperECR is developed to realize a high intensity and low
emittance beam and the study of mixing gas is started for heavy ionization. The calculation model of injection beam orbit of the AVF
cyclotron was completed and the study of the optimization of injection beam orbit was started. For the detailed studies on ion optics
of the beamline to CRIB and experiment device of Fr-EDM measurement from AVF cyclotron, the development of 4-dimensional
emittance monitor for high power ion beams was started. the prototype was completed and evaluated for performance.

(2) Nuclear astrophysics
The main activity of the nuclear astrophysics group is to study astrophysical reactions and special nuclear structure, such as

clusters, using the low-energy RI beam separator CRIB. To produce RI beams at CRIB with higher intensity, a project to improve the
heat durability of the cryogenic gas target is in progress. In 2020, we used a high-current oxygen beam to test the heat durability of the
gas target. Sealing foils of several materials and copper extention parts were employed in the test, and we found the target can stand
for the beam heat much exceeding the previous limit of 2 Watts per foil. The secondary beam development is also on going. A 6He
RI beam was first produced at CRIB in March 2021, as the lightest RI beam ever created at CRIB. We successfully produced a 6He
beam at the intensity more than 105 pps, which is to be used for the approved 6He+ p scattering measurement, as well as other future
experiments.

(3) Nuclear structure of exotic nuclei
The NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) group studies exotic structures in high-isospin and/or high-

spin states in nuclei. The CNS GRAPE (Gamma-Ray detector Array with Position and Energy sensitivity) is a major apparatus for
high-resolution in-beam gamma-ray spectroscopy. Missing mass spectroscopy using the SHARAQ is used for another approach on
exotic nuclei. The group plays a major role in the OEDO/SHARAQ project described below. In 2020, analysis of a new measurement
of the 4He(8He, 8Be)4n reaction for better statistics and better accuracy has been proceeding.

(4) Quark physics
Main goal of the quark physics group is to understand the properties of hot and dense nuclear matter created by colliding heavy

nuclei at relativistic energies. The group has been involved in the PHENIX experiment at Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory, and the ALICE experiment at Large Hadron Collider (LHC) at CERN. As for ALICE, the group

has involved in the data analyses, which include the measurement of low-mass lepton pairs in Pb-Pb collisions, the measurement of
long range two particle correlations in p-Pb collisions, searches for thermal photons in high multiplicity pp and p-Pb collisions and
for strangeness dibaryons. The group has involved in the ALICE-TPC upgrade using a Gas Electron Multiplier (GEM), where the
group is very active in the development and benchmarking of the online space-charge distortion corrections using machine learning
techniques running on the Graphical Processing Unit (GPU).

(5) Nuclear theory
The nuclear theory group participates in a project, “Program for Promoting Researches on the Supercomputer Fugaku” and

promotes computational nuclear physics utilizing the Fugaku supercomputer. In FY2020, we proposed a new framework called the
“quasi-particle vacua shell model,” which is an extension of the Monte Carlo shell model, and promoted its code developments.
Based on these methodological developments, we investigated the exotic structure of nuclei, especially neutron-rich Mg isotopes,
and discussed the mechanism to determine the neutron drip line. In addition, the nuclear Schiff moments of 129Xe and 199Hg were
theoretically evaluated by large-scale shell-model calculations to contribute to the experimental search of time-reversal breaking. In
parallel, we promoted the collaborative researches with experimental groups for investigating the exotic structure of unstable nuclei,
such as 35S, 30Mg, 64Ni, 75Ni, 112Sn and 137Ba.

(6) OEDO/SHARAQ project
The OEDO/SHARAQ group pursues experimental studies of RI beams by using the high-resolution beamline and the SHARAQ

spectrometer. A mass measurement by TOF-Bρ technique for very neutron-rich nuclei successfully reaches titanium isotopes at
N = 40, 62Ti, of which the report was published in 2020. The experimental study of 0− strength in nuclei using the parity-tansfer
charge exchange (16O, 16F) will be reported soon. As for The OEDO beamline, the results of the first and second experiments for
LLFPs will be finalized and reported soon. Since experimental studies using OEDO were newly proposed, we continue developments
to improve the performance for coming these beam times, such as the intensity of low-energy RI beams and the suppression of X rays
from RF deflector.

(7) Exotic nuclear reaction
The Exotic Nuclear Reaction group studies various exotic reactions induced by beams of unstable nuclei. One subject is inverse-

kinematics (p, n) measurement by using the neutron counter array PANDORA. Candidate nuclei to study are high spin isomers such as
52Fe(12+). Study of the production mechanism of high-spin isomer beams was in progress. Another is search of double Gamow-Teller
resonance by a double charge exchange reaction (12C, 12Be). Preparations including the development of MWDCs were ongoing.

(8) Low energy nuclear reaction group
A recoil particle detector for missing mass spectroscopy, named TiNA, had been upgraded under the collaboration with RIKEN

and RCNP. The original TiNA consisted of 6 sector telescopes and 12 CsI (Tl) crystals. Four TTT-type (1024 channels) doubly-sided
silicon detectors and twenty-two CsI(Tl) were added to make a TiNA2 array. The commissioning experiment of the TiNA2 was
conducted at Kyushu University in March 2021. The production cross sections of 178m2Hf were evaluated for the mass production in
the future and will be reported soon. The digital signal processing devices for the GRAPE are under development. For the SHARAQ11
experiment which uses a tritium-doped titanium target, the safety devices has been developed with Tohoku University.

(9) Active target development
Three gaseous active target TPCs called CAT-S, CAT-M and GEM-MSTPC are developed and used for the missing mass spectro-

scopies. The CAT’s are employed for the study of equation of state of nuclear matter. The measurement of giant monopole resonance
in 132Sn at RIBF with CAT-S and the data analysis is ongoing. The CAT-M was employed for the measurements of the proton inelastic
scattering on 136Xe at HIMAC and the proton elastic scattering on 132Sn. The development for the reduction of space charge due to
the ion backflow and the reduction of delta-ray background is ongoing. The GEM-MSTPC is employed for the nuclear astrophysics
study. The data analysis of (α, p) reaction on 18Ne and 22Mg and the β-decay of 16Ne followed by α emission are ongoing.

(10) Fundamental physics
In order to investigate the origin of matter-antimatter symmetry (CP) violation, we focused on the fact that the permanent electric

dipole moment (EDM) of heavy elements such as Francium (Fr) is greatly enhanced by the relativistic effect and octupole deformation
of the nucleus. The development of the laser cooled Fr source is in progress at RIBF. In particular, we have established a technique for
a high-intensity Fr source by using the nuclear fusion reaction with a surface ionization ion source using a non-contact heating method
with an infrared heater. Also the frequency stabilization with an iodine molecule and a high-precision wavemeter are ready at present.
Furthermore, by establishing a coexistence trapping technique for two types of Rb isotopes, we have established a co-magnetometer
for an accurate EDM measurement.
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P. Figuera, G. L. Guardo, M. Gulino, S. Hayakawa, I. Indelicato, L. Lamia, M. Lattuada, F. Mudò, S. Palmerini, R. G. Pizzone,
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C. Porzio, C. Michelagnoli, N. Cieplicka-Oryńczak, M. Sferrazza, S. Leoni, B. Fornal, Y. Tsunoda, T. Otsuka, S. Bottoni, C. Costache,
F. C. L. Crespi, L. W. Iskra, M. Jentschel, F. Kandzia, Y. -H. Kim, U. Köster, N. Mărginean, C. Mihai, P. Mutti, and A. Turturică,
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池田英彦（口頭発表）,「電場の量子センシングに向けた Srリドベルグ原子の分光」,日本物理学会第 76回年次大会,オンライン
講演, 2021年 3月 12–15日.

小澤直也（口頭発表）,「フランシウム原子の電気双極子能率探索のための表面電離イオン源の開発」,日本物理学会第 76回年次
大会,オンライン講演, 2021年 3月 12–15日.

清水則孝（口頭発表）,「準粒子真空基底によるモンテカルロ殻模型の拡張」,日本物理学会第 76回年次大会,オンライン講演, 2021
年 3月 12–15日.

角田佑介（口頭発表）,「モンテカルロ殻模型による二重ベータ崩壊の核行列要素の計算」,新学術領域「地下宇宙」2020年度領域
研究会,オンライン講演, 2020年 6月 2日.

角田佑介（口頭発表）,「モンテカルロ殻模型による二重ベータ崩壊の核行列要素の計算」,日本物理学会第 76回年次大会,オンラ
イン講演, 2021年 3月 12–15日.

柳瀬宏太（口頭発表）,「原子核殻模型による電気双極子モーメントの精密計算」,「富岳で加速する素粒子・原子核・宇宙・惑星」
シンポジウム,オンライン講演, 2021年 1月 28日.

柳瀬宏太（口頭発表）,「清水則孝,原子核殻模型による電気双極子モーメントの精密計算」,日本物理学会第 76回年次大会,オン
ライン講演, 2021年 3月 12–15日.

[Seminars]
N. Kitamura (oral), “In-beam spectroscopy of 30Mg: structural evolution approaching the island of inversion,” CNS Seminar, On-line,

July 29, 2020.
S. Koyama (oral), “Spectroscopy of resonance states in light proton-rich nuclei via missing mass method,” CNS Seminar, On-line, August

7, 2020.
鎌倉惠太 (oral),「東大 HyperECRイオン源の現状」,第 19回 AVF合同打ち合わせ,宮城県仙台市（東北大学）, 2021年 3月 10日.
小高康照 (oral),「理研 AVFのビーム輸送系最適化の現状」,第 19回 AVF合同打ち合わせ,宮城県仙台市（東北大学）, 2021年 3
月 10日.

Awards
関畑大貴,第 15回日本物理学会若手奨励賞 (実験核物理領域).
関畑大貴,第 27回原子核談話会新人賞.

Press Releases
道正新一郎,小林幹,下浦享,上坂友洋,井手口栄治,西村太樹,「チタン同位体でおこる新たな安定化現象を発見—質量測定で迫る
原子核存在限界」, 2020年 9月 16日.

大塚孝治,角田直文,高柳和雄,清水則孝,鈴木俊夫,宇都野穣,吉田聡太,上野秀樹,「原子核の存在限界（中性子ドリップライン）
の新たなメカニズム」, 2020年 11月 5日, https://www.s.u-tokyo.ac.jp/ja/press/2020/7074/ .

Others
[東京大学理学部ニュース]
道正新一郎,「質量から探る原子核の秩序と存在限界」,学部生に伝える研究最前線,東京大学理学部ニュース 2021年 1月号.
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Partner Institution
Wako Nuclear Science Center, IPNS (Institute of Particle and Nuclear Studies)
KEK (High Energy Accelerator Research Organization)

1. Abstract
The Wako Nuclear Science Center (WNSC) of KEK aims to promote low-energy nuclear physics and nuclear astrophysics research

and interdisciplinary studies using short-lived radioactive nuclei. WNSC operates the KEK Isotope Separation System (KISS), an
electro-magnetic isotope separator featuring elemental selectivity from resonance laser ionization in a gas catcher. The KISS facility
provides various neutron-rich nuclei via multinucleon transfer reactions. Of particular significance is its provision of nuclei in the
vicinity of the neutron magic number N = 126. Optical and β-γ spectroscopy have been applied to these neutron-rich nuclear beams
for nuclear structure and nuclear astrophysical studies. In addition, several new developments—a rotating target, a donut-shaped gas
cell, and an in-jet laser ionization scheme—have been performed to improve the performance of the KISS facility. The WNSC has also
developed multi-reflection time of flight mass spectrographs (MRTOF-MS) for precision mass measurements of short-lived nuclei in
collaboration with the RIKEN SLOWRI team and the Institute of Basic Science (IBS), Korea. After successful mass measurements
combined with the GARIS-II at RILAC, the existing MRTOF-MS setup has been renewed for use with the GARIS-II relocated after
the ring cyclotron for high precision mass measurements of superheavy nuclides. Furthermore, additional MRTOF-MS setups have
been placed at KISS and F11 of the ZeroDegree Spectrometer for comprehensive mass measurement.

The Wako Nuclear Science Center (WNSC) of KEK aims to promote low-energy nuclear physics and nuclear astrophysics research
as well as interdisciplinary studies using short-lived radioactive nuclei. WNSC operates the KEK Isotope Separation System (KISS)
which is an electro-magnetic isotope separator featuring elemental selectivity from the use of resonance laser ionization in a gas
catcher. The KISS facility provides various neutron-rich nuclei via multinucleon transfer reactions. Of particular significance is its
provision of nuclei in the vicinity of the neutron magic number N = 126. Optical and β-γ spectroscopy have been applied to these
neutron-rich nuclear beams, for nuclear structure and nuclear astrophysical studies. Several new developments—a rotating target, a
donut-shaped gas cell, and in-jet laser ionization scheme—have been performed to improve the performance of KISS facility. The
WNSC has also developed multi-reflection time of flight mass spectrographs (MRTOF-MS) for precision mass measurements of
short-lived nuclei in collaboration with the RIKEN SLOWRI team and the Institute of Basic Science (IBS), Korea. After successful
mass measurements in combination with the GARIS-II at RILAC, the existing MRTOF-MS setup has been renewed for use with the
GARIS-II relocated after the ring cyclotron for high precision mass measurements of superheavy nuclides, and additional MRTOF-MS
setups have been placed at KISS and at F11 of the ZeroDegree Spectrometer for comprehensive mass measurements of more than one
thousand nuclides.

2. Major Research Subjects
(1) Production and manipulation of radioactive isotope beams for nuclear experiments.
(2) Explosive nucleosynthesis (r- and rp-process).
(3) Heavy ion reaction mechanism for producing heavy neutron-rich nuclei.
(4) Development of MRTOF mass spectrographs for short-lived nuclei.
(5) Comprehensive mass measurements of short-lived nuclei including superheavy elements.
(6) Development of KISS-II.

3. Summary of Research Activity
The Wako Nuclear Science Center (WNSC) provides low-energy short-lived radioactive ion beams to researchers from universities

using the KEK isotope separator system (KISS). Research activities in RIKEN RIBF were restricted due to the COVID-19 pandemic
for more than half of the JFY2020. During the governmental “stay home” period, the WNSC researchers worked on writing research
papers and technical development at home. Five physics papers were published for the experiments conducted at KISS, including two
experiments right before a national state of emergency was declared. A press release was announced on one of the experiments to
advertise the KISS uniqueness that can provide low-energy neutron-rich isotopes of refractory elements. These nuclides are essential
ones for the study of the origin of gold in the universe.

In late September, a part of the activities was restarted at the laboratory. Modification of the KISS beamline has started to
perform decay spectroscopy of pure isobaric or isomeric nuclides by placing the detector array behind a multi-reflection time-of-flight
(MRTOF) mass spectrograph. When the modification is completed in JFY2021, simultaneous spectroscopy of multiple species will
be realized thanks to the spectrographic future of the MRTOF device and a gamma-ToF detector that is under development.

The WNSC is conducting a campaign of comprehensive mass measurements of all available nuclides at RIKEN RIBF in collab-
oration with RIKEN’s SLOWRI team. A new combined gas cell and MRTOF device were installed in front of the beam dump of the
BigRIPS in-flight fragmentation separator. A series of online commissioning experiments were conducted using parasitic beams of
the in-beam gamma-ray spectroscopy experiments (HiCARI campaign) in November–December 2020. The energetic radioactive ion
beams passing through the upstream experiments’ target were guided to the gas cell and converted to trapped ions for precision mass
measurements using the MRTOF mass spectrograph.

The total system efficiencies were studied with various elements. While some species were diverse across molecular sidebands
(e.g., ScOH), more than 1% efficiencies were obtained for heavier nuclides (e.g., Te and Sb). In sum, the commissioning campaign
was highly successful, with more than 70 atomic masses measured with the parasitic beams. The masses of three nuclides (88As,
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Wako Nuclear Science Center, IPNS (Institute of Particle and Nuclear Studies)
KEK (High Energy Accelerator Research Organization)
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The Wako Nuclear Science Center (WNSC) of KEK aims to promote low-energy nuclear physics and nuclear astrophysics research

and interdisciplinary studies using short-lived radioactive nuclei. WNSC operates the KEK Isotope Separation System (KISS), an
electro-magnetic isotope separator featuring elemental selectivity from resonance laser ionization in a gas catcher. The KISS facility
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which is an electro-magnetic isotope separator featuring elemental selectivity from the use of resonance laser ionization in a gas
catcher. The KISS facility provides various neutron-rich nuclei via multinucleon transfer reactions. Of particular significance is its
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donut-shaped gas cell, and in-jet laser ionization scheme—have been performed to improve the performance of KISS facility. The
WNSC has also developed multi-reflection time of flight mass spectrographs (MRTOF-MS) for precision mass measurements of
short-lived nuclei in collaboration with the RIKEN SLOWRI team and the Institute of Basic Science (IBS), Korea. After successful
mass measurements in combination with the GARIS-II at RILAC, the existing MRTOF-MS setup has been renewed for use with the
GARIS-II relocated after the ring cyclotron for high precision mass measurements of superheavy nuclides, and additional MRTOF-MS
setups have been placed at KISS and at F11 of the ZeroDegree Spectrometer for comprehensive mass measurements of more than one
thousand nuclides.

2. Major Research Subjects
(1) Production and manipulation of radioactive isotope beams for nuclear experiments.
(2) Explosive nucleosynthesis (r- and rp-process).
(3) Heavy ion reaction mechanism for producing heavy neutron-rich nuclei.
(4) Development of MRTOF mass spectrographs for short-lived nuclei.
(5) Comprehensive mass measurements of short-lived nuclei including superheavy elements.
(6) Development of KISS-II.

3. Summary of Research Activity
The Wako Nuclear Science Center (WNSC) provides low-energy short-lived radioactive ion beams to researchers from universities

using the KEK isotope separator system (KISS). Research activities in RIKEN RIBF were restricted due to the COVID-19 pandemic
for more than half of the JFY2020. During the governmental “stay home” period, the WNSC researchers worked on writing research
papers and technical development at home. Five physics papers were published for the experiments conducted at KISS, including two
experiments right before a national state of emergency was declared. A press release was announced on one of the experiments to
advertise the KISS uniqueness that can provide low-energy neutron-rich isotopes of refractory elements. These nuclides are essential
ones for the study of the origin of gold in the universe.

In late September, a part of the activities was restarted at the laboratory. Modification of the KISS beamline has started to
perform decay spectroscopy of pure isobaric or isomeric nuclides by placing the detector array behind a multi-reflection time-of-flight
(MRTOF) mass spectrograph. When the modification is completed in JFY2021, simultaneous spectroscopy of multiple species will
be realized thanks to the spectrographic future of the MRTOF device and a gamma-ToF detector that is under development.

The WNSC is conducting a campaign of comprehensive mass measurements of all available nuclides at RIKEN RIBF in collab-
oration with RIKEN’s SLOWRI team. A new combined gas cell and MRTOF device were installed in front of the beam dump of the
BigRIPS in-flight fragmentation separator. A series of online commissioning experiments were conducted using parasitic beams of
the in-beam gamma-ray spectroscopy experiments (HiCARI campaign) in November–December 2020. The energetic radioactive ion
beams passing through the upstream experiments’ target were guided to the gas cell and converted to trapped ions for precision mass
measurements using the MRTOF mass spectrograph.

The total system efficiencies were studied with various elements. While some species were diverse across molecular sidebands
(e.g., ScOH), more than 1% efficiencies were obtained for heavier nuclides (e.g., Te and Sb). In sum, the commissioning campaign
was highly successful, with more than 70 atomic masses measured with the parasitic beams. The masses of three nuclides (88As,

89As, 112Mo) have been measured for the first time, and eleven other nuclear masses improve the present uncertainty significantly.
The WNSC plans to extend the present KISS facility to investigate the nuclides in the neutron-rich region of uranium using the

multi-neutron transfer reactions of actinide targets to study the origin of uranium. The primary studies of the future facility are in
progress.
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Publications

[Original Papers]
H. Watanabe, Y. X. Watanabe, Y. Hirayama, A. N. Andreyev, T. Hashimoto, F. G. Kondev, G. J. Lane, Yu.A. Litvinov, J. J. Liu, H. Miy-

atake, J. Y. Moon, A. I. Morales, M. Mukai, S. Nishimura, T. Niwase, M. Rosenbusch, P. Schury, Y. Shi, M. Wada, and P. M. Walker,
“Beta decay of the axially asymmetric ground state of 192Re,” Phys. Lett. B, 814, 136088 (2021).

S. Kimura, D. Kaji, Y. Ito, H. Miyatake, K. Morimoto, P. Schury, and M. Wada, “Reduction of contaminations originating from primary
beam by improving the beam stoppers in GARIS-II,” Nucl. Instrum. Methods Phys. Res. A, 164996 (2020).

P. M. Walker, Y. Hirayama, G. J. Lane, H. Watanabe, G. D. Dracoulis, M. Ahmed, M. Brunet, T. Hashimoto, S. Ishizawa, F. G. Kondev,
Yu. A. Litvinov, H. Miyatake, J. Y. Moon, M. Mukai, T. Niwase, J. H. Park, Zs. Podolyák, M. Rosenbusch, P. Schury, M. Wada,
X. Y. Watanabe, W. Y. Liang, and F. R. Xu, “Properties of 187Ta reveled through isomeric decay,” Phys. Rev. Lett. 125, 192505 (2020).

M. Rosenbusch, P. Schury, M. Wada, S. Iimura, Y. Ito, and H. Wollnik, “Accurately accounting for effects on times-of-flight caused
by finite field-transition times during the ejection of ions from a storage trap: A study for single-reference TOF and MRTOF mass
spectrometry,” Int. J. Mass Spectrom. 456, 116346 (2020).

M. Mukai, Y. Hirayama, Y. X. Watanabe, S. Schiffmann, J. Ekman, M. Godefroid, P. Schury, Y. Kakiguchi, M. Oyaizu, M. Wada,
S. C. Jeong, J. Y. Moon, J. H. Park, H. Ishiyama, S. Kimura, H. Ueno, M. Ahmed, A. Ozawa, H. Watanabe, S. Kanaya, and H. Miyatake,
“In-gas-cell laser resonance ionization spectroscopy of 196, 197, 198Ir,” Phys. Rev. C 102, 054307 (2020).

H. Choi, Y. Hirayama, S. Choi, T. Hashimoto, S. C. Jeong, H. Miyatake, J. Y. Moon, M. Mukai, T. Niwase, M. Oyaizu, M. Rosenbusch,
P. Schury, A. Taniguchi, Y. X. Watanabe, and M. Wada, “In-gas-cell laser ionization spectroscopy of 194, 196Os isotopes by using a
multireflection time-of-flight mass spectrograph,” Phys. Rev. C 102, 034309 (2020).

A. V. Chudinov, M. Rosenbusch, V. I. Kozlovskiy, V. V. Raznikov, P. Schury, M. Wada, and H. Wollnik, “Model independent peak fitting
and uncertainty assignment for high-precision time-of-flight mass spectrometry,” Analyst 145, 3401–3406 (2020).

Y. X. Watanabe, M. Ahmed, Y. Hirayama, M. Mukai, J. H. Park, P. Schury, Y. Kakiguchi, S. Kimura, A. Ozawa, M. Oyaizu, M. Wada, and
H. Miyatake, “Deexcitation γ-ray transitions from the long-lived Iπ = 13/2+ metastable state in 195Os,” Phys. Rev. C 101, 041305(R)
(2020).

[Proceedings]
Y. Hirayama, Y. X. Watanabe, M. Mukai, M. Ahmed, H. Ishiyama, S. C. Jeong, Y. Kakiguchi, S. Kimura, J. Y. Moon, M. Oyaizu,

J. H. Park, P. Schury, M. Wada, and H. Miyatake, “Nuclear spectroscopy of r-process nuclei using KEK isotope separation system,”
J. Phys. Conf. Ser. 1643, 012138 (2020).

M. Mazzocco, Y. Hirayama, S. C. Jeong, H. Miyatake, Y. X. Watanabe, et al., “Direct processes for the systems 7Be, 8B+ 208Pb at
Coulomb barrier energies,” J. Phys. Conf. Ser. 1643, 012096 (2020).

J. W. Hwang, H. Miyatake, Y. X. Watanabe, et al., “Performance of the OEDO beamline,” J. Phys. Conf. Ser. 1643, 012035 (2020).
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Presentations
[International Conferences/Workshops]

Michiharu Wada (invited), “MRTOF development and status @ RIKEN-RIBF,” NUSTAR Annual Meeting, Online, February 24, 2021.

[Domestic Conferences/Workshops]
Marco Rosenbusch (口頭発表), “New mass measurements of exotic nuclides by the first MRTOF setup at BigRIPS/RIKEN,”日本物学
会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

飯村俊 (口頭発表),「理研 BigRIPS SLOWRIにおける RFカーペットガスセルの開発—オンライン実験と質量測定—」,日本物学
会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

渡邉裕 (招待講演),「KISS, MRTOFを用いた核分光実験の現状」,令和 2年度専門研究会「短寿命 RIを用いた核分光と核物性研
究 VII」,オンライン開催, 2021年 1月 15日.

平山賀一,「KISSでの核分光実験/Nuclear spectroscopy at KISS」, 2020年度核データ研究会,埼玉県和光市, 2020年 11月 26–27日.
Toshitaka Niwase (口頭発表), “First direct mass measurement of superheavy nuclide via MRTOF-MS +α-TOF,” KEK Student Day,

Online, November 17, 2020.
和田道治 (招待講演),「何故,如何に原子質量を測るのか?」,日本物理学会 2020年秋季大会,オンライン開催, 2020年 9月 14–17日.
渡邉寛 (口頭発表),「非軸対称変形核 192Reの基底状態からのベータ崩壊」,日本物理学会 2020年秋季大会,オンライン開催, 2020
年 9月 14–17日.

飯村俊 (口頭発表),「理研 BigRIPS SLOWRIにおける RFカーペットガスセルの開発」,日本物理学会 2020年秋季大会,オンライ
ン開催, 2020年 9月 14–17日.

[Seminars]
Peter Schury (invited), “Use of multi-reflection time-of-flight mass spectrometry to study SHE,” Virtual SHE seminars, Online, January

12, 2021.

Press Releases
「中性子過剰なタンタル核異性体で探る原子核形状の多様性—原子核構造の研究から重元素合成の起源天体解明に迫る—」, 2020
年 11月 11日. https://www.kek.jp/ja/press/ipns_pr20201111-2/ .
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VII. APPENDICES

Presentations
[International Conferences/Workshops]

Michiharu Wada (invited), “MRTOF development and status @ RIKEN-RIBF,” NUSTAR Annual Meeting, Online, February 24, 2021.

[Domestic Conferences/Workshops]
Marco Rosenbusch (口頭発表), “New mass measurements of exotic nuclides by the first MRTOF setup at BigRIPS/RIKEN,”日本物学
会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

飯村俊 (口頭発表),「理研 BigRIPS SLOWRIにおける RFカーペットガスセルの開発—オンライン実験と質量測定—」,日本物学
会第 76回年次大会,オンライン開催, 2021年 3月 12–15日.

渡邉裕 (招待講演),「KISS, MRTOFを用いた核分光実験の現状」,令和 2年度専門研究会「短寿命 RIを用いた核分光と核物性研
究 VII」,オンライン開催, 2021年 1月 15日.

平山賀一,「KISSでの核分光実験/Nuclear spectroscopy at KISS」, 2020年度核データ研究会,埼玉県和光市, 2020年 11月 26–27日.
Toshitaka Niwase (口頭発表), “First direct mass measurement of superheavy nuclide via MRTOF-MS +α-TOF,” KEK Student Day,

Online, November 17, 2020.
和田道治 (招待講演),「何故,如何に原子質量を測るのか?」,日本物理学会 2020年秋季大会,オンライン開催, 2020年 9月 14–17日.
渡邉寛 (口頭発表),「非軸対称変形核 192Reの基底状態からのベータ崩壊」,日本物理学会 2020年秋季大会,オンライン開催, 2020
年 9月 14–17日.

飯村俊 (口頭発表),「理研 BigRIPS SLOWRIにおける RFカーペットガスセルの開発」,日本物理学会 2020年秋季大会,オンライ
ン開催, 2020年 9月 14–17日.

[Seminars]
Peter Schury (invited), “Use of multi-reflection time-of-flight mass spectrometry to study SHE,” Virtual SHE seminars, Online, January

12, 2021.

Press Releases
「中性子過剰なタンタル核異性体で探る原子核形状の多様性—原子核構造の研究から重元素合成の起源天体解明に迫る—」, 2020
年 11月 11日. https://www.kek.jp/ja/press/ipns_pr20201111-2/ .





List of Symposia & Workshops (April 2020―March 2021) 

RNC 

1 
SAMURAI International Collaboration Workshop 2020 
https://indico2.riken.jp/event/3429/ 

online Sep. 1–4 

2 
SSRI-PNS Collaboration Meeting 2020 
https://indico2.riken.jp/event/3452/ 

online Sep. 3–4 

3 
RIBF Users Meeting 2020 
https://indico2.riken.jp/event/3443/ 

online Sep. 8–10 

4 International Technical Safety Forum（ITSF2020） 
RIBF Conf. Hall, RIKEN 
Wako Campus Nov. 9–13 

5 Symposium on Nuclear Data 2020 
RIBF Conf. Hall, RIKEN 
Wako Campus Nov. 26–27 

6 
第 17回高エネルギーQCD・核子構造勉強会 
https://indico2.riken.jp/event/3623/ 

online Feb. 5 

7 Spin Symposium Kunibiki Messe, Shimane Feb. 23–24 

8 The 8th Asia-Pacific Conference on Few-Body Problems in Physics (APFB2020) Kanazawa Bunka Hall Mar. 1–5 

KEK 

1 
SSRI-PNS Collaboration meeting 2020 
https://research.kek.jp/group/wnsc/ssri-pns/ 

online Sep. 3–4 

2 
第 11 回停止・低速 RI ビームを用いた核分光研究会（京大複合研専門研究会 「短寿命 RI を用いた核分光と核
物性研究 VI」 同時開催） 
http://www.rri.kyoto-u.ac.jp/NBMP/kurpro/R1pro.pdf 

online Jan. 16–17 
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List of Seminars (April 2020―March 2021) 

Nuclear Physics Monthly Colloquium 

Not held in 2020 

RIBF Nuclear Physics Seminar 

1 
Sidong Chen 
(U. Hong Kong) 

Structural evolution of neutron-rich calcium isotopes 
https://indico2.riken.jp/event/3365/ 

May 26 

2 
Junki Tanaka 
(RIKEN) 

Experimental evidence of α clustering in the ground state of stable heavy nuclei 
https://indico2.riken.jp/event/3441/ 

Jul. 28 

３ 
Wataru Horiuchi 
(Hokkaido University) 

Utility of antiproton- and deuteron-scattering for studies of unstable nuclei 
https://indico2.riken.jp/event/3639/ 

Jan. 21 

4 
Takumi Yamaga 
(RIKEN) 

Observation of an anti-kaon nuclear bound state, K�NN 
https://indico2.riken.jp/event/3650/ 

5 
Masaomi Tanaka 
(Kyushu U.) 

Swelling of doubly magic 48Ca core in Ca isotopes beyond N = 28 
https://indico2.riken.jp/event/3640/ 

Feb. 9 

6 
Heather Crawford 
(Berkeley Lab) 

First spectroscopy in 40Mg and the implications for structure near the dripline 
https://indico2.riken.jp/event/3669/ 

Feb. 16 

Seminar by Each Laboratory 

Nuclear Science and Transmutation Research Division 

1 
Jens Lassen 
(TRIUMF) 

Nuclear Spectroscopy Lab. Seminar (Quantum Beam Application Research B03 Seminar) 
Radioactive ion beams at TRIUMF using the resonance ionization laser ion source 
https://indico2.riken.jp/event/3469/" 

Sep. 2 

2 
Yutaka Shikano 
(Keio U.) 

Nuclear Spectroscopy Lab. Seminar (Quantum Beam Application Research B03 Seminar) 
Fundamentals and applications of weak measurement (弱測定の基礎と応用) 
https://indico2.riken.jp/event/3662/ 

Feb. 4 

High Energy Astrophysics Lab. Seminar → http://astro.riken.jp/wordpress/?page_id=65 

Subnuclear System Research Division 

1 
Eduardo Grossi 
(SBU) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
A mode by mode approach to heavy ion collision 

Apr. 10 

2 
Debasish Banerjee 
(PNNL) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
The Color Glass Condensate density matrix: Lindblad evolution, entanglement entropy and 
Wigner functional 

Apr. 17 

3 
Jianwei Qiu 
(Jefferson Lab) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
3D tomography of parton motion inside hadrons 

Apr. 24 

4 
Andrea Signori 
(Jlab) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Transverse momentum distributions: predictive power and flavor structure 

May 1 

5 
R. Loganayagam
(ICTS)

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Open QFTs from holography 

May 8 

6 
Emilie Huffman 
(Perimeter Inst) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Quantum criticality in fermion-bag inspired Hamiltonian lattice field theories 

May 15 
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2
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The Color Glass Condensate density matrix: Lindblad evolution, entanglement entropy and
Wigner functional

Apr. 17

3
Jianwei Qiu
(Jefferson Lab)
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3D tomography of parton motion inside hadrons

Apr. 24

4
Andrea Signori
(Jlab)
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Transverse momentum distributions: predictive power and flavor structure

May 1

5
R. Loganayagam
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Open QFTs from holography

May 8

6
Emilie Huffman
(Perimeter Inst)

Nuclear Physics & RIKEN Theory Seminar (virtual)
Quantum criticality in fermion-bag inspired Hamiltonian lattice field theories

May 15

7 
Fabian Rennecke 
(BNL) 

BNL RIKEN Seminar (virtual) 
From anomalous correlations to dark matter: the effects of higher topological charge 

May 21 

8 
Sourendu Gupta 
(TIFR) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Why is chemical freezeout at the chiral cross over temperature? 

May 22 

9 
Yuta Sekino 
(RIKEN) 

SNP Seminar 
Mesoscopic spin transport between strongly interacting Fermi gases 

May 27 

10 
Masafumi Fukuma 
(Kyoto U.) 

BNL RIKEN Seminar (virtual) 
Sign problem in Monte Carlo simulations and the tempered Lefschetz thimble method 

May 28 

11 
Luchang Jin 
(U. Conn) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
First-principles calculation of electroweak box diagrams from lattice QCD 

May 29 

12 
Phiala Shanahan 
(MIT) 

BNL RIKEN Seminar (virtual) 
From quarks to nuclei: machine learning the structure of matter 

Jun. 4 

13 
Alexander Soloviev 
(Stony Brook U.) 

BNL RIKEN Seminar (virtual) 
Transport and hydrodynamics in the chiral limit 

Jun. 11 

14 
Gregory Soyez 
(IPhT) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
The quest for precision across scales 

Jun. 12 

15 
Shao-Feng Wu 
(Shanghai U., Yangzhou 
U.) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Deep learning black hole metrics from shear viscosity 

Jun. 18 

16 
Akihiko Monnai 
(JWU) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Prompt, pre-equilibrium, and thermal photons in relativistic nuclear collisions 

Jun. 19 

17 
Munekazu Horikoshi 
(Osaka City U.) 

SNP Seminar 
Ultracold AMO experiment for quantum few-body and many-body 

Jun. 22 

18 
Mamiya Kawaguchi 
(Fudan U.) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Nonperturbative quark-flavor breaking at chiral crossover criticality in hot QCD 

Jun. 25 

19 
Lukas Weih 
(ITP) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Postmerger gravitational-wave signatures of phase transitions in binary mergers 

Jun. 26 

20 
Chris Greene 
(Purdue U.) 

SNP Seminar 
Linking Efimov physics, few-fermion universality, and the 3n and 4n systems 

Jul. 10 

21 
Andreas Ipp 
(TU) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Transverse momentum broadening in the Glasma 

Jul. 10 

22 
Asmita Mukherjee 
(IIT) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Probing Gluon Sivers Function in J/ψ production at the Electron-Ion Collider 

Jul. 17 

23 
Xiang Gao, 
(BNL) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Parton distribution functions inside hardron from lattice QCD 

Jul. 23 

24 
Gregory Johnson, 
(NCSU) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Universal location of the Yang-Lee edge singularity in O(N) theories 

Jul. 24 

25 
C.-J. David Lin 
(National Chiao-Tung U.) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Massive Thirring model in 1+1 dimensions from matrix product states 

Jul. 30 

26 
Zhangbo Kang 
(UCLA) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
QCD factorization and resummation in the small-x regime 

Jul. 31 

27 
Sinya Aoki 
(YITP) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Conserved charges in general relativity and its implication on Oppenheimer-Volkoff equation 

Aug. 7 

28 
Vincent Cheung 
(UC Davis) 

Nuclear Physics & RIKEN Theory Seminar (virtual） 
Quarkonium production and polarization in the color evaporation model 

Aug. 13 

29 
Mithat Unsal 
(NCSU) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Strongly coupled QFT dynamics via TQFT coupling 

Aug. 21 
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30 
Pasi Huovinen 
(Inst. Physics Belgrade) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Does eta/s depend on EoS? 

Aug. 28 

31 
Peng Zhang (Renmin 
University, Beijing) 

SNP Seminar 
Laser control of two-body processes in nuclear and cold-atom systems 

Sep. 3 

32 
Hans-Werner Hammer 
(TU Darmstadt) 

SNP Seminar 
The lifetime of the hypertriton 

Sep. 3 

33 
Bowen Xiao 
(CCNU) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
The curious story of the photon 

Sep. 4 

34 Vajravelu Ravindran 
Nuclear Physics & RIKEN Theory Seminar (virtual) 
On next to soft corrections to Inclusive cross sections at the colliders 

Sep. 11 

35 
Jesse Stryker 
(U. Washington) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Loop, string, and hadron dynamics in SU(2) Hamiltonian lattice gauge theories 

Sep. 18 

36 
Christian Bierlich 
(Lund U.) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
New applications of dipole Monte Carlo implementations 

Sep. 25 

37 
Tetsuo Hyodo 
(TMU) 

SNP Seminar 
Λ (1405) as a hadronic molecule 

Sep. 28 

38 
Aleksi Vuorinen 
(U. Helsinki) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Quark matter cores in massive neutron stars 

Oct. 2 

39 
Yiannis Makris 
(INFN) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Groomed and energy-energy correlation event shapes in DIS 

Oct. 9 

40 
Ying Zhang 
(Tianjin U., RIKEN) 

SNP Seminar 
Farewell seminars of Ying Zhang and Jinniu Hu 
Lambda halo structure of C, B and Zr isotopes 

Oct. 14 

41 
Jinniu Hu 
(Nankai U., RIKEN) 

SNP Seminar 
Farewell seminars of Ying Zhang and Jinniu Hu 
The mass limit of a neutron star 

Oct. 14 

42 
Chien Yeah Seng 
(U. Bon) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
The quest for explaining the top-row CKM unitarity deficit 

Oct. 16 

43 
Volker Koch 
(LBNL) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Correlations, fluctuations and the QCD phase diagram 

Oct. 23 

44 
Servaas Kokkelmans 
(TU/e) 

SNP Seminar 
Elastic few-body interactions in dilute Bose gases 

Oct. 27 

45 
Isobel Kolbe, 
(U. Washington) 

BNL RIKEN Seminar (virtual) 
Matter and radiation in the fragmentation region of heavy-ion collisions 

Nov. 5 

46 
Dr Xin An 
(NC State U.) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Deterministic fluctuating hydrodynamics and relativistic heavy-ion collisions 

Nov. 6 

47 
Viljami Leino, 
(TUM) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Heavy quark diffusion constant from the lattice" 

Nov. 13 

48 
Heng-Tong DING 
(CCNU) 

BNL RIKEN Seminar (virtual) 
Correlated Dirac eigenvalues and axial anomaly in chiral symmetric QCD 

Nov. 19 

49 
Thomas Cohen 
(Maryland U.) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Surprises in large Nc Thermodynamics 

Nov. 20 

50 
Shun Uchino 
(JAEA) 

SNP Seminar 
Atomtronics 

Nov. 26 

51 
Teppei Kitahara 
(Nagoya U.) 

BNL RIKEN Seminar (virtual) 
Electroweak effective field theory from massive scattering amplitudes 

Dec. 3 

52 
Aleksey Cherman 
(U. Minnesota Twin Cities) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Higgs-confinement phase transitions with fundamental representation matter 

Dec. 4 
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Nov. 6
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(CCNU)

BNL RIKEN Seminar (virtual)
Correlated Dirac eigenvalues and axial anomaly in chiral symmetric QCD

Nov. 19

49
Thomas Cohen
(Maryland U.)

Nuclear Physics & RIKEN Theory Seminar (virtual)
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50
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SNP Seminar
Atomtronics

Nov. 26

51
Teppei Kitahara
(Nagoya U.)

BNL RIKEN Seminar (virtual)
Electroweak effective field theory from massive scattering amplitudes

Dec. 3

52
Aleksey Cherman
(U. Minnesota Twin Cities)

Nuclear Physics & RIKEN Theory Seminar (virtual)
Higgs-confinement phase transitions with fundamental representation matter

Dec. 4

53 
Hidenori Fukaya 
(Osaka U.) 

BNL RIKEN Seminar (virtual) 
Study of axial U(1) anomaly at high temperature with lattice chiral fermions 

Dec. 10 

54 
Shin Inouye 
(Osaka City U.) 

SNP Seminar 
Measurement of the variation of electron-to-proton mass ratio using ultracold molecules 
produced from laser-cooled atoms 

Dec. 11 

55 
Salazar Wong 
(Stony Brook U.) 

BNL RIKEN Seminar (virtual) 
Gluon imaging using azimuthal correlations in diffractive scattering at the Electron-Ion 
Collider 

Dec. 17 

56 
Srimoyee Sen 
(Iowa State U.) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Quarkyonic model for neutron stars 

Dec. 18 

57 
Yair Mulian 
(Jyvaskyla U.) 

BNL RIKEN Seminar (virtual) 
Toward full result for next-to-leading order dijet production in proton-nucleus collisions 

Jan. 7 

58 
Pavel Kovtun 
(U. Victoria) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Relativistic Navier-Stokes equations 

Jan. 8 

59 
Heng-Tong DING 
(CCNU) 

BNL RIKEN Seminar (virtual) 
Correlated Dirac eigenvalues and axial anomaly in chiral symmetric QCD 

Jan. 14 

60 
Yuichiro Mori 
(KEK) 

BNL RIKEN Seminar (virtual) 
Weak value and CP violation measurement 

Jan. 21 

61 
Martin Gonzalez-Alonso 
(U. Valencia) 

High-Energy Physics & RIKEN Theory Seminar (virtual) 
EFT constraints from neutrino oscillation data 

Jan. 21 

62 
Tokuro Fukui 
(Kyoto U.) 

SNP Seminar 
Many-body effective models with chiral interaction 

Jan. 22 

63 
Varun Vaidya 
(MIT) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Effective Field theory for jet substructure in heavy ion collisions 

Jan. 22 

64 
Ian Balitsky 
(JLab, ODU) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Gauge-invariant TMD factorization for Drell-Yan hadronic tensor at small x 

Jan. 29 

65 
James Halverson 
(Northeastern) 

BNL RIKEN Seminar (virtual) 
A triangle of influence: Bringing together physics, pure mathematics, and computer science 

Feb. 4 

66 
Andrew Hanlon 
(BNL) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Two-baryon interactions from lattice QCD 

Feb. 5 

67 
Philipp Scior 
(BNL) 

BNL RIKEN Seminar (virtual) 
Spectral functions from the real-time functional renormalization group 

Feb. 18 

68 
Michael Ramsey-Musolf 
(U Mass) 

High-Energy Physics & RIKEN Theory Seminar (virtual) 
Was there an electroweak phase transition?" 

Feb. 19 

69 
Konrad Tywoniuk 
(U. Bergen) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Energy loss of QCD jets in heavy-ion collisions 

Feb. 24 

70 
Shimpei Endo 
(Tohoku U.) 

SNP Seminar 
Are atoms spherical? 

Feb. 25 

71 
Yusuke Tanimura 
(Tohoku U.) 

SNP Seminar 
How to visualize nuclear many-body correlations? 

Feb. 25 

72 
Mattia Bruno 
(CERN) 

High-Energy Physics & RIKEN Theory Seminar (virtual) 
Variations on the Maiani-Testa approach and the inverse problem 

Feb. 25 

73 
Peter Schweitzer, 
(Connecticut U.) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
The D-term and forces inside hadrons 

Feb. 26 

74 
Paul Caucal 
(BNL) 

BNL RIKEN Seminar (virtual) 
Pinning down pQCD modifications of in-medium jet evolution with substructure observables 

Mar. 4 

75 
Andreas von Manteuffel 
(MSU) 

High-Energy Physics & RIKEN Theory Seminar (virtual) 
Mixed EW-QCD two-loop amplitudes for Drell-Yan dilepton production 

Mar. 4 
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76 
Yizhuang Liu 
(U. Regensburg) 

Nuclear Physics & RIKEN Theory Seminar (virtual） 
Quantum anomalous energy and proton mass decomposition 

Mar. 5 

77 
Yuber Perez-Gonzalez 
(Fermilab, Northwestern) 

High-Energy Physics & RIKEN Theory Seminar (virtual) 
Neutrinos from Primordial Black Holes, an opera in two acts 

Mar. 11 

78 
Raoul Rontsch 
(CERN) 

High-Energy Physics & RIKEN Theory Seminar (virtual) 
Mixed QCD-electroweak corrections to vector boson production and their impact on the W-
mass measurement by Raoul Rontsch (CERN)" 

Mar. 18 

79 
Yukinari Sumino 
(Tohoku U.) 

Nuclear Physics & RIKEN Theory Seminar (virtual) 
Understanding heavy quark-antiquark system by perturbative QCD 

Mar. 19 

80 
Yifei Niu 
(Lanzhou U.) 

SNP Seminar 
Beyond mean-field description of nuclear weak interaction processes in stars 

Mar. 25 

QHP Seminar → http://ribf.riken.jp/QHP/seminar.html 
SNP Seminar → http://snp.riken.jp/seminar.html 
RIKEN/BNL Lunch Time Talk → https://www.bnl.gov/events/ 
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78
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79
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(Tohoku U.)

Nuclear Physics & RIKEN Theory Seminar (virtual)
Understanding heavy quark-antiquark system by perturbative QCD

Mar. 19

80
Yifei Niu
(Lanzhou U.)

SNP Seminar
Beyond mean-field description of nuclear weak interaction processes in stars

Mar. 25

QHP Seminar → http://ribf.riken.jp/QHP/seminar.html
SNP Seminar → http://snp.riken.jp/seminar.html
RIKEN/BNL Lunch Time Talk → https://www.bnl.gov/events/

Events (April 2020—March 2021)

RNC 

Jul. 1 13 The 14th Industrial Program Advisory Committee (In-PAC) 

Jul. 16 The 26th RBRC Management Steering Committee (MSC) 

Jul. 30 The 15th Industrial Program Advisory Committee (In-PAC) 

Aug.20 The 27th RBRC Management Steering Committee (MSC) 

Dec.14 16 The 21st Program Advisory Committee for Nuclear Physics Experiments at RI Beam Factory (NP-PAC) 

Dec.19 Jan.13 The 16th Industrial Program Advisory Committee (In-PAC) 

Jan.13 20 The 20th Program Advisory Committee for Materials and Life Science Researches at RIKEN Nishina Center (ML-PAC) 

CNS 

Aug. 17–21 19th CNS International Summer School (CNSSS20) 
https://indico2.cns.s.u-tokyo.ac.jp/event/102/ 

–

–

–

–
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Press Releases (April 2020−March 2021)

RNC 

May. 15 Extending the southern shore of the island of inversion to 28F T. Uesaka, H. Otsu, Spin isospin Laboratory,
SAMURAI Team

May. 28 “A single proton can make a heck of a difference” 
 —Exploring the limits of existence of neutron-rich nuclei— 

T. T. Leung, Spin isospin Laboratory 

Jun. 18 Halo structure of the neutron-dripline nucleus 19B 
H. Otsu, K. Yoneda, SAMURAI Team, Spin
isospin Laboratory

Jun. 23 Left-right asymmetry of π meson production from proton collisions 
—New discovery reveals the origin of particle production— Y. Goto, Radiation Laboratory

Jul. 21 High-temperature short-range order in Mn3RhSi I. Watanabe, Meson Science Laboratory

Aug. 7 Lithum diffusion in LiMnPO4 detected with μ±SR K. Ishida, Meson Science Laboratory

Aug. 21 Discovery of "two-neutron halo" in fulorine-29 
—Magicity loss at 20 and emergence of halo structure— 

H. Sakurai, P. Doornenbal, Radioactive
Isotope Physics Laboratory

Sep. 16 Mapping of a new deformation region around 62Ti T. Uesaka, Spin isospin Laboratory

Nov. 5 The impact of nuclear shape on the emergence of the neutron dripline 
T. Otsuka, H. Ueno, Nuclear Spectroscopy
Laboratory

Nov. 5 Dirac Fermion Kinetics in 3D curved graphene T. Naito, Quantum Hadron Physics Laboratory

Nov. 11 Properties of 187Ta revealed through isomeric decay M. Mukai, Nuclear Spectroscopy Laboratory

Dec. 17 A new discovery on dineutron correlation in neutron halo of Lithium-11 
—Evidence of surface localization of the dineutron found— 

T. Uesaka, Spin isospin Laboratory

Jan. 13 Broadband high-energy resolution hard X-ray spectroscopy using transition edge 
sensors at Spring-8. 

T. Tamagawa, T. Isobe, High Energy
Astrophysics Laboratory, Radioactive
Isotope Physics Laboratory

Jan. 15 Larger-than-usual rotifer fed to juvenile tuna, successfully produced 
—"Mega-rotifer" created by a heavy ion beam— 

T. Abe, K. Tsuneizumi, Ion Beam Breeding
Team

Jan. 21 
Alpha particles found at the surface of nuclei of Sn 
—Unraveling the mystery of the structure of neutron stars and the process of alpha 
decay— 

T. Uesaka, Spin isospin Laboratory

Feb. 18 Co-precipitation behavior of single atoms of rutherfordium in basic solutions H. Haba, Nuclear Chemistry Research Team

Mar. 22 Prediction of a new quantum phase "mixed bubble" at ultra-low temperatures. 
—Discovery of quantum partial miscibility between miscibility and immiscibility— 

P. Naidon, Strangeness Nuclear Physics
Laboratory

KEK 

Nov. 11 
中性子過剰なタンタル核異性体で探る原子核形状の多様性 
—原子核構造の研究から重元素合成の起源天体解明に迫る— 
https://www.kek.jp/ja/press/ipns_pr20201111-2/ 

P. M. Walker, Y. Hirayama
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Press Releases (April 2020−March 2021)

RNC

May. 15 Extending the southern shore of the island of inversion to 28F 
T. Uesaka, H. Otsu, Spin isospin Laboratory,
SAMURAI Team

May. 28 “A single proton can make a heck of a difference”
—Exploring the limits of existence of neutron-rich nuclei— 

T. T. Leung, Spin isospin Laboratory

Jun. 18 Halo structure of the neutron-dripline nucleus 19B
H. Otsu, K. Yoneda, SAMURAI Team, Spin
isospin Laboratory

Jun. 23 Left-right asymmetry of π meson production from proton collisions
—New discovery reveals the origin of particle production— Y. Goto, Radiation Laboratory

Jul. 21 High-temperature short-range order in Mn3RhSi I. Watanabe, Meson Science Laboratory

Aug. 7 Lithum diffusion in LiMnPO4 detected with μ±SR K. Ishida, Meson Science Laboratory

Aug. 21 Discovery of "two-neutron halo" in fulorine-29
—Magicity loss at 20 and emergence of halo structure— 

H. Sakurai, P. Doornenbal, Radioactive
Isotope Physics Laboratory 

Sep. 16 Mapping of a new deformation region around 62Ti T. Uesaka, Spin isospin Laboratory

Nov. 5 The impact of nuclear shape on the emergence of the neutron dripline
T. Otsuka, H. Ueno, Nuclear Spectroscopy
Laboratory

Nov. 5 Dirac Fermion Kinetics in 3D curved graphene T. Naito, Quantum Hadron Physics Laboratory

Nov. 11 Properties of 187Ta revealed through isomeric decay M. Mukai, Nuclear Spectroscopy Laboratory

Dec. 17 A new discovery on dineutron correlation in neutron halo of Lithium-11
—Evidence of surface localization of the dineutron found— 

T. Uesaka, Spin isospin Laboratory

Jan. 13 Broadband high-energy resolution hard X-ray spectroscopy using transition edge
sensors at Spring-8.

T. Tamagawa, T. Isobe, High Energy
Astrophysics Laboratory, Radioactive
Isotope Physics Laboratory

Jan. 15 Larger-than-usual rotifer fed to juvenile tuna, successfully produced
—"Mega-rotifer" created by a heavy ion beam— 

T. Abe, K. Tsuneizumi, Ion Beam Breeding
Team

Jan. 21
Alpha particles found at the surface of nuclei of Sn
—Unraveling the mystery of the structure of neutron stars and the process of alpha
decay— 

T. Uesaka, Spin isospin Laboratory

Feb. 18 Co-precipitation behavior of single atoms of rutherfordium in basic solutions H. Haba, Nuclear Chemistry Research Team

Mar. 22 Prediction of a new quantum phase "mixed bubble" at ultra-low temperatures.
—Discovery of quantum partial miscibility between miscibility and immiscibility— 

P. Naidon, Strangeness Nuclear Physics 
Laboratory

KEK

Nov. 11
中性子過剰なタンタル核異性体で探る原子核形状の多様性
—原子核構造の研究から重元素合成の起源天体解明に迫る— 
https://www.kek.jp/ja/press/ipns_pr20201111-2/

P. M. Walker, Y. Hirayama
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Not Applicable 

RIKEN NC-AC 
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RIKEN MP 

Not Applicable 

RIKEN QHP 

418 Partial wave decomposition on the lattice and its applications to the HAL QCD method T. Miyamoto et al. 

419 Superfluid phase transitions and effects of thermal pairing fluctuations in asymmetric nuclear 
matter H. Tajima et al. 

420 Non-relativistic expansion of single-nucleon Dirac equation: Comparison between 
Foldy-Wouthuysen transformation and similarity renormalization group Y. Guo, H. Liang

421 Coulomb energy density functionals for nuclear systems: Recent studies of coulomb exchange 
and correlation functionals T. Naito et al. 

422 Coexistence of giant Cooper pairs with a bosonic condensate and anomalous behavior of energy 
gaps in the BCS-BEC crossover of a two-band superfluid Fermi gas Y. Yerin et al. 

423 Probing Ω-Ω and p-Ω dibaryons with femtoscopic correlations in relativistic heavy-ion collisions K. Morita et al. 

424 How to improve functionals in density functional theory? —Formalism and benchmark 
calculation— T. Naito et al. 

425 Heavy hadronic molecules with pion exchange and quark core couplings: a guide for practitioners Y. Yamaguchi et al. 

426 Theoretical study of Nb isotope productions by muon capture reaction on 100Mo M. Ciccarelli et al. 

427 Spin-dipole mode in a trapped Fermi gas near unitarity H. Tajima et al. 

428 Relativistic density functional theory with finite-light-speed correction for the Coulomb 
interaction: a non-relativistic-reduction-based approach T. Naito et al. 

429 Possible lightest Ξ hypernucleus with modern ΞN interactions E. Hiyama et al. 

430 Lattice QCD and baryon-baryon interactions: HAL QCD method S. Aoki, T. Doi

431 Study of the pion-pion scatterings with a combination of all-to-all propagators and the HAL QCD 
method Y. Akahosh et al. 

432 Exploring the QCD phase diagram at finite density by the complex Langevim method on a 163 × 
32 lattice S. Tsutsui

433 Emergent discrete 3-form symmetry and domain walls Y. Hidaka et al. 

434 BCS-BEC crossover and pairing fluctuations in a two-band superfluid/superconductor: a T-matrix 
approach H. Tajima et al. 

435 ΛΛ and NΞ interactions from Lattice QCD near the physical point K. Sasaki et al. 

436 Non-relativistic expansion of Dirac equation with spherical scalar and vector potentials by 
reconstituted Foldy-Wouthuysen transformation Y. Guo, H. Liang

437 Collisional dynamics of polaronic clouds immersed in a Fermi sea H. Tajima et al. 

438 Towards an ab initio covariant density functional theory for nuclear structure S. Shen et al. 
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439 Predictions of nuclear beta-decay half-lives with machine learning and their impact on r-process 
nucleosynthesis Z. M. Niu et al. 

440 Goldstino spectrum in an ultracold Bose-Fermi mixture with explicitly broken supersymmetry H. Tajima et al. 

441 Quantum kinetic theory for spin transport: general formalism for collisional effects D.-L. Yang et al. 

442 Measurement of the Decays Λc → Σππ at Belle M. Berger et al 

443 First evidence for cos 2β > 0 and resolution of the Cabibbo-Kobayashi-Maskawa quark-mixing 
unitarity triangle ambiguity I. Adachi et al 

444 Measurement of cos 2β in B0 → D (*)h0 with D → KS0π +π – decays by a combined time-dependent 
Dalitz plot analysis of BABAR and Belle data I. Adachi et al 

445 Search for the rare decay of B+ → ℓ +νℓ γ with improved hadronic tagging M. Gelbet et al 

446 Search for a light CP-odd Higgs boson and low-mass dark matter at the Belle experiment I.S. Seong et al, 

447 Measurement of time-dependent CP violation in B 0 → KS0π 0π 0 decays Y. Yusa et al 

448 Search for CP violation with kinematic asymmetries in the D 0 → K +K –π + + π – decay J. B. Kim et al 

449  Observation of transverse Λ/𝛬𝛬𝛬𝛬̅ hyperon polarization in e + + e – annihilation at Belle Y. Guan et al 

450 Observation of Ξ (1620)0 and evidence for Ξ (1690)0 in 𝛯𝛯𝛯𝛯𝑐𝑐𝑐𝑐+ →  𝛯𝛯𝛯𝛯−𝜋𝜋𝜋𝜋+𝜋𝜋𝜋𝜋+ decays M. Sumihama et al 

451 Measurements of isospin asymmetry and difference of direct CP asymmetries in inclusive B → Xsγ 
decays S. Watanuki et al 

452 First Measurements of absolute branching fractions of the Ξ c+ baryon at Belle Y. B. Li et al 

453 Observation of B + → p𝛬𝛬𝛬𝛬̅K +K – and B + → 𝑝̅𝑝𝑝𝑝ΛK +K + P.-C. Lu et al 

454 Search for the B → Y (4260)K, Y (4260) → J/ψπ +π – decays R. Garg et al 

455 Measurements of branching fraction and direct CP asymmetry in 𝐵𝐵𝐵𝐵± → 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠0𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠0𝐾𝐾𝐾𝐾± and a search for 
𝐵𝐵𝐵𝐵± → 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠0𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠0𝜋𝜋𝜋𝜋±  A. B. Kaliyar et al 

456  Evidence for the decay 𝐵𝐵𝐵𝐵0 → 𝑝̅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜋𝜋𝜋𝜋0 B. Pal et al 

457 Search for 𝛸𝛸𝛸𝛸(3872) and 𝛸𝛸𝛸𝛸(3915) decay into χc1 in B decays at Belle V. Bhardwaj et al 

458 Transverse momentum dependent production cross sections of charged pions, kaons and protons 
produced in inclusive e+e ‒ annihilation at √𝑠𝑠𝑠𝑠 = 10.58 GeV R. Seidl et al 

459 Measurement of branching fraction and final-state asymmetry for the 𝐵𝐵𝐵𝐵�0 → 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠0𝐾𝐾𝐾𝐾∓𝜋𝜋𝜋𝜋± decay Y.-T. Lai et al 

460 Evidence for 𝐵𝐵𝐵𝐵+ → hc𝐾𝐾𝐾𝐾+ and observation of 𝜂𝜂𝜂𝜂𝑐𝑐𝑐𝑐(2𝑆𝑆𝑆𝑆) → 𝑝𝑝𝑝𝑝𝑝̅𝑝𝑝𝑝𝜋𝜋𝜋𝜋+𝜋𝜋𝜋𝜋− K. Chilikin et al 

461 Search for 𝐵𝐵𝐵𝐵0 →  𝛸𝛸𝛸𝛸(3872)𝛾𝛾𝛾𝛾 P.-C. Chou et al 

462 First measurements of absolute branching fractions of the 𝛯𝛯𝛯𝛯𝑐𝑐𝑐𝑐+ baryon at Belle Y. B. Li et al 

463 Search for Ω (2012) → KΞ (1530) → KπΞ at Belle S. Jia et al 

464 Measurement of the CKM matrix element |Vcb| from 𝐵𝐵𝐵𝐵0 → 𝐷𝐷𝐷𝐷∗−ℓ+𝜈𝜈𝜈𝜈ℓ at Belle E. Waheed et al 

465 Observation of 𝜏𝜏𝜏𝜏− →  𝜋𝜋𝜋𝜋−𝜈𝜈𝜈𝜈𝜏𝜏𝜏𝜏𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− and search for 𝜏𝜏𝜏𝜏− →  𝜋𝜋𝜋𝜋−𝜈𝜈𝜈𝜈𝜏𝜏𝜏𝜏𝜇𝜇𝜇𝜇+𝜇𝜇𝜇𝜇− Y. Jin et al 

466 First measurement of the CKM angle φ3 with 𝐵𝐵𝐵𝐵± → 𝐷𝐷𝐷𝐷(𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠0𝜋𝜋𝜋𝜋+𝜋𝜋𝜋𝜋−𝜋𝜋𝜋𝜋0)𝐾𝐾𝐾𝐾± decays P. K. Resmi et al 

467 Observation of a new structure near 10.75 GeV in the energy dependence of the 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− →
 𝛶𝛶𝛶𝛶(𝑛𝑛𝑛𝑛𝑆𝑆𝑆𝑆)𝜋𝜋𝜋𝜋+𝜋𝜋𝜋𝜋−(𝑛𝑛𝑛𝑛 = 1, 2, 3) cross sections R. Mizuk et al 

468 Azimuthal asymmetries of back-to-back 𝜋𝜋𝜋𝜋± − (𝜋𝜋𝜋𝜋0,𝜂𝜂𝜂𝜂,𝜋𝜋𝜋𝜋±) pairs in 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− annihilation H. Li et al 

469 Measurements of the branching fractions ℬ(𝐵𝐵𝐵𝐵− → 𝛬𝛬𝛬𝛬𝑐̅𝑐𝑐𝑐𝛯𝛯𝛯𝛯𝑐𝑐𝑐𝑐
′0), ℬ(𝐵𝐵𝐵𝐵− → 𝛬𝛬𝛬𝛬𝑐̅𝑐𝑐𝑐𝛯𝛯𝛯𝛯𝑐𝑐𝑐𝑐(2645)0) and ℬ(𝐵𝐵𝐵𝐵− →

𝛬𝛬𝛬𝛬𝑐̅𝑐𝑐𝑐𝛯𝛯𝛯𝛯𝑐𝑐𝑐𝑐(2790)0) Y. Li et al 

470 Observation of a vector charmoniumlike state in 𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒− → 𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠+𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠1(2356)− + 𝑐𝑐𝑐𝑐. 𝑐𝑐𝑐𝑐.  S. Jia et al 
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