VI. RNC ACTIVITIES

1. Organization

1.1 Organization Chart as of March 31, 2020

President RIKEN
Hiroshi Matsumoto

Nishina Center Advisory Council
(NCAC)

RBRC Scientific Review
Committee (SRC)

International Adviscrﬁy Committee
for the RIKEN-RAL Muon Facility

RBRC Management
Steering Committee(MSC)

I Wako Branch

Nishina Center and
ITHEMS Promotion Office

Nishina Center for Accelerator-Based Science
Hideto En'yo

Deputy Director:Hiroyoshi Sakurai

Deputy Director:0samu Kamigaito
Deputy Director.Tomoko Abe
Senior Advisor:Yasushige Yano
Senior Advisor:Tohru Motobayashi
Senior Advisor:Hideyuki Sakai

Coordination Committee
Program Advisory Committee
Safety Review Committee
Machine Time Committee

Public Relations Committee

(End of FY2019)
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¥ Nuclear Science and Transmutation Research Division

I Radioactive Isotope Physics Laboratory

Hiroyoshi Sakurai

Spin Isospin Laborato
I g . i Tomohiro Uesaka

Nuclear Spectroscopy Laboratory
Hideki Ueno

High Energy Astrophysics Laboratory
Toru Tamagawa

I Superheavy Element Research Group
Kosuke Morita

Astro-Glaciology Research Grouy
l £l Y%kn Matizuki

I Nuclear Transmutation Data Research Group :
Hiroyoshi Sakurai

High-Intensity Accelerator R&D Group
Osamu Kamigaito

Research Facility Development Division
Accelerator Group
Osamu Kamigaito

Deputy Director: Hiroki OKUNO (Intensity Upgrade),
Nobuhisa FUKUNISHI (Stable Operation)

Instrumentation Development Group
Masanori Wakasugi

Research Instruments Group ‘
Tomohiro Uesaka

I Superheavy Element Production Team
Hiromitsu Haba

I Superheavy Element Device Development Team
Kouji Morimoto

I Fast Rl Data Team -
Hideaki Otsu

Toshiyuki Sumikama

I Slow Rl Data Team

Muon Data Team
Hiroyoshi Sakurai

High-Gradient Cavity R&D Team
Naruhiko Sakamoto

I High-Power Target R&D Team
Hiroki Okuno

Accelerator R&D Team
Hiroki Dkuno

lon Source Team .
Takahide Nakagawa

RILAC Team
Eiii kezawa

Cyclotron Team
Naruhiko Sakamoto

Beam Dynamics & Diagnostics Team o
Nobuhisa Fukunishi

Cryogenic Technology Team
Hiroki Okuno

Infrastructure Management Team .
Osamu Kamigaito

SLOWRI Team

Hironobu Ishiyama

Rare RI-Ring Team
Masanori Wakasugi

SCRIT Team

Masanori Wakasugi

BigRIPS Team
Koichi Yoshida

SAMURAI Team -
Hideaki Otsu

Computing and Network Team
Hidetada Baba

Detector Team

Hiromi Sato
W Accelerator Applications Research Division
| Beam Mutagenesis Group lon Beam Breeding Team
Tomoko Abe Tomoko Abe
Plant Genome Evolution Research Team
Tomoko Abe

I RI Application Research Group

Hiromitsu Haba

Nuclear Chemistry Research Team
Hiromitsu Haba

I Industrial Application Research Team
Atsushi Yoshida

W Subnuclear System Research Division

| I Quantum Hadron Physics Laboratory
Tetsuo Hatsuda

Strangeness Nuclear Physics Laboratory
Emiko Hivama

I Radiation Labaratory
Hideto En'yo

Meson Science Laboratory
Masahiko lwasaki

I RIKEN BNL Research Center

I Theory Group

Hideto En'yo Kharzeev Dmitri E.
I Experimental Group
Yasuyuki Akiba
I Computing Group )
Taku lzubuchi
I RIKEN Facility Office at RAL
I Philip King
I Safety Management Group
Kanenobu Tanaka
I User Liaison Group - I RIBF User Liaison Team -
Hideki Ueno Ken-ichiro Yoneda
I Outreach Team
Hideki Ueno
I Office of the Center Director
Hideto En’ yo
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1.2 Topics in FY2019

VI. RNC ACTIVITIES

Year Date Topics in Management
2019 Apr. 1 Newly appointed:
pr: Deputy Director of RIKEN BNL Research Center: David MORRISON
2019 Apr. 1 Newly appointed:
pr: Team Leader of Plant Genome Evolution Research Team: Tomoko ABE
2. Finances

A transition of the RNC budget for the past four years is shown in following graph.
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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

Million Yen

2016

2017 2018 2019

graphs show a breakdown of personnel into six categories as of April 1, 2019, and a transition of the number of each category.
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4. Research publication

The number of papers published annually from RNC is shown graphically using the data obtained from Clarivate Analytics’ Web of Science
Documents.
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2016 2017 2018 2019
Publication Year
Citation analysis for the past four years
As of April 2020
Year
2016 2017 2018 2019
Indicators
Total number of papers 347 298 286 301
Percentage of papers in top 10% 15.85 16.78 20.63 9.63
Percentage of papers in top 1% 1.44 2.68 4.20 1.00
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5. Management

Headed by the RNC Director Hideto En'yo, the RIKEN Nishina Center for Accelerator-Based Science (RNC) consists of:

e 9 Laboratories
e 10 Groups with 27 Teams
e 2 overseas research centers with 3 Groups

as of the end of FY2019. 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:

e Program Advisory Committee

o Safety Review Committee

e RIBF Machine Time Committee
o Public Relations Committee

There are also committees to support the President of RIKEN and/or the Director of RNC such as:

o 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)

H Nishina Center for Accelerator-based Science

Executive Members (as of March 31, 2020)

Hideto EN'YO Director

Hiroyoshi SAKURAI Deputy Director (Nuclear Science and Transmutation Research Division)
Osamu KAMIGAITO Deputy Director (Research Facility Development Division)

Tomoko ABE Deputy Director (Accelerator Application Division)

Yasushige YANO Senior Advisor

Tohru MOTOBAYASHI Senior Advisor

Hideyuki SAKAI Senior Advisor

H 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, 2020)

Hideto EN'YO Director, RNC; Director, Radiation Laboratory

Hiroyoshi SAKURAI Deputy 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, lon Beam Breeding Team and Plant
Genome Evolution Research Team

Yasushige YANO Senior Advisor, RNC

Tohru MOTOBAYASHI Senior Advisor, RNC

Hideyuki SAKAI 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

Kosuke MORITA Director, Superheavy Element Research Group

Yuko MOTIZUKI Director, Astro-Glaciology Research Group

Hiroki OKUNO Deputy Group Director, Accelerator Group; Team Leader, Accelerator R&D Team, Cryogenic Technology Team, and

High-Power Target R&D Team
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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
Team

Tetsuo HATSUDA Director, Quantum Hadron Physics Laboratory

Emiko HIYAMA Director, Strangeness Nuclear Physics Laboratory

Masahiko IWASAKI Director, Meson Science Laboratory

Kanenobu TANAKA Director, Safety Management Group

Koji MORIMOTO Team Leader, Superheavy Element Device Development Team

Hideaki OTSU Team Leader, SAMURAI Team and Fast RI Data Team

Toshiyuki SUMIKAMA Team Leader, Slow RI Data Team

Naruhiko SAKAMOTO Team Leader, Cyclotron Team and High-Gradient Cavity R&D Team

Takahide NAKAGAWA Team Leader, Ion Source Team

Eiji IKEZAWA Team Leader, RILAC Team

Hironobu ISHIYAMA Team Leader, SLOWRI Team

Koichi YOSHIDA Team Leader, BigRIPS Team

Hidetada BABA
Hiromi SATO

Team Leader, Computing and Network Team
Team Leader, Detector Team

Atsushi YOSHIDA Team Leader, Industrial Application Research Team

Ken-ichiro YONEDA Team Leader, RIBF User Liaison Team

Yasuyuki AKIBA Group Leader, Experimental Group, RIKEN BNL Research Center
Taku IZUBUCHI Group Leader, Computing Group, RIKEN BNL Research Center
Tsukasa TADA Vice Chief Scientist, Quantum Hadron Physics Laboratory

Yutaka WATANABE Deputy Team Leader, Infrastructure Management Team

Yasushi WATANABE Deputy Team Leader, RIBF User Liaison Team

Koichi ABE Director, Nishina Center and iTHEMS Promotion Office

H 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.

e Nuclear Physics Experiments at RIBF (NP-PAC): academic research in nuclear physics
e Materials and Life Science Researches at RNC (ML-PAC): academic research in materials science and life science
o Industrial Program Advisory Committee (In-PAC): non-academic research

Program Advisory Committee for Nuclear Physics Experiments at RI Beam Factory (NP-PAC)

The 20" NP-PAC was held on December 16—18, 2019 at RIBF.
Members (as of March 31, 2020)

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 Cientificas
Robert CHARITY Washington University in St. Louis

Augusto O. MACCHIAVELLI
Gabriel MARTINEZ-PINEDO

Lawrence Berkeley National Laboratory
Technische Universitdt Darmstadt, GSI Helmholtzzentrum fiir Schwerionenforschung

Iain MOORE University of Jyviskyla

David J. MORRISSEY Michigan State University

Hitoshi NAKADA Chiba University

Alexandre OBERTELLI Technische Universitit 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 18 and 19" ML-PAC was held on June 28, 2019 and January 24, 2020 at RIBF, respectively.
Members (as of March 31, 2020)

Adrian HILLIER (Chair) ISIS, RAL (UK)

Philippe MENDELS Laboratorie de Physique des Solides, Universite Paris (SUD)
Zhi QIN Institute of Modern Physics, CAS

Toshiyuki AZUMA RIKEN Cluster for Pioneering Research

Ryosuke KADONO Institute of Materials Structure Science (KEK)
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Atsushi KAWAMOTO Hokkaido University

Shigeyuki KAWANO The University of Tokyo

Kenya KUBO International Christian University

Hiroyuki YAMASE Research Center for Functional Materials, NIMS

Xu-Guang ZHENG
Robert V.F. JANSSENS

Saga University
University of North Carolina at Chapel Hill

Industrial Program Advisory Committee (In-PAC)

The 9 In-PAC was held on July 10, 2019 at RNC.

H 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, 2020)

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
Masaki SASANO
Yuichi ICHIKAWA

External members

Shinichiro MICHIMASA
Hidetoshi YAMAGUCHI

Yutaka WATANABE

Ex officio members
Kanenobu TANAKA
Hisao SAKAMOTO

Research Scientist, Radioactive Isotope Physics Laboratory
Senior Research Scientist, Spin Isospin Laboratory
Senior Research Scientist, Nuclear Spectroscopy Laboratory

Assistant Professor, Center for Nuclear Study, University of Tokyo
Lecturer, Center for Nuclear Study, University of Tokyo
Associate Professor, High Energy Accelerator Research Organization, KEK

Director, Safety Management Group
Technical Scientist, Safety Management Group

Hot-Lab Safety Review Committee

Members (as of March 31, 2020)

Kazuya TAKAHASHI (Chair) Senior Research Scientist, Nuclear Chemistry Research 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

Tetsuya OHNISHI Senior Research Scientist, SCRIT Team

H 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, 2020)

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

Hiroyoshi SAKURAI Director, Radioactive Isotope Physics Laboratory

Tomoko ABE Director, Beam Mutagenesis Group
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Hiromitsu HABA
Kanenobu TANAKA

Ken-ichiro YONEDA

Kouji MORIMOTO
Koichi YOSHIDA

External members
Kentaro YAKO

Hidetoshi YAMAGUCHI

Yutaka WATANABE

Observers
Hideto EN'YO

Susumu SHIMOURA

Michiharu WADA
Kosuke MORITA
Hideaki OTSU
Atsushi YOSHIDA

Tohru MOTOBAYASHI

Hideyuki SAKAI
Kathrin WIMMER
Yasuhiro SAKEMI
Koichi ABE

Kazushige FUKUSHIMA

H Public Relations Committee
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Director, RI Application Research Group

Director, Safety Management Group

Team Leader, RIBF User Liaison Team

Team Leader, Superheavy Element Research Device Development Team
Team Leader, BigRIPS Team

Associate Professor, Center for Nuclear Study, University of Tokyo
Lecturer, Center for Nuclear Study, University of Tokyo
Associate Professor, High Energy Accelerator Research Organization, KEK

Director, RNC

Director, Center for Nuclear Study, University of Tokyo
Director, KEK Wako Nuclear Science Center

Director, Superheavy Element Research Group

Team Leader, SAMURAI Team

Team Leader, Industrial Cooperation Team

Senior Advisor, RNC

Senior Advisor, RNC

Lecturer, University of Tokyo; Chair, The RIBF Users Executive Committee (RIBF-UEC)
Professor, Center for Nuclear Study, University of Tokyo
Director, Nishina Center and iTHEMS Promotion Office
Manager, Nishina Center and iTHEMS Promotion Office

Upon request of the RNC Director, the Public Relations Committee deliberates and coordinates the following matters:

o  Creating public relations system for RNC
o  Prioritization of the public relations activities for RNC
e  Other general and important matters concerning the public relations of RNC

Members (as of March 31, 2020)

Koichi ABE (Chair)
Hiroyoshi SAKURAI

Osamu KAMIGAITO

Tomoko ABE

Tetsuo HATSUDA
Masahiko IWASAKI
Tomohiro UESAKA
Hideki UENO

Toru TAMAGAWA
Emiko HIYAMA
Kosuke MORITA

Director, Nishina Center and iTHEMS Promotion Office

Deputy Director, RNC; Director, Radioactive Isotope Physics Laboratory
Deputy Director, RNC; Director, Accelerator Group

Deputy Director, RNC; Director, Beam Mutagenesis Group
Director, Quantum Hadron Physics Laboratory

Director, Meson Science Laboratory

Director, Spin Isospin Laboratory and Research Instruments Group
Director, Nuclear Spectroscopy Laboratory and User Liaison Group
Director, High Energy Astrophysics Laboratory

Director, Strangeness Nuclear Physics Laboratory

Director, Superheavy Element Research Group

H 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 Ton Collider (RHIC). The 25" MSC was held on May 24, 2019.

Members (as of May 24, 2019)

Motoko KOTANI
Tetsuo HATSUDA
Shoji NAGAMIYA
Robert TRIBBLE
Dmitori DENISOV
Berndt MUELLER

Executive Director, RIKEN

Program Director, RIKEN Interdisciplinary Theoretical and Mathematical Sciences Program
Senior Visiting Scientist, RNC

Deputy Director for Science and Technology, BNL

Deputy Associate Laboratory Director for High Energy Physics, BNL

Associate Laboratory Director for Nuclear and Particle Physics, BNL

6. International Collaboration

Country Partner Institute Objects

RNC contact person
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Stefan Meyer Institute for

Masahiko IWASAKI, Director, Meson Science

Austria Subatomic Physics Framework Laboratory
- - . . Creation of the council for China -Japan Hiroyoshi SAKURALI Director, Radioactive Isotope
China China Nuclear Physics Society research collaboration on nuclear physics Physics Laboratory
Peking University Nuclear Science leoyoshl SAKURALI, Director, Radioactive Isotope
Physics Laboratory
Institute of Modern Physics, Physics of heavy ions Hiroyoshi SAKURALI Director, Radioactive Isotope
Chinese Academy of Science Y y Physics Laboratory
School of Nuclear Science and Framework Masahiko IWASAKI, Director, Meson Science
Technology, Lanzhou University Laboratory
School of Physics, Nanjing Framework Emiko HIYAMA, Director, Strangeness Nuclear
University Physics Laboratory
Department of Physics, Faculty of E . . . . . P
; . . xperimental and educational research Hiroyoshi SAKURALI Director, Radioactive Isotope
Science, The University of Hong llaboration i : 1 nucl hysi g
Kong collaboration in experimental nuclear physics | Physics Laboratory
School of physics, Nankai Framework Emiko HIY AMA, Director, Strangeness Nuclear
University Physics Laboratory
Finland University of Jyvaskyla Basic nuclear physics and related Hironobu ISHIYAMA, Team Leader, SLOWRI
instrumentation Team
National Institute of Nuclear ; ; : .
France Physics and Particle Physics Physics of heavy ions Eomohlro UESAKA, Director, Spin Isospin
aboratory
(IN2P3)
A Tomohiro UESAKA, Director, Spin Isospin
Normandy University Framework Laboratory
Germany Technische Universitit Miinchen Nuclear physics, hadron physics, nuclear Emiko HIYAMA, Director, Strangeness Nuclear
astrophysics Physics Laboratory
GSI Physics of heavy jons and accelerator leoyoshl SAKURAL Director, Radioactive Isotope
Physics Laboratory
Department of Physics, Framework Emiko HIY AMA, Director, Strangeness Nuclear
Technische Universitit Darmstadt Physics Laboratory
The Institute of Nuclear Research . . . .
Hungary of the Hungarian Academy of Nuclear physics, Atomic Physics Eg{:}) 22:{;; UESAKA, Director, Spin Isospin
Sciences (ATOMKI) y
Indonesia ITB, UNPAD, ITS, UGM, Ul Material scienqe_using muons at the RIKEN- | Masahiko IWASAKI, Director, Meson Science
RAL muon facility Laboratory
Agricultural science and related fields
Hasanuddin University involving heavy-ion beam mutagenesis using | Tomoko ABE, Director, Beam Mutagenesis Group
Indonesian crops
Applied Physics Division,
National Institute for New Hiroyoshi SAKURAL, Director, Radioactive Isotope
Ttaly - Framework ’
Technologies, Energy and Physics Laboratory
Environment (ENEA)
European Center for Theoretical ;
Studies in Nuclear Physics and Theoretical physics gﬁtssuigs%:gosrggf, Director, Quantum Hadron
Related Areas (ECT*) Y y
Istituto Nazionale di Fisica Physics of heavy ions Hiroyoshi SAKURAL Director, Radioactive Isotope
Nucleare (INFN) Y y Physics Laboratory
Country Partner Institute Objects RNC contact person
. . . L Hiroyoshi SAKURALI, Director, Radioactive Isotope
Korea Seoul National University Nishina School Physics Laboratory
College of Natural Science, Ewha F X Tomohiro UESAKA, Director, Spin Isospin
Women’s University ramewor Laboratory
College of Natural Sciences, F " Emiko HIYAMA, Director, Strangeness Nuclear
INHA University ramewor Physics Laboratory
Malaysia Universiti Sains Malaysia Muon Science yasahlko IWASAKI, Director, Meson Science
aboratory
Faculty of Mathematics and - - : S
Norway Natural Science, University of Framework Hiroyoshi SAKURALI, Director, Radioactive Isotope

Oslo (UiO MN)

Physics Laboratory
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The Henryk Niewodniczanski
Institute of Nuclear

Hiroyoshi SAKURAL Director, Radioactive Isotope

Poland Physics, Polish Academy of Framework Physics Laboratory
Sciences(IFPAN)
“Horia Hulubei” National
Romania Insti.tute Qf Physics and Nuclear Framework Tomohiro UESAKA, Director, Spin Isospin
Engineering Bucharest-Magurele, Laboratory
Romania
University of Bucharest Framework Tomohiro UESAKA, Director, Spin Isospin
Laboratory
Russia Joint Institute for Nuclear Framework Tomohiro UESAKA, Director, Spin Isospin
Research (JINR) Laboratory
Russian Research Center Hiroyoshi SAKURALI, Director, Radioactive Isotope
Framework

“Kurchatov Institute”

Physics Laboratory

Improve the performance and reliability of

Switzerland | Paul Scherrer Institute
accelerator systems

Osamu KAMIGAITO, Director, Accelerator Group

USA Columbia University The development of QCDCQ Hideto EN’YO, Director, Radiation Laboratory
o - . Comprehensive Tomohiro UESAKA, Director, Spin Isospin
Michigan State University The use of TPC (Time Projection Chamber) Laboratory
Vietnam gietnam Atomic Energy Framework Hiroyoshi SAKURALI, Director, Radioactive Isotope
ommission Physics Laboratory
European Nuclear Science and . - . .
Europe Application Framework Eog‘lohtlro UESAKA, Director, Spin Isospin
Research2 aboratory
The European Oreanization for R&D and application of micro-pattern gas
P & detectors (MPGD) technology (RD51 Hideto EN’YO, Director, Radiation Laboratory
Nuclear Research (CERN) Collaboration)
EI?J?;IIE: ;lrr(ﬁ):;r;rcc);g(%lgﬁ%%n for Collaboration in the ALICE Experiment Hideto EN’YO, Director, Radiation Laboratory
. Awards

Awardee, Laboratory / Team Award

Organization Date

The FY 2019 Prize for Science and
Technology, the Commendation for

Emiko HIY AMA, Director, Strangeness Nuclear Physics Science and Technology by the

The Minister of Education, Culture,
Apr. 17

Laborator i
Y Minister of Education, Culture, Sports, Sports, Science and Technology
Science and Technology
Young Scientist Oral Presentation
Daiki MORI, Technical Staff, Nuclear Chemistry Award at 56th Annual Meeting on Japan Radioisotone Association Jul. 4
Research Team Radioisotopes and Radiation P P ’
Researchers
Nozomi SATO, Research Part-time Worker, Nuclear TUPAC Periodic Table of Younger [UPAC Jul. 8
Chemistry Research Team Chemists uk
Yasushi ABE, Visiting Scientist, Instrumentation The 16th PASJ Annual Award for . .
) ) A . 3
Development Group poster presentation Particle Accelerator Society of Japan ug

The 13th Particle Physics Medal
(FY2019): Young Scientist Award in
Theoretical Particle Physics

Akio TOMIY A, Special Postdoctoral Researcher,
Computing Group

Particle Theory Committee Sep. 19

Kosuke MORITA, Director, Superheavy Element

Research Group The 2019 Kimura Award

The Japan Society of Nuclear and

Sep. 25
Radiochemical Sciences (JNRS) P
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The Saitama prefecture High-pressure

The Saitama prefecture High-pressure

Koichi YOSHIDA, T Leader, BigRIPS T . > . Oct. 23
orent cam Leadet, Big eam Gas Chairman Commendation Gas Committee ¢
A joint research group of RNC's Safety Management . : .
Group and the Neutron Beam Technology Team of 2019 Symposmrp on Nuclear Data Atomic Energy .S(.)c.lety of Japan Nov.28
RIKEN Center for Advanced Photonics Poster Presentation Award Nuclear Data Division
. (0) izing Comettee of "Vth Topical
Tomoya NAITO, Student Trainee, Quantum Hadron 2020 CAEN Best Young Speaker Wrgtll;lng ol\r/[ne d ce (; opiea Feb. 8
Physics Laboratory Award orkshop on Modern Aspects in .
Nuclear Structure"
Open Innovation Prize
Hiromitsu HABA, Director, the RI Application Group (President of Science Council of Japan | Cabinet Office, Government of Japan | Feb. 27

Prize)
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8. Brief overview of the Rl Beam Factory

|| Intensity of Primary Beams

Achieved beam intensities (as of March 2019)

238y 94 pnA (345 MeV/nucleon, Nov. 2019)
124X e 173 pnA (345 MeV/nucleon, Jun. 2019)
86Kr 30 pnA (345 MeV/nucleon, Nov. 2007)
8Kr 486 pnA (345 MeV/nucleon, May. 2015)
70Zn 250 pnA (345 MeV/nucleon, May 2017)
“Ca 730 pnA (345 MeV/nucleon, Nov. 2016)
130 1000 pnA (345 MeV/nucleon, Jun. 2010)
N 400 pnA (250 MeV/nucleon, Oct. 2010)
‘He 1000 pnA (250 MeV/nucleon, Oct. 2009)
d 1000 pnA (250 MeV/nucleon, Oct. 2010)
pol. d 120 pnA, P~80% (250 MeV/nucleon, May 2015)

History of Beam Intensity Upgrade

4 18 .
10005.?’.2.0!"ﬂ.‘l\'.’k:f\f‘HeE e

K e

“He-gas. strlpper/ Be- dlsk
. Varlable energy stnpper/fRC upgrade

raphlte sheet strlpper

(PnA)

C- ECRIS with 28 GHz
heatlng @ RILACZ |

. & leedenergy .
V¥ AVF injection |

®C_ECRIS with 18-GHz heating |
@ RELAC (test operatlon)

238

- 18- GHZ EC S@RILAC

flxed -energy
7oK '\‘13 1 kW :lz,-. mode |

=<

74kV‘
—&

JEKW

(year)

Beam energies of the beams without explicitly indicated are 345 AMeV.
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|| Total beam time for experiments

VI. RNC ACTIVITIES

B Machine Study
RNCEnterprise
B Industrial use
m Material & Life
® Nuclear Physics
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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 Nal 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 “°Mg 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 was published in Nature.

A new project of high resolution gamma spectroscopy with fast beams “HiCARI” has been proposed at PAC 2018 and the
campaign programs are scheduled in 2020. 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.

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 LaBr; and GAGG.

(2) Decay spectroscopy

Beta- and isomer-spectroscopy is an efficient method for studying nuclear structure, especially for non-yrast levels. We had
accumulated experimental techniques at the RIPS facility to investigate nuclear structure in light mass region via beta-gamma and
beta-p coincidence. Concerning the medium and heavy mass region available at RIBF, we have developed two position-sensitive
active-stoppers, strip-silicon detectors and a cylindrical active stopper called CAITEN, to achieve a low-background measurement by
taking correlation between heavy ion stop position and beta-ray emission position. A site of decay-spectroscopy at the new facility of
RIBF is the final focal plane of ZDS, where high precision of TOF in particle identification is obtained due to a long flight path from
BigRIPS to ZDS.

At the end of 2009, the first decay spectroscopy was organized with a minimum setup of four clover gamma detectors and silicon
strip detectors, to study neutron-rich nuclei with A ~ 110. The first campaign was found successful and efficient to publish four
letter articles in 2011, two PRL’s and two PLB’s. One of the PRL papers is associated to the r-process path where half-lives for 18
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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 2017-2019.

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 “SaRIT,” Construction
proposal was submitted at the PAC 2012, and physics proposals were approved at the PAC 2012 and 2013. The physics runs were
successfully conducted in spring 2016. The data analysis is in progress to produce the first physics results.

An international symposium “NuSYM” on nuclear symmetry energy was organized at RIKEN July 2010 to invite researchers
in three sub-fields, nuclear structure, nuclear reaction and nuclear astrophysics, and to discuss nuclear symmetry energy together.
Since then, the symposium series have been held every year and been useful to encourage theoretical works and to strengthen the
collaboration.

(4) Nucleon correlation and cluster in nuclei

Nucleon correlation and cluster in nuclei are matters of central focus in a “beyond mean-field” picture. The relevant programs
with in-beam gamma and missing-mass techniques are to depict nucleon condensations and correlations in nuclear media as a function
of density as well as temperature. Neutron-halo and —skin nuclei are objects to study dilute neutron matter at the surface. By changing
excitation energies in neutron-rich nuclei, clustering phenomena and role of neutrons are to be investigated.

In 2013, two programs were conducted at the SAMURALI 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 MUST?2
detector array in 2018.
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P. Soderstrom, D. Stracener, T. Sumikama, H. Suzuki, J. Tain, M. Takechi, H. Takeda, A. Tarifeno-Saldivia, S. Thomas, P. Woods,
X. Xu, and R. Yokoyama, “Improving nuclear data input for r-process calculations around A ~ 80,” Springer Proc. Phys. 219, 453-456
(2019)

F. Recchia, K. Wimmer, S. Lenzi, S. Riccetto, T. Davinson, A. Estrade, C. Griffin, S. Nishimura, F. Nowacki, V. Phong, A. Poves,
P. A. Soderstrom, O. Aktas, M. Alaqueel, T. Ando, H. Baba, S. Bae, S. Choi, P. Doornenbal, J. Ha, L. Harkness-Brennan, T. Isobe,
P. John, D. Kahl, G. Kiss, M. Labiche, K. Matsui, S. Momiyama, D. Napoli, M. Niikura, C. Nita, Y. Saito, H. Sakurai, P. Schrock,
C. Stahl, T. Sumikama, V. Werner, and W. Witt, “Isomer spectroscopy in odd-even Ti isotopes: approaching N = 40,” Acta Phys. Pol.
B 50, 669 (2019).

Y. Watanabe, J. Suwa, K. Nakano, S. Kawase, H. Wang, H. Otsu, H. Sakurai, D. Ahn, M. Aikawa, T. Ando, S. Araki, S. Chen, N. Chiga,
P. Doornenbal, N. Fukuda, T. Isobe, S. Kawakami, T. Kin, Y. Kondo, S. Koyama, S. Kubono, Y. Maeda, A. Makinaga, M. Matsushita,
T. Matsuzaki, S. Michimasa, S. Momiyama, S. Nagamine, T. Nakamura, M. Niikura, T. Ozaki, A. Saito, T. Saito, Y. Shiga, M. Shikata,
Y. Shimizu, S. Shimoura, T. Sumikama, P. Soderstrom, H. Suzuki, H. Takeda, S. Takeuchi, R. Taniuchi, Y. Togano, J. Tsubota,
M. Uesaka, Y. Watanabe, K. Wimmer, T. Yamamoto, and K. Yoshida, “Isotopic production cross sections of residual nuclei in proton-
and deuteron-induced reactions on °'°%Y, >%3Zr, and *>%*Nb around 100 MeV/nucleon,” CERN Proc. 1, 139-144 (2019).

X. Sun, H. Wang, H. Otsu, H. Sakurai, D. Ahn, M. Aikawa, P. Doornenbal, N. Fukuda, T. Isobe, S. Kawakami, S. Koyama, T. Kubo,
S. Kubono, G. Lorusso, Y. Maeda, A. Makinaga, S. Momiyama, K. Nakano, M. Niikura, Y. Shiga, P. A. Soderstrom, H. Suzuki,
H. Takeda, S. Takeuchi, R. Taniuchi, Y. Watanabe, Y. Watanabe, H. Yamasaki, and K. Yoshida, “Cross section measurements in the
reactions of '**Xe on proton, deuteron and carbon at 168 MeV/u,” CERN Proc. 1, 153-158 (2019).

S. Kubono, T. Kawabata, N. Iwasa, J. J. He, and S. Q. Hou, “Experimental Challenge to the Cosmological Li Problem,” Proc. Int.
Conference on Nuclei in the Cosmos XV, ed. A. Formicola, et al., Springer Proceedings in Physics 219, 45-52 (2019).

S. Hayakawa, K. Abe, O. Beliuskina, S. M. Cha, K. Y. Chae, S. Cherubini, P. Figuera, Z. Ge, M. Gulino, J. Hu, A. Inoue, N. Iwasa,
D. Kahl, A. Kim, D. H. Kim, G. G. Kiss, S. Kubono, M. La Cognata, L. Lamia, M. Lattuada, E. J. Lee, J. Y. Moon, Sara Palmerini,
C. Parascandolo, S. Y. Park, D. Pierroutsakou, Rosario Gianluca Pizzone, G. G. Rapisarda, S. Romano, H. Shimizu, C. Spitaleri,
Xiaodong Tang, O. Trippella, Aurora Tumino, P. Vi, H. Yamaguchi, L. Yang, and N. T. Zhang “Cross section measurements of the
"Be(n, p)’Li and the "Be(n, @)*He reactions covering the big-bang nucleosynthesis energy range by the trojan horse method at CRIB,”
Proc. Int. Conference on Nuclei in the Cosmos XV, ed. A. Formicola, et al., Springer Proceedings in Physics 219, 33-38 (2019).

-253 -



RIKEN Accel. Prog. Rep. 53 VI. RNC ACTIVITIES

L. Lamia, C. Spitaleri, M. Mazzocco, S. Hayakawa, C. A. Bertulani, A. Boiano, C. Boiano, Carlo Broggini, Antonio Caciolli,
Rosanna Depalo, F. Galtarossa, G. L. Guardo, M. Gulino, S. Kubono, M. La Cognata, M. La Commara, G. La Rana, M. Lattuada,
Roberto Menegazzo, A. Pakou, C. Parascandolo, D. Piatti, D. Pierroutsakou, Rosario Gianluca Pizzone, S. Romano, G. G. Rapisarda,
M. L. Sergi, O. Sgouros, F. Soramel, V. Soukeras, E. Strano, D. Torresi, Aurora Tumino, H. Yamaguchi, F. L. Villante, and G. L. Zhang
“The Cosmologically Relevant "Be(n, @)*He Reaction in View of the Recent THM Investigations,” Proc. Int. Conference on Nuclei in
the Cosmos XV, ed. A. Formicola, et al., Springer Proceedings in Physics 219, 53-56 (2019).

H. Shimizu, D. Kahl, H. Yamaguchi, K. Abe, O. Beliuskina, S. M. Cha, K. Y. Chae, A. A. Chen, Z. Ge, S. Hayakawa, N. Imai, N. Iwasa,
A. Kim, D. H. Kim, M. J. Kim, S. Kubono, M. S. Kawag, J. Liang, J. Y. Moon, S. Nishimura, S. Oka, S. Y. Park, A. Psaltis, T. Teranishi,
Y. Ueno, and L. Yang, “Study on 2" Al(p, y) reaction at the SNe temperature,” JPS Conf. Proc. 31, 011073 (2020).

S. Hayakawa, M. La Cognata, L. Lamia, H. Shimizu, L. Yang, H. Yamaguchi, K. Abe, O. Beliuskina, S. M. Cha, K. Y. Chae, S. Cherubini,
P. Figuera, Z. Ge, M. Gulino, J. Hu, A. Inoue, N. Iwasa, D. Kahl, A. Kim, D. H. Kim, G. Kiss, S. Kubono, M. La Commara,
M. Lattuada, E. J. Lee, J. Y. Moon, S. Palmerini, C. Parascandolo, S. Y. Park, D. Pierroutsakou, R. G. Pizzone, G. G. Rapisarda,
S. Romano, C. Spitaleri, X. D. Tang, O. Trippella, A. Tumino, P. Vi, and N. T. Zhang, “Experimental study on the "Be(n, p)’Li and the
"Be(n, @)*He reactions for cosmological lithium problem,”JPS Conf. Proc. 31, 011036 (2020).

Presentations
[International conferences/workshops]
H. Sakurai (invited), “In-flight radioactive isotope beam facilities and nuclear physics at RIKEN,” The First African Nuclear Physics
Conference (ANPC), Kruger, South Africa, July 1-5, 2019.

S. Nishimura (invited), “r-process studies at RIBF,” Nuclear and astrophysics aspects for the rapid neutron capture process in the era of
multimessenger observations, ECT*, Trento, Italy, July 1-5, 2019.

S. Nishimura (invited), “Decay properties of exotic nuclei”” China-Japan Collaboration Workshop on Nuclear Mass and Life for Unraveling
Mysteries of R-process, ITP-CAS, Beijing, China, October 9-13, 2019.

S. Nishimura (invited), “Ukakuren” JINA-CEE IReNA/NAOJ Workshop, National Astronomy Observation of Japan, Mitaka, Japan,
December 3-4 (2019).

T. Isobe (poster), “Measurement of Th-229 low lying isomeric state with MRTOF+TES system at RIKEN-RIBE,” 18th International
Workshop on Low Temperature Detectors (LTD18), Milano, Italy, July 22-26, 2019.

T. Isobe (invited), “Latest update on RIKEN facilities,” 9th International Symposium on Nuclear Symmetry Energy (NuSym2019), Danan,
Vietnam, September 30—October 4, 2019.

T. Isobe (oral), “Experimental study of hydrogen isotopes production in Sn+Sn RI collisions at 270 AMeV,” 9th International Symposium
on Nuclear Symmetry Energy (NuSym2019), Danan, Vietnam, September 30—October 4, 2019.

P. Doornenbal (invited), “Structure of exotic Calcium and Nickel isotopes,” 14th Asia Pacific Physics Conference, Kuching, Malaysia,
November 17-22, 2019.

P. Doornenbal (invited), “Exploring the terra incognita of exotic nuclei at RIKEN: past achievements and future endeavors,” VINANST-13,
Reu Island, Vietnam, August 7-9, 2019.

P. Doornenbal (invited), “Towards high-resolution in-beam Gamma-ray spectroscopy at the RIBF,” 27th International Nuclear Physics
Conference (INPC), Glasgow, UK, July 29—August 2, 2019.

P. Doornenbal (invited), “In-beam gamma-ray spectroscopy at RIKEN,” 1st African Nuclear Physics Conference (ANPC), Kruger Na-
tional Park, South Africa, July 1-5, 2019.

P. Doornenbal (oral), “High resolution spectroscopy of "®Ni,” High Resolution Gamma-ray Spectrosocpy at the RIBF Workhsop, Darm-
stadt, Germany, April 10-12, 2019.

P. Doornenbal (oral), “Technical Considerations,” High Resolution Gamma-ray Spectrosocpy at the RIBF Workhsop, Darmstadt, Ger-
many, April 10-12, 2019.

D. Suzuki (invited), “Present and future of in-beam spectroscopy at RIBE,” Workshop on RI-beam Spectroscopy by Innovative Gaseous
Active Targets, Osaka, Japan, December 19-20, 2019.

D. Suzuki (invited), “Present and future of in-beam spectroscopy at RIBE,” Workshop on RI-beam Spectroscopy by Innovative Gaseous
Active Targets, Osaka, Japan, December 19-20, 2019.

D. Suzuki (oral), “Coulomb and quantum bubbles in heavy nuclei,” High Resolution Gamma-Ray Spectroscopy at the RIBF, Darmstadt,
Germany, April 10-12, 2019.

D. Suzuki (oral), “rp-process study at OEDO,” OEDO collaboration workshop, Wako, Japan, September 2, 2019.

D. Suzuki (oral), “Recent results from SUNFLOWER and future perspectives,” JSPS/NRF/NSFC A3 Foresight Program “Nuclear Physics
in the 21st Century” Joint Kickoff Meeting, Kobe, Japan, December 6—7, 2019.

D. Suzuki (invited), “Present and future of in-beam spectroscopy at RIBE,” Workshop on RI-beam Spectroscopy by Innovative Gaseous
Active Targets, Osaka, Japan, December 19-20, 2019.

D. Suzuki (invited), “Present and future of in-beam spectroscopy at RIBE,” Workshop on RI-beam Spectroscopy by Innovative Gaseous
Active Targets, Osaka, Japan, December 19-20, 2019.

D. Suzuki (oral), “Coulomb and quantum bubbles in heavy nuclei,” High Resolution Gamma-Ray Spectroscopy at the RIBF, Darmstadt,
Germany, April 10-12, 2019.

D. Suzuki (oral), “rp-process study at OEDO,” OEDO collaboration workshop, Wako, Japan, September 2, 2019.
W. Horiuchi, S. Hatakeyama, A. Kohama (oral), “Nuclear “diffuseness” probed by proton-nucleus diffraction,” The 27th International
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Nuclear Physics Conference (INPC 2019), Glasgow, UK, July 29-August 2, 2019. (INPC 2019)

S. Kubono (invited), “Heavy element synthesis under explosive burning on neutron stars,” The 10th European Summer School on Exper-
imental Nuclear Astrophysics Catania, INFN-LNS, June 16-23, 2019.

S. Kubono (invited), “Experimental approach to explosive H-burning in X-ray bursts and SNell,” Workshop on origin of Elements and
Cosmic Evolution: From Big-Bang to Supernovae and Mergers, Beihang University, China, November 27-29, 2019.

K. Asahi (invited), “Experiment on nuclear EDMs,” KEK Workshop on Nucleon EDMs and Spin Structure 2020, KEK Tokai Campus,
Tokai, Ibaraki, Japan, January 11, 2020.

R. Taniuchi (oral), “Approaching the fifth island of inversion from the north” High Resolution Gamma-Ray Spectroscopy at the RIBF, TU
Darmstadt, Germany, April 10-12, 2019.

R. Taniuchi (oral), “In-beam gamma-ray spectroscopy of "®Ni reveals its doubly magic character,” 27th International Nuclear Physics
Conference (INPC 2019), Glasgow, United Kingdom, July 29-August 2, 2019.

R. Taniuchi (oral), “Quest for shell quenching of N = 50 in doubly magic "*Ni” 8th SUNFLOWER Workshop/HiCARI Workshop, Osaka,
September 26-28, 2019.

V. Phong (oral), “B-decay measurements of very neutron-rich isotopes around Mass A = 130 within the BRIKEN project at RIBE,” 15th
International Symposium on Origin of Matter and Evolution of Galaxies (OMEG1S5), Kyoto, Japan, July 2-5, 2019.

V. Phong (oral), “Measurement of very neutron-rich beta delayed neutron emitters around mass A = 130 relevant to the astrophysical
r-process,” 9th International Symposium on Nuclear Symmetry Energy (NuSYM?2019), Danang, Vietnam, September 30—October 4,
2019.

H. Shimizu (poster), “Study on 2" Al(p, y) reaction at the SNe temperature,” Symposium on Origin of Matter and Evolution of Galaxies
(OMEG15), Kyoto, Japan, July 2-5, 2019.

H. Shimizu (poster), “Isomeric 26 Al beam production with CRIB,” Nuclear Physics School For Young Scientists (NUSYS-2019), Lanzhou,
China, August 12-17, 2019.

T. Koiwai (oral), “Single-particle structure of >Ti and *"Ti,” Workshop on high-resolution gamma-ray spectroscopy at the RIBF, Darm-
stadt, Germany, April 2019

T. Koiwai (oral), “In-beam y-ray spectroscopy of %K and Ca via neucleon knockout reactions,” International Nuclear Physics Confer-
ence (INPC 2019), Glasgow, UK, July—Augsut 2019

T. Koiwai (oral), “N = 34 beyond **Ca: Single-particle structure of 3>37Ti,” 8th SUNFLOWER Workshop and HiCARI Workshop (JSPS

A3Foresight), Osaka, Japan, August 2019.
[Domestic conferences/workshops]

B (EAEREE), TRIBF COMMIERNG ), IS 1Y 3 2 b —Y a i K B FHOREAE] & LDz T (QUCS2019) 1,
TR R ZEFLREY PRS2 A, AUHR, 2019 4R 12 A.

PR (OSEFEER), [r 70 ADMSE: FERINKREE L ki), e TRTPEMETOL < r a2 A |, SR T LMY H
ZEHT, 5UAR, 2019 4 5 H 22-24 H.

P. Doornenbal (invited), “Recent results from SUNFLOWER and future plans,” RIBF Week, Wako, Japan, September 2—4, 2019.

P. Doornenbal (invited), “Results from SEASTAR III,” SAMURAI Workshop, Tokyo, Japan, August 30-31, 2019.

P. Doornenbal (oral), “Sunflower Status,” SUNFLOWER/HiCARI Workshop, Osaka, Japan, August 26-28, 2019.

P. Doornenbal (invited), “Probing the Nuclear Shell Closures far oftf Stability with In-Beam Gamma-Ray Spectroscopy,” JPS Spring
Meeting, Kyushu, Japan, March 14-17, 2019.

MROMEC (D8RR, N, ANEE, TR R FREELIC & 2 il & SR D ERER ), H AR E 228 75 MARIR K=, £
HERRZERF v N2, iR, 2020 43 H 16 H-20 H.

F. Browne (oral), “Coulomb excitation study of Se isotopes beyond N = 50,” 8th SUNFLOWER Workshop/HiCARI Workshop (JSPS
A3Foresight), Osaka, Japan, August 26-28, 2019.

BN (B, [BERICE LT ERR % BT 5 78Nil, HARYMZ R 75 HERAS, HHEBRE (XY 7414 V),
2020 4 3 H 16-19 H.

JBBE—ER (FBREED, 70 EDM & IR SRR FRIEE D il — S - EDM % HUlMZ |, B8 EDM #ge4x, R K751
*y U NA HE 20194 12 H 11 H.

[Seminars]

T. Isobe, “Overview of the RI Beam Facility (RIBF),” CNS Summer School 2019 (CNSSS19), Nishina Hall Riken Wako, August 21-27,
2019.

T. Isobe, “Experimental study of asymmetric dense nuclear matter Equation Of State by using heavy RI collisions at RIBF-SaRIT,” CNS
Summer School 2019 (CNSSS19), Nishina Hall Riken Wako, August 21-27, 2019.

S. Kubono, “Special lectures on nuclear astrophysics,” Department of Physics, Hong Kong University, April 15-18, 2019.

K. Asahi, “Electric dipole moments of diamagnetic atoms—Present status of experiments,” CNS Seminar, Hongo, Tokyo, Japan, June 13,
2019.

R. Taniuchi, “7®Ni revealed as a doubly magic stronghold against nuclear deformation,” 276th RIKEN RIBF Nuclear Physics Seminar,
Saitama, Japan, May 28, 2019.

R. Taniuchi, “In-beam gamma-ray spectroscopy of "*Ni revealed its double magicity and shape-coexistence,” The RIBF Users Group
Thesis Award lecture, RIBF Week 2019, Saitama, September 3, 2019.
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Awards

P. Doornenbal, RIKEN BAITHO Award 2020, Achievement: In-beam y-ray spectroscopy of the neutron-rich doubly-magic nucleus "®Ni

R. Taniuchi, The RIBF Users Group Thesis Award, September 3, 2019.

BN, 2 14 8] (2020 4F) HAMELZ 2% FHHE, 2020 42 3 A 18 H.

R, 2 26 [l 7Bkt & B AH, 2020 4E 3 5 18 H.

V. Phong, ANPhA(and AAPPS DNP) award for Young Scientists at 9th International Symposium on Nuclear Symmetry Energy
(NuSYM2019): 2nd prize.

Press releases
BB S B FIE—D W M7 e = v 7 VR 7 0 B EEME IS —, 2019 455 A 2 H.
TS EE 34 D= 7itl—rME ) v 7 7 M RIS TEES ZV > 7 L-54 OEFREE—], 2019 4£ 10 H 18 H.
M2z 2 FF—H VT LARGR TR DM - 72 B L R R % — 1, 2020 4E 3 H 13 H.
Outreach activities
MR, ToREOMb e 2, 2019 FEERBAREY 1 =2 ZAFEE, 2019 4F 4-6 H.
HERERE, TRIEE T2 &0 D F~ IR eim O#FSE & RSk~ |, Ml H 2 EEH S, MHZE SR, B, 2019 46 H 24 H.
Others
[Software package]

A. Kohama, K. Iida, K. Oyamatsu, H. Iwase, Release of “kurotama0” update (ver. 3.0), Contribution of PHITS update to ver. 3.20,
March 2020.
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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 '32Sn 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 '*?Sn experiment at RIBF.
(1-3) Multi-neutron and a-cluster correlations at low densities

Occurrences of multi-neutron and a-cluster correlations are other interesting aspects of nuclear matter and define its low-density
behavior. The multi-neutron and a-cluster correlations can be investigated with the large-acceptance SAMURALI spectrometer. The
SAMURALI has been already applied to experiments to explore light neutron-rich nuclei close to the dripline. We plan to reinforce
experimental capabilities of the SAMURALI 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 SAMURALI 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 '>Be, '*2Sn 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 8* type isovector spin monopole resonances (IVSMR) in
208pp and %°Zr via the (¢, *He) 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

-257 -



RIKEN Accel. Prog. Rep. 53 VI. RNC ACTIVITIES

charge exchange >C('80, 18Ne) 1?Be reaction at 80 MeV/nucleon to investigate structure of a neutron-rich '*Be nucleus. Peaks corre-
sponding to ground and excited levels in '?Be have been clearly observed. Another double charge exchange reaction, (>C, 12Be(Oz))
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-d;4 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)

Members

Director
Tomohiro UESAKA

Research/Technical Scientists
Masaki SASANO (Senior Research Scientist) Juzo ZENIHIRO (Senior Research Scientist)
Ken-ichiro YONEDA (Senior Research Scientist) Sarah NAIMI (Research Scientist)

Contract Researchers
Takeshi INOUE Kenichiro TATEISHI

Postdoctoral Researcher
Junki TANAKA

Junior Research Associates
Tomoya HARADA Shoichiro MASUOKA

International Program Associates
Siwei HUANG (Peking Univ.) Tonut-Catalin STEFANESCU (Univ. of Bucharest)
Alexandra-lonela STEFANESCU (Univ. of Bucharest) Hongfu LI (IMP, CAS)

Research Consultants
Harutaka SAKAGUCHI (Osaka Univ.) Kazuko TANABE (Otsuma Women’s Univ.)
Yasuyuki SUZUKI (Niigata Univ.)

Senior Visiting Scientist
Hiroyuki SAGAWA (Univ. of Aizu)
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Visiting Scientists

Hidetoshi AKIMUNE (Konan Univ.)
Didier BEAUMEL (CNRS IPN Orsay)
Konstanze BORETZKY (GSI)
Christoph CAESAR (GSI)

Anna CORSI (CEA Saclay)

Zsolt DOMBRADI (ATOMKTI)

Zoltan ELEKES (ATOMKI)

Zsolt FULOP (ATOMKTI)

Tatsuya FURUNO (Osaka Univ.)

Igor GASPARIC (Rudjer Boskovic Inst.)
Zhuang GE (IMP, CAS)

Alain GILLIBERT (CEA Saclay)

Valdir GUIMARAES (Inst. de Fisica da Univ. de Sao Paulo)

Zoltan HALASZ (ATOMKI)

Matthias HOLL (TRIUMF)

Kaori KAKI (Shizuoka Univ.)

Takahiro KAWABATA (Kyoto Univ.)
Yuma KIKUCHI (NIT, Tokuyama College)
Yosuke KONDO (Tokyo Tech.)

Zeren KORKULU (ATOMKTI)

Attila KRASZNAHORKAY (ATOMKI)
Dorottya KUNNE SOHLER (ATOMKI)
Istvan KUTI (ATOMKI)

Valerie LAPOUX (CEA Saclay)

Yury LITVINOV (GSI)

Hongna LIU (TU Darmstadt)

Visiting Technicians

Gilles AUTHELET (CEA Saclay)
Denis CALVET (CEA Saclay)
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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 S-ray-detected NMR (8-NMR), -
PAD (Perturbed Angular Distribution), laser, and Mdssbauer 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 S-decay stability. Utilizing nuclear spin orientation phenomena of Rls created in the
projectile-fragmentation reaction, ground- and excited-state electromagnetic nuclear moments been determined by means of the -
ray-detected nuclear magnetic resonance (8-NMR) and the y-ray time differential perturbed angular distribution (y-TDPAD) methods.
In particular, a new method developed for controlling spin in a system of rare Rls, 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 8-NMR/NQR spectroscopy, Mossbauer spectroscopy, the y-ray
time differential perturbed angular correlation (y-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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H. Yamada, D. Yan, Z. Yang, M. Yasuda, and L. Zanetti, “Quasifree neutron knockout from corroborates arising neutron magic
number,” Phys. Rev. Lett. 123, 142501 (2020).

F. Diel, Y. Fujita, H. Fujita, F. Cappuzzello, E. Ganioglu, E.-W. Grewe, T. Hashimoto, K. Hatanaka, M. Honma, T. Itoh, J. Jolie,
B. Liu, T. Otsuka, K. Takahisa, G. Susoy, B. Rubio, and A. Tamii, “High-resolution study of the Gamow-Teller (GT-) strength in
the 9°Zn(*He, 1)**Ge reaction,” Phys. Rev. C 99, 054322 (2019).

[Review article]

Y. Ichikawa, “Nuclear shell evolution with shape deformation—Structure of exotic nuclei investigated by the magnetic moment— ([ 2%
LD S —HRE—A Y P THRDITF Y F v 7D &))" Isotope News 765, 26-29 (2019).

Presentations
[International conferences/workshops]
H. Ueno (invited), “Nuclear-physics research based on RI spin orientation technique,” XXXVI Mazurian Lakes Conference on Physics,
Piaski, Poland, September 1-7, 2019.

A. Takamine (invited), “Recent progress in the development of gas cells, SHE results combining GARIS with GASCELL+MRTOE,”
Expert Meeting on Next-Generation Fragment Separators 2019, Darmstadt, Germany, September 30—October 3, 2019.

Y. Ichikawa (invited), “Magnetic-moment measurement of exotic nuclei using spin-oriented RI beams at RIBF,” 14th Asia-Pacific Physics
Conference (APPC 2019), Sarawak, Malaysia, November 17-22, 2019.

T. Otsuka (invited), “Self-organization of quantum systems and the structure of heavy nuclei,” Workshop Physics between lead and
uranium: In preparation of new experimental campaigns at ISOLDE, Leuven, Bergium, April 16-18, 2019.

T. Otsuka (invited), “Alpha clustering in nuclei and the shell model,” Theoretical Nuclear Physics in Padova: A Meeting in Honor of
Prof. Andrea Vitturi, Padova, Italy, May 20-21 2019.

T. Otsuka (invited), “Self-organization in nuclear structure and its impact to heavy nuclei—A challenge to Bohr-Mottelson’s picture and a
future prospect—,” LXIX International Conference on Nuclear Spectroscopy and Nuclear Structure “Fundamental Problems of Nuclear
Physics, Nuclei at Borders of Nucleon Stability, High Technologies,” (Nucleus-2019) , Dubna, Russia, July 1-5, 2019.

T. Otsuka (invited), “Nuclear matrix elements with advanced shell model methods,” Workshop on Progress and Challenges in Neutrinoless
Double Beta Decay, Trento, Italy, July 15-19, 2019.

T. Otsuka (invited), “Ab initio studies on the dripiline of the Island-of-Inversion nuclei,” Workshop on Ab initio Nuclear Theory from
Breakthroughs to Applications, Guildford, UK, July 24-26, 2019.

T. Otsuka (oral), “Self-organization in atomic nuclei and nuclear collectivity,” 27th International Nuclear Physics Conference (INPC
2019), Glasgow, UK, July 29-August 2, 2019.

T. Otsuka (invited), “Precision nuclear structure via the Monte-Carlo shell model,” ESNT Workshop Laser Spectroscopy as a Tool for
Nuclear Theories, Saclay, France, October 7-11, 2019.

T. Otsuka (invited), “Evolution of shape and shell of atomic nuclei and the self-organization,” 2XVII International Meeting on “Selected
topics in nuclear and atomic physics,” Fiera di Primiero, Italy, September 30—October 4, 2019.

T. Otsuka (invited), “Olaf gets into shapes,” Symposium on “Particles, photons, and fields: Messengers of violent events from the nucleus,
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through the sky, to the cosmos,” Groningen, the Netherlands, November 21, 2019.

T. Otsuka (invited), “Self-organization of quantum systems and nuclear collectivity,” International Symposium on Clustering as a Window
on the Hierarchical Structure of Quantum Systems (CLUSHIQ2020), Beppu, Japan, January 23-24, 2020.

T. Otsuka (invited), “Self-organization in nuclear collective bands,” Fifth Topical Workshops on Modern Aspects of Nuclear Structure,
Bormio, Italy, February 4-9, 2020.

T. Otsuka (invited), “Nuclear matrix elements of neutrinoless double beta decay calculated by Monte Carlo shell model for °Ge and
136Xe,” International Conference on Neutrino and Nuclear Physics 2020 (CNNP2020), Cape Town, South Africa, February 24-28,
2020.

T. Otsuka (invited), “Structure of F-Ne-Na-Mg isotopes and new mechanism of driplines,” Workshop on Progress in Ab Initio Techniques
in Nuclear Physics, Vancouver, Canada, March 3-6, 2020.

[Domestic conferences/workshops]

HillgE—, TR RO S T — A > MIE L 2019 £ T EREFREMSGE] & T~7TuRmise] aREAME, B,
2019 £ 5 A 10-11 H.

_-BFF5H, “Highly Spin-polarized RI beams and the application to nuclear and condensed-matter physics ,” #r £k 555 Bk
MEBTE—LOHE, HZRIGHANDOZIIE, | 81 FER2A 5, FE KT Kavli IPMU, #41f, 2019 4£ 7 A 15-16 H.

i l6 % -, “Development of an RF ion guide gas cell for universal ultra slow RI beams,” #riFftifiis [FHEMHKRESHR L BT —2LD
HEW, 7RI HANDOZRITHE, 1, 55 1 MR, BUERS: Kavli IPMU, 4, 2019 4£ 7 A 15-16 H.

SR, R, TS, R, HRORE, FNEE, & R, AR, MEEE, KA, SNE, REME -, RIS, &3
Rz, Wil —, EAG, AHEMN, I EMZ, TBEF1 A E—24 (QIB) 23%IZMIT 2 Yo K—77 7 1 /N—%FH\\ /2 987 nm ¢
DIENE ], HAYE Y4 2019 FMERE, BERKPHF F v v 32, IR, 2019 4£9 A 10-13 H.

A, R B, EIER —ES, R Y, KMESEE, 1. W. Hwang, ‘A4S 05, JIHENE—EF, )T, Jbk @ik, 8w —l,
#UK, P. Schrock, #8AK K47, A LA+, K. Wimmer, for InPACT17-02-02 collaboration, ¥ &&= 7 Se(d, p) Kt & % HiiE+
W ROGHT IR ORI 1, H RS2 2019 ERE RS, 1B RZENANF ¥ V8, 11, 2019 49 A 17-20 H.

JUWHHRRCR, K HH S, 2B S0, 8B+ =, BRSO 5, bR, 007, [WEFE A, SR F— 3, 15— B, R LR, K s ms,
Laszlo STUHL, ¥ iAW, J& FH A0, SFIGH], PAIpEA, A HELE T, 5 H (B, Ningtao Zhang, Jongwon Hwang, & sE [%, [ ASf
B REOGIZ & % PFe FJADB AL Y T4 Y v — DA, HARYE S 2019 FMEAE, ILBRZNANF v V8, LI,
2019 £ 9 A 1720 H.

FEWRMERE, FIEE R, P Schury, i A, RAAIK, I07E K&, M. Rosenbusch, 04, E I —, =3, J. Y. Moon, £ (L 1&/H,
AT, PG, W&, GG, BIEE T ZRIIE, H. Wollnik, TMRTOF-MS % i\ 7= 27Ra 0¥ %8 &— A IR MR
FE L, HARYERS: 4 2019 KRR A, ILTERF/NANF ¥ Vo8&, 10T, 2019 £ 9 A 17-20 H.

FHRERRE, T B, WSR2, KRR, [92Ca 2B 2 IEMIIFREATIRGE & 2 EATILAT ), HARYHESE S 2019 ERFEKRE,
WRZNANF ¥ V3R, (L, 2019 429 A 17-20 H.

BIAEA, KRB, K2, T2 F 70 a@EsEiiz £ 2 Sm A A IR O#IZ |, HARYELS 4 2019 EMFKRE, (LIE
KFZNANTF ¥ VXA, 1, 2019 429 A 17-20 H.

FERE, P. Maris, KRG, WE/KAIZE, fAHGS T, FHERE 1. P. Vary, 5H=E, [€ Y F V@RI X 28— FEHE»2 SO TV
T 77T AR —REEDMIZE), HARYIFEZS 2019 F£EKRE, (W RKZ/NANF ¥ V8 A, 1L, 2019 4 9 H 17-20 H.

LHPFER, THEES RI ¥ — A% F\W 7z B-NMR HIEE L, Frgiiiik (25 22 —Bg) & TRTE—AI0H] ARAKBE&HY —2
Yay 7 RILKREBFELF v 82, G, 2019 4£ 9 A 20-21 H.

KIEEZWE (EFER), B ORT XA LY 7 N eRHA Y a—R ], R v Ial—Ya iz X 3FHOEARELD &
AL DRI [/ T, 5B, 2019 4F 12 H 16-19 H.

INBE, RHEALE, 5OKKETE, R0, DNEER, Hrbh& A, KRR, NRER T, T —, PGEYE, EEHE, 1R R,
(752 LRFDOBLNIEFHERFRD 72O O RMEEH A 4 VIHOBFE ), HAYBZ S 75 M4ERKRR, 2458 (LHE
REFHHBAME A IE), 2020 4£ 3 H 16-19 H.

TSGR, I3 7, USSR, WSS ZRMY, {2 ARIKIH, IRIRE, AN F540, AIHGER, H. A. Schuessler, YA FHE R, EEFS5H, i H
WE2h, T3V =7 V=Y —5NX% M5 7z Zr ARG M 72 L — Y —CIRBER |, H AW E S 75 HFRKE,
iR (GdiEREE B E), 2020 453 A 16-19 H.

FaR BHE, SR, mIEE T, RRECK, Aleksey Gladkov, 7T IFHIRAE, T E =8, ILIRIE, HE 328, BITHRYE, 1 2 RI&H, LH—4,
JWHRICK, PRIDEA, d)1kE—, EEpS50, M MER], NRKSEEEN FIZB T 2 EE R 1 4 ¥ ¥ — L0 BHIHE L, HAY
PP EE 75 MRS, AR (% E KRBT k), 2020 45 3 H 16-19 H.

IRRER, S, R T, AR ERE, Aleksey Gladkov, 7 FHIRAE, T/ =88, ILIRIE, HIE L8, BIHRYE, 1 2 RIEG, LH—4,
JIFECK, PEHIDER, filME—, S35 IMEHRER, BE—A 2 MIEEREDO-ODNEM 2 514X AKXy MZBIT S Rb
DUEHRIE |, BAMBL R 75 BIERARR, 8B (#d B RETMBE S ), 2020 4 3 A 16-19 H.

Press releases

“Zirconium isotopes are suddenly deformed even in the excited state ([ )V 3 =7 LAFRIGRIZFIRIRETH BREI T 5] ),” press
release from RIKEN, March 17, 2020.
RIKEN HP: https://www.riken. jp/press/2020/20200317_2/index.html.

“Basic principles of nuclear shape and self-organization in quantum systems ([JHFDOEDOIEARFM & &1 R TOH ML),
joint press-release from the University of Tokyo and RIKEN, November 26, 2019.
The Univ. of Tokyo HP: https://www.s.u-tokyo.ac.jp/ja/press/2019/6629/.
RIKEN HP: https://www.riken. jp/press/2019/20191126_1/index.html .
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“Research group lead by RIKEN and the University of Tokyo succeeded in measuring excited-state nuclear magnetic moment of a neutron-
rich copper isotope  (TERGF & BUK 7R &, Fpif 753l 7 8 [5] 7 AR S 744 D IR BB DS — A > MHIEIZ /3] ), Nikkei Shinbun
Newspaper Online, January 30, 2019.

“New structural aspects of copper isotopes unveiled through the nuclear magnetic moment—Successful measurement by maximizing spin
alignment of the RI beam— ([HE5&E — A > M2 5 530 2 HIFRNAK D Hi 72 20 B —RR £ TA Y VBFIE % 5D 7z RI € — L & EK
i U CHIE 12 B 3—1),” joint press-release from RIKEN and the University of Tokyo, January 30, 2019.

RIKEN HP: https://www.riken. jp/press/2019/20190130_2/.
The Univ. of Tokyo HP: https://www.s.u-tokyo.ac.jp/ja/info/6251/.
JICFuS HP: https://www.jicfus.jp/jp/190130pressrelease/.

Outreach activities
H. Ueno, Special Exhibition of the International Year of the Periodic Table 2019 (2B & #AZ FHR AR 2019 TELEAZEHT D =F =
7 Lg% D < % 5 |), Ehime Prefectural Science Museum, January 18-19, 2020.

A. Takamine, Interactive Event “RIKEN DAY: Let’s talk with researchers!” (FRHF DAY : Wi%8& & #i% > | [HFA 2T A THT
#5]), Tokyo Science Museum, December 15, 2019.

H. Ueno, RIKEN Osaka Campus Open Day 2019, Suita, November 23, 2019.
H. Ueno, Kagakudo 100 Books 2019 Selection Committee (£}2£5&E 100 fil 2019 ;:ZBEZR B R).

-269 -



RIKEN Accel. Prog. Rep. 53 VI. RNC ACTIVITIES

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) Nucleosynthesis in stars, supernovae, and neutron star mergers
(2) Plasma and vacuum in extremely strong magnetism and gravity
(3) Research and development of innovative X-ray and gamma-ray detectors

3. Summary of Research Activity

High Energy Astrophysics Laboratory started in April 2010. The goal of our research is to reveal the mechanism of nucleosyn-
thesis and the evolution of elements in the universe, and to observe/discover exotic physical phenomena in extremely strong magnetic
and/or gravitational fields. We have observed supernova remnants, strongly magnetized neutron stars, pulsars, black holes and galaxies
with X-ray astronomical satellites, balloons and ground-based telescopes.

(1) Nucleosynthesis in the universe
(1-1) XRISM
We have contributed to the XRISM (X-ray imaging and spectroscopy mission) mission for the launch in 2022. 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 universi-
ties. Since MAXI scans X-ray all-sky in 90 minutes, many transient objects including neutron star or blackhole binaries are found. All
of the data are going to public soon after they are taken, and almost all of the groups in high-energy phenomena rely on the MAXI data.
In 2018, we issued 34 alerts as ATEL (Astronomer’s Telegram) and 5 new blackhole candidates were found. To detect counterparts
of neutron star merger events (i.e. gravitational wave events), we have prepared an automatic searching system and keep watching
all-sky.
(1-3) Astrophysical Data Analysis
In parallel with the mission development/operations, we performed data analysis.
e We proved that the abundance ratios of the iron-peak elements in the Perseus cluster were consistent with the solar abundance. In
previous studies, overabundance of Cr, Mn, and Ni are reported, but Hitomi’s high spectroscopic data denied the overabundance.
The inter-galactic medium of the nearby cluster has similar abundance pattern of our galaxy.
e We have detected a mysterious hump in the spectrum of the neutronstar low-mass X-ray binary, Aquila X-1. The hump can be
interpreted as a recombination-edge of heavy elements (Cd) which were possibly produced by rp-process in X-ray bursts on the
neutron star surface.

(2) Extremely strong magnetism and gravity

We have contributed to the NASA’s world-first X-ray polarimeter mission IXPE (Imaging X-ray Polarimeter Explorer). High
Energy Astrophysics Laboratory is responsible for providing the gas electron multipliers (GEMs) to the IXPE mission: the GEM is a
key device of the X-ray polarimeter and produced based on our patent for space use. The IXPE satellite will be launched in 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 mission, we aim to proof the strong magnetism of Magnetars, which are one of the species of neutron stars
which have ultra-strong magnetic field B > 10'! T. In such ultra-strong magnetic field, higher-order diagrams, O(eB/m?), O(eB/m?)?
etc., never eliminated in the QED perturbation theory. As the results, we observe newly-emerging phenomenon such as vacuum
polarization, vacuum birefringence, etc. If such exotic phenomena are detected, we sure that Magnetars have really ultra-strong
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magnetic field.

(3) Innovative X-ray and gamma-ray detectors

In collaboration with NASA Goddard Space Flight Center, we have developed and tested a hard X-ray polarimeter with a Time
Projection Chamber technique. This TPC polarimeter is one of candidates of the future satellite XPP (X-ray polarimeter Probe
mission) planned with an international consortium.

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.

Members

Group Director
Toru TAMAGAWA

Research/Technical Scientist
Tatehiro MIHARA (Senior Research Scientist)

Contract Researcher
Takao KITAGUCHI

Visiting Researcher
Asami HAYATO (JSPS Fellow)

Visiting Scientists

Aya BAMBA (Univ. of Tokyo) Hirofumi NODA (Osaka Univ.)

Teruaki ENOTO (Kyoto Univ.) Hirokazu ODAKA (Univ. of Tokyo)

Naohisa INADA (NIT, Nara College) Yuki OKURA (NAOIJ/Nat’l Inst. of Natural Sci.)

Satoru KATSUDA (Saitama Univ.) Rohta TAKAHASHI (NIT, Tomakomai College)

Tomoki KIMURA (Tohoku Univ.) Yoko TAKEUCHI (TIRI)

Motohide KOKUBUN (ISAS/JAXA) Yukikatsu TERADA (Saitama Univ.)

Toru MISAWA (Shinshu Univ.) Harufumi TSUCHIYA (JAEA)

Ikuyuki MITSUISHI (Nagoya Univ.) Masaki WAKABAYASHI (Jakulin Commercial Company LC)
Yujin NAKAGAWA (JAMSTEC) Shin’ya YAMADA (Tokyo Metoropolitan University)

Toshio NAKANO (JTEC Corporation)

Student Trainees

Miho OKUBO (Tokyo University of Science) Keisuke UCHIYAMA (Tokyo University of Science)
Tomoshi TAKEDA (Tokyo University of Science) Yuto YOSHIDA (Tokyo University of Science)
Marina TSUTSUMI (Tokyo University of Science) Yuuki WADA (Univ. of Tokyo)

List of Publications & Presentations

Publications
[Original papers]

T. Ebisuzaki, J. Katori, J. Makino, A. Noda, H. Shinkai, and T. Tamagawa, “INO: Interplanetary network of optical lattice clocks,” Int. J.
Mod. Phys. D 29, id.1940002 (2020).

S. Oda, M. Shidatsu, S. Nakahira, T. Tamagawa, Y. Moritani, R. Itoh, Y. Ueda, H. Negoro, K. Makishima, N. Kawai, and T. Mihara,
“X-ray and optical observations of the black hole candidate MAXI J1828-249,” Publ. Astron. Soc. Jpn. 71, 1d.108 (2019).

T. Kitaguchi, K. Black, T. Enoto, A. Hayato, J. Hill, W. Iwakiri, P. Kaaret, T. Mizuno, and T. Tamagawa, “A convolutional neural network
approach for reconstructing polarization information of photoelectric X-ray polarimeters,” Nucl. Instrum. Methods Phys. Res. A 942,
1d. 162389 (2019).

M. Kubota, T. Tamagawa, K. Makishima, T. Nakano, W. Iwakiri, M Sugizaki, and K. Ono, “An enigmatic hump around 30 keV in Suzaku
spectra of Aquila X-1 in the hard state,” Publ. Astron. Soc. Jpn. 71, id.33 (2019).

C. Hu, T. Mihara, M. Sugizaki, Y. Ueda, and T. Enoto, “Monitoring the superorbital period variation and spin period evolution of SMC
X-1,” Astrophys. J. 885, 1d.123 (2019).

E. Gotthelf, J. Halpern, J. Alford, T. Mihara, H. Negoro, N. Kawai, S. Dai, M. Lower, S. Johnston, M. Bailes, S. Oslowski, F. Camilo,
H. Miyasaka, and K. Madsen, “The 2018 x-ray and radio outburst of magnetar XTE J1810-197,” Astrophys. J. Lett. 874, id.L25 (2019).

Q. Abarr, M. Baring, B. Beheshtipour, M. Beilicke, G. de Geronimo, P. Dowkontt, M. Errando, V. Guarino, N. Iyer, F. Kislat, M. Kiss,
T. Kitaguchi, H. Krawczynski, J. Lanzi, S. Li, L. Lisalda, T. Okajima, M. Pearce, L. Press, B. Rauch, D. Stuchlik, H. Takahashi, J. Tang,
N. Uchida, A. West, P. Jenke, H. Krimm, A. Lien, C. Malacaria, J. Miller, and C. Wilson-Hodge, “Observations of a GX 301-2 apastron
flare with the x-calibur hard x-ray polarimeter supported by NICER, the swift XRT and BAT, and fermi GBM,” Astrophys. J. 891, id.70
(2020).

M. Ohno, et al., “Event-selection technique for the multi-layer Si -CdTe Compton camera onboard Hitomi,” Nucl. Instrum. Methods Phys.
Res. A 924, 327-331 (2019).
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Presentations
[International conferences/workshops]
Y. Takeuchi (Oral), “Development and properties of 100 mm-square size LTCC-GEM,” The 6th International Conference on Micro Pattern
Gaseous Detectors (MPGD19), La Rochelle, France, May 5-10, 2019.

T. Kitaguchi (Poster), “A machine learning approach for reconstructing X-ray polarization information acquired with micro-pattern gas
polarimeters,” The 6th International Conference on Micro Pattern Gaseous Detectors (MPGD19), La Rochelle, France, May 5-10,
2019.

K. Uchiyama (Poster), “Irradiation test with heavy ions of fine-pitch LCP-GEMs for the IXPE satellite mission,” The 6th International
Conference on Micro Pattern Gaseous Detectors (MPGD19), La Rochelle, France, May 5-10, 2019.
[Domestic conferences/workshops]

SR (TERER), 2K X MEEHEE MAXT O 10 4£ ], HARYHESKERS, WERZ, 11, 2019 49 A 17-20 H.

TRBEHE (MBERR), NUEREREZHE LN i — 2 MEtERE SO, HAYHZAKE RS, IWEKZ, LE
2019 4£ 9 H 17-20 H.

EEIAF (DEEFR), THE X 38R e 3 XL-Calibur SKERFEBRD 2021 £ 7 5 1 b AT = HEMRI |, HAWH SRS RE, L
JERE, I, 2019 4£ 9 A 17-20 H.

BB (MEEFRR), TCMOS 1 A — ¥ & F\W iz X SURSEHRE S A7 L OFAFE 1L, H AW ZAKE RS, IR, IE, 2019
#£9 7 17-20 H.

MAME— (OEHRE), TR X MBI R IXPE OSBRI I a2l —Y 3 v ADRLY fla ), HARYBLZEAE 75 B4ERAE,
HEBRF, AV T4 VR, £4E R, 2020 4£ 3 A 16-19 H.

ILBEHE (EA%F), [IXPE #2453 GEM OFHME 1 4 > ~OMMERER], HAYISEAE 75 BIERKS, LB KR, 4V
71 VBME, &R, 2020 4 3 H 16-19 H.

FHHEB (OEEFE), TCMOS 1 A=Y v &AWz X SMmCERE S AT LA OB IV, HARYBEEE 75 MERKER, HEEX
¥V T A VB, 2R, 2020 3 H 16-19 H.

FNNE(OEERDR), X SR BHIE 2 IXPE ~OSIBNR (5)), HARRIUES 2020 4EBTER, K, AV 71 Vi, o<
1E, 2020 £ 3 4 16-19 H.

IR (DBEFESR), X SR CEIE 2 IXPE £k X S35 2 B BB R 73 — < L > — )V KOBIFE (6)) 1, HARKXH
£ 2020 EHEBELR, FIRKFE, 4T 1 VB, < I1E, 2020 4 3 A 16-19 H.

INABES (HEERR), [V Ialb—varvz2HWe IXPE #HEIZ L BIED 5 2 RIEKD X SR SEIRIT FEOMSE ] |, HARXHES
2020 FEHEFES, R KFE, AV T4 VM, o<1, 2020 £ 3 H 16-19 H.

B R (EERR), [CMOS 1 A =T U3 & W7 X SR EEE OB 11 |, HARRKER 2020 EHEFER, WP KF,
F 51 VB, < IE, 2020 £ 3 A 16-19 H.

EFEILTS (LIEEFEE), THE X R RGN 52ER XL-Calibur KERD 2021 4£7 5 4 b AT 72 ¥ERIL |, HARCHES 2020 £E5%F
FEa FINKRF, 4 v T4 VB, ©<IX, 2020 4 3 A 16-19 H.

EBIPES (DEERE), THENIERIR X RS KRR 51l Kanazawa-SAT3 7 5 1 b E TV D KMERESEM] 1, HAK XL 2020 4F
BRES, FRKFE, AV 74 VB, D <1, 2020 4 3 B 16-19 H.

FR R (DEEFERR), TX R I 2 XRISM #5#k Resolve DBIFEDIIR V] |, HAK LA 2020 FEZES, FURKF, *
VI 1 VB, ©<IE, 2020 4 3 A 16-19 H.

=S, (HEEFE), [MAXI/GSC 12 &% ${i& "0 —0 BH #E MAXI J0637-430 OF R &, 2019 £ HEO%ERHL] 1, H
AR 2020 FEBBIES, IR, F V51 VM, D <IE, 2020 43 B 16-19 H.

WAL (AR, [HHEFRE L OREE X HERDEMZENIZ OWT I ), HARXES 2020 FEFFEL, HKRE, A5
1 B, 2 < I1E, 2020 £ 3 A 16-19 H.

BB (DD, T43< ] HEIZ X BBETEFE SMC X-1 DJAD - =SB Ok & 7 OfY - HsE a1, B
AR A 2020 EEBESR, IR, 4251 VRME, 2 <1, 2020 4 3 H 16-19 H.

T (HEEFER), X SR CEIIA 2 IXPE ~NDSIMEIR (4)), HARRK X HE S 2019 £RKEHE S, BRA K, BEAR, 2019 4£ 9 H
11-13 H.

SAfbZz (HEERER), X fRELELIA S IXPE ##k X MRS AZE M AGIHEZE - —< LY —IL FOR%K (5], HRRXFS
2019 ERKERIE S, BEAR K, BB, 2019 429 A 11-13 H.

IARKESR (DEERR), [V Ial—YaraHWE IXPE #EIZ &3 X GRS FEOZE], HARKXHES 2019 FREBES
REA K, BEAR, 2019 4£ 9 H 11-13 H.

A RE (CEEFESR), TR %2 B 72 TR GBI & 2 0 BB X ARG D g LB L O IXPE 2 7 — X~ DJG
1, HARRF 2 2019 FEER, FEARKYE, BB, 2019 49 A 11-13 H.

FIRFRN (CIBEFES), TX R0 el 2 XRISM #5#; Resolve DBIFEOBHIR IV, HARIH S 2019 £MFHE S, BBA K, BB,
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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 fiir Schwerionenforschung GmbH (GSI),
Germany by using 2%®Pb or 2Bi 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, 218113, 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 2’8113 has been recognized as a discovery
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of new element by a Joint Working Party of the International Union of Pure and Applied Chemistry (IUPAC) and International Union
of Pure and Applied Physics (IUPAP). Finally, we named the 113th element as “Nihonium.”

We decided to make one more recoil separator GARIS-II, which has an acceptance twice as large as existing GARIS, in order to
realize higher sensitivity. The design of GARIS-II has finished in 2008. All fabrication of the separator will be finished at the end of
fiscal year 2008. It has been ready for operation after some commissioning works.

Preparatory work for the study of the chemical properties of the superheavy elements has started by using the gas-jet transport
system coupled to GARIS. The experiment was quite successful. The background radioactivity of unwanted reaction products has been
highly suppressed. Without using the recoil separator upstream the gas-jet transport system, large amount of unwanted radioactivity
strongly prevents the unique identification of the event of our interest. This new technique makes clean and clear studies of chemistry
of the heaviest elements promising.

The spectroscopic study of the heaviest elements has started by using alpha spectrometry. New isotope, 2®*Hs (Z = 108), which
has the smallest atomic mass number ever observed among the Hassium isotopes, had discovered in the study. New spectroscopic
information for 26“Hs and its daughters have obtained also. The spectroscopic study of Rutherfordium isotope 2°!'Rf (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 28Cm (¥Ca, xn)****Lv (Z = 116) previously studied by Frelov Laboratory of Nuclear Reaction,
Russia, and GSI. We observed 5 isotopes in total which tentatively assigned to 2>*Lv, and >*’Lv.
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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

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 (IUPAC). We have started to search for new elements to expand the chart of the nuclides toward
to the island of stability and the periodic table of the elements toward the 8th period of the periodic table. Since June, 2017, RIKEN
heavy-ion Linear ACcelerator (RILAC) has been shut down for its upgrade until the end of 2019. During this long-term break, to
continue SHE studies at RIBF, we moved GAs-filled Recoil Ion Separator II (GARIS II) from the irradiation room of RILAC to the
E6 room of RIKEN Ring Cyclotron (RRC). In December 2017, the RRC + GARIS II setup became ready for SHE studies. We first
conducted the commissioning of the RRC + GARIS II setup in the ™'La + Sy, 19Tp + 51V, and 29%Pb + 'V reactions. Then, we
started to search for new element, element 119 in the 2*3Cm + 'V reaction in January, 2018. In 2019, we continued to search for
element 119 in the 2*%Cm + >''V reaction. We also developed the new separator GARIS TII on the beam line of the upgraded RILAC,
i.e. Superconducting RIKEN heavy-ion Linear ACcelerator (SRILAC). The SRILAC + GARIS III setup will be ready for the SHE
experiments in 2020.

(2) Decay spectroscopy of the heaviest nuclei

We developed a novel detector, referred to as an “a-TOF detector,” for correlated measurements of atomic masses and decay
properties of low-yield, short-lived radioactive isotopes using a multi-reflection time-of-flight mass spectrograph. 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. An offline test of the @-TOF detector showed that the time-of-flight detection
efficiency for 5.48 MeV a-particles is more than 90% and yields a time resolution of 250.6(68) ps and an a-energy resolution of
141.1(9) keV.

(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 >Cm+%2Ne, 2*8Cm+2Mg, and 2*U+*8Ca reactions using GARIS at RILAC. The quasielastic barrier distributions
were successfully extracted for these systems, and compared with coupled-channels calculations. It was found that the results can be
utilized to locate the optimal energy for the future searches for undiscovered superheavy nuclei.

(4) Study of chemical properties of the heaviest elements

Chemical characterization of newly-discovered SHEs 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 2019, 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 detector
array. For the aqueous chemistry, we also developed a flow solvent extraction apparatus which consisted of a continuous dissolution
apparatus, a flow extraction apparatus, and a liquid scintillation counter.
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Transactinide Elements (TAN19), Wilhelmshaven, Germany, August 25-30, 2019.

M. Wada, P. Schury, H. Miyatake, Y. X. Watanabe, Y. Hirayama, H. Wollnik, S. Kimura, S. Ishizawa, T. Niwase, M. Rosenbusch, D. Kaji,
K. Morimoto, H. Haba, I. Takamine, T. Tanaka, H. Ishiyama, Y. Ito, J. Y. Moon, and K. Morita (invited), “SHE-Mass-II setup for direct
mass measurement of hot-fusion superheavy nuclides,” 6th International Conference on the Chemistry and Physics of the Transactinide
Elements (TAN19), Wilhelmshaven, Germany, August 25-30, 2019.

Y. Ito, P. Schury, M. Wada, F. Arai, H. Haba, Y. Hirayama, S. Ishizawa, D. Kaji, S. Kimura, H. Koura, M. Maccormick, H. Miyatake,
J. -Y. Moon, K. Morimoto, K. Morita, M. Mukai, I. Murray, T. Niwase, K. Okada, A. Ozawa, M. Rosenbusch, A. Takamine, T. Tanaka,
Y. Watanabe, H. Wollnik, and S. Yamaki (oral), “Direct mass measurements of mendelevium isotopes in the vicinity of the N =

152 deformed shell-closure,” 6th International Conference on the Chemistry and Physics of the Transactinide Elements (TAN19),
Wilhelmshaven, Germany, August 25-30, 2019.

H. Haba (invited), “Present status and perspectives of superheavy element researches at RIKEN,” XXXVI’th Mazurian Lakes Conference
on Physics, Piaski, Poland, September 1-7, 2019.

H. Haba (invited), “RI production—Chemistry of new elements to diagnosis and treatment of cancer—,” Tsukuba Conference 2019,
Tsukuba, Japan, October 2—4, 2019.

Y. Kasamatsu, H. Ninomiya, S. Hayami, M. Nagase, E. Watanabe, Y. Shigekawa, N. Kondo, H. Haba, T. Yokokita, Y. Komori, D. Mori,
Y. Wang, K. Ghosh, M. Kaneko, and A. Shinohara (poster), “Coprecipitation of nobelium with samarium hydroxide,” The 4th Interna-
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tional Symposium on Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

Z. Qin, Y. Wang, S. W. Cao, J. C. Zhang, F. L. Fang, J. Yang, H. Haba, Y. Komori, T. Yokokita, K. Morimoto, D. Kaji, Y. Wittwer,
R. Eichler, and A. Tiirler (invited), “Towards the bohrium carbonyl complexes in gas phase,” The 4th International Symposium on
Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

Y. Wang, Y. Wittwer, J. Zhang, S. Cao, Y. Komori, T. Yokokita, Y. Shigekawa, F. Fan, J. Yang, H. Haba, R. Eichler, A. Tiirler, and Z. Qin
(oral), “Species identification of Re carbonyls using laser-ablation time-of-flight mass-spectrometer,” The 4th International Symposium
on Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

T. Yokokita, Y. Kasamatsu, E. Watanabe, Y. Komori, H. Ninomiya, Y. Wang, D. Mori, K. Ghosh, A. Shinohara, and H. Haba (oral),
“Anion exchange of Rf, Zr, Hf, and Th in H,SO,,” The 4th International Symposium on Superheavy Elements (SHE2019), Hakone,
Japan, December 1-5, 2019.

T. Niwase, M. Wada, P. Schury, Y. Ito, S. Kimura, D. Kaji, M. Rosenbusch, Y. X. Watanabe, Y. Hirayama, H. Miyatake, J. Y. Moon,
H. Ishiyama, K. Morimoto, H. Haba, T. Tanaka, S. Ishizawa, A. Takamine, K. Morita, and H. Wollnik (oral), “Correlation measure-
ment of precision mass and decay properties of nuclei via MRTOF-MS with a-ToF detector,” The 4th International Symposium on
Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

M. Rosenbusch, M. Wada, P. Schury, S. limura, H. Haba, Y. Hirayama, H. Ishiyama, S. Ishizawa, Y. Ito, D. Kaji, S. Kimura, H. Miy-
atake, J. Y. Moon, K. Morimoto, T. Tanaka, T. Niwase, A. Takamine, K. Morita, Y. X. Watanabe, and H. Wollnik (oral), “Dynamic
ejection-field correction for MR ToF mass spectrometry of SHE using arbitrary mass references,” The 4th International Symposium on
Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

H. Haba (plenary), “Production and applications of radioisotopes at RIKEN RI Beam Factory—Search for new elements through diagnosis
and therapy of cancer—,” The 10th International Conference on Isotopes (10ICI), Kuala Lumpur, Malaysia, February 3-7, 2020.

H. Haba (invited), “Present status and perspectives of superheavy element chemistry at RIKEN,” The 10th International Conference on
Isotopes (10ICI), Kuala Lumpur, Malaysia, February 3—7, 2020.

[Seminars]
H. Haba, “Production of radioisotopes for application Studies at RIKEN RI Beam Factory,” Seminar at Institute of Modern Physics (IMP),
Lanzhou, China, August 12, 2019.
H. Haba, “Production of radioisotopes for application Studies at RIKEN RI Beam Factory,” IFIN-HH Seminar at Horia Hulubei National
Institute for R&D in Physics and Nuclear Engineering, Bucharest, Rumania, October 21, 2019.

H. Haba, “Production of radioisotopes for application studies at RIKEN RI Beam Factory,” Seminar at Sunway University, Selangor,

Malaysia, February 10, 2020.
[Domestic conferences/workshops]
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Nuclear Science and Transmutation Research Division

Superheavy Element Research Group
Superheavy Element Device Development Team

1. Abstract

A gas-filled recoil ion separator has been used as a main experimental device for the study of superheavy elements. This team is
in charge of maintaining, improving, developing, and operating the separators and related devices. 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 cold-
fusion reaction, and the other two are developed for an asymmetric reaction such as hot-fusion reaction, GARIS-II and GARIS-III.
New elements 28113 were produced by 7°Zn + 2%Bi reaction using GARIS. Further the new element search Z > 118 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 IIT 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. It will be ready for operation in the physical year 2020 after some
commissioning works. We will also offer user-support if a researcher wishes to use the devices for his/her own research program.

Members

Team Leader
Kouji MORIMOTO

Research/Technical Scientists
Masaki FUJIMAKI (concurrent: Senior Technical Scientist) Daiya KAIJI (Technical Scientist)

Postdoctoral Researchers

Pierre BRIONNET Sota KIMURA
Junior Research Associates
Satoshi ISHIZAWA Toshitaka NIWASE
Visiting Scientists
Shin-ichi GOTO (Niigata Univ.) Katsuhisa NISHIO (JAEA)
Eiji IDEGUCHI (Osaka Univ.) Fuyuki TOKANALI (Yamagata Univ.)
Yuta ITO (JAEA)

Student Trainees
Hayato NUMAKURA (Yamagata Univ.) Hiroki TSUNODA (Niigata Univ.)
Yoshiki TAKAHASHI (Niigata Univ.)

List of Publications & Presentations

Publications
[Original papers]

S. Ishizawa, K. Morimoto, D. Kaji, T. Tanaka, and F. Tokanai, “Improvement of the detection efficiency of a time-of-flight detector for
superheavy element search,” Nucl. Instrum. Methods Phys. Res. A 960, 163614 (2020).

T. Niwase, M. Wada, P. Schury, H. Haba, S. Ishizawa, Y. Ito, D. Kaji, S. Kimura, H. Miyatake, K. Morimoto, K. Morita, M. Rosenbusch,
H. Wollnik, T. Shanley, and Y. Benari, “Development of an “a-TOF” detector for correlated measurement of atomic masses and decay
properties,” Nucl. Instrum. Methods Phys. Res. A, 953, 163198 (2020).

H. Numakura, K. Morimoto, D. Kaji, K. Kosugi, C. Horikawa, S. Ishizawa, M. Takeyama, and F. Tokanai, “Evaluation of a back-
illuminated solid state detector with thin dead layer for super heavy element research,” Jpn. J. Appl., Phys. 59, 066004 (2020).

[Review articles]
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Presentations
[International conferences/workshops]

K. Morimoto (invited), “The discovery of element 113,” TAN 19, Wilhelmshaven, Germany, August 2019.

S. Ishizawa (oral), K. Morimoto, D. Kaji, T. Tanaka, and F. Tokanai, “Improvement of the detection efficiency of a time-of-flight de-
tector for superheavy element search,” The 2019 IEEE Nuclear Science Symposium (NSS) and Medical Imaging Conference (MIC),
Manchester, UK, October 26—November 5, 2019.

P. Brionnet (oral), “First measurement of the reaction *>'V+!>*Tb — 2!°Ra* on GARIS-II,” The 4th International Symposium on Super-
heavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

T. Niwase (oral), M. Wada, P. Schury, Y. Ito, D. Kaji, M. Rosenbusch, Y. X. Watanabe, Y. Hirayama, J. Y. MOON, H. Ishiyama, T. Tanaka,
A. Takamine, S. Kimura, K. Morimoto, H. Haba, S. Ishizawa, K. Morita, H. Miyatake, and H. Wollnik, “Correlation measurement of
precision mass and decay properties of nuclei via MRTOF-MS with a-ToF detector,” The 4th International Symposium on Superheavy
Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

S. Ishizawa (poster), K. Morimoto, D. Kaji, T. Tanaka, and F. Tokanai, “Improvement of the detection efficiency of a time-of-flight detector
with a large effective area for superheavy element search,” The 4th International Symposium on Superheavy Elements (SHE2019),
Hakone, Japan, December 1-5, 2019.

T. Niwase (poster), M. Wada, P. Schury, Y. Ito, S. Kimura, D. Kaji, M. Rosenbusch, Y. X. Watanabe, Y. Hirayama, H. Miyatake,
J. Y. Moon, H. Ishiyama, K. Morimoto, H. Haba, T. Tanaka, S. Ishizawa, A. Takamine, K. Morita, and H. Wollnik, “Development and
first results from a novel “a-TOF” detector used with a multi-reflection time-of-flight mass spectrograph,” TAN 19, Wilhelmshaven,
Germany, August 2019.

H. Numakura (poster), C. Horikawa, K. Morimoto, S. Ishizawa, M. Takeyama, and F. Tokanai, “Evaluation of dead-layer thickness of
SSD for SHE research,” The 19th International Conference on Solid State Dosimetry (SSD19), Hiroshima, September 15-20, 2019.

I. Murakami (poster), S. Sakaguchi, D. Kaji, K. Morimoto, T. Niwase, K. Morita ef al., “Development of MCP ToF Detectors at Kyushu
University,” The 4th International Symposium on Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

K. Morimoto (oral), “Discovery of Nh and search for element 119,” nSHE RG Collaboration Meeting. Oak Ridge National Laboratory
and the University of Tennessee Knoxville, US, May 30—-June 1, 2019.

D. Kaji (oral), “GARIS-2/-3 performance,” nSHE RG Collaboration Meeting. Oak Ridge National Laboratory and the University of
Tennessee Knoxville, US, May 30-June 1, 2019.

P. Brionnett (oral), “Data analysis I,” nSHE RG Collaboration Meeting. Oak Ridge National Laboratory and the University of Tennessee
Knoxville, US, May 30-June 1, 2019.

S. Ishizawa (oral), “Optimization of ToF system,” nSHE RG Collaboration Meeting. Oak Ridge National Laboratory and the University
of Tennessee Knoxville, US, May 30-June 1, 2019.

S. Kimura (oral), “Determination of anchor via direct mass measurement with MR-TOF,” nSHE RG Collaboration Meeting. Oak Ridge
National Laboratory and the University of Tennessee Knoxville, US, May 30-June 1, 2019.

K. Morimoto (oral), “Present status and plans of GARIS, GARIS-II and GARIS-III,” SSRI-PNS Collaboration Meeting 2019, Nishina
hall, Nishina Bldg. 2F, September 4, 2019.

[Domestic conferences/workshops]
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Nuclear Science and Transmutation Research Division

Astro-Glaciology Research Group

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 high-
energy protons emitted by astronomical phenomena affect the atmosphere of the stratosphere. Our principal aim is thus to acquire and
interpret information preserved in ice cores regarding:

o Signatures of past volcanic eruptions and solar cycles;
e Relationships between climate change and volcanic activity, and climate change and solar activity as well;
e 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:

e Development of an automated laser melting sampler for analyzing ice cores with high depth resolution and high through-put;
e Development of precise analytical techniques of high sensitivity for analyzing ice cores;

e The application of analytical methods to measure isotopes developed for ice cores to archaeological artifacts;

e The evolution of molecules in space.

On the theoretical side, we are simulating numerically:

o Chemical effects of giant solar flares and supernovae on the Earth’s atmosphere;
o 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. 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 this is a crucial key to understand of the r-process nucleosynthesis, one
of the goals of the Nishina Center. We note that our subjects all will contribute to an understanding relationships between the Universe
and Earth.

Members

Director
Yuko MOTIZUKI

Research/Technical Scientists
Kazuya TAKAHASHI (Senior Research Scientist) Yoichi NAKAI (Senior Research Scientist)

Technical Staff 1
Yu Vin SAHOO

Senior Visiting Scientists
Yasushige YANO (RIKEN/Nishina Memorial Foundation) Kunihiko KODERA (Meteorological Res. Inst.)

Visiting Scientists
Hideharu AKIYOSHI (Nat’l Inst. for Environmental Studies) Naoyuki KURITA (Nagoya Univ.)

Akira HORI (Kitami Inst. of Tech.) Hideki MADOKORO (Mitsubushi Heavy Industries, Ltd.)
Kazuho HORIUCHI (Hirosaki Univ.) Hideaki MOTOYAMA (Nat’l Inst. of Polar Res.)
Yoshinori [IZUKA (Hokkaido Univ.) Kenji TANABE (Okayama Univ. of Sci.)

Visiting Technician
Junya HIROSE (Fusion Tech. Co., Ltd.)

Student Trainee
Hisashi HAYAKAWA (Osaka Univ.)

Part-time Worker
Satomi NEGISHI (Part-time Worker I)
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List of Publications & Presentations

Publications

[Original papers]

T. Minami, K. Hatanaka, Y. Motizuki, Y. Nakai, and K. Takahashi, “A method of collecting trace amounts of vermilion from artifacts
for source estimation by sulfur isotope (634S) analysis: use of sulfur-free adhesive,” Journal of Archaeological Science: Reports 28,
102027, (2019).

[Books]

LHET, [Newton 74 b 2.0 AR (FHH), =a—1r > 7L A,2019 F 12 A.
UHET, (a2 — bR BORICE AW JEE ] dGh), =a— b 7L Z,2019 47 H.

Presentations

[International conferences/workshops]

Y. Motizuki (invited), “The oxygen isotopic variations in a Dome Fuji (Antarctica) ice core—Relationships of the temperature proxy with
solar activity and oceanic variations,” WCRP/SPARC SATIO-TCS joint workshop on Stratosphere-Troposphere Dynamical Coupling
in the Tropics, Kyoto, February 21-25, 2020.

H. Akiyoshi, Y. Nakai, Y. Motizuki, T. Imamura, and Y. Yamashita, “Ozone change simulations of Halloween event and Carrington
event using MIROC3.2 chemistry-climate model,” WCRP/SPARC SATIO-TCS joint workshop on Stratosphere-Troposphere Dynami-
cal Coupling in the Tropics, Kyoto, February 21-25, 2020.

Y. V. Sahoo, K. Takahashi, Y. Nakai, Y. Motizuki, and H. Motoyama, “Annually-resolved water isotope measurements in a shallow ice
core (DFS10) for 60 meters depth,” (A poster paper), The Tenth Symposium on Polar Science, Tachikawa, December 3-5, 2019.

S. Fujita, K. Goto-Azuma, M. Hirabayashi, A. Hori, Y. lizuka, Y. Motizuki, H. Motoyama, K. Takahashi, H. Enomoto, K. Fukui,
Y. Hoshina, F. Nakazawa, S. Sugiyama, and S. Surdylk, “Metamorphism of layered firn at Dome Fuji, Antarctica: Evolution of relations
between Near-infrared reflectivity and the other textural/chemical properties,” The Tenth Symposium on Polar Science, Tachikawa, De-
cember 3-5, 2019.

K. Kanzawa, F. Miyake, Y. Tada, K. Horiuchi, S. Otani, K. Sasa, Y. Motizuki, K. Takahashi, Y. Nakai, H. Motoyama, and H. Matsuzaki,
“Variation of cosmogenic 10Be for cosmic ray event in 5480 BC from Antarctic Dome Fuji ice core,” The 8th East Asia Accelerator
Mass Spectrometry Symposium, Nagoya, Japan, December 3-6, 2019.

Y. Motizuki (invited), “Women in Astronomy: A view from a gender-imbalanced country,” IAU Symposium 358: “Astronomy for Equity,
Diversity and Inclusion—a roadmap to action within the framework of IAU centennial anniversary,” Tokyo, November 12-15, 2019.
Y. Motizuki (invited), “Historical supernova signatures in polar ice cores,” International workshop on “Historical supernovae, novae and

other transient events,” Leiden, the Netherlands, October 14-18, 2019.

[Domestic conferences/workshops]
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K. Takahashi and Y. 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/

RIKEN Science News blog; It Ain’t Magic, “Tape and vermilion: ingredients for mapping artifact origins,” by Adam Phillips, March 9,
2020. https://itaintmagic.riken. jp/hot-off-the-press/tape-and-vermilion-ingredients-for-mapping-
artifact-origins/
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(&) BERFEAR 2, FI5E, 2019 47 H 29 H.

Y. V. Sahoo (Invited talk), “Studying and pursuing research positions in Japan,” Sakura Science High School Program promoted by
Department of Japan-Asia Youth Exchange Program in Science, Japan Society and Technology Agency, Wako, June 11, 2019.
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Others

K. Takahashi, “Detecting traces of sulfur in ice cores—An advanced isotope-measuring system can reveal insights about past environments
in shorter time,” RIKEN RESEARCH, SUMMER 2019, November 2019.
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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.

Member
Group Director
Hiroyoshi SAKURALI (concurrent: Director, RI Physics Lab.)

List of Publications & Presentations

Publications
[Original papers]
H. Okuno, H. Sakurai, Y. Mori, R. Fujita, and M. Kawashima, Proceedings of the Japan Academy, Series B 95, 430-439 (2019).

Presentations
[International conferences/workshops]
H. Sakurai (invited), “A program for accelerator-based transmutation system for LLFP,” Fourth International Workshop on Technology
and Components of Accelerator-Driven Systems (TCADS-4), Antwerp, Belgium, October 14-17, 2019.

Press releases
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Nuclear Science and Transmutation Research Division

Nuclear Transmutation Data Research Group
Fast Rl 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.

Members
Team Leader

Hideaki OTSU (Concurrent: Team Leader, SAMURAI Team)

Visiting Scientists

Takashi TERANISHI (Kyushu Univ.)

Student Trainees

Keita NAKANO (Kyushu Univ.)

List of Publications & Presentations

Publications

[Original papers]

H. Wang, H. Otsu, N. Chiga et al., “Enhancement of element production by incomplete fusion reaction with weakly bound deuteron,”
Commun. Phys. 2, 78 (2019).

K. Nakano, Y. Watanabe, S. Kawase, H. Otsu et al., “Isotope production in proton-, deuteron-, and carbon-induced reactions on BNb at
113 MeV/nucleon,” Phys. Rev. C 100, 044605 (2019).

S. Michimasa, J. Hwang, K. Yamada, H. Otsu et al., “OEDO, the energy-degrading beamline at RI Beam Factory,” Prog. Theor. Exp.
Phys. 4, 043D01 (2019).

J. Hwang, S. Michimasa, S. Ota, H. Otsu et al., “Angle-tunable wedge degrader for an energy-degrading RI beamline,” Prog. Theor. Exp.
Phys. 4, 043D02 (2019).

S. Takeuchi, T. Nakamura, M. Shikata, H. Otsu et al., “Coulomb breakup reactions of °***Zr in inverse kinematics,” Prog. Theor. Exp.
Phys. 1, 013D02 (2019).

[Proceedings]

X. Sun, H. Wang, H. Otsu, H. Sakurai et al., “Cross section measurements in the reactions of 136Xe on proton, deuteron and carbon
at 168 MeV/u,” Proc. of the 15th Internat. Conf. on Nuclear Reaction Mechanisms, CERN-Proceedings-2019-001 (CERN, Geneva,
2019), pp. 153-157.

Yu. Watanabe, J. Suwa, K. Nakano, H. Otsu et al., “Isotopic production cross sections of residual nuclei in proton- and deuteron-induced
reactions on *1°2Y, 92937, and °*°*Nb around 100 MeV/nucleon,” Proc. of the 15th Internat. Conf. on Nuclear Reaction Mechanisms,

CERN-Proceedings-2019-001 (CERN, Geneva, 2019), pp. 139-144.

-287 -



RIKEN Accel. Prog. Rep. 53 VI. RNC ACTIVITIES

Presentations

[International conferences/workshops]

H. Otsu, “Cross section measurements for LLFP nuclei at RIBE,” Fourth International Workshop on Technology and Components of
Accelerator-Driven Systems (TCADS-4), Antwerp, Belgium, October 14-16, 2019.

H. Wang, “Spallation reaction study for long-lived fission products in nuclear waste,” International Nuclear Physics Conference 2019
(INPC2019), Glasgow, UK, July 29-August 2, 2019.

H. Wang, “Spallation reaction study for long-lived fission products in nuclear waste,” International conference on nuclear data and
technology (ND2019), Beijing, China, May 19-24, 2019.

K. Nakano, “Isotope-production Cross Sections of Residual Nuclei in Proton- and Deuteron-induced Reactions on **Zr at 50 MeV/u,”
International conference on nuclear data and technology (ND2019), Beijing, China, May 19-24, 2019.

X. Sun, “Cross-section Measurement in the Reactions of '**Xe on Proton, Deuteron and Carbon,” International conference on nuclear
data and technology (ND2019), Beijing, China, May 19-24, 2019

Y. Togano et al., “Status report of dipole strength measurement performed in S09 and ImPACT,” SAMURAI International Collaboration
Workshop, Rikkyo University, Japan, August 30-31, 2019.
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Nuclear Science and Transmutation Research Division

Nuclear Transmutation Data Research Group
Slow Rl 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 2*¥U 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 %3Zr 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 **Zr and '97Pd beams with 50 MeV/nucleon were produced for the nuclear-
transmutation experiments using proton or deuteron targets at October 2016. The commissioning experiment of the OEDO beam line
was successfully performed at June 2017. The first transmutation experiments using OEDO beam line were performed with %3Zr,
107pd, and 7°Se 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.

Members

Team Leader
Toshiyuki SUMIKAMA

Student Trainee
SungHan BAE (Seoul Nat’1 Univ.)

List of Publications & Presentations
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[Original papers]
S. Takeuchi et al., “Coulomb breakup reactions of °*°#Zr in inverse kinematics,” Prog. Theor. Exp. Phys. 2019, 013D02 (2019).
S. Michimasa et al., “OEDO, the energy degrading beamline at Rl Beam Factory,” Prog. Theor. Exp. Phys. 2019, 043D01 (2019).
H. Jongwon et al., “Angle-tunable wedge degrader for an energy-degrading RI beamline,” Prog. Theor. Exp. Phys. 2019, 043D02 (2019).
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Nuclear Science and Transmutation Research Division

Nuclear Transmutation Data Research Group
Muon Data Team

1. Abstract

Dr. Yoshio Nishina observed muons in cosmic rays in 1937. The muon is an elementary particle similar to electron and classified
to lepton group. The muon has positive or negative electric charge, and the lifetime is 2.2 usec. The negative muon (¢~) 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 (QN ) with the atomic number Z and
mass number A generates the isotopes of fZ‘j‘N (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 *Z‘N(,u’, xnv)*Z‘j‘N 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 y-ray emissions from the excited states of 4N 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 fZ‘j‘N make 3/~ decays. The y-rays associated with 87/~ decays to the daughter nuclei are
observed in the experiment. The build-up curve of y-ray yield at muon beam-on and the decay curve at beam-off are measured. Since
the half-lives and decay branching ratios of 8*/~-y decays are known, the reaction branching ratios to the fZ‘j‘N nuclei are determined
by the y-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 (104 105.106,108,110pq) and five isotope-
enriched zirconium targets (°*°1-929497r) 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 '97Pd 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 InPACT 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 (104 105.106.108.110pqy by employing the DC muon
beam at MuSIC. The y-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 Z‘ﬁPd(y’,xnv)fS"‘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 y-ray detectors, 7 BaF, 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 y-ray
detectors are placed at 10 cm form the target, and the typical detection efficiency is 0.5% for 200 keV y-ray. The BaF, counters are
located beneath the target to detect fast y-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-y
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 y-rays associated with the reaction. Signals from the BaF, counters and muon beam counters are sent to
the digitizer to make the fast timing signals.

We have established the muon in-beam spectroscopy method employing the “Seamine” spectrometer. The neutron data analysis
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is in progress to obtain the multiplicity, the energy and the TOF spectrum using start signals given by y-rays detected in the BaF,
counters. The y-ray data gives the energy spectrum of prompt y-rays and muonic X-rays originated from the 04 105,106,108, 110pq
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 !0+ 105,106,108, 110pq targets. The y-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 y-ray intensities
were measured associated with 8/~ decays of produced unstable nuclei to daughter nuclei. The y-ray-yield curves give the absolute
radiation activity produced by the reaction, and the reaction branching ratios are determined for 4A6Pd(/f, xnv)Z‘S‘XRh reactions. The
decay curves of y-rays from the produced nuclei with long half-lives were measured under low y-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 (104105106108, 110pq) were irradiated by the pulsed muon beam, and the build-up and decay curves of y-ray intensities were
measured.

In addition to the Pd targets, the experiments on five isotope-enriched Zr target (°%°1:92:94.967r) were conducted to obtain the
reaction branching ratios of Z‘OZr(,u’, xnv)?;‘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 *3Zr 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 i27Pd(,u‘, xnv)}g”Rh reactions, the muon activation experiment was performed
employing a Pd target containing '"’Pd of 15.3%. The y-ray intensities associated with 8%/~ decays of produced unstable nuclei were
measured to obtain the build-up and decay curves. Once the branching ratios of the reactions on the 04 105.106,108,110pq targets are
obtained, these contributions are extracted from the branching-ratio data obtained for the Pd target with '9Pd. The reaction branching

ratio of ;2"Pd(u~, xnv),Y~*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.

Members

Team Leader
Hiroyoshi SAKURAI

Contract Researcher
Teiichiro MATSUZAKI

List of Publications & Presentations

Publications
[Original papers]

S. Wenner, C. D. Marioara, K. Nishimura, K. Matsuda, S. Lee, T. Namiki, I. Watanabe, T. Matsuzaki, and R. Holmestad, “Muon spin
relaxation study of solute?vacancy interactions during natural aging of Al-Mg-Si-Cu alloys,” Metall. Mater. Trans. A 50, 3446-3451
(2019).

[Proceedings]

R. Fujita, M. Kawashima, M. Ozawa, and T. Matsuzaki, “Reduction and resource recycling of high-level radioactive wastes through
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capture of palladium,” International Nuclear Physics Conference 2019, Scottish Event Campus, Glasgow, UK, July 29-August 2, 2019.
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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 INPACT 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.

Member
Group Director
Osamu KAMIGAITO (concurrent: Group Director, Accelera-
tor Group)
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Nuclear Science and Transmutation Research Division

High-Intensity Accelerator R&D Group
High-Gradient Cavity R&D Team

1. Abstract

We develop new components for accelerators dedicated for low-beta-ions with very high intensity. Specifically, we are designing
and constructing a cryomodule for superconducting linac efficient for acceleration of low-beta-ions. In parallel, we try to optimize an
rf acceleration system by making computer simulations for acceleration of very high intensity beams.

2. Major Research Subjects
(1) Development of high-gradient cavites for low beta ions
(2) Development of power saving cryomodules

3. Summary of Research Activity
* Development of highly efficient superconducting accelerator modules

Members
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Factory,” Proceedings of the 19th International Conference on RF Superconductivity (SRF2019), (2019), pp. 750-757.

Presentations
[International conferences/workshops]

N. Sakamoto, T. Dantsuka, M. Fujimaki, H. Imao, O. Kamigaito, K. Kusaka, H. Okuno, K. Ozeki, K. Suda, A. Uchiyama, T. Watanabe,
Y. Watanabe, K. Yamada, E. Kako, H. Nakai, H. Sakai, K. Umemori, H. Hara, A. Miyamoto, K. Sennyu, and T. Yanagisawa (invited),
“Development of superconducting quarter-wave resonator and cryomodule for low-beta ion accelerators at RIKEN Radioactive Isotope
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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)

Member

Team Leader
Hiroki OKUNO

List of Publications & Presentations

Publications
[Original papers]
H. Okuno, H. Sakurai, Y. Mori, R. Fujita, and M. Kawashima, “Proposal of a 1-ampere-class deuteron single-cell linac for nuclear
transmutation,” Proceedings of the Japan Academy, Series B 95, 430439 (2019).
Presentations
[International conferences/workshops]

H. Okuno (oral), “Accelerator and target for transmutation of long-lived fission products in nuclear waste,” Fourth International Workshop
on Technology and Components of Accelerator-Driven Systems (TCADS-4), Antwerp, Belgium, October 14-17, 2019.

H. Okuno (oral), “Seeking for a novel fabrication technology to make a large-bore SRF-QWR cavity for 1-ampere class linac,” TTC 2020,
Geneve, Switzerland, February 4-7, 2020.
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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, radiofrequency systems, control systems, and
beam simulation studies. We are also maintaining the large infrastructure to realize effective operation of the RIBF. Moreover, we are
actively promoting the applications of the facility to 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, the intensity of the uranium beam has increased by 70% in the last three years, resulting
in the intensity of 94 pnA (7.7 kW) at the exit of the superconducting ring cyclotron. The beam intensity of '?*Xe has increased to
173 pnA, corresponding to the beam power of 7.4 kW.

In 2016, a supplemental budget was approved for the upgrade of RIBF aiming at synthesizing heavier new elements. A super-
conducting linac booster has been constructed at the RILAC facility with this budget under the collaboration with KEK researchers.
We also constructed a new superconducting ECR ion source at RILAC. The beam commissioning with the upgraded RILAC, which
has been named “SRILAC,” was started in January 2020. Finally, the SRILAC facility passed the facility inspection by the Nuclear
Regulatory Authority on the last day of FY2019. The accelerating cavities of the ring cyclotron, which had been suffered from the
low accelerating voltage, were also modified with this supplemantal budget. This modification played a key role in the increase of the
beam intensities of uranium and xenon mentioned above. We also started providing intense vanadium beams for the synthesis of a
new element [119] at GARIS II in 2017.

On the other hand, we have started a new project with RCNP, Osaka university, for the promotion of application research using
short-lived radioisotopes since 2017. A high-power target for production of 2!' At is under development with RI Application Research
Group of RNC in the framework of this project. It will be installed and tested in the SRILAC facility in near future.

An upgrade plan of RIBF for further increasing heavy-ion beams, especially the uranium beam, has been continuously discussed.
The plan proposed recently is based on a new idea of “charge-stripper ring (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 become
the charge state required for the succeeding acceleration, while the bunch structure is kept with its isometric orbit lengths for all the
charge states. Design study of the whole CSR is under progress after intensive optical calculations for the circulating beam. The final
goal of this plan is to increase the uranium beam intensity by 20 times of the present value, namely up to 2000 pnA, at the exit of SRC.

2. Major Research Subjects
(1) Intensity upgrade of RIBF accelerators (Okuno)
(2) Effective and stable operation of RIBF accelerators (Fukunishi)
(3) Commissioning of the upgraded RILAC (SRILAC) facility
(4) Promotion of the future plan

3. Summary of Research Activity

(1) The maximum intensities of the uranium and xenon beams reached 94 and 173 pnA, respectively, at 345 MeV/nucleon.

(2) The maximum intensity of the calcium beam reached 740 pnA at 345 MeV/nucleon, which corresponds to 12.3 kW. That of
the krypton beam reached 486 pnA, corresponding to 13.4 kW.

(3) The overall beam availability for the RIBF experiments averaged for 5 years from 2013 to 2017 was 92%. Although the
availability fell down to 79% in 2018 because of several hardware troubles, it exceeded 92% in 2019.

(4) A major upgrade of the accelerator facility has been conducted aiming at synthesizing heavier new elements. It includes
construction of a superconducting linac booster of RILAC, construction of a new superconducting ECR ion source, and
modification of the accelerating cavities of the ring cyclotron (RRC). The upgraded RILAC (SRILAC) facility passed the
facility inspection by the Nuclear Regulatory Authority, as scheduled.

(5) The large infrastructure was properly maintained based on a well-organized cooperation among the related sections.

(6) An intensity-upgrade plan of the RIBF has been further investigated. Design study of the charge-stripper ring (CSR) is under
progress.

Members

Group Director
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Osamu KAMIGAITO

Deputy Group Directors
Hiroki OKUNO (for intensity upgrade) Nobuhisa FUKUNISHI (for stable and efficient operation)

Junior Research Associate
Takahiro KARINO (Utsunomiya Univ.) Kaori NAKAMURA (The University of Tokyo)
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Research Consultants
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Visiting Scientists
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Akira FUJIEDA (Okayama Univ.) Hiroyuki KAINO (Okayama Univ.)

Assistant
Karen SAKUMA

Administrative Part-time Worker 11
Ryoko UMEZAKI

List of Publications & Presentations

Publications
[Original papers]
T. Karino, “Evaluation method of beam instability in laser ion source using solenoid,” Rev. Sci. Instrum. 91, 033316 (2020).
K. Nakamura, N. Nishiura, M. Okamura, T. Kanesue, S. Ikeda, and A. Cannavo, “Feasibility study of a compact heavy ion source for
investigation of laboratory magnetospheric plasma,” Rev. Sci. Instrum. 91, 033503 (2020).
[Proceedings]
0. Kamigaito, K. Ozeki, N. Sakamoto, K. Suda, and K. Yamada, “Measurement of mechanical vibration of SRILAC cavities,” Proceedings
of the 19th International Conference on RF Superconductivity (SRF2019), (Dresden, Germany, TUP042, 2019), pp. 515.

O. Kamigaito, T. Dantsuka, M. Fujimaki, N. Fukunishi, H. Hasebe, Y. Higurashi, E. Ikezawa, H. Imao, M. Kidera, M. Komiyama, K.
Kumagai, T. Maie, Y. Miyake, T. Nagatomo, T. Nakagawa, M. Nakamura, T. Nishi, J. Ohnishi, H. Okuno, K. Ozeki, N. Sakamoto, K.
Suda, A. Uchiyama, T. Watanabe, Y. Watanabe, and K. Yamada, “Recent progress in RIKEN RI Beam Factory,” Proceedings of 22nd
International Conference on Cyclotrons and their Applications (CYC2019), (Cape Town, South Africa, MOBO1, 2019).

Presentations
[International conferences/workshops]
0. Kamigaito (invited), “Recent progress in RIKEN RI Beam Factory,” 22nd International Conference on Cyclotrons and their Applica-
tions (CYC2019), Cape Town, South Africa, September 22-27, 2019.

T. Karino (oral), “Evaluation method of beam instability in laser ion source using solenoid,” The 18th International Conference on Ion
Sources (ICIS2019), Lanzhou, China, September 1-6, 2019.

K. Nakamura (oral), “Feasibility study of a compact heavy ion source for investigation of laboratory magnetospheric plasma,” The 18th
International Conference on Ion Sources (ICIS2019), Lanzhou, China, September 1-6, 2019.

A. Fujieda (oral), “Ba-ion spectroscopy experiment for high-intensity gamma-ray source using heavy ions,” The 12th International Work-
shop on Fundamental Physics Using Atoms (FPUA2020), Wako, Japan, January 9-10, 2020.
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Research Facility Development Division

Accelerator Group
Accelerator R&D Team

1. Abstract

We are developing the key hardware in upgrading the RIBF accelerator complex. Our primary focus and research is charge
stripper which plays an essential role in the RIBF accelerator complex. Charge strippers remove many electrons in ions and realize
efficient acceleration of heavy ions by greatly enhancing charge state. The intensity of uranium beams is limited by the lifetime of the
carbon foil stripper conventionally installed in the acceleration chain. The improvement of stripper lifetimes is essential to increase
beam power towards the final goal of RIBF in the future. We are developing the low-Z gas stripper. In general gas stripper is free from
the lifetime related problems but gives low equilibrium charge state because of the lack of density effect. Low-Z gas stripper, however,
can give as high equilibrium charge state as that in carbon foil because of the suppression of the electron capture process. Another our
focus is the upgrade of the world’s first superconducting ring cyclotron.

2. Major Research Subjects
(1) Development of charge strippers for high power beams (foil, low-Z gas)
(2) Upgrade of the superconducting ring cyclotron
(3) Maintenance and R&D of the electrostatic deflection/inflection channels for the beam extraction/injection

3. Summary of Research Activity
(1) Development of charge strippers for high power beams (foil, low-Z gas)

(H. Hasebe, H. Imao, H. Okuno)

We are developing the charge strippers for high intensity heavy ion beams. We are focusing on the developments on carbon or
berrilium foils and gas strippers including He gas stripper.

(2) Upgrade of the superconducting ring cyclotron
(J. Ohnishi, H. Okuno)
We are focusing on the upgrade of the superconducting ring cyclotron.

(3) Maintenance and R&D of the electrostatic deflection/inflection channels for the beam extraction/injection
(J. Ohnishi, H. Okuno)
We are developing high-performance electrostatic channels for high power beam injection and extraction.

Members
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Hiroki OKUNO
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List of Publications & Presentations

Publications
[Original papers]

N. Ikoma, Y. Miyake, M. Takahashi, H. Okuno, S. Namba, K. Takahashi, T. Sasaki, and T. Kikuchi, “Demonstration of plasma window
with diameter of 20 mm and pressure separation for accelerator application,” Plasma Fusion Res. 14, 1206148 (2019).

N. Ikoma, Y. Miyake, M. Takahashi, H. Okuno, S. Namba, K. Takahashi, T. Sasaki, and T. Kikuchi, “Characteristics of plasma window
with various channel diameters for accelerator applications,” Review of Scientific Instruments 91, 053503 (2020).
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Research Facility Development Division

Accelerator Group
lon 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) Masanori KIDERA (Technical Scientist)
Yoshihide HIGURASHI (Technical Scientist)

Special Temporary Research Scientist
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[Original papers]
T. Nagatomo et al., “High intensity vanadium beam for synthesis of new superheavy elements with well-controlled emittance by using
“slit triplet”,” Rev. Sci. Instrum. ICIS18, 023318 (2020).

A. Uchiyama et al., “Control system for the new RIKEN 28-GHz superconducting electron cyclotron resonance ion source for SRILAC,”
Rev. Sci. Instrum. ICIS18, 025101 (2020).

[Proceedings]

T. Nagatomo et al., “Development of RIKEN 28 GHz SC-ECRISs for synthesizing super-heavy elements,” Proc. HIAT2018,
doi:10.18429/JACoW-HIAT2018-TUZAAOI.

Presentations
[International conferences/workshops]
Y. Higurashi (invited), “Status and perspective for high intensity uranium beams from the RIKEN 28 GHz ECRIS,” ICIS2019, Lanzhou,
China, September 1-6, 2019.

T. Nakagawa (oral), “Production of intense metal ion beam with RIKEN 28 GHz SC-ECRIS,” ICIS2019, Lanzhou, China, September
1-6, 2019.

T. Nagatomo (oral), “Well-controlled emittance of the metallic ion beam extracted from the 28 GHz SC-ECRIS adopting the super
conducting acceleration cavity for new super heavy elements research,” ICIS2019, Lanzhou, China, September 1-6, 2019.
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Research Facility Development Division

Accelerator Group
RILAC Team

1. Abstract

The operation and maintenance of the RIKEN Heavy-ion Linac (RILAC) have been carried out. There are two operation modes:
one is the stand-alone mode operation and the other is the injection mode operation. The RILAC has been used especially as an
injector for the RIKEN RI- Beam Factory accelerator complex. The RILAC is composed of the 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.

Members

Team Leader
Eiji IKEZAWA

Research/Technical Scientist
Yutaka WATANABE (Senior Technical Scientist)
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Publications
[Proceedings]
M. Tamura, E. Ikezawa, T. Ohki, H. Yamauchi, K. Oyamada, A. Yusa, K. Kaneko, Y. Watanabe, and O. Kamigaito, ‘“Present status of
RILAC,” Proceedings of the 16th Annual Meeting of Particle Accelerator Society of Japan, (2019), pp. 1263.
Presentations

[Domestic conferences]
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Research Facility Development Division

Accelerator Group
Cyclotron Team

1. Abstract

Together with other teams of Nishina Center accelerator division, maintaining and improving the RIBF cyclotron complex. The
accelerator provides high intensity heavy ions. Our mission is to have stable operation of cyclotrons for high power beam operation.
Recently stabilization of the rf system is a key issue to provide 10 kW heavy ion beam.

2. Major Research Subjects
(1) RF technology for Cyclotrons
(2) Operation of RIBF cyclotron complex
(3) Maintenance and improvement of RIBF cyclotrons
(4) Single turn operation for polarized deuteron beams
(5) Development of superconducting cavity

3. Summary of Research Activity

Development of the rf system for a reliable operation

Development of highly stabilized low level rf system

Development of superconducting cavity

Development of the intermediate-energy polarized deuteron beams.

Members

Team Leader
Naruhiko SAKAMOTO

Research/Technical Scientists
Kazutaka OZEKI (Senior Technical Scientist) Kenji SUDA (Technical Scientist)
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SRILAC,” Proceedings of the 19th International Conference on RF Superconductivity, (2019), pp. 182-187.

H. Imao, O. Kamigaito, N. Sakamoto, T. Watanabe, Y. Watanabe, K. Yamada, and K. Oyamada, “Non-evaporative getter-based differential
pumping system for SRILAC at RIBE,” Proceedings of the 19th International Conference on RF Superconductivity (2019), pp. 419—423.

K. Yamada, T. Dantsuka, H. Imao, O. Kamigaito, K. Kusaka, H. Okuno, K. Ozeki, N. Sakamoto, K. Suda, T. Watanabe, Y. Watanabe,
E. Kako, H. Nakai, H. Sakai, K. Umemori, H. Hara, A. Miyamoto, K. Sennyu, and T. Yanagisawa, “Construction of superconducting
linac booster for heavy-ion linac at RIKEN Nishina Center,” Proceedings of the 19th International Conference on RF Superconductivity,
(2019), pp. 502-507.

0. Kamigaito, K. Ozeki, N. Sakamoto, K. Suda, and K. Yamada, “Measurement of mechanical vibration of SRILAC cavities,” Proceedings
of the 19th International Conference on RF Superconductivity (2019), pp. 513-517.
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Switzerland, June 25-26, 2019.
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Research Facility Development Division

Accelerator Group
Beam Dynamics & Diagnostics Team

1. Abstract

Aiming at stable and efficient operation of the RIBF cascaded cyclotron system, Beam Dynamics and Diagnostics Team developes
power supplies, beam instrumentation, computer control and beam dynamic studies. We have successfully increased the beam avail-
ability for user experiments to more than 90%. We have also established small-beam-loss operations. The latter strongly contributes
to recent high-power operations at RIBF.

2. Major Research Subjects
(1) More efficient and stable operations of the RIBF cascaded cyclotron system
(2) Maintenance and developments of the beam instrumentation
(3) Developments of computer control system for more intelligent and efficient operations
(4) Maintenance and improvements of the magnet power supplies for more stable operations
(5) Upgrade of the existing beam interlock system for high-power beams with few tens of kW

3. Summary of Research Activity

(1) High-intensity heavy-ion beams such as 94-pnA uranium, 173-pnA xenon, 486-pnA krypton, and 740-pnA calcium beams
have been obtained.

(2) The world-first high-Tc SQUID beam current monitor has been developed.

(3) The bending power of the fixed-frequency Ring Cyclotron has been upgraded to 700 MeV.

(4) The world-most-intense V beams are stably supplied to super-heavy-element search experiments.

(5) The RIBF control system has been operated stably by replacing legacy hardware controllers carried over from our old facility
with new ones. Several useful operation tools are also developed.

(6) The dated power supplies exciting the main coils of RIKEN Ring Cyclotron has been upgrade to a new one having a better
long-term stability than the old ones.
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for SRILAC,” Rev. Sci. Instrum. 91, 025101 (2020).
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[Proceedings]
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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 Scientists
Masato NAKAMURA (Senior Technical Scientist)

Expert Technicians
Tomoyuki DANTSUKA Takeshi MAIE

Part-time Workers
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Shizuho TSURUMA (Administrative Part-time Worker I)
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Research Facility Development Division

Accelerator Group
Infrastructure Management Team

1. Abstract

Our team is in charge of operation, maintenance, and monitoring of research infrastructure of the whole RIBF, such as cooling
water system, air conditioner system, building equipment, and so on. It is very important to keep these infrastructures working properly
for the effective and efficient operation of RIBF.

We are also involved in the planning of the RIBF beam time, which is conducted by the RIBF User Liaison Team, through the
estimation of the utility costs such as the electricity and the gas used for the power generator. Another important mission of our team
is to coordinate large-scale repair works carried out by the RIKEN Facility Section so that the beam time can proceed smoothly.

In the last three years, there were big construction works related to the upgrade project of the RILAC facility. We carried out the
design of the SREF test facility, took part in the design work of the new building for radioisotope purification, jointly designed the ion
source room, and so on. The transfer work of GARIS II and the room-temperature cavities of the RILAC booster was conducted by
our team.

2. Major Research Subjects
(1) Operation, maintenance and monitoring of infrastructure of RI Beam Factory.
(2) Participation in the beam time planning through utility cost estimation.
(3) Coordination of large construction work and modification related to RI Beam Factory.

Members

Team Leader
Osamu KAMIGAITO (concurrent: Group Director, Accelera-
tor Group)

Deputy Team Leader
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Research Facility Development Division

Instrumentation Development Group

1. Abstract

This group develops core experimental installations at the RI Beam factory. Three projects are currently going on. SLOWRI is an
experimental installations under testing and a common element enabling multiple-use. This will stop high-energy RI beams in a gas-
catcher system and re-accelerates up to several-tenth keV, and the high-quality cold RI beam will be delivered to the users. SCRIT is
the world first facility for an electron scattering off unstable nuclei, and has been constructed independently of the RIBF main facility.
The first physic result was demonstrated in 2017, and the facility is now under upgrading of the electron beam power driving the RI
beam production. Rare-RI Ring is an event-by-event operated heavy-ion storage ring aiming at the precision mass measurement for
extremely rare exotic nuclei. This is now open for an experimental proposal application, and has already performed PAC-approved
experiments, and an improvement for higher precise mass measurement is 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) 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 '32Xe isotopes has
been successfully measured and the nuclear charge density distribution has been obtained in SCRIT. We are ready for the electrons
scattering experiments for unstable nuclei. Rare RI Ring has been commissioned and the performances has been evaluated. We
have demonstrated a mass-measurement capability of R3 and successfully started mass-measurements for unknown-mass nuclei in
the experiments approved by PAC. Recently, we succeeded in measurement of masses of 7+ 76Ni, '22Rh, and '>*Pd for the first time.
SLOWRI is now under test experiments to establish a slow RI beam production using two types of gas cells. PALIS has been
commissioned from 2015, and basic functions such as, for instance, the RI-beam stopping in Ar gas cell and the extraction from the
gas cell have beam evaluated. RF ion-guide gas cell is now under testing and it will be online-commissioned in this year. Future plans
for these projects are described in subsections.

We have started a new project from last year. According to the future plan of Nishina center, we are going to develop 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 happen at the target. The circulating beam losses the energy and the emittance grows up turn by turn because of
existing internal target. In order to establish a beam re-cycling technique, the energy loss and growth of the energy-spread and the
emittance have to be compensated by using a re-acceleration system and a beam-cooling or a fast feedback system. A beam re-cycling
technique is supposed to greatly enhance an RI use efficiency in a nuclear physics study. As a first step for the development of these
novel technique, we will construct a testbench consisting of a relatively small size of heavy-ion storage ring that will be connect
to our ISOL (ERIS) in SCRIT facility. This ring named RUNBA (Recycled-Unstable-Nuclear Beam Accumulator) is equipped by
acceleration devices and beam-cooling devices necessary in our R&D study. It was originally constructed as a beam cooler ring (s-
LSR) at the Institute for Chemical Research (ICR), Kyoto University more than ten years ago. This has been already moved to RIBF
in last year, and will be re-constructed by the SCRIT system in following year. Technical development for key devices required in
RUNBA such as a charge breeder, an energy-spread compensator, and an internal target system have been already started under the
research cooperation agreement with ICR Kyoto University.
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Research Facility Development Division

Instrumentation Development Group
SLOWRI Team

1. Abstract

SLOWRI is a universal low-energy RI-beam facility at RIBF that provides a wide variety of short-lived nuclei as high-purity and
low-emittance ion beams or stored ions in a trap, including a parasitic operation mode. The SLOWRI team develops and manages
the facility and performs high-precision spectroscopy experiments. The construction of the SLOWRI facility began in FY2013 and
commissioning work is ongoing. From April 1stin 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
(RFC cell) or in a small Ar gas catcher cell (PALIS cell). From these gas cells, the low-energy ion beams will be delivered via mass
separators and switchyards to various devices: such as an ion trap, a collinear fast beam apparatus, and a multi-reflection time of flight
mass spectrograph. A multi-reflection time-of-flight mass spectrograph (MRTOF) has been also developed.

Two mass measurement projects using MRTOF mass spectrographs have been started: one is for trans uranium elements at the
GARIS facility and the other is for r-process nuclides at SLOWRI facility. At GARIS-II, we installed second prototype SLOWRI
combined with MRTOF, which is a medium-sized cryogenic RF-carpet He gas cell. Using second prototype SLOWRI, more than 80
nuclear masses have been measured including first mass measurements of Md and Es isotopes. In FY2019, the mass measurement for
257Db has been successfully performed at GARIS-II, and the mass has been directly determined for the first time. At SLOWRI facility,
third prototype SLOWRI is under construction, which is a 50-cm-long RF-carpet-type He gas cell combined with MRTOF. The third
prototype will be installed at F11 of BigRIPS, downstream of ZeroDegree spectrometer, which can provide symbiotic measurements
with other BigRIPS experiments.

Parallelly, the on-line commissioning for PALIS has been continuously performed at F2 of BigRIPS. For the optimization of
optical components on SLOWRI beam line, which connects between these gas cells installed at BigRIPS and an experimental room,
a compact cesium ion source was installed at the upstream of the beam line in FY2019.

2. Major Research Subjects
(1) Construction of the stopped and low-energy RI-beam facility, SLOWRI.
(2) Development of a multi-reflection time-of-flight mass spectrograph for precision mass measurements of short-lived nuclei.
(3) Development of collinear laser spectroscopy apparatus.
(4) Development of a parasitic slow RI-beam production method using resonance laser ionization.
(5) Commissioning for SLOWRI beam line.

3. Summary of Research Activity
(1) Construction of stopped and low-energy RI-beam facility (SLOWRI)

SLOWRI consists of two gas catchers (RF carpet gas cell and PALIS gas cell), mass separators a 50-m-long beam transport line,
a beam cooler-buncher, an isobar separator, and a laser system. The RF carpet gas cell will be installed at the exit of the D5 dipole
magnet of BigRIPS. The gas catcher contains a large cryogenic He gas cell with a large traveling wave rf-carpet. The PALIS gas cell
is installed in the vicinity of the second focal plane slit of BigRIPS. It will provide parasitic RI-beams from those ions lost in the slits
during other experiments. In this gas catcher, thermalized RI ions quickly become neutral and will be re-ionized by resonant laser
radiations. 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. In FY2019, we modified the 1st carpet to have a finer pitch which was reduced by 20% compared with the previous
version, in order to improve the transport efficiency. We tested the transport performance of the new 1st carpet using Cs* ions provided
with a surface ionization ion source installed inside the gas cell. As the result, we have successfully achieved 80% transport efficiency
in a He gas of 133 mbar. As combined with a transport efficiency on the 2nd carpet, we confirmed more than 70% extraction efficiency
from the gas cell for the Cs* ions which were collected onto the RF carpets.

We will install the RF-carpet gas cell combined with MRTOF at F11 of BigRIPS at first, where the on-line commissioning and
systematic mass measurements will be started from FY2020. At F11, symbiotic measurements with other BigRIPS experiments such
as HiCARI projects can be performed.

(2) Development of a multi-reflection TOF mass spectrograph for short-lived nuclei

The atomic mass is one of the most important quantities of a nucleus and has been studied in various methods since the early
days of modern physics. From among many methods we have chosen a multi-reflection time-of-flight (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 “°K and *°Ca isobaric doublet. This mass-resolving
power should allow us to determine ion masses with an accuracy of <1077,

The MR-TOF mass spectrograph has been placed under the GARIS-II separator aiming at direct mass measurements of trans-
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uranium elements. A medium-sized cryogenic He gas cell was placed at the focal plane of GARIS-II and a bunched low-energy heavy
ion beam was transported to the trap of MRTOF. Mass measurements of more than 80 nuclides, including short-lived (7, = 10 ms)
isotopes of Ra and several isotopes of the trans-uranium elements Fm, Es, No and Md were performed in collaboration with Wako
Nuclear Science Center (WNSC) of KEK and Super Heavy Element Synthesis team of RIKEN. In FY2019, the mass measurement of
a super heavt element of 2’Db has been successfully performed, and the mass has been dilectly measured for the first time.

A new MRTOF has been assembled in FY2019 to be coupled with the third SLOWRI protype gass cell, which will be installed at
F11 of BigRIPS. Using an ion source of K*, the offline commissioning has been sucessflully performed. As the result, an impressive
mass- resolving power of 570,000 has been achived.

(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 SLOWRLI, isotopes of all atomic elements will be provided as well collimated, mono-energetic ion beams. This should expand
the range of nuclides available for laser spectroscopy. In the first years of the RIBF project, elements in the vicinity of Ni, such
as Ni, Co, Fe, Cr, Cu, Ga, and Ge are planned to be investigated. They all have possible optical transitions in the ground states of
neutral atoms with presently available laser systems. Some of them have so called recycling transitions, which enhance the detection
probabilities noticeably. Furthermore, the multistep resonance ionization (RIS) method can be applied to the isotopes of Ni as well as
those of some other elements. The required minimum intensity for this method can be as low as 10 atoms per second.

An off-line mass separator and a collinear fast beam apparatus with a large solid-angle fluorescence detector was built previously.
A 617-nm transition of the metastable Ar* ion at 20 keV was measured with both collinear and anti-collinear geometry, which allowed
determination of the absolute resonant frequency of the transition at rest with a relative accuracy better than 1078, A new setup is
under preparation at the SLOWRI experiment area in collaboration with the Ueno nuclear spectroscopy laboratory.

(4) Development of parasitic slow RI-beam production scheme using resonance laser ionization

More than 99.9% of RI ions produced in projectile fission or fragmentation are simply dumped in the first dipole magnet and the
slits. A new scheme, named PALIS, meant to rescue such precious RI using a compact gas catcher cell and resonance laser ionization,
was proposed as a part of SLOWRI. The thermalized RI ions in a cell filled with Ar gas can be quickly neutralized and transported
to the exit of the cell by gas flow. Irradiation of resonance lasers at the exit ionizes neutral RI atoms efficiently and selectively. The
resonance ionization scheme itself can also be a useful method to perform hyperfine structure spectroscopy of RI of many elements.

In FY2019, we had two on-line experiments and a part of the experimental result was published in Prog. Theor. Exp. Phys. (See
our publication list) Technical developments are under progress in on- and off-line commissioning.

(5) Commissioning for SLOWRI beam line

SLOWRI beam line composes of four dipole magnets, two focal plane chambers, 62 electrostatic quadrupole singlets, 11 elec-
trostatic quadrupole quartets and 7 beam profile monitors. The hardware construction has been almost finished. In order to tune the
optical components, a compact ion source, which can be used as a side-inserted type device, has been installed at the upstream of the
beam line. We will start the tuning for the beam line using Cs* ions provided from the ion source in FY2020.
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Research Facility Development Division

Instrumentation Development Group
Rare Rl-ring Team

1. Abstract

The aim of Rare-RI Ring (R3) is to measure the masses of short-lived unstable nuclei far from the beta-stability line. In particular,
a high-precision mass measurement for nuclei located around the r-process pass (rare-RI) is required in nucleosynthesis point of view.
The R3 completed the construction at the end of 2014, and has been performed commissioning experiments several times by 2017.
Through the commissioning experiments, we confirmed the high ability of R3 as a storage ring capable of handling one event, and
demonstrated that it is possible to perform the time-of-flight Isochronous Mass Spectrometry (IMS) in shorter than 1 ms. We have
acquired an adequate efficiency to conduct the mass measurement experiments in the end of 2017. In 2018, we have successfully
conducted the first mass measurement experiment for ’#7°Ni, 122Rh, 123124Pd, and '»Ag. The analysis is in progress for giving
the new experimental mass values of 7+76Ni, '22Rh, '?*Pd, and for improving the experimental mass values of '>3Pd, '>>Ag. The
remaining issues as the R3 facility are further improvement of experimental efficiency and that of mass measurement precision. In
2019, we started efforts to resolve those issues.

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 Ap/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 "*Kr3* 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 pg/cm?.
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 "°As, 7’Ga, 7°Zn, and 7>Cu relative to "8Ge 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. Consequently, we decided to proceed
with two proposals at the same period. In the beginning of November 2018, we have conducted the first experiment using the R3 to
measure the masses for '»7°Ni in 4 days. After that, we also measured the masses for '>?Rh, 123 12#Pd, and '®Ag in 4.5 days at the
end of November 2018. These nuclei were successfully extracted from R3 with the efficiency of 1-2%. The masses of ’*7°Ni, 122Rh,
and '?*Pd can be determined experimentally for the first time. On the other hand, the masses of '>*Pd and !>> Ag will be improved the
precision compared with previous experimental values. These analyses are still in progress. Since each proposal has a machine time
of several days to measure the masses of exotic nuclei, we will plan to conduct the mass measurements of the other Ni isotopes and
nuclei of Sn region in 2020 or later.

With further improvements in experimental efficiency and mass measurement precision, the R3 enables mass measurement of
extremely rare-RlIs that are inaccessible for other techniques. In 2019, we started to add one more kicker magnet. More accurate
injection and reliable extraction will be possible, the experimental efficiency will be improved about 10 times from the previous
experiment. We plan to conduct a beam test in 2020.
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Research Facility Development Division

Instrumentation Development Group
SCRIT Team

1. Abstract

The SCRIT Electron Scattering Facility has been constructed at RIKEN RIBF. This aims at investigation of internal nuclear
structure for short-lived unstable nuclei by means of electron scattering. SCRIT (Self-Confining RI Ion Target) is a novel method
to form internal targets in an electron storage ring. This is a unique method for making electron scattering experiments for unstable
nuclei possible. Construction of the facility has been started in 2009. This facility consists of an electron accelerator (RTM), a SCRIT-
equipped electron storage ring (SR2), an electron-beam-driven RI separator (ERIS), and a window-frame spectrometer for electron
scattering (WiSES) which consists of a large window-frame dipole magnet, drift chambers and trigger scintillators. Installation
of all components in the facility was completed in 2015. After the comprehensive test and tuning, the luminosity was reached to
3 x 10%"/(cm?s) with the number of injected ions of 3 x 108. In 2016, we successfully completed a measurement of diffraction of
scattered electrons from '3*Xe nuclei and determined the charge density distribution for the first time. The facility is now under setting
up to move the first experiment for unstable nuclei.

2. Major Research Subjects
Development of SCRIT electron scattering technique and measurement of the nuclear charge density distributions of unstable
nuclei.

3. Summary of Research Activity

SCRIT is a novel technique to form internal target in an electron storage ring. Positive ions are three dimensionally confined in the
electron beam axis by transverse focusing force given by the circulating electron beam and applied electrostatic longitudinal mirror
potential. The created ion cloud composed of RI ions injected from outside works as a target for electron scattering. Construction
of the SCRIT electron scattering facility has been started in 2009. The electron accelerators RTM and the storage ring SR2 were
successfully commissioned in 2010. Typical accumulation current in SR2 is 250-300 mA at the energy range of 100-300 MeV that is
required energy range in electron scattering experiment. The SCRIT device was inserted in the straight section of SR2 and connected
to an ISOL named ERIS (Electron-beam-driven RI separator for SCRIT) by 20-m long low energy ion transport line. A buncher
system based on RFQ linear trap named FRAC (Fringing-RF-field-Activated dc-to-pulse converter) was inserted in the transport line
to convert the continuous beam from ERIS to pulsed beam, which is acceptable for SCRIT. The detector system WiSES consisting of
a high-resolution magnetic spectrometer, drift chambers and trigger scintillators, was constructed, and it has a solid angle of 100 msr,
energy resolution of 1073, 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 !3?Xe 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 X 10?7/(cm?s) at maximum and the averaged value was 1.2 x
10?7 /(cm?s) with the number of injected target ions of 3 x 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 10%/(cm?s) 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. Currently, we are adjusting the SR2 accelerator and ion source ERIS to be ready for the measurement by means of the new
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scattering facility,” Vth Topical Workshop on Modern Aspects in Nuclear Structure—The Many Facets of Nuclear Structure, Bormio,
Italy, February 4-9, (2020).
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[International seminars/lectures]

T. Suda, Lectures: “Electron scattering for nucleon and nuclei,” Johannesburg, South Africa, October 19-November 3, 2019.
T. Suda, Public lecture: “Nihonium: 113th element,” Johannesburg, South Africa, October 19—November 3, 2019.

[Domestic seminars/lectures]

HHEFIZE, TETHEBRGR |, K5 PbiaaE, 2019 4 10 H-2020 4 3 A.

FHEFIZE, TFHAIEYEZEER], GPPU #%, 2019 £ 6 A.
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HHFIZE, TR E R, B a2, 2019 4 12 A 6 H.

FHHFIZE, THARTHRAINZ 113 FBHCEF=U L) B FHEHEARBATZE, 2019 4£ 12 A 10 H.

Awards

H. Wauke, SNP School Incentive Prize, “Precise magnetic field measurement of electron spectrometer for the electron scattering off
unstable nuclei experiment,” International school for Strangeness Nuclear Physics 2019, Tohoku Univ., Sendai, Japan, September 5-8,
2019.

Others

T. Ohnishi, A. Enokizono, M. Hara, T. Hori, S. Ichikawa, K. Kurita, R. Ogawara, S. Sato, T. Suda, S. Takayama, D. Taki, S. Takagi,
T. Tamae, K. Tsukada, M. Wakasugi, M. Watanabe, and H. Wauke, “The SCRIT project at RIKEN,” NUSTAR Annual Meeting 2020,
GSI, Darmstadt, Germany, March 2—-6, (2020).
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Research Facility Development Division

Research Instruments Group

1. Abstract

The Research Instruments Group is the driving force at RI Beam Factory (RIBF) for continuous enhancement of activities and
competitiveness of experimental research. Consisting of four teams, we are in charge of the operation, maintenance, and improvement
of the core research instruments at RIBF, such as the BigRIPS in-flight RI separator, ZeroDegree spectrometer and SAMURALI 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

Members

Director
Tomohiro UESAKA

Contract Researcher
Toshiyuki KUBO

Junior Research Associate
Rieko TSUNODA

Senior Visiting Scientist
Toshio KOBAYASHI (Tohoku Univ.)

Student Trainee
Fumitaka ENDO (Tohoku Univ.)
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Research Facility Development Division

Research Instruments Group
BigRIPS Team

1. Abstract

This team is in charge of design, construction, development and operation of BigRIPS in-flight separator and its related research
instruments at RI beam factory (RIBF). They are employed not only for the production of RI beams but also the experimental studies
using RI beams.

2. Major Research Subjects
Design, construction, development and operation of BigRIPS in-flight separator, RI-beam transport lines, and their related research
instruments

3. Summary of Research Activity

This team is in charge of design, construction, development and operation of BigRIPS in-flight separator, RI-beam transport lines,
and their related research instruments such as ZeroDegree spectrometer at RI beam factory (RIBF). They are employed not only for
the production of RI beams but also various kinds of experimental studies using RI beams. The research subjects may be summarized
as follows:

ey
@
3
“)
®)
(6)
(7
®)
&)

General studies on RI-beam production using in-flight scheme.

Studies on ion-optics of in-flight separators, including particle identification of RI beams.
Simulation and optimization of RI-beam production.

Development of beam-line detectors and their data acquisition system.

Experimental studies on production reactions and unstable nuclei.

Experimental studies of the limits of nuclear binding.

Development of superconducting magnets and their helium cryogenic systems.
Development of a high-power production target system.

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.

Members

Team Leader
Koichi YOSHIDA

Research/Technical Scientists
Yoshiyuki YANAGISAWA (Senior Research Scientist) Masao OHTAKE (Senior Technical Scientist)
Naohito INABE (Senior Technical Scientist) Naoki FUKUDA (Technical Scientist)
Kensuke KUSAKA (Senior Technical Scientist) Hiroyuki TAKEDA (Technical Scientist)

Contract Researchers
Deuk Soon AHN Hiroshi SUZUKI
Yohei SHIMIZU

Visiting Scientists
Alan Matthew AMTHOR (Bucknell Univ.) Naohito IWASA (Tohoku Univ.)
Daniel P. BAZIN (Michigan State Univ.) Yutaka MIZOI (Univ. of Electro-Commun.)
Alfredo ESTRADE VAZ (Central Michigan Univ.) David MORRISSEY (Michigan State Univ.)
Michael FAMIANO (Western Michigan State Univ.) Mauricio PORTILLO (Michigan State Univ.)
Hans GEISSEL (GSI/Justus-Liebig Univ. Giessen) Bradley M. SHERRILL (Michigan State Univ.)
Tuomas Arne Santeri GRAHN (Univ. of Jyvaskyla) Oleg TARASOV (Michigan State Univ.)

Kazuo IEKI (Rikkyo Univ.)

Student Trainee
Shunki ISHIKAWA (Tohoku Univ.)

-321-



RIKEN Accel. Prog. Rep. 53 VI. RNC ACTIVITIES

Part-time Worker
Tetsuro KOMATSUBARA (Research Part-time Worker 1)
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Research Facility Development Division

Research Instruments Group
SAMURAI Team

1. Abstract

In collaboration with research groups in and outside RIKEN, the team designs, develops and constructs the SAMURALI spectrom-
eter and relevant equipment that are and will be used for reaction experiments using RI beams at Rl Beam Factory. The SAMURAI
spectrometer consists of a large superconducting dipole magnet and a variety of detectors to measure charged particles and neutrons.
After the commissioning experiment in March 2012, the team prepared and conducted, in collaboration with researchers in individ-
ual experimental groups, the first series of experiments with SAMURAI in May 2012. Then, several numbers of experiments were
well performed until now utilizing the property of SAMURAL The team also provides a basis for research activities by, for example,
organizing collaboration workshops by researchers who are interested in studies or plan to perform experiments with the SAMURAI
spectrometer.

2. Major Research Subjects

Design, operation, maintenance and improvement of the SAMURALI spectrometer and its related research instruments. Support
and management for SAMURAI-based research programs. Generate future plans for next generation instruments for nuclear reaction
studies.

3. Summary of Research Activity

The current research subjects are summarized as follows:

(1) Operation, maintenance and improvement of a large superconducting dipole magnet that is the main component of the SAMU-
RAI spectrometer.

(2) Design, development and construction of various detectors that are used for nuclear reaction experiments using the SAMURALI
spectrometer.

(3) Preparation for planning experiments using SAMURALI spectrometer.

(4) Maintenance and improvement of the SAMURAI beam line.

(5) Formation of a collaboration platform called SAMURALI collaboration.

(6) Preparation for next generation spectrometer for nuclear reaction studies.

Members

Team Leader
Hideaki OTSU

Research & Development Scientist
Mizuki NISHIMURA

Junior Research Associate
Takato TOMAI
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T. Isobe et al., “Experimental study of density dependent symmetry energy at RIBF-SPiRIT.”

Z. H. Yang et al., “Status report of s034: study of ’H and the tetraneutron using 8He(p, 2p) reaction.”

P. Li et al., “Cluster structure of neutron-rich Beryllium isotopes investigated by cluster quasi-free scattering reaction.”

Y. Togano et al., “Status report of dipole strength measurement performed in SO9 and ImPACT.”

C. Lehr et al., “Analysis update on the low-energy dipole response of the halo nuclei ®®He.”

J. Tanaka et al., “Search for preformed-alpha particles via alpha-knockout reaction from alpha-decay nuclei.”

N. A. Orr et al., “Status of NEBULA-Plus and possible future experiments.”

Y. KONDO et al., “Status report of the SAMURAI21 experiment.”

H. Wang et al., “Study on tensor correlation in neutron-rich nuclei via (p, pd) reaction.”

[Domestic conferences/workshops]
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[Poster presentation]

S. Storck, “Lifetime measurement of the 20O g.s. at SAMURAL” International Nuclear Physics Conference, Glasgow, UK, INPC2019,
July 29-August 2, 2019.

Awards

J. Kahlbow, Giersch Award for Outstanding Doctoral Thesis 2019, 2019.

Press releases
O. Sorlin and F. M. Marqués, “L’oxygene-28 n’aurait pas la stabilité que la théorie lui prédit,” IN2P3-CNRS: Actualités - April 27, 2020,
https://in2p3.cnrs. fr/fr/cnrsinfo/loxygene-28-naurait-pas-la-stabilite-que-la-theorie-lui-predit.
Doornenbal Pieter, #H186E, [HEEIEI 34 D72 —F M/ v 270 P RIGTEES AV 27 L-54 OR#EE—], H{bE
FFZEFT, #13%6, 2019 4 10 A 18 H.

Doctor theses

B. Monteagudo, “Structure and neutron decay of the unbound Beryllium isotopes '>!°Be,” Université de Caen Normandie, November
2019.

J. Kahlbow, “The low-Z shore of the island of inversion: invariant-mass spectroscopy of the heavy fluorine isotopes *F* & *°F at
SAMURALI with NeuLAND,” Technische Universitit Darmstadt, 2019.

Master theses

M. Knosel, “Investigation of the dineutron system via quasi-free He-4-knockout reactions at He-6,” Technische Universitidt Darmstadt,
2019.
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Bachelor theses
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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. Approximately 700 user accounts are registered on this cluster system. We are adopting the latest version of the
Scientific Linux (X86_64) as the primary operating system, which is widely used in the accelerator research facilities, nuclear physics
and high-energy physics communities in the world.

(2) Development, management and operation of the mail and information servers

We are operating RIBERIKEN.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 SAMURALI 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.

(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 70 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)

Junior Research Associate
Fumiya GOTO

Special Temporary Research Scientist
Takashi ICHIHARA

List of Publications & Presentations

Presentations
[International Conferences/Workshops]

H. Baba, “MOCO and MPV/cumputing infrastructure at RIBF, HOKUSAI and U-Tokyo/current and near future BigRIPS DAQ,” RIBF-
DAQ Workshop, Wako, Japan, December 23, 2019.

[Domestic Conferences/Workshops]

H. Baba, “RIBF DAQ,” SAMURALI International Collaboration Workshop, Toshima, Japan, August 30-31, 2019.
Bt (F v 74 UFER), TMTV EBROWE 21, HARYELE R 75 FIER KR, BB KRE, A2, 2020 43 A 16-19 H.

BGHER (v 74 %3%), NMEFIME VME N2 & % DAQ D EidAt ), AL 75 MERKE, AE B KRZE, 42, 2020
3 H 16-19 H.
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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)

Special Temporary Employee
Manabu HAMAGAKI

Visiting Scientist
Takeshi KOIKE (Tohoku University)

Student Trainees
Shunya KAWAMURA (Toho University) Yuka HIKIMA (Toho University)
Masaya SAKAI (University of Tokyo) Mitsumasa MORI (Toho University)
Kento TAKEMOTO (University of Tokyo)

List of Publications & Presentations

Publications
[Original papers]

D. S. Ahn, N. Fukuda, H. Geissel, N. Inabe, N. Iwasa, T. Kubo, K. Kusaka, D. J. Morrissey, D. Murai, T. Nakamura, M. Ohtake, H. Otsu,
H. Sato, B. M. Sherrill, Y. Shimizu, H. Suzuki, H. Takeda, O. B. Tarasov, H. Ueno, Y. Yanagisawa, and K. Yoshida, “Location of the
neutron dripline at fluorine and neon,” Phys. Rev. Lett. 123, 212501 (2019).

H. Wang, H. Otsu, N. Chiga, S. Kawase, S. Takeuchi, T. Sumikama, S. Koyama, H. Sakurai, Y. Watanabe, S. Nakayama, D. S. Ahn,
H. Baba, S. D. Chen, K. Chikaato, M. L. Cortes, N. Fukuda, A. Hirayama, R. Hosoda, T. Isobe, S. Kawakami, Y. Kondo, S. Kubono,
Y. Maeda, S. Masuoka, S. Michimasa, I. Murray, R. Nakajima, T. Nakamura, K. Nakano, M. Nishimura, T. Ozaki, A. Saito, T. Saito,
H. Sato, Y. Shimizu, S. Shimoura, P. -A. Séderstréom, Y. Soudo, X. H. Sun, J. Suwa, D. Suzuki, H. Suzuki, H. Takeda, M. Takechi,
Y. Togano, T. Tomai, H. Yamada, M. Yasuda, and K. Yoshida, “Enhancement of element production by incomplete fusion reaction with
weakly bound deuteron,” Commun. Phys. 2, 78 (2019).

A. Corsi, Y. Kubota, J. Casal, M. Gomez-Ramos, A. M. Moro, G. Authelet, H. Baba, C. Caesar, D. Calvet, A. Delbart, M. Dozono,
J. Feng, F. Flavigny, J. -M. Gheller, J. Gibelin, A. Giganon, A. Gillibert, K. Hasegawa, T. Isobe, Y. Kanaya, S. Kawakami, D. Kim,
Y. Kiyokawa, M. Kobayashi, N. Kobayashi, T. Kobayashi, Y. Kondo, Z. Korkulu, S. Koyama, V. Lapoux, Y. Maeda, F. M. Marques,
T. Motobayashi, T. Miyazaki, T. Nakamura, N. Nakatsuka, Y. Nishio, A. Obertelli, A. Ohkura, N. A. Orr, S. Ota, H. Otsu, T. Ozaki,
V. Panin, S. Paschalis, E. C. Pollacco, S. Reichert, J. -Y. Rousse, A. T. Saito, S. Sakaguchi, M. Sako, C. Santamaria, M. Sasano,
H. Sato, M. Shikata, Y. Shimizu, Y. Shindo, L. Stuhl, T. Sumikama, Y. L. Sun, M. Tabata, Y. Togano, J. Tsubota, T. Uesaka, Z. H. Yang,
J. Yasuda, K. Yoneda, and J. Zenihiro, “Structure of '*Be probed via quasi-free scattering,” Phys. Lett. B 797, 134843 (2019).

[Proceedings]
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M. Ohno, T. Irimatsugawa, Y. Miura, H. Takahashi, T. Ikeda, C. Otani, M. Sakama, and N. Matsufuji, “Calorimetry of heavy charged
particle by superconducting transition-edge sensor,” Journal of Low Temperature Physics 193, 1222-1227 (2018).

R. Smith, M. Ohno, Y. Miura, N. Nakada, Y. Mitsuya, H. Takahashi, T. Ikeda, C. Otani, M. Sakama, N. Matsufuji, T. Irimatsugawa,
S. Kohjiro, H. Yamamori, and F. Hirayama, “Microcalorimetry of carbon ion beam for medical treatment by transition edge sensor,”
Journal of Low Temperature Physics 199, 1012-1017 (2020).

T. Ikeda, M. Ikekame, Y. Hikima, M. Mori, S. Kawamura, T. Minowa, and W. -G. Jin, “Profile measurements of MeV ion microbeams
in atmosphere extracted from single tapered glass capillaries with an end window,” Nucl. Instrum. Methods Phys. Res. B 470, 42-47
(2020).

T. Sumikama, T. Kubo, N. Fukuda, D. S. Ahn, H. Takeda, Y. Shimizu, H. Suzuki, N. Inabe, D. Murai, H. Sato, K. Kusaka, Y. Yanagisawa,
M. Ohtake, and K. Yoshida, “First success of RI-beam separation and particle identification for nuclei with atomic number Z > 82 at
RIKEN RI beam factory,” Nucl. Instrum. Methods Phys. Res. B 463, 237-240 (2020).

Presentations
[International conferences/workshops]

T. Ikeda, M. Ikekame, Y. Hikima, M. Mori, T. Kawamura, T. Minowa, and W. -G. Jin (oral), “Profile measurements of MeV ion mi-
crobeams in atmosphere extracted from single tapered glass capillary with an end window,” 13th European Conference on Accelerators
in Applied Research and Technology (ECAART13), Split, Croatia, May 5-10, 2019.

M. Mori, T. Kawamura, T. Ikeda, T. Minowa, and W. -G. Jin (poster), ‘“Profile measurement of laser microbeam produced by glass
capillaries : tilting dependence,” 24th Optoelectronics and Communications Conference/International Conference on Photonics in
Switching and Computing 2019 (OECC/PSC 2019), Fukuoka, Japan, July 7-11, 2019.

R. Smith, M. Ohno, Y. Miura, N. Nakata, H. Takahashi, Y. Mitsuya, N. Matsufuji, M. Sakama, T. Ikeda, T. Irimatsugawa, S. Koujiro,
H. Yamamori, F. Hirayama, and C. Otani (poster), “Microcalorimetry of carbon ion beam for medical treatment by transition edge
sensor,” 18th International Workshop on Low Temperature Detectors (LTD-18), Milano, Italy, July 22-26, 2019.

T. Ikeda, M. Ikekame, Y. Hikima, M. Mori, T. Kawamura, T. Minowa, and W. -G. Jin (poster), “Measurement of proton microbeam
profiles in atmosphere produced by single tapered glass capillary optics with an end window,” International Conference on Photonic,
Electronic and Atomic Collisions (ICPEAC2019), Deauville, France, July 23-30, 2019.

T. Kawamura, T. Ikeda, M. Mori, and W. -G. Jin (poster), “Development of UV-laser microbeam cell irradiation system by glass capillary
optics : estimation of density enhancement,” 16th International Congress of Radiation Research (ICRR2019), Manchester, UK, August
25-29, 2019.

Y. Hikima, T. Ikeda, M. Ikekame, M. Mori, T. Kawamura, and W. -G. Jin (poster), “Fine structure evaluation by pattern recognition for ion
microbeam extracted from tapered glass capillary optics,” 23rd International Workshop on Inelastic Ion-Surface Collisions (IISC-23),
Matsue, Japan, November 17-22, 2019.

[Domestic conferences/workshops]
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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) Identification of plant sex-determining genes using mutants and their evolutionary study

3. Summary of Research Activity
Summary of research activities of the two teams are given in the sections of each team.

Member
Director
Tomoko ABE

List of Publications & Presentations

Publications and presentations for each research team are listed in subsections.
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Accelerator Applications Research Division

Beam Mutagenesis Group
lon Beam Breeding Team

1. Abstract

Ton beam breeding team studies various biological effects of fast heavy ions. It also develops new technique to breed plants and
microbes by heavy-ion irradiations. Fast heavy ions can produce dense and localized ionizations in matters along their tracks, in
contrast to photons (X rays and gamma rays) which produce randomly distributed isolated ionizations. These localized and dense
ionization can cause double-strand breaks of DNA which are not easily repaired and result in mutation more effectively than single-
strand breaks. A unique feature of our experimental facility at the RIKEN Ring Cyclotron (RRC) is that we can irradiate living
tissues in atmosphere since the delivered heavy-ion beams have energies high enough to penetrate deep in matter. This team utilizes a
dedicated beam line (E5B) of the RRC to irradiate microbes, plants and animals with beams ranging from carbon to iron. Its research
subjects cover study of ion-beam radiation mutagenesis, genome-wide analyses of mutation, and development of new plants and
microbial varieties by heavy-ion irradiation. Thirty 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/um, 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/um in Arabidopsis
and rice dry seeds. LETmax irradiations showed the same mutation rate as that by chemical mutagens, which typically cause high
mutation rate. The LETmax of imbibed rice seeds and dry wheat (Triticum monococcum) seeds were shown to be 50-63 keV/um and
50 keV/um, respectively. In the case of microbe, filamentous fungus (Neurospora crassa), the Ar ions at 290 keV/um demonstrated
higher mutagenic activity than the Fe-ions at 640 keV/um. 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

We analyzed the DNA alterations corresponding to morphological mutants in Arabidopsis and rice. In the mutants from C- and
Ar-ions irradiations, the majority of the induced mutations were deletions. The proportion of large deletions (>100 bp) increased
with increasing LET. We concluded that the size of deletions generated by heavy-ion beam irradiation increased with increasing LET.
Whole-genome analysis by high-through put sequencing is a powerful tool used to characterize the nature of induced mutations.
We also developed a new pipeline named the Automated Mutation Analysis Pipeline (AMAP), for the rapid detection of whole-
genome mutations in Arabidopsis. We comprehensively characterized the mutation effects of ion beams of C (30 keV/um) and Ar
(290 keV/um) by whole-genome mutational analysis on eight morphological mutants with AMAP. C ions at a dose of 400 Gy mainly
induced single-nucleotide variants (SNVs) and small insertions and deletions (InDels) at a rate of 57 sites per mutant genome. LETmax
irradiation is effective for breeding because of its very high mutation frequency. Most mutations are SNV and small deletions which
are capable of disrupting a single gene. Thus, irradiation can efficiently generate knockout mutants of a target gene and can be applied
to reverse genetics. On the other hand, irradiation with Ar ions at a dose of 50 Gy showed a mutation spectrum different from that at
LETmax. The proportion of SNVs and small InDels was low at a rate of 28 sites per mutant genome, while that of large deletions and
chromosomal rearrangements was high (10 sites per mutant genome). As such, higher LET irradiation is promising as a new mutagen
suitable for the functional analysis of tandem duplicated genes.

(3) Innovative application of heavy-ion beams

In 1999, we formed a consortium for ion-beam breeding consisting of 24 groups. In 2019, 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 cultivated for various plant species, such as high yield sea weeds, lipids-
hyperaccumulating unicellular alga, large marine plankton and lettuce with a low browning property as a cut vegetable. We collaborate
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with Miyagi prefectural government and Tohoku University to breed salt-resistant lines in the more delicious commercial rice varieties,
‘Hitomebore’ and ‘Manamusume.” Imbibed seeds were irradiated with the LETmax (C-ions) on 16 April, 2011. We have isolated
a candidate line of salt-resistant mutant from 719 M, progenies grown in the saline paddy field in 2012. This line grew well after
transplantation and had high yield in common paddy field as well. 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.
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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.
Some reports have been featured in the booklet issued by the club every two years.
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Accelerator Applications Research Division

Beam Mutagenesis Group
Plant Genome Evolution Research Team

1. Abstract

Established in May 2018, the plant genome evolution research team studies the effect of heavy-ion induced mutations on plant
phenotypes. Chromosome rearrangements including translocation, inversion, and deletion are thought to play an important role in
evolution and have a great potential to provide large phenotypic changes. However, this potential has not been fully investigated be-
cause of the lack of an effective method to induce rearrangements. We recently found that chromosomal rearrangements are frequently
induced after heavy-ion irradiations with high valence numbers such as Fe ions or Ar ions. This frequency is 30 times higher than
that of the previous techniques and allows characterization of the effect of chromosomal rearrangements. We develop amd optimize
molecular and bioinfoematics techniquws based on the resent progress on genome sequencing technology, to efficiently identify and
analyse genomic mutations from model and non-model plant species. we also utilise this heavy-ion’s unique capability for plant
breeding and evolution studies.

2. Major Research Subjects
(1) Study on the effect of chromosomal rearrangements on plant genomes and phenotypes
(2) Identification of the plant sex-determining genes and their evolutionary study

3. Summary of Research Activity
(1) Study on the effect of chromosomal rearrangements on plant genomes and phenotypes

In order to investigate the effect of chromosome rearrangements on plant phenotypes, we analysed the Arabidopsis mutant Ar55-
asl, which were originally induced by Ar-beam irradiation at a dose of 50 Gy with an LET of 290 keV/um. This mutant has no
homozygous mutation in any genes but has chromosomal rearrangements in the genome. This mutant shows a clear morphological
mutant phenotype in which the petiole is shorter than wild-type plants. As a result of the investigation of the trait of each individual
and the presence or absence of chromosome rearrangements in the M3 generation of the mutant, we found that the inversion of
chromosome 2 is responsible for the phenotype. In addition, this inversion was found to be a dominant mutation. From this finding,
we showed that a chromosome rearrangement can dominantly affect the plant phenotype. We are currently investigating the effect of
this inversion on gene expression.

We also attempted to induce a chromosome rearrangement at a target position by using genome editing technology, because this
technique will be necessary when the functional analysis of chromosomal rearrangements will be performed in the future. There has
been no report in which a large chromosomal rearrangement was induced in A. thaliana by the genome editing. However, we expected
that if it is a proven chromosomal region where chromosome rearrangement has occurred by heavy-ion irradiation, it can be induced
even when using genome editing. As a result, 760-kb inversion or deletion was successfully induced by genome editing.

(2) Identification of the plant sex-determining genes and their evolutionary study

A dioecious plant, Silene latifolia, has heteromorphic sex chromosomes (X and Y). We previously identified sex changing mutants
of S. latifolia by heavy-ion mutagenesis. The sex-changing mutants include hermaphroditic mutants and asexual mutants. The former
has both stamens and gynoecium, while the latter have no reproductive organs. By whole-genome analysis and RNA seq analysis, we
have idetified a gene that is deleted in all 14 of the 14 hermaphroditic mutants. This gene could be a candidate of sex determinant gene
with gynoecium suppressing function.
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Accelerator Applications Research Division

Rl Application Research Group

1. Abstract

RI Application Research Group promotes industrial applications of radioisotopes (RI) and ion beams at RIKEN RI Beam Factory
(RIBF). Nuclear Chemistry Research Team develops production technologies of useful RIs for application studies in nuclear and
radiochemistry. The team also develops technologies of mass spectrometry for trace-element and isotope analyses and apply them
to the research fields such as cosmochemistry, environmental science, archaeology, and so on. Industrial Application Research Team
promotes industrial applications of the accelerator facility and its related technologies.

2. Major Research Subjects

e))
(@)
3

“)
®)
(6)
(7
®)

Research and development of RI production technologies at RIBF

RI application researches

Development of trace element analyses using accelerator techniques and its application to geoscience and archaeological
research fields

Development of chemical materials for ECR ion sources of the RIBF accelerators

Development of technologies on industrial utilization and novel industrial applications of RIBF

Support of industrial utilization of the heavy-ion beams at RIBF

Support of some materials science experiments

Fee-based distribution of RIs produced at RIBF

3. Summary of Research Activity
See the subsections of Nuclear Chemistry Research Team and Industrial Application Research Team.

Members

Director
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Team Leaders
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See the subsections of Nuclear Chemistry Research Team and Industrial Application Research Team
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Accelerator Applications Research Division

Rl 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 Zn, ’Cu, #Sr, 88Y, and '%Cd 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 technology and apply them to the research fields such as cosmochemistry, environmental science, archaeology, and so on. We
perform various isotopic analyses on the elements such as S, Pd, and Pb using ICP-MS, TIMS, and IRMS. We also develop chemical
materials for ECR ion sources of the heavy-ion accelerators at RIBF.

2. Major Research Subjects
(1) Research and development of RI production technologies at RIBF
(2) RI application researches
(3) Development of trace element analyses using accelerator techniques and its application to geoscience and archaeological
research fields
(4) Development of chemical materials for ECR ion sources of the heavy-ion accelerators at RIBF

3. Summary of Research Activity
(1) Research and development of RI production technologies at RIBF and RI application researches

Due to its high sensitivity, the radioactive tracer technique has been successfully applied for investigations of the behavior of
elements in the fields of chemistry, biology, engineering, medicine, pharmaceutical and environmental sciences. We have been de-
veloping production technologies of useful radiotracers at RIBF and conducting their application studies in collaboration with many
researchers in various fields. With 30-MeV proton, 24-MeV deuteron, and 50-MeV alpha beams from the AVF cyclotron, we presently
produce about 100 radiotracers from "Be to 2 At. Among them, 6571, 7Cu, 83Sr, Y, and '°Cd are delivered to Japan Radioisotope
Association for fee-based distribution to the general public in Japan. Our RlIs are also distributed to researchers under the Supply
Platform of Short-lived Radioisotopes for Fundamental Research, supported by MEXT KAKENHI. On the other hand, radionuclides
of a large number of elements are simultaneously produced from metallic targets such as "Ti, " Ag, "*Hf, '°7 Au, and 23?Th irradiated
with a 135-MeV nucl.”! '*N beam from the RIKEN Ring Cyclotron. These multitracers are also supplied to universities and institutes
as collaborative researches.

In 2019, we developed production technologies of radioisotopes such as **Na, 4>%K, #mSc, 48Cr, l1Ag, 80Re, 21 At, 2**Ra,
212ppb, and 2% Ac which were strongly demanded but lack supply sources in Japan. We also investigated the excitation functions
for the "V (p, x), "™ Cr(p, x), "La(p, x), ' Tm(p, x), "*Ta(p, x), ¥*Sc(d, x), "*TI(d, x), "*Ca(a, x), "Ni(a, x), "*Sb(a, x),"*Nd(a, x),
"tGd(q, x), and "Dy(e, x) reactions to quantitatively produce useful RIs. We used radiotracers of *>*K, #mSc, 1! Ag, 186Re, 211 A,
224Ra, 212Pb, and 2% Ac for application studies in chemistry, 2*Na, 4>%K, ¥mSc, ¢7Cu, 8°Re, 2'!At, and ?*’ Ac in nuclear medicine.
We also produced %Zn, ¢’Cu, and ¥Y for our scientific researches on a regular schedule and supplied the surpluses through Japan
Radioisotope Association to the general public. In 2019, we accepted 2 orders of Zn with a total activity of 6.7 MBq, 1 order of
7Cu with 5 MBgq, and 2 orders of #Y with 2 MBq. We also distributed “*™Sc (2 MBq x 3), 8Zr (1 MBq x 1 and 2 MBq x 1), ®*Nb
(1 MBq X 2 and 2 MBq x 1), 12#Sb (2 MBq x 1), '*!Ce (9 kBq x 1 and 13 kBq x 1), '7>Hf (1 MBq x 1 and 2 MBq x 1), and 2!' At
(5 MBq x 4, 50 MBq x 6, 100 MBq X 11, and 120 MBq X 1) under the Supply Platform of Short-lived Radioisotopes for Fundamental
Research.

(2) Superheavy element chemistry

Chemical characterization of newly-discovered superheavy elements (SHEs, atomic numbers Z > 104) is an extremely inter-
esting and challenging subject in modern nuclear and radiochemistry. We are developing SHE production systems as well as rapid
single-atom chemistry apparatuses at RIBF. Using heavy-ion beams from RILAC and AVF, 2°!Rf (Z = 104), 2?Db (Z = 105),
26580 (Z = 106), and 2°Bh (Z = 107) are produced in the 2*Cm('80, 51)?°'Rf, 2*Cm('°F, 51)?92Db, 2*Cm(**Ne, 51)*%*Sg, and
248Cm(*Na, 5n)*°°Bh 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 «/SF-spectrometry.
On the other hand, we have a gas-jet coupled target system and a safety system for a radioactive 2*3Cm target on the beam line
of AVF. In 2019, the distribution coefficients of 2°'Rf on the anion-exchange resin in the H,SO,4 system were measured with the
AutoMated Batch-type solid-liquid Extraction apparatus for Repetitive experiments of transactinides (AMBER) which was developed
by the research group of Osaka University. The distribution coefficients of 22Db on the anion-exchange resin in the mixed HF/HNO;
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system were also measured with the Automated Rapid Chemistry Apparatus (ARCA) of Japan Atomic Energy Agency. We produced
radiotracers of 8Zr, Nb, 9™Tc, 7S Hf, 177-179Ta, and '8 Re at AVF and conducted model experiments for aqueous chemistry studies
on Rf, Db, and Bh. In 2019, we 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 its application to geoscience and archaeological
research fields

We have been developing the ECR Ion Source Mass Spectrometer (ECRIS-MS) for trace element analyses. In 2019, we renovated
the detection system of ECRIS-MS and evaluated its sensitivity and mass resolution power. We equipped a laser-ablation system with
an ion source and a pre-concentration system to achieve high-resolution analyses for noble gases such as Kr and Xe.

Using the conventional ICP-MS, TIMS, IRMS, and so on, we analyzed sediments such as a ferro-manganese nodule in the Pacific
Ocean to elucidate its growth history concerning the environmental changes in the ocean. We also studied Pb and S isotope ratios on
cinnabar and asphalt samples from ancient ruins in Japan to elucidate the distribution of goods in the archaic society and to reveal
the establishment of the Yamato dynasty in the period from Jomon to Tumulus. 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 in Badalona, 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 (Zentuji-city, Kagawa prefecture) and so on. We
also investigated the transmutation of the long-lived '97Pd to the stable Pd isotopes by the deuteron-induced nuclear reaction.

(4) Development of chemical materials for ECR ion sources of the heavy-ion accelerators at RIBF
In 2019, we prepared metallic 233U rods and 2*UO, on a regular schedule for 2*3U-ion accelerations with the 28-GHz ECR of
RILAC II.
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species identification of Mo, W, and Re carbonyl complexes with laserablation time-of-flight mass-spectrometry,” 6th International
Conference on the Chemistry and Physics of the Transactinide Elements (TAN19), Wilhelmshaven, Germany, August 25-30, 2019.

L. Lens, A. Yakushev, Ch. E. Diillmann, M. Asai, M. Block, H. Brand, M. Dasgupta, H. M. David, J. Despotopulos, A. Di Nitto,
K. Eberhardt, M. Gotz, P. Golubev, S. Gotz, H. Haba, L. Harkness-Brennan, F. P. Heberger, R. -D. Herzberg, D. Hinde, J. Hoffmann,
A. Hiibner, E. Jdger, D. Judson, J. Khuyagbaatar, B. Kindler, Y. Komori, J. Konki, J. V. Kratz, J. Krier, N. Kurz, M. Laatiaoui,
S. Lahiri, B. Lommel, M. Maiti, A. K. Mistry, C. Mokry, K. Moody, Y. Nagame, J. P. Omtvedt, P. Papadakis, V. Pershina, A. Roth,
D. Rudolph, J. Runke, L. Sarmiento, M. Schédel, P. Scharrer, T. Sato, D. Shaughnessy, B. Schausten, J. Steiner, P. Thorle-Pospiech,
N. Trautmann, K. Tsukada, J. Uusitalo, A. Ward, M. Wegrzecki, E. Williams, N. Wiehl, V. Yakusheva (poster), “Optimizations of the
TASCA-COMPACT setup towards chemical studies of nihonium (element 113),” 6th International Conference on the Chemistry and
Physics of the Transactinide Elements (TAN19), Wilhelmshaven, Germany, August 25-30, 2019.

T. Niwase, M. Wada, P. Schury, Y. Ito, S. Kimura, D. Kaji, M. Rosenbusch, Y. Watanabe, Y. Hirayama, H. Miyatake, J. Y. Moon,
H. Ishiyama, K. Morimoto, H. Haba, T. Tanaka, S. Ishizawa, A. Takamine, K. Morita, and H. Wollnik (poster), “Development and first
results from a novel “a-ToF” detector used with a multi-reflection time-of-flight mass spectrograph,” 6th International Conference on
the Chemistry and Physics of the Transactinide Elements (TAN19), Wilhelmshaven, Germany, August 25-30, 2019.

T. Tanaka, K. Morita, K. Morimoto, D. Kaji, H. Haba, R. A. Boll, N. T. Brewer, S. V. Cleve, D. J. Dean, S. Ishizawa, Y. Ito, Y. Komori,
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K. Nishio, T. Niwase, B. C. Rasco, J. B. Roberto, K. Rykaczewski, H. Sakai, D. W. Stracener, and K. Hagino (oral), “Fusion dynamics
for hot fusion reactions revealed in quasielastic barrier distributions,” 6th International Conference on the Chemistry and Physics of the
Transactinide Elements (TAN19), Wilhelmshaven, Germany, August 25-30, 2019.

M. Wada, P. Schury, H. Miyatake, Y. X. Watanabe, Y. Hirayama, H. Wollnik, S. Kimura, S. Ishizawa, T. Niwase, M. Rosenbusch, D. Kaji,
K. Morimoto, H. Haba, I. Takamine, T. Tanaka, H. Ishiyama, Y. Ito, J. Y. Moon, and K. Morita (invited), “SHE-Mass-II setup for direct
mass measurement of hot-fusion superheavy nuclides,” 6th International Conference on the Chemistry and Physics of the Transactinide
Elements (TAN19), Wilhelmshaven, Germany, August 25-30, 2019.

Y. Ito, P. Schury, M. Wada, F. Arai, H. Haba, Y. Hirayama, S. Ishizawa, D. Kaji, S. Kimura, H. Koura, M. Maccormick, H. Miyatake,
J. -Y. Moon, K. Morimoto, K. Morita, M. Mukai, I. Murray, T. Niwase, K. Okada, A. Ozawa, M. Rosenbusch, A. Takamine, T. Tanaka,
Y. Watanabe, H. Wollnik, and S. Yamaki (oral), “Direct mass measurements of mendelevium isotopes in the vicinity of the N =
152 deformed shell-closure,” 6th International Conference on the Chemistry and Physics of the Transactinide Elements (TAN19),
Wilhelmshaven, Germany, August 25-30, 2019.

M. Okamura (oral), E. Beebe, S. Ikeda, T. Kanesue, D. Raparia, and H. Haba, “967r beam production for isobar experiment in RHIC,”
The 18th International Conference on lon Sources (ICIS’19), Lanzhou, China, September 1-6, 2019.

H. Haba (invited), “Present status and perspectives of superheavy element researches at RIKEN,” XXXVI’th Mazurian Lakes Conference
on Physics, Piaski, Poland, September 1-7, 2019.

H. Haba (invited), “RI production—Chemistry of new elements to diagnosis and treatment of cancer—,” Tsukuba Conference 2019,
Tsukuba, Japan, October 2—4, 2019.

T. Fukuchi, M. Shigeta, H. Haba, S. Yamamoto, and Y. Watanabe (poster), “Imaging performance evaluation of a multiple-isotope PET
with #mSc tracer,” 2019 IEEE Nuclear Science Symposium (NSS) and Medical Imaging Conference (MIC), Manchester, UK, October
26—November 2, 2019.

T. Zolbadral, M. Aikawa, D. Ichinkhoroloo, T. Khishigjargal, Y. Komori, H. Haba, S. Tak4cs, F. Ditréi, and Z. Sz{ics (poster), “Production
cross sections of ¥*Ti via deuteron-induced reaction on scandium,” 2019 Symposium on Nuclear Data, Fukuoka, Japan, November
28-30, 2019.

M. Saito, M. Aikawa, T. Murata, Y. Komori, H. Haba, S. Takdcs, F. Ditréi, and Z. Szfics (poster), “Production of 'Yb by the proton-
induced reaction on '°Tm,” 2019 Symposium on Nuclear Data, Fukuoka, Japan, November 28-30, 2019.

Y. Kasamatsu, H. Ninomiya, S. Hayami, M. Nagase, E. Watanabe, Y. Shigekawa, N. Kondo, H. Haba, T. Yokokita, Y. Komori, D. Mori,
Y. Wang, K. Ghosh, M. Kaneko, and A. Shinohara (poster), “Coprecipitation of nobelium with samarium hydroxide,” The 4th Interna-
tional Symposium on Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

E. Watanabe, S. Hayami, K. Tonai, H. Ninomiya, K. Ouchi, Y. Kasamatsu, Y. Kitagawa, M. Nakano, Y. Shigekawa, T. Yokokita, and
A. Shinohara (poster), “Anion-exchange Experiment of Zr, Hf, and Th in HNO3,” The 4th International Symposium on Superheavy
Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

Z. Qin, Y. Wang, S. W. Cao, J. C. Zhang, F. L. Fang, J. Yang, H. Haba, Y. Komori, T. Yokokita, K. Morimoto, D. Kaji, Y. Wittwer,
R. Eichler, and A. Tiirler (invited), “Towards the bohrium carbonyl complexes in gas phase,” The 4th International Symposium on
Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

Y. Wang, Y. Wittwer, J. Zhang, S. Cao, Y. Komori, T. Yokokita, Y. Shigekawa, F. Fan, J. Yang, H. Haba, R. Eichler, A. Tiirler, and Z. Qin
(oral), “Species identification of Re carbonyls using laser-ablation time-of-flight mass-spectrometer,” The 4th International Symposium
on Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

T. Yokokita, Y. Kasamatsu, E. Watanabe, Y. Komori, H. Ninomiya, Y. Wang, D. Mori, K. Ghosh, A. Shinohara, and H. Haba (oral),
“Anion exchange of Rf, Zr, Hf, and Th in H,SO,,” The 4th International Symposium on Superheavy Elements (SHE2019), Hakone,
Japan, December 1-5, 2019.

T. Niwase, M. Wada, P. Schury, Y. Ito, S. Kimura, D. Kaji, M. Rosenbusch, Y. X. Watanabe, Y. Hirayama, H. Miyatake, J. Y. Moon,
H. Ishiyama, K. Morimoto, H. Haba, T. Tanaka, S. Ishizawa, A. Takamine, K. Morita, and H. Wollnik (oral), “Correlation measure-
ment of precision mass and decay properties of nuclei via MRTOF-MS with a-ToF detector,” The 4th International Symposium on
Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

M. Rosenbusch, M. Wada, P. Schury, S. limura, H. Haba, Y. Hirayama, H. Ishiyama, S. Ishizawa, Y. Ito, D. Kaji, S. Kimura, H. Miy-
atake, J. Y. Moon, K. Morimoto, T. Tanaka, T. Niwase, A. Takamine, K. Morita, Y. X. Watanabe, and H. Wollnik (oral), “Dynamic
ejection-field correction for MR ToF mass spectrometry of SHE using arbitrary mass references,” The 4th International Symposium on
Superheavy Elements (SHE2019), Hakone, Japan, December 1-5, 2019.

H. Haba (plenary), “Production and applications of radioisotopes at RIKEN RI Beam Factory—Search for new elements through diagnosis
and therapy of cancer—,” The 10th International Conference on Isotopes (10ICI), Kuala Lumpur, Malaysia, February 3-7, 2020.

H. Haba (invited), ‘“Present status and perspectives of superheavy element chemistry at RIKEN,” The 10th International Conference on
Isotopes (10ICI), Kuala Lumpur, Malaysia, February 3—7, 2020.

Y. Komori, M. Murakami, and H. Haba (oral), “Measurements of excitation functions for the ™W(d, x) reactions based on new half-lives
of rhenium isotopes,” The 10th International Conference on Isotopes (10ICI), Kuala Lumpur, Malaysia, February 3-7, 2020.

[Seminars]

H. Haba, “Production of radioisotopes for application Studies at RIKEN RI Beam Factory,” Seminar at Institute of Modern Physics (IMP),
Lanzhou, China, August 12, 2019.

H. Haba, “Production of radioisotopes for application Studies at RIKEN RI Beam Factory,” IFIN-HH Seminar at Horia Hulubei National
Institute for R&D in Physics and Nuclear Engineering, Bucharest, Rumania, October 21, 2019.

Y. Komori, “Aqueous chemistry of superheavy elements at RIKEN,” IFIN-HH Seminar at Horia Hulubei National Institute for R&D in
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Physics and Nuclear Engineering, Bucharest, Rumania, October 21, 2019.
H. Haba, “Production of radioisotopes for application studies at RIKEN RI Beam Factory”, Seminar at Sunway University, Selangor,
Malaysia, February 10, 2020.

Y. Komori, “Excitation function measurements in RIKEN”, Seminar at Sunway University, Selangor, Malaysia, February 10, 2020.
[Domestic conferences/workshops]

EHAIR, EESER, PSR, 1WA —, JEOAR, AT — (HERKR), [BETF-H >V R “Sc 2 W8 L —¥—
PET 1 A=YV 7|, ARG FA A=YV JELH0 14 WA - FHTES, FLIR, 2019 4 5 A 23-24 H.

BEHE S, KERME, &E KM, SRS, BN E, NI, P57, Wang Yang, Kaustab Ghosh, /NRA 1, #EL s th, FRAOKE,
BTy (RRAX—FK), TERMEHTD o MR 2V At OHIERDEE ], HAD TF1 A=V 72A0 14 [BRE - 240
.2 FLIR, 2019 4E 5 H 23-24 H.

ANEIR, SHE, PIGESE, BMFHE, JIAR, BAE — (OWERKR), FEKRIY T2 H AT GREL I &5 Nat/K* ORI
ARA=V VT, BRDFA A=V V720 14 MRS - S, fLIR, 2019 4 5 A 23-24 H.

PR, Bt th, INRAE AT, TFE, PG EG, A, I HE— RS, M AREREE, Rk (DR, THHHC ST 2 A
LBK B LU HmSc DRGEFANBHF ), BB S6 @7 1V b —7 - IRUHERIFZE R £ 2, S, 2019 47 H 3-5 H.

EER (OFEFRR), [P0 & 29Th O ARERHUETEIZ N3 B L2505, 55 58 ML FE OFH, HfF, 2019 49 A 11-14 H.

INRERT (OEFER), MO FEIRES], 5 58 R ZFEE OFK, B, 2019 4£9 H 11-14 H.

ERRAEZE, B)IIESE, IR O, AEEL, /NFER T, PIGEN, 2hy FH¥ o F—)b (OHEHKK), HMEKTFAHKISICBIT5E
AT PERGRE 1Y A W R SR |, HARR %4 2019 MO KA, &1, 2019 49 A 11-13 H.

MHAAAR, GNIES, KO, TGRS, INFERT, A FV Y R—, 7LV FF 1 baAa, XA—FV L&y (QEEFKEK), Dy
BERIAND T IV 7 7 R IR & % 16Ho DFIEREBGHIE |, H AR 7554 2019 RO K2, Eil1,2019 4£9 A 11-13 H.

IR, AIES:, ZEREIE 2L, AR EZ, INRER T, PG EE (HEEREK), PZr Az B E Uz ¥Y B0 EG RIS
V% AT RS D JIE |, HARR F 34 2019 RO K2, &1, 2019 49 H 11-13 H.

I. Dagvadorj, M. Aikawa, T. Zolbadral, Y. Komori, H. Haba ([188%%), [Production cross sections of dysprosium radioisotopes in
deuteron-induced reactions on natural terbium up to 24 MeV ], HARF 7154 2019 KD K<, Eili, 2019 4£9 H 11-13 H.

PR (AR, THaRbFoRE ), HARYHSF S 2019 FREFE KRS, (JE, 2019 4£ 9 H 17-20 H.

FEEIGERE, FIHER, P Schury, FFiEH K, ARAIK, NG K&, M. Rosenbusch, 04, L —, =540, 1. Y. Moon, A7 (LIf&H,
FRASET], PG, Mrh#RE, GG, mIEE T, AZREEN, H. Wollnik ([88%3), TMRTOF-MS % F\ 7z 2'Ra D% EE—
FREERFMEE ), AAYBE 2 2019 SERKEE K2, 11T, 2019 4 9 H 17-20 H.

HHZZ, Kjeld Beeks, PIGEE, [FHEH, EARER, R, AL Z, B AREK, 50T, S B2, bR E A, INRHEE, =AM,
3% —, 2%, s+, Thorsten Schumm, /7 3%, B K, Simon Stellmer, E/EEA, MR, IEEE, VLR, 1LOHR,
ZHEHE, MRES R, & A, SRR, SRNAREZ (HBERER), [ThYU 7 A 229 FHTRERD S 0BEENLBIIOBR], H
AYBF 2 2019 FEMERLA, 11IF, 2019 4 9 A 17-20 H.

TEBEAY, K, AR, AP RS2, LT RERE, EE A, Bt eth, hEHm, BRE (RAX—FRK), HBHIzBS 5 Zr, Hf
B X Th DR BE 9 % SKER - PRS2 —BE 7t Rf DLZIFEIZY T—, 28 13 Mo FRIE5E2 2019 &8, &
2, 2019 4£9 A 17-20 H.

FIMER, 3K O, A B, IR, BEREE, hEMA, SRR, BEE, INRA R, MAbs i, 2RO, KiEth, T EE,
BELEHE (OEEAR), TU+p RO Th+Li Ktz & % Np FALRGIREEEOERR |, HARBEHLERE 63 MEtiwma (2019), Wb
%,2019 49 A 24-26 H.

INFAER T, N EE S, PG (HEEFDR), MW, x) KISIZ & % Re RAKDRIERIE & 2L OHIE |, HARBELFE L5 63
FmlFE#42 (2019), Wb &, 2019 4£ 9 A 2426 H.

Y. Wang, N. Sato, Y. Komori, T. Yokokita, D. Mori, S. Usuda, H. Haba ([#i%3), [Production of At-211 at RIKEN |, H AR5 b%
25 63 [lFtiE (2019), W &,2019 49 A 2426 H.

ML, SRR, RN, INRER T, e 53R, BV KM, -2 2 a—2A X 7 BE E, et (OEER), [HER
12812 Rf DA A 53, AARBEHMEZEAEE 63 M2 (2019), Wh &, 2019 4 9 A 24-26 H.

BB, HUKHH, BRNGUS, = /3%, MRS, L EERE, EnER, Mbat, riHm, BRE (O8ERR), [Zr, Hf, Th OfEEEEE
HIE Rz BT 5 LR L CBERISE Rf DL T |, BARBEHEZE S 63 [HEtiw<a (2019), W &, 2019 4 9 A 24-26 H.

HOKH, TR, VRS, EIE K, KRS, AP RS, ITBERSE, TG, ML AW, NRE R T, AR, B, O—Y a2 a—
AR T AL, BIRIE (HEEFER), KB~V v LEEE2Z AW 102 BE ) —XV 0 LAOMESER ), ARSI LFES
% 63 [HEIZE4E (2019), W E,2019 4E 9 A 24-26 H.

EE R, SRS, INAbER, STFBGE, VERHE2, JOEB, M B, ik, BRE (HEFER), Ml - 7 v - ik
MIRIZBI1) 5 U-235m DOPFHE L OCRHIEBREF T XL F — A7 FVOREE |, HABRIHMLZEAE 63 EFHHRS (2019), W
HE,2019 49 A 24-26 H.

B R, SRR, RS, L B, TR SE, TSR, MUKH, RIS, BIRE (HEERE), [Ac-229 O B ii—EFFKF
FHEGHIGE T & % Th-229m O PNEREHRE T OB, HABE LT 25 63 HIRti= (2019), WH &, 2019 49 A 24-26 H.

FEMEMERE, FIEE R, P Schury, fFEEH A, RAAIK, I07E K&, M. Rosenbusch, 304, E I —, =T, J. Y. Moon, £5 (L 1&/H,
FASET], PG, e, AEMm, SIS T, FRHEE, H. Wollnik ([8E¥3%), TMRTOF + o-TOF % i\ 7z 27Ra DB &E—
FREREMERIE |, B AR5 63 M (2019), Wi &, 2019 4 9 A 24-26 H.

WA, BULFIE, G EN, ABAER (OEEFKR), 15021 RHNAET75—L Y (Ln**@Cyp37) 2B 3NEEREETFHMK
2T = VI RITTEIE ], HARSLZEEE 63 FlEEwa (2019), Wb E,2019 49 A 24-26 H.

TR, Fra e, IR RR S, BREEE, BILS2(5, vk —, PG A, BAHE, Yang Wang, #1LIBIE (KA X —%%£), TRn-211/At-211
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VI F V=R AT LTRBER Po IRFFEOMET |, AARBEHEZEALE 63 MIF FHE (2019), Wb &, 2019 4 9 H 24-26 H.

REY T 4 T, KRB, BIGES, SEAP, PEESE, DNRER T, #ibet, A (RAX—FK), THFHNO; KiE#HHIZ
B} % Nb, Ta, Pa DA F >V ZHEER~Db 7 v {LWIEEAR DO HEE IZ AT T~ ], HARBEHMEZEREE 63 FlFtaa (2019), Wb X,
2019 4£ 9 H 24-26 H.

FRMEE, BB, NRA R T, MAbsE W, RO, PG 7E, MBS, BEE, #IUPE (RAX—%K), PPNp BEERICE
1} B %o AW R E 1 & A nE AR E O#HEE |, HARBEHEZ R 63 MIEi e (2019), Wb &, 2019 4 9 H 24-26 H.
Mibeits (BEFER), THHY V<A A=Y v FH 70— 7 K42, K-43 R Sc-44m DOH3E ], %5 —[7] Chemical Probe &[R4

+ 3 —, LN, 2019 4£ 10 A 8-9 H.

INGERTF (RAX—=FK), THHARLI 70— 785G} 728K SRR BB O I E ), 25 — [0 Chemical Probe AR &E Y I F+—,
LT, 2019 4 10 H 8-9 H.

Y. Wang (ZARA X —¥3%), [Production of a therapeutic isotope, astatine-211 at RIBF], % —[f] Chemical Probe &R &7EX I F—, &
[LIET, 2019 4 10 A 8-9 H.

PSR (RfFas), THaZasEE 5! |, HAML¥ES #2508 L b¥ 0 R HATE bR, X3, 2019 4 10 H
20 H.

PIBEN (FAfEEE), 13 F=h=r L 0FRA ), ERREMERE 2019 KiRlEA—T=> 74 XV M I, 2019 4 11 A 3 H.

TER 750, KRB, S ARTE T, 12 R—B8, IS, PG AL, IR, AT, BRA (HEBEABR), TA211 £ a XA FI1-
T2V T T =V R AW NABRGREE ], AR 61 [BIZEAMHAS, M, 2019 4 11 A 4-6 H.

PGy (), (THFEE22 A5 ), 1 2V A7 I35 ERRE IR AR DA T EMRE 2019@HE &, 71K, 2019 4E 11 H
16 H.

PGEN (FERFEEE), 199474 Y b= 708G L IH—FtEOBERN S RADBW - 16 E T—1,2019 FEHEAT AV
M—=THEYVRI DL [PET - 4 A=YV THREDEREIE~ T 1 7914 TV AL HTE2Og&~ 1, JIIF, 2019 £ 11 A 22 H.

mEREAI (GEIHEE), T EORERAMARLEAIIC X 5, B 5 T U2 KEREROERFEE |, HARSH(LES 55 370 [ H A
rna~ N7T 7« — AR S, 6, 2019 4E 11 A 22 H.

PIGEE GBRrkE), [206F 0 Y <SR RFEOELE |, T2+ > < KR/ 2 A B T b B ik o) v—2 v av 7,
# 20194E 12 A6 H.

TS OOHE, B, KERME, By, A, 206 E R, 5, Wang Yang, Bidb e, INRE AT, BOKHE, PG G, BE s,
WRRIE (RAZR—FFK), [TV 7 7T 2 & F 211 2 AW g ik, 8 5 B AMED YA & Fiise
Ho—ovav 7, T, 2020 4 1 H 9 H.

PGEN (FBEER), N85 V4AT74Y b—=70O8E L S~ F T EZDBERN S DA DZW - B E T~1, 5 75 [l
HHRRaHIpF 2 <, F1Y6, 2020 4£ 1 A 18 H.

a2, EER, B 3, RIS , B (EERR), [Z06F 0 > < S - Z2MMEER 1 X =Y v 2ok 1 ) 1,
2020 425 67 G A Y SBFE T AMEER S, TR, 2020 43 A 12-15 H.

Bt £, SEEE, HENA, JEFE R, IR SEA, BESN, MHA 2, KEH =, BRER, SRR T, TIBESE, EECE, miEis
2, B (OEERE), [20TFH 2 <k - SRHEER A A =Y ZJHEORE 2 (0 F L —ZBI%) 1, 2020 45 67 [H)G
FYMPAHT MRS, TAH, 2020 4£ 3 A 12-15 H.

PG EIE, AME, INGRE T T, ML s, E7E, SEiE 2, SRR, 8, EMBot, amEmT (OEER), 7 0r~
FRIRE - R A X — YV VOIS 3 (RI&E) 1, 2020 4E55 67 [BlG A SE S lHEES, TR, 2020 4£ 3 A
12-15 H.

KEEE— A, R, MIGRCRE, & AR ER, SRS T, EWOL, SFEIEZ, BN, B &, PEEt (OEERKR), 467
7Y < KRR - AR R — D v 2RO 4 (F#EIRH) 1, 2020 £E58 67 [BG AR AE RPN ES, TAH, 2020
3 H 12-15 H.

k7 W 7Kk#E, Zhong Zhihong, K ##fE— BB, ENMEYR, ERGIE 2, Bt £, TS, SEEMNF, ot (OERER), 12XFH Y
KR - 2SRRI A R — OV ZHEOIZE 5 (Y AT LABF) 1, 2020 4EEF 67 [MG YIS 2 F =M, TAH, 2020
3 H 12-15 H.

AN, BEALT, FAKKEE, i A6, NEREIE, | E A, KIERE, INRE R T, WIEE—, PG, EESa, AR (0
SRR), (77 vy ARTOBLIIBRFRERERD 72O DRI B A A VIHROBEFE ), HAMBF S 75 H4ERKE (2020
), £ R, 2020 4E 3 H 16-19 H.

WCORIG R, BAE, BHEE, Hral, AKX, PGEE (HEAER), HEHEEIZ X220 FRFEOBER ], HAYHEAE
75 MAERK 2 (2020 48), #4752, 2020 4E 3 A 16-19 H.

HEPEAT, PG EE, IR, EARER, RS, BEARAZ, SRS, bR B, NEREE, WHZEZ, SAR%GH, MR —, mEE,
Kjeld Beeks, Thorsten Schumm, {7 i, B (&K, A. Simon Stellmer, EEE 1A, WEFTEY, JEERME, JE0 ], (L2, 22 H B, #KH
Pl E R SEAEE, AR (HEEFER), TFY YL 29 71V —HERD S DEEENNLOBER ], HARYHELE 75
MR 2 (2020 ), 4=, 2020 4£ 3 H 16-19 H.

FEEIBERE, FIHER, P Schury, FHiEH K, ARAAIK, NG K&, M. Rosenbusch, 04, L —, =54, 1. Y. Moon, 7 (L {&H,
FRASET], PG, Wb &, GEAA, AR, SRR RS, H. Wollnik ([188%3%), MRTOF+a-TOF %\ /=& # @ o
FREERGTE OB - R MR ), BRI 285 75 MR R4 (2020 4F), 44 di 2, 2020 4 3 A 16-19 H.

Awards

RN, TERAFIC 351 5 A KRG R 428K 3 KO “mSc QBLERARBHFE ), 55 56 M7 1V b — 7 - BURHRIIZR AR 2 5 FE T
H,2019 47 H 4 H.
N. Sato, “Awards the Element NIHONIUM”, Periodic Table of Younger Chemists, International Union of Pure and Applied Chemistry,
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July 8, 2019.
FERE R, B, PG, MBEE A, RFE T, [RENRE T —ARHIC LS AT — M RERFLEESOAIL ), BT 5 2
BIHALY =T > A ) R=2a v KEHAREMSESEE, 202042 A 15 H.

Press releases

HAR CIR/ND IR T 2V ¥ — % b DR TAORIBD N TR RB—@R S TR ] EBUC R & < pitE—, HLPAH5E
Ft, 2019 4£ 9 H 11 H. https://www.riken. jp/press/2019/20196912_1/.

MUY LRFHEOREEL = = NRERANFELR A — N 7L 229 74 Y —REDO T X)L F—%ITE—, BALWISEAR, 2019
411 H 29 H. https://www.riken. jp/press/2019/20191129_2/.

-351-



RIKEN Accel. Prog. Rep. 53 VI. RNC ACTIVITIES

Accelerator Applications Research Division

Rl Application Research Group
Industrial Application Research Team

1. Abstract

Industrial application research team handles non-academic activities at RIBF corresponding mainly to industries.

2. Major Research Subjects
(1) Support of industrial utilization of the RIBF accelerator beam.
(2) Development of technologies related to the industrial utilization and novel industrial applications.
(3) Fee-based distribution of radioisotopes produced at RIKEN AVF Cyclotron.
(4) Development of real-time wear diagnostics of industrial material using RI beams.

3. Summary of Research Activity
(1) Support of Industrial Utilization of RIBF

RNC promote facility-sharing program ‘“Promotion of applications of high-energy heavy ions and RI beams.” In this program,
RNC opens 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 2019, the ninth IN-PAC met and approved two fee-based proposals from new users. In January 2019, IN-PAC held a
mail review and approved one fee-based proposal from a continuously using private company. In January and February 2019, four
fee-based beam times were performed with Kr-84 (70 MeV/nucleon) and Ar-40 (95 MeV/nucleon) beams at the ESA beamline. The
client used the beam to simulate single-event effects of space-use semi-conductors by heavy-ion components of cosmic rays.

(2) Development of technologies related to the industrial utilization and novel industrial applications

We develop technologies to assess and improve the beam quality. Before each beam time, we measure the properties of the beam;
the dependence of the beam energy on the degrader thickness, the beam LET-distribution at a certain depth of an irradiated sample
calculated with the energy-loss code (SRIM), and the relation between the beam flux and the reading of a transmission-type detectors.
Since the beam is extracted to the atmosphere and passes through materials, it can be contaminated with secondary nuclides produced
by nuclear reactions in the materials. We study the beam impurity using radiochemical measurements and compared the results with
simulations by the PHITS code. We tested radiochromic films as a new method of two-dimensional dose distribution measurement.
We have irradiated two types of radiochromic films using C, Ar, and Fe ions and measured the change of optical density as a function
of the dose. We conclude that radiochromic films can be useful to measure the dose distribution of heavy-ion irradiations with a spatial
resolution of about 1 mm.

(3) Fee-based distribution of radioisotopes produced at RIKEN AVF Cyclotron

We have been handling fee-based distribution of radioisotopes since 2007. The radionuclides are Zn-65 (T'j, = 244 days), Cd-109
(463 days), Y-88 (107 days), Sr-85 (65 days) and Cu-67 (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 2019, we delivered no Cd-109, two shipments of Zn-65 with a total activity of 6.7 MBq, two of Y-88 with a total activity of
2 MBq, and one of Cu-67 with an activity of 5 MBq. The final recipients of the RIs were two universities, one research institute and
one medical research center.

(4) Development of real-time wear diagnostics of industrial material using RI beams

We are developing a method to determine the spatial distribution of gamma-ray emitting RIs on periodically-moving objects,
named “GIRO” (Gamma-ray Inspection of Rotating Object), that is based on the same principle as the medical PET imaging but is
simpler and less expensive. Two pairs of detectors were employed to obtain 3D image data. We also performed single-photon emission
computer tomography (SPECT) mode measurement. GIRO can obtain SPECT-mode data together with PET-mode data. This method
can be used for real-time inspection of a closed system in a running machine. In 2019, we are developing a portable size GIRO system
in order to bring and demonstrate it for private companies.
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Subnuclear System Research Division

Quantum Hadron Physics Laboratory

1. Abstract

Atomic nuclei are made of protons and neutrons bound by the exchange of pion and other mesons. Also, protons and neutrons
are made of quarks bound by the exchange of gluons. These strong interactions are governed by the non-Abelian gauge theory
called the quantum chromodynamics (QCD). On the basis of theoretical and numerical analyses of QCD, we study the interactions
between the nucleons, properties of the dense quark matter realized at the center of neutron stars, and properties of the hot quark-gluon
plasma realized in the early Universe. Strong correlations common in QCD and cold atoms are also studied theoretically to unravel
the universal features of the strongly interacting many-body systems. Developing perturbative and non-perturbative techniques in
quantum field theory and string theory are of great importance not only to solve gauge theories such as QED and QCD, but also to find
the theories beyond the standard model of elementary particles. Various theoretical approaches along this line have been attempted.

2. Major Research Subjects
(1) Perturbative and non-perturbative methods in quantum field theories
(2) Theory of spontaneous symmetry breaking
(3) Lattice gauge theory
(4) QCD under extreme conditions
(5) Nuclear and atomic many-body problems

3. Summary of Research Activity
(1) Perturbative and non-perturbative methods in quantum field theories
(1-1) 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 @, with an effective
parameter o/n. Both numerical and analytic evaluations of ae up to (e/7)* were firmly established. The coefficient of (e/7)’ 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 a,(theory) = 1 159 652 181.606 (11)(12)(229) x 1072, 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: ™! (Cs) = 137.035 999 046 (27). The discrepancy
between a,(theory) and a.((experiment)) is 2.40~. Assuming that the standard model is valid so that a.(theory) = a,.(experiment) holds,
we obtained ! (a,) = 137.035 999 1496 (13)(14)(330), which is nearly as accurate as a~' (Cs). The uncertainties are from the
tenth-order QED term, hadronic term, and the best measurement of a,, in this order.
(1-2) Optimized perturbation theory and its relation to anti-Stokes lines

We discussed fundamental properties of the fastest apparent convergence (FAC) condition which is used as a variational criterion
in optimized perturbation theory (OPT). We examine an integral representation of the FAC condition and a distribution of the zeros
of the integral in a complex artificial parameter space on the basis of theory of Lefschetz thimbles. We find that the zeros accumulate
on a certain line segment known as an anti-Stokes line in the limit K — oo, where K is a truncation order of a perturbation series.
This phenomenon gives an underlying mechanism that physical quantities calculated by OPT can be insensitive to the choice of the
artificial parameter.
(1-3) Perturbative static quark potential in Maximal Abelian gauge

One of the most interesting features of QCD is its peculiar behavior at low energies, where it displays confinement. Among the
many explanations proposed for this phenomenon, one of the more interesting approaches utilizes its similarity to the behavior of a
magnetic field in a type II superconductor. The magnetic field cannot penetrate the superconductor except for narrow flux tubes, much
like the chromoelectric field extends only between confined particles, and if there existed elementary magnetic charges, they would
be confined inside a superconductor much like quarks in the vacuum. We calculated the static quark potential for an SU(N) gauge
theory in the Maximal Abelian gauge as well as its Abelian projection up to two loops in perturbation theory, and we discussed its
renormalization properties.
(1-4) 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
construct three types of Virasoro algebra. One of them reproduces the result by Liischer 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) Theory of spontaneous symmetry breaking
(2-1) Effective Lagrangian for Nambu-Goldstone modes in nonequilibrium open systems

We developed the effective field theory of diffusive Nambu-Goldstone (NG) modes associated with spontaneous internal symmetry
breaking taking place in nonequilibrium open systems. The effective Lagrangian describing semi-classical dynamics of the NG modes
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is derived and matching conditions for low-energy coefficients are also investigated. Due to new terms peculiar to open systems, the
associated NG modes show diffusive gapless behaviors in contrast to the propagating NG mode in closed systems. We demonstrate
two typical situations relevant to the condensed matter physics and high-energy physics, where diffusive type-A or type-B NG modes
appear.
(2-2) Spontaneous symmetry breaking and Nambu-Goldstone modes in open classical and quantum systems

Spontaneous symmetry breaking (SSB) in Hamiltonian systems is a universal and widely observed phenomena in nature, e.g.,
the electroweak and chiral symmetry breakings, superconductors, ferromagnets, solid crystals, and so on. It is also known that the
SSB occurs even in dissipative systems such as reaction diffusion system and active matters. We discussed spontaneous symmetry
breaking of open classical and quantum systems. When a continuous symmetry is spontaneously broken in an open system, a gapless
excitation mode appears corresponding to the Nambu-Goldstone mode. Unlike isolated systems, the gapless mode is not always a
propagation mode, but it is a diffusion one. Using the Ward-Takahashi identity and the effective action formalism, we establish the
Nambu-Goldstone theorem in open systems, and derive the low-energy coefficients that determine the dispersion relation of Nambu-
Goldstone modes. Using these coefficients, we classify the Nambu-Goldstone modes into four types: type-A propagation, type-A
diffusion, type-B propagation, and type-B diffusion modes.

(3) Lattice gauge theory
(3-1) NQ dibaryon from lattice QCD near the physical point

The nucleon(N)-Omega(£2) system in the S-wave and spin-2 channel was studied from the (2+1)-flavor lattice QCD with nearly
physical quark masses. The time-dependent HAL QCD method is employed to convert the lattice QCD data of the two-baryon
correlation function to the baryon-baryon potential and eventually to the scattering observables. The potential, obtained under the
assumption that its couplings to the D-wave octet-baryon pairs are small, is found to be attractive in all distances and to produce a
quasi-bound state near unitarity. Including the extra Coulomb attraction, the binding energy of becomes 2.5 MeV. Such a spin-2 state
could be searched through two-particle correlations in p-p, p-nucleus and nucleus-nucleus collisions.
(3-2) AA and NE interactions from lattice QCD near the physical point

The S-wave AA and NE interactions were studied on the basis of the (2+1)-flavor lattice QCD simulations close to the physical
point. Lattice QCD potentials in four different spin-isospin channels are extracted by using the coupled-channel HAL QCD method
and are parametrized by analytic functions to calculate the scattering phase shifts. The AA interaction at low energies shows only a
weak attraction, which does not provide a bound or resonant dihyperon. The NZ interaction in the spin-singlet and isospin-singlet
channel is most attractive and lead the N= system near unitarity. Relevance to the strangeness = —2 hypernuclei as well as to two-
baryon correlations in proton-proton, proton-nucleus and nucleus-nucleus collisions was also discussed.
(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 Yang-
Mills 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 ¢~ 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 8% x 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 background
fields and collisions. The formalism is utilized to investigate second-order responses of chiral fluids near local equilibrium. Such non-
equilibrium anomalous transport is dissipative and affected by interactions. Contributions from both quantum corrections in anomalous
hydrodynamic equations (EOM) of motion and those from the CKT and Wigner functions (WF) are considered 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 corrections 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-Jona-
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Lasinio 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.

(5) Nuclear and atomic many-body problems
(5-1) Renormalized random-phase approximation

A fully self-consistent renormalized random-phase approximation was constructed based on the self-consistent Hartree-Fock
mean field plus exact pairing solutions (EP). This approach exactly conserves the particle number and restores the energy-weighted
sum rule, which is violated in the conventional renormalized particle-hole random-phase approximation for a given multipolarity. The
numerical calculations are carried out for several light-, medium-, and heavy-mass nuclei such as 022, Ni60, and Zr90 by using the
effective MSk3 interaction. To study the pygmy dipole resonance (PDR), the calculations are also performed for the two light and
neutron-rich 024,28 isotopes, whose PDRs are known to be dominant. The results obtained show that the inclusion of ground-state
correlations beyond the random-phase approximation (RPA) by means of the occupation numbers obtained from the EP affects the
RPA solutions within the whole mass range, although this effect decreases with increasing the mass number. At the same time, the
antipairing effect is observed via a significant reduction of pairing in neutron-rich nuclei. The enhancement of PDR is found in most
neutron-rich nuclei under consideration within our method.
(5-2) Ab initio covariant density functional theory for nuclear structure

Nuclear structure models built from phenomenological mean fields, the effective nucleon-nucleon interactions (or Lagrangians),
and the realistic bare nucleon-nucleon interactions were presented. The success of covariant density functional theory (CDFT) to
describe nuclear properties and its influence on Brueckner theory within the relativistic framework are focused upon. The challenges
and ambiguities of predictions for unstable nuclei without data or for high-density nuclear matter, arising from relativistic density
functionals, are discussed. The basic ideas in building an ab initio relativistic density functional for nuclear structure from ab initio
calculations with realistic nucleon-nucleon interactions for both nuclear matter and finite nuclei are presented. The current status
of fully self-consistent relativistic Brueckner-Hartree-Fock (RBHF) calculations for finite nuclei or neutron drops (ideal systems
composed of a finite number of neutrons and confined within an external field) is reviewed. The guidance and perspectives towards an
ab initio covariant density functional theory for nuclear structure derived from the RBHF results are provided.
(5-3) QCD-like phase diagram with Efimov trimers and Cooper pairs

We investigated color superfluidity and trimer formation in resonantly interacting SU(3) Fermi gases with a finite interaction
range. The finite range is crucial to avoid the Thomas collapse and treat the Efimov effect occurring in this system. Using the
Skorniakov-Ter-Martirosian equation with medium effects, we show the effects of the atomic Fermi distribution on the Efimov trimer
energy at finite temperature. We show the critical temperature of color superfluidity within the many-body T-matrix approximation.
In this way, we can provide a first insight into the phase diagram as a function of the temperature T and the chemical potential p.
This phase diagram consists of trimer, normal, and color-superfluid phases, and is similar to that of quantum chromodynamics at finite
density and temperature.
(5-4) Superfluid phase transitions in asymmetric nuclear matter

We investigated superfluid phase transitions of asymmetric nuclear matter at finite temperature (T) and density (p) with a low
proton fraction (¥, < 0.2), which is relevant to the inner crust and outer core of neutron stars. A strong-coupling theory developed
for two-component atomic Fermi gases is generalized to the four-component case, and is applied to the system of spin-1/2 neutrons
and protons. The phase shifts of neutron-neutron (nn), proton-proton (pp) and neutron-proton (np) interactions up to k = 2 fm~! are
described by multi-rank separable potentials. We show that the critical temperature T<, of the neutron superfluidity at Y, = 0 agrees
well with Monte Carlo data at low densities and takes a maximum value TS, = 1.68 MeV at p/pg = 0.14 with pg = 0.17 fm=3. Also,
the critical temperature TS, of the proton superconductivity for ¥, < 0.2 is substantially suppressed at low densities due to np-pairing
fluctuations, and starts to dominate over TS, only above p/py = 0.70(0.77) for Y, = 0.1(0.2), and (iii) the deuteron condensation
temperature Tg is suppressed at ¥, < 0.2 due to a large mismatch of the two Fermi surfaces.
(5-5) One-dimensional Bose and Fermi gases with contact interactions

One-dimensional spinless Bose and Fermi gases with contact interactions have the close relationship via Girardeau’s Bose-Fermi
mapping, leading to the correspondences in their energy spectra and thermodynamics. However, correlation functions are in general
not identical between these systems. We derive in both systems the universal relations for correlation functions, which hold for any
energy eigenstate and any statistical ensemble of the eigenstates. These relations include the large-momentum tails of static structure
factors and of momentum distributions as well as energy relations, which connect the sums of kinetic and interaction energies to the
momentum distributions. The relations involve two- and three-body contacts, which measure local two- and three-body correlations,
respectively. We clarified how the relations for bosons and fermions differ and are connected with each other. In particular, we found
that the three-body contact makes no contribution to the bosonic energy relation, but it plays a crucial role in fermionic one.
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Subnuclear System Research Division

Strangeness Nuclear Physics Laboratory

1. Abstract

We proposed accurate calculation method called ‘Gaussian Expansion Method using infinitesimally shifted Gaussian lobe basis
function.” When one proceeds to four-body systems, calculation of the Hamiltonian matrix elements becomes much laborious. In order
to make the four-body calculation tractable even for complicated interactions, the infinitesimally-shifted Gaussian lobe basis function
has been proposed. The GEM with the technique of infinitesimally-shifted Gaussians has been applied to various three-, four- and
five-body calculations in hypernuclei, the four-nucleon systems, and cold-atom systems. As results, we succeeded in extracting new
understandings in various fields.

2. Major Research Subjects
(1) Hypernuclear structure from the view point of few-body problem
(2) Structure of exotic hadron system
(3) quantum atomic system and ultra cold atomic system
(4) Equation of state for neutron star

3. Summary of Research Activity

(1) With use of EN interaction based on HAL Lattice QCD, we predict to have a bound state for NN E four-body system which
would be the lightest bound E hypernucleus. We also propose how to produce this hypernucleus.

(2) Several compact ssscc-bar pentaquark resonances are predicted quark model, that is, J© = 1/27 ‘E = 5180 MeV, I' =
20 MeV), 5/2~ (5645 MeV, 30 MeV), 5/2~ (5670 MeV, 50 MeV), and 1/2* (5360 MeV, 80 MeV). These are the candidates
of compact pentaquark resonance states from the current best quark model, which should be confirmed either by experiments
or lattice QCD calculations.

(3) Mixtures of two kinds of fermions, such as spin up and down electrons in materials, are well-known to lead to pairing and
superconductivity. In this project, study mixtures of three different kinds of fermions were studied. In these systems, in
addition to pairing, a new kind of clustering by three can appear due the Efimov effect. We obtained the phase diagram of
these systems and showed that it is similar to that of QCD, where the hadron phase is the analogue of the phase of Efimov
clusters of three fermions.
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Y. Shimizu, Y. Yamaguchi, and M. Harada, “Heavy quark spin multiplet structure of Pc(4312), Pc(4440), and Pc(4457),”
arXiv:1904.00587 [hep-ph] (2019).

Y. Yamaguchi, H. G.- Tecocoatzi, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, and M. Takizawa, “Pc pentaquarks with chiral
tensor and quark dynamics,” Phys. Rev. D 101, 091502 (2020).

Y. Yamaguchi and N. Yamanaka, “Large electric dipole moment of charged leptons in the standard model,” arXiv:2003.08195 [hep-ph]
(2020).
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P. Froelich, T. Yamashita, Y. Kino, S. Jonsell, E. Hiyama, and K. Piszczatowski, “Four-body treatment of the antihydrogen-positronium
system: binding, structure, resonant states and collisions,” Hyperfine Interact. 240, 46 (2019).

[Review articles]

Y. Yamaguchi, A. Hosaka, S. Takeuchi, and M. Takizawa, “Heavy hadronic molecules with pion exchange and quark core couplings: a
guide for practitioners,” J. Phys. G 47, 053001 (2020).

[Proceedings]

Y. Yamaguchi, “pi J/psi-DDbar* potential described by the quark exchange diagram,” EPJ Web Conf. 204, 01007 (2019).
Y. Yamaguchi, “Short range interaction in pi J/psi-DDbar* channel,” Int. J. Mod. Phys. Conf. Ser. 49, 1960005 (2019).
Y. Yamaguchi, “Short range pi J/psi -DDbar* potential described by the quark exchange diagram,” Springer Proc. Phys. 238, 629 (2020).
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[International conferences/workshops]

E. Hiyama (invited), “Five-body structure of sssc_c,” The 1st CENuM Workshop for Hadron Physics, Incheon, Korea, June 17-18, 2019.

E. Hiyama (invited), “Structure of light Ehypernuclei with modern EN interaction,” International workshop on “Nuclear structure at the
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E. Hiyama (invited), “Five-body structure of sssc_c,” International Workshop on Perspectives in Hadron Physics, Quy Nhon, Vietnam,
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P. Naidon (Invited), “A bubble of polarons,” 2nd workshop “Clusters in quantum systems: from atoms to nuclei and hadrons,” Fukuoka,
Japan, January 27-31, 2020.

Y. Yamaguchi (oral), “Role of the tensor force in the heavy hadronic molecules,” The 18th International Conference on Hadron Spec-
troscopy and Structure (HADRON2019), Guilin, China, August 16-21, 2019.

Y. Yamaguchi (oral), “Tensor force in heavy hadronic molecules,” Workshop on Chiral and heavy quark symmetries in quark-hadron
physics, Osaka, Japan, August 25, 2019.

Y. Yamaguchi (oral), “Hadronic molecules of heavy hadrons with tensor force,” The 24th European conference on few-body problems in
physics (EFB24), Guirford, UK, September 2-6, 2019.

Y. Yamaguchi (oral), “Heavy hadronic molecules: pion exchange and coupling to multiquark states,” Workshop on “Physics of heavy-
quark and exotic hadrons,” Tokai, Ibaraki, Japan, January 27-29, 2020.

Y. Yamaguchi (oral/poster), “Tensor force in the heavy hadronic molecules,” REIMEI Workshop on Universal Features of Quantum Flows
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atom,” XX International Workshop on Low-Energy Positron and Positronium Physics & XXI International Symposium on Electron-
Molecule Collisions and Swarms, Belgrade, Serbia, July 18-20, 2019.

T. Yamashita, Y. Kino, E. Hiyama, K. Piszczatowski, S. Jonsell, and P. Froelich (oral, hot topic), “Towards prediction of the rates of
antihydrogen positive ion production in antihydrogen-excited positronium reaction,” XXXIst International Conference on Photonic,
Electronic, and Atomic Collisions (ICPEAC), Deauville, France, July 23-30, 2019.
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Y. Yamaguchi, “Heavy hadronic molecules: pion exchange and coupling to compact states,” Tokyo Institute of Technology, Tokyo,
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Y. Yamaguchi, “Heavy hadronic molecules: pion exchange and coupling to compact states,” Nagoya University, Nagoya, Aichi, Japan,
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related topics on relativistic effects of exotic atoms,” Seminar on fundamental theories for negative muon experiments at J-PARC and
its application to elemental analysis, Tokai, Ibaraki, Japan, April 18, 2019.
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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 sSPHENIX 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 neutral pion double spin asymmetries at the highest collision energies at RHIC of 510 GeV have
been augmented with the publication of the complementary charged pion double spin asymmetries at the same collision energy. The
ordering of the three pion asymmetries allows a direct determination of the sign of the gluon polarization which has been found to be
nonzero. 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. Additionally, the first double spin asymmetry results
for direct photons and jets are being prepared by PHENIX. Both are in principle cleaner probes since no fragmentation functions are
involved. 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.

While orbital angular momentum cannot be directly accessed at RHIC, several transverse spin phenomena have been observed
which relate to orbital angular momentum and the three-dimensional structure of the nucleon. These phenomena by themselves have
become a major field of research as the dynamics of the strong interaction. During the 2015 RHIC operation, collisions of transversely
polarized protons with Au and Al nuclei were provided for the first time. Two rather surprising results have been discovered here.
First, the single transverse spin asymmetries for J/ ¥ particles which are found to be consistent with zero to even higher precisions,
show distinctly nonzero asymmetries in proton-Au collisions at the lowest transverse momenta both if detected at slightly forward
or backward regions with respect to the polarized beam. Also charged hadron single spin asymmetries have been observed in all
three colliding systems. While a previously known nonzero forward asymmetry for positive hadrons was confirmed, a substantial
reduction of these asymmetries for p + Al and p + Au collisions was observed. Such a reduction was predicted by several theoretical
models describing the non-linear effects of high gluon densities in nuclei suggested by the so-called color-glass-condensate. While
the kinematic region does not reach into the range where the color-glass-condensate is expected, this reduction in asymmetries has
been met with interest by the theory community. The results have now been published. When moving to more central rapidities, the
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 and, for the first time, also for direct photons. 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. Both results are being prepared for publication.

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 enable us to understand the hadron collision mechanism based on QCD. An unexpectedly
large neutral pion asymmetry has been found using this data that may connect to the large pion asymmetries at smaller rapidities and
higher transverse momenta. The results have been accepted for publication in PRL.

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 2020 to study the sea-quark orbit effect of the polarized proton
in the target.

For many jet related measurements fragmentation functions are necessary to gain spin and or flavor sensitivity. Those are currently
extracted by some of us using the 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 2019, transverse momentum
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dependent cross sections of pions, kaons and protons were published as a function of fractional energy and event topology. These
measurements relate to essentially all transverse spin or momentum dependent measurements at RHIC, semi-inclusive DIS and the
EIC.

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 1000 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.

(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 7, ~ 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 v, and v3 in Au + Au.

We lead measurement of heavy quark (charm and bottom) using VTX, a 4-layer silicon vertex tracker which we jointly constructed
with US DOE. The detector was installed in PHENIX in 2011. PHENIX recorded approximately 10 times more data of Au+Au
collisions in the 2014 run than the 2011 run. PHENIX recorded high statistics p + p and p + A data in 2015, and the doubled the Au
+ Au in 2016. PHENIX concluded its data taking in the 2016 run.

The results of the 2011 run was published in Physical Review C (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 pr > 4 GeV/c, but the suppression factor is
smaller than that of charm decay electrons for 3 < pr < 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.

PHENIX published measurements of flow strength in p + Au, d + Au, and *He+Au (Nature Physics 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, 1TB 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 /O when each job is assigned to the node where the required data sets are stored. It is also
important that this scheme doesn’t require an expensive RAID system and network. Through this development we have established a
fast and cost-effective solution in analyzing massive data.

The data of 0.9 Pbyte obtained by the PHENIX experiment is stored in a hierarchical storage system which is a part of HOKUSAI
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. The parts for six modules of GTR, four modules of HBD and six modules of LG are
assembled and installed in the spectrometer magnet at J-PARC. Read-out electronics and trigger logic modules are also installed and
tested. We have been a member of the CERN-RDS51 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 detectors at the beginning of the experiment, eight modules of
GTR/HBD/LG out of 26 modules in the full installation. J-PARC PAC gave us a stage-2 approval on July 2017, to the commis-
sioning run (Run 0), which will be performed when the beam line is completed. Although there is a significant delay from the
originally planned date of March 2016, the construction of the beam line by KEK was completed finally in early 2020 to perform
this experiment. We performed the 1st half of commissioning run (RunOa) in June 2020 successfully, and the 2nd half is planned in
January 2021.

(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 sSPHENIX (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
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experiments. The sSPHENIX 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 sSPHENIX detector, so called intermediate tracker (INTT)
since 2015. The INTT provides the best timing resolution among the sSPHENIX tracking system, in conjunction with a time projection
chamber and a MAPS based vertex detectors. The R&D of INTT detector is almost in the last stage. 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 preparation for the production ladder
assembly is ongoing both in Taiwan Silicon Detector Facility (TSiDF) and BNL.

We have been developing a plan to build a forward spectrometer to be added to the sSPHENIX detector. With this addition, the
fsSPHENIX detector will have both hadronic and electromagnetic calorimetry as well as tracking in the forward rapidity region. This
upgrade makes it possible to study forward jets and hadrons in jets which are of vital importance for the cold QCD program in
polarized p + p and p + A collisions at RHIC. The fsPHENIX detector can be further upgraded to the ePHENIX detector to be used
for electron-ion collisions at 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 sSPHENIX experiment.
The highlight of the upgraded experiment is the larger acceptance of the high position resolution part of the zero-degree calorimeter
(ZDC). We found the detector technology developed for the FOCAL upgrade project of the ALICE experiment at LHC well satisfies
the RHICT-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 FOCAL collaboration. This new detector technology development is also a part of the
R&D program for the essential 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 (uSR). Injecting negatively
charged muon to hydrogen gas, muonic hydrogen atom (up) is formed. We are planning to measure pp 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 A(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 1’ 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 Apn final states obtained in the first stage experiment, we observed a kinematic anomaly in the Ap invariant mass
near the mass threshold of M(K~ pp) (total mass of kaon and two protons) at the lower momentum transfer ¢ region. We conducted
a successive experiment to examine the nature of the observed kinematical anomaly in the Apn 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 g 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 (§q) forms a quantum state where baryons (qqq) exist as nuclear medium, i.e., a highly
excited novel form of nucleus with a kaon, in which the mesonic degree-of-freedom still holds. This is totally new form of nuclear
system, which never been observed before.

(1-2) Precision X-ray measurement of kaonic atom

To study the KN interaction at zero energy from the atomic state level shift and width of kaon, we have performed an X-ray
spectroscopy of atomic 3d — 2p transition of negatively charged K-mesons captured by helium atoms. However, our first experiment
is insufficient in energy resolution to see the K~ -nucleus potential. Aiming to provide a breakthrough from atomic level observation,
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we introduce a novel X-ray detector, namely superconducting transition-edge-sensor (TES) microcalorimeter offering unprecedented
high energy resolution, being more than one order of magnitude better than that achieved in the past experiments using conventional
semiconductor detectors. The experiment J-PARC E62 aims to determine 2p-level strong interaction shifts of kaonic *He and “He
atoms by measuring the atomic 3d — 2p transition X-rays using TES detector with 240 pixels having about 23 mm? 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 — 1 s 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 K*N 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 ES7 proposal, we performed a pilot run with hydrogen target in March 2019.

(1-3) Deeply bound pionic atoms and 7" 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 '?!Sn
performed in 2014 showed a very good performance of the system. We have been analyzing the data to achieve information on the
pion-nucleus interaction based on the pionic atom spectroscopy.

We are also working on spectroscopy of 1" mesonic nuclei in GSI/FAIR. Theoretically, peculiarly large mass of 7" is attributed
to UA(1) symmetry and chiral symmetry breaking. As a result, large binding energy is expected for ” meson bound states in nuclei
(’-mesonic nuclei). From the measurement, we can access information about gluon dynamics in the vacuum via the binding energy
and decay width of n’-nuclear bound state.

(1-4) 3,H lifetime puzzle and our approach

Three recent heavy ion experiments (HypHI, STAR, and ALICE) announced surprisingly short lifetime for *4 H hyper-nucleus’s
Mesonic Weak Decay (MWD), which seems to be inconsistent with the fact that the 3, 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 3y 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 *,H lifetime.

A Cylindrical Detector System (CDS) used in J-PARC E15/E31 experiment is employed to capture the delayed 7~ as a weak
decay product from %, H; a calorimeter is installed in the very forward region to tag fast 7° meson emission at ~0 degree, which
ensures that the A hyperon production with small recoil momentum. By this selection, we can improve the ratio between **,H and
quasi-free A and T background. A test beam for feasibility study with “He 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 (uSR).

(2-1) Condensed matter/materials studies with SR

To improve our two uSR spectrometers, ARGUS (Port-2) and CHRNUS (Port-4), we adjusted the threshold level of the muon-
detector system for the zero-field condition. At this condition, we optimized the efficiency of the detector system and the counting rate
was improved nearly 50% without any deformation of the time spectrum.

Among our scientific activities on uSR studies from year 2016 to 2019, following studies are most important subjects of material
sciences at the RIKEN-RAL muon facility:

(1) Deformed nodal superconducting gap state and asymmetric spin-fluctuation mediated Cooper pair in the quasi two-

dimensional organic superconductor A-[BETS],GaCly

(2) Multi magnetic transitions in the Ru-based pyrochlore systems, R,Ru,O5.

(3) Magnetic properties of the nano-cluster gold in the border of macro- and micro- scale.

(4) Novel magnetic and superconducting properties of nano-size La-based high-T¢ superconducting curates.

(5) Determination of muon positions estimated from density functional theory (DFT) and dipole-field calculations.

(6) 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 uSR
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 uSR 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 u* 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
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contributed to increasing the muonium emission efficiency. We also developed a high power Lyman-« laser in collaboration with laser
group at RIKEN. In this laser development, we succeeded to synthesize novel laser crystal Nd:YGAG, which has an ideal wavelength
property for laser amplification to generate Lyman-a by four-wave mixing in Kr gas cell. We already achieved 10 times increase of
Lyman-« 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.

Concerning the muonic atom, we are planning a new precise measurement of proton radius. A large discrepancy was found
recently in the proton charge radius between the new precise value from muonic hydrogen atom at PSI and those from normal hydro-
gen spectroscopy and e-p scattering. We propose a precise measurement of Zemach radius (with charge and magnetic distributions
combined) using the laser spectroscopy of hyperfine splitting energy in the muonic hydrogen atom. As a key parameter for designing
the experiment, we need the quench rate of the muonic proton polarization due to collision with surrounding protons, for which only
theoretical estimations are available. We successfully measured the quench rate of muonic deuterium polarization in deuterium gas,
which confirmed the long lifetime consistent with the calculation. In this fiscal year, we carried out measurement on muonic proton in
low pressure hydrogen gas.
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Subnuclear System Research Division

RIKEN BNL Research Center

1. Abstract

The RIKEN BNL Research Center was established in April 1997 at Brookhaven National Laboratory with Professor T. D. Lee of
Columbia University as its initial Director. It is funded by the Rikagaku Kenkyusho (RIKEN, The Institute of Physical and Chemical
Research) of Japan. The Center is dedicated to the study of strong interactions, including spin physics, lattice QCD and RHIC
physics through the nurturing of a new generation of young physicists. Professor Lee was succeeded by BNL Distinguished Scientist,
N. P. Samios, who served until 2013. Dr. S. H. Aronson led the Center from 2013. After strong and significant leadership for 4 years,
S. Aronson stepped down from Director in March 31st 2017. Hideto En’yo succeeds from JFY 2017. Support for RBRC was initially
for five years and has been renewed four times, and presently extends to 2023. The Center is located in the BNL Physics Department.
The RBRC Theory Group activities are closely and intimately related to those of the Nuclear Theory, High Energy Theory, and
Lattice Gauge Theory Groups at BNL. The RBRC Experimental Group works closely with Radiation Laboratory at RIKEN, Wako,
the RHIC Spin Group at BNL, the RHIC Spin Physics community, and the PHENIX/sPHENIX collaboration. BNL provides office
space, management, and administrative support. In addition, the Computational Science Initiative (CSI) and Information Technology
Division (ITD) at BNL provide support for computing. The Deputy Director of RBRC is D. Morrison (BNL). D. Kharzeev (Stony
Brook/BNL) is leader of the Theory Group. Y. Akiba (RIKEN) is Experimental Group leader. T. Izubuchi (BNL) is Computing Group
leader.

2. Major Research Subjects
Major research subjects of the theory group are
(1) Heavy lon Collision
(2) Perturbative QCD
(3) Phenomenological QCD
Major research subjects of the computing group are
(1) Search for new law of physics through tests for Standard Model of particle and nuclear physics
(2) Dynamics of QCD and related theories
(3) Theoretical and algorithmic development for lattice field theories, QCD machine design
Major research subject of the experimental group are
(1) Experimental Studies of the Spin Structure of the Nucleon
(2) Study of Quark-Gluon Plasma at RHIC
(3) sPHENIX detector construction

3. Summary of Research Activity
Summary of Research Activities of the three groups of the Center are given in the sections of each group.
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Center and iTHEMS Promotion Office) Maureen MCNEIL-SHEA (Administrative Assistant)

Hiroshi ITO (Deputy Administration Manager, Nishina Center
and iTHEMS Promotion Office)
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Subnuclear System Research Division
RIKEN BNL Research Center

Theory Group

1. Abstract

The efforts of the RBRC theory group are concentrated on the major topics of interest in High Energy Nuclear Physics and
strongly interacting Chiral Matter. This includes: understanding of the Quark-Gluon Plasma; the nature of dense quark matter; the
initial state in high energy collisions, the Color Glass Condensate; its evolution through a Glasma; spin physics, as is relevant for
polarized hadronic collisions; physics relevant to electron-hadron collisions and the Electron-Ion Collider; quantum transport and the
Chiral Magnetic Effect.

Theory Group hosted many joint tenure track positions with universities in U.S. and Japan.

2. Major Research Subjects
(1) Heavy lon Collisions
(2) Perturbative Quantum Chromo-Dynamics (QCD)
(3) Phenomenological QCD
(4) Chiral Matter

3. Summary of Research Activity
(1) Phase diagram of QCD

The heavy ion program at Relativistic Heavy Ion Collider (RHIC) at BNL is focused on the study of the properties of QCD matter
at high energy densities and high temperatures. The RBRC Theory group performs research that supports and guides the experimental
program at RHIC. In the past year, RBRC researchers had developed the theory of bulk viscosity’s behavior near the critical point and
investigated universality-driven analytic structure of QCD crossover (V. Skokov).

Y. Kikuchi (in collaboration with K. Kashiwa and A. Tomiya) have developed a novel approach to the phase transitions using the
neural network. In collaboration with R. Kobayashi, K. Shiozaki, and S. Ryu), Y. Kikuchi has proven a new theorem with higher-form
symmetry and applied it to the quantum dimer models.

(2) QCD Matter at High Energy Density and at small x

The RHIC experimental heavy ion program is designed to study the properties of matter at energy densities much greater than
that of atomic nuclei. This includes the initial state of nucleus-nucleus collisions, the Color Glass Condensate, the intermediate state
to which it evolves, the Glasma, and lastly the thermal state to which it evolves, the Quark-Gluon Plasma. Theorists at the RBRC have
made important contributions to all of these subjects.

During the past year, D. Kharzeev and V. Skokov in their papers investigated the role of entanglement in gluon fields at small
Bjorken x in generating the azimuthal anisotropy of hadrons produced in AA and pA collisions at RHIC. It has been found that the
small x gluon distributions are directly related to the entanglement entropy. D. Kharzeev, in collaboration with T. Ullrich and Z. Tu,
investigated the role of entanglement in explaining the LHC data on hadron multiplicity distributions, and proposed a program to study
entanglement at the EIC.

Y. Hatta has investigated the photoproduction of J/ ¥ charmonium near the threshold and its link to the problem of the origin of
the proton’s mass. He has found that this process can be used to extract the proton mass distribution. Y. Hatta has also developed
the theory of spin dependence of Pomeron and Odderon in elastic scattering, and proposed a mechanism for single spin asymmetry
observed at RHIC. He has also made important contributions to developing the science program at the EIC.

Y. Mehtar-Tani has developed a theory of jet propagation through a dense QCD matter that properly takes into account the multiple
scattering effects. He has also evaluated higher order QCD corrections to jet quenching, and proposed a dynamical grooming algorithm
for QCD jets.

C. Shen has advanced the applications of hydrodynamics to the description of heavy ion collisions, and built a quantitative model
for the Beam Energy Scan at RHIC. In collaboration with Kharzeev and others, he has implemented the effects of magnetic field on
the hydrodynamical evolution.

The activity of RBRC members described above bridges the gap between fundamental theory and phenomenology of heavy
ion collisions. This includes the lattice QCD studies, the analytical work on the dynamics of phase transitions, the development of
hydrodynamical and kinetic theory approaches incorporating quantum anomalies, and phenomenology. Much of the current work in
the field is based on the ideas originally developed by the RBRC theorists.

(3) Chiral Matter

Much of the work done at the RBRC Theory group has broad implications beyond the domain of Nuclear and High Energy
physics. One example is the Chiral Magnetic Effect, originally proposed to occur in quark-gluon plasma, but discovered recently in
condensed matter systems, so-called Dirac and Weyl semimetals (the original experimental observation of CME was made at BNL in
ZrTes in a paper co-authored by D. Kharzeev). It has become clear that RBRC can make a very substantial impact also on condensed
matter physics, where the methods developed at RBRC can be applied to a new set of problems. Vice versa, some of the new theoretical
developments in condensed matter physics can be utilized for the study of QCD matter. Because of this, the RBRC developed a new
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initiative on Chiral Matter focusing on the studies of quantum behavior in strongly interacting matter containing chiral fermions — this
includes the quark-gluon plasma, electroweak plasma, Dirac and Weyl semimetals, and topological insulators.

In the past year, the RBRC members within this new initiative obtained a number of new results. Some of them, with a direct
relevance for the quark-gluon plasma, have been already described above; other results are of direct relevance for condensed matter
physics. D. Kharzeev and his students have proposed a new chiral magnetic photocurrent that has been observed experimentally.
Kharzeev in collaboration with Q. Li have developed a concept of a new type of “chiral qubit” based on Dirac and Weyl semimetals.
The Chiral Matter initiative has already broadened the impact of RBRC beyond the traditional domain of high-energy nuclear
physics, and has extended the RBRC research into a new and extremely active area.

Members

Group Leader
Dmitri KHARZEEV

Deputy Group Leaders
Yoshitaka HATTA

RBRC Researchers
Jordy DE VRIES Chun SHEN
Yuta KIKUCHI Vladimir SKOKOV
Yacine MEHTAR-TANI

Visiting Scientists
Hiromichi NISHIMURA (Keio Univ.) Yuya TANIZAKI (North Carolina State Univ.)
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Subnuclear System Research Division
RIKEN BNL Research Center

Experimental Group

1. Abstract

RIKEN BNL Research Center (RBRC) Experimental Group studies the strong interactions (QCD) using RHIC accelerator at
Brookhaven National Laboratory, the world first heavy ion collider and polarized p + p collider. We have three major activities: Spin
Physics at RHIC, Heavy ion physics at RHIC, and detector upgrades of PHENIX experiment at RHIC.

We study the spin structure of the proton using the polarized proton-proton collisions at RHIC. This program has been promoted
by RIKEN’s leadership. The first focus of the research is to measure the gluon spin contribution to the proton spin. Recent results
from PHENIX 7° 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 — u decays. The results of W — e measurement was published in 2016. The final results of W — u
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 — p 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 pr, but the suppression is weaker than that of
charm decay electron for 3 < pr < 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 sSPHENIX, a
new experiment at RHIC that will be installed in the PHENIX IR.

2. Major Research Subjects
(1) Experimental Studies of the Spin Structure of the Nucleon
(2) Study of Quark-Gluon Plasma at RHIC
(3) PHENIX detector upgrades

3. Summary of Research Activity

We study the strong interactions (QCD) using the RHIC accelerator at Brookhaven National Laboratory, the world first heavy ion
collider and polarized p + p collider. We have three major activities: Spin Physics at RHIC, Heavy ion physics at RHIC, and detector
upgrades of PHENIX experiment. From 2015, Y. Akiba (Experimental Group Leader) is the Spokesperson of PHENIX experiment.

(1) Experimental study of spin structure of proton using RHIC polarized proton collider

How is the spin of proton formed with 3 quarks and gluons? This is a very fundamental question in Quantum Chromodynamics
(QCD), the theory of the strong nuclear forces. The RHIC Spin Project has been established as an international collaboration between
RIKEN and Brookhaven National Laboratory (BNL) to solve this problem by colliding two polarized protons for the first time in
history. This project also has extended the physics capabilities of RHIC.

The first goal of the Spin Physics program at RHIC is to determine the gluon contribution to proton spin. It is known that the spin
of quark accounts for only 25% of proton spin. The remaining 75% should be carried either by the spin of gluons or the orbital angular
momentum of quarks and gluons. One of the main goals of the RHIC spin program has been to determine the gluon spin contribution.
Before the start of RHIC, there was little experimental constraint on the gluon polarization, 4G.

PHENTX measures the double helicity asymmetry (A;;) of z° production to determine the gluon polarization. Our most recent
publication of 7% A;; measurement at 510 GeV shows non-zero value of Ay, indicating that gluons in the proton is polarized. Global
analysis shows that approximately 30% of proton spin is carried by gluons.

RHIC achieved polarized p + p collisions at 500 GeV in 2009. The collision energy increased to 510 GeV in 2012 and 2013. The
main goal of these high energy p + p run is to measure anti-quark polarization via single spin asymmetry A;, of the W production. We
upgraded the muon trigger system to measure W — u decays in the forward direction. With the measurement of W — ¢ and W — p,
we can cover a wide kinematic range in anti-quark polarization measurement. The 2013 run is the main spin run at 510 GeV. PHENIX
has recorded more than 150/pb of data in the run. The final results of the A; measurement in W — e channel in combined data of
2011 to 2013 was published in 2016. The paper on the final results of W — u was published in 2018. These high statistics results give
strong constraints on the polarization of anti-quarks in the proton.

RHIC has the first polarized proton nucleus collision run in 2015. In this run, we discovered a surprisingly large nuclear depen-
dence of single spin asymmetry of very forward neutron. The paper of this discovery was published in Physical Review Letters.
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Fig. 2. Single spin asymmetry Ay of very forward neutron in p + p, p + Al, and p + Au collision. Published in Phys. Rev. Lett. 120, 022001 (2018).

(2) Experimental study of Quark-Gluon Plasma using RHIC heavy-ion collider

The goal of high energy heavy ion physics at RHIC is study of QCD in extreme conditions i.e. at very high temperature and at
very high energy density. Experimental results from RHIC have established that dense partonic matter is formed in Au + Au collisions
at RHIC. The matter is very dense and opaque, and it has almost no viscosity and behaves like a perfect fluid. These conclusions are
primarily based on the following two discoveries:

o Strong suppression of high transverse momentum hadrons in central Au + Au collisions (jet quenching)

o Strong elliptic flow
These results are summarized in PHENIX White paper, which has approximately 2700 citations to date. The focus of the research in
heavy ion physics at RHIC is now to investigate the properties of the matter. RBRC have played the leading roles in some of the most
important results from PHENIX in the study of the matter properties. These include (1) measurements of heavy quark production
from the single electrons from heavy flavor decay (2) measurements of J/ ¥ 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 < pr < 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 < pr < 3 GeV/c at the RHIC energy. We
measured the direct photon in this pr 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 Tinir = 300 MeV to 600 MeV. This is the first measurement of initial temperature of quark gluon plasma formed at RHIC. These
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Fig. 4. Preliminary results of the elliptic flow strength v, of single electrons from charm and bottom decays.

results are recently published in Physical Review Letters. Y. Akiba is the leading person of the analysis and the main author of the
paper. He received 2011 Nishina memorial Prize mainly based on this work.

PHENIX experiment measured the flow in small collision systems (p + Au, d + Au, and *He + 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) Detector upgrade

The group had major roles in several PHENIX detector upgrades, namely, the silicon vertex tracker (VTX) and muon trigger
upgrades. VTX is a high precision charged particle tracker made of 4 layers of silicon detectors. It is jointly funded by RIKEN and
the US DOE. The inner two layers are silicon pixel detectors and the outer two layers are silicon strip detectors. Y. Akiba is the project
manager and A. Deshpande is the strip system manager. The VTX detector was completed in November 2010 and subsequently
installed in PHENIX. The detector started taking data in the 2011 run. With the new detector, we measure heavy quark (charm and
bottom) production in p + p, A + A collisions to study the properties of quark-gluon plasma. The final result of the 2011 run was
published. The result show that single electrons from bottom quark decay is suppressed, but not as strong as that from charm decay
in low p region (3 < pr < 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 v, of b — e and ¢ — 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. D99 092003 (2019)). A paper
reporting measurements of the nuclear suppression factor R44 of charm and bottom in Au+Au collisions from the 2014 data is in
preparation.
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Fig. 5. Three ladder telescope made from INTT silicon tracker prototype. The prototype detector was tested in a beam test at FNAL in February 2018.

PHENIX completed its data taking in 2016. We are now working on R&D of intermediate silicon tracker INTT for sPHENIX, a
new experiment at RHIC that will be installed in the PHENIX IR. A three ladder telescope of INTT prototype modules was tested in
a beam test at FNAL. The prototype detector worked very well during the test.
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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 — s decay and &/&, 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 sSPHENIX 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.

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 x200
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 — n7r) amplitudes, &'/, 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),. These calculation for £’/&, hadronic light-by-light of (g — 2), are long waited calculation in theoretical physics
delivered for the first time by the group. The K — 7z result in terms of &’ /& currently has a large error, and deviates from experimental
results by 2.1 o. 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), 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),, 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
CKM theory for kaons and B mesons that include the new calculation of b-baryon decay, A, — p; the electromagnetic properties
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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 T leptons; nonperturbative studies for beyond standard model such composite Higgs or dark matter models from
strong strongly interacting gauge theories; a few-body nuclear physics and their electromagnetic properties; QCD thermodynamics
in finite temperature/density systems such as those produced in heavy-ion collisions at the Relativistic Heavy Ion Collider; Quantum
Information, Quantum Computing; and applications of machine learning in field theories.

The 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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Fig. 1. The bottom plots are Hadronic Light-by-Light (HLbL) contributions to muon anomalous magnetic moment shown at top diagram.
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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” (uSR 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 uSR 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 uSR 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 SR is 1076 to 10~!! second, which is an intermediate region between neutron scattering method (10~'°—107'2 second) and Nuclear
Magnetic Resonance (NMR) (longer than 107 second). At Port-2 and 4 of the RIKEN-RAL Muon Facility, we have been performing
USR 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 SR studies from year 2017 to 2020, following subjects of material sciences are most important
achievements at the RIKEN-RAL muon facility:

(1) Deformed nodal superconducting gap state and asymmetric spin-fluctuation mediated Cooper pair in the quasi two-

dimensional organic superconductor A-[BETS],GaCly

(2) Multi magnetic transitions in the Ru-based pyrochlore systems, R,Ru,O5.

(3) Magnetic properties of the nano-cluster gold in the border of macro- and micro- scale.

(4) Novel magnetic and superconducting properties of nano-size La-based high-T¢ superconducting cuprates.

(5) Determination of muon positions estimated from density functional theory (DFT) and dipole-field calculations.

(6) Chemical muonic states in DNA molecules.

Result-1) We developed a novel method to determine deformed superconducting-gap structure with the density functional theory
calculations. It was concluded that the two-dimensional organic superconductor A-[BETS],GaCly has a deformed nodal gap which
has the steeper width rather than that of the d-wave state. Result-2) Doped hole effects on the magnetic properties of corner-shared
magnetic moments on pyrochlore systems gave us new interpretations to understand exotic phenomena, like the quantum criticality
of magnetic moments and a quasi-magnetic monopole state. Result-3) and 4) The nano-size effect show a new scheme of electronic
properties of metallic element. We confirmed that the nano-gold cluster can have free electronic moment on one nano-cluster. The
same nano-size effect was examined on the La-based high-T¢ superconducting oxide changing the electronic state from insulating to
superconducting. We confirmed the reduction in the magnetic interaction and the disappearance of the superconducting state leading
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the increase in the ferromagnetic interaction within the wide-range of the hole concentration. Result-5) Well known and deeply
investigated La,CuQOy4 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.

We have been continuing to develop muon-science activities in Asian countries. We enhanced international collaborations to
organize new uSR 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 SR 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 u* 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 uSR 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 slightly different material.

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 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. We are waiting the laser crystal development in order to proceed to ultra-cold muon
generation. A similar target design will be adopted in the ultimate cold muon source planned for muon g-2/EDM at J-PARC.

(4) Other Fundamental Physics Studies

A measurement of the proton radius using 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.
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We proposed the measurement of the proton radius by using the hyperfine splitting of the muonic hydrogen ground state. This
hyperfine splitting is sensitive to the Zemach radius, which is a convolution of charge and magnetic-dipole distributions inside proton.
We are planning to re-polarize the muonic hydrogen by a circularly polarized excitation laser (excites one of the F = 1 states and
regenerates the muon spin polarization), and detect the recovery of the muon decay-asymmetry along the laser.

At RIKEN, we are developing dedicated laser system (mid-infrared high-power pulse laser system at around 6 um). We have
tested the efficiency of our wavelength conversion scheme. We are going to test band-width narrowing using a seed laser of (Quantum
Cascade Laser) and the laser reflection cavity. Preparation using muon beam is also in progress. We measured the muon stopping
distribution in low-density hydrogen-gas cell, which gave us consistent results with beam simulation. 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.

(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.
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K. Ishida (oral), “Laser spectroscopy of the 1 s hyperfine splitting energy of muonic hydrogen for the determination of proton Zemach
radius,” The 3rd J-PARC symposium (J-PARC2019), Tsukuba, Japan, September 23-26, 2019.

I. Watanabe (oral), The 1st International MIPAnet Conference on Science and Mathematics (IMC-SciMath 2019), Parapat, Indonesia,
October 9-11, 2019.

I. Watanabe (oral), 4th Padjadjaran International Physics Symposium (PIPS2019), Bandung, Indonesia, November 13-14, 2019.

I. Watanabe (oral), International Conference on Magnetism and Its Application (IICMIA2019), Solo, Indonesia, November 20-21, 2019.

[Domestic conferences/workshops]

AHBBE (FBAFRE), [JEEEM RAL I a4 Vst e I a4 VRIHM L, 8 2 BIUEEE Y YRV Y A B P — LA TEREZ#
5 — AR 23 < SCERRL & DT —, KRRz Bt v & —, KB, 2019 4 12 B 25 H-26 H.

AHESE (HEEFER), [HEHF RAL OBLKE R, 5% 10 B Tmuon Bl & IEHERAFZE) 5T, BALERFZERT, FIE, 2020 45 1 B
8 H-9 H.

[Seminars]

RIKEN Symposium, “International workshop of topological quantum materials,” Tainan, Taiwan, January 10-2, 2019.

RIKEN Symposium, “The 5th international symposium in current progress in mathematics and sciences,” Depok, Indonesia, July 9-10,
2019.

Awards

S. Winarsih, RIKEN Summer School 2019, Poster Prize (in Physics)
S. Winarsih, RIKEN Summer School 2019, Poster Prize (Best Presentation)
S. Winarsih, RIKEN Exchange Meeting 2019, Poster Prize (Student Section)
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Safety Management Group

1. Abstract

The RIKEN Nishina Center for Accelerator-Based Science possesses one of the largest accelerator facilities in the world, which
consists of two heavy-ion linear accelerators and five cyclotrons. This is the only site in Japan where uranium ions are accelerated.
The center also has electron accelerators of microtron and synchrotron storage ring. Our function is to keep the radiation level in
and around the facility below the allowable limit and to keep the exposure of workers as low as reasonably achievable. We are also
involved in the safety management of the Radioisotope Center, where many types of experiments are performed with sealed and
unsealed radioisotopes.

2. Major Research Subjects
(1) Safety management at radiation facilities of Nishina Center for Accelerator-Based Science
(2) Safety management at Radioisotope Center
(3) Radiation shielding design and development of accelerator safety systems

3. Summary of Research Activity

Our most important task is to keep the personnel exposure as low as reasonably achievable, and to prevent an accident. Therefore,
we daily patrol the facility, measure the ambient dose rates, maintain the survey meters, shield doors and facilities of exhaust air
and wastewater, replenish the protective supplies, and manage the radioactive waste. Advice, supervision and assistance at major
accelerator maintenance works are also our task.

The interlock system for which is the part of the radiation control system developed for the RILAC upgrade was installed and
started to operate. Access management system for the RILAC building, which was installed previous year, was improved to control

Minor improvements of the radiation safety systems were also done. The old UPS for radiation management system of Nishina
building was replaced. Halogen sensitive filter for the exhaust system of Nishina building was newly installed.

Members

Director
Kanenobu TANAKA

Research/Technical Scientists
Rieko HIGURASHI (Technical Scientist) Hisao SAKAMOTO (Technical Scientist)

Expert Technician
Atsuko AKASHIO

Technical Staff 1
Hiroki MUKAI

Junior Research Associate
Kenta SUGIHARA

Visiting Scientists
Masayuki HAGIWARA (KEK) Nobuhiro SHIGYO (Kyushu Univ.)

Noriaki NAKAO (Shimizu Corporation) Hiroshi YASHIMA (Kyoto Univ.)
Toshiya SANAMI (KEK)

Student Trainees
Shougo IZUMITANI (Kyushu Univ.) Eunji LEE (Kyushu Univ.)

Part-time Workers

Kimie IGARASHI (Administrative Part-time Worker I) Yukiko SHIODA (Administrative Part-time Worker II)
Satomi [IZUKA (Administrative Part-time Worker II) Naoko USUDATE (Administrative Part-time Worker IT)

Temporary Staffing
Ryuji SUZUKI

Assistant
Tomomi OKAYASU

-391 -



RIKEN Accel. Prog. Rep. 53 VI. RNC ACTIVITIES

List of Publications & Presentations

Publications
[Proceedings]
H (S, TRBIBILESRTERIZ BT 5, FRIGOMER Y 3 B AEE CBEOI D M), AARBG L SEHY R 18,2 (2019).
[ BAE, M, LEEFM, TRIBF INE#; sk O mEIKIZBE T 2 HBUub#iiE B, Isotope News 762, 4 (2019).

Presentations
[International conferences/workshops]

K. Tanaka (oral), “Recent trouble and measures in unsealed radioisotope handling at RIBF,” International Technical Safety Forum 2019,
Lund, Sweden, May 13-17, 2019.

K. Tanaka (invited), “Radiation evaluation in RIBF,” Tsukuba, Japan, September 23-26, 2019.

K. Sugihara(poster), “Measurement of neutron energy spectra of 345 MeV/u **U Incidence on a Cu Target,” 2019 Symposium on Nuclear
Data, Kasuga, Japan, November 28-30, 2019.

S. Izumitani(poster), “Production via the "Li(p,n) "Be reaction with 2.49 MeV proton injection,” 2019 Symposium on Nuclear Data,
Kasuga, Japan, November 28-30, 2019.

[Domestic conference/workshops]
H (5 (FRAraiE), [RIBF O 1 Y X —uy 7 L3EM L, 56 7 BIHEGHER L 2T VR Y Y A, RN, 2020 45 1 A 23-24 H.

Awards
[Excellent poster award]

S. Izumitani, “Production via the "Li(p, n) "Be reaction with 2.49 MeV proton injection,” 2019 Symposium on Nuclear Data, Kasuga,
Japan, November 28-30, 2019.
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User Liaison Group

1. Abstract

The essential mission of the User Liaison Group is to maximize the research activities of RIBF by attracting users in various fields
with a wide scope. The Group consists of two teams. The RIBF User Liaison Team provides various supports to visiting RIBF users
through the RIBF Users Office. Managing RIBF beam time and organizing the Program Advisory Committee Meetings to review
RIBF experimental proposals are also important mission of the Team in order to enhance collaborative-use of the RIBF. The Outreach
Team has created various information materials, such as pamphlets, posters, and homepages, to introduce the research activities in
the RNC. On the homepage, we provide information on usage of the RIBF facility. The team also participate in science introduction
events hosted by public institutions. In addition, the User Liaison Group also takes care of laboratory tours for RIBF visitors from
public. The numbers of visitors amounts to 2,300 per year.

Members

Director
Hideki UENO

Research Consultants
Ikuko HAMAMOTO (The Lund Univ.) Munetake ICHIMURA (Univ. of Tokyo)

Assistants
Yu NAYA Midori YAMAMOTO
Tomomi OKAYASU
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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:
e registration of users as RIBF Independent Users,
e registration of radiation workers at the RIKEN Wako Institute,
e provision of an RIBF User Card (a regular entry permit) and an optically stimulated luminescence dosimeter for each RIBF
Independent User, and
e 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:
e contact for beam-time scheduling and safety review of experiments by the In-House Safety Committee,
e preparation of annual Accelerator Progress Reports, and
e 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

e The team has organized an international PAC for RIBF experiments; it consists of leading scientists worldwide and reviews
proposals in the field of nuclear physics (NP) purely on the basis of their scientific merit and feasibility. The team also assists
another PAC meeting for material and life sciences (ML) organized by the RNC Advanced Meson Laboratory. The NP and ML
PAC meetings are organized twice a year.

e 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.

o 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.

e 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.

e The Team conducts publicity activities, such as arranging for RIBF tours, development and improvement of the RNC official web
site, and delivery of RNC news via email and the web.

Members

Team Leader
Ken-ichiro YONEDA

Contract Researcher
Tadashi KAMBARA
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User Liaison Group

Outreach Team

1. Abstract

The Outreach Team has created various information materials to introduce research activities in the RNC. For instance, the team
makes brochures introducing the RNC and the RIBF accelerator facility, posters of symposia and the summer school hosted by RNC,
the center homepage containing information such as details of RNC and the procedure for the use of the RIBF facility, and images of
equipment and facilities available for researchers inside and outside RIKEN, among the others. Furthermore, the team also participates
in science introduction events hosted by public institutions.

2. Major Work Contents

The major work contents of the Outreach Team is to promote the publicity of RNC, through the creation of various materials such
as brochures, websites, posters, and videos, among the others. The arrangement of tours of the RIBF facility and the exhibition and
introduction of the RIBF facility at science events are also conducted independently or in cooperation with RIKEN Public Relations
Office.

3. Summary of Work Activity
The specific work contents performed by the team are as follows:

e [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.

e [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.

o [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.

o [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.

e [RIBF facility tour] The Team arranges RIBF facility tour for over 2000 visitors per year. The tour is guided by a researcher.

e [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.

Members

Team Leader
Hideki UENO

Deputy Team Leader
Yasushi WATANABE

Technical Staff I
Narumasa MIYAUCHI

List of Publications & Presentations

Outreach activities
Special Exhibition of the International Year of the Periodic Table 2019 ([EBZ & AR R 2019 [BALFRFFERr D = H = LR
%< A% |), Niihama (Ehime Prefectural Science Museum), January 18-19, 2020.
RIKEN Osaka Campus Open Day 2019, Suita, November 23, 2019.

Science Agora 2019 (an open forum organized by the Japan Science and Technology Agency), Tokyo (The National Museum of Emerging
Science and Innovation), November 15-17, 2019.

-395 -



RIKEN Accel. Prog. Rep. 53

Office of the Center Director

Summary of Research Activity

This office is in place from JFY2018 to support the center director in subjects which the promotion office is not able to cover. It
also works as a home laboratory for research administrators and assistants with an indefinite term contract. This year’s most important
activity of the office was to support the International Symposium on Superheavy Elements (SHE2019) held at Hakone, Japan from 1st
to Sth of December 2019. The Chair parsons K. Morita and H. Haba run the symposium and were supported largely by this office;
research administrator Narumasa MIYAUCHI and assistants Noriko ASAKAWA and Noriko KIYAMA. Miyachi also contributed
largely to the International Year of Periodic table (IYPT2019), in the preparation of the travelling exhibitions and the preparation
of the session “Creation of superheavy elements” in the [YPT2019 Closing Ceremony. His handmade video of “The Landscape of
Nihonium Avenue” was greatly appreciated by the audience. Below is a list of activity of Nishina Center Director’s Office, in public
or semi-public events.

VI. RNC ACTIVITIES

2019.03.01 NuPECC at Warsaw Nishina Center is the associate member of (NuPECC: Nuclear Physics European Collaboration
Committee, an Expert Committee of the European Science Foundation). The status report of
Nishina Center was presented at their regular meeting at Warsaw, Poland. The minutes are
available in http://www.nupecc.org/misc/min94.pdf

2019.03.11 RBRC SRC Nishina Director participated in Scientific Review Committee of RIKEN-BNL Research Center.

2019.03.17 JPS meeting at Ito Campus, As recommended by Nishina Center, Japan Physics Society organized a special joint session for

Kyushu University TYPT2019 at the Ito Campus of Kyushu University with the Chemical Society of Japan at
Kobe-Okamoto Campus of Konan University. K. Morita gave a plenary talk.
2019.04.17 Nishina Center, In the orientation for new commers in Nishina Center, introductory talk of “Researcher’s Must
New-commers’ Orientation Have” was given by Nishina Director.
2019.05.19 Completion Ceremony for Wako City held the Completion Ceremony of Nihonium Avenue in the RIKEN Wako Campus.
Nihonium Avenue The Mayer Matsumoto invited the donors and students to the Ceremony. The Nishina Director
gave the presentation of “Welcome to the birthplace of 113" element, nihonium (in Japanese)”.
Many of audience also attended the challenge exam for chemical elements, held together with the
ceremony.

2019.05.29 ORNL visit Nishina Director visited Oak Ridge National Laboratory to participate in the collaboration
meeting for superheavy element search.

2019.06.11 Sakura Science High School Sakura Science High School, a government-driven virtual school for foreign exchange Students,

Visit visited RIKEN. Nishina Director gave a presentation of “Welcome to the birthplace of 113"
element, nihonium”.

2019.06.24 NCAC Nishina Center Advisory Committee was held. Nishina Director and the Center activities were
reviewed for three days.

2019.06.28 ML-PAC Nishina Director gave an introductory talk for ML-PAC (Program Advisory Committee for
Materials and Life Science).

2019.07.10 IN-PAC Nishina Director gave an introductory talk for In-PAC( Program Advisory Committee for
Industrial usage), which was held in a closed session.

2019.07.27 Mendeleev 150 4™ International Conference on the Periodic Table (Mendeleev 150) was held at ITMO University
in Saint Petersburg, Russian Federation (see https://mendeleev150.ifmo.ru/). Nishina Director
gave a lecture titled “History of Nihonium” on behalf of Kosuke Morita. The talk was published
in https://doi.org/10.1515/pac-2019-0810

2019.08.01 SCK-CEN visit Nishina Director visited CNK-CEN which is the Belgian nuclear research centre, to seek for
possible collaboration in MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech
Application).

2019.08.02 IUPAP-WG9 Nishina Director participated in the annual general meeting for [IUPAP-WG9 (Working Group 9)
held at University of Notre Dame in London, UK. Agenda is available at
https://iupap.triumf.ca/icnp/meetings.html.

2019.08.21 NICT Visit A delegation from NICT (National Institute of Information and Communication Technology)
visited Nishina Center. Nishina Director made an introduction to them with a story of the first
cyclotron made by Nishina was made on the Paulsen’s arc converted which was developed for
radio communication.

2019.08.26 TANI9 Tan19(6™ International Conference on the Chemistry and Physics of the Transactinide Elements)
was held in Wilhelmshaven, Germany. Nishina Director was invited to give a lecture “Element
Genesis over 13.8 Billion Universal Years” in a session dedicated to the International Year of
Periodic Table: https://www-win.gsi.de/tan19/symposium.html.

2019.09.07 IYPT2019 Special Exhibition Nishina Director gave a public lecture in the Special Exhibition in Kyoto for the International

in Kyoto Year of Periodic Table, titled “13.8 billion years of element genesis, from Big-Bang to nihonium
(iin Japanese)”.

2019.10.03 J. Soffer’s Memorial Nishina Director participated in a memorial symposium for J. Soffer, who was a leading theorist
of perturbative QCD and the father of the RHIC spin project, at BNL, NY, USA.

2019.10.23 RAC Nishina director gave a presentation in RIKEN Advisory Council.

2019.11.00 Chemistry and Chemical Nishina Director contributed a report of Mendeleev150 Symposium to the special contents for

Industry IYPT2019 in Chemistry and Chemical Industry, 940, Vol72-11, 2019.
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2019.11.25 Event Myrrha Nishina Director participated in Event MYRRHA (introduction of MYRRHA project to Japanese
communities) held at Belgian Embassy at Tokyo, Japan
2019.12.05 IYPT2019 Closing Ceremony | Nishina director was a port of the organizing committee for the closing ceremony of [IYPT2019,

held in Tokyo, Japan. He produced and chaired a session named “Creation of superheavy
elements” attended by many of actual discoverers. https://iypt.jp

2019.12.01 SHE2019 Director’s office fully supported the international Symposium on Superheavy Elements
(SHE2019) held at Hakone, Japan from 1% to 5" of December 2019. The Chair parsons are K.
Morita and H. Haba. https://she2019.riken.jp

2019.12.16 NP-PAC Nishina Director gave an introductory talk for NP-PAC (Program Advisory Committee for
Nuclear Physics).

2020.01.24 ML-PAC Nishina Director gave an introductory talk for ML-PAC (Program Advisory Committee for
Materials and Life Science).

2020.01.00 Nuclear Physics News Nishina Director reported “Superheavy Elements at the Closing Ceremony of IYPT” to Nuclear
Physics News, Vol. 30, No. 1, 2020.

2020.01.27 Strategic review of Helmholtz Nishina Director visited Helmholtz Association in Berlin, Germany, to review of the scientific

Association field “MATTER” which includes GSI, DESY and other large-scale laboratories
Members
Director

Hideto EN’YO

Research Administrator
Narumasa MIYAUCHI (concurrently appointed to Outreach

Team)
Assistants

Noriko ASAKAWA Asako TAKAHASHI (concurrently appointed to Spin Isospin

Noriko KIYAMA Laboratory)

Yu NAYA (concurrently appointed to RIBF User Liaison Mitsue YAMAMOTO (concurrently appointed to Meson Sci-
Team) ence Laboratory)

Karen SAKUMA (concurrently appointed to Accelerator Izumi YOSHIDA (concurrently appointed to Nuclear Spec-
Group) troscopy Laboratory)

List of Publications & Presentations

Publications
[Proceedings]
Hideto En’yo (invited), “History of nihonium,” Proceedings of Mendeleev 150, Pure and Applied Chemistry, 91, 1941 (2019).

Presentations
[International conferences/workshops]
Hideto En’yo (invited), “History of nihonium,” 4th International Conference on the Periodic Table (Mendeleev 150), ITMO University in
Saint Petersburg, Russian Federation, July 26-28, (2019).

Hideto En’yo (invited), “Element genesis over 13.8 billion Universal years,” Special Symposium for International Year of Periodic Table
in the 6th International Conference on the Chemistry and Physics of the Transactinide Elements (TAN19), Wilhelmshaven, Germany,
August 25-30, 2019.

Outreach activities
Hideto En’yo, “Welcome to the birthplace of 113th element, nihonium,” a lecture given to the Sakura Science High School, RIKEN-Wako,
June 11, 2019.
Hideto En’yo et al. (invited), “Creation of superheavy elements,” The Closing Ceremony of IYPT2019, Tokyo, Japan, December 5, 2019.
Hideto En’yo, “Superheavy Elements at the Closing Ceremony of I[YPT” contributed to Nuclear Physics News 30, 39 2020.
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Partner Institutions

The Nishina Center started research collaboration with universities and research institutes in 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 Nishina Center. 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 research activities under the “Research Partnership” agreement.

The CNS and the Nishina Center signed the 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 RIBF, accelerator development,
and activities at RHIC PHENIX.

KEK started low-energy nuclear physics activity at RIBF in 2011 under the Research Partnership System. The joint experimental
programs are based on KISS (KEK Isotope Separator). After the R&D studies on KISS, it became available for users from 2015.

The experimental proposals that request the use of the above-noted devices of the CNS and KEK together with the other RIBF
key devices are screened by the Program Advisory Committee for Nuclear Physics experiments at RI Beam Factory (NP-PAC) The
NP-PAC meetings are co-hosted together with the CNS and KEK.

The activities of the CNS and KEK are reported in the following pages.
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Partner Institution

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

1. Abstract

The Center for Nuclear Study (CNS) aims to elucidate the nature of nuclear system by producing the characteristic states where
the Isospin, Spin and Quark degrees of freedom play central roles. These researches in CNS lead to the understanding of the matter
based on common natures of many-body systems in various phases. We also aim at elucidating the explosion phenomena and the
evolution of the universe by the direct measurements simulating nuclear reactions in the universe. In order to advance the nuclear
science with heavy-ion reactions, we develop AVF upgrade, CRIB and SHARAQ facilities in the large-scale accelerators laboratories
RIBF. The OEDO facility has been developed as an upgrade of the SHARAQ, where a RF deflector system has been introduced to
obtain a good quality of low-energy beam. A new project for fundamental symmetry using heavy Rls 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 included development of ion sources. In 2019, the
operating time of the HyperECR was 2326 hours, which is 76% of the total operating time of the AVF cyclotron. The beam extraction
system of the HyperECR is under development realize a high intensity and low emittance beam. For the pepper-pot emittance monitor
used for the analysis of the beam injection transport system, we optimized the exposure time and gain of digital camera for a variety
of thicknesses of fluorescent agent and was able to keep homogenized measurements despite of thickness. For the beam transport
analysis of the beamline to CRIB, E7B, and EDM experiment from AVF cyclotron, we started developing 4D emittance monitor
because the transverse components of beam are coupled and it is expected to measure high intensity beam in a few seconds.

(2) Nuclear Astrophysics

The main activity of the nuclear astrophysics group is to study astrophysical reactions and special nuclear clustering using the
low-energy RI beam separator CRIB. Several experimental projects on big-bang nucleosynthesis (BBN) are currently under way. To
give a solution to the cosmological ’Li abundance problem, "Be(n, @)/(n, p) astrophysical reactions were studied with the Trojan
Horse method, and the rate of "Be(n, p1), the (n, p) reaction with 7Li excitation, is evaluated at the BBN temperature for the first time.
"Be(d, p) measurement with a 7Be—implanted target was carried out in 2018, in collaboration with RCNP, Osaka Univ. and JAEA.
8Li(a, n) reaction has been considered as responsible to the production of nuclei heavier than boron in some models of the BBN. To
solve the discrepancy between the previous measurements of 3Li(e, n), a new experiment with y-ray measurement was performed
at CRIB in September 2018. To confirm the exotic linear-chain cluster structure in '*C nucleus indicated in the previous 'Be + @
resonant scattering measurement at CRIB, a new measurement was carried out at INFN-LNS, Catania, Italy, under the collaboration
of CNS, INFN, Univ. Edinburgh and other institutes, in October 2018. A measurement on >>Al + p resonant scattering was performed
at CRIB in February 2019, to study the resonances relevant for the astrophysical ?Mg(«, p) reaction in X-ray bursters.

The main activity of the nuclear astrophysics group is to study astrophysical reactions and special nuclear clustering using the low-
energy RI beam separator CRIB. As the first experiment of the INSPIRATION project, a measurement of the proton-halo ®B+!2°Sn
system at energies around the Coulomb barrier was carried out in April 2019, under the collaboration of Japan and China. This was
to study the reaction mechanism, including the break-up, of the system involving a weakly-bound nucleus, 8B. On the interest of
nuclear clustering in the '*O nucleus, a measurement of '°C+a elastic scattering was performed, under the collaboration of Belgium
(ULB), Kyoto Univ., Osaka Univ., CNS, and other groups. We identified several peaks in the energy spectrum, which may show the
existence of cluster states. Studies on big-bang nucleosynthesis (BBN) are currently under way. To give a solution to the cosmological
Li abundance problem, "Be(n, @)/(n, p) astrophysical reactions were measured with the Trojan Horse method, and the first reliable
evaluation of the rate of "Be(n, pl), the (n, p) reaction with 7Li excitation, at the BBN temperature, was made during 2019. To produce
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RI beams at CRIB with higher intensity, a project to improve the heat capacity of the cryogenic gas target was initiated in 2019. We
tested several materials for the sealing foils and the flanges, and a thermal monitoring with a thermography was introduced.

(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 2019, analysis of a new measurement
of the “He(®He, ®Be)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 and p-Pb collisions, J/y measure-
ments in p-Pb collisions, long range two particle correlations in p-Pb collisions, and searches for thermal photons in p-Pb collisions.
The group has been involved in the ALICE-TPC upgrade using a Gas Electron Multiplier (GEM). Installation of GEM chambers in
the TPC and commissioning of the TPC were carried out in 2019. The group has started working on the online space-charge distortion
correction of the TPC by utilizing the GPUs and Machine learning technique.

(5) Nuclear Theory

The nuclear theory group participated in a project, “Priority Issue 9 to be tackled by using the Post-K Computer” and promotes
computational nuclear physics utilizing supercomputers. We developed shell-model codes for the conventional Lanczos method and
the Monte Carlo shell model for massively parallel computation. In FY2019, we performed the Monte Carlo shell model calculations
of the Sm isotopes and revealed that the excited states of '**Sm and '*°Er whose structures were considered to be 8/y vibration can be
interpreted in view of shape coexistence.

(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-Bp technique for very neutron-rich successfully reaches calcium isotopes beyond N = 34,
33:57Ca, and the preparation of publication is ongoing. The experimental study of 0~ strength in nuclei using the parity-tansfer charge
exchange (160, '9F) is on progress and the data analysis is on the final stage. The OEDO beamline, which was an upgrade of the high-
resolution beamline to produce low-energy RI beams, has started the operation in June and has successfully achieved the designed
ion-optical performance. The first and second experiments were performed in October and November, and new data for nuclear
transmutation of long lived fission products (LLFPs) were successfully obtained.

(7) Exotic Nuclear Reaction

The Exotic Nuclear Reaction group studies various exotic reactions induced by beams of unstable nuclei. One subject is inverse-
kinematics (p, n) reaction. In 2017 a set of neutron counters PANDORA was used for the first time at HIMAC facility for the study of
the SHe(p, n) reaction. Candidate nuclei to study are high spin isomers such as 2Fe(12*). Development of isomer beam was carried
out.

(8) Low Energy Nuclear Reaction Group

A recoil particle detector for missing mass spectroscopy, named TiNA, had been developed under the collaboration with RIKEN
and RCNP. TiNA consists of 6 sector telescopes. Each of which as a stripped-type SSD and 2 CsI(T1) crystals. After the test experiment
at the tandem facility of Kyushu Univ., TINA was employed at the physics experiment with OEDO. Development of the tritium target
is still on-going. Several deuterium doped Ti targets were fabricated at the Toyama Univ. They were tested by using d('*>C, d) reaction
at the tandem facility at Kyushu. The amount of deuterium was found to be scattered. The optimum condition to make the target will
be sought for. The production cross section !7¥™?Hf was evaluated for the mass production in the future. The digital signal processing
devices for the GRAPE have been developed to measure the cascade transitions from the isomeric state. After chemical separation of
Hf at the hot laboratory at RIBF. The week cascade decay was successfully measured.

(9) Active Target Development

Two types of gaseous active target TPCs called CAT’s and GEM-MSTPC are developed and used for the missing mass spec-
troscopy. The CAT’s are employed for the study of equation of state of nuclear matter. The measurement of giant monopole resonance
in '32Sn at RIBF with CAT-S and the data analysis is ongoing. In 2017, we developed a larger active target called CAT-M, which has
10-times larger active volume than that of CAT-S. The CAT-M was commissioned at HIMAC and the excitation energy spectrum of
136Xe for proton scattering was measured. The GEM-MSTPC is employed for the nuclear astrophysics study. The data analysis of
(a, p) reaction on '®Ne and 2*Mg and the B-decay of '°Ne followed by a emission are ongoing.

(10) Fundamental Physics
Although t