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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 includes development of ion sources, upgrading the
AVF cyclotron of RIKEN and the beam transport system to CRIB, E7B, and C12 in the E7 experiment room. In 2020, the operating
time of the HyperECR was 1146 hours. The beam extraction system of the HyperECR is developed to realize a high intensity and low
emittance beam and the study of mixing gas is started for heavy ionization. The calculation model of injection beam orbit of the AVF
cyclotron was completed and the study of the optimization of injection beam orbit was started. For the detailed studies on ion optics
of the beamline to CRIB and experiment device of Fr-EDM measurement from AVF cyclotron, the development of 4-dimensional
emittance monitor for high power ion beams was started. the prototype was completed and evaluated for performance.

(2) Nuclear astrophysics

The main activity of the nuclear astrophysics group is to study astrophysical reactions and special nuclear structure, such as
clusters, using the low-energy RI beam separator CRIB. To produce RI beams at CRIB with higher intensity, a project to improve the
heat durability of the cryogenic gas target is in progress. In 2020, we used a high-current oxygen beam to test the heat durability of the
gas target. Sealing foils of several materials and copper extention parts were employed in the test, and we found the target can stand
for the beam heat much exceeding the previous limit of 2 Watts per foil. The secondary beam development is also on going. A °He
RI beam was first produced at CRIB in March 2021, as the lightest RI beam ever created at CRIB. We successfully produced a °He
beam at the intensity more than 105 pps, which is to be used for the approved °He + p scattering measurement, as well as other future
experiments.

(3) Nuclear structure of exotic nuclei

The NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) group studies exotic structures in high-isospin and/or high-
spin states in nuclei. The CNS GRAPE (Gamma-Ray detector Array with Position and Energy sensitivity) is a major apparatus for
high-resolution in-beam gamma-ray spectroscopy. Missing mass spectroscopy using the SHARAQ is used for another approach on
exotic nuclei. The group plays a major role in the OEDO/SHARAQ project described below. In 2020, analysis of a new measurement
of the “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
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has involved in the data analyses, which include the measurement of low-mass lepton pairs in Pb-Pb collisions, the measurement of
long range two particle correlations in p-Pb collisions, searches for thermal photons in high multiplicity pp and p-Pb collisions and
for strangeness dibaryons. The group has involved in the ALICE-TPC upgrade using a Gas Electron Multiplier (GEM), where the
group is very active in the development and benchmarking of the online space-charge distortion corrections using machine learning
techniques running on the Graphical Processing Unit (GPU).

(5) Nuclear theory

The nuclear theory group participates in a project, “Program for Promoting Researches on the Supercomputer Fugaku” and
promotes computational nuclear physics utilizing the Fugaku supercomputer. In FY2020, we proposed a new framework called the
“quasi-particle vacua shell model,” which is an extension of the Monte Carlo shell model, and promoted its code developments.
Based on these methodological developments, we investigated the exotic structure of nuclei, especially neutron-rich Mg isotopes,
and discussed the mechanism to determine the neutron drip line. In addition, the nuclear Schiff moments of '**Xe and 'Hg were
theoretically evaluated by large-scale shell-model calculations to contribute to the experimental search of time-reversal breaking. In
parallel, we promoted the collaborative researches with experimental groups for investigating the exotic structure of unstable nuclei,
such as 338, 30Mg, 64Ni, 7>Ni, "'2Sn and '*"Ba.

(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 nuclei successfully reaches titanium isotopes at
N = 40, ©>Ti, of which the report was published in 2020. The experimental study of 0~ strength in nuclei using the parity-tansfer
charge exchange ('°0, '°F) will be reported soon. As for The OEDO beamline, the results of the first and second experiments for
LLFPs will be finalized and reported soon. Since experimental studies using OEDO were newly proposed, we continue developments
to improve the performance for coming these beam times, such as the intensity of low-energy RI beams and the suppression of X rays
from RF deflector.

(7) Exotic nuclear reaction

The Exotic Nuclear Reaction group studies various exotic reactions induced by beams of unstable nuclei. One subject is inverse-
kinematics (p, n) measurement by using the neutron counter array PANDORA. Candidate nuclei to study are high spin isomers such as
32Fe(12*). Study of the production mechanism of high-spin isomer beams was in progress. Another is search of double Gamow-Teller
resonance by a double charge exchange reaction (!>C, '?Be). Preparations including the development of MWDCs were ongoing.

(8) Low energy nuclear reaction group

A recoil particle detector for missing mass spectroscopy, named TiNA, had been upgraded under the collaboration with RIKEN
and RCNP. The original TiNA consisted of 6 sector telescopes and 12 CsI (T1) crystals. Four TTT-type (1024 channels) doubly-sided
silicon detectors and twenty-two CsI(Tl) were added to make a TiNA2 array. The commissioning experiment of the TiNA2 was
conducted at Kyushu University in March 2021. The production cross sections of '7#"2Hf were evaluated for the mass production in
the future and will be reported soon. The digital signal processing devices for the GRAPE are under development. For the SHARAQI11
experiment which uses a tritium-doped titanium target, the safety devices has been developed with Tohoku University.

(9) Active target development

Three gaseous active target TPCs called CAT-S, CAT-M and GEM-MSTPC are developed and used for the missing mass spectro-
scopies. The CAT’s are employed for the study of equation of state of nuclear matter. The measurement of giant monopole resonance
in 132Sn at RIBF with CAT-S and the data analysis is ongoing. The CAT-M was employed for the measurements of the proton inelastic
scattering on '*Xe at HIMAC and the proton elastic scattering on '32Sn. The development for the reduction of space charge due to
the ion backflow and the reduction of delta-ray background is ongoing. The GEM-MSTPC is employed for the nuclear astrophysics
study. The data analysis of (a, p) reaction on '8Ne and >*Mg and the 3-decay of '®Ne followed by « emission are ongoing.

(10) Fundamental physics

In order to investigate the origin of matter-antimatter symmetry (CP) violation, we focused on the fact that the permanent electric
dipole moment (EDM) of heavy elements such as Francium (Fr) is greatly enhanced by the relativistic effect and octupole deformation
of the nucleus. The development of the laser cooled Fr source is in progress at RIBF. In particular, we have established a technique for
a high-intensity Fr source by using the nuclear fusion reaction with a surface ionization ion source using a non-contact heating method
with an infrared heater. Also the frequency stabilization with an iodine molecule and a high-precision wavemeter are ready at present.
Furthermore, by establishing a coexistence trapping technique for two types of Rb isotopes, we have established a co-magnetometer
for an accurate EDM measurement.
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Data 2020 (hybrid), Saitama, Japan, November 26-27, 2020.

S. Ota (invited), “Study of nuclear matter property via nuclear scattering and reactions,” JPS/NRF/NSFC A3 Foresight Program “Nuclear
Physics in the 21st Century” Joint Annual Meeting, Huizhou, China and On-line, November 18-19, 2020.

H. Yamaguchi (oral), “Activities at the low-energy RI beam separator CRIB,” RIBF Users Meeting 2020 (on-line), Saitama, Japan,
Sepember §-10, 2020.

H. Yamaguchi (oral), “Overview of alpha resonant scattering experiments at CRIB,” International mini-workshop on “Physics in resonant
reaction induced by low-energy RI beam”, Web Meeting Hosted by CNS, the University of Tokyo/IBS Center for Exotic Nuclear
Studies/Department of Pure and Applied Physics, Kansai University/Research Center for Nuclear Physics (RCNP), Osaka, Japan,
February 22, 2021.

N. R. Ma (oral), “Primary result of '*O + « clustering study at CRIB,” International mini-workshop on *“Physics in resonant reaction
induced by low-energy RI beam”, Web Meeting Hosted by CNS, the University of Tokyo/IBS Center for Exotic Nuclear Stud-
ies/Department of Pure and Applied Physics, Kansai University/Research Center for Nuclear Physics (RCNP), Osaka, Japan, February
22,2021.

D. Sekihata (oral) for the ALICE Collaboration, “Low-mass dielectron measurements in pp, p-Pb and Pb-Pb collisions with ALICE at
the LHC,” 10th International Conference on Hard and Electromagnetic Probes of High-Energy Nuclear Collisions, Online, June 2020.

T. Hayamizu (oral), “Development of ultracold francium atomic sources towards the permanent EDM search,” Yamada Conference
LXXII: The 8th Asia-Pacific Conference on Few-Body Problems in Physics (APFB2020), Kanazawa, Japan, March 4, 2021.

N. Shimizu (oral), “Data-driven approaches in nuclear shell-model calculations,” Nuclear Data Symposium 2020 (RIKEN Nishina Cen-
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ter), Saitama, Japan, November 27, 2020.

Y. Tsunoda (invited), “Structure of medium-mass nuclei studied by Monte Carlo shell model calculations,” The RIBF Users Meeting
2020, Online, September 9, 2020.

Y. Tsunoda (oral), “Nuclear shapes and collective motions in the region of Sm,” 12th Symposium on Discovery, Fusion, Creation of New
Knowledge by Multidisciplinary Computational Sciences, Online, October 6, 2020.

K. Yanase (oral), “Large-scale shell-model calculations of nuclear Schiff moments of 129Xe and 199Hg,” Beyond-the-Standard-Model
Physics with Nucleons and Nuclei (INT 20-2b), online, July 23, 2020.

[Domestic Conferences/Workshops]

SHANI FARFERE), (R LEMO R FRERIE Ty = 7 b, ke TEOBEMD S8R5 7], B =Eh (E7
KX H), 2020 4 10 H 26-29 H.

FE (FAEEE), “Direct reactions as quantum probes of nuclear system,” Symposium on “JPS nuclear physics and physical review
C HARMH A2 2020 EEKF RS, AV 74,2020 4£ 9 A 14 H-17 H.

TEHJE RIS (MEEFER), [9EIEMA PPAC(SR-PPAC) (285 1) 2 AL EHLEFHEDOBIFE ), HAMIEL Y22 2020 T K2, on-line, 2020
£9H 14 H-17 H.

HEIEFH B (CFEFER), [P @R CTi d L OEEREOBERENIE |, HAYEY 2 5 76 HFEIRKE, 4V 1 Vi, 2021 5
3 H 12-15 H.

HEEA (MEEFEKR), [(*He,He) MIHIZ & 2 HFAAKD N IREPRBOHIZE |, H AW L2 55 76 FEIRKR, 4V 7 A Vi,
2021 4 3 A 12-15 H.

ARl s (FAAFE#H), “ALICE upgrade and physics topics (I1),” £ 4 [8] 7 & A X — S EEIBIISE 2, & > T 4 “ i, 2020 45 A 28 H.

BEMIRE (HBEFERR), THWEEE &2 I\ 72 ALICE-TPC #i#i PR o 2= M S A 1E |, MPGD & Active #£2 TPC Hf%% < 2020,
TR (MF R2E+4 v T 1), 2020 46 12 H.

B K # for the ALICE Collaboration (I18E¥63%), THEMEE % i\ 72 ALICE-TPC #8042 W1 e fif & B E 1, B A HLE
£ 576 [MEEIRKE, 4V 7 1 ViR, 2021 4£ 3 A 12-15 H.

BAMAE (GRS, TR ®H72 0 BEOLRTRIVX— 502 1281 2diEdif] 7 & EESLFIE ] ZESEEAR), HARYH
s 076 AIAEIRK A, A v T A Vi, 2021 4E 3 A 12-15 H.

BT (LI9%EER) for the ALICE Collaboration, [LHC-ALICE %% i\ 7z/NE 2221281 5 A AR AEORT €T «
T MAFMERIRE |, HARMBEAE 22 28 76 [MUEIRR S, A4 v T 1 VR, 2021 42 3 A 12-15 H.

WkER (OEFEZ) for the ALICE Collaboration, [ALICE SZB&IZ 5 1) % Run2 &fftit# WXV Fv 7 Ro V%], H
RIS 55 76 [AEIRR R, 4 > 54 Valki, 2021 43 A 12-15 H.

e (IUERR), TR T I 020 MERRD 720 ORFER L3 —T « > M Ol |, HARYELS 22 85 76 [I4ERK 2, A4 v
Z A Vi, 2021 453 H 12-15 H.

BB (DUEFER), TPHMEEEE % AW 72 UKIR Sty 73 7 E B D 72 8 O @ L8 s HRFAFE ), B A2 55 76 MR KL,
F VT4 VEEE, 2021 43 H 12-15 H.

MHEEZ (DERER), EHORTY VY Y ZZMITZ StV RV T RT-O5N ), HAYBERSE S 55 76 BI4EIRKE, AV T4 >
AU, 2021 23 H 12-15 H.

INEER (DEFER), (77 YU ARTOBEBLRMIRFRERERDO O ORMEBEME A A L IRORFE], HAME Y2 5 76 [I4FIX
KR, A VT4 Vi, 2021 453 A 12-15 H.

KA (MEEFEFR), TERN PRI LD E VT AV R EI QLR |, HAYBIZ 2 55 76 MIFIRR R, & > 7 1 VEiiH, 2021
F3 H 12-15 H.

M (HEEFESR), TEY T ANV a@ERIC &5 “ BN — X REORATHIERAO G, Frofiiad T F52E7] 2020 4R AH
ffFgee, v 54 VaHEH, 2020 £ 6 A 2 H.

AEAA (HEERER), [TV TV a@ERIC L5 ZEN— X IEOBITIER O A, HAYBEE 2 5 76 MRS, AV T
A VERE, 2021 £ 3 H 12-15 H.

MipZE A (MR, [HFEREI L 2 BLMB € — A > b OWEHE ], TEETINET 2 ER T - HA - 398 - RE)
VURYY L, YT A VEEE, 2021 41 A 28 H.

IR R (HEEFEER), THEKHIZE, T RORERLIZ X 2 80T — X > h ORFEEHR ], HARWB 2 58 76 [A4EIRKR S, * v
74 VI, 2021 4£ 3 H 12-15 H.

[Seminars]

N. Kitamura (oral), “In-beam spectroscopy of **Mg: structural evolution approaching the island of inversion,” CNS Seminar, On-line,
July 29, 2020.

S. Koyama (oral), “Spectroscopy of resonance states in light proton-rich nuclei via missing mass method,” CNS Seminar, On-line, August
7, 2020.

PEAEK (oral), THA HyperECR A A M IROBR ], &5 19 [0 AVE SRIFTH &b, SiEIIE T GRIEARF), 2021 4£ 3 H 10 H.

INEREI (oral), [HAF AVF O Y — Ak Rl L OEIR ], 55 19 [8] AVF &EHT S &b, Sikiiad (LK), 2021 4£ 3
10 H.

Awards

B KB, 25 15 0] HARMIBR 2 2 TR E (BRI B AHI).
BN KB, 56 27 [l AL ks 2 AL
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Press Releases

SEIEF —BR, NS, I, BBOAPE, HTOREG, R AR, [F2 VEMKTE Z e tis s RR—E8lETIHS
JE FREAFAEBR SR, 2020 429 H 16 H.

K2R, A HE S, SIIFIME, W KRIZE, SaRE ok, FHRE, S HIRK, ERHE, TR EOGFERA (FETFRNYy FI1 )
DHFT=78 A H =X 11,2020 4 11 H 5 H, https://www.s.u-tokyo.ac.jp/ja/press/2020/7074/ .

Others
[RERRFEFH=—a1—2]
EIEH—, TEED»SFELRFEOME L FERR ), FE AT E R D SRR, R =2 — 2 2021 £ 1 H 5.
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