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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) NUSPEQ/Low Energy Nuclear Reaction group
(4) Quark physics
(5) Nuclear Theory
(6) OEDO/SHARAQ project
(7) Exotic Nuclear Reaction
(8) Active Target Development
(9) Fundamental Physics

3. Summary of Research Activity
(1) Accelerator physics

One of the major tasks of the accelerator group is the development of ion sources and the optimization of the beam transport
system to CRIB, E7B, and C12 in the E7 experiment room. In 2021, the operating time of HyperECR ion source was 1773 hours.
The beam production methods for metallic ions such as Li, Mg, and Fe have matured. High brightness metallic ion beams to match
the requirement for the experiments can now be achieved stably and sustainably. Together with undergoing studies on ECR plasma,
further improvements in beam qualities are expected. For the development of the 4-dimensional emittance monitor for the extracted
beam from AVF cyclotron, the design of an optical system with a digital camera equipped with a tele lens was completed. Then, it is
expected that the monitor can be kept away from the beamline which was the radiation source caused by the ion beam.

(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. In 2021, two major experimental projects at CRIB were completed and
final publications were made; One was on the study of the "Be destruction process in the Big-bang nucleosynthesis, to solve the
cosmological "Li abundance problem. The other is on the precise determination of the 2>Mg(a, p) astrophysical reaction, relevant in
X-ray bursts. In January 2022, we performed the first physics experiment at CRIB after the pandemic, which was to simultaneously
study the 2°Si(a, «) scattering and the (a, p) reaction, relevant to the astrophysics.

(3) NUSPEQ/Low Energy Nuclear Reaction group

The NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) and Low Energy Nuclear Reaction group study exotic struc-
tures in high-isospin and/or high-spin states in nuclei. The groups play a major role in the OEDO/SHARAQ project described below.
In 2021, analysis of a new measurement of the “He(*He, ®Be)4n reaction for better statistics and better accuracy has been proceeding.
A recoil particle detector for missing mass spectroscopy, named TiNA, at OEDO 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(T1) were added to make a TiNA2 array. The production cross sections of '7"2Hf
were evaluated for the mass production in the future with a new and simple chemical separation method. The inelastic decays from
the isobaric analog resonances of *’Zr were studied for the single particle wave functions coupled to the second 0* state in *°Zr. The
nature of the different shape of the second 0" state from the ground state was revealed. The systematic studies of neutron-rich Zr
isotopes are planned. The CNS GRAPE (Gamma-Ray detector Array with Position and Energy sensitivity) is also a major apparatus
for high-resolution in-beam gamma-ray spectroscopy. The digital signal processing devices for the GRAPE are under development.
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(4) Quark physics

Main goal of the quark physics group is to understand the properties of hot and dense nuclear matter created by colliding heavy
nuclei at relativistic energies. The group has been involved in the ALICE experiment at Large Hadron Collider (LHC) at CERN.
The group has led the global commissioning of the ALICE upgrades in 2021. The group has involved in the data analyses, which
include the measurement of low-mass lepton pairs in Pb-Pb collisions, the measurement of long range two particle correlations in
p-Pb collisions, searches for thermal photons in high multiplicity pp and p-Pb collisions. 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 has
been promoting computational nuclear physics utilizing the Fugaku supercomputer. In FY2021, we performed large-scale shell-model
calculations employing the Monte Carlo shell model and quasi-particle vacua shell model to investigate various exotic structures of
unstable nuclei. By using the no-core Monte Carlo shell model, we successfully describe the Hoyle state of '2C from the first principle
without assuming any cluster structure. In the medium-heavy mass region, we successfully described the shape phase transition
of Nd and Sm isotopes based on shell-model calculations and evaluated the nuclear matrix element of the neutrinoless double-beta
decay of 'ONd. The nuclear Schiff moment of '*Xe was also investigated based on the shell model and we found an approximately
linear correlation between the Schiff moment and the magnetic moment. In parallel, we promoted many research collaborations with
experimental groups for investigating the structure of various nuclei such as °Ca, Mg, 4"4°Cl, and >>Cr.

(6) OEDO/SHARAQ project

The OEDO/SHARAQ group pursues experimental studies of RI beams by using the high-resolution beamline and the SHARAQ
spectrometer, and the OEDO for the decelerated RI beams. SHARAQ11 experiment with a tritium-doped titanium target, which has
been developed by Tohoku Univ., was successfully conducted. For SHARAQ13, a mass measurement by the TOF-Brho technique
for very proton-rich nuclei, an active stopper detector has been developed. The optics study of OEDO is under way to improve the
transmission of the ion beams. For the high intensity RIBs, the delay-line PPACs have been replaced with the strip-readout PPACs.
The experimental study of 0~ strength in nuclei using the parity-transfer 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 finalised and reported soon. The profile of X ray
from the RFD had been measured comprehensively, which finalised the design of the lead shield to enable us to conduct the in-beam
gamma experiment at OEDO.

(7) Exotic nuclear reaction
The Exotic Nuclear Reaction group studies various exotic reactions induced by heavy-ion beams. We conducted a search of
double Gamow-Teller resonance by a double charge exchange reaction ('*C, '?Be) at BigRIPS.

(8) 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 '328n at RIBF with CAT-S and the data analysis is ongoing. The CAT-M was employed for the systematic measurement of the
deuteron inelastic scattering of the Xe and Kr isotopes. Newly developed permanent dipole magnet system was installed to reduce
the background due to the delta rays. The GEM-MSTPC is employed for the nuclear astrophysics study. The data analysis of (o, p)
reaction on '8Ne and *Mg and the 8-decay of '®Ne followed by « emission are ongoing.

(9) Fundamental physics

The development of an optical lattice interferometer to search for a permanent electric dipole moment (EDM) with Francium (Fr)
atoms is now in progress at RIKEN. The lattice-like potential with a standing wave of laser light, the so-called optical lattice, can
realize a long interaction time of the trapped Fr atoms with external fields, which allows to measure the EDM with high precision.
The experimental apparatus to produce the cold Fr atoms trapped in the magneto-optical trap (MOT) is ready at present. We have
confirmed that the newly developed surface ionizer can produce approximately 10° Fr*/s as a secondary beam via nuclear fusion
reaction. We are now optimizing the experimental parameters to realize the high intensity cold Fr sources with 10° atoms to measure
the EDM.
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