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Nuclear Science and Transmutation Research Division

Nuclear Many-Body Theory Laborarory

1. Abstract

The nuclear many-body theory laboratory aims to understand various aspects of nuclear structure and reactions due to the assembly
and disassembly of protons and neutrons in the nuclear many-body systems. For this purpose, we construct theoretical models and
conduct numerical calculations to describe them. Our research topics include nuclear structure issues such as nuclear deformation,
shell structure, and clustering of unstable nuclei, and nuclear reactions in the Universe where elements originate. In addition to
fundamental research, we are also developing nuclear reaction database by combining the nuclear models and machine learning. The
database will be used for various scientific and technological applications such as nuclear reactors, medicine and industry.

2. Major Research Subjects
(1) Structure and reactions of unstable nuclei
(2) Nuclear clustering and related nuclear reactions
(3) Nuclear reactions in the universe
(4) Research and development of the nuclear reaction database for applications

3. Summary of Research Activity
(1) Structure and reactions of unstable nuclei

The study of the structure and reactions of unstable nuclei is an important subject of the Nishina Center, as well as one of the core
issues in modern nuclear physics. Our group approaches this problem by performing numerical calculations using theoretical models
such as antisymmetrized molecular dynamics and density functional theory.

The research highlights in this fiscal year are as follows: (1) Description of neutron-halo and resonances near and beyond dripline
within the framework of molecular dynamics. We have developed the numerical technique to describe the neutron halos with heavier
masses by the molecular dynamics models. Combining this technique with the method of analytical continuation of the coupling
constant (ACCC), our model can also describe the resonances beyond the neutron dripline. As a benchmark calculation, the method
has been successfully applied to a neutron halo nucleus 3'Ne and an unbound nucleus >°0. This success opened the way to study
nuclei beyond the drip line in a fully microscopic model. (2) Study of the total reaction cross sections of unstable nuclei. Combining
the microscopic nuclear structure models and a reaction model (Glauber model), we have investigated how the ground-state structure
of unstable nuclei affects the reaction cross section. In the study of the oxygen isotopes, the signature of the new shell closure and the
growth of the neutron skin were found.

(2) Nuclear clustering and related nuclear reactions

The nuclear clustering, in which nucleons are confined into into several subunits (clusters), is an eligible research subject for
understanding the correlation of nucleons interacting with strong force. Since the clusters are linked to the nuclear reaction channels,
they also appear as the intermediate states of various nuclear reaction dynamics.

The research highlights in this fiscal year are as follows: (1) Study of the formation probabilities of a cluster at the surface of
unstable nuclei. Using the antisymmetrized molecular dynamics model, we have investigated how the « cluster formation probability
in unstable Be and C isotopes changes as function of neutron skin thickness. We have demonstrated that the @ cluster formation
is hindered by the growth of the neutron skin, which is consistent with the experimental data reported for the Sn isotopes. (2) a
cluster formation and total reaction cross section. The formation of @ clusters should affect the density profile at the nuclear surface.
Consequently, the signature of the clustering can be observed in the total reaction cross section. We have discussed such effect in the
case of light stable nuclei.

(3) Nuclear reactions in the universe

Fusion reactions that occur in stellar and explosive astronomical events are key to understanding the origin of the elements.
However, many reactions have extremely small cross sections, making direct experimental measurement difficult, and estimating
reaction rates by theoretical calculation is critically important.

In this fiscal year, using the antisymmetrized molecular dynamics, we have provided an estimate of the reaction rate of 2C +!2 C
fusion, which is a key reaction for understanding the steller evolution and superburst. We have shown that there are many resonances
within the Gamow window, and hence, the reaction rate at steller temperatures are not hindered but are enhanced in contradiction to
the estimation by a phenomenological model. Using several different nuclear density functionals, we have shown how the uncertainity
of the nuclear models propages to the raction rate.

(4) Research and development of the nuclear reaction database for applications

Evaluated nuclear data are indispensable in the field of nuclear science and technology, and the demand of nuclear data is altering
year by year with technical developments of nuclear science and technology. To meet such demands, an effective and accurate method
that can regularly generate evaluated nuclear data has been highly desired.

The machine learning technologies can be an answer to this demand, and we are training nuclear reaction models by adopting
the Bayesian optimization (BO) to effectively produce the nuclear data. In this fiscal year, we have improved a prototype system
which combines the assembly of the nuclear reaction codes CCONE and BO with Gaussian regression. We have demonstrated that
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the optical potentials at different incident energies can be predicted by using Gaussian Process (GP). Using this method, future RIBF
experimental data can be used to determine optical potentials at arbitrary energies.
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Presentations
[International Conferences/Workshops]

M. Kimura (invited) and Y. Taniguchi, “Astrophysical S-factor for '>C + '2C fusion reaction from a full-microscopic nuclear model,”
Annual Topical Meeting of IReNA - FA1 Nuclear reaction measurements in Underground Laboratories, Online, April 5-8, 2022.

M. Kimura (invited) and Y. Taniguchi, “Low energy monopole strength: A novel approach to the astrophysical fusion reactions,” ECT*
Workshop, Advances On Giant Nuclear Monopole Excitations And Applications To Multi-Messenger Astrophysics, Online, July 10—
14, 2022.

M. Kimura (invited), “Monopole transitions as a probe for nuclear shape and clusters,” Developments of Physics of Unstable Nuclei
(YKIS2022b), Kyoto, Japan, May 23-27, 2022.

M. Kimura (invited), “Alpha cluster formation at the surface of stable and unstable nuclei,” Korean Physical Society Spring meeting 2022,
Online, April 4-8, 2022.

M. Kimura (invited), “Shape coexistence and electromagnetic moments/transitions,” VI Topical Workshop on Modern Aspects in Nuclear
Structure, Bormio, Italy, February 6-11, 2023.

Y. Taniguchi (invited) and M. Kimura, “Microscopic estimation of '>C + '2C fusion reaction rate at astrophysical energies,” YIPQS
long-term workshop Mean-field and Cluster Dynamics in Nuclear Systems 2022 (MCD2022), Kyoto, Japan, May 9-June 17, 2022.

F. Minato (invited), “Theoretical studies of beta-decay half-lives,” JSPS/NSFC/NRF A3 Foresight Program Nuclear Physics in the 21st
Century, Osaka, February 13-15, 2023.

F. Minato (invited), “Predictions of beta-decay half-lives and neutron capture cross sections of neutron-rich nuclei,” RIKEN Workshop
Physics of RI; Recent progress and perspectives, Wako, May, 2022.

K. Yoshida (invited), “Mean-field based approach for collective excitations in neutron-rich nuclei,” YKIS2022b: Developments of Physics
of Unstable Nuclei, Kyoto, Japan, May 23-27, 2022.

K. Yoshida (invited), “Pairing in neutron-rich nuclei investigated by responses,” Physics of RI: Recent progress and perspectives, Wako,
Japan, May 30-June 1, 2022.

K. Yoshida (invited),“Skyrme-QRPA for monopole modes of excitation,” Advances on Giant Monopole Excitations and Applications to
Multi-messenger Astrophysics, ECT*, Trento, Italy & Online, July 11-15, 2022.

K. Sato (invited), “Nuclear density functional calculation with proton-neutron mixing,” YITP Workshop Fundamentals in Density Func-
tional Theory (DFT2022), Kyoto University, December, 2022.

Y. Taniguchi (oral), “12C 4 12C fusion reaction rate from a microscopic nuclear model,” PANDORA Wrokshop, Onna, Japan, March 5-7,
2023.

Y. Taniguchi (oral), “!?C + '2C fusion reaction rate from a full-microscopic nuclear model,” The 16th International Symposium on Origin
of Matter and Evolution of Galaxies, Hanoi, Vietnam, October 24-28, 2022.

Y. Taniguchi (oral), “!?C + '2C fusion astrophysical S-factor from a full-microscopic nuclear model,” Developments of Physics of Unstable
Nuclei (YKIS2022b), Kyoto, Japan, May 23-27, 2022.

F. Minato (oral), “Evaluation of fission fragment yields and parameter optimization in CCONE code system,” 2nd RCM on Updating
Fission Yield Data for Applications, December, 2022.

F. Minato (oral), “Effects of continuum states on particle emissions from muon captures,” YIPQS long-term workshop on Mean-field and
Cluster Dynamics in Nuclear Systems 2022 (MCD 2022), Kyoto, May, 2022.

F. Minato (oral), “Study of particle emissions following beta-decays and muon captures,” Shapes and Symmetries in Nuclei: from Exper-
iment to Theory (SSNET’22 Conference), Orsay, May, 2022.

K. Sato (oral), “Large-amplitude collective dynamics with the adiabatic SCC theory including the second-order collective operator,”
YIPQS long-term workshop Mean-field and Cluster Dynamics in Nuclear Systems 2022 (MCD2022), Yukawa Institute for Theoretical
Physics, Kyoto University, Japan, May 7-June 17, 2022.

S. Watanabe (oral), M. Kimura, F. Minato, S. Yoshida, and N. Iwamoto, “Nuclear data generation by machine learning,” YIPQS long-term
workshop “Mean-field and Cluster Dynamics in Nuclear Systems 2022 (MCD2022), Kyoto, Japan, May 9—June 17, 2022.

S. Watanabe, M. Kimura, F. Minato, S. Yoshida, and N. Iwamoto, “Generating nucleon-nucleus scattering data by Gaussian process
regression,” 15th International Conference on Nuclear Data for Science and Technology (ND2022), Online, July 24-29, 2022.

[Domestic Conferences/Workshops]
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2, LR, 2022 £ 9 A 6-8 H.

FHHBE M (DO¥EFER), “Collectivity of proton-neutron pairing,” RCNP i3t TtRINR ¥ BEARRIC BT 2 BT XHEMME ), KBRK
AR > & —, 2022 £ 9 H 26-28 H.

HHET (H8E5%), “Linear-response TDDFT for rotating nuclei—Nuclear DFT for rovibrational motions—" Domestic Molecule Type
Workshop Fundamentals in density functional theory, TR ARAEY AR ST, 2022 4 12 A 7-20 H.
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[Seminars]

W. Horiuchi, “What can we learn from nuclear density profiles ?,” The 311th RIKEN RIBF nuclear physics seminar, RIKEN Nishina
Center (Hybrid), Wako, Japan, November 17, 2022.

& BT, “Shell effects in non-axial-shape excitations,” 28 977 [EIJUKJR T+t I F—, JUN K22, 2023 £ 1 A 24 H.
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