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Nuclear Science Research Division

Nuclear Many-Body Theory Laboratory

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 problems such as exotic nuclear
deformation, shell structure, clustering of unstable nuclei, and nuclear reactions in the Universe where elements originate. In addition
to the ordinary research, we are also participating in the RIKEN TRIP project, where we are conducting fundamental research of
quantum computing and machine learning for nuclear physics.

2. Major Research Subjects
(1) Structure and reactions of unstable nuclei
(2) Nuclear clustering and related nuclear reactions
(3) Quantum computing and machine learning for nuclear physics

3. Summary of Research Activity
(1) Structure and reaction 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) Study of Nuclear Radii and Proton-Neutron Correlations: We have calculated the radii of tin and lead isotopes using various
relativistic and non-relativistic density functionals, and investigated the influence of tensor force. The results showed that
tensor force is crucial for reproducing the observed kink near magic numbers. Additionally, we extended the HFB model
to describe spin-singlet and spin-triplet proton-neutron pairing, examining the coexistence of these two correlations in the
ground states of N = Z nuclei.

(2) Exotic Deformations in Neutron-Rich Nuclei: Zirconium is a unique isotope that exhibits an abrupt transition from spherical
to quadrupole deformation. We systematically calculated this shape coexistence using the quasiparticle vacuua shell model.
We demonstrated that this shape transition occurs due to an interchange between spherical and deformed bands. Additionally,
zirconium- 106 and 108 show triaxial deformation, evidenced by gamma bands observed in recent gamma-ray spectroscopy
experiments at RIKEN RIBF. This study further extended similar analyses to neighboring isotopes of krypton, strontium,
molybdenum, and ruthenium.

(3) Study of 2p Decay Process: We investigated the two-proton decay process of '°C by applying the ACCC (Analytic Con-
tinuation in the Coupling Constant) to the 2 + 2p system. We demonstrated that the 2p decay process becomes dominant
despite the open 1p decay channel. Additionally, we conducted real-time evolution calculations for the two-proton decay of
16Ne (14O + 2p), revealing that the two-proton decay process significantly varies depending on the position of the s-wave
resonance.

(4) Study of Radii and Diffuseness in Island of Inversion: We systematically investigated the radii and surface diffuseness of
neutron skin and neutron halo nuclei such as ?Ne and 3!333*Mg using antisymmetrized molecular dynamics (AMD). We
quantitatively demonstrated that the increase in radius and diffuseness occurs when the system becomes weakly bound and
the low angular momentum p3/, orbital intrudes. Furthermore, by performing Glauber calculations, we evaluated the total
reaction cross-sections and angular distributions of elastic scattering, showing that the increase in radius and diffuseness can
be detected through these measurements.

(2) Nuclear clustering in structure and reaction problems

Nuclear clustering, in which nucleons are confined into several subunits (clusters), is an eligible research subject for understanding
the correlation of nucleons. 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 stellar fusion reaction rate Using various density functionals combined with AMD, we have investigated how the
uncertainty in the nuclear models propagetes to the reaction rate of '2C + '2C fusion, which is a key reaction for the steller
evolution and superburst. We have shown that Skyrme functionals systematically smaller reaction rates than the Gongy
functionals.

(2) Shape of '2C While various shapes of ground-state rotational bands are discussed, their direct experimental verification is
challenging as they are not directly observable. We proposed a method to reconstruct nuclear shapes in an almost model-
independent manner using transition densities measured by electron scattering. Applying this method to experimental data
for 12C, we demonstrated that '>C has a shape where a clusters are arranged in an equilateral triangle configuration.

(3) di-neutron correlation and clusters We investigated the structure of the excited state (2nd 0*) of ®He using the real-time
evolution method. By comparing with experimental data from RIKEN, we pointed out that this state exhibits relatively strong
dineutron correlations and may contain a component of di-neutron condensation.
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(3) Quantum computing and Al for nuclear physics

We are participating in the RIKEN TRIP project, advancing fundamental research in Quantum computing and Al for nuclear
physics. Quantum computers may enable large-scale calculations impossible with classical computers, potentially allowing for exact
calculations of nuclear structure and reactions. Additionally, Al could optimize and estimate parameters in theories based on vast
amounts of experimental data. The research highlights in this fiscal year are as follows:

(1) Quantum computing for nuclear shell model The shell model is a promising application for quantum computers. However,
noise in current NISQ devices makes accurate calculations challenging. We attempted to reduce errors by refining the qubit
representation of wave functions and qubit connectivity. First, we proposed a pair-wise representation of the wave function,
halving the required number of qubits. Furthermore, we significantly reduced errors (from a few percent to less than 1%) by
implementing circuit designs that consider the physical connectivity of qubits.

(2) Machine learning for nuclear database Evaluated nuclear data are indispensable in the field of nuclear science and technology,
and an effective and accurate method that can regularly generate evaluated nuclear data has been highly desired. To answer
such demand, we are training nuclear reaction models by adopting the Bayesian optimization (BO). In this fiscal year, we have
improved a prototype system that combines the nuclear reaction codes CCONE and BO. Using this system, By estimating the
particle number dependence of the optical potential, we predicted cross-sections for unknown target nuclei from known data.
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