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Nuclear Science Research Division

Nuclear Dynamics Research Group

1. Abstract

The Nuclear Dynamics Research Group (previous Spin Isospin Laboratory) pursues various aspects of nuclear reacitons and
dynamical phenomena in nuclear systems. At present, the laboratory is focusing on nucleon and cluster knockout reactions, charge
exchange reactions and nuclear fissions, but will extend the research scope to other reactions such as transfer and fusion reactions at
low energies.

The group studies dynamics in weakly-bound and unbound states, in particular around and beyond the neutron dripline, too.
In parallel, dynamical aspects of nuclear matter are investigated using knockout reactions, charge exchange reactions, and nuclear
fissions.

We are also developing methodologies and devices necessary for the reaction/dynamics studies: the TOGAXSI telescope array
specialized for inverse-kinematics knockout reactions, neutron detectors, the spin-polarized proton target, and storage rings.

2. Major Research Subjects
(1) Studies of knockout reactions and their applications to production and spectroscopy of exotic nuclei
(2) Study of spin-isospin responses using charge exchange reactions
(3) Development of storage rings and their applications to study of r-process nucleosynthesis
(4) Development of techniques and devices for reaction studies with RI-beams

3. Summary of Research Activity
(1) Studies of knockout reactions and their applications to production and spectroscopy of exotic nuclei

Knockout reactions are among the best reactions used to nuclear studies at RIBF energies. We are advancing experimental
programs using the knockout reactions.

(1-1) Multi-neutron correlations near the neutron dripline

Forms of existences of neutron-rich matter occurring in nuclei near the neutron dripline is the main subject of the program with
large-acceptance SAMURALI spectrometer. By combining advanced devices such as MINOS (Saclay) and NeuLAND (GSI) from
Europe, we have revealed new aspects of multi-neutron corelations in nuclei: Dineutron correlation in 14, “Be, "B [Y. Kubota et
al., PRL 125 and A. Corsi et al., PLB 840], halo structure in 7B [Z. H. Yang et al., PRL 126], and tetraneutron [M. Duer et al., Nature
606]. We have also take data on "H populated with the $He(p, 2p) reaction.

(1-2) Nuclear cluster formation

Nuclear physicists know that the formation of clusters is essentially important at both edges of the nuclear chart: clusters pro-
nouncedly develop in light nuclei such as '2C, and (pre-)formation of « clusters is essential in understanding decays of nuclei heavier
than lead. What about in the other areas of the nuclear chart? We have to say that we have quite limited knowledge about it.

We tried to answer this question by probing « clusters in tin isotopes using the ''>'>4Sn(p, pa) knockout experiment in a close
collaboration with the TU Darmstadt group. The excess-neutron (N-Z) dependence of the (p, pa) cross section shows a monotonic
decrease with N-Z, which is in good agreement with a relativistic mean-field predictions done by S. Typel [J. Tanaka, Z. H. Yang et
al., Science 371].

Triggered by the new knowledge obtained in this and other experiments, we have started a new research project named
“ONOKORO” project where we comprehensively investigate clustering in medium-to-heavy mass nuclei using (p, pX) cluster knock-
out reactions under normal and inverse kinematics. The project will probe d, ¢, 3He, « clustering both in stable and unstable nuclei in
the mass region of A = 36-220. The TOGAXSI detector array is constructed to detect scattered protons and knocked-out clusters in a
wide kinematical conditions.

(1-3) 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 and fragment distributions in neutron-deficient and neutron-rich regions beyond Pb.

(1-4) Other knockout reaction related activities

We have also applied (p, pN) reactions to gamma-ray spectroscopy (SEASTAR project in collaboration with the RI Beam Physics

Group) and reaction meachnism studies [N. Paul ez al., PRL 122 and A. Frotscher et al., PRL 125].

(2) Study of spin-isospin responses using charge exchange reactions

The study of spin-isospin responses in nuclei forms one of the essential 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 RIBF. We have already applied WINDS to the (p, n)
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experiments for !'Li, 132Sn and plan to extend this kind of study to other exotic nuclei.

(3) Development of storage rings and their applications to study of r-process nucleosynthesis

Storage rings will become mandatory experimental tools in future research programs with RI-beams. We have constructed the
Rare RI Ring, in close collaboration with the Instrumentation Development Group, which is the first storage ring constructed at the
cyclotron-based facility such as RIBF.

We have successfully published the first result from the Rare RI Ring in 2022: The mass of '2*Pd around the r-process second
peak was measured together with '2In, 2Cd [H. F. Li, S. Naimi et al., PRL 128]. The measurement was the first demonstration of the
storage-ring application in a cryclotron facility and two novel methods, the individual injection of the preidentified rare nuclei and the
isochronous mass spectroscopy in a cyclotron-type storage ring. Through detailed comparisons with r-process network calculations, it
is concluded that the new '2Pd mass increases the neutron capture cross section on '>>Pd by a factor of 2.2 and the S-delayed neutron
emission probability of '2Rh by 14%, and, at the same time, decreases the neutron capture cross section on '>2Pd by a factor of 2.6.
This results in pileup of material at A = 122 and reproduces the trend of the solar r-process abundances.

In parallel to the mass measurements using the Rare RI Ring, we are about to develop a storage ring specialized to nuclear reaction
study, named RUNBA.

(4) Development of techniques and devices for reaction studies with RI-beams
(4-1) TOGAXSI: a detector array specialized to inverse-kinematics cluster knockout reaction studies

As described in (1-3) and (1-4), use of cluster knockout reactions will form a core of the research program in the Nuclear
Dynamics Group. We started construction of a new detector array optimized for inverse-kinematics cluster knockout reactions, named
TOGAXSI, with the KAKENHI support [KAKENHI Specially Promoted Research FY2021-2025]. The TOGAXSI consists of silicon
strip detectors for tracking and GAGG:Ce scintillators for total energy measurements of scattered protons and knocked-out clusters.
The demonstrator array will be completed in 2023 and the full array in 2024.

(4-2) 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 “Triplet-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-d4 doped p-terphenyl crystal. Now the polarized target is being applied to
spin-correlation measurement of the proton-deuteron elastic scattering.

We plan to apply the same technique to other field such as sensitivity enhancement in NMR spectroscopy of biomolecules and
MRI. In close collaboration with the organic chemistry group in Kyushu University lead by Prof. Yanai, we are developing several
new molecules and techniques to open Triplet-DNP applications to NMR and MRI.
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