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A study of cluster states of light nuclei has always been an important subject in nuclear physics,
which provides us new perspectives in nuclear structure and reactions. In this fiscal year, we have
investigated the clustering of light nuclei. In particular, the topics related to the o particle (*He nucleus)
condensates have been intensively studied; the shape of the Hoyle state, the Coulomb screening effect
to the Hoyle state and the 4a condensate state in 1°O. For these purposes, several novel theoretical
approaches were developed and applied. The real-time evolution method has been applied to

investigate light clustered nuclei such as °Li, ‘He, *C and 4a condensation. Furthermore, a novel



method to eliminate the Pauli-forbidden state, and high-momentum AMD which handles the short-
range correlation were proposed.
< Study of molecular resonances relevant to the carbon burning process>> Kimura

The molecular resonances composed of carbon and oxygen clusters play an essential role in stellar
fusion reactions. Because the measurement of these resonances is almost impossible, theoretical
investigations are crucially important. Based on the antisymmetrized molecular dynamics calculations,
we have identified the several ">C+'2C, 12C+'°0, and 0+28Si resonances at stellar reaction energies and
predicted their resonance parameters. These results were published in two refereed journal papers.
< Benchmark calculations of *He, SLi and Be isotopes within real-time evolution method >
Zhao, Zhou, Kimura

The low-lying states of ®He, °Li and Be isotopes have been calculated by the real-time evolution
method (REM) as a benchmark. It was shown that REM always gives the deeper binding energy of
the bound states than those obtained by the ordinary GCM calculations. Furthermore, it accurately
described both the total isospin T=0 and T=1 states from a single ensemble of wave functions. Hence,
we demonstrated that REM can effectively yields the basis wave functions to describe cluster states.
These results were submitted to the refereed journal and one of which has already been published.
< Coulomb screening correction to the Hoyle state energy in thermal plasmas >
Phyu, Moriya, Horiuchi

We investigate how Coulomb screening affects the structure of a system of three a particles in thermal
plasma environment realized in a burning star by precise three-body calculations. To take the Coulomb
screening effect into account, we replace the bare Coulomb potential between a particles by the
Yukawa form, which can be derived within the Debye-Hiickel approximation. We obtain the energy
shifts of the Hoyle state due to the Coulomb screening as a function of the Debye screening length and
find that they are consistent with the conventional result based on the point charge Coulomb correction
to the chemical potentials of ions.
< Geometric configurations of and development of novel approach to remove Pauli-forbidden
states in multi-cluster systems>> Moriya, Horiuchi, Zhou

Two kinds of potential models have been used for describing cluster states: a shallow potential model
and a deep potential with an orthogonality condition. These two models take the Pauli principle into
account in different ways. We investigate these differences in geometric configurations of o particles
in 12C. We find that they are closely related to the structure of the subsystem *Be in 2C, giving strong
influence on physical observables. The orthogonality condition model in general induces numerical
instability due to the elimination of the Pauli forbidden states and is difficult to extend it to larger
multi-cluster systems. To overcome this, we propose an efficient way to eliminate the forbidden states
in the multi-cluster systems by using the property of the relative wave function of the microscopic

cluster model.



<K Investigation for a 4-a condensate state in 10> Motoki, Kimura

The Hoyle state (2nd 0" state in '?C) was interpreted as a 3-a condensate state. If the o condensate
state is a universal phenomenon, 4-, 5- or more o condensate states can exist. We study some 0" states
in 0 by using a real-time evolution method (REM) and obtain a possible candidate of a 4-a
condensate state. Detailed analysis is in progress.
< Shape of 13C studied by the real-time evolution method>> Shin, Kimura

It is well known that the Hoyle state is considered as Bose-Einstein condensate. However, there is
another interpretation of the Hoyle state; the rotation and vibration of the triangular symmetry of three
a particles. Recently, the model was extended to '*C with D’3h symmetry. We examined the proposed
rotational bands based on the real-time evolution method and showed that the ground band exhibits a
rigid-body triangular symmetry while the other excited bands have no dominant shape. The work was
submitted to a peer-review journal.
< Description of 2nd 0* state and 3rd 0" state of 2°Ne’> Yarimizo, Kimura

In 2°Ne, various a-cluster states are expected according to the Tkeda diagram. We expect that the 2nd
0" state has mixed structure of shell structure and a-cluster state like the 3rd 0 state. To reveal their
structure, we applied the antisymmetrized molecular dynamics model.
K a-particle formation on nuclear surface probed by the a knockout reactions>>
He, Zhao, Zhou, Suzuki, Kimura

The formation of a particles on nuclear surface has been a fundamental problem since the early age
of nuclear physics. However, the a-particle formations in medium-mass nuclei and unstable nuclei
have been poorly known. In this study, we analyzed the *3Ti(p, pa)**Ca reaction which is sensitive to
the a-particle formation probability. It was found that the a-particle formation in *Ti is much stronger
than that expected from a mean-field approximation in orders of magnitude. We also made a similar
analysis for neutron-rich carbon isotopes and found that o-particle formation was hindered by the
growth of the neutron skin. These results were accepted for publication in two refereed journal articles.
< Description of *H and “He with HMAMD+UCOM approach>> Zhao

We extend the high-momentum antisymmetrized molecular dynamics (HMAMD) by incorporating
the short-range part of the unitary correlation operator method (UCOM) as a variational method of
finite nuclei. In this HMAMD~+UCOM calculation of light nuclei, the HMAMD is mainly in charge
of the tensor correlation with up to the four-body correlation, while the short-range correlation is
further improved by using the UCOM. *H and “He nuclei are calculated with this HMAMD+UCOM
using the AV8 bare nucleon-nucleon interaction. Different roles of the short-range and tensor
correlations from the HMAMD and UCOM are discussed. We show that this HMAMD-+UCOM

method can give consistent results with those obtained by other ab initio methods.
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< Study of the structure and Coulomb breakup of a halo nucleus "Be> Kimura

In this work, we have combined a nuclear structure model AMD and a reaction model of finite range

distorted wave Born approximation to describe both the structure and reactions of a neutron-halo
nucleus ''Be in a unified way. An extended version of AMD has successfully described the low-lying
spectrum, spectroscopic factors, and the halo wave function of ''Be. The halo wave function calculated
by AMD has been used as an input of the reaction model to describe the triple differential cross section,
neutron energy distribution, parallel momentum distribution, relative energy spectrum, and dipole
response of !'Be. This result was accepted for publication as a refereed journal article.
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< Pairing interaction and configuration mixing in 'C>> Hitet

I have calculated the simple three-body calculation of '°C to understand the pairing effect on the

nuclear structure. Now, I am still working on the Woods-Saxon potential with some parameterization
and calculate neutron-, proton- and matter-density distributions.
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