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Abstract

Multinucleon transfer (MNT) reactions and quasifission (QF) processes in low-energy heavy ion
reactions may be regarded as a non-equilibrium quantum many-body dynamics. They have attracted
much interests associated with curiosity for their microscopic reaction mechanisms which may reflect
both static and dynamical properties of colliding nuclei. Recently, they have also attracted much
interests as a new means to produce unstable nuclei whose production is difficult by other methods.
The main aims of this study is to understand microscopic reaction mechanisms of the MNT and QF
processes and to theoretically predict optimum reactions to produce objective unstable nuclei. To
this end, we investigate the MNT and QF processes in low-energy heavy ion reactions employing a
microscopic framework of the time-dependent Hartree-Fock (TDHF) theory.

In this thesis, we first explain the theoretical framework of the TDHF theory and its relation to
the time-dependent density functional theory, TDDFT. We present how to numerically simulate heavy
ion reactions in the TDHF theory and how to implement it into a computational code utilizing MPI
and OpenMP parallelization techniques.

After giving our theoretical framework, we describe results of the TDHF calculations for the MNT
and QF processes as a main part of the thesis. We divide it into two parts. The first part (Part I) is
devoted to show that the applicability of the TDHF theory in describing the MNT reaction. Before
our study, it was not known whether the TDHF theory can describe the MNT reaction quantitatively
or not. We present our progresses of this work step by step in Part 1.

To examine to what extent the TDHF theory describes MNT cross sections quantitatively, we
analyze MNT processes in 4048Ca+1248n, 4°Ca+2%Pb, and ®Ni+2%8Pb reactions, for which precise
experimental data are available. To calculate MNT cross sections, we extract transfer probabilities
from the TDHF wave function after collision employing the particle-number projection (PNP) tech-
nique. From the results, effects of the neutron-to-proton ratio, N/Z, and the charge product, Zp Zr, on
transfer dynamics are discussed. We show that the TDHF theory combined with the PNP technique
can describe MNT cross sections quantitatively, with an accuracy comparable to existing successful
theories, GRAZING, Complex WKB, and the dynamical model based on Langevin-type equations of
motion.



Reaction products generated through MNT reactions can be highly excited, and subsequent de-
excitation processes by particle evaporation should be taken into account. To include the effect of
particle evaporation, we use a statistical model of particle evaporation putting excitation energy of
reaction products evaluated from the TDHF wave function after collision as an input. To evaluate the
excitation energy of reaction products, we develop a theoretical framework to calculate expectation
values of operators in a particle-number projected TDHF wave function after collision. Because the
method enables us to investigate microscopic reaction mechanisms which could not be seen from ordi-
nary expectation values without the PNP, we demonstrate usefulness of the method taking 240+160
reaction as an illustrative example. We then present MNT cross sections including effects of particle
evaporation. We further discuss possible origins of discrepancies and several ways to improve the
description.

From the thorough analyses presented in Part I, we have obtained a confidence that the TDHF
theory provides a reasonable description of the MNT reaction with a certain predictive power in a
sense that the theory microscopically describes many-body dynamics without any adjustable parameter
specific to the reaction. In the second part of the thesis (Part II), we further extend its application to
reactions involving more heavier nuclei such as 2**U, where we expect a significant effect of the QF
process in reactions at small impact parameters.

In Part II, we first investigate the MNT processes in 4Ni+238U reaction for which precise mea-
surements of MNT cross sections were performed. From comparisons between MNT cross sections
calculated by the TDHF theory combined with the PNP and those of the measurements, we again
find reasonable agreements. In particular, the TDHF theory describes not only proton-stripping but
also proton-pickup processes. This fact indicates that a reasonable description is possible for a tran-
sitional regime from quasielastic to more complex reactions in a small impact parameter region. The
TDHF theory also describes QF processes involving transfer of several tens of nucleons in dissipative
collisions at small impact parameters. For the %Ni+238U system, measurements of total kinetic energy
(TKE) of outgoing fragments as well as fragment mass (A) distributions in such a dissipative collision
were achieved. By comparing the measured TKE-A distribution and that of the TDHF calculation,
we find a good agreement between them. We investigate the orientation dependence as well as the
incident energy dependence of the QF dynamics in head-on collisions of *Ni+23%U. We observe a cap-
ture process forming a superheavy nucleus with Z = 120 in the side collisions, while it never observed
in the tip collisions.

As a next application of the TDHF theory to reactions involving 23U, we analyze 238U+100,124,132gy
reactions. For the 228U+-124Sn reaction, production cross sections involving many-proton transfer from
238U to '%4Sn were measured. From the TDHF calculation, we find a strong orientation dependence
of the reaction dynamics in 22*U+124Sn. When 238U collides from its tip, a thick and long neck
structure is formed, while the neck formation is substantially suppressed when 233U collides from its
side. Because the neck structure is composed of both neutrons and protons, an absorption of the neck
region when the dinuclear system dissociates results in transfer of both neutrons and protons towards
the same direction. The measured many-proton transfer from 23%U to '24Sn might be originated
from the tip collision in which a thick and long neck formation followed by subsequent absorption of
nucleons inside the neck region results in the many-proton transfer. We also investigate the orientation
and incident energy dependence as well as the N/Z ratio dependence of the QF dynamics in head-on
collisions of 238U+100:124,1329)  We find the so called inverse QF process in the tip collisions, where a
largely deformed transuranium nucleus is generated as a primary product in the TDHF calculation.

As a final topic of the thesis, we investigate the MNT and QF processes in 36Xe+198Pt reaction
which has recently been considered as a candidate to produce neutron-rich unstable nuclei around the
N = 126 region. We conduct a systematic TDHF calculation for 36Xe+198Pt reactions at various
incident energies and impact parameters. From the results, we find that the reaction dynamics shows



a similar behavior if we classify the reaction according to the distance of closest approach of the
Rutherford trajectory, although it shows a complicated dependence on the incident energy and impact
parameter. We also find that the inverse QF process emerges at certain initial conditions, which may
be related to a large binding energy of doubly-magic 2“*Pb.

From the thorough analyses of the MNT and QF processes in low-energy heavy ion reactions,
we conclude that the TDHF theory provides a unified microscopic description of not only MNT
processes in peripheral reactions but also QF processes in dissipative collisions without any adjustable
parameters specific to the reaction. We thus consider that the TDHF theory will be a promising
tool to investigate the microscopic reaction mechanisms of the MNT and QF processes and to predict
optimum reactions as well as a novel reaction dynamics to produce exotic unstable nuclei which have

never been produced by other known reactions.



