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ABSTRACT

In this thesis, the formation and subsequent decay mechanisms of compound nuclear sys-
tems induced via heavy-ion reactions have been studied at the low-energy regime. For this
analysis, the nucleus-nucleus interaction potential derived using the semiclassical SEDF ap-
proach is considered as a tool to estimate the fusion barrier characteristics, which are used
as input to calculate the fusion cross-sections witih the Wong formula (and its extended
version) for incident energies lying across the Coulomb barrier. Additionally, the influence
of different density distribution functions and approximations employed within the SEDF
approach has been studied in view of the fusion barrier characteristics and the fusion cross-
sections. For comparative analysis, the phenomenological potentials, like Prox77, Pox88
and Woods-Saxon etc., are considered and analyzed the corresponding influence in nuclear
fusion dynamics. Further, to study the subsequent decay mechanisms of the formed com-
pound nucleus (CN), the mass and charge distributions of excited CN have been examined
within the framework of collective clusterization approach of Dynamical Cluster-decay Model
(DCM). The model based on the Quantum Mechanical Fragmentation Theory (QMFT). In
the fusion-fission dynamics of heavy-ion induced reactions, the role of deformations (to oc-
tupole 33 deformation) and corresponding optimum orientations has also been investigated.
In view of above, the present thesis is divided into eight chapters, which are briefly described
as:

Chapter 1 begins with the basic understandings related to the subatomic particles and
their interactions with the other nuclei, taken place at the low-energy regime (beam energy
< 15 MeV/nucleon). In the present thesis to study the nucleus-nucleus interactions, the
heavy-ion (with mass and charge numbers > to that of 3He nucleus) reactions are taken into
consideration. Later, the theoretical models developed to study the heavy-ion collisions are
discussed. Also, a description regarding the relevance of deformations and orientations de-
grees of freedom in nuclear fusion-fission dynamics is discussed. The motivation of this work
is to study the formation and subsequent decay mechanisms of compound nuclear systems

using Skyrme Energy Density Formalism and phenomenological model.
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In Chapter 2, the formalisms used to derive the nucleus-nucleus interaction potential on
the basis of the semiclassical SEDF approach and the phenomenological model are discussed.
The mathematical formulations defining the repulsive Coulomb and centrifugal potentials
are discussed for the spherical-spherical, spherical-deformed and deformed-deformed pairs of
colliding nuclear partners. Further, the fusion barrier characteristics (barrier position Rp,
barrier height Vp and barrier curvature hwg) extracted from the total interaction potential,
obtained by combining nuclear, Coulomb and centrifugal potentials, are used as input terms
to calculate the fusion cross-sections. To estimate the fusion cross-sections as a function of
center of mass energies, the Wong formula and its extended version are employed. In order
to study the mass and charge distribution of compound nuclear systems, the expressions
for the fragmentation potential and preformation probability obtained within the collective
clusterization approach are illustrated. The Appendixes A and B are given to detail the
curvature radii of deformed surfaces. In the following Chapters, the results and calculations
are discussed.

In Chapter 3, different density approximations such as frozen, sudden and modified sud-
den are employed within the Skyrme Energy Density Formalism and compared with the
phenomenological relaxed-density approach for Ni-based reactions. These approximations
give different ways in which individual densities of projectile and target can be added for
obtaining compound nucleus density. On the basis of this, the corresponding influence of
above mentioned density approximations has been analyzed in view of the fusion barrier
characteristics and subsequently on the fusion cross-sections (o ,s) for 80, *°Ca, %®Ni and
13281 +58Ni reactions. The fusion cross-sections obtained using extended /-summed Wong
model are compared with the available experimental data across the Coulomb barrier ener-
gies for the *®Ni-based reactions.

In Chapter 4, the role of three-parameter Fermi (3pF) and three-parameter Gaussian
(3pG) density functions in the fusion dynamics has been explored in comparison to the
two-parameter Fermi (2pF) employed within the semiclassical SEDF approach. For the case
of the three-parameterized density functions (3pF and 3pG), an additional parameter ‘w’
influences the tail and nearby region, and hence the barrier characteristics get modified ac-
cordingly. In view of this, the role of 2pF, 3pF and 3pG density functions has been analyzed
by calculating the fusion barrier height Vp (and barrier position Rp) for a variety of nuclear

reactions with the mass-asymmetry spread from symmetric to asymmetric reaction partners,




and the results are compared with the available experimental data. In addition to this, the
fusion cross-sections for ®Ni-based reactions are calculated using extended /-summed Wong
model and the collective effect of Vg, Rp and hwp (barrier height, position and curvature
respectively) for the use of above mentioned density distributions has been examined. The
lmaz-values have been obtained using the sharp cut-off model for above barrier energies and
extrapolated for below barrier energies.

In Chapter 5, the relevance of deformation and orientation degrees of freedom has been
explored for the synthesis of heavy and superheavy nuclei. In view of this, the octupole de-
formation (f3) which distorts the spherically symmetric or quadrupole deformed (/3) nuclei
into a pear shape has been taken into account. The influence of octupole deformed nuclei
on the optimum (or uniquely fixed) orientations obtained for the ‘elongated’ and ‘compact’
fusion configurations of these nuclei has been analysed and discussed in comparison to that
of the quadrupole deformed nuclei. Also, to investigate the effect of S3-deformation in ref-
erence to that of s, a systematic analysis has been done for the the soft-pear shape nuclei
with small f3-deformations and rigid-pear shape nuclei with strong [Ss3-deformation. Addi-
tionally, the ‘+” and ‘=’ sign effects of [3-deformation have been discussed. The analysis
done in this chapter is exercised using the SEDF and phenomenological based potentials.
As an extension of above analysis, Chapter 6 is devoted to investigate the significance of
deformation and associated optimum /uniquely fixed orientations for the formation of com-
pound nuclei via cold and hot fusion reactions. The proposed set of optimum orientations
corresponding to f3-deformed nuclei, discussed in the earlier chapter, is utilized to under-
stand the respective influence on the fusion barrier characteristics and fusion cross-sections
for 10 and *®Ca-induced reactions. In these reactions, s-deformed nuclei are taken as
targets belonging to different mass-regions of the Periodic Table. The above analysis is
exercised for around 200 spherical-plus-f3 deformed pairs of colliding nuclear partners. The
results are compared with the available experimental data for *60+1°Sm (S5 = 0.205, B3,
= -0.055) reaction.

In Chapter 7, the disintegration of light and heavy-mass isotopes of Thorium i.e.
222,224,226,228,230h* compound nucleus have been discussed using the SEDF and phenomeno-
logical potentials within the collective clusterization approach of QMFT. In this analysis,
the significance of octupole deformations and corresponding cold optimum orientations has

been explored in terms of the fragmentation potential and preformation probability. The
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obtained results are discussed in comparison with the quadrupole deformation of decaying
fragments. Additionally, the mass- and charge-distributions of considered isotopes of Th are
compared with the experimentally obtained yield profiles.

At the end, in Summary chapter, all the results discussed in the above chapters on the ba-
sis of Skyrme Energy Density Formalism, in comparison with the phenomenological models,

are summarized. The future scope of the work done in the present thesis is discussed briefly.
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Chapter 1

INTRODUCTION

1.1 An overview

“Universe - An opportunity to understand the origin, purpose and destruction of a life.”

In the space-time frame of Universe, all the belongings of this cosmos whether in the form
of matter or energy were initially confined within an infinitely dense and hot point, which
later exploded. This Big Bang went through a superfast cosmic inflation, powered by small
vibrations of quantum fluctuations and eventually led to form hot soups of tiniest parti-
cles (leptons and quarks). As the temperature dropped down, the neutrons and protons
comprised of quarks came into existence. But, the space was still very hot preventing the
nucleons (neutrons/protons) to hold together and form a positively charged nucleus. Af-
ter 300 thousand years of Big Bang explosion, the recombination of nucleons occurred and
formed Hydrogen and Helium nuclei of positive charges. These ionized ions got surrounded
by the negatively charged electrons moving in their orbits to form a neutral atom. At this
moment, the transition of electrons between different orbits allowed the emission of photons,
enabling the light to travel freely in the dark space. In the era of recombination, the cosmos
cooled down to an extent that, different kinds of fundamental forces came into existence and
started to play significant role for the interactions among the atomic and subatomic parti-
cles. Under the influence of such interactions, the expansion of Universe continues even at
the age of billions of years and possesses numerous galaxies due to the coalition of Hydrogen
and Helium gases.

The galaxies of this macrocosm are filled with numerous stars, surrounded by the planetary
systems. In the second largest galaxy the Milky Way, Earth is the only astronomical planet
with the possibility of life to evolve and thrive. In Earth’s quarter part of land and rest
area covered with water, one can see diversity in the nature and its belongings, e.g. rock

materials, planets/animals (of land and water), woods, human, etc. In other words, the
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diversity explains the behavior of subatomic/elementary particles at different scale of time,
energy and distance. Since we humans are not ubiquitous like the elementary particles of
no sub-structure, we always stay curious and desirous to understand the natural phenom-
ena. With this basic nature, the man had extracted different tools and prospects from the
natural resources to make life easy in many aspects. In the present time, the innovations
and technologies provided to this world have been advanced so much that a person sitting
in his/her room can easily have a glimpse of any parts of the globe, stars, celestial planets,
etc. So the things discovered, philosophized and written in the manuscripts related to the
behavior of small-sized particles and their applications in the physical world are discussed
mainly through the scientific language developed on the basis of theoretical /experimental
analysis and mathematical formalisms. The study of such phenomena is so vast that it took
many years and significant efforts to reach at logical statements and scientific facts. With
these enormous efforts, nowadays, it has become easy to visualize and compare the bodies
of different sizes, i.e. from 107'® m to billion light-years, in a single frame. In Fig. 1.1, an
attempt has been made to demonstrate the cosmos hierarchy on a brief note.

The hierarchy helps in understanding how the subatomic particles are involved in the for-
mation of other bodies of relatively bigger sizes through the fundamental forces, which are
categorized as: weak, strong, electromagnetic and gravitational force. For the interactions
taking place lower than the femtoscale (107 m), the weak forces have been found to play
their role in the conversion of an elementary particle into another kind. Further at few Fermi
scale ~107% m, the subatomic particle interactions occur with the effect of the short-range
attractive strong force or its residual part. Beside this, the + /- charges and orbital/spin
motions evoke the long-range electromagnetic force showing attractive and repulsive behav-
ior for the like and unlike charged particles, respectively. Due to the presence of above said
strong, weak and electromagnetic fundamental forces, the particles feel both the repulsion
and attraction towards the other ones existing in their surroundings, and subsequently con-
struct bodies of relatively bigger sizes at a point of balance between different forces. As
one moves from smaller sized (<1075 m) particles towards the relatively bigger sized bodies
(see Fig. 1.1), the gravitational force can be experienced, even in our daily lives. The par-
ticles/objects of different sizes residing in this cosmos are always in motion, with the speed
either comparable or very less than the speed of light ‘c’, i.e. 3x10® metre per second.

Note that, the bodies moving with the speed comparable to ¢ are dealt with the relativis-
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tic approach. Different properties of the macro and microscopic particles/objects shown in
Fig. 1.1 have been understood under the two cornerstones of Physics, i.e. the Classical and
Quantum Mechanical theories, respectively. The systems which are manifested under the
classical approach possess certain properties and distinguishable behavior under different
circumstances. On the other side, the corpuscles and their interactions with the other sub-
atomic particles which are very difficult to observe are discussed on the basis of probability
under the shed of Quantum Mechanical (QM) laws.

Quantum Physics based on the probabilistic analysis has opened up many fields, discussing
about the problems related to the matter in solid state, molecules, atoms, nuclei, subatomic
particles and their related phenomena. Specifically, in the field of Nuclear Physics, the con-
cept of quantum tunneling effect had been originated with the discovery of radioactive decay
by Henri Becquerel in 1896 [1]. In contrast to the laws of Classical Mechanics, the quantum
tunneling effect illustrated the possibility of crossing the potential barrier by the nucleus
or nucleons possessed with sufficient kinetic energy. On the basis of this conceptual idea,
the researchers had provided numerous mathematical formalism based on QM to study the
nucleus, its structural properties, and variety of nuclear reaction mechanisms, like nuclear
fusion, fission, elastic and inelastic scattering, direct reactions, etc. which take place at dif-
ferent scale of energy. All these studies related to the nucleus and its constituent particles
are very difficult and complicated to compile in a single frame. Therefore, the models and
theories developed to comprehend the nuclear structure, reactions dynamics, finite/infinite
nuclear systems, nucleo-synthesis, etc. are categorized as specific fields of Nuclear Physics.
In the present thesis, the main motive is to study the nucleus-nucleus interactions, taking
place at the low-energy regime, and understand the role of different nuclear properties in

the reaction dynamics. The relevant discussion is provided in the following section.

1.2 Nucleus-nucleus interaction at low-energy

To study nucleus-nucleus interaction, the famous scientist Ernest Rutherford in 1917 had
made an attempt to empathize the nucleus and its interaction with another one via a trans-
mutation process. He had directed the beam of alpha-particles (or Helium-4 nuclei) on

Nitrogen-14, which in turn, scattered Oxygen-17 and Hydrogen nuclei [2]. A successful ex-
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Figure 1.2: A schematic diagram for Nuclear force of interactions between subatomic parti-
cles. The energy ranges provided are categorized to study different interactions
between subatomic particles at the scale of few fermi.

periment of artificial nuclear reaction had encouraged the researchers to work on different
combinations of nuclei, in order to comprehend various nuclear properties and discover new
elements of the Periodic Table. With the course of time, it has been analyzed that, the mass
and charge numbers of nuclei are the basic information in determining the nuclear radius,
density, volume, binding energy, angular/spin momenta, etc. On the basis of these static
properties, the influence of attractive/repulsive forces has been explored. Likewise, in the
collision of two positively charged nuclei, the Coulomb force shows repulsive behavior. Due
to the angular momenta of colliding nuclei acting in the outward direction, the centrifugal
force comes into picture and shows repulsion between them. The existence of these repulsive
forces would never allow the interaction and binding between two nuclei. Here, a simple
question arises that which force binds the two or more nucleons/nuclei together and what
are its limitations? To answer this question, the researchers named this force as strong
force, which is known to be “the strongest force” amongst all the fundamental forces. It
lasts over a very small distance of about few quadrillionth of a meter. That means, it has
saturation property and comes into existence for those interactions, which take place at the

scale of few fermi.




1.2 Nucleus-nucleus interaction at low-energy 6

For the interactions between nucleons taking place at a distance of about 1 fm, the nuclear
force comes into picture, which in result binds the nucleons and forms a nucleus comprised
of neutrons and protons. The information regarding this force was initially tested for the
bound state of a nucleus, which is possible due to exchange of meson (or muon) particles
between the nucleons. Therefore, the meson particles which had been predicted by Hideki
Yukawa in 1935 [3] and later discovered by Carl Anderson and his student Seth Nedder-
meyer in 1936 [4| are known to be the nuclear force carriers. The exchange of mesons, which
takes place within a very short-range of distance (=~ 107'® m), illustrates the saturation
property of nuclear force. Also, the physicists had analyzed the influence of nuclear force
between two nuclei, when they are in the close proximity region of about 2 fm. Such in-
teractions may lead to different nuclear processes, like Compound Nuclear (CN) reaction
and non-Compound Nuclear (nCN) reactions [5-10]. For convenience, a schematic diagram
for the above said interactions related to the strong and residual strong force (or nuclear
force) is shown in Fig. 1.2. In studying the reaction dynamics of subatomic particles, the
beam energy (Ejpeqnm) of incident particles is classified as: (1) Epeann > 1 GeV /nucleon, (2)
100 < Epeam < 1 GeV/nucleon and (3) Epeam < 15 MeV /nucleon, also shown in Fig. 1.2.
On the basis of these energy regimes in the field of Nuclear Physics, the related research has
been done differently and categorized as High Energy, Intermediate Energy and Low Energy
Nuclear Physics, respectively. In the present thesis, the main focus is to discuss about the
nucleus-nucleus interactions which are leading towards the CN reactions, occurring in the
low-energy regime.

With the advent of nuclear reaction, the researchers have considered this process as a probe
to understand the role of nuclear forces for a variety of projectile-target (P-T) combinations.
Important to mention that, in the present work, the heavy-ion nuclei are taken as the beam
of incident particles and fixed target nucleus to study CN reactions. The interaction be-
tween selected choices of P-T combinations may form an intermediate nuclear entity, known
as compound nucleus and the process is named as Compound Nuclear reaction. In CN
process, the projectile nucleus should possess sufficient kinetic energy and share its nucleons
and energy with the target in the propinquity region. In 1936 [11], N. Bohr proposed the
compound nuclear theory of nuclear reactions. He assumed and later evidenced through
experiments that, the formation of a compound nucleus is considered as an intermediate

stage of two-step process:
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1. Projectile nucleus + target nucleus — Compound nucleus*

2. Compound nucleus* — Product nucleus + outgoing particle.

The formed compound nucleus possesses a high value of angular momentum and excitation
energy. Transferring of nucleons and energy among two nuclei takes a very small time (of
about 10722 sec), as compared to the life (=~ 1071% sec) of compound nucleus in its excited
states. For an illustration, if the incident particle travels with the speed of about 107 m/s,
and for sharing the nucleons, the particle has to reach into the target nucleus whose diameter
is of the order of 107 m, therefore the reaction time taken for the amalgamation of incident
projectile and target nuclei will be of the order of 1072! sec (i.e. diameter of target/speed of
incident projectile). Since the CN life time scale in its excited state is much larger than the
reaction time, one can figure out the formation possibility of a new nuclear entity through
the heavy-ion induced reactions. The above idea had inspired the physicists to analyze
the fusion possibility between different choices of colliding nuclear partners and later the
disintegration of formed nucleus into binary fragments. This way, the researchers have put
their efforts in synthesizing the new isotopes, lying either nearer or far away from the (-
stability line, at the low energy regime.

In earlier times, it was understood that, the fusion process was more preferable among the
projectile-target of light-mass nuclei (lighter than or equivalent to Iron and Nickel elements),
because the existence of nuclear force between small sized nuclei overcomes the Coulomb
force. On the other hand, in the heavier mass nuclei, there are large number of protons
which cause significant effect of Coulomb repulsion between them, and subsequently such
nuclei become more fissile. Nowadays, with the help of highly-advanced technologies, the
artificial production of elements in different mass-region has become possible. In other
words, one is able to determine the fusion cross-sections even at the scale of pico-barn
(107!2 b) over a wide range of beam or center of mass energies [12]. Henceforth, a variety
of formed CN in an excited state de-excite to the stable state either by emitting similar or
different fragments. The disintegration of excited CN occurs with the effect of temperature
(or excitation energy), rotational motion, nuclear shape configuration (deformation and
orientation) etc. These intrinsic nuclear properties give a comprehensive knowledge for the
occurrence of different nuclear decay mechanisms, viz. light-, intermediate-, heavy-mass

fragment emission and fission process. These competing phenomena followed by the CN
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process are also referred as different scenarios for obtaining new elements, which are further
harvested for the fundamental understanding related to various nuclear properties and the
associated applications in diverse areas such as radiation, astro physics, medical and health
sector, etc. To study the heavy-ion induced compound nuclear reactions at the low-energy
regime, the theoreticians have developed numerous models and theories, and found the total
interaction potential as the basic term to have a comprehensive knowledge over the reaction

dynamics and associated nuclear properties.

1.3 Theoretical models to study heavy-ion collisions

The term total interaction potential is considered as a basic ingredient and, it is comprised
of the Coulomb potential (V¢), centrifugal potential (V;) and nuclear potential (V). For
convenience, a schematic diagram which shows the behavior of total and contributing po-
tentials with the variation of separation distance (R) between two nuclei, acting along the
collision axis, is shown in Fig. 1.3. One may note from this figure that, the repulsive profiles
of Coulomb and centrifugal potentials with respect to R are well established for varieties of
projectile-target combinations. Important to mention that, there can be relative change in
the magnitude of Vi and V,. On the other hand, due to uncertain nature of interactions
involved within the colliding nuclei, the theoreticians have given different relations of nuclear
potential to define various nuclear properties. In 1930s, H. Yukawa had given a potential,
which is labeled after his name, and its exponentially decaying profile generally used to
study the nucleon-nucleon interactions [3]. Later, in the mid of 1950s, a first semi-empirical
relation of nuclear potential had been developed by R. D. Woods and D. S. Saxon [13]. This
Woods-Saxon nuclear potential gives a depth at the short-range distance, then monotoni-
cally increase and becomes flat at larger value of separation distance. Besides, it is believed
that, for the formation of a compound nuclear system, the projectile nucleus should get
captured by the target forming intermediate equilibrated CN state. On the basis of this,
the theoreticians had defined the nuclear potential of gaussian distribution representing bell
curve in the inverted form, or one can say gaussian potential well which represents the
deep pocket of nuclear potential, for convenience see the dash-dot line of nuclear potential

in Fig. 1.3. Analogous to the gaussian potential, various approaches had been given like




1.3 Theoretical models to study heavy-ion collisions 9

Compound  Proximity Separated
nuclear system  region nuclei

‘ ‘ ﬁ Above barrier

region

\ Coulomb barrier

Below barrier
Region
(Classical forbidden region)

\\ Total interaction potential, V; (R)

===~ Centrifugal potential, V, (R); £ =0
**=. Coulomb potential, V. (R)

Nuclear potential, Vy, (R)

Total and contributing potentials —

) '/'
\y

Separation distance, R (fm) —

Figure 1.3: A schematic diagram of repulsive potential (Coulomb potential Vi, centrifugal
potential V;), attractive potential (nuclear potential V) and total interaction
potential, as a function of separation distance R (fm).

Energy Density Formalism (EDF) [14-21], double-folding method [22, 23| and phenomeno-
logical models [24-28|, etc. In the present work, the nucleus-nucleus interaction potential is
derived using the EDF approach. For comparative analysis, the nuclear potentials obtained
from the phenomenological approaches are also employed. A brief description of EDF based

nuclear potential is given in the subsection below.

1.3.1 Skyrme Energy Density Formalism

In 1965, Kohn and his co-workers had developed the Energy Density Formalism [14-21| and
according to this theory, the total energy of fermions can be defined as a function of nu-
cleon density [14]. This approach has turned the complicated calculations into the simpler
ones and many authors were able to define several nuclear properties. Later, based on EDF
approach, D. Vautherin and D. M. Brink had derived the nuclear potential in terms of the
nuclear binding energy with the use of Hartree-Fock (HF) method for the spherical [29] as
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well as deformed cases [30]. These HF based calculations were carried out using the Skyrme
force parameters, which reproduce the experimental binding energies and nuclear radii for
closed shell nuclei. The concept of Skyrme force, based on some parameters, had been
introduced by the British physicist T. H. R. Skyrme [31-34]. With the advent of Skyrme
force parameters, the researchers had employed these parameters within the energy den-
sity formalism as algebraic function of the nucleon density p, kinetic energy density 7 and
spin-orbit density J functions [29,30]. Later on, in order to derive the nuclear interaction
potential between two colliding nuclei, Brink and Stancu had stated in Ref. [35] that, the
difference in the expectation energies of interacting nuclei and infinitely separated nuclei
defines the nucleus-nucleus interaction potential. Thus, in the Skyrme Energy Density For-
malism (SEDF), the Hamiltonian used to derive the potential is basically a function of p, 7
and J terms. In the earlier studies [29,36-39], these terms had been obtained through the
microscopic approaches, e.g. Hartree-Fock approximations [29]. On the basis of HF method,
the nuclear density, kinetic energy density and spin-orbit density terms were obtained via
the Slater determinant [39]. Such approaches are good in studying the nuclear structure
properties of a finite nuclear system. However, while dealing with the nucleus-nucleus in-
teractions or heavy-ion collisions, the calculations done using the microscopic approach
become complicated and require lots of computational efforts. To overcome this difficulty,
the researchers had opted the semiclassical approach to work on the heavy-ion collisions.
According to the semiclassical approach, one can obtain the nuclear density profile on the
basis of electron-scattering experiment data [40] and kinetic-energy and spin-orbit density
terms through the extended Thomas-Fermi approach (ETF) [41-44], to be discussed in the
following paragraphs.

The density of a nucleus defines the mass distributed over a small volume (fm?). In other
words, the nucleus with the size of approximately few fm residing at the center of an atom
possesses very high density of about 10*” kg/m3. This density remains constant for a while
and decays abruptly at the edge of the nucleus, as shown in Fig. 1.4; that means the nucleus
is not a hard core entity. Basically, the distribution of nucleons within the nucleus helps
in defining the central density (pp) and tail region of the nuclear density. The researchers
have suggested numerous mathematical approaches [40,45-50], which are addressed in ref-
erence to the experimental results, for defining the density distribution normalized to the

total number of nucleons residing within the nucleus. Initially, in 1929, N. F. Mott had illus-
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Figure 1.4: The nuclear density distribution p (fm™3) shown from center to the edge of a
nucleus (e.g. '00) illustrates the central density ‘py’, half-density radius ‘Ry’,
skin thickness ‘¢’ and surface diffuseness ‘a’ parameters.

trated about the nuclear size through the electron scattering from the atomic nucleus [51,52].
Later, the information regarding the finite size were treated under the Born approximation
given by Guth [53] and individually by Rose in 1948 [54]|. Thereafter, in 1950 [55], L. R. B.
Elton had provided the exact calculations of finite size, which was extended by Hofstadter
and Stanford [56,57]. Besides, the experimentalists Lyman, Hanson and Scott observed
the finite size of light-mass nuclei effects at Illinois in 1955 [58]. However, for medium and
heavy-mass nuclei, the concept of Born approximation was not enough [59]. Therefore, the
smoothed variation of Fermi type function of two-parameter was introduced for defining
the nuclear size and related terms, e.g. surface thickness and diffuseness factors, through a
radial function density (p(r)) term. Also one can see a typical behavior of nuclear density
calculated using the Fermi model [60] for '°O in Fig. 1.4.

Based on the electron scattering experiment data, the two-parameter Fermi (2pF) model
gives the quantitative information regarding the nuclear density distribution. The Fermi
density p (fm~3) depicted in Fig. 1.4 is a radial function and shows central density py of
nucleus core, which remains constant over a distance and then falls suddenly. From this dis-

tribution, one can extract relevant information related to the nuclear size like half-density
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radius Ry (the distance corresponds to the half of pg), surface thickness ¢ (the distance at
which p falls from 0.9p9 to 0.1pg) parameters. In Refs. [55,61], the authors have compared
the 2pF density function with the self-consistently determined nuclear densities. Impor-
tant to mention here that, in the heavy-ion collisions, the surface part of colliding nuclei
play prime role which is defined through the tail region. In Ref. [61], it has been observed
that the self-consistently calculated densities are similar to that of the Fermi density in
the surface/tail region of the density. Thus, the use of Fermi density is justified to study
the heavy-ion collisions. Apart from 2pF density function, the physicists had also given
three-parameter density functions, e.g. three-parameter Fermi (3pF) and three-parameter
Gaussian (3pG) density functions. In the present work, I have considered the two- and
three-parameter density functions to analyze the relative change in the tail region of nuclear
densities and corresponding influence in the reaction dynamics.

Further, for determining the kinetic energy 7 and spin-orbit density J terms, the authors
Grammaticos and Voros [43,44] had given the expressions for 7 and J terms as a function
of nuclear density in terms of A unit, within the framework of extended Thomas-Fermi ap-
proach (ETF). This exercise had given a semiclassical approach in determining 7 and J
terms, which further help in deriving the Skyrme Hamiltonian density functions for heavy-
ion collisions. With the aid of semiclassical approach within the Skyrme Energy Density
Formalism, the total energy of a system becomes the function of nuclear density alone. For
determining 7(p) and J (p), one can introduce the exchange effects via the density approxi-
mations. In literature [62-64|, different kinds of density approximations have been discussed
and taken into consideration to understand the amalgamation process between two collid-
ing nuclei. The sudden and adiabatic density approximations are the most commonly used
faster and slower processes, respectively, for the consolidation of two nuclei into one another.
For an illustration, if the kinetic energy (or relative average velocity ~ 107 m/s) of the pro-
jectile is about 1 MeV per nucleon, then the time of collision is of the order of 2x1072% s,
provided the interaction should take place at a separation distance of 2 fm. This time scale
is smaller than the period of relaxation for projectile nucleus to get fused into one another.
For such situation, the sudden density approximation is considerable [65-69]. On the other
hand, the adiabatic density approximation refers the relatively slow approach and allows a
continuous exchange of energy between two colliding nuclei for complete amalgamation of

projectile into target nuclei [66,68]. On the basis of above discussed density approximations,
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one can observe the corresponding change in the behavior of nuclear potential. Along with
the sudden density approximation, many authors have adopted other alternative ways of
adding nuclear densities, like frozen, modified-sudden and relaxed-density approximations,
and employed within the SEDF and phenomenological based potentials to observe the cor-
responding influence in fusion dynamics [28,65,67,69,70]. In the present thesis, the effect
of above mentioned density approximations has been studied for the heavy-ion induced re-
actions and discussed the related results in the Chapter 3 of the present thesis.

So far, I have discussed about the nucleus-nucleus interaction potential which is obtained
through the semiclassical approach of Skyrme Energy Density Formalism using the ETF
method. It is noteworthy that, for addressing the nuclear properties of a large variety of
nuclei which are lying nearer or far away from the g-stability line, many authors have given
different sets of Skyrme force parameters [35,45,71-78]. In the present work, different choices
of Skyrme forces have been taken into account and analyzed their importance in studying the
heavy-ion induced reactions at the low-energy regime. Also, the phenomenological model,
i.e. nuclear proximity theorem [24] and Woods-Saxon approach [28], based potentials are
considered and compared with the SEDF based potential for different projectile-target com-
binations. Further, the addition of nuclear potential with the Coulomb and centrifugal
potentials gives the Coulomb barrier, see in the schematic picture of Fig. 1.3. In other
words, the fusion threshold barrier (or Coulomb barrier) opposes the amalgamation of two
positively charged nuclei owing to mutual repulsive Coulomb and centrifugal potentials. If a
projectile nucleus has sufficient kinetic energy, it may overcome/penetrate the barrier posed
by the mutual interaction of colliding partners and a new nuclear entity may be synthesized.
As it is known that, the nuclear structure effects play a prominent role at the below bar-
rier energies. However, these effects start disappearing at the above barrier energies due to
dominant behavior of centrifugal potential over the nuclear proximity potential. Therefore,
the interaction between two nuclei may lead to the formation of a compound nucleus along
with the other competing nuclear decay mechanisms at different range of incident energies,
lying across the Coulomb barrier. Also, it has been analyzed by many theoreticians that, the
fusion barrier characteristics (barrier position Rp, barrier height Vz and barrier curvature
hwpg) are sensitive towards the mass/charge number, deformation, orientation, excitation
energy, angular momentum, etc. In the present work, I intend to examine the importance

of quadrupole and octupole deformed nuclei, in reference to the spherical shapes, in the
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fusion-fission dynamics. The relevant role of excitation energy, angular momentum etc. is
duly addressed.

In the formation and disintegration of an excited compound nuclear system at the low-
energy region, the nuclear surface interactions take place, therefore the outer surface shape
of colliding nuclei plays a very crucial role. The shape of a nucleus in its ground state can
be spherical or deformed. In general, the doubly magic nuclei in which neutron and protons
shells are completely filled are spherical. As the nucleons are added beyond the magic num-
ber, it causes a long-range correlation and the nuclear shape starts deviating from spherical
configuration. In Fig. 1.5(a), the number of protons (Z) and neutrons for isotopes lying
near and far away from the N = Z line are shown on the horizontal and vertical axes,
respectively. In this figure, the color mapping represents the value of static quadrupole (/)
deformation of different signs i.e. + /-, along with the spherical nuclei. As per the Nuclear
Data Table of ground state deformations of Mdller et al [79], the spherical nuclei and prolate
nuclei (85 > 0) of rugby ball shape are found as the most abundant nuclei in this island of
nuclides, in comparison to oblate nuclei (55 < 0) of disc shape.

Note that, in the present work, the nuclear shapes considered are axially symmetric shapes
and colliding in a plane. To give the evidence of deformed shapes, the researchers have
used the Coulomb excitation process as a tool to measure the electric transition probabil-
ities [80-85]. Amongst all the deformed shapes of different order (Sy—234), the shapes e.g.
quadrupole f5 and hexadecapole 5, deformed nuclei possessing symmetry around the axial
and reflection axes are the most commonly observed nuclei [86-94]. However, it is very
difficult to give the evidence of axial-symmetry and reflection-symmetry breaking shapes
(pear shapes). In other words, the symmetry-breaking pear shapes of nuclei are very rare.
With the consistent efforts and advancements in the technologies, the researchers were able
to experience the existence of octupole deformed pear-shapes (up to f3) nuclei. In litera-
ture [83,95-100], there are very few experimentally observed fs-deformed nuclei, and limited
cases are reported for proton numbers (Z) = 34, 56, 86 and 88 and neutron numbers (N) =
34, 56, 88, 134 and 136. The presence of octupole deformation in a nucleus enhances the nu-
clear Schiff moments, which in turn, influences the Electric Dipole Moments (EDMs). Thus,
the octupole deformed nuclei are important in obtaining the permanent EDMs [83, 101].
Also, in the nuclear fusion process, the non-zero EDMs in one of the fusing partners (i.e.

1604221Ra) show remarkable impact on the fusion barrier and sub-barrier cross-sections [84].
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Figure 1.5: (a) The numbers of proton Z and neutron N of nuclei belonging to different
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In the present thesis, the importance of nuclear deformations in nuclear fusion-fission mech-
anisms has been discussed for octupole deformed nuclei, in comparison to the quadrupole
deformed and spherical shapes of colliding nuclei. From Fig. 1.5(b), one can see that, most
of the octupole deformed nuclei fall away from the N = Z line. In this figure, the color
mapping represents the difference in the magnitude of 55 and Bgﬁ deformations. In order to
analyze the importance of magnitude as well as + /- signs of S3-deformation in the synthesis
process, the octupole deformed nuclei are categorized as: (1) for |35 — [8F] > 0 and (2)
|B5| — | 35| < 0 cases, the related octupole deformed nuclei are called as soft- and rigid-pear
shape nuclei. In the present thesis, the importance of ‘elongated or cold’ and ‘compact or
hot’ configurations of the above said pear-shapes has been explored.

Like deformation degree of freedom, the orientation of a deformed nucleus relative to the
spherical or deformed colliding nuclear partner also plays important role to study the com-
pound nuclear reactions at the low energy. For the synthesis of heavy and superheavy
elements, either of the two nuclear mechanisms, namely hot and cold fusion processes are
used [12,102-105]. These fusion phenomena have been described successfully when either one
or both of the colliding nuclear partners are deformed [106-109]. For such kind of target-
projectile combinations, the fusion barrier extracted from the total interaction potential
depends on the deformation and orientation of deformed nucleus relative to the colliding
nuclear partner (spherical or deformed). As an illustration, the lowest barrier height and
largest interaction distance between the colliding nuclei exhibit the polar orientation (6=0°
or 180°) of a prolate nucleus, and leads to the cold fusion process. On the other hand, the
highest barrier height and smallest interaction distance related to the equatorial orientation
(0=90°) of 35 leads to a hot fusion process. The theories explained to illustrate the concept
of hot and cold fusion processes are developed on the basis of uniquely fixed or optimum
orientation (6,,:) for quadrupole deformed nuclei [110-113|. These orientations depend on
-+ /- signs of By deformation. As a consequence, an enhancement is observed in fusion prob-
ability of heavy/superheavy nuclear systems [114-122]. In addition to the above analysis,
the impact of reflection symmetry-breaking pear shapes of octupole deformed nuclei needs
further exploration in nuclear fusion-fission kinds of processes. In view of this, I have worked
on 6,y which define both the cold and hot fusion configurations of octupole deformed nuclei.
Therefore, in our recent work [123], it has been observed that, the octupole deformed nu-

clei which distort the spherically symmetric or quadrupole deformed nuclei into pear shape




1.3 Theoretical models to study heavy-ion collisions 17

significantly modify 6,,, in reference to that obtained for fs-deformed nuclei in [110]. Fur-
ther the corresponding influence of the above mentioned nuclear shapes and their related
orientation effects in nuclear fusion-fission dynamics [124,125] has been discussed in detail

in Chapters 5, 6 and 7.

1.3.2 Wong model and its extended version

The heavy-ion collisions at the low-energy regime may lead to the formation of a com-
pound nuclear system and subsequent decay mechanisms. The total interaction potential,
comprised of Coulomb, centrifugal and nuclear potentials, is considered as a basic and impor-
tant tool to understand the compound nuclear reaction dynamics. In order to determine the
possibility of formation and subsequent decay dynamics, the details of fusion barrier charac-
teristics (barrier position Rp, barrier height Vp and barrier curvature hwg) extracted from
the total interaction potential are required. These barrier parameters get influenced under
various factors, like deformation, orientation, angular momentum, temperature/energy etc.
Also, one can notice the barrier modifications due to different choices of nuclear potentials
derived either through phenomenological model or SEDF approach, various nuclear density
approximations and relative change in the tail region of nuclear density due to two- and
three-parameter density function. Further, the role of above said factors can be observed in
terms of the fusion cross-sections (o,s), for a wide range of incident energies lying across
the Coulomb barrier, calculated using the Wong formula given by C. Y. Wong in 1973 [126].
On the basis of scattering and partial wave theory [127], the researchers had given a formula
to calculate the total reaction cross-sections. Based on this relation, Wong had obtained
a simple analytical expression by approximating the interaction barriers using the inverted
Harmonic Oscillator. As a consequence, the formula for oy, as a function of Vz, Rp,
and fiwp has been obtained for ¢*"-partial wave. Also, Wong had conducted ¢-summation
under several approximations, which uses the ¢ = 0 case or s-partial wave barrier charac-
teristics [126]. Further, in [128], the f-summations has been performed explicitly by the
authors and renamed the procedure as extended /-summed Wong model. The fusion cross-
section determined using this extended version of the Wong formula is expressed in terms of
quantum-mechanical transmission probability for the /**-partial wave. In the calculation of

O fus via extended f-summed Wong model, the values of £,,,, are obtained using the sharp
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cut-off model [129] for the above barrier energies and extrapolated for the below barrier
energies. The calculated values of fusion cross-sections over a wide range of center of mass
energies (E., ) for the considered choices of projectile-target combinations are compared
with the available experimental results. With this comparative analysis, one can observe
the significance of deformations, orientations and other factors for energies lying below, near
and above the Coulomb barrier. Also, the fusion hindrance phenomena can be studied using
different choices of Skyrme force, density approximations and density distribution functions
especially at the sub-barrier region. Important to mention that, to deal with the fusion
hindrance phenomena, an extra energy is required to fuse the colliding nuclear partners and
is called as the extra-push energy. In view of this, many authors have implemented this idea
and analyzed the influence of different factors, such as channel-coupling effects, dynamical
deformations and phenomenological model, which in turn provides extra-push energy at be-
low barrier region to address the fusion hindrance [130-135].

After investigating the fusion possibility among variety of projectile-target combinations,
the formed CN in an excited state decays generally via the binary fragments. The models
and theories adopted to understand the probability of possible decaying fragments from the

equilibrated CN is discussed in the following section.

1.3.3 Quantum Mechanical Fragmentation Theory

The behavior of a nucleus analogy to an incompressible liquid was proposed by George
Gamow [136]. Due to the collective effect of nuclear intrinsic properties, the competition
between the cohesive nuclear force and repulsive Coulomb force leading towards the fission
process of excited compound nuclei was partially illustrated on the basis of the liquid-
drop model (LDM). Further with the use of this model, the nucleons were assumed to be
distributed uniformly, however the obtained results were not so satisfying especially for non-
magic nucleons or valence particles. In other words, there was discrepancy of shell effects
which define nucleon distribution in an adequate manner. In view of this, the researchers
initiated with the one-center shell model with the use of Nilsson Oscillator potential [137].
Later for highly deformed nuclei, Maruhn and Greiner had given Asymmetric Two Center
Shell Model (ATCSM) [138-141] and developed potential for protons and neutrons moving

in separate shells. In this model, the microscopic part of the potential had been obtained
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with the use of Strutinsky method employed for determining the shell-correction energy,
defined as the difference between the single particle energy obtained for the shell quantal
distribution of nucleons and uniformly distributed nucleons [142]. On the other side. the
macroscopic part in the potential developed on the basis of ATCSM has been obtained via
LDM of Myers and Swiatecki [143]. The above approaches are employed mainly to deter-
mine the potential energy surface. For full dynamical study of excited Compound nucleus
de-excitation, the co-ordinates of mass- (14) and charge-asymmetry (1) parameters should
be introduced and has been incorporated in the dynamical fragmentation theory, or re-
ferred as the Quantum Mechanical Fragmentation Theory (QMFT) [144,145|. The theory
developed on the collective degrees of freedom, i.e. relative separation distance, nuclear
deformation, orientation, neck-length parameter, mass- and charge-asymmetry parameters,
has been given as a unified description of the two-body channels for illustrating different
nuclear mechanisms at the same platform [146, 147].

On the basis of QMFT, one can analyze the dynamic effect of n4 and 7z co-ordinates in
terms of the mass and charge distribution of binary fragments decaying from the heavy-mass
Compound nucleus, by solving the Schrodinger equation as a function of these co-ordinates.
Here, the probability of formation of the possible binary fragments/clusters is estimated
at the CN state. Further, the preformed clusters can penetrate through the interaction
potential developed between two fragments at a fixed turning point. With the use of the
neck-length parameter AR, which is the only parameter of this collective clusterization
approach or Dynamical Cluster-decay Model (DCM), one can fix the turning point of the
barrier penetration. The probability of pre-born fragments is termed as preformation prob-
ability Py and shows inverse trend from that of fragmentation potential. On the basis of
these conceptual ideas, the authors have spent many years and given rigorous efforts in
understanding the disintegration of excited CN in terms of cross-sections, mass/charge dis-
tribution or yields, with the effect of static/dynamic nuclear deformation and orientation,
shell-effects, temperature, angular momenta, etc. [148-152]. In the present thesis, the be-
havior of mass and charge distributions has been understood for different choices of the
nuclear potentials obtained using different sets of Skyrme force parameters [74]| within the
semiclassical approach of SEDF [125,153]. The above analysis has been discussed for the
disintegration of light- and heavy-mass isotopes of actinide (i.e. Thorium) at the low values

of excitation energy [125].
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1.4 Motivation of the work

[ am interested to study (i) the formation of an exotic compound nuclear system, which
is formed in an excited state via the heavy-ion collision process, and (ii) subsequent decay
mechanisms such as fission process. For the above analysis, the nucleus-nucleus interaction
potential is known to be the basic tool to understand the fusion possibility between the
considered choices of projectile-target (P-T) combinations and possible binary fragmenta-
tion analysis of the formed nuclear entity. Unlike Coulomb and centrifugal potentials, the
study of nuclear potential for variety of colliding nuclear partners is the main concern. In
the present work, the semiclassical approach of Skyrme Energy Density Formalism (SEDF),
which gives effective nuclear interaction potential, is used to study the heavy-ion induced
reactions. The employment of different sets of Skyrme force parameters within SEDF help
in addressing the nuclear properties of nuclei belonging to different mass-region.

Here, the semiclassical SEDF approach based nuclear potential expressed in terms of the
Skyrme Hamiltonian density function depends on the nuclear density p, kinetic energy den-
sity 7 and spin-orbit density J terms. The 7 and J obtained within the framework of
extended Thomas-Fermi approach (ETF) are also density dependent terms. This motivates
to understand the exchange and non-exchange effects among the two colliding nuclear part-
ners, via the density approximation. In the present work, different density approximations:
sudden, modified-sudden, frozen and relaxed-density approximations, have been employed
within the SEDF and phenomenological based potentials. The corresponding effects have
been observed on the fusion barrier characteristics and subsequently on the fusion cross-
sections, at below, near and above the Coulomb barrier energies, for the considered P-T
combinations. In addition to this, the relative change in the tail region of density profile,
due to two- and three-parameter density functions, shows respective modifications in the
fusion dynamics. This analysis prompts in making a better choice of density distribution
function for addressing the fusion hindrance phenomena of the mass-symmetric and asym-
metric nuclear partners. Also, the calculated fusion cross-sections using the Wong formula
and its extended version are compared with the available experimental data, for the inci-
dent energies lying across the Coulomb barrier. Such comparative analysis motivates to
empathize the importance of nuclear structure effects in the sub-barrier region.

In addition to above, the incorporation of deformations (up to f3) and orientation effects
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within the SEDF and phenomenological based potentials aids to understand the significance
of symmetry-breaking pear shapes in the nuclear fusion as well as the decay mechanisms, as
compared to the spherical-symmetry nuclear shapes. In other words, the optimized orien-
tations corresponding to the ‘elongated’ and ‘compact’ fusion configurations of pear-shape
octupole deformed nuclei may illustrate the production possibility of new elements and help
in extending the periodic-table. Also, the mass- and charge-distributions of formed com-
pound nuclear systems have also been examined by including deformations (up to f3) and
related optimum orientations effects within the Dynamical Cluster-decay Model (DCM),
which is based on the collective clusterization approach of Quantum Mechanical Fragmen-
tation Theory (QMFT). Also, in the above analysis, the role of different Skyrme forces has
been analyzed via the mass and charge dispersion of light- and heavy-mass isotopes of ac-
tinide, at the low excitation energies.

To give a systematic detail on the above said ideas regarding the formation and disintegra-
tion of exotic compound nuclear systems formed via the heavy-ion induced reactions, the

present thesis is categorized according to the following mentioned objectives:

e The effect of different density approximations for compound nuclear systems within
the framework of SEDF. It is proposed to study heavy-ion induced reactions using

phenomenological and SEDF based potentials.
e The relevance of different Skyrme based potentials in reference to fusion-fission process
e The role of nuclear deformations in context of reaction dynamics
e Comparison of theoretical results with available experimental data and possible pre-

dictions for future experiments

The organization of present thesis on the basis of above said objectives is discussed in the

following section.

1.5 Organisation of Thesis

The present thesis is organized as follows:

In Chapter 2 of Methodology, different density distributions and approximations are em-
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ployed within the semiclassical approach of Skyrme Energy Density Formalism (SEDF).
Thus, the effective nucleus-nucleus interaction potential obtained due to the SEDF approach
as a constituent term of the total interaction potential helps in determining the probability
of fusion between the considered choices of projectile-target combinations and relevant idea
of decaying fragments. To understand the role of nucleus deformed shapes and their rela-
tive orientation in the compound nucleus formation and related decay mechanisms, these
degrees of freedom, i.e. deformation (taken up to f3) and orientation are introduced within
the SEDF approach through the nuclear radius vector. Subsequently, the collective effect
of barrier characteristics can be examined via determining the fusion cross-sections using
the Wong formula and the mass (and charge) distributions of formed nuclear entity via the
collective clusterization approach.

Chapter 3 discusses about different density approximations, which illustrate different ways
of adding the projectile-target densities for obtaining the compound nucleus density. These
density approximations have been introduced within the Skyrme Hamiltonian density terms,
which in turn, help in determining the fusion barrier characteristics. For the above analysis,
the Ni-based reactions are taken into consideration and obtained the fusion cross-sections,
depending on the barrier parameters, across the Coulomb barrier energies.

In Chapter 4, the idea is to explore the relevance of different density functions in the
formation of compound nuclei, formed from symmetric and asymmetric kinds of projectile-
target combinations. Here, the two-parameter Fermi (2pF), three-parameter Fermi (3pF)
and three-parameter Gaussian (3pG) density functions have been utilized within the SEDF
approach to study the fusion dynamics of **Ni-based reactions. In this chapter, one is able
to understand the significance of additional parameter, involved within the three-parameter
density functions, in fusion dynamics of above said projectile-target combinations. So far,
the analysis has been done for colliding nuclei of spherical shapes.

In Chapter 5, the influence of soft- and rigid-pear shapes has been explored, in reference to
the quadrupole deformed nuclei, at the uniquely fixed or optimum orientations, defining the
‘compact or hot’ and ‘elongated or cold’ fusion configurations. The results obtained with
the effect of quadrupole and octupole deformations and related optimum orientations are
discussed using the SEDF and phenomenological based potentials.

In Chapter 6, a detailed analysis of the fusion probability among the spherical-octupole

and quadrupole-octupole deformed pairs of colliding nuclei has been discussed in terms of
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fusion barrier and fusion cross-sections. In this chapter, the significant impact of pear-shape
nuclei has been illustrated over all the orientations, via integrating the fusion cross-sections
using the Wong formula. The results are discussed in reference to that of quadrupole defor-
mations and compared with the available experimental data of fusion cross-sections across
the Coulomb barrier energies.

In Chapter 7, an exercise has been done in order to analyze the possibility of octupole de-
formed fragments in the decay of light- and heavy-mass isotopes of Thorium, i.e.
222,224,226,228.230h*  To carry forward the above idea, the mass- and charge-dispersion of
chosen Th isotopes have been analyzed by including deformations (up to 3) and related
optimum orientation effects within the collective clusterization approach.

At the end, Chapter 8 gives a brief note on the work done in reference to the proposed ob-

jectives of the present thesis along with the future possibilities that arise from the established

results.
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Chapter 2

Methodology

2.1 Introduction

To study the fusion and subsequent decay mechanisms of compound nuclear (CN) systems
formed via heavy-ion induced reactions, the present chapter of Methodology briefs about
the methods and approaches defining the interaction potentials, probability of fusion among
colliding nuclei and subsequent decay of excited CN etc. For comprehensive understand-
ing of nuclear reactions, the nucleus-nucleus interaction potential plays important role and
the same is derived using the semiclassical approach of Skyrme Energy Density Formalism
(SEDF) [1,2] expressed as an algebraic function of kinetic energy density 7, spin-orbit den-
sity J and nuclear density p. With the use of this approach, one can understand different
ways of adding the nuclear densities of colliding nuclei to obtain the compound nucleus
density [3-9]. Also, the relative change in the tail region of density profiles (due to two
and three-parameterized density functions) shows corresponding effect on the fusion bar-
rier characteristics (barrier position Rp, barrier height Vg and barrier curvature hwg) and
subsequently on the fusion cross-sections (oy,s) for a variety of projectile-target combina-
tions [10]. Here, the of,s which represents the collective effect of Rp, Vi and hwp factors
is calculated using the Wong formula of s-partial wave [11] and its extended version which
takes into account the different partial waves via explicit summation of ¢-values [12], over a
wide range of incident energies (E.,,.) lying across the Coulomb barrier.

Further, the Dynamical Cluster-decay Model (DCM) [13, 14] is applied to probe various
decay mechanisms of CN formed in an excited state via heavy-ion induced reactions at
the low-energy regime (i.e. <15 MeV /nucleon). The model has been built on the collec-
tive clusterization approach of Quantum Mechanical Fragmentation Theory (QMFET) [15].
On the basis of QMFT, the fragmentation potential V'(n) which is comprised of micro-
[16-19] and macroscopic [1,2,11,20] terms is discussed in detail. Further, the preformation

probability, which is the solution of stationary Schrodinger equation in mass (and charge)
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asymmetry parameter, defines the possibility of preformed fragments within the compound
nuclear system. The preformed fragments start penetrating through the turning points and
corresponding penetration probability is estimated using the Wentzen-Krammers-Brillouin
(WKB) approximation [21]. Henceforth, with the collective effect of preformation and pen-
etration probabilities, one can obtain the decay cross-sections over wide range of center
of mass energy. As it is known that, the possible target-projectile combination forms an
excited compound nucleus, and subsequently disintegrates generally into binary fragments
under various conditions, such as excitation energy/temperature, angular momentum, de-
formations, orientations, etc. In the methodology, these factors are discussed to understand
their corresponding impact in the nuclear fusion and corresponding decay mechanisms.

The Chapter begins with the nuclear radius term, which is an input term of contribut-
ing potentials (nuclear, Coulomb and centrifugal) and cross-sections. Further, the detail
of nucleus-nucleus potential derived using the SEDF and phenomenological methods, along

with the long-range repulsive potentials is given.

2.2 Nuclear radius

The shape of a nucleus as an intrinsic degree of freedom participates in evaluating the
formation possibility of a compound nuclear system and subsequent fragments emission.
Mathematically, one can define different shapes (either spherical or deformed) of nuclei in

terms of the nuclear radius vector R;(c;), as given below [22-26|

Ri(ai, ¢i) = Roi |1+ Z BaiYy" (v, i) | (2.1)
Am
Ry; — radius of nucleus which is in the spherical equilibrium shape
a; = angle between radius Vector and symmetry axis
¢; — Azimuthal angle # 0 for non-coplanar case

= 0 for co-planar case
A= 2,3,4,..
— the quantum number corresponds to deformed shapes of different order

m = —\to A
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Co-planar Nucleus - | Nucleus - 11 (@)
Spherical-spherical .
combination Sp;ncal shape

Ry(0)=Rg; Ry(02)=Ry,
<€ .
X1(04, 1) So X5(0,, a5) Collision axis
= R01 = Roz
6, =0°%a; =180° ! ! 6, = 180°% a, = 360°
Spherical-deformed i : Quadrupole (5,) deformed (b)
combination N\ Ry(0g)
! Octupole (8,,55)
: 0, N deformed
Ry(0)=Ry; ¢ % ( \ \\\
Sy i Collision axis
X1(01, a1) E E X2(02, az)
Deformed-deformed Symmetry axes (C)
combination | ,
Ro(ay) ‘
) 62(\‘ -~
{ So ' Collision axis
; o2 :
X1(01,a4) X2(02, a;
Separation distance, R (fm)
R = Xl + X2+So

Figure 2.1: Geometrical representations of (a) spherical-plus-spherical, (b) spherical-plus-
deformed, and (c) deformed-plus-deformed pairs of colliding nuclei, lying in the
same plane. Note that, for deformed Nuclear I and Nucleus II, X;(0;, ;) =
Ri(cv)cosd;, i =1, 2; 6{32 =0, —ay, 5{32[33 = 180+6, —; and 6y = 180+ 605 — cs.
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— magnetic quantum number, m = 0 for axial symmetric shapes

Bri — the static deformation parameter [26]
20 +1
Y(a,0=0) = (4—+)P,\(cosoz); P, - Legendre polynomials.
m

Here, i = 1, 2 correspond to Nucleus I (projectile or fragment 1) and Nucleus II (target
or fragment 2), respectively. Important to mention that, I have worked on axial symmetric
shapes (m = 0) of two nuclei, colliding in a plane (¢; = 0). Apart from this, the term Ry,
corresponds to the radius of spherical equilibrium shape. Different models give different
expressions for Ry;, which are to be provided in the upcoming sections [10,27-29]. On
the basis of above relation, the importance of reflection-symmetry breaking pear-shapes
(with axial-symmetry) of octupole deformed (35) nuclei has been explored in the fusion-
fission nuclear mechanisms, in reference to the spherical and quadrupole deformed nuclei
[8,10,30-32]. The values of static deformations (up to 35) are taken from the Nuclear Data
Table of ground state deformations, given by P. Méller and his co-authors [26].

Additionally, in relation to the deformation parameter 3, the term quadrupole moment (),
is introduced [33-36], which is in relation to the experimental data of transition energies
B(E)) gave the evidence of nuclear shapes. Therefore, for a uniformly charged spheroidal

shape of a nucleus, the quadrupole moment @), as a function of (5, is given as |33, 35|

3 _
Qx = WZRSBA- (2.2)

Here, Z is the atomic number of the nucleus and Ry = 1.24'/3 fm. In the above expression,

By is a function of Bs, B3, Bi,....... deformation parameters. In the present work, /3y is taken

= 5 |4 8
62 = 52 + \/% [?522 + 1—5ﬁ§:| . (23)

Therefore, the quadrupole moment )5 as function of (5y) and (2, B3) reads as

3 5 [4 8
Q2(B2,83) = mZRS {52 + \/4: [?522 + 1—5ﬁ§] } and

T
3 [5 4,
B2 + EX§52

o A
@) = 2\ + 1)7TZR°

upto (3 as given below:

(2.4)
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Also, one can analyze the relevance of octupole deformation by taking difference of Q2 (s, 53)
and @Q2(52) terms, which depend directly on the S3-deformation, as given below

3 5) 8
Q2(B2753) - QQ(ﬁZ) = WZRS [ E X Bﬁg] . (25)

The Egs. (2.1)-(2.5) define the intrinsic degrees of freedom for individual nuclei. For nuclei
colliding in a plane, the related mathematical details will be discussed hereafter.

To study the formation and disintegration of compound nuclear system formed via heavy-ion
induced reactions, different pairs of projectile-target (P-T) combinations, which can either
be of spherical or deformed shapes, are taken into consideration. The geometrical repre-
sentations for spherical-plus-spherical, spherical-plus-deformed and deformed-plus-deformed
nuclei of P-T combinations are shown in Fig. 2.1.

For coplanar nuclei, the surface interactions take place at the minimum separation distance
so, determined by variety of iterative methods [37-39]. From Fig. 2.1, one can clearly see
that s¢ is parallel to the separation distance R(fm) between the centers of Nucleus I and
Nucleus II. It is equal to the distance between the two surfaces of colliding nuclei facing

each other along the collision axis, as given below
So — R—Xl(al,el) —XQ(CVQ,QQ). (26)

In the above expression, the radius X;(a;,6;) (here, i = 1, 2) is the projection of radius
vector R;(«;) (Eq.(2.1)) over the collision axis. The projected radii X;(ay, 6;) as function of
independent variables, i.e. 6; (angle between collision and symmetry axes) and «; angles,
are different for spherical, quadrupole and octupole deformed shapes as depicted in Fig.
2.1. For deformed nuclei, the orientation of symmetry axis 6; comes into existence and for
a given value of 6;, the value of a; can be obtained by minimizing Eq.(2.6) with respect to

a1 and as respectively for Nucleus I and 11, as given below

9% _ I0_,,
8@1 N 80./2_ '
Ry(v) Rlz(az).

= tan(d;) = and tan(ds) = — (2.7)

_Rl (041)
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In the above expression, R;(«;) is the first derivative of radius vector R;(a;) with respect to
Q.

With the detail of angles «; and 6;, one can obtain the radius of curvature R (the mean
curvature radius) which describe the geometry of two colliding curved surfaces. The product
of mean principal radii (R;;(a;) and R;s(«;)) obtained for Nucleus I and Nucleus II give the

inverse of square of mean curvature radius, as given below [37]

- (Sedalie) (e i)

P [(pdelltule) ) (Jaledtale) )T

(2.8)

Note that, the derivation regarding the principal radii of curvature R;(c;), Ri(;) are
provided in Appendixes A and B. The factor R gives the detail of nuclear geometry.

Based on the above said geometrical description for the two nuclear systems colliding in a
close proximity region (of about 2 fm), many authors were able to evaluate the nucleus-
nucleus interaction potential (Vy(R)), Coulomb potential (Vi(R)) as well as centrifugal
potential (V4(R)). The mathematical formulations related to Vy(R), Vo(R) and Vi(R)

potentials are discussed in the following sections.

2.3 Nuclear potential

As discussed in the Chapter 1, the nuclear force between two finite nuclei comes into existence
within the range of few fermi scale. Many authors had established numerous mathematical
formalisms for deriving the nuclear force in terms of potential energy as a function of sepa-
ration distance between two nuclear systems [proximity potentials, Woods-Saxon potential,
SEDF potential| [20]. Here, the nuclear potential energy is based on the “Proximity Force
Theorem”. On the basis of this theorem, the potential energy (the energy possessed by a
nucleus relative to another one) defining the nuclear force among two gently curved surfaces
is proportional to the interaction potential per unit area between the colliding nuclei, that

is,

Vn(s) o< potential energy per unit area between curved objects,
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= 27 x geometrical factor x universal function of separation distance.

= QWR/:O e(s)ds. (2.9)

In the above expression, the nuclear potential energy Vi is a function of separation distance
s (=R — X; — Xs, already discussed) and the proportionality constant corresponds to 2w
times the geometrical factor, defining the curved gap or crevice between two interacting
nuclei in the proximity region. Important to mention that, the term interaction energy per
unit area e(s) is integrated over the distance from s = sy (minimum separation distance)
to co. At large values of s or R (separation distance), the nuclear potential energy term
reduces to zero which justifies the saturation property of the nuclear force.

The authors of Ref. [20] evaluated the term e(s), in terms of the Universal function ¢(s)

which depends only on s, is given as follows

Vn(R) = 4w Rybd(s); 27bep(s) = /e(s)ds. (2.10)

As discussed in Chapter 1, the surface diffuseness (a) defined in terms of surface thickness
term ‘¢’ (shown in Fig.1.3), corresponds to the distance at which nuclear density fall from
0.9 of central density (pg) to 0.1 of pg. The term ‘b’ also called as surface diffuseness is
related to a, as [20] t = 4alog, 3 = b = (7/v/3)a ~ 0.99 fm.

Important to mention that, the effective interaction depends on the stiffness/softness of the
colliding nuclei. Henceforth, the nuclear surface tension coefficient (A,) in MeVfm~=2 has

been introduced as a function of asymmetry parameter, A,(= (£5%)), as given below

Y(Ay) = Y[l — k,A2] MeV fm™2. (2.11)

In the above relation of v(A,), the values of surface energy constant v,=1.01734 and surface-
asymmetry constant k,=1.79 MeV /fm~2 have been obtained using the Lysekil mass formula
[40]. Note that, the relevant information related to the mean curvature radius or radius of

curvature R is discussed in the above sections and Appendixes A and B of this chapter.
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2.3.1 Phenomenological model based potentials

According to the notion of Proximity Force Theorem [20], the nuclear proximity potential
Vi of Eq.(2.10) is directly proportional to the Universal function ¢(s), which was evaluated
by different methods [41-49]. In Ref. [20], J. Blocki and his collaborators had given a
simple analytical cubic-exponential polynomial ¢(s), that tends to zero at £=2.54 fm (for
convenience see Fig.4 of [20]). The cubic-exponential function ¢(s) as a function of s is

given as

¢(s) =

—2(s — &)? — 0.0852(s — &)*; s < 1.2511 fm
{ (2.12)

—3.437exp (—5%) ;s > 1.2511 fm

Important to mention that, in the above polynomial relation, the independent variable s
is defined in units of surface diffuseness factor b. In addition to above, another proximity
potential, i.e. Prox88 [48,50] a modified version of Prox77, is taken into account, in order
to address the fusion hindrance. The modification in Prox77 has been done by altering the
values of coefficients vo(= 1.2496 MeVfm—2) and k,(= 2.3), which in turn, lowers the barrier
height (to be discussed in Chapter 6).

Apart from the above discussed nuclear potential developed on the basis of phenomenological
model of Proximity Theorem [20], the energy density formalism gives an alternative method
to understand the heavy-ion collisions by introducing the Skyrme force parameters within

the Hamiltonian density functions [2,51,52].

2.3.2 Skyrme Energy Density Formalism

With the advent of Skyrme force parameters, the researchers had employed the Skyrme force
parameters within the energy density formalism as an algebraic function of the nucleon p,
kinetic energy 7 and spin-orbit J density terms. The expectation value of total energy F
comprised of total kinetic and potential energies can be written in terms of Hamiltonian

density functions [51]

E = (¢,(T+V)9)

2

: : 1 N | y .
= Z <z|2p—m|z> +3 Z (i7|v12]ig) + 8 Z < ijklviaslijk >

i 1J ijk
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— /H(F)d?’r = / B—mr(ﬁ + Ho(7) + Hy(7) + Ho(F) + Hs(7) + Hyo(7) | dPr.
(2.13)

In the above expression, the term 7(7) refers to the kinetic energy density term and % has

a constant value of 20.7784 MeVfm?. Further, the most common Hamiltonian terms that is,

—

Ho(7) — zero-range term,

x to and x,,
H,(7) & Hy(T) — exchange term,

X ty,ty,x1 and w9,

H3(7) — density-dependent term,
x «a,t3 and x3,

H,(7) — spin-orbit density term,
x Wy.

Here, the zero-range, exchange, density-dependent and spin-orbit density terms are propor-
tional to the Skyrme force parameters obtained via addressing the nuclear properties, e.g.
binding energy, nuclear radius, incompressibility etc. [53-59]. The related expressions for the
above said Hamiltonian terms (Hy, Hy, Hs, Hs and Hy,) are provided in Table 2.1 and the
parameters correspond to the SIIT Skyrme force [53|. The left column of this table defines
the Hamiltonian terms for the nuclei colliding at a finite distance and the right column is
for the infinitely separated nuclei.

There are different versions of Skyrme forces [55,56], which have been evaluated with differ-
ent sets of parameters and additional Hamiltonian terms defining various nuclear properties
(e.g. iso-spin effect, asymmetry factor, tensor coupling effect, etc.) of nuclei which were
not introduced in earlier Skyrme forces. With such modifications in H(r), the authors had
analyzed corresponding effect on the fusion barrier characteristics, and subsequently on the
fusion-fission cross-sections [60,61]. In the present thesis, the considered Skyrme forces are
SIII [53], SLy4 [54], SSk [56] and GSKI [55|. These Skyrme forces cover a wide range barrier
characteristics, which in turn, show corresponding effect on the fusion and decay dynamics

of excited CN.
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Colliding nuclei at finite distance

Infinitely Separated nuclei

=

H(p,7,J)=
Kinetic energy-
2
2T (P)
Zero-rang

Lt [(2+ 20)p? — (220 + 1)(p2 + p2)]

Effective-m
s L2+ 21) +1a(2+ 20)] 7p
L0204+ 1) = 520 + 1)] |2, a7

B B2+ 1) = b2+ 2)] (Vo)P=
35 (31 (221 + 1) + t2(272 + 1)]
X [(Vpn)? + (Vp)?)

t3 «

Finite-range term, Hy

Density-dependent term, Hj

Hz(lolu Ti, j;):
density term, K

h2
2m 1t

(pi)

e term, H,

Yo [(2+ @o)p? — (2x0 + 1) (%, + p2,)]
ass term, H;

% [t1(2 4 21) + t2(2 + 22)] Tips

L[t (221 + 1) — t2(23 + 1)] [Zq:n,p ﬂiqﬁq]

35 [Bt1(2 + 1) — 02(2 + 22)] (Vi) —
5 80(221 +1) + 1203 + 1)
X [(Vpin)? + (Vip)?)

t3 «

Lo [(24 m3)p* — (223 + 1)(p2 + p2)]

Spin-orbit term, H,,

Lo [(2+ x3)p? — (223 + 1) (3, + p3,)]

B oV T+ 5, 0V T

_% ’VIOZV : ‘]_; + Zq:n,p pzqv ' ‘]_;q-‘

Table 2.1: The detail of Hamiltonian densi
Skyrme force parameters (¢;, z;, a
nuclear system and individual nu
and Nucleus IT).

ty functions, which are proportional to the
and Wy; j = 0—3), is given for the compound
clei (i = 1,2 stand respectively for Nucleus I

Further, within the framwork of energy density formalism [1], one can obtain the interaction

energy per unit area e(s) (as defined in Eq.

E(R) of colliding nuclei at a finite separation

(2.10)) by calculating the expectation energy

distance R and the energy of individual nuclei

(separated by infinite distance), as given below

E(R) — E(c0) =e(rors) = /[H(p, mJ

) _Hl(plaThJ_;) _HQ(p27T27(f2>]d8' (214)

Now, one can substitute the interaction energy relation obtained from Skyrme Hamiltonian

function of Eq.(2.14) in Eq.(2.10). Subsequently, one can have a final relation of nucleus-

nucleus potential derived using the Skyrme

below

Vn(R) = QWR/OO{H(p, 7, J) —

Energy Density Formalism (SEDF), as given

Hl(plaThJ_i) _HQ(anT%j;)}dS- (215)
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From the above relation, it is clear that, the Hamiltonian functions which are proportional
to the Skyrme force parameters are function of nuclear density p, kinetic energy density 7
and spin-orbit density J terms. The latter terms that is 7 and J have been derived using
the extended Thomas-Fermi approach [62,63].

In general, the average kinetic energy term for the number of nucleons residing within a

volume of few fm® can be defined in terms of density, as given below

Eoy = g x Fermi Energy,
_ g%(gﬁp)?ﬂ’» (2.16)
Further, the kinetic-energy density 7 as a function of density p can be written as
- % [%(37?%)2/3} X p= %(3#2)2/%5/3. (2.17)

With the use of 7(p) [Eq.(2.17)], the researchers were not able to define a proper profile
of Vx(R). Henceforth, there is a requirement of some correction terms, which had been

introduced using the extended Thomas-Fermi approach in [64], given below

3 1 (Vpy)? 1 1Vp, -V
— S(3x2B58 VTP A —-ma /e
o\ 2
Lo, 1 (Y,
+-———2——p, | —| ; here, g=norp. 2.18
6 f, 1277\ f 219

In Eq.(2.18), the term 7,(p,) is defined as the kinetic energy density function of nucleon
density (p,). Here, the subscripts ¢ = n and p stand for the neutron and proton, respectively.
In the above expression, the term f, is called as the effective-mass form factor and determined

as [65]

;o= _2_m8E(R)
¢ R or, ’

2m |1 i 1 tox
o [ (e ) e (e 552 -

2m |1 t 1 t
IR CHE M

B
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Further, the interaction potential obtained due to the orbital- and spin-angular momenta of
colliding nuclei involve the spin-orbit density term .J (and jq), which was further obtained
for the second and higher order of & as a function of nucleus and nucleon densities, i.e. p and
pq 64]. The term J (and J;) for higher order of & has very negligible influence. Therefore,

the second-order spin-orbit density term J_; is given as

2m Wo (M) . (2.20)

JQ(pq) == 72 2 [;

In Eqs.(2.18) and (2.20), the terms 7, and J:I are kinetic energy and spin-orbit density terms,
respectively, of nucleons. Further, to obtain the total value of 7 and J for the compound
nuclear system, the nuclear densities of colliding nuclei can be added in different manners,
as discussed below:

e Sudden density approximation: One can obtain the 7(p) and .J(p) terms for the

compound nuclear system as [3]

7(p) = Talpn = Pny + Pny) + Tp(pp = Pp, T ppz)

(P) = Jalpn = puy + Pns) + Jp(p = P + Ppa)- (2.21)
e Frozen density approximation: In this case, the 7(p) and J (p) terms for the

compound nuclear system are obtained as [3]

7(p) = Ti(p1 = Pny + Ppy) + T2(P2 = Pry + Pps)

-

J(p) = Ji(p1 = Poy + Ppr) + Jo(P2 = Py + Ppa)- (2.22)

In the above equations, the nucleon densities of individual nuclei (pp,orp;) and of

compound nucleus nucleon density (p,) are related as

N; Zi
P = o Pilr)s P = pilr),

1 1

p(r) = pi(r)+ p2(r). (2.23)

Here, N;, Z; and A; are the number of neutrons, protons and total nucleons inside a

nucleus.
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e Relaxed-density approach: In this approach, the ion-ion interaction potential,
which was obtained in the framework of the Extended Thomas-Fermi (ETF) approach
of energy density function theory, under relaxed density approximation [9], is param-

eterized in the Woods-Saxon form as follows:

_ Vo
C ltexp[(R-Ry)/d)

Vy(R) (2.24)

where Vj = v;C 4 v,C/? is the potential strength in MeV, v; = —27.190 MeV fm™1,
vy = —0.93009 MeV fm~V2, d = d; + dy/C' is the diffuseness parameter in fm, d; =
0.78122 fm, dy = —0.20535 fm?, and C' = R;Ry/R; fm. Here, R;’s, the radii of

spherical nuclei, are expressed as follows:

R; = 1.2536 A% — 0.80012A; /% — 0.0021444/ A;, (2.25)

As discussed in the earlier, the nuclear density as a radial function can be obtained using
different mathematical approaches. In the present thesis, the two- and three-parameter
density functions have been taken into account and are given below.

The 2pF density function reads as follows [22]

LAY
pi(ri) = po; {1 + exp (7" 0 )} ,—00 <7 < o0. (2.26)

)

The central density term (po;) of Eq.(2.26) is a normalized term and calculated by the means

of integral of nuclear density [22]

4 /000 p(r)ridr = 1. (2.27)

The central density term (py;) comes out to be [22]

SAZ 71'2612 !
P = 1 t . 2.28

ro ARG, [ " R%i:| ( )
The values of 2pF density parameters, i.e. spherical half-density radius Ry; in fm (also

employed in Eq.(2.1)) and surface thickness a; (in fm), are provided in [66,67| for mass
region A = 4 - 238. Further, the polynomials of these parameters are referred from Ref. [29]
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and are obtained by fitting the available experimental data [66,67|

Roi = 0.9543 4+ 0.0994A; — 9.8851 x 107*A7 4 4.8399 x 107°A4? — 8.4366 x 107° A,
a; = 0.3719 +0.00864; — 1.1898 x 107 A7 + 6.1678 x 107" A7 — 1.0721 x 1077 A?}.

(2.29)

The 3pF density function is given as [67]

'U)ﬂ’l? r; — ROi -t
pi(ri) = poi | 1 + —3 1+ exp ) (2.30)
Rg; a;

Here, the central density term pg; of the above density function is normalized using Eq.(2.27)

and calculated by following the approach of Ref. [29], given as

34
47 R,

(2.31)

Poi F (L4 2w) e +

~1
3w, 2a? 7 7T4CL?:|
w . —
5 iHa
Rg, 5 Ry,

{1+

The values of 3pF density parameters, Ro;, a; and wine-bottle parameter w;, are extracted
from the data given in Ref. [67] for mass region A = 14 - 166. Further, the polynomials of

these parameters are obtained by fitting the corresponding data, and read as [10]

Ry = 1.56652 + 0.072854; — 5.3503 x 107*A? 4 1.74857 x 107°A? — 1.23798 x 1079 A%,
a; = 0.33614 +0.019384; — 4.79946 x 10~* A2 + 4.25566 x 107643 — 1.23125 x 10847,
w; = 0.05658 — 0.01174A; + 1.75649 x 10~*A? — 8.96765 x 1077 A% + 1.7808 x 10 A}.

(2.32)

Here, w; is a dimensionless quantity.

The 3pG density function [67] is given as follows

w;r? r2 — R2\]7"
pi(r:) = poi (1 + RQZ> [1 + exp (—’ = Ol)] . (2.33)
0i

7

The central density term (po;) of the above density function is normalized upto higher orders

using Eq.(2.27) and calculated for the first time in the present work, as follows

R?, Ry,
%0(0.604 + 0.766k) + —%
a Qa

2 3

[(0.765 + 0.604k) + (0.1901 + 0.302k)

i
Poi = =5 3
m3/2a3
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RS, RS,
+2%(0.0198 + 0.0634k) — —2(0.00365 — 0.00495k)] 7", (2.34)
a:

6
ai 7

3 a?
= 2w, [ ).
2“(%)

The parameters of 3pG density distribution are provided in Ref. [67] for mass region A =

28-209. Further, the polynomials of these parameters are obtained by fitting the related

experimental data, and is given as follows [10]

Roi = —0.64823 +0.13377A4; — 0.00148 A7 + 8.47357 x 10754 — 1.76632 x 107 A},
a; = 1.95948 +0.00194A; 4+ 1.58635 x 107*A? — 1.55798 x 107 °A? +4.09371 x 1077 A},
w; = 0.02242 + 0.00969A; — 1.04736 x 107 A7 + 4.44011 x 1077 A7 — 5.94716 x 10~ "0 A}.
(2.35)

So far, the methods adopted to derive the nucleus-nucleus interaction potential and its
ingredient terms have been discussed. In the upcoming sections, the other contributing
potentials (i.e. Coulomb and centrifugal potentials) of the total interaction potential along

with the models used to calculate the fusion and decay cross-sections are discussed.

2.4 Coulomb and centrifugal potentials

In general, it is said that the electrostatic or Coulomb potential energy (Vo (R)) of a point
charged particle (or nucleus) is given as: Vo(R) o €? and 1/R. For the system of charged
particles, one can write it as Vo(R) o< ), V%i”l In the case of nuclear collision process,
we have two-body system, in which the two nuclei are separated by a distance R. There
are Z; (and Z3) number of charged particles of Nucleus I (and Nucleus II), which are the
main cause of Coulomb repulsion. Therefore, for charge distribution, the Coulomb potential

energy can be read as |68, 69|

2

— — € — —

Vc(R) —/drldm#pl(h)pg(m). (236)
’R"i‘?"z — 7“1‘

On the basis of above formula of Coulomb potential defined for two nuclear systems, the

authors have obtained a simple expression for Vi (R), with the use of Fourier transform
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equations ( [69]; references therein). Note that, the expression derived involve the intrinsic
properties of nuclear shape that is deformation and orientation degrees of freedom, and

consequently categorised the potential in different terms, as given below [70]

VC(R) = VC(R7 5/\7 6) = %(R) + ‘/il (R> 6/\7 6@) + %2(R7 ﬁ)\) 92) + (237)

If one considers the axial symmetric shapes in heavy-ion induced reactions, then the first
three terms are taken into considerations and the rest are opted out [69,70]. The mathe-

matical relations related to these terms are given in the following:

VA Z 62
Vil(R, Br,0;) = ZiZse \/ Z RM@MPA (cos 0;),
3 R}
%2<R, B,\, 91) = Z1Z2€ 7 R)\+1 [BMP)\(COSQ )] (238)

Substitute Eq.(2.38) in Eq.(2.36), we get

(2226 5, (552) 5y 000) x [ + () B01702)

AV for spherical-deformed combination

AV DN R]E_?H [\/gPA(COS 0:) + (7) [BxiPa(cos 91)]2} '

for deformed-deformed combination

Vo(R) =

(2.39)
In the above expression, the multipole order A\ has been taken up to 3, i.e. A = 2,3. In
the present work, the relevance of spherical, quadrupole (55) and octupole (83) deformed
shapes in nuclear fusion-fission dynamics has been discussed.
Furthermore, the centrifugal potential (V;(R)) of repulsive behavior comes into existence due
to the rotational motion of the colliding nuclear partners. In heavy-ion induced reactions,
the compound nuclear system formed in a very high excited state possesses large value of
angular momentum. Here, the total angular momenta (L) of the excited CN is given as

L = momentum x distance = /£(¢ + 1)h*. Therefore, the potential energy as a form of
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rotational kinetic energy is given as

1
Vi(R) = §lwz;
1 L?
— — X —,
2 uR?
(04 1)R?
A R (2.40)
21
In the above expression, I = pR? defines the moment of inertia for non-sticking con-

figuration of two interacting nuclei. On the other hand, for sticking case, I = uR? +

2m Y iy AiR7 (0, T). Here, i is the reduced-mass of two-body system and given as

_ AA
= A1+As

X one atomic mass unit; A; and A, are the atomic mass numbers of Nucleus
I and Nucleus II, respectively. Note that, in the present thesis, the non-sticking case has
been considered.

On combining Egs.(2.10), (2.39) and (2.40), one can obtain the total interaction potential

Vr(R) between two nuclei, which are separated by a distance R in fm units, as given below

Vr(R) = Vy(R) 4+ Ve(R) + Vi(R). (2.41)

With the variation of separation distance, from infinity to the closest distance of approach,
the total interaction potential (Vr(R)) represents a collective effect of Nuclear, Coulomb and
centrifugal potentials. In other words, at relatively smaller distance that is R < Ry = R1+Rs
called as the overlapping region, a deep pocket of the total potential comes into picture.
In this region, the formation of an excited Compound nuclear system becomes possible.
As one moves ahead, due to the prominent effect of Coulomb and centrifugal potentials
in comparison to the nuclear potential, there is a rise in Vy(R) at fixed point, which is
called as “Coulomb barrier height”. In the fusion-fission nuclear mechanisms, the nuclear
surface interactions (which come after R;, i.e. R > R;) take place, henceforth, the detail of
Coulomb barrier height and related terms that is barrier position and barrier curvature help
in estimating the fusion and fission cross-sections, with the effect of energy/temperature,
angular momenta, deformations and orientation degrees of freedom, where ever applicable.
It has been noted down that, the Coulomb barrier region of the total interaction potential
analogous to the inverted Harmonic Oscillator (HO) function, which defines the Harmonic

oscillation of mass attached to a spring. From this analysis, one can obtain the angular
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frequency, w and subsequently the energy term hw which contains the information of barrier

curvature.
Vr(R) gjgg =3 puw®R%, The Potential energy of harmonic oscillator motion
%;{R) = uw’R, First derivative of Vy(R) w.r.t R
2
%RER) = uw?, Second derivative of Vy(R) w.r.t R
1 d?Vr(R)]?
=W = b%} (2.42)

Therefore, the energy of inverted Harmonic oscillator (hw) at the barrier position (Rp)

which is obtained corresponding to the barrier height (V) is given as

1 |d*Vi(R)

hwp = h |- |22
B 0| dR?

1/2
. (2.43)
R=Rp

Here, hwp defines the barrier curvature energy at a fixed point i.e. Rp.

2.5 Collective effect of barrier characteristics

On the basis of the scattering and partial wave theory [71], the formula was given to calculate

the total reaction cross-section, as given below

12

o = [1rOPa =13 e+ DIfbP
=0
Lmax
_ %Z(%Jrl)h—nﬂ. (2.44)
=0

In the above equation, |f(#)| is the scattering amplitude, k = ,/% and ¢ - the quan-
tum number of partial wave. Based on the above relation (Eq.(2.44)), Wong had given a
simple analytical expression by approximating the barriers of inverted Harmonic oscillator

(or parabolic approximation) [11]. As a consequence, the formula for determining the fusion
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reaction cross-sections is given as follows:

g fmes 2+ 1

0fus<Ec.m.) T )
kz =0 1 + €xXp [éJ_WZB(Vé - Ecm)

‘gmaz

0

= > @0+ DTY(Eem). (2.45)
=0

Here, V}; signifies the barrier height corresponding to the ¢-partial wave and reads as

VE=VE '+ %;%). Further, Ty(E..,.) is the tunneling/penetration probability as a function

of barrier characteristics and incident energy obtained using the Hill-Wheeler approximation

[72]. Important to mention that, in the present thesis, the values of /,,,, are obtained using

the sharp cut-off model [73] for the energies above the Coulomb barrier, and extended for

the below barrier energies.

In the above relation, the summation is taken up to £,,., values. If one integrates the relation

for £ — oo and consider the following approximation for barrier curvature: hw% ~ hw5™°,

the Eq.(2.45) reduces to

R2h 2
0 pus(Bem.) = 2?5 “B 1y [1 + exp (%(Em — VB)M . (2.46)

Further, to observe the effect of deformation and orientation degrees of freedom, the Wong
formula (Eq.(2.46)) of fusion cross-sections [0 fys(Ee.m.) Or 0 fus(Eem.,0)] can be integrated

over 6; (0° to m or 180°) orientations, as given below

o (Bem.) = /0 0 fus(Ee.m., 0;) sin6,d0;; here, i =1,2. (2.47)

i

2.6 Collective clusterization approach

After the formation of Compound nuclear system in an excited state, the heavy-mass CN
disintegrates due to large values of angular momenta, energy/temperature, charge repul-
sion, etc. (generally into the binary fragments), which may correspond to the Evaporation
residue (ER), intermediate-mass fragment (IMF), heavy-mass fragment (HMF) and fission
fragments. In the present thesis, I have discussed about the nuclear fission phenomena,

which occurs at the low energy regime.
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In order to analyze the de-excitation of excited CN into binary fragments, the mass and
charge distributions of heavy-mass CN are studied within the framework of Quantum Me-

chanical Fragmentation Theory (QMFT) [13,14] by solving the Schrodinger equation as a

function of mass- (77,4 = ’ N +£2 ) and charge-asymmetry (772 = |7 Jé; ) co-ordinates, as
given below
P_0 Vel T) 00 = B, (248)
r(7e, Ne) = T )- :
2\/ TgNe a”& v/ Brene 8 Te

Here, £ = A for mass-dispersion and £ = Z for charge-dispersion. v represents the quantum
number related to the excited state level of compound nuclear system. In the solution of
above Schrodinger equation, one can obtain the preformation probability F as a function

of mass-asymmetry parameter 1,4 13|,

Fo(na) = 1004 P B (249

On the other hand, the Py as a function of charge-asymmetry parameter 7, reads as [14]

Folnz) = 100 Z) B~ (2:50)

In Eqs.(2.49) and (2.50), the states ¥(n(A;)) and ¥ (n(Z;)), respectively, are the vibrational
states. The possible outcomes related to the excitations of higher vibrational states are

considered by assuming them as Boltzmann-like wave function, such as

17 = [¥[? exp(E”/T). (2.51)
Here, v = 0, 1, 2, 3,.... correspond to different states.
In the above equations, B,,,, and B,,,,  are the smooth hydro-dynamical parameters, for
more details see [74].
Further, the preformed fragments inside the potential pocket starts penetrating through the
first classical turning point, i.e. R = R, = Ri(a1,T) + Ra(a2,T) + AR, and terminates
through the second turning point Ry, such that V(R,) = V(R,), for clarity see Fig.2.2, where
the total interaction potential V(R) is plotted as a function of separation distance. The

idea of introducing neck-length parameter AR in the above relation, which is introduced
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100+2%pp . 24Th" - A +A, Or Z,+Z,)

70 4
Qe

60 -+

Total interaction potential, V; (MeV)

50 1

8 10 12 14 16 18
Separation distance, R (fm)

Figure 2.2: The variation of total interaction potential Vi (MeV) as a function of sep-
aration distance R (fm) between the colliding nuclear partners is shown for

160 +208Ph—224Th* reaction [32]. Here, R, = Ri(ay,T) + Ry(aa, T) + AR de-
fines the first turning point.

in the DCM based calculations |75-77], is similar to that of saddle- [78,79] and scission-
point [80] statistical fission model. The permissible value of AR lies within the nuclear
proximity range of about 2 fm, since the surface interaction between two fragments can take
place around this range of AR to experience the nuclear force.

With the knowledge of turning path or points R,, the term ‘Penetration probability’ P has

been calculated using the WKB approximation and given as [81]

P=exp {—% / ab{zu[\/(m _Qu )] (2.52)

In the above equation, ‘Q.ss’ is the effective )-value of the decay channel.
Using Eqgs.(2.49) or (2.50) and (2.52), one can calculate the decay cross-sections (G gecay (A1, A2))
of fragments (A;, A2) emitting from excited CN, as given below [82, 83|

emaz

Udecay(Aly AQ) - % Z(2€ + ]-)POP (253)
=0

Important to mention that, for fragments decaying from CN in the symmetric and asym-

metric region, the mass and charge numbers of fission fragments come within the ranges
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Ay = ACTNj:SS and Zy = ZCTNilf) [32], respectively. Here, Acy and Zoy are the mass
and charge numbers of the compound nucleus, respectively. u = m[A;As/(A; + Ag)] is the
reduced mass, m is the nucleon mass. In the calculation of fusion cross-sections, the value
of preformation probability F, is always taken as unity as the entrance channel has fixed
fragments.

While solving the Schrodinger equation [Eq.(2.48)], a term Vg(n, T is involved and defined

as the fragmentation potential is given as

2

Va(n,T) = Z[VLDM(AZ»,Z“T)]+Z[5Ui]exp(—T2/T02)

+Ve(R, Z;, Bri, 0, T) + Vi(R, Ai, Bri, 0:,T)

Here, Vi pas considered is the temperature-dependent liquid drop model (LDM) of Davidson
et al [16,17|. For relevant details, one may refer [18]. The second term i.e. shell-corrections
is given by Myer and Switecki [19] with its 7T-dependence from Davidson et al [16]. The
constituents of total potential, such as Coulomb potential (V¢), centrifugal potential (V)
and nuclear proximity potential (Vyy), are function of relative separation distance R, charge
Z; (mass A;) number, temperature T, deformations /3; and orientation 6; degrees of freedom,
as discussed earlier.

The temperature 7T is related to the excitation energy Ef , of the compound nucleus and
given as [84]

Acn

The temperature effects have been introduced in the radius through the following expression

in the above expression, the T-dependent nuclear radius term Ry;(7T) is given as [85]

Roi(T) = Ry;[1 4 0.000577]. (2.56)




2.6 Collective clusterization approach 54

APPENDIX A

Derivation of curvature radius at a point corresponding to the tangent

The speed of rotation of tangent at a given point P defines the curvature (P, P;) of the curve

at a point, i.e. curvature radius B = Rji(a,) = dlz&a (for convenience see Fig. 2.3), as given
below
dR
dR(a) = R”da = R” = (Oz)’ (2.57)
do
here,
Vdr? +dy? =1+ da: and
t = —. 2.58
an o = dx (2.58)
Differentiating [tan a] with respect to z, we get
d d (dy
%[tana] = - (dx)
do d?y
2 —
= []_ + tan (X]% = @,
Ly dx Y % dr
=da = [1di ol 1d - (2.59)
+ ()]
Substitute dR(«) and da in Eq.(2.57), we get
3/2
()
= , 2.60
I |2y /da?] ( )
The curvature radius can be defined in the parametric form as [86]
3/2 3/2
1+ (% x 7] (&) + ()]
R” - d2y dz dy 1 dz\3 - d?y dz dy &2z | (261)
[dea XdQQ]X[/(a)] [?X@—@XW]

Now, one can convert the radius of curvature into the plane polar co-ordinates, as done
below.

Therefore, the co-ordinates © = R(a)cosa and y = R(a)sina. The first and second




2.6 Collective clusterization approach 55

collision
axis

y

Figure 2.3: Schematic picture of a deformed nucleus representing the radius vector R(«)
pointing at points P; and P, lying on the surface of the nucleus.

derivatives of these co-ordinates are given as below

d
% = R'(a)cosa— R(a)sina,
o R"(a)sina — 2R (a) sinaw — R(«) cos o
da? ’
dy R'(a) sina + R(a) cos a
do ’
d2x /! : / :
i R"(a)sina + 2R (a) cosa — R(a) sin a. (2.62)

Substitute Eq.(2.62) in Eq.(2.61), we get

[(R())® + (R()?>
[(R())? + 2(R/(c))? = R(a)R"(a)]

Ry =

Replace R by Rii(a;), R(a) by Ri(a;), R'(a) by Rj(a;) and R"(a) by R (c;). In results,
one gets
[(Ri(0)? + (Ricw))?*?

[(Ri(0:))? + 2(Ri(00))? — Rilaa) R (o)) (2.63)
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Nucleus| y. Nucleus |

Figure 2.4: Geometry of deformed Nucleus I and II colliding in zy-plane.

APPENDIX B

Derivation of curvature radius perpendicular to the tangent of curve

In this section, the radii of curvature R, or R;; are to be derived and the corresponding
geometry is shown in Figs. 2.4 and 2.5.

According to the geometry of Nucleus I, we have the detail of angles as given below:

In triangle OAB (AOAB),

ZO:CYl
LA =90°
ZB:wl—i—él :900—061,

here, w; = 90 — 0, and 0; = 0; — ay. The length OB defines the radius vector R;(ay) of
Nucleus I. Corresponding to /O, the length OA becomes Ri(ay)cosa; and corresponding
to /B, the length AB becomes R;(a)cos (90 — a). Further, in triangle ABC (AABC),
/B or w; = 90-6,.

Therefore, the radius of curvature Ri2(aq) in terms of radius vector Ry(c) is written as

= Rys(an) coswy = Ry(ay) cos (90 — ay)

R1 (Oél) COS (90 - Oél) .

COS W1

(2.64)

R12(061) =
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Nucleus | Nucleus |1

AACB AA'B'C'

Figure 2.5: A clear visualization of Nuclear radius vectors R;(«;), principal radius of curva-
ture R;s(c;) and corresponding angles.

According to the geometry of Nucleus II, we have the detail of angles as given below:

In triangle O'A'B’ (AO'A'B),

/0" = 360° — ay
LA = 90°
/B =w) + 5y = —270° + a,

here, w/l = 3 — 90° and o = —180° — Oy + a5. The length O' B defines the radius vector
Ry(a) of Nucleus II. Corresponding to ZO’, the length O A" becomes Ry(ag) cos (27 — a)
and corresponding to /B’, the length A'B becomes Ry(ay)cos (—270 + ay). Further, in
triangle A'B'C’ (AA'B'C"), /B or w) = 6, — 90°.

Therefore, the radius of curvature Ros(aw) in terms of radius vector Ry(ap) is written as

= Rys(a) cosw; = Ra(ay) cos (90 — ay),

_ Ro(ag)sinay

Ras(az) = 05 (90 — ) (2.65)
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Chapter 3

Implication of different density approximations in fusion

dynamics of *®Ni-based reactions

3.1 Introduction

In the low energy heavy-ion collisions, the study of fusion reactions in terms of fusion barrier,
which is comprised of nuclear and Coulomb potentials, has been of central interest. Unlike
the established theory in deriving the Coulomb potential, different theoretical models have
been adopted to derive the nucleus-nucleus interaction potential [1-7]. In the present chap-
ter, the semiclassical approach of Skyrme Energy Density Formalism (SEDF) [8] has been
used to derive the effective nuclear potential for heavy-ion induced reactions. Within the
framework of SEDF, the effect of different nuclear density approximations has been analyzed
for a variety of compound nuclear systems, formed via °®Ni-based reactions. The derived
nuclear potential under the influence of SEDF can be classified by two physical assumptions
of adding the nuclear densities of colliding nuclear partners: sudden and adiabatic density
approximations [9,10]. The present work explores the significance of sudden density approx-
imation which defines the fast collision process in terms of the fusion barrier characteristics
(i.e. barrier position Rp, barrier height Vg and barrier curvature hwpg) and fusion cross-
sections. Using this approximation, the total kinetic energy density 7(p) and spin-orbit
density J (p) terms of compound nuclear system are expressed as the function of nucleon
density (pg; ¢ = n or p) of CN (see Eq.(2.21)) [7,9]. On the other hand, there is an alternate
way of accumulating the nucleon densities of colliding nuclei, see Eq.(2.22), known as frozen
density approximation [9]. In Ref. [9], the densities are added under sudden and frozen
density approximations to derive the nucleus-nucleus interaction potential for the medium,
and heavy-mass systems. For the formation of heavy-mass compound nuclear systems, the
pocket of interaction potential disappears under sudden approximation. In view of this, in

this chapter, the realistic barrier parameters using the sudden density approximation are
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obtained by modifying the central density term (po; = %), which is an independent of
surface diffuseness factor ‘a’ [11], and termed it as modified sudden density approximation.
In addition to the above, in [12], the relaxed-density approximation was used to calculate
the interaction potential of two colliding nuclei in the framework of Extended Thomas-Fermi
approach. Using this relaxed-density approach for light and medium mass nuclear systems,
the corresponding barrier heights become closer to the empirical data [12]. However, the
same formalism has the limitation for the heavy-mass systems. To overcome this, the phe-
nomenological relaxed-density approximation based potential in the Woods-Saxon form has
been proposed. Due to the additional correction term in the minimized function, used for
obtaining the parameters of the phenomenological potential, the empirical barrier heights
are duly addressed. Hence, the phenomenological relaxed-density approach is opted in the
present analysis.

This way, in the present calculations, a comparative analysis of frozen, sudden, modified sud-
den and relaxed density approximations has been done for **Ni+8Ni reaction [13]. In order
to extend this idea, the effect of different density approximations has also been analyzed for
the lighter and heavier mass compound nuclear systems, formed via 5¥Ni-based reactions.
The above analysis has been discussed in terms of the fusion barrier characteristics (Vp, Rp
and hwp) and subsequently in the calculation of fusion cross-sections (o ys). The oy, are es-
timated to address the above barrier anomalies via the extended ¢-summed Wong model [14]
and the below barrier dynamics is explored in view of different density approximations, as

discussed above. The related results are discussed in the following section.

3.2 Calculations and results

Here, we have studied the role of different density approximations employed within the
SEDF in terms of the fusion barrier characteristics and fusion cross-sections for different
compound nuclei formed via *®*Ni-based reactions, i.e. 80, 4°Ca, **Ni and *?Sn+°*Ni. Note
that, for deriving the nucleus-nucleus interaction potential using SEDF approach, the SLy4
Skyrme force parameters [15] has been utilized. The parameters of this force are reliable to
reproduce several properties of nuclear matter, neutron stars, and finite nuclei belonging to

the region of stable and unstable nuclei [12,15].
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Firstly, for *®Ni+°®Ni reaction, the total interaction potential obtained with the effect of
various density approximations is shown in Fig. 3.1 as a function of separation distance
R. From this figure, one can observe that the potential based on frozen approximation
possesses the lowest barrier height (V) and largest barrier position (Rp). However, Vg
of relaxed-density approximation (phenomenological Woods-Saxon) based potential is the
largest value followed by sudden and modified sudden density approximations. In other
words, the densities added in frozen way offer a larger reaction time as compared to the rest
of the density approximations. Such situation may give a larger possibility of fusion between
two colliding nuclei. On the other hand, due to the sudden density approximation, one gets
a vanished pocket of the potential. In view of this, an attempt has been made within the
sudden density approximation by considering central density pg; = % [11] (independent
of surface diffuseness factor a), instead of py; [Eq.(2.28)] depending on a factor. Henceforth,
the respective barrier characteristics can be observed for the modified sudden density ap-
proximation. Apart from this, the penetration area of the relaxed-density potential is found
to be larger than others, which in turn, may resist the formation of compound nucleus.
From the above discussion, it is relevant to note that the total interaction potential exhibits
different results depending on the choice of density approximations.

Further, the collective effect of barrier characteristics obtained due to considered choices
of density approximations has been explored in terms of fusion cross-sections, oy,s. The
fusion cross-sections calculated for **Ni+°®Ni reaction using the Wong formula [16] and ex-
tended version [14] are shown in panels (a) and (b) of Fig. 3.2, respectively, as a function
of the center of mass energy F.,, , varying across the Coulomb barrier. The theoretically
calculated cross-sections based on the Wong formula are compared with the available exper-
imental data [13]. One may observe from panel (a) of Fig. 3.2 that, the fusion cross-sections
obtained due to frozen density approximation is relatively larger than that of the modified
sudden density approach. Also, the obtained values of 0,5 from these two approximations
overestimate the experimental data [13| across the Coulomb barrier. On the contrary, for
the relaxed-density approach, the result shows fusion hindrance at the below barrier energies
which is possibly due to a larger area under the curve of inverted Harmonic oscillator of the
corresponding interaction potential. Consequently, using Wong formula, any of the approx-
imations are not matching with the experimental data. Since within the Wong formula, the

(-values related to the partial waves are taken up to oo. In view of this, the Wong formula
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Figure 3.1: The comparison of different total interaction potentials, due to various density
approximations, as a function of separation distance R (fm) between two col-
liding spherical nuclei of ¥Ni+Ni [13]. The deep well potentials of frozen and
relaxed-density approaches shown in the inset.

has been extended by Gupta and his collaborators [14] via taking the /-summation explicitly
for better addressal of experimental results.

In view of above, with the use of extended /-summed Wong model, the fusion cross-sections
obtained using frozen- and modified sudden-density approximations address the experimen-
tal data, see in panel (b) of Fig. 3.2, especially at the below barrier region. At the highest-
barrier energies, the Compound nucleus possesses higher (-values, for which the pocket of
modified sudden density approximation gets diminished and hence the fusion cross-sections
get suppressed from the data of higher energies. Moreover, the barrier parameters associated
with the relaxed-density approximation used within the extended f-summed Wong model
again shows fusion hindrance at the below barrier region. Also, the details of calculated
and experimentally obtained fusion cross-sections for **Ni+°®Ni reaction forming '®Ba*
compound nucleus are displayed in Table 3.1, with center of mass energy FE.,, (MeV) and
corresponding values of £,,,,(h) obtained for different density approximations. Note that,
the obtained /,,,,-values under different choices of density approximations are in match
with f-values provided in [13] for the above barrier energies. For below- and near-barrier

energies, the frozen and modified sudden density approximations show smooth variation in
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Figure 3.2: The fusion cross-sections calculated using frozen, modified sudden, and relaxed-
density approaches within (a) Wong formula [16], and (b) extended ¢-summed
Wong model [14] compared with the available experimental data [13].

lmaz-values, from that of relaxed-density approximation.

Furthermore, the effect of different density approximations has also been analyzed for lighter-
and heavier-mass projectiles of *®Ni-based reactions, i.e. **O, *°Ca and '*2Sn+°®Ni reactions,
in the perspective of total interaction potential varying as a function of separation distance
R (fm). For these reactions, one can analyze from the panels (a)-(d) of Fig. 3.3 that, the
barrier height of relaxed-density approximation becomes lower than the frozen density ap-
proximation for ¥2Sn+°®Ni reaction, which is otherwise higher for lighter mass projectiles,
i.e. 180, Ca and ®®Ni. Unlike sudden, the V3 obtained due to the modified sudden density
approximation seems similar to that of frozen-density approximation for the above consid-
ered choices of nuclear partners, except for '32Sn+°®Ni case. In the lower panels (e)-(h)
of Fig. 3.3, one can understand the reason behind the switching behavior of frozen and
relaxed density approximations for '32Sn-+°¥Ni nuclear reaction. With a precise observa-
tion, one may notice that, the frozen approximation seems more attractive than that of
relaxed-density approach for O, %°Ca and *®Ni-induced reactions. However, for 32Sn+°*Ni
reaction, the relaxed-density approximation based potential is found more attractive than
frozen approximation based potential. Because the nuclear radius polynomial (Eq.(2.29))
used within the SEDF starts to make large difference from the radius (Eq.(2.25)) used in the
relaxed-density approach, as one goes towards higher-mass number of projectile nucleus, as

shown in the inset of Fig. 3.3(h). In other words, the larger value of nuclear radius lowers
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Figure 3.3: A comparative analysis of frozen, sudden, modified sudden, and relaxed-density
approximations for #0, ¥°Ca, **Ni and '*2Sn+%¥Ni reactions, in terms of (a)-(d)
total interaction potentials, and (e)-(h) corresponding nuclear potentials with
the variation of separation distance R (fm).

the barrier height.

In addition to the above, the modification observed in the barrier characteristics due to
the sudden and modified density approximations based potentials has also been elaborated
through the density profiles of projectile and target nuclei, as shown in Fig. 3.4 for (a)
BO+58Ni, (b) 1°Ca+8Ni, (c) *Ni+*®Ni and (d) '3?Sn-+8Ni reactions. Within the sudden
and modified density approximations, the central density term py; used as input term is
dependent and independent of surface diffuseness factor ‘a’, respectively. It is clear from
Fig. 3.4 that, the region of interaction of projectile (p;) and target (p,) nuclear densities ob-
tained using po; independent of a (within modified sudden approximation) is comparatively
larger than that of obtained from py; dependent of a (within sudden approximation). Thus,
it can be said that, in the case of modified sudden density approximation, the overlapping
region of colliding nuclear densities is of relatively larger area from that of sudden density
approximation. Consequently, one can obtain relevant detail of fusion barrier characteris-
tics using the modified sudden approximation for lighter and intermediate mass compound

nuclear systems, i.e. "°Kr*, “¥Cd* and '*Ba* formed via 180, “°Ca and *®*Ni+°8Ni reactions,
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Figure 3.4: The solid and dash lines represent the density profile of projectiles and target
nuclei, respectively, which include the surface thickness factor, a(7T), compared
with dotted and dash-dotted density profiles excluding a(T') factor for all chosen
nuclear reactions.

respectively. In the above discussion, the role of various nuclear density approximations
has been interpreted for considered choices of *®Ni-based reactions in terms of fusion bar-
rier characteristics extracted from the corresponding total interaction potential. In further
calculations, the collective effect of Vg, Rp and hwp has been explored in determining the
fusion cross-sections with the use of Wong formula and extended /-summed Wong model.

In Fig. 3.5(a) for '®O+"®Ni reaction, the calculated fusion cross-sections (o) using the
Wong formula under frozen and modified sudden density approximations are found to over-
estimate the experimental data [17]. On the other hand, the fusion hindrance is shown due
to sudden and relaxed-density approaches. The overestimation has been taken care of by
adopting the extended ¢-summed Wong model, which give appropriate results for frozen
and modified sudden density approximations across the Coulomb barrier energies, as shown
in Fig. 3.5(b). Furthermore, for *°Ca+°®Ni reaction, the panels (c¢) and (d) of Fig. 3.5
show similar results for all considered density approximations, as observed in panels (a)
and (b) of this figure, respectively. Here, it is important to note that, at highest E.,, ,
the large (-values cease to give appropriate barrier characteristics as the pocket disappears
for the sudden and modified sudden density approximations. Moving ahead, the fusion
cross-sections of 1¥2Sn+°®Ni reaction are calculated using the Wong formula and its ex-

tended version only for frozen and relaxed-density approaches, as the barrier characteristics
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of sudden and modified sudden density approximations get vanished for this reaction, for
reference see Fig. 3.3. One can see clearly from Fig. 3.5(e) that, o, calculated using the
Wong formula for the frozen and relaxed density approximations overlap each other, since
the difference between their barrier heights is about 0.7 MeV for 2Sn+°%Ni case. Also, the
calculated 0,5 exceeds the data across the barrier, except at the lowest energy. On the other
hand, in Fig. 3.5(f), the ¢-dependent barrier characteristics of frozen and relaxed-density
approaches based potentials employed within the extended version of Wong formula adjust
the overestimated cross-sections for the above mentioned reaction. From Fig. 3.5, it can be
said that, the hindrance is observed mainly due to the sudden fusion of two nuclei, at the
sub-barrier region. On the other hand, with the use of frozen density approximation, the
deep pocket and relevant barrier characteristics of interaction potential found to perform
better for all the considered choices of nuclear reactions, except at the lowest energy in the
case of 32Sn+°8Ni reaction. From the above results and discussions, it is also noteworthy
that, the barrier characteristics can be easily extracted due to the frozen and relaxed-density
approximations, with the increase in the mass of composite systems, however, the barriers

obtained due to sudden and modified sudden density approximations get diminished.

3.3 Conclusion

In this chapter, the frozen, sudden and modified sudden density approximations have been
employed within the Extended Thomas-Fermi approach of the Skyrme Energy Density For-
malism, which in turn, show corresponding effect on the fusion barrier characteristics and
fusion cross-sections. The above analysis has been compared with that of relaxed-density
approximation based Woods-Saxon potential. In order to explore the relative role of dif-
ferent density approximations in the fusion dynamics, the *®Ni-based reactions which in-
volve projectiles (1¥0, 4°Ca, %Ni and '32Sn) from different mass-regions have been taken
into consideration. For the lighter and medium mass compound systems "*Kr*, **Cd* and
H6Ba* formed via 80, 4°Ca and *®Ni+°®Ni reactions, respectively, the calculated fusion
cross-sections using the extended /-summed Wong model for frozen and modified sudden
density approximations are found to address the available experimental data especially at

sub-barrier energies. However, the sudden and relaxed-density approaches show fusion hin-
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drance for the above mentioned compound nuclear systems. For heavy-mass compound
nucleus (¥°Pt*) formed from 132Sn+8Ni reaction, the pocket of the interaction potential
corresponding to the sudden and modified sudden approximations gets diminished. For this
system, the relaxed-density approximation behaves like frozen-density approximation and
address the available experimental data. In brief, it can be said that, the frozen density
approximation seems to be a better choice especially for the *®Ni-based reactions involving
projectile nuclei from different mass-regions.

On the basis of above results, the effect of various density approximations employed within
the phenomenological (relaxed-density approximation) and SEDF (sudden, modified-sudden
and frozen density approximations) based potentials has been explored in order to under-
stand the amalgamation of nuclear densities of colliding nuclei for the formation of compound
nuclear systems formed via “®Ni-based reactions. This work has also been published [20]. For
the considered choices of projectile-target combinations, the frozen-density approximation
approximation is found to give better agreement with the experimental results across the
Coulomb barrier energies. Further, in the continuity of present chapter, we intend to study
the nuclear density distribution of mass-symmetric and asymmetric choices of projectile-
target combinations with the use of two- and three-parameter density functions. For this
analysis, the significance of above said density functions which are employed within the
semiclassical approach of SEDF, using frozen-density approximation, is going to be dis-
cussed in terms of fusion barrier characteristics and subsequently the fusion cross-sections

for 58Ni-based reactions.
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Chapter 4

Relevance of 2pF, 3pF and 3pG density distributions on

fusion barrier characteristics

4.1 Introduction

As it is known that, the closest approach of alpha-particle from Gold target in Ruther-
ford’s a-scattering experiment provides an evidence regarding the existence of nucleus and
its probable size/radius. However, this experiment was based on the Coulomb’s force of
repulsion between two positively charged nucleons and hence could not provide the desired
understanding of the distribution of nucleons inside the nucleus. Thereafter, the electron
scattering experiments were performed to obtain the charged-density distribution within the
nucleus, which was used to measure the nuclear radius and related parameters of shape con-
figuration [1,2]. At the initial stages of theoretical observations, the data was described by
considering homogeneous distribution of nucleons inside the nucleus, which does not come
out to be adequate for explaining the nuclear behavior [3]. To overcome this problem, the
data of electron scattering experiment was described by the two parameter Fermi (2pF)
model [4-6]. Also, the other versions of 2pF, i.e. the three-parameter Fermi (3pF) and
three-parameter Gaussian (3pG), which possess an additional wine-bottle parameter have
been employed to address the electronic scattering data. Therefore, the density parameters
i.e. half-density radius ‘Ry’, surface thickness ‘a’ and wine-bottle parameter ‘w’ of the above
mentioned Fermi and Gaussian density functions are further used to analyze the correspond-
ing variations in the behavior of nuclear density.

In literature [7-9], the nuclear density as an input is utilized to calculate the nucleus-nucleus
interaction potential within the Extended Thomas-Fermi approach of SEDF. To study the
heavy-ion collisions in the low energy region, it is important to have a comprehensive knowl-
edge of the total interaction potential, which is in general comprised of the Coulomb potential

(Vo), nuclear potential (V) and centrifugal potential (V;). The addition of only Vi and Vy
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Figure 4.1: Comparison of 2pF, 3pF and 3pG nuclear density functions for the nuclei from
different mass region of the periodic table.

potentials gives rise to the fusion barrier characteristics (barrier height Vi, and correspond-
ing position Rp and barrier curvature hwg), which serve as crucial inputs to govern the
nuclear fusion dynamics. In the present chapter, the above mentioned density distribution
functions have been adopted to analyze the corresponding variations on the fusion barrier
characteristics. In the three-parameterized density functions, the w-parameter has negative
and positive values, respectively, for 3pF and 3pG density functions in the light-mass re-
gion. However, for heavy-mass region (A > 120), this parameter always has positive value
for both the 3pF and 3pG density functions. The authors of [10] had analyzed that, for
w>0, the nuclear density shows central depression for heavy-mass nuclei. For an illustra-
tion, the density profiles of 3pF and 3pG density functions are shown in Fig. 4.1 for nuclei
lying in different mass-region. From this figure, it is clear that, the 3pF and 3pG density
functions start to give central depression as one moves from lighter mass nuclei to the heav-
ier ones. Also one can notice that, an additional ‘w’ or wine-bottle parameter involved in
three-parameter density functions modifies the density profile mainly in the tail region of
heavy-mass nuclei from that of two-parameter density function. The variations in the tail
region due to different density functions influence the barrier characteristics. Thus, in the
present chapter, a detailed comprehensive analysis of two (2pF) and three parameter (3pF

and 3pG) density functions, employed within the semiclassical SEDF, has been illustrated
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in terms of the barrier characteristics, i.e barrier position Rpg, barrier height Vg and barrier
curvature hwp. This analysis is done for a variety of nuclear reactions with mass-asymmetry
n4 varying from 0 to 0.8. Here, the nuclei are considered to be spherical.

Further, the collective effect of Vg, Rp and hwp obtained using different choices of den-
sity functions has been explored in the calculation of fusion cross-sections (of,s) across
the Coulomb barrier energies. Generally, it has been analyzed at the below-barrier region
that, the theoretical calculations of o, using one-dimensional penetration model shows an
abrupt decrease with respect to the experimental data [11-13]. Such phenomena is termed
as fusion hindrance, which is explored in the theoretical [14-18] as well as experimental stud-
ies [11-13]. In view of this, to investigate the significance of two- and three-parameterized
density functions at the below barrier region, the ¥Ni-based reactions (i.e. ®B, 0, 5Ni
and '32Sn+°%Ni) [16,19-21] are taken into consideration, which are known to show fusion
hindrance phenomena [22]. For the above considered nuclear reactions, it has been observed
in this chapter and [23] that, for symmetric reactions, the nuclear density distributions of
two-parameter Fermi (2pF) is showing difference in the tail and its surrounding region,
due to its larger value of half-density radius, as compared to that of the three-parameter
Fermi/Gaussian density functions (3pF/3pG). This leads to lower the barrier height due to
2pF from that of 3pF and 3pG density functions. On the other hand, for mass-asymmetric
choices of %®Ni-based reactions, the 3pF and 3pG density functions, because of relatively
larger value of half-density radius, give lower value of Vg from that of 2pF density func-
tion. On the basis of above observation, a detailed discussion of different density functions
and corresponding effect on barrier characteristics and cross-sections are provided in the
upcoming section. It is important to mention that, the analysis done for the symmetric
and asymmetric kinds of nuclear reactions using two- and three-parameter density functions
has been exercised using SLy4 Skyrme force parameters [24] and frozen density approxima-
tion [25-27| within the SEDF approach to derive the nucleus-nucleus interaction potential.
Further, for the calculation of fusion cross-sections, the extended ¢-summed Wong model [28]
has been utilized and ¢-values are obtained using the sharp cut-off model [19] for the above
barrier energies and extrapolated for the below-barrier region. In the following sections, the

calculations and results related to the topic of this Chapter are discussed in detail.
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Figure 4.2: The polynomials of (a) half-density radius Ry (fm), (b) surface thickness a (fm)
and (c) wine-bottle parameter w (dimensionless quantity) plotted as a function
of mass number A varying from (4-238) for 2pF, (14-166) for 3pF and (28-209)
for 3pG density functions.

4.2 Calculations and results

Different density functions that is, two-parameter Fermi 2pF, three-parameter Fermi 3pF
and three-parameter Gaussian 3pG, which are used within the semiclassical approach of
the Skyrme Energy Density Formalism (SEDF), lead to the modifications in the barrier
characteristics (Vz and Rp) of the interaction potential. Further, the collective effect of Vg
and Rp obtained from different choices of nuclear density functions has been analyzed in
terms of fusion cross-sections calculated using the extended ¢-summed Wong model. The
results are compared with the available experimental data for 3B, O, 5¥Ni and '*?Sn+°8Ni
reactions across the Coulomb barrier energies [16,19-21|. The mass-asymmetry (74) value
of the selected choices of nuclear partners covers a wide range and varies from 0 to 0.8.

The data of nuclear density parameters (i.e. half-density radius ‘Ry’, surface thickness ‘a’
and wine-bottle parameter ‘w’) are taken from Refs. [5, 6] for mass-regions A = 4-238,
14-166 and 28-209, respectively, for the 2pF, 3pF and 3pG density functions. However,
the data for few nuclei is missing within the given mass regions. Thus, in the present
chapter and in [23], the values of Ry, a and w for missing nuclei have been extracted by the
polynomials, which are fitted to the available data, of density parameters. Also, the plot of
these polynomials as a function of mass number A are shown in Fig.4.2 for 2pF, 3pF and

3pG density functions along with respective data [5,6]. In Table 4.1, a comparison has been
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Table 4.1: Comparison of available data [5,6] and calculated values from fitted polynomials
of nuclear density parameters, i.e. Half-density radius ‘Ry’ (fm), surface thickness
‘a’ (fm) and wine-bottle ‘w’ (Eqs.(2.29), (2.32) and (2.35)), of different density

functions.
Density  Mass Number Density Parameters
functions A Half-density Radius ‘R,’ surface thickness ‘@’ wine-bottle ‘w’
Data Poly. Data Poly. Data  Poly.
2pF 20 2.740 2.584 0.572 0.501 0.0 0.0
3pF 20 2.791 2.823 0.698 0.564 -0.168 -0.115
3pG 28 1.950 2.112 2.076 2.106 0.286  0.221
2pF 40 3.530 3.637 0.542 0.562 0.0 0.0
3pF 40 3.730 3.733 0.620 0.583 -0.190 -0.584
3pG 54 3.518 3.444 2.270 2.316 0.403  0.305
2pF 62 4.262 4.346 0.521 0.579 0.0 0.0
3pF 62 4.443 4.425 0.539 0.525 -0.209 -0.184
3pG 90 4.434 4.421 2.528 2.552 0.350  0.331
2pF 120 5.315 5.262 0.576 0.534 0.0 0.0
3pF 142 5.614 5.626 0.587 0.589 0.096  0.087
3pG 138 5.338 5.490 2.678 2.638 0.375 0.316
2pF 238 6.805 6.797 0.605 0.554 0.0 0.0
3pF 166 5.980 5.975 0.446 0.445 0.190 0.198
3pG 209 6.315 6.318 2.881 2.882 0.390 0.391

shown between the available data and the calculated values obtained from the polynomials
of density parameters. It is evident from the table that, the calculated values are close to the
corresponding data for the lighter, intermediate and heavier mass nuclei, selected randomly
from Ref. [6]. The results are consistent for all the considered nuclear density functions.

Further, the nuclear densities (p(r)) profile with the variation of radial distance r (fm)
obtained with the values of parameters provided in [5,6] are compared with the p(r) obtained
from the polynomials fitted to the data, as shown in Fig. 4.3. From this figure, it has been
observed that, there are nominal difference in the tail and nearby region of p(r) obtained
from the available data [5,6] and fitted polynomials. Thus, one can use these polynomials for
obtaining the values of density parameters of the nuclei for which the data is not available
in the literature [6]. Furthermore, in Fig. 4.4 for symmetric and mass-asymmetric target-
projectile combinations, the behavior of 2pF, 3pF and 3pG density functions has been
investigated in terms of the density distribution of colliding nuclei at touching configuration
(R¢ = Ro1+Ry2), for ®Ni-, ®®Ni- and *®Ca-based reactions. In the panels (a)-(c) of Fig. 4.4, it

has been observed that for the symmetric reactions, projectile density (p;(r1)) of 2pF shows
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Figure 4.3: Comparison of nuclear density profile, p (fm=3), obtained for nuclei belonging to
different mass-region using available data [5,6] and fitted polynomials Eqs.(2.29),
(2.32) and (2.35), respectively, for (a) 2pF, (b) 3pF and (c) 3pG density func-
tions.

difference in the vicinity of tail region from that of the three parameter density functions
(3pF and 3pG), due to larger value of half-density radius of 2pF (Rgp ) as compared to
the radii of 3pF and 3pC density functions (RS”" and R3”“). On the other hand, from the
panels (d)-(1) of Fig. 4.4, it is clear that for mass-asymmetric reactions, p;(r1) of 3pF and
3pG is higher in the tail and neighborhood region, because of the larger value of Rf;p F and
Rg’p “ than RSP F oIt is important to mention here that, the data of 3pG density parameters
is not available for the B case.

Furthermore, Fig. 4.5 shows the comparison of total interaction potential V obtained using
2pF, 3pF and 3pG density functions for *®Ni-based symmetric (*®Ni+°®Ni) and asymmetric
(132Sn, O and 8B+%8Ni) choices of projectile-target combinations. It has been analyzed
for *®Ni+°Ni reaction that, 2pF lowers the barrier height (Vz) due to its larger value
of RZP* than R and RY®. Whereas, for mass-asymmetric reactions, the magnitude
of R " and R “ is larger and the corresponding barrier height Vg is lowered from that
of the 2pF case. In order to analyze the effect of different density functions around the
Coulomb barrier energy, the fusion cross-sections have been calculated using the extended
(-summed Wong model for 5Ni-based mass-symmetric and asymmetric reactions and are
compared with the respective experimental data [16,19-21], as shown in Fig. 4.6. It has been

analyzed that using the SLy4 Skyrme force parameters, the two parameter density function
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Figure 4.6: The fusion cross-sections, o,s(mb), calculated within the extended ¢-summed
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SB-+98Ni [21].

shows better results at the below-barrier energies for symmetric reaction (**Ni+*2Ni, 14=0),
whereas others show fusion hindrance. For the mass-asymmetric reactions i.e. '32Sn, 180
and ®B+°®Ni, the three-parameter density functions (3pF and 3pG) seem to perform better

in comparison to the 2pF due to the reason explained in the discussion of Fig. 4.5.

4.3 Conclusion

The two-parameter (2pF) and three parameter (3pF and 3pG) density functions used within
the semiclassical Skyrme Energy Density Formalism show corresponding effect on the barrier
characteristics (barrier position Rp and barrier height Vg), due to relative change in the
tail region of nuclear densities. Further, the collective effect of barrier characteristics has
been analyzed in the calculation of fusion cross-sections for mass-symmetric and asymmetric
kinds of *®Ni-based reactions, which are known to show fusion hindrance below the Coulomb
barrier. For the symmetric reaction (*Ni+8Ni), it is observed that, the density profile
of 2pF density function is different in the vicinity of tail region from that of the three
parameter density functions (3pF and 3pG), which is incepted due to its larger value of
half-density radius (or equivalently lower barrier height) as compared to the three parameter
density distributions. Consequently, the two parameter Fermi density function reduces the

fusion hindrance for **Ni+%¥Ni with the use of SLy4. On the other hand, for the case of
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mass-asymmetric nuclear reaction partners, the 3pF and 3pG density functions has larger
half-density radial distance, which in turn, lowers the barrier height in comparison to 2pF
case. Hence, the three parameter density functions are found to give better comparison of
fusion cross-sections with data, for ¥2Sn, ¥0O and 8B+°®Ni reactions especially at the below
barrier energies. It is worth mentioning here that the tail and nearby region of the density
distributions play important role in heavy-ion induced reactions.

Important to mention that, from the results discussed in the Chapters 3 and 4, one can have
a comprehensive knowledge over the densities amalgamation processes and nuclear density
distributions, and their relevance in the fusion dynamics of considered spherical choices of
projectile-target combinations. In the upcoming Chapters, with the use of SEDF approach
and different choices of Skyrme forces, we are interested to explore the role of deformations
(of different order) and orientations degrees of freedom in nuclear fusion as well as decay
mechanisms, at the low-energy regime of heavy-ion induced reactions. In the whole-mass
table, there are large variety of nuclei, which possess different shapes like spherical, deformed
shapes of axial- and reflection-symmetry (quadrupole, hexadecapole deformed nuclei) and
symmetry-breaking pear shapes (octupole deformed nuclei), etc. So, we are interested to
explore the significance of symmetry-breaking nuclear shapes of octupole deformed nuclei
for the formation of new nuclear entity. The obtained results are going to be discussed in

reference to the quadrupole deformed and spherical nuclei.
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Chapter 5

Optimum fusion configurations of pear shape nuclei

5.1 Introduction

The shape of an atomic nucleus in its ground state can be spherical or deformed. As
the nucleons (either neutron or proton) are added beyond the magic numbers, it causes a
long-range correlation and the nuclear shape starts deviating from spherical configuration.
The Coulomb excitation is used as a tool to measure the electric transition probabilities of
quadrupole (fs) and octupole (f3) deformed nuclei [1-4]. The [y-deformed nuclei, having
axial and reflection symmetries, are the most commonly observed deformed nuclei [5-10].
Unlike quadrupole deformed nuclei, it is difficult to observe the effect of the reflection-
asymmetry or symmetry-breaking shapes in octupole deformed nuclei. In literature [3,
11-16], there are very few experimentally observed octupole nuclei, and limited cases are
reported for proton numbers (Z) = 34, 56, 86, and 88, and neutron numbers (N) = 34,
56, 88, 134, and 136. The presence of octupole deformation in a nucleus enhances the
nuclear Schiff moments, which in turn, influences the electric dipole moment. Thus, the
octupole deformed nuclei are important in search for permanent electric dipole moments
(EDMs) [3,17]. Also, in the nuclear fusion process, the nonzero EDMs in one of the fusing
partners (i.e. '60+??"Ra) show remarkable impact on the fusion barrier and sub-barrier
cross-sections [4]. In the present Chapter, we intend to investigate the effect of octupole
deformation (up to f3) in nuclear fusion reaction, which involve S3-deformed nuclei either as
a projectile or target or both, by obtaining the optimum or uniquely fixed orientations for
the ‘elongated or cold’” and ‘compact or hot’ fusion configurations of the colliding partners.
At these fixed orientations, the significance of higher-order deformation (up to f3) can be
explored in the synthesis of heavy and superheavy elements.

As an illustrative case for the graphical representation of deformed nuclei, the deduced [s-
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Figure 5.1: The graphical representation of quadrupole [(a) 8; and (d) 5] and octupole
deformed shapes |(b) 85 35, (¢c) 85 By, (e) By By & (f) By B3] of 2'Rayz6. Here,
B = £0.143 and ﬂ;ﬁ = £0.139. Horizontal and vertical axes represent the
reflection [z (fm)] and axial [z (fm)] axes, respectively.

and f3-deformed shapes of §§4Ra136 nucleus from the following relation:

Ri(ai) = Ry,

1+ ) ﬁ,\iYA(O)(ai)] : (5.1)
A=2,3

are represented in Fig. 5.1 for ‘“+’ and ‘-’ signs of 8y; A = 2,3 correspond to quadrupole
and octupole deformed shapes, respectively. The quadrupole deformed nuclei, with 8, < 0
called oblate - a discus like shape [Fig. 5.1(a)] and 5y > 0 called prolate - a rugby ball like
shape [Fig. 5.1(d)], have symmetry around the axial and reflection axes. On the other hand,
the four possible shapes of octupole deformed nuclei (55 35, 85 B5, B4 B3 and S5 34) break
symmetry around the reflection axis, as shown in panels (b), (c), (e) and (f) of Fig. 5.1.

The axial and reflection-symmetric nuclear shapes are found to play a very important role in
the synthesis of heavy and superheavy nuclei [18-26|. Further, in the work of Vitturi et al [4],
the effect of symmetry-breaking shapes has been tested on the fusion barrier distributions.
The sensitivity of barrier distributions to octupole deformed targets, such as '4*Ba and ?**Ra,
was tested using °O-induced reactions and the corresponding impact on the sub-barrier fu-
sion cross-sections was analyzed. However, the impact of symmetry-breaking pear shapes
has not been understood much in the context of fusion dynamics. In the present chapter,

the initial step taken in reference to analyze the significance of pear-shape nuclei (belong-
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ing to different mass-region of the Periodic Table) on the fusion barriers at the optimized
orientations has been discussed in detail. For the formation of a compound nucleus either
via cold or hot fusion process, the orientation of a deformed nucleus is fixed or optimized in
two ways: (i) the elongated configuration which occurs due to the lowest barrier and largest
interaction radius between the centers of two nuclei, and (ii) the most-compact configuration
that happens at the highest barrier and smallest interaction radius. The steps (i) and (ii)
correspond to the ‘optimum cold’ and ‘optimum hot’ fusion configurations, respectively. R.
K. Gupta and his collaborators have given the optimum orientations corresponding to the
elongated and compact configurations of quadrupole deformed nuclei [21]. In the present
Chapter, the effect of octupole deformations along with their + /- signs has been analyzed
to optimize the orientations in reference to their elongated and compact fusion configura-
tions. Note that, the nuclei with small and strong octupole deformations are termed as soft-
and rigid-pear shaped nuclei, respectively. The hot and cold optimum orientations (6,:)
examined in terms of the barrier position Rg and barrier height Vz with the inclusion of

deformations (up to f3) are discussed below in detail.

5.2 Calculations and results

To examine 6,,; with the inclusion of deformations (up to fs) and orientations effects, we
have considered different pairs of projectile-target combinations: spherical-plus-octupole,
quadrupole-plus-octupole and octupole-plus-octupole. Here, the projectiles taken into ac-
count are spherical (160, %Ca and ?*Pb) and quadrupole deformed (**Ar, %2Fe and %2Ni)
nuclei, and over 700 octupole deformed nuclei belonging to 8< Z <118 are taken as targets of
above said P-T combinations. The static quadrupole (35) and octupole deformations (33 )
of considered deformed nuclei are referred from the recent Nuclear Data Table of Moller et
al [27]. In Fig. 5.2, the atomic and neutron numbers are shown for nuclei having defor-
mations B, 3; and 3, 35, which correspond to two different shapes of octupole-deformed
nucleus, for convenience see Fig. 5.1. The magnitude of Bgt—deformation possessed by oc-
tupole deformed nucleus is either larger or smaller than that of its quadrupole deformation
(|85]). Also, in Fig. 1.5(b) of introduction chapter, we have shown the difference in |35

and |BF| with the variation in the nucleon number. Therefore, the nuclei with (i) larger
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Figure 5.2: The octupole deformed nuclei of 35 ;5 and 3, 3; shapes belonging to different
mass-region of Periodic Table. The deformations of more than 700 octupole
nuclei are taken from the Data Table of Mdller et al [27].

value of |85 | than |35| are called as soft-pear shapes and (ii) smaller value of |55 | than |35 |
are defined as rigid-pear shapes. In view of this, the present chapter discusses about the
hot and cold optimum orientations of soft and rigid pear-shape nuclei for spherical-octupole
and deformed-octupole colliding nuclear partners. For the above analysis, the semiclassical
Skyrme Energy Density Formalism and phenomenological model based proximity potentials
have been taken into account, to derive nucleus-nucleus interaction potential, which con-
tributes in determining the fusion barrier characteristics (barrier position Rp and barrier
height V).

To have an explicit role of octupole deformations in heavy-ion induced reactions, initially,
the spherical-plus-octupole deformed combination (i.e. ¥Ca+!%Ba reaction) is considered
and analyzed the corresponding effect of 3 on Vz and Rp obtained using Proximity poten-
tial of Blocki et al [28], as illustrated in Fig. 5.3. From this figure, one can observe that, the
influence of octupole deformation has been observed initially by considering spherical and
then quadrupole and at last the octupole deformed shape of 4*Ba target nucleus. In Fig.
5.3, the barrier height V3 and barrier position Rp are shown with respect to the orientation
(03) of target nucleus. The magnitude of V and Rp remains same over all the orientations
of spherical configuration of target nucleus. Further, with the inclusion of only quadrupole

deformation (B = 0.163) of **Ba, one can see the modification in V3 and Rp from that of




5.2 Calculations and results 91

a L b
130 @ 1324 (b)
A AN
—~ 1281 ;A= N,
S ; S TN e ’E\ 12.8 1 \
() I (RN 7 = k. \ o
L ~ .
= 126 1, SN £ S\ -
- 4 \ N - 1244 N ’
> 124- ‘i RN c \ 4
= % = S a <7
sc) - ’ /' ~ ~ = N e / =~
s 12+ ~1 8 1204 A L
e / o (I N / . s
. \ /
T 120 / % e N
B J 48Ca+14B 4 6 =
5] 5 e
L7 B21=B3=0.0 — = = B#0, B,=0
116- B,,=0.163, B,,=-0.124 1121 — - —- By,70, B5,70
T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Orientation, 6, (deg.) Orientation, 6, (deg.)

Figure 5.3: The variation of (a) barrier height Vz (MeV) and (b) barrier position Rp (fm)
is shown with respect to the orientation of spherical /deformed (up to (3) target
of ¥Ca+'%Ba reaction.

spherical case, as moving from 6, = 0° to 180°. Also note that, due to [, there is symmetry
in the barrier characteristics around 90°. Since, the quadrupole deformed nuclear shapes
have symmetry around axial (z) and reflection (z) axes, for reference see panels (a) and (d)
of Fig. 5.1. On the other hand, the octupole deformed nuclei of pear-shape break symmetry
around reflection axis (see Fig. 5.1(b), (c¢), (e) and (f)). Due to this fact, one can see an
asymmetrical behavior of Vz and Rpg over all values of 0y, with the inclusion of deformations
up to f3. Also, note that, due to deformations up to (a9, the highest barrier height Vz and
corresponding smallest Rg come at 0;=90°, which is the case for hot or compact fusion
configuration of quadrupole deformed nucleus. For cold or elongated fusion configuration
for 8, deformed nuclei, the lowest and highest values of Vz and Rp, respectively, come at
02=0° and 180°. On the other hand, with the consideration of deformations up to s, the
orientation angles #2°" and 65°'¢ obtained are 76° and 0°, respectively. From this observation,
one can say that due to octupole deformation, the uniquely fixed optimum orientations get
modified from that obtained for quadrupole deformation.

Further, in Fig. 5.4, a comparative analysis has been observed for phenomenological model
based proximity potential derived by Blocki et al [28] and Skyrme Energy Density Formalism
based potential, which get influenced for different sets of Skyrme force parameters. Here, we

have considered some older versions (SIII [29], SkT1 [30], SLy4 [31] and eMSL07 [32]) and
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Figure 5.4: A comparison of phenomenological potential (Prox77) and SEDF based potential
(SIII, SkT1, eMSLO07, SLy4, NRAPR, SSk, GSkI and GSKkII) is shown in terms
of barrier height Vp (MeV) with respect to the orientation () of octupole
deformed target of **Ca+'*Ba (f22 = 0.163, 5, = -0.124) reaction.

modified versions of Skyrme force parameters (NRAPR [33], SSk, GSkI and GSKII [34]).
From Fig. 5.4, one can clearly observe the modification in the magnitude of barrier height,
due to different choices of nuclear potentials, over all the orientations () of octupole de-
formed target of 4¥Ca+'*Ba reaction. However, with the inclusion of deformations up to
B3, the optimized angles 05" * for the hot and cold fusion configurations of fs5-deformed nuclei
are independent of the choice of nuclear potential. Therefore, in further calculations, the
nuclear potential of Prox77 [28] has been taken into account to analyze the exclusive role
of fB3-deformed nuclei on fusion barrier, in reference to fy-deformed nuclei, by considering
different projectile-target combinations, i.e. quadrupole-plus-octupole and octupole-plus-
octupole deformed pairs of colliding nuclear partners.

In Fig. 5.5, the color mapping represent the variation of barrier height Vg over all the ori-
entations (61, 0,) of deformed projectile and target nuclei. For *®Ar (8 = -0.205), Fe (2
= 0.152) and Ba (By; = 0.163, 831 = -0.124)+14Ba (Bs = 0.163, B35 = -0.124) reactions,
the highest and lowest values of Vi come at 057 (hot) = 76° and 65" (cold) = 0°, respectively.

From this figure, one can observe that, the hot and cold optimum orientations obtained for
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octupole deformed target are independent of the choice of projectiles. In further calcula-
tions, the octupole deformed nuclei of soft- and rigid-pear shapes have been considered in
order to explore the influence of magnitude as well as + /- sign of fs-deformation on 6,,;.

In Figs. 5.6 and 5.7, the variation of Vz and Rp is shown with respect to the orienta-

110,111,148 o 224,226,232Rn)
b

tion 0y of deformed target of *®Ca-+soft-pear ( and rigid-pear shape

(274,276,280 276,278,280 Ac) combinations. For spherical projectile **Ca, the orientation an-
gle A, remains fixed and can be taken either as 0° or 180°. In these figures, the elongated
configuration of colliding nuclei corresponds to the lowest barrier height and largest inter-
action radius or barrier position, which refers to the cold optimum orientation. For the
case of compact configuration, the highest barrier and smallest interaction radius stand for
the hot optimum orientation. It is worth noting that, in Data Table [27|, (3 deforma-
tions are given for 3, B; and By f; shapes. The optimum orientations for the rest shapes
of octupole deformed nuclei (8, 85 and 35 35) are predicted and reported in Table 5.1 by
changing the signs of available data for ;. The table presents the optimum orientations
(Opt) for octupole deformed nucleus of soft- (with small value of 3) and rigid-pear shape
(with large value of f3). In Table 5.1, 6,, for the cold and hot configurations of oblate
shape (quadrupole; 35 ) are 90° and 0° (or 180°), respectively. Note that, the spherical-
symmetric shapes (quadrupole deformed nucleus) have the same configurations at 0° and
180°, however, the symmetry-breaking (octupole deformed) nuclei have different shapes at
these angles. Due to this fact, the angular separation between 6, |3, and 6,,|s, depends
on the strength and sign of octupole deformation. For the case of the soft-pear shape (i.e.
|B2] > [Bs]), Oopt for the elongated configuration of 35 changes with a maximum of 20°,
whereas the rigid-pear shape (|fs| < |B3|) shifts it by 90°. Similar results are observed
for the ) case, but for the compact configuration. Depending on the magnitude of S5 of
soft-pear shapes, Oypt|, comes with an addition or subtraction of 2°.

It is important to note that the optimum angles change significantly with the magnitude
of deformation of soft-pear shape nuclei. So, the deviations observed in the cold and hot
optimum cases for 3, and f3;, respectively, are categorized in three regions, which show dif-
ference between the magnitude of 8, and fs, as (1) |Ba2] — | B3] >0.2, (2) 0.1< |Bs| — |B5]<0.2,
and (3) 0<|fa] — |F3]|<0.1. These regions have also been exercised for spherical-deformed
and deformed-deformed colliding nuclear partners, which involve deformations up to 3 (see

Table 5.1 and Fig. 2.1 for more details). The considered pear-shapes belong to different
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Table 5.1: Optimum orientations (6,,:) for octupole deformed nuclei, of soft- and rigid-pear
shape nuclei, leading to ‘cold or elongated’ and ‘hot or compact’ configurations.

shape deformation Optimum configuration 65" t'(deg.)
‘elongated or cold’ ‘compact or hot’
oblate By 90° 0° or 180°
By 1= 1851 >0.2 100° £ 2°% 180°
|B2] > | B3] By B3 0.1<|B5]—185]<0.2 105° £ 2° 180°
0<|By|—1851<0.1 110° + 2° 180°
soft-pear shape
62 — 1651 > 0.2 85° 4 20 0°
By BY 0.1 <[By|—1[B5] < 0.2 80° £ 20 0°
0<|By| =B <0.1 750 + 20 0°
- By B3 0° 180°
rigid-pear shape
|Ba| <185 By By 180° 0°
prolate By 0° or 180° 90°
185 — B3> 0.2 0° 85° 4+ 2°
|Ba] > |85 B3 Bs 0.1 < |85 —185]<0.2 0° 80° £ 2°
0<|By|—1B51<0.1 0° 750 4 20
soft-pear shape
1851 — 1851 > 0.2 180° 100° =+ 2°
By By 0.1 < |8 —165] < 0.2 180° 105° =+ 2°
1B =185 < 0.1 180° 110° £ 2°
. B3 By 0° 180°
rigid-pear shape
|Ba| < |85 B3 By 180° 0°

t The values of optimum orientations for soft-pear shape nuclei come within the range of §57" + 2°.

Note: The optimum orientations obtained for octupole deformed nuclei are developed on the basis of proximity theorem
based nuclear potential (see Eq.(2.10)), but is valid for any type of nuclear interaction.

mass regions of the Periodic Table.

This Chapter shows the effect of the sign and magnitude of 3 deformation for both the
compact and noncompact fusion configurations of two colliding nuclei. Unlike quadrupole
deformed nuclei, there are less numbers of experimentally observed octupole nuclei [3,11-16].
That is why the importance of pear-shape nuclei has not been exposed much so far in the
field of nuclear reactions. On the basis of our theoretical work, an application of optimized
orientations for octupole deformed nuclei is made in the calculation of fusion cross-sections
(0 fus) using the Wong formula [35] for the reaction **Ca+?*Rn (8, = 0.110, B3 = -0.125),
forming a superheavy compound nucleus ?®®*Sg*, as a function of excitation energies E}y
(or center of mass energy E.,,. ). The relevant details are provided in Table 5.2. Since the

experimental data of this reaction involving the octupole deformed nuclei are not available,
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Table 5.2: The calculated fusion cross-sections o, (mb) using Wong formula [35] are given
as a function of excitation energy Ef., (and corresponding center of mass en-
ergy Eem (MeV)) of an excited compound nucleus 2®3Sg* [36] formed from **Ca
(sph.)+*"Rn (B, = 0.110 and S5 = —0.125) reaction.

Efy (MeV) E.m (MeV)

Fusion cross-sections (o fys. (mb))

sph. B2 B2, B3
cold hot cold hot

34.67 182.06 14.821 138.132 0.831 472.519 0.129

38.67 186.06 113.204 225.469 49.567 595.856 19.751
43.67 191.06 245.612 395.265 177.279 742.765 144.819
48.67 196.06 371.322 527.931 299.821 882.181 272.095
53.67 201.06 490.780 653.998 416.269 1014.662 393.049
58.67 206.06 604.441 773.947 527.067 1140.714 508.135
63.67 211.06 712.717 888.214 632.615 1260.794 617.767
68.67 216.06 815.981 997.191 733.277 1375.316 722.325
78.67 226.06 1008.805 1200.684 921.244 1589.163 917.566

so for the sake of comparison, the calculated fusion cross section is compared with the exper-
imental data [36] of the 3°Si+%3®U reaction, which forms the same compound nucleus, i.e.,
268Sg*. Tt is found that the o, (mb) obtained for the hot configuration of S3-deformed nu-
clei (**Rn) seems to be comparable with the experimental data [36]. In addition to this, the
calculations have also been done for the formation of a heavy compound nucleus, i.e. **°Ir*
formed from 48Ca (sph)+'*?La(8s = 0.108 and 33 = —0.083) reaction, and the fusion cross-
sections obtained with the inclusion of 3 are comparable with the data of “Be-+'®Ta [37]
reaction, which forms the same compound nucleus i.e. 'Ir*. The results obtained for the
synthesis of heavy and super-heavy elements from the octupole-based reactions can be ver-

ified in the future experiments. Also, the importance of optimized orientations for different

combinations of colliding partners will be explored in the upcoming chapter.

5.3 Conclusions

The octupole deformation (up to (3) distorts the spherically symmetric or quadrupole de-
formed (fs) nuclei into a pear shape. In this chapter, the optimum (or uniquely fixed)
orientations obtained for the ‘elongated’ and ‘compact’ fusion configurations of octupole

[3-deformed nuclei have been obtained which are different from the ones reported for the
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quadrupole deformed nuclei. The soft-pear shape nuclei with small 83 deformations (i.e.
|Ba| > |P5]) show a maximum deviation of 20° in the elongated and compact configurations
of oblate and prolate cases, respectively, whereas for rigid-pear shape nuclei with strong
Ps deformation (|52| < |5s3]), the deviation observed is 90°. The optimum orientations ob-
tained are also dependent on the ‘+’ and ‘-’ signs of f3-deformation. Thus, the octupole
deformations significantly modify the optimum orientations for the cold and hot fusion con-
figurations and hence leads to modification of the barrier characteristics. In addition to
this, the effects of 3 have also been observed in the calculation of fusion cross section for
the formation of heavy (**°Ir*) and superheavy (?*®*Sg*) elements formed from the octupole-
based reactions, i.e., ®®Ca(sph.)+*2La (3 = 0.108, 85 = -0.083) and *?°Ra (3, = 0.110, 35
= -0.125), respectively.

On the basis of above results, it would be interesting to explore the significance of oc-
tupole deformation and related optimum orientations on the fusion barrier characteristics
and subsequently on the fusion cross-sections over a wide range of beam energies. To carry
forward with the above idea, in the next Chapter, the fusion dynamics of a large variety
spherical-plus-octupole deformed pairs of colliding nuclei would be analyzed and discussed

in detail.
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Chapter 6

Impact of octupole deformations and related orientations

in fusion process

6.1 Introduction

In Chapter 5, we have proposed a new set of optimum or uniquely fixed orientations, which
are different from the values reported for the quadrupole 5 deformed nuclei, with the con-
sideration of deformations up to f5 [1]. In the above analysis, it has been observed that, the
soft-pear shape of octupole deformed nucleus with small S35 deformations shows a maximum
deviation of 20° in the elongated and compact configurations of oblate and prolate cases,
respectively. On the other hand, for the rigid-pear shape nuclei with strong 83 deformation,
the deviation observed in 6, is 90°. In the present chapter, the impact of nuclear deforma-
tions (up to fB3) and the related optimum orientation degrees of freedom has been analyzed
in terms of barrier characteristics and subsequently on the fusion cross-sectional area for a
large variety of spherical-plus-deformed pairs of colliding nuclei forming new nuclear entities
belonging to different mass-regions of the Periodic Table.

For the synthesis of heavy and superheavy elements, either of the two nuclear mecha-
nisms, namely hot and cold fusion processes, are used [2-6]. These fusion phenomena
have been described successfully when either one or both the colliding nuclear partners are
deformed [7-10|. The theories used to illustrate the concept of hot and cold fusion processes
are developed on the uniquely fixed or optimum orientation of quadrupole and octupole
deformed nuclei [11-13]. Here, the considered octupole nuclei belonging to different mas-
regions of the Periodic Table are categorized as (i) the nuclei with weak or small octupole
deformation compared to quadrupole deformation and (ii) the nuclei with strong octupole
deformation. The first type of configuration is called as the soft-pear shape (|82 > |53|) and
the second is called the rigid-pear shape (|82] < |B3]). The main objective of the present

chapter is to investigate in detail the influence of cold and hot optimum oriented octupole
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Figure 6.1: The graphical representation of ‘cold or elongated” and ‘hot or compact’ fusion
configurations for °0+2Ra (S = 0.069, B3 = -0.163) reaction. The above
panel represents spherical-plus-quadrupole deformed combination, and lower one
is for spherical-plus-octupole deformed colliding partners.

deformed nuclei on the fusion barrier characteristics (Vp and Rp) and hence on the fusion
cross-sections for energies across the Coulomb barrier.

The deformation and orientation degrees of freedom are introduced in the interaction poten-
tial through the spherical harmonic function of nuclear radii terms (Eq.(2.1)). The radius
of a nucleus is estimated from the center to the surface region. Unlike quadrupole (f;) de-
formed nuclei, the center point of symmetry-breaking pear shape is not situated exactly at
the center. One can visualize (in the graphical representation of Fig. 6.1) the change in the
interaction distance between the centers of the spherical-octupole pairs of colliding nuclei and
that of spherical-quadrupole combination for the cold /noncompact and hot/compact fusion
configurations. This point motivates us to observe the corresponding effects on the fusion
barrier (Vg and Rp) as well as the fusion cross-sections (o,s). To extract the exclusive role
of deformations up to octupole, the 3 based results are compared with the corresponding
Po-case [14]|. To study the ‘cold” and ‘hot’ optimum cases of octupole deformed nuclei in
nuclear fusion reactions, the static deformations are considered [15]. The dynamical effect
of quadrupole, octupole, or higher-order deformations will be explored for the fusion-fission

mechanisms in the future research.
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Magnitade of deformation

Figure 6.2: The magnitude of deformations, provided in Nuclear Data Table [15], shown
here for nuclei belonging to different mass-region of the Periodic Table.

The above study explores the effect of octupole deformation and the related optimum ori-
entations on approximately 200 spherical-octupole pairs of colliding nuclei. For this combi-
nation, the doubly magic nuclei O and “8Ca are used as projectiles to strike an octupole

deformed target. The considered soft- and rigid-pear shapes of octupole belong to different

mass-regions of the Periodic Table.

6.2 Calculations and results

There are approximately 700 deformed nuclei that have both the quadrupole £, and octupole
B3 deformations [15]. The magnitude of Sy and f3 deformations for these 700 nuclei shown
in Fig. 6.2 is represented by the open triangle and solid circle symbols, respectively. From
this figure, one can identify the nuclei that have a larger S5 magnitude than 3 magnitude
(also called as soft-pear shapes of octupole deformed nuclei) and nuclei with larger value of
|B3] than |B2| (named as rigid-pear shapes of octupole deformed nuclei), also see Fig. 1.5.
Most of the soft-pear shapes exist in the regions Z = 53-60 and 76-88 with a mass range
A = 103-115, 140-150, 188-195, and 210-230. Its rigid counterparts are found in abundance
in the regions Z = 37-40, 59-68, and >80 with the masses A = 124-131, 189-196, 215-224,




6.2 Calculations and results 104

701
i[1 10 + 1#Ba (soft-pear shape) (@) 160 + 14g, ©
fi -
60 ,| i Cold optimum
509 |
—
3 0
=
~— .
~ 304 |
> 1
= 20{ ~ T Bn(6=1809 ] —— P, (8%,=90%)
€ = = = B2y (65 =180°) = = = ByBa0%, =90°)
g 104 T Bzzﬁsz(egénzoo) ] - 322,832(955573")
100- e T T T ('C)_ T T 160_;_280R T (.d)
c \ | 116, 280 t i a
20 + ““Ra (rigid-pear shape)
3= i :
8 i Cold optimum
p 801 i
o
£
£ o0
|_
1 Bz (9g6t=1800) — B (GE,%[:QOO)
= = = BBy (65 =180°) - = = By By(BF =90°)
201 - [32sz32(9§51:00) ] - [322,[332(95F3)t:180°)

8 12 16 20 24 8 12 16 20 24
Separation distance, R (fm)

Figure 6.3: The total interaction potential Vy (MeV) as a function of separation distance R
(fm) is shown for the cold and hot fusion configurations respectively in panels

(a) and (b) for 1°0+Ba (By = 0.163, B33 = -0.124), and in (c) and (d) for
1604+280Ra (Byy = 0.069, B3 = -0.163) reaction. 672, and 6%, represent the

opt opt
optimum angles, respectively, for deformations 5 and up to fSs.

and 272-291. We have considered these pear shapes from their respective regions! in further
calculations.

Initially, for an illustration, we have plotted the total interaction potential V- (MeV) as a
function of separation distance R (fm) in Fig. 6.3 for 150-+141Ba (soft-pear shape; |52| > |53])
and *°Ra (rigid-pear shape; |3;| < |B3]) reactions. For the synthesis of a compound nucleus
via cold or hot fusion process, the orientation of a deformed nucleus is fixed or optimized
in two ways: (i) the noncompact (or elongated) configuration, which occurs owing to the
lowest barrier height and largest interaction distance between the centers of two nuclei and
(i) the most-compact configuration occurs at the highest barrier and shortest interaction
distance. The steps (i) and (ii) correspond to the ‘optimum cold’ and ‘optimum hot’ fusion
configurations, respectively. By considering 5 in the targets of the above reactions, the cold

optimum orientation occurs either at Hf;t = 02 or 180°. However, by including deformation up

!Note that, the calculations done in the present work are for 8535 shape of octupole deformed nucleus.
Since the Nuclear Data Table of ground state deformations for nuclei of different mass-region has the negative
value of B3. The results anticipated for 35 ﬁ; are same as that obtained for 35 B3 , in the coplanar case.
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Bz

to (B3, the noncompact or cold fusion configuration does not occur at Qf;t = 1807, but at §,,,, =

0°. Because the pear-shape octupole deformed nucleus does not have the same configuration
at angles 0° and 180° (see Fig. 6.1). For the hot optimum case, the corresponding 6,,; for S,
comes at 90°. However, the above situation is justified at angles Gfgt =75£2° and 180° due to
small (3 in soft-pear shapes and strong contribution of 3 in rigid-pear shapes, respectively,

for more details see Ref. [1|. The above analysis can also be observed from panels (a)-(d)

of Fig. 6.3 and it illustrates that, the change in 672

opt due to inclusion of B3 shows significant

influence on fusion barrier characteristics (barrier position Rp and barrier height V) as
well. For the soft-pear shapes, the remarkable effects can be seen on Vz and Rp mainly
for the noncompact fusion configuration, as shown in panels (a) and (b) of Fig. 6.3. On
the other hand, by considering rigid-pear shape, a significant impact has been observed on
fusion barrier for both the compact as well as noncompact fusion configurations, see panels
(c) and (d) of Fig. 6.3. For further calculations, the above analysis is exercised for around
200 pear shapes of octupole deformed nuclei, which are belonging to different mass-regions

of Periodic Table.

6.2.1 Impact of deformations up to octupole (f3) on fusion barrier

at cold and hot optimum orientations

The soft-pear shapes belonging to regions Z = 53-60 and 76-88 have different values of 35 and
s, and are considered as target of 10O-induced reactions. Further, to observe the impact of
above said pear-shape on the fusion barrier at both the hot and cold optimum orientations,
we have observed the change in barrier height Vz and barrier position Rp due to inclusion of
deformations up to B3 from that of fy. Figure 6.4 shows the variation of Vz(5s) — Vi (Bs, 53)
and Rp(f2) — Rp(fa, B3) for the cold optimum case, respectively in panels (a) and (b), with
respect to the difference in magnitude of §5 and B3 deformations. The soft-pear shapes have
larger magnitude of 3, than (3, that is why, the difference |55| — | 53] is greater than zero. In
Fig. 6.4(a), the positive values obtained from Vg(53)-Vg(B2, 83) illustrates the extent with
which Vg(fs, f3) gets lowered from Vp(f2). For the soft-pear shapes of mass-regions A =
103-115 (open square) and 140-150 (open circle) belonging to Z = 53-60, the difference goes
up to 3.5 MeV, as the magnitude of 53 becomes comparable to Sy (i.e. |52 —|f5] — 0). On
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Figure 6.4: The difference in barrier height Vg and barrier position Rp obtained due to defor-

mations up to 3 and fs, i.e. (a) Vz(B2)—Vg(B2, B3) and (b) Rp(82) — Rp(Ba; 83),
shown with respect to the difference in the magnitude of By and (3. Note
that, the above analysis is done for ‘cold or noncompact’ fusion configuration of
160 +soft-pear shapes combinations.

the other hand, for heavy-mass regions A = 188-195 (solid circle) and 210-230 (stars) of Z
= 76-88, the difference Vg (52) — Vi (B2, f3) reaches 5.5 MeV for |5z — | 53] — 0. In the lower
panel of Fig. 6.4, the difference of Rg(fs2) and Rg(f2, f3) is depicted for the above said fu-
sion configuration and mass-regions. The negative value obtained from Rg () — Rp(52, 53)
states that, the inclusion of 3 enlarges the interaction distance between the centers of two
colliding nuclei, in reference to that of f5. A large negative value up to 0.8 fm can be seen
for Rp(B2) — Rp(Ps, B3), as one goes from lighter to the heavier mass systems. From above
discussion, it can be clearly said for the cold optimum orientation of heavy-mass soft-pear
shapes that, there is significant impact on fusion barrier height Vz and barrier position Rp,
particularly when |f3] approaches the |f;]-value.

Further, in Fig. 6.5, the negative and positive values obtained respectively for Vg(3;) —
Ve (B2, P3) and Rp(B2) — Rp(Pa, B3) represent the case of hot optimum orientation of soft-
pear shapes. In Fig. 6.5(a), for mass-regions A = 103-115 and 140-150 belonging to Z =
53-60, the change of Vi (s, B3) from Vg(B2) goes up to 0.75 MeV, as |52| — | 3] approaches
to zero. On the other hand, for A = 188-195 and 210-230, V5 (/52) — VB(B2, B3) gives a value
of about 1.5 MeV. For the case of barrier position, the positive value of Rg(f82) — Rp(52, 53)




6.2 Calculations and results 107

—~ @

™ 0.041 O Cplj Op O (]
L 0o *o
N 0%5:' EE ¢ ‘%v

o 3

= -05- o &g Fow O
2 '.9‘%‘59 X
Q104 gee *
~ ¥ X

m
> s ol 180+soft-pear shapes

WK Hot configuration
_ (b) T T T T T T
m":) 0.2 X o) o
E
> N &
X o1 o O%%EK
~ *¥ oomx
% oo%%%@ oS
o
@ oo o O HG © ¥ o oo o
000 005 0.0 015 020 025
IB,I-1Bs]

Figure 6.5: Same as Fig.6.4, but for ‘hot or compact’ fusion configuration.

reaches up to 0.2 fm for the heavy mass systems, which is relatively higher than that of
lighter-mass soft-pear nuclei, as shown in Fig. 6.5(b). In the other words, it can be said for
the hot or compact configuration that, the interaction distance becomes smaller with the
inclusion of deformations up to B3 than that of S5, which in turn, increases Vg(5s, f3) from
V5(B2). The results obtained for both the cold and hot fusion configurations of 50+soft-
pear shape combinations in Figs. 6.4 and 6.5 express that, the octupole deformation of
soft-pear shape shows significant impact on Vg and Rp mainly for the cold fusion configu-
ration.

Further, we have considered the rigid-pear shapes of octupole deformed nucleus (with
stronger value of 83 than ;) as target in 1°0O-induced reactions to observe their correspond-
ing effects on the fusion barrier, in reference to the results obtained for 3, deformation.
The considered choices of rigid-pear shapes belong to mass-regions A = 124-131, 189-196,
215-225 and 272-291 of Z = 37-40, 59-68 and >80, for reference one can see Fig. 6.2. Fur-
ther, the variation of differences Vg (8s2) — Vi(Ba, B3) and Rp(B2) — Rp(fa, B3) is shown with
respect to |(3z| — | B3| for the cold fusion configuration of O+ rigid-pear shape combination,
respectively, in panels (a) and (b) of Fig. 6.6. In rigid-pear shapes, the magnitude of /3
is greater or equal to that of [y, so that, the difference || — |f5] is less than zero. For

mass-regions A = 124-131 (open square) and 189-196 (open circle) of Z = 37-40 and 59-68,
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Figure 6.6: Same as Fig.6.4, but for **O-trigid-pear shapes combinations.

o
8

respectively, the positive value of Vg(82) — Vi(52, 83) goes up to 4 MeV, irrespective of the
choice of |B2] — |B3|. On the other hand, for heavy-mass region A = 215-224 (solid circle)
and 272-291 (stars) respectively of Z = 80-88 and 85-102, Vz(/2) — V(/2, f3) reaches up
to 7 MeV, see Fig. 6.6(a). In the case of barrier position, the negative value of difference
Rp(B2) — Rp(Ps, B3) for the cold optimum case reaches near to 1.5 fm, as one goes from
lighter to heavy-mass regions, as shown in Fig. 6.6(b).

For the case of hot or compact fusion configuration, the rigid-pear shapes show a change in
Vi (B2, P3) of about 2 MeV from Vg(5;) for the lighter mass-region. For heavy-mass regions,
the difference Vg(52) — Vu(52, 53) goes up to 6.5 MeV, as shown in Fig. 6.7(a). In the
case of barrier position, the negative value of difference Rgp(f2) — Rp(/2, f3) reaches near
to 0.8 fm with the increase in mass of rigid-pear shape. The results obtained from Figs.
6.4-6.7 for 1°O-+deformed reactions signify that, irrespective of the choice of |3;| — |35/, the
rigid-pear shapes in which |fB3] > |fa| show relatively stronger influence on fusion barrier
for both hot and cold optimum cases, in comparison to that of soft-pear shapes. The above
analysis has also been repeated for “8Ca-+deformed pairs of colliding nuclei, which involve
octupole deformed nucleus of soft- and rigid-pear shapes as target. As a consequence, we
have observed almost similar results as that of **O-induced reactions for both the compact

and noncompact fusion configurations.




6.2 Calculations and results 109

0@ 5 o I'_‘D.
—~ (m] QO
@f: o CQEI) DO@ Oaf (2
N m] ) &
QL -2 oo © P g e
m o %D
> x
S o
G x
> . ¥ 160+rigid-pear shapes
Hot Configuration
1.2 T T T T T T
(b)
& 0.8
N
@ ke *
£ 041 - g ™ *
1 o :%% ]
—~ % T o
< 00 09 9%° o
= e e
-0.4 1
-0.14 -0212 -010 -0.08 -0.06 -0.04 -0.02 0.00
IBI-1B4l
Figure 6.7: Same as Fig. 6.4, but for hot fusion configuration of O rigid-pear shapes
combinations.

In addition to the above, we have also depicted the variation of Vg(52) — Vi(fa, f3) and
Rp(B2) — Rp(Bs, f3) with respect to the difference in the quadrupole moment, @y, as a
function of (5, B3) and [y only, i.e. Qao(S2, f3) — Q20(P2). Here, the term Qo defines the
deviation from the spherical balance of the nuclear charge distribution and depends on the
deformation parameters (3, [16,17]. The above analysis is illustrated for the cold and hot
fusion configurations of *O-+soft-pear shapes combinations, as shown in Fig. 6.8. From
this figure, it has been observed that, the involvement of higher-order deformation (up to
P3) in quadrupole moment shows a significant variation, with the increase in the magni-
tude of [3-deformation, in the barrier height Vz and corresponding barrier position Rp
mainly for the cold optimum case. As a consequence, the modification observed in Vz and
Rp would influence the fusion cross-sections and give the possibility of production of new

heavy /superheavy elements.
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Figure 6.8: The left and right panels are same as Figs. 6.4 and 6.5, respectively, but are
shown with the variation in quadrupole moment Qq0(52, f3) with the inclusion
of deformations up to B3 and Q0(f2) due to involvement of fy-deformation only.

6.2.2 Impression of the octupole deformed target in '0O- and **Ca-

induced fusion reaction cross-sections

So far, the role of octupole deformation (f3) is analyzed on the fusion barrier charac-
teristics by employing the cold and hot optimum orientations. This analysis tested for
160, 8Ca+soft- and rigid-pear shape reactions is compared with the results obtained for
quadrupole (f;) deformations. In addition to the above, we have calculated the fusion
cross-sections to address the exclusive role of f3-deformations. For the calculation of fusion
cross-section which is function of center of mass energy E.,, and barrier characteristics

(barrier height Vg, barrier position Rp and barrier curvature iwg), we have used the Wong

formula [18]. As we know, the fusion barrier parameters are sensitive towards the deforma-
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Figure 6.9: The fusion cross-sections calculated using Wong formula [18] for (a), (c) cold and
(b), (d) hot fusion configurations of 1°0, 4¥Ca+-soft-pear shapes (145146:148Nd and
149.1508m) reactions, at E.,, = V3.

tion and orientation degrees of freedom. So, the fusion cross-sections (oy,s) are illustrated
as a collective effect of barrier characteristics for spherical-plus-octupole deformed pairs of
colliding nuclei. In view of this, we have plotted o,s (mb) at E.,, = Vg for the above
mentioned fusion configurations of 60, ¥Ca+octupole deformed nucleus reactions.

In Fig. 6.4, with the consideration of soft-pear shapes as target in 10- and *®Ca-induced re-
actions, we find relatively higher impact on the fusion barrier as the magnitude of #3 becomes
comparable to By or || — |f3] — 0. Thus, in the calculation of oy,s, we have considered
octupole deformed nuclei 4516:148Nd and 119159Sm_ which are stable in nature [19] and can
also be used for future fusion experiments. For the cold or noncompact fusion configuration
shown in panels (a) and (c) of Fig. 6.9, it has been observed that, there is enhancement
in op,s due to B3 from that of ;. The change in oyy,s(52, B3) from opys(B2) is relatively

145,146.148Nq), which have small difference in the

higher for the octupole deformed targets (
magnitude of 5y and fs-deformations, i.e. |B2a| — |fB32] < 0.112. This analysis holds true
for both the '°0O- and “®Ca-induced reactions, as shown in panels (a) and (c) of Fig. 6.9.
On the other hand, in the case of compact or hot fusion configuration of soft-pear shapes,

the change observed on fusion barrier is relatively less. As a consequence, the fusion cross-

sections obtained due to weak (3 of soft-pear shape differ by smaller amount when compared
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Figure 6.10: (a) The transmission probability T'(E,,, ) calculated as a function of center of
mass energy E.,, (MeV), and (b) fusion cross-sections obtained using the ex-
tended /-summed Wong model [20] for 160+19Sm (s = 0.205, B35 = —0.055)
reaction 2] at both the hot and cold optimum orientations [1] related to
quadrupole and octupole deformations, across the Coulomb barrier energies.

with Bs-case, as shown in panels (b) and (d) of Fig. 6.9. Further, the nuclei "*"Eu and ***Ra
of rigid-pear shapes with sufficient half-life [19] are considered as target of 160, ¥ Ca-induced
reactions and studied their corresponding effects on fusion cross-sections. As observed in
earlier section, the rigid-pear shapes show relatively higher impact on fusion barrier for both
the cold and hot fusion configurations, in comparison to the soft-pear shapes. Consequently,
the corresponding impact is observed on the fusion cross-sections as well. The maximum
change observed in o ,s(f2, f3) from o,s(52) for the cold and hot fusion configurations is
about 400 mb and 15 mb, respectively, which is larger than that of soft-pear shapes. In the
future experiments, it would be of interest to use the octupole deformed nuclei (soft- and
rigid-pear shapes) in nuclear fusion reactions, for the formation of new nuclei/isotopes.

In [2], the experimentally determined fusion cross-sections are given across the Coulomb
barrier energy for 'O-+'Sm (S = 0.205, B3 = —0.055) reaction, which has octupole de-
formed target of soft-pear shape. In view of this, we have calculated the fusion cross-sections
with the inclusion of higher-order deformation (up to 83) and compared the results with the
experimental one. In the above discussion, the Wong formula is used for the calculation
of fusion cross-sections at E.,, = Vg. Since, Wong had taken /-summation under some

approximations and given the formula for ¢ = 0 case. Further, the /-summation is carried
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out explicitly in [20], which is named as the extended (-summed Wong model. The fusion
cross-section determined using this extended version of Wong formula is expressed in terms
of quantum-mechanical transmission probability T'(E.,,.), see Eq.(12) of Ref. [14]. At first,
we have analyzed the variation of T'(E,, ) with respect to E.,, for the above mentioned
reaction. In Fig. 6.10(a), one can see the behavior of T'(E,, ) across the Coulomb barrier
energies for hot as well as cold fusion configurations of above mentioned reaction. Across the
Coulomb barrier energies, there is relatively larger possibility of penetration due to inclu-
sion of deformations up to #3. On the other hand, for hot or compact fusion configuration
of spherical-deformed combination, there is very nominal value observed for T(E.,,.), es-
pecially at below and near barrier energies. The above observation is further analyzed in
terms of fusion cross-sections (0 f,s) using extended ¢-summed Wong model. The calculation
of o¢,s done with the inclusion of 8, and up to fs-defomrations for both the hot and cold
configurations are compared with the available data, as shown in Fig. 6.10(b). In Fig. 6.10,
we can see that, the target "°Sm is a soft-pear shape of octupole nucleus, so the results
obtained for the hot fusion configuration either with the involvement of 55 or up to (5 are
almost similar and show hindrance from the data. On the other hand, the o,s obtained
at cold optimum orientation of 3 shows better results in comparison to that of quadrupole
deformation. In other words, the fusion cross-sections calculated for cold or noncompact
fusion configuration of octupole deformed target (}*°Sm) reproduce the experimental data
nicely across the Coulomb barrier energies.

Also, we have explored the average effect of 83 deformation in terms of o, for '**O+°Sm
reaction, by integrating oy,s over the orientations 6, as shown in Fig.6.11. It shows rel-
atively better comparison with the data, as compared to that for fa-case, see Fig.6.11(a).
However, we notice fusion hindrance even after inclusion of f3-deformation. In this case, an
extra energy is required to make such systems to fuse and is called as extra-push energy. In
view of this, many authors have implemented this idea and analyzed the the influence of dif-
ferent factors (likewise channel-coupling effects, dynamical deformations, phenomenological
model, etc.), which in turn, give extra-push energy at the below barrier region to address
the fusion hindrance [21-26]. In our work, the main aim is to find the exclusive role of the
optimum orientations (f,,:) related to the static deformations of octupole (/33) deformed nu-
clei on the barrier characteristics and subsequently on the fusion cross-sections, in reference

to the results obtained with the inclusion of static quadrupole (fs) deformations and related
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(a) Prox77 and (b) Prox88 for 10+'0Sm (85 = 0.205, 832 = —0.055) reaction
is varied as a function of the center of mass energy E.,, (MeV).

Oopt- In this context, the fusion hindrance is addressed by employing a modified version of
Prox77, i.e. Prox88 [27]. Due to different values of coefficient vy and k,=1.2496 MeV fm—2
and 2.3, respectively, used in Prox88, the barrier height Vp decreases and barrier position
Rp increases from that of Prox77. Consequently, the integrated fusion cross-sections ob-
tained due to the inclusion of deformations up to (3 within Prox88 potential give a better
fit to the experimental data of '%O+159Sm reaction, see in Fig. 6.11(b), as compared to the
[Bo-case. It is to be noted here that, the fusion cross-sections shown in Figs. 6.10 and 6.11
represent the case for soft-pear target of ®O-induced reaction, since its experimental data
is available. The exclusive role of octupole deformation for rigid-pear shape will be more
prominent in reference to [y-case. However, we have not shown this kind of comparison for

rigid-pear nuclei, due to unavailability of experimental data.

6.3 Conclusion

For the synthesis of a compound nucleus either via cold or hot fusion processes, the informa-
tion on the fusion barrier characteristics (Vz and Rp) is required and extracted from the total

interaction potential, which depends on the deformation and orientation degrees of freedom.
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The octupole deformation, which distorts the spherical-symmetric quadrupole deformed nu-
cleus into symmetry-breaking pear shape, give different values of optimum orientations (6, )
for the ‘compact or hot” and ‘elongated or cold’ fusion configurations, in reference to 0,
obtained for 5. In view of this, this Chapter has shown the influence of higher order defor-
mations up to 3 and related 6,,; on fusion barrier parameters. It has been observed that,
the elongated configuration of octupole deformed nucleus shows significant impact on the
fusion barrier, in comparison to the most compact case. Similar results have been observed
in the estimation of fusion cross-sections (oy,s) for 90, *®Ca-+octupole deformed nuclei
(soft-pear shapes —145146,148Nq 149:150Gm ~and rigid-pear shapes —'*"Eu, ??3Ra). Also, the
calculation of o,, with the inclusion of deformations up to 85 at cold optimum orientation
reproduces the experimental data across the Coulomb barrier for 1°0+1°Sm (B = 0.205,
P3s = —0.055) reaction using extended ¢(-summed Wong model. In addition to this, we
have integrated the fusion cross-sections (o;,¢) over all orientation, firstly by including (s
and then f3-deformation of deformed target of the above mentioned reaction. Even though
the inclusion of deformations up to 3 enhances 0;,; from that of (5, we have noticed fusion
hindrance at the below-barrier region, where extra-push energy is required to make such sys-
tems to fuse. In view of this, a modified version of Prox77, i.e. Prox88, of relatively lower
barrier height and larger barrier position is employed. As a consequence, the involvement
of p3-deformation within Prox88 potential gives a better agreement with the experimental
data of 10+1%9Sm reaction. Thus the nuclear potentials like Prox88, which gives lower bar-
rier height, provide extra-push at below Coulomb barrier energies for accounting the fusion
hindrance.

We conclude that, the consideration of octupole deformed nuclei in fusion reactions can be
used for the synthesis of new isotopes of heavy/super-heavy nuclei. The (3-induced opti-
mum orientations play important role to address the behavior of barrier characteristics and
associated fusion cross-sections. On the basis of above observation, the influence of defor-
mations up to f3 would be discussed in the disintegration process of a compound nuclear

entity.
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Chapter 7

Decay dynamics of 2?2:224226228230h* compound nuclei

using quadrupole and octupole deformations

7.1 Introduction

A comprehensive knowledge is required to understand the complex behavior of the nuclear
fragments emitted in variety of decay channels of compound nucleus formed in heavy-ion
induced reactions. Such decaying fragments behave as a source of production of new iso-
topes/elements away from the beta-stability line, which in turn, help to extend the Periodic
Table. The newly discovered nuclei are further harvested for the fundamental understanding
related to various nuclear properties and the associated applications in diverse areas such
as radiation, astro sciences, medical and health sector, etc.

In general, the possible target-projectile combination forms an excited compound nucleus
(CN), and subsequently disintegrates into the binary fragments under various conditions,
such as excitation energy/temperature, angular momentum, deformations, orientations etc.
With the effect of these factors, the de-excitation of the CN may lead to different decay
mechanisms, viz., evaporation residues (ERs) or equivalently light-mass fragments (LFs),
intermediate-mass fragment (IMF), heavy-mass fragment (HMF') and fission fragments. The
dominance of these decay modes varies with the mass and excitation energy of CN. In the
present chapter, we will focus on the study of fission process, which is dominant in the
heavy-mass region.

The de-excitation of compound nucleus, formed via 2*Pb-based (cold fusion process) or
8 Ca-induced reactions (hot fusion process), respectively, at the low (E}y =~ 10-20 MeV) [1,2]
and high excitation energies (Efy ~ 35-45 MeV) [3,4] may lead to the production of new
elements. The low and high ranges of Ef correspond to the incident energy FE.,, , which
may spread across the Coulomb barrier [5,6]. In the work of Gupta and his collaborators |7],
the fragmentation of excited CN has been discussed by considering quadrupole (/3;) defor-

mations along with the cold and hot optimum orientation effects. In our recent work [8], it
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has been analyzed that, the octupole deformed nuclei of pear shapes which break symmetry
along the reflection axis modifies the value of 6,,;, from the ones obtained for 3;-deformed
case. Later, in [9] and Chapter 6, it has been realized that, this new set of optimum orien-
tations related to the elongated (or cold) configuration of octupole deformed nuclei shows
relatively larger impact on the fusion/Coulomb barrier, as compared to the compact (or
hot) configuration case. In view of this, it would be interesting to analyze the possibility of
elongated octupole deformed fragment emitting from a compound nucleus, which is formed
at the low excitation energies.

In the recent experimental work [10], the fission dynamics of heavy-mass actinides (e.g.
230, 2342367y 210y 246Cm, 259Cf and *®Fm) has been discussed and confirmed non-
ambiguously the emission of octupole deformed nuclei/fragment at the low excitation en-
ergy. Such analysis has motivated us to study the application of cold optimum orientations
of octupole deformed fragments in the fission dynamics of even-even isotopes of Thorium,
i.e. 2227250Th*. This analysis is exercised at the low value of Ef,, which corresponds to
the cold synthesis of element. To carry forward with this idea, we are using the Dynamical
Cluster-decay Model (DCM) [11-13], which is applied to probe various decay mechanisms
of CN formed in heavy-ion induced reactions. The model has been built on the collective
clusterization approach of Quantum Mechanical Fragmentation Theory (QMFT) [14-16].
In the present Chapter, to have an explicit understanding of higher-order deformation (up
to B3) and related cold optimum orientations, the fission of ‘Th’ isotopes is discussed by
a comparative analysis of fission fragment distributions using mass asymmetry (n4) and
charge asymmetry (1) parameters. In the above analysis, the minima of potential observed
in the fission helps in determining the peak value of preformation probability for the fission
fragments. On the basis of this, the identification of the most probable fission fragments
in reference to n4 and 7 co-ordinates is also done. Note that the neck-length parameter
optimized for the ?2Th* nucleus in reference to the available experimental data for below-
barrier energies [17] has been worked out for the fragmentation analysis of the remaining
isotopes of Th. In DCM, the neck-length parameter AR, the only parameter, is utilized to

fix the first turning point, where the preformed fragments start to penetrate through the

interaction potential.
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Figure 7.1: The variation of total interaction potential Vi (MeV) as a function of sep-

aration distance R (fm) between the colliding nuclear partners is shown for
160+208Pb—224Th* reaction. Here, R, = Ry(ay,T) + Ro(an, T) + AR defines
the first turning point.

7.2 Calculations and results

In this Chapter, the main purpose is to analyze the influence of the elongated (or cold)
configuration of octupole (f3) deformed nuclei in the fission dynamics of even-even isotopes of

thorium, i.e. 2227230Th*,

The calculations are done at the low excitation energy Ef.,;, which
is relevant for the cold synthesis process. To carry forward with this idea, the deformations
(up to f33) and corresponding cold optimum orientation [8] are included in the framework
of the Dynamical Cluster-decay Model (DCM), which is developed on the basis of QMFT.
In the notion of QMFT, the probable decaying fragments/clusters are preborn inside the
excited compound nucleus (CN) and then they penetrate through the interaction potential.
With the use of the neck-length parameter AR, which is the only parameter of DCM, one
can fix the first turning point of the barrier penetration.

To have the knowledge of the turning points for pre-born fragments of Th* isotopes, the neck-

length parameter has to be optimized first, in view of the fission data at the low excitation

energies, corresponding to the below-barrier energies. In view of this, the upcoming section
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discusses about the fission cross-sections calculated by including deformations (up to f3) and
cold optimum orientation effects in DCM for 2Th* compound nucleus and are compared
with the available experimental data [17]'. Further, the decay analysis of 222:224,226,228,230, *
nuclei is illustrated at the same neck-length AR, obtained in fitting the data for 1°0+2%Pb
reaction forming ?*Th* compound nucleus. This means the preformed cluster/fragment
formed inside the potential pocket starts penetrating through the first classical turning
point, i.e. R = R, = Ri(aq,T) + Ra(ag,T) + AR, and terminates through the second
turning point R, such that V(R,) = V(Ry); for more clarity see Fig. 7.1, where the total
interaction potential is plotted as a function of separation distance R. The idea of introducing
the neck-length parameter AR within the DCM [18-20] is similar to the saddle- [21,22] and
scission-point 23] statistical fission models. The permissible value of AR lies in the nuclear
proximity range of about 2 fm, since the surface interaction between two fragments can take
place around this range of AR to experience the nuclear force. Further, the above analysis is
discussed in terms of the fragmentation potential (V'(n)), which is minimized in reference to
the mass (As) and charge number (Z5) of decaying fragment. Subsequently, the preformation
probability P, (showing the inverse trend of V(n)) as a function of mass- (74) and charge-

asymmetry (7)) coordinates illustrates, respectively, the mass- and charge-dispersion cases.

7.2.1 Fission cross-sections for 22*Th* nucleus formed in 2*Pb-based

reaction

The minimization of fragmentation potential can be done in reference to the mass number
A, as well as charge number Z, of decaying nuclear partner from 324Th* and for convenience,
can also be understood from Figs. 7.2 and 7.3, respectively. In Fig. 7.2, the mass number A,
of fragment and its isobars of different charge number Z, are shown along the horizontal and
vertical axes, respectively. The color-map represents the strength of fragmentation potential
V(n) for each Ay and corresponding Z,. The black spheres in the dark purple region show
the lowest or minimum value of V' (n) for the decay fragments, which helps in choosing Z,

for corresponding A, values. In other words, it is called the minimization of fragmentation

!Note that, for below-barrier region, the experimental measurements of fission cross-sections are available
only for 224Th* isotope of Thorium.
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Figure 7.4: The variation of minimized fragmentation potential with respect to the mass
number of decaying fragment, firstly for spherical (sph.) and then by including
quadrupole (fy;) and octupole (f3;) deformations along with the related cold

optimum orientations (Qf;t: >?). Here, 1 = 1, 2 refer to binary fragments A; and
Ajs, respectively.

potential in reference to the mass number of C'N. Further in Fig. 7.3, for each Z, of decay
fragment, there are isotopes of different mass number A; and the spherical dots present in
the dark blue color indicate the minima of V'(n) for an isotope. This way, one can find the
minimization of V(1) in reference to the charge number. Note that, the mass and charge
numbers of other decay partner are Ay = A — Ay and Z; = Z — Z,, respectively, as shown
in the opposite axes of Ay and Z5 of Figs. 7.2 and 7.3.

Further, the minimized potential V(1) obtained for the disintegration of ?*Th* over the
fragment mass A;=1-223 (and A; = 223-1) and charge number Z; = 0-90 (and Z; = 90-0)
is discussed to understand the fragmentation structure with the inclusion of deformations
(up to f3) and cold optimum orientation effects. For an illustration, in Fig. 7.4, the role of
quadrupole/octupole deformations and associated cold optimum orientation can be analyzed
in reference to the spherical configuration of decaying fragments in the fission valley /region
(marked in the figure). This region has the mass range of fission fragment A, from 72 to 112.

It is clearly seen from this figure that, as one goes from spherical (sph.)-+sph. to quadrupole
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Figure 7.5: The minimized fragmentation potential in reference to the fragment (a)-(c) mass
Ay and (d)-(f) charge number Z, of ?*Th*, at low excitation energy Efy =
22.65 MeV and ¢ = 0h. The analysis is exercised at different values of neck-
length parameter, i.e. AR = 0.0, 0.5 and 1.0 fm.

(quad.)+quad. and then to quad.+octupole deformed fragments, the interaction distance
increases, which in turn, lowers the potential barrier with a larger extent. As a consequence,
one can see that, the minimization and structure of fragmentation potential modifies with
a significant effect due to incorporation of deformation and orientation degrees of freedom.

In the comparative analysis of mass- and charge-dispersion cases, the behavior of V(n) has
been tested for different values of neck-length parameter AR (= 0.0, 0.5 and 1.0 fm), as
shown in Fig. 7.5. The above analysis is exercised at the lowest value of excitation energy,
ie. B¢y = 22.35 MeV, which is referred from the available experimental data of fission cross-
sections for 1°0-+2%Pb—224Th* reaction at energies 22.65-25.29 MeV [17]. Since the present
work is constrained to study the fission process of above mentioned reaction, so the relevant
dips are specified in Fig. 7.5 for fragmentation potential. One can clearly see the dip of

V(1) near the symmetric region (& 4% = 112 and Z¢¥ = 45) for quadrupole (3,) deformed
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nuclei associated with the cold optimum orientation. Afterwards, the presence of octupole
(B2, B3) deformed fragments along with the optimum orientation defining its elongated con-
figuration show the minima of V'(n) in the asymmetric region which competes with that of
the near-symmetric region. Also, it is important to note that, the magnitude and structure
of potential observed in both the mass and charge distributions of 2>Th* is almost similar.
The above results obtained due to (5, $3-deformations and related cold optimum orienta-
tions are consistently true for different choices of AR. In the calculation of preformation
probability Fy, the mass- and charge-dispersion concepts are introduced through the mass-
<77A = t’:i—;;‘;‘) and charge-asymmetry (772 = %) coordinates, which are treated as the
dynamical factors in the collective clusterization approach of DCM. It is known that, the
decaying binary fragments with the minimum value of fragmentation potential possess the
highest preformation probability Fy. In other words, it can be said that, the term ‘F,’ shows
an inverse trend from that of V() observed in Fig. 7.5. The fission fragments observed in
the near-symmetric and asymmetric regions in both the mass- and charge-distribution cases
are almost similar.

On the basis of above observation, we have calculated the fission cross-sections (Jﬁ-SCM ) using
DCM for both the mass- and charge-distributions of 2Th*, formed from O-+2%Pb reac-
tion, at energies below the Coulomb barrier. The detail of theoretically and experimentally
obtained o;s for the above mentioned reaction is given in Table 7.1. The calculations have
been done initially with the inclusion of G,-deformation and related cold optimum orientation

( 952

ot)- Subsequently, the experimental data has been addressed within the permissible val-

ues of AR, for incident beam energies FE.,, = 68.69 - 71.33 MeV. In the above calculations,

the values of /,,,, are obtained at a point when there is no contribution of light particle.

9ﬂ2 B3

opi > there is an incre-

Later, due to involvement of deformations (up to f3) along with
ment in £y,q, about 10% and the obtained o7 are found closer to 0?{2” " However, there
is a very small change in AR. Apart from this, one can also notice from Table 7.1 that,
the neck-length parameter reduces significantly, as one moves from the mass-distribution
to the charge-distribution criteria. This means, for charge-dispersion case, the interaction
among decaying fragments takes place at relatively smaller distance from that of the mass-
dispersion/distribution of an excited compound nucleus.

Based on the above observations related to the neck-length parameter and /,,,,-values, the

fission dynamics of all considered isotopes of 222224:226,:228, 230 * hag been studied using DCM.
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There is a very small difference in AR and ¢,,,,-values, while studying the fission dynamics
of isotopes of a compound nucleus [24,25]. Thus, for decay analysis of even-even isotopes
of 22729Th* via mass-distribution at Efy = 24.37 MeV, we have considered common AR
= 1.0 fm and /,,,, = 100 %, using the systematic of ?**Th compound nucleus. Similarly, for
charge-distribution which takes place comparatively at smaller distance, like AR = 0.45 fm

and £,,.. = 120 h values can be taken into account.

7.2.2 Mass and charge dispersion of even-even isotopes of ??2~23Th*

The study based on the fusion-fission phenomena is not only for the calculation of fission
cross-section, but it also provides the idea of symmetric/asymmetric mass and charge frag-
ments produced during the disintegration of an excited C'N. In view of this, the structure
of fragmentation potential V(1) is shown in Fig. 7.6 with respect to the mass number As of

222,224,226,228.230h* - The region of interest that is the fission valley

decaying fragment from
is marked in this figure. Interestingly, two minima are observed in the fragmentation po-
tential for each considered isotopes of Th which belong to near-symmetric and asymmetric
mass region. The near mass-symmetric region corresponds to the quadrupole (f) deformed
fragments of elongated configuration. Whereas, the presence of octupole deformation in
one of the decaying nuclear partner minimizes the fragmentation potential in the mass-
asymmetric region (n4 ~ 0.3). Moreover, one can notice in Fig. 7.6(a) for ?*Th* that, the
near-symmetric fission shows deeper minima in V() as compared to the asymmetric fission
fragments. For ?Th* case represented in Fig. 7.6(b), the minima of V(1) observed in the
asymmetric fission starts competing with the near-symmetric dip. Moving ahead, a transi-

226,228,230 * " as shown in panels (c¢)-(e) of Fig.

tion is observed for heavy-mass isotopes, i.e.
7.6. In other words, the minima in V'(n) becomes relatively deeper for octupole deformed
fragments present in the asymmetric region, than that of near-symmetric quadrupole de-
formed fragments. Similar results have been observed while studying the ‘charge-dispersion’
of even-even isotopes of 227230Th* | as shown in panels (a)-(e) of Fig. 7.7. Note that, from
both the mass- and charge-dispersion cases, the fission fragments observed at deep valley
location are identical.

In Table 7.2, we have shown the atomic and neutron numbers, respectively at the left

and right subscripts, of near-symmetric and asymmetric fission fragments along with their




128

7.2 Calculations and results

0¢t 00T 08 09 O 0 O
L L L L L L

2y ‘ssew JuswiBel

ey

0cT 00T 08
L L L

AN L€ Fg = NP7 AS19U0 WOTIR)IOXD
TOWWOd ©® 8 ‘O + I/ < [T gez—zgz JO SOAOJOST UOAO-UOAD JO SISATeUR ABDOD U} I0J POAJOAUL SU( JUOUITRI TUIARIOD JO

‘sseuwl JuswiBelH
09 o 0 0

¢ uorjejuerio wnurydo p[oo peje[el puw) uoljeuLIoep g ojodnipenb
Jo uworsnoul oY) M A[)SIg )/ Ioquinu ssew Jo uorounj e se pajjord st (k) A [erpuejod uorjejuewidery Jo UOIIRLIBA O,

y 'ssew 1wsWIBel
00T 08 09 O 02 O
Il Il

[Ga)laCTIRAN s )i voWiid

(¢eg0 PUR) uONRULIONP Eg ojodnjoo A[puoses pue (%77
¢y ‘ssew JuswiBel ¢y 'ssew JuswiBel
0¢T 00T 08 09 O 0C O 0¢T 00T 08 09 O 0CZ O
29, 2V (2L 8
iz c%0 S o1dn Lot () o_\,_ma..“.nv POzt L or
+ don —
(YOS Kbk L00="4 gt
(g'eg)®eg, 2
AV, + 1241
ELO=U g, | 02
% Cded) g,
v
7Y Gzo="t § |oe
Loy
r 09
e Ty r09 R 09
©) V4V Ulger ) V+V T Ulg ©)

900="t )
Coirsvir |

g g |
Yy | H(t X

v 820 :

Y

o

v

|

VIV Ulgg,

rot

roe

oW, g+ POy

@

100="4

Chsvst 7
2g)Pe L

V'V < Ul

ot

roc

rog

rov

09

09

()P0, Sr+(d) Hp0gr
90°0="4 y

Cdrreof+ |

# oo

A ze0="t

Yoot =" ‘'wy 0T=1Vv
MW L8v2=""3

® VY < Ulg,

roc

rog

rov

09

r09

:9°), 9INJ1q

(Ae) A “enusiod uoelusWBeI




129

7.2 Calculations and results

— ULoez—zzg JO S0d0J0ST U6AO-TOAD JO T Ioquunu 63Ieyd 0} $00dsol [jm

7 ‘abreyo ewbelq

¢7 ‘abreyo uswiBel

7 ‘abreyo awbel

¢7 ‘abreyo ewbel

.NN + HN

¢7 ‘b reyo ewbel4

0S o og 0c ot 0 o 03 (074 oT 0 or og 074 ot 0 (014 og (04 ot 0 (014 og 074 ot 0
CO™ize  [Bedordn v | OF | GoyomgCe)po TOT | G omgEr+ (o ror | Gartomgg Gy TOF | CPong () poqtt ror
(uds)us 2% G0 “d—v— L00="4 L00="4 2L00=" o | 2000=4 gz,

L L 28V \/E€. L A QV S + L -+ 9L L
0=t 0z Coffesigr 02 (it v oz oy o e eos 7 [0
o Co)osisr T ) en o Ceies | Fo T e | 7y o
T g g tReg, S vV o 7 vi,, | Y L20=2 o | )20=2l ¥ 4 620="L
% "J'%d)%%eq, oe Y X Y2 0= | toe y .| Foe ) T roe F0e
v % vz 0=l , ,
ror r oy 04 04 014
Los os oS 05 05
09 o9 oo o9 yozT ="' | ‘wy sy'o=yv |
I PON LE%2=""3
0L 0L 0L 0L 0L
©) ZH'Z7° Uleer| () ZHZ7- Wz (o) 7+ Uz | (q) ZHZ7 Wz @) Z+'7 Ulg

umots st (l) A Jo uoryerres oy mq ‘9°L 31, se owreg :/°), 9MS3I,]

(Aen) “A “enueiod uoreiuewifel




130

7.2 Calculations and results

o081 o0 00 SET'0 921°0- $9T°0 0SHE+3%ed fT | 08T o0 F9£°0 0000 9707 +0%uSed | JULgge
08T o0 00 €800 92T°0- FIT'0 C%GSIE+8eq Ii | 08T 06 FGE0 FOT0- "OINGG+"PDeS) | «Ulsee
08T o0 00 €910 82T0- €LT'0 SSYIEHS%eTet | 08T o0 2280 O0FT°0 "OIWNgGi +%PDod) | «UlLgee
08T o0 00 €9T°0 FOT'0- FSTO SSVIEHBeTL] | 08T o0  LLE0 OFPT'0 OGS +2PDosy | «UlLyee
08T o0 00 €FT°0 9IT0- Z8T'0 "oD&E+880D0] | 08T 406 LLE°0 8ET0- OG5 +o4PDgtT | \UlLzee

syuouISRIy SyuauISRI}
d d d d
NMQMNM% Hmmmmm% mm@ NNQ ﬁmm HNQ UoIsst MNM% wmno% NNQ HNQ UoIsst «N D
UOISOI DLIOTASR-0SIRYD /SSRT\ UOIF0I DLIJOUWIIIAS-0SIRYD /SSRUT RN

"9[e} SUIMO[[O] oY} Ul PAISI] dre WU punodwiod YT ge;—zzz JO S90A0JOST UOAD-UOAD JO SUOIFOL UOISSY OLIJOUTASE

pU® OLIJOWIAS-08IRTD /SSeUl Teal oY) Ul A[oAl}dadser punoj (|[g] &mmm pue /] Mmmmv SUOI}eIULLI0 WNWIjdo P[od Poje[al Iy} Yim
Suore (*g) uoryeuriojop o[odnioo pue (g ‘7 = 2 217 :*¢g) sjodnipenb jo sjyuowrdery uortssy o[qrqord jsowr oY) JO [1RIDP OYT, g L 9[qRI,




7.2 Calculations and results 131

052

quadrupole (Bs;), octupole (3;) deformations and related cold optimum orientations ( opt

95253

opt )+ 1t is known that, the minimization in fragmentation potential occurs due to shell

and
stabilization, which generally comes for magic number of nucleons, either in one or both the
fission fragments. On the basis of this fact, it has been analyzed in the near-symmetric
region that, the fission fragments are quadrupole deformed and one of them in decaying
from light mass isotopes of Th (?*2224Th*) has neutron number equal to 62, which is a
deformed magic number and provides shell stabilization [26]. On the other hand, in the

226,228,230Th*) | the decaying fragment of

asymmetric fission region of heavy-mass isotopes (
upto octupole deformation has atomic number close or equal to 56. In the recent experi-
mental works [10,27,28], it has been shown that, the nucleus of atomic number 56 (of °Ba
element) or close to it possessing octupole deformation gives extra stability. Due to these
facts, one can see minimization in V(n) with prominent effect. In addition to the above,
one can also notice from Table 7.2 that, in near-symmetric region, the magnitude of 5, for
fragment A; is decreasing and becomes zero, as one goes from 2?*Th* to #°Th* case. On
the other hand, in the asymmetric region, one of decay fragments is octupole deformed and
another is quadrupole deformed. Here, the magnitude of (3 is relatively larger for fragment

226,228,230h*) as compared to that of light-mass isotopes.

A; of heavy-mass isotopes of Th (
In our recent work [9], it has been said that, for larger magnitude of (3, the elongated con-
figuration of octupole deformed nuclei enlarges the interaction distance with a large extent
and gives relatively lower barrier height. As a consequence, one can notice the correspond-
ing effects in the fragmentation potential. From above analysis, one can notice that, the
presence of deformations as well as shell-stabilization (due to magicity in nucleon number)
play a significant role in the fission valley of Th.

Further, the role of deformation and orientation effect has been explored in the calculation
of preformation probability F, as a function of mass and charge number of fission frag-
ments preformed inside the even-even isotopes of 2227230Th*  at a common excitation energy
Efy=24.37 MeV. It is known that, the fragments for which the fragmentation potential gets
minimized have the highest preformation probability. In a recent work [29], a transition of
symmetric to asymmetric fission has been shown, as one moves from ?22Th to **°Th com-
pound nuclei. Additionally, in Ref. [30], the charge distribution of ?*2??4Th isotopes shows a

rise in the asymmetric region, but lower than symmetric fission, for excitation energy more

than 11 MeV. Our calculations are in agreement with these observations. To show this,
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Figure 7.10: The ratio of Peak 1 [= Py(na or nz =0)|] and Peak 2 [= Py(na or nyz #0)]
obtained for even-even isotopes of ATh*, here A = 222, 224, 226, 228 and 230,
at a common excitation energy, Ef. = 24.37 MeV.

the preformation probability (P,) of even-even isotopes of ?227230Th* are discussed and also
shown in Figs. 7.8 and 7.9 respectively for mass- and charge-dispersion cases. It is clear from
these figures that, the octupole deformed nuclei always appear in the asymmetric mass re-
gions, irrespective of the choice of mass and excitation energy range considered in the present
work. In the above analysis, the near-symmetric fission is found dominant over asymmetric
fission for ?**Th* case, at B}, = 24.37 MeV. For ?**Th*, the contribution of near-symmetric
and asymmetric components is comparable. On the other hand, for heavy-mass isotopes
226,228230Th*  the octupole deformed decaying nuclear partner of atomic number equal or
close to 56 (1*5La and '**Ba) in asymmetric region shows dominant behavior. In other words,
it can be said that, the asymmetric fission fragments of octupole-quadrupole deformed kind
(MLa+81As, " Ba+184Se and *Ba+80Se) enhances the preformation probability P, with
a larger extent. Also, in a recent experimental work [10], the authors have given the evi-
dence of pear-shape nuclei (i.e. *Ba) in asymmetric region of heavy-mass actinides and
the present work is in line with the result of experimental observations.

Further, the ratio of preformation probability F, peaks obtained near the symmetric re-

gion (Peak 1) and the one in the asymmetric region (Peak 2) is shown in Fig. 7.10 for
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Figure 7.11: Same as Fig. 7.1, but for Prox77 31|, SIII [32] and GSKkI [33] Skyrme forces.

222,224,226,228,230 T *

fission nuclei. In this figure, the ratio (ﬁ:‘;g) is obtained for both the
mass- as well as charge-distributions of above said compound nuclei. It is observed that, the
peak ratio decreases with increase in mass number of compound nuclei. Clearly, the lighter-
mass compound nuclei prefer near-symmetric fragmentation of quadrupole-quadrupole de-

formed pairs of fission fragments. However, asymmetric fission of octupole-quadrupole de-

formed fragments is prominent in the heavier isotopes, i.e. 226:228:230*

7.2.3 Role of different Skyrme forces in mass and charge distribu-

tions of 224230Th* nuclei

Apart from above, the role of different choices of Skyrme forces has also been explored in
terms of the mass and charge distributions of 22423°Th* isotopes. Out of numerous Skyrme
forces available in literature [33-40], we have considered SIII (an earlier version) [32] and
GSKI (a modified version which considers the isospin dependence) [33], and subsequently
cover a wide range of barrier characteristics, as shown in Fig. 7.11. For the mass and

charge dispersion analysis of above said Thorium isotopes, the fission modes are studied at
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Ef N =~ 20 MeV using above said Skyrme forces within the SEDF approach. As said earlier
in the discussion of Fig. 7.1 that, the preformed clusters/fragments within the compound
nuclear system start to penetrate through the first classical tunneling point i.e. R, and
terminates through the second point R;. Due to different choices of nuclear potentials, the
corresponding changes in total interaction potential V come into picture, and subsequently
modify the tunneling path, as shown in Fig. 7.11 for SIII and GSkI forces. With such
modifications, we intend to analyze the role different Skyrme forces in the mass as well
as charge distributions of compound nucleus. The color maps of Fig. 7.12 represent the
mass/charge distribution in terms of preformation probability, Py, for masses A = 224 and
230 of Th. The color indicates the scales of P for the fission fragments falling in the near-
symmetric and asymmetric regions.

For 224Th* case, using SIII force, the decay fragments (°Zr, 128Sn) in the near-symmetric
region have relatively lower preformation probability than the fragments of asymmetric
region (*2Se, *2Ba), see panels (a) and (c) of Fig. 7.12. However, with the use of modified
version of Skyrme force i.e. GSkI, the near-symmetric fission fragments (°°Sr, '3*Te) have
larger possibility of emission from ??4Th* compound nucleus, as compared to asymmetric
fragments (31As, 3La), as shown in panels (b) and (d) of Fig. 7.12. The above results
hold true for both the mass as well as charge dispersion cases. As per earlier study [30] for
E} around 20 MeV, the disintegration of *Th* shows symmetric fission with larger effect
from that of asymmetric fission, which seems justified for the use of GSKI force. Further,
as we look on to the mass and charge distributions of heavier isotope of Thorium (**°Th*),
both the forces show higher peak of Py for asymmetric fission fragments, see panels (e)-(h)
of Fig. 7.12. This result is in agreement with the experimental analysis [29]. In conclusion,
it can be said that, the modified version of Skyrme force (i.e. GSkI) is able to explain the
symmetric and asymmetric fission modes not only for heavy-mass isotope of Th, 2*Th*, but

also for lighter-mass nucleus 2*4Th*.

7.3 Conclusion

In this Chapter, we have included the deformations up to B3 and related cold optimum

orientation (6,p:), within the Dynamical Cluster-decay Model, to study the nuclear fission
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222-230Th* The above analysis is exercised

dynamics of even-even isotopes of Thorium, i.e.
at the low excitation energy, which corresponds to the cold optimum configurations of the
nuclei involved.

Initially, the neck-length parameter AR is optimized in reference to the available experi-
mental data of fusion cross-sections of 224Th*, formed via 2°®Pb-based reaction, at the below
barrier energies. Subsequently, the dips of fragmentation potential and corresponding peaks
of preformation probability are analyzed in the near-symmetric (74 and 7z =~ 0) and asym-
metric fission (94 and 1z # 0) regions of considered isotopes. It is observed that octupole
deformed fragments appear in the asymmetric region, irrespective of the mass of Th iso-
topes. Note that, for both the mass- as well as charge-dispersion fragmentations, the most
probable fission fragments observed are found identical. In the decay of light-mass isotopes
of Th, i.e. 222224Th*, the near-symmetric fission is preferred due to deformed magic number
of neutrons (N = 62) of quadrupole deformed fragment. However, the asymmetric fission
involving octupole deformed fragment (Z = 56; **Ba or in its vicinity) is found promi-

226.228.230Th*  From above analysis, the

nent in the case of heavier isotopes of Th, i.e.
near-symmetric and asymmetric fission modes observed in the decay of Th isotopes, due to
involvement of deformations (up to f3) and related cold optimum orientation, are in agree-
ment with the experimental results. A comparative analysis of different Skyrme forces in
terms of mass- and charge-distributions with the experimentally obtained yields helps us to
make a better choice of Skyrme force to study fusion-fission dynamics. In the present work,

the GSKI force due to additional terms involved in the Skyrme Hamiltonian density function

is found to give better results, which are in match with the available data for ‘Th’ isotopes.
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Chapter 8

Summary and Outlook

In this thesis, the main focus is to study the formation of compound nuclear systems and
subsequent decay mechanisms, which are induced via heavy-ion reactions at the low-energy
regime i.e. <15 MeV /nucleon. For the above analysis, the nucleus-nucleus interaction poten-
tial plays an important role and is used to investigate the role of different nuclear properties
in the fusion and the decay mechanisms. The semiclassical approach of Skyrme Energy
Density Formalism (SEDF) has been employed to derive the effective nuclear interaction
potential. Further, the fusion barrier characteristics extracted from the total interaction
potential are used as input in the calculation of fusion cross-sections, which are estimated
using the Wong formula and its extended version. The subsequent decay mechanisms of
formed Compound Nucleus (CN) have been studied within the framework of Dynamical
Cluster-decay Model (DCM). This model is based on the collective clusterization approach
of Quantum Mechanical Fragmentation Theory (QMFT).

Within the framework of SEDF, the effect of different nuclear density approximations, i.e.
sudden, modified sudden and frozen density approximation, has been analyzed in terms of
the fusion barrier characteristics and subsequently on the fusion cross-sections for a variety
of CN, formed via 5®Ni-based reactions, over a wide range of incident energies. For com-
parative analysis, the phenomenological Woods-Saxon potential parameterized under the
relaxed-density approximation has been used for the above mentioned reactions. In results,
for the selected choices of projectile-target combinations (130, 4°Ca, *8Ni and *2Sn+°¥Ni),
the frozen density approximation is found to give relevant details of the fusion barrier char-
acteristics (barrier position Rp, barrier height Vg and barrier curvature hwg), which in turn,
address the available experimental data across the Coulomb barrier energies. In context to
the other choices of density approximations, the modified-sudden density approximation
gives almost similar magnitude of Rg, Vp and hwp as that of frozen density approximation
and gives good agreement with the experimental data for the lighter ("*Kr* and %®Cd*) and

medium mass (19Ba*) CN systems, formed via 80, °Ca and 5¥Ni+5¥Ni reactions. On the
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other hand, for these projectile-target combinations, the sudden and relaxed-density approx-
imations show the fusion hindrance at the sub-barrier energies. For heavy-mass system, i.e.
190Pt* formed via '32Sn+58Ni reaction, the relaxed-density approximation starts behaving
alike frozen-density approximation and gives relevant barrier characteristics in addressing
the fusion cross-sections for the available energies.

Further, with the use of the semiclassical SEDF approach, the corresponding effect of two-
(2pF) and three-parameter (3pF and 3pG) density functions has been explored in the calcu-
lation of fusion barrier characteristics (due to relative change in the tail and nearby region
of nuclear density). The collective effect of Vg, Rp and hwp has been analyzed in determin-
ing the fusion cross-sections using the extended /-summed Wong model for mass-symmetric
(*®Ni+%8Ni) and asymmetric (°B, O and '¥2Sn+%8Ni) choices of *®Ni-based reactions. The
obtained results are compared with the available experimental data for the above said col-
liding nuclear partners over a wide range of incident energies. For the symmetric reaction, it
is observed that, the density profile of 2pF density function is different in the vicinity of tail
region, which is incepted due to its larger value of half-density radius (or equivalently lower
barrier height), from that of the three parameter density functions i.e. 3pF and 3pG. As a
consequence, the 2pF density function reduces the fusion hindrance and gives better agree-
ment with the data of ®*Ni+®®Ni reaction using SLy4 Skyrme force. On the other hand, for
the case of mass-asymmetric nuclear reaction partners, the 3pF and 3pG density functions
has larger half-density radius, which in turn, lowers the barrier height in comparison to 2pF
case. Hence, the three-parameter density functions are found to give better comparison of
fusion cross-sections with the data, for ®B, O and '32Sn+°®Ni reactions especially at the
below barrier energies. It is worth mentioning that the tail and nearby region of the density
distributions play an important role in the heavy-ion induced reactions.

With different choices of density approximations and density distribution functions employed
within the semiclassical SEDF approach, I have analyzed the corresponding influence on the
fusion barrier characteristics, which are sensitive towards the deformation and orientation
degrees of freedom. Therefore, in further study, the relevance of these factors has been
explored in synthesizing heavy and superheavy nuclei via hot and cold fusion processes.
Initially, I have obtained the optimum orientations (6,,) for the ‘elongated or cold’ and
‘compact of hot’ fusion configurations of octupole (f83) deformed nuclei. Due to distortion

in the spherically symmetric shape nuclei with the inclusion of deformations up to (3, the
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pear shape of octupole deformed nucleus modifies the hot and cold optimum orientations
from the ones reported for the quadrupole fs-deformed nuclei. The optimum orientations
obtained for fs-deformed nuclei are dependent on + /- signs as well as the magnitude of
B3-deformation. In addition to this, it has also been observed that the values of 0,, ob-
tained with the effect of f3-deformation are independent of the choice of nuclear potential
and the nuclear radius. On the basis of above results, I have investigated the impact of soft-
(with small f3-deformation) and rigid-pear shapes (with strong fs-deformation) of octupole
deformed nuclei on the fusion barrier characteristics. The analysis has been exercised to
approximately 200 spherical-plus-3; deformed nuclear partners, that is, 190, ¥ Ca-+octupole
deformed nuclei. It has been observed that, the cold fusion configuration of octupole de-
formed nuclei show relatively larger impact on the fusion barrier and subsequently on the
fusion cross-sections, in comparison to the hot fusion configuration. This result in agreement
with the available experimental data for the 0+19Sm (B9 = 0.205, B35 = -0.055) reaction
improves when the optimum orientation is fixed in view of the octupole deformations. Such
analysis reinforces that the nuclear structure effects play an important role in nuclear fusion
dynamics. Consequently, it can be said that the octupole deformed nuclei can be used for
the synthesis of heavy and superheavy elements.

Furthermore, in the de-excitation process of the formed compound nuclear system, the role
of deformations up to 83 and related cold optimum orientation has been explored within the
framework of the DCM. As per earlier investigations, it has been observed that, the spher-
ical and quadrupole deformed nuclei with the closed shells are found to be more probable
fission fragments in the decay of heavy-mass compound nuclei at the low excitation energies.
In this theoretical work, an exercise is done to analyze the possibility of octupole deformed
fragments in the decay of light- and heavy-mass isotopes of Thorium, i.e. 222:224,226,228,230 1y *
To carry forward with this idea, the mass and charge dispersions of chosen ‘Th’ isotopes have
been analyzed by including deformations (up to f3) and related cold optimum orientations
within the DCM, which is based on the collective clusterization approach of the QMFT.
The analysis is worked out at the low excitation energy, which correspond to the cold syn-

thesis criteria. In the decay of light-mass isotopes of Th, i.e. 222224Th*

, the near-symmetric
fission is preferred possibly due to deformed magic number of neutrons (N = 62) of the
quadrupole deformed fragment. However, the asymmetric fission involving an octupole de-

formed fragment (Z = 56; *Ba and in its vicinity) is found to be prominent in the case
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226,228230Th* . From the above analysis, the near-symmetric

of heavier isotopes of Th, i.e.,
and asymmetric fission modes observed in the decay of Th isotopes, due to involvement of
deformations (up to f53) and related cold optimum orientation, are in agreement with the
experimental data. Such investigations help in understanding the fission dynamics, espe-
cially in the asymmetric region of heavy-mass actinides.

In conclusion, the effective nuclear interaction potential derived using SEDF approach is
employed to address the nuclear fusion-fission dynamics. From this analysis, it has been
observed that, the densities added in frozen way offers a larger reaction time as compared
to the other density approximations. Such situation gives larger possibility of fusion among
two nuclei and also justifies the experimentally obtained fusion cross-sections. Moving ahead
with this result, I have examined the significance of different density distribution functions
at the sub-barrier region for Ni-based reactions. The involvement of wine-bottle parameter
in three-parameter density functions has been found to give better agreement with the data
of mass-asymmetric colliding nuclear partners, especially at the sub-barrier region. On the
other hand, the two-parameter density function is found to be a better choice for the sym-
metric reactions.

Apart from above, while investigating the relevance of deformations and orientations de-
grees of freedom in nuclear fusion-fission dynamics using the SEDF and phenomenological
potentials, the pear-shape nuclei and the respective optimum orientations have been found
to contribute significantly in the formation of heavy /superheavy compound nuclear systems
with larger extent from that of quadrupole deformed nuclei. Also, in the de-excitation of
heavy-mass isotopes of Thorium, the octupole deformed nuclei have been found to emit out
with relatively larger probability, in comparison to the spherical and quadrupole deformed

fragments.
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FUTURE SCOPE

The present work can be extended by analyzing the density profile of exotic nuclei, e.g.
proton- and neutron-drip line elements, in reference to the nuclei lying along the g-stability
line. Also the corresponding influence can be investigated in the fusion-fission dynamics.
In the above analysis, a comparison between the microscopic and semiclassical calculations
can be exercised at the deep sub-barrier regions.

In heavy-ion collision, the tail and its nearby region of nuclear density play a very important
role. In the present work, the importance of two- and three-parameter density functions has
been explored for the spherical choices of projectile-target combinations in terms of fusion
barrier characteristics. Further, in the extension of this work, one may also analyze the
influence of deformation/orientation degrees of freedom and temperature effects in the tail
and near-by region of the density profile, which would affect the fusion barrier characteris-
tics and fusion cross-sections at the sub-barrier region. The above analysis can be exercised
with the use of semiclassical Skyrme Energy Density Formalism and also for comparative
analysis at the deep sub-barrier energies, the nucleus-nucleus potential derived using the
microscopic calculations can be used.

Additionally, to have a comprehensive knowledge about the deformation and orientation de-
grees of freedom in the fusion-fission dynamics, the significance of higher-order deformations
can be explored in comparison to that of symmetry-breaking pear shape octupole deformed
nuclei. This study can be discussed for the co-planar and non co-planar interactions of
spherical-deformed and deformed-deformed pairs of colliding nuclei, which may lead toward

the formation of heavy and superheavy elements.
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