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Abstract

In this study, an essential component of comprehending a nucleus-
nucleus collision is knowing the nuclear potential between the two
colliding nuclei. The nucleus-nucleus potential for some heavy-ion
reactions can be studied by using large-angle quasi-elastic scattering at
deep sub-barrier energies close to the Coulomb barrier height, which is
considered a suitable method to study the nuclear potential . The nuclear
potential has been described using the Woods-Saxon (WS) form, which is
characterized by the surface diffuseness parameter, the potential depth,
and the radius parameter. Single channel (SC) and coupled channel (CC)
calculations were performed to investigate the relative movement of
colliding nuclei and their internal movements and their impact on
computing the ratio of quasi-elastic scattering cross sections to
Rutherford scattering cross sections, as well as the investigation of the
surface diffusion method to find the best suitable value for diffusion
parameters in comparison to empirical data.

A systematic study and analysis of the nuclear potential (the
surface diffusion parameters, potential depth) for heavy ion systems
following: *Mg+*zr ,®Si+'?%Sn ,#Si+**Nd ,*°0+'°Gd ,*C+*'Au
°Li+ Sm 2Si + '#3n, °Li +"*°Tbh ,#Ne+***Cm,"®B+%**Th .By using the
CQEL computer program, which is regarded as the most recent version of
the CCFUL computer program. That was developed by Hagino and his
fellow Japanese scientists was employed .The chi-square x? method has
been used to find the best-fit values to (diffuseness parameters a, and
potential depth V,) based on the comparison of theoretical calculations
and experimental data.

In the systems (°Li + ***Sm, °Li +"**Tb, and "°B+***Th), it is found

that the diffuseness parameters best-fitted values of the parameters is




determined by using the coupled-channels calculation using an inert
projectile and an excitation target, except for the ®Si+**°Nd system,
where an inert target and an excitation projectile .for the systems
160+1GOGd ,12C+197AU ’ 28Si + 1248”, 24|\/|g_|_902r ,288i+1208n and 22Ne +

2%5Cm, the projectile and the target is taken as excited

In the systems (°Li + **Sm, °Li +**°Tb, and *°B+**Th), it is found
that the diffuseness parameters best-fitted values of the parameters is
determined by using the coupled-channels calculation using an inert
projectile and an excitation target, except for the ®Si+**°Nd system,
where an inert target and an excitation projectile .for the systems
1GO+16OGd ,12C+197AU ’ 288i + 1248”, 24|\/|g_l_902r ,28Si+1208n and 22Ne +

2%5Cm, the projectile and the target is taken as excited

In the second part of the calculations, for some of the systems studied, the
effect of changing the potential depth (Vo) on the calculated ratio of
quasi-elastic scattering to the Rutherford cross section was in agreement
with the potential depth that has been adopted as a standard value or at a

value less than it.
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Chapter 1

General Introduction

1.1 Introduction

Knowing the potential between two colliding nuclei is of
fundamental importance in order to describe nucleus-nucleus collisions.
The nucleus-nucleus potential is the sum of a short range attractive
nuclear potential Vy (r) and a long range repulsive Coulomb potential
Vc(r).Although the Coulomb contact between two nuclei is widely
understood, describing the nuclear component is far more challenging [1].
The simplest nuclear reaction process, elastic scattering, is frequently
used to explain more intricate nuclear reactions. The nuclear reactions at
sub-barrier energies play an extremely important role fundamental
behavior of stars, their evolution, and many aspects of the production of

the elements , which have a huge impact on nature [2].

In the study of nuclear structure, the Woods-Saxon potential is
often used to represent the nuclear component, which is characterized by
the deepness(Vy), radius ry, and diffuseness parameters a,. within
regarded as the most realistic short - range potential in nuclear physics|[3].
that it is reasonably straightforward, making study theoretical calculations
easy. The study of nuclear particle elastic and quasi-elastic scattering has

resulted in the discovery of several extended variants of this potential[1].

There are benefits to understanding the nuclear potential using
experimental data from quasi-elastic scattering instead of fusion. For
instance, measuring fusion cross sections necessitates a specialized recoil
separator (electrostatic deflector/velocity filter), often with low
acceptance and efficacy. On the other hand, measuring quasi-elastic cross

1
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sections just requires a very basic charged particle detector. This implies
that the experimental data for quasi-elastic scattering are likely to be
more precise and less prone to mistakes than the experimental data for
fusion. So, by using experimental data from quasi-elastic scattering,
evaluations of the nuclear potential may be done with more accuracy[1] .
There are a variety of distinct reaction modes produced by collisions
between two heavy nuclei at energies over the Coulomb barrier, but two
processes are noticeable: direct reactions and compound nucleus
synthesis. Other processes, such as deep-inelastic reactions, incomplete
fusion, and quasi-fission events, have been discovered through research
on heavy-ion reactions. The interaction gradually evolves with increasing
Impact parameter from fusion and fission-like reactions, which require a
significant overlap of the two nuclei [4]. The total of elastic scattering,
inelastic scattering, and transfer reaction may be used to compute quasi-
elastic scattering[5]. Fusion is defined as a reaction where two separate
nuclei combine together to form a composite system, fusion and quasi-
elastic scattering are both recognized as complete procedures that
complement each other. As a result, both interactions have the same
potential and share the same understanding of the interaction process, and
both are susceptible to the effects of channel coupling (owing to
reciprocal inelastic excitations of colliding nuclei) at energies close to the

Coulomb barrier. [1] .

The coupling channel (CC) model is an ideal tool to reproduce the
experimental data at the same time for several processes, such as elastic
and inelastic scattering, particle transfers, and fusion, within a unified
framework. Many interactions between two nuclei are possible when they
get closer to one another. In the first approximation, they may be thought
of as a cluster of nucleons, and the inter nuclear two-body force would be




Chapter One

the main source of their interaction. The period that the responding nuclei
are together during the collision, however, may result in one or many
rearrangement events. It is possible for inelastic excitations to take place.
For instance, before fusion can occur, one or both of the interacting nuclei
may be stimulated to a higher energy state. There are two types of
excitations to take into account: rotational and vibrational. Single-particle
excitation can also happen when a particle in one of the nuclei is
stimulated during a reaction from one state to another. Moreover, single
nucleons or groups of nucleons may move from one nucleus to
another[6]. The strong interaction between the attractive nuclear force
and the repulsive Coulomb force results in a potential barrier for the
relative motion between the colliding nuclei in a basic model. Due to
couplings of the relative motion to intrinsic degrees of freedom (such as
collective inelastic excitations of the colliding nuclei and/or transfer
processes), this barrier in the coupled channel is split into a number of
distributed barriers [7].

The quasi-elastic scattering is connected to the reflection
probability at the Coulomb barrier, but the fusion is related to the
transmission probability. This is a key distinction between the two
processes.The excitation function data reveals the most fundamental
features of the underlying reaction process and is very often used for
extracting the other relevant observable such as the extraction of barrier
distribution. It is worthwhile mentioning that the barrier distribution of a
given system obtained from both the quasi-elastic scattering and fusion
excitation function measurements is found to be very similar in nature.
However, the quasi- elastic excitation function measurement is relatively
easier to carry out from the technical point of view [12]. It is now well-

known that the coupled-channel calculations for the heavy-ion reaction at
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energies close to and below the Coulomb barrier can explain the
experimental data of fusion reactions as well as the quasi-elastic
scattering of the medium-heavy mass systems, heavy mass systems, and a
very heavy mass systems. It is demonstrated that the collective
excitations (rotations and surface vibrations), and nucleon transfer of the
colliding nuclei have a significant impact on the cross section and barrier
distribution for fusion reactions and quasi-elastic scattering [9]. It is
generally acknowledged that the barrier distribution idea offers a potent
tool for analyzing the effects of channel coupling on heavy-ion fusion
events as well as quasi-elastic scattering at sub-barrier energies even for
very heavy mass systems. Channel couplings also affect the scattering
process. It was suggested that the same information as the fusion cross
section may be obtained from the cross section for quasi-elastic scattering
(as elastic ,inelastic ,and transfer cross sections) at large angles. It is
known that the single-barrier elastic cross section falls off smoothly from
a value close to that for Rutherford scattering at low energies to very
small values at energies high above the barrier. Therefore, it is proposed
to use the first derivative of the ratio of the quasi-elastic cross section Gggj

to the Rutherford cross section or Wwith respect to energy,
d do Ogel

qel (E) dE doRuth,

distribution [10] .

]as an alternative representation of the barrier

1.2 Heavy-lon Reactions

the nuclear reaction is the process by which a nucleus changes
from one species to another . In these reactions, a target nucleus is struck
by an accelerating projectile. So, the original system is changed into the
reaction's new system , heavy-ion collisions occur when relatively heavy

projectiles collide with targets. A composite nucleus with a high atomic
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number would be formed. Many fascinating events can occur in heavy-
ion collisions by carefully selecting targets and projectiles [6]. The range
of events produced by heavy ion collisions close to the Coulomb barrier
Is particularly intriguing. The barrier splits as a result of many channels
coupling with one another, creating the sub-barrier region [11].
Throughout the past several decades, interest in heavy ion collisions at
near-barrier energies, in particular fusion and quasi-elastic processes, has
developed from an experimental and theoretical perspective. Such studies
offers a great chance to learn about nuclear structure and nucleus-nucleus

interaction. [12].
1.3 Quasi Elastic Scattering and Heavy lon Reaction

First emerged in the early 1970s the term quasi-elastic reaction,
which entails inelastic scattering and few-nucleon transfer reactions
populating , in order to distinguish peripheral collisions associated with
energy losses from the more violent deep-inelastic reactions, which
showed substantial amounts of energy and mass transfer a clear
distinction between quasi-elastic and deep-inelastic reactions ,as a result
of this coupling, reaction modes associated with central collisions, such
as fusion, can be influenced peripheral quasi-elastic reactions. These
reactions (inelastic scattering and few nucleon transfer reactions) depend
through strongly on the structure of the interacting nuclei. Fusion
reactions were once thought to be mainly a macroscopic process, but
channel coupling makes them strongly dependent on nuclear structure.
For inelastic heavy-ion scattering, experimental and theory data are
usually in good agreement [4]. Heavy-ion quasi-elastic scattering and
fusion reactions at energies near the Coulomb barrier have received a lot
of attention because they provide an excellent opportunity to learn about

nuclear structure and nucleus-nucleus interaction, as well as investigate
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the mechanism of heavy-ion reactions at near-barrier energies, which is
important for the synthesis of super-heavy nuclei. The quasi-elastic
scattering is a good counterpart to the fusion reaction . As a result, it is
expected that the fusion and quasi-elastic scattering cross sections of a
heavy-ion process at energies near the Coulomb barrier may be

characterized by the same nucleus-nucleus potential[13].
1.4 Literature Survey

K.Hagino et al., 2004 [10] were discussed in great detail the barrier
distributions derived from large-angle quasi-elastic scattering of heavy
ions at energies close to the Coulomb barrier. The quasi-elastic barrier
distribution was compared to the fusion test function. In coupled channel
calculations of quasi-elastic scattering ,they find that it works well for
backward angles, lending credence to the idea of a barrier distribution for
scattering processes. This approach is a useful tool for studying unstable

nuclei.

K. Hagino et al., 2005 [14] have analyzed highly precise experimental
results for heavy-ion reactions in order to explain the data at sub-barrier
energy. An unexpectedly large surface diffuseness parameter is necessary
in order to fit the experimental data for the °O +™*Sm system at sub-
barrier energies. found that the divergence of the ratio of the quasi-elastic
to Rutherford cross sections from unity provides a simple method for
calculating the value of the surface diffuseness parameter in the nucleus-
nucleus potential. They proved that surface diffuseness parameter is
indeed more influential in the coupling channel for quasi-elastic

scattering at low energies.
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K. Washiyama et al.,2006 [15]conducted study on the surface properties
of nuclear potential in heavy ion interactions for **3*S+*" Ay, 3235+2%pp,
%0+™sm, *®'w and *®Pb systems. By employing large-angle quasi
elastic scattering at energies much below the Coulomb barrier. have
extensively investigated experimental data for quasi-elastic scattering at
deep sub-barrier energies in order to extracting the surface diffuseness
parameter of inter nuclear potential. have been got a diffuseness
parameter commensurate with the conventional value of roughly a is 0.63

fm for systems containing spherical nuclei.

L. R. Gasques et al.,2007 [16] have measured highly precise quasi-
elastic scattering for S reactions with 2® Pb, **"Au, *®*W, and Y"°Er at
energies much below the Coulomb barrier. The diffuseness parameter of
the nuclear potential was calculated using single-channel SC and coupled
channels. Both theoretical analyses provide the same diffuseness
parameter for reactions with near-spherical targets. Coupling channels are
essential for deformed systems, even at high sub-barrier energies. The
effect of coupling channels is to reduce the diffuseness parameter value
extracted from a single-channel potential. Single-channel fits to quasi-
elastic scattering data result in a = 0.72,0.82 fm, whereas coupled-channel

calculations give diffuseness parameters in the range 0.58-0.75 fm.

M. Zamrun F et al.,2008 [17] proved that the coupled-channels method
is effective for large-angle quasi-elastic scattering in complex systems.
have investigated the effects of single, double, and triple phonon
excitations on quasi-elastic scattering experimental cross-section systems
®Ti>CrFe, ®Ni, and ™zZn+*®Pb.have demonstrated that the
experimental barrier distribution for the overall width of these systems is

well represented by the coupled-channel computations in use.
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C. J. Lin et al.,2009 [18] have been measured the high precision
excitation data of large-angle quasi-elastic scattering for the systems of
0+%%pp, pt, YW, and **'°2Sm at energies much less than the
Coulomb barrier. The surface diffuseness parameters of the real part of
the Woods-Saxon potential have been extracted from the single-channel
and coupled-channels calculations .By considering the effect of
couplings, the extracted diffuseness parameters are in the range from 0.64
to 0.69 fm, which is close to the values extracted from the systematic
analyses of elastic and inelastic scattering data. On the other hand, single-
channel calculations give somewhat larger values in the range from 0.68

to 0.77 fm, especially for systems with deformed target nuclei.

C. J. Lin et al.,2011[19] have measured the quasi-elastic scatterings at
backward angles to explore the heavy ion reaction processes at close to
sub-barrier  energies.  Single-channel(SC)and coupled-channel(CC)
calculations were used to measure the surface diffuseness parameters for
the systems 160+144'152'154Sm,17°Er,”4Yb, 184,186W’ 194,196Pt’ and 208Pb. For
SC, the diffuseness parameters are larger than the baseline value of 0.65
fm, especially for deformed systems. After accounting for the CC effects,

these values are quite near 0.65 fm.

M. L. I. Ibrahim et al.,2013 [1]studied the surface diffuseness parameter
of the nuclear potential for the reactions of ®Pb with “®Ti, **Cr, *°Fe,
*Ni, and "Zn using large-angle quasi-elastic scattering. Their study's
diffuseness parameters were lower than the typical value of roughly 0.63
fm. However, as compared to SC computations, diffuseness parameters
determined by CC analysis at sub-barrier energies were superior to the
standard value.
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K. S. Jassim et al.,2014 [20] have studied large-angle quasi-elastic
scattering at sub-barrier energies for the nuclear potential of heavy ion
systems, specifically “Ti, **Cr, and *Ni + ®®Pb systems. Around the
Coulomb barrier's height, using an inert target and a vibrational
projectile, the value of the diffuseness parameter that best fits a system
was calculated using the coupled-channel method. The calculated ratio of
the quasi-elastic to the Rutherford cross sections for systems yields good

agreement when a = 0.44 fm, 0.67 fm, and 0.67 fm, respectively.

K. S. Jassim et al.,2015 [21] studies the nuclear potential's surface
diffuseness parameter for the heavy-ion reactions involving the systems
323 + 2pph and*s + 2°®Ph ,which were made feasible by deep sub-barrier
energies near the Coulomb barrier height by using large-angle for quasi
elastic scattering .have been computed the diffuseness parameter of the
nuclear potential using single-channel (SC) and coupled-channel (CC)
methods. Surface diffuseness parameters calculated with an inert
projectile and a vibrational target agree exactly with the standard value of
0.63 fm to find the diffuseness parameter value that best matches the
experimental data, while single-channel calculations produce slightly

higher values in the 0.64 fm to 0.65 fm range.

Q.J. Tarbool et al.,2019 [22] investigated the surface characteristics of
the inter nucleus potential in heavy-ion reactions for the ®Li + **Zn and
"Li + ®%Zn systems at sub-barrier energies around the Coulomb barrier
height. A ground-state rotational band and the rotational deformation of
the nucleus *Zn were both present. The diffuseness parameter of the
nuclear potential as well as the potential depth were computed using
single-channel (SC) and coupled-channel(CC) computations with an inert
projectile and a rotating target for those systems, it was found that the
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diffuseness parameter was entirely consistent with the standard value of
0.63 fm.

S. Biswas et al.,2020 [23] studied Large-angle quasi elastic scattering
data were used to calculate barrier distributions for the 2Si+“***Nd
systems. The measurements were made across a wide range of incoming
beam energies near the Coulomb barriers. The experimental data were
compared with coupled-channel calculations performed using various
coupling techniques. The experimental and theoretical results agreed

rather well.

A. J. Hassan et al.,2020 [24]studied the impacts of the surface
diffuseness parameter on quasi-elastic scattering using nuclear potential
Woods-Saxon (WS) for ®He+%Zn, "Li+*Zn, and 8Li+*Zr systems. For
the nuclei ®Zn, the effect of rotational deformation was included with the
ground state rotational band up to the 4" states. The single-channel (SC)
and coupled-channel (CC) computations were performed. It has been
found that the best-fitting value of the diffuseness parameter is obtained
from a coupled-channel calculation with an inert target and an energized

projectile.

P. Biswas et al.,2021 [25] measured the Quasi elastic scattering
excitation data at large backward angle has been measured for the system,
"Li+™°Tb at energies around the Coulomb barrier. The corresponding
quasi elastic barrier distribution has been derived from the excitation
data, the a-particles produced in the reaction .The centroid of the barrier
distribution obtained after inclusion of a-particles was found to be shifted
higher in energy ,compared to the distribution excluding the a-particles
.The quasi elastic data ,excluding the a-particles ,have been analyzed in

the framework of continuum discretized coupled channel calculations .

10
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The quasi elastic barrier distribution for 'Li+"°Tb , has also been

compared with the fusion barrier distribution for the system.

N. H. Hayef et al.,2023 [26] studied effects of the surface diffuseness
parameter on quasi-elastic scattering using the Woods-Saxon (WS)
potential for the systems °Li+*zZn, #*Na+*Zr, and C+*°Pb.
demonstrated the results of theoretical examinations of the impacts of
deformation rotational for the nucleus ®Zn with ground state rotational
band up to the 2* levels. The best suitable value of the diffuseness
parameter is obtained by using a coupled-channel approximation with an

inert target and an energized projectile.
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Aim of the present study

The primary objective of preparing this dissertation is to study the effect
of changing the diffuseness parameter a,, nuclear potential (potential
depth )V, and the influence of coupling on quasi-elastic scattering using
a large angle for the energies near the Coulomb barrier for the following
systems: #Mg + Zr, #Si+'?%Sn, #si+*°Nd, °0 + *°Gd, *C + ¥’ Au, °Li

+ 1448m, 28Si + 1248”, GLI +159-|-b ’22Ne+248Cm anleB+232Th -

Find the best-fit values for the quasi-elastic scattering and the distribution
by using the chi-square method for comparison between theoretical

calculations and experimental data.
Thesis outline

This thesis is organized as follows:

Chapterl: General introduction about the nucleus-nucleus potential
include the definition and its components and the model that can be
described it, in addition to know the cross-section of the quasi-elastic
scattering. As well as review the aim of the research and most important

previous studies concerning the subject matter.

Chapter2: Reviews The Coulomb Barrier and the basic theory of
scattering and Rutherford scattering

Chapter3 : The theory of coupled channel with all order of coupling. The
concept of barrier distribution were also reviewed.

Chapter 4: Presents our theoretical calculations and the comparison of
our present work with the available experimental data for the Quasi
elastic scattering and barrier distribution.

Chapter 5: Concludes the research, provides a summary of key findings,
and gives suggestions for future researches.
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Chapter 2

Theoretical Part

2.1 Introduction

The most important experimental technique in quantum physics
IS the scattering experiment. Where in nuclear physics, the first clear
evidence of nuclear structure came from Rutherford’s observation of
the scattering reaction. The theoretical tool for the analysis of
scattering experiments is scattering theory. Scattering theory is the
study of an interacting system on a time and/or distance scale which is
large compared to the scale of the actual interaction[27]. The scattering
process is defined as a change in a particle’s motion due to a collision
with another particle. According to the definition of collision in physics, a
collision can happen between particles that repel one another, such as
positive or negative ions. Experiments with subatomic particles show that
the electric repulsive force between the particles meets Coulomb's law,
which stipulates that the force varies as the inverse square of the distance
between the particles. The nuclear collision can often lead to one of a
variety of reactions, each of which gives insight into a specific feature of
nuclear structure or behavior. To examine the nuclear force, create new
nuclei, ascertain the size and structure of the nuclei, and learn more about
the characteristics of excited nuclei. According to the classical picture,
the projectile can induce various kinds of reactions depending on the
Impact parameter or the corresponding angular momentum and the
dynamical behavior of nuclear matter during different types of

collision in the classical picture of Heavy-lon [28,29],as shown in Fig.
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2.1 [30] The eventual aim of every scattering experiment is to determine

the true forces at work between colliding particles.

direct reactions

grazing collision

" compound nucleus
* formation

Y

elastic scattering
distant collision Coulomb excitation

deep inelastic collisions

close collisionm

Figure 2.1 : Distant, grazing and close collisions in the classical picture
of heavy ion collisions [6,30].

2.2 The Coulomb Barrier

The Coulomb barrier is the most familiar barrier to penetrate |,
present because of the electrostatic repulsion between the positively
charged target nucleus and the positively charged projectile and the
nuclear force between the two nuclei can be expressed as the interaction
potential. By using a simple model, nuclear reactions can be described by
considering the two nuclei as rigid spherical objects that interact via a
potential which depends only on the relative distance (r) between the
canter of mass (c.m.) of two nuclei. The total potential between the target

and projectile nuclei have been illustrated in Eq (2.1) [31].

V() =V (r) + V() (2.1)

where V. is the Coulomb and V, is the nuclear potential Fig.

2.1[6]provides examples of them.
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\ Coulomb
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Fig 2.2 : The illustration of the potentials that form a barrier between
the participating nuclei in a nuclear reaction [6].

The radial Schrédinger equation comprises an effective potential, which

defined by the following equation[1]

h21(1+1)
2ur?

Verr(LT) =Vy(r) + V() + (2.2)
Effective potential is the sum of nuclear, Coulomb, centrifugal
components. When angular momentum [ = 0, the compound centrifugal
vanish.,

There are two components to the nucleus-nucleus potential: the nuclear
part V, which is well and properly defined by the WS form, which is
given by[31]:

Vo

— [r—Rol’ 2.3
] (2.3)

1+exp|—

V() =—

where g, is the surface diffuseness parameter and V, is the potential depth

R, is the radius parameter of the system ,defined as follows.

1 1

Ry = 1o (43 + A3), (2.4)
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where the radius parameter is ro. It is important to note that the possible
values for V,, ag, and ry are not all the unique[32]. They are usually
adjusted by fitting experimental data.While r denotes the center of mass
distance between the projectile's mass number Ap and the target's mass
number Ar [33,34]. The Coulomb part V(r) between two spherical
nuclei with normal charge density distributions when they do not interact

Is given by[35]:

L) =2, >R, 25)

where Zp and Z; are the atomic number of the projectile and target,
respectively, and r is the distance between the centers of mass of the
colliding nuclei. The Coulomb radius parameter R, is the radius of the

ball that corresponds to the projectile and target nuclei. where
1

1 1
R, =1.(A% + A7) and rcis a Coulomb radius parameter[36].

when the nuclei interact. The Coulomb potential is produced[20][35]

V() = MP - (L)Z], r<R, (26)

2R¢

2.3 Types of Scattering Reactions

In heavy ion systems, the products of the various reaction channels
include the following phenomena elastic scattering, inelastic scattering,
transfer reactions, fusion reactions, fission reactions, and quasi-fission

reactions [6] .
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2.3.1 Elastic Scattering

Elastic scattering is defined to be a collision in which the colliding
particles only change their direction. In this reaction no kinetic energy of
the projectile is used to take the target into an excited state. The projectile

and the target remain in their ground states [6].

2.3.2 Inelastic Scattering

Inelastic scattering differs from elastic scattering in that the target
nucleus is raised to an excited state as a result of the collision.
Classically, the projectile only touches the target nucleus, or it may enter
the nucleus and exit at a reduced energy. When the excited target nucleus
returns to its ground state, the excess energy is released by the emission

of particles like -y-rays[6].

2.3.3 Transfer Reactions

One or more nucleons are transferred between the projectile and the target
in transfer reactions when the projectile crosses over the target's
perimeter, for example, when an incoming deuteron transforms into an
outbound proton or neutron, adding nucleons to the target A to create a

nucleus, B[6].

2.3.4 Quasi Elastic Scattering

In quasi elastic scattering, the projectile loses a moderate amount of
energy, and a small number of nucleons are exchanged with the target
nucleus. Quasi-elastic processes are thought to correlate. The term "quasi-
elastic” refers to the total of all transfer processes, elastic scattering, and

inelastic scattering.[6 ,37].
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2.3.5 Deep Inelastic

This reaction entails substantial damping of Kinetic energy and
mass exchange. The larger fragments are highly deformed and excited
while retaining partial memory of target and projectile masses and
charges. This process takes place at energies above the Coulomb
barrier[6] .

2.4 Scattering Theory

In this section, a Single Channel SC potential model is used to
derive the basic formula for calculating the elastic and the fusion cross
sections. Through finding the solution of Schrédinger equation Hy =

Ey, we can describe elastic scattering between two nuclei [1].
h2 .
[_Z 2+ V() — E|w@) =0, (2.7)

where u is the reduced mass of the system, if there is no potential V(r),

can be clearly solve this equation with ¥ = eiw, where k = /2uE /h?
is the wave number of the incoming wave. This solution has asymptotic

form as follows [38]:

Y(r,0) = e
—ik(r-lm/2) ik(r-lm/2)
D¢ i )Pl(cos 6),r - oo, (2.8)

IR+ DO (——-

the wave function y(r ,6) is sum of the incoming plane wave and the

outgoing spherical wave. P; stands for the Legendre polynomials, & is the

angle between 7 and k. When the potential is presence the characteristic

of the solution is change.

However, the asymptotic form of the wave function can be written down

in a similar way to Eq. (2.8). because of the fact that the potential
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vanishes at infinity. By replacing the plane waves with the corresponding

Coulomb waves, the asymptotic form becomes [37].

H h (kr)

-5

*)
il r(kr)> P(cos@)r — oo, (2.9)

W(r,0) » =322+ DO (5
where Hl(_)(kr) and Hf”(kr) are the incoming and the outgoing

Coulomb waves, respectively. S; represents the nuclear S-matrix and

generally is a complex quantity.

Can be determine the S-matrix, by expanding the wave function () in

terms of the spherical harmonics as[39].

Y = T2 Dhnemt Am 52 Vi (7), (2.10)

When the expansion coefficient is A;,, the Schrddinger equation's
solution is u; (), with [39]

l(l+1)h

FV() + - Elu @) =0, (2.11)

[_Z,ud 2

l(l+ Yh?
2

Where

represent the centrifugal potential [6].

Equation (2.11) can be solved by imposing the boundary conditions[34].
() ~r*t r-o0 (2.12)
u,(r) = Hl(_) (kr) — S Hz(+) (kr) r—> (2.13)

The nuclear S-matrix S;, can be used to evaluate the differential elastic
cross section, as [40].

“e— f(O)I% (2.14)
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where f(60)is the scattering amplitude, the differential scattering cross
section is defined as the number of particles emitted per solid angle dQ

divided by the incident flux of particles per unit time [41].
f(0) = = X202l +1) (1= S)P(cosh).  (2.15)

The total elastic cross section is given by:

d o
0o = 21 [, d(cos0) 2 = = B2,(2L + 1)IS, — 1|2 (2.16)

2.5 Reaction Cross Sections and Differential Cross Section

Reaction cross-section is the most important quantity in nuclear
reaction study. It is a measure of the probability for particular reaction to
occur. The larger the nuclear cross sections the more probable the
reactions. This factor can be viewed as the target area effectively
presented to the incident particles by each nucleus, such that if the
incident particle passes through this area reaction will take place. The

cross-section of a react ion is defined by [42].

__number o fevents o f given type per unit time per nucleus

(2.17)

number o fincident particles per unit area per unit time

Nuclear cross-section or the probability of any interaction has diminution
of area that is so called cross-section and measured in a unit of cm? or
barn. 1barn =10 cm?[43]. Cross sections are the central observable of
nuclear and particle physics. In some areas of nuclear physics (e.g. HI
physics) reactions (scattering) are often treated semi classically.
Likewise, the historically important Rutherford scattering can be treated

classically. The classical description implies that particles and their
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trajectories are localized. However, in each case it must be checked
whether a classical description is valid. A criterion for classicists is (like
in geometrical light optics) the wavelength of the radiation used is small
as compared with some characteristic object dimension (d). In agreement

with Heisenberg , s uncertainty relation this means[42].

h
A debroglie = o <<d (2.18)

When choosing for a typical object dimension half the distance of
the trajectory turning point (do) for a central collision the Somerfield

criterion for classical scattering is obtained [44].

2 2
__ ZpZre _ ZpZre” % — ZPZT . % >>1 (2.19)

s hv hc

with o = e%/h ¢ Somerfield's fine-structure constant and 4 a short
notation for v/c. Z. and Z; are the atomic number for the projectile and

target nuclei, respectively.

There exist more refined criteria, which take into account that the
wave nature of the radiation leads to diffraction phenomena, especially
where the scattering potential changes strongly, e.g. at the nuclear
surface. Therefore, a requirement is postulated that the de-Broglie
wavelength not change substantially by the potential gradient. For
Coulomb scattering this provides a scattering-angle dependent

criterion[45].

N2 > Nl = lcos(gsjiEle%?n(g))]Z

(2.20)
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Thus, a classical description is always possible at & = 0" but never at
6 = 180°. Definition of the differential cross section is the number of
particles of a given type from a reaction, which, per target atom and
unit time, are scattered into the solid-angle element dQ (formed by the
angular interval 0...0 + d® and ¢....0 + d¢), divided by the incident
particle flux j (a current density is number of particles passing a unit area
per unit time)[45]. In the following we assume azimuthal (i.c. ¢)
independence of the scattering. The classical scattering situation is
characterized by a definite trajectory and a unique relation between each
particle incident from r — (—o0) at a definite perpendicular distance b (the
impact parameter) from the z-axis and its (asymptotic) of a given type
from a reaction, which, per target atom and unit time, are scattering angle
at r — (+o0) after the interaction. This definition yields the classical
formula for the cross section. With the number of particles per unit time
jdo = j.2m bdb one obtains[42].

(2.21)

(da) _ 2mbdb b |db
dQ) p.ss  2msinfdl  sin@ |do

b = b(6,E) contains the influence of the interaction (the dynamics).
0(b) 1s called deflection function. Its knowledge determines the

scattering completely as shown in Fig. 2.3.
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Fig (2.3): Classical Rutherford scattering. b is the impact parameter, (r,4)
are the polar coordinates of the projectile, 6 the polar scattering angle, d is
the distance of closest approach, and do its minimum for a central
collision[44].

2.6 Rutherford Scattering

2.6.1Classical-Mechanical Derivation of Rutherford’s

Formula

General approaches to describe elastic scattering like partial wave
decomposition or the Born-approximation are of guantum-mechanical
nature and lack a certain clearness. On the other hand one likes to
imagine Coulomb-scattering using a model based on classical trajectories
[46]. In fact it is often possible to describe elastic scattering processes
well in a semiclassical or classical approximation. This is particularly true
for heavy ion scattering experiments. As for heavy projectiles the
Coulomb barrier is very high though, it is necessary to perform
calculations on the peak of the Coulomb-wall (V¢) with the reduced
Kinetic energy of the projectile : E = E., — V¢ [46]. A classical
derivation of the differential cross section for the elastic scattering of a
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charged particle by the electrostatic potential given by a point charge. It is
also commonly referred to as Rutherford scattering. In Fig 2.3 a particle
is shown being deflected through an angle 6 by a scattering center of

charge Zr.. the particle has charge Zp,, mass m, speed v, impact
parameter b and energy E = % mv® . We assume, for simplicity, that the
scatterer remains at rest that is, we shall take the scatterer to be infinitely

heavy [47]. The angle of the position vector (r) to the y-axis is ¢ and

we can use conservation of angular momentum to write [44].

do

L = mve,b = mr? — = MVpind (2.22)

We can also calculate P = mo as the integral over the trajectory of the y
component of the impulse on the particle due to the Coulomb force Fc

acting on it, as following [42].

1 ZpZre? _ C
Fe = 41Eg rz2 irz (2.23)
Where

C = ! ZpZre?

~ e, piré
dt = r%d¢/veb (2.24)

AP = [ F,dt
. C (o . dP
VeoSin @ = mvoobf_oosmq.’)Edt

[ "7 sin pdp = —— (1 + cos 6) (2.25)
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After transformation to half the scattering angle the deflection function
is

cot(8/2) = mvib/C = v,L/C (2.26)
and
c 6
b =5~ cot (%) (2.27)

the derivative of Eq.(2.13) is [42][44].

ab _ C 1 C 1

E B 2mva, . sin?(6/2) - 4Eo | sin2(6/2) (2-28)

and thus for the Rutherford cross section[44]
@ = (ZPZTeZ)Z e 2.29
A0\ 4Eq sin*(6/2) (2.29)

Numerically[44].

20 = 1.296 (2 )2 — 2] (2.30)

aQ EMeV))  sin*(0/2) Lsr

for finding the minimal scattering distance d one needs additionally the

energy-conservation law is (d) [44].

mvy — mv?

— min E
==t (2.31)

The absolutely smallest distance d, is obtained in central collisions with
[44].

E,="02-% (2.32)

From this and the angular-momentum conservation the relation is
given[42].
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b2 = d(d — d,) (2.33)

IS obtained with the solution[42].

d=i<1+ /1+b2§> (2.34)
2Eq c

- 2 (1 + sin(z/z)) (2.35)

2.6.2 Quantum-Mechanical Derivation of Rutherford’s
Formula

In the nonrelativistic limit, the scattering of one particle off
another is described by the Schrodinger equation. In the c.m., the wave

function is the solution of the equation[42].

—%VZIIJ +(V=Exp=0 (2.36)

where [ is the reduced mass of the two-nucleon system and V is
the central potential. The scattered particle outside the interaction
region is described by a spherical wave e**" /r radiating outward from
the center of the interaction region. The particles density in the incident
beam is usually sufficiently low that we may ignore any collision
between the incident and scattering particles. As a result, the wave
function at large r is a linear combination of a plane wave, made of the
incident beam and particles not scattered by the potential, and a

spherical wave, made of scattered particles. The result may be

26



Chapter Two

expressed  as[42].

Y)W+ f(0,8) (2:37)

here, f(0,¢) is the scattering amplitude which measures the fraction of
incident wave scattered in the direction with polar angle 6 and azimuthal
angle ¢. In general, both w(r) and f(0,¢) are also functions of the incident
wave vector k and scattered wave vector “k. Furthermore, the probability
for scattering is sufficiently small that the normalization of the incident
wave is not affected by particles removed from the incident beam due to
scattering. Since the z-axis is chosen to be along the direction the two
particles approaching each other outside the interaction zone, the zy-plane

is fixed by requiring it to be perpendicular to the z-axis [42 ,46].

an
IV df 2
» 0 T
W
8
fo — ’a/fj
e >
INCIDENT BEAM z
7
TARGET
SCATTERED
PARTICLES

Fig 2.4: Diagram for the definition of differential cross-section. Usually
the size of the irradiated area of the target is small, very much smaller
than the distance to the detector, so that the scattering angle 6 is well
defined[42].

From Fig. 2.4, the relation between wave function and intensity of the
incident beam is given by the quantum-mechanical probability current
density [42] .
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o= [T — WV g | = Refy SV )
(2.38)
R

{e—ikz ii eikz} _ﬁ

indz
where Re denotes the real part . The differential scattering cross section
can be stated in terms of the scattering amplitude f(6). The probability

current density for the scattered spherical wave is given by the
equation[48,49].

Jie = RA(FOS) 22 (7))} =7 X9 (239)

ipdr

If the scattered particle is detected by a detector with effective area da
situated at r from the scattering center, the solid angle subtended by the

detector at the origin is[42].

do =%

r2

(2.40)

and the number of particles recorded per unit time is[49]

. . . . d .
The differential scattering cross section, ﬁ sometimes represented also as

o(8), is defined as the number of particles scattered into a solid angle d{)

at angle 6 divided by the incident flux[50,51].

d _)SC 2
w=5= 1O (2.4)

l
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The scattering cross section is the integral of the differential cross

section over all solid angles [50].
do A 2 .
0=fEdQ=f0 | f(8)|?>2m sin6 do (2.42)
where

dQ =sinf df d¢

If the interaction potential is a central one, V = V(r), that depends only
on the relative distance r, angular momentum is a constant of motion.
In this case, it is convenient to decompose the wave function y(7) into
a product of radial and angular parts and write it as a sum over
components with definite orbital angular momentum [, or partial waves

[44,49].
Y(r,0) =X2oa; R (1)Y0(0) (2.43)

where a; are the expansion coefficients. Only spherical harmonics
Yim(6, ¢) with m = O are involved here, as we are considering systems
independent of the azimuthal angle ¢ in terms of the modified radial wave
function [42].

u (r) =rR;(r) (2.44)

The equation simplified of differential equation[42].

2
d*u (r) {z(z+1) + 28y () — kz}ul (r) =0 (2.45)

dr? r2 h

For short-range potentials, V(r) goes to zero as r — oo. The same is also

true for the [ (I + 1)/ r*term. In the asymptotic regions, we are left with
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a simple second-order equation of the form differential equation of the
form [42] .

d?uy (r)
dr?

+k%u; (r)=0 (2.46)

The solution for this equation is the familiar linear combination of sin(kr)
and cos(kr). That is, at large r, the function u;(r) must take on the
form[42]:

1 1
u; (r) 2 A;sin( kr — Eln) + B; cos(kr — Eln)

= C;sin( kr — %ln +68) =( {e_i(kr_ Zim) _ g2ibgilkr= %l”)} (2.47)
where A; and By, or C; (C;),are two constants that must be determined
from boundary conditions and o1 is the phase shift. The phase factor
%ln Is included here so that it is more convenient to compare with the

asymptotic form of spherical Bessel functions. Its physical meaning
can be seen by comparing Eq.(2.47) with the partial wave expansion of

a plane wave [44].
elkz = 32, Jaw 21+ 1) iLy(kr)Y;o(6) (2.48)
The spherical Bessel function, j,(kr), asymptotically has the following
shape[52].
sin (kr — %ln)
kr

Ji(kr) -

in comparison to Eq. (2.47). In the asymptotic region, a plane wave can

be expressed as the following [53].

. - i! 1
etz —— % JAm(2l + 1) Esin(kr — 7ln)YlO (6)
1=0

T — 00
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ikr lle—L(kr— —lTL’)

e
z\/4n(2l+1 = e Yo(0) (249

=0

Asymptotic form of the same wave function as given earlier in

Eq.(2.37), we arrive at the equality [53].

ikr

e + £(6)—

1 1
- z GrYio(0) - sin( kr — > 1 + &)

=0
o pikr o ~i(kr— i)
— 4 l,ié; -6
;amo@ (—)'eiio —e — (2.50)
Where

a, = [4m (2l + 1) i'eld
The scattering amplitude may be expressed in terms of phase shifts as

£6) = ?Z JIT1) eidisin6,Y,(6) (2.51)
=0

The differential scattering cross section can be written as[49,53].

o 2
4 ;
=— E JQI+1) e sin§,Y,(6) (2.52)

A k2
=0

From the orthonormal condition on spherical harmonics[49].
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2T T

j f Y. (6,0)Y;, (6,0)sin® do dd = 8,6, (2.53)
0 0

The scattering cross section may be reduced to an extremely basic form.
atl =1 [42,49].

O-SC

_ A i i(61-67) , " :
=7z 2l + 1)(21 + 1) e ) sin 6, sin 6; . Y10(8)Y,(6) sin6d6
U

4 - .
Opp = FZ(ZZ + 1) sin2 5, (2.54)
=0

In this case, 4sin? §, = |1 — n,|?, and 7, is reflection coefficient.

Oge = 2= T2l + 1) [1 = 1,2 (2.55)

Only elastic scattering may occur. where 4sin? §; = |1 —n,|?, |n;| = 1.
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Chapter 3

The Coupled Channel Formalism

3.1 Introduction

The coupled-channels calculations for the heavy-ion reaction at
energies near and below the Coulomb barrier can explain the
experimental data of fusion reactions as well as the quasi-elastic
scattering of medium-heavy mass systems and heavy mass systems. It is
revealed that the cross section and the barrier distribution for fusion
reactions and quasi-elastic scattering are very sensitive to the structure of
the colliding nuclei, the collective excitations (rotations and surface
vibrations), and/or nucleon transfer. Those effects can be more easily

visualized through the so-called barrier distribution concept[54].

3.2 Coupled-channels equation with full angular momentum

The coupled channel (CC) method is the most powerful tool to
study. multi-channel scattering. The coupling to intrinsic degrees of
freedom affects heavy ion collisions. This issue can be resolved by
directly solving the Schrodinger equation. At collision energies below the
Coulomb barrier, it has been demonstrated that the coupling between the
relative motion and a number of intrinsic movements of the nuclei causes
significant increases in the fusion cross sections. Numerous experimental
and theoretical studies have shown this [1,54]. The collision between two
nuclei has a coupling between the nuclear intrinsic motion & and the
relative motion of the nuclei's centers of mass, 7= (r,#). the

Hamiltonian for the system is [1,34].

HEE) = =272+ V) + Ho() + Veoup (58), (31)
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where r refers to the center of mass distance between the colliding
nuclei, V(r) is the bare potential in the absence of the coupling, H, (%)
represents the Hamiltonian for the intrinsic motion and V¢, is the
coupling Hamiltonian. The Schrodinger equation for the total wave

function would be given by[34]:

hZ
(—Z—HVZ + V() + Ho(®) + Veoup (7. €)> Y@ 8 =Ev(@ 9. (3.2)

The internal degree of freedom & principally has a finite spin. The

coupling Hamiltonian in complications can be written as [1].

Veoup (7-§) = Zasoufo (Y2 (0. T2 (§), (3.3)

Where f; (r)denotes the coupling form factor, Y;,(f)denotes the
spherical harmonics, and T,, () denotes the spherical tensors that are
constructed from the internal coordinate, the dot denotes a scalar product.
Since it was first taken into account in V (r), the sum has taken all values
of A, excluding for A = 0. since it is originally considered in V (r). For a
given total angular momentum J and its z component M, one can define

the channel wave functions as [1,34].
(FEI(IDJM ) = Yoy { Iy Iy [JM )Y, (7) @i, (£, (34)

where (Im;Im;|JM ) is Clebsch-Gorden coefficient, | refers to the orbital
angular momenta, | represents the intrinsic angular momenta, and
Onim, (§)represents the wave function for the intrinsic motion which

probes[1,34]

Hy($) <pn1ml(€) = €ng (pnlml(f) (3.5)
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where n any quantum number despite angular momentum.

The total wave function y (7, §) has been expanded with this basis[1].

N (0 o
Y(EE) = Ty~ (FE| (DM ). (36)
The Schrodinger equation [Eq. (3.2)] can be written as a set of coupled

equations for u’ , () [1]

hZ

[_ﬂﬁ_l_ Vi) + —E+ Enl] Unyy + 21 iV, nlI nll(’”)u () =

0, (3.7)

l(L+1)h

where the coupling matrix elements v’ (r) is given by[1, 55]

nih Ll

nllnl () = ((n”)]MWcoup (7. f)l( nl I)]M)
= > U YT T )

A

x J2I+ D@+ 1) {’l l] {1} (3.8)

The reduced matrix elements in Eq. (3.8) are defined by :
<lnu|yhu|l1nl) 7nl A%4lnu )(lHYﬁlll) (3-9)

Since V’U ;1(r) is freelance of the coefficient M, the coefficient has

been suppressed as seen in EQ.(3.8). Equation (3.7) is called CC
equations. These equations are commonly resolved using the incoming

wave boundary conditions[1],

T

n”(r) nuexp —i jknl,(f‘)dl‘ r < Taps ) (3.10)

Tabs
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] (H7 UG8, 811,81,
Uy (r) =5 i, r— oo, (3.11)
2\ + /k—; SyH Ueyr)

where ky; = /2u(E — €,)/h?, kpn;, =k =/2uE/R* is the wave

number for the entrance channel nl;. 7, is the transmission coefficient,

the local wave number k,,;; (r) is defined as [1, 34].

2

knu(r):ji—i‘(E—en,—“””hz V) =V @) (312)

Unlike to the calculation of fusion cross sections, the calculation of quasi-
elastic cross sections usually requires a large value of angular momentum
so as to obtain converged results. The potential pocket at (r = rgs)
becomes superficiality or even disappears for such large angular
momentum. Hence, the incoming flux in Eq. (3.10) cannot be correctly
identified. Therefore, the quasi-elastic problem commonly performs the
regular boundary conditions at the origin rather than using the incoming
wave boundary conditions. When using the regular boundary conditions,
a complex potential Vy(r) = V@ (r) + iw(r), is needed to simulate the

fusion reaction. Once the nuclear S-matrix in Eg. (3.11) is obtained, the

scattering amplitude can then be calculated as [1].

ﬁl(g E) _lz T Il] l l[o'](E)+0‘](E Enl) /2]+ YlO(Q)(S
,/ n

- 51.1251.12) + fe(0.E)6;.1,614, (3.13)
where g; is the Coulomb phase shift which is given by [1].

g, = T+ 1+ in)|. (3.14)
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While £, is the Coulomb scattering amplitude which is given by [1]

n [ in 1n<sm ( ))+2100(E)]

OB = S (@)

(3.15)
where 1 IS the Summerfield parameter, which is given by
n = Z,Z, e?/hv, the differential cross section can be evaluated by using
Eq.(3.13) [1].

daqel (9, E) an ] 2
= ;7|fu(9,E)| . (3.16)

We can assess the Rutherford cross section using Eq.(3.15)

dO'R(HE) = |fc(0.E)|? = 4k2 —CSC () (3.17)

3.3 Coupled-Channels Equations in the Rotating Frame

approximation

The full CC calculations have often been considered very difficult
to manage when we take into account many of the physical channels. As
a result, the dimension of the CC equations generally becomes too large
for the practical purposes. To get rid of this problem, an approximation
has been used one known as the rotating frame approximation which is
also called as the no-Coriolis approximation or the iso-centrifugal
approximation[34,53]. The no-Coriolis approximation was used primarily
in the fields of chemistry under the name of centrifugal sudden
approximation [1]. Let us say that the initial intrinsic spin is zero. In the
no-Coriolis approximation, the whole system is transformed to the
rotating frame such that the z-axis is along the direction of the relative

motion 7 at every instance [56,58].
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In the rotating frame approximation to the CC equations, Eq. (3.7), one
first replaces the angular momentum of the relative motion in each

channel by the total angular momentum J, that is,

[(l + 1)h? Jg+ 1)h?
2ur?  2ur?

(3.18)

This means the change of the orbital angular momentum between the
colliding nuclei because of the excitation of the intrinsic degree of
freedom is negligible. The transformation to the rotating frame can be
applied without leading to any complication since the operator for the
rotational coordinate transformation in the whole space commutes with

the centrifugal operator for the relative motion[1,34].

3.4 Coupling to Low-Lying Collective States
3.4.1 Vibrational Coupling
3.4.1.1 Nuclear Coupling

In this section, we will study the evident form of the coupling
Hamiltonian (V¢oyp). We suppose that the nuclear potential has a Wood

Saxon (WS) form, as in Eq. (2.3). Consider couplings of the relative
motion to a 2" pole surface vibration of the target nucleus. The radius of
the vibrating target nucleus in the geometrical model of Bohr and

Mottelson is characterized as [34,59]

Rr(6,4) = R [ 1+ ) a3, Y3,(6,9) | (3.26)

A

where «;, is the coordinate of the surface vibration while R is the

equivalent sharp radius.
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A harmonic oscillator can be used to approximate the surface oscillation

which is given by[34].

" 24+ 1
H, = hw; Z A, A+ > , (3.27)
u
.l.

where a;,, is phonon annihilation operator, a;, is the phonon creation

u
operator, Aw, is the oscillator quanta.

The surface coordinate a,,, is related to the phonon creation and

annihilation operators by[34].
Ay = oco(aj{li + (=) ay,), (3.28)

where a, = ;/V24 + 1 is the amplitude of the zero-point motion, S; is
the deformation parameter, which can be evaluated from the measured

electromagnetic transition probability B(E4) 1 using [35].

1

_4m [B(ED) 1]
 3Z:R} ’

Ba (3.29)

62
where R, is the Coulomb radius, and is taken to be the same as Ry,

therefore «,, is given by[35].

1 4x; [B (EX) TF

a =
® 22+ 13Z;R}

- (3.30)

In the no-Coriolis approximation, the angular momentum of the relative

motion does not change. Evaluating the associated spherical harmonics in
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Eq.(3.26) at angle # = O leads to the factor \/(2/1 + 1)/4m. Thus, Eqg.
(3.26) reads[60].

41T

Ry (8, a30) = Ry (1 + |2 a,w). (3.31)

Using Egs. (3.28), (3.30) and (3.31), the nuclear coupling potential can
be written as[57].

. o/
coup(vib) AN o
Wy (r, 0’1) - 1 + el(r=Ro=Rr03/V4m)/a]’ (3.32)
where the dynamical operator 0, is given by [41].
0/1 = ,B,l(aj{o+ a/lO)' (333)

In order to obtain the matrix elements of the nuclear coupling
Hamiltonian between the n-phonon state and the m-phonon state, the
eigenvalues and the eigenvectors of the operator 0, must be determined.

The operator 0, satisfies[34].

Oila) = &;|a). (3.34)

The eigenvalues and eigenvectors can be obtained by diagonal the matrix

elements of the operator between the phonon states[34]

Onm = Br (VM Spm-1 + Vm + 1 8pms1)- (3.35)

After the eigenvalues and eigenvectors are determined, the nuclear matrix
elements of Eq (3.32) can be assessed as [34].

V‘rrlzvn (r)=(m

Vy oup(wib) | n) — Vy(r)6pm-
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—Vo
_ Za:<m|a> (@) = Wb, (336)

To ensure that coupling interaction vanishes in the entrance channel, the

last term in Eq. (3.36) is introduced.
3.4.1.2 Coulomb Coupling

One may now consider the Coulomb part of the coupling
Hamiltonian. The Coulomb potential between a point-like spherical

projectile and a vibrating target is given by [34]:

QZPZTe
Ve = | df g o)
ZPZTe 22477:21)8 1
3.37
A+ 1 B (P 141 (3:37)
A#0 [t

where p; is the charge density of the target nucleus, Z, and Z are the
atomic numbers of the projectile and the target nuclei respectively, and

Q4 Is the electric multipole operator defined by[1,34].

Qip = j df Zrepr (FrY s, (7). (3.38)

The first term on the right hand side of Eq (3.37) is the named Coulomb
potential, while the second term is the Coulomb component of the
coupling Hamiltonian. Eq (3.37)is obtained by using the following
formula[34, 41].
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1 A r< A
> _ 7 2 2). +1r ,1_,_1 Au(r) (T’) (3.39)
|T T'l /1

The relative coordinate r is considered to be bigger than the charge radius
of the target nucleus. If the target nucleus is supposed to have a sharp

matter distribution, the electric multiple is given by[34, 41].

3Zre

o R}3,6, 26,4 (3.40)

Qiﬂ =

Up to the first order in the surface coordinate a,,. Thus, we can write the

coupling component of the Coulomb interaction as [34, 41].

: 3ZpZre? R%
VCcoup(mb) (T_’), a/'lli) — Z — /UAY/'UL #)
= V2A+ 1T
- z L@ ap Vi, @), (3.41)
Au
where £ (r) is called the Coulomb coupling form factor, which is given
by:

3ZpZre® R%
21+ 1 ri*t

fr) = (3.42)
Conversion to the rotating frame according to the no-Coriolis

approximation, the Coulomb coupling is given by [1,61].

a
coup(mb)( 0 ) z 3ZPZT€ rli‘l A0

3ZpZre? RY O
_ 4T T Ui , (3.43)
20+ 1 rM1 4
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where V¢ (r) represents the Coulomb coupling matrix elements, 0, is
given by Eq. (3.33), then we may be evaluated similar to the nuclear

coupling Hamiltonian, with[1, 61].

Vnc;n(r) _ <m VCcoup(vib)|n>

3ZpZre? R%
= pZre” Rr Fa [V Spm-1 + VM + 1 8pmii] (3.44)
A

20+ 1 ritl 41T

The total coupling matrix elements essentially represent the sum of the

nuclear and Coulomb couplings as follows[41][61].
Veoup (1) = Vi (1) + Vo (). (3.45)
3.4.1.3 Projectile and Target Excitations

When the relative motion couples to the vibrational excitation of the
projectile nucleus in addition to the vibrational excitation of the target
nucleus, the above formulation can also be extended, where the coupling

potential can be written as [62].

Vcoup (T', O\AP’ O\AT) = VN (T', O\AP’ O\AT) + VC (T', O\/‘lp, O\AT)' (346)

0, ,0,) = Y % 3.47

V(7. 0y, 02) = [r—Ro—(RpO1,+R70:) VAT]] ) (347
[1 + e a ]

B D ZpZre? [ 3R}P0,, N 3R} 0, 248

(1, 02y Osy) = r \@l +Dr  (Ap+ Drir ) (3.48)

The 0,1}, and OAT are the excitation operators for the projectile and

target nuclei respectively, and have a form of Eq. (3.33). A; and Ap
represent the multi-polarity of the vibrations in the target and the
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projectile nuclei, respectively. In order to avoid double counting, the
term Vy(r) in Eqg. (3.47) is subtracted. The matrix elements of the

coupling potential of Eqg. (3.46) is evaluated in a similar way as Eqgs.
(3.36) and (3.44). Firstly, the operators 0,1,3 and OAT are diagonalize in the

physical space in order to obtain their eigenvalues and eigenvectors. The

coupling potentials are then accounted as[62].

Vnm(r) = (m|Vcoup|n> - VN(r)6n,m

-
[r_Ro_(RPEa‘i'RTEV)/\/E]]

_ Z(mla)(aln)(mW)(TlW) X
ay 1+e a

3ZpZre? RYT B, 3ZpZre* Ry P,
2/17' + 1 T’1T+1 \/47‘[ 2/113 + 1 T'/-"P+1 \/47‘[

)

Ap AT
X [V 8y mer + VN +1 8 moa]
- VN(T)5n,mr (34‘9)

where |a(y)) and ¢, are the eigenvectors and the eigenvalues for the

operators 013(7), respectively.

In the former section, we have shown that the dimension of the
CC equations can be greatly reduced when the no-Coriolis approximation
is used. One can achievement a further lowering by introducing the n-
phonon channels [8]. The multi-phonon states are distinguished from each
other by the angular momentum and seniority, have generally several
levels at the same energy [55]. As an example, for the quadrupole surface
vibrations, the two-phonon state is degenerate in the excitation energy.
One can then replace the coupling to all the member of the two phonon

state by the coupling to a single state given by [63]
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1
12) = (2020]10)|10) = ﬁ(ago)z (3.50)

1=0,2,3

Similarly, one can introduce the n-phonon channel for a general multi-
polarity A as[41,62].

1 n
In) = —=(az) 10). (351)

If we mutilate at the two-phonon states, the operator 0, of Eq. (3.33)

corresponds to the matrix elements which are given by[62].

) 0 fy 0
Omn=——=|B1 0 V28| (3.52)
Vam 0 V28, 0

3.4.2 Rotational Coupling

3.4.2.1 Nuclear Coupling

Here, we will look into the couplings to the ground state rotational band
of the target nucleus. It is convenient to discuss them in the body fixed
frame where the z-axis is along the orientation of the deformed target.

The surface coordinate a,, is then transformed to [34].
Ay, = z Dy (D4, 0a) Xa) B (3.53)
7

where ¢ 4,604, x4 are the Euler angles which describe the orientation of
the target. If one considers a permanently deformed nucleus with the axial
symmetry is about the body-fixed axis (z-direction), the deformation

parameter a;,, have the form[1].
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a/‘w = ,816#0, (354)

where S; is a constant which specifies the static deformation of the

nucleus. In the space fixed frame, we have[1]

= B Dﬁlo(¢d' Oa) Xa)- (3.55)

Using Egs. (3.26), (3.53) and (3.54), we have

Rr(6,6)) = Rr 1+Z /ZA =63 Vi (B 0) Vi) | (3.56)

In getting Eq. (3.56), we have used the conformity[34].

Diio($,0,2) = [7ai7 Yiu(6. ). (3.57)

Using the rotating frame, Eq. (3.56) becomes|[1].

R(6.8) = Ry (1 +) ﬁmo(m). (3.58)
A

Using this equation, the nuclear coupling has a similar form as Eg. (3.32)
with[1].

-V
coup(rot) AN\ o _
Vy (r,0,) = Ry Vy () (3.59)

However, the dynamical operator 0, is now given by[62]:

01 =) Bi¥io(®). (3.60)
A
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Now we need to know the matrix elements of the operator 0, between the
|n) = |I0) and |m) = |Ib) states of the ground states rotational band for

the target nucleus, and are given as[62].

o QA+ DRI+ DRI+ 1D 1 [\
Oll—Zﬁa\/ e (o 0 0). (3.61)

This matrix is diagonalized to determine its eigenvalues and eigenvectors.
Again, the nuclear matrix elements are evaluated in the same way as Eq.

(3.36). Hence, the matrix elements of Eq. (3.59) are calculated as[61].

VIA;(T) — (I'O V;oup(rot)

10)“Vh(r)5ﬂl

~ Va8, (3.62)

= > (10]u) ¢ulro)

Yo
(r—RO—RTA”q
a a

1+e[

where 4, and |u) are the eigenvalue and the eigenvector of the operator

0, in Eq. (3.60), respectively. As before, we introduce the last term in Eq.

(3.62) in order to avoid double counting of the diagonal components.
3.4.2.2 Coulomb Coupling
For the Coulomb interaction, the coupling component is given by[64]:

- 3ZpZre? R}
VCcoup(Tot) (T‘, O)L) = z o1 1 A 0/1, (3_63)
A

where the operator 0, is given by Eq. (3.60).

Using Eqg. (3.61), the matrix elements for the rotational coupling potential
of Eq. (3.63) reads[64].
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VC coup(rot)

Viin (r) = (10 10)

N\ 3ZpZre® Rf \/(2/1 + 1D@I + 1)RI+ 1)

20+ 1 ra+il2 4
s\ 2
I f
(0 61 0) . (3.64)

The total coupling matrix elements are the sum of the nuclear and

Coulomb coupling matrix elements. To explain the difference between

the vibrational and the rotational couplings, let us consider a system

coupled to a ground state rotational band up to 2" state of the target

nucleus which has a quadruple deformation f,. The wave function for the

|10) state in the ground state rotational band is given by [10) = Y;,. Thus,
the matrix elements of the operator in Eq. (3.61) is given by[64].

L [0 B

In obtaining this matrix elements, we truncate the ground states of the
rotational bands up to 2" state. One of the main differences between the
rotational coupling matrix and the vibrational coupling matrix is that the
former has a diagonal component which is proportional to the
deformation parameter f,. This is known as the ’reorientation effect’.
This effect has been used in the Coulomb excitation experiment in order

to determine the sign of the deformation parameter[61,65].
3.5 Barrier Distribution of Scattering

Information on the impacts of couplings may be learned from the

distribution of barrier that was recovered from the observed fusion's
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excitation function. Fusion's cross-section is a result of several channels
contributing. The following is a definition of the barrier of fusion's
distribution[10].

Drus(E) = 2 [E 075 (E) | (3.66)

The fusion cross sections must be measured with extreme precision in
order to obtain the barrier distribution by taking the second derivative of
the quantity (E of,s(E)) with respect to E. Estimates of absolute
scattering at back angles provide information on the function of channel
couplings in fusion reactions[66].Complete scattering is the total
scattering caused by all direct reactions, including transition and
breakdown, as well as the contributions of elastic and inelastic reactions.
The large-angle total scattering is connected to the probability of
reflection, R, (E), and the probability of transmission across the angular
momentum barrier is related to fusion £ = 0, T,(E). The backscattering
of total scattering can be thought of as complementary to the fusion since
the reaction flux is retained and T, (E) + R,(E) = 1for this situation. The
definition of the total scattering barrier distribution D, (E) is [57, 58].

d Otot
Diot(B) = = g |2 (B)| (3:67)

the ratio of total scattering cross sections to Rutherford cross sections is
expressed as o;,./0g. These approaches have the advantage of requiring
a numerical assessment First derivatives rather than second derivatives ,as
in mergers. Additionally, total and elastic scattering measurements are

typically simpler to perform than fusion experiments[53].
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Chapter 4

Calculations, Results and Discussion

4.1 Introduction

Large-angle quasi-elastic scattering is a suitable method to study the
nuclear potential. Several studies have used this method, and it has been
applied to find the nuclear potential surface diffuseness parameter for
heavy-ion systems [1]. Heavy ion collisions at near-barrier energies and,
in particular, fusion and quasi-elastic reactions have been of increased
interest from experimental and theoretical points of view over the last few
decades. Such studies provide an ideal opportunity to obtain information
on nuclear structure and nucleus-nucleus interaction [12]. Both are
inclusive processes and are sensitive to channel coupling effects at
energies close to the Coulomb barrier. [67]. These computations were
carried out by making use of a Wood-Saxon WS form for the nuclear
potential. This form's overall composition is made up of both real and
Imaginary components. [20]. This chapter is summarized our theoretical
calculations for both (quasi elastic scattering ,distribution ) calculations
and the effect of changing the Wood Saxon potential parameters with
including the single channel (SC) and coupled channel (CC) effects to
investigate the importance this effects on the Coulomb barrier , for

systems:-

24|\/|g_|_9OZr
28Si+1208n
28Si+150Nd
1GO+16OGd

12C+197Au

A e
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6. °Li+'*'Sm
7. 8si + sn
8. °Li +"°Tb
9. *Ne+**Cm
10.°B+%**Th

4.2 Calculations, Results and Discussion

The calculations in this work have been performed using CQEL
code as a main code of calculations, which is a modified version of the
computer code CCFULL[8].

The first part of the calculations is performed using CQEL code and
discusses the effect of changing the value of the surface diffusion
parameter (a,) at a certain potential depth on quasi-elastic scattering. The
chi-squared method % is applied to compare the best-fit value of the
diffuseness parameter and get a correspond between the theoretical
calculations and the experimental data[20]. The data with dog/dog > 1
are excluded from the fitting procedures but included in the figures for
completeness. This is because theoretically, it is clear that dog/dogr

cannot be larger than one.

The second part of the results studied the effect of changing the potential
depth on the quasi-elastic scattering after determining the value of the
surface diffusion parameter(ao) in the first part of the results. A higher
and lower value of the potential depth fixed in the first part of the results
was taken , and using the (x°) method, The best potential depth value was
determined at which the best convergence was achieved between
theoretical calculations and experimental data.
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4.2.1 The Mg +*°Zr system

The first part for the results In this system, were processed in two
cases: the first, where both the projectile and target nuclei were
considered inert (SC) at different values of the diffusion parameter (0.57,
0.63, and 0.69) fm, and we considered the diffusion parameter 0.63 fm is
to be the standard value [9]. The second case, the projectile nucleus was
»Mg rotated with a deformation coefficient of 8, = 0.374 and B, =
—0.053 [68] to the state 2°(1.368672MeV), and this was deduced
according to the ratio E,+/E,+ = 3.012, while the target nucleus was
%0Zr vibrating with a deformation coefficient of 8, = 0.089 [68] to the
state 2°(2.186273 MeV), where E,+/E,+ = 1.4 at coupled-channel (CC)
The single phonon state of the quadruple excitation of the target nuclei,

with the radius parameter rg is 1.2 fm.

Table (4.1): The fitted WS parameters (radius ro, depth potential Vo, and the
diffuseness parameters ap), which were obtained from SC and CC calculation, and the

values of the y° between experimental and theoretical data for the Mg + *°zr

system.
XZ
System  Channel Vo To a O
(MeV) (fm) (fm) (deg.) G qel/Or Dger
0.57 0.2817738 0.0734226
SC 58.8 1.2 0.63 158 3.4713360 @ 0.3349851
e 0.69 12.6813900  0.8826095
Mg + > Zr
0.57 0.0107140 @ 0.0457186
CC  tgg 12 063 q1sg 00217765 0.0203603
0.69 0.0730525 | 0.0201489

From table (4.1), in the single-channel SC calculation ,where the
projectile *Mg nucleus and target °Zr nucleus are inert, the best-fitting

diffuseness parameter a, is 0.57 fm. The potential depth V, is 58.8 MeV.
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Based on the chi-squared y? data, the ratio of quasi-elastic scattering to
Rutherford cross sections dogerdog is 0.2817738 denoted by the red line
in Fig. 4.1. It is the curve nearest to the curve of the experiment data. The
best value of the barrier distribution D is 0.0734226 at the same value
of ap, and it is represented by the red curve in Fig. 4.1. The channel
couplings start to play an important role in the energies in the sub-barrier
region and therefore should be taken into account in our analyses here.
The best-fitting diffuseness parameter obtained through a coupled-
channels calculation with a rotating projectile (P) and vibrating target (T)
Is 0.57 fm, as shown by the red line in Fig. 4.2. It is considerably lower
than the standard value. The best fit for Xz is 0.0107140, while the best
value of the distribution Dy is 0.0201489 at the diffuseness parameter ag
Is 0.69 fm, represented by the black curve in Fig. 4.2. Therefore, the best-
fitting diffuseness parameter obtained through a coupled-channels
calculation should be accepted over the one obtained through a single

channel calculation, which is expected.
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Fig. 4.1. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data taken from [54] for the system *Mg+%°Zr. in the
single channel (SC) calculations at a; = (0.57, 0.63, and 0.69 fm), indicated as red,

green, and black, respectively.
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Fig. 4.2. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system *Mg+°°Zr in the coupled channel
(CC) calculations at ag = (0.57, 0.63, and 0.69 fm), indicated as red, green, and black,

respectively.
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The second part of result :In the ®Mg+% Zr system, In the single channel
(SC) calculations, both the projectile and target nuclei were considered
inert at three values of the real nuclear potential (potential depth V)
(43.8, 58.8, and 73.8 MeV) table (4.2), and the diffusion parameter a, was
considered to be 0.57 fm. It was previously determined in the first part
from calculations by the y* method as the best value for matching the
experimental data with the theoretical data. In the coupled channel (CC),
the target nucleus *°Zr was vibrating and the projectile nucleus Mg was

rotating.

Table (4.2) : The fitted parameters of WS potential (the diffuseness parameters ao, the
depth potential V, ,and radius ry ), that is estimated from the SC and CC calculation,

and the values of the y between experimental and theoretical data for the **Mg + *°zr

system.
a r |4 0 XZ
System Channel 0 0 0 o
(fm) (fm) (MeV) (deg-) aqel/o'R qul
43.8 0.0433369 0.1141273
SC 057 12 588 158  0.2817738 0.0734226
" % 73.8 0.9258511 0.0731548
Mg + > Zr

43.8 0.0268527 0.1034276
CC 057 12 588 158  0.0107140 0.0457186
73.8 0.0127154 0.0199528

From table (4.2), The best-fit potential depth V, is 43.8 MeV obtained
from a single-channel analysis in which the projectile *Mg nucleus and
target *°Zr nucleus are both inert, with ag is 0.57 fm. The chi squared x* is
0.0433369. It represents the calculated ratio of the quasi-elastic scattering
to the Rutherford cross sections. It was shown by the red line in Fig. 4.3.
where Dg = 0.0731548 is the best value for barrier distribution at
potential depth V, = 73.8 MeV. It was shown by the black line in Fig. 4.3.
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In a coupled-channels procedure, the best potential depth is 58.8 MeV.
The obtained x* value is 0.0107140, as shown by the green line in Fig.
4.4.1t is the curve nearest to the curve of the experimental data. The best
value of the barrier distribution Dgg is 0.0199528 at the depth potential V,
= 73.8, represented by the black curve, Fig 4.4. By comparing the chi
square calculations y* values between SC and CC, the best-fit potential
depth obtained through coupled channels. Through potential barrier
calculations represented by distribution curves in the cases of single and
coupled channels, The curve shifting to the right due to the value of the
potential depth decreasing leads to a decrease in the value of the nuclear
potential, and thus the height of the potential barrier will increase and the
quasi-elastic scattering calculations will increase. On the contrary, if the
potential depth increases, the nuclear potential also increases, so the
potential barrier will decrease, leading to a decrease in quasi-elastic
scattering calculations and a decrease in the height of the potential barrier
distribution and its shift to the left.
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Fig.4.3. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system *>Mg+%Zr in the single channel (SC)
calculations at V, = (43.8, 58.8, and 73.8) MeV, indicated as red, green, and black,
respectively.
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Fig.4.4. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system *Mg+%Zr in the coupled channel
(CC) calculations at V, = (43.8, 58.8, and 73.8) MeV, indicated as red, green, and

black, respectively.
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4.2.2 *Si+*Sn system

The first case in this part, the diffuseness parameter of 0.63 fm was
the standard value [9] and that both the projectile and target nuclei were
inert single channel (SC) at various values of a, is (0.60, 0.63, and 0.66)
fm, respectively. In the second instance at coupled-channel (CC), the
target nucleus *Sn was vibrating with a deformation coefficient of 8, =
0.107 [68] to the state 2°( 1.171265 Mev), E,+/E,+ = 1.8, whereas the
projectile nucleus #Si was rotating with a deformation coefficient of
B, = -0.478, B, = 0.250 [68] to the state 27(1.77903 Mev), where
E,+/E,+ = 2.59. the Woods-Saxon parameters were taken to be
Vo, = 45.8 MeV, the radius parameter ro =1.2 fm, which is listed in Table
4.3. used the single phonon state of the quadruple excitation of the target

nuclei were employed .

Table (4.3) : The fitted WS parameters (radius ro, depth potential Vy, and the
diffuseness parameters ap), which were obtained from SC and CC calculation, and the
values of the ¥ between experimental and theoretical data for the 2*Si+'2°Sn system

2
System  Channel Vo To ap Ocom. X
(MeV) (fm) (fm) (deg.) Goet/Ox  Daer

0.60 0.06072 = 0.03304

SC 45.8 1.2 063 1505 0.10359 0.05258

2o 1205, 0.66 0.17721  0.08379
0.60 0.01259 = 0.01686

cC 45.8 12 063 455 000794  0.01954

0.66 0.00475  0.02127

For a 2°Si+'Sn system, from table (4.3), by using single-channel
calculations, the best-fit diffuseness parameter is 0.60 fm. It is

significantly lower than the standard value. y* = 0.06072 is The calculated
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ratio of the quasi-elastic to the Rutherford cross sections is represented by
the red line in Fig. 4.5. It is the curve nearest to the curve of the
experimental data, with Vo= 45.8 MeV. The best value for the distribution
Dger is 0.03304, as shown by the red line in Fig. 4.5, at the same
diffuseness parameter value. When coupled-channel calculations were
used, the best-fitting diffuseness parameter was 0.66 fm, with ¥* =
0.00475 for a rotating projectile (P) and vibrating target (T), which was
shown by the black line in Fig. 4.6, which is higher than the standard
value. The best value of the distribution Dy, = 0.01686 at the diffuseness
parameter 0.60 fm is denoted by the red line in Fig. 4.6. Furthermore, the
resulting x> values show that the best-fitting diffuseness parameter
calculated using coupled channels fits the data better than the one
calculated experimental using a single channel. The last part of the
distribution curve fails to match the practical data because the theoretical

calculations did not reach the correct coupling level for the practical data
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Fig.4.5. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data taken from [12] for the system 2Si+'?°Sn in the
single channel (SC) calculations at ap = (0.60, 0.63,and 0.66 fm). indicated as red,
green, and black, respectively.
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Fig.4.6.The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system 22Si+'?°Sn in the coupled channel
(CC) calculations at ap = (0.60, 0.63,and 0.66 fm). indicated as red, green, and black,

respectively.

The second part for the results , in the single channel (SC) calculations,

where both the projectile and target nuclei were considered inert at three
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values of the real nuclear potential (potential depth V,) (38.8, 45.8, and
52.8 MeV), the diffusion parameter a, is 0.66 fm, which was previously
determined by the y* method as the best value for matching the
experimental data with the theoretical data. By using the coupled-channel
(CC) calculations, The target nucleus *°Sn was vibrating, and the

projectile nucleus ?2Si was rotating. and the radius parameter ro = 1.2 fm.

Table (4.4) : The fitted parameters of WS potential (the diffuseness parameters ao, the
depth potential Vy ,and radius ry ), that is estimated from the SC and CC calculation,

and the values of the ¥ between experimental and theoretical data for the *Si+'?°Sn

system
2
X
a r |4 0
System | Channel 0 0 0 em
(fm) (fm) (MeV) (deg.)
aqel/aR qul
38.8 0.0691344 | 0.0384049
SC 0.66 1.2 45.8 150.5 | 0.1772061 @ 0.1183911
52.8 0.4321193 | 0.1819151
28Gj4120gy,
38.8 0.0092564 | 0.0186956
CcC 0.66 1.2 458 150.5 | 0.0051736 | 0.0250216
52.8 0.0046239 | 0.0266695

From table (4.4), the best-fit potential depth V, is 38.8 MeV acquired
through a single-channel analysis, with ag = 0.66 fm. The chi squared ¥
value is 0.0691344. It represents the calculated ratio of the quasi-elastic
scattering to the Rutherford cross sections, as shown by the red line in
Fig. 4.7. The best value for barrier distribution D is 0.0384049. It is
shown by the red line in Fig. 4.7 at the same value as the potential depth.
In a coupled-channel procedure, the best potential depth is 52.8 MeV.
The obtained x* value is 0.0046239, as shown by the black line in Fig.
4.8. The best value of the barrier distribution Dge is 0.0186956 at the
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potential depth V, of 38.8, as represented by the red line in Fig. 4.8, by
comparing the y° values between (SC) and (CC) . The best-fit potential

depth obtained through the coupled channel calculations.
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Fig.4.7. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system 22Si+'2°Sn in the single channel (SC)
calculations at V, = (38.8, 45.8, and 52.8 MeV), indicated as red, green, and black,
respectively.
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Fig.4.8. The comparison of the calculated quasi-elastic scattering ratio to the Rutherford
cross sections and the distribution at the sub-barrier energies with the corresponding
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4.2.3 Si+™°Nd system

The first case where both the projectile and target nuclei are inert at
three values for the diffuseness parameter a, (0.55, 0.63, and 0.71 fm).
The diffuseness parameter of 0.63 fm was the standard value [9]. The
second case, in the coupled-channel (CC) calculations, the projectile
nucleus ?®Si was rotating with a deformation coefficient of S, = -0.478
and B, = 0.250 [68] to the state 27( 1.77903 Mev), where E,+/E,+ =
2.59. while the target nucleus **°Nd was rotating according to E,+/E,+=
2.9, But it was considered inert because the program does not respond to
this case of coupling. The potential depth V, is 42.2 MeV, and the radius

parameter rq is 1.2 fm.

Table(4.5) : The fitted WS parameters (radius ro, depth potential Vo, and the
diffuseness parameters ag), which were obtained from SC and CC calculation, and the

values of the ¥ between experimental and theoretical data for the #Si+**°Nd system

System  Channel Vo To ao Ocam. X
Mev)  (fm) () (deg) 4 o D,
0.55 0.01936 0.03100
0.63 0.05279 0.05130
) SC 42.2 1.2 140
2Si+*Nd 0.71 0.17076 = 0.10976
0.55 0.00843 0.00880
0.63 0.00597 0.01078
CC 42.2 1.2 140
0.71 0.00828 0.01623

From table (4.5), by using single-channel (SC) calculations, the best-
fitting diffuseness parameter a, is 0.55 fm with ¥ = 0.01936. It represents
the calculated ratio of the quasi-elastic scattering to the Rutherford cross
sections. This is shown by the red line in Fig. 4.9. The best-fit diffuseness
parameter is rather low compared to the standard value. The optimum

value for the distribution Dge is 0.03100, as shown by the red line in Fig.
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4.9, at the same diffuseness parameter value. On the other hand, coupling
channels should be taken into account in the analysis of sub-barrier
energies. By a coupled-channels procedure, the best-fit diffuseness
parameter with a rotating projectile (P) and inert target (T) at diffuseness
parameter a; = 0.63 fm with y° = 0.00597 and V, = 42.2 MeV This is
shown by the blue line in Fig. 4.10. The best-fitting diffuseness is in very
good agreement with the standard value. The best value of the
distribution Dy is 0.00880 at the diffuseness parameter of 0.55 fm, as
denoted by the red curve in Fig. 4.10. The results show that coupled-
channel calculations produce a better fit to the experimental data than

single-channel calculations.
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Fig. 4.9. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data taken from [23] for the system #Si+™°Nd in the
single channel (SC) calculations at a; = (0.55, 0.63, and 0.71 fm). indicated as red,
blue , and green, respectively.
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Fig. 4.10. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system 2Si+*°Nd in the coupled channel
(CC) calculations at ap = (0.55, 0.63, and 0.71 fm). indicated as red, blue , and green,

respectively.

The second part of the results shows that both the projectile and target

nuclei were considered inert at three values of the real nuclear potential
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(potential depth V,) (22.2, 42.2, and 62.2 MeV). The diffuseness
parameter a, = 0.63 fm was previously determined by using the x> method
as the best value for matching the experimental data with the theoretical
data. In the coupled channel (CC) calculations, the projectile nucleus *®Si
was rotating, and the target nucleus *°Nd was inert .The radius parameter

rois 1.2 fm.

Table (4.6) : The fitted parameters of WS potential (the diffuseness parameters ao, the
depth potential Vy ,and radius ry ), that is estimated from the SC and CC calculation,
and the values of the y° between experimental and theoretical data for the 2®Si+***Nd

system.
a T V ] ){2
System Channel 0 0 0 em
(fm) (fm) (MeV) (deg-) aqel/aR qul
22.2 0.0120001 @ 0.0250845
SC 0.63 1.2 42.2 140 0.0527879 | 0.0512978
62.2 0.1976138 | 0.1436154
ZBSi_I_lSONd
22.2 0.0093331 | 0.0084162
cC 0.63 1.2 42.2 140 0.0059686 | 0.0107807
62.2 0.0107800 | 0.0180037

From table (4.6), the best-fit potential depth V, is 22.2 MeV of the
285j+1°°Nd system acquired through a single-channel analysis , with
ao = 0.63 fm. The chi squared y° value is 0.0120001. It represents the
calculated ratio of the quasi-elastic scattering to the Rutherford cross
sections. It was shown by the red line in Fig. 4.11. The best value for
barrier distribution Dg = 0.0250845 at the same value of the potential
depth. It is denoted by the red-colored curve depicted in Fig. 4.11. In a
coupled-channels procedure, the best potential depth is 42.2 MeV. The
obtained y* value is 0.0059686, as shown by the blue line in Fig. 4.12.
The best value of the barrier distribution D is 0.0084162 at the potential
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depth V, of 22.2 MeV, represented by the red line in Fig. 4.12. by
comparing the y° values between SC and CC, the best-fitting potential

depth is in very good agreement with the standard value.
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Fig.4.11. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system 22Si+'*°Nd in the single channel (SC)
calculations at Vo = (22.2, 42.2, and 62.2 MeV), indicated as red, blue, and green,
respectively.
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Fig.4.12. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system “Si+*°Nd in the coupled channel
(CC) calculations at Vo = (22.2, 42.2, and 62.2 MeV), indicated as red, blue, and

green, respectively.
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4.2.4 *0+*Gd System

In this system, the first case , where both the projectile and target nuclei
were considered inert at three values of the diffusion parameter
2o = (0.50, 0.54, and 0.63 fm) .In the second case at coupled channels
(CC) calculation, the projectile nucleus *O was vibrating, this was
deduced according to the ratio E,+/E,+ = 1.49 with a deformation
coefficient of B, = 0.364 [68] to the state 27 (6.9171 MeV). While the
target nucleus **Gd was rotating, according to the ratio E,+/E,+ = 3.3
with deformation coefficients of g,= 0.280 and g,= 0.065 [68], to the
state 2°(0.075263 MeV). But it was considered inert because the program
does not respond to this case of coupling. The single phonon state of the
quadruple excitation of the projectile nucleus was employed. The

potential depth V, is 83.7 MeV, and the radius parameter roy is 1.2 fm.

Table(4.7) : The fitted WS parameters (radius ro, depth potential Vo, and the
diffuseness parameters ap), which were obtained from SC and CC calculation, and the

values of the ¥ between experimental and theoretical data for the **0+'*°Gd system .

2

System  Channel Vo To ao Ocm *
(MeV) (fm) (fm) (deg.) 6 get/ O Dy
0.50 0.1262659 0.0055259
SC 83.7 12 054 170  0.3379357 0.0079423
16041605 0.63 3.8882560 0.0838409
0.50 0.0103542 0.0034493
cC 837 12 054 170 0.0341377 0.0071324
0.63 0.2673588 0.0574917

From table 4.7 , according to single-channel calculations . The best-fitting
diffuseness parameter a, is 0.50 fm. This value is a little compared to the
standard value of 0.63 , The calculated ratio of the quasi-elastic to the
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Rutherford cross sections is 0.1262659, which is the closest to the curve
of the experimental data. It is shown by the red line in Fig. 4.13. The
optimum value for the distribution D is 0.0055259, as shown by the red
line in Fig. 4.13. at the same value of the diffuseness parameter ,with
Vo = 83.7 MeV . According to the coupled-channel calculations with a
vibration projectile (P) and inert target (T), the best-fit diffuseness
parameter a, is 0.50 fim, x> = 0.0103542. It is represented by the red line
in Fig. 4.14. the best value for the distribution Dge is 0.0034493 at the
same diffuseness parameter value and denoted by the red-colored curve
in Fig. 4.14. The results show that coupled-channel calculations produce

a better fit to the experimental data than single-channel calculations.
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Fig. 4.13. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data taken from [69] for the system *0+°Gd in the
single channel (SC) calculations at ap = (0.50, 0.54, and 0.63fm), indicated as red,

green , and black, respectively.
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Fig. 4.14. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system °0+*°Gd in the coupled channel
(CC) calculations at ag = (0.50, 0.54, and 0.63fm). indicated as red, green , and black,
respectively.

The Second part of the results, according to the single channel (SC)

calculations, at three values of the real nuclear potential (potential depth
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Vo) (58.7, 83.7, and 108.7 MeV) and the diffusion parameter a; = 0.50 fm
were considered, was previously determined by the x* method as the best
value for matching the experimental data with the theoretical data. In
coupled-channels (CC) calculations. The projectile nucleus **O was
vibrating, the target nucleus **°Gd was inert . The radius parameter r, =
1.2 fm.

Table (4.8) : The fitted parameters of WS potential (the diffuseness parameters ay, the
depth potential V, ,and radius ry ), that is estimated from the SC and CC calculation,

and the values of the y? between experimental and theoretical data for the *0+'*°Gd

system.
a r 4 o )(2
System Channel 0 0 0 o
(fm) (fm) (MeV) (deg- ) o-qel/a'R qul
58.7 0.04873 | 0.0072179
SC 0.50 1.2 83.7 170 0.12627 @ 0.0055259
108.7 0.27427 | 0.0074302
1604160
58.7 0.00522 | 0.0034521
cC 0.50 1.2 83.7 170 0.01035 | 0.0034493
108.7 0.02409 @ 0.0057510

In table (4.8), the best-fit potential depth Vo of the *0+"°Gd system
acquired through a single-channel analysis is 58.7 MeV, with a; = 0.50
fm. the chi square y* = 0.04873, It was shown by the red line in Fig. 4.15.
The best value for barrier distribution Dg is 0.0055259 at the potential
depth V, = 83.7 MeV. It was shown by the green line in Fig. 4.15. In a
coupled-channels calculations , the best potential depth is 58.7 MeV. The
obtained y° value is 0.00522, as shown by the red line in Fig. 4.16. The
best value of the barrier distribution D is 0.0034493 at the potential
depth V, = 83.7MeV is represented by the green curve Fig. 4.16.
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Fig.4.15 The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system *°0+*®Gd in the single channel (SC)
calculations at Vo = (58.7, 83.7, and 108.7 MeV), indicated as red, green, and black,

respectively.

79



Chapter Four

1.2 T T T T T

0.8

0.6

0.4

160+160Gd
L 0,,.=170° (CC) il
0 | ® O Exp. Data -
| —— V0 =58.7MeV r=2 (Vib.+Inrt)
0.2 |-—— V0 =83.7MeV 1=2 (Vib.+Inrt)
L —— V0 =108.7 MeV )=2 (Vib.+Inrt) -
04 —————————
0.2 — —

0.2

dogel/doR

0.15

0.1

Dgel MeVY)

0.05

Ec.m.(MeV)

Fig.4.16 The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system °0+'°Gd in the coupled channel
(CC) calculations at Vo = (58.7, 83.7, and 108.7 MeV), indicated as red, green, and

black, respectively.
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4.2.5C+""Au system

In the first case, both the projectile and target nuclei were considered
inert (SC) at three values of the diffusion parameter (0.59, 0.63, and 0.67)
fm, with 0.63 fm being the standard value [9]. In the second case, at
coupled channel (CC) calculations, the projectile nucleus was ?C was
rotational, where E,+/E,+= 2.9 with a deformation coefficient of S, =
0.582 [68] to the state 2" (4.43982 MeV), while the target nucleus was
¥Au, In the rotational state, this was deduced according to the ratio
Es/p+/E1 5+ = 3.6 with a deformation coefficient of g, = -0.131, g,= -
0.031[68]. To the state 2" (0.077351 MeV). The radius parameter ry is
equal to 1.2 fm.

Table (4.9) : The fitted WS parameters (radius ro, depth potential Vo, and the
diffuseness parameters ap), which were obtained from SC and CC calculation, and the

values of the ¥ between experimental and theoretical data for the *2C+'%’Au system.

2
System | Channel Vo To ao Ocm i
(MeV) (fm) (fm) (deg.) G gt/ Or D,

0.59 0.0542071 0.0104545

SC 58.8 1.2 0.63 180 0.1054816 0.0149919

e 19Tp, 0.67 0.2654193  0.0398066
0.59 0.0141393 0.0235719

CC  5g3g 12 063 130 0.0059362  0.0350599

0.67 0.0077787 0.0552774

According to the results for the **C+*’Au system shown in Table (4.9),
when a single-channel SC calculations, the best fitted diffuseness
parameter a, is 0.59, which is less than the standard value. The potential
depth V, is 58.8 MeV. y° is 0.0542071, as shown by the red line in Fig.
4.17. The best value for the barrier distribution Dgg is 0.0104545 at the
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same value of the diffuseness parameter, and it is represented by the red
curve in Fig. 4.17. By using coupled channel (CC) calculations, the best-
fit diffuseness parameter with a rotating projectile (P) and rotating target
(T) is 0.63. It is considerably in agreement with the standard value, The
value of chi-squared y* is 0.0059362, as shown by the green line in Fig.
4.18. The best value of the distribution Dy is 0.0235719 at the
diffuseness parameter of 0.59 fm, represented by the red curve in Fig.
4.18. The resulting y2 values show that the best-fitting diffuseness
parameter calculated using coupled channels fits the experimental data

better than the one calculated using a single channel.
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Fig.4.17. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data taken from [70] for the system *2C+’Au in the
single channel (SC) calculations at a; = (0.59, 0.63, and 0.67 fm). indicated as red,
green , and black, respectively.
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Fig.4.18. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system “2C+'’Au in the coupled channel
(CC) calculations at ap = (0.59, 0.63, and 0.67 fm). indicated as red, green , and black,

respectively.

The second part of the results includes two cases: the first case where

both the projectile and target nuclei were considered inert (SC) at three
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values of the real nuclear potential (potential depth V,) (48.8, 53.8, and
68.8) MeV, and we considered the diffusion parameter a; = 0.63 fm. It
was previously determined by the y° method as the best value for
matching the experimental data with the theoretical data. In the second
case, at the coupled channel (CC), The target nucleus 2C was rotating,
the projectile nucleus **’Au was rotating . The radius parameter ro was 1.2

fm.

Table (4.10) : The fitted parameters of WS potential (the diffuseness parameters ao,
the depth potential V, ,and radius ry ), that is estimated from the SC and CC
calculation, and the values of the % between experimental and theoretical data for the
L2C+1%7 Au system

a r |4 0 XZ
System | Channel 0 0 0 o
(fm) (fm) (MeV) (deg-) aqel/aR qul
48.8 0.0508598 0.0099349
SC 0.63 1.2 58.8 180 0.1054816 0.0149919
o 197 68.8 0.2342481 0.0349948
C+7'Au
48.8 0.0133151 0.0230850
CC 0.63 1.2 58.8 180 0.0059362 0.0350599
68.8 0.0063233  0.0522743

From table (4.10) The best-fit potential depth V, is 48.8 MeV of the
2C+Au system acquired through a single-channel analysis . with ag =
0.63 fm. The chi square y* is 0.0508598, which is the curve that is closest
to the experimental data curve as shown by the red line in Fig. 4.19. The
best value for barrier distribution D is 0.0099349 at the same potential
depth. It was shown by the red line in Fig. 4.19. In coupled-channels
calculations, the best potential depth is 58.8 MeV, with target (T) and
projectile (P) rotating. The obtained y° value is 0.0059362, as shown by

the green line in Fig.4.20.1t is in complete agreement with the
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experimental data curve. The best value of the barrier distribution Dy is
0.0230850 at the depth potential V,= 48.8 MeV ,represented by the red
curve in Fig.4.20.
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Fig. 4.19. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system *2C+*'Au in the single channel (SC)
calculations at Vo = (48.8, 58.8, and 68.8 MeV), indicated as red, green, and black,
respectively.
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Fig. 4.20. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system *2C+’Au in the coupled channel
(CC) calculations at V, = (48.8, 58.8, and 68.8 MeV), indicated as red, green, and
black, respectively.
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4.2.6 °Li+**Sm System

The first case In this system, where both the projectile °Li and target
nuclei’**Sm were considered inert ,single channel calculations (SC) at
different values of the diffusion parameter a, is (0.59, 0.63, and 0.67) fm,
respectively and we considered the diffusion parameter 0.63 fm is the
standard value[9].In the second case, at coupled-channel (CC) ,the
projectile nucleus °Li does not have a deformation coefficient, so it is
considered an inert nucleus . The target nucleus ***Sm was vibrating with
a deformation coefficient of f; = 0.151 [68] to the state 27(1.660027
MeV), where E,+/E,+ = 1.32.The single phonon state of the octupole
excitation of the target nuclei, the potential depth V= 50 MeV, and the

radius parameter ro = 1.2 fm.

Table (4.11) : The fitted WS parameters (radius ro, depth potential Vo, and the
diffuseness parameters ap), which were obtained from SC and CC calculation, and the
values of the y? between experimental and theoretical data for the °Li+**Sm system.

2

System | Channel Vo To a  Ocm *
(MeV) (fm) (fm) (deg.) G et/ Ok Do

0.59 0.0045772  0.5392147

SC 50 1.2 0.63 170 0.0012624 0.4655860

6 i+1%sm 0.67 0.0054699 0.3775857
0.59 0.0050365 0.4407188

CC 50 1.2 0.63 170 0.0007709 0.4049674

0.67 0.0025455  0.0147660

Table (4.11) shows the results of a single channel (SC) data analysis.
The »* is 0.0012624. It represents the calculated ratio of the quasi-elastic
scattering to the Rutherford cross sections at the diffuseness parameter

0.63 fm, as shown by the green line in Fig. 4.21. It is the curve closest to
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the curve of the experimental data. The best value of the distribution D is
0.37758577 at the diffuseness parameter a, = 0.67, illustrated by the black
curve in Fig. 4.21. At The coupled-channel calculation with inert
projectile (P) and a vibrating target (T) that the best fit of ¥ is 0.0007709
at the diffuseness parameter a, = 0.63 fm, which is represented by the
green line in Fig.4.22. where Vo = 50 MeV. The best value of the
distribution Dg represented by the black curve in Fig. 4.22. is 0.0147660
at the diffuseness parameter of 0.67 fm. From those results, we note that
there was a good agreement between the experimental data and

theoretical calculations in both cases, single and coupled channels.
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Fig. 4.21. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data taken from [71] for the system °Li+'**Sm in the
single channel (SC) calculations at a; = (0.59, 0.63, and 0.67 fm). indicated as red,

green , and black, respectively.
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Fig. 4.22. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system °Li+***Sm in the coupled channel
(CC) calculations at ap = (0.59, 0.63, and 0.67 fm). indicated as red, green , and black,

respectively.
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The second part of the results , the first case where both the projectile
and target nuclei were considered inert (SC) at three values of the real
nuclear potential (potential depth V,) (30.0, 50.0, and 70.0) MeV, and we
considered the diffusion parameter a; = 0.63 fm. It was previously
determined by the y* method as the best value for matching the
experimental data with the theoretical data. In the second case, at the
coupled channel (CC), the projectile nucleus °Li was inert and the target

nucleus ***Sm was vibrating. The radius parameter ro = 1.2 fm.

Table (4.12) : The fitted parameters of WS potential (the diffuseness parameters ao,
the depth potential Vo ,and radius ro ), that is estimated from the SC and CC
calculation, and the values of the x* between experimental and theoretical data for the

°Li+**Sm system.

2

System | Channel o ro Yo Ocm o
(fm) (fm) (MeV) (deg.) 04e/0r Dy
30.0 0.0108333  0.5277192
SC 063 12 500 170  0.0012624 0.4655860
70.0 0.0086471  0.4177707
Li+tsm 30.0 0.0134418  0.2853361
cc 063 12 500 170  0.0007709  0.4049674
20,0 0.0044709 0.0146228

From Table 4.12, the best fit for the chi-square x> is 0.0012624 at the
potential depth V, = 50.0 MeV, which was acquired from SC data
analysis. It was shown by the green line in Fig. 4.23. This is the curve
that is closest to the curve of the experimental data. The best fit value of
the distribution Dgg is 0.4177707 at the depth potential V,= 70.0 MeV,
as shown by the green line in Fig. 4.23. According to the coupled-channel
calculations with an inert projectile (P) and a vibrating target (T), the x” is
0.0007709 at the potential depth V, = 50.0 MeV, as shown by the green
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line in Fig. 4.24. 1t is the curve nearest to the curve of the experimental
data, while the best fit value of the distribution D¢ is 0.0146228 at the
depth potential Vo = 70.0 MeV, represented by the black curve in
Fig 4.24.
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Fig. 4.23. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system °Li+***Sm in the single channel (SC)
calculations at Vo = (30.0, 50.0, and 70.0MeV), indicated as red, green, and black,

respectively.
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Fig. 4.24. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system °Li+***Sm in the coupled channel
(CC) calculations at Vo = (30.0, 50.0, and 70.0MeV), indicated as red, green, and

black, respectively.
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4.2.7 *®Si + '*sn system

In this system, in single-channel calculations (SC), where the projectile
and target nuclei are inert, various values of the diffuseness parameter a
(0.59, 0.63, and 0.67) fm The diffusion parameter of 0.63 fm was the
standard value [9]. In the second instance, at the coupled channel (CC),
the projectile nucleus Si was rotating with deformation coefficients
of f,=-0.478 and B, = 0.250 [68] to the state 27(1.77903 Mev),
whereas the target nucleus '**Sn was vibrating with a deformation
coefficient of B, = 0.095 [68] to the state 2°(1131.739 Mev). Used the
single phonon state of the quadruple excitation for the target nuclei,
Vo = 57.8 MeV, and the radius parameter rqis 1.2 fm, which are listed in
Table 4.13.

Table (4.13) : The fitted WS parameters (radius ro, depth potential Vo, and the
diffuseness parameters ag), which were obtained from SC and CC calculation, and the
values of the ¥ between experimental and theoretical data for the 2’Si+'2*Sn system.

2

X
System  Channel Vo o ao Ocm
(MeV) (fm) (fm) (deg.) o,,/op D ger

0.59 0.0564366  0.0830102

SC 578 1.2  0.63 1505 0.1500343 0.0646768

285j+1%45n 0.67 0.3891832  0.0531651
0.59 0.0161496  0.0456320

cC 578 1.2 0.63 1505 0.0082924  0.0650904

0.67 0.0054746  0.0123133

For a 2Si+''Sn system, from table 4.13, the best-fitting diffuseness
parameter obtained using a single-channel calculation is 0.59 fm, with y°
of 0.0564366, V, = 45.8 MeV. The best-fit diffuseness parameter is
significantly lower than the standard value. The calculated ratio of the
quasi-elastic to the Rutherford cross sections is shown by the red line in
Fig. 4.25 The best value for the distribution Dy is 0.0531651. It is
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represented in Fig. 4.25. at the diffuseness parameter of 0.67 fm. When a
coupled-channel calculation is used, the best-fitting diffuseness parameter
is 0.67 fm, with x* = 0.0054746 for a rotating projectile (P) and vibrating
target (T). The best-fit diffuseness parameter, which is shown by the
black line in Fig. 4.26, is higher than the standard value. Furthermore, the
resulting x* values show that the best-fitting diffuseness parameter
calculated using coupled channels fits the experimental data better than
the one calculated using a single channel. The best value of the
distribution Dy is 0.0123133 at the same diffuseness parameter value,
denoted by the black line in Fig. 4.26. (D).
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Fig. 4.25. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data taken from [12] for the system #Si+'*Sn in the
single channel (SC) calculations at ay = (0.59, 0.63, and 0.67 fm). indicated as red,

green, and black, respectively.
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Fig. 4.26. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system ’Si+**Sn in the coupled channel
(CC) calculations at ag = (0.59, 0.63, and 0.67 fm). indicated as red, green , and
black, respectively.
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The second part of the results ,In the single-channel calculation (SC), at
three values of the real nuclear potential (potential depth V,) (39.8, 57.8,
and 75.8) MeV, the diffusion parameter a, is 0.67 fm, which was
determined by the y* method as the best value for matching the
experimental data with the theoretical data. In the coupled channel
calculation (CC), the target nucleus ***Sn was vibrating, the projectile

nucleus ?°Si was rotating, and the radius parameter ro was 1.2 fm.

Table (4.14) : The fitted parameters of WS potential (the diffuseness parameters ao,
the depth potential V, ,and radius rp ), that is estimated from the SC and CC
calculation, and the values of the x* between experimental and theoretical data for the

285j+1245n system.

2

ap T Vo Ocm X
System | Channel
(fm) (fm) (MeV) (deg- ) o-qel/o'R qul
39.8 0.0306459 @ 0.0680265
SC 0.67 1.2 57.8 150.5 0.3891832  0.0531651
75.8 3.1410810 0.0850578
28541245
39.8 0.0162533 | 0.0611206
CcC 0.67 1.2 57.8 150.5 0.0056777 @ 0.1233548
75.8 0.0190049 @ 0.0203015

From table 4.14, the best-fit potential depth V, is 39.8 MeV of the
285j+1%4gn system acquired through a single-channel SC data analysis
with a, = 0.67 fm. The chi squared y* value is 0.0306459. It represents the
calculated ratio of the quasi-elastic scattering to the Rutherford cross
sections. It was shown by the red line in Fig. 4.27. At the potential depth
Vo = 39.8 MeV, the best value for barrier distribution D is 0.0531651,
as expressed by the green line in Fig. 4.27. In a coupled-channels

procedure, the best potential depth is 57.8 MeV. The obtained y* value is
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0.0056777, as shown by the green line in Fig. 4.28. It represents the
calculated ratio of the quasi-elastic to the Rutherford cross sections from
chi-square calculations. The best value of the barrier distribution D is
0.0203015 at the depth potential V, of 75.8, as represented by the black
line in Fig. 4.28.can see the best-fit potential depth obtained through

coupling channels.
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Fig 4.27. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system 22Si+'2*Sn in the single channel (SC)
calculations at V, = (39.8, 57.8, and 75.8 MeV), indicated as red, green, and black,

respectively.
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Fig 4.28. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system 2Si+'2*Sn in the coupled channel
(CC) calculations at V, = (39.8, 57.8, and 75.8 MeV), indicated as red, green, and

black, respectively.
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4.2.8 °Li +Tb system

The first case in this system in which the projectile and target nuclei were
both to be inert (SC) at three different values of the diffuseness parameter
2,=(0.49, 0.56, and 0.63 fm). In the second case, from the coupled-
channel (CC) calculations, the projectile nucleus was a °Li nucleus that
does not have a deformation coefficient, so it is considered an inert
nucleus. While the target nucleus ***Th was rotating, this was deduced
according to the ratio E*"/4/E*"
= 0.271and B,= 0.062 [68] to the state E*? = (0.0579964 MeV). the

radius parameter ro = 1.2 fm, and V, = 150 MeV.

= 2.37 with a deformation coefficient 3,

Table (4.15) : The fitted WS parameters (radius ro, depth potential Vo, and the
diffuseness parameters ap), which were obtained from SC and CC calculation, and the

values of the ¥ between experimental and theoretical data for the °Li+™°Tb system.

2

X
System  Channel Vo To ao Ocm
(MeV) (fm) (fm) (deg.) O et/ O Dyl

0.49 0.0041861 0.0059974

SC 150 1.2 056 170  0.0071479 0.0067585

5 i+1597 0.63 0.0731850 0.0313004
0.49 0.0237944 0.1220439

CC 150 12 0.56 170  0.0045601 0.0029612

0.63 0.0254165 0.0183521

Table (4.15) illustrates the results of a single channel calculations

analysis. The ¥ is 0.0041861. It represents the calculated ratio of the
quasi-elastic scattering to the Rutherford cross sections at the diffuseness
parameter a, of 0.49 fm, as shown by the red line in Fig. 4.29. It is the
curve closest to the curve of the experimental data. The best value of the
distribution Dg is 0.0059974 at the same value of the diffuseness

parameter, as shown by the red line in Fig. 4.29. In the coupled-channel
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calculations with the inert projectile (P) and a rotating target (T), the best
fit of %° is 0.0045601 at the diffuseness parameter a, = 0.56 fm, which is
represented by the green line in Fig. 4.30, where V, = 150 MeV. The best
value of the distribution Dge is 0.0029612 at the same value of the
diffuseness parameter, represented by the black curve in Fig. 4.30. It is

closest to the experimental data curve.
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Fig. 4.29. The comparison of the calculated quasi-elastic scattering ratio to the Rutherford
cross sections and the distribution at the sub-barrier energies with the corresponding
experimental data taken from [72] for the system °Li+'*Tb in the single channel (SC)

calculations at ag = (0.49, 0.56, and 0.63 fm). indicated as red, green , and black, respectively.
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Fig. 4.30. The comparison of the calculated quasi-elastic scattering ratio to the Rutherford
cross sections and the distribution at the sub-barrier energies with the corresponding
experimental data for the system ®Li+">°Tb in the coupled channel (CC) calculations at a, =

(0.49, 0.56, and 0.63 fm). indicated as red, green , and black, respectively.

The results in the second part, in single-channel calculations at three
different values of the real nuclear potential (potential depth V,) (100,
150, and 200 MeV), the diffusion parameter a, was 0.56 fm . It was
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previously determined by the x> method as the best value for matching the
experimental data with the theoretical data. by using the coupled channel
calculations, where the projectile nucleus °Li was inert and the target

nucleus **Tb was rotating, the radius parameter r, is 1.2 fm.

Table (4.16) : The fitted parameters of WS potential (the diffuseness parameters ao,
the depth potential V, ,and radius ry ), that is estimated from the SC and CC

calculation, and the values of the % between experimental and theoretical data for the

SLi+™Tb system.

2

ao To Vo Ocm X
System | Channel
(fm) (fm) (MeV) (deg-) aqel/aR qul
100 0.0012967 0.0044234
SC 0.56 1.2 150 170 0.0071479 0.0067585
61 - 150 200 0.0247474 0.0132033
Li+~"Tb
100 0.0039023 0.0013463
CcC 0.56 1.2 150 170 0.0045601 0.0029612
200 0.0069025 0.0058359

From table (4.16) ,the best-fit potential depth V, is 100 MeV obtained
from a single-channel (SC) analysis, with a; = 0.56 fm. The chi squared
v* is 0.0012967. It represents the calculated ratio of the quasi-elastic
scattering to the Rutherford cross sections. As shown by the red line in
Fig. 4.31. the best value for barrier distribution D is 0.0044234 at the
same value of the potential depth . It was shown by the red line in Fig.
4.31.In a coupled-channels (CC)calculation, the best potential depth is
100 MeV. The obtained y* value is 0.0039023, as shown by the red line in
Fig. 4.32. It is the curve nearest to the curve of the experimental data. the
best value of the barrier distribution Dy is 0.0013463 at the same value

of potential depth, represented by the red curve. Fig. 4.32.
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Fig 4.31. The comparison of the calculated quasi-elastic scattering ratio to the

Rutherford cross sections and the distribution at the sub-barrier energies with the

corresponding experimental data for the system °Li+**Tb in the single channel (SC)
calculations at V, = (100, 150, and 200MeV), indicated as red, green, and black,

respectively.
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Fig 4.32. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system °Li+"Tbh in the coupled channel
(CC) calculations at Vo = (100, 150, and 200MeV), indicated as red, green, and black,

respectively.
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4.2.9 #Ne+*"Cm system

The single channel (SC) calculations at three different values of the
diffuseness parameter aq (0.37, 0.41, and 0.45) fm. We have not taken the
diffuseness parameter a; = 0.63 fm as a standard value, where a much
lower value was taken from it . In the second case, at coupled-channel
(CC) calculations, the projectile nucleus was*’Ne rotates, this was
deduced according to the ratio E,+/E,+ = 2.6 with a deformation
coefficients of 5, = 0.326,8, = 0.225 [68] to the state 27( 1.274537
MeV) ,and the target nucleus ***Cm was rotating with a deformation
coefficients of B, = 0.235,B, = 0.040 [68] to the state 27(0.043403
MeV),where E,+/E,+ = 3.3. the radius parameter ry is 1.2 fm and V, =
250 MeV.

Table (4.17): The fitted WS parameters (radius ro, depth potential V,, and the
diffuseness parameters ap), which were obtained from SC and CC calculation, and the

values of the %* between experimental and theoretical data for the *Ne+***Cm

system.
XZ
System  Channel Vo To ao Ocm
(MeV) (fm) (fm) (deg.) G et/ Or D
0.37 0.2017372 | 0.1126973
SC 250 1.2 0.41 170 1.1328630 ' 0.1077053
22 es 2 m 0.45 6.1290560 0.3180656
0.37 0.0145340 0.0269347
CC 250 12 041 170 0.0801992 0.0189638
0.45 0.3336833 | 0.0256196

From table (4.17), by using a single-channel(SC)calculation, The best-
fitting diffuseness parameter obtained is 0.37 fm, with y° being

0.2017372. It represents the calculated ratio of the quasi-elastic scattering

110



Chapter Four

to the Rutherford cross sections, as shown by the red line in Fig. 4.33.
The best-fit diffuseness parameter is significantly lower than the standard
value of 0.63fm . The best value for the distribution D is 0.1077053. It
Is represented by the green line in Fig. 4.33. at the diffuseness parameter
ao of 0.41 fm, ,V, is 250 MeV. When a coupled-channel calculation is
used, the best-fitting diffuseness parameter a, is 0.37 fm, with y* =
0.0145340, where the projectile P and the target T were rotating . which
Is shown by the red line in Fig. 4.34. The best value of the distribution
Dye is 0.0123133 at diffuseness parameter a, =0.41, denoted by the green
line in Fig. 4.34.
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Fig. 4.33. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data taken from [73] for the system 2*Ne+°**Cm in the
single channel (SC) calculations at a; = (0.37, 0.41, and 0.45 fm). indicated as red,
green , and black, respectively.

112



Chapter Four

1.25

0.75 —

0.5 —

dqul /dGR

22Ne+248Cm
Bo.m.=170° (CC)

0.25 — @® @ Exp. Data

0.15

a( =0.37 fm (Rot.+Rot.)
a0 =0.41 fm (Rot.+Rot.)
ag= 0.4? fm (Rolt.+Rot.)

0.1

0.05

Dgel (MeV)

-0.05

92

Fig. 4.34. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system #Ne+2**Cm in the coupled channel
(SC) calculations at ap = (0.37, 0.41, and 0.45 fm). indicated as red, green , and black,

respectively.

The results in the second part, In the single-channel (SC) calculations at

three values of the real nuclear potential (potential depth V) (180, 250,

9% 100 104 108
Ec.m.(MeV)
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and 320 MeV), the diffuseness parameter a, was considered to be 0.37
fm. In the coupled channel (CC) calculations, the projectile nucleus “*Ne
and the target nucleus **Cm were rotating. At the same values of

potential depth V,, the radius parameter ro =1.2 fm.

Table (4.18): The fitted parameters of WS potential (the diffuseness parameters ay,
the depth potential Vo ,and radius ro ), that is estimated from the SC and CC
calculation, and the values of the % between experimental and theoretical data for the

22Ne+**®Cm system.

2

ap To Vo Ocm X
System Channel
(fm) (fm) (MeV) (deg-) aqel/aR qul
180 0.0708295 0.1370306
SC 0.37 1.2 250 170 0.2017372 0.1126973
2o oag 320 0.4320837 0.1045710
Ne+“*Cm
180 0.0064500 0.0668203
CcC 0.37 1.2 250 170 0.0145340 0.0269347
320 0.0232961 0.0338822

From table (4.18) that the best-fit potential depth V, is 180 MeV
acquired through a single-channel analysis at the diffuseness parameter ag
is 0.37 fm. The chi square %* is 0.0708295, This is the curve that is closest
to the experimental data curve, as shown by the red line in Fig. 4.35. The
best value for barrier distribution D is 0.1045710 at potential depth V,
= 320 MeV. It was shown by the black line in Fig. 4.35. In a coupled-
channel (CC) calculations, the best potential depth is 180 MeV, with the
target (T) and projectile (P) rotating. The obtained ¥ value is 0.0064500,
shown by the red line in Fig.4.36.The best value of the barrier distribution
Dyel is 0.0269347 at the depth potential Vo= 250 MeV represented by the
green curve Fig.4.36.
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Fig 4.35. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system 2’Ne+°*®Cm in the single channel
(SC) calculations at Vo = (180, 250, and 320 MeV), indicated as red, green, and black,

respectively.
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Fig 4.36. The comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross sections and the distribution at the sub-barrier energies with the
corresponding experimental data for the system #Ne+2**Cm in the coupled channel
(CC) calculations at V, = (180, 250, and 320 MeV), indicated as red, green, and

black, respectively.
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4.2.10 °B + ***Th system

In this system were processed in two cases. The single channel
(SC) calculations, at three different values of the diffuseness parameter
ao,it 1s (0.43, 0.63, and 0.83) fm. The diffuseness parameter of 0.63 fm is
the standard value [9]. In coupled-channel (CC) calculations, the
projectile nucleus was B inert to the state 2(3.58713 MeV),
the target 22Th  was
coefficients of 5, = 0.207, B, = 0.108[68]to the state 27(0.049369MeV),
where E,+/E,+ = 3.2 .the radius parameter ro = 1.2 fm and V, = 15.8
MeV.

and nucleus rotating with deformation

Table (4.19): The fitted parameters of WS potential (the diffuseness parameters ao,
the depth potential Vo ,and radius ro ), that is estimated from the SC and CC
calculations, and the values of the y* between experimental and theoretical data for
the °B+%2Th system.

X
System | Channel . Vo To ag | Oem
(MeV) (fm) (fm) (deg.) Ogel/OR Dol
0.43 0.0060353  0.0075599
SC 158 12 063 161  0.0178566 0.0056552
1054+232Th 0.83 0.0636182 0.0056455
0.43 0.0057186 0.0077472
cC 15.8 1.2 063 161 00157265 0.0083779
0.83 0.0681547  0.0023579
In the first case, from table (4.19),by using a single-channel

(SC)calculations , The best-fitting diffuseness parameter obtained 0.43
fm, with y° being 0.0060353. It represents the calculated ratio of the
quasi-elastic scattering to the Rutherford cross section as a function of
energy, as shown by the red line in Fig. 4.37.The best-fit diffuseness

parameter is lower than the standard value of 0.63fm . V; is 15.8 MeV.
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The best value for the distribution D is 0.0056455. It is represented by
the blue line in Fig. 4.37. at the diffuseness parameter a; of 0.83 fm.
When a coupled-channel calculations is used, the best-fitting diffuseness
parameter a, is 0.43 fm, with y* = 0.0057186, where the projectile °B
inert and the target *Th was rotating. which is shown by the red line in
Fig. 4.38.Furthermore, the resulting y° values show that the best-fitting
diffuseness parameter calculated using coupled channels fits the
experimental data better than the one calculated using a single channel.
The best value of the distribution Dge is 0.0023579 at the diffuseness
parameter a,= 0.83, denoted by the blue line in Fig. 4.38.
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Rutherford cross section and the distribution at the sub-barrier energies with the
corresponding experimental data taken from [74] for the system °B+?*2Th in the
single channel (SC) calculations at a; = (0.43, 0.63, and 0.83 fm). indicated as red,
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green, and blue, respectively.
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Fig. 4.38 Shows the comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross section and the distribution at the sub-barrier energies with the
corresponding experimental data for the system °B+?*2Th in the coupled channel
(CC) calculations at ap = (0.43, 0.63, and 0.83 fm). indicated as red, green , and blue,

respectively.
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In The second case , from single-channel (SC) calculations at three
values of the real nuclear potential (potential depth V,) (8.8, 15.8, and
22.8 MeV), considered the diffusion parameter a, to be 0.83 fm. It was
previously determined by the y* method as the best value for matching the
experimental data with the theoretical calculations, in the coupled channel
(CC) calculations, the projectile nucleus B was inert, and the target

nucleus ?**Th was rotating. the radius parameter ro is 1.2 fm.

Table (4.20): The fitted parameters of WS potential (the diffuseness parameters ao,
the depth potential V, ,and radius ry ), that is estimated from the SC and CC
calculations, and the values of the x* between experimental and theoretical data for the
108+282Th system.

a r |4 0 )(2
System Channel 0 0 0 o
(fm) (fm) (MeV) (deg-) aqel/aR qul
8.8 0.0233270 | 0.0058398
SC 0.83 1.2 15.8 161 0.0060353 | 0.0075599
on 23 22.8 0.0206442 | 0.0092680
B+-“Th
8.8 0.0206442 | 0.0085781
CC 0.83 1.2 15.8 161 0.0057186 | 0.0077472
22.8 0.1253349 0.0042818

From table (4.22) , the best-fit potential depth V, is 15.8 MeV obtained
from a single-channel analysis calculations, with a; = 0.83 fm. The chi
squared %* is 0.0060353. It represents the calculated ratio of the quasi-
elastic scattering to the Rutherford cross section as function of energy .
As shown by the green line in Fig. 4.39. The best value for barrier
distribution Dge is 0.0058398,at the Vo= 8.8MeV. It was shown by the
red line in Fig. 4.39. In a coupled-channels calculations, the best potential
depth is 15.8 MeV. The obtained y* value is 0.0057186, as shown by the
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green line in Fig.4.40.1t is the curve nearest to the curve of the
experimental data. the best value of the barrier distribution Dy is
0.0042818 at the depth potential Vo = 22.8MeV, represented by the blue
curve. Fig. 4.40. the best-fit potential depth obtained through a coupled

channel.
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Fig 4.39. Shows the comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross section and the distribution at the sub-barrier energies depending on
the angle(8) with the corresponding experimental data for the system °B+%*2Th. in a
single channel (SC) calculations at Vo = (8.8, 15.8, and 22.8 MeV), indicated as red,
green, and blue, respectively.
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Fig 4.40. Shows the comparison of the calculated quasi-elastic scattering ratio to the
Rutherford cross section and the distribution at the sub-barrier energies as a function
of energy with the corresponding experimental data for the system °B+?*2Th. in
coupled channel (SC) calculations at Vo = (8.8, 15.8, and 22.8 MeV), indicated as red,

green, and blue, respectively.
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Chapter 5

Conclusions and Future work

5.1 Conclusions

1. The diffuseness parameter a, for most systems fully consistent with the

standard value (0.63) fm in the coupled channel calculations.

2. In the calculations of single channel (SC) The theoretical calculations
for some systems coincide with the practical values at the value less of
the standard value for diffusivity parameter a, = (0.63) fm, while in

coupled channel (CC) calculations, the match occurred at a; = 0.63.

3. In these systems (*Ne+***Cm, °B+?*2Th), the diffuseness parameter ao
of 0.63 was not taken as a standard value. Where a much lower
diffusion parameter a, was taken from it because the nucleus of the
projectile was a stable nucleus, the diffuseness parameter has a low
value, and the target nucleus is a heavy nucleus. Its diffuseness
parameter is low, so the result of the reaction is a low diffusion
parameter, less than the standard value.

4. In this study, we found that the effect of coupling is very important to
be included in the calculations because the coupling in more systems
studied made the theoretical calculations closer to the experimental
data compared to the single channel calculations.

5.Through potential barrier calculations represented by distribution
curves in the cases of single and coupled channels. We note the
potential barrier distribution curve shifting to the right due to the value
of the potential depth decreasing; this leads to a decrease in the value
of the nuclear potential, and thus the height of the potential barrier will

increase and the quasi-elastic scattering calculations will increase. On
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the contrary, if the potential depth increases, the nuclear potential also
increases, so the potential barrier will decrease, leading to a decrease in
quasi-elastic scattering calculations and a decrease in the height of the

potential barrier distribution and its shift to the left.

5.2 Suggestions for future work

provide the following proposals since it is well recognized that further
research is necessary to pinpoint many of the features that significantly

affect mathematical calculations:

1. Developing the study of quasi-elastic scattering and calculating the
ratio of quasi-elastic to the Rutherford differential cross section
(doge)/(dog) and quasi-elastic barrier distribution (Dge) and quasi-elastic
scattering probability as functions of the energy center of mass (E.,.) for

all nuclei by using the semiclassical treatment.

2. Comparison Procedure between the diffuseness parameters that have
been obtained from large-angle quasi-elastic scattering and fusion cross

sections.

3. study the surface diffuseness parameters with quasi-elastic scattering

for another inter-nucleus potential such as realistic interaction (M3Y).

4. This work can be repeated but instead of using CCFULL one can use
more realistic coupled channel (CC) calculations by employing the
computer code XFRESCO , which is the graphical interface for FRESCO
code written by Thompson which needs Linux operating system to run it.
FRESCO has more advantage over CCFULL to include the realistic

coupled-channels calculation with more parameters.

126






References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

References

M. L. L. Ibrahim, M. Zamrun, and H. A. Kassim, “Analysis of the
nuclear potential for heavy-ion systems through large-angle quasi-
elastic scattering,” Phys. Rev. C, vol. 87, no. 2, p. 24611, 2013.

B. Nigussie, “Complete and incomplete fusion studies in some N+
*Co systems.” M.SC.Thesis,Addis Ababa University, 2012.

R. Stock, “Encyclopedia of applied high energy and particle
physics”, vol .40,n0.45,20009.

K. E. Rehm, “Quasi-elastic heavy-ion collisions,” Annu. Rev. Nucl.
Part. Sci., vol. 41, no. 1, pp. 429-468, 1991.

G. Kaur, B. Behera, P. Sharma, M. Thakur, and R. Mahajan, in
Proceedings of the DAE Symp. on Nucl. Phys, p. 530, 2014.

S. S. Ntshangase, "Measurement of the fusion barrier distribution
for the ®°Kr+ #®Pb reaction." M.SC.Thesis University of Zululand,
2005.

S. Landowne and C. H. Dasso, “On the distribution of angular
momentum absorbed by compound nuclei in heavy-ion fusion
reactions,” Phys. Lett. B, vol. 138, no. 1-3, pp. 32-34, 1984.

K. Hagino, N. Rowley, and A. T. Kruppa, “A program for coupled-
channels calculations with all order couplings for heavy-ion fusion
reactions,” ., Phys. Rev., vol 123, no.1,pp.143-1521999.

K. Washiyama, K. Hagino, and M. Dasgupta, ‘“Probing surface
diffuseness of nucleus-nucleus potential with quasielastic scattering
at deep sub-barrier energies”., vol 73,n0.2,pp.034607, 2006.

K. Hagino and N. Rowley, “Large-angle scattering and quasi-elastic
barrier distributions,” Phys. Rev ,vol.69,n0.5,pp.054610, 2004.

F. A. Majeed, K. S. Jassim, and N. H. Abbas, “Role of Coupled-

Channels in Heavy lons Reactions at the Coulomb Barrier,”,

127



References

[12]

[13]

[14]

[15]

[16]

[17]

[18]

vol.3,no0.2,pp.2319-7064, 2014.

M. Sharma, A. Rani , S. Mandal , S. Nath , N. Madhavan , J.
Gehlot , K. Chakraborty , R. Gupta , C.V Ahmad , A. Parihari ,
R. Biswas , S. Noor , D. Vishwakarma , P. Khandelwal
C.Kumar, P. S. Rawat , P. Sherpa , and S. Kumar., “Quasi-Elastic
Scattering Measurements for 2Si+ %2124 gn gystems near the
Coulomb barrier,” in Proceedings of the DAE Symp. on Nucl. Phys,
vol. 65, p. 433, 2021.

N. Wang and W. Scheid, “Quasi-elastic scattering and fusion with a
modified Woods-Saxon potential,” Phys. Rev. C, vol. 78, no. 1, p.
14607, 2008.

K. Hagino, T. Takehi, A. B. Balantekin, and N. Takigawa, “Surface
diffuseness anomaly in heavy-ion potentials for large-angle
quasielastic scattering,” Phys. Rev. C, vol. 71, no.4, p. 44612, 2005.
K. Washiyama, K. Hagino, and M. Dasgupta, “Probing surface
diffuseness of nucleus-nucleus potential with quasielastic scattering
at deep sub-barrier energies,” Phys. Rev. C, vol. 73, no. 3, p. 34607,
2006.

L. R. Gasques,M. Evers, D. J. Hinde, M. Dasgupta, P. R. S.
Gomes, R. M. Anjos, M. L. Brown, M. D. Rodriguez, R. G.
Thomas, and K. Hagino.,“Systematic study of the nuclear potential
through high precision back-angle quasi-elastic scattering
measurements,” Phys. Rev. C, vol. 76, no. 2, p. 24612, 2007.

M. Zamrun F, K. Hagino, S. Mitsuoka, and H. Ikezoe, “Coupled-
channels analyses for large-angle quasi-elastic scattering in massive
systems,” Phys. Rev. C - Nucl. Phys., vol. 77, no. 3, 2008.

C. J. Lin, H. M. Jia, H. Q. Zhang, F. Yang, X. X. Xu, F. Jia, Z. H.

Liu, and K. Hagino., "Systematic study of the surface properties of

128



References

the nuclear potential with high precision large-angle quasi-elastic
scatterings," Phys. Rev. C, vol. 79, no. 6, p. 64603, 2009.

[19] C. J. Lin, H. M. Jia, H. Q. Zhang, F. Yang, X. X. Xu, Z. H. Liu, and

[20]

[21]

[22]

[23]

[24]

S. T. Zhang., "Nuclear reactions studied by quasi-elastic
measurements with high precision at backward angles,".,vol.
17,n0.6, 2011.

K. S. Jassim, F. A. Mageed, G. S. Jassim, “Diffuseness parameters
of Woods-Saxon potential for heavy-ion systems through large-
angle quasi-elastic scattering,”. ,vol.3,no. 2319-7064 , 2014.

K. S. Jassim , Q. J. Tarbool, “A Study of the surface diffuseness of
inter-nucleus potential with quasi-elastic scattering for the ** %S+
28pp > Albahir J., vol. 1, no. 1, p.125-140, 2015.

Q. J. Tarbool, K. S. Jassim, and A. A. Abojassim, “Surface
diffuseness parameter with quasi-elastic scattering for some heavy-
ion systems,” Int. J. Nucl. Energy Sci. Technol., vol. 13, no. 2, pp.
110-119, 2019.

S. Biswas, , A.Chakraborty, , A.Jhingan, D.Arora, B.R.Behera,
RohanBiswas , NabenduKumarDeb, S.S.Ghugre, PankajK.Giri |,
K.S.Golda,G.Kaur, A.Kumar, M.Kumar, B.Mukherjee , B.K.Nayak,
A .Parihari, N.K.Rai, S.Rai R.Raut, RudraN.Sahoo , andA.K.Sinha.
,“Quasielastic scattering measurements in the 28gj+142150Nd
systems,” Phys. Rev. C, vol. 102, no. 1, p. 14613, 2020.

A. J. Hassan , K. S. Jassim, “Effect of surface diffuseness parameter
on quasi-elastic scattering calculations for *He+*Zn, "Li+*Zn and
8Li+*°Zr systems,” NeuroQuantology, vol. 18, no. 9, pp. 40-44,.
2020.

[25] P. Biswas,A.Mukherjeel, D.Chattopadhyay,SaikatBhattacharjee,

M.K.Pradhan,Md.MoinShaikh,SubinitRoy,A.Goswami,P.Basul,S.S
antra,S.K.Pandit,K.Mahata , A.Shrivastava., "Large back-angle

129



References

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

quasielastic scattering for ‘Li + **°Tb," Phys. Rev. C, vol. 103, no.
1, pp.14606, 2021.

N. H. Hayef , K. S. Jassim, “Coupled channels for quasi-elastic
scattering of determining diffuseness parameters in Woods-Saxon
potential for nuclear reaction Coupled Channels for Quasi-elastic
Scattering of Determining Diffuseness Parameters in Woods-Saxon
Potential for Nuclear Reaction,”., vol. 2414,pp. 030012 ,2023.

J. R. Taylor,"Scattering theory"the quantum theory of
nonrelativistic collisions., Canada, published simultaneously ,1972.
D. A. Bromley, "Treatise on Heavy-lon Science: Nuclei Far From
Stability". New York,Plenum publishing Corporation 1985.

C. J. Joachain, “Quantum collision theory,” North-Holland,;
Amsterdam, The Netherlands,1975.

J. Toke and W. U. Schroder,"Excitation energy division in
dissipative heavy-ion collisions,” Annu. Rev. Nucl. Part. Sci., vol.
42, no. 1, pp. 401-446, 1992.

F. A. Majeed, R. S. Hamodi, and F. M. Hussian, “Semiclassical
coupled channels calculations in heavy-ion fusion reaction,” Adv.
Stud. Theor. Phys., vol. 11, no. 9, pp. 415-427, 2017.

E. Merzbacher, Quantum mechanics. John Wiley and Sons, 1998.
R. D. Woods and D. S. Saxon, “Diffuse surface optical model for
nucleon-nuclei scattering,” Phys. Rev., vol. 95, no. 2, p. 577, 1954.
K. Hagino and N. Takigawa, “Subbarrier fusion reactions and
many-particle quantum tunneling,” Prog. Theor. Phys., vol. 128, no.
6, pp. 1061-1106, 2012.

B. A. Brown, “Lecture notes in nuclear structure physics,” Natl.
Super Conduct. Cyclotr. Lab., vol. 11, 2005.

L. Gan, Z. H. Li, H. B. Sun, S. P. Hu, E. T. Li, and J. Zhong,
“Systematic ~ study of the  Woods-Saxon potential

130



References

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

parametersbetween heavy-ions,” Chinese Phys. C, vol. 45, no. 5, p.
54105, 2021.

N. K. Glendenning, “Interplay of classical and quantal descriptions
of heavy-ion interactions,” Rev. Mod. Phys., vol. 47, no. 3, p. 659,
1975.

A. Messiah, "Quantum mechanics", New York, Mineola, 2014.

J. D. Walecka, "Theoretical nuclear and subnuclear physics". World
Scientific, 2004.

H.Timmers, " Expressions of Inner Freedom", Ph.D. thesis,
Australian National University , 1996.

Q. J. Tarbool. ALKraawi, "Probing Surface Diffuseness Parameters
of Inter-Nucleus Potential Quasi- Elastic Scattering in some Heavy-
lon Systems," thesis, Babylon University,2015.

F. M. Hussain, "Semiclassical Approach for Nuclear Fusion
Reactions of Some Medium and Heavy Nuclei,” Ph.D. thesis,Al-
Mustansiriya University , 2017.

K. Desalegn, "Complete and Incomplete Fusion Reactions in °0+
*Nb Systems at Various Projectile Energies." thesis, Addis Ababa
University, 2013.

H. Paetz gen. Schieck and H. Paetz gen. Schieck, "Nuclear
Reactions of Particles with Spin,” Nucl. React. An Introd., pp. 105-
123, 2014.

W. Norenberg, H. A. Weidenmiller, W. Norenberg, and H. A.
Weidenmiiller, “Coulomb excitation,” Introd. to Theory Heavy-lon
Collisions, pp. 152-177, 1976.

M. Weber and C. Herlitzius, “Heavy lon Scattering at the Tandem
Accelerator,” Technical report, Technische Universitit Miinchen
page 30), 2010.

J. Lilley ,John Wiley and Sons" Nuclear physics principles and

131



References

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

applications"., 2013.

E. Krane ,S. Kenneth," Introduction Nuclear Physics".,New York,
John Wiley and Sons,1988.

S. S. M. Wong, "Introductory nuclear physics".Germany, John
Wiley and Sons ,1998.

H. Paar, "An Introduction to Advanced Quantum Physics"., New
York ,John Wiley and Sons, 2010.

G. Esposito, G. Marmo, G. Miele, and G. Sudarshan, "Advanced
concepts in quantum mechanics". Cambridge, University Press,
2014,

G. B. Arfken and H. J. Weber, “Mathematical methods for
physicis.” American Association of physics teachers, 1999.

E. D. A. H. Kazim, "Effect of Coupled Channels in Elastic and
Inelastic Scattering of Weakly Bound Nuclei for some Selected
Systems," thesis, 2014.

Y.K.Gupta, B.K.Nayak, U.Gargc, K.Hagino, K.B.Howard,
N.Sensharmac, M., Senyigite, W.P.Tanc, P.D.OMalleyc, M.Smithc,
RamandeepGandhi, T.Anderson,R.J.deBoer,B.Frentzc,A.Gyurjinyan
, O.Hall, M.R.Hall, J.Huc, E.Lamere, Q.Liu, A.Lo, "Determination
of hexadecapole (B4) deformation of the light-mass nucleus **Mg
using quasi-elastic scattering measurements,” Phys. Lett. B, vol.
806, p. 135473, 2020.

A. R. Edmonds, "Angular momentum in quantum mechanics",.
Princeton university press, vol. 4,p.146,1996.

K. Hagino, N. Takigawa, A. B. Balantekin, and J. R. Bennett, “Path
integral approach to no-Coriolis approximation in heavy-ion
collisions,” Phys. Rev. C, vol. 52, no. 1, p. 286, 1995.

A. T. Kruppa, P. Romain, M. A. Nagarajan, and N. Rowley, “Effect

of multiphonon coupling on heavy-ion fusion,” Nucl. Phys. A, vol.

132



References

[58]

[59]

[60]

560, no. 3, pp. 845-862, 1993.

K. Hagino and N. Rowley, “Large-angle scattering and quasielastic
barrier distributions,” Phys. Rev. C, vol. 69, no. 5, p. 54610, 2004.
A. Bohr, I. Hamamoto, and B. R. Mottelson, “Pseudo spin in
rotating nuclear potentials,” Phys. Scr., vol. 26, no. 4, p. 267, 1982.
M. Dasgupta, D. J. Hinde, N. Rowley, and A. M. Stefanini,
"Measuring Barriers to Fusion,"” vol. 48, p.401-461, 1998.

[61] J. de Boer and J. Eichler, “The reorientation effect,” Adv. Nucl.

[62]

[63]

[64]

[65]

[66]

[67]

Phys. vol. 1, pp. 1-65, 1968.

M. Zamrun, K. Hagino, S. Mitsuoka, and H. Ikezoe, “Coupled-
channels analyses for large-angle quasi-elastic scattering in massive
systems,” Phys. Rev. C, vol. 77, no. 3, p. 34604, 2008.

K. Hagino, S. Kuyucak, and N. Takigawa, “Excitation of nuclear
anharmonic vibrations in heavy-ion fusion reactions,” Phys. Rev. C,
vol. 57, no. 3, p. 1349, 1998.

L. R. Gasques et al., "Systematic study of the nuclear potential
through high precision back-angle quasi-elastic scattering
measurements,” Phys. Rev. C, vol. 76, no. 2, p. 24612, 2007.
F.LachelloandA.Arima,"PhaseCoexistenceinTransitionalNucle
iandthelnteracting-BosonModel." Cambridge University Press,
Cambridge, vol.81,p.1191-1194 , 1987.

N. Rowley, G. R. Satchler, and P. H. Stelson, "distribution of
barriers’ interpretation of heavy-ion fusion,"Phys. Lett. B, vol. 254,
no. 1-2, pp. 25-29, 1991.

S. Biswas, A. Chakraborty , A. Jhingan , D. Arora , B.R. Behera
Rohan Biswas , N. Kumar , S.S. Ghugre , P. K. Giri , K.S. Golda
, G. Kaur , A. Kumar , M. Kumar , B. Mukherjee , B.K. Nayak,
A. Parihari , N.K. Rai , S. Rai , R. Raut , Rudra N. Sahoo , and
A.K. Sinha., "Barrier distribution for the *Si+ °Nd system through

133



References

[68]

quasi-elastic excitation function measurement,” in Proceedings of
the DAE Symp. on Nucl. Phys, vol. 64, p. 439,2019.

S. Raman, C. W. Nestor Jr, and P. Tikkanen, "Transition
probability from the ground to the first-excited 2+ state of even—
even nuclides,"At. Data Nucl. Data Tables, vol. 78, no. 1, pp. 1-
128, 2001.

[69] B.K. Nayak , A. Saxenal Sukanya, G. Mohanto, A. Parihari, E.T.

[70]

[71]

[72]

Mirgule, B. Srinivasan, P.C. Rout, 1 M. Kushwaha, S. Arora, C.
Joshi, A. Sharma, "Determination of hexadecapole deformation for
1% Gd nucleus using quasi-elastic scattering," in Proceedings of the
DAE Symp. on Nucl. Phys, vol. 62, p. 398, 2017.

A. K. S. N K Ghoshl, S .Chatterjeel, R. Rautl, S .S. Ghugre, A.
Rani, S. Mandal, D. Kaur, B. R. Behera, A .Vinayak, M. M.
Hosamani, C. Bhattacharya, A. Roy, |I. Mazumdar, R. Biswas, A.
Parihari, J. Gehlot, S. Nath, N. Madhavan, "Back angle quasi-elastic
scattering and Fusion Excitation function and studies for the '*
B+ Au reaction.,” in Proceedings of the DAE Symp. on Nucl.
Phys, , vol. 64, p 557,2019 .

R. Fereidonnejad and H. Sadeghi, "Heavy-lon Fusion and Quasi-
Elastic Scattering Of ® "Li+ ***Sm and ® "Li+ ®°Sm Reactions
Using Coupled-Channel Calculation Around the Coulomb
Barrier,"J. Res. Many-body Syst., vol. 11, no. 2, pp. 84-97, 2021.
P. Biswas , P. Biswas, A. Mukherjee, D. Chattopadhyay,
S.Bhattacharjee, M. K. Pradhan, M. Moin Shaikh, S. Roy, A.
Goswami, P. Basu, S. Santra, S. K. Pandit, K. Mahata, and A.
Shrivastava., "Quasielastic backscattering and barrier distribution
for the weakly bound projectile °Li on ™Tb,." Phys. Rev. C, vol.
104, no. 3, p. 34620, 2021.

134



References

[73] T. Tanaka, K. Morita, K. Morimoto, D. Kaji, H. Haba, R. A. Boll,

[74]

N. T. Brewer, S. Van Cleve, D. J. Dean, S. Ishizawa, Y. Komori,K.
Nishio, T. Niwase, B. C. Rasco, J. B. Roberto, K. P. Rykaczewski,
H. Sakai, D. W. Stracener, and K. Hagino , "Study of quasielastic
barrier distributions as a step towards the synthesis of superheavy
elements with hot fusion reactions," Phys. Rev. Lett., vol. 124, no.
5, p. 52502, 2020.

S. Dubey, D. C. Biswas, S. Mukherjee, D. Patel, Y. K. Gupta, G.
K. Prajapati, B. N. Joshi, L. S. Danu, S. Mukhopadhyay, B. V.
John, S. V. Suryanarayana, and R. P. Vind ., “Quasi-elastic
scattering and transfer angular distribution for ' B+ #?Th
systems at near-barrier energies,” Phys. Rev. C, vol. 94, no. 6, p.
64610, 2016.

135



i

deall 48 jre s Ol g Om adbiaill agdl Aulul) Sl aad ¢ Aul ol 1 8
O ¢ paleaill S Ly A B (585 Letie Gy (sall 5 ¢ ladbiaiiall () ) &l G (59 51
pandl Juad sl g 3 S A5l o el 4k caiill o i a8l (g5 i) aeal) Jilas Jal
pssS e ST (Al ¢ sl Gn Sl ldl) Caal Al o gead) Ciay &5 A5 sl 2 seal)
3a_aall sl i ¢l ja) a1 Woods-Saxon (WS) <lilsa) aladiuly ¢ 55510l agall
031 LS ya 5 dadbaiall 5 il Apdl) 3 all 8 Gaéaill (CC) 4yad) 5Ll 5 (SC)
& B el A jall adalial) ) A all 4nd dpa gal) adaliall A Clua e La il
Slalad dlic Ao Juadl o giall adandl HLEEY) A8yl 8 sl Xy ¢ 3585
deall oagia Jalaig Al 50 o) yal ¢ da gyl sl (8 A el bl &5 jlae LY
PMg+20Zr A ALEN Gl ) Al (Jainall Gaall ¢ pladd) LS Clales) (55530
,288i+1208n ,288i+150Nd ,16O+160Gd, 12C+197AU, 6Li+144Sm ,ZSSi + 124Sn’ 6|_|
iny 25 ¢ CQEL i sasall grali n alatia 3 +1%9Th #Ne+*°Cm, B+2Th |
(e o5Skady sials Adaul s ddse i CCFUL isaeSll malin o il cusal
Cilalas) I Aplial) ol Jumdl e giall 92 (618 a0 e 4y 5k aladind 23 bl eladal)

A i) bl 5 4l llead) 45 i e 2y (Vg daiaall 3asll 5 8 L)

duail o x5« (°Li + M'Sm, °Li +"°Th, and "B+*Th) dekaill o2 3
a5 Jald o s¥ie ladiuly 25 jial) ¢l gl Cils 02500 Lanaas 5 HLESY) daleal dagd
sl s ¢ 5 lie 48080 Jaa Cargd) o G ¢ PGiHING Hlail) sl ¢ e
(160+1GOGd ,12C+197AU ’ 28Si + 1245”, 24|\/|g_|_902r ,288i+1208n Z\.A.L:.JJ :Lu.u.dh
5e A3 5 jlia Cam ladiuly oSl (and #Ne “**Cm

Lalas 380 53 288i+150Nd, 12C+197Au, 6Li+ 144Sm Ty o2gd JLEEY) Jalas

A5 el sl s 8 (0.63) fm Aslil) dadl) ae

seall Bae st il IS i jaall Laal) (and) ccliloal) e S ¢ ) 8
(o o lile azm yall 055850 ) adade ) el and il 4 puadll Al e (V)
Leie J8 Ay o) Al A oalie] o5 (g2} 2¢al



Gl 4 ) sgan
alall il g el adetl 315

il daala
4d pall o glall 4y ) 43l
sl ) il

FINEY ubqéhﬂ\@ds)wm\ﬂ Glabea
ALERY s oYY
datia da 5 bl
s A &yl sl 01 S (e )

ol ) siSall da )3 s ke (e ¢ a8
ol / 2 ) b dauds

Adtall J8 (e

Cpad) 2 dgaa Jla 7 2
aYeut d-.'\ei-:-n\é/ c\a)'a.é:\-ﬁeﬂwﬁjﬂie
Y11 Qlda /ol A e
e
PRVIEN CJLA Al 3 )

4 pal) o glall 4y ) 4418
s ) auid

aY.yy F AR



