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Abstract

In this thesis, the calculations of the total nuclear scattering cross-
section (elastic and inelastic) and the distribution of the Coulomb barrier
are taken of Weakly Bound nuclei for some selected systems, ®He +
1209, SLi + 54Zn, "Li + %42Zn, 8B + *8Ni, °Be + %Zn, 12C + 2°8Ph, ®He+*8Ni
and 'Be+%’Au . The effect of channels coupling with breakup channel
on the calculations of the ratio of total scattering cross section to
Rutherford cross section op/og and the distribution of the Coulomb
barrier Dey (MeV1) have been achievement. The optical nuclear potential
has been described by using Wood-Saxon (WS) potential. Which has
(real and Imaginary) parts, the parameters of this potential are depth,
radius and surface nuclear diffuseness parameter. The Wood-Saxon
parameters for Akyiz-Winter potential were taken by least-squares
method to experimental data of scattering cross sections by sub-Code
program written in Fortran 90 language.The program Code (CC-SCT)
coupled channel scattering for windows which is considered the latest
version of computer Code CC has been coded by Fortran 90 language.
This program Code (CC) coupled channel is studied the Coulomb
excitations of scattering reactions of nuclei in full guantum mechanics by
using Continuum-Discretized Coupled Channels (CDCC) method of
Alder and Winther theory(AW). The calculations of the ratio between the
cross section of nuclear scattering to Rutherford scattering as a function
of the center of mass angle 6., and the center of mass energy E.,, as
well as calculating the elastic scattering barrier distribution D, as a
function of energy in no-coupled and coupled channel states, where thise
calculations were found in good agreement with available experimental

data of the role coupling with breakup channel. The best fitted values of



the parameters have been implemented for the calculations through a

good agreement between these calculations with the experimental data.
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Chapter One Introduction and Literature Survey

1.1 Introduction

The study of the collisions of weakly bound nuclei for both stable
and radioactive ones, at near barrier energies became one of the most
important fields in the modern nuclear researches nowadays. The nuclear
reaction takes place by the collision of two nuclei to produce products
different from the initial ones [1].The processes associated with this
reaction can be understood by the devoting of the theoretical and
experimental efforts, by taking into account the couplings between them
[2]. And that will help to understand the nuclear properties of the
ingredients of our universe by collecting a wide spectrum of different
reaction modes lies between the elastic scattering and the fusion reaction,
and these reactions are strongly relevant to each other as proved during
the past few years [3, 4]. In addition to the transfer channels for the halo
nuclei, breakup channel plays an important role in the collisions of a
weakly bound systems. The breakup cross-section of the weakly bound
nuclei is large because of their low breakup threshold, and that will have
influence on other reaction channels [5].

In collision between two ions, the process that brings them to form a
single composite system is called fusion. The simplest description of this
process considers the two ions as rigid spherical objects that interact via a
repulsive, Coulomb, plus an attractive, nuclear, potentials depending only
on the relative center-of-mass (c.m.) distance. Fusion is described as the
ability of the system to penetrate the potential energy barrier [6, 7].
However, many experiments have shown that the barrier penetration
model is inadequate for the description of the observed cross sections, at
energies below the Coulomb barrier the model under predicts, of several
orders of magnitude, the observed values [8]. These discrepancies have

been readily attributed to the effect of coupling of the relative motion to
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the internal degrees of freedom of the two colliding ions. The factors that
have been identified as playing a major role in the enhancement of the
sub-barrier fusion are permanent nuclear deformation, coupling to the
low-lying nuclear excited states, and possibly, particle transfer (in

particular neutrons) [9].

1.2 Types of nuclear reactions
1.2.1 Elastic scattering

In this type of reaction, the target nucleus (X) is left in its ground
state, there is no change in the potential energy, and of course the
projectile and ejectile are the same. The only difference is that the kinetic
energy of the ejectile will be less than that of the projectile [10,11,12], the
general representation of this type of reaction is:

AX (a,a)4X
1.2.2 Inelastic scattering

Inelastic scattering is the process by which, the target nucleus is
left in an excited state, i.e. both projectile and target are kept their
identity, except that the product nucleus is in an excited state with respect
to the target which be in the ground state [10,11,12], the general
representation of this type of reaction is:

AX (a,a)2X*
1.2.3 Evaporation reaction

In this type of reactions, there is more several ejectile particle, and
these may be protons, neutrons or their combinations as alpha particles
[10].

1.2.4 Transfer reaction
When the projectile takes nucleons from the target, the transfer

reaction is called pickup reaction, while when the projectile loses
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nucleons to the target, the transfer reaction called stripping reaction
[10,11].
1.2.5 Fission reaction

When the target nucleus excited by the projectile, it may be
breakup into two nuclei with comparable mass.
1.2.6 Fusion reaction

In nuclear physics, fusion process is a reaction in which two or
more atomic nuclei are fused to form a new heavier nucleus. An example
Is the fusion of hydrogen nuclei to form helium nucleus, which is a
familiar type of fusion reactions happen in stars, thus it has a special
importance in evolution of the universe [10,13,14]. In the field of reaction
theory, the fusion process is defined as the reaction of two separated
nuclei to form a compound nucleus (C) as a result of overcoming on the
Coulomb barrier by accelerate one nucleus called projectile (x) into

another nucleus in principle at rest called the target (A).

x+A—C (1.1)

Thus the fusion reaction in interest is not a chain reaction like that
happened in stars [14]. The compound nucleus itself is not a stationary
state on the macroscopic time scale, but it stills a long time in nuclear
time scale [14,15].
1.2.7 Compound nuclear reaction

Here the compound nucleus occurs as intermediate stage, before
either evaporation or fission, the compound nucleus has a lifetime about
~10716 sec, and when this time was compared with the time that taken
by the projectile to cross the target nucleus, it can be say that the

compound nucleus does not depend on the way it was formed [11,14].
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1.3 Scattering Characteristics of Weakly Bound Systems

Another subject widely investigated in low-energy nuclear physics
Is the elastic scattering of weakly bound nuclei at near-barrier energies.
For tightly bound systems, the energy dependence of the
phenomenological optical potential has a behavior known as the
Threshold Anomaly (TA) [16,17]. It corresponds to a rapid variation of
its real and imaginary parts as the energy decreases, approaching the
height of the Coulomb barrier .When it happens, there is a sharp decrease
of the imaginary part of the potential, owing to the closure of nonelastic
channels that drains the incident flux. This drop of the imaginary part of
the potential is accompanied by an increase of it real part, showing a bell-
shaped energy dependence around the Coulomb barrier. This behavior is
explained by the dispersion relation connecting the real and imaginary
parts of the potential [18].

However, it has been shown in several works that the Threshold
Anomaly (TA) is not observed in most collisions of weakly bound nuclei.
In such cases, where the breakup cross section remains large even below
the Coulomb barrier, the imaginary part of the potential does increase. It
may even increase as the bombarding energy decreases. This increase of
the imaginary part of the potential is followed by a decrease of its real
part, which means that the polarization potential is repulsive [19,20].
This anomalous energy dependence of the potential was called the
Breakup Threshold Anomaly (BTA) [21,22]. The BTA can be more
clearly observed for neutron halo nuclei and for °Li, than for 'Li
[21,23,24]. Of course, the imaginary potential must decrease and
eventually vanish at low enough energies. So, what actually happens is
that the Coulomb barrier is no longer the proper threshold energy for such
reactions. This threshold is below the barrier. It is very difficult to find

experimentally where the imaginary potential vanishes, since at sub-
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barrier energies the scattering is almost of fully Rutherford type .Thus, it
Is insensitive to the nuclear potential. However, in a few works it was
possible to extrapolate the imaginary potential and find that it vanishes at
energies around 85% of the height of the Coulomb barrier. This is shown
in Figure ( 1.1) for the ®Li +!** Sm system [25].

10F :
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Figure 1.1 : (Color online) Energy dependence of the real and imaginary parts of the
optical potential in the scattering of ®Li on 44Sm. Data are from [25] . The figure is
adapted from [25]. The curves obey the dispersion relation [18]. The BTA [22]. can

be clearly observed.

1.4 Direct Interactions

The interaction of the projectile with the outer nucleons of the
target nuclei is called a direct reaction. This interaction is often occurs
with one or two small energy and momentum nucleons with momentum
transfer. The emission of the particle in this kind of reaction being in the
direction of motion of the projectile. There is no formation of compound
nucleus in the direct reaction which, generally, takes place at high
energies [26]. There are many reactions can be classified as a direct
reaction such as the elastic scattering, which represents the simplest form
of them, where the target remains in its ground state. The situation is
different in the inelastic scattering because the target will be raised to an

excited state as a result of its interaction as a whole with the projectile
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[27]. The Coulomb excitation of the target nucleus takes place at low
incident energies, while at higher energy, the excitation becomes duo to

the nuclear interaction in addition to the Coulomb excitation [28].

1.5 Halo nuclei

A motivation to study halo-nuclei systems in laboratories relies on
the fact that these weakly-bound unstable nuclei, which decay naturally,
have large asymmetries in the number of protons and neutrons. They are
extreme cases of bound nuclei and define the neutron or proton drip line,
challenging standard shell-model descriptions while privileging long
range few-body correlations [29]. The study of light exotic unstable
nuclei opens the possibility to go beyond the ones found in earth and look
into what is created in a supernova explosion, or the nuclear mechanisms
within extreme conditions allowing other cosmic events like novae . The
majority of elements on earth are produced in such explosive stellar
environments, involving unstable nuclei [30]. Light unstable halo-nuclei
offer the opportunity to explore the many body dynamics and nuclear
interaction, that bind nucleons together to form the large variety of nuclei
in our universe, in the classically forbidden region: a window to truly
guantum mechanical effects. Exotic nuclei with neutron excess also
challenge the common understanding of traditional nuclear physics, such
as the single-particle description and the associated shell structure
[31,32].Nuclear halo is a spatial extension of diffuse (low density)
nuclear matter significantly larger than the rest of the nucleus it envelops.

The quantum-mechanical tunneling, presented in halo nuclei,
produces unexpected effects. The energy needed to remove halo nucleons
is drastically less than particle separation energies for typical nuclei.
Nuclear radii are enhanced but matter and charge radii may differ

considerably. There is evidence that few-body effects may become
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crucial, leading to the formation of cluster structures beyond the reach of
mean field theories. In a first approximation, the spatial separation of
particles in the halo from the rest of the system justifies a simplified
description with only a few active constituents [33]. Halo nuclei can be
thought of in terms of a few (typically one or two) single halo nucleons

orbiting a tightly bound core, thus implying a major role of single-particle

propertles.
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Figure 1.2 : Light exotic nuclei (halo nuclei) at the driplines of the chart of nuclides
[34].

1.5.1 Neutron Halo

In experiments leading to breakup of Li, as well as other neutron-
rich nuclei, such as *Be or 2°C, the nuclear matter distributions near the
surface can be obtained from elastic scattering or interaction cross
section. The separation energy of the last two neutrons of 'Li is known to
be S, = 0.25 + 0.08 MeV, while °Li is unbound [35,36]. A precise
recent measurement gives Sz, = 369.15(65) keV, as reported in [37]. The
binding energy between the two loosely bound neutrons is larger than the

corresponding binding energies between each of them and the °Li core.
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As argued by Hansen and Jonson [38].The strength of the neutron pairing

Is responsible for these differences in the separation energies [39 - 41].

9o 9

“Li 11RBe

Figure 1.3 : The two best known halo nuclei are *Li with its 2-neutron halo and 'Be

with its single neutron halo [42].

In Figure (1.3), such diagrams should not be taken too literally as they
conflate two notions: that the halo is an extended probability density
distribution and at the same time the neutrons it describes are discrete
particles. In a sense you can think of the former as the halo nucleus
before measurement and the latter as the nucleus once the halo

distribution has collapsed on measurement [42].

1.5.2 Proton halo

One might ask whether proton halos are possible. The main
difference between neutrons and protons lies in the electric charge
exhibited by the latter. When considering a proton weakly bound to a
charged core, the long-range repulsive Coulomb potential is added to the
short-ranged attractive nuclear interaction. This leads to the appearance
for protons of a Coulomb barrier. It pushes the protons inside the nucleus,
diminishing their probability of tunnelling outside the nuclear-interaction
range. Therefore the formation of proton halos, albeit not impossible, is

much less probable than that of neutron halos.
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Table 1.1 Properties of proton-halo candidates. One-proton (Sp) and two-

proton (Sp2) separation energy expressed in MeV [43].

5, Cer)

Ne=1"0+2P

The major proton-halo candidates are 8B, *’F, and *’Ne [44]. Table
1.1 displays the one-proton (S,) and two-proton (Syp) separation energies
for those nuclei. The very low S, of 8B and '’F suggest that they exhibit a
one-proton halo structure. Y’Ne exhibits a very low Sy, even lower than
its Sp. This might be the sign of a two-proton halo structure. However, as
in the case of neutron-halo nuclei, this property is insufficient for
developing a halo. Several experiments have been carried out in order to
confirm the existence of proton halos. The case of ®B is unclear. A
measurement of its electric quadrupole moment [45]. Showed a large
enhancement in comparison with that of 8Li, its mirror nucleus3. This
indicates a large deformation of 8B, suggesting a proton-halo structure.
But its interaction cross sections [46]. Do not show any significant
enhancement in comparison with its neighbours. Moreover, a microscopic
calculation of the 8B structure [47]. Could reproduce the large electric
quadrupole moment without any notion of halo. In the case of ¥F, it is
usually admitted that its ground state does not exhibit a halo structure

[48]. However, it seems that its excited state displays a halo [49].
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1.6 Literature Survey

P.R.S. Gomes et al., (2004) [50] implemented new measurements.
and a general discussion of the behavior of the fusion, break-up and
reaction cross sections of different projectiles on the same target %Zn, at
near and above barrier energies. The projectiles were the tightly bound
10, the stable weakly bound °Li, ‘Li and °Be and the radioactive very
weakly bound ®He nuclei. They also compare the results with the ones for
heavier targets.

P. R. S. Gomes et al., (2005) [51] studied the behavior of the
fusion, breakup, reaction, and elastic scattering of different projectiles on
®47n, at near and above barrier energies. They presented data on fusion
and elastic scattering data with the tightly bound °O and the stable
weakly bound °Li, “Li, and °Be projectiles. The data are analyzed by
coupled channel calculations. The total fusion cross sections for these
systems are not affected by the breakup process at energies above the
barrier, the breakup process has no effect on the total fusion cross
sections of these systems. At energies close to and above the Coulomb
barrier, the elastic (noncapture) breakup cross section is important and
increases reaction cross sections. Furthermore, They showed that the
breakup process at near and below barrier energies is responsible for the
disappearance of the optical potential's usual threshold anomaly and gives
rise to a new type of anomaly.

M.S. Hussein et al., (2006) [52] used the continuum discretized
coupled channels theory takes into account the dissociation of halo nuclei
caused by collisions with light and heavy targets. They looked at the one-
proton halo nucleus 8B, the one-neutron halo nucleus 'Be, and the more
common 'Be. The previously used procedure for obtaining the Coulomb
dissociation cross section by subtracting the nuclear one was critically

examined, and the scaling law commonly assumed for the target mass

10
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dependence of the nuclear breakup cross section is also tested. It was
discovered that the nuclear breakup cross section for halo nuclei scales
with target mass as A °T. It does not, however, exhibit the same
geometrical dependence as non-halo nuclei such as “Be. It was discovered
that They can't ignore Coulomb-nuclear interference effects, which can
be either constructive or destructive, and that the errors in previously
extracted B(E1) using the subtraction procedure were almost certainly
underestimated.

C. Beck et al., (2007) [53] investigated the effect of coupling to
the breakup process on fusion is for reactions in which at least one of the
colliding nuclei has a low enough binding energy for breakup to become
an important process. For ®7Li+*°Co, elastic scattering, excitation
functions for sub- and near-barrier fusion cross sections, and breakup
yields are investigated. The data at and above the barrier was well
described by continuum-discretized coupled-channels (CDCC)
calculations. Elastic scattering with °Li (rather than “Li) demonstrates the
importance of breakup for weakly bound projectiles. A study of *°He
induced fusion reactions for the ®He halo nucleus using a three-body
CDCC method was presented. The relative importance of the effects of
breakup and bound-state structure on total fusion was discussed.

David L. Canham and H.W. Hammer (2008) [54] investigated
effective quantum mechanics framework, the universal properties and
structure of halo nuclei composed of two neutrons (2n) and a core. They
created an effective interaction potential that takes advantage of the scale
separation in halo nuclei and treats the nucleus as an effective threebody
system. Higher order uncertainty in the expansion is quantified using
theoretical error bands. They began by looking into the possibility of
observing excited Efimov states in 2n halo nuclei. According to the

experimental results, 2°C is the only halo nucleus candidate with an
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Efimov excited state with an energy less than 7 keV below the scattering
threshold. They then investigated the structure of °C and other 2n halo
nuclei. They calculated their matter form factors, radii, and two-neutron
opening angles in particular.

Y. Kucuk and I. Boztosun (2009) [55] Displayed The elastic
scattering of the halo nucleus ®He from heavy targets at incident energies
near the Coulomb barrier and a deviation from the standard Fresnel-type
diffraction behavior. This deviation is due to the strong Coulomb dipole
breakup coupling produced by the Coulomb field of the heavy target, a
specific feature of the nuclear structure of ®He. They have performed
Continuum Discretized Coupled Channels calculations for the elastic
scattering of 6He and 6Li from *8Ni, 12°Sn, 44Sm, 81Ta and 2°Pb targets
in order to determine the range of ZT where this nuclear-structure specific
coupling effect becomes manifest. They found that the strong Coulomb
dipole breakup coupling effect is only clearly experimentally
distinguishable for targets of ZT = 80.

C. Beck et al.,, (2010) [56] Used experimental overview of
reactions induced by the stable, but weakly-bound nuclei °Li, “Li and °Be,
and by the exotic, halo nuclei ®He, 8B, 'Be and ''F on medium-mass
targets, such as *2Ni, *°Co or %4Zn, was presented. Existing data on elastic
scattering, total reaction cross sections, fusion processes, breakup and
transfer channels were discussed in the framework of a CDCC approach
taking into account the breakup degree of freedom.

A.T. Rudchik et al., (2010) [57] measured completed angular
distributions of the '2C+80 elastic and inelastic scattering at the energy
En(*®0) = 105MeV (Ec.m. = 42MeV). Comparison of these elastic-
scattering data with those from previously measured *2C+°0O data show
their large-angle cross-sections to differ by as much as a factor of 100
with the %0 data being the largest. These and the 2C+80 scattering data
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taken from the literature at the energies Ec.m. = 12.9-56MeV were
analysed within the optical model and coupled reaction- channels
methods. Sets of Woods-Saxon ?C + 80 optical potential parameters
were obtained and their energy dependence was deduced. A similar
analysis was carried out for 2C+%0 where it was shown that over a wide
energy range, the primary difference in the %0 and 8O scattering
potentials is in their imaginary parts. The large-angle enhancement for the
12C+18Q elastic-scattering was shown to arise from the transfer of
nucleons. The inelastic-scattering data were well described over the entire
angular range as arising from collective excitations of the states in the
target and projectile nuclei.
D. Naik et al., (2011) [58] measured an angular distributions for the
elastic scattering of B, 'Be, and °Li on a '?C target at Ej, = 25.8, 18.8,
and 12.3 MeV, respectively. The analyses of these angular distributions
have been performed in terms of the optical model usingWoods-Saxon
and double-folding type potentials. The effect of breakup in the elastic
scattering of 8B + 2C was investigated by performing coupled-channels
calculations with the continuum discretized coupled-channel method and
cluster-model folding potentials. Total reaction cross sections were
deduced from the elastic-scattering analysis and compared with published
data on elastic scattering of other weakly and tightly bound projectiles on
12C, as a function of energy. With the exception of “He and 1°0, the data
can be described using a universal function for the reduced cross sections.
M. Cubero et al., (2012) [59] presented the first measurement of
the elastic scattering of the halo nucleus !Li and its core °Li on 2%8Pb at
energies near the Coulomb barrier. Even at energies well below the
barrier and down to very small scattering angles, the Li on 2%Pb elastic
scattering shows a significant reduction in comparison to the Rutherford

cross section. This dramatic change in the elastic differential cross section
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observed in Li on %®Pb is due to the halo structure of !Li, as it is not
observed in the elastic scattering of its core °Li at the same energies.

A.E. Woodard et al., (2012) [60] measured at bombarded energies
close to the Coulomb barrier the angular distributions for the inelastic
scattering of the weakly bound °Li nucleus from a #4Sm target
(associated with the contributions of both the 2f and 37 *Sm excited
states combined). The experimental data were compared to the predicted
results using continuum discretized coupled-channel (CDCC)
calculations. The findings confirm the importance of including
continuum-—continuum couplings in order to reproduce the experimental
data. The results show that inelastic scattering data can be a valuable tool
for testing full CDCC calculations involving weakly bound nuclei.

D. R. Otomar et al.,(2013) [61] calculated the relative importance
of nuclear and Coulomb breakup on the target charge (mass) at near-
barrier energies using continuum discretized coupled channel (CDCC)
calculations for the ®Li + *°Co, #4Sm, and 2%Pb systems. The calculations
agreed well with the experimental elastic scattering angular distributions
for these systems.

X. P. Yang et al., (2013) [62] calculated the barrier parameters of
weakly and tightly bound nuclei on different target nuclei, and the total
reaction cross sections were calculated by analyzing the experimental
elastic scattering data. To investigate the breakup effects, the total
reaction function F(x) of weakly and tightly bound projectiles on light,
medium-mass, and heavy target nuclei was systematically compared to
the universal function Fo(x). concluded from this comparison that the
breakup effect was not important for weakly bound projectiles on light
target nuclei, was suppressed on medium-mass and heavy target nuclei
above the Coulomb barrier, and was enhanced for some weakly bound

projectiles near and below the Coulomb barrier. More experiments for
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some unstable weakly bound nuclei on medium-mass and heavy target
nuclei at low energies, particularly at sub-barrier energies, were required.

N. N. Deshmukh et al., (2015) [63] at various bombarding
energies around the Coulomb barrier, full angular distributions for elastic
and inelastic scattering of !B on *®Ni have been measured. For the first
time, coupled-channel calculations were used to measure and analyze a
system with a tightly bound !B projectile on a medium mass target. The
real part of the interaction potential between nuclei was represented in
these calculations by a parameter-free double-folding potential. To avoid
the use of an imaginary potential at the surface, the coupling matrix
includes several inelastic transitions of the projectile and the target. All
experimental angular distributions agree very well with the results of
these coupled-channel calculations.

Kosho Minomo et al.,, (2016) [64] investigated the coupled-
channels and three-nucleon-force (3NF) effects on elastic and inelastic
cross sections using the microscopic coupled-channels method. The
Melbourne g-matrix interaction, modified according to the chiral 3NF
effects, is used in the microscopic coupled-channels calculation. It is
discovered that the coupled-channels and 3NF effects change both the
elastic and inelastic cross sections additively. As a result, the coupled-
channels calculation with 3NF effects improves the agreement between
theoretical and experimental results significantly. The incident-energy
dependence of coupled-channels and the 3NF effects are also discussed.

Y. Y. Yang et al., (2016) [65] the elastic scattering cross sections
of the neutron-rich nucleus 'Be were greatly reduced by the coupling
effects of the breakup channels, but not those of the proton-rich nucleus
8B. The continuum-discretized coupled channel (CDCC) method was
used to calculate 8B elastic scattering from 2°Ph at 60 and 170.3 MeV

and ®4Zn at 32 and 86 MeV, as well as 'Be elastic scattering from 2%Pb

15



Chapter One Introduction and Literature Survey

at 55 and 143 MeV and ®Zn at 29 and 66 MeV. The Coulomb and
centrifugal barriers encountered by the valence proton in the ground state
of 8B, which do not exist for the valence neutron in the ground state of
11Be, were discovered to be the cause of such differences in the angular
distributions of elastic scattering cross sections of these two weakly
bound nuclei.

V. Scarduelli et al., (2017) [66] measured at various energies
around the Coulomb barrier, the full angular distributions of the °B
elastically and inelastic scattered by °8Ni. For the first time, the elastic
and inelastic scattering of °B on a medium mass target has been
measured. The obtained angular distributions were analyzed in terms of
large-scale coupled reaction channel calculations, in which the coupling
matrix included several inelastic transitions of the projectile and the
target, as well as the most relevant one- and two-step transfer reactions.
The roles of spin reorientation, spin-orbit interaction, and spin-orbit
interaction, In the reaction mechanism, the large ground-state
deformation of the 1°B was also investigated. A parameter-free double-
folding potential was used to represent the real part of the interaction
potential between projectile and target, while no imaginary potential at
the surface was considered. In this sense, the theoretical calculations were
parameter-free, and the results were compared to experimental data to
determine the relative importance of the various reaction channels. The
ground-state spin reorientation of the °B nucleus had a significant
influence on the system's dynamics, while all transfer reactions
investigated had a negligible contribution to the system's dynamics.
Finally, the large static deformation of the 1°B as well as the spin-orbit
coupling can both play important roles in the system under consideration.

B.V.Carlson et al., (2017) [67] used a four-body spectator model

to discuss the inclusive breakup of three-fragment projectiles. In a unified
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framework, both the elastic and non-elastic breakups were obtained.
Originally developed in the 1980s for two-fragment projectiles like the
deuteron, the theory was successfully generalized to three-fragment
projectiles in this paper. The inclusive cross section expression obtained
allows the extraction of the incomplete fusion cross section, and thus
generalizes the surrogate method to cases such as (t,p) and (t, n)
reactions. It was discovered that two-fragment correlations within the
projectile have a noticeable effect on the elastic breakup cross section.
The inclusive non-elastic breakup cross section is calculated and found to
contain a three-body absorption term that was also strongly influenced by
the two-fragment correlations. This latter cross section contains what was
known as incomplete fusion, which occurs when more than one
compound nuclei were formed. Both stable weakly bound three-fragment
projectiles and unstable ones, such as the Borromean nuclei, were
described in their theory.

Rodrigo Navarro Pérez and Jin Lei (2019) [68] demonstrated the
first rigorous uncertainty quantification on elastic nucleus nucleus
scattering at energies close to the Coulomb barrier. The experimental data
was analyzed by employing an energy-dependent effective optical model
potential with physical constraints. They confirmed the compatibility of
these uncertainties with the well-known Coulomb threshold anomaly,
which they explained in terms of a dispersive relation, and compared their
findings to previous analyses that suggested otherwise.

L. M. Fonseca et al., (2019) [69] when the relevant couplings are
included in the calculations, nuclear scattering at energies well above the
Coulomb barrier allows for a fairly sensitive examination of the optical
potential parameters. They presented experimental data for the elastic and
inelastic scatterings of *O impinging on ?’Al and ?8Si target nuclei at Ejap
= 240 MeV. The experimental data were collected at 7o < Gcm. < 16°.
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with high angular resolution. The experimental data was compared to
coupled channel calculations that include couplings to excited states in
the target and projectile. They demonstrate that the shape of angular
distributions is sensitive to the mass diffuseness parameter, with a = 0.62
fm providing the best agreement.

Ashjan J. Hassan and Khalid S. Jassim (2020) [70] the nuclear
potential Woods-Saxon (WS) method was used to investigate the effects
of surface diffuseness parameter on quasi-elastic scattering for *He+%4Zn,
'Li+%Zn, and 8Li+%Zr systems. For the nuclei %Zn with ground state
rotational band up to the 4+ states, the effect of rotational deformation
was included. They performed single (SC) and coupled-channels (CC)
calculations to obtain the best compatibility between the notional
accounts of dg/dr and experimental data for the systems under
consideration. They discover that the best-fitting value of the diffuseness
parameter obtained using a coupled-channel calculation with an inert
target and an excited projectile In the current study, the single-channel
(SC) and coupled-channel (CC) calculations, which were between the
relative motion of colliding nuclei and their intrinsic motions, were
performed to study its influence on calculation, the ratio of the quasi-
elastic to the Rutherford cross sections, and probe the surface diffuseness
find that the best fitted value of the diffuseness parameter which obtained
through a coupled- channel calculation with inert target and excited
projectile for the ®He+%Zn, "Li+5%Zn and 8Li+%Zr.

1.7 Aim of the present work

The aim of the thesis is to employ a full quantum mechanic in
study the effect of coupling channels with breakup channel on systems
invlo ®He + 12°Sn, 5Li + %2zn, 'Li + %Zn, 8B + *Ni, °Be + %Zn, 1?C +
208pp, SHe+%8Ni, and 'Be+'°’Au, to calculation the total (elastic and

inelastic) scattering cross sections and the distribution of the barrier. And
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the comparison between the theoretical results with the corresponding

experimental data.
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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, which is used to study of an interacting system on a large
time and/or distance scale compared to the actual interaction scale [71, 72]. In
general, the results of a nuclear collision may be one of many possible
reactions, each one of which sheds light on a particular aspect of nuclear
structure or nuclear behavior. Research scientists measure different reactions
to study the nuclear force, synthesize new nuclei, determine nuclear size and
shapes, and investigate the properties of excited nuclei. According to the
conventional view, depending on the impact parameter or the corresponding
angular momentum, the projectile can cause a variety of reactions. and the
dynamical behavior of nuclear matter during different types of collision in the

classical picture of heavy ion (HI) as shown in Figure (2.1) [73,74,75].

direct reactions

grazing collision

compound nucleus
formation
—\ U deep inelastic collisions
close collisions O//—\

1 N

elastic scattering
distant collision Coulomb excitation

Figure 2.1: In the classic picture of heavy ion collisions, there are distant, grazing, and

close collisions. adapted from [76].
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2.2 Types of scattering reactions
2.2.1 Elastic Scattering

In an elastic scattering event, the nucleus of the target remains in the
ground state after the scattering. Using the same notation as before, elastic
scattering can be described as A(n,n)A Figure (2.2) which illustrates the
elastic scattering of a neutron on a nucleus in both the laboratory system (L)
and the centre of mass system (CM). The two different coordinate systems
describe the process of elastic scattering from two different point of views.
The L-system proceeds from the perspective of a coordinate system in rest
relative to a spectator. In contrast, the CM-system is a coordinate system in
motion, following the centre of mass of the system. Various velocity
components and scattering angles are indicated in Figure (2.2). In the L-
system, a neutron with a velocity of vy, collides with a nucleus approximated
as being at rest initially. Such an approximation is not valid around thermal
energies, since the speeds of the neutron and the nucleus then are relatively
similar [77]. The velocity of the neutron after the collision is vnl and its
scattering angle. The transformation of the velocity of the neutron from the L-
system to the CM-system is given in Equation (2.1). Also of importance for
the scope of this thesis is the velocity of the CM-system given in Equation
(2.2). Since the velocity of the nucleus is zero in the L-system, Equation (2.2)
also represents the velocity of the nucleus in the CM-system. The masses of
the nuclei have been normalised to the mass of the neutron, giving that the

mass of the particle corresponds to the atomic mass number (A) [78,79].
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Lab System CM System
neutron
neutron 1. Vat.cm
- Vit //
2= ’
neutron a .-~ 91 neutron 4
—— @)t o —> <L @
v - e d v e A0,cm '
" target nucleus N wem target nucleus
- V 3
- A -~
recoiling nucleus £
g : VA1.cm
recoiling nucleus

Figure 2.2: lllustration of the elastic scattering of a neutron on a target
nucleus, A. The scattering event is described both in the laboratory system

(left) and the centre of mass system (right) [80].

A

Uno,cm = A_ﬂvno (2-1)
1

Vem = 7777 Uno (2.2)

The benefit of transforming the parameters of the L-system to the CM-system
can be seen from analysing the precollision parameters. If the momentum of
the particles before collision is considered in the CM-system, it is evident that
the total momentum in this system equals zero. Since elastic scattering is
considered, the total momentum will be conserved after the collision and, as a
result, also the speed. After the collision, the trajectory of the neutron changes
with an angle in the CM-system [79,81]. Figure (2.3) represents a summary
of two post-collision velocity vectors related to the CM system. The
horizontal vector represents the velocity of the moving coordinate system
(Vem), and the far right vector represents the neutron velocity. As shown,

adding these vectors yields the neutron's post-impact velocity in the L-system

(an) .
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This velocity can be expressed using the law of cosines as in Equation (2.3),

Uno UnOA
A+14A+1

Uno
A+1

UnoA
A+1

)2 + 2

)2 + ( cos(v), (2.3)

Uhy = (
where the angle 6 is proportional to i according to Equation (2.4) [79].

AcosyP+1
JAZ2+1+2A cosy

cosf =

(2.4)

By utilising the relationship between Kinetic energy and velocity, Equation

(2.5) gives the relative.

Figure 2.3: The sum of two velocity vectors from the CM-system, that of the moving

coordinate system and that of the scattered neutron, is depicted schematically [81].

The neutron's energy is defined as the ratio of its post-collision kinetic energy
(Enp) to its original energy (Eno).
Eny  2Acosy +A* +1

E,, (A + 1)2 (2:5)

While ¢ = m, i.e. when the neutron is backscattered in the CM-system, the
energy of the scattered neutron is at a minimum. The corresponding angle in

the L-system can be found from Equation (2.4) The largest value occurs for y
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=0, i.e. for forward scattering. Thus, the range of the neutron energy after

scattering is:

A-1
(m )2 Eno < E < ETLO (2.6)

The target nucleus, according to Equation (2.6), indicates that the target
nucleus will have a profound effect on the range of the post-collision energy
of the neutron. Evidently, moderation will be most effective if lighter nuclei

are used.

2.2.2 Inelastic scattering

Inelastic scattering is the phenomena where the target nucleus is left in
an excited state after the scattering event. In the shorted notation, inelastic
scattering is written A(n,n)A*, where the star indicates that the initial nucleus
has entered an excited state. Since a certain amount of energy is needed to
excite a nucleus, Eeyc, inelastic scattering is only possible if the kinetic energy
of the neutron is above a certain threshold. The relative kinetic energy of the
neutron after scattering can be derived in a similar way as Equation (2.5). The

result is stated in Equation (2.7).

Eni  y?+1+ 2y cos(y)
Eno (A+1)?

(2.7)

where y = (A\/l — (A+1/A)E,.../En, ). If the excitation energy is zero,
Equation (2.7) is reduced to the case of elastic scattering in Equation (2.5)
[79]. According to the previous analogy about elastic scattering, as well as
Equation (2.6), neutrons that are elastically scattered in heavier material only
lose a small fraction of their initial energy in each collision. As a result,
inelastic scattering will be more important in moderators made up of heavier

elements [78].
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2.3 Rutherford scattering

2.3.1 Classical-mechanical derivation of Rutherford’s formula

On the other hand, using a model based on classical trajectories, one
might conceive Coulomb scattering [82]. In fact, semiclassical or classical
approximations are frequently enough for describing elastic scattering
processes. This is especially true for experiments using heavy ion scattering.
Because the Coulomb barrier for heavy projectiles is so large, calculations on
the peak of the Coulomb-wall (V) with the projectile's reduced kinetic energy
are required: E = E,,,, —Vc [84]. The differential cross section for the elastic
scattering of a charged particle by an electrostatic potential generated by a
point charge is calculated using a classical derivation. Rutherford scattering is
another name for this phenomenon. In Figure (2.4), a particle is shown being
deflected through an angle 8 by a scattering center of charge (Zr e). the

particle has charge (Zp €), mass m, speed v, impact parameter b and energy
E = %mvz. We assume, for simplicity, that the scatterer remains at rest that

Is, we shall take the scatterer to be infinitely heavy. The angle of the position
vector r to the z-axis is ¢ and we can use conservation of angular momentum
to write [83].
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Figure 2.4: Classical Rutherford scattering. b is the impact parameter, (r,¢) are the polar

coordinates of the projectile, 8 the polar scattering angle, d is the distance of closest

approach, and dg its minimum for a central collision [83].

do
_ — 2930 _
L =mv,b =mr = MUpind

(2.8)

We can also calculate 4p = mAv,, as the integral over the trajectory of the y

component of the impulse on the particle due to the Coulomb force F¢ acting

on it, as following [84, 85].

F 1 ZpZre® 4 C
CT Tame,t 1z T2
Where,
ZpZre?
4mte,
r2d@
dt =
Voo b
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Ap = jFC dt (2.12)

in6 = — fm'fbd(adt 213

Ug SIN = b _oosm a (2.13)
C -0

i = 1 2.14

mvoobfo sin @d@ mUoob( + cos 0) (2.14)

The deflection function is transformed to half the scattering angle.

mvib v, L

cot(0/2) = - - (2.15)
and
b= ot 2.16
the derivative of Eq.(2.16) is [84, 83, 85, 82].
db  C 1 cC 1 2.17)
A6~ mv2 . ,(0\ 4E, .. , (0 '
sin? (7) sin? (7)
and thus for the Rutherford differential cross section [83].
do  [ZpZ7e?]" 1
P&T
— = (2.18)
dQ [ AE,, ] 4 (0
. sin* (7)
Numerically [86].
do _ 1.296( Zolre” e [mb] (2.19)
dQ Eow(MeV)' .4 (g) ST

The energy-conservation law is also required for determining the minimal
scattering distance d [83, 85].
mvg mv? C

min
=+ (2.20)
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In central collisions with, the absolute smallest distance do is obtained. [83].

E,=— (2.21)
do

The relationship is deduced from this and the angular-momentum

conservation [83, 85].

b? =d(d —d,) (2.22)

Is obtained with the solution [83].

d=-S (14 |14p22E —d°(1+ ! ) 2.23
- 2E, cz | 2 sin(6/2) (2.23)

2.3.2 Quantum-mechanical Derivation of Rutherford’s Formula
The Schrodinger equation describes the scattering of one particle off
another in the nonrelativistic limit. The wave function in the CM is the

solution to the equation [86, 87].
2

h
—szw +(V-EX=0 (2.24)

where u denotes the reduced mass in the two-nucleon system and V denotes

elkr

the central potential. A spherical wave radiating outward from the center

r

of the interaction region describes the scattered particle outside the interaction
region. The particle density in the incident beam is usually low enough that
any interference between incident and scattering particles can be ignored. As a
result, at large r, the wave function is a linear combination of a plane wave
(the incident beam and particles not scattered by the potential) and a spherical

wave (scattered particles). The outcome can be expressed as [87-90].

elkT

Y@ — ™+ £(6,0) (2.25)

r
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In this case, f(8, @) is the scattering amplitude, which measures the fraction
of the incident wave scattered in the direction with the polar angle and
azimuthal angle. In general, ¥ (¥) and f(6,®) are both functions of the
incident wave vector k and the scattered wave vector k. Furthermore, the
probability of scattering is low enough that particles removed from the
incident beam due to scattering have no effect on the normalization of the
incident wave. The zy-plane is fixed by requiring it to be perpendicular to the
z-axis because the z-axis is chosen to be along the direction the two particles

approaching each other outside the interaction zone [87, 89].

IV a9 4=
a0
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TARGET

SCATTERED
PARTICLES

Figure 2.5: Diagram for the definition of differential cross-section [85].

From Figure (2.5), the relation between wave function and intensity of the
incident beam is given by the quantum-mechanical probability current
density [86, 91].

- hZ — — h —

]i—ﬂ[lpvw_ YV Y ]—Re{zp ZV 1/)} (2.26)
i —ikz h d ikz hk
Ji = Re {e ndz e } = m (2.27)
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where Re stands for the real part. The differential scattering cross section may
be expressed in terms of the scattering amplitude f(6). The probability
current density for the scattered spherical wave is given by the expression
[72,92].

*

R ikr h d ikr 0 2
Jsc = &{(f(e)e ) —(f(e)e >}=E'f (rz)' ? (228)

T adr T

When a scattered particle is observed by a detector with an effective area dA
placed at r from the scattering center, the solid angle subtended by the detector
at the origin is [93].
_dA

0 =— (2.29)
as well as the number of particles recorded per unit of time [87].

Nye = Joo dA = J5 72d0) (2.30)
And

N; = % dQ (2.31)

The differential scattering cross section, Z—g is defined as the number of

particles scattered into a solid angle d{) at angle divided by the incident flux,
[89, 94].

do jsc r?

- =|f(O)I? (2.32)

The scattering cross section is defined as the integral of the differential cross

section across all solid angles [95].
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do T

o= j—dQ = an | f(8)|? sinB db (2.33)
dQ 0

where

dQ =sinf df d¢ (2.34)

If the interaction potential is central, V = V(r), and depends only on the
relative distance r, angular momentum is a constant of motion. In this case,
decomposing the wave function i (r) into a product of radial and angular parts
and writing it as a sum over components with definite orbital angular

momentum [, or partial waves, is convenient [83, 87].

(0]

Y(0) = ) @ R (1)Yo(6) (2.35)

=0

where q; are the expansion coefficients. Only spherical harmonics
Yim(8, ¢)with m = 0 are involved in this case, because we are looking at
systems that are independent of the azimuthal angle ¢ in terms of the

modified radial wave function [91].
w (r) =7 R(r) (2.36)

The equation simplified of differential equation [90, 91].

du (r) {l(l+1) n ;—’;V(r) _ kz}ul (r) =0 (2.37)

dr? T2

For short-range potentials, V/(r) approaches zero as r — oo decreases. The

1(121) term. In the asymptotic regions, we are left with a

T

same is true for the

simple second-order differential equation differential equation of the form [89,
90].
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d?uy (r)
dr?

+k?u; (r) =0 (2.38)

The solution of this equation is the well-known linear combination of sin(kr)
and cos(kr). In other words, at large r, the function wu;(r) must take the form
[87, 90, 93].

1 1
u; (r) 2 A;sin( kr — 5 Im) + B cos(kr — 5 Im)

1 . 1 e 1
= Csin(kr =Sl +68) = C {e_l(kr_ 2l _ p2ibypltkr= 7’”)} (2.39)
where A; and By, or C; (C;), are two constants that must be calculated based on
boundary conditions, and &; is the phase shift. The phase factor %ln IS

included here to make comparisons with the asymptotic form of spherical
Bessel functions easier. By comparing Eq.(2.40) to the partial wave expansion

of a plane wave, we can see its physical meaning [91, 95].
etz = ¥ Jam 2L + 1) itj,(kr)Y;o(6) (2.40)

The spherical Bessel function j;(kr) has the form asymptotically [96].

sin(kr — %ln)

jiler) (2.41)

—00 kr

Compared with that of Eq.(2.40). A plane wave in the asymptotic region can
be written as [85, 90].

. - it 1
etz —— ¥ J4mw(21 + 1) Esin(kr — Elﬂ)YlO(e)
1=0

T — 00
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) . 1
ikr .le—l(kr— lm)

= T20/4n2L+ 1) {jm—‘ — }me) (242)

The asymptotic form of the wave function given earlier in Eq.(2.35), we arrive
at the equality [87, 90].

ikr

ikz e — 4 1 i - 1
e’ + f(60) —= a;Y10(0) - sin( kr > Im + &)
=0
i pikr pilkr= 2im)
— A _ Nl i5l _ —i5l
IZ; QrYio(8)] (—'eidto———e —— (2.43)

Where d; = /4m (2] + 1) i'e'd!, In terms of phase shifts, the scattering

amplitude can be written as,

F(6) =SB0 @I+ 1) etsin5,Y;o(6) (244)

The differential scattering cross section can be written as [87, 91].

00 2
Z JRI+1) e sind,Y;,(6) (2.45)
=0

dO'_4T[
do k2

From the orthogonal condition on spherical harmonics [87].

21 -

f f Vi (8,0)Y,, (6,0)sin6 do dd = 6,16, (2.46)
0

0

The scattering cross section can be simplified to a very simple form. at [ = |
[92, 87, 94].
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Vs
e =17 9@+ DI+ 1) 000 sind sind [ Vo(0)¥,p(6) sin 66
lgo 0
4 i
= k—ZZ(Zl + 1) sin“ §; (2.47)
=0

For this case, 4sin? §; = |1 — n;|?, and n, is reflection coefficient.
Osc = % 2L+ 1) 1 =7 (2.48)

Only elastic scattering can take place. Where 4sin? 6, = |1 — n,|?, |n;| = 1.

2.4 Nuclear potential

The nucleus-nucleus potential consists of two parts: The first is the
nuclear part Vy which can be described well and fairly reasonably by the

Wood-Saxon form which is given by:

V.
V() = - — (2.49)
1+ exp [ m 0]
1 1
Where R, = 19(A47% + 43), Ro is a radius of the system.

where V,, a and r, represent the potential depth, surface diffuseness
parameter, and radius parameter, respectively whilst r refers to the center of
mass distance between the target nucleus of mass number Ar and the
projectile nucleus of mass number Ap [97,98].

The diffuseness parameter described the property at the surface area of the
nuclear potential, where Figure (2.6) show the property of the nuclear
potential Vy at the surface region as a function of the distance between the
projectile and the target to the system 32S+2%8Ph for example, where the largest
diffuseness parameter a =1 fm (represented by the dashed line) makes the

nuclear potential become more spread out.
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Vy [MeV]

-150 | -

Figure 2.6: Shows the property of the nuclear potential Vn at the surface region as a
function of the distance between the projectile and the target to the system 32S+2%Pb using

three different values of the diffuseness parameter [99].

On the other hand, the second part is a Coulomb part V¢(r) between two
spherical nuclei with regular charge density distributions, when they do not

interfere, is given by [99,100]:

, r> R, (2.50)

where Z, and Zy represent the atomic number of the projectile and target
respectively, r is the distance between the center of mass of the colliding

nuclei . R is the radius of the ball equivalent to the nuclei of the target and

1 1

the projectile where R, = rc(AgT +Ai), r. is a Coulomb radius parameter

[99]. When the nuclei interfere, then the Coulomb potential is given by
[99,100].

oy = 22 els (L>2 r< R, (2.51)
¢ 8T[£0RC RC -

A potential between the projectile and the target is given by a function
of the relative distance r between the center of mass of the colliding nuclei. It

consists of two parts given by [98].

36



Chapter Two Theoretical Part

V(r) =Vy() +V(r) (2.52)

The radial Schrodinger equation comprises an effective potential, which

defined by the following equation [101].

R21(L+ 1)

> (2.53)

Verr(LT) = V() + Ve (r) +

Effective potential is the sum of nuclear, Coulomb and centrifugal
components. When angular momentum | = 0, the compound centrifugal
vanish. Figure (2.7) clears inter-nucleus potential between 0 and **Sm
nuclei as a function of the relative distance. Nucleus-nucleus interaction for
160+154Sm system at zero angular momentum is | = 0. The nucleus-nucleus
potential produces a Coulomb barrier height Vy, situated at a distance Ry

between the centers of the colliding nuclei.

1 OO C T " T T I T ]

80K ot 0 + "sm

= 20 -

:T.E o B Rt()uch/I}b ]

8 -20F o <

£ _40F g e Coulomb _]

¥ - === Nuclear

B0 et —— Total 7

= 1 l 1 I 1
805 10 15 20
r (fm)

Figure 2.7: This diagram depicts the typical nucleus-nucleus interaction for the 0+%4Sm
heavy-ion system with zero angular momentum | = 0. Coulomb potential V¢(r), Nuclear
potential Vn(r), and the sum of Vn(r) and V¢(r) are represented by the dotted, dashed, and

solid lines, respectively [98].
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2.5 Continuum discretized coupled channel formalism

Consider the reaction described by the total wave function W(7,1),
where r stands for the projectile and target nuclei separation vector and t for
the set of intrinsic coordinates of the projectile and target nuclei. The

dynamics of this reaction is determined by the Hamiltonian,

H=H,+T+U (2.54)

where H, = Hy(t,p,) is the intrinsic Hamiltonian, T = —h2V?/2u is the
Kinetic energy operator of the relative motion between the projectile and target
nuclei, and U = U(r, t) is the interaction potential. The eigenstates of the

intrinsic Hamiltonian, |n), satisfy the Schrodinger equation [102],

(e, —Ho)lm) =0 (2.55)
The orthonormality is,
'l = [ d 03 (@) 0y (®) = 8,y (256)

where ¢, (7) ( O (r)) is the wave function corresponding to the state

In) (|n))* in the T- representation. The interaction potential is split as,

U=U+U" (2.57)
Where U’ is diagonal in channel space,
U= I Uy (o (2.58)
n
U =) ) Upry G| (2.59)
n
Where
! 2 !
Up(r) = j dt |(pn(r)| U'(r,7) (2.60)
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U,;fn,(r) = jdr (p;/(r) U"(r, 1) ¢, (1) (2.61)

The potential U’ is arbitrary, except for the condition of being diagonal in
channel space. However, once it is chosen, U" is given by the relation U"' =
U — U’. Frequently, it is convenient to choose U’ such that U" is purely off

diagonal. In such cases the components of U’ can be written [102],

U7,7t77,(r) = f dT (p;;l('f) U”(r’ T) (pn(T) - 57]7]' Ur,](r) (262)
From the Schrédinger equation, we can start to derive the coupled channel
equations,

(E—-H) |¥,(no ko)) =0 (2.63)

and the channel-expansion,

[, 10 ko)) = >ty G10 ko)) 1) (2.64)
n

The notation |W(n, K,)) indicates that the collision is started in channel 7,

with wave vector Kk,, and the energy scale is chosen such that e, = 0. The

Schrodinger equation solution has components |‘P,7 (Mo ko)) for both n =n,
and n # n,, The infinite expansion of Eq. (2.64) is truncated so as to include
only the most relevant channels or closed coupling approximation. To account
for the loss of flux through neglected channels, One may include an imaginary
part in the channel potentials Uy, (r). To find the wave function, we must write

the Hamiltonian as [102].

H=H,+H +U" (2.65)
where
H=T+U (2.66)
When we put Eqgs. (2.64) and (2.65) into Eq. (2.63), and take the scalar
product with each intrinsic state (n|, then we get the coupled channel

equations,
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(By = i)y G10 K0D) = D Uyt (1) [y g o) (2.67)
nl
or,
hz 14
E, + ZA — Uy (r)] Y, (r) = ; Un,n’(r) P (1) (2.68)

These equations are usually solved using incoming wave boundary conditions
[103].

T

Y, (F) > T, exp | —i j ky (r)dr |, T < Typs (2.69)
Tabs
S e K
Y, (F) - %Hz( )(k,,r) + /ES Hl(+) (knr), T > Taps (2.70)

Where the potential pocket at r = rac is minimal, k,, = /2;'25’7 and k = /%E

and the local wave number k;, (r) is [104] .

ky() =[5 (By = Vers () = Up(r)) (2.71)
If we have the transmission coefficients, we can proceed with the rest of the
process T,,. The amplitude of scattering R;,.(0, E) is given by [105],

RO, E) = Re(6,E) + RY (6, E) (2.72)

Were R (6,E)is Coulomb amplitude of scattering, ERI(J’)(G,E) nuclear

amplitude of scattering. The scattering differential cross section is evaluated
as [106] .

d
Oél (9 l;) UO

Re(6,E) + RI (6, Bl @73

m(ﬂo) (9 E)| 770

tot
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dO'i k 2
—(0,E) = 2 ?”|m§v’”(9, E)| (2.74)
n+no
do k 2
“t (0,5) = ) 2| %{%)(0,B)| (2.75)
n

Rutherford cross section evaluated by [107] .

9% (9, E) = |Rc(8, E)? 2.76)
do 7 T eV '

2.6 Approximate formulation of scattering cross section
We now need to figure out how to define a similar test function for a
scattering problem. In the limit of a strong Coulomb field, the cross sections

for elastic scattering at & = m are given by the pure classical approach,

ol (E,m) = ox(E,m) O(V, — E) (2.77)
where o (E,m) is known as the Rutherford cross section. The scattering
barrier distribution is given by [108].

d (0¢ot(E,
Dyoe (E) = — == (22222) (2.78)

dE \ ogr(E,m)

In realistic systems, however, the cross section of total scattering
deviates from the Rutherford cross section even at energies below the barrier
due to the effect of nuclear distortion. Using semi-classical theory
[109,110,111], semi-classical formula was derived a for backward scattering
that takes the nuclear effect to the leading order into account. The result for a
scattering angle @ is as follows:

0o (E,m) = ox(E,m)a(E,A;).|S(E,A)|? (2.79)
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where S (E, Ac) denotes the total (Coulomb + nuclear) S-matrix at energy E
and angular momentum A. = ngcot(8/2), and is the standard Sommerfeld
parameter. It is worth noting that |S(E, Ac)J? is nothing more than the reflection
probability of the Coulomb barrier. For 0 = &, A equals zero, |S(E, Ac = 0)?is
given by

s

1+ exp [—?L—g (E — Vb)]

IS(E,Ac = 0)|* =R(E) = (2.80)

in terms of the parabolic approximation. a(E, Ac) in Eq. (2.81) is given by

Vn (r.) / 2amckns [1_L o (r)(ﬁ—l)] (2.81)
ka E ZpZre? "NV \a |

a(E,Ac) = 1+

where k = /2uE/h?), and u is the reduce mass of the colliding system

Nuclear potential Vy(7,.) is assessed at the Coulomb's turning point rc¢ =

(ns ++/né + A2)/k, and a is the nuclear potential's diffuseness parameter.

2.7 Barrier Distribution of Scattering

The extracted distribution of barrier from the excitation function of the
measured fusion will provide useful information on the effects of couplings
cross-section of fusion comes from the contribution of many channels. The
distribution of the barrier of fusion is defined as [112].

dZ
dE?

Dfus(E) = [E Gfus(E)] (2.82)

To extract the barrier distribution by taking the second derivative of the
quantity E oy, (E) with respect to E, a very precise measurement of the
fusion cross sections is needed. The estimates of absolute scattering at rear

angles have related knowledge about the role of chanal couplings in fusion
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reactions [113-115]. The sum scattering from the contribution of inelastic and
elastic reactions, as well as all other processes from direct reactions including
transition and breakup, is known as complete scattering. The probability of
transmission through the angular momentum barrier is related to fusion £ = 0,
To(E), and the large-angle total scattering is related to the probability of
reflection, R,(E). Due to the retention of the reaction flux, To(E) + Ry (E) =
1, the backscattering of total scattering may be considered to be
complementary to the fusion. The total scattering barrier distribution D,,;(E)
Is defined as [115].

d [0t
Deoc(E) = == [U;Rt (E)] (2.83)

where o;,; /0 1S the ratio of total scattering cross sections to Rutherford cross
sections. These approaches have the advantage of requiring a numerical
assessment of first derivatives rather than second derivatives, as in fusion. In
addition, in most cases, the measurement of total and elastic scattering is

easier than fusion cross-section.
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Chapter Three Results, Discussion and Conclusions

3.1 Introduction

In this chapter, our calculations of quantum mechanical will be
shown involving the scattering reaction of weakly bound nuclei for the
systems ®He + 120Sn, 6Li + 8Zn, "Li + %Zn, 8B + *Ni, °Be + %Zn, 12C +
208pp, SHe+%8Ni and 'Be+!%Au. To investigate the role channel coupling
on the calculations of the total and elastic cross section to the Rutherford
cross section o, 0,/0og Was determined with angle center of mass 6,,,,
and energy center of mass E.,. And the elastic scattering barrier

distribution D,; was calculated with energy center of mass E,,.

3.2 Results and Discussion

The full quantum mechanical calculations were performed using
CC Code. To calculate the total and elastic cross section to the Rutherford
cross section o, 0. /0gr, and the elastic scattering barrier distribution
D,; with energy center of mass E_., numerically using two-point
difference method.
The optical nuclear potential was taken to be of Woods-Saxon potential.
The Wood-Saxon parameters for Akyiliz-Winter potential were taken by
least-squares method to experimental data of scattering cross sections by
sub-Code for coupled channel calculations, in the present systems, are
given in Table (3.1).
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Table 3.1: Akyuz-Winther potential parameters, high of barrier potential,

energy and scattering angle center of mass for some selected systems

System Yo "o
(MeV) (fm)
®He+!20Sn | 208.6 | 1.1
Li+5%Zn | 51.4 1.2
Li+%Zn | 53.7 1.2
8B+%8Ni 46.6 1.2
Be+%zn | 60.2 | 1.2
2C+2%8pp | 2729 | 1.1
*He+%8Ni | 48.9 & 1.2
1Be+1%7Au | 88.9 1.2
3.2.1 °He + 1%9Sn System

nuclear reactions.

Qo
(fm)
0.64
0.63
0.63
0.64
0.62
0.63
0.63
0.63

W, T
(MeV) (fm)
169.5 | 1.25
110.1 | 1.25
1389 | 1.28
155 | 0.93
57.1 | 0.95
99.0 | 0.96
99.7 | 1.27
506 | 1.1

a;
(fm)
0.56
0.52
0.55
0.88
0.65
0.35
0.54
1.17

Vp

Ec.m.

ec.m.

(MeV)| (MeV) (deg)

15.8
12.4
12.1
21.5

18.12

65
10.4
324

16.57
13.5
13.5
18.2
16.7
66.1

11.05
37.1

78
152
144
122
113

99

81
145

In the ®He+'%°Sn system the elastic cross section to the Rutherford

cross section o, /og is determined with angle center of mass 6., (in

Figure 3.1, panel A), energy center of mass E,, (in Figure 3.1, panel B).

The elastic scattering barrier distribution D,; is calculated with energy

center of mass E,, (in Figure 3.1, panel C). The calculations have been

performed for the nuclear system ®He+!2°Sn, where the projectile °*He a

halo nucleus containing two neutron on 12°Sn target which is a heavy ion,

using CDCC method and CC code for all order coupling channels with
Akylz-Winther potential parameters V, = 208.6 MeV, a, = 0.64 fm,
and o = 1.1 fm, W, = 169.5 MeV, a; = 0.56 fm, and r; = 1.25 fm

which are listed in Table (3.1). The calculations are taken at E_,,
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16.57MeV with 6., =78deg and V, = 15.8 MeV [116]. A good
agreement for cross section calculations with angle 6., in coupled state,
but the best agreement with data up Coulomb barrier in coupled and no-
coupled While down Coulomb barrier, the calculations far from
experimental data in two case no coupled and coupled for the cross

section and elastic scattering distribution as a function of E,,,.
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1.6 T
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G, /Ogr
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@ Exp. Data E_, =16.57 MeV
— No coupling
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*He+'*Sn (B)

@® @ Exp.Data 0, =78 deg.

— — — No coupling

1.2

Coupling

G, /Ox
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E.. (MeV)

22 24
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L °*He+"Sn (Q) i
@ @ Exp.Data 6, =78 deg.
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E. . (MeV)

Figure 3.1: Uncoupled channel and coupled channels calculations for SHe+'%°Sn

system by dashed and solid curves respectively : Panel (A) The dispersion’s elastic

differential cross section with the mass angle center, panel (B) elastic scattering

differential cross section with the energy center of mass, and panel (C) elastic

scattering barrier distribution with the energy center of mass, the black circles

represent experimental data [116]
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3.2.2 ®Li + ®Zn System

The calculations have been performed for °Li+%¥Zn, where the
projectile ®Li consist of three neutrons and three protons, is weakly bound
light (stable) nucleus and the target ®4Zn medium nucleus. The total
scattering cross section to the cross section of Rutherford o /0y as a
function of the angle center of mass 6., (in Figure 3.2, panel A), the
elastic scattering cross section to Rutherford cross section a,,; /0 and the
elastic scattering barrier distribution D,; as a function of energy center of
mass E.,, (in Figure 3.2, panels B and C). The best fitting parameters for
Akylz-Winther potential are V, =51.4MeV, a, =0.63fm, r, =
1.2 fm, W, = 110.1 MeV, a; = 0.52 fm, r; = 1.25 fm, and height barrier
I, = 12.4 MeV, which are listed in Table (3.1). The comparison between
theoretical results and the measured data in perfect match under Coulomb
barrier of coupled channels case and above barrier in no-coupled case for
the elastic scattering cross section to Rutherford cross section o,,; /0 and
the elastic scattering barrier distribution D,; as a function of energy center
of mass E_,,. Excellent agreement for the total scattering cross section to
the cross section of Rutherford o /oy as a function of the angle center of
mass 6.,, with no coupled and coupled channel until the values reach the
angle limitat 6., = 110 deg, are deviate slightly from data and closer of

no-coupled state.
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Figure 3.2: Uncoupled channel and coupled channels calculations for SLi+%°Zr

system by dashed and solid curves respectively: Panel (A) total scattering differential

cross section with the mass angle center, panel (B) elastic scattering differential cross

section with energy center of mass, and panel (C) elastic scattering barrier distribution

with the energy center of mass, the black circles represent experimental data [117].
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3.2.3 'Li + ®Zn System

In figure 3.3, the total cross section to the Rutherford cross section
(op/og ) is determined with angle center of mass 6., in (panel A) and
the elastic scattering cross section to the Rutherford cross section
(0.1/0r ) Wwith energy center of mass E., in (panel B). The elastic
scattering barrier distribution D,; as a function of energy center of mass
E ., in (panel C). The calculations have been performed by using CC
code for all order coupling channels for the nuclear system Li+%Zn. The
projectile "Li is made up of four neutrons and three protons is weakly
bound light (stable) nucleus and the target %Zn, with Akylz-Winther
potential parameters V, = 53.7 MeV, a, = 0.63 fm, ry = 1.2 fm, W, =
138.9 MeV, a; = 0.55 fm, r; = 1.28 fm and V}, = 12.1 MeV, which are
listed in Table (3.1). In the case of coupled channels, the excellent match
between theoretical calculations and experimental data with slight
deviation after angle 85 for the total cross section to the Rutherford cross
section with angle center of mass 6.,,. All calculations of the elastic
scattering cross section to the Rutherford cross section and elastic
scattering barrier distribution D,; in excellent agreement for coupling and

no-coupling cases above and under Coulomb barrier.
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Figure 3.3 : Uncoupled channel and coupled channels calculations for “Li+54Zn

system by dashed and solid curves respectively : Panel (A) total differential cross

section of the dispersion with the mass angle center, panel (B) elastic scattering

differential cross section with the energy center of mass, and panel (C) elastic

scattering barrier distribution with the energy center of mass, the black circles

represent experimental data [118].
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3.2.4 8B + *8Ni System

The cross section of scattering as a function of angle center of mass
6., and as a function of energy center of mass E,,,to the cross section of
Rutherford o,;/0; is shown (in Figure 3.4, panel A and B) for the
8B+%Ni system. The elastic scattering barrier distribution D,; is
calculated with energy center of mass E_,, (in Figure 3.4, panel C). The
Akylz-Winther potential parameters are taken; V, = 46.6 MeV, a, =
0.64 fm, and r, = 1.2 fm, W, = 15.5 MeV, a; = 0.88 fm, r; = 0.93 fm,
and V, = 21.5 MeV from [119], which are listed in Table (3.1). The
projectile 8B weakly bound halo (unstable) nucleus on the target *®Ni.The
calculations in panel A, B and C, for all order coupling channels in
perfect agreement with experimental data. But get in bag splay in cross
section of scattering to the cross section of Rutherford o,;/0; as a
function of angle center of mass 8,,,, over angle 122" and as a function of
energy center of mass E,, at sub-barrier region in no-coupling state. As
well as elastic scattering barrier distribution D,; calculations with energy
center of mass E.,, in single channel case no match with experimental

data.
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Figure 3.4: Uncoupled channel and coupled channels calculations for 8B+%8Ni system
by dashed and solid curves respectively: Panel (A) elastic scattering differential cross
section with the mass angle center, panel (B) elastic differential energy center of mass
cross section scattering, and panel (C) elastic scattering barrier distribution with the

energy center of mass, the black circles represent experimental data [119].
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3.2.5 °Be + %¥Zn System

In °Be+%4Zn system, the elastic cross sections vary as a function of
the angle center of mass to the Rutherford differential cross section
(o.; /ogr) is determined with angle center of mass 6., (in Figure 3.5,
panel A), energy center of mass E.,, (in Figure 3.5, panel B). The elastic
scattering barrier distribution D,; is calculated with energy center of mass
E., (in Figure 3.5, panel C). The calculations have been performed for
the nuclear system °Be+%Zn, where the projectile °Be is weakly bound
light (stable) nucleus and the target ®*Zn, using CDCC method and CC
code for all order coupling channels with Akylz-Winther potential
parameters V, = 60.2MeV, a, = 0.62fm, and ry, =12 fm, W, =
57.1MeV, a; =0.65fm, and r, =0.95fm, and V, =18.12 MeV
[120], which are listed in Table (3.1). At E,,,, = 16.7MeV, the elastic
cross sections to the Rutherford differential cross section with angle
center of mass 6., in excellent match with experimental data in
uncoupled and coupled channels. Acceptable match between theoretical
calculations and experimental data for the calculations of the elastic cross
sections to the Rutherford differential cross section with energy center of
mass E.,, and the elastic scattering barrier distribution D,; in coupled

state which that best from single state.
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Figure 3.5: Uncoupled channel and coupled channels calculations for °Be+%Zn system
by dashed and solid curves respectively: Panel (A) elastic scattering differential cross
section with the mass angle center, panel (B) differential cross section of elastic
scattering with energy center of mass, and panel (C) elastic scattering barrier
distribution with the energy center of mass, the black circles represent experimental
data [120].
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3.2.6 12C + 2%8pp System

Figure 3.6, the elastic scattering cross sections to the Rutherford
cross section (ce/or) as a function of angle center of mass 6., (in panel
A), and with energy center of mass E., (in panel B). The elastic
scattering barrier distribution D,; was calculated with energy center of
mass E.,, (in panel C). The calculations have been performed for the
nuclear system 2C + 29%ph where the projectile 2C is weakly bound light
(stable) nucleus and the target 2°®Pb is heavy ion. The best fitting of
Akylz-Winther potential parameters are V, = 272.9MeV, a, = 0.63fm,
o =1.1fm, Wy =99.0MeV, a; =0.35fm, and r; =0.96 fm and
V, = 65 MeV [121], which are listed in Table (3.1). In the case of
coupled channels, the excellent match between theoretical calculations

and experimental data was for all calculations of this method.
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3.2.7 ®He + *8Ni System

Figure 3.7 (A) shows the cross section of scattering as a function of
angle center of mass to the cross section of Rutherford o,; /0 with angle
center of mass 8., for the ®He + 8Ni system, the cross section of elastic
scattering to the cross section of Rutherford o,;/0; is calculated with
energy center of mass E_,, (in Figure 3.7, panel B). The elastic scattering
barrier distribution D,; was calculated with energy center of mass E_,, (in
Figure 3.7, panel C). The results have been done for ®He + *8Ni reaction,
where the projectile ®He is weakly bound (unstable) nucleus consisting of
two neutron halo nucleus and the target °8Ni is taken. using CDCC
method and CC code for all order coupling channels with Akytiz-Winther
potential parameters V, = 48.9 MeV, a, = 0.63 fm, ro = 1.2 fm, W, =
99.7 MeV, a; = 0.54 fm, and r; = 1.27 fm, and V, = 10.4 MeV [122]
which are listed in Table (3. 1). The best fitting between theoretical
predictions and the measured data is obtained for this system at 6., =
8l deg and E.,, = 11.05 MeV in a good agreement of single and
coupled channels for calculations in the cross section of scattering as a
function of angle center of mass to the cross section of Rutherford o,; /0%
with angle center of mass 6.,,,. The elastic scattering of cross sections and
barrier distribution D,; with energy center of mass E_, in coupled

channel are the best.

58



Chapter Three Results, Discussion and Conclusions

1.6 1 l 1 l 1 l 1 l 1
6 58WT:
He+Ni (A) i
® @ Exp.Data E =11.05MeV
12 |- — — No coupling _

Coupling

]
o
~
C
©
Ocm. (deg:)
16 T 1T " 1T ™17 7T 717 0.6 T 1T " 1T ™17 7T 717
6 58NT: B 6 58NT: -
| "He+Ni (B) 4 He+”Ni (C)
05— —
@ @ Exp.Data 6, =81 deg. @ @ Exp.Data 0, =81 deg.
1.2 — — — Nocoupling — [~ — — No coupling 7
Coupling Coupling
04 — —
IR
& % i 7 )
L _ S 03 /) _
ic -
b - 4
i 3]
D 0.2 —
0.1 —
- N i
~
1. 0 [
18 20 6 8 10 12 14 16 18 20
Ec.m. (MeV)

Figure 3.7: Uncoupled channel and coupled channels calculations for ®He + %®Ni
system by dashed and solid curves respectively: Panel (A) elastic scattering cross
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3.2.8 Be + Au System

In the 1'Be + 1"Au system, the results of this reaction are taken of
the elastic cross section to the Rutherford cross section ot / or iS
determined with angle center of mass 6., (in Figure 3.8, panel A),
energy center of mass E_,, (in Figure 3.8, panel B). The elastic scattering
barrier distribution D,,; is calculated with energy center of mass E.,, (in
Figure 3.8, panel C). The calculations have been performed for the
nuclear system !Be + 1%’ Au, where the projectile Be is one neutron halo
(unstable) nucleus and the target °’Au is heavy ion, with Akyliz-Winther
potential parameters V, = 88.9 MeV, a, = 0.63 fm, r, = 1.2 fm, W, =
50.6 MeV, a, = 1.17 fm, ry = 1.1 fm and V,, = 32.4 MeV, which are
listed in Table (3.1). Acceptable agreement between theoretical
calculations and experimental data below the Coulomb barrier in coupled
and uncoupled calculations with found variation for the total elastic cross
section to the Rutherford cross section with angle center of mass 4., at

coupled state.
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Figure 3.8: Uncoupled channel and coupled channels calculations for 'Be + ¥’Au
system by dashed and solid curves respectively: Panel (A) total scattering cross
section with the mass angle center, panel (B) cross section of elastic scattering with
energy center of mass, and panel (C) elastic scattering barrier distribution with the

energy center of mass, the black circles represent experimental data [123].
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3.3 Conclusions

1. The effect of channels coupling with breakup channel on the ratio
of total scattering cross section to Rutherford cross section a;,;/ox
and the distribution of the Coulomb barrier D, (MeV?)
calculations were given a good match with the experimental data.

2. In the system, ’Li + %2Zn, the best and suitable agreement of
channels coupling with breakup channel has been found fit to
experimental values better than the other results of CDCC
analysis.

3. At incident energies near the Coulomb barrier, the elastic
scattering of the two neutron halo nucleus ®He on heavy targets
deviates significantly in no-coupled state from coupled state.

4. we conclude that the breakup effect is very important for weakly
bound projectiles, suppressed on medium and heavy target nuclei
above the Coulomb barrier, and, oppositely, is enhanced for some
weakly bound projectiles at energies near and below the Coulomb
barrier.

5. In SLi + %2Zn System, the comparison between theoretical results
and the measured data has a perfect matching under Coulomb
barrier of coupled channels case and above barrier in no-coupled
case for all calculation of this system.

6. In 2C + 2%%pp system, the elastic scattering of the projectile
(stable) nucleus on heavy target is enhanced at energies above the
Coulomb barrier.

7. In 1Be + ¥7Au system, the total and elastic scattering of the
projectile (one neutron halo) nucleus on heavy target is

suppression at energies below the Coulomb barrier.
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3.4 Future works

1. Using elastic scattering with the double folding model (DFM) and
dynamic polarization effective potential to perform the study and
compare it with the present calculations.

2. Develop CC code to calculate cross-sections and distributions for
heavy and medium systems.

3. Using semiclassical approximation in scattering cross-sections and
distribution calculations and its comparison with quantum

mechanics calculations.
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