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Abstract 
In this thesis, the scattering mechanism has been investigated by 

calculating the cross-sections of total (𝜎𝑇 𝜎𝑅⁄ ) or elastic (𝜎𝑒𝑙 𝜎𝑅⁄ ) scattering to 

Rutherford cross section and distribution (𝐷𝑒𝑙  or 𝐷𝑇) (MeV-1) of Coulomb barrier 

for the stable and unstable nuclei of several systems, which are: 6He+208Pb, 
17F+208Pb, 7Be+58Ni, 7Li+59Co, 6Li+59Co, 16O+64Zn, 32S+208Pb, and 11Be+209Bi. 

The nuclear potential is taken to be the Wood-Saxon (WS) potential which 

contains the parameters of the real and imaginary part which are depth, radius and 

nuclear surface diffusion coefficient. The best values of parameters of the optical 

potential were implemented by a good fit of the theoretical calculations with the 

measured values of the scattering cross sections. This study is based on the theory 

of Alder and Winther (AW) which was originally proposed to treat the Coulomb 

excitation of nuclei which is called Continuum-Discretized Coupled Channels 

(CDCC) method. 

The coupling of reaction channels with breakup channel on the calculations 

have been implemented by the CC-SCT programmed code represents the latest 

version of the full quantum mechanics CC code that was programmed in Fortran 

language. A sub-program has been written by Fortran language to calculate the 

scattering barrier distribution 𝐷𝑒𝑙 or 𝐷𝑇 using the numerical two-point-difference 

method. This sub-program has been implemented in CC-SCT code for theory and 

measured results.  

The calculations of the ratio between the scattering cross-sections to the 

Rutherford scattering sections as a function of the center of the angle 𝜃𝑐𝑚 and a 

function of the center of the energy 𝐸𝑐𝑚 in addition to calculating the scattering 

distribution as a function energy in cases of coupling and non-coupling. All 

calculations in good agreement with observed values. 
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1.1 Introduction  
Elastic scattering and reaction mechanisms around the barrier in collisions 

induced by halo nuclei have been the object of many publications in recent years 

in an attempt to investigate both the effect of the projectile halo structure and the 

effect of break-up coupling on the dynamics of the reaction. Hundred years later 

[1], Rutherford's alpha (α) scattering elastic scattering experiment turned out to 

be a very useful tool for studying unusual nuclear structures like the nuclear halo 

for example. Because elastic scattering is a peripheral method, it can provide 

information on the tail of the wave function and therefore you can learn about 

surface properties such as nuclei sizes and surface diffuseness and how they can 

influence the shape of the projectile target [1]. 

Total scattering can be calculated as the sum of the elastic scattering, the 

inelastic scattering and the transfer reaction. The fusion reaction is also very well 

comparable, which is characterized as a reaction in which two distinctive nuclei 

merge together to form a composite system. Fusion and total scattering are both 

known to be comprehensive operations and complement each other [2]. As a 

result, both interactions are subject to the same potential and share the same 

knowledge about the interaction mechanism, and both are sensitive to the impacts 

of channel coupling (due to mutual inelastic excitations of the colliding nuclei) at 

energies near the Coulomb barrier. Nucleus on 64Zn near the barrier [2]. 

The analysis of the first experiments on the interaction of the He, Li, and 

Be neutron-rich isotopes with stable target nuclei has led to the assumption that 

on these nuclei, there is a long tail distribution of nucleon density, arising from 

the low binding energy of the outer nucleons [3]. 

Understanding the potential of two colliding nuclei is of a fundamental 

importance for explaining collisions between nucleus-nucleus. The nucleus-

nucleus potential is the sum of an attractive short-range nuclear potential VN (r) 
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and potential VC (r) along range repulsive Coulomb. This was shown by the exact 

description of the Coulomb or Rutherford scattering, the scattering where only 

Coulomb is long-range potential works. The exact form of the attractive potential 

between two nuclei is not well understood, except for Coulomb potential. One 

way to determine the nuclear potential is to accept some form of it, and to 

determine the parameters to replicate the experimental data. The most commonly 

used phenomenological form of Woods-Saxon defined by the parameter of radius, 

the potential depth, and the parameter of surface diffuseness. The major 

advantage is that it is simple which will make it easier to perform theoretical 

calculations. Experimental data can be analyzed on the nuclear potential by fusion 

or total scattering. At zero impact (i.e., head-on collision), scattering is relevant 

to the probability of reflection of the potential barrier, whilst fusion is due to the 

possibility of penetration. Technically, true, the scattering cross-sections cannot 

be investigated experimentally at a deflection angle of 180◦ [4]. Nevertheless, it 

has shown that the wide-angle scattering can be estimated as scattering at the 

zero-impact parameter via centrifugal correction where scattering is probable to 

become more appropriate but less error-prone than fusion experiment results [4]. 

Many interesting phenomena can happen in the heavy-ion collisions. For 

instance, by choosing targets and projectiles properly, various degrees of freedom 

in the nuclei can be excited in particular; These are related to the one-particle 

motion and the collective motion. The investigation of the isolated zone where 

nuclei are stable in the island of stability too contributed to the configuration of 

several super-heavy elements, which are not present in nature [5]. With regard to 

a nuclear potential, the nuclear potential parameters for heavy ion systems taken 

directly from fusion experimental data vary from that are used for total scattering 

experimental data [6], as well as this is still not well understood. It seems, thus, 

that further analyzes of the nuclear potential for heavy-ion collisions, which could 

be single from the nuclear potential for light-ion collisions, and intended to make 
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further progress in the knowledge of heavy-ion reactions. The collision nucleus 

should be placed close to each other to explore the nuclear potential in such a 

manner that the nuclear power of one nucleus is experienced by the other nucleus. 

Hence, at energies close enough to the height of the Coulomb barrier, the nucleus 

will collide. Along the height of the Coulomb barrier, it has been well known, for 

example, that the internal structures of the colliding nucleus play an important 

role, that the coupling to mutual excitations, such as rotational and vibrational 

states, has been demonstrated [2]. 

In recent decades, heavy-ion total scattering and fusion reactions at 

energies which are close to the Coulomb barrier have been extensively 

researched, offering an excellent opportunity to obtain details about the nuclear 

structure and nucleus-nucleus interaction and to investigate the mechanism of 

heavy-ion reactions at near-barrier energies of great significance for the synthesis 

of super-heavy energies [7]. Based on the principle of quantum tunneling, total 

scattering (a collection of elastic, inelastic scattering and transfer channels) is 

known to be a strong equivalent of the fusion reaction in the sense that the former 

is related to the probability of a potential barrier being expressed while the latter 

is related to the probability of penetration. It has also been shown that the fusion 

barrier distribution produced by coupling the relative motion of the nuclei to 

internal degrees of freedom can be obtained from the carefully measured 

excitation functions for fusion [7]. 

Scattering of heavy-ion at reverse angles is a counterpart to a heavy-ion 

reaction to fusion. These are inclusive operations that are prone to channel 

coupling effects at energies close to the Coulomb barrier (due to collective 

inelastic excitations of the colliding nuclei). A main difference is that the total 

scattering is due to the Coulomb barrier's probability of reflection, whilst 

transmission is related to the fusion. Taking advantage of this truth, barrier 

distributions were obtained [8]. 
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An additional significant informant of knowledge on the density 

distribution of matter in halo nuclei is given by the elastic scattering in 

experimental analyses of the properties of these exotic nuclear systems, along 

with methods of separation, breakup, and nucleon transfer, etc. It should be 

observed that the conditions of an experiment involving the inclusion of halo 

nuclei are often such that a distinction is not created between the contributions of 

the elastic and inelastic processes when the particles are registered [3]. 

One should take into consideration that no experiment directly measures 

the barrier of a reaction. For all the experiments involving the fusion and 

scattering processes, one also measures the differential cross-sections and then 

can obtain barrier parameters using an acceptable theoretical method. several 

authors used bare ability to extract barrier parameters according to Akyüz-

Winther (AW) [9]. 

1.2 Scattering Technique  
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 [10, 11]. In 

general, the results of a nuclear collision may be one of a number of possible 

reactions, each one of which sheds light on a particular aspect of nuclear structure 

or nuclear behavior. Research scientists measure different reactions in order to 

study the nuclear force, synthesize new nuclei, determine nuclear size and shapes 

and investigate the properties 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 
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of nuclear matter during different types of collision in the classical picture of HI 

as shown in Fig. (1.1) [12-14].  

 

 
Figure 1.1: Distant, grazing and close collisions in the classical picture of heavy ion 

collisions [15]. 

 

 

1.3 Types of scattering reactions 

1.3.1 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 target 

are the same. The only difference is that the kinetic energy of the target will be 

less than that of the projectile [16-18], the general representation of this type of 

reaction is:  

𝑋(𝑎,𝑎)𝑋 

 

1.3.2 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 [16-18], the general representation of this type of reaction is:  

𝑋(𝑎,𝑎)𝑋∗ 
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1.3.3 Transfer Reactions 

In transfer reactions, when the projectile passes over the periphery of the 

target, one or more nucleons are transferred between the projectile and the target, 

such as an incoming deuteron turning into an outgoing proton or neutron, thereby 

adding some nucleons to the target A to form a nucleus, B [19]. 

 

1.3.4 Deep Inelastic Scattering 

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 [12, 19]. 

 

1.4 Nuclear structure and exotic nuclei 

The chart of nuclides (Fig. 1.2) is a good starting point for any discussion 

of nuclear structure. Nuclei consist of a certain number of nucleon-protons and 

neutrons are arranged in this chart accordingly. An arrangement of protons alone 

would be unbound, due to the coulomb repulsion between the positively charged 

particles [20]. The attractive nuclear force acts between nucleons and can 

counterbalance the effect of the Coulomb force to break apart the nucleus. A 

bound or stable nucleus has the correct number of protons and neutrons such that 

the repulsive coulomb force is overcome. These are the nuclei that appear as the 

backbone of the chart of nuclei, forming what is known as the valley of stability 

[21]. 

One of the first and most useful models of nuclear structure is the Shell 

model [22]. This idea began with the striking observation of magic nuclei - 

especially stable nuclei with proton and/or neutron numbers equal to 2, 8, 20, 28, 

50, 82 and 126 - which indicated a shell structure analogous to that of atomic 

electron configurations. Such behavior would not be reproduced by a liquid drop 
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model, for example. The challenge was then to find an adequate potential for the 

system of nucleons which would at the very least reproduce the observed magic 

numbers. This was finally done in 1950 when the spin orbit interaction, whose 

contribution had been somewhat underestimated, was included [23].  

 Modern shell model calculations account for interactions between 

nucleons in different orbitals, but the model space can be so large for heavy nuclei 

that an assumption of an inert core at some level must be made to have a workable 

model space. 

Stable nuclei are for obvious reasons more easily studied. Therefore, the 

refinement of the shell model potentials for example, has been biased towards the 

valley of stability. In predicting the structure of these nuclei, our theories are well 

matured. However, for exotic nuclei away from stability, this is also of interest 

[24]. 

 

 
 
Figure 1.2: Chart of nuclides. Stable nuclides are shown in black, at the bottom of the so called 
"Valley of Stability" in the nuclear landscape. Unstable nuclei that decay predominantly via 𝛽+ 
decay or eletron capture are shown in red, and by 𝛽− decay in blue. Unknown nuclei (not yet 
studied experimentally) are shown in grey up to the predicted limits of nuclear existence the 
proton and neutron drip lines. Fission nuclei are shown in green and only appear at heavier 
masses [25]. 
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Exotic nuclei are nuclei with an unusual proton to neutron ratio. They can 

be either rich or poor in neutrons compared to their stable isotopes at the line of 

stability. Such nuclei will typically undergo beta decay back towards more tightly 

bound nuclei at the bottom of the valley of stability. This makes them short-lived 

and therefore difficult to produce and study [26]. 

As experimental techniques have matured, we have become able to produce 

and study increasingly exotic nuclei. Not surprisingly, predictions of the shell 

structure of these nuclei with models that were obtained from data at stability 

have had limited success. Several unexpected phenomena have emerged, and will 

surely help to better the understanding of nuclear structure [27]. 

The study of deformation and collective behaviours of non-spherical nuclei 

is of equal importance. The most striking example thereof is in the neutron 

deficient Pb isotopes, where Shape Coexistence [28], the competition of different 

shapes at comparable energies is clearly observed. This phenomenon has been 

observed across the nuclear landscape, but due to difficulties in producing exotic 

nuclei, is not too well studied in the very neutron poor Pb isotopes where it 

appears to be strongest [28]. 

Studies of the interaction between nucleons in exotic nuclei will also aid in 

its understanding.  

To summarize - the systematic study of exotic nuclei is important for three main 

reasons [28]: 

1. To test, refine and develop models for nuclear structure by acquiring new 

data. This data is also useful for astrophysical calculations and predictions. 

2. Exploration; to discover new behaviours and understand their 

consequences for theoretical pictures. 

3. To determine the limits of nuclear existence by studying nuclei at the drip 

lines. 
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1.5 Literature review 

 There are many researches studies close to the current study and they are 

some to be mentioned here: 

In 2000, S. V. S. Sastry and S. Santra [29] explained the Coupled 

Reaction Channel (CRC) was used because these channels have a major impact 

on the fusion's excitation function. Elastic and total pathways, on the other hand, 

will unambiguously restore the structure and the reaction in a parallel analysis of 

the fusion. The fusion excitation functions for the 16O + 208Pb method, for 

example, are equipped with the same fusion barrier distributions for nuclei with 

different structures. 

In 2001, S. Santra et al. [30] measured elastic, inelastic, and transfer 

angular distributions for 12C+208Pb in the energy range from 58.9 to 84.9 MeV. 

While the fission fragment angular distributions were measured over the energy 

range from 58.9 to 79 MeV. The effective nucleus-nucleus real potential, obtained 

from CRC calculations, explained the observed energy dependence of the real 

part of the optical potential. Thus, the real potential used in these calculations with 

such a large number of constraints can be considered as the bare nucleus-nucleus 

potential. 

In 2002, T. J. Schuck et al. [31] evaluated total scattering data back ward 

angles for the systems 34,32S+197Au and 34,32S+208Pb for energies spanning the 

Coulomb barrier  have been extracted from the data. For the fusion reactions of 
34,32S with 197Au.  

In 2003, I. Gontchar et al. [32] shown that in order to balance the 

experimental results for 16O + 208Pb and 12S+ 208Pb structures, the Woods-Saxon 

(WS) potential diffusion parameters must be equal to 1fm for the over barrier 

energies and fusion cross-sections. These diffuseness parameter values were high 
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when compared to elastic scattering values. The nucleus-nucleus potential was 

calculated using the double folding model, which was used to estimate fusion 

barrier energies and nuclear potential diffusion. 

In 2004, A. Pakou et al. [33] studied the 7Li+28Si elastic scattering at near-

barrier energies, with the aim to map the real and imaginary part of the optical 

potential and therefore probe the threshold anomaly. For a better understanding 

of our results, continuum-discretized-coupled-channel calculations were also 

performed and are discussed. 

In 2005, R. C. Johnson [34] described adiabatic approximations to few-

body models of nuclear scattering with emphasis on reactions with deuterons and 

halo nuclei (frozen halo approximation) as projectiles. The different ways the 

approximation should be implemented in a consistent theory of elastic scattering, 

stripping and break-up are explained and the conditions for the theory’s validity 

are briefly discussed. A formalism which links few-body models and the 

underlying many-body system is outlined and the connection between the 

adiabatic and CDCC methods is reviewed. 

In 2006, K. Washiyama et al. [35] discussed nuclear potential for a 

Woods-Saxon, it was inferred that a high value of the surface diffuseness 

parameter was used, is a successful fusion reaction comparable using large-angle 

total scattering to explore the possible ingredients that are missing from existing 

nuclear reaction models and to clarify the obvious inconsistency in the diffuseness 

parameter for fusion reactions.  

In 2007, K. Hagino [36] showed that the surface diffuseness parameter of 

the nucleus-nucleus potential was calculated using total scattering of deep-sub 

barrier energies, and coupling channels for total scattering barrier distribution 

were investigated for the 70Zn +208Pb reaction. The coupling-channel equations, 

which include multi-phonon excitations in the collisioning nuclei, demonstrate 
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that the experimental excitation process for reverse angle total scattering and the 

barrier distribution for this reaction are reasonably well reproduced. 

In 2008, N. Wang, and W. Scheid [37] studied fusion reactions, elastic 

and large-angle total scattering reactions with the same nuclear nucleus potential 

proposed. The elastic distribution angle distributions of many reactions are 

replicated relatively well by the proposed Woods-Saxon potential with fixed 

energy parameters far higher than the Coulomb barrier. The determined total 

scattering cross sections of a series of reactions are in good agreement with the 

experimental results, with an empirical barrier distribution based on the modified 

Woods-Saxon potential and taking into account the effect of nucleon transfer. 

In 2009, K. Hagino [38] showed the lowest barrier in the barrier 

distribution to be regulated by fusion cross sections at deep sub barrier energies, 

and the surface region of the inter nuclear potential is determined using total 

scattering at deep sub barrier energies, while the inner component is calculated 

using the Semiclassical formula. They used this method to study the reactions 16O 

+ 144Sm and 16O + 208Pb. 

In 2010, A. Izadpanah [39] performed the optical model analysis of the 

alpha particle elastic scattering on a carbon target on the basis of the dispersion 

relation between the real and imaginary parts of the calculated volume integrals. 

A nuclear dispersion anomaly in an α+12C system was observed and interpreted 

clearly. 

In 2011, W. H. Long and C. A. Bertulani [40] studied the nucleus-

nucleus interaction potential within the relativistic mean field theory. The 

systematics of the relativistic effects have been investigated by analyzing the 

relation between the potential and the bombarding energy as a function of the 

impact parameter. It is shown that the potential barriers are noticeably sensitive 

to the bombarding energy for a given impact parameter. At large bombarding 
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energies the slope at the potential edge decreases with the impact parameter. 

Comparisons with a non-relativistic treatment shows that relativistic effects 

cannot be ignored at bombarding energies around and larger than 100 

MeV/nucleon. 

In 2012, V. Scuderi et al. [1] showed that at energies near the Coulomb 

limit, the elastic scattering and direct reactions for collisions caused by the three 

Beryllium isotopes 9,10,11Be on a medium weight target of 64Zn were investigated. 

In the Coulomb-nuclear interference peak angular area, the elastic-scattering 

angular distribution of the 11Be halo nucleus deviated from the classical Fresnel 

type diffraction operation. They estimated that overall reaction cross-sections for 

the 11Be collision are more than a factor of two larger than those calculated for 

the collisions caused by 9,10,11Be. They also discovered that transition and break-

up mechanisms contribute significantly to the total reaction cross-section for 11Be.

  

In 2013, S. Yusa et al. [41] showed that is in a random matrix model, they 

described excitations that were explicitly taken into account in their calculations 

of the coupled channels. The non-collective excitations will reproduce the 

calculated smearing of the peak structure in the 20Ne+90Zr barrier distribution 

while not greatly altering the structure in the 92Zr system. In 90Zr, the difference 

is mostly due to the closed neutron shell. 

In 2014, E. C. Pinilla and P. Descouvemont [42] employed a microscopic 

continuum-discretized coupled-channels reaction framework (MCDCC) to study 

the elastic angular distribution of the 7Li= α+t nucleus colliding with 12C and 28Si 

targets at ELab=350 MeV. In this framework, the 7Li projectile is described in a 

microscopic cluster model and impinges on non-composite targets. The diagonal 

and coupling potentials are constructed from nucleon-target interactions and 7Li 

microscopic wave functions. We obtain  a fair description of the experimental 
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data, in the whole angular range studied, when continuum channels are included. 

The inelastic and breakup angular distributions on the lightest target are also 

investigated. In addition, we compute 7Li+12C MCDCC elastic cross sections at 

energies much higher than the Coulomb barrier and we use them as reference 

calculations to test the validity of multichannel eikonal cross sections. 

In 2015, V. I. Kovalchuk [43] investigated cross-sections of total 

scattering of 6He, 7Be, and 8B nuclei by 12C nuclei and described in the context of 

the nuclear diffraction model and the nucleus-nucleus scattering model in the 

high-energy approximation with a double folding potential for the intermediate 

energies of the incident particles. The calculations took into account the Coulomb 

interaction and inelastic scattering with the excitation of the target's low-lying 

collective states and used measured nucleon density distributions. 

In 2016, J. P. Fernández-García, et al. [44] used the continuum discrete 

coupling approach to test the experimental distributions of elastic scattering 

angular distributions of collisions that included the weakly bound nuclei 6,7Li and 

the halo nucleus 6He on the same 64Zn target at several energies around the 

Coulomb barrier, while the 6He+64Zn was compared with all continuum discrete 

results. 

In 2017, N. Burtebayev et al. [45] found optimal optical parameters to 

investigate the transfer mechanism at low energy, close to the Coulomb barrier 

energy for 15N+16O nuclear systems. The data were analyzed within the optical 

model (OM) and coupled reaction channels (CRC) method. The CRC calculation 

was used by the program code Fresco. 

In 2018, S. R. Mokhtar et al. [46] investigated the 6Li+40Ca elastic 

scattering through the energy range 26–240 MeV in the framework of the optical 

model and α-cluster structure of the colliding nuclei. The double folding (DF) 

calculations for the real central part of the nuclear optical potential are performed 
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by folding the α-α and α-n effective interactions over the density distributions of 

α-clusters in the target (40Ca) nucleus and considering the α-d structure of the 

projectile (6Li) nucleus. The energy dependence of the corresponding reaction 

cross sections and real and imaginary volume integrals of the considered reaction 

are also investigated. 

In 2019, Q. J. Tarbool, et al. [47] showed that large-angle total scattering 

at sub-barrier energies similar to the Coulomb barrier height for 6,7Li + 64Zn 

systems which is used to study the surface property of the inter-nucleus potential 

in heavy-ion reactions. Single-channel (SC) and coupled-channels (CC) 

calculations were performed. 

In 2020, A. J. Hassan, and K. S. Jassim [48] investigated the effects of 

the surface diffuseness parameter on total scattering using the Woods-Saxon 

(WS) nuclear potential systems 6He+64Zn, 7Li+64Zn, and 8Li+90Zr. 

In 2021, K. Wang et al. [49] studied elastic scattering and breakup angular 

distributions of the weakly bound radioactive nucleus 8B on a 208Pb target at an 

incident energy of 238 MeV, The data have been analyzed using the optical model 

and the continuum discretized coupled channels (CDCC) formalism. The 

measured and calculated elastic scattering angular distributions do not show any 

significant Coulomb rainbow suppression. 

 

 

 

 

 

 

https://www.inderscienceonline.com/author/Tarbool%2C+Qasim+J
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1.6 The aim of this research  

The aim of thesis investigated the effect of coupling and breakup channels 

on systems involving stable and unstable nuclei projectile on medium and heavy 

mass targets as 6He + 208Pb, 17F + 208Pb, 7Be + 58Ni, 7Li + 59Co, 6Li + 59Co, 16O + 
64Zn, 32S+208Pb, and 11Be+209Bi. To calculate the elastic and total scattering cross 

sections to Rutherford cross sections (𝜎𝑒𝑙 σ𝑅⁄  and 𝜎𝑇 σ𝑅⁄ ), and the distribution 

of the barrier (𝐷𝑒𝑙 or 𝐷𝑇) and compare the theoretical results with the 

corresponding experimental data. 
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2.1 Introduction 

A standard tool to analyze heavy-ion reactions at energies around the 

Coulomb barrier is the coupled-channels approach [50]. In addition to excitation 

properties of colliding nuclei, such as the excitation energy and deformation 

parameter, an inter-nucleus potential is one of the most important inputs for 

coupled-channels calculations. This is so, because nuclear reactions at sub barrier 

energies are primarily governed by the height, the position, and the curvature of 

the Coulomb barrier. Also, the coupling form factors are generated from the inter-

nucleus potential. In addition, the coupling form factors are created from the 

inter-nucleus potential. Numerous methods are suggested to calculate the real part 

of the inter-nuclear potential. Among them, the double folding model has been 

often used and has enjoyed a success in describing elastic and inelastic scattering 

for many systems [51]. The Woods-Saxon form, which conforms to the double 

folding potential of the tail region, has also often been used to parameterize the 

inter-nuclear potential [52]. Many experimental evidence has emerged, in recent 

years, presenting that double folding potential did not actually account for the 

fusion of energy cross-sections near the Coulomb barrier [53]. 

2.2 The nuclear system potential  
Due to the electrostatic repulsion present between the positively charged 

target nucleus and the positively charged projectile there is difficulty in the 

penetration of the much familiar barrier known as the Coulomb barrier. The 

system is straightforwardly described in terms of their relative motion in the 

center-of-mass system, as the two associates are of comparable mass. Assuming 

the standard laboratory situation of a fixed target, which is bombarded with a 

beam of projectile nuclei, the relation between the kinetic energy 𝐸𝑙𝑎𝑏 as 

measured in the laboratory system and the kinetic energy 𝐸𝑐𝑚 in the center-of-

mass system is given by [54], 
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𝐸𝑐𝑚 =
𝐴𝑇

𝐴𝑇 + 𝐴𝑃
𝐸𝑙𝑎𝑏                                                (2.1) 

where 𝐴𝑃 and 𝐴𝑇 represent the mass number of the projectile and target 

nuclei, respectively. Electron mass and differences in binding energy per nucleon 

may be ignored as a good approximation. The motion of the center-of-mass is 

fully determined by the kinematics of the reaction and can be calculated from the 

bombarding energy and the nuclear masses. Quantum mechanically the nuclear 

binary system may be represented by the wave function Ψ(𝑟). Using the center-

of-mass parameterization, the combined effect of the Coulomb and the nuclear 

force between the two nuclei can be expressed as the interaction potential. These 

have been illustrated in Fig. 2.1 [54], 

 
Figure 2.1 : The illustration of the forces that form a Coulomb barrier between the 

participating nuclei in a nuclear reaction [54]. 

𝑉(𝑟) = 𝑉𝐶(𝑟) + 𝑉𝑁(𝑟)                                            (2.2) 

where 𝑉𝐶  is the Coulomb and 𝑉𝑁 is the nuclear potential. The motion of the 

binary system is then described by the Schrödinger equation [55], 

[−
ℏ2

2𝜇

𝑑2

𝑑𝑟2
+
ℓ(ℓ + 1)ℏ2

2𝜇𝑟2
+ 𝑉(𝑟) − 𝐸]Ψ(𝑟) = 0               (2.3) 
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At large distances 𝑟, the Coulomb potential 𝑉𝐶(𝑟) has the form of the 

electrostatic potential for two point-charges. At close approach, when the charge 

distributions overlap, the point-charge has to be modified. This is often achieved 

by replacing one of the point charges with a homogeneously charged sphere of 

radius 𝑅𝐶  , so that [56], 

 

𝑉𝐶(𝑟) =

{
 
 

 
 
𝑍𝑃𝑍𝑇𝑒

2

𝑟
                             for 𝑟 > 𝑅𝐶 

𝑍𝑃𝑍𝑇𝑒
2

𝑅𝐶
(
3

 2 
−
1

 2 

𝑟2

𝑅𝐶
2)    for 𝑟 ≤ 𝑅𝐶

                 (2.4) 

 

since during the collision, there occur, a large number of interactions 

between the projectile and the target nucleons, It has not been possible to 

determine the nuclear potential 𝑉𝑁(𝑟) from the known two-body forces between 

nucleons. It is, therefore, common practice to make a simple parameterization, 

approximating the nuclear potential with a function which resembles the nuclear 

mass distribution. This results in the Woods-Saxon potential [57], 

𝑉𝑁(𝑟) =
−𝑉0

1 + exp [
𝑟 − 𝑅0
𝑎0

]
                                    (2.5) 

where 𝑉0 refers to the potential depth and 𝑎0 is the diffuseness of the 

potential. The radius 𝑅0 of the nuclear potential is given by [57], 

𝑅0 = 𝑟0[𝐴𝑃
1 3⁄ + 𝐴𝑇

1 3⁄ ]                                        (2.6) 

where 𝑟0 is the radius parameter. It is worthwhile to mention that the 

potential parameters 𝑉0, 𝑎0 and 𝑟0 are not unique. Hence, they are usually adjusted 

by fitting experimental data. 
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2.3 Single channel description 

The detailed behavior of cross sections in heavy-ion reactions depends 

strongly on the intrinsic degrees of freedom of the nuclei involved. However, 

according to the optical model [58,59], the gross features of the elastic and the 

total reaction cross sections can be described by a simple Schrödinger equation 

in the space of the projectile–target separation degree of freedom. In this model, 

the channel-coupling effects on the elastic channel are represented by the 

complex energy-dependent potential [58], 

𝑈𝑜𝑝𝑡(𝑟) = 𝑉𝑜𝑝𝑡(𝑟) − 𝑖𝑊𝑜𝑝𝑡(𝑟)                             (2.7) 

The real part of the interaction, 𝑉𝑜𝑝𝑡(𝑟), can be written in the form [58], 

𝑉𝑜𝑝𝑡(𝑟) = 𝑉𝑁(𝑟) + 𝑉𝐶(𝑟)                                 (2.8) 

Where 𝑉𝐶(𝑟) is a long-range term corresponding to the Coulomb forces 

between the collision partners and 𝑉𝑁(𝑟) is a short range term associated with the 

nuclear forces. The imaginary part, 𝑊𝑜𝑝𝑡(𝑟), is a short-range function accounting 

for the incident flux lost to excited channels. In this way, the reaction dynamics 

is governed by the Schrödinger equation [59], 

[𝑇 + 𝑉𝑜𝑝𝑡(𝑟) − 𝑖𝑊𝑜𝑝𝑡(𝑟)]𝜓(+)(𝑟) = 𝐸 𝜓(+)(𝑟)             (2.9) 

where 𝑇 is the kinetic energy for the projectile–target relative motion and 

𝐸 is its total energy. The wave function can be written as [59], 

𝜓(+)(𝑟) = 𝜙𝐶(𝑟, 𝑘⃗⃗) + 𝜓
𝑠𝑐(𝑟, 𝑘⃗⃗)                         (2.10) 

where 𝑘⃗⃗ is the incident wave vector, 𝜙𝐶(𝑟, 𝑘⃗⃗) is the wave function for pure 

Coulomb scattering (that is, setting 𝑉𝑁(𝑟) = 𝑊𝑜𝑝𝑡(𝑟) = 0) and 𝜓𝑠𝑐(𝑟, 𝑘⃗⃗) is the 

correction of the scattered wave arising from 𝑉𝑁(𝑟) and 𝑊𝑜𝑝𝑡(𝑟). These wave 

functions satisfy the scattering boundary conditions [60], 

𝜙𝐶(𝑟, 𝑘⃗⃗)𝑟⟶∞
⟶

1

√8𝜋3
[𝑒𝑖(𝑘𝑧−𝜂𝑠 ln(𝑘𝑟−𝑘𝑧)) + 𝑓𝐶(𝜃)

𝑒𝑖(𝑘𝑧−𝜂𝑠 ln2𝑘𝑟)

𝑟
]   (2.11) 
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𝜓𝑠𝑐(𝑟, 𝑘⃗⃗)
𝑟⟶∞

⟶
1

√8𝜋3
[𝑓𝑁(𝜃, 𝜙)

𝑒𝑖(𝑘𝑧−𝜂𝑠 ln 2𝑘𝑟)

𝑟
]                 (2.12) 

above, 𝑓𝐶(𝜃) is the Coulomb scattering amplitude, which is known 

analytically, and 𝑓𝑁(𝜃, 𝜙) is the scattering amplitude associated with the short-

range interaction. The latter is usually expanded in partial-waves and calculated 

numerically. The elastic scattering cross sections is given by the scattering 

amplitudes through the expression, respectively [61], 

𝑑𝜎𝑒𝑙(𝐸, 𝜃)

𝑑Ω
= |𝑓𝐶(𝜃) + 𝑓𝑁(𝜃, 𝜙)|

2                                   (2.13) 

 

2.4 Continuum discretized coupled channel (CDCC) formalism 

  Consider the reaction described by the total wave function Ψ(𝑟, 𝜏), where 

𝑟 stands for the projectile and target nuclei separation vector and 𝜏 for the set of 

intrinsic coordinates of the projectile and target nuclei. The dynamics of this 

reaction is determined by the Hamiltonian, 

𝐻 = 𝐻0 + 𝑇 + 𝑈                                                                                           (2.14) 

where 𝐻0 ≡ 𝐻0(𝜏, 𝑝𝜏) is the intrinsic Hamiltonian, 𝑇 ≡ −ℏ2𝛻2/2𝜇 is the kinetic 

energy operator of the relative motion between the projectile and target nuclei, 

and 𝑈 ≡ 𝑈(𝑟, 𝜏) is the interaction potential. The eigenstates of the intrinsic 

Hamiltonian, |𝜂⟩, satisfy the Schrödinger equation [62], 

(𝑒𝜂 −𝐻0)|𝜂⟩    = 0                                                                                            (2.15) 

The orthonormality is,  

⟨𝜂′|𝜂⟩ = ∫𝑑𝜏 𝜑𝜂′
∗ (𝜏) 𝜑𝜂(𝜏) = 𝛿𝜂𝜂′                                                               (2.16) 

where 𝜑𝜂 (𝜏) ( 𝜑𝜂′  (𝜏))
∗
 is the wave function corresponding to the state 

|𝜂⟩ ( |𝜂⟩)∗ in the 𝜏- representation. The interaction potential is split as, 



Chapter Two                                                                Theoretical Background 
 

21 

𝑈 = 𝑈′ + 𝑈′′                                                                                                   (2.17) 

Where 𝑈′ is diagonal in channel space, 

𝑈′ =∑ |𝜂⟩ 𝑈𝜂
′  ⟨𝜂|

𝜂

                                                                                         (2.18) 

𝑈′′ =∑ |𝜂⟩ 𝑈𝜂,𝜂′
′′  ⟨𝜂′|

𝜂

                                                                                   (2.19) 

Where 

𝑈𝜂
′ (𝑟) = ∫𝑑𝜏 |𝜑𝜂(𝜏)|

2
 𝑈′(𝑟, 𝜏)                                                                    (2.20) 

 

𝑈𝜂,𝜂′
′′ (𝑟) = ∫𝑑𝜏 𝜑𝜂′

∗ (𝜏) 𝑈′′(𝑟, 𝜏) 𝜑𝜂(𝜏)                                                     (2.21) 

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 [62], 

𝑈𝜂,𝜂′
′′ (𝑟) = ∫𝑑𝜏 𝜑𝜂′

∗ (𝜏) 𝑈′′(𝑟, 𝜏) 𝜑𝜂(𝜏) − 𝛿𝜂𝜂′  𝑈𝜂
′ (𝑟)                               (2.22) 

From the Schrödinger equation, we can start to derive the coupled channel 

equations, 

(𝐸 − 𝐻) |Ψ𝜂(𝜂0, 𝑘⃗⃗0)⟩ = 0                                                                                 (2.23) 

and the channel-expansion, 

|Ψ𝜂(𝜂0, 𝑘⃗⃗0)⟩ = ∑|𝜓𝜂(𝜂0 , 𝑘⃗⃗0)⟩ |𝜂⟩

𝜂

                                                                  (2.24) 

The notation |Ψ(𝜂0, 𝑘⃗⃗0)⟩ indicates that the collision is started in channel 𝜂0, with 

wave vector 𝑘⃗⃗0, and the energy scale is chosen such that 𝑒𝜂0 = 0. The 

Schrödinger equation solution has components |Ψ𝜂(𝜂0, 𝑘⃗⃗0)⟩ for both 𝜂 = 𝜂0 and 

𝜂 ≠ 𝜂0, The infinite expansion of Eq. (2.24) is truncated so as to include only the 
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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 𝑈𝜂′  (𝑟). To find the wave function, we must write the 

Hamiltonian as [62]. 

𝐻 = 𝐻0 +𝐻
′ + 𝑈′′                                                                                      (2.25) 

where 

𝐻′ = 𝑇 + 𝑈′                                                                                             (2.26) 

When we put  Eqs. (2.24) and (2.25) into Eq. (2.23), and take the scalar product 

with each intrinsic state ⟨𝜂|, then we get the coupled channel equations, 

(𝐸𝜂 − 𝐻𝜂
′ )|𝜓𝜂(𝜂0, 𝑘⃗⃗0)⟩ = ∑𝑈𝜂,𝜂′

′′ (𝑟) |𝜓𝜂′(𝜂0, 𝑘⃗⃗0)⟩

𝜂′

                                   (2.27) 

or, 

[𝐸𝜂 +
ℏ2

2𝜇
∇2 − 𝑈𝜂

′ (𝑟)] 𝜓𝜂(𝑟) = ∑𝑈𝜂,𝜂′
′′ (𝑟) 𝜓𝜂′(𝑟)

𝜂′

                                      (2.28) 

These equations are usually solved using incoming wave boundary conditions 

[63]. 

𝜓𝜂(𝑟) → 𝑇𝜂 𝑒𝑥𝑝 (−𝑖 ∫ 𝑘𝜂
′

𝑟

𝑟𝑎𝑏𝑠

(𝑟ˊ) 𝑑𝑟 ˊ) ,                𝑟 ≤ 𝑟𝑎𝑏𝑠                          (2.29)  

 𝜓𝜂(𝑟) →
𝑖

2
𝐻𝑙
(−)
(𝑘𝜂𝑟) + √

𝑘

𝑘𝜂
 𝑆ℓ 𝐻𝑙

(+)
 (𝑘𝜂𝑟),        𝑟 > 𝑟𝑎𝑏𝑠                           (2.30)                 

Where the potential pocket at r = rabc is minimal, 𝑘𝜂 = √
2µ𝐸𝜂

ħ2
 and 𝑘 = √

2µ𝐸

ħ2
 and 

the local wave number 𝑘𝜂′ (𝑟) is [64] . 

𝑘𝜂
′ (𝑟) = √

2µ

ħ2
  (𝐸𝜂  − 𝑉𝑒𝑓𝑓(𝑟) − 𝑈𝜂

′ (𝑟) )                                                         (2.31)                                 

If we have the transmission coefficients, we can proceed with the rest of the 

process 𝑇𝜂. The amplitude of scattering 𝑓𝑇(𝐸, 𝜃) is given by [65], 
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𝑓𝑇
(𝜂)(𝐸, 𝜃) = 𝑓𝐶(𝐸, 𝜃) + 𝑓𝑁

(𝜂)(𝐸, 𝜃)                                                               (2.32) 

Were 𝑓𝐶(𝐸, 𝜃) is Coulomb amplitude of scattering, 𝑓𝑁
(𝜂)(𝐸, 𝜃) nuclear amplitude 

of scattering. The scattering differential cross section is evaluated as [66]. 

𝑑𝜎𝑒𝑙
𝑑𝛺

(𝐸, 𝜃) =
𝑘𝜂0
𝑘
|𝑓𝑇
(𝜂0)(𝐸, 𝜃)|

2
=
𝑘𝜂0
𝑘
|𝑓𝐶(𝐸, 𝜃) + 𝑓𝑁

(𝜂0)(𝐸, 𝜃)|
2
         (2.33) 

𝑑𝜎𝑖𝑛
𝑑𝛺

(𝐸, 𝜃) = ∑
𝑘𝜂

𝑘
𝜂≠𝜂0

|𝑓𝑁
(𝜂)(𝐸, 𝜃)|

2
                                                                (2.34) 

𝑑𝜎𝑇
𝑑𝛺

(𝐸, 𝜃) =∑
𝑘𝜂

𝑘
𝜂

|𝑓𝑇
(𝜂)(𝐸, 𝜃)|

2
                                                                 (2.35) 

Rutherford cross section evaluated by [67]. 

𝑑𝜎𝑅
𝑑𝛺

(𝐸, 𝜃) = |𝑓𝐶(𝐸, 𝜃)|
2                                                                                   (2.36) 

 

2.5 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 𝜃 =  𝜋 are given by the pure classical approach, 

𝜎𝑒𝑙
𝑐𝑙  (𝐸, 𝜋) = 𝜎𝑅(𝐸, 𝜋) 𝜃(𝑉𝑏 − 𝐸)                                                                        (2.37) 

where 𝜎𝑅(𝐸, 𝜋) is known as the Rutherford cross section. The scattering barrier 

distribution is given by [68]. 

𝐷𝑇(𝐸) = −
𝑑

𝑑𝐸
(
𝜎𝑇(𝐸, 𝜋)

𝜎𝑅(𝐸, 𝜋)
)                                                                                  (2.38) 

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 [69-71], semi-classical 
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formula was derived a for backward scattering that takes the nuclear effect to the 

leading order into account. The result for a scattering angle 𝜃 = 𝜋 is as follows: 

𝜎𝑒𝑙(𝐸, 𝜋) = 𝜎𝑅(𝐸, 𝜋)𝛼(𝐸, 𝜆𝐶 ). |𝑆(𝐸, 𝜆𝐶 )|
2                                                    (2.39)  

where 𝑆(𝐸, 𝜆𝐶 ) denotes the total (Coulomb + nuclear) S-matrix at energy E and 

angular momentum 𝜆𝐶 = 𝜂𝑆 𝑐𝑜𝑡(𝜃/2), and 𝜂𝑆 is the standard Sommerfeld 

parameter. It is worth noting that |𝑆(𝐸, 𝜆𝐶 )|2 is nothing more than the reflection 

probability of the Coulomb barrier. For 𝜃 = 𝜋, 𝜆𝐶   equals zero, |𝑆(𝐸, 𝜆𝐶 = 0)|2 

is given by 

|𝑆(𝐸, 𝜆𝐶 = 0)|2 = 𝑅(𝐸) =
𝑒𝑥𝑝 [−

2𝜋
ℏΩ
 (𝐸 − 𝑉𝑏)]

1 + 𝑒𝑥𝑝 [−
2𝜋
ℏΩ
 (𝐸 − 𝑉𝑏)]

                             (2.40) 

in terms of the parabolic approximation. 𝛼(𝐸, 𝜆𝑐) in Eq. (2.39) is given by 

𝛼(𝐸, 𝜆𝐶 ) = 1 +
𝑉𝑁(𝑟𝑐)

𝑘𝑎

√2𝑎0𝜋𝑘𝜂𝑆
𝐸

  [1 −
𝑟𝑐

𝑍𝑃𝑍𝑇𝑒
2  .2𝑉𝑁(𝑟𝑐) (

𝑟𝑐
𝑎0
− 1)]      (2.41) 

where 𝑘 = √2𝜇𝐸 ℏ2⁄  ), and 𝜇 is the reduce mass of the colliding system. 

Nuclear potential 𝑉𝑁(𝑟𝑐) is assessed at the Coulomb's turning point 𝑟𝑐  =

 (𝜂𝑆 + √𝜂𝑆
2  + 𝜆𝑐

2 ) 𝑘⁄ , and 𝑎0 is the nuclear potential's diffuseness parameter.  

2.6 Scattering barrier distribution 
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 ℓ = 0, 𝑇0(𝐸), and the 

large-angle total scattering is related to the probability of reflection, 𝑅0(𝐸). Due 

to the retention of the reaction flux, 𝑇0(𝐸) + 𝑅0(𝐸) = 1, the backscattering of 
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total scattering may be considered to be complementary to the fusion. The total 

scattering barrier distribution 𝐷𝑇(𝐸) is defined as [72]. 

𝐷𝑇(𝐸) = −
𝑑

𝑑𝐸
[
𝜎𝑇
𝜎𝑅
(𝐸)]                                                                                         (2.42) 

where 𝜎𝑇/𝜎𝑅 is 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 mergers. In 

addition, in most cases, the measurement of total and elastic scattering is easier 

than cross-section fusion. 
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3.1 Introduction    

The effect of the break-up of weakly bound structures on different reaction 

and dispersion mechanisms has been extensively investigated, where the 

experimental angular distributions for elastic scattering were proposed for close-

barrier energy and optical potential energy dependence [73]. The (CDCC) 

calculations have shown that the suppression of the peaks of the Coulomb nuclear 

intrusion [74].   

The experimental angular distributions were analyzed by means of 

(CDCC) approach, in addition to the elastic dispersion angular distributions 

described [75]. Abnormal elastic dispersion cross-section. Coupling with non-

elastic structures affects elastic scattering.  

In particular, in the case of tightly bound nuclei, the elastic dispersion 

cross-sections are exhausted when coupling with dispersion channels is required. 

Other primary signatures in halo nucleus reactions with solid targets include the 

departure of the elastic cross-section from the Rutherford cross-section at sub-

Coulomb energies and the depletion of the Fresnel peak at near-barrier energies 

[76].  

 

3.2 Results and Discussion 
In this thesis consider that the nuclear potential has a Akyüz-Winther 

potential for 6He + 208Pb, 17F + 208Pb, 7Be + 58Ni, 7Li + 59Co, 6Li + 59Co, 16O + 
64Zn, 32S+208Pb, and 11Be+209Bi, to calculate the elastic and total scattering cross 

sections to Rutherford cross sections (𝑑𝜎𝑒𝑙 𝑑σ𝑅⁄  and 𝑑𝜎𝑇 𝑑σ𝑅⁄ ), and the 

distribution of the barrier (𝐷𝑒𝑙 or 𝐷𝑇).  

The CDCC method have been employed no coupled and coupled-channels 

(CC) calculations by program which called CC_SCT code. The scattering barrier 

distribution 𝐷𝑒𝑙 or 𝐷𝑇 has been calculated by using the numerical two-point-

difference method by sub-program, also this method using to extract experimental 
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data of the scattering barrier distribution. The parameters used in the calculations 

of cross section were extracted from the optical potential fits, to achieve the 

optimum comparability between the theoretical estimates of cross sections and 

empirical values for the systems reviewed. The Woods-Saxon parameters of 

Akyüz-Winther potential are listed in Table 3.1. 

 

Table 3.1: Akyüz-Winther potential parameters, energy and scattering angle 

center of mass for some Selected Systems nuclear reactions. 

System 
𝑽𝟎 

(𝐌𝐞𝐕) 

𝒓𝟎 

(𝐟𝐦) 

𝒂𝟎 

(𝐟𝐦) 

𝑾𝟎 

(𝐌𝐞𝐕) 

𝒓𝒊 

(𝐟𝐦) 

𝒂𝒊 

(𝐟𝐦) 

𝑽𝒃 

(𝐌𝐞𝐕) 

𝑬𝒄.𝒎. 

(𝐌𝐞𝐕) 

𝜽𝒄.𝒎. 

(𝐝𝐞𝐠) 

6He+208Pb 80.0 1.2 0.63 46.7 1.35 0.78 26.0 21.38 61 

17F+208Pb 20.3 1.2 0.63 181.4 1.16 0.67 --- 87.36 --- 

7Be+58Ni 50.6 1.2 0.63 16.9 1.35 0.62 16.02 17.78 128 

7Li+59Co 51.4 1.2 0.63 17.1 1.35 0.48 13.8 10.27 84 

6Li+59Co 48.9 1.2 0.63 16.3 1.35 0.46 14.2 10.89 83 

16O+64Zn 62.0 1.2 0.63 20.7 1.25 0.65 46.9 38.4 61 

11Be+209Bi 90.2 1.2 0.63 130.1 1.29 0.77 --- 38.0 --- 

32S+208Pb 205.2 1.1 0.63 68.4 1.34 0.56 146.0 --- 105 
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3.2.1  6He+208Pb reaction 

In the 6He+208Pb system, the results of this reaction are taken the elastic cross 

section to the Rutherford cross section σel σR ⁄  was determined with angle center 

of mass 𝜃𝑐𝑚 (in figure 3.1, panel A), energy center of mass 𝐸𝑐𝑚 (in figure 3.1, 

panel B). The elastic scattering barrier distribution 𝐷𝑒𝑙 was calculated with energy 

center of mass 𝐸𝑐𝑚 (in figure 3.1, panel C). The calculations have been performed 

for all order coupling channels in the nuclear system 6He+208Pb, where the 

projectile 6He is two neutron halo nucleus and the target 208Pb is heavy ion, with 

Akyüz-Winther potential parameters 𝑉0 = 80.0 𝑀𝑒𝑉, 𝑎0 = 0.63 𝑓𝑚, 𝑟0 =

1.2 𝑓𝑚, 𝑊0 = 46.7 𝑀𝑒𝑉, 𝑎𝑖 = 0.78 𝑓𝑚, and 𝑟𝑖 = 1.35 𝑓𝑚 which are listed in 

Table 3.1.  

In figure 3.1 panel (A) a good agreement in limits of angle from 20o – 65o 

with experimental data in coupling states but with more closeness to the 

experimental data within the angle limits from 125o – 170o in the case of no 

coupling. 

In panel (B) and (C) a good agreement between theoretical calculations and 

experimental data in down region Coulomb barrier in coupled and uncoupled 

calculations. 
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Figure 3.1 : Uncoupled channel and coupled channels calculations for 6He+208Pb system by 
dashed and solid curves respectively: (A) elastic scattering cross section with the mass center 
angle, (B) elastic scattering cross section with energy center of mass, (C) elastic scattering 
barrier distribution with the energy center of mass, the black circles are experimental data from 
Ref. [77]. 
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3.2.2  17F+208Pb reaction 

In the 17F+208Pb system, the results of this reaction are taken the total cross 

section to the Rutherford cross section σel σR ⁄  was determined with angle center 

of mass 𝜃𝑐𝑚 (in figure 3.2). 

  The calculations have been performed for the nuclear system 17F+208Pb 

where the projectile 17F is one proton halo nucleus and the target 208Pb is heavy 

ion. The Akyüz-Winther potential parameters 𝑉0 = 20.3 𝑀𝑒𝑉 , 𝑎0 = 0.63 𝑓𝑚 , 

𝑟0 = 1.2 𝑓𝑚 , 𝑊0 = 181.4 𝑀𝑒𝑉 , 𝑎𝑖 = 0.67 𝑓𝑚 , and 𝑟𝑖 = 1.16 𝑓𝑚 , which are 

listed in Table 3.1. A acceptable match between theoretical calculations and 

experimental data in coupled and uncoupled calculations. 

And the dispersion of experimental values because the 17F nucleus is one 

proton halo, and the disintegration occurs due to the coupling of the breakup 

channel which causes the dispersion of the experimental data at multiple angles. 

 
 
Figure 3.2 : Uncoupled channel and coupled channels calculations for 17F+208Pb system by red 
dashed and solid curves of total scattering cross section with the mass center angle, the black 
circles are experimental data from Ref. [78]. 
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3.2.3  7Be+58Ni reaction 

In the 7Be+58Ni system, (see figure 3.3) the results of this reaction are taken 

the elastic cross section to the Rutherford cross section was determined with angle 

center of mass 𝜃𝑐𝑚 (A), energy center of mass 𝐸𝑐𝑚 (B). 

The elastic scattering barrier distribution 𝐷𝑒𝑙 was calculated with energy 

center of mass 𝐸𝑐𝑚 (in figure 3.3, C). The calculations have been performed for 

the nuclear system 7Be+58Ni where the projectile 7Be is weakly bound nucleus 

and the target 58Ni is medium mass nucleus. 

  The Akyüz-Winther potential parameters 𝑉0 = 50.6 𝑀𝑒𝑉 ,   𝑎0 =

0.63 𝑓𝑚 , 𝑟0 = 1.2 𝑓𝑚 , 𝑊0 = 16.9 𝑀𝑒𝑉 , 𝑎𝑖 = 0.62 𝑓𝑚 , and 𝑟𝑖 = 1.35 𝑓𝑚 . 

Excellent compatibility between theoretical calculations and experimental data 

above and down Coulomb barrier, indicated by green arrow on the 𝐸𝑚.𝑐. axis, in 

coupled and uncoupled calculations. 
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Figure 3.3 : Uncoupled channel and coupled channels calculations for 7Be+58Ni system by 
dashed and solid curves respectively: (A) elastic scattering cross section with mass center 
angle, (B) elastic scattering cross section with energy center of mass, (C) elastic scattering 
barrier distribution with the energy center of mass, the black circles are experimental data from 
Ref. [79]. 
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3.2.4  7Li+59Co reaction 

In the 7Li+59Co system, the results of this reaction are taken the elastic cross 

section to the Rutherford cross section σel σR ⁄  was determined with angle center 

of mass 𝜃𝑐𝑚 (in figure 3.4, A), energy center of mass 𝐸𝑐𝑚 (in figure 3.4, B).  

The elastic scattering barrier distribution 𝐷𝑒𝑙  was calculated with energy 

center of mass 𝐸𝑐𝑚 (in figure 3.4, C). The projectile 7Li is weakly bound nucleus 

and the target 59Co is medium mass nucleus, the Akyüz-Winther potential 

parameters 𝑉0 = 51.4 𝑀𝑒𝑉 , 𝑎0 = 0.63 𝑓𝑚 , and 𝑟0 = 1.2 𝑓𝑚 , , 𝑊0 =

17.1 𝑀𝑒𝑉, 𝑎𝑖 = 0.48 𝑓𝑚, and 𝑟𝑖 = 1.35 𝑓𝑚, which are listed in Table 3.1.  

In panel (A) the calculations of the cross section as function of angle 𝜃𝑐𝑚 in 

perfect match with experimental data in coupled state. As such the cross section 

as function of energy 𝐸𝑐𝑚 in panel (B), excellent agreement for both coupled and 

no coupled cases with data above and under barrier and the elastic scattering 

barrier distribution in more closeness for no coupled channel with measured 

values around Coulomb barrier. 
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Figure 3.4 : Uncoupled channel and coupled channels calculations for 7Li+59Co system by 
dashed and solid curves respectively: (A) elastic scattering cross section with the mass center 
angle, (B) elastic scattering energy center of mass cross section, (C) elastic scattering barrier 
distribution with the energy center of mass, the black circles are experimental data from Ref. 
[80]. 
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3.2.5  6Li+59Co reaction 

In the 6Li+59Co system, (see figure 3.5) the results of this reaction are taken 

the elastic cross section to the Rutherford cross section  are determined with angle 

center of mass 𝜃𝑐𝑚 (A), and energy center of mass 𝐸𝑐𝑚 (B), the black circles act 

experimental data from Ref. [80]. 

The elastic scattering barrier distribution 𝐷𝑒𝑙 was calculated with energy 

center of mass 𝐸𝑐𝑚 (in figure 3.5, C).  

The calculations have been performed for the nuclear system 6Li+59Co 

where the projectile 6Li is stable nucleus and the target 59Co is medium mass 

nucleus, the Akyüz-Winther potential parameters 𝑉0 = 48.9 𝑀𝑒𝑉 , 𝑎0 =

0.63 𝑓𝑚, and 𝑟0 = 1.2 𝑓𝑚, 𝑊0 = 16.3 𝑀𝑒𝑉, 𝑎𝑖 = 0.46 𝑓𝑚, and 𝑟𝑖 = 1.35 𝑓𝑚, 

which are listed in Table 3.1.  

Perfect agreement between cross section to the Rutherford cross section 

with angle center of mass calculations and experimental data in penal (A) of 

coupled channel. Around Coulomb barrier measured values converge well to 

coupled and uncoupled calculations of elastic cross section to the Rutherford 

cross section with energy center of mass. But elastic scattering barrier distribution 

results with energy center of mass get closer to data in uncoupled channel. 
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Figure 3.5: Uncoupled channel and coupled channels calculations for 6Li+59Co system by 
dashed and solid curves respectively: (A) elastic scattering cross section with the mass center 
angle, (B) elastic scattering cross section with energy center of mass, (C) elastic scattering 
barrier distribution with energy center of mass, the black circles are experimental data from 
Ref. [81].  
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3.2.6  16O+64Zn reaction 

In figure 3.6, the results of 16O+64Zn reaction are taken the elastic cross 

section to the Rutherford cross section was determined with angle center of mass 

𝜃𝑐𝑚 (panel A), energy center of mass 𝐸𝑐𝑚 (panel B). 

The elastic scattering barrier distribution 𝐷𝑒𝑙 was calculated with energy 

center of mass 𝐸𝑐𝑚 (in figure 3.6, panel C). The calculations have been performed 

for the nuclear system 16O+64Zn where the projectile 16O is stable nucleus and the 

target 64Zn is medium mass nucleus, the Akyüz-Winther potential parameters 

𝑉0 = 62.0 𝑀𝑒𝑉, 𝑎0 = 0.63 𝑓𝑚, 𝑟0 = 1.2 𝑓𝑚, 𝑊0 = 20.7 𝑀𝑒𝑉, 𝑎𝑖 = 0.65 𝑓𝑚, 

and 𝑟𝑖 = 1.25 𝑓𝑚, which are listed in Table 3.1. 

In (A) panel, the limit of all angles in coupled state is perfect agreement as 

well in panel (B) we obtained good match around barrier in coupled channel with 

measured data, so the barrier distribution as function of 𝐸𝑐𝑚  acceptable 

agreement in both coupled and no coupled channel above and under barrier. 
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Figure 3.6 : Uncoupled channel and coupled channels calculations for 16O+64Zn system by 
dashed and solid curves respectively: (A) elastic scattering cross section with mass center 
angle, (B) elastic scattering cross section with energy center of mass, (C) elastic scattering 
barrier distribution with energy center of mass, the black circles are experimental data from 
Ref. [81]. 
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3.2.7  11Be+209Bi reaction 

Figure 3.7 show the results of 11Be+209Bi reaction are taken the total 

differential cross section to the Rutherford differential cross section was 

determined with angle center of mass 𝜃𝑐𝑚. 

The calculations have been performed for the nuclear system 11Be+209Bi 

where the projectile 11Be is one neutron halo nucleus and the target 209Bi  is heavy 

ion, the Akyüz-Winther potential parameters 𝑉0 = 90.2 𝑀𝑒𝑉 , 𝑎0 = 0.63 𝑓𝑚 , 

𝑟0 = 1.2 𝑓𝑚 , 𝑊0 = 130.1 𝑀𝑒𝑉 , 𝑎𝑖 = 0.77 𝑓𝑚 , and 𝑟𝑖 = 1.29 𝑓𝑚 , which are 

listed in Table 1. A good agreement between theoretical calculations and 

experimental data at limits of 𝜃 = 40° − 75°  in coupled and uncoupled 

calculations, after  𝜃 = 90°, occurs obvious deviation from observed data. Due to 

the fact that the nucleus 11Be is a halo and breakup channel has a major role in 

the rapid break of nucleus, which causes this deviation. 

  
 

Figure 3.7: Uncoupled channel and coupled channels calculations for 11Be+209Bi system by 
red dashed and solid curves of total scattering cross section with the mass center angle, the 
black circles are experimental data from Ref. [82]. 
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3.2.8  32S+208Pb reaction 

In the 32S+208Pb system, (see figure 3.8) the results of this reaction are taken 

the total cross section to the Rutherford cross section was determined with energy 

center of mass 𝐸𝑐𝑚  (panel A). The total scattering barrier distribution 𝐷𝑒𝑙 was 

calculated with energy center of mass 𝐸𝑐𝑚 (in figure 3.8, panel B). The 

calculations have been performed for the nuclear system where the projectile 32S 

is stable nucleus and the target 208Pb is heavy ion, the Akyüz-Winther potential 

parameters 𝑉0 = 205.2 𝑀𝑒𝑉 , 𝑎0 = 0.63 𝑓𝑚 , 𝑟0 = 1.1 𝑓𝑚 , 𝑊0 = 68.4 𝑀𝑒𝑉 , 

𝑎𝑖 = 0.56 𝑓𝑚, and 𝑟𝑖 = 1.34 𝑓𝑚. Agreement between theoretical calculations 

and experimental data is the best in no coupled state for total cross section from 

coupled state around Coulomb barrier.  The number of experimental peaks in the 

distribution of the barriers corresponds to the number of the theoretical peaks, 

although the congruence is acceptable to some extent between results in coupled 

and uncoupled states. 

 
 

Figure 3.8 : Uncoupled channel and coupled channels calculations for 32S+208Pb system by 
dashed and solid curves respectively: (A) total scattering cross section with energy center of 
mass, (B) total scattering barrier distribution with the energy center of mass, the black circles 
are experimental data from Ref. [7]. 
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3.3 Conclusions 

There are deduce the following remarks based on the data and final 

conclusions presented in Tables (3.1) and Figures (3.1 to 3.8) for all systems 

researched in this thesis.: 

1. The coupling of any the selected systems improved the calculations for elastic 

scattering and inelastic scattering. 

2. We conclude that the breakup effect is very important for weakly bound 

projectiles, suppressed on heavy target nuclei above the Coulomb barrier, 

and, oppositely, is enhanced for some weakly bound projectiles at energies 

around the Coulomb barrier. 

3. In 6He+209Bi, we conclude measured values at incident energies down the 

Coulomb barrier that are identical with no-coupled and coupled calculations, 

and no obtaining measured values above barrier in experiment of the halo 

nucleus 6He. 

4. In 17F+208Pb and 11Be+209Bi systems, the major role of the breakup channel in 

halo nuclei causes the dispersion of the experimental data at different angles. 

5. The stable projectiles in 16O+64Zn and 32S+208Pb systems, the total and elastic 

scattering are enhanced at energies down and above the Coulomb barrier. 

 

3.4 Future Work 

1. Using elastic and inelastic 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 barrier distributions for 

systems contain medium and heavy projectiles. 
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3. Using semiclassical approximation in scattering cross-sections and 

distribution calculations and its comparison with quantum mechanics 

calculations. 

4. Studying new Halo and tightly bound nuclei on different targets nuclei at 

energies around barrier.  

5. Develop CC code to calculate cross-sections and barrier distributions by 

using resonance theorem.  
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 الخلاصة 

تنفيذها لحساب المقاطع العرضية للاستطارة  تم  الدراسة العلمية لالية الاستطارة  في هذه الرسالة،  

𝜎𝑇)الكلية   𝜎𝑅⁄ 𝜎𝑒𝑙)او المرنة     ( 𝜎𝑅⁄ ى المقاطع العرضية لرذرفورد مع توزيع حاجز كولوم  نسبة ال  (

(𝐷𝑒𝑙 or 𝐷𝑇))1-(MeV  هي :  لنوى مستقرة وغير مستقرة في العديد من الأنظمةPb,208+He6 

17F+208Pb, 7Be+58Ni, 7Li+59Co, 6Li+59Co, 16O+64Zn, 32S+208Pb, and 11Be+209Bi. 

باستخدام شكل وود  البصري  الجهد النووي    وجدنا أن أفضل طريقة ملائمة للأستطارة في وصف

الذي يحوي بارامترات الجزء الحقيقي والخيالي وهي العمق، نصف   Wood-Saxon (WS)ساكسون  

نفذت بطريقة فت جيدة الجهد البصري  مترات  ابارلالقيم الافضل      القطر ومعامل انتشار السطح النووي.

نظرية  النظرية    للحسابات   على  استندت  الدراسة  هذه  العملية.  القيم  التي    Alder and Wintherمع 

 المستمرة  -طريقة القنوات المقترنة المتقطعةافترضت بالاصل لتعالج التهيجات الكولومية للانوية وتدعى  

CDCC . 

يمثل    CC-SCTاقتران قنوات التفاعل مع قناة التفكك على الحسابات تم تنفيذها بواسطة برنامج  

في حساب توزيع  فورتران    . برنامج فرعي كتب بلغةالذي برمج بلغة فورتران  CCالنسخة الاحدث لكود  

 CC-SCT. البرنامج الفرعي نفذت ببرنامج  عددية  بطريقة فرق نقطتين𝐷𝑒𝑙 or 𝐷𝑇  حاجز الاستطارة  

 .للنتائج النظرية والعملية

لمركز  كدالة  رذرفورد  استطارة  مقاطع  الى  للاستطارة  العرضية  المقاطع  بين  النسبة  حسابات 

  elD  بالإضافة الى حساب توزيع الاستطارة المرنة كدالة للطاقة  Ecm  ودالة لمركز الطاقة    θcm  الزاوية

 .  توافق جيد مع القيم العملية كل الحسابات في .في حالات الاقتران وعدم الاقتران
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