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Chapter 1

Introduction and Literature Review

1.1 Introduction

The idea of nucleus was briefed in 1911 by Ernest Rutherford after performing the famous
experiment also known as Geiger-Marsden gold experiment. This was the revolutionary
idea for the interpretation of the atomic structure. Since, more than a century have
passed in pursuit to understand the behavior of nucleus and related nuclear structure
phenomena. The nucleus is a many body complex dynamical system, consisting of various
nuclear properties and associated aspects. Large number of experimental observations and
theoretical analysis have been performed to predict vast variety of nuclear isotopes. As
per the description of nuclear isotopes, the nuclear landscape is broadly divided into four
parts. The first part includes stable nuclei (i.e f—stability line) and the rest three comprise
of neutron rich, proton rich and super-heavy regions. All these except the stable nuclei
fall in the category of unstable nuclei, because of their very short life time. Most of stable
nuclei and their structural properties have been extensively studied and relatively better
understood. Therefore this region of nuclear chart is of least interest for nuclear physicist.

On the other hand neutron rich, proton rich and super-heavy regions have not been fully
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explored, and hence are of current interest. So many experiments were performed in
this area since the mid of 19"" century, and some very interesting observations have been
explored in these regions. The proton rich nuclei are very few in number, whereas their
counterpart i.e neutron rich side is enriched with vast variety and number. The brief

description of different regions of nuclear chart is described below.

1.1.1 J-Stability Line

The existence of naturally occurring elements and relative stability of these elements
is one of the major question for the scientific community since more than one century.
It has been observed that, stable elements exist very few in number from hydrogen to
lead element [1]. One of the important component of an atom is the nucleus, which
occupies the entire mass of the element. The nucleus is composed of nucleons and the
interplay of nuclear forces, which exist between them makes it even more interesting. The
main challenge for nuclear physics community is that how many neutrons and protons
form a stable nucleus. It has been found that about 300 nuclide are naturally occurring
and having half life more than 80 million years or greater than the life of earth. These
nuclei are categorized as stable isotopes and are also known as — stable particles. The
Fig. 1.1 represents the nuclear land scape in which, black boxes represent the stable
nuclear isotopes. The straight line shows the N=7 symmetry line. One may clearly see
from the figure that, these stable isotopes are tilted towards the neutron number as one
move towards higher mass number. Here, another interesting aspect is the existence of
other isotopes or identification of some new isotopes for these elements. The various
experimentalists and theoreticians are working on these aspects of nuclear physics. After
mid 1980, the development of radioactive ion beam (RIB) in various laboratories around

the world opened up a new approach to study the isotopes away from the §— stability
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Figure 1.1Nuclear landscape of stable, unstable and theoretically predicted nu-
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line. The experimental groups from DUBNA [2,3], RIKEN [4] and GANIL [5] are pioneer
in this field, and many theoretical studies [6-16] have also been carried in the related
areas of research. Approximately 2000 isotopes have already been synthesized artificially
through various experimental laboratories. These isotopes are unstable in nature and
are represented by yellow boxes in the nuclear land scape. The possibility of sustaining
these isotopes for longer life time is another field of investigation. Relevant theoretical
formalisms seem to suggest that more than 5000 isotopes are yet in the pipeline to be

explored in near future.

1.1.2 Proton rich nuclei

There are very few nuclei which exhibit proton rich characteristics, as depicted in the

nuclear land scape. The reason of non-feasibility of these nuclei is due to repulsive in-
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teraction between the protons in proton rich elements. Burbidge et al., [17] and A. G.
W. Cameron [18] suggests that most of the naturally occurring nucleides beyond the iron
nucleus can be made via two kinds of neutron capture processes, known as s-process and
r-process. Broadly speaking, the formation of proton rich nuclei may be possible either
by (p,y) process or (7, n) process. In the first process, successive addition of protons
takes place for the formations of proton rich nuclei. But in the lateral process, neutrons
of the nucleus are removed in the sequence of photodisintegrations to enrich the nucleus

by proton.

1.1.3 Neutron rich nuclei

The neutron rich nuclei are synthesized primarily via s-process or r-process. The r-process
is responsible for the creation of approximately half of the neutron-rich atomic nuclei heav-
ier than iron element. The slow-neutron-capture-process (s-process) is a nucleosynthesis
process which occurs at relatively low neutron density and intermediate temperature.
Under these conditions, the heavier nuclei are created via neutron capture by increasing
the atomic weight of the nucleus by one unit. During this process, the neutron changes
to proton by decay of ™ -particle, for creating a daughter nucleus of higher atomic num-
ber, where the rate of neutron capture by atomic nuclei is relatively slow as compared
to the rate of radioactive f~-decay. In other words, in s-process the 3 decay can occur
just before every successive neutron capture process. Therefore s-process produces stable
isotopes by moving along the valley of #-decay stable isobars in the nuclear chart, where
as the r-process (rapid-neutron capture process) differs from the s-process by its faster
rate of neutron capture than the 3~ -decay. Consequently more than one neutron gets
captured before 3-decay in the r-process. The r-process is entitled by their name because

of the succession of rapid neutron captures. The r-process occurs to a slight extent in
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thermonuclear weapon explosions, and was responsible for the historical discovery of the

elements Einsteinium (Z=99) and Fermium (Z=100) etc.

1.1.4 Super-heavy Nuclei

The extreme right part of the landscape is super-heavy region. The elements heavier than
Uranium (Z=92) are not usually found in the nature, but they can be synthesized in the
laboratories and exhibit a very short life time. In such heavier atomic nuclei, relatively
larger number of protons repel one another due to their positive charges, making them less
stable, or more radioactive. Although the definition of the super-heavy elements (SHE) is
debatable, but we generally refer to elements with Z>100 as super-heavy elements. Most
of these elements have life time ranging from a few milliseconds to few minutes. Newly
investigated element Z=117 [19-23] has a life lime of about few thousandths of a second.
It is relevant to mention here that the stability of these elements at island of inversion may
be due to possible occurrence of magicity in the super heavy region, which is of current
interest in concern of possible stable island beyond Z=100. The scientists working in this
area are doing extensive effort to explore super-heavy magicity so as to synthesize stable

nuclear systems in this extreme mass region of periodic table.

1.1.5 Drip line

The general statement regarding the drip-line is conceptualized as the boundary of the
nuclear particle-stability line. If we add or remove successive neutron or proton in the
stable nuclear isotopes, a point is reached for a given Z, where if one extra neutron is pulled
out, the proton becomes unbound with in the isotope. Similarly if one more neutron is
added to that isotope then neutron also doesn’t stay in bound state with in that nucleus.

These limits define, respectively, the proton and neutron drip-lines. Equivalently, one can
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say that the point at which the separation energy of nucleus becomes zero is known as drip-
line. The proton drip-line region is relatively better explored in the nuclear landscape,
where as its neutron counter part is being extensively explored. Although the drip-
line is well established up to oxygen, ground state of 220 and ?*O are unbound. Also
conventionally expected double closed shell nucleus 20 as well as 260 which have even-
even stability are found to be in their unbound states. There are some other nuclei well
beyond the drip-line, such as Be, 2B, 21C, 2C and !N etc., which are of recent interest.
Such nuclei undergo single neutron emission and their structural effects are still not fully
known. The experiments at RIKEN [4] and GANIL [5] observed the existence of 3Ne
and 3"Na which were earlier predicted to be unstable nuclei. The recent discovery of Mg
and *?Al [24] which are well beyond the drip-line by various mass formula, challenge the
predictive power of theoretical models for a definite neutron drip-line. In addition to
this, the change of shell structure, one/two neutron halo, skin effect and bubble shape in
density profiles are some of the interesting phenomenon identified beyond the valley of

stability. The brief idea of these issues are given in subsequent subsection of exotic nuclei.

1.1.6 Exotic Nuclei

Some of the nuclear systems show the unusual behavior as compared to their neighboring
isotopes. The nuclear systems are said to be exotic, if they exhibit unusual decay modes,
which are not seen at near stability region such as proton radioactivity and [-delayed
particle emission etc. In [(-delayed emission, after 3 decay the nucleus gets highly ex-
cited and can emit one/more particles (such as one/two protons or neutrons or an alpha
particle). Hence nuclear structure studies of such exotic systems are different than those
away from the f—stability line, the neutron rich side carries special attention in recent

times. These nuclei are highly unstable and lie far from the valley of 3-stability line. Such
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nuclei exhibit unusual phenomena and provide an extreme test for existing models. The
properties of these nuclei are strongly relevant to explosive astrophysical events such as
supernova etc.. The studies of nuclear matter under such extreme conditions, in which
the nuclei behave quite different as compared to stable nuclear systems, are of prime
importance and are being studied extensively. These extreme conditions include nuclear
behavior at high temperature, high density etc. beside forming extreme combinations of
N/Z ratios. The N/Z ratio depends on the nature of the attractive nuclear force that
binds the protons and neutrons in the nucleus and complex interplay with the disruptive
Coulomb or electrical force that pushes the positively charged protons apart. It is relevant
to mention that, the nuclear shape and deformation effect also play very significant role
in exhibiting the behavior of the exotic nuclear systems. A brief account of deformed shell

closure effects is described below

1.1.6.1 Shell closure effect for deformed systems

The spherical shell model was developed to explain the extra stability of some nuclei with
their proton number Z= 2, 8, 20, 50, 82 and neutron numbers N= 2, 8, 28, 50, 82 and
126 called as magic numbers. These magic shell nuclei form spherical shape and very
stable nuclear configuration. Whereas with the advancement in experimental laboratories
and measurements of mass/Coulomb excitation using radioactive ion beam (RIB) for
neutron rich ‘Na’ and ‘Mg’ isotopes suggests the breaking of nuclear shell closure i.e.
N=20 [16]. The investigation by neutron separation energy (S,) and interaction cross
section measurements for p — sp and sd shell region along with some other observations
suggests the new magic number N=16 near the drip-line [25,26], which is also supported
by Hoffman et al. [27]. A recent ion beam measurement at RIKEN [28] suggests some new

magic numbers at N=6, 16, 32, 34 and so on, with increasing proton neutron imbalance,
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which breaks down the conventional order of nuclear magicity. This phenomenon of
vanishing the known shell gaps and the development of new stability zones, causes a
mixing of normal and intruder configurations, which in turn significantly influence the
properties of such nuclei [29,30]. These approaches include the concept of nuclear shape
coexistence. The struggle of bands (levels) occur in the nucleus, which overlap in their
energy but having different from their decays modes. These facts are due to the reason
of their different coexisting nuclear shapes. Hence the shapes or the structure of such
nuclei are very much important throughout the nuclear systems away from the stability
line. Hence significant advancements have been made in Shell model after the discovery of
new magic numbers. These new numbers may be called as the deformed magic numbers
because they stabilize a nucleus in a deformed shape, just as the earlier known magic
numbers exhibit stability aspect of a spherical shape nuclei. The deformed magic numbers
identified so far include Z of 38 and N of 6, 16, 32, 34, 38, 60 and 62 [25-28,31,32]. It is
relevant to mention here that the magicity in the super heavy region is of current interest
in concern of possible stable island beyond Z=100. Although there is a general consensus
about the next neutron magic at 184. The next proton magic after Z=82 is still not fully
explored and there seems a competition among Z=114, 120 and 126 for the same. The
deformed shapes of target-projectile combination of heavy ions employed for synthesis
of SHE, may impart a significant insight to explore this issue. On the other extreme of
periodic table (lower mass region) deformation effects provide another interesting area of

halo shapes, which is briefly described below.

1.1.6.2 Neutron/Proton halo shapes

Another interest in the studies of these exotic nuclei is to investigate the effect of one or two

neutron/protons halos and neutron skin [33-35]. Such effects are caused by the extremely
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Figure 1.2 Structure of one and two neutron Halo [7].

weak bound neutrons/protons that decouple from the nuclear core. The nucleon in the
halo nuclei at a large distance from the core gives rise to a wave function having a long
tail. Fig 1.2 shows the structures of one and two neutron halo nuclei. The central part
of these figures consists of a core of nucleus surrounded by loosely bounded one or two
neutrons,/protons. The two neutron halo’s are also known as Borromean nuclei [36, 37].
It is of large interest to study the existence of bound states of two nucleons (neutrons
or protons) with core in the Borromean structure. The reaction cross sections with halo
projectiles such as %®He, 'Li and !“Be [38] have been found anomalously larger. The
root mean square (rms) matter radius of such nuclei is found to be much larger than that of
the neighboring ones. The measurement of longitudinal momentum distribution for 6-18C
isotopes after one-neutron breakup from '"~1°C isotopes using the fragment separator
observed narrow value of full width half maximum (FWHM) for '8C (~ 44.3+5.9 MeV /c),
which indicates that '°C is a one-neutron halo [39]. The measurement of nuclear reaction
cross section for 192922C [40] shows that the drip-line nucleus ?>C has halo structure. The
halos in deformed nuclei have been investigated in several mean field calculations [41,42].
However the three body model calculations [43] suggest that it is unlikely to find halos in

deformed drip-line nuclei because the correlations between the nucleons due to static or

dynamic deformations of the core suppress the formation of halo. The isotope ' Ne having
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Figure 1.3Nuclear landscape for He-Mg isotopes with probable one and two
neutron halo candidates.

neutron number N=21, seem to break the shell closure structure. As a consequence, a
large deformation associated with the strong intruder configuration puts it at “island
of inversion”. Hence the structure of these exotic nuclei in the extremes of isospins
is characterized by several interesting features. The nuclei toward the drip lines have
extremely small separation energy for the outermost nucleons, as a result the Fermi level
of such systems lies close to the particle continuum state. The density distribution shows
an extended tail with a diffused neutron skin and neutron halo [34]. The definition of a
halo nucleus is still being debated, but at least three basic conditions are required for the
nuclei to be halo: (i) low separation energy of the valance particle (or particle clusters),
(ii) a wave function that is in a low relative angular momentum state (preferably an s-

wave or p-wave), (iii) decoupling from the core. Figure 1.3 shows the nuclear land scape
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of He-Mg isotopes with probable cases of one or two neutron halo candidates [7,44-50].

Bubble effect in the densities

Recently, one more phenomenon known as bubble effect in the densities has drown the
attention of nuclear physists. The density distribution reveals the shape and the stability
of the nuclear systems. In some of the nuclear systems, an extension in the tail part
corresponds to their halo behavior as discussed above. However in certain cases another
interesting fact is observed in context of the density profile. The densities of such cases
is depleted from the center. The idea of the bubble effect has been given by Wilson
[51]. This phenomenon gathered greater interest because it changes the shape of the
density distribution from its normal form due to different mean field potential. Hence the
conventional behavior of densities have been changed for such cases of nuclear systems.
The bubble effect is found in some of nuclear systems like 220, 23F, 34Sj, 365, 36Ar 46Ar,
81Se, 131Ce, 1™YD, 2Hg etc. [52-54]. The possibility of the formation of the bubble
nuclei from the lighter to super-heavy mass region is an open area of investigation. The
major interest in this area is to investigate the structural changes of these nuclei, and
subsequently to see the role of this effect on reaction dynamics. In the following sections,
an effort has been made to give a brief description of nuclear structure and nuclear reaction

mechanisms undertaken in this thesis.

1.2 Nuclear Structure

The atomic nucleus is a strongly-interacting, many-body quantum mechanical system
which exhibits various shapes and excitation modes. These shapes are comprised of vast
range covering from spherical to super deformed mode. Another interesting feature is the

excitation of a single proton or neutron to collective vibrations and rotations of the nu-
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cleons in the nucleus. The main interest of nuclear physicists is to explore these complex
patterns of nuclear behavior by single mechanism. In this regard, nuclear structure and re-
lated features are studied by bulk properties of the nucleus like binding energy, rms radius,
charge radius, deformation parameter, nucleon density distribution, single particle energy
etc. For investigation of these properties, various phenomenological and microscopic theo-
retical models have been developed like Finite Range Droplet Model (FRDM) [55], Skyrme
Hartree-Fock [56,57], Relativistic Mean Field [58,59] and Hartree Fock Bogulibov model
(HEBB) [60,61]. The recent theoretical formalism addressing many body nuclear systems
generally follow up three different approaches: (i) ab-initio method, (ii) Self consistent
mean-field method and (iii) Macroscopic-microscopic model with shell corrections. The
ab-initio method has been developed with an aim to explain the nuclear scattering data
by using the nucleon-nucleon potential. In this approach the nuclear matter behaves like
a correlated quantum liquid due to strongly repulsive potential of the nuclear core. Hence
to interpret such complex system, one needs highly sensitive many body theories [62,63],
which may provide the direct connection between the two nucleon problem and nuclear
matter properties. The intermediate level between ab-initio and macroscopic-microscopic
approach is the microscopic mean field theory, which is based on effective interactions

briefly discussed below subsection.

1.2.1 Mean field theories

It is relevant to mention that both fully ab-initio method and shell model calculations
are incapable to produce many properties of finite nuclei. Therefore effective mean field
interaction gathered much attention in this regard. The mean field theories are based on
effective interactions and concentrate on self consistent determination of the nuclear mean

field interaction. The force parameters of mean field theory are few in numbers, which
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have been adjusted by fitting the nuclear structure data. Hence the mean field potential
of nucleons are estimated from nucleonic wave functions in Hartree-Fock theory. These
theories are further generalized with mean field concept in the Hartree-Fock-Bogoliubov
(HFB) equations [64] and widely used BCS approximation for the time-reversal-invariant
systems. Hence these two different formalisms are used to a great degree for the calculation
of pairing energy in the mean field theory to take care of nuclear pairing correlation in
finite nuclear matter. The success of the Hartree-Fock approach strongly depends on the
effective interactions. Presently, the standard models used in the mean field theory are
non-relativistic mean field with (i) zero range Skyrme interaction [65], (ii) finite range
Gogny interaction [66] and (iii) relativistic mean field theory [67]. The descriptions of

non-relativistic and relativistic mean field theories are given below.

1.2.2 Non-relativistic mean field theory

The Hartree-Fock approach is based on the non-relativistic mean field theory with basic
assumption that nuclear forces are effective just between pair of nucleons. Using this
assumption, we can estimate the properties of many body nuclear systems, which con-
sists of several hundred interacting particles under some effective interaction. The local
approximation in Skyrme energy functional has several advantages. The direct and ex-
change terms of Skyrme-Hartree-Fock have the same structure, which significantly reduces
the number of integrations required for the solution of field equations. Although non-
relativistic mean field model with self consistent approach successfully describes many
nuclear properties like binding energy, charge radius, matter radius, densities distribu-
tions, single particle energy states etc.. But this approach fails to predict accurate values
of the binding energy and the saturation density, which is a well known ‘coester band’

problem [68,69]. Hence the large number of parameter sets are available to study the



14 Chapter 1 Introduction and Literature Review

structure of many nuclear systems.

1.2.3 Relativistic mean field theory

In 1970’s. another significant effort in the mean field theory has been done by Walecka [62]
and Brochman [70,71] by introducing relativistic approach. These models are based on
the relativistic mean field approximation, which provide microscopic consistent and simple
treatment of many body problems via adjustment of the model parameters, coupling
constants and effective masses to the global properties of nuclei. The properties of whole
periodic table can be described by this formalism. These models do not require any further
fitting of parameters for the nuclei away from the stability line. Hence relativistic mean
field theory is able to solve the problems of the saturation density and the binding energies
for the finite nuclei and also gives spin-orbit interaction automatically. Although the
bulk properties of nuclei with non-relativistic density dependant Hartree-Fock (DDHF)
calculations using Skyrme forces are comparable to relativistic mean field formalism. But
the RMF have some advantages over DDHF [72] as (i) the proper relativistic propagation
of nucleons and retarded interaction are included automatically, (ii) the meson degrees of
freedom are incorporated explicitly through self-consistency, (iii) spin-orbit interaction,
which is a relativistic correction comes out automatically, (iv) Coester band Problem is
solved in relativistic mean field. The further detail of non-relativistic Skyrme-Hartree-

Fock and relativistic mean field formalisms are discussed in Chapter 2.

1.3 Nuclear Scattering and Nuclear Reaction

Another method to investigate the nuclear structure is through nuclear reaction. The

resultant of interaction between the two nuclear systems (projectile and target) can be
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understood either by nuclear reaction or by nuclear scattering. If the two interacting
bodies exchange masses (nucleon) then interaction is called nuclear reaction otherwise
the process is termed as nuclear scattering. The nuclear scattering is also a fundamental
nuclear reaction in which a projectile and target interact with each other. During this
interaction they do not exchange any particle with each other. So the total energy and
momentum are always conserved. If they exchange some energy i.e. the target particle
reaches to its excited state then the scattering is called ‘inelastic scattering’ else is known
as ‘elastic scattering’. The scattering is a peripheral phenomenon whereas the nuclear
reactions cover the central and near central interactions. The nuclear interaction is a
complex phenomenon which has been discussed below. Since elastic scattering is a pe-
ripheral process, it can be the most prominent tool to probe the tail of the wave function
and hence the properties of the halo nuclei. As mentioned earlier the nuclear reaction and
nuclear scattering results are used to measure the properties of nuclei. Those reactions
which exchange energy or nucleons can be used to measure the binding energy, quantum
numbers of energy levels and transition rates between levels etc.

In nuclear reaction, the nucleons of the projectile must interact with the nucleons of the
target where energy plays a prominent role. The energy must be high enough to over-
come the natural electromagnetic repulsion between the protons. This energy barrier
is called as Coulomb barrier. If energy is below this barrier, the nuclei will bounce off
each other. When a collision occurs between the projectile and a target nucleus, either
the beam particle scatters elastically leaving the target nucleus in its ground state or
the target nucleus is internally excited and subsequently decays by emitting radiation or
nucleons. Some specific reactions are studied by measuring the angles and kinetic en-
ergies of the reaction products. The most important quantity of interest for kinematic

variables is the interaction or reaction cross sections. There are two kinds of reaction
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formalism, which are distinguished on the basis of energy. One is the low energy theory
such as the Bass model [73], which is based on the one dimensional interaction potential
between the two spherical nuclei and the second kind is based on high energy microscopic
interactions like Glauber model [74] which is based on nucleon-nucleon collisions. The
reaction cross sections give the measurement of the probability for a particular reaction
to occur, which enhances our knowledge to interpret the size and the distribution of the
nuclei. The decomposition of angular distributions for elastic scattering is a powerful tool
for understanding the characteristics like nearside-farside (Fraunhofer) interference oscil-
lations at forward angles, which provide the information about the potential in peripheral
collisions. If the absorption is weak enough, then the trajectories of colliding systems con-
tribute towards the farside scattering, which exhibit the rainbow type features, namely
Airy maxima and minima. It is relevant to mention here that the heavy ion beams are
of extreme relevance and have drawn much interest to explore nuclear reaction dynamics.
Heavy ions are the nuclei with Z>2 and A>4. ie the nuclei heavier than the a-particle are
called heavy ions. The heavy ion elastic scattering data is the main source of information
on the above discussed subjects. Along with it, a large percentage of our knowledge on
the properties of nuclei is derived from nuclear reactions. The study of nuclear reactions
is important because of its impact and relevance on the related fields of investigation.
Measurement and calculation of nuclear reaction cross section observable is of great im-
portance for overall understanding of the reaction mechanism and associated dynamical
behavior. The nuclear reaction phenomena are broadly classified on the basis of projectile
energy range as low, intermediate and high energy reaction dynamics. A brief discussion

of low and intermediate energy and associated nuclear phenomena is given below:
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1.3.1 Low energy nuclear reactions

For nuclear reaction at low incident energy range (E < 30 MeV /nucleon), the mean field
effect dominates, and a microscopic description of the process is so difficult to observe
that the strong absorption effects dominate the interactions and allow one to probe only
the external part of the nuclear surface for which angular distributions gives the typical
diffraction pattern. The less availability of data in refractive effect leads to large ambigu-
ities in the determination of the real part of the optical potential. The nuclear reaction
requires an energetic nuclear probe (projectile beam) coming from an accelerator or ra-
dioactive substance to be incident on the target. Depending upon the reaction conditions,
different types of reactions may occur. However a broad classification may divide the nu-
clear reactions into two categories;

(1) Compound nucleus reaction and (2) Non-Compound nucleus reaction.

Compound nucleus reaction

In this reaction the projectile hits the target and forms a compound nucleus for a relatively
long time period (107 -10717 sec). During this time period, both the nuclei are in the
single excited state known as the compound nucleus (CN) state. The decay from this state
(excited state) takes place by an evaporation of nucleons from the CN by ~-decay, a-decay,
evaporation residue and fission. Fission fragments may also have a significant contribution
from the intermediate mass fragments (IMFs) and heavy mass fragments (HMFs) [75]. It
may be noted that the fusion-fission is one of the most important phenomena studied at
low energy region. In the fusion reaction, two light mass nuclei are combined to form a
big massive nucleus by releasing a huge amount of energy. For example, the two isotopes
of hydrogen combine to form helium by releasing 17.6 MeV energy in the form of kinetic

energy. On the other hand an unstable nucleus may break up into two or more small
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nuclei by the release of large amount of energy. This process is called fission. The nuclear
fission and possibly nuclear fusion reactions will be one of the major energy source of the
future power generation. The process of nuclear fission may be caused by the interplay
between the nuclear forces of attraction and the Coulombic repulsion. If the repulsive force
increases by bombarding the neutron to the nucleus and crosses the barrier height, then
the nucleus breaks into small fragments. Along with the product nuclei, it also releases
some neutron which further continues the process of fission called as chain reaction. The
isotopes that can sustain a fission chain reaction are called nuclear fuels and are said to
be fissile materials [76]. The most common fissile fuels are ?*U and ?**Pu. Mostly the
nuclear fuels undergo a spontaneous fission at a very slow rate and decay by emitting «,
0 particles etc.. The fusion generally occurs for lighter elements and likewise the fission
normally occurs for heavier nuclei. But there are extreme astrophysical events that can
lead to short period fusion with heavier nuclei. This is the process that gives rise to

nucleosynthesis, the creation of the heavy elements during events such as supernovas.

Non-Compound nucleus reaction

On the other hand for non-compound nuclear reaction, the life time of interaction is very
small of the order of 10722 sec as compared to the life time of formation of compound
nucleus. In addition to the compound nucleus, some non-compound nucleus decays like
direct reaction, pre-equilibrium fission [77], quasi-fission or Deep inelastic collision (DIC)
etc. may also take place. The direct reaction includes various nuclear processes like
elastic and inelastic nuclear reactions, Pickup or stripping reactions etc. A brief account of
stripping, pick up and deep in elastic interactions are given below as illustrative examples.
The stripping reaction is a nuclear reaction in which some part of the projectile nucleus

interacts with the target nucleus, and the remaining part proceeds with almost similar
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momentum on the same direction. This reaction was first described by S. T. Butler
[78]. The deuteron stripping reactions have been used to study the nuclear reactions and
structure of O'%(d,p)O'".

On the other hand the pick-up reaction is complimentary to the stripping reaction. In
which one or more nucleons are taken away from the target nucleus by the projectile
nuclei without changing the structure of rest of the nucleons. An example of the pick-up
reaction is Ca*’(p,d)Ca®.

The last case of nuclear reaction, in which two nuclei interact strongly, dissipating sizable
amount of energy and exchange energy and nucleon, while their surfaces overlap for a
brief period corresponding to the rotation of intermediate di-nuclear complex is known as
deep inelastic collision (DIC). The DIC may take place if the energy of the projectile

is 2-3 MeV /nucleon above the Coulomb barrier.

1.3.2 Intermediate energy nuclear reactions

The intermediate energy range of nuclear systems has been generally classified from few
decades of MeV /nucleon to few GeV /nucleon. At this energy range the nucleus-nucleus
interaction is dominated by free nucleon-nucleon collision, which suggests that the surface
transparency effect increases with increase of the energy over this region. This effect of
increase of energy also appears in the measurements of reaction cross section, which
exhibits the similar type of energy dependence as the one seen in elementary nucleon-
nucleon cross sections. If the energy of the projectile goes above 30 MeV /nucleon, the
system is said to be an in extreme excited state and the temperature of such state is
very high. Further by increase of the projectile energy up to 200 MeV /nucleon, the multi-
fragmentation process starts taking place during collision, which makes the nuclear system

in boiling state. The multi-fragmentation is the process of breaking of colliding nuclei
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into several light, medium and intermediate mass fragments with huge number of free
particles. If the energy of an incident projectile is within the range of 100 MeV /nucleon
to few GeV /nucleon, the system is in the highly excited state and emits various particles
through multi-fragmentation phenomenon.

The elastic scattering cross sections of protons and neutrons give the essential data and
eventually help to reconstruct the nucleus-nucleus interaction. It is relevant to mention
that, a complete theory of nuclear structure and dynamics must start with this elemental
interaction. The measurements of elastic and inelastic scattering of electrons, protons,
and neutrons from nuclei provide the tools for the investigation of nuclear size, shape,
binding energy, and other nuclear properties with the help of nuclear models.

In present work, we have used the Glauber model approach [74,79], which is being used
quite extensively to investigate the nuclear reaction dynamics. The nuclear reaction cross
sections, one or more nucleon removal cross sections, angular elastic differential cross
sections and longitudinal momentum distribution observable can be estimated using this
method. The importance of this model is that, all the above mentioned quantities can be
obtained from the nuclear densities or wave functions. We plan to use the densities from
well known relativistic mean field (RMF) model and non-relativistic Skyrme Hartree-Fock
(SHF) model for the comparison of results with each other. The basic ingredient of SHF
model is its Hamiltonian density functional and RMF model is its relativistic Lagrangian
density functional for nucleon-meson many body system. These models are well known
and well described as SHF [56,57,80] and RMF [68, 81-83] with self consistent mean
field approach [84]. The older versions of these models have some limitations but the
recent formalisms are quite efficient to predict the bulk properties of nuclei not only at
the f—stability line, but also for the nuclei lying away from the g—stability line. The

microscopic approach of these models provide us the accurate densities and wave functions
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which are the main ingredient of the Glauber formalism. The main significance of this
systematic approach rely on a very small number of fitting parameters, which enable a
rather strong reproducing power of the reaction dynamics of stable as well as drip line

region. The details of formalism used are discussed in Chapter 2.

1.4 Summary of the Thesis

A brief description of methodology, calculations, observations, results and conclusion etc.

is presented in the following Chapters.

Chapter 2

A brief description of formalism used for the investigation of the nuclear reaction dynamics
and associated nuclear structure have been explained in this chapter. The details of both
relativistic mean field and non-relativistic mean field formalisms have been given along
with the used parameters sets. The details of reaction model (Glauber model) and its
description along with the process of using the densities from these mean field formalisms

has also been described in brief.

Chapter 3

In this chapter, the bulk properties like binding energy (B.E.), root mean square radius
(rm), root mean charge radius (r.), quadrupole deformation parameter ((3;), nucleonic
density distributions etc. have been studied for low to medium mass nuclear systems using
both relativistic mean field and non-relativistic mean field formalisms. The comparison of
bulk properties using parameters NL3*(NL3) and NL-SH for some test cases in relativistic

mean field and SkI4 and SLy4 in non-relativistic mean field has been discussed for the
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appropriate choice of parameters. The comparison of bulk properties is studied using
both spherical and deformed model approaches. The results are also compared with
the experimental data or Finite Range Droplet Model (FRDM), wherever available. The
subsequent study of the role of bosonic and fermionic model space is also done before doing
calculation using RMF formalism for these massive ranges. The role of BCS-pairing is
also analysed for better understanding of its effect on bulk properties for isotopes of Ne,

Mg and Si with in the RMF formalism.

Chapter 4

In this chapter, probable bubble nuclei of light mass region have been investigated through
density profile using both RMF and non-RMF formalisms. Further bulk properties like
binding energy and charge radius are also compared with the relativistic mean field for-
malism (for both deformed and spherical approach) along with the non-relativistic mean
field formalism. The systematic study of the density profile and the depletion factors etc.

have been exercised to analyze the probable cases of bubble nuclei.

Chapter 5

Chapter 5 contains the systematic study of the reaction dynamics within light to medium
mass region using Glauber model. The various inputs of the Glauber model like energy and
isospin dependant parameters, densities in Gaussian form etc. are described in brief. The
microscopic mean field densities are used after conversion in terms of Gaussian coefficients
and accuracy of the Glauber model is exercised on the basis of density profile. First of all,
the sensitivity of converted densities are tested for some projectile/target nuclei. After
that the role of fitting of densities in 2-Gaussian and 4-Gaussian form are studied on

reaction cross sections of various reaction systems. The role of deformed densities is
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also investigated on reaction cross sections studies using spherical and deformed RMF
approaches. The comparative study of the reaction cross sections are also done by using

the non-relativistic Hartree-Fock and relativistic mean field densities.

Chapter 6

Chapter 6 contains the recent interest of halo nuclear systems. The bulk structural prop-
erties mentioned in Chapter 3 are also studied along with, one and two neutron separation
energy and single particle energy of some halo nuclear systems using RMF and non-RMF
formalism. The reaction cross sections of these nuclear systems have been studied with
Glauber two body model by using densities of mean field formalisms. The detailed study
of reaction dynamics of some newly identified halo nuclear systems (*'Ne and *"Mg) have
been carried out in this chapter. The reaction cross section, angular differential elastic
cross section, one nucleon removal cross section and longitudinal momentum distribution

parameters are used to interpreted the halo structure of these nuclear systems.

Chapter 7

The summary of thesis work and scope of further extension have been given in this Chap-

ter.
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Chapter 2

Methodology

The area of nuclear research has progressed intensively due to availability of large experi-
mental data during the last few decades. This effort has produced many exotic phenomena
and a significant advancement in this area in turn provides a large body of new materials
and related insights. Many theoretical formalisms are available to explore the structure
of nuclear systems, which get consistently modified as per advancement in the related
field. Omne of the most successful approach for the interpretation of the exotic nuclear
systems is the self consistent mean field theory. The Hartree-Fock mean field [1,2] is one
of the approximation based on the non-relativistic approach and is extensively used to
investigate the bulk properties of nuclei. The most important aspect of this formalism is
the choice of an appropriate effective interaction potential. Presently, two different mean
field effective interactions are being used in this concern. One of them is a finite range
Gogny and other is zero range Skyrme interaction. Both of them are very successful in-
teractions to investigate the bulk properties within the frame work of the Hartree-Fock
approach. Another type of the mean field formalism is based on the relativistic theory
and is of extensive interest because, it does not require spin orbital interaction terms

unlike non-relativistic approaches. As nucleon-nucleon interaction is very important for
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the interpretation of nuclear shapes and structure, one of the method to describe such
interaction is to employ the optical model using a multi-parameter potential. For the
estimation of these parameters of potential, one needs a large data of reaction observables
(i.e total interaction cross sections, reaction cross sections, differential elastic scattering
cross sections and momentum distributions, polarizations etc.). Another method to de-
scribe such interaction is via semi-classical approximation. These approximations relate
the reaction cross sections with the transparency of the nucleus [3]. For the success of
above mentioned models, one needs precise data on reaction dynamics for addressal of
nuclear behavior over wide range of incident energies. In other words, matter distribution
in a nucleus is a basic quantity for nuclear reaction models and one needs to handle it
with utmost care.

The reaction cross sections at intermediate energies reflect the geometrical size of the
nucleus. The enhancement in the values of reaction cross section for nuclei near the drip
line [4] has revived much interest in reference to the exploration of nuclear matter size.
The extraction of matter size or nucleonic distribution is difficult to determine precisely
through electron scattering, because such reactions involve strong interactions whose be-
havior is still not fully established. The optical limit approximation (OLA) in the Glauber
theory [5] is one of the convenient tool for an estimation of the size of unstable nuclei [6].
The another treatment beyond the OLA is necessary for a qualitative analysis of the reac-
tion cross sections [7-9] as well as the elastic scattering cross sections [10,11], for loosely
coupled nuclear systems such as halo nuclei, because breakup effects are not properly ac-
counted with OLA. Although the calculation of physical observable in the Glauber theory
by using microscopic wave function gives an estimation of above observable within OLA.
The Galuber many body system formalism is capable of explaining the loosely bound sys-

tems. The detail description of the relativistic mean field theory along with the Glauber
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formalisms and associated Skyrme based interactions is given below.

2.1 Skyrme-Hartree-Fock formalism

Skyrme Interactions

The Skyrme force is a zero-range, density and momentum dependent effective interaction,
which requires a few parameters for the description of bulk as well as single-particle prop-
erties of nuclear systems from light to super-heavy region. Although the quantities like
binding energies, matter radii, electromagnetic form factors, giant resonance excitations,
fission and fusion barriers etc. have been well described by this interaction, but there
are still some limitations of Skyrme forces such as spin properties. The spin-orbit force,
which is necessary in case of proper magic nuclei, requires an extra parameter which needs
to be introduced externally for the better description. In other words spin couplings are
largely undetermined because the Skyrme force is a non-relativistic model, and spin prop-
erties enter via relativistic effects. The basic idea of the Skyrme interaction for nuclear
structure calculations is to develop an energy functional, which could be expressed in
terms of zero-range expansion, leading to a simple derivation of Hartree-Fock equations.
The energy functional contains two parts named as the direct and exchange terms having
similar mathematical structure. The Skyrme effective interaction that leads to a two-
body density-dependent interaction models the strong force in the Particle-hole channel
and contains central, spin-orbit and tensor contributions in coordinate space known in

standard analytical form as [1,2,12]:
V(Tl, 7”2) = to(l + Lﬁopg)é(?)

(P25(7) + 6(7) P

~—

1
+§t1<1 + fl?lpa-

)
~l

+to(1 + 29 P,) (5(?)
bts(1+ 2P p(R)6(7)
P

HWoo [P x 6(F)P]. (2.1)
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H
=7 1-T 5 and Rz%(?ﬁ-?}), are the center of mass and relative coordinate
. — =R .
respectively. Here the operator P may be defined as P=5- (V1-V3), and ¢ spin operator

is expressed as o=01+09 and P,=(1 + 0y.02)/2

Hamiltonian density functional

The general form of the Skyrme effective interaction used in the mean-field model can be
expressed as a density functional H [1,2], which is a function of some empirical parameters,

such as

H=K+Ho+Hs+Hep+ ... ) (2.2)

where K:%T, Ho, Hs and H.ss are the kinetic energy, zero range, density dependent

and the effective mass dependent terms, respectively.

Mo = 310l(2+ ) — (20 + 1)( + 2, (23

1
Hs = 55t [(2+ 23)p” = (22 + 1)(p}, + pp)]and (2.4)

1 1
Herp = g[t1(2+$1)+t2(2+x2)]7'p+g[t2(2x2—|—1)

—t1 (221 + D](7p0p + Tnpn)- (2.5)

The kinetic energy term K is used in the fermi gas model for non-interacting fermions.
The other terms representing the surface contributions of finite nucleus with b4 and 64 as

additional parameters are

1 1 LW
Hsp = 1—6[3751(1 + 5931) —ta(1+ §$2)](V0)2

1 1 1
—1—6[3151(5151 + 5) + to(z2 + 5)]

— —

x[(Vpa)* + (Vp,)7], (2.6)
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and

1 — — - — - —
Hg = =500V T + b0V Tu 4 9,V Ty, (2.7)

where p = p, + p, is the total nucleon density, the kinetic energy density 7 = 7, + 7,
. . . H H H . .
and the spin-orbit density J = J, 4+ J,. Here n and p are the subscripts representing
é
the neutron and proton, and m be the mass of nucleon. J, = 0, ¢ = n or p for spin
saturated nuclei, i.e, for nuclei with major oscillator shells completely field. These terms

are dependent on different parameters termed as xg, x1, T2, T3, to, t1 ,to, t3 and 7.
Total binding energy and densities expressions

The total binding energy (B.E.) of the nucleus is obtained by integrating the density

functional H as in the form:

(U H|T) / Hr)dr, (2.8)

where the expression of total density “p,(r)”, kinetic density “7,(r)” and spin density

“Jq(r)” of nucleus are expressed as:

pulr) = > 161 (r,s)nf, (2.9)

(1) = Y [V!(r,s)nf, (2.10)
To(r) =Y 6, s )Vi(r, s) x (s'|o|s)nf, (2.11)

0,8,
here ¢!(r, s) is the single-particle wave function with orbital, spin and isospin quantum
numbers , 7, s and ¢ respectively, and n! is the occupation number of corresponding state
i,5,q. ¢; is the single-particle wave function with orbital, spin and isospin quantum

number.
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Table 2.1 The sets of Skyrme parameters used in the non-relativistic mean field
formalism
Parameters to t1 [2) i3 o T To T3 Q
Skl4 -1855.8] 473.8 1006.9 9703 0.41 [-2.89]-1.33[1.15]0.25
SLy4 -2488.9] 486.8 -546.4 13777 | 0.83 [-0.34[-1.00|1.35[0.17
Nuclear | Matter | Properties
M, asym | K(MeV) ] po(fm>)|BE/A
SkI4 0.65 29.54 2484 0.160 | 15.94
SLy4 0.69 32.04 230.04 0.160 | 15.97

Parameters of Skyrme interaction

Numerous parameters are used to exhibit the role of Skyrme interactions [13], which
are generally designed via consideration of experimental data for both finite nuclei and
saturation properties of infinite nuclear matter [2,14-17]. The choice of force parameter
is most important for the accuracy of results. We have used the Skyrme Skl4 parameter
set with by7b) [17] in our calculations. This parameter gathers special interest because
of addressal of reasonable spin-orbit interaction in finite nuclei, that relates isotope shifts
in Pb region. The force parameters of Skl4 along with SLy4 forces are presented in the

Table 2.1.

Simple effective interaction

As both zero range Skyrme and finite range Gogny interactions are well exercised to
estimate the bulk properties of nuclei, these interactions are very different as per their
basic assumptions and still reasonably successful in the Hartree-Fock formalism. Another
kind of interaction, simple effective interaction (SEI) which is hybrid of Gogny and Skyrme
interactions, is also used to exhibit nuclear dynamical behavior. This interaction was
recently used to study the bulk properties of finite nuclei within the frame work of Hartree-
Fock (HF) formalism. The description of such interaction (SEI) is given in Ref’s [18,19].

The testing of estimated densities using Hartree-Fock with this simple effective interaction
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in reaction dynamics is of huge interest and is being exercised in recent times. Although
the non-relativistic theory is a standard tool for the investigation of the bulk properties
of the finite as well as the infinite nuclear matter but the relativistic mean field has
several advantages over the non-relativistic mean field theory. The relevant details of the

relativistic mean field theory are discussed in the subsequent section.

2.2 Relativistic mean field formalism

One of the advantages of the relativistic mean field theory is that the nuclear saturation,
which is achieved without any extra density dependence and spin-orbit interaction appears
in the formalism without any extra adjustment of parameters. Beside this, a reasonable
agreement in the nuclear shapes has been obtained for 60 to 2°®Pb isotopes, by including
Coulomb force and iso-vector meson field. The remarkable agreement has been achieved
for binding energies and nuclear compressibility by including nonlinear self-couplings of
the scalar field [20-22]. The studies on nucleon-nucleus scattering by a relativistic optical
potential at a mean-field level [23] also support the inclusion of spin and polarization
properties naturally. This relativistic treatment is also used beyond the mean field in a
Brueckner-Hartree-Fock model. The binding energy and the saturation density of nuclear
matter are quite accurately approximated by relativistic many body analysis [24, 25].

The microscopic description of ground state properties of finite nuclei has been attempted
by using nuclear many-body field theory. Relativistic mean field theory starts from an
effective Lagrangian containing the nucleonic and the mesonic degree of freedom. This is a
phenomenological theory of the nuclear many-body problem, which is based on four basic
assumptions: (i) the nucleons are treated as point-like particles, (ii) these particles obey

strictly the rules of relativity and causality, (iii) the theory is fully Lorentz invariant and
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(iv) the particles move independently in the mean fields which originate from nucleon-
nucleon interactions. These conditions impose that the interaction is mediated via an
exchange of point-like effective mesons, which couple to the nucleons at local vertices.
Under these assumptions, the nucleons are treated as Dirac particles and are described
by Dirac spinor 1. The point like particles are called mesons ¢;, where j stands for o, w,
p and photon fields. They are characterized by their quantum numbers, masses (m;) and
coupling constants (g’s). The number of mesons, their masses, coupling constants and
quantum numbers such as spin (J), parity (P) and isospin (I) are determined in such a
way so as the experimental data be reasonably reproduced. The mesons are treated as the
classical fields. Their dynamics is determined through a Lagrangian density £(¢,0,¢,t)

and the variational principle;

) / dtL =6 / d*zL(p,0,6,t) =0, (2.12)

which on the classical level gives the Euler-Lagrange equation of motion:

oL L
0 — =0. 2.13
@)~ 96, 21
The energy momentum tensor [26] is given by
oL
TH = —gh'[ + 8 ¢.. 9.14
i) 2

The FEuler-Lagrange equation ensures that this quantity is conserved. The continuity

equation is
0,T"" = 0. (2.15)

If £ has no explicit space dependance then the four-momentum, defined by
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P" = / d*rT%, (2.16)

is conserved. The energy is the zeroth component of the four-momentum

P’=F = /d3rH(r). (2.17)
The Hamiltonian density is:
H(r) =T" = 8—£¢j — L. (2.18)
9q;

Thus, the total binding energy ‘E’ of the nucleus is given by

E= / d*rH(r) = / Ty, (2.19)

In principle, there are many possible mesons which are characterized by the quantum
numbers J; P and I. The well known m—meson carries the quantum numbers J=0, [=1
and P=-1. Since the m—meson carries the negative parity, the corresponding mean field
breaks on Hartree level and its contribution is zero. This is certainly not the case in
real nuclei, where the mean field follows the parity conversion to a very high degree of
accuracy 7.e. assumed to be of well defined parity. Therefore the effect of m—mesons
averages essentially to zero in the description of bulk properties of nuclei [26,27]. Also,
the ground state has well defined charge, and thus the expectation values for charged
p—field operators gets vanished. To include the m—meason, we have to go beyond the
mean field. Two or any even number of pions, however contribute to the positive parity
fields; therefore one may include the phenomenological c—meson. The charge independent
and spin dependent character of nuclear forces is described by the different mesons. The
exchange of o—meson which is a resonance state of 27 (s-wave) leads to an attractive

nuclear force among the nucleons, and the corresponding field works as scalar field o(r).



40 Chapter 2 Methodology

Table 2.2 The degree of freedom, quantum numbers and the nature of interac-
tions of different mesons.

Deg. of freedom|Mass(MeV)[Spin J”|Isospin (I, I,)|Charge Type of force
n(nucleon 939.0 1/2 1/2;-1/2 0 free
p(nucleon 939.0 1/2 1/2;-1/2 1 free
o (scalar) 520 0t : 0 attractive and spin-orbit
w(vector) 783.0 1= 0,0 0 |repulsive, tensor and spin-orbit
p(vector) 770.0 1~ 1 0 tensor
~(photon) 0 1 0,0 0 Coulomb repulsive and tensor

T 139.0 0~ 1;+1.0 +1,0 not included

The repulsive nuclear force comes into play due to the exchange of vector meson (37—
resonance state) which generates w”(r) field, whose time like component is responsible

for a repulsive force. The isospin dependence of the nuclear force is taken care by the
exchange of p—mesons. In fact, pion would carry the isospin, but as contribution of the
pion on Hartree level is zero, therefore, the p—field (27-resonance, p-state) takes care
of this aspect phenomenologically. The electromagnetic field of photon is described by
the vector potential A#(r) and its time-like component represents Coulomb repulsion. A
more detailed specification about the degree of freedom is shown in the table 2.2. The
p—mesons have the same quark composition as that of 7, but the mass is about 5% times

the m—mesons; therefore, p—mesons are considered to be the excited state of m—meson.

Lagrangian density functional

The relativistic mean field approach is well documented in Refs. [22,27-30]. The ba-
sic ingredient of the RMF model is the relativistic Lagrangian density functional for a

nucleon-meson many body system which is defined as [29]

_ 1 1 1 1 —
L = %(W“au - M)% + 55”0%0 - 5m302 - 59203 - 19304 - gs¢iwi0
1;w 12# AT 1711/_’ 12_'u_'
_ZQ Qu + §me Vi — g0y iV, — ZB B, + §mpR R,
— ey 1 — 11— i
— g0 T RP — T F" Fu — eqmﬂ%zmw (2.20)
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Here o, V,, and ]_%>“ are the fields for o-, w- and p-mesons respectively. A* is the electro-
magnetic field. The v; are the Dirac spinors for the nucleons whose third component of
isospin is denoted by 73;. gs, gu, g, and %z% are the coupling constants for the linear
term of o-, w- and p-mesons and photons respectively. g, and g3 are the parameters for the
non-linear terms of the o-meson. M, m,, m,, and m, are the masses of the nucleons, o-,
w- and p-mesons, respectively. Q*, B* and F* are the field tensors for the Vi R* and
the photon fields, respectively. The quadrupole moment deformation parameter (3, root
mean square radii and binding energy are evaluated using the standard relations [28]. By

using the nonlinear o potential the bulk modulus was found close to its empirical value.

The tensor field of vector mesons and electromagnetic field are defined as

B = 9" pv - 0" 5" — g,(R* x RY), (2.21)
SRR T v 4 v (2.22)
P = 9rAY — U AR, (2.23)

The ground state properties are estimated using the static solution of the above La-
grangian. Here meson and electromagnetic fields are time independent, whereas the
nucleon wave functions oscillate with single-particle energy ‘E;’. Due to time-reversal
symmetry the vector potential ‘V’, density ‘p’ and electromagnetic potential ‘A’ gets van-
ished. The charge conservation implies that only the third component of isovector vector
field py contributes towards the nucleonic interaction. The Dirac Hamiltonian for the

finite nuclei can be written as [31, 32]
1
H(r) = —ia-V +W(r) + iTgR + B(M — ®(r))

1"‘7'3

M

A(r) — ﬁﬁa- (vaW + %fp7'3VR+>

i
+3z (Bs + 0073) AA — o2 A fa- VA, (2.24)
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where W(r) = ¢,Vo(r), ®(r) = gs¢o(r), R = g,bo(r) and A = eAy(r) are the scalar mean
fields with couplings [33]. § = 7y and o = 7 v are the Dirac matrices. The terms with
g+, A, Bs and 3, take care of the effects related with the electromagnetic structure of the
pion and the nucleon (see Ref. [31]). Specifically, the constant g, concerns the coupling of
the photon to the pions and the nucleons, through the exchange of neutral vector mesons.
The experimental value is gfy/47r = 2.0. The constant A is required to reproduce the

magnetic moments of the nucleons, defined by
1 1
A= §>\p(1+7—3)+§>\n(1_7—3)7 (225)

with A\, = 1.793 and A, = —1.913, the anomalous magnetic moments of the proton and
the neutron, respectively. The terms with g, and 3, contribute to the charge radii of the
nucleon [31]. The Dirac equation with single particle Hamiltonian h,, the eigenvalues E,

and eigen functions v, (r) is [26, 34]
hoawa(r) - Ea@/Ja(""), (226)

with the normalization condition,

[t =1 (2.27)
The eigen functions for the spherically symmetric nuclei is given by

LGo(1)Prm
wa(r) = 2ﬂnkmt = " (r> * s (228)
_%Fa(r)qb—km

where G and F are the upper and the lower component of the wave function v, (r) re-

spectively. Moreover, ¢y, is a spin harmonic term, t = 1/2 for protons and t = -1/2 for
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neutrons. The radial equations for G and F become,

(d% + é)Ga(T) — [By — Uy (7) + Us(r)]Fu(r) — UsGr) = 0, (2.29)
d k
(5.~ ;>Fa(7") + [Eo — Un(r) = Uz(r)]Ga(r) + UsFu(r) = 0, (2.30)

where Uy (r), Us(r), Us(r), are the single particle potentials and they are defined as

Us(r) = W) + taR() + (ts + 2)AG) + —

92 W(ﬁs + 2taﬁv)v2A(T)7 (231)

Us(r) = M — ¢(r), (2.32)

1

U3(7”) = m

{va/(T) +to [, R (r) + A'(r)[(Ap + M) /2 + ta( Ny — An)]}, (2.33)

here the prime denotes a radial derivative. The mean field equations for ¢, W, R and A

are given by

2
Q2 g

9 9 9 Ky kg O m?@z Mp gg 9 152 9
s 95ps(7) ( ) M 2M gﬁmp 2M gg< )

2 " 3IM

2 2
b (ot gy ) W SLIT0R + 26%), (230

=W W = 2 () + L) = v (i + 25

(&%)

T (Vo - VW + ¢V*W), (2.35)

L. s
—§C0W +
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1
— V2R + miR = —gi p3(r) + prg(r) — npﬁmiR, (2.36)
2 2 M
—V2A = e?p,(r). (2.37)

Numerical Method

To find solutions of the RMF equations, we use the finite basis expansion method [35]
in which an axially deformed harmonic oscillator basis is used. The upper and the lower
components of the Dirac spinor and boson fields are expanded separately in this appro-
priate basis with an initial deformation. Here we truncate the basis after a finite value of
oscillator quantum number N,,,,. (N and Np, ‘F’ stands for fermion and ‘B’ stands for
boson), which is the quantum number of the major oscillator shell. In axial symmetry,
the densities are invariant with respect to a rotation around the symmetry axis (z-axis)
but the rotational symmetry is broken; therefore, j is no longer a good quantum number.

It is thus useful to use cylindrical co-ordinates:
T =Ty COSP, Y =Tysing and z. (2.38)

The spinor v; is characterized by the quantum numbers: €;, P, t,. Where €; = m;, + my;
is the eigen value of symmetry operator Jp, P; is parity and ¢; is isospin. The spinor can

be written in the form given by

fif(z,r) expi(Qi — 1/2)¢(r)

3 (r (z,r)expi(§d +1/2)p(r
T B R Bl R
igi(r) T gl (z,r) expi(y — 1/2)¢(r)

ig; (2,7) expi(§i +1/2)o(r)
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We expand spinors ffc and g in the above equation in terms of the eigen functions of a

deformed axially symmetric oscillator potential:

1 1
Vose(2,71) = §Mw322 + §Mwiri. (2.40)

Taking the volume conservation into account, the two oscillator frequencies hw, and hw,

can be expressed in terms of a deformation parameter [:

hw, = hwy exp(—\/gﬁo) (2.41)

1 /5
hw, = hwy exp(—ké\/ Eﬁo). (2.42)

The corresponding oscillator length parameters are:

b, = Vo and by = MZL' (2.43)

For the volume conservation, we have b%b, = b3. The four components f*(r,z) and
g*(r, z) obey Dirac equation:

wﬁ+wﬁ+@g+(@+ﬁé)g:qj (2.44)

4 vIs7 -0+ (0, -2 Yo =iy 2.5

R N (2.4

T

UW+W£+&£+(&—“%)%=—%T (2.47)
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The densities now become:

pow =2Y VHUSTP+ 171 F (16717 + g D)} (2.48)
1>0

pre=2) ISP+ 1)+ (g P+ g )} (2.49)
1>0

These densities serve as sources for the fields =0, w, p and photon, which are determined

by meson equations in the cylindrical co-ordinates:

(—%07)71671 - 92+ mi)cb(z, r1) =se(2z,71L), (2.50)
L

with the inhomogeneous part s,

_gops(z7 TJ-) - 9202(27 TJ-) - 9303<Z> TJ-)

Jupolz, T — C3V3(z,r
5y = () = V() (2.51)

9oP3 (Z, 71)

L epp(z7 TJ_)

The iteration procedure to solve RMF equations is as follows: (i) in the beginning we
assume the values of meson fields V and S, (ii) using these fields we solve the Dirac
equation for spinors 1);, then various densities (2.49) and (2.50) are calculated using the
spinors (2.40) which in turn give the source terms (2.52) in the meson equations, (iii) the
solution of meson equations are used to calculate the potentials and effective mass M*.
These new potentials and M* are further used in the Dirac equation for the next iteration.
This process continues till the convergence is achieved to the desired accuracy. Thus,
the self-consistent solution of RMF equations yields the nucleon spinors (1;), meson and

electromagnetic fields (o, w, p, A), total binding energy (E), single-particle energies, point-
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neutron and proton densities efc. Finally, the total binding energy (Eiq) is calculated

by summing the contribution of energy, mesons and photon energies,
Etot - Epart + EO' + Ew + Ep + Epair + EC.M + Ec (252)

whereas the different energy expressions of equation (2.53) are given below:

A
Bpart = Y v} / Prpi{—ia.V + BM* + Vi,
i=1

A
E 2
%

B, - /dgr{%(VU)Z—l—Ua}

1
B = = [@rg (V2 + m2 V)
1
E, = —/6l37“§{(Vpo)2 +m2ps}
1
EC = —/dSTQ(VA0)2
3 3 1
ECM = —ZFLWO:—ZleA_é
A
Epoir = =G _uwi)’, (2.53)
=1

From these quantities one can calculate point-neutron/proton radii (r,,), charge radii r,,
charge densities p., nucleon separation energies, quadrupole moments and deformation

parameter (3;) etc.. The radii r,,/, are calculated using the expression:

N(Z)
(rigp) = D mitbi(r)r*uu(r). (2.54)
i=1
The root mean square radius is given by

Nr?l—f—Z?“f) 555
r’r‘ms_ N—'—Z M ( * )
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The charge radius is given by

Te = /72 + 0.64, (2.56)

where the size of proton is taken to be 0.8 fm. The charge densities are obtained by
folding the calculated point proton densities with proton charge distribution. The proton

charge distribution is taken to be a Gaussian. The folded densities are:

(r —r)?

1
Wexp(_w)%(”)'

pe(r) = [ d*rr (2.57)

The quadrupole moments Q,,/, for neutrons/protons are calculated by using the following

operator expressions:
Qunyp = (2r° Pa(cosh)) = (22 — 2% — y*) /- (2.58)

The deformation parameter (3, is calculated from the quadrupole moment for neu-

tron/proton using the relation:

167 3

The neutron (S,, Sa,) and proton (S,, Sg,) separation energies are calculated by using

the expression:

S,=B.E.(N,Z)—B.E(N—-1,Z) S,=B.E.(N,Z)—B.E.(N,Z—1) (2.60)

Son = B.E.(N,Z) — B.E(N —2,7Z)  Ssy = B.E.(N,Z) — B.E.(N, Z — 2) (2.61)

The set of used parameters of NL3, NL-SH [36] and NL3* [37] forces in RMF formalism
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Table 2.3 The sets of different parameters used in relativistic mean field formal-
ism. The nuclear properties and empirical (Emp.) values are also given.

| Parameters | NL-SH| NL3 | NL3* [Emp. Value]

M(MeV) 1939.000] 939.000 [939.000 938.00
My 526.059| 508.194 |502.574
my, 783.000| 782.501 |782.600 73845
m, 763.000| 763.000 |763.000| 77377
Jo 10.444 | 10.217 | 10.094
Jo 12.945 | 12.868 | 12.807
Jrho 4.383 4.575 4.575
9o -6.910 | -10.431 |-10.809
g3 -15.834 | -28.885 |-30.149
| Nuclear | Matter |Properties |
M, /M 0.600 0.600 0.594 0.65
asym(MeV) | 36.1 374 38.6 36.1
K(MeV) 355.36 | 271.76 | 258.28 210430
po(fm=>) 0.146 0.148 0.150 0.17
BE/A(MeV)| 16.35 16.30 16.31 15.68

are given in Table 2.3 along with their nuclear matter properties.

2.2.1 BCS Pairing Correlation

Certainly, pairing plays a crucial role for the open shell nuclei in determining the nuclear
properties. The constant gap, BCS-approach is reasonably valid for the nuclei in the

valley of (-stability line. The well known pairing energy expression is written as

Z uiUi] ) (2.62)

1>0

Epair =-G

with G=pairing force constant, v and u? = 1—v? are the occupation probabilities [38-40].

The variational approach with respect to v? gives the BCS equation

2e;uv; — AN(ui —v?) =0, (2.63)

using A = G >_._,u;v;. The occupation number is defined as

1>0

ng=v==[1- _ : (2.64)
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The constant gaps for proton and neutron read as [41,42]:

A, = RB,e?=" ) 71/3 (2.65)

and

A, = RBye 1717 JAV3, (2.66)

with R = 5.72, s = 0.118, t = 8.12, B;=1, and [ = (N — Z)/(N + Z). This is to be
noted that the gaps obtained by these expressions are valid for nuclei both on or away
from the stability line. Using these gap parameters, we calculate directly the occupation
probability. The chemical potentials A, and A, are determined by the particle numbers for
the protons and the neutrons. The pairing energy is computed as Epq;r = —A Zi>0 W;V;.
For a particular value of A and G, the pairing energy E,,;, diverges if it is extended to an
infinite configuration space. In fact, in all the realistic calculations with finite range forces,
A decreases with state for large momenta near the Fermi surface. In the present case, we
assume equal pairing gap for all the states | &« >=| nljm > near the Fermi surface. We
use a pairing window, where the equations are extended up to the level €, — X\ < 2(41A"Y 3).
The factor 2 is used so as to reproduce the pairing correlation energy for neutrons in '8Sn
using Gogny force [28,39]. Within this pairing approach, it is shown that the results for
binding energies and quadrupole deformations are almost identical with the predictions

of relativistic Hartree-Bogoliubov (RHB) approach.

2.3 Density conversion

The SHF and RMF equations of a motion obtained from equation’s (2.2) and (2.20) are

solved self-consistently in an axially deformed coordinate. The obtained densities are in
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w and z directions. We arrange the density as a function of w and p for a constant value
of z, which is the distribution of the nucleons perpendicular to the symmetry axis. Again,
for a particular w, we re-arrange the density along the parallel direction of symmetry
axis as a function of z. From simple geometric consideration, we have used the relation
r = \/m, with w = \/m to get the spherical equivalent density as a
function of r only. It is important to note that the obtained density does not change
within this process, but the w and z values combine together for a particular density to
produce an average r. This spherical equivalent p(r) can be used like a one dimensional
density in our subsequent calculations. But we can not use the densities of the relativistic
and the non-relativistic mean field directly in the Glauber model. Since we need to convert
these densities in terms of Gaussian form, the spherical equivalent densities obtained from
the axially deformed RMF and SHF formalisms are fitted with the Gaussian function to

find out the coefficients ¢; and a; defined as:

p(r) = Z ciexp|—a;r?, (2.67)

These coefficients are important for the evaluation of total nuclear reaction cross-sections

and the other reaction observable.

2.4 Glauber Model

The heavy ion collision is one of the interesting area, because the nucleus-nucleus collision
may produce thousands of particles during head-on collision, which inturn exhibit very
complex behavior as compared to a nucleon-nucleon interaction. It is also relevant to see
dependence on nuclear shapes, impact parameter (b), number of participating nucleons,

or binary nucleon-nucleon collisions during the reactions. The theoretical techniques have
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been developed to estimate various reaction cross section parameters using experimental
observables based on a multiple scattering of the nucleon-nucleon interaction, and one
such method is termed as Glauber model [5,6,43,44]. Glauber pioneered the quantum-
mechanical scattering theory for composite nuclear systems, which describes nontrivial
properties of the proton-nucleus and the nucleus-nucleus collisions by employing various
cross section parameters. This model also provides a quantitative addressal of the geo-
metrical configuration of colliding nuclear systems. The basic assumption of this theory
is based on minimal mean free path. Due to this assumption, during nucleon-nucleon
collision the reaction cross-section remains constant and follows a straight line trajectory.
Therefore Glauber model has been designed to simulate the heavy ion collision, which
helps to an estimation of a number of participating nucleons in the particle production
process and the number of binary collisions among the nucleons for the projectile and the
target nuclei. The Glauber model can be studied with two successful approaches “Optical
limit” [44]and “Monte Carlo eikonal” [45,46] approximation.

In the optical limit approximation, overall phase shift function of the incoming wave is
evaluated via sum of all possible phase shifts functions of the projectile and the target
nuclei and the imaginary part this phase shift function is related to the nucleon-nucleon
scattering cross-section through the optical theorem which is based on following assump-
tions: 1) at high energies, nucleons carries sufficiently high momentum so as to pass
undetected through each other. ii) the nucleons move in the nucleus independently. iii)
the size of the nucleus is much larger than the extent of the nucleon-nucleon force. These
hypotheses of linear independent trajectories of constituent nucleons make it possible to
develop an analytic relationship between the number of interacting nucleons and the num-
ber of nucleon-nucleon collisions in terms of a basic nucleon-nucleon cross-section and the

impact parameter of the nucleus-nucleus collision.
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Another approach is based on Monte Carlo eikonal approximation in which the nucleus-
nucleus collision has been considered as a sequence of an independent nucleon-nucleon
collision. The Monte Carlo approach is used here for the determination of the geometric
quantities in the heavy ion collisions such as impact parameter, number of participating
nucleons and number of binary collisions in the initial state etc.. This technique is a
closer simulation to the experimental conditions because of the following merits: i) the
two colliding nuclei are assembled by positioning the nucleons randomly in a three di-
mensional coordinate system, event by event, in accordance to the given nuclear density

distribution. ii) two nucleons are considered to collide if their distance “d” in the plane

NN

ner, Where o NN g the total

orthogonal to the beam direction satisfies equation 7d*> = o el

inelastic nucleon-nucleon cross-section. iii) the number of participating nucleons and the
number of binary collisions in a nuclear collision can be simply counted and averaged over
multiple events. The above theories of Glauber assumptions are based on standard mod-
els [5,43,47-49], which estimate nucleus-nucleus interaction in terms of nucleon-nucleon
interaction for a given density distribution of projectile and target nuclear systems. One
can find the description of the eikonal approximation in Ref’s [48,49]. Whereas in optical
limit approximation the main geometrical parameters are nucleonic densities of projectile
and target nuclei, along with some inelastic nucleon-nucleon cross section. The single
particle wave function has been used in the OLA. The phase shift function has been es-
timated by the sum of wave functions of all the possible nucleon-nucleon wave functions.

The detail description of Glauber models are given in the subsections discussed below.

2.4.1 Total reaction cross section

The theoretical formalism to study the reaction cross sections using the Glauber approach

was given by R. J. Glauber [43]. This formalism is wildly used for reaction dynamics and
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improved for exotic nuclear systems [45,46,50]. The standard Glauber form for total

reaction cross sections is expressed as stated in [6,43,45,46]

op =21 / V- TP, (2.68)

— —
where ‘T'( b )’ is the Transparency function with impact parameter < b’. The function

-
T( b)) is calculated by
N
b

1(3) = capl= 3 owx [ on(F ey (T ~ )] (2.69)

i,J

Here, the summation runs over nucleons ¢, j, where ¢ belongs to the projectile and j
belongs to the target nuclei. The subscript ‘P’ and ‘T refers to projectile and target re-
spectively. oy is the experimental nucleon-nucleon reaction cross-section which depends
on the energy.

This Glauber approach agrees well with the experimental data at high energies and fails
to describe the collisions induced at relatively low energies. This disagreement is due to
the Coulomb repulsive potential which plays a significant role, whose effects are obvious in
the low-energy range. Such a Coulomb effect breaks the characteristic Glauber assump-
tion that the projectile travels along straight-line trajectories. Several attempts have
been made to include the Coulomb effect into the Glauber formalism [51-56]. The most
successful approach, based on the WKB approximation for the phase shifts, replaces the
impact parameter b in the transparency function T(?) by the distance b_: of the closest
approach of the deviated projectile trajectory due to the Coulomb effect. Therefore, by
substituting the transparency function T(?’ ) for T(?) in equation 2.21 with X (?),
being the classical distance of the closest approach, the reaction cross-section can be ex-

pressed [55,57]. The parameter b corresponds to the distance of closest approach along
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the Coulomb trajectory, and is related to the impact parameter b according to [52, 53]

, 1
b=be = (n+ /1P +K) (2.70)

and

ZPZT€2
= ) 2.71
n — (2.71)

Here ‘k’ is a projectile wave number and ‘n’ is a Sommerfeld parameter, whereas the
relative velocity between the two nuclei is ‘v’. Initially the Glauber model was designed
for the high energy approximation. However it was found to work reasonably well for
both the nucleus-nucleus reaction and the differential elastic cross-sections over a broad

energy range [44,58]. The modified transparency function T(?) is given by

1) = exni- [ [ SO (®lpe(Tpr,(3)547), (272
Iyn(b) = 12;;%01\11\/6@?(—25%)’ (2.73)

Here oy is the total reaction cross section of nucleon-nucleon collision, ayy is the ratio
of the real to the imaginary part of the forward nucleon-nucleon scattering amplitude
and Oy is the slope parameter. The slope parameter determines the fall of the angular
distribution of the nucleon-nucleon elastic scattering. The value of nucleon-nucleon cross

section (o y) is estimated by the expression [54,57]

—_— NyNowy + 2y 210y + NpZyOry + NiZypopy,
NN = A4,

(2.74)
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where A,, A,, Z,, Z,, N, and N,, are the mass number, charge number and neutron
number of the projectile and the target nuclei. The value of range parameter Gyy as a

function of projectile energy ‘E’ can be estimated from [59,60] as

B = 0.99expl gy

] +0.089. (2.75)

2.4.2 Two body Glauber model

As discussed earlier the Glauber model is a microscopic model of high-energy collision
based on either OLA or eikonal approximation and on the bare nucleonnucleon interaction.
This is a standard tool for the estimation of various cross sections, because it can account
for significant part of breakup effects, which play an important role in the reaction of
weakly bound nucleus [7,10]. However, these calculations require a very complicated
multi-dimensional integration for the matrix element of multiple scattering operators.
These integrations are usually reduced to a much simpler form by introducing the optical-
limit approximation (OLA) [5,6,61]. This approximation, however, washes out nuclear
correlations which are present in the wave function. Therefor, more elaborated treatment
beyond the OLA is needed for the valence-nucleon part. The Monte Carlo quadrature
with the Metropolis algorithm [62] has been employed for the solution of such calculations.
This is a suitable tool for the reactions involving low density distribution or halo nucleus.
A powerful application of the Monte Carlo integration to the Glauber analysis has very
recently been demonstrated in Ref. [63]. The expression of the reaction cross section has

been reduced to

on— / - (D T, (2.76)

— —
where T(b ) is the transparency function with an impact parameter b. The function

T(? ) can be expressed in term of a phase shift function by
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T(b) = |exrr(P)]2, (2.77)

Here, xpr is the projectile-target phase shift function. The phase shift function of the
projectile-target nucleus requires the multidimensional integrations. The Monte Carlo
technique has been used for the evaluation of a realistic wave function which contains
nuclear correlation. The optical limit approximation (OLA) is used for the integration
involving coordinates (75, 7) of the projectile and the target nuclei. The phase shift

function has been expressed for two body (core4neutron) projectile system as

werr(D) = xor(D) + oxwr(D), (2.78)

where xer(b) = — / / Can(bess)pp(T)pr(F)dSd T, (2.79)
and

oo (D) = — / Tan(| 5 - F)pe(F)d7, (2.80)

é
Where b =| b — S+ ?| is the impact parameter, however 5 and T are the dummy
variables for integration over the z-integrated target and projectile densities. The profile

function I'yy is defined for finite range as

1 —anny b2 s
I'ny =T15i(ber) = ————onnexp(— , 2.81
and, for zero range
1 -1«
Iy = Tij(bers) = “onnd(b), (2.82)

2

Here 6(b) is dirac delta function and parameters oy, ayy and Gyy usually depends upon
the proton-proton, neutron-neutron and proton-neutron interactions as already discussed

earlier. Where pp and p; are the densities of the projectile and the target nuclei. These
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z-integrated densities are defined as

o0

o( ):/ p(Vw? + 22)d 7, (2.83)

[e.e]

with w? = 22 + »2. It is to be noted that these parameters are entirely independent
which are used exclusively in the Glauber model and the input densities obtained from

completely two different formalisms.

2.4.3 Angular elastic differential cross section

The nucleus-nucleus elastic scattering amplitude is written as [45,46, 64]

K . —
F(T) = ;—W dbe' TP (1 — etxrr (D)), (2.84)

At low energy, this model is modified in order to address the finite range effects in the
profile function and the Coulomb modified trajectories. The elastic scattering amplitude

including the Coulomb interaction is expressed as
— tXs - LK VT b 42 In(Kb) L (?)
F(q)=e"{Foul(q)+ 5 dbe* 1 " (1 —eXPrtoh} (2.85)
s

with the Coulomb elastic scattering amplitude

—2nK
Fant(T) = — g eap{=2 (5 2) + 2uargl (1 + )}, (2.86)

where K is the momentum of a projectile and ¢ is the momentum transferred from the
projectile to the target. Here ‘n’ is the Sommerfeld parameter (See eq. 2.72), ‘v’ is

the incident velocity of the projectile and ys = —2n1n(2Ka), with ‘a’ being a screening
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radius [5]. The elastic differential cross section is given by

do
= IF@P (287)

and the ratio of the angular elastic to the Rutherford elastic differential cross section is

expressed as

do _ g _ PGP (2.88)
= === — . .
dUR dd_QR |Fcoul<Q)|2

2.4.4 One nucleon removal cross section

The one nucleon removal cross section, o_y, may be defined as [45,46, 65]

N
o_N =X / dko, % 0. (2.89)

After interaction, the projectile nucleus breaks into the core with an internal wave function
¢, and one nucleon in a continuum state (c) with asymptotic momentum h?, relative to
the core. With this assumption, the core always remains in its ground state (g=0) after
interaction, the elastic and the inelastic components of one nucleon removal cross section
are estimated by ¢=0 and c#0 respectively. Hence, one nucleon removal cross section
consists of both the elastic and the inelastic parts which can be calculated by following
expressions

o_n =0 + o (2.90)

The expression of the elastic cross section due to the elastic breakup process is given by

UilN — /d?{<¢0|6_21mX0T(bc)_leXNT(bc+?)|¢O>
b

—{o|exer(Fertont (et T)| 4oy 2y, (2.91)
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and that for inelastic component is expressed as

OTﬁfl _ /df{<¢0|e—21mxcﬂbc)

_ o= 2Imxer(B o) —2Dmxnr (B o+3) ESHY (2.92)

2.4.5 Longitudinal momentum distribution

The momentum distribution of a core fragment after the inelastic breakup of the projectile

can be written as:

inel
do'y

— pum
dP

daq — — A —
qu > / dko(P — A—ih? + 0 k)| F 0 (T (2.93)
#0

H
Where the momentum of the core is expressed as P = (P, P ) and the nucleon going to
ﬁ
a continuum state be h k. Scattering amplitude for the reaction in the continuum state
is F % 0)0(7). The core-nucleon scattering wave function is approximated by a plane

wave and we assume that the core remains in its ground state, which reduces the above

expression as

do,m](\a[l — — 1 1
-N _ db (1 —2ImxnT (b N)Y «
7B / v —e )X Gp 1
Z | /d?G%F'?X%mSGiXCT( b N_?)Sonljm<?)|2a (294)

H
where b y stands for the impact parameter of valence nucleon with respect to the target
and gpnljm(?) is the wave function of valence nucleon which may expressed as
1 . .
Prtin(T) = g (1) S (A ms 7} Vi, ()X 31, (295)

2

mpms



2.4 Glauber Model 61

The longitudinal momentum distribution obtained by the integration over transverse com-

—
ponent of momentum (P, ), gives.

inel inel
do"y JB do'y
17 =

gl dP
1 _ o
= % d?N(l — 6_2ImXNT( bN)) /d?e_QI’”lXCT( b N— S)
L f 1 o
§ /dz / deleh e )u:;lj(rl)unlj(r)Epl(r’.r). (2.96)

where 7 = (3, 2) and 7' = (,2') and P, is the Legendre Polynomial.
The results obtained by using above methodology of this chapter are discussed in the

subsequent chapters.
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Chapter 3

Structure properties of nuclei using
relativistic and non relativistic mean

field formalism

3.1 Introduction

The nuclear structure effects have been extensively studied in recent time because many
anomalies have appeared in the shell structure due to a large value of neutron/proton ra-
tio. The atomic nucleus is a very complex structure, which consists of strongly-interacting
many-body quantum mechanical systems. It exhibits a variety of shapes (from spheri-
cal to super deformed) and various excitation modes are exercised to understand nuclear
behavior. These excitations can be from single protons and neutrons to collective vibra-
tions and rotations in the whole nucleus. The study of the nuclear structure is utilized
to explain numerous features/patterns of a behavior emerging from the strong nuclear
interaction between the nucleons in the nucleus. The most essential part of this study

is the concept of nuclear shell structure, in which the nucleons occupy some quantized

67
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energy levels within a potential, which was generated due to interactions from all other
nucleons. The effective interactions and an interplay of these interactions among the cen-
tral, spin-orbit, and tensor components may cause the shifting of effective single-particle
energies relative to each other, towards the neutron excess side [1-3]. The change in the
separation between a single particle orbital due to a change in nuclear forces at exotic
regions, consequently reduces the energy gap between single particle orbital, and the new
shell gaps may start appearing. The conventional magic numbers at N=20 and 28 dis-
appear, and new magic numbers at N=14, 16, 32 and 34 seem to appear [4-10] in the
neutron rich nuclei. Since the structure of the nuclei from stable to drip line region is
measured via respective bulk properties like binding energy, root mean square radius,
charge radius, quadruple deformation, densities distribution of the systems etc. Various
other phenomenological formalism are also available to study such properties, But the
mean field formalisms provide the most successful tool to investigate these properties.
As non-relativistic and relativistic mean field formalism are capable of identifying these
properties quite accurately, for stable as well as drip line region, so both the formalisms
are well established and are extensively used to predict such nuclear properties, exhibiting
a decent agreement with the available experimental data. In this chapter, the structural
properties of the light mass nuclei have been studied using these mean field formalisms.

The relevant details of the formalisms were given in previous Chapter 2.

3.2 Parameterizations

There are many parameter sets available for exploring the ground state properties of the
stable and the unstable nuclei using relativistic mean field (RMF) and Skyrme Hartree

Fock (SHF) formalisms. These models are reasonably successful to reproduce the ground



3.2 Parameterizations 69

Table 3.1 The calculated observable are compared with the results of various
parameter sets. We have used SklI4 and SLy4 for non relativistic Skyrme Hartree-
Fock and NL3* and NL-SH relativistic mean field formalisms. The charge radius
(r.) is in fm and binding energy (B.E.) is in MeV.

Nucleus | Observables RMF SHF
NL3* | NL-SH | SkI4 | SLy4 | Expt.
B.E. 87.7 89.8 88.4 | 85.1 92.2
12¢ Teh 2.692 | 2.696 | 2.585 | 2.653 | 2.47
(s 0.004 | 0.068 | 0.001 | 0.002
B.E. 1171 | 117.1 | 1145 | 112.8 | 116.2
e Teh 2.613 | 2.597 | 2.709 | 2.756
163 0.354 | 0.367 | 0.414 | 0.347
B.E. 143.3 | 143.6 | 139.2 | 139.3 | 140.1
2N Teh 2.678 | 2.655 | 2.752 | 2.815
B 0.005 | 0.015 | 0.061 | 0.013
B.E. 166.4 | 167.1 | 163.0 | 161.8 | 174.1
20 Teh 2744 | 2.719 | 2.795 | 2.871
B2 0.001 | 0.009 | 0.009 | 0.003

state properties of nuclei near the valley of g-stability as well as far away from the (-
stability line. The NL3 parameter set seems to provide the most successful non-linear
RMEF force [11]. With the advancement of the experimental laboratories, new experimen-
tal data on the finite nuclei have been available which contains more reliable information
about the neutron skin. The small problem observed for light Hg and Pb isotopes with
NL3 set has been rectified by the improved NL3* set [12]. This force also provides excel-
lent results for the collective properties of the vibrational and the rotational character. On
the other hand, the non-relativistic SkI4 force is well known to account for the spin-orbit
interaction in the finite nuclei and seems to provide the best overall agreement on both
the isotopic shift and the ground state properties in Pb region [13]. The parameters by
and b, are explicitly used to take care of a proper spin orbit interaction in the finite nuclei.
The NL3* and SkI4 force parameters are well suited for the investigation of the exotic

nuclei. To see the parameter dependence on the results, we have done the calculations for
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some representative cases using NL-SH set [11] for RMF and SLy4 parametrization [14]
for SHF densities. The results are listed in Table 3.1 for a comparison. In general, the
results obtained with different force parameters are almost close to each other for both
RMF and SHF, i.e. similar results with NL3* and NL-SH and SkI4 and SLy4 as shown in
Table 3.1. The calculated results reflect the marginal effect of force parameters. Hence,
we have NL3/NL3* and Skl4 for our future analysis in this chapter. As we know that
Skyrme force is a zero range force, so one new force has been developed known as a simple
effective interaction (SEI), which is a combination of Skyrme and Gogny interaction. We
also intend to see the role of SEI in various structure and reaction dynamical problems. In
addition to this, an attempt is made to estimate the structural properties by Hartree-Fock

formalism using newly developed simple effective interaction (SEI) [15,16].

3.3 Role of Fermionic and Bosonic model space

We have obtained the field equations for nucleons and mesons using the RMF Lagrangian.
For the deformed case, these equations are solved by expanding the upper and the lower
components of the Dirac spinners and the Boson fields in an axially deformed harmonic
oscillator basis. A set of a coupled equations are solved numerically by a self-consistent
iteration method taking different inputs of the initial deformation 3y [17-20]. For spherical
densities, we follow the numerical procedure of Refs. [21,22]. In our numerical calculations,
we fix fermionic and bosonic model space to an optimal limit, which should take care of
all the energy levels of the nucleus including the continuum. For this, we have taken
36Si nucleus as the test case, which is the heaviest among the considered in the present
work. The calculations are estimated with the fermionic and bosonic shells Np=Ng=6

to 20 and the corresponding results of B.E., rms radii (r,,r,,7,) and [ are shown in



3.4 Nuclear bulk properties of Be-Ar isotopes 71

Table 3.2 A comparison for different bosonic shell for #Si isotopes.

Nr=Ng | B.E. T Tp Te (o
6 287.18 | 3.341 | 3.061 | 3.164 | 0.14222
8 290.95 | 3.389 | 3.075 | 3.177 | 0.16793
10 291.49 | 3.414 | 3.078 | 3.181 | 0.18638
12 291.48 | 3.423 | 3.082 | 3.184 | 0.1935
14 291.43 | 3.429 | 3.083 | 3.185 | 0.19545
16 291.44 | 3.431 | 3.084 | 3.186 | 0.19673
18 281.44 | 3.432 | 3.084 | 3.186 | 0.19727
20 290.95 | 3.433 | 3.084 | 3.186 | 0.19747

Table 3.2. From the table, It is clear that the results do not change for Np=Ng=10 or
more. Therefore, in rest of our calculations, we have used 12 as the model space for both

fermionic and bosonic shells. This type of test is consistent with the earlier works [23-26].

3.4 Nuclear bulk properties of Be-Ar isotopes

3.4.1 Binding Energy

One of the major parameter which is explored experimentally and theoretically for a
broad range of nuclear isotopes is binding energy. Broadly speaking, binding energy is
the energy required by a nuclear system to bind the nuclei together, and is responsible
for the existence of a nucleus. This parameter also suggests the stability of the nuclear
systems and the forces existing inside the nucleus. This in turn means that if the binding
energy per nucleon is higher, the concerned nucleus is more stable. The binding energies
of some of the light to medium mass nuclei is estimated with the help of non-relativistic
and relativistic mean field formalisms. The calculated values of binding energies for light
to medium mass region are listed in Tables 3.3, 3.4 and 3.5. For better description,

these results are also plotted in Figures 3.1, 3.2 and 3.3. Table 3.3 and Fig. 3.1 consist
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Table 3.3 The binding energies of ~'2Be, 127198, 12-22C, 20-BN, 20-24Q and
=29 isotopes, obtained from relativistic mean field and non-relativistic Hartree-
Fock calculations are compared with experimental data wherever available. The
values of B.E.’s are in MeV.

B.E. in MeV
Nuclei RMF(NL3)| RMF(NL3) | RMF(NL3*) | HF (SEI-T) |SHF (SkI4) | Expt. [27,28]
sph. def. def. sph. def.
‘Be 54.76 58.018 - 54.927 - 58.164+0.000
19Be 63.49 64.855 - 65.302 - 64.970+0.000
Be 67.97 67.780 - 69.380 - 65.478+0.000
2Be 73.61 71.378 - 73.190 - 68.649+0.004
2 82.85 82.176 - 82.172 - 79.575+0.001
138 88.84 88.842 - 88.250 - 84.453+0.001
1B 91.88 89.874 - 89.256 - 85.423+0.021
158 93.64 92.593 - 90.162 - 88.194+0.022
12¢ 88.23 91.349 89.7 88.422 88.4 92.160£1.700
13C 96.31 98.098 - 97.489 - 97.108+0.000
1c 104.38 106.929 - 105.829 - 105.284+0.000
15C 108.66 108.477 - 108.846 - 106.502+0.000
16C 113.45 111.874 - 111.642 - 110.752+0.003
17C 116.40 114.083 - 114.248 - 111.48640.017
18C 118.79 116.842 - 116.709 - 115.670+0.030
¢C 119.91 119.511 117.1 119.015 114.5  |116.242+0.100
0¢C 122.54 119.736 118.5 121.154 115.4 119.18+0.200
2C - - 120.4 - 116.3 119.15+0.4
2¢ - - 122.9 - 118.2 120.736+0.5
20N 139.37 136.772 - 139.487 - 134.184+0.055
2N 142.59 141.475 139.9 143.095 136.2  [138.768+0.100
2N 145.55 143.948 143.3 146.205 139.2 140.05240.200
BN 148.17 147.864 146.8 148.765 142.4  |141.72640.300
200 152.71 151.585 151.8 154.043 149.5 151.36+0.100
210 157.95 156.944 156.9 159.645 154.1  |158.928+0.100
220 164.18 163.192 162.0 164.758 159.1  |166.496+0.100
20 168.32 167.227 166.4 169.040 163.0  |174.064+0.100
20 171.87 171.665 170.3 172.508 166.8  [181.63240.100
BE 176.75 175.378 175.9 177.956 173.4  [175.28340.100
UE 182.06 180.162 181.0 183.433 178.0 179.1140.100
BER 186.90 185.221 185.5 186.026 182.6  [183.37540.100
N 191.76 187.928 188.3 188.890 184.8  [184.1584+0.100
7R 195.00 191.245 190.8 191.507 187.4  |186.246+0.200
BER - - 193.6 - 189.5  [185.83640.500
BE - - 196.5 - 1922 [187.079£0.600
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of calculated values of binding energy (B.E.) of 9712Be, 127158, 12722C 20-2N 20-24(
and 2*~2F isotopes using sph. RMF(NL3), def. RMF(NL3), def. RMF(NL3*), sph.
HF(SEI-I) and def. SHF(SkI4) formalisms along with the experimental data [27,28]. The
calculated values of B.E. overestimate the experimental data for the considered set of
isotopes of Be, B, C, N and F, whereas the reverse trend is seen for the case of O-isotopes.
i.e. value of B.E. underestimate the data for 2°=2*Q isotopes. The calculated value of B.E.
of 12C is 88.23, 91.349, 89.7, 88.422, 88.4 and 92.16 & 1.7 MeV using sph. RMF(NL3), def
RMF(NL3), def RMF(NL3*), HF (SEI-I), SHF (Skl4) and experimental value, respectively.
Similarly the calculated values of B.E. of 2°C are 122.54, 119.736, 118.5,121.154, 115.4 and
119.1840.2 MeV from sph. RMF(NL3), def. RMF(NL3), def. RMF(NL3*), HF(SEI-I),
SHF(SkI4) and experimental values, respectively. Figure 3.1 clearly demonstrates that
both the formalisms are capable of reproducing the B.E. of these light mass isotopes.
The values of B.E. from both the formalisms slightly overestimate the data, except for
O-isotopes. The comparison between spherical and deformed formalisms clearly shows
that the estimated values of the results are slightly higher for the spherical formalisms as
compared to that for the deformed formalism. For further clarifications, we have extended
our calculation to some medium mass region. The experimental values of B.E. for these
systems are also given in Table’s 3.4, 3.5 for comparison [27,28]. These predicted results
of our calculations for some medium mass region are given in Tables 3.4, 3.5 and Figure’s

3.2 and 3.3 along with the experimental data.

The Figure 3.2 represents the B.E. for 2732Ne, 27-3Na, 3°=42Mg and 3273°Si isotopes
for the same sets of parameters/formalisms as discussed in Fig. 3.1. It is clearly seen
from this figure that the estimated values of B.E. are very close to the experimental values
for the isotopes of Na, Mg and Si nuclei. Whereas, the value of B.E.’s are overestimated

for Ne-isotopes somewhat similar to the case of O-isotopes in previous figure. Similarly
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Figure 3.1 The comparison of binding energies in MeV for Be, B, C, N, O
and F isotopes using sph. RMF(NL3), def. RMF(NL3), def. RMF(NL3*), sph.

HF (SEI-I) and SHF(SkI4) formalism
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Table 3.4 Same as Table 3.3, but for the isotopes of 22732Ne, 273Na, 30-42)Mg,

and 32735Si nuclei.

B.E. in MeV
Nuclei RMF(NL3)| RMF(NL3) | RMF (NL3*) | HF (SEI-T) |SHF (SkI4) | Expt. [27, 28]
Sph. def. def. sph. def.

2Ne | 210.62 208.122 207.7 207.273 205.9 | 206.89£0.100
PNe 214.35 211.140 211.0 210.833 208.3  207.84340.100
30Ne 218.02 214.920 214.7 214.160 211.9 211.2940.300
31Ne | 221.97 215.812 214.8 214.569 212.0 | 211.424+0.200
32Ne 223.95 218.409 217.1 214.860 213.4  |213.472+0.500
¥"Na, - - 214.5 - 214.3 214.836+0.4
BNa - - 219.7 - 218.7 218.38040.1
PNa - - 224.4 - 223.5 222.79240.1
30Na, - - 228.5 - 227.0 225.15040.2
3INa - - 232.8 - 231.2 229.05940.1
$2Na - - 234.1 - 232.2 230.880+£0.1
3Na - - 237.0 - 234.5 233.77240.6
34Na - - 239.0 - 235.6 234.53240.5
35Na, - - 240.8 - 237.1 236.04040.6
30Mg - - 240.1 - 240.5 241.62040.1
3IMg - - 245.1 - 244.9 244.013£0.2
Mg | 252.06 250.387 250.5 249.390 250.2  |249.804+£0.200
33Mg 256.02 252.982 252.3 252.015 252.1  |252.017+£0.200
Mg 259.14 257.169 256.1 254.355 255.3  [256.46240.100
35Mg 261.82 260.211 259.3 256.498 257.5  |257.460+0.200
Mg - - 262.2 - 260.2 260.78440.5
3TMg - - 263.6 - 260.8 260.96140.5
BMg - - 264.7 - 261.6 263.26440.5
Mg - - 266.0 - 262.1 263.133+0.5
OMg - - 267.4 - 263.0 264.84040.5
Mg - - 267.2 - 262.6 -

2Mg - - 266.9 - 262.3 -

325i 267.69 268.203 - 267.928 - 271.407+0.000
33Si 275.97 275.359 - 275.953 - 275.91540.000
34Gi 283.78 278.249 - 283.470 - 283.428+0.014
358i 289.77 287.135 - 288.258 - 285.903+0.038
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Figure 3.2 Same as figure 3.1, but for Ne, Na, Mg and Si isotopes.
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Table 3.5 Same as Table 3.3, but for the isotopes of 347373, 33=43A] and 3*~*8Ar

nuclei.
B.E. in MeV
Nuclei RMF(NL3)| RMF(NL3) | RMF(NL3*) | HF (SEI-I) |SHF (SkI4) | Expt. [27, 28]
Sph. def. def. sph. def.

38 286.05 286.295 - 286.424 - 291.838+0.000
35S 296.71 295.543 - 296.491 - 298.824+0.000
363 306.52 299.502 - 305.978 - 308.71440.000
378 313.58 309.946 - 312.676 - 313.017+0.000
33A1 - - 267.8 - 268.6 264.594+0.7
34A] - - 270.8 - 270.5 267.301+0.6
A1 - - 273.6 - 273.8 272.545+0.7
36A] - - 277.3 - 276.6 274.4284+0.1
3TAl - - 280.6 - 279.7 278.647+0.1
3BAl - - 282.7 - 280.6 280.326+0.3
39A] - - 284.5 - 281.9 283.608+0.6
40A] - - 286.5 - 283.4 284.720+0.7
4LA] - - 288.7 - 285.2 286.877+0.8
42A] - - 289.2 - 285.2 287.364+0.9
43A1 - - 289.4 - 285.3 288.487+0.9
A1 - - 289.2 - 285.3 -

S4AT 273.76 273.397 - 273.357 - 278.719£0.000
36 Ar 300.25 302.268 - 300.129 - 306.716+0.000
B Ar 325.59 319.946 - 324.432 - 327.342+0.000
4O0Ar 342.31 340.945 - 341.555 - 343.810£0.000
2Ar 357.39 356.393 - 357.013 - 359.33540.005
“AT 371.42 370.639 - 371.135 - 373.728+0.001
46 Ay 384.57 384.603 - 383.672 - 386.927+0.040
BAY 394.58 392.810 - 391.79 - 396+0.720

Fig. 3.3 and Table 3.5 represent the values of B.E. of 34737S, 33=44A] and 34=%8Ar nuclei.

Fig. 3.3 also shows that the B.E.’s are match excellently with the experimental data

for these set of nuclei. Therefore, we conclude from the above discussion that the mean

field formalisms show an excellent comparison of B.E. for a medium mass region and

reasonably nice results for the lighter mass region. The comparison of the calculated

and the experimental values of the binding energies suggest that both the formalisms are

capable to reproduce the B.E’s of the isotopes from stable to drip line nuclei. In general, it



Chapter 3 Structure properties of nuclei using relativistic and non relativistic mean

78 field formalism
315_ ) -|||||||I||||I|| |||||||I||||I||||
C 290 [ 3344p ®%®400 - 34485 o]
310 F - /%
- 285 [ /?)@@@380
305 | ; i 360
C 280 - e
300 i 340
2 275
S295 - 5 320
w o F 270 |
mS 290 — ‘/ 300
C L@
285 | 205 280
f ey o f oerRwes) | F —omsnruroLy g
L ef. of. ef.
280 ——sph. HF(SEI—I))26O N _G:_(éx;fHF(SkM) 260 —o—sph. HF(SEH) ]
- ® Expt. : | —@— Expt. |
275- 1 | 1 1 2_5_5_-_|_|_|_|_|_|_|_|_|_|_|_|_240 E S NN
35 35 40 45 35 40 45 50

Mass Number (A)

Figure 3.3 Same as figure 3.1, but for S, Al and Ar isotopes.

is clear from the Tables and Figures that, the error between the estimated values of B.E.’s
and the experimental data are of very small (~3 MeV) in comparison to B.E.’s values.
A more careful comparison reveals that the RMF binding energies in most of the cases
slightly overestimates the data contrary to the marginal under-estimation by the non-
relativistic approach. The results obtained with both the spherical RMF and the spherical
HF(SEI-I) formalism show slightly higher values than that for the deformed formalisms.
The comparison of the experimental data with our results suggests that the RMF(NL3*)
parameters show relatively better results when compared with both RMF(NL3) and HF
formalism. In general, we find that both the formalisms are equally capable of reproducing
the results of the binding energies from stable to drip line nuclei. For further insight we

also intent to address other structure properties of nuclei like nuclear radii, quadrupole
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deformation, nucleonic density distributions etc.
3.4.2 Nuclear radii

Another important parameter of the bulk properties is the root mean square radius. Tables
3.6, 3.7 and 3.8 show the calculated values of the nuclear charge radius r. using spherical
and deformed RMF(NL3), def. RMF (NL3*), HF(SEI-I) and SHF(SkI4) formalisms. An
experimental data is also given for a comparison wherever available [29,30]. Table 3.6
and Figure 3.4 show the values of charge radius (r.) for 971?Be, 12715B, 12-22(C 20-2N|
20-240 and 23-2F isotopes as a function of the mass number. The figure clearly shows
that the value of r. is close to the available experimental values. The calculated values of
charge radius are 2.364, 2.310, 2.692, 2.436, 2.583, 2.47 for 2C from sph. RMF(NL3), def.
RMF(NL3), def. RMF(NL3*), HF(SEI-I), SHF (SklI4) and experimental data respectively.

The observation from this figure suggests that the charge radius has higher values for
sph. RMF(NL3) than the sph. HF(SEI-I), whereas a reverse trend has been observed in
the case of deformed formalisms. The observation from these values and Tables 3.7 and
3.8 signify the utility of RMF and Hartree-Fock formalims by exhibiting a nice comparison
with the available data. Similarly figures 3.5 and 3.6 represent the comparison of charge
radius of 28732Ne, 2773%Na, 30-42Mg, 32-35Si and 34737S, 33-43Al, 34=48Ar isotopes with the
experimental values in the respective figures. The value of r. are 2.964, 2.966, 2.916,
2.892, 3.025, 2.963 for ®Ne and 3.095, 3.091, 3,094, 3.032, 3.146, 3.186 for 3>Mg using
sph RMF(NL3), def RMF(NL3), def RMF(NL3*), HF(SEI-I) and SHF(Skl4). These
comparisons of the results shown in Fig 3.4-3.7, suggest that both the formalisms are very
much appropriate to study the bulk properties of the light and the medium mass region
from the stability to the drip-line nuclei. Hence one may conclude that the results of
B.E. and r. are reasonably good for the lighter mass region where one finds an excellent

comparison with the data for medium mass regions.
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Table 3.6 The charge radius (r.) of °712Be, 1271°B, 12-22(C, 20-2N, 20240 and
B=F isotopes, obtained from relativistic mean field and non-relativistic Hartree-
Fock calculations. The experimental data are also given for comparison wherever
available. The values of r. are in fm.

r. in fm
Nuclei RMF(NL3) RMF(NL3)| RMF(NL3*) | HF (SEI-T) | SHF (Skl4) | Expt. [29, 30]
sph. def. def. sph. def.
‘Be 2.461 2.510 - 2.305 - 2.519
10Be 2.537 2.423 - 2.302 - 2.36
HBe 2.479 2.449 - 2.329 - 2.46
12Be 2.549 2.450 - 2.353 - -
12 2.498 2.457 - 2.393 - -
3B 2.540 2.492 - 2411 - -
4B 2.534 2.522 - 2.423 - -
5B 2.532 2.564 - 2.435 - 2.511
12¢ 2.364 2.310 2.692 2.436 2.585 2.47
3¢ 2.459 2.466 - 2.454 - 2.46
1o 2.504 2.517 - 2.470 - 2.56
15C 2.516 2.535 - 2.480 - -
16C 2.531 2.565 - 2.489 - -
17c 2.542 2.582 - 2.500 - -
18C 2.552 2.601 - 2.509 - -
Yo 2.562 2.629 2.613 2.521 2.709 -
00 2.573 2.590 2.599 2.532 2.708 -
2C - - 2.587 - 2.699 -
20 - - 2.584 - 2.698 -
2N 2.671 2.683 - 2.605 - -
2N 2.674 2.694 2.681 2.614 2.746 -
2N 2.679 2.678 2.678 2.634 2.752 -
BN 2.687 2.674 2.682 2.637 2.760 -
200 2.720 2.726 2.767 2.668 2.792 -
20 2.721 2.716 2.753 2.673 2.784 -
20 2.735 2.712 2.744 2.678 2.783 -
B0 2.741 2.725 2.744 2.689 2.795 -
0 2.752 2.737 2.750 2.701 2.807 -
BE 2.839 2.805 2.850 2.768 2.873 -
s 2.838 2.812 2.844 2.778 2.879 -
BE 2.853 2.821 2.846 2.782 2.888 -
B 2.875 2.852 2.862 2.806 2.920 -
TR 2.891 2.886 2.887 2.827 2.949 -
BE - - 2.913 - 2.971 2.966
BE - - 2.938 - 2.993 -
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Table 3.7 Same as Table 3.6, but for the isotopes of 22732Ne, 273Na, 30-42)Mg,
and 327%Si nuclei.

r. in fm
Nuclei| RMF(NL3) [RMF (NL3) |RMF (NL3*) |HF (SEI-I) | SHF (SkI4) | Expt. [29, 30]
Sph. def. def. sph. def.

BNe 2.964 2.966 2.916 2.892 3.025 2.963
29Ne 2.982 2.981 2.977 2.912 3.033 -
30Ne 2.998 2.999 3.000 2.933 3.051 -
31Ne 3.012 3.032 3.019 2.944 3.084 -
32Ne 3.024 3.071 3.084 2.956 3.022 -
2"Na - - 3.006 - 3.052 3.01
2 Na - - 3.016 - 3.065 3.04
29Na - - 3.027 - 3.078 3.09
30Na - - 3.036 - 3.092 3.12
31Na - - 3.050 - 3.101 3.101
32Na - - 3.072 - 3.135 -
3Na - - 3.115 - 3.174 -
34Na - - 3.140 - 3.199 -
3Na - - 3.163 - 3.224 -
0Mg - - 3.078 - 3.128 3.111
Mg - - 3.079 - 3.138 3.148
2Mg | 3.095 3.091 3.094 3.032 3.146 3.186
BMg | 3.107 3.118 3.104 3.043 3.179 -
Mg | 3.118 3.151 3.152 3.053 3.215 -
HMg | 3.129 3.174 3.178 3.064 3.240 -
36 Mg - - 3.200 - 3.266 -
Mg - - 3.214 - 3.281 -
Mg - - 3.226 - 3.298 -
Mg - - 3.238 - 3.309 -
OMg - - 3.250 - 3.320 -
Mg - - 3.266 - 3.3 -
2Mg - - 3.284 - 3.3 -
3264 3.113 3.141 - 3.078 - -
33Gi 3.133 3.134 - 3.095 - -
3464 3.153 3.206 - 3.111 - -
35Gj 3.163 3.164 - 3.119 - -
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Figure 3.4 The comparison of charge radius (r.) in fm for Be, B, C, N, O,
and F isotopes using sph. RMF(NL3), def. RMF(NL3), def. RMF(NL3*), sph.
HF (SEI-I) and SHF(SkI4) formalisms.
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Figure 3.5 Same as figure 3.4, but for Ne, Na, Mg and Si isotopes.
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Table 3.8 Same as Table 3.6, but for the isotopes of 347375, 33=43A] and 34~ Ar

nuclei.
r. in fm
Nuclei RMF(NL3) RMF(NL3)| RMF(NL3*) | HF (SEI-I) | SHF (SkI4) | Expt. [29, 30]
sph. def. def. sph. def.

318 3.270 3.259 - 3.199 - 3.28
358 3.282 3.262 - 3.209 - -
369 3.293 3.312 - 3.219 - 3.29
378 3.299 3.290 - 3.224 - -
33A1 - - 3.134 - 3.184 -
31A1 - - 3.1424 - 3.204 -
35A1 - - 3.169 - 3.234 -
36A] - - 3.198 - 3.254 -
3TAL - - 3.223 - 3.277 -
BAL - - 3.240 - 3.288 -
39A1 - - 3.261 - 3.302 -
40A] - - 3.290 - 3.317 -
4LA] - - 3.316 - 3.328 -
42A1 - - 3.337 - 3.339 -
1Al - - 3.359 - 3.351 -
Al - - 3.3 - 3.346 -
34Ar 3.387 3.360 - 3.295 - 3.365
36 Ay 3.388 3.379 - 3.305 - 3.390
BAr 3.397 3.396 - 3.318 - 3.402
0AY 3.401 3.392 - 3.326 - 3.427
2Ar 3.406 3.402 - 3.335 - 3.435
“Ar 3.410 3.410 - 3.345 - 3.445
46 Ar 3.410 3.415 - 3.373 - 3.437
4BAr 3.437 3.442 - 3.393 - -
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Figure 3.6 Same as figure 3.4, but for S, Al and Ar isotopes.

3.4.3 Deformation parameter

Figure 3.7 shows the plot of a quadrupole deformation parameter () for some light mass

nuclei in terms of their mass number (A) using deformed RMF(NL3*) and SHF(SkI4)
formalisms. The values of the deformation parameter decreases for 19=22C, 21-23N, 20-24(Q
and 2372F isotopes with an increase of the mass number. Whereas, on the other hand
for 2-3INe, the calculated values of 3, first decreases and then increases. But for the
heavier isotopes of Na, Mg and Al, the 35 increases with ‘A’ as shown in the figure 3.7.
In broad observation, almost similar trends are obtained from both the formalisms except
for the isotopes of O and F (see Fig. 3.7). The [, values of these isotopes are much
smaller for RMF as compared to SHF. The O and F isotopes are almost spherical in

RMF calculations with an opposite trend of a finite prolate deformation for 2220 and

B=2"F in SHF formalisms. In general, for most of the cases, the values of 3, obtained by
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Figure 3.7 Quadrupole deformation parameter 3, as a function of mass number

‘A’ obtained from RMF(NL3*) and SHF(SkI4).

the non-relativistic SHF formalism is slightly more than the RMF formalism. In a specific

case of 12C, nucleus is almost spherical, whereas majority of the other isotopes of nuclei

have prolate deformation.

3.4.4 Nuclear density

A study of a density distribution profile is an important part in our analysis, it is so

because our approach of reaction dynamics strongly depends on the profile of the density

distributions. The accuracy of reaction observable is based on these profiles. Figure 3.8

represents the densities of >~ 1?Be,

3273581
)

12—15B 12—22C 20—23N 20—240 23—27F 28—32Ne 32—35Mg
) ) ) ) ) ) )

34-37G and even set of isotopes of 3#~#®Ar nuclei as a function of radial distance.

The nucleons distribution inside the nucleus is maximum at the centre and starts de-
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Figure 3.8 The radial density plot of light mass nuclei from Be-Ar isotopes using
HF(SEI-I), sph. RMF(NL3) and def. RMF(NL3)formalisms.
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creasing continuously towards the surface region. The left panel of the figure represents
the nucleonic density distribution obtained by non-relativistic mean field HF(SEI-I) ap-
proach. The right panel shows a spherical equivalent of deformed RMF densities with
NL3 parameter, whereas the central panel of the figure shows the density distribution
obtained from spherical RMF model. It is clear from the figure that the densities of the
considered nuclei show a similar kind of trend for all the formalism. A deep inspection of
Fig. 3.8 indicates that some of the isotopes of O, F, Si, S and Ar show a depletion of the
densities at the centre, which is a primary indication for their bubble structure [31-33].

The details of this effect will be discussed later in the Chapter 4.

3.4.5 Role of BCS paring on bulk properties

The constant gap BCS pairing adds the pairing effects for open shell nuclei. In the present
calculations, we have dealt with the nuclei of Ne, Mg and Si isotopes. All these nuclei are
in the lower region of the mass table, where the contribution of the pairing effect is minimal
even for open the shell nuclei [34]. We also understand that pairing plays a crucial role
for the open shell nuclei for a relatively heavier mass region. If we use the conventional
pairing gaps similar to A = 11.2/ VA MeV, then BCS treatment of pairing is not reliable
for nuclei near the driplines. However, using a variable pairing as a function of neutron and
proton number near the dripline as suggested by Madland and Nix [35] and successfully
used by Patra et al. [22], this error can be minimized. To determine the effect of pairing
in our calculations, we have estimated B.E., rms charge radii and quadrupole deformation
parameter with and without taking pairing into account. The calculated values of the
bulk properties such as binding energy (B.E.), root mean square charge radius r., and
quadrupole deformation parameter 3, for the neutron rich *32Ne, 24=34Mg and 26-36Si

are depicted in Table 3.9 and have been compared with the experimental data wherever
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Table 3.9 Calculated results for binding energy (B.E.), root mean square charge
radius r., and quadrupole deformation parameter (35 for the even sets of neutron
rich 18732Ne, 22736Mg and 26735Si isotopes using RMF densities obtained from

NL3* parameter set.

The available experimental data are also given for the
comparison. The B.E. is in MeV and r. in fm.

Nucleus| B.E.(MeV) r(fm) (2 A, A,

RMT | Expt. RMEF|Expt [27, 36, 37]. RMEF[Rel. [38, 30] Expt. [27, 36, 37]

BNe [134.35132.143.125 2.972 0.063 0.68(3) 2.3705| 2.6213
131.84 2.963 0.238

2Ne [155.52/160.65|3.067 3.00 0.063 0.70(20) 2.655 | 2.655
156.68 2.972 0.537] 0.479

2Ne [175.34(177.77|3.015 2.954 0.402 0.564(4) 2.5094| 2.3114
175.65 2.94 0.502 0.400

24Ne [188.92/191.84(2.946 2.903 0.238 0.41(5) 2.1610| 1.8572
189.09 2.88 0.259] 0.258

26Ne [199.78/201.55(2.921 2.927 0.069 0.39(3) 1.7705| 1.4335
200.02 2.926 0.277 0.221

2Ne [207.62/206.88/2.961 2.963 0.133 0.36(3) 1.4152| 1.0876
208.26 2.965 0.225 0.526

30Ne [214.66/211.29(2.999 0.010 0.49(17) 1.1202( 0.8219
214.43 2.999 0.099] 0.400

3INe [214.84/211.62/3.019 0.174 0.9959| 0.7152
214.99 3.031 0.244 0.422

2Ne [217.12/213.47|3.069 0.368 0.8859(0.06234
217.62 3.071 0.363] 0.335

2Mg [166.23|168.58(3.213 0.420 2.3114| 2.5094
166.42 3.092 0.513| 0.326

24Mg 1193.55/198.26/3.163 3.057 0.467 0.613(14) 2.4984| 2.4984
194.31 3.043 0.487 0.374

260Mg [212.50|216.68(3.008]  3.033 0.484(6)  [2.4029] 2.2415
212.54 2.978 0.273| 0.310

BMg [228.14(231.63(3.071 0.267 0.484(20) 2.1529(1.8912
228.76 3.048 0.345 0.323

30Mg 1240.08|241.64/3.079 0.197 0.41(3) 1.8487| 1.5405
240.51 3.062 0.241 0.222

2Mg 1250.51|249.81|3.093 0.011 0.51(5) 1.5491] 1.2317
250.59 3.090 0.119]  0.000

Mg [256.17|256.48|3.151 0.324 0.55(6) 1.2814| 0.9768
257.39 3.150 0.343| 0.406

36Mg 1262.25260.80|3.200 0.429 1.0542] 0.7734
264.13 3.198 0.434 0.328

26Gi  1202.14(206.04/3.275 0.373 0.444(21) 2.2415| 2.4029
200.86 3.118 0.280] 0.353

2Gi  1230.07/236.54/3.149 3.122 0.105 0.412(4) 2.3733| 2.3733
232.13 3.122 0.331 0.478

308i  1250.81|255.62| 3.14 3.133 0.061 0.330(22) 2.3073|2.1724
250.58 3.070 0.148|  0.000

32Gi  |267.81/271.41|3.154 0.030 0.26(4) 2.1216| 1.8944
268.45 3.137 0.201]  0.000

314G 1283.57|283.43|3.179 0.011 0.18(4) 1.8818| 1.6027
284.45 3.147 0.001 0.000

36Si 1290.72/292.03(3.189 0.044 0.25(4) 1.6315|1.3316
291.48 3.184 0.194 0.000
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available [27,36,37]. The pairing gaps for proton A, and neutron A, given in the last
column of the table, are obtained from equations (2.66) and (2.67). The calculated (s
values have also been compared with other theoretical calculations [38,39] and available
experimental data in Table 3.9. It is clear that our results agree well with the data. For
example, the RMF binding energy for ®Ne is 131.8 MeV whereas the experimental value
is 132.1 MeV. Similarly, the r. value for this nucleus is 2.963 and 2.972 fm for RMF
and experiment respectively. A comparison with the study of T. Sumi et al. [38] for the

deformation parameter 35 is also depicted in Table 3.9.

3.5 Summary

In this chapter, we have compared the bulk properties like binding energy, root mean
square radius, quadrupole deformation, nucleonic densities distribution etc. of light mass
nuclei from the G—stability line to the drip-line region. For an investigation of these
properties, we have used two different mean field formalisms i.e. relativistic and non-
relativistic mean field formalism. Firstly we have seen the comparative studies of bulk
properties using parameters NL3* and NL-SH for some test cases in relativistic mean
field and SklI4 and SLy4 in non-relativistic mean field for the optimization of parame-
ters used. The subsequently study of bosonic and fermionic model space is also done
before performing the calculations for drip line systems in RMF formalism. The avail-
ability of the experimental data helps us to compare and test our theoretical predictions.
The comparison between the estimated values and the experimental data suggests that
both the formalisms are capable to reproduce these properties reasonably well. While
the deeper inspection of results reveal that the RMF formalism works relatively better

when compared with the non-relativistic mean field formalism. The agreement of the
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predicted values of B.E., charge radius and other parameters match remarkably well with
the experimental observations. This gives enough confidence for further utilization of
the densities obtained from RMF(NL3*) and SHF (Skl4), for the reaction dynamics part,
which has been covered in Chapters 5 and 6. As the pairing plays an important role in
the open shell nuclei, so the role of BCS-pairing is also investigated for the understanding
of its effect on the bulk properties of Ne, Mg and Si isotopes in the RMF formalism. As

expected, the pairing effect seems to play a marginal role in the light mass region.
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Chapter 4

Study of bubble nuclei using mean

field densities

4.1 Introduction

A study of the nuclear structure is one of the major area of nuclear science investigations.
The simplest topologies other than that of a sphere are those of a torus and bubble. The
idea of such type of formalism is suggested by Wheeler [1,2]. With the advancement
of radio-active ion beam facilities, the nucleon-antinucleon annihilation may take place
deep in the interior of the nucleus, which in turn results in the creation of a hole in the
interior of the nucleus. The simplest idea about the nuclear behavior can be generated
via liquid drop model and spherical shell model description, but they don’t exhibit the
behavior of nuclear shapes. For exhibiting the behavior of nuclear deformations, one has
to adopt a collective model description, where the rotational and the vibrational degrees
of freedom play significantly an important role. It may be noted that when a heavy ion of
high energy (such as N beam at few GeV) [3] collides with a target nucleus, then those

target nucleons which make collisions (either with the primary nucleons of projectile or
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the secondary elementary particles), will travel forward in the projectile direction and
become knocked out from the target nucleus. Thus, if the trajectory of the projectile
lies inside the target nucleus, the local density of nucleons along the trajectory in the
target nucleus gets depleted. It is therefore conceivable that for some trajectories, the
remnant after the collision has a hole in the middle, which has the topology of a torus.
The bubble and toroidal nuclei may also be expected in the boiling off nuclear matter
stage exhibited in a neutron star [4]. In series of papers, Wong [5-7] studied the effects of
bubble and toroidal nuclei using the shell correction method. The bubble structure has
been observed in some nuclei like 220, 23F, 34Si, 365, 36Ar, 46Ar, 84Se, 134Ce, 17YDb, 2°Hg
ete. [7-9]. The densities of such cases is depleted in the central region. This phenomenon
has greater interest, as it may change its shape of density distribution from normal nuclei
due to different mean field interactions. The possibility of the formation of bubble nuclei
has been studied by various nuclear models. The microscopic calculations using Skyrme
Hartree-Fock (SHF) formalism have been carried out to investigate this effect for various
region as in Ref’s. [10-12]. Recently, relativistic and non-relativistic mean field formalism
are used to investigate such effect in light [13] and superheavy mass regions [14]. In the
following, we have used the concept of mean field densities to address the behavior of

light mass bubble nuclei.

4.2 Nucleonic density profiles using mean field for-

malisms

The success of the mean field formalism to reproduce the bulk properties of nuclei forming
wide range of nuclear chart, provides a sufficient confidence to use this approach for
extracting nuclear densities. The capability to reproduce the bulk properties of light
mass region and the observation of bubble effect in density, discussed in previous chapter,

motivates us to see the bubble effect in the considered cases.
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The densities of 12-22C, 21-2N 20-24() 23-29p 28-31N 27-35Ny 30-42\[g and 33—HA]
obtained from relativistic and non-relativistic mean field calculations are plotted in Fig-
ure’s 4.1 and 4.2, respectively. The RMF densities for 2722C isotopes indicate that
nucleons in 2C are more compact at the center as compared to other isotopes of the
series. The lighter isotopes of N, O, F are relatively less dense at the center, indicating
the recently discussed bubble type shape [8,9].

The depletion in density for some of the nuclei in the central region suggests to look out
for the bubble structure of such nuclei [1,2,10]. The bubble effect of nuclei are studied

by the depletion factor (D.F.) defined as [8,9]

D.F, = Pmaz — Peen. (4.1)

pma:r

where pq. is the maximum value and p.., is the central density of the nucleus. From
Figure 4.1, it is clear that except for C isotopes, the density at the center of all other
nuclei i.e. 21723N, 20-240 and 2*~2F (upper panel) increases with neutron number N. The
D.F. of 2N are 4% and 4% respectively for RMF and SHF calculations. These values for
20-240 are 14%, 14%, 16%, 10%, 3% with RMF and 8%, 9%, 11%, 5%, 2% with SHF.
Similarly, the depletion factor values for 2=24F are 18% and 11% with RMF and 9% and
5% with SHF, respectively. The calculated D.F. are shown in Table 4.1. In other nuclei,
the trend in the density distribution is somewhat reversed i.e., for C, Ne, Na and Mg, a
slight depression occurs at the center with an increase in skin thickness as a function of
neutron number. For such cases a linger tail appears. The different trend in the density
distribution for 2 Na compared to its neighboring isotopes may be due to the filling of
last neutrons. In 2°Na, the last single neutron is in [200]2 level whereas in 2Na there

are two (even number) neutrons in the same orbital, which may shift the energy levels to

upward causing
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Table 4.1 Depletion factor (D.F. in %) for total density distribution of nucleons in RMF(NL3*) and SHF(SkI4).

D.F.in %

Nucleir | RMF | SHF | Nuclei | RMF | SHF | Nuclei | RMF | SHF
12C 1 0 19C 0 0 20 0 0
2C 0 0 20C 0 0 2N 4 4
2N 1 2 BN 0 0 200 14 8
210 14 9 20 16 11 B0 10 5
20 3 2 BE 18 9 R 11 5
B 5 2 W 3 1 2R 3 1
2R 3 1 HE 4 2 ZBNe 4 0
2Ne 5 1 30Ne 6 2 31Ne 5 1
2TNa 9 1 28Na 5 1 2Na 17 0
30Na 6 1 31Na 7 2 32Na 6 1
33Na 3 1 34Na 2 0 3¥Na 1 0
30Mg 6 0 31Mg 9 1 2Mg 8 3
3Mg 9 2 34Mg ) 1 Mg 4 0
Mg 2 0 STMg D 1 BMg D 2
Mg 6 2 O0\g 7 3 AMg 8 3
2\g 8 3 33A1 10 3 34A1 11 3
3BAl 8 1 36A] 6 1 3TAL 4 0
3BA1 5 1 39A] 5 2 40A] 6 3
4TA] 7 4 42A] 7 4 43A1 6 5
44A] 17 5

00T

SeryISuSp p[oy uvew FuIsn o[onu o[qqnq jo Apnig ¥ 1o3dey)
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the decrease in central density. The calculated D.F. for 2 Na are ~17% and ~0% with
RMF and SHF respectively. The qualitative trend of the non-relativistic SHF densities
as shown in Fig. 4.2 are almost similar to the RMF evaluation, of course showing smaller
magnitude as compared to RMF results. Hence from above observation, we conclude that
the isotopes 29240 and 2~2*F are having significant values of depletion factors, which
indicates their bubble like structure. This observation is independent of SHF or RMF
choice of densities. The most prominent isotopes, which exhibit bubble structure are
20 and 23F with largest values of depletion factors 16 %, 11 % and 18 %, 9 % from
RMF(NL3*) and SHF(SkI4) respectively. Therefore in the search of some other bubble
nuclei and more information in the structure of these isotopes, we have extended our study
for some selective cases like 220, F, 34Si, 36S, 36Ar and “6Ar. In this regard, a study of
the structural properties of these nuclei has been done using microscopic non-relativistic
Hartree-Fock formalism with recently developed simple effective interaction [15,16]. The
calculations have also been compared with the results of well known relativistic mean field
formalism [17-21]. The structural properties like binding energy, charge radius etc. for
such nuclei are found to be in good agreement with the experimental data. The details

of the further calculations are given below:

4.3 Bulk properties of bubble nuclei

The bubble effect seems evident in some of the nuclei where the density of a nucleus is
depleted at the central part. The main mechanism for the formation of bubble nuclei is
the lack of particles at the center of the nucleus, which causes the s-levels to be less bound
than the ones observed in usual cases having a uniform density distribution.

4.3.1 Binding energies (B.E.) and Charge radius (r.)
Fig. 4.3 represents the B.E. and charge radius (r.) of 220, 2F, 34Si, 365 36Ar and “°Ar

bubble nuclei obtained from HF(SEI-I), sph. RMF(NL3) and def. RMF(NL3) formalism



102 Chapter 4 Study of bubble nuclei using mean field densities

3.5
34
3.3
3.2

O

(05>IS]

HF(SEI-I)

sph RMF(NL3)
def RMF(NL3)
Expt.

2 | 2 | 2 | 2 |

r_(in fm)

[

3.0
29
2.8
2.7
506

450
400
350
300
250
200
150

® © & O

8
I

2D

HF(SEI-I)

sph RMF(NL3) °
def RMF(NL3)

Expt. ° * e

B. E. (MeV)

[ ]
| R PR R R R
220  23F  34Si  36S  36Ar  46Ar

isotopes

Figure 4.3 Binding energy and charge radius of 220, #F, 34Si, 363, 36Ar and
46 Ar bubble nuclei along with available experimental data [22-24].

along with the experimental data [22-24]. The upper panel of the figure shows the charge
radius and the lower panel depicts B.E. of selected cases with the experimental data,
wherever available [22-24]. This figure suggests that both relativistic mean field and
non-relativistic mean field formalisms are capable of reproducing the bulk properties of
the bubble nuclei. The deep inspection of the figure suggests that the results obtained
with the relativistic mean field formalism are much closer to the experimental values in

comparison to that of the non-relativistic mean field formalism.

4.3.2 Density profile of 220, #F, 3Si, 3°S, 36Ar and “°Ar nuclei

Fig. 4.4 represents the radial density distribution of the considered set of a bubble nuclei.

In normal cases, nucleon distribution inside the nucleus is maximum at the center and
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starts decreasing continuously towards the surface. A keen inspection of this figure sug-
gests that a considered set of nuclei show a depletion of the densities at the center, which
is the primary indication for their bubble structure. It is also evident from the figure that
densities of these nuclei show a similar kind of trend, independent of choice of formalism.
Fig. 4.5 contains the proton and neutron density distributions of same set of bubble nuclei
as a function of the radial distance. The left panel of the figure consists of the neutron
density distribution and the right panel shows the proton density distribution of these
bubble cases for HF(SEI-I), sph. RMF(NL3) and def. RMF(NL3) densities, respectively.
It is also evident from the figure that, the depletion for proton density distribution is
more than the neutron counterpart. This may be due to the Coulomb repulsion between
the protons. So the particles rise high enough in energy and the highest s-level becomes
empty, resulting in the depletion of the central density of particles, as a consequence of
which the radius of the nucleus increases. The calculated values of D.F. in % for the 220,
2BF, 34Gi, 363, 36Ar and 9Ar are presented in Table 4.2. The values of (D.F.)r in % for
20 are 13.21, 14.46 and 23.28 for the HF(SEI-I), sph. RMF(NL3) and def. RMF(NL3)
densities, respectively. Similarly the (D.F.)r for the ’F are 15, 18.26 and 21.99 from
same densities. The (D.F.)p in % for the 3*Si and “Ar nuclei are 36.36 and 51.06 for
HF(SEI-I), 36.27 and 62.08 for sph. RMF(NL3) and 3.72 and 14.72 for def. RMF(NL3)
densities which clearly indicate the nature of their proton bubble. This table also suggests
no bubble effect appears for 36Ar, whereas 16.25% (D.F.)p for 3°S in def. RMF(NL3) in-
dicates that it may be a case for proton bubble along with 34Si and “°Ar nuclei. Thus,

the prominent cases having bubble effects are observed to be 220, 23F, 34Si and “6Ar.



0 12 1) 1) l 1) l 1) l 1)
. 0.10 _220(p) =
0.10 - - ZFp) 4
0.08 *Si(P) .
0.08 —_ 3GS(P) o
0.06 == “Ar(P) -
006 - N\ sy BN YN “Ar(P) 4
0.04 0.04 T
0.02 0.02 i

012 1 1 1 1
0.10 -

0.10 “O(P)
N 23 -

e - - “F(P)
IE 0.08 0.08 3ASi(P) -
. 36 J

= --- *s(P)
a 006 0.06 == YAP)
= | N s SNy Rt N N e 46Ar(P) J
< 004 0.04 1
0.02 0.02 i

010 2 n.»!n 2 1 2
0.08 0.08 -
0.06 0.06 -
0.04 0.04 i
0.02 0.02 -

000 A n.nn s
8 2 4 6 8
r (fm)

Figure 4.5 Nucleonic density distribution for some expected bubble nuclei 220, 23F, 34Si, 36S, 3Ar and 6Ar as a
function of radial distance obtained by (A) HF(SEI-I) (B) sph. RMF(NL3) (C) def. RMF(NL3) formalisms.
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106 Chapter 4 Study of bubble nuclei using mean field densities

Table 4.2 The Depletion Factor (D.F. in %) of neutron (N), proton (P) and total
(T) densities for some probable cases of bubble nuclei obtained from HF(SEI-I),
sph. RMF(NL3) and def. RMF(NL3).

D.F.% D.F.% D.F.%
Nuclei HF(SEI-I) sph. RMF def. RMF
N P T N P T N P T

220 8.21 19.14  13.21 9.49 20.23 1446 24.35 2247  23.29
2R 10.67  20.45 15 1444 2271 1826 22.14 2230 21.99

34Si - 36.66 - 0.36 36.27  16.75 - 3.73 -
363 - - - - - - 3.49 16.25  9.49
36 A ) } ) } } ) } ) )
6Ay - 51.06 14.74 1531 62.08 36.64 1.56 14.73 751

4.4 Summary and Conclusions

In this chapter, we have studied the density distribution of *~12Be, 127158, 13=20C 20-23N

0-24( 23-2Tp 28-32N¢ 32-35)\[g 32735Gj 34-37G and 348 Ar isotopes in the frame-work of
non-relativistic Hartree-Fock mean field formalism with SkI4 parameter and relativistic
mean field formalism with NL3 parameters. As the density is an important parameter to
analyze the nuclear structure and an associated dynamical behavior, so an attempt has
been made to see an exclusive role of the density distribution in the context of the bubble
shape of the nuclei. Many deviations have been seen in the profile of density distributions
from their normal trend like neutron/proton skin and depletion in the center (bubble
shapes). The bubble effect of the light mass nuclei such as Be-Ar isotopes has been
investigated, and such effect has been explored for 220, 23F, 34Si, 36S, 36Ar and “Ar
isotopes via both relativistic and non-relativistic mean field densities. A systematic study
of the density profile and the depletion factor suggests that prominent cases having bubble

effects are 220, 2F, 31Si and “6Ar nuclei.
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Chapter 5

Reaction dynamics of stable and

drip-line nuclei

5.1 Introduction

The reaction dynamics is one of the standard tool to investigate the nuclear structure and
its related stability aspects. In the last few decades, a series of experiments have been
performed on elastic scattering of the unstable nuclei. It has been found that the scatter-
ing cross sections show a significantly different behavior for the weakly bound projectiles
as compared to that for the tightly bound projectiles like a-particle. The small binding
energy of the valence nucleons in an orbital with a small angular momentum leads to wave
functions which extend to very large radii, exceeding by far the usual As radius depen-
dence. Due to the corresponding long range absorption, the Fresnel diffraction peak in
the elastic scattering angular distribution is damped and the elastic scattering cross sec-
tion at backward angles becomes relatively smaller. The development of a radioactive ion
beam facility indicates further addition of numerous new isotopes towards the drip line.

)

The total nuclear reaction cross section ‘g’ in a nuclear reaction provides a significant
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110 Chapter 5 Reaction dynamics of stable and drip-line nuclei

information regarding the structural aspects of the nuclear systems. It extends a useful
quantity to analyze the halo nature of light mass drip-line isotopes. The reaction cross
section, angular elastic differential cross section, one nucleon removal cross section and
longitudinal momentum distribution cross section are some of the standard parameters,
which can be exercised to explore the structure of the nuclear systems. The reaction cross
section has direct consequence with the size of the nucleus.

The reaction cross sections of light mass nuclear systems are estimated by Glauber for-
malism. The Glauber model was initially designed for reactions at high energy. The main
success of this model is based on the densities of the projectile and the target nuclei.
One of the important inputs of this formalism are energy as well as isospin dependent
parameter as discussed in chapter 2. The elastic scattering is the simplest process that
occurs in heavy-ion collisions because it involves very little rearrangement of matter and
energy. Therefore, this process has been studied in a large number of experimental in-
vestigations, and a huge amount of elastic cross section data is currently available. The
angular distribution for the elastic scattering provides an unambiguous determination of
the real part of an optical potential only in a region around a particular distance [1], here-
after referred as the radius sensitivity (RS). At energies close to the Coulomb barrier, the
radius sensitivity is situated in the surface region. In this energy region, the systematiza-
tion [2,3] of experimental results for potential strengths at sensitivity radii has provided
a universal exponential shape for the heavy-ion nuclear potential at the surface, but with
a diffuseness value smaller than that of originally proposed in the proximity potential.

A descriptive discussion of various inputs of the Glauber formalism for the calculation of

reaction cross sections are given in the following subsection.
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5.2 Inputs of Glauber model

5.2.1 Energy and Isospin dependent parameters

The inputs like energy dependent parameters are required to measure the profile function
in Glauber formalism. The appropriate average values of these parameters are estimated
with reference to the experimental data. Here, we have estimated these parameters by
interpolating various energies as done in Ref. [4-9] using spline interpolation, which is
specified in Table 5.1. It is of worth mentioning here that the reaction cross sections
for C—isotopes have been evaluated by using two successful methods (i) Glauber model
and (ii) nucleon-target profile function in Glauber (NTG) eikonal approximation using a
global optical potential [9]. In both the formalisms, the predictive power is almost similar.

The calculated value of o for *C is found to be consistently smaller at low energies [9].

5.2.2 Density conversion

The relativistic mean field (RMF) and Skyrme Hartree Fock (SHF') equations of motion
are solved self-consistently in axially deformed coordinates. The obtained densities are
in w and z directions. We arrange the density as a function of w and p for a constant
value of z, which exhibits the distribution of the nucleons perpendicular to the symmetry
axis. Again, for a particular w, we re-arrange the density along the parallel direction of
symmetry axis as a function of z. This is demonstrated in Fig. 5.1 as a representative case
for Mg, which is a well deformed nucleus. From the figure, it is clear that the density
distribution is significantly different between the perpendicular (w—axis) and the parallel
(z—axis) axes with respect to the symmetry axis. From simple geometric consideration,
we have used the relation r = \/m, with w = /22 + y? to get the spherical

equivalent density as a function of r only as discussed earlier in section 2.3 of chapter 2.
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Table 5.1 The nucleon-nucleon cross section oy and other parameters like oy
and Byn used to calculate the profile function.

E(MeV /nucleon) onn (fm?) anNN Byn(fm?)
30.0 19.600000 0.8700000 0.6850000
38.0 14.600000 0.8900000 0.5210000
40.0 13.500000 0.9000000 0.4860000
49.0 10.400000 0.9400000 0.3900000
85.0 6.1000000 1.3700000 0.3490000
94.0 5.5000000 1.4090000 0.3270000
100.0 5.2950000 1.4350000 0.3220000
120.0 4.5000000 1.3590000 0.2550000
150.0 3.8450000 1.2450000 0.1950000
200.0 3.4500000 0.9530000 0.1310000
230.0 3.3077900 0.7462136 0.1042526
240.0 3.2668680 0.6800303 0.0978437
325.0 3.0300000 0.3050000 0.0750000
425.0 3.0300000 0.3600000 0.0780000
550.0 3.6200000 0.0400000 0.1250000
650.0 4.0000000 -0.0950000 0.1600000
730.0 4.1741300 -0.0828693 0.1896611
740.0 4.1897080 -0.0793203 0.1931483
760.0 4.2173360 -0.0731153 0.1996571
790.0 4.2507720 -0.0691061 0.2078210
800.0 4.2600000 -0.0700000 0.2100000
900.0 4.3116900 -0.1439280 0.2171934
905.0 4.3127750 -0.1498595 0.2170294
920.0 4.3154330 -0.1684008 0.2163436
950.0 4.3185540 -0.2078482 0.2142974
955.0 4.3188530 -0.2146004 0.2138945
960.0 4.3191030 -0.2213738 0.2134798
965.0 4.3193100 -0.2281574 0.2130555
980.0 4.3197250 -0.2484590 0.2117466

1000.0 4.3200000 -0.2750000 0.2100000
1005.0 4.3200550 -0.2814692 0.2095773
1010.0 4.3201100 -0.2878605 0.2091625
1020.0 4.3202200 -0.3004108 0.2083566
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Figure 5.1 The parallel and perpendicular components of deformed RMF (NL3*)
density distribution for Mg isotope compared with its spherical equivalent.

This spherical equivalent p(r) can be used like a one dimensional density, as discussed in
our subsequent calculations. The one dimensional density is easy to convert in terms of
Gaussian form (see eq’'n 2.67), which in turn serves as an input to the Glauber model. A

detail of the conversion process is given in the next subsection.

5.2.3 Gaussian coefficients

Another important ingredient of the Glauber model for an estimation of the reaction
dynamics is the densities of the projectile and the target nuclei. The success of relativistic
and non-relativistic mean field formalisms leads us to predict more accurate values of such
distributions. These mean field densities cannot be feeded directly to the Glauber model.
To use these densities in the Glauber model one needs to convert these densities in terms
of Gaussian coefficients.

In this subsection, first we have fitted the spherically equivalent deformed densities for 2



114 Chapter 5 Reaction dynamics of stable and drip-line nuclei

Gaussian (2G) and 4 Gaussian (4G) fit by taking n = 2 and 4 in equation (2.67). These
coefficients of ¢; and a; (i = 2 and 4) are listed in Tables 5.2, 5.3 and 5.4. Table 5.2 consists
of 2G fitted coefficients for 12:19722C, 21=23N 20-24() 23-29 28-32Ng, 27-35Na, 30-42\[g and
334 Al isotopes for both RMF(NL3*) and SHF(SkI4) densities. Whereas Tables 5.2 and
5.3 consists of 4G fitted coefficients for the same set of isotopes using RMF(NL3*) and
SHF (SkI4) densities, respectively. It is relevant to see a comparison between the densities
of the Gaussian coefficient and mean field densities before using these coefficients as an
input of Glauber model. In this concern, the actual RMF density for some of the selected
test cases of 12C, 19C, 2°C, 2IN, *Na and “°Mg isotopes are compared with the density
simulated with 2 and 4 Gaussian fit and the results are depicted in Fig 5.2. The lower
panel of the figure demonstrates the density in logarithmic scale to have a better picture
of the tail region, because the tail region contributes much in reaction dynamics. From
this figure, it is clearly seen that the overall fit with the 2 Gaussian (2G) densities appear
reasonably better for RMF densities as compared to the (4G) fit densities.

Figure 5.3 shows a similar comparison of the simulated densities with the SHF cases. In
this figure, the reversed trend has appeared. The fitting is somewhat better in the tail
region, when a four Gaussian (4G) is compared to 2 Gaussian (2G) fitting. The coefficient
of (2G) fittings are given in Table 5.2 for both RMF and SHF densities, whereas the values
of the coefficients ¢; and a; are listed in Table 5.3 for (4G) RMF densities and in Table

5.4 for (4G) SHF densities.



Table 5.2 The second order Gaussian coefficients (2G) with RMF(NL3*) and SHF (Skl4) fitting.

RMF(NL3*) SHEF (SkI4)

Nuclei c1 ar Co ao c1 aq Co as
20 -0.169195 0.577368 0.418511 0.300552 -3.19344 0.351467 3.38116 0.334461
e -1.87914 0.259339 2.01367 0.235328 -1.28523 0.219322 1.41374 0.199015
200 -1.66632 0.254873 1.82126 0.229729 -1.26702 0.219759 1.40684 0.198654
A0 -2.97731 0.245056 3.15758 0.231707 -1.28856 0.229014 1.44526 0.205384
20 -0.13063 0.35694 0.344777 0.178756 -0.46197 0.270469 0.644662 0.199519
AN -2.38804 0.271078 2.53082 0.246417 -1.36151 0.248036 1.49832 0.2173
2N -0.883986 0.29461 1.05663 0.231644 -1.55019 0.248562 1.70531 0.220601
BN -0.456336 0.301253 0.644644 0.20612 -1.42762 0.245538 1.60143 0.216816
200 -2.63298 0.310682 2.76965 0.278993 -1.3913 0.247438 1.5068 0.217118
210 -2.73861 0.302688 2.8717 0.272288 -1.73028 0.253495 1.85409 0.225394
20 -2.83427 0.293207 2.96827 0.264657 -2.08759 0.264442 2.22132 0.236606
B0 -2.5036 0.281742 2.6512 0.252704 -1.9695 0.255628 2.12071 0.22888
20 -4.2204 0.259231 4.38671 0.244501 -4.20627 0.237479 4.37221 0.226148
BE -3.21319 0.285385 3.3394 0.259889 -1.47438 0.233065 1.59281 0.204429
HEp -3.00539 0.275318 3.14594 0.250366 -1.54506 0.228806 1.67777 0.2024
DR -2.69645 0.260557 2.85593 0.236943 -1.54549 0.223303 1.69301 0.198565
26 -2.6063 0.248311 2.76589 0.226075 -1.4706 0.209273 1.60925 0.186201
7np -2.54674 0.235991 2.70055 0.215146 -1.47647 0.200593 1.60954 0.178841
BE -2.54235 0.227103 2.69029 0.207233 -1.65525 0.201775 1.79125 0.180857
2p -2.54852 0.219287 2.69126 0.200268 -4.48139 0.202954 4.62849 0.193868

B Ne -2.68685 0.218885 2.81286 0.200789 -1.41249 0.187338 1.53513 0.167237
2 Ne -2.80577 0.223261 2.94678 0.204765 -3.92485 0.190228 4.0548 0.181334
O Ne -2.90293 0.22326 3.04881 0.204765 -2.14573 0.206354 2.29097 0.187242
3INe -2.69474 0.203279 2.81029 0.186235 -2.85161 0.17282 2.97359 0.162829
2Ne -1.0259 0.184479 1.15029 0.155872 -1.06253 0.183871 1.1926 0.156729
2"Na -2.75311 0.220871 2.86195 0.202661 -1.43385 0.184957 1.54712 0.166011
BNa -2.74136 0.218955 2.8527 0.200466 -1.50194 0.184491 1.61798 0.165736
P Na -2.72488 0.210271 2.83723 0.192986 -1.55971 0.184238 1.67898 0.165537
3ONq -2.88103 0.212688 2.99964 0.19529 -1.75712 0.188205 1.87959 0.16962
3INgq -1.84859 0.227886 1.98941 0.198127 -2.21396 0.202805 2.35429 0.184094
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Table 5.2 continued.

RMF(NL3*) SHF(SkI4)

Nuclei c1 a, Cy ao 1 aq Co as
2Na -2.85085 0.201045 2.95989 0.18443 -1.47493 0.175272 1.59232 0.155993
3BNa -2.61162 0.189684 2.71649 0.173667 -2.3097 0.15323 2.41969 0.143676
3 Na -2.47959 0.180204 2.58218 0.165026 -2.21549 0.143372 2.32036 0.134741
B Na -1.56633 0.13153 1.64195 0.120779 -2.13713 0.134652 2.23731 0.126826
OMg -2.85085 0.207626 2.95863 0.190729 -1.67137 0.181447 1.78766 0.163621
1M g -3.07236 0.214901 3.19436 0.197462 -4.11624 0.180562 4.23597 0.172326
2Mg -3.14121 0.215721 3.27192 0.198145 -2.14978 0.19549 2.28076 0.177045
BMg -3.14637 0.211096 3.27551 0.193894 -1.65848 0.172959 1.77273 0.15522
Mg -2.72369 0.186362 2.82369 0.170924 -1.26296 0.15775 1.3698 0.139606
BMg -2.63207 0.17827 2.7282 0.16354 -1.31818 0.147535 1.41996 0.132193
360\ g -2.58396 0.171635 2.67618 0.157531 -2.51475 0.135506 2.61205 0.128241
STMg -2.6057 0.168656 2.69665 0.154832 -1.38706 0.136493 1.48349 0.123582
BMg -2.65101 0.16633 2.7405 0.152757 -1.30631 0.139371 1.40893 0.124877
Mg -2.70506 0.164315 2.79411 0.151012 -2.72843 0.130763 2.82317 0.12394
Op1g -2.72653 0.161259 2.8146 0.148298 -2.98279 0.130434 3.07696 0.123961
U)rg -1.9176 0.143155 1.99748 0.129699 -1.44887 0.134225 1.54838 0.120924
2Mg -4.08053 0.135833 4.15992 0.129709 -1.55971 0.130426 1.65564 0.118372
33 A1 -3.30197 0.215088 3.42956 0.197664 -2.30312 0.194897 2.43549 0.177008
34 A1 -3.29727 0.210286 3.42323 0.193247 -1.87479 0.177221 1.99483 0.159783
35 Al -1.30998 0.235532 1.37557 0.181819 -1.41032 0.161591 1.52229 0.143532
36 A7 -2.77458 0.179283 2.87145 0.164565 -2.98684 0.147428 3.0934 0.139725
3T Al -2.68485 0.171731 2.77782 0.157672 -1.46515 0.143023 1.56671 0.129219
38 Al -2.68058 0.167474 2.77188 0.153851 -1.47224 0.142153 1.57349 0.128173
39 A1 -2.68361 0.163411 2.77449 0.150276 -1.44322 0.141007 1.54397 0.126646
40 A7 -2.65962 0.158524 2.74834 0.145895 -1.4449 0.139122 1.54433 0.124807
LAl -2.6448 0.154438 2.73197 0.142219 -3.42826 0.134824 3.5272 0.128458
2 A1 -2.61286 0.151115 2.69952 0.13913 -3.41232 0.133449 3.51253 0.12708
43 A1 -2.56627 0.147747 2.6527 0.135973 -3.38838 0.13189 3.48966 0.125532
4 Al -3.09818 0.165568 3.1971 0.15212 -1.60118 0.137808 1.70747 0.123801
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Table 5.3 Same as Table 5.2, but for fourth order Gaussian fit (4G) with RMF(NL3*) density.

RMF(NL3*)
Nuclei c1 ar Co ao C3 as Cy ay
20 -0.526735 0.449935 -0.075015 0.269344 0.834403 0.341758 0.005696 0.078590
e -0.175574 0.389343 0.023024 0.182887 0.320555 0.191013 0.000000 0.030000
200 -0.200915 0.342960 -0.212358 0.152290 0.603392 0.176117 0.000000 0.030000
2 -0.185163 0.342633 -0.238429 0.173284 0.625237 0.182821 0.000000 0.030000
2C -0.123660 0.369339 0.003452 0.177952 0.334174 0.177882 0.000000 0.030000
AN -0.657198 0.320473 -0.079272 0.227535 0.892167 0.229349 0.000000 0.059559
2N -0.533836 0.322229 -0.128727 0.217490 0.834635 0.219124 0.000000 0.096826
BN -0.386945 0.315025 -0.197194 0.201194 0.771692 0.201962 0.000000 0.045102
200 -1.565900 0.294641 -0.396372 0.187645 2.036440 0.238748 0.048739 0.154771
210 -1.601360 0.303475 -0.417038 0.186564 2.094500 0.242448 0.059202 0.153962
20 -1.737120 0.294418 -0.441427 0.188218 2.260790 0.238907 0.053189 0.155258
20 -1.747070 0.282305 -0.395305 0.189986 2.255770 0.233601 0.0350983 0.155760
20 -0.925814 0.273068 -0.013856 0.202176 1.097350 0.215767 0.000000 0.042424
BE -0.885744 0.271440 0.140750 0.210488 0.901116 0.214031 -0.015359 0.204620
HEp -1.786080 0.288170 -0.137633 0.218391 1.964890 0.244923 0.099015 0.215352
BE -1.563080 0.273334 -0.091486 0.205594 1.749750 0.231518 0.063725 0.202335
26 -0.510410 0.298187 -0.175433 0.147918 0.845591 0.182054 0.000000 0.030000
p 0.842092 0.464736 -1.303760 0.397305 0.624182 0.192419 0.000000 0.030000
BE 0.960048 0.449474 -1.422510 0.387785 0.620002 0.185965 0.000000 0.030000
HE 0.970558 0.435184 -1.442900 0.373897 0.624611 0.180629 0.000000 0.030000
BNe 0.804787 0.410319 -2.337630 0.305965 1.711500 0.225351 -0.022270 0.215946
2 Ne 0.534925 0.444434 -1.445590 0.321586 1.044600 0.208558 0.021932 0.154759
30 Ne 1.282130 0.406850 -2.027370 0.345858 0.896827 0.195033 0.000000 0.030000
3INe 2.315910 0.197503 -5.558160 0.185995 4.149540 0.157223 -0.758952 0.120720
2Ne 0.003830 0.189152 -1.065860 0.179841 1.188140 0.153931 0.000000 0.030000
2"Na 1.183950 0.411054 -3.321220 0.316098 2.314640 0.243068 -0.029623 0.227835
BNa 2.321510 0.421160 -5.709710 0.335278 3.554250 0.265758 0.000000 0.030000
P Na 0.239708 0.388324 -0.802123 0.256835 0.650921 0.157863 0.000000 0.030000
3O0Nq 0.561915 0.480679 -1.745900 0.318521 1.341390 0.215486 0.000115 0.185528
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Table 5.3 continued.

RMF(NL3*)

Nuclet c1 ay Ca a9 C3 as Cy ay
3TN 0.542793 0.439562 -1.638870 0.302712 1.283420 0.200706 -0.035750 0.133745
2Na 0.561751 0.485240 -1.603180 0.317622 1.197570 0.203570 0.000000 0.030000
3B Na 2.893490 0.379239 -6.594020 0.305261 4.006570 0.240770 -0.136028 0.224166
4 Na -0.137022 0.246391 -0.452815 0.246355 0.721347 0.163341 0.000000 0.030000
3B Na 0.141220 0.431829 -0.588160 0.239005 0.577609 0.141785 0.000000 0.030000
00V g 2.592090 0.407323 -6.103830 0.326123 3.790990 0.256545 -0.115072 0.238768
1M g 2.137760 0.389179 -5.182640 0.311005 3.297420 0.243035 -0.096175 0.228525
2Mg 4.193560 0.345609 -7.645820 0.302216 3.956090 0.237521 -0.353128 0.237521
BMg 1.961810 0.363766 -4.282170 0.296226 2.612760 0.222400 -0.143600 0.222408
Mg 0.813743 0.464905 -2.161670 0.312644 1.513220 0.208441 0.000069 0.177941
Mg 3.488430 0.369219 -7.688960 0.300122 4.561640 0.237748 -0.191473 0.220351
)M g 3.546130 0.363071 -7.832630 0.294805 4.640730 0.234024 -0.182660 0.217145
STM g 0.864970 0.433936 -2.269340 0.294619 1.572890 0.198338 0.000000 0.030000
BMg 2.910640 0.350318 -6.738170 0.280814 4.104570 0.222018 -0.110774 0.207592
Mg 2.640130 0.343501 -6.175710 0.274174 3.786750 0.215309 -0.088951 0.199509
DN 2.385150 0.336466 -5.781450 0.266383 3.555790 0.209767 0.000000 0.073830
UMg 2.153980 0.331553 -5.275180 0.261021 3.279330 0.203834 0.000000 0.030000
20Mg 1.938140 0.327965 -4.772760 0.256332 2.992860 0.197894 0.000000 0.030000
33 Al 2.005900 0.375802 -4.914680 0.299067 3.150890 0.232168 -0.091960 0.218638
3441 7.762070 0.323392 -16.180000 0.287326 9.018520 0.248662 -0.452489 0.242904
35 Al 3.484320 0.370436 -8.038710 0.300560 4.832770 0.241557 -0.119586 0.228814
36 A7 0.891789 0.454546 -2.338640 0.305996 1.611340 0.204934 0.000000 0.030000
3TAL 3.884590 0.359287 -8.841610 0.292045 5.243580 0.235974 -0.118830 0.224414
38 A1 3.760320 0.352084 -8.449800 0.286205 5.006760 0.229599 -0.150074 0.215421
39 A1 3.543200 0.344582 -7.835530 0.279981 4.641770 0.222093 -0.184226 0.205731
40 41 0.854275 0.411033 -2.257100 0.278476 1.565890 0.187427 0.000000 0.030000
4l Al 2.877830 0.330120 -6.805090 0.263819 4.089220 0.210281 0.000000 0.033399
2 A1 2.697300 0.324321 -6.411290 0.258267 3.875160 0.204892 0.000000 0.030000
4341 2.534430 0.319182 -6.040730 0.253241 3.667260 0.199791 0.000000 0.030000
Al 3.087180 0.330131 -7.302840 0.263807 4.389470 0.210285 0.000000 0.030000
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Table 5.4 Same as Table 5.2, but for fourth order Gaussian fit (4G) with SHF(SkI4) density.

SHF(SkI4)
Nuclei cy aq Cy as C3 as Cy4 ay
2 -25.801500 0.252892 -49.227300 0.215881 56.665600 0.236500 18.552300 0.202810
e -0.226211 0.299254 -0.114207 0.097847 0.447605 0.169972 0.0398298 0.0703083
200 -0.232117 0.293723 -0.122644 0.098025 0.463115 0.170387 0.046864 0.071331
2 -0.302393 0.282487 -0.148184 0.104159 0.557232 0.176980 0.056439 0.075738
20 -6.643380 0.197106 -11.376500 0.151124 13.923900 0.176027 4.270630 0.136185
2N -1.845150 0.245293 -0.743545 0.181219 2.736740 0.209226 0.000000 0.030000
2N -1.796270 0.243308 -0.658633 0.182587 2.616140 0.209113 0.000000 0.030000
BN -1.662900 0.239979 -0.445581 0.185288 2.283860 0.209246 0.000000 0.030000
200 -0.628418 0.286684 -0.134859 0.138100 0.897160 0.196344 0.000000 0.030000
210 -0.826759 0.276995 -0.201911 0.147402 1.165250 0.200196 0.000000 0.030000
20 -1.237710 0.266166 -0.377416 0.160890 1.753590 0.205594 0.000000 0.030000
B0 -1.013220 0.260477 -0.280076 0.153587 1.448410 0.198290 0.000000 0.030000
20 -0.801810 0.256267 -0.175417 0.145888 1.146280 0.191887 0.000000 0.030000
BE -0.000183 0.295357 -0.763064 0.255010 1.101850 0.178905 -0.205427 0.127628
np 0.217542 0.500482 -0.807710 0.327402 0.834852 0.193120 -0.094997 0.139076
BE 0.649642 0.407248 -1.789460 0.310774 1.371910 0.221816 -0.068778 0.192389
26 p 0.246640 0.472505 -0.825964 0.311172 0.806916 0.186801 -0.068934 0.139147
2E 0.261834 0.458652 -0.850890 0.301849 0.814869 0.181394 -0.069720 0.135323
Bp 0.282971 0.454978 -0.904170 0.299885 0.844714 0.180747 -0.069102 0.135687
HEp 1.059410 0.384744 -1.825510 0.321458 0.923511 0.194300 0.000000 0.030000
BNe 0.006036 0.211948 -1.165500 0.206471 1.298620 0.177349 0.000000 0.030000
Y Ne 1.420600 0.204901 -3.359860 0.190769 2.892990 0.149851 -0.796177 0.117933
3ONe -0.117584 0.231704 -0.098982 0.161911 0.559820 0.170389 0.000000 0.030000
3INe 0.136515 0.487488 -1.389480 0.231714 1.395830 0.184371 0.000000 0.030000
32Ne 0.471702 0.388370 -0.756438 0.318318 0.420274 0.140182 0.000000 0.030000
TNa 0.083718 0.633751 -2.191540 0.235067 2.252030 0.207011 0.000000 0.030000
BNa 0.478022 0.395037 -1.384910 0.276194 1.282490 0.176424 -0.224057 0.132140
2 Na 0.337217 0.426713 -1.027910 0.280497 1.005680 0.166452 -0.159804 0.118986
ONa 0.367982 0.427453 -1.113110 0.281583 1.067450 0.167507 -0.168258 0.119915
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Table 5.4 continued.

SHF (SkI4)

Nuclei 1 ay Cy Qs C3 as Cy ay
3INa 9.447780 0.293228 -21.261700 0.262587 16.695700 0.226641 -4.723580 0.205619
32Na 0.398942 0.389093 -1.820500 0.247198 1.564150 0.189809 0.000000 0.030000
33Na 0.037784 0.733888 -1.051430 0.196836 1.147890 0.160184 0.000000 0.030000
34Na 0.038891 0.674753 -1.150430 0.187510 1.244560 0.155985 0.000000 0.030000
35Na 0.040233 0.617685 -1.076990 0.181637 1.168470 0.150003 0.000000 0.030000
S0Mg 0.967548 0.350427 -2.536880 0.263149 2.199210 0.182389 -0.474243 0.143552
3IMg 1.238090 0.343206 -3.178720 0.262964 2.694200 0.186790 -0.599204 0.149237
2Mg 2.313760 0.322990 -5.640500 0.261879 4.629150 0.198944 -1.147040 0.166131
3Mg 6.462870 0.233913 -15.784600 0.216738 9.454370 0.200598 0.000000 0.030000
34 Mg 0.216805 0.393300 -2.369690 0.207825 2.288960 0.178953 0.000000 0.030000
35Mg 0.096001 0.485277 -1.320150 0.198622 1.357990 0.161544 0.000000 0.030000
Mg 0.324293 0.325122 -2.423400 0.197739 2.232310 0.168501 0.000000 0.030000
3TMg 0.059670 0.528715 -1.474690 0.180731 1.547550 0.153708 0.000000 0.030000
BMg 0.097497 0.395723 -1.196830 0.186923 1.231510 0.149797 0.000000 0.030000
Mg 0.101680 0.391614 -1.825450 0.178964 1.856440 0.154070 0.000000 0.030000
O0\[g 0.056251 0.499351 -1.156400 0.179242 1.232490 0.145261 0.000000 0.030000
UMg 0.093914 0.389983 -1.730400 0.174947 1.769490 0.149466 0.000000 0.030000
Mg 0.078809 0.395136 -1.561610 0.171561 1.615540 0.145203 0.000000 0.030000
33A1 2.531400 0.320178 -6.151030 0.259487 5.128940 0.196453 -1.351960 0.163673
A1 0.245609 0.495687 -1.051060 0.267794 0.948977 0.174783 0.000000 0.030000
BAL 0.102819 0.572296 -2.491920 0.202198 2.527940 0.178740 0.000000 0.030000
36A] 0.098348 0.559208 -2.427870 0.195144 2.466830 0.172634 0.000000 0.030000
3TAL 0.101511 0.531377 -1.483640 0.197049 1.518030 0.161708 0.000000 0.030000
3BAL 0.080294 0.570367 -2.332850 0.184932 2.388930 0.164002 0.000000 0.030000
A1 0.062912 0.595526 -2.145200 0.181262 2.218630 0.160013 0.000000 0.030000
40A] 0.056326 0.607024 -2.047970 0.178108 2.127670 0.156679 0.000000 0.030000
4TA] 0.061514 0.581649 -2.185630 0.177146 2.260300 0.156422 0.000000 0.030000
2A] 0.148271 0.378527 -2.026860 0.184237 2.013920 0.156485 0.000000 0.030000
BA] 0.153818 0.364136 -1.404150 0.189083 1.386490 0.149031 0.000000 0.030000
AL 0.053388 0.339712 -0.427454 0.219687 0.505891 0.122631 0.000000 0.030000
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5.3 Reaction cross section (o) with 2G and 4G fitted parameters 121

In general view, we have realized from both the figures and conclude that both fittings
2G and 4G densities could reproduce the RMF and SHF densities. Whereas a deeper
inspection suggests that the 2G fitting is marginally better at the tail part and 4G fit
appears superior at the center region. The role of these densities in terms of the Gaussian
coefficients can be analyzed through the reaction dynamics. These results have been

described in the next section.

5.3 Reaction cross section (o) with 2G and 4G fitted
parameters

In this section, an effort has been made to study the reaction dynamics of light mass
nuclei from [-stability line to drip line, using the well known Glauber formalism. The
densities from microscopic relativistic mean field (RMF) and non-relativistic mean field
(SHF) are used. The densities of these mean field formalisms are converted in terms of
Gaussian coefficients as discussed in the previous section. The value of n is determined
by comparing the fitted density with the actual RMF and SHF densities. The results of
our calculations by using fitted densities are given in Table 5.5 and Figure’s (5.4 — 5.7).
Figure 5.4 presents the variation of a total nuclear reaction cross section for 2C+12C as
a function of the projectile energy. The RMF(NL3*) and SHF(Skl4) densities are used
while evaluating reaction cross sections (o). The results obtained from the two Gaussian
(2G) and four Gaussian (4G) fit are shown in this figure. The experimental data is also
given for comparison [9,10]. We find reasonable results using all the simulated densities.
A further inspection of this figure signifies that or obtained from RMF density is more
close to the experimental values. In overview, the figure signifies that the result obtained

from the 2G RMF (NL3*) density is better than other considered cases. For more con-
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Figure 5.2 The RMF radial densities compared for 12C, 1°C, 2°C, 2N, 3°Na and
10Mg isotopes with 2-Gaussian (2G) and 4-Gaussian (4G) fitted densities.
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Figure 5.3 Same as figure 5.2 with same set of isotopes, but for SHF densities.
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Table 5.5 Total nuclear reaction cross section with various projectiles over 2C
target. The experimental data are also given for comparison.

O'R(mb)
Energy RMF(NL3¥) SHF(SKIT)

Projectile (MeV /nucleon) (2G) (4G) (2G) (4G) Expt. [11-16]
e 960 1228 1344 1345 1488 1231428
e 905 1247 1333 1358 1537 1187420
2N 1005 1237 1347 1329 1311 1114409
2N 965 1244 1373 1334 1341 1245449
BN 920 1288 1415 1349 1379 1399+98
20 980 1193 1305 1321 1266 109811
20 900 1222 1336 1311 1282 1123+£24
20 965 1221 1336 1310 1281 1172422
B0 900 1252 1373 1336 1321 1216+£41
B0 960 1252 1373 1336 1321 1308=£16
20 965 1286 1444 1365 1367 1318452
BE 1020 1247 1435 1404 1287 1148416
Hp 1005 1274 1404 1420 1348 1253423
BE 1010 1309 1440 1440 1414 1298431
wp 950 1348 1468 1499 1452 1353+54

BNe 240 1346 1395 1486 1468 1273+11
P Ne 240 1342 1425 1465 1213 1344+14
S0 Ne 240 1352 1456 1438 1377 1348+17
31 Ne 240 1434 1353 1563 1501 1435422
2 Ne 240 1536 1660 1568 1600 1385+£33
B Ne 950 1458 1522 1609 1593 1244440
Y Ne 950 1452 1554 1585 1299 1279432
2"Na, 950 1447 1486 1606 1516 1229418
BNa 950 1465 1476 1621 1464 1265410
YNa 950 1503 1723 1635 1471 1281+£22
SONa 950 1505 1576 1632 1485 1318+£15
31Na 950 1483 1583 1583 1524 1358+41
2Naq 950 1573 1609 1720 1632 1395£61
2Mg 900 1515 1592 | 1627 | 1519 1331424
BMg 900 1541 1622 1744 1676 1320423
Mg 900 1657 1637 1843 1721 1372+46
B Mg 900 1706 1640 1913 1777 1472£70
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Figure 5.4 The total nuclear reaction cross section (o) as a function of kinetic
energy of projectile. The results obtained from RMF(NL3*) and SHF(SkI4)
densities are compared with available experimental data [9,10].

cluding remarks on this study, we have extended our calculations by estimating the total
reaction cross sections ‘og’ for light mass systems. Table 5.5 shows the total nuclear re-
action cross sections for the isotopes of C, N, O, F, Ne, Na and Mg nuclei using RMF and
SHF densities using 2G and 4G coefficients. The available experimentally measured og of
these nuclei are also listed in the last column of the table for comparison. The comparison
between our theoretical calculations and the experimental data reveals that the calculated
values agree well with the experimental data [11-16]. However a close observation seems
to suggest that a slight overestimation is recorded for the C, N, O and F isotopes and
some higher mass isotopes of Ne, Na and Mg nuclei. The o obtained with the 4G coeffi-
cients for RMF densities are slightly higher than with the 2G coefficients whereas in case
of SHF' densities, the reaction cross sections obtained by the 4G coefficients are slightly
lesser than the 2G coefficients. The superiority of the (2G) RMF coefficients still seems

visible here as well. After this concluding analysis, we tried to investigate the dependence
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of projectile energy (E,,;) on og.

Figure’s 5.4-5.7 show the variation of oy as a function of energy of the projectile E,,,;. The
calculations are made over a broad energy range from 30 MeV /nucleon-2200 MeV /nucleon
of projectile. The values of o are observed to be larger at a small incident energy and
starts decreasing with the increase in E,,,; up to ~ 300 MeV /nucleon. A slight variation
(increase) in o appears within 300 — 750 MeV /nucleon and it remains unchanged above
to the energy 750 MeV /nucleon. A similar kind of trend is obtained for the isotopes of
21=35Na, 39=#2Mg and *3~* Al nuclei in Figures’s 5.5, 5.6 and 5.7.

In Fig. 5.5, we observe that the value of reaction cross section obtained from the non-
relativistic density is slightly larger than the relativistic case for the 2G coefficients. A
reverse effect is seen while taking the 4G fitted densities. This may be due to the rea-
son of a better fitting of the 2 Gaussian, as discussed earlier. On another view, reaction
cross section op increases with the isotopic mass for both the densities. While chang-
ing the mass of the projectile from 3*Na to **Na, an abrupt variation in o is seen in 2G
RMF(NL3*) case. This may be correlated with the large quadrupole deformation of these
nuclei. The quadrupole deformation parameter 3, for **Na and 3°Na are 0.392 and 0.437
respectively. Because of such well deformed cases, the fitting with 2G or 4G may not be
a proper approximation and needs an improvement in the density profile. This manifests
a small gap in the 4G fitting (see Fig. 5.5).

Fig. 5.6 shows the variation of total reaction cross sections for Mg projectiles. Similar
to the case of Na, the value of o increases in the isotopic chain. It is observed from the
figure that ox of 3*Mg is smaller than the nearby higher isotopes for both 2G (RMF &
SHF) mean field density. The gap between the total reaction cross section for **Mg and
34Mg is larger as compared to other isotopes of 2G RMF. The f3, for 33Mg and 3*Mg are

0.003 and 0.312 respectively. This is a clear effect of the deformation but the results show
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Figure 5.5 Variation of reaction cross section with projectile energy (Ep,,;) for

the Na-isotopes with 2C target.
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Figure 5.6 Same as figure 5.5, but for Mg-isotopes.
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Figure 5.7 Same as figure 5.5, but for Al-isotopes.

contrast behavior between 2G (RMF) and 4G (RMF) of the Gaussian fitting . Similarly
a large gap is seen for 3?Mg and 3*Mg isotopes in 4G SHF densities, with (3, are 0.053
and 0.223 respectively for 3233Mg.

Fig. 5.7 shows the o results for 33 Al as a function of the projectile energy E,.o;.
The calculated og with RMF densities are slightly smaller than the non-relativistic SHF
calculations. The theoretical gap in oy is larger between 3°Al and 36 Al with 2G fitting cor-

responding to the deformation 0.204 and 0.303 for 3>36Al, respectively. The total nuclear

reaction cross sections are also smaller for 4*Al as compared to the value of *Al in both
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the RMF (2G & 4G) cases. The deformation parameters for these nuclei are 0.457 and
0.220, showing similar structure effect of Na and Mg isotopes. The large gap appeared in
33A1 and 3*Al for 4G SHF density could be the structural manifestation whose 3, values
are 0.044 and 0.161 for 3334Al.

Another effect which appeared in the densities profile is the bubble effect. Detail investi-
gation of such an effect is given in the previous chapter 4. In order to have a glance at
the role of the bubble structure on the reaction cross section, we compared the depletion
factor (D.F.) for some nuclei from Table 4.1 with the values of o of Table 5.5. From
this comparison we concluded that, the formation of bubble is related to the structure
effect at the center of the nucleus. However, the reaction cross section is mostly a surface
phenomenon. Thus the oz depends much on the tail part of the density. In other words,
one can say that the reaction cross section is independent of the bubble effect, which is
also evident from our results.

In above study, we observed that the deformation or structure of the projectile nuclei plays
an important role in the reaction dynamics. To see the structure effect on o specifically,
we have calculated the total reaction cross sections for *C+2C at projectile energy 960
MeV /nucleon. The results are presented in Table 5.6. In these calculations, we took the
spherical target with the prolate deformed (3,=0.354) projectile density. The reaction
cross section is found to be 1228 mb with 2G RMF. Again with oblate deformation (fy=-
0.442) the value of og = 1128 mb with the same 2G RMF density. These values are 1344
mb and 1096 mb with 4G RMF for prolate and oblate densities, respectively. This differ-
ence in the reaction cross section is a manifestation of the structure of the nucleus. The
above study encouraged us to see the effect of deformation in the reaction cross sections.
This study has been undertaken in the present work and a brief description is given in

the subsequent section.
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Table 5.6 Total reaction cross sections for deformed '°C projectile over 12C target
with different values of deformation.

or(mb)

Eppo;. Ba RMF(NL3*)
(MeV /nucleon) (2G) | (4G) | Expt. [13]
960 0.354 1228 1344 1231428
960 -0.442 1128 1096 1231428

5.4 Role of deformed densities in reaction dynamics

In view of present day developments, it becomes highly essential to investigate the role of
deformed structure of the nucleus in the reaction dynamics. It is so because the collisions
between the deformed nuclei have been of huge interest during a last few decades. It is
evident from literature that the deformation effects play a significant role in the better
description of the nuclear reaction dynamics. Since most of the nuclei are deformed so the
nuclear shapes play an important role in the formation as well as the decay process of a
nuclear system. The quest regarding the shape of a nucleus fascinated the nuclear physics
community for many years. Hence to see the role of deformed densities on og, we took the
densities from the spherical symmetric terminology for the nuclei. The same calculations
are performed with the axially deformed formalism. Further for comparison between the
relativistic and the non-relativistic mean field densities, same set of calculations are also
performed for HF with newly developed simple effective interaction.

Role of the densities is first checked through the stable projectile with the stable target
nuclei, which also depicts the validity of the Glauber model. First of all, we compared the
reaction cross section op obtained from the forces SEI-I, NL3 and NL-SH for 2C+!2C
with the experimental measurements in Figure 5.8. It is clear from the figure that, the
calculated or are quite sensitive to the density used. Even within the same interaction,

it gives distinct results for the use of the spherical or deformed densities. The theoretical
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Figure 5.8 The nuclear reaction cross section (o) obtained from various densi-
ties for 12C+'2C reaction as a function of projectile energy. The available exper-
imental data [9] are also given for comparison.

results of Horiuchi et al. [9] are also given in the figure for comparison. Our spherical
RMF (NL3) results match well with the prediction of Ref. [9], but the deformed RMF (NL3)
and spherical SEI-I slightly overestimate the data values. Here, it is worth mentioning
that the experimental quadrupole deformation parameter of 12C is about 0.58, which we
do not get by using RMF or SEI parameterizations. We get 52 ~ —0.3 in RMF(NL-SH)
calculation. But the deformed solution of RMF(NL3) is slightly prolate, which may be the
factor responsible for the deviation of RMF(NL3) results. For low energy region, the data
and the prediction walk hand in hand confirming the applicability of the model. Again
for the evaluation of op using Glauber model, both the proton and the neutron density
distributions are required as input. Thus, we can not verify the model by using the ex-

perimental density as the neutrons density distributions are not available experimentally.
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Figure 5.9 The nuclear reaction cross section (o) with various densities as a

function of mass number for O-isotopes with '2C target. The experimental data,

Ozawa et al., and Kanungo et al., [13,14] with theoretical prediction of Horiuchi

et al., [17] are given for comparison.
Also, we are unable to reproduce the large prolate deformed solution of 2C using any
of the RMF forces and it is beyond the scope for the present SEI model for deformed
calculations. Therefore, we may have an impression that these factors of densities can not
be overlooked while discussing the nuclear reaction cross section oy in the Glauber model.
The oblate shape of NL-SH parameter set for 2C may be able to compensate in some sense
for these limitations to reproduce the experimental data of op. Further, oy for A0+2C
with various RMF and HF(SEI-I) densities are depicted in Fig. 5.9 as a function of mass
number ‘A’. For comparison, the recently measured experimental data [13,14] along with
other theoretical estimations [17] are also included in this figure. As far as the experimen-
tal data is concerned, the prediction of ox by Horiuchi et al. [17] and spherical RMF (both

NL3 and NL-SH) almost agree with each other. Also, the reaction cross sections obtained

from the deformed NL-SH density agree well with the experimental estimations. Similar
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to the case of 12C+'2C, unlike to the NL-SH predictions, the deformed NL3 results slightly
overestimate the experimental data as shown in figure. Here also the same arguments may
hold good, as is discussed for 12C+'2C to compare these with the reaction cross section.
Further, in order to see the effect of the deformations on reaction dynamics from light
mass to medium mass range, we have used the densities from spherically symmetric as
well as deformed densities of the same set of projectiles. These results are also compared
with the densities from newly developed SEI-I in HF formalism. The calculated values
of o for the considered nuclei using the HF(SEI-I), spherical and deformed RMF(NL3)
densities are given in the Table 5.7. The calculated reaction cross sections are also com-
pared with the experimental data [16,18-20]. One may clearly see from the table that the
or obtained from both the relativistic and non-relativistic formalisms are well compared
with the experimental observations. We used the root mean square deviation or standard
deviation (S.D) from the experimental observation to analyze the best densities. The

general expression of (S.D) may be expressed as

(5.1)

D; = (ogi(Obs) — ori(Ezp)). (5.2)

The square of error of oz from the experimental values are also presented in the Table 5.7
for various densities. The values of S.D for HF(SEI-I), spherical RMF(NL3) and deformed
RMF(NL3) densities are 150.666, 78.584 and 97.438 respectively. The smallest value of
S.D for the spherical RMF(NL3) and deformed RMF(NL3) densities suggests that the og
obtained with the RMF density could reproduce better results as compared to the non-

relativistic mean field densities. It may be noted that the oy values for 1'Be, 1°C, *C, 20
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Table 5.7 The total nuclear reaction cross section (o) and square of deviation
(D;) from experimental data (Expt.) for various projectiles with ?C target using
densities from HF(SEI), sph. RMF(NL3) and def. RMF(NL3). The experimental
data [16,18-20] of reaction cross sections are also given for comparison. The
projectile energy is in MeV /nucleon.

OR mb Df
Proj.[Energy[HF(SELT)[RME( NLi(%) R)MF(NL?,) Expt. |[HF(SELT)RMF( NL3)[RMF( NL3)
(Sph.) (Sph.) (Def.) (Sph.) (Sph.) (Def.)
9Be | 790 857 810 844 8069 2601 16 1444
OBe| 790 894 836 860 81310 6561 529 2209
HBe| 790 942 890 902 942+£8 0 2704 1600
2Be| 790 986 894 1004 927418 3481 1089 5929
2B | 790 972 875 909 8667 11236 81 1849
BB 790 1012 916 960 883+14| 16641 1089 2929
“pB | 790 1049 951 1029 929+£26 | 14400 484 10000
BB 790 1086 991 1080  |962+£160| 15376 841 13924
3¢ | 960 1005 901 931 862+12| 20449 1521 4761
“el 965 1003 944 978 880+19| 15129 4096 9604
o | 730 1065 959 1026 945101 14400 196 6561
6C | 960 1113 1005 1084  |1036£11| 5929 961 2304
el 965 1147 1037 1117 |1056£10| 8281 361 3721
8C | 955 1182 1098 1150  [1104+15]] 6084 36 2116
Yl 960 1215 1099 1120 1231428 256 17424 12321
2001 905 1271 1131 1179 |1187£20| 7056 3136 64
N | 950 1239 1141 1174 11214+17)] 13924 400 2809
2N | 1005 1270 1172 1195 1114+9 || 24336 3364 6561
2N | 965 1306 1205 1278 |1245+49| 3721 1600 1089
BN | 920 1344 1240 1483 |1399£98| 3025 25281 7056
20 | 950 1233 1130 1179 |1078£10| 24025 2704 10201
201 980 1261 1158 1197  |1098+11|| 26569 3600 9801
20| 965 1291 1188 1225 1172+£22|| 14161 256 2809
20| 960 1327 1218 1257  |1308£16 361 8100 2601
20| 965 1367 1251 1292 1318452 2401 4489 676
BE | 1020 1316 1211 1250 1148+16| 28224 3969 10404
HE | 1005 1354 1242 1299 12534+23| 10201 121 2116
BE | 1010 1393 1276 1363 |1298£31| 9025 484 4225
Bp | 950 1434 1315 1388 1353+54| 6561 1444 1225
BNe| 240 1382 1272 1283 1273+£11| 11881 1 100
P Ne| 240 1417 1302 1340 1344+£14| 5329 1764 16
2Ne| 950 1497 1378 1391  |1244£40| 64009 17956 21609
2 Ne| 950 1534 1410 1452 (1279432| 65025 17161 29929
SO0Ne| 240 1454 1339 1401 1348+17|| 11236 81 2809
3INe| 240 1481 1353 1408 1435£22| 2116 6724 729
2Ne| 240 1509 1375 1417 [1385%33| 15376 100 1024
2Mg| 900 1613 1482 1545 |1331£24| 79524 22801 45796
2Mg| 950 1613 1482 1545 1340+£24| 74529 20164 42025
BMg|l 900 1641 1505 1538 |1320£23|| 103041 34225 47524
340 Mgl 900 1669 1526 1534 [1372446] 88209 23716 26244
35 Mgl 900 1697 1548 1553 |1472£70| 50625 D776 6561
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and 3!Ne (all considered halo nuclei) are 942, 1065, 1215, 1327, 1481 mb with HF(SEI-I);
902, 1026, 1120, 1257, 1408 mb with deformed RMF(NL3); 890, 959, 1099, 1218, 1353 mb
with spherical RMF(NL3) densities and 94248, 945410, 1231+£28, 1308+16, 1435422 mb
from the experimental data. By a deep inspection of the Table 5.7, we easily concluded
that the values of reaction cross sections obtained for halo systems (like 1Be, *C, ¥C,
20, 3Ne etc.) and other exotic nuclei show better results with deformed RMF(NL3) and
HF(SEI-I) densities. Fig. 5.10 shows the total reaction cross sections of *"2Be, 12715B,
132001 2023 20-24() 2B-2TR W32\ 32-3)\[g 32-3Gj 337G and M4 Ar nuclei as a
function of the projectile energy (E,,,;) over the energy range 30-1000 MeV /nucleon. The
behavior of oi usually exhibits the similar pattern as we analyzed earlier in the previous
subsection. The oy is higher at small F,,,; and start decreasing upto the energy range
of 300 MeV /nucleon. Small enhancement in o is observed near 750 MeV /nucleon and
after that it remains constant. The values of oy obtained from the HF(SEI-I) densities
are slightly higher than the other densities (see Table 5.7). The reaction cross sections
or also increase by equal proportion in their isotopic chain with mass number ‘A’ for
both HF(SEI-I) and RMF(NL3) spherical densities. However, some disorder is recorded
in the enhancement for og for deformed RMF(NL3) densities. This effect also justifies

the importance of the deformation effects in the reaction dynamics.

5.5 Summary

In this chapter, we have done a systematic study of the reaction dynamics from light
to medium mass region using the Glauber model within an optical limit approximation.
The accuracy of the Glauber model is based on the density distribution of projectile and

target nuclei. Therefore microscopic mean field densities have been used in terms of the
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Figure 5.10 Variation of total reaction cross sections (og) as a function of
projectile energy (E,..;) using (A) HF(SEI-I), (B) sph. RMF(NL3), (C) def.
RMF (NL3) densities for “-12Be, 127198, 13-20( 0-23\ 20-24() 23-27F | 2532\,
32=35\g, 32735Si, 347378 and 3**8Ar nuclei. Here '2C is used as target nucleus.



138 Chapter 5 Reaction dynamics of stable and drip-line nuclei

Gaussian coefficients in the Glauber formalism. First of all, the sensitivity of converted
Gaussian densities are tested for some isotopes 12C, °C, 2°C, 2!N, 2"Na and *Al. as test
cases using both relativistic and non-relativistic densities. In this analysis we find the 2G
fitting is better than the 4G fitting for RMF formalism, whereas a reverse trend seems
evident for the SHF formalism. After that, the role of the fitting of densities as 2 Gaussian
and 4 Gaussian form is studied on the reaction cross sections of various colliding systems.
These calculations seem to suggest the superiority of 2G RMF densities over all the rest
cases of the density distribution. The availability of the scattering/reaction data near the
drip-line enhances our interest and encourages us to investigate the reaction dynamics of
such nuclei. As most of the nuclei near the drip-line are deformed systems, henceforth
the role of the deformation is also analysed through an investigation of the reaction cross
sections, by feeding spherical RMF densities and deformed RMF densities.

In general, we observed that both the densities are capable of reproducing reasonable
results, with the edge of RMF densities over non-relativistic mean field densities. The
deformation or deformed structure effects the reaction dynamics significantly, so such

effects need to be incorporated for having better understanding of the dynamics involved.
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Chapter 6

Study of halo nuclear systems

In recent years, a study of the exotic nuclei has gained considerable attention on theoretical
and experimental front. With the advancements in the radioactive ion beam facilities, it
has become possible to perform numerous experiments to get more information regarding
the structural behavior of such nuclei. Neutron and proton halos are one of such exotic
phenomenon. The interaction cross sections of nuclei like *®He, "Li and '''Be [1-3]
have been found to be anomalously larger due to their larger root-mean-square (rms)
radii. The investigation of large matter radii and interaction cross sections for 12C, 22N,
20 and *'F suggest the feature of one-neutron halo nuclei [4]. A neutron/proton breakup
of halo projectiles with a stable target at near/far barrier energies is one of the tools to
investigate the structure of such systems [5]. In addition to this, the measurement of the
nuclear reaction cross sections and longitudinal momentum distributions for 192%22C [6-8]
show that the drip-line nucleus '?C and #2C have a halo structure. It is also relevant to
mention that 2C has N = 16 which is a new magic number in the neutron-rich region [9,10]
and form a Borromean halo structure (as 2!C is unstable). It is of large interest to study
the structure and the reaction dynamics of such halo systems through our methodology. In

this concern, we have used the Glauber model with two body (core +Neutron) formalism
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for the study of the halo nuclei by calculating various reaction cross section observables.
The main ingredient for such calculations are densities of the projectile (core) and the

target nucleus which are accessed using the microscopic Mean field formalisms.

6.1 Calculations

6.1.1 Bulk properties of halo nuclei

The ground state properties like binding energy B.E., rms matter radius, charge radius,
(5 deformation of some of the halo projectile and core of the projectiles along with the C-
target has been studied with the well known RMF formalism using NL3 parameter. These
properties are also compared with the non-relativistic Hartree-Fock formalism using a
simple effective interaction with SEI-I parameter along with the experimental observations
which are available. We have also displayed the results for some of the known unbound
nuclei like *He and °Li because of their involvement in the present core plus valence

Glauber formalism.

Binding energy

The calculated values of B.E. for the core of projectile nuclei are presented in Table 6.1
using RMF(NL3) and non-relativistic HF with the SEI-I parameter. The calculated values
of B.E. are in a close agreement with the experimental data [11,12]. The B.E.s, calculated
by using RMF(NL3), are slightly higher in magnitude as compared to that for HF(SEI-T).
The binding energy difference between the theoretical and the experimental values are
also listed in the table. By examining the results of Table 6.1, it can be inferred that both

the formalisms are equally capable to reproduce the experimental data.



Table 6.1 The ground state properties of projectile and target nuclei obtained from RMF(NL3) and HF(SEI-I) calcu-
lations are compared with experimental data wherever available. The difference between experimental and calculated
binding energy AB.E.gyr and AB.E.yp for RMF and HF respectively are given. The binding energy (B.E.) is in MeV,
Trms and charge radius r. are in fm.

B.E. Trms Te (o
AB.E.| AB.E.

Nuclei | RMF | HF(SEI) | Expt. [11,12] | RMF | HF(SEI) | RMF | HF(SEI) | RMF | HF(SEI) | Expt. [13] | RMF
e 89.761 | 88.422 92.160+1.7 2.399 3.738 | 2.554 | 2413 |2.696 | 2.436 2.47(00) | 0.068
‘He | 34.466 | 29.003 | 28.29240.000 | -6.174 | -0.711 | 1.965| 1.881 | 2.128| 1.900 1.68(00) | 0.011
°He 33.692 31.314 27.56040.02 -6.132 -3.754 | 2.618 2.139 2.513 1.917 0.250
6He 34.332 33.144 29.2704+0.042 | -5.062 -3.874 | 2.411 2.296 2.100 1.926 2.07(01) | 0.689
01 | 52.663 | 51.107 | 45.130pm0.01 | -7.533 | -5.977 | 2.609 | 2.661 | 2.347 | 2.197 0.028
Wi | 54.585 | 52.737 | 45.709+0.001 | -8.876 | -7.028 |2.700 | 2.661 |2.356 | 2.226 2.48(04) | 0.019
YBe | 65.403 | 62.561 64.9704+0.08 2.409 2.587 12.600| 2379 |2.588| 2.286 2.36(02) | 0.384
UBe | 67.954 | 69.380 | 65.47240.000 | -2.482 | -3.908 | 2.541 | 2.510 |2.449| 2.330 2.46(02) | 0.366
Mo 1107.348 | 105.829 | 105.28040.00 | -2.068 | -0.549 |2.645 | 2.551 |2.647 | 2.470 2.56(5) 0.025
15¢ 1 108.719 | 108.846 | 106.500+0.000 | -2.219 | -2.346 | 2.627 | 2.643 |2.536 | 2.480 0.217
8¢ 1116.928 | 116.707 | 115.280+0.306 | -1.648 | -1.427 |2.909 | 2.859 |2.616 | 2.509 0.437
YC 1119.655 | 119.015 | 116.24240.098 | -3.413 | -2.773 |2.983 | 2920 |2.631| 2.521 -0.432
21C 1 121.630 | 123.096 | 119.15440.399 | -2.476 | -3.942 | 3.075| 3.052 | 2.586 | 2.544 0.142
2C | 124.157 | 124.770 | 120.7364+0.506 | -3.421 | -4.034 | 3.111 | 3.133 | 2.580 | 2.557 0.016
20 | 163.353 | 164.763 | 162.00840.044 | -1.345 | -2.755 |2.924| 2.909 |2.737| 2.678 0.007
B0 |167.328 | 169.040 | 164.7494+0.090 | -2.579 | -4.291 | 2.961 | 2.973 |2.726| 2.689 -0.015
O0Ne | 216.040 | 214.160 | 211.2604+0.270 | -4.78 -2.900 |3.260 | 3.236 | 2.996 | 2.933 0.004
3INe | 216.145 | 214.569 | 211.544+1.619 | -4.601 -3.025 | 3.336 3.289 3.026 2.944 0.236

suonenae) 1°9
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Figure 6.1 The plot of RMF(NL3) and HF(SEI-I) densities as a function of
radial distance for various projectile (core) and target nuclei.

Nuclear radii and quadrupole deformation

The calculated root mean square (rms) matter radius (r,,) and charge radius (r.) of
projectile nuclei and core of the projectiles along with target nuclei using relativistic
RMF(NL3) and non relativistic HF(SEI-I) mean field theories are presented in Table 6.1.
The experimental data is also given for comparison wherever available [13]. The rms
proton radius 7, is obtained from the distribution of point protons inside the nucleus.
The charge radius r, is obtained by taking the finite size 0.8 fm correction of the proton
which is evaluated from the formula r, = \/m as reported in [14]. The observation
from this table signifies the relevance and an importance of these theories in terms of the
successful addressal of various nuclear aspects by predicting the comparable results to the
experimental data. Table 6.1 also represents the quadrupole deformation parameter (3,

for halo projectiles and core of the projectile systems obtained from relativistic mean field



6.1 Calculations

145

Figure 6.2 The radial densities plot of HF(SEI-I) for projectile nuclei
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Table 6.2 The one (S,) and two (Ss,) neutron separation energies along with
single particle (,) energy values of halo nuclei by non relativistic HF(SEI-I) and
RMF(NL3) formalisms. The values of S,,, Sy, and ¢, are in MeV.

HEF(SELT) RMF(NL3) Expt. [4]

Nuclei Sn 72n En Sn V2n En 7n S2n
®He [1.830| 4.141 | 4.685| 0.64 | -0.114 | 2.465 | 1.86440.001 | 0.974+0.001
Ui | 1.630 | 1.096 | 3.882 | 1.922 | 4.217 | 3.732 | 0.330=£0.030 | 0.300%0.030
"Be | 4.078 | 14.453 | 5.489 | 2.551 | 9.697 | 3.894 | 0.504=+0.006 | 7.317+0.006
B¢ 13.017 | 11.357 | 2.591 | 1.371 | 10.315 | 2.566 | 1.218+0.001 | 9.395+0.018
e 12306 | 4.767 | 2.259 | 2.727 | 5.343 | 3.263 | 0.160+0.120 | 4.35040.210
22C' | 3.616 | 5.755 | 2.876 | 2.527 | 4.438 | 3.782 | 1.450+1.030 | 1.12040.920
20 | 4.282 | 9.395 | 4.596 | 3.975 | 10.161 | 4.270 | 2.740£0.120 | 9.590+0.100
31Ne 0.409 | 3.736 | 0.417 | 0.105 | 4.613 | 1.639

model with NL3 parameter set. Most of the projectile nuclei in Table 6.1 are prolate in
shape except for *C and 2?0 (both having oblate deformations). The calculated values
of separation energies S,, and S5, for these halo nuclei obtained by both the formalisms
HF(SEI-I) and RMF(NL3) are compared with the experimental values in Table 6.2. Rel-
atively smaller magnitude appeared for S,, energy as compare to Sy, energy for 1'Be, °C,
Y, 20 and 3!'Ne nuclei, which are the primary indications of their one neutron halo
candidature. Table 6.2 also presents the single particle energy state of the last occupied

neutron (&,) of the considered halo nuclei using both the formalisms.

Nuclear densities

The densities of 2C, °He, °Li, °Be, “C, 8C, 2°C, 220 and *°Ne nuclei are obtained
from axially deformed RMF(NL3) and spherical HF(SEI-I) theories. These axially de-
formed densities are converted into their spherical equivalent and are presented in Fig.
6.1 along with the spherical non-relativistic HF (SEI-I) densities. Fig. 6.1 (left panel)
shows the spherical equivalent of the deformed RMF(NL3) density. The right panel of

this figure shows the spherical density obtained from the HF(SEI) formalism with SEI-I
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Figure 6.4 The total nuclear reaction cross section (o0g) as a function of projec-
tile energy. The results obtained from RMF(NL3) and HF(SEI-I) densities are
compared with available experimental data [18,19]

interaction parameters [15,16]. We find almost similar densities from both the relativistic
mean field (RMF) and the non-relativistic mean field with a simple effective interaction.
Some exceptions are also seen in the figure 6.1 for 12C, °Be and °Ne nuclei. In case of
RMF (NL3) the density of *C shows a stiff hike in the central portion and a sudden fall in
the tail part. On the other hand the behavior of 1°Be is found to be opposite. The density
distribution of 3*Ne shows a small depression at the center indicating the structure of a
bubble nucleus. The same effect seems evident to a smaller extent for 220 using both the

system of densities, similar to our earlier calculations [17].

Fig. 6.2 and Fig. 6.3 show the protons and neutrons density distributions for the
projectiles as a function of the radial distance of considered halo nuclei. A similar trend
has been seen for the density distribution of these nuclei using both RMF(NL3) and

HF (SEI-I) approaches as depicted in Figures 6.2 and 6.3. The neutron density profile
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Table 6.3The nucleon-nucleon cross section oy and other parameters like oy
and Byn used to calculate the profile function.

E(MeV /nucleon) |oyy (fm?) ayN Bnn(fm?)
240 3.266868 | 0.6800303 [0.097843707
730 4.174130 |-0.082869336| 0.1896611
800 4.26000 -0.07000 0.210000
950 4.318554 | -0.2078482 | 0.2142974
960 4.319103 | -0.2213738 | 0.2134798
965 4.319310 | -0.2281574 | 0.2130555

shows the extended distributions in comparison to the proton distributions. This may
be because the neutron to proton ratio is greater than one. A longer tail appeared in
the neutron density distribution as compared to the proton density distribution which
may also relate to its neutron halo nature. The energy and isospin dependant parameters
onn, any and Byy are used for energy range 240-1000 MeV /nucleon and are listed
in Table 6.3. A detail description of these parameters is already given in chapter 2"¢
and 5. Another important ingredient of the Glauber formalism is the densities of the
projectile/core and the target nuclei. The available computational facility can not address
the mean field density distributions directly [18]. So, we have converted these mean field
densities into 2 Gaussian form and calculated the Gaussian coefficients ¢; and a;. The
Gaussian coefficients which are used as input in the Glauber model code are listed in

Table 6.4 for both RMF(NL3) and HF(SEI-I) densities.

6.1.2 Total reaction cross sections

Fig. 6.4 represents the variation of the total nuclear reaction cross section for 2C+'2C as
a function of the projectile energy over the range 30-1200 MeV /nucleon. The o obtained
from RMF density upto the range of (~ 30-120) MeV /nucleon excellently reproduces the

experimental data [18,19]. Beyond this value of projectile energy, or gives enhanced
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Table 6.4 The Gaussian coefficients for the projectile (core) and target nuclei
with RMF(NL3) and HF(SEI-I) densities.

RMF(NL3) HF(SEI-)

Nuclei cy a, Co as cy a, Coy as
e -0.15936 | 0.632931 | 0.415315 | 0.304586 | -3.80028 | 0.361705 | 3.98436 | 0.345456
He | -1.20918 |0.363434 | 1.40551 | 0.363380 | -0.11728 | 0.689757 | 0.29453 | 0.414845
107 -1.1064 | 0.329244 | 1.28238 | 0.303979 | -1.69225 | 0.363722 | 1.86198 | 0.337186
OBe | -1.23458 | 0.185387 | 1.37685 | 0.185291 | -3.36576 | 0.379683 | 3.54775 | 0.363577
H“or 1-0.433794 | 0.449739 | 0.623356 | 0.291956 | -1.88675 | 0.342428 | 2.04596 | 0.308693
B -1.21910 | 0.279772 | 1.37817 | 0.243514 | -1.94206 | 0.291905 | 2.09875 | 0.263030
20 -1.18702 | 0.252476 | 1.41022 | 0.225988 | -3.99317 | 0.249448 | 4.16038 | 0.238052
20 -4.06457 | 0.272853 | 4.23298 | 0.257118 | -2.56838 | 0.269287 | 2.69932 | 0.244516
3ONe -3.6109 | 0.221938 | 3.74309 | 0.206388 | -2.05083 | 0.198501 | 2.19428 | 0.180662

Table 6.5 Total nuclear reaction cross section for various halo projectiles with
12C target along with experimental data [4,20-24] for comparison.

Energy or(mb)
Projectile | (MeV /nucleon) RMF(NL3)[SEI (SEI-I)[ Expt.
SHe 800 721 740 72246
) 800 930 944 106010
1 Be 950 1038 932 942+8
e 730 995 1054 945=£10
e 960 1187 1202 1231428
B0 960 1242 1308 130816
3L Ne 240 1361 1465 1435422

magnitude. The calculated values of op with HF(SEI-I) are little bit higher than the

RMF(NL3) approach. The values of the reaction cross section g obtained by both the

densities have reasonable values, which are well comparable to the experimental observa-

tions. Some results of our calculations are listed in the Table 6.5 for different projectiles

with 12C target. The reaction cross section obtained by using NL3 and SEI-I densities

are in good agreement with the experimental data [4,20-24]. A further inspection of

the comparison reveals overall an superiority of SEI-I density over the NL3. It may be

noted that the microscopic density obtained from the relativistic mean field theory with

NL3 set is quite successful for various applications including the nuclear reaction cross
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section calculations [25,26] through out the periodic chart. In our earlier calculations (see
chapter 5), it was found that o obtained from RMF(NL3) is superior to the microscopic
non-relativistic SHF (SkI4) [27]. However, it is relevant to mention here that the SEI-I
density performs even better than NL3 for the estimation of reaction cross section for the
chosen set of halo nuclei.

Figure 6.6, shows the total reaction cross section as a function of the projectile energy
for ®He, ''Li, 1 Be, 1°C, 22C and 3'Ne halo nuclei over a wide range of energy (30-1000)
MeV /nucleon. The value of o is observed to be larger at small incident energy and starts
decreasing with the increase of E,,,; up to ~ 300 MeV /nucleon. A slight increase in op
is seen (Fig. 6.6) for 300 — 750 MeV /nucleon and the o becomes almost independent of
E,j beyond 750 MeV /nucelon. The values of oz with SEI-I are slightly greater than the
NL3 results except from 'Be channel, and an overall comparison with the experimental

data is better for SEI-I as compared to NL3.
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6.2 Investigation of *'Ne halo

The new candidate of 3'Ne was included in the family of neutron halo. The measurement
of the interaction cross sections for Ne isotopes from the stability line to neutron drip
line at 240 MeV /nucleon energy [28-30] shows the dependence of the mass number for
21-32Ne isotopes, which have been explained by nuclear deformations. The enhancement
of the interaction cross sections particularly for 2?Ne and 3!Ne have been quoted by s-
dominant halo structure of ?Ne and s- or p-orbital halo in 3'Ne [31]. The recent theoretical
investigation of the drip-line nuclei [28-30] predicts a deformed-halo structure of 3'Ne.
Contrary to these speculations, the three-body model calculations [32] suggest that it is
unlikely to find halos in deformed drip-line nuclei because of the correlations between
the nucleons, and also due to the static or dynamic deformations of the core suppress the
formation of the halo. To settle these deliberate issues, more theoretical and experimental
works are needed. In the present study of or, we first use the spherical density obtained
from RMF (NL3*) [33]. The results are presented in Figure 6.6 (a) for *?Ne and ?*~32Ne
isotopes with ?C- target at 240 MeV /nucleon projectile energy. These results deviate
considerably from the experimental data [1,4,31,34,35], which are quoted in this figure.
For example, in case of 2Ne+'2C, the observed value of o is 1273411 MeV as compared
to the estimated results of 1440 MeV with NL3* parametrization. In this context, it is
interesting enough to see deformation effect on or. We have repeated our calculations of
or with the deformed RMF densities as an input in the Glauber model [36,37]. We have
obtained spherical equivalent of the axially deformed densities following the prescription
of Refs. [27,36-39]. The NL3* parameter set [33] for this purpose is used and the results
are presented in Figures 6.6 (b) and 6.6 (c). The parameter set NL3* is reasonably a
good set for these neutron-rich nuclei. It shows that most of the or match quite well

with the experimental data of [24,31] and still halo case does not agree in Figure 6.6 (b).
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Figure 6.6 Calculated reaction cross sections for scattering of Ne-isotopes on
12C target at 240 MeV /nucleon with experimental data.

In Figure 6.6 (c), we have used Glauber two body formalism (core + one neutron) and
found a remarkable agreement with the data. It is observed that our results are little
bit higher for relatively lower mass nuclei but there is a better fitting in the neutron rich
region. Summarizing the whole discussion on reaction cross sections, in general, one can
say that the spherical density used from RMF (NL3*) fails to reproduce the data. On
the other side, when we have used the deformed densities to evaluate the total nuclear
reaction cross section, the predicted o matches reasonably well with the experimental
measurements. Whereas the results are remarkably fit for halo case of *'Ne by using the
Glauber two body formalism.

As an extension of these calculations, one neutron removal reaction cross section o_q,
for 3'Ne (using core+one neutron) at projectile energy 230 MeV /nucleon with 12C target
is 13 mb. (For detailed procedure see Ref. [39].) It has been shown by Panda et al. [39]

that the calculation done by using this approach fails to reproduce o_1, for halo cases.
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However, the prediction of o_q, using the difference of two neighboring isotopes with
mass number A and A-1 in an isotopic chain reproduce the experimental data which are
in good agreement.

0 1, = or(** Ne) — op(* Ne) (6.1)

Using Eq. 6.1, we get o_;, = 82 mb with 2G RMF fitting for 3'Ne, which is nicely
compared with the experimental value of 79£7 mb [40]. According to [39], the reaction
cross section which follows Eq. 6.1 is a halo candidate. Thus, our calculation of g and
0_1n = 82 mb of 3'Ne show the presence of a deformed neutron halo in *'Ne in agreement

with the prediction of Nakamura et al. [40] and other prediction of Ref’s. [41,42].

6.3 Structure of 3’ Mg halo nuclei

Recently, M. Takechi et al. [43,44], have measured the data of reaction cross section
for Mg isotopes at energy 240 MeV /nucleon at RIBF and RIKEN. They have observed
large reaction cross section value for 3’ Mg as compared to other isotopic chain and they
consequently predict 3"Mg to have a halo structure. In another study S. Watanabe [45]
concludes from his fully microscopic double folding frame work with the AMD densities as
deformed halo structure of 3*Mg. One more study by Subhchintak et al. [46], on coulomb
breakup of 3"Mg+Pb reaction at beam energy 244 MeV /nucleon with in the framework
of a finite range distorted wave approximation theory, supports one neutron halo config-
uration of ground state *"Mg isotope with a parallel momentum distribution of the core
fragment and strong forward peaking of the valence neutron angular distribution. The
measurements of the separation energy, 1n-removal reaction cross section and momentum
distribution of *Mg by N. Kobayashi et al., [47] also suggest it as p-wave neutron halo

nucleus. They also confirm that 3"Mg lies in the island of inversion and has the heaviest
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Figure 6.7 The values of binding energy (B.E.) in MeV and charge radius (r.)
of Mg-isotopes obtained from RMF(NL3) as a function of mass number ‘A’. The
experimental data are also given for comparison whichever be available.

deformed halo candidate. In our earlier work we explored the structure of some isotopes
of Ne, Mg and Si [48]. Whereas the identification of this new halo candidate creates our
interest to review our study for Mg-isotopes. Since these are the terms which motivate us
to study the reaction dynamics of Mg isotopes at energy 240 MeV /nucleon, we have also
tried to study the structural features of 3’ Mg by our studies. First of all, the ground state
properties of Mg-isotopes are calculated using microscopic relativistic mean field formal-
ism. Fig. 6.7 shows the calculated values of binding energy (B.E.) and charge radius ()
of considered set of Mg-isotopes. The lower panel of the figure shows the calculated values
of B.E. along with the experimental data which looks nice agreement with each other.
A deep inspection of the figure suggests that the B.E.’s are slightly underestimate up to
the 2Mg and overestimate beyond 32Mg isotopes as compared to data values. While the

upper panel of the figure compares the calculated value of rms charge radius (r.) of a
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Figure 6.8 The density profile of Mg-isotopes from RMF(NL3) formalism as a
function of radial distance.

considered set of isotopes with the experimental data. The calculated values of r. are
underestimates in comparison to the experimental data. Fig. 6.8 shows the trend of rel-
ativistic mean filed (RMF) densities of projectiles with NL3 parameter set, which shows
the density profile as a function of the radial distance for ?*~4°Mg isotopes. Here the
nucleonic density distribution is of larger magnitude at the center and goes on decreasing
with an increase in radius, also the small depletion in densities appear at the center for
these nuclei. One may also observe from the figure that the skin effect increases with an
increase in isotopic mass number, similar to as discussed in chapter 3. The densities
converted into Gaussian form and calculated values in terms of Gaussian coefficients ¢;’s
and a;’s are listed in Table 6.6 for NL3 interaction. In order to check the sensitivity of our
calculations, we have compared the RMF densities with the spherical equivalent densities

from Gaussian coefficients in Figure 6.9. This figure clearly shows the similarity between
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Table 6.6 The Gaussian coefficients for the projectile and target nuclei after
fitting RMF(NL3) densities.

RMF(NL3)

Nucles c1 ay Co as

200 1-0.232654 | 0.638687 | 0.517232 | 0.339911
MMy -3.6936 | 0.286163 | 3.80452 | 0.261585
BMg | -3.89231 | 0.281947 | 4.00019 | 0.258213
Mg | -4.07533 | 0.277958 | 4.18027 | 0.25493
Mg -4.065 0.266396 | 4.1637 | 0.244635
BMg | -3.93233 | 0.256062 | 4.02441 | 0.234787
BMg | -3.89795 | 0.246598 | 3.98355 | 0.226164
SO0Mg | -3.87287 | 0.237936 | 3.95204 | 0.218274
SIMg | -3.41668 | 0.224842 | 3.52235 | 0.206223
2Mg | -2.96194 | 0.211646 | 3.09244 | 0.194095
BMg | -2.96276 | 0.206741 | 3.09102 | 0.189597
Mg | -2.96402 | 0.202127 | 3.08998 | 0.185357
BMg | -2.96363 | 0.197607 | 3.08718 | 0.18121
Mg | -2.96752 | 0.193359 | 3.08865 | 0.177322
STMg | -2.96752 | 0.189208 | 3.08637 | 0.173515
BMg | -2.97189 | 0.185226 | 3.08797 | 0.169881
Mg | -2.97547 | 0.181501 | 3.08903 | 0.166466
ONg | -2.98107 | 0.17785 | 3.09205 | 0.163137
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both the density distributions. The densities obtained from the Gaussian coefficients have
fair fitting at tail part, which plays a major role in the scattering phenomenon. Further
for extension of the reaction dynamics, the single particle wave function is used in the
Glauber many body system (Core4nucleon). The radial part of a single particle wave
function has been obtained after solving Schrodinger equation using Wood-Saxon type

potential between two body (core+nucleon) as in the form:

U(r) = o f ) + Vbt L v, (6.2
where f(r) = [1+ exp(“=%)]™" and R = roA/%). The first term of equation 6.2 contains
the central potential, second term contains the spin orbital part and the last term of the
equation contains the Coulomb part of the potential. Here, we vary the diffuseness pa-
rameter ‘a’ to study the role of an extended density on the reaction cross sections for 3" Mg
isotope. Because by increasing the value of ‘a’ the density distribution extended exponen-
tially in the tail region of the nucleus, which may give rise to loosely bound structure. Fig.
6.10 represents the values of o for 2*~#Mg+'2C reactions at Ep,,;=240 MeV /nucleon
as a function of mass number (A) of the projectile nucleus. The calculated values of og
in the figure show a decent agreement with the experimental data except for the cases of
30Mg and 3"Mg in the region of island of inversion, which supports the success of RMF
densities in the context of the present study. The estimated value of o of 2Mg projectile
slightly underestimates the experimental measurement. This may be due to near by the
region of minimum proton-neutron correlation. On the other side the abrupt changes in
og for 2"Mg and Mg or 3°Mg and Mg are correlated with the spherical and the de-

formed structure by M. Takechi et al., [43,44]. Further in their observations, change in og

between 3*Mg and 3"Mg is suggested either because of highly deformed structure or halo
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Figure 6.10 Reaction cross section for 2=4%Mg as projectile with '2C target

nucleus at E,,,;= 240 MeV /nucleon. The experimental data are also given for

comparison [43,44].

nature of 3"Mg isotopes. Since the isotopes of the nuclear system from 3°~3*Mg lies near
or in the island of inversion [49,50] and may require a special attention. A difference in
the theoretical and the experimental data for ** Mg and 3"Mg nuclei is significant, which
seems to suggest that they exhibit unusual structure and hence need further investiga-
tion. But, in this problem, our interest is to investigate the possibility of halo behavior of
3"Mg isotope. For further study on *"Mg projectile, we have used Glauber Model with
Many body (core+nucleon) system. The details of the calculations can be seen in [18,51].
Fig. 6.11 represents the calculated values of og (in mb) and 7., (in fm) for the 3"Mg
projectile. The upper panel of this figure shows the root mean square radius r;.,,s and the
lower panel o for 3"Mg as a projectile over 2C target at energy 240 MeV /nucleon as a

function of diffuseness parameter ‘a’ in fm. We have tried to fit the reaction cross section
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Figure 6.11 (A) Upper panel of the figure shows the rms radius (7,,s) in fm and
(B) lower panel shows the values of reaction cross section o in mb as a function
diffuseness parameter ‘a’ in fm for *"Mg.

for 3"Mg projectile at different values of diffuseness parameter. It is clear from the figure
that the reaction cross section and diffuseness parameter are linearly dependant on each
other. The value of og obtained at diffuseness parameter = 3.5 fm is 1537 mb, which is
well comparable to the experimental observation 1536+15 mb. Hence the lower panel of
the figure shows that the value of reaction cross section fit with the experimental value at
a = 3.5 fm. The upper panel of the figure shows the rms radius values of core-+neutron
system as a function of diffuseness parameter. We observed that the value of root mean
square radius of the projectile (core 4+ nucleon) at a = 3.5 fm is 6.041 fm. Thus the large
value of the reaction cross section has a direct consequence to its large radius and halo
nature of 3"Mg isotope. For comparison, we have plotted the results of o for same value
of the diffuseness parameter (a = 0.6 fm) by using Glauber Model (GM) with RMF(NL3)

density and Glauber Model Many body system (core4+nucelon) (GMMB) in Fig. 6.10. It
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is clear from the figure that oz underestimate the experimental data for both the formal-
ism. Hence the fitted data with GMMB formalism at a=3.5 fm are also given in figures
6.10 and 6.11. The comparisons of wave function for different value of diffuseness param-
eters and RMF density for 3"Mg with Wood-Saxon density having diffuseness parameter
0.6 fm and 3.5 fm are shown in Fig. 6.12. Figure 6.12 (A) shows variation of single
particle wave function with radial distance for different values of diffuseness parameter.
This figure suggests that the wave function is more steeper at diffuseness value of 0.6
fm where it becomes broader at 3.5 fm. In order to investigate the effect of diffuseness
parameter on the density profile, we have plotted the Wood-Saxon density on right side of

this figure along with the RMF density of 3’Mg. Figure 6.12 (B) shows that the behavior
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Figure 6.13 (A) The values of angular elastic differential cross section for
34-38Mg+12C reactions at Ep,.j= 240 MeV /nucleon (B) The comparison of an-
gular elastic differential cross section using RMF densities with GM and GMMB

systems.
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Figure 6.14 Variation of total reaction cross sections for 3’Mg projectiles as a
function of Ep,;.

of Wood-Saxon density is similar to RMF at a=0.6 fm. At the value of ‘a = 3.5 fm’, we
get a long extension of density even beyond ~ 15 fm, further suggesting the possibility
of a halo structure of 3*Mg nucleus. This behavior of an extension in the tail part is not
possible to see in the relativistic mean field formalism. Because in RMF formalism the
densities are automatically generated with a self consistency. Although this large value
of a = 3.5 fm looks unusual, but still be relevant for exotic nuclei exhibiting halo struc-
ture. For further significance of higher diffuseness parameter ‘a’, one needs to have an
extensive investigation by addressing reaction dynamics involving various halo nuclei. We
have fitted density with a Wood-Saxon form taking variation in diffuseness parameter ‘a’.
The elastic differential cross sections as a function of an angular distribution for 34=38Mg
projectiles on the carbon target at Ep,,;=240 MeV /nucleon are shown in Fig. 6.13 (A).
The inspection of the figure suggests that two dip positions are observed at an angles

O.m = 2° and 8°. One may also observe that the dip position varies with the isotopic
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mass number from 8° — 8.5° angle. It is also relevant to say that the dip position goes on
decreasing with an increase in isotopic mass number. Fig. 6.13 (B) shows the comparison
between the angular elastic differential cross section for ' Mg+'?C reaction at Ep,,;=240
MeV /nucleon using GM(RMF) and GMMB for a = 0.6 fm and a = 3.5 fm. It is clear
from the figure, that all the distributions have similar dip positions, however the depth of
the dip is slightly smaller for GMMB (a=0.6), where as depths are of same size for rest
cases at an angle 2°. Similarly, the dip position are almost similar with comparable size
at 8° for both GM(RMF) and GMMB (a=3.5). But the dip position appears slightly at
higher angle for GMMB (a=0.6). Both Fig’s. 13 (A) and 13 (B) shows a clear oscillatory
pattern in which magnitude of the oscillations are large at smaller angles and keeps on
decreasing with an increase in angles at Ep,,;=240 MeV /nucleon.

The variation of the reaction cross section for 3"Mg+'2C reaction by GM(RMF),
GMMB(a=0.6) and GMMB(a=3.5) as a function of the projectile energy for 30-1000
MeV /nucleon are plotted in figure 6.14 along with the experimental data whichever avail-
able. It is clear from figure that the results obtained with GM(RMF) and GMMB(a=0.6)
are slightly underestimate the experimental data. Fig. 6.15 shows the one neutron removal
cross section for **Mg+'?C reaction as a function of Ep,,; along with the experimental
data. The upper panel of the figure shows that total one nucleon removal cross section
(oTtal) obtained from GM(RMF), GMMB (a=0.6) and GMMB (a=3.5) formalisms. The

value of o_py estimated in GM(RMF) by relation

O_N — 03(37Mg) — 03(36Mg), (63)

for the projectile energy range (30 - 1000) MeV /nucleon. The estimated values of o_y by

GM(RMF), GMMB (a=0.6), GMMB (a=3.5) are 27mb, 9 mb and 57 mb compared with
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Figure 6.15 One neutron removal cross section for 3"Mg+'2C reaction including
(A) total (B) elastic and (C) inelastic part as a function of Ep,,; in MeV /nucleon.
The experimental values are also given for comparison wherever be available [47].
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the experimental results of Kobayashi et al., [47] 80+4 mb for energy 240 MeV /nucleon.
Whereas the lower and the middle panels of Fig. 9 show the estimated inelastic and elastic
components with GMMB for a = 0.6 and a = 3.5 fm. Further the components of the elas-
tic and inelastic contributions 2 mb, 7 mb with (a=0.6) and 14 mb, 43 mb with (a=3.5)
are also compared with data 3848 and 42+7 mb respectively. The calculated values of
inelastic component matches nicely with the experimental value for (a=3.5), whereas the
elastic component under estimate the data. From these calculations, the larger skin, sup-
port our earlier work of total reaction cross section. It is clear from the results and Fig.
6.15 that the inelastic component in neutron removal cross section dominates over their
elastic component at Ep,,;=240 MeV /nucleon. The trend of the reaction cross section in
Fig. 6.14 and one neutron removal cross section in Fig. 6.15 are similar, but smaller hike
is seen in one neutron removal cross section at Ep,,;=100 MeV /nucleon, because of its
elastic component.

The estimated longitudinal momentum distribution of 3*Mg core for the reaction
"Mg+2C at Ep,,j=240 MeV /nucleon is represented in figure 6.16. The momentum
distributions are estimated by both Glauber model and GMMB formalism at a = 0.6 fm.
These distributions in both the formalisms are almost similar. The calculated values of
momentum distributions are scaled to central experimental data points for comparing its
distribution with the recent experimental observation. This figure also signifies that mo-
mentum distributions match remarkably with the experimental data for both formalisms.
The momentum distribution is also measured with the Glauber model two body formalism
for a = 3.5 fm. The width of this distribution appeared slightly narrower in comparison
with our earlier measurements for GM(RMF) and GMMB (a=0.6) or experimental data

due to thicker neutron skin.
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Figure 6.16 Longitudinal momentum distribution of **Mg from the 3"Mg+12C
at projectile energy 240 MeV /nucleon. The experimental data are also given for
comparison [47].

6.4 Summary

We have calculated ground state properties and reaction cross section for some of the
halo nuclei ®He, ''Li, 'Be, °C, 9C, 22C, 220 and 3!'Ne as projectiles with '2C target
using relativistic and non-relativistic mean field formalisms. The estimated values of
binding energy, rms radius, rms charge radius, quadrupole deformation and one/two neu-
tron separation energies from both the formalisms have been compared with the available
experimental data. Both the approaches have justified their results in comparison with
the data similar to our earlier works. Hence densities obtained from completely different
sources have been used in the extended Glauber model (GMMB) for evaluation of op
over the broad energy range. In conclusion, results obtained from both the RMF and
Hartree-Fock formalisms are well compared with the experimental data with an edge of
the SEI-I interaction.

In another work an effort has been made to analyze the structure of 3'Ne. In this regards
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a systematic study of reaction cross sections has been done for 2~32Ne as projectile using
densities from sph. RMF, def. RMF and GMMB (core+neutron) systems. We interpret
from our results that the calculated values of the reaction cross sections overestimated
with sph. RMF densities, where as remarkable fit with the def. RMF densities except
for 3'Ne and 3?Ne cases. The errors are also rectified with the consideration of GMMB
formalism. From an analysis of the reaction cross section and one neutron removal cross
section also supports the halo status of 3'Ne isotopes.

Further we have extended above discussed formalism for the investigation of newly iden-
tified halo nuclei of 3" Mg. We have calculated the ground state properties of Mg isotopes
with RMF formalism and also studied the reaction cross sections of these isotopes taken as
projectile from the valley of stability to drip line region with stable '2C target at E,,,; 240
MeV /nucleon. We found a nice agreement of the ground state properties of Mg-isotopes
with available data. The calculated values of the reaction cross section using RMF den-
sities find a nice agreement with the experimental data. The excellent agreement of the
estimated reaction cross section values except for a few isotope is an evidence of the pre-
dictive power of RMF densities. The skin effect variation with the mass number is studied
in the context of density profile. The study of an angular elastic differential cross section
for 34=3Mg projectile on C-target shows a clear oscillatory pattern. Further investigation
with Glauber two body calculation also supports the halo status of 3’ Mg. Subsequently we
examined the halo status of 3’ Mg and it seems justified from its higher magnitude of rms
radius ~6.041 fm, one neutron removal cross section and small longitudinal momentum

distribution.
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Chapter 7

Summary of thesis

In the present thesis, we have studied the structural behavior and the reaction dynam-
ics of numerous nuclei from beta stability line to drip line region. In this context, the
structure effects of the light mass nuclei have been investigated using the well known mi-
croscopic mean field theories. The advantage of these mean field formalisms is to deduce
the bulk properties of nuclei in a self consistent manner. The bulk properties like bind-
ing energy, root mean square matter and charge radius, quadrupole deformation, nucleon
separation energy, single particle energy, nucleonic density distribution of light mass to
medium mass nuclei etc. are studied with both relativistic and non-relativistic mean field
formalisms. The reaction dynamics of such nuclear systems have been studied with the
help of the Glauber formalism. The success of this formalism is based on the densities
of the projectile and the target nuclei. Hence, we have used the densities of the mean
field formalism to optimize the various reaction parameters. The study gets limited due
to the non-availability of scattering data from heavy to super heavy mass nuclei at the
intermediate energy.

chapter 1 consists of general introduction and a brief discussion of the background of the

present work. In this chapter, a nuclear landscape is discussed with general reference to
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beta-stable, neutron/proton rich and drip-line region etc. The Exotic behavior of neutron
rich nuclei is discussed and the vanishing of the shell closure effect near at deformed nuclei,
one/two neutron halo, bubble effect in densities etc. are also discussed in this chapter. A
brief discussion of the nuclear structure models, nuclear scattering and nuclear reactions
are also outlined and a brief description of the background of Glauber, relativistic mean
field and non-relativistic mean field formalisms is given in this chapter.

Chapter 2 outlines both the non-relativistic and the relativistic mean field models in
detail. The Skyrme Hartree-Fock (SHF) model within Hamiltonian density functional
mechanism is discussed, whereas Lagrangian density functional is described for the rela-
tivistic mean field model. The field equations for nucleons and bosons are also described
within the RMF approach. The calculation details leading to the solutions of the RMF
equations have been given in this chapter. The BCS-pairing prescription and other pairing
correlations are also presented in this chapter. The parameter sets used in the calculations
for relativistic and non-relativistic mean field formalisms are analyzed. A detail of the
Glauber approach is also discussed in the subsection of this chapter for both the stable
and the unstable nuclei. The transparency function and the profile functions required for
the cross section calculations are also elaborated in this chapter.

In chapter 3, we have discussed the ground state properties like binding energy (B.E.),
rms charge radius (r.), quadrupole deformation (), nucleonic density distributions etc.
of isotopes of Be-Ar nuclei using both relativistic and non-relativistic mean field for-
malisms. A choice of parameters used like NL3/NL3* in RMF and SkI4, SEI in HF
approach for the evaluation of the bulk properties are also discussed at the beginning
of this chapter. A choice of the bosonic and the fermionic model space is very much
important for the estimation of bulk properties of exotic nuclei. The scrutinizing of the

optimal limit has been tested through the variation of Ny = Np for the test cases of 36Si
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isotope. The rest calculations of selected mass regions are taken care by this choice of
fermionic and bosonic model space. The predicted results are also compared with the
experimental data. The comparison between the estimated and the data values suggests
that both the formalisms are capable to reproduce bulk properties to a reasonable extent.
Whereas a deeper look at this study concludes that the RMF shows superiority over the
non-relativistic mean field approach. One can also conclude from this analysis that the
accuracy of the predicting power of RMF gets enhanced with an increase of mass num-
ber of nuclei. The uncertainty in the estimation of results at a light mass range may be
associated with its dependency on mass number (error~1/A). The effect of BCS pairing
is also studied for isotopes of Ne, Mg and Si nuclei.

In chapter 4, we have studied the density distributions of %~12Be, 12715B, 13-20C, 20-23N]
0-24(, 23-2Tp 232N, 32-35Mg, 32735Gi, 34-37S and 3*~*®Ar isotopes in the frame-work
of the non-relativistic Hartree-Fock mean field formalism with SkI4 parameter and the
relativistic mean field formalism with NL3 parameter set. in light mass region. The
bubble effect for 220, 23F, 34Si, 365, 36Ar and “®Ar nuclei in light mass region is studied
and the prominent cases showing bubble effects are identified as 220, 23F, 34Si and “6Ar.
Such effect is of huge relevance for studying the nuclear structure in the drip-line and
the superheavy region. In general, we observed that both the formalisms are capable of
studying the nuclear structure for most of light mass nuclei, with slightly better accuracy
for RMF formalism over the non-relativistic HF (SEI-I). Further investigations in medium
and heavy mass regions may impart a better description regarding the comparative anal-
ysis of these formalisms

In chapter 5, we have discussed the reaction cross sections of light mass nuclei using
Glauber model with densities from relativistic and non-relativistic mean field formalism.

A list of various inputs of the Glauber model are given in this chapter. The major input
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of the Glauber model are the densities of the projectile and the target nuclei, which are
fed from the microscopic mean field formalisms. These densities are converted in the form
of Gaussian coefficients using RMF and HF densities. The sensitivity of converted densi-
ties has been checked with the RMF and HF densities in terms of their density profiles.
The fittings appear better with 2-Gaussian form for RMF as compared to the 4-Gaussian
form, whereas a reverse trend is observed for the non-relativistic mean field densities.
The comparative analysis suggests that both the formalisms are competent with a rela-
tive edge for RMF densities over non-relativistic mean field formalism. The deformation
or deformed structure of nuclei is expected to affect the reaction dynamics, so an effort is
made to address such effect in the context of dynamical evolution of the nuclear systems.
In general, a comparative study of the reaction cross sections using densities from RMF
and non-RMF formalism shows the superiority of RMF over non-relativistic case. The
role of deformations is analyzed through deformed densities by carrying out a comparative
analysis using spherical densities of same set of nuclei. Structure effect on the reaction
cross sections are also analyzed by considering variable target projectile combinations.

In Chapter 6, we have estimated the ground state properties and reaction cross sections
for some of the halo nuclei °He, 'Li, 'Be, °C, °C, 22C, 230 and 3!'Ne as projectiles
with 2C target by using relativistic and non-relativistic mean field formalisms. The es-
timated values of binding energy, rms radius, rms charge radius, quadrupole deformation
and one/two neutron separation energies from both the formalisms have been compared
with the available experimental data. The densities obtained from two completely differ-
ent sources have been used in the extended Glauber model (GMMB) for an evaluation
of or over the energy range. In conclusion, results obtained from both the RMF and
Hartree-Fock formalisms are well compared with the experimental data with an edge for

the SEI-I interaction. A systematic study of the Glauber formalism has been used for an
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investigation of the structure of 3Ne halo candidate. An analysis of the reaction cross
section and one neutron removal cross section supports the halo status of *'Ne nucleus.

Further, in reference to a newly discovered halo nucleus 3"Mg, we have compared the
ground state properties of Mg isotopes with RMF formalism and also studied the reac-
tion cross sections of these isotopes taken as projectile from the valley of stability to drip
line region with stable 2C target at E,.,;=240 MeV /nucleon. We observed a nice agree-
ment of ground state properties of Mg-isotopes with the available data. The calculated
values of the reaction cross section using RMF densities find a nice agreement with the
experimental data. The skin effect variation is studied as a function of the mass number,
in order to see the effect of the density profile. A study of an angular elastic differential
cross section for 3#73¥Mg and further a investigation with Glauber two body calculation
also supports the halo status of 3" Mg. The halo status of 3"Mg also seems justified from its
higher magnitude of rms radius ~6.041 fm, one neutron removal cross section and small
value of longitudinal momentum distribution. As the diffuseness parameter gives nar-
row width in comparison with the available experimental data for this isotope, so further

efforts are anticipated to have comprehensive addressal of these issues.

7.1 Future scope of the work

In the present work, systematic study of the nuclear structure has been carried out for light
mass nuclei, from the valley of stability to the drip-line by using mean field formalisms
(relativistic and non-relativistic), whereas the related reaction dynamics has been explored
in the frame work of Glauber formalism. We find that these formalisms provide a very
successful tool to investigate the bulk properties and are capable of investigating some

emerging phenomena such as bubble effects and halo status of nuclei. In future, an
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attempt shall be made to extend our findings to analyze the following points (i) to extend
the structure analysis via mean field theories to the medium, heavy and super-heavy
mass regions. ii) In present work we have converted the mean field densities to spherical
equivalent in terms of the Gaussian coefficients, which may sometimes compromise with
an accuracy of results. We intend to modify the used formalism in view of deformed mean
filed densities 7.e. The densities of the mean field formalisms be feeded directly in the
calculations instead of using gaussian coefficients. iii) The single particle wave function is
used to introduce dynamic approach in two body Glauber model, which may be modified
in the context of the mean field criteria. iv) The systematic study of deformation is of
extreme interest, as it plays a very important role in the analysis of reaction dynamics.
The systematic variation of deformation parameter is beyond the scope of mean field
calculations as the deformation parameter arrives self consistently. There is a definite

scope of further exploration in this area.



