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ABSTRACT

The nuclear physics field promises a rich variety of interesting phenomena studied both
by experimental observations and theoretical calculations. While switching from low
incident energy to higher incident energy plenty of phenomenon have been observed. In
the present study we have explored different aspects of two phenomena namely collec-
tive flow and nuclear stopping using isospin-dependent Quantum Molecular Dynamics
(IQMD) model.

Initially, author has tried to ruminate the basic collision dynamics and shed light on
influence of centrality of nuclear reactions before and after collisions. The central col-
lisions, peripheral collisions and three dimensional trajectory of nucleons have been
discussed in detail. The phase space of nucleons in nuclear reactions have also been
discussed.

The detailed analysis has been made on nuclear stopping using various observable for
the mass symmetric and asymmetric reactions. Our study proves that the ratio of
width of transverse to longitudinal rapidity distribution i.e., < varxz > is the most
suitable parameter to study nuclear stopping. Also, it has been observed that light
mass fragments (LMF’s) emitted from participant region can be used as a barome-
ter to study nuclear stopping. Attempts have been made to recognize the aspect of
nucleon-nucleon cross-sections, equation of state and width of Gaussian wave packet
on memory loss of nucleons. Finally, correlations among nucleons and memory loss
have been explored thoroughly.

It has been observed that effect of mass asymmetry can be compensated by changing
the impact parameter of nuclear reactions. In a comparative study, various mass asym-
metric reactions with total mass fixed have been also analyzed and knock off that mass
asymmetry of the reaction has a remarkable influence on the dynamics of the reaction.
Thus, while studying various phenomena of the heavy-ion reactions at intermediate
energies, the mass asymmetry of the reaction should be properly taken into account.

Nuclear flow observable have been investigated systematically for the collision of nearly



symmetric nuclei. Both balance and transition energies have shown their dependence
on various input parameters of the reaction like the composite mass of the colliding nu-
clei, incident energy and impact parameter. In addition to this, it has been concluded
that power law behavior is perceived for both the balance and transition energies.
Transition energy is more expedient to analyzing the behavior of compressed nuclear
matter. Further, squeeze out phenomenon is helpful to understand the reaction dy-
namics. The higher harmonics i.e., < v3 > and < v > have smaller contribution than
< vy > and < vy >. The percentage of nucleons participating in flow decreases with
increasing order of the harmonics.

Lastly, author summarize the work carried out in this thesis along with the future

prospects for the extension of present work.



Chapter 1

Introduction

” Take up one idea. Make that one idea your life - think of it, a dream of it, live on that
tdea. Let the brain, muscles, nerves, every part of your body, be full of that idea, and
just leave every other idea alone. This is the way to success.”...................... Swamz

Vivekananda.

1.1 Evolution of nuclear physics

The elucidation of the nuclear physics stems basically with the discovery of X-rays by
Rontgen in 1895 and the discovery of natural radioactivity in 1896 by Antoine Henri
Becquerel [1]. These discoveries may be regarded as birth of the nuclear physics. The
phenomenon of natural radioactivity suggests that unstable nuclei are capable of emit-
ting different particles like o, 5 and y-rays. When the nucleus disintegrates by emitting
these particles or capturing an electron, the process is called radioactive decay [2-8].
Fig 1.1, represents the relation between the relative activity of radioactive substance
with time.

In the early fifties, one was able to accelerate only light charged particles due to which
nuclear physics was confined to study limited phenomena like fusion, fission, cluster ra-
dioactivity and deep inelastic scattering. Now a days accelerators are able to accelerate
the nuclei up to several hundreds of GeV. In terms of energy domain, the nuclear reac-
tions may be classified into three different categories varying from few MeV /nucleon to

GeV /nucleon namely low, intermediate and high energy nuclear physics. The heavy-



N0 ( Nuclei at t=0)

0000
0000
|| 000 ®
0000 N0/2(Undecayed nuclei )

Ny/2 ) N/4(Daughter nuclei )
: o000
o000
: 0000 N0/8( Grand Daughter nuclei )
: LX)
Ny | oo ee o000
: : (XYY

N8 oo e ARSI X .

tl n 12 12 12

Figure 1.1: Exponential decay curve of the nuclei in a radioactive sample
with respect to half-life.

ion nuclear reactions at low incident energy give unique possibility to study nucleus-
nucleus interactions such as fusion, fission, cluster decay, formation of super heavy
nuclei and the halo-nuclei etc [9-12]. The heavy-ion collisions at intermediate en-
ergy (10 MeV /nucleon < E < 2GeV /nucleon) is the domain selected for the present
study. Several phenomena like nuclear stopping [13-22], collective flow [20, 23-25],
multi-fragmentation [26-34], sub-threshold particle production [35] and isospin dy-
namics [19,36] are observed at intermediate energies. On the other hand, the main
interest to study high energy (E > 2 GeV /nucleon) nuclear reactions is to explore the
world of deconfinement and quark-gluon plasma [37,38]. Thus, each type of reaction
with its own specific scenario provides information that are crucial to understand clear
picture of nuclear reaction dynamics and nuclear physics as a whole.

Experimental discovery by Ernest Rutherford [39-41] were obligatory to account for
structure, properties and interaction of nuclei. In order to understand the properties
of the nucleus, pictorial view of elementary parts of an atom are presented in the

Fig 1.2. The atom consists of a small but massive nucleus surrounded by a cloud of
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Figure 1.2: Pictorial view of elementary parts of an atom.

rapidly moving electrons. Neutrons and protons make up the nucleus held together
by the strong interactions known as nuclear force. Nucleon consists of quarks [42] as
per standard model, the interactions among the quarks are exchanged by the basic
particle known as gluon [43]. The standard model in particle physics describes the
theory concerning the three fundamental forces i.e., electromagnetic, weak and strong
nuclear forces. The quantum chromo-dynamics (QCD) [44] is primary element of the
standard model. QCD have two peculiar properties i.e., confinement and asymptotic
freedom [45,46]. The state in which matter consists of high density of quarks and
gluons is called quark-gluon plasma state (QGP) [47].

1.2 Significance of Heavy-ion reactions

During the early stage of the universe, the interior constitution of neutron star and evo-
lution of nuclear matter strongly depends upon the density and temperature of hadron

matter. To understand many unanswered questions about the origin of universe, the



situation at t = 0, of big bang must be considered. The atoms, molecules, elements
and compounds were originated from the Big Bang and scattered throughout the uni-
verse billions year ago. Occurrence of astrophysical happening are remote in space and
time, therefore to study nuclear matter at extreme temperature and densities is quite
difficult. Also, it is very difficult to accumulate data from cosmic rays, which is an
another source of heavy ions. Heavy-ion collisions (HICs) are used to study some of
these theories for instance, knowing about the nature of the strong forces and about
the state of matter in the first few microsecond after the Big Bang. The study of HICs
at intermediate energies give us the possibility to understand and explain the charac-
teristics of nuclear matter under the conditions of temperature and density similar to
what was existed at the time of early universe. The heavy-ion reactions at intermediate
energy regime are best suited to investigation for the nuclear equation of state (NEOS).
Other possible phenomenon which are accomplished with heavy ion collisions:

e Produce nuclear matter with high angular momentum/excitation energy.

e Produce nuclear matter with large neutron or proton deficiency.

e Produce nuclei away from the dripline.

1.3 The mean field theory (MFT)

The concept of mean field theory is an approximation method which is applicable for
many-body problem of identical particles like atoms and nucleus [48]. For a many-body
system Schrodinger wave equation can not be solved to obtain the energy spectrum
and wave functions analytically [48] and in such a situations average potential is used,
which is a mean potential of all interactions acting upon a single particle. Using this
mean potential Schrodinger equation can be solved and known as mean field method.
The concept of mean field theory [49] is widely used for the description of many-body
interacting systems. The idea is to treat the many-body system not by summing up
all mutual two-body interactions of the particles but to describe the interaction of one
particle with the remaining particles by an average potential created by the other par-
ticles. Mean field theory is very efficient for the description of many body systems like

finite nuclei or infinite nuclear matter and neutron matter which occurs in the interior
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Figure 1.3: Schematic diagram for the mean field.

of neutron star. At low energies, this is an excellent approximation method to study
nuclear structure. In the Fig 1.3, schematic diagram of mean field is shown. To con-
vert many-body system into a non-interacting system of quasi-particles external mean
field potential is a powerful approximation. The remaining interactions are known as
residual interactions and that can be served as a perturbation potential in the base of

perturbation approximation [50].

1.4 Nucleus-Nucleus (NN) collision to hydrody-
namics

A heavy-ion collision is a step by step process and each step demands its own ex-
planation, representation and interpretation. Hydrodynamics [51] is a convenient and
applicable tool to describe one of these steps. A schematic evolution of the system is
shown in the Fig 1.4, which shows four different phases of heavy-ion collision. Initially

two nuclei collide with each other. After the collision phase, protons and neutrons
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Figure 1.4: Schematic diagram for the evolution of heavy-ion collision.

of the colliding nuclei collapse with each other and form a fireball during the early
times in the collisions. This stage is called quark deconfinement. This fireball created
in the second step expands and cools with time. Then the system undergoes for the
third stage, which is called hydronization and the last step is kinetic freeze-out. In the
kinetic freeze-out stage [52] in which the individual quarks and gluons interact with
the ordinary matter and spread away in all the directions.

In the Fig 1.5, the same process is shown in the space time diagram. After the
primary interaction of two colliding nuclei, pre-equilibrium occurs. Pre-equilibrium
emission takes place after the collisions of two nuclei. Pre-equilibrium stage leads to
the creation of heavy quarks and photons etc. Thermal equilibrium takes place due to
multiple scattering between nucleons. In the interacting system, the mean free path of
nucleons is expected to be narrow in comparison to the system size, if energy density is

high, thermalized quark gluon plasma (QGP) [53,54] expands hydrodynamically. Tem-
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Figure 1.5: The space time evolution of heavy-ion collision which undergoes
a phase transition to a QGP.

perature of the medium decreases with its expansion. Lastly the system achieves freeze
out state which strongly depends upon the temperature and the centrality. Chemical
freeze-out describes the point where inelastic processes converts one kind of hadronic
species. The point where the momentum of the produced particles are fixed is known

as thermal or kinetic freeze-out.



1.5 Equation of State for isospin symmetric nuclear
matter

Nucleon-nucleon (NN) collision provides the unique way of exploring interesting topic
such as nuclear equation of state (EOS) [55,56] and EOS describes the relationship
between temperature, pressure and density. The equation of state (EOS) of nuclear
matter is useful and significant tool to study the properties of nuclear matter at and far
from the line of stability of structures and evolution of compact astrophysical objects
such as neutron stars [57] and core-collapse supernovae [58]. The nuclear equation of
state is valid only if it reproduces the properties like saturation density and binding
energy per nucleon. The maximum density of nucleons in finite nuclei is called satu-
ration density and maximum value of saturation density is equal to pg = 0.16 £ 0.02
nucleons/fm?®. The binding energy per nucleon of a nucleus is a measure of the stabil-
ity of a nucleus. The distance traveled by nucleons between two successive collisions

is known as mean free path. Nuclear compressibility x, is an empirical property that
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Figure 1.6: The equation of state for two different values of the compress-
ibility of nuclear matter [59].
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characterize the equation of state (EOS) and is represented as:

& (E
R = gpgd—pz (Z) . (].].)

here E/A, represents the energy per particle at normal nuclear matter density. Two
possible equation of state (EOS) are, soft equation of state with x = 200 MeV and hard
equation of state with k = 380 MeV, corresponding to two different incompressibility
[60] are shown in Fig 1.6. The detail regarding the equation of state has been discussed
in chapter 2.

1.6 Observables to study heavy-ion collisions

The study of heavy-ion reactions achieved great impetus with the evolution of the vari-
ous phenomenon which revolutionized the understanding of nuclear matter at interme-
diate energies. Moreover such phenomena are highly specific towards the input param-
eters like incident energy and impact parameter of the reaction. These phenomenon
are potentially significant and details regarding these phenomena are discussed in the

succeeding sections.

1.6.1 Multi-fragmentation

Multi-fragmentation is a phenomenon, which is associated with breakup of the highly
excited nuclear matter into fragments of different masses depending on the incident
energy, system mass and impact parameter of the reaction [61-71]. According to the
theoretical point of view, phenomenon of multi-fragmentation is the process in which
excitation energy is deposited in compressed matter which leads to breaks up of excited
nuclear matter into fragments. The mass symmetric reactions result in higher com-
pression and mass asymmetric reactions lead to rotation of colliding nuclear matter.
At a smaller value of impact parameter and due to maximum overlap there are fre-
quent nucleon-nucleon collisions, so maximum part of the nuclear matter is emitted in
the form of free nucleons while most of the initial correlations among the nucleons are
destroyed. This leads to the formation of light mass fragments and free nucleons. In

contrast, the scenario for peripheral collisions i.e., at higher value of impact parameter
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Figure 1.7: A schematic representation of nuclear multi-fragmentation pro-
cess.

is quite different because many of the initial correlations are preserved. It has been
observed that nucleons from the target and projectile form fragments of different size
such as free nucleons (FN’s) A = 1, light mass fragments (LMF’s) 2 < A < 4 and

intermediate mass fragments (IMF’s) 5 < A < %.

1.6.2 Anisotropic flow

Anisotropic flow term is used to describe the collective evolution of the nucleons ob-
served as an overall pattern which correlates with the momentum of the final state
nucleons. The pattern is believed to be developed due to the initial asymmetry of the
nuclear collisions. The azimuthal anisotropy of the transverse momentum distribu-
tion in non-central heavy-ion collisions, suggested as a signature of collective flow [72].

Mathematically, anisotropic flow can be defined with the help of Fourier expansion [73]:

dN

d¢ 1+ ZZvn cos(ng)| (1.2)
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Figure 1.8: Schematic representation of different types of flow

where ¢ is the azimuthal angle between the transverse momentum of the particles and
the reaction plane. The first harmonic coefficient < v; > known as the directed flow,
second harmonic coefficient < vy > represents elliptical flow, third harmonic coefficient
< vy > represents triangular flow and fourth harmonic coefficient < v, > represents
the quadrangular flow respectively. Fig 1.8, represent the distribution of nucleons
involved in directed flow (< vy >), elliptic flow (< vy >), triangular (< v3 >), and
quadrangular (< vy >) flow. The first harmonic coefficient corresponds to drift of
nucleons and such a flow is called directed flow. Elliptic flow is represented by the
elliptical distribution of nucleons. If the azimuthal distribution is of triangular shape
then such flow is called triangular flow and in the last quadrangular distribution is
presented. The anisotropic flow can be influenced by the transverse momentum of the
nucleons and found to be a promising tool for elucidating flow. Such type of study

is useful to understand the reaction dynamics and the flow shapes. The theoretical
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Figure 1.9: Representation of different harmonic coefficients with azimuthal
angle.

azimuthal angular variation for different flow harmonics is shown in Fig 1.9. The
maxima of azimuthal distributions have a peak value at 0° shows in-plane emissions
of nucleons. All the harmonic components behave differently at each azimuthal angle.

Different harmonics of flow have been described briefly in the preceding subsections.

1.6.3 Directed flow

The appearance of collective flow is due to pressure gradient generated by the colli-
sion of two nuclei and is one of the key cognition in heavy ion collisions. In 1985, P.
Danielewicz and Odyniec [74] developed a technique for analyzing the directed flow.
When both the attractive and repulsive interactions balance each other at a particular
incident energy, net flow disappears. This incident energy at which net flow disappears
is termed as Balance energy or the energy of vanishing flow (FEyy) [75]. In the Fig 1.10,
schematic representation of directed flow at three incident energies is shown:

o I < Eyy
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Figure 1.10: Schematic representation of directed flow at incident energies
below, near and above the balance energy.
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o £ =Ly

o E > Epy

Initially, projectile and target approach each other from the opposite direction.

1. In the first case i.e., at low incident energies when E < Ej,;, interactions among
the nucleons are dominated due to the attractive mean field. The nucleons in this
case are scattered away from the projectile side of the reaction and leads to negative
directed flow. When the incident energy is found to less than the balance energy, the
phenomenon of fusion and cluster radioactivity is dominant [76,77].

2. In the second case, when incident energy is equal to the balance energy i.e., ' = Ejy,
the nucleons are symmetrically deflected in the reaction plane and the directed trans-
verse flow vanishes.

3. Lastly, when F > Ej, with increasing incident energy repulsive nucleon-nucleon
scattering dominates and the particles are scattered towards the projectile side of re-

action plane and leads to positive directed flow.

1.6.4 Elliptical flow

The second harmonic coefficient of the Fourier expansion of the azimuthal distribu-
tion of the emitted particles is called elliptic flow [78-80]. The directed flow is anti-
symmetric with respect to ¢ distribution for the forward rapidity (Y ec.m. > 0.0) as well
as backward rapidity (Ye.m. < 0.0) [81], whereas elliptic flow shows similar distribu-
tion in both the rapidity regions, for the mass symmetric nuclear reactions. Squeeze
out phenomenon was observed by two collaborations nearly at the same time. Diogene
collaboration [82] have observed the squeeze out effect in case of Ne-induced reactions
for mid rapidity range at 400 MeV /nucleons. The second collaboration Plastic Ball
Group [83] have observed out-of-plane emission [82,83] for the reaction +g’ Au +39" Au
at energy 800 MeV /nucleons. Collective flow was observed initially in azimuthal distri-
butions by Gesellschaft fur Schwerionenforschung (GSI) Lawrence Berkeley National
Laboratory (LBNL) Collaborations at Bevalac accelerator [84]. The ratio Ry [85]
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Figure 1.11: Schematic representation of elliptic flow.

measures the strength of squeeze out effect and is given by:

_ dN/d®(90°) + dN/d®(—90°) 1 —2uvy
" dN/d®(0°) + dN/dP(180°) 1+ 2wy

(1.3)

An attempt was made by A. M. Poskanzer and S. Voloshin [86] to study the flow, using
Fourier Expansion of azimuthal particle distributions. The collective flow indicates the
strong multiple interactions among nucleons and fragments created after the collision
phase is over. The experimental analysis provided the evidence for the presence of
anisotropic flow, which is the anisotropic distribution of particle momentum distribu-
tions with in the reaction plane. In non-central collisions the distribution of nucleons
in the interaction region depends on the impact parameter.

Elliptic flow refers to the anisotropic distribution at mid-rapidity i.e., transition from
in-plane or out-of-plane. In the Fig 1.11, lllustration of elliptic flow shows the possible
movement of nucleons from the compressed zone. Azimuthal distributions at 0° and
180° exhibit predominantly in-plane emission, while distributions at 4+ 90° signifies

out-of-plane emission. Ellipse with its major axis along the x-axis represents the in-
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plane emission and along y-axis represents the out-of-plane emission. With an increase
in incident energy in-plane emission to out-of-plane emission occurred and the elliptic
flow shows a transition from positive to negative flow. Incident energy at which tran-
sition occurs is called the transition energy Erpy s [87]. Transition energy depends on

participant expansion, rotation and the shadowing of the spectator matter [88].

1.6.5 The correlation between balance energy and transition
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Figure 1.12: The correlation between balance energy and transition energy.

In the Fig 1.12, the correlation between balance and transition energy is shown.
Both the balance and transition energy are found to increase with increase in the

impact parameter but transition energy increases at a faster pace. Because as the
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impact parameter increases, less participation of nuclear matter is involved which leads
to jet like distribution of nucleons. Squeeze out effect can be visualized by studying the
observable that depends on impact parameter. Correlation between balance energy and
transition energy is presented in Fig 1.12, for one set of reaction with variation in scaled
impact parameter. One can see that both balance as well as transition energy does not
show any interdependence on varying the scaled impact parameter. The correlation
between transition energy and balance energy can be helpful in understanding the role

of Coulomb interactions and Symmetry energy on the reaction dynamics [89-91].

1.6.6 Triangular low and Quadrangular flow

80

B2 Over all rapidity region
B Mid-rapidity region

% Change in nucleons

Vi V2 V3 V4
Anisotropic flow (V)

Figure 1.13: Anisotropic flow as a function of the percentage change in the
flow corresponding to the over all rapidity region and mid-rapidity region.

In the Fig 1.13, we have displayed the relative contribution of nucleons participating
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among different harmonics. More specifically, we have made an attempt to find the
correlation between whole rapidity region nucleons and mid-rapidity region nucleons
participating in the nuclear flow. Less than 50% of the total nucleons involved in
transverse flow < v; > actually comes from mid-rapidity region. The nucleons in the
mid-rapidity region actually suffered strong interactions. Therefore, one can say that
the participant region (mid-rapidity) can be used helpful in studying the compressibility
of the nuclear matter. While the situation is not same in case of higher harmonics i.e.,
< vy >, < w3z > and < vy >. However, these harmonics are very useful to estimate
the influence of isospin content, isospin dependent of nucleon-nucleon cross section and
EOS of nuclear matter. In case of higher harmonics < v3 > and < vy >, very less
number of nucleons contribute in the flow. One can see that in the mid-rapidity region
nucleons still contribute in the triangular and quadrangular flow. Relativistic Heavy
Ion Collider (RHIC) have demonstrated the presence of higher order flows [92-94].
Recently, the scaling of these anisotropic flows [95] have also been studied and is found

to be originated from nucleonic coalescence.

1.6.7 Nuclear stopping

Strength of nuclear interactions can be estimated through the phenomenon known as
nuclear stopping [96]. In the participant zone, the nucleons lose a larger part of their
energy due to two body or three body collisions. Further, nucleons slow down as they
passes through the nucleus, this energy loss is called nuclear stopping. In heavy-ion
collisions, using rapidity distributions [97,98] nuclear stopping has been also studied.
It is also well accepted that nuclear stopping governs most of the energy dissipated in
a central heavy-ion collision at intermediate energies. The degree of nuclear stopping
is affected by various input parameters like incident energy, colliding geometry and
system mass. It is influenced by both binary collisions [99] as well as by the in-medium
effects such as Fermi motion and Pauli-blocking [100-102]. Nuclear stopping has been
studied theoretically as well as experimentally [14-21] by various researchers through-
out the globe.

In the Fig 1.14, schematic diagram of possible nuclear stopping scenarios has been
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Figure 1.14: Schematic diagram of nuclear stopping.

displayed. We have shown initial configuration where:

e The nucleons of target and projectile approaches each other

e In the second case nuclei repled each other just like two hard spheres

e The third one shows the complete memory loss due to breakage of correlations among

the nucleons and colliding nuclei which also heats the matter.

e Last case is related to partial transparency, where the nuclei are passing each other

without interactions.
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1.7 Review of experimental attempts on nuclear
stopping

Nuclear stopping is one of the vital attention requisite to define the essential reac-
tion dynamics in heavy-ion collisions. Nuclear stopping governs most of the dissipated
energy in central heavy-ion collisions and constitute the incomparable reaction mech-
anisms over large domains of incident energies. Advantageous and fruitful attempts
have been made to essence about the nuclear equation of state and isospin effects on
the nuclear stopping.

Nuclear stopping using FOPI detector [103-107] was to examine the isospin dependence
of various physical observables, therefore four projectile and target combination were
taken into account i.e., 5 Ru+3S Ru, 3 Zr+355Zr, S Ru+33 Zr and 5 Zr+3S Ru. Two drift
chambers i.e., CDC and HELITRON were used for the tracking of charged particles.
Both CDC and HELITRON are placed inside a uniform solenoidal field. Quantitative
measurement of stopping and mixing were extracted from the data. FOPI collabora-
tion also studied the central collision for the reaction 55 Ni +55 N4, at incident energies
between 1 GeV /nucleon to 2 GeV /nucleon. The rapidity spectra and transverse mo-
mentum dependence on the beam energy and centrality of the collisions were presented
in the above mentioned studies. At different energies similar shapes of rapidity spectra
for protons and deuterons were seen under the same impact parameter constraints.
Proton rapidity distribution in symmetric nuclear collisions was studied by Bhong et
al., [108]. The results expose the incomplete mixing and partial transparency of the
projectile and target nuclei at SIS energies. At central collisions, even at high energies
0.4 GeV /nucleon - 1.5 GeV /nucleon. It has been observed that global equilibrium was
not achieved.

The FOPT collaboration [109] presented a complete systematics of global stopping. A
total of 5 systems at 25 energies were analyzed for this work 39Ca +39 Ca (0.4, 0.6, 0.8,
1.0, 1.5, 1.93), 38 Ni +55 Ni (0.09, 0.15, 0.25, 0.4), 9SRu +5 Ru (0.4, 1.5), 129X e +127 ]
(0.15, 0.25, 0.4), 27 Ay +137 Au (0.09, 0.12, 0.15, 0.25, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5). This

idea gave an insight to understand in-medium effects on mesonic and baryonic parti-

22



cles, since the effective densities in the early phase of the reactions were expected to
be strongly correlated to the degree of nuclear stopping.

Systematic study of nuclear stopping for the system 7 Au +427 Au, was conducted
by INDRA and FOPI collaboration [110]. Their study concluded that there exist a
strong correlation between the nuclear stopping and the directed flow. Experimentally
Lehaut et al., [18] (INDRA and ALADIN collaborations) studied the nuclear stopping
at intermediate energies for mass symmetric and mass asymmetric reactions such as
1T Au +57 Au, 129X e +118 Sn, SSNi +35 Ni, 38Ar 435 KCl. The behavior of isotropic
ratios Ry and Rp were studied. In the Fermi-energy domain, in-medium effects for
nuclear matter were studied by INDRA collaboration [111] for mass symmetric as well
as mass asymmetric reactions 35 Ar +35 KC1, 35 Ar +58 Ni, S5 Ni +55 Ni, £29 X e +118 Sn,
BITa +157 Au, §$3PGd 4338 U, 35°Pb +37 Au, 157 Au +3" Au and 238U +33° U. Their
study concluded that nuclear stopping is not completely observed above FE;,. = 30
MeV /nucleon, whatever be the system size. It was found that mean-free path exhibits
a maximum at Ayy = 9.5 £ 2 fm at Fj,. = 40 MeV /nucleon and A\yy = 4.5 £ 1 fm

at E;,. = 100 MeV /nucleon and are in agreement with theoretical predictions.

1.7.1 Theoretical review

Numerous attempts have been reported regarding the theoretical study of nuclear stop-
ping. Micghal Gryzinski [112] studied the stopping power. For studying the absolute
stopping power, equations were derived on the basis of Classical Mechanics. Nuclear
stopping power showed dependence on density and momentum of the electron. Calcu-
lations of nuclear stopping, ranges and straggling in low energy region was studied by
W. D. Wilson et al., [113]. In the free electron approximation interatomic potentials
were calculated and these calculated potentials are accurate for the prediction of the
energy ranges.
Nuclear stopping was further carried out by Renfordt et al., [99] for the reaction
30 Ar+15°Pb at 0.8 GeV /nucleon. Distribution of nucleons in heavy-ion collision have

spherical shapes and resulting in complete stopping of projectile nucleons. These ob-
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servations were compared with the hydrodynamical model [114].

W. Bauer [96] studied the nuclear stopping at incident energies around 100
MeV /nucleon. Boltzmann-Uehling-Uhlenbeck theory was used for numerical calcu-
lation and later compared with an approximate scaling function. B. A. Li et al., [115]
studied the excitation function of nuclear stopping using a relativistic transport model
for the reaction 137 Au +39" Au. They observed that complete stopping can be achieved
in the whole beam momentum range.

Nuclear stopping was studied by Liu et al., [116] for different systems 29Ne +2) Ne,
NAr+19Ar, 720455 Zn, 12Sn+12 Sn and }24Sn+12* Sn. They proposed that nuclear
stopping can be used to extract information on the isospin dependence of in-medium
nucleon-nucleon cross section.

Yang et al., [117] studied the entrance channel dependence of the isospin effects on
nuclear stopping. The colliding systems are 19Ar +55 Zn, SSNi +355 Ni, 33 Fe +38 Fe,
50T +535Cr, 18 Zn+15 Zn, §0Zn+53 Zn and [}2Sn+152 Sn at E = 100 MeV /nucleon and
impact parameter b = 0.0, 1.0, 2.0, 3.0, 4.0 and 5.0 fm. Nuclear stopping was found
to be sensitive towards the incident energy, impact parameter, mass of the colliding
nuclei and in-medium nucleon nucleon cross section, but is insensitive to the symmetry
potential and the isospin asymmetry of the colliding nuclei. Momentum-dependent
interactions (MDI) strongly suppresses the sensitivity of nuclear stopping [117].
Isospin effects of Coulomb interaction and symmetry potential using the isospin-
dependent quantum molecular dynamics model was studied by Liu et al., [118]. Isospin
effects have been used to obtain the information for the NN cross section and mean
field.

Dhawan et al., [119] investigated the emission of light complex particles. In their
work different symmetric reactions were considered i.e., 3)Ne +329 Ne, 30Ca +3) Ca,
SSNi 455 Ni, BNb+33 Nb, :3°La +12° La and 3" Au +39" Au. They concluded that
nuclear stopping in central collisions are better randomized than peripheral ones.

Y. Zhang et al., [120] reported that binary nucleon-nucleon cross-section (NNCS) and
mean field are the two important ingredients of nuclear transport model. In medium

NNCS was explored using the symmetric system 3’ Au +137 Au and results were com-
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pared with quantum molecular dynamics simulation. Also, stopping parameter vartl,
rapidity variance in the transverse direction to the longitudinal direction was used to
measure the nuclear stopping.

The phenomenon of nuclear stopping and compression had been wonderfully explained
by Fen Fu et al., [121]. Two symmetric systems 55 Ni +55 Ni, and 5° Pb +15° Pb were
used to calculate the nuclear stopping. The ratio between the flow energy and the total
available energy in center of mass of the colliding systems shows strong relation with
degree of nuclear stopping.

Kumar et al., [122] studied global nuclear stopping for the reactions 39Ca +35 Ca,
SSNG +55 Ni, BNb +3 Nb, 13 Xe +131 Xe, and 37 Au +157 Au at different energies.
Role of momentum-dependent interactions and symmetry energy were checked. Nu-
clear stopping is found to be sensitive towards the momentum-dependent interactions
and symmetry energy at low incident energies. Maximum stopping is observed at the
central collisions. It was proves that [123] the light mass fragments (LMF’s) production
was highly correlated with global stopping. They further studied the nuclear stopping
parameter’s R and ()77 using both the hard and soft equation of states. From their
results, it was concluded that nuclear stopping can be studied in term of anisotropy
ratio and quadrupole moment depends weakly on the symmetry energy and strongly
on the isospin-dependent cross-section.

Effect of charge asymmetry and isospin-dependent cross section on nuclear stopping
were studied by Jain et al., [124,125] and the reaction ?*X 4124 X where m varies
from 47 to 59 and for the reactions 2°Y +10Y where n varies from 14 to 23 respectively.
Their finding concludes that nuclear stopping is strongly depend upon the isospin-
dependent cross section. Theoretical results followed the similar trend as recorded by
INDRA collaboration. In another study simulations were carried out for the reactions
2Apr 4124 Pr (N/Z = 1.101), }2Ba +i2' Ba (N/Z = 1.214), 21T +124 T (N/Z = 1.33),
2T 41241 (N/Z = 1.48) and (2'Ag +12' T (N/Z = 1.638). The participant matter and
anisotropic ratio decreases and the spectator matter and relative momentum increases
with an increases in N/Z of the system.

Nuclear stopping in asymmetric colliding nuclei were studied by Varinder et al., [126].
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The reactions are 50 Fe +35 Ru (n = 0.2), 39Cr +192 Ru (n = 0.3), 33Ca +i* Sn (n =
0.4), 328 +120 Sp (n = 0.5), 2857 +13* Xe (n = 0.6) and {°0 +13 Xe (n = 0.7). Max-
imum nuclear stopping was obtained in case of nearly symmetric systems. Individual
contribution of neutron and proton were investigated in terms of stopping observable,
anisotropic ratio and the quadrupole moment.

The effect of density-dependent symmetry energy on nuclear stopping was studied by
Vinayak et al., [127]. The reactions 30Ca+30 Ca (N/Z = 1), 55Ca+35 Ca (N/Z = 1.5),
S9Ca+53Ca (N)Z =2), 38 Ni+35 Ni (N/Z = 1.07), 22Ni+32Ni (N/Z = 1.5) 5t Ni+52 Ni
(N/Z = 2), 150Sn +15° Sn (N/Z = 1), 14Sn +124 Sn (N/Z = 1.5) and °Sn +150 Sn
(N/Z = 2) were choosen. The nuclear stopping is found to decrease with increase in
stiffness of density-dependent symmetry energy. In Ref. [128,129], the effect of rapidity
distributions on nuclear stopping was investigated with density-dependent symmetry
energy using isospin-dependent quantum molecular dynamics model.

In 2013, a new concept of memory loss, in nuclear stopping was introduced by Jun Su
and Feng-Shou Zhang [13]. They calculated stopping parameters < vartl > and Rpg.
Results of stopping parameters were compared with the entrance channels isotropic
ratio R$™ . Their study concluded that in the central collision the complete global
equilibrium can not be achieved.

Nuclear stopping and Pauli blocking for the symmetric reaction 1% Xe +129 Sn were
studied by Yong-Zhong Xing et al., [130]. In the Fermi energy domain they calculated
the isotropy ratio RE for the free protons. Their study revealed that the isotropy ratio
RE evaluated using IQMD model is very sensitive to the Pauli-blocking effects.

The isotropy ratio RE for the reaction, }3° Xe+12%Sn using semiclassical Landau-Vlasov
transport model was studied by Z. Basrak et al., [131]. They investigated the impacts
of the nuclear mean field on reaction centrality and modified nucleon-nucleon (NN)
cross section.

Anti-symmetric molecular dynamics (AMD) model was used to study nuclear stopping
and light charged particle emission for the reaction (*C' 412 C' at 95 MeV /nucleon by
G. Tain et al., [132]. Energy spectra and angular distributions using AMD for light

charged particles with Z < 2 was produced. In their investigation it was concluded
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that nuclear stopping plays a key role for the calculation of angular momentum.

1.8 Review of experimental attempts on nuclear
flow

Collective flow and its components were measured experimentally by many collabora-

tions due to its attractive features. The list of different experimental collaborations

where several accelerators were built are as follow

e KOS, collaboration at Lawrance Berkely National laboratory’s Bevalac heavy-ion ac-

celerator facility [133].

e FOPI and ALADIN (A Large Acceptance Dipole Magnet) collaboration at

Gesellschaft fur Schwerionenforschung (GSI) Darmstadt, Synchrotron for heavy-ions

(SIS) accelerator facility [134,135].

e LBNL, Lawrence Berkeley National Laboratory collaboration and Plastic Ball at

Bavalac accelerator [83].

e AGS, Alternating Gradient Synchrotron at Brookhhaven National Laboratory two

experiments, E877 and E895 were performed [136].

e Diogene collaboration at Saturne Synchrotron in Sachley France [82].

e STAR collaboration at National Superconducting Cyclotron Laboratory, Michigan

State University (USA) [137,138].

The detailed study made by these collaboration are discussed below:

The Plastic Ball collaboration [139], showed two different collective effects for the first

time: the bounce off and the side-splash of the participants for the reactions 30Ca+33Ca

and 92Nb +32 Nb at 400 MeV /nucleon. FOPI collaboration [135] studied the sideward

flow without reaction plane reconstruction and compared their results with the theo-

retical predictions. EOS collaboration [133] had measured fragment flow in 1995, using

reaction 137 Au 4137 Au with beam energy 0.25A to 1.15 GeV /nucleon. First measure-

ment of directed flow for protons, deuterons, tritium, >He, *He, and Li was observed.
Interesting experiments in the year 1996-97, were carried out at National Super-

conducting Cyclotron Laboratory (NSCL) at Michigan State University (USA) 47 ar-
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Figure 1.15: Sketch of FOPI detector. The figure is taken from the Ref. [134]

ray. Initially, disappearance of transverse flow for the reaction {3 Ar +33 Sc and impact
parameter dependence was investigated [137,138]. Their results concluded that balance
energy depends upon impact parameter of the nuclear reaction. Isospin dependence of
collective transverse flow for the reactions 55Fe +55 Fe and 55Ni +35 Ni was demon-
strated by R. Pak et al., [140,141] and transverse flow for different fragments Z = 1, 2
and 3 was calculated. From experimental demonstration they concluded that neutron-
rich system exhibit larger flow.

P. Crochet et al., [142] studied the balance energy and transition energy for the system
197 Au 4397 Au. Tt was reported that the balance energy points occurred at lower beam
energies than transition energy points. E877 [143], collaboration measured the directed
flow for the light nuclei like deuterons, tritium, * He and * He for four centrality regions.
D. J. Magetro [144] studied the transverse flow for the reaction 33’ Au+1" Au and they
calculated balance energy for the lighter system as well as for heavier system.

First differential directed flow [145] for the symmetric reaction 197 Au +137 Au, was
studied by FOPI collaboration [146]. The differential directed flow for Z =1to Z =6

particles were calculated. FOPI collaboration also calculated the transitions from in-

28



Target region detector configuration

HALO 1 HALO 2
(active 1y collimator) (active x,y collimator) Ry /
m rd
vacuum window / \ e

| Lz

rreyred
START detector

REACTION counter

Figure 1.16: Target region detector configuration in FOPI detector. The
figure is taken from the Ref. [134].

plane to out-of-plane [147] for the reaction 137 Au++3” Au. Collaborators concluded that
while going from lower to higher incident energies, in-plane to out-of-plane transitions
are occurred. As the mass of the system increases, there was systematic decrease in
transition energy. In the year 2003 [148] FOPI collaboration calculated the differential
directed flow for three nuclear reactions 23’ Au—+13" Au, }3° Xe+132 CsI and 5§ Ni+353 Ni.
Experimental results of directed flow was compared with IQMD model. They conclude
that momentum dependent interactions are the only model ingredients which can be
used for the reproduction of the data for the following reactions 13’ Au +13° Au and
9 Xe +1382 CsI. The discrepancy occurred in the lighter system 5§ N7 +5§ Ni needs to
be addressed separately.

A new method Lee-Yang zeros was introduced by FOPI collaboration [149] for the first

analysis of anisotropic for the reaction {$Ru +3$ Ru at 1.69 GeV/nucleon. INDRA
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Figure 1.17: Reaction-plane detector in forward and outer plastic wall.

collaboration measured the sideward flow around the balance energy [150] for the re-
actions 33 Ar +35 Ar, 53Ni 455 Ni and }2°Xe +11® Sn, at incident energies ranging 30A
to 100 MeV /nucleon. Calculated values for the balance energy at central collisions for
the three systems was equal to (82 + 4) MeV /nucleon for $SAr +35 Ar and (75 + 2)
MeV /nucleon for 53 Ni +58 Ni system. For 13 Xe 4% Sn reaction balance energy was
found to be 50 MeV /nucleon.

INDRA and ALADIN collaboration [17] also measured directed and elliptic flow for
the mass symmetric system 2" Au +397 Au at intermediate energies where the incident
energy varying between 40 MeV /nucleon and 150 MeV /nucleon is taken into account.
STAR collaboration [151] studied the anisotropic flow coefficients vy and vy. They
have calculated the ratio vy/v3 in the 20% — 30% centrality interval. Directed flow of
pions, kaons, protons and antiprotons for +" Au +137 Au system were also measured
by STAR collaboration [152]. Higher flow harmonics have been studied by STAR col-
laboration [153,154]. Elliptic (v2) and triangular flow (vs) were studied extensively by
ALICE (A Large Ion Collider Experiment) collaboration [155]. They have presented
the first measurement of transverse momentum p, and differential triangular flow and
observed that vs have features similar to vs.

Recently, Sushanta et al. [156] studied the nuclear modification factor (Rs4) and
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transverse-momentum spectra for the reaction 5°Pb +{3> Pb at Large Hardon Col-

lider (CERN), where nuclear modification factor R44, is defined as

(1/N§4)d*Naa/dydpr
< Neoy /o9 >) x d?0,,/dydpr

Raa(pr) = ( (1.4)

where d®?Naa/dydpr is the yield and N is the number of events in nucleus-nucleus
collisions. Their study concluded that collective radial flow shows significant and vital
role in explaining the transverse-momentum distribution using Boltzmann-Gibbs Blast

Wave function.

1.8.1 Theoretical attempts

The collective sideward flow was studied theoretically by H. Stocker et al., [157]. Energy
spectra and angular distributions, dependence on the impact parameter was predicted.
Sideward emission of fragments for the central collisions was compared with available
experimental data. P. Danielewicz and G. Odyniec [158] reported that transverse-
momentum method is used to analyze collective flow in the $5Ar +38 KCI reaction
at 1.8 GeV/nucleon and predicted that collective effects were considerably stronger
from the Cugnon cascade model [159]. Transverse momentum distribution was also
studied by G. F. Bertsch et al., [160]. It was reported that as the incident energy
increases above 100 MeV /nucleon transverse momentum changes sign because of the
weak mean field. As the incident energy increases nucleon-nucleon collisions plays vital
role. G. Peilert et al., [161] studied the fragment flow for the reactions +3" Au +137 Au
and $3Nb +93 Nb in the energy range 100 to 800 MeV /nucleon. The disappearance of
collective flow was studied by G. D. Westfall et al., [162] for the reactions {*C +§ C,
WNe+38 Al 38 Ar +33 Sc and 53 Kr+93Nb using Boltzmann-Uehling-Uehlenbeck model.
They calculated the balance energy for the above mentioned reactions and scaled the

/3. The disappearance of flow was also studied by Sven

value up to the order of A~
Soff et al., [163] for the reaction 39Ca+39 Ca using QMD model. Their study concludes
that balance energy completely lean on impact parameter of the nuclear reaction.

Mass dependence of directed flow was studied by M. J. Huang et al., [164] for the reac-

tion § Kr +137 Au at an incident energy 200MeV /nucleon. Light mass fragments show
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linear dependence and intermediate mass fragments are nearly independent of collec-
tive flow. The transversal radial expansion was studied by Voloshin and Zhang [165].
An important features of directed flow and radial transverse flow were studied in the
azimuthal distribution.
Isospin-dependent quantum dynamic model was used to determine squeeze-out flow
in heavy-ion collision for different input parameters for the reactions :2*Sn +12* Sn
and }2*Ba +12* Ba. Tt was found that neutron rich system shows weaker squeeze out
flow [166]. D. J. Magestro [167] showed nuclear equation of state parameter i.e., nu-
clear compressibility (k) can be isolated. With increase in the system mass, impact
parameter dependence of balance energy weakens. In their calculations, they have used
BUU model [168-171] showing the dependence of Epy on oyy,.
Aman D. Sood et al., [172] considering symmetric colliding nuclei *C' +42 C, 20 Ne +39
Ne, 395Ca+30Ca, SSNi+3S Ni, BNO+3Nb, 13 Xe+13 Xe, 17 Au+19" Au and 338U +233U
at normalized impact parameter and using different nucleon-nucleon cross sections to
study of the energy of vanishing flow. Their study concluded that impact of energy
on vanishing flow was very less for both the equation of state as well as momentum
dependent interactions.
Isospin effects on balance energy were studied by Sakshi and Sood [173] using IQMD
model. The reactions for two sets of isotopic and isobaric pair were: 2SMg +35 Mg,
8 Zn+557Zn, SMo+3 Mo, " Xe+1l7" Xe, 16405 +18* Os having N/Z = 0.54 and reac-
tions BMg +35 Mg, 97Zn +3 Zn, S Mo +35 Mo, 126X e +126 Xe, 1170s +1I7 Os having
N/Z = 0.54, for N/A = 0.5 reaction are 35Mg +35 Mg, 55Cu +35 Cu, 2Kr +32 Kr,
NCd +38 Cd, O°Nd +§2° Nd, §2°Ho {3 Ho and reactions having N/A = 0.58 are
WNe+2 Ne, 3Cr+55Cr, BZn+12 Zn, 5 7r +55 Zr, 12080 +120 Sp and 13° Ba+1% Ba.
Their study concluded that isospin effect was not visible for any above mentioned re-
actions.
Sanjeev et al., [174] used the mid-rapidity region to study the elliptic flow (v5). With
the change in mass asymmetry [175] and system size of fragments the transition en-
ergy is found to decreases. Production of light mass fragments (LMF’s) also exhibits

isospin effects in the mid-rapidity region. Elliptic flow (ve) [176] was also studied by
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using different form of density dependent symmetry energy.

Elliptic flow associated with neutron and proton was studied by M.D. Cozma [177].
The neutron proton elliptic flow difference (npEFD), vy "=vl — v} shows very little
dependence on compressibility(x), Gaussian width (L), NN cross-sections and isospin
asymmetric equation of state. In the year 2013, Yan Ting-Zhi [178] studied directed
and elliptic flow for the symmetric system 157 Au+137 Au. It was reported that directed
flow occurs because of nucleon-nucleon collision and elliptic flow occurs due to fire-ball
expansion and therefore overwhelm system rotation with increase in the energy. Col-
lective flow of light charged particles like proton, neutrons, deuterons, tritium, *He
and 3He in 137 Au +337 Au at three different energies 150, 250 and 400 MeV /nucleon
were studied by Yongjia Wang et al., [179]. It was concluded that light particles are
sensitive to medium modification of nucleon-nucleon cross sections.

In the recent study, correlation between elliptic flow, shear viscosity () and specific
viscosity (n/s) with impact parameter were studied by C. L. Zhou et al., [180] and from
the results it was concluded that ratio of elliptic flow with impact parameter (vq/b)
decreases linearly with increase in the shear viscosity (1) but increases with increasing
specific viscosity (1/s).

The balance energy using IQMD model was studied [181] and role of different equation
of states has been analyzed. The mass dependence of balance energy at peripheral
geometry acts as a probe to study the stiffness and compressibility of nuclear matter.
The higher order flow harmonics of identified hadron for the reaction 258 Pb +25% Pb at
energy 2.76 TeV /nucleon was studied [182] by using event-by-event VISHNU hybrid
model. The results were compared with the recent ALICE measurements for the pr
spectra and differential flow harmonics ve(pr), v3(pr), and vy(pr). Using the same
event-by-event VISHNU hybrid model [183] the pr-spectra and elliptic flow (vg) of
hadrons such as A, = and 7 for the reaction 13" Au +33" Au at energy 200 GeV /nucleon
were studied and compared with the calculations of STAR experiment. Recently, dif-
ferent flow shapes and higher harmonics in anisotropic transverse collective flow for
197

the reaction 337 Au +137 Au at various incident energies were studied [184]. Jet-finder

algorithm method was used to study the flow shapes and properties of anisotropic
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flow. To study the longitudinal flow fluctuation in heavy-ion collisions Jiangyong Jia
et al., [185], studied the several new observables which was motivated from previously
CMS collaboration [186] studies. It was proved that these observables are sensitive to
the event by event fluctuations and act as a framework to investigate the longitudinal

flow fluctuation.
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1.9 Organization of thesis

The thesis is organized as follow:

e In chapter 2, we will describe the various models in brief i.e., IBUU, ImQMD,
QMD, FMD and IQMD will be discussed in detail. Also, we shall discuss the sec-
ondary approaches (algorithms) such as MST which are used to clusterize the phase
space obtained from primary models.

e Chapter 3, we have discussed the detail of collision dynamics (central and peripheral
collision). The results for N¢,y; as a function of impact parameter for the mass symmet-
ric reaction ¥y’ Au+%" Au at two incident energies i.e., E = 50 and 400 MeV /nucleon is
presented. Nucleon which suffer one or more collisions with nucleons of the other nu-
cleus, is usually called a participant nucleon i.e., Np4. A number of spectator nucleons
Ngpee constitutes the part of the nuclear volume not involved in the interaction. We
have also checked the individual contribution of projectile nucleons and target nucleons
at lower energy (50 MeV /nucleon) or as well as at higher energy (400 MeV /nucleon).
The phase-space evolution for symmetric and asymmetric colliding nuclei have been
displayed.

e In chapter 4, the stopping observable < Rp >, < Rp > and < varzz > are studied.
The different nuclear stopping observable exhibit different sensitivities. It is of high
interest to learn, which observable is the best to study the nuclear stopping. Initially,
time evolution of the stopping observable at incident energies E = 50 MeV /nucleon
or 400 MeV /nucleon has been displayed. The variation of three different stopping ob-
servable (< Rg >, < Rp > and < varxzz >) has been displayed at initial time step
i.e., t = 20 fm/c as well at higher time steps t = 200 fm/c. In the next step, incident
energy dependence of nuclear stopping for proton ({ H), deuterium (2H), tritium (3H)
and the fragment having Z=1 have been studied.

e In chapter 5, author has presented the analysis on the nuclear stopping by simu-
lating various type of nuclear reactions. The main aim of the study is to address the
significance of mass asymmetry on the projectile stopping and compensate the effect

of mass asymmetry by varying the impact parameter. The anisotropy ratio < R, >
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is compared with mass asymmetric reactions for which total system mass is kept fixed
(Aror = 240,160, 100, 80,40) and also when the total mass is floating at incident en-
ergies E = 50 and 200 MeV /nucleon. In the next step, < R, > is compared with 50%
of the participant matter (b/bpma: @< Part >pnomm) for total mass floating and when
the mass is kept fixed (Apor = 240).

e In the chapter 6, we present the comprehensive interpretation of the momentum
distribution of nucleons participating in different kind of nuclear flow, < vy >, < vy >,
< vy > and < vy >. The main aim intention is to estimate the participation of nu-
cleons among different harmonics of anisotropic flow and to pin down the correlation
between over all rapidity region and mid rapidity region. In the step ahead author has
tried to study the characteristics of transition energy. Another feature associated with
transition energy is to explore the isospin effects which is also included in the present
chapter. Anisotropy ratio Ry for A = 1, 2, 3 and 4 particles for two impact parameter
bins have been reported.

e In the Chapter 7, author summarizes the results and also contains an outlook of

the present work.
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Chapter 2

Methdology

2.1 Introduction

Experimentalist, as well as theoretician in the past few decades, have studied the nu-
clear reactions from low to relativistic energies. There exists a variety of phenomena
from low to relativistic energies [18-20,111,187-192]. At low incident energies Pauli
principle blocks majority of the scattering nucleons and the physics in this energy re-
gion dominates by the attractive mean field. The combined role of attractive mean
field and repulsive nucleon-nucleon scattering exists [60, 193, 194] at intermediate en-
ergy which is the main focus area of present thesis. The essential condition to construct
a relativistic theory in heavy-ion collisions is to describe simultaneous role of mean field
and nucleon-nucleon interactions.

Depending upon the interaction of nuclei i.e., either they interact by binary hard col-
lisions or by the superposition of the soft interactions of all nucleons, there are two
different approaches to study reaction dynamics of the Heavy-ion Collision. A tool to
study the reaction dynamics of heavy-ion collisions from the initial configuration to
the final distribution of nucleons in phase-space, by treating the colliding nuclei as a
classical N-body system was first studied with the help of Intranuclear Cascade Cal-
culations (INC) [195-197] in the early eighties. The main disadvantage of this model
was neither the Pauli blocking of nucleon-nucleon scattering nor an attractive mean
field due to nucleons were included in the calculations. Due to the absence of these
effects this model is applicable only for the reactions at high beam energies where a

large fraction of nucleons are unbounded.
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Another description was given by the classical molecular dynamics (CMD) model
[198-200]. In this model nucleons interact via classical potentials and no collisions
of nucleons is assumed to takes place, like INC it is also an N-body approach. The
main drawback of these models is that all the quantum features which are necessary
to describe high energy heavy-ion collisions are neglected. The classical potentials can
only provide a poor approximation to nucleon-nucleon scattering and nuclear binding
energy. Therefore, in order to give the full description of these effects, quantum effects

of the nucleons are necessarily be included.

2.2 Quantum Molecular Dynamics (QMD) Model

The quantum properties of the nucleons like nucleon-nucleon collisions are successfully
introduced by Aichelin and co-workers [60] by solving the time dependent Schrodinger
wave equation in the Hartree-Fock approximation. This time dependent Hartree-Fock
model (TDHF) has been applied with some success to heavy ion collisions at low in-
cident energies. However, the dynamics at intermediate energies requires the equal
weightage to nucleon-nucleon binary collisions as well as mean field. Therefore, the ex-
act information about the real (trajectory of nucleons) and imaginary (nucleon-nucleon
collisions) parts of potential is required.

However, isospin degree of freedom is equally important to extract the information
about the equation of state (EOS) of neutron rich matter induced by neutron-rich
beams (stable or radioactive) at intermediate energy. This isospin degree of freedom
enters into the real & imaginary part in terms of iso-vector (symmetry) potential,
isospin dependent in-medium nucleon-nucleon cross section and Pauli blocking respec-
tively. The other essential features is to address the time evolution of the phase-space
density from the begining (where matter is non-equilibrated) to the final state (where
matter is cold and fragmented).

The dynamical transport models employed at intermediate energies are supposed to
contain the above said features and can be sub-divided into two classes:

The models:
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1. Which follow the time evolution of one-body phase space distribution i.e.

VUU/BUU, IBUU and SMF.

2. Which are based on N-body molecular dynamics or cascade dynamics i.e. QMD

and TQMD.

2.3 Importance of Iso-spin dependent models in
heavy-ion collisions at intermediate energies

The main goal of studying isospin physics in heavy-ion collisions is to explore the
properties of nuclear matter and its equation of state. Various phenomena associated
with isospin have been observed in heavy-ion collisions. Iso-spin dependent models
tend to explain the essential isospin physics which govern the complex interactions
among the neutrons and protons. The entire study of present thesis is carried out by

using the Isospin Quantum Molecular Dynamics (IQMD) Model.

2.3.1 Different theoretical models based on iso-spin effects

1. IBUU

IBUU (isospin-dependent Boltzmann-Uehling-Uhlenbeck), is semi classical transport
model in which an isospin and momentum-dependent mean-field of single nucleon po-
tential is used. The isospin degree of freedom has been incorporated in the model by
the elementary nucleon-nucleon cross-section and the nuclear mean field. To extract
the important information of nuclear matter properties and collision dynamics, IBUU
model [201-203], just like BUU model [204,205] was widely used for simulations. This
model provides an explicit sketch of the time dependence one-body distribution func-
tion. The Boltzmann-Uehling-Uhlenbeck equation describes the time evolution of the

single particle phase-space distribution function and reads as follow:

0 A3y dPpodiyp. . ,
Oh +v-V, /i =V, U-V,fi = /%012012(%)353(?1 +p2— P — 1)

ot
< A= )= £) = if0-f)0- ).
(2.1)
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Here oy, is the differential cross-section for a certain change of momentum
(p1,p2) — (P1,p2) and vys is the relative velocity for the colliding nucleons.

In this model, U is the mean field, which is a function of the local density. It can
be parametrized as an arbitrary function of the density, making possible to model a

variety of equations of state. Typically, it can be written as, the sum of three terms:
U= VCoul + VN + VSym7 (22)

where Viou, Vv and Vg, represents the Coulomb, iso-scaler nucleon potential and
the symmetry energy, respectively. The nuclear mean field U including the isospin
symmetry term is parametrized as:

’y J—
U(Pa Tz) = (ﬁ) + (ﬁ) + (1 — Po)Vcoul + CMTZ. (2.3)
Po Po £o

Here py is the normal nuclear matter density, p, p, and p, are the nucleons, neutron
and proton densities, respectively. 7, equals to +1 or -1 for neutrons or protons, respec-
tively. The Vi, as discussed above is the Coulomb potential. Its strength C' can be
deduced from experiments (e.g. nuclear symmetry energies, optical potentials for nu-
cleon scatterings, excitation of analog states in (p,n) reactions). In the IBUU model the
cross-section of neutron-proton collisions is about three times that of neutron-neutron

and proton-proton cross-section (0,, = 30,, = 30,,).

Comparison of IQMD model with IBUU model

The main drawback of BUU model is density fluctuations. The density fluctuations
lead to the fragment production, are suppressed in the BUU equation [206—209]. To
overcome these drawbacks, alternate model like, Isospin dependent Quantum Molecu-

lar Dynamics (IQMD) model has been developed to address the density fluctuations.

2. ImQMD

The quantum molecular dynamics (QMD) [60] model was proposed for simulating the
heavy-ion collisions (HICs) at intermediate energies. The improved quantum molecu-
lar dynamics model (ImQMD) [210] is extended to the field of low energy heavy ion

fusion reaction research based on the QMD model.Since the QMD model is suitable
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for medium and high energy heavy ion collision studies, it is quite difficult to apply the
QMD model to low energy fusion reactions. To extend the QMD model for the study of
heavy-ion reactions at energies around the Coulomb barrier, the InQMD [210] model
was proposed based on the QMD framework with some modifications:

e The standard Skyrme interactions is adopted for describing the bulk properties and
the surface properties of nuclei.

e To consider the fermionic properties of nucleons when Fermi constraint is used.

e The mass dependence of the wave-packet width is used so that the surface properties
of finite nuclei and the fluctuations in the reactions are better described.

e The momentum dependence of the nucleon-nucleon interactions is involved in this
ImQMD model based on Skyrme interactions.

A further improvement in ImQMD model is made by same group [211] to study the
dynamical process of fusion reactions keeping in view the stability of individual nu-
cleus [212,213]. This model has also been used in studying isospin effects in reaction
dynamics [214,215]. The ImQMD model is mainly applied to study heavy-ion collisions
at intermediate and low energies. The model is widely used for heavy ion near-base

fusion reaction and strong damping reaction of giant composite system.

3. FMD

The model of Fermionic Molecular Dynamics (FMD) was suggested in 1990 [216-218],
in order to describe the heavy-ion reactions in the energy region below particle pro-
duction and ground state properties of atomic nuclei. When classical dynamics is
applied to the atoms and molecules, the study is called as ‘molecular dynamics [219].
Fermion molecular dynamics (FMD) is a quasi-classical method for treating quantum-
mechanical systems by using classical equations of motion along with momentum-
dependent model potentials added to the usual Hamiltonian. These model potentials
constraint the motion of nucleons by satisfying the Heisenberg uncertainty principle and
the Pauli exclusion principle. Classical points in the phase space is replaced by wave
packets and thereby introducing quantum properties into classical molecular dynam-

ics. Fermionic Molecular Dynamics model [216-218,220] for fermions was investigated
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thoroughly which works with antisymmetrized manybody states composed of localized
single particle wave packets. Various phenomena like shell effects, cluster structure,
incomplete fusion, dissipative binary collisions and multi-fragmentation are addressed
by FMD. In FMD model each particle follows a single trajectory which cannot split
into two or more with certain amplitudes like in the quantum case. By using the con-

cept of time averaging, thermodynamic equilibrium properties can be determined by

using FMD.

4. AMD

Antisymmetrized molecular dynamics was used to define the microscopic simulation
framework for heavy ion reactions. AMD [221-225] is similar to the Fermionic molec-
ular dynamic (FMD) with respect to the choice of the trial state and includes random
branching between trial states. FMD approach is based on width parameter and in
case of AMD width is constant.The essential properties of nuclear ground states is
reproduced by this model. For the reproduction of fragment nuclide distribution AMD
was verified as an excellent simulation framework for heavy ion reactions and at the
same time it is expensive when applied to heavier systems. AMD simulation method
does not assume any clusters but can describe the shell effects and the clustering effects
in the case when they should appear in the simulation. In the next section, we will
discuss the Isospin quantum dynamics model (IQMD) and its numerical realizations

in detail.

2.4 Isospin Quantum Molecular Dynamics (IQMD)
Model

Isospin-dependent Quantum Molecular Dynamics (IQMD) model is an extension and
improved version of the QMD model which incorporates the isospin degree of freedom
and is developed by Hartnack et. al. [194]. The isospin degree of freedom enters into
the calculations viz. in both cross section and mean field [72,226]. Since it is an ex-

tension of QMD model and also consists of three steps namely:
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e Initialization

e Propagation

e Nucleon-Nucleon collisions

In the first step, one has to generate the nuclei also known as initialization. After the
initialization, nuclei propagate under the influence of surrounding mean field. This
is termed as propagation. In the last step, nucleons are finally bounded to collide if
they come too close to each other. In the following subsections, all the three steps are

elaborated in details.

2.4.1 Initialization

Both in QMD as well as in IQMD models, the nucleons are represented by Gaussian
wave packets which interact by mutual two and three body forces. The model simulates
the heavy-ion collisions on an event by event basis and as a consequence preserves the
correlations and fluctuations. In IQMD model, the centroids of Gaussians in a nucleus
are randomly distributed in a phase space sphere (r < RAY3 and p < pp, where A
is the mass number of nucleus under consideration) corresponding to the ground state
density. The wave function for i nucleon which has a mean position r;(t) and mean

momentum p;(t) is given by:
~ 2

Yi(r, pi(t), mi(t)) = Wexp %pi(t)-r - % (2.4)
The parameter L, is related to the extension of the wave packet in phase-space and
is a measure of interaction range of nucleons. In the QMD model, L is 1.08 fm? and
is independent of system size, whereas in the IQMD model, L varies with size of the
system. This system mass dependence of L is introduced so as to obtain maximum
stability of density profile equals to 8.66 fm? for Au+Au and 4.33 fm? for Ca+Ca and
lighter nuclei, and in between these two values for intermediate mass.
As the model is semi-classical, therefore to keep the formulation as close as possible
to classical transport theory, we use the Wigner densities instead of wave functions

which correspond to the phase-space densities in classical mechanics. The Wigner
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representation of Ap + Ar nucleon system is given by

1
3R

Gl O) A R O) (2.5)

fi(rap7 t) =

where r;(t) and p;(t) define the classical orbit or the center of the Gaussian wave packets
in phase-space. The parameter L is assumed to be independent of time. The Wigner
distribution of Gaussian wave packets obeys the Uncertainty relation:

AxrAp, > %h
In order to initialize a nucleus, we have to assign the co-ordinates and momenta to all
nucleons. In three dimensional space (inside a sphere with radius R = 1.12A4"3), the

centers of Gaussian wave packet r; are uniformly distributed in polar co-ordinates by

r = R IL‘}/?),
cos) = 1 — 2o,
¢ = 27 T3

where x1, T and z3 are the random numbers. The co-ordinates of nucleons are re-
jected if the distance between them is less than 1.5 fm. The nucleons are initialized
in accordance with the liquid drop model. Each nucleon occupies a volume of h?, so
that phase-space is uniformly filled. The center of each Gaussian wave packet p; are

uniformly distributed in polar co-ordinates

1/3

pi = pF(Ti)%/ )

cosd = 1 — 2ux5,
¢ = 271'336

where, x4, x5 and zg are again the random numbers. In order to obtain a smoother
distribution of nucleons in phase-space, we have introduced a minimum distance d,,;,

and require nucleons in phase-space to satisfy
i = 3%[pi = pil* > dynin (2.6)

Typically only 1 out of 50,000 initializations is accepted under the present criteria. The

accepted configurations are quite stable.
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Figure 2.1: Trajectory of single nuclei of 137 Au at incident energy E= 0

MeV /nucleon.

10

In the Fig 2.1, trajectory of single nuclei of 137Au at incident energy E = 0
MeV /nucleon has been shown. Here, author has demonstrated the ground state prop-
erties of the single nucleus at initial time, t = 0.1 fm/c. Fig 2.1 shows how the single
nucleon moves in the potential generated by all its fellow nucleons in the 137 Au nucleus.
The line joining the nucleons show how they are moving inside the nucleus. Whenever
the nucleons comes close to the surface of the 137 Au nuclei, it gets pulled back by the
other nucleons. The nucleons are confined within the sphere because no collisions are
taking place.

The density profile of single nuclei’s for the system 30Ca, 32Kr, 124Sn and 3" Au is

plotted in the Fig 2.2. To make density profile as accurate as possible, density fluc-
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Figure 2.2: Density of nucleons in Ca, Kr, Sn and Au nuclei plotted versus
radial distance from the center.

tuations is maximum at the centre of all the systems and is nearly same for all the
systems under study at r = 0 fm. This is because the volume of the nucleus is propor-
tional to the number of nucleons, thereby the density of nucleons is nearly same in the
interior. As we move away from the centre of nuclei towards the surface of the system
the density profile falls and attains minimum at the surface. The behavior is similar
for all the systems under observations. The value of the density p varies for different

systems (Ca to Au) from 0.12 to 0.17 fm™3.
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Figure 2.3: Trajectory of nucleons for the reaction 3’ Au +33" Au at inci-
dent energy E = 20 Mev/nucleon, under the influence of different collision
constraints.

2.4.2 Propagation

In the Fig 2.3 author has shown the propagation of nucleons under the influence of
different collision constraints. The black curve shows the trajectory of those nucleons
which undergoes only one collision, red curve corresponds to those nucleons which
undergoes two collisions and blue line corresponds to three collisions respectively. The
distance covered by the nucleons which suffers only one collisions is lesser as compared
to one which suffers two or three collisions. The direction of propagation of nucleons
under the influence of different collision constraints are shown by solid arrows.

Nuclei which have been successfully initialized are then boosted towards each other with
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proper center-of-mass velocity using relativistic kinematics. The centers of projectile
and target move along Coulomb trajectories upto a distance of 2 fm between the surface
of projectile and target. The equation of motion of many body system is then calculated

by mean of a generalized variational principle. We start from the action

to
S— / £[®, *)dr, (2.7)
t1
with the Lagrange functional
. d
L= (@]zh% — H|D), (2.8)

The time evolution is obtained when the action is stationary under the allowed variation

of the wave function

to
08 = (5/ L[P,P*]dt =0 (2.9)
t1
Which yields an Euler Lagrange equation for each parameter A as follow
doL oL
——— = — =0 2.10
dt o) O\ ( )

If the true solution of the Schrodinger equation is contained in the restricted set of
wave function ¢ (r, p;(t),r;(t)), this variation of the action gives the exact solution of

the Schrodinger equation. For the coherent states and for the Hamiltonian of the form,
1 4
Hy=> T+ 5 > V(ni(t) =) (i=1N) (2.11)
i i,J517]
The potential energy V(r;(t) — r;(t))( = V;;) between two particles is obtained by
folding the two-body interaction with the densities of both particles. i.e.,

V(ri(t) —r;(t)) = /fi(ﬁ,pz’;t)fj(%pj;t)V(mTj)dsﬁdg?“jd?’pidspj (2.12)

Using classical Liouville equation, we find that the equations of motion of r; and p;
shows similar structure like classical Hamilton equations (provided the Hamiltonian
can be written as in Eqn.2.11). The nucleons of the target and projectile interact via
two and three body Skyrme interactions, Yukawa potential and momentum dependent
interactions. The isospin degree of freedom is treated explicitly by employing a sym-

metry potential and explicit Coulomb forces between protons of colliding target and
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projectile.

The hadrons propagate using Hamilton equations of motion

OHy . —0Hy
n N a’l"i

(2.13)

Suppose the Hamiltonian for the system is given by local Skyrme nucleon-nucleon

interaction consisting of two-body and three-body interactions only:
Viee = t10(r1 — 12) + t20(r1 — r2)0(r1 — 13) (2.14)

where t; and t; are (two) and (three) body coefficients, respectively. It is well known
that three-body part of above equation is equivalent to a density-dependent two-body
force, however, the IQMD is an N-body theory. Therefore, we prefer to use the three-
body form rather than the density-dependent form. For three-body interactions (which

includes three Gaussian overlap), the Hamiltonian becomes

Hy =S b 1 Z Vi + Y V= ZH (2.15)

i,551#] i,9,ki#jFk

where

Hy =T, += ZVUnL > Vi (2.16)

J JF " gkjAkA

where V;; is potential between two particles and is obtained by folding two-body in-
teraction with densities of both the particles as mentioned in Eqn.2.12. Vjj;, is the
potential among three particles and is obtained by folding three-body interaction with

the densities of the three particles and is written as

‘/z‘jk:/ Fi(rispis ) Fi(ri pis ) fe (i ps OV (12, v, 1) Py P j Py dPpidPp; dPpy (2.17)
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For the two-body interaction represented by second term of Eqn.2.16and according to

Eqn.2.12, we can write,

%Z V;j = 3 Z /fz Tiy Pist fj iy Pj; ) (Tiarj> (2'18>

Jii#) J i#]
X d37’i d37"j d3p2 dgpj

= —Z/fz 7117pl7 f] TJ7pJ’ )

Jyi#d
x0(r; — rj)dgm- d37“j p; d?’pj

— _Z tl/fz rmpu fj T]vpj) )

Jii#d
X d37’i d3pz d3pj

J17é]
(7rh) e~ (r=ri()*2/L —(p— p;(t))?L/2h* d37« d3pz d3pj
1 1 2
_ = f— —(ri—r;)?/4AL
1
— 5 Dij (2.19)
Jyi#d

where, the interaction density p;; is given by:

1 —\ri—ry 2
Pij = /dgT pi(r) p;(r) = (AnL)n¢ (rimra /e (2.20)
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The three-body interactions can be calculated as follows:

Z ‘/l]k = 3_ /fl Tz;pz; fj({r]?p]u )fk(r’mpku )V(riurJ'?rk)

.77k i#j#k J,kii#j#k
x d°r; dgrj d3ry, d?’pi dSpj d?’pk

== ll Z /fz Tzapu f](r]’pﬁ )fk(rk’p’“ )

Jikyi#j#k

xo(r; —rj) 6(r; — 7 )dr; d3rj Ery Ep; d3pj oy,

1 to —[(ri=rj)2+(ri—ri)2+(re—r;)2] /6L
Y 3. 93/2 Z €

@Al 37 e
o 1 t2 —[(Ti—Tj)2+(Ti—Tk)2]/6LX%
T 31(91)333/2 Z €

SHRmLP8Y

2

_ 1t (4mL)3/>>? 1 Gir2/aL

3! (2w L)3 - 33/2 o (4w L)3/2

2
1ty 23

J#i
From the above equations, we have noticed that for three-body interactions, the mean
field can be written as [3° ., pij]°.

The total baryon-baryon potential in IQMD model can be given as:

g _ i i i
4 (T F) - V.S'kyrme VYuka'wa VCoul +V + V.

mdz sym

(2.22)

The detail regarding these potentials is discussed below:

In nuclear matter where the density is constant, the interaction density coincides with
the single particle density and Vlg? as well as Vg}k are directly proportional to <,§o)'
The three-body part of the interaction Vl(()i) is proportional to (£0)2. In nuclear matter,

the local potential energy has the form

y :%(3) +L(£)2 (2.23)
e 2\, v+1\p, '

The above potential has two free (o and ) parameters, which can be fixed as per the
requirement. For normal nuclear matter density the average binding energy should be

-16 MeV and total energy should have a minimum at p,. In order to investigate the
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influence of different compressibilities, one can generalize the above potential energy

_afp B (rY
Ve = 3 (po) Qe (po) (2.24)

This equation leads to the nuclear equation of state which connects the pressure and

to

energy. In the study of heavy-ion collisions, one usually uses the so-called the Skyrme
parameterization of nuclear equation of state (EOS) which contains two sets of param-
eter giving the correct binding energy and saturation density. However, two different
types of incompressibility K, one corresponds to soft EOS with K = 200 MeV (at
smaller value of 7), another corresponds to hard EOS with K = 380 MeV (at larger
value of 7). The total Skyrme potential then can be written as:

VIRme = N 15(r — 1) + ta0(ri — ) p T (i + 1) /2) (2.25)

J5i#g

We have a finite range Yukawa term VY% and Coulomb interaction V¢°* which reads

as:
Iri — 5l /1
ou ZZZ 62
Yool — R - T (2.27)
i J

The Yukawa potential is also a short ranged potential in IQMD model with ¢3= -6.66
MeV and p = 0.4 fm (in QMD, p = 1.5 fm). It has been added to existing potential
to improve the surface properties of the interaction which are very important to study
multi-fragmentation.
When momentum-dependent potential (which is optional) is introduced, one has to
readjust the parameters of the Skyrme interaction so as to have correct saturation
properties for the normal nuclear matter and the same incompressibilities as those of the
soft and hard EOS. The parameterized form of the momentum-dependent interactions
which is fitted with the experimental data [227,228] and is given as:

VMPE =N "l (ts(pi — py)* + 1)8(ri — 1) (2.28)

Jii#d

where t, = 1.57 MeV and t5 = 5 x 107* MeV 2. The new parameter sets with

the momentum dependence are called SMD and HMD, respectively. All these set of
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Table 2.1: Parameter sets used in the IQMD model [194].

EOS «a(MeV) pB(MeV) v  §(MeV) K(MeV)

S -356 303 1.17 200
SMD -390 320 1.14 1.57 200
H -124 71 2.00 380
HMD -130 59 2.09 1.57 380

parameters are listed in Table 2.1 along with with incompressibilities. As we have
already stated that, the isospin effects in the IQMD model enters via Coulomb and
Symmetry potential. In the present model, we have used real charge i.e. for proton
Zproton = 1 and for neutron Z,cyiron, = 0 to include the isospin dependence of Coulomb
potential. On the other hand in the QMD model, we have used effective charge (Z.s¢)

for all the nucleons without distinguishing among protons and neutrons. The symmetry

potential which appears due to protons and neutrons is included and is given by

Ve — Z te(1/po) T3 T5;0(ri — ;) (2.:29)

JiiA#]
where tg = 100 MeV and T3; and T3; denote the isospin projection of i*h and j'h
particle (being +1/2 for protons and -1/2 for neutrons, respectively). The Symme-
try and Coulomb potentials are isospin dependent and however Skyrme, Yukawa and
momentum-dependent potentials are isospin independent. For a nucleus in its ground
state, the expectation value of the total Hamiltonian corresponds to its total binding
energy. While comparing with the Bethe-Weizsacker mass formula, the kinetic energy,
the Skyrme interaction and the momentum-dependent interactions contributes to the
volume energy. The Yukawa interaction contributes to the surface and volume energy,
and the symmetry interactions to the volume symmetry energy. There is no term
corresponding to the pairing energy, since it corresponds to a global property of the

nucleus which would be difficult to model by microscopic local forces.
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Therefore, the total baryon-baryon potential in IQMD model can be written as:

ij
+ qukawa

Vi —7) = Vg

Skyrme

{tlé(? _ )+ tad(7 — ) ! (F + F)}

+ VA + Vi + Vi

mdi sym

2
S|+ [

+ [t4ln2 ts(7' — P)* + 1]6(7 — F)]

+ [t3

1 .
+ {tG—Tngjé(ﬁ-’ — F])} (2.30)
Po

2.4.3 Nucleon-Nucleon collisions
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Figure 2.4: Trajectory of nucleons for the reaction 137 Au +137 Au at incident
energy E = 20 MeV /nucleon, under the influence of collisions and mean field.
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In the Fig 2.4, trajectory of nucleons for the reaction 13’ Au +137 Au at incident
energy E = 20 MeV /nucleon, under the influence of collisions and mean field have been
shown. The nucleons which do not suffer any collisions and moving under the influence
of only mean field in a specified direction and represented by red curve. However the
nucleons which suffers multiple collisions and moves randomly in the presence of mean
field are shown by the black curves. The path followed by these nucleons is more
random as compared to the nucleons which do not suffer any collision.

Two nucleons are supposed to suffer a binary collision if the distance between their

centroid is fulfilled by condition

[010
i —rj| < ;t, 0ot = (15, type) (2.31)

where ”type” denotes the ingoing collision partners (N-N, N-A, N-7,....).

Total cross section is the sum of the elastic and inelastic cross sections

Otot = Ocl T Oinel = Oel + Z g; (232)

channels
In addition to nucleons and deltas (as in QMD model), pions are also formed in the
IQMD model via the decay of delta resonances. The following inelastic channels are
explicitly taken into account and constitute the imaginary part of the pion optical

potential

N N — A N (hard — delta production) (a)
)

A — N 7 (delta decay) (b
A N — N N (delta absorption) (¢)
N m— A (soft — delta production) (d)

(2.33)

Elasticm — m, 7 — N, 7 — A, A — A, A — N scattering is not taken into account.
Experimental cross sections are used for processes (a) and (d) [226,229], as well as for
the elastic NN collisions. Inaccessible reactions like AN— NN are calculated from

their reverse reactions ( NN — AN) using modified detailed balance formula [230].
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Table 2.2: a(s) and b(s) as a function of the center of mass energy

= /s (GeV) | a(fm) b

2.104 - 2.12 294.6(z — 2.014)2578 | 19.71(x — 2.014)155

212-243 (x—2.22gj213—240.004112 19.71(z — 2.014)

2.43 - 4.50 (2:348) %7 33.14 arctan(0.5404(x — 2.146)09784)

The angular distribution for the elastically scattered nucleons is given by [195]:

do-el A( )t
~ s 2.34
aQ "¢ (2:34)

where,

o . [3.65(/5 — 1.8766)]°
t= =2 (1 —cosh) and Als) = 63— r = gr6670

/s is the center of mass (c.m.) and energy is measured in GeV.

(2.35)

The inelastic channel is treated in an analogous fashion. The parametrization suggested
by Huber and Aichelin [231] is used: fitted differential cross-sections are extracted from
one boson exchange (OBE) calculations:

dO’in

<2

~ a(s)exp [b(s)cosb] (2.36)

The a(s) and b(s) are functions of v/s and vary in their definition for different intervals
of v/s (see table 2.2). 6 is the polar angle.

In the next step, to identify the isospin effects, we compare the cases when the isospin
dependence of nucleon-nucleon cross-section channel is either turned on oy, (0, =
300 = 30,p) [194] or off 0rpiso (Onp = Opnn = 0pp). In the Fig 2.5, we have shown the
variation of allowed collisions dN,;/dt, for the reaction 137 Au 4137 Au at low incident
energy E = 50 MeV /nucleon (below the balance energy) and at higher incident energy
E = 400MeV /nucleon (above the transition energy). In general, neutron-proton (o)

cross-section is larger with a factor of 2 to 3 than that of the proton proton cross

section (0,,) and neutron-neutron (o,,) cross-section [232]. At lower incident energies

56



15 v v
<0.28 —-c

E=50 MeV/nlicleon 0.0 <b'/bm ax < .

10}

Noiso 1

E=400 MeV/nucleon

50¢

0 i i g O,

0 50 100 150 200
Time (fm/c)
Figure 2.5: The rate of allowed collisions dN.,; = dt versus reaction time

for the reaction 33" Au 4137 Au, at incident energies E = 50 MeV /nucleon and
400 MeV /nucleon [21].

a broader Gaussian shape is observed which clearly indicates the ongoing interactions
among the nucleons and less thermalization. Therefore maximum number of collisions
occurred between 30-40 fm/c. At higher incident energy (E=400 MeV /nucleon), reac-
tion finishes much earlier as compared to lower incident energy (E=50 MeV /nucleon)
and maxima occurs between 20-30 fm/c. At lower as well as higher incident energy,
one can clearly see the difference due to isospin dependent and isospin independent
nucleon-nucleon cross sections.

Fig 2.6, shows similar results as depicted in the Fig 2.5, the only difference is, we are
enhancing and reducing the scaled Gaussian width (SGW = 0.8, 1.0 and 1.2). Scaled

Gaussian width stand for the ratio of enhanced or reduced value of Gaussian width to
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Figure 2.6: The rate of allowed collisions d/N.,; = dt versus reaction time
for the reaction 33" Au 4137 Au, at incident energies E = 50 MeV /nucleon and
400 MeV /nucleon [21].

actual value of Gaussian width used in IQMD model [233]. To obtained maximum sta-
bility of the nucleus, we have always used the mass dependence Gaussian width. Effect
of scaled Gaussian width (SGW) on fragment production and there flow in heavy-ion
collision, has been already studied [233]. In the Fig. 2.6, we have shown the variation
of allowed collisions d N,y /dt, for the reaction 137 Au+19" Au at low incident energy E =
50 MeV /nucleon (where the role of mean field is strong) and at higher incident energy
E = 400 MeV /nucleon (where the nucleon-nucleon collisions play the strong role). At

E = 50 MeV /nucleon, nucleon-nucleon collisions undergoes longer time span (broader
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the Gaussian width) and there is slight difference in collision rate due to small changes
in the Gaussian widths. While at incident energy E = 400 MeV /nucleon the reaction
finishes much earlier (shorter Gaussian width) and negligible difference is seen on the

collision rate due to changes made in the Gaussian width.

2.5 Pauli blocking

The nucleons are fermions, therefore Pauli principle (a quantum feature) is an impor-
tant ingredient in the reaction dynamics. It is difficult to include the Pauli blocking
properly in classical approaches because it has no classical equivalence. To overcome
this, only average phenomenological treatments are usually attempted [234-237]. In
such a case, the basic idea is to prevent nucleons from being in overpopulated regions
of phase space. With the inclusion of this methodology, whenever a binary collisions
occurs the phase space around the scattering partners is checked. For simplicity, each
nucleon is assumed to occupy a sphere in the coordinate and momentum space. The
results of the Pauli blocking ratio are exactly similar to the one calculated by the over-
lapping of the Gaussian and is less time consuming. The fractions P; and P, of the
final phase space are calculated for each of the two scattering partners which is already

occupied by other nucleons. A binary collision is blocked with a probability:
Pblock = 1- [1 — min(Pl, 1)”1 — min(PQ, 1)] (237)

and correspondingly allowed with a probability (1 — Pyeer). For a nucleus in its ground
state, where all collisions should be blocked ideally, the average blocking probability
< Pyoer > is about 0.96. In the case of complete blocking, this factor should be equal

to one.

2.6 Different Methods of Clusterization

The above mentioned models are “primary models” that are used to generate the

phase space of nucleons. We need “secondary models” to clusterize the nucleons into
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fragments. After getting the final outcome of the reaction clusterization approach
plays a significant role. In the following subsections, the secondary models are used to

clusterize the phase space of nucleons and are discussed below in subsections.

2.6.1 Minimum Spanning Tree (MST) method

The MST [60,238-242] is one of the method of analysis which is most extensively used
to clusterize the nucleons. In MST method, two nucleons share the same fragment if

their centroids are closer than a certain distance di;,-

where 7; and 7; are the spatial positions of both nucleons. The value of d,,;, can vary
between 2 —4 fm. However, minimum spanning tree method cannot be used to address
the time scale as it yields big fragments during the early stage of the reaction. This
clusterization method can only be used to analyze asymptotic configurations in which
the fragmenting system can be viewed as a very dilute mixture of free particles and
almost equilibrated fragments. To study the time of fragment formation, one needs to

device a method which should be able to detect the overlapping of fragments.
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Chapter 3

Collision dynamics

3.1 Introduction

Y Top view of the reaction plan

Figure 3.1: Top and side view of the reaction plane.

Collision dynamics is an essential and influential feature of heavy-ion nuclear re-
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actions. According to geometrical concept the interaction between two nuclei depends
firmly on the impact parameter of the reaction. From the physics point of view, when
straight lines are drawn from the center of the two nuclei along Z-axis the transverse
distance between these straight lines is known as impact parameter. Impact parameter
provides the information about centrality of the nuclear reaction. In general, the range
of the impact parameter for the central collision is 0 < b < 0.3, for the semi-central
0.3 < b < 0.6 and for the peripheral collision the range is 0.6 < b < 0.9, (/b\ = b/bmaz,
binaz = 1.12(1411[,/3 + AIT/ 3)) where, Ap and A are the masses of projectile and target
respectively. In Fig 3.1, we have shown the top and side view of the collision in re-
action plane. Proper selection of the impact parameter bin is very important because
stopping power, nuclear flow and compression depends on the overlapping of colliding
nuclei [243-247].

Fig 3.2, describes the geometrical description of the collision process. Initially, two
nuclei are far apart from each other. After the collision, nucleons which participate
in the collision process are known as participant nucleons and the rest of the nucleons

which do not participate in the collision process are known as spectator nucleons.

3.1.1 Central collisions

A central collision or head on collision leads to maximum overlapping between the
colliding nuclei, thereby resulting in more participant and less spectators nucleons. The
study of nuclear matter in extreme states of density and temperature, at small impact
parameters (i.e., central collisions) are the main area of interest. Central collisions
boast to have a wide range of multiple phenomenon [248]. In such types of collision
target and projectile form maximum possible overlapping zone, therefore in the collision
process the maximum number of nucleons participate. At a low energy range, central
collision leads to fusion. At higher bombarding energies, central collision results in
complete disassembly of the system. To study the highly excited compressed hadronic
matter and the quark-gluon plasma, central collisions are most appropriate tools [249]
in nuclear physics. In Fig 3.3, the geometrical arrangement of central collisions is

shown.
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Before Collision

After Collision

Spectator

Figure 3.2: Geometrical description before and after collision.
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Central Collision (Head-on)

Participants

Figure 3.3: Geometrical arrangement of central collision.

3.1.2 Peripheral collisions

A collision far from the center is known as peripheral collision. In these collisions there
are less number of participating nucleons and more number of spectator nucleons. The
amount of momentum and energy transfer [250] in such type of collisions is very small.
The excited fragments are pushed towards the forward hemisphere resulting into non
uniform emissions of the fragments [250]. At low incident energies peripheral collisions
results into deep inelastic interactions and at a high bombarding energies, it results
into fragment production [249]. Author has displayed the block diagram for peripheral
collision in Fig 3.4. In the peripheral collision lesser number of nucleons participate in

collision dynamics as compared to central collisions.

3.1.3 Probability of occurrence of collisions at different im-
pact parameters

In the Fig 3.5, author has displayed the probability of collisions with the number

of nucleons participating nucleons at different conditions. It is further observed that
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Peripheral Collision

Participants

Spectators

Figure 3.4: Schematic diagram of participant and spectator matter during

peripheral collisions.

Probability

No. of participating nucleons

Figure 3.5: Probability of collisions at different impact parameters.
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number of collisions are not same at different collision conditions. While changing in the
impact parameter i.e., from central to semi-central and from semi-central to peripheral,
the probability of nucleons participating in collision dynamics decreases. The black
solid arrow shows the percentage of participating nucleons during the collision process,
which is 100% at central impact parameter and 0% at peripheral impact parameter.
The impact parameter investigation manifest the initial geometry of the collision zone,

rooted from nuclear structure and used to explore the final stage of heavy-ion collisions

[251].

3.2 Three dimensional trajectory of nucleons

e T
b Au+_ Au

79
E=200 Me}

40——“"

Y/nucleon

Z(fm)
o
\

40

40 -40

Figure 3.6: The 3-D snapshot shows the trajectory of nucleons at E = 200
MeV /nucleon for the reaction 13" Au 4137 Au.
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Table 3.1: List of the whole impact parameter range.

S. No. Impact parameter | Fraction of participants
(I) 0<b<0.28 1
(II) 028 <b<0.39 |0.8569
(IIT) |039<b<048 |0.7141
(IV) 048 <b<0.56 |0.5713
BIN(V) 056 <b<0.62 |0.4285
(
(
(

BIN(VI) [062<b<0.76 |0.2857
BIN(VII) [0.76 <b<0.88 |0.1428
BIN(VIII)|0.88 <b<1.0 0

In Fig 3.6, one can clearly see the drifting of nucleons in the transverse direction, in
three dimensional plot which shows the trajectory of the nucleons. In Fig 3.6, nucleons
trajectory ia depicted for the symmetric reaction 33’ Au +137 Au at six different time
steps varying from 10 fm/c to 200 fm/c for the central collisions. We keep track of hap-
hazardly selected the nucleons from the target and projectile which undergoes at least
five collisions. The nucleons trajectory is shown using the solid arrows. It is observed
that nucleons show more deviation in first few fm/c of the reaction in comparison to
the rest of the path covered by nucleons.

The whole impact parameter range have been divided into eight bins. The selection
of impact parameter bins is based on the data extracted from experimental measure-
ments [137]. The impact parameter range is binned in eight classes (Table 3.1), so
that the total number of collisions varying from the central part to peripheral can be
divided. Depending upon the impact parameter of the colliding nuclei, the type of
nuclear reactions can be distinguished and dynamical properties of the reaction can be
discussed by studying their coordinate and momentum space (phase space).

Recently, the importance of impact parameter selection in heavy-ion collisions was
discussed thoroughly by Li et al., [252]. A nucleon that suffer one or more collisions
with nucleons of other nuclei are termed as participant nucleons. The volume of the

initial overlap region is expressed via the number of participant nucleons denoted as
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Figure 3.7: N¢y; as the function of scaled impact parameter for the reaction
1T Au +157 Au, at an incident energies E = 50 MeV /nucleon and E = 400
MeV /nucleon [20].

Npart [253-255]. A number of binary nucleon-nucleon collisions are usually denoted as
Neou [255]. If A is the mass of the colliding nuclei then number of spectator nucleons
(Nspec) constituting the part of the nuclear volume, and not involved in the collisions
is defined as Ngpee = 2A - Npore [256]. In the Fig 3.7, we have displayed the results
for Neoy as a function of scaled impact parameter for the mass symmetric reaction
197 Au +397 Au. Calculations have been performed at two incident energies i.e., for E =

50 MeV /nucleon and 400 MeV /nucleon. At lower incident energies, reaction dynamics

are directed by the mean field only and binary collisions are suppressed due to Pauli
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blocking. The situation changes drastically at higher energy because of large number
of nucleon-nucleon (NN) collisions and hence the net participant number of nucleon in-
creases. As the impact parameter increases, the interaction zone between the projectile
and target nuclei decreases, and hence there is decrease in the rate of nucleon-nucleon
collisions due to small overlapping region. One can clearly see that the number of
binary nucleons at E = 400 MeV /nucleon, is larger than at E = 50 MeV /nucleon.
With an increase in the impact parameter, binary collisions are decreases and fall in
the curves is clearly seen.

In the Fig 3.8, the results are displayed for Np,. as a function of scaled impact

1.2
=l Au+Au 400MeV/nucl.
o.sh —@— Aut+Au 50MeV/nucl.
) —A— Fraction of participant
-
=
]
[~
7z 0.4}
1K1 S T - e e

0.3 0.6 0.9 1.2

b/b 1 ax

Figure 3.8: Np,. as the function of scaled impact parameter for the reaction
197 Au +137 Au, at an incident energies E = 50 MeV /nucleon and E = 400
MeV /nucleon [20].

parameter, for the mass symmetric reaction g’ Au++9" Au and the results obtained are
compared with the theoretical participant fraction. We have derived the theoretical

participant percentage distribution directly from the basic postulate of statistical me-
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Figure 3.9: Np,.; as the function of impact parameter for the reaction
1T Au +157 Au, at an incident energies E = 50 MeV /nucleon and E = 400
MeV /nucleon [20].

chanics using the principal of equal priori probability. The theoretical calculated values
fractions of participant are mentioned in the Table 3.1, and theoretical fraction partic-
ipant occurring an event is 100% and non-occurring is 0%. For impact parameter bin,
0<b < 0.28 maximum number of collisions are observed and for bin 0.88 < b <1.0
i.e., at peripheral collisions the target and projectile scarcely hits each other, so the the-
oretical participant percentage of collisions is minimized (say =~ 0%). One can clearly
see that at higher energies theoretical participant percentage perfectly matches with
the IQMD model results. The trend of the curves at lower as well as higher incident
energies are same. Only difference is that at lower energies their are small number of

participating nucleons as compared to higher energies. The percentage change in the
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Npare with impact parameter bins from 0 < b < 0.28 to 0.88 < b < 1.0, in case of
two incident energies is 69% and 50% respectively. The percentage change in Npg.
decreases as we move from the BIN(I) to BIN(VIII), because the participant matter
decreases while moving from the central collisions to peripheral one.

In the Fig 3.9, author has displayed the Np,,; for both the target and projectile, as a
function of impact parameter. Author has checked the individual contribution of pro-
jectile nucleons and target nucleons at lower incident energy (50 MeV /nucleon) or as
well as at higher incident energy (400 MeV /nucleon). One can clearly see that at both
the energies, contribution of projectile nucleons or target nucleons is same throughout

the whole impact parameter range [20].

3.3 Fraction of participant and spectator matter in
central collision

In Fig 3.10, author has tried to calculate the fraction of participant projectile (Part-
Pro) nucleons, spectator projectile (Spect-Pro) nucleons, participant target (Part-tar)
nucleons and target spectator (Spect-Tar) nucleons for the reaction {*C' +157 Au at an
incident energy E = 10, 20, 30, 40, 50 and 100 MeV /nucleon. With increase in incident
energy, spectator matter decreases and participant matter increases. This is because
with increase in incident energy the excitation among the nucleons increases. It is
further observed from the Fig 3.10 (a), with increase in the incident energy participant
matter of projectile increases and maximum increase in the participant matter is seen
and lies in between 20 fm/c to 100 fm/c, this is because nucleons suffer multiple
collisions. Spectator matter of projectile decreases with increase in the incident energy
as one can see clearly seen from the Fig 3.10 (b). Similar behavior is seen in the case
of target participant matter Fig 3.10 (c¢) and target spectator matter in the Fig 3.10
(d). The fraction of participant matter is more for projectile which means the smaller
projectile completely contribute in participant zone while reverse is true in the case of

the target.
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Figure 3.10: Participant and spectator matter for central collision for the
asymmetric reaction at an incident energy in between E = 10 MeV /nucleon
to 100 MeV /nucleon.

3.4 The coordinate space evolution for symmetric
colliding nuclei for different impact parameter
bins

In the Fig 3.11, the coordinate space of nucleons for symmetric reaction 137 Au +39" Au
has been displayed at different impact parameter bins as (shown in the Table 3.1) re-
spectively. During the initial phase of the reaction, projectile and target are separated
in the coordinate space and the whole matter is in the form of spectator only. At t

= 0.1 fm/c, the projectile and target are properly initialized and approaching towards
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Figure 3.11: Coordinate space of a single event for the reactions 13" Au +137

Au, at incident energy of 50 MeV /nucleon for eight impact parameter bins [20].

each other. One can clearly see that the position coordinates of projectile and target
nucleons are changing with the impact parameters, i.e., the line joining the centers
of projectile and target changes their orientation with impact parameters. There is
change in the angle w.r.t Z-axis, BIN(I) = 0°, BIN(II) = 26°, BIN(III) = 30°, BIN(IV)
= 367, BIN(V) = 42° BIN(VII) = 51° and BIN(VIII) = 55°. The change in the angle
between projectile and target is not linear. As the impact parameter increases, the
angle between the projectile and target increases. One can see the as one move from
BIN(I) to BIN(VIII) participant matter decreases and spectator matter increases [20].
The participant nucleons give rise to a high density and volume known as the fireball.
Nucleons outside the overlapping region of the two nuclei are unaffected by the col-
lisions except for Coulomb-interactions and they retain their initial momentum and

correlations.
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3.4.1 The coordinate space evolution for mass symmetric nu-
clear reactions

Depending upon the impact parameter of the reaction, the type of nuclear reactions
can be distinguished and dynamical properties of the reaction can be discussed by
studying their phase space. The phase space of nucleons provide adequate acceptable
illumination about the trajectories of the nucleons. The phase space shows the time
evolution of the nucleons of the system. With the help of phase space, one can study
the collision dynamics via individual nucleon-nucleon collisions and associated changes.
In case of mass symmetric nuclear collisions, the contribution from the target and pro-
jectile are almost same. In the Fig 3.12, the phase space of nucleons for symmetric
reaction 337 Au +197 Au has been displayed at t = 0.1, 10, 20, 40, 60, 80, 100 and 200
fm /c respectively.

At t = 0.1 fm/c, the projectile and target are properly initialized and lifted towards
one another. After the overlapping stage, repulsion is generated among the projectile
as well as target nucleons. As the reaction proceeds, the nucleons of both the projectile
and target start interacting with each other. The projectile nucleons travel towards
the target and because of strong density gradient at the surface of the projectile they
experience strong transverse thrust. From the Fig 3.12, one can see that mass sym-
metric nuclear collisions leads to spherical distribution. This is due to equal number
of nucleons present in the target and projectile. Subsequently, as the time approaches
saturation point i.e., at t = 200fm/c, the emission of either fragments or nucleons takes

place.

3.4.2 The coordinate space evolution for mass asymmetric nu-
clear collisions

In the Fig 3.13, phase space is displaying the time evolution for the mass asymmetric

system §2C +397

Au, at E = 100 MeV /nucleon. We have simulated a single event of
the reaction at a scaled impact parameter b=0.6. Evidently rotational effect has been
picturised by the phase space evolution. From the Fig 3.13, one can see that highly

mass asymmetric nuclear collisions leads to non-spherical distribution of nucleons in
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Figure 3.12: Coordinate space of a single event for the reactions 75" Au +75
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Figure 3.13: Coordinate space of a single event for the reactions §*C +33" Au
at incident energy of 100 MeV /nucleon and b = 0.6.
the coordinate space. In the coordinate space of the reaction 2C'+137 Au the projectile

12
g C

tends to rotate about the target 13’ Au. Therefore, contribution of participant and
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spectator matter will also be different.

3.5 Conclusions

In the present chapter we have analyzed the fraction of participant and spectator nucle-
ons for the central collision. Our detailed study concludes that, initially at t = 20 fm/c
participant matter is less and spectator matter is more. On the other hand for higher
time step i.e., at t = 200 fm/c multiple collisions ceases. With decrease in size of the
projectile, the overall interaction volume becomes small, so the rate of nucleon-nucleon
collision decreases, thus leading to formation of lesser participant matter and greater
amount of spectator matter. The number of binary collisions increases with an increase
in the incident energy and decreases with the increase in impact parameter. At lower
energies as well as at higher energies, the contribution of projectile nucleons and target
nucleons that participate in collisions are almost same throughout the whole impact
parameter range. Mass symmetric nuclear reactions lead to a spherical distribution,
while highly mass asymmetric collisions lead to a non-spherical distribution in the co-

ordinate phase.
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Chapter 4

Optimization of nuclear stopping
observables and memory loss

4.1 Introduction

The mainly observed phenomena in the intermediate energy region are collective flow
(88,257, 258], nuclear stopping [19-21, 124, 259], fragmentation [260,261] and isospin
effects [262-265] etc. The study is significant due to the presence of both nuclear mean
field and nucleon-nucleon collisions. In this chapter, author has discussed the nuclear
stopping in detail while, the collective flow is studied in the next chapter. Nuclear
reactions are requisite to demonstrate the relative motion and stopping of fragments
in HIC’s from lower to higher incident energies. Information about the EOS of nuclear
matter, in-medium nucleon-nucleon (NN) cross section, and the level of equilibration
reached in nuclear reactions [266-268] can be extracted from nuclear stopping. Bauer
and Bertsch [96,269] in 1988 investigated that nuclear stopping in heavy-ion collisions
is determined by the mean field and in-medium nucleon-nucleon(NN) cross-sections.
When the target and projectile collide with each other, the participating nucleons
transfer a larger fraction of their kinetic energy into other degrees of freedom. The
initial energy is redistributed over the other new degrees of freedom and depends on
the strength of stopping. At sufficiently high energy and density the nucleons loses
their correlations. At low incident energies due lack of nucleon-nucleon collisions,
interactions among the nucleons remain intact. On increasing the incident energy, the

correlations between the nucleons break down and hence nucleons lose their initial
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correlations or memories [13]. In heavy ion collisions the nuclear stopping has been
studied by rapidity constraints or by asymmetry of nucleonic distribution. In the next

section, author will discuss in detail various stopping parameters.

4.2 Overview of various stopping observables

In the literature, many observable have been suggested to study the phenomenon of
nuclear stopping [19]. The degree of nuclear stopping obsessed by rapidity distribution
[97,98,270] is given by the relation:

E(i) — p.(i)c

where F(i) is the total energy and p, (i) is the longitudinal momentum of the i** particle.

Y (i) = %m{%) +pz<z'>c}

For the present study nuclear stopping observables have been developed, one of them is
energy-based isotropy ratio and another one is momentum based. The detailed study
on these parameters have been discussed in ref. [18,19,116] in detail.

One observable is studied on the energy-based isotropy ratio:

R — {E(Zi‘EL(i)‘)] (4.9)

2 (3 1E(1)])

where E| (i) and Ej|(i) are transverse and longitudinal kinetic energy for the 7" particle

respectively. Another definition of stopping observable on momentum base is Rp [116],

2 (ilp (@)D
™ (3 \pn(i)l)} (4.3)

where summation runs over all the nucleons.

R |

Another way of looking into equilibrium can be accomplished through rapidity distribu-
tions ratio between width of transverse to longitudinal variance of rapidity distribution

i.e., < wvarzz >. Mathematically, it is represented as
varrz = ——— (4.4)

This formalization of nuclear stopping has been opted by INDRA [18], ALADIN and
FOPI [14,109,271] collaborations. The value of < varzz > =1, < 1 and > 1 indicates

complete stopping, partial transparency and super stopping respectively [120]. Single

79



Gaussian shape have been observed of the rapidity distribution for complete stop-
ping. Narrower Gaussian distribution intimate better nuclear stopping in comparison
to broader Gaussian distribution. These observables mentioned in the above equations

have been used in various studies and have been reported in literature [18,116].

4.3 Results and discussion

The reactions 337 Au +397 Au, ' Ta +337 Au, 139 Xe +129 Sn, SENi +58 Ni, 35 Ar +38 Ni
and $SAr +35 KC1 at b = 0.0 are simulated in the present analysis [19]. Incident energy
varies between 10 MeV /nucleon and 1000 MeV /nucleon.

4.4 Time evolution of stopping observable Rp

In Fig 4.1, time evolution of the stopping observable Rg has been displayed for the
reactions 19" Au +337 Au and 55N 435 Ni at two incident energies. At lower incident
energies reaction dynamics are governed by the mean field and binary collisions among
nucleons are suppressed because of Pauli blocking. Hence, mean field takes longer
time to thermalize the colliding nuclear matter. At higher incident energies the value
of stopping observable start decreasing indicating the partial transparency. From the
Fig 4.1, one can concludes that in case of the heavier system the value of stopping
observable at both the energies E = 50 MeV /nucleon and 400 MeV /nucleon is more as
compared to the lighter system mass (shown by red arrows), which means that heavier
system takes longer time to equilibrate as compared to lighter one. Lighter system
(35 Ni+35 Ni) equilibrate at t = 70 fm/c and t = 90 fm/c corresponding to the incident
energies E = 50 MeV /nucleon and 400 MeV /nucleon, while heavier system equilibrate
at t = 200 fm/c and t = 225 fm/c corresponding to the incident energies taken in case

of lighter systems.
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Figure 4.1: Time evolution of nuclear stopping observable < R > for the
reaction 33 Au +39" Au and 38Ni +35 Ni at incident energy 50 MeV /nucleon
and 400 MeV /nucleon.

4.5 Energy dependence of stopping observables

At very low energy the phenomenon of collision between nucleus-nucleus takes place.
As the energy increases role of mean field start decreasing and collisions among nu-
cleons starts taking place. One can clearly see a dip around Fermi energy, but as
the incident energy further increases, the value of stopping increases for all the ob-
servable as shown in the Fig 4.2. The maxima in nuclear stopping value takes place
around 500 MeV /nucleons. Further with increase in incident energy nuclear stopping
value decreases. The decrease in the value of stopping observable is observed because
nucleon-nucleon cross-section decreases with energy. One can conclude that nucleons

experience more transparency.
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Figure 4.2: Incident energy dependence of nuclear stopping observables at t
= 20 fm/c and t = 200 fm/c for the reaction 33" Au ++37 Au.

In Fig 4.2, the variation of three different stopping observable (< Rp >, < Rp > and
< wvarzz >) has been displayed at initial time step i.e., t = 20 fm/c as well as at higher

time step t = 200 fm/c. From the Fig 4.2 (a) it is clear that, at initial time step (t
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= 20 fm/c) the value of nuclear stopping is less at all energies because the collisions
among the nucleons are still taking place i.e., the system is still in volatile stage. In
the Fig 4.2 (b), stopping observable at saturation time step (t = 200 fm/c) has been
displayed. One can see the similar trend at both the time steps. The difference in
three nuclear stopping observable values is not distinguishable as observed in Fig 4.2
(a and b). In the Fig 4.2 (c), the difference in stopping values for initial time step
and saturation time step has been displayed, author has merged two graphs just for
the sake of comparison. The variation of stopping observable at lower time interval is
more sharp as compared to variation at 200 fm/c. In case of initial time step (t = 200
fm/c) the variation in the value of stopping observable spreads over a wide range at
lower energies but at higher time step (200 fm/c) the variation is restricted to a very
small range as collisions ceases at saturation time. This shows that colliding systems
takes time to achieve complete equilibrium. Moreover, dynamics at lower energies are
governed by fragment phase space, while dynamics at higher energies are dominated
by stopping due to nucleon phase space [272]. Nuclear stopping observable < varzz >
in the present study is found to exhibit more variation in stopping value as compared

to other observables, which can be clearly seen in Fig 4.2 (c).

4.6 Optimization of nuclear stopping due to colli-
sions

It would be interesting to see how longitudinal and transverse momentum is acquired
by nucleons under different collision constraints. Nucleons lose a part of their energy
in the collision and drifts in the transverse direction. In general, the collision rate de-
pends on the density of participant zone, which is maximum in central collisions. The
collision rate first increases with incident energy and then decreases. This is due to
the fact that nucleon-nucleon cross section is energy as well as isospin dependent [124].
Also, the collision rate increases with mass of colliding partners. The amount of energy
lost by incident nucleons is describe by the nuclear stopping. Now, it would be of great

interest to ruminate that how many collisions are sufficient to stop a nucleon. Earlier
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Figure 4.3: (a) The transverse and (b) longitudinal momentum as a func-
tion of incident energy for the reaction 137 Au +157 Au at different collision
constraints. (c¢) Incident energy dependence of nuclear stopping observables (
< Rp >, < Rp > and < varxz >) for the reaction 137 Au +137 Au at t = 200
fm/c.

studied have been carried out by using QMD model suggest that the nucleons suffering
at least ten collisions are most thermalize and hence such nucleons are close to com-

plete equilibrium [273]. After suffering collisions, the nucleons are drifted in transverse
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direction. In Fig 4.3 (a), transverse momentum of nucleons and in Fig 4.3 (b), longi-
tudinal momentum of nucleons as the function of incident energy have been displayed.
The nuclear stopping is greatly influenced by the transverse component of momentum
associated with nucleons. One can see from Fig 4.3 (a) that on an average if a nucleon
suffer five collisions, its transverse momentum gets saturated with incident energy. It
has been observed that nucleon on average suffering more than five collisions get drifted
randomly such that their net transverse momentum decreases. It gives us an idea to
include only those nucleons which have suffered five collisions for the estimation of nu-
clear stopping. In the further analysis we have taken those nucleons into consideration
which have suffered at least five collisions. The loss of energy associated with incident
nucleons takes place due to collisions among them. Therefore, one has to understand
weather the loss of energy increases with increase in number of collisions suffered by
a nucleon in Fig 4.3 (c), we have shown the variation of different stopping observable
< Rg >, < Rp > and < varxz > with energy for collision constraint N.,; = 5. The
value of stopping observable varies with energy and is maximum at the lower incident
energy where the nucleon-nucleon collisions are negligible due to Pauli blocking. One
can see that at certain energies, the value of stopping is greater than unity implies the
preponderance [123,274]. Stopping observable < varzz >, shows maximum sensitivity
out of three observables. Therefore, one can conclude that to study nuclear stopping

< warxz > is the most important observable.

4.7 Stopping due to fragment and nucleon phase
space

The calculation of nuclear stopping is influenced by the method used for analysis and
depends on some observables. As we know that at lower incident energies most of
the nucleons are in the bound state. The probability of drifting of individual nucle-
ons due to nucleon-nucleon collisions is very small due to Pauli blocking. Therefore,
calculations for stopping observable based on fragment phase space is more accurate,

but as the incident energy increases, the rate of nucleon-nucleon collisions increases
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Figure 4.4: Incident energy dependence of nuclear stopping parameters for
nucleon phase space and fragment phase space [272].

and hence more nucleons suffers drift from their original path. Therefore, nuclear stop-
ping observable based on nucleon phase space is more appropriate. In Fig 4.4, author
has shown the comparison between experimental values and predictions on the basis
of IQMD calculations, the nucleon phase space and fragment phase space for central
collision. At lower incident energies experimental results are comparable with theo-
retically calculated results of IQMD. At higher incident energies, one can clearly see
the different tend for both nucleon phase space and fragment phase space. Inset of
Fig 4.4, clearly depicts the comparison between experimental values and predictions of
IQMD calculation at lower incident energies. Author has compared the results with

INDRA [18] data and with Zhang et al. [272] results.
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4.8 Nuclear Stopping due to neutrons and protons
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Figure 4.5: The incident energy dependence of nuclear stopping observable

(< Rg >, < Rp > and < varzz >) for protons and neutrons for the reaction
197 Au 4357 Au at t = 200 fm/c.

It would be interesting to see the influence of isotopic contents on nuclear stopping
reproduced by different observable from Fig 4.5. Due to the presence of isospin de-
pendent nucleon-nucleon potential and cross section, the stopping due to protons and
neutrons differ. Coulomb interaction potential and symmetry energy plays different

roles at different energy ranges [123]. In Fig 4.5, author has presented the nuclear
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stopping associated with protons and neutrons as a function of incident energy for
stopping observable < Rp >, < Rp > and < varxzz >. Here attempts have been made
to investigate the role of isospin content in heavy ion collisions by calculating the value
of stopping observable for protons and neutrons for the reaction 137 Au +33” Au. The
contribution in stopping of protons and neutrons have been extracted from nn, pp and
np collisions. The np collisions are not excluded from the value of stopping observable.
One can see that the protons have larger value of < Rg >, < Rp > and < varxzz > as
compared to neutrons. The larger value of stopping observable for protons is due to the
repulsion produced by Coulomb and symmetry potentials. The protons being a charged
particles are stopped by the target protons strongly than the neutral particles neutrons
due to additional repulsive interactions. The difference is more in case of < varzz > as
compared to other stopping observables < Rg > and < Rp > for protons rather than
neutrons. The observable based on rapidity distribution is found to be more sensitive
to isospin content of the colliding nuclei while studying nuclear stopping. Influence of
isospin contents on nuclear stopping can be studied using neutron rich nuclei. In other
words, one can say that stopping associated with protons and neutrons can be worn as
an inquest for symmetry energy at higher incident energies. From the above discussion

it is concluded that < varzz > is most sensitive for studying the nuclear stopping.

4.8.1 Isospin mixing

In the step ahead, we have tried to check the sensitivity of < varzz > in the Fig 4.6
and displayed as a function of incident energy for the pair of isotopes (337 Au +137 Au
and 39 Au +171% Au) and isobars (}2*Ag +12* Ag and $2*Sn +{2* Sn). Author has cho-
sen stable isotope and isobar pairs in the present investigation. In the upper panel,
the proton number is kept fixed and neutron number is varied. In the lower panel,
author has varied the proton number as well as neutron number. Nuclear stopping
is found to be dependent strongly on the isospin content of colliding nuclei. There is
large difference in the value of < varxz >, which appears in the upper panel. Protons

being charged particles repels each other and results in more drifting of curve in the
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transverse direction, which is clearly seen in the upper panel. In order to extract the

complete information, the ratio of proton to neutron have been varied between 1.4 to

1.6 in case of isobars and 1.2 to 1.5 in case of isotopes. The shaded region exhibits the

range of nuclear stopping value due to other combination of isotopes and isobars on

nuclear stopping.

In the Fig 4.7 (a and b), we have displayed the rapidity distribution for the pair of iso-
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bars (12*Ag+42* Ag and [2*Sn+124.Sn) and isotopes (337 Au+137 Au and 1% Au+152 Au).
In the case of isobars, one can see two broader Gaussian shape peaks, but in case of iso-
topes single narrow Gaussian distribution is observed. The relative difference between
the peaks of isobars and isotopes is 25% and 5.6% respectively. In the middle panel
Riso, is the ratio of rapidity distribution of two isobars (}2*Ag+12* Ag and $2*Sn+124Sn)
and two isotopes (337 Au +137 Au and 3°Au +11° Au) and is defined by the following
formulas [19]:

[(dN/dy)izeag12144 ]

R = = (4.5)
L(dN/dy)1215n11215n |

and
[(dN/dy)sg7 aus1g7 4]
L (dN/dy);gg’Aqu?’Au |

Fig 4.7 (¢ and d), shows the behavior of R;s,, in both the cases of isotopes and isobars.

Riso = (46)

It is clear that R;,, shows almost similar behavior in both the cases. However, the
values of R;,, in case of isotopes is slightly higher than values of isobars. These values
are closer to unity. In case when full mixing is achieved in the collisions, the variation
of R;s as a function of rapidity is flat at intermediate energies. Our interpretation
are further strengthened when we display R,,;, as a function of rapidity for the pair of

isotopes and isobars. The ratio R, is defined by the formulas [19]:

2 X (AN/dY) mix

L (dN/dy)i%Angl?‘lAg (dN/dy)124Sn+l24Sn
[ (dN/dy)124Ag+124Ag
(dN/dy)124Ag+124Ag (dN/dy)124Sn+124sn
" (AN/dy)sesnsizisn
L(AN/dy)izaag41205 — (AN/dy) 1205, 1205, |

Rmiw -

(4.7)
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[ (AN/dy)19 aut179 au ]
L(AN/dy) 97 aut1g7 au — (AN/dy)1z0 gy 170 a0 ]

Rmim =

(4.8)

where, mix can be either j2*Ag +}2* Ag or $2Sn +12* Sn in case of isobars and

TAu +37 Au or 19 Au +39 Au case of isotopes. The ratio R, in Fig 4.7 (e and
f), shows almost similar behavior as a function of rapidity as shown by R;s,. Due to
the highest sensitivity shown by < warxz > among the stopping observable, we have
concentrated our study on < warzz >, observable which can be extracted from the

rapidity distribution.

4.9 Comparison with experimental data

It would be interesting to see how accurately one can reproduce the experimental data
of stopping observable, using < varxz >. In Fig 4.8, a complete systematic study of
nuclear stopping has been carried out for mass symmetric and nearly mass symmetric
reactions. Reactions are chosen in accordance with reported theoretical results and
the available experimental data [111]. The total mass of the colliding systems is var-
ied from 72 to 394, while the incident energy is varied from 10 MeV /nucleon to 200
MeV /nucleon. In this whole study, we have extracted the physical results when the
system is in the freeze-out stage i.e., at 200 fm/c. When incident energy is varied from
10 MeV /nucleon to 40 MeV /nucleon, a sharp decrease in the stopping value is ob-
served. Above the Fermi energy, reaction dynamics are dominated by nucleon-nucleon
(NN) collisions. At lower incident energies mean field takes longer time to thermalize
the nuclear matter. It is clear from the Fig 4.8, that as one move from lighter system
to the heavier system, the stopping increases irrespective of the incident energy. Thus
nucleons of the heavier systems are easily stopped as compared to lighter systems. The

nuclear stopping increases with increase in system mass, as nuclear stopping is related
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Figure 4.7: Observable extracted from rapidity distribution. Each row of the
panel shows respective results of dN/dY', R;s, and Ry

to the collision realm. We have also compared our theoretical results of < varzz >
with the experimental findings of INDRA collaboration [18,111,116,275,276] and FOPI
collaboration [109]. In case of reaction $3Ar +35 Ni, our results are closer to INDRA
data as compared to Liu et al. [116] because instead of using soft equation of state, hard
equation of state was used by Liu et al. [116]. In the INDRA experiment systematic
errors have been estimated by varying the multiplicity constraints for lighter systems
(38 Ar +58 Ni and $SAr +3¢ KCI) by 1 unit and by 2 to 3 units for heavier systems
(329X e 4129 Sn and 137 Au+137 Au) in order to change all the cross sections in the same
proportion. Ying Yuan et al. [276] used four different equation of states (EoS) namely:
H-EoS, S-EoS, HM-EoS, and SM-EoS respectively. Their study concluded that hard
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EOS shows higher stopping value than the soft EOS. Further INDRA experimental
results support the soft equation of state (S-EOS). In the present investigation theo-
retical predictions are closer to experimental data points for incident energies ranging
from 20 MeV /nucleon to 100 MeV /nucleon. In the case of 337 Au +137 Au system, our
results are very close to the INDRA and FOPI collaborations, so we conclude that
< varzz > is the best observable to study the nuclear stopping. Theoretical error bars

on predicted nuclear stopping observable have been added using statistical methods to
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Figure 4.8: Incident energy dependence of nuclear stopping observable <
varzz >, for the reactions 13" Au+49" Au, 15" Ta+7" Au, 37 X e+537 Sn, 38 Ni+53
Ni, 38 Ar +35 Ni and 8Ar +38 KCl at b = 0.0,
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study correlations between various observables. So one can significantly enhance the
feedback between experiment and nuclear modeling. Basically, errors bars are graphi-
cal representation of how much the data varies. The comparison testifies that the trend

of theoretical findings reproduced by < varzz > is similar to the experimental data.

4.9.1 System mass dependence

The variation of nuclear stopping with mass reveals significant information. From the

Fig 4.9 (a, b, ¢ and d), it is observed that nuclear stopping depends on the mass of
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Figure 4.9: System mass dependence of nuclear stopping observables at dif-
ferent energies (30, 300, 600 and 1000 MeV /nucleon) and (e) slope of nuclear
stopping parameter’s as a function of incident energy.
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colliding nuclei as well as on the incident energy. The mass dependence of nuclear
stopping would give us an idea about the role of Coulomb interaction potential and
the symmetry potential. In Fig 4.9 (a, b, ¢ and d), the variation of nuclear stopping
with the mass of colliding nuclei have been displayed from energies 30 MeV /nucleon to
1000 MeV /nucleon. In the Fig 4.9 (a), the role of the mean field on nuclear stopping
can be observed. At lower incident energy only the mean field control the reaction
dynamics therefore variation with mass is very small, but in Fig 4.9 (b, ¢ and d),
the role of the nucleon-nucleon cross section, Coulomb as well as symmetry potentials
can be seen since slope changes with energy. This is because at higher energies these
interactions play a significant role. If one looks at Fig 4.9 (e), the slope of < varzz >
as a function of system mass has been plotted and it is found that at lower incident
energies the variation in slope is more as compared to higher energies. This is due
the fact that mean field, Pauli blocking and fragment phase space plays a significant
role in nuclear stopping. At higher energies, the fragment phase space behaves similar
to nucleon phase space and hence less variation in stopping observable can be seen.
The slope of the curves shown in Fig 4.9 (a, b, ¢ and d) is calculated and one can
see that variation in the slope value is more in lower energy range and their is very
small change in slope value at higher energies as shown in Fig 4.9 (e). This is because,
reaction dynamics changes drastically from mean field to nn collisions.

Therefore, in the next step, incident energy dependence of nuclear stopping for the
fragment having Z = 1, proton (}H), deuterium (?H) and tritium (3H) have been
displayed in the Fig 4.10. On plotting < varzz > separately as a function of energy,
one can see that comparison with experimental data is fairly good [109]. In the case
of protons, the value of < varxz > is slightly higher than experimental data at lower
incident energies. At higher incident energies the magnitude of nuclear stopping is
small as compared to experimental finding. A remarkable feature is similarity in the
behavior of three isotopes, but a closer look reveals that there are some subtle difference
in the shapes of the < varxz >. The maximum value of stopping has been obtained
around 400 MeV /nucleon. Also, when energy exceeds above 400 MeV /nucleon, the

value of nuclear stopping falls gradually because at higher energies nucleons pass each
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other without suffering any collisions. Theoretical error bars have

statistical methods.

<varxz>
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Figure 4.10: The variation of incident energy dependence on < wvarzz >
for the reaction 3" Au +137 Au and for the fragments having Z = 1, proton,
deuterium and tritium.

4.10 Correlation with fragment production

An interesting feature of nuclear stopping is to look at the production of fragments

from the participant zone, which can be used as a barometer to estimate the nuclear

stopping using < varzz > as an observable. In our earlier studies [123], it has been
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Figure 4.11: The scaled LMF’s/nucleon as well as nuclear stopping observ-
able < varzz > as a function of normalized impact parameter at an incident
energy of 400 MeV /nucleon.

reported that stopping observable R and average multiplicity of the light mass frag-
ments (LMF’s) do not show the similar trend. It was assumed that LMF’s originate
from the participant zone. As shown in the Fig 4.11 (a), there is no correspondence
interpolated between < varzz > and multiplicity of light mass fragments (LMF’s) as
a function of impact parameter. Here, in the present study we have normalized the

LMF’s with < varzz > with the variation of impact parameter. Multiplicity of LMF’s
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decreases with increase in the impact parameter as a result, the participant matter
decreases and leads to the formation of more number of heavier mass fragments. A
visible difference occurs between the value of nuclear stopping observable < varzz >
and the multiplicity of the light mass fragment (LMF’s). Therefore, in Fig 4.11 (b),
we have considered the LMF’s only originated from participant zone. One can see that
there is a close agreement between LMF’s and < varzz >. As we have discussed before
that nucleons which suffered atleast five collisions are better stopped. Now one can
also say that LMF’s are formed by the nucleons suffering collisions and their initial
correlations are broken. Therefore one can observe that LMF’s production is highly

correlated with global nuclear stopping.

4.11 Memory loss

The incomplete stopping clearly indicates that in central collisions the nucleons do not
lose all memories or correlations with respect to the entrance channel. Due to lack of
nucleon-nucleon collisions at lower energies the correlation among the nucleons remains
intact. But as the energy increases, the correlations among the nucleons break down
and hence nucleons lose their memory. The memory loss ratio can be written as [13]:

(4.9)

R _Rentr
R, = {E—E]

1 — Rgmr
In recent study, it was concluded that < varxz > is the more sensitive parameter

to study the nuclear stopping, so author has calculated the memory loss using the

< warxz > stopping observable defined as [19]:

(4.10)

<varrz > — < varxz >
le -

1— < warxz >entr

4.11.1 Time evolution of memory loss

In the Fig 4.12, time evolution of the memory loss ratio R, for the reaction
197 Au +37 Au at E = 60 MeV /nucleon is calculated. One can see < R, >, diversify

drastically during the high density phase (30-80 fm/c), once this phase is over, no
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Figure 4.12: Time evolution of memory loss ratio R,, for the reaction

197Au +57 Au in case of theoretical and experimental data at E = 60

MeV /nucleon.

more shift appear in the magnitude of the observable. Time evolution using stopping
observable < varzz > has been displayed and compared with the Jun Su et al. [13]
calculations. The solid red line represents the memory loss due to global nuclear stop-
ping. The dashed green line and the dotted purple line represent the central region
including 50% and 10% of the nucleon, respectively. Memory loss has been calculated
using < varxz >, observable and the results obtained are more closer to the Jun Su et
al. [13]. From the Fig 4.12, it is clear that at central impact parameter more number
of nucleons lose their memory as compared to those reactions which takes place at
peripheral impact parameter. The value of R, does not reach unity. It is further

observed that only maximum 60 % of the nucleons lose their memory.
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4.11.2 Incident energy dependence of memory loss
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Figure 4.13: (a) Nuclear stopping observable in central collisions for the

reactions $3°Xe +12! Sn, (b) Memory loss as a function of incident energy for

the reaction 7" Xe 433! Sn.

In the Fig 4.13 (a), the nuclear stopping observable as a function of incident en-
ergy is displayed for the reaction ;3" Xe +33' Sn. The lower dashed curve represents the
expected value of stopping for the entrance channel (R$") when the nucleon-nucleon

collisions are switched off. We have compared theoretical calculations of < varzz >
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with experimental data (INDRA Collaboration) [111] in the present study. It is ob-
served that below the Fermi energy the theoretical and experimental points are close
to the entrance channel R$" and in case of incident energy higher than Fermi energy
the points are far away from the RS, This is because at the lower incidence energies,
nucleon-nucleon collisions are suppressed and nucleons retain their initial memories.
At higher incident energies, the value of nuclear stopping observable as well as exper-
imental points are far from the isotropy ratio R%"". In the Fig 4.13 (b), author has
calculated the memory loss for the reaction 129 Xe +12! Sn using theoretical values and
compared with experimental data w.r.t entrance channel and concluded that values
of memory loss calculated theoretically are greater than the values calculated using
experimental data at lower incident energies. However, memory loss in case of nuclear
stopping observable < varzz >, are closer to the values calculated using the experi-
mental data at higher incident energies.

In the Fig 4.14, author has calculated the memory loss of participating matter and
spectator matter respectively. The nucleons those have suffered at least one collision
are treated as participant nuclear matter and the remaining nucleons contributes to
the spectator nuclear matter [256]. The value of memory loss enhances with increase
in incident energy and then falls since the nucleon-nucleon cross-section decreases at
higher energies. It is clearly seen that participant nucleons loses more memory as com-
pared to spectator matter. The participant matter increases due to increased rate of
nucleon-nucleon collisions at b = 0.0 with an increase in the incident energy.

To determine the memory loss as a function of collisions suffered by nucleons, simula-
tions have been performed for different set of reactions having different total mass. In
the Fig 4.15 (a), we have shown the allowed collisions as a function of system mass, for
various reactions 13 Au-+137 Au, PONd+E° Nd, 23 Xe+118Sn, 100 Zr+10° Zr, 58 Ni+58 Ni,
and 19Ar +37 Sc. We observe that the value of the allowed collisions increases with
increase in the system mass. This is due to the larger interaction volume in heavier
nuclei, resulting in collisions for a longer time. In the Fig 4.15 (b), memory loss as
the function of system mass dependence has been plotted. One can see the value of

memory loss increases as the system mass increases. With variation in system mass
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Figure 4.14: Memory loss as a function of incident energy for the reaction

197 Au 4137 Au both for participant and spectator matter.

from 95 to 394, the change in the values of allowed collisions and memory loss are 72%
and 33% respectively. Although allowed collisions and memory loss increases linearly
as the function of system mass, the direct correlation between allowed collisions and
memory loss can not be established. The nucleons in the bulk of colliding nuclei suffer

less number of collisions and the nucleons on surface of nuclei suffer more collisions.

4.12 Summary

In this chapter, we have carried out systematic investigation for the nuclear stopping
observables Rg, Rp and < varxzz > for mass symmetric and nearly mass asymmetric
reactions. It has been concluded that nucleons suffering at least five number of colli-
sions are more thermalized and contributes in nuclear stopping. The value of nuclear

stopping observable in the case of protons is higher than the neutrons. Nuclear stop-
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Figure 4.15: (a) Allowed collisions as the function of system mass at incident
energy E = 100 MeV /nucleons (b) memory loss as a function of system mass
dependence at incident energy E = 100 MeV /nucleons.

ping is found to increase with the composite mass of the system because the nuclear

stopping phenomena are related to the collision zone. Moreover < varxz > is the more

sensitive observable to study the nuclear stopping. LMF’s production is found to be

associated with global nuclear stopping.

Nucleons forming the light mass fragments lose their memory with increase in energy.

Memory loss is strongly dependent upon the impact parameter. Spectator matter keeps
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more memories than that of participant matter. With the increase in system mass al-
lowed collisions as well as memory loss increases. Finally, direct correlation between

memory loss and number of colliding nucleons can not be established.

104



Chapter 5

Interplay between mass asymmetry
and impact parameter on nuclear

stopping

One of the essential observable, of intermediate energy is nuclear stopping that re-
veals the degree of thermalization and equilibration in a reaction. Nuclear stopping
is influenced by large amount of the dissipated energy in central heavy ion collisions
and constrains the different reaction mechanisms over large domains of incident en-
ergies [14, 18]. It also provides enlightenment about the nuclear equation of state,
nucleon-nucleon cross section as well as the degree of equilibrium reached in heavy-ion
collisions. Reaction dynamics depends crucially on various entrance channel parame-
ters including mass asymmetry that plays a decisive role in a reaction [277,278]. This
fact has also been supported by experiments [279-281]. Reaction dynamics involved
in the mass symmetric reactions are different than those observed in mass asymmetric
reactions. In the mass symmetric reactions excitation energy is deposited as com-
pression energy whereas in asymmetric reactions it leads to thermal excitation energy.
Nuclear stopping for mass asymmetric nuclear reactions have been studied by V. Kaur
et al., [126]. Their findings revealed that collision in symmetric systems leads to maxi-
mum nuclear stopping and decreases as one deviates from mass asymmetry. In another
study, the requirement of a very heavy system in the entrance channel was essential to
achieve complete stopping as reported by Puri et al., [273] for the reactions of Xe+Sn.

Interestingly, none of the above reported studies on nuclear stopping were performed
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Table 5.1: List of various mass asymmetric reactions with fixed total mass.

SNo. |Aror =240 | Apor =160 | Aror =100 | Aror =80 | Aror =40
n=0.1|18Cd+i¥? Ba | 5Ge+55 Zr |15K +52 Mn |35Ar +33 Ca | 'O +3 Na
n=03[535r +45 Dy |5¢Fe+13Cd |3iAr +55 Zn | 851453 Cr | 3N +35 Mg
n=05|59Ni +3W | 0Ca+i0Te |35Mg+53 As | 39Ne +53 Ni | 1°B +39 Si
n=0.7%Ar +8'Pb | BMg+15Ce | N +3S Kr |1°B+19Ge |SLi+3%S

with fixed target mass and varying projectile mass. The main intent of the present
investigation in this chapter is to elaborate, significance of mass asymmetry on the pro-

jectile stopping and compensate the effect of mass asymmetry by impact parameter.

5.1 Results and discussions

Mass asymmetric reactions §2C +337 Au (n = 0.8), 3SAl +337 Au (n = 0.7), 10Ar +337
Au (n=0.6), 3Fe +X7 Au (n = 0.5), 52 Kr +337 Au (n = 0.4), $52r +337 Au (n = 0.3),
Bl Xe+37 Au (n =0.2), 237Au+3" Au (n = 0.0) at incident energies between 40 and
1000 MeV /nucleon, for impact parameter range:
b/bmas(b) = 0, 0.3, 0.6, and 0.9

have been simulated. In all these reactions, the total system mass (Aror = Ar+Ap) is
floating. For a comparative study, various mass asymmetric reactions with fixed total
mass have also been analyzed. Particularly, the reactions are listed in the Table 5.1 :

We define mass asymmetry parameter as:

_ Ar—Ap.
= A, 545"

where Ap and Ap are the masses of projectile and target respectively. In the present
study, soft momentum-dependent equation of state [282-284], has been used to study

nuclear stopping in various mass asymmetric reactions.
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5.2 Mass asymmetry dependence of the normalized
participant and spectator matter
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Figure 5.1: Analysis of mass asymmetry dependence of the normalized par-
ticipant (a and b) and spectator matter (¢ and d) in terms of nucleon-nucleon
collisions at two different time scales t = 20 fm/c and t = 200 fm/c.

The mass asymmetry dependence of normalized participant and spectator nuclear
matter have been shown in Fig 5.1, at two incident energies E = 50 MeV /nucleon and
200 MeV /nucleon. Initially, author have checked the relative contribution of various
mass asymmetric reactions towards the participant-spectator matter for initial time
steps i.e., at t = 20 fm/c as well as for higher time steps t = 200 fm/c [285]. The

nucleons which have suffered at least one collision are treated as participant nuclear
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matter and the remaining nucleons contributes to the spectator nuclear matter [286].
Another definition is based on rapidity range i.e., the nucleons which are present in the
mid rapidity zone are treated as participant matter and those which belongs to target
like, projectile rapidity region are treated as spectator. In case of mass symmetric
nuclear reactions the range of mid-rapidity region is equal on both side of zero rapidity
point, while in case of mass asymmetric nuclear reactions the range of mid-rapidity
zone is not equal w.r.t zero rapidity point.

The participant and spectator matter is then averaged over all nucleons and labeled as
< Part >pnorm and < Spec > norm. From the Fig 5.1, it is clear that the participant as
well as spectator matter is highly dependent on the size of the projectile. It is obvious
that the spectator matter and the participant matter will respond in an opposite man-
ner to each other. At t = 20 fm/c, participant matter is small as the collision among
the nucleons are going on but spectator matter is more. The situation changes as the
reaction proceeds from t = 20 fm/c to t = 200 fm/c, where large number of nucleons
suffer collisions and hence net number of participant number of nucleons increases. As
the size of the projectile decreases, the interaction region between the projectile and
target nuclei also decreases, due to decrease in the interactions among nucleons, the
rate of nucleon-nucleon collisions decreases. Thus leading to the formation of smaller
participant matter and larger fraction of spectator matter. This mass asymmetry de-
pendence of the participant and spectator matter is clearly visible at 50 MeV /nucleon
in Fig 5.1 (a and b) and at 200 MeV /nucleon as shown in Fig 5.1 (c and d). As the
incident energy increases the participant matter increases which is due to the increased
rate of nucleon-nucleon collisions at b = 0.0 and for b = 0.3.

For a broader view of the equilibrium process, one needs to supplement nuclear stop-
ping with the other observable, for example anisotropy ratio < R, > already defined
in the pervious chapter [18]. The main factor on which < R, > depends is the incident

energy and the impact parameter.
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5.3 Time evolution of stopping parameter < R, >
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Figure 5.2: Time evolution of stopping parameter (< R, >) at a scaled
impact parameters, b = 0.0 and 0.3.

In the Fig 5.2, we have displayed the time evolution of stopping parameter < R, >.
One can notice that complete stopping is observed for central collision due to maximum

overlap and larger participant zone is produced for heavier system 137 Au ++9" Au than
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lighter system [2C' +137 Au. A net decrease in stopping values is observed while going
from scaled impact parameter b = 0.0 to 0.3 as shown in the lower panel of Fig 5.2.

Fig 5.3 (a), displays the percentage of the normalized participant matter at an inci-
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Figure 5.3: (a) The participant zone in percentage as a function of impact
parameter and (b) Impact parameter for normalized participant nuclear matter
as a function of mass asymmetry.

dent energy of 200 MeV /nucleon at different colliding impact parameters for various
colliding partners: $2C+157 Au, 3 Al+157 Au, 12Ar +397 Au, 58 Fe+337 Au, 53 Kr+33" Au,
WZr +557 Au, B3 Xe +137 Au and 37 Au +137 Au. From Fig 5.3 (a), it is clear that in

all the mass asymmetric reactions, the net participant matter decreases with impact
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parameter as the overlapping region between the projectile and target decreases. This
means that for achieving equal participant zone in the considered mass asymmetric
reactions, different impact parameters should be taken. The net participant matter
decreases more sharply in case of (C'+ Au) i.e., in case where mass asymmetry is more
than other reactions where mass asymmetry is less

In Fig 5.3 (b), we have displayed impact parameter as a function of mass asymmetry at
which normalized participant matter becomes 50% (labeled as b/b,,4,@ < Part >30% ).

It is clear that b/b,..@ < Part >?V0;7ﬁm decreases with mass asymmetry. To achieve
50% matter as a participant matter in the collision of 2C' 497 A, the reaction should
be carried out for semi-central collisions, whereas for 197 Au 47 Au, the impact param-
eter should be peripheral one. The impact parameters needed for the other reactions
to take place should lies in between the reactions 13" Au+13"Au and P2C+137Au. If
we treat the nuclear matter from target and projectile on equal footing, one can study
nuclear stopping of nuclear matter and additionally some rotational effects. This study

may be useful for the experimentalist as they can look for projectile stopping along

with projectile fragmentation.

5.4 Incident energy dependence for various reac-
tions

In Fig 5.4, we display anisotropy ratio as a function of incident energy for the following
reactions 3’ Au 413" Au, 3 Xe +137 Au, 83 Kr +137 Au, 58Fe +337 Au, 19Ar +397 Au and
$C +17 Au. The trend of < R, > with incident energy [272] is clearly visible in the
case of Yo7 Au+13" Au, 13 Xe+37 Au, and 53 Kr 4137 Au. One can observe the transition
from lower to high incident energies. The nuclear stopping is found to decrease steeply
for low incident energy (100 MeV /nucleon), where Pauli blocking dominates, and for
higher incident energies nuclear stopping increases because nucleon-nucleon collisions
plays an important role. The steep decrease for the reactions o Kr ++" Au is caused
by the increased mean-free-path of the nucleon increases and nucleon-nucleon cross-

section decreases. This leads to passing of the nucleons close to each other without
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Figure 5.4: The anisotropy ratio < R, > as a function of incident energy for
the reactions (a) 27 Au +1" Au(a), (b), ' Xe +137 Au,(c) S$3Kr +397 Au, (d)
SoFe+1" Au, () 19Ar +37 Au and (f) §2C +397 Au, at zero impact parameter.

interactions. The incident energy at which < R, > shows minima, increases with the
decrease in the size of the projectile. For reactions 35 Fe ++9" Au, 19Ar +337 Au and

2O+ Au an exponential decrease in < R, > can be seen instead of usual dip around
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100 MeV /nucleon. Here, the mass asymmetry effects are strongly observed. Time
interval during which the maximum number of collisions occurred among projectile and
target nucleons for the reactions are 137 Au +137 Au, 131 Xe +37 Au and §Kr +137 Au
in comparison to 55 Fe +137 Au, {9Ar +197 Au and [2C' +137 Au. This is because of the
large number of nucleons involved in the former case.

Fig 5.5 (a), displays the variation of anisotropy ratio < R, > with incident energy for
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Figure 5.5: (a) The anisotropy ratio < R, > as a function of incident energy
for different mass asymmetric reactions and (b) the value 7 extracted from
Fig.5 (a), as a function of mass asymmetry. In the panels (c) anisotropy
ratio < R, > as a function of incident energy for different mass asymmetric
reactions, at b = bQ< Part >pnem 50% and (d) the value 7 extracted from
Fig.5 (c), as a function of mass asymmetry
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various reactions mentioned above at b = 0.3. Following conclusions have been drawn:

1. The behavior of anisotropy ratio < I, > is different at different incident energies.
The nucleon-nucleon cross-section becomes almost independent as the incident
energy increases which tends to increase the longitudinal momentum of nucleons
and hence there is a decrease in the anisotropy ratio. This observation is valid for
all the considered mass asymmetric reactions. This trend of < R, > under present
investigation is similar as reported in Ref. [287,288], for symmetric colliding

nuclei.

2. The heavier projectile induced reactions tends to attain better equilibrium as
compared to reactions induced by lighter projectile because of the larger interac-
tion volume and hence more nucleon-nucleon collisions takes place in the former

case.

In the Fig 5.5 (a), as the mass asymmetry increases from the reaction 137 Au +337 Au
to §2C +397 Au, there is decrease in the anisotropy ratio < R, >. More decrease is
seen in case of highly mass asymmetric reaction because less number of nucleons are
present in the projectile. Further, it is encouraging to analyze reactions at different
impact parameters for different reactions based on the choice of 50% participant matter
as shown in Fig 5.5 (c). It is clear that for a fixed amount of participant matter, the
degree of equilibrium achieved is almost same for all the reactions. The nuclear stopping
which is basically the transfer of longitudinal momentum to transverse momentum is
related to the number of participants in the system. One can make inferences from
Fig 5.5 (a and c) that up to incident energy 100 MeV /nucleon, there is a sudden
decrease in the nuclear stopping for all the reactions, whereas above 100 MeV /nucleon,
there is a gradual decrease in the nuclear stopping value. This is because of the fact
that below Fermi energy mean field plays its important role and hence Pauli blocking
dominates. Above Fermi energy nucleon-nucleon collisions start dominating and role
of Pauli blocking decreases. This energy dependence of nuclear stopping is fitted by
the power law as: < R, >oc E7 for all systems under consideration. Due to the

different behavior of stopping in different energy regimes, the value of the parameter
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7 is fitted for two energy regions: from 40 to 100 MeV /nucleon and from 100 to 1000
MeV /nucleon. The value of 7 extracted from Fig 5.5 (a and c¢) is shown in the Fig
5.5 (b and d) respectively. The non zero values of slope in Fig 5.5 (b), for above and
below E = 100 MeV /nucleon is observed. However, change in the slope is marginal
because of the effective contribution of participant zone as shown in the Fig 5.5 (d).
Comparing Fig 5.5 (b and d) indicates that mass asymmetry can be compensated by
varying the impact parameter. The spectator matter does not changes in the same
ratio as the mass asymmetry changes.

In the Fig 5.6 (a), author has displayed the time evolution of stopping observable
< R, > for the reaction 3" Au +137 Au and 2C +157 Au. It has been observed that
the value of nuclear stopping is more in case of heavier system as compared to lighter
one. In case of 137 Au +33" Au, 394 nucleons are involved in the reaction but in case
of $2C +37 Au, only 209 nucleons are involved. In later case, (*C' being very small
projectile might be fused inside the heavier target 13" Au, hence less stopping is being
observed. Also, at low incident energies reaction dynamics are directed by the mean
field only and binary collisions are suppressed as a result of Pauli blocking. Hence mean
field takes longer time to thermalize the colliding nuclei. Therefore nuclear stopping
is almost same for both the reactions at low incident energy, as the reaction proceeds
due to nucleon-nucleon collisions, there is 50% enhancement in the nuclear stopping
observable value as 71 varies from 0.9 to 0.0.

In the Fig 5.6 (b), we have displayed the results for two reactions 137 Au +137 Au and
2C +17 Au at impact parameter b/b,q,,Q< Part >nom = 50%. We compensate the
effect of mass asymmetry by impact parameter of the reaction. One can clearly see
that difference between the values of stopping observable (< R, >) is very small as
compared to the values shown in Fig 5.6 (a). It is clear from the 5.6 (b) that for
a fixed amount of participant matter, the degree of equilibrium achieved has slight
difference, this difference might be due to the rotational effect. The rotation of the
participating nucleons are more for highly mass asymmetric reactions, due to the partial
overlap, which leads to lesser destruction of co-relation among the nucleons. When a

small projectile {?C' hits on a heavier target X3’ Au, at a non zero impact parameter,
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Figure 5.6: (a) Time evolution of stopping observable (< R, >) at colliding
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the system gets rotated. Azimuthal distribution demonstrates the existence of the
flow [289]. In the next step, contribution of participant matter and spectator matter
is seen for the mass symmetric and mass asymmetric reaction.

In the Fig 5.6 (c¢) time evolution of stopping observable (< R, >) at impact parameter
b/bmaz @< Part > norm = 50% is shown. Participant and spectator part of the highly
asymmetric reaction (2C' 4137 Au, lies in between the participant and spectator part of
highly symmetric reaction. One can clearly see from the Fig 5.6 (¢), that the value of
< R, >, for the participant part of the reaction ¥’ Au +33" Au is more as compared
to the participant part of the reaction {?C' +197 Au, and there is a large difference
between the participant matter of both the reactions. Spectator part of the reaction
197 Au +137 Au lies below the spectator part of the reaction §2C +33” Au for initial time
steps, but at higher time steps negligible change is seen. Since the total stopping is
due to the contribution from participant and spectator nucleons. Thus it has been
observed from Fig 5.5 (c), that almost same value of stopping can be achieved if we

compensate the mass asymmetry with impact parameter. One can conclude that the

mass asymmetry can be compensated with the impact parameter.

5.5 Anisotropy as a function of mass asymmetry
parameter

In the Fig 5.7, initially, < R, > is correlated with mass asymmetric reactions for which
total system mass is kept fixed (Aror = 40,80, 100, 160, 240) and for the case when
total mass is floating at incident energies E = 50 MeV /nucleon and 200 MeV /nucleon
respectively. Secondly, < R, > is compared with 50% of the participant matter
(b/bimar@Q< Part >pnomm) for two different cases (a) total mass is floating and (b) for
total system when mass is kept fixed (Aror = 240). The Fig 5.7, clearly depicts that
< R, > exhibits the similar trend with 7 for both types of mass asymmetric reactions.
One can see that at E = 50 MeV /nucleon, the magnitude of < R, > is larger for the
reactions with floating system mass (most equilibrated) as compared to the fixed one
(lesser equilibrated). At E = 200 MeV /nucleon the magnitude of < R, >, for the reac-

tions with floating system mass (most equilibrated) varies with the mass asymmetry.
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Figure 5.7: The anisotropy ratio < R, > as a function of mass asymmetry
parameter for two types of reactions: (a)total mass fixed at incident energy E
= 50 MeV /nucleon (b) with total system mass floating at an incident energy
E = 200 MeV /nucleon.

The value of nuclear stopping decreases with the increase in the mass asymmetry. In
the upper panel least equilibration is there for Aror = 40 which clearly signifies the
dependence of < R, > on the total number of nucleons. This mass dependence of
< R, > is dominating for central impact parameters.

However, when author deals with 50% of the participant matter (b/bq,Q<
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Part >pnomm) for which total mass is floating and total system mass is kept fixed
(Aror = 240) at incident energies E = 50 MeV /nucleon and 200 MeV /nucleon, it is
found that at lower energies, floating system mass has less stopping as compared to
the fixed (Aror = 240) mass system. Total mass in case of floating system is varied
from 394 to 209, whereas in fixed mass case, mass is 240. It was already predicted that
nuclear stopping increases with increase in number of nucleons, but at low energies
due to dominance of strong mean field less stopping is achieved in the case when total
mass is floating as compared to the case when total mass is kept fixed when geometry
is compensated with 50% of the participant matter (b/be.:@< Part >pnom). At E
= 200 MeV /nucleons, one can clearly see that stopping value remain same even when
total mass of the system is kept constant or total mass is floating because at higher en-
ergies mean field and nucleon-nucleon collision plays its contribution. Our theoretical

simulated results are compared with available INDRA data [111].

5.6 Summary

We conclude that mass asymmetry of the reaction (or size of the projectile) has a
remarkable influence on the dynamics of the reaction. Thus, while studying various
phenomena of heavy-ion reactions at intermediate energies, the mass asymmetry of
the reaction should be properly taken into account. However, the mass asymmetry
parameter can be compensated with impact parameter. The nuclear reactions with
lighter projectile are far from equilibrium and vice versa. The compensation of the
geometrical effects helps to achieve an almost similar amount of equilibrium in mass
symmetric as well as mass asymmetric reactions. < R, > is always found to be larger
for the reactions with floating system mass (most equilibrated) as compared to the
system whose mass is fixed (lesser equilibrated). However the complete equilibrium is

absent in both the cases.
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Chapter 6

Correlation between anisotropic
flow and participant nucleons

6.1 Introduction

The multiple nucleon-nucleon collisions leads to momentum anisotropy and hence col-
lective flow. The collective flow provides a measure of rescattering in non central
collisions. It is basically generated due to the pressure gradient originating from
nucleon-nucleon collisions and hence acts as a promising tool to obtain information
on the nuclear equation of state. Collective flow is of various types, namely radial
flow, directed flow, elliptic flow, triangular flow, quadrangular flow and higher order
anisotropic flow. Directed flow is sensitive to the compressibility of highly thermalized
nuclear matter. On the other hand elliptic flow can be used to study the influence
of isospin degree of freedom on reaction dynamics. The higher order components of
anisotropic flow are important to understand the scaling, i.e., the relationship between
the momentum of nucleons constituting the fragments [290]. A large number of at-
tempts have been made both theoretically and experimentally [16,17,162,167,175,291]
to study the collective flow. The first harmonics i.e., directed flow is sensitive towards
compressibility of highly thermalized nuclear matter, whereas the second harmonics
i.e., elliptical flow can be used to investigate the influence of isospin degree of freedom
on reaction dynamics. The higher order components of anisotropic flow are important
to understand the scaling. It has been observed that collective transverse flow is depen-

dent on the system size [257], incident energy [16,17], colliding geometry [137,140,141]
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and isospin content of the colliding nuclei [262,263]. Mathematically, anisotropic flow
can be defined as the different n™ harmonic coefficient v,, of an azimuthal Fourier

expansion of the particle invariant distribution [73].

IV (1423, cos(rng) 6.)
— Uy, cOS(n .
do
n=1

where ¢ is the azimuthal angle between the transverse momentum of the particles and
the reaction plane. The first harmonic coefficient v; represents the directed flow, second
harmonic coefficient vy represents elliptic flow, third harmonic coefficient v3 represents
triangular flow and fourth harmonic coefficient vy represents the quadrangular flow

respectively and are represented by following equations [292]:

o = (eosg) = (0 (6.2)

vy = (cos29) = <pip;p5> (6.3)
= feos3g) = (R (6.4
v = (cosdg) = <pi_6]ff5+p3> (6.5)

where, p, and p, are the projection of nucleons momentum both parallel as well as
perpendicular to the reaction plane respectively and p, = /p2 + pz is the transverse

momentum.

6.2 Different Harmonics

Anisotropic flow is the flow corresponding to the first two harmonics derived from equa-
tion no. (6.1), and is known either directed flow or elliptic flow. Anisotropic flow plays
a very important role in heavy-ion collision dynamics. Nuclear mean field produces
two effects at low incident energies:

e First projectile nucleons are allowed to deflect towards the target and therefore called
as negative directed flow [293].

e The projectile and target forms a rotating system which leads to particle formation
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Figure 6.1: Azimuthal anisotropy viewed in the transverse plane. Directed
flow on the projectile side of mid-rapidity, (a) positive and (b) negative. Bot-
tom panel shows (c) elliptic flow in-plane or positive and (d) out-of-plane or
negative.

and in-plane elliptic flow [294-296].

At higher incident energies, due to nucleon-nucleon collisions:

e The projectile and target are deflected apart from each other due to generated posi-
tive pressure and corresponds to positive directed flow.

e The projectile and target overlap each other and participant region which is com-
pressed and spectator nucleons producing out-of-plane negative elliptic flow [83].

It is worth mentioning here that both directed and elliptic flow are significant observ-
ables for studying the intermediate energy heavy ion collision dynamics. The directed
flow which is also known as in-plane or sidewards flow refers to the preferential emission

of particles within and to a particular side of the reaction plane as shown in the Fig
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6.1 (a and b). In the Fig 6.1 (c and d), in-plane and out-of-plane elliptic flow is shown.
In the Fig 6.1 T denotes target and P denotes projectile.

6.2.1 Directed flow

beam axis

Attractive Flow

A ; A 5 A
.~ R > S
\Y v \Vi

Yem’ Ybeam Yem/’ Ybeam Yem/ Ybeam

Figure 6.2: Pictorial view of the energy dependence of directed flow.

A significant information about the radial and directed flow could be revealed from
the anisotropy of the particles [73]. It was experimentally observed that the mean trans-
verse momentum changes its sign from negative to positive as the bombarding energy is
increased above 100 MeV /nucleon [297]. Nuclear interactions are mostly dominated at
lower incident energy due to attractive mean field and therefore deviating the particles
towards the negative angles [298]. At intermediate energy the nucleons mean field and
nucleon-nucleon scattering starts dominating and the particles are emitted towards the
positive angles [299]. The attractive interactions are balanced at a certain energy with

repulsive interactions, therefore net transverse flow vanishes. Such incident energy is
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termed as the energy of vanishing flow (EVF) or balance energy (Epy) [59]. A schematic
illustration of directed flow is given in Fig 6.2. At higher incident energies particles are
forced to move in forward hemisphere making in-plane flow positive. Extensive efforts
have been made in the last few years to understand the diminishing of flow and to
measure the balance energy. The study of balance energy have been made by varying
the impact parameter and over a wide range of masses by various researchers in the

past.

6.2.2 Elliptic flow

The elliptic low which is basically an output of the counter-balancing force between
the spectator matter and the expansion of the participant matter is found to saturate
earlier in case of heavier fragments in contrast to the case of lighter ones [123]. This may
be due to slower movement of the heavier fragments which consists of large number
of nucleons moving collectively with respect to each other. There is a cogent and
convincing divergence between the elliptic flow associated with free nucleons to the
nucleons which are bounded and moves collectively forming a cluster of fragments.
Fig 6.3 shows two different signatures of the elliptic flow:
e The in plane bounce-off [300] flow caused by the compressed matter.
e The squeeze-out [301] flow of the participant matter perpendicular to the reaction
plane.
Fig 6.4 illustrates the formation of the compressed region in a non-central nuclear
collisions and the subsequent emission of particles from the participant (mid-rapidity)

region.

6.3 Results and discussion

In this chapter complete systematic study of balance and transition energies for the
collision of nearly symmetric nuclei i.e., for the reactions 13" Au+13" Au, 2°Nd+° Nd,
Bl Xe+18Sn, 1007r 4100 Zr S8Ni+55 Ni, and {3 Ar +53 Sc have been undertaken. The
whole impact parameter has been divided into seven bins - BIN(T), BIN(IT), BIN(III),
BIN(IV), BIN(V), BIN(VI) and BIN(VII) i.e., 0 < b < 0.28, 0.28 < b < 0.39, 0.39 <
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Figure 6.3: In-plane bounce-off caused by compression and squeeze-out
caused by enhanced emission of light particles perpendicular to plane close
to mid-rapidity.

b < 0.48, 048 < b < 0.56, 0.56 < b < 0.62, 0.62 < b < 0.76 and 0.76 < b < 0.88,
respectively, where b= b/bmaz With bper = 1.12(A}/ s A;/ 3). The impact parameter
bins selection is based on the constraints laid by the experimental measurements [137].
To study the transverse momentum dependence of nuclear flow, we have divided the
entire rapidity into bins, where rapidity is defined as [60]

v L (B + PG)e)

1
~ 2" B - PG (00

where E(i) and P,(i) are the energy and longitudinal momentum of the ' nucleon,
respectively. The region (-0.1 < Yo,/ Yieam < 0.1) is identified as mid-rapidity re-
gion. Where, the region (Y.,,./Yoeam < -0.1) is define as target like (TL) matter and
(Yern./Yoeam > 0.1) recognized as projectile like (PL) matter.
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Figure 6.4: Non-central collision of two nuclei results in the formation of
almond shaped volume. The spatial anisotropy with respect to the X-Z plane
(reaction plane) translates into a momentum anisotropy of the produced par-
ticles (anisotropic flow).

6.4 Rapidity dependence of directed flow

In the Fig 6.5 directed flow (< v; >) has been displayed as a function of the rapidity
for the reaction 33" Au +137 Au. The variation of (< vy >) with Y., /Yieam leads to a
well-known S-shape [16], usually deduced with linear fits and is termed as reduced flow.
As the incident energy increases the number of nucleon-nucleon collisions increases, re-
sulting into drifting of nucleons in a direction, transverse to the beam direction and
thereby affecting the directed flow. The nucleons are drifted along the positive an-
gles at higher incident energies and towards negative angles at lower incident energies.
The directed flow is influenced by Coulomb interactions as well as symmetry potential.
The repulsive Coulomb interactions increases with peak value of < v; > for protons as
compared to neutrons [302]. The influence of symmetry energy is found to be small at
lower energies. At the incident energies lower than balance energy [303,304], most of

the collisions are suppressed due to Pauli blocking. When incident energy is more than
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Figure 6.5: Rapidity dependence of directed flow observable (< v; >) for
the reaction 137 Au +197 Au at a scaled impact parameter b = 0.28 - 0.39 and
incident energy varying from 40 to 200 MeV /nucleon.

127



balance energy, both the mean field and the nucleon-nucleon collisions simulate to a
remarkable position and one can observe a positive slope. From the Fig 6.5, one can

observed that the slope of the directed flow shows transition from negative to positive.

6.5 Rapidity dependence of elliptic flow

In the Fig 6.6, author has displayed the variation of elliptic flow (< vy >) with rapidity
Yem./Yoeam- At low incident energy i.e., E = 50 MeV /nucleon, elliptic flow is positive
and one observes a Gaussian shape around mid-rapidity region [16,17,168]. At a certain
incident energy, the value of < vy > becomes zero i.e., the distribution of nucleons is
isotropic in nature. As the incident energy further increases (< vy >) become negative.
The negative value of elliptic flow in the mid rapidity region is the outcome of influential
nucleon-nucleon fling counting squeeze-out and shadowing effects. A Gaussian shaped
behavior is observed in elliptic flow and this behavior is quite similar to the one obtained

by Colona and Toro et al. [258].

6.6 Transverse momentum dependence of
anisotropic flow

In the Fig 6.7, anisotropic flow as a function of transverse momentum for the system
197 Au +137 Au has been displayed. Higher flow harmonics like triangular flow and
quadrangular flow becomes gradually smaller than directed flow and elliptical flow
with increase in transverse momentum [290]. Consequently, magnitudes of < vy > is
higher than < vy >, < v3 > and < vy >. The different v,, harmonics have different
dependency on transverse momentum (p;). At low value of transverse momentum
(pr < 0.4GeV/c), directed flow (< v; >) shows highest magnitude as compared to the
other higher-order harmonics. It is further perceived that initially all the four types
of flow i.e., directed flow, elliptical flow, triangular flow and quadrangular flow have

positive value and increases with transverse momentum (p;) and then attains a maxima

at a particular transverse momentum thereafter there is subsequent fall in flow with
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Figure 6.6: Rapidity dependence of elliptical flow (< vy >) for the reaction

197

197 Au +197 Au at scaled impact parameter of b = 0.28 - 0.39 and an incident
energy from 40 to 200 MeV /nucleon.
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Figure 6.7: Anisotropic flow as a function of transverse momentum (p;) for
the reaction 137 Au +137 Au at a scaled impact parameter b = 0.28 - 0.39 and
at an incident energy of 400 MeV /nucleon.

increasing transverse momentum (p;).

6.6.1 Phase space analysis of anisotropic flow

In the Fig 6.8, we have displayed three-dimensional view of directed flow < v; > in
momentum space for the specified transverse momentum range 0.2 < p; < 0.3 (GeV/c)
at centrality 0.28 < b < 0.39 using incident energy of 400 MeV /nucleon. Nucleons
represented within the circle are those nucleons which participate in the directed flow.
Similarly, in the Fig 6.9, three-dimensional view of elliptic flow has been displayed and
nucleons which participate in the elliptic low form elliptic shape. Identical studies
have been performed for the triangularity and triangular flow. In the Fig 6.10, three
dimensional view of the triangular flow for momentum range 0.4 < p; < 0.5 GeV/c, has
been displayed. We have joined the lines in such a way so that particle lies maximum

within the triangular region. In the Fig 6.11, quadrangular flow is displayed. The
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Figure 6.8: Three-dimensional view of directed flow < v; >, in momentum
space for the transverse momentum range 0.2 < p; < 0.3 (GeV/c) at centrality
0.28 < b < 0.39 for fixed value of incident energy 400 MeV /nucleon.

anisotropic flow can be studied as the transverse momentum and demonstrated to be
a very promising tool for elucidating flow and useful to understand reaction dynamics

of nucleons.

6.6.2 Three-dimensional view of elliptic flow

In the Fig 6.12, we have displayed three-dimensional view of elliptic flow < vy > at im-
pact parameter 0.28 < b < 0.39 and for fixed value of incident energy 400 MeV /nucleon.
Nucleons represented within the circle are those nucleons which participate in the el-

liptic flow and forms ellipsoidal shape. Author has rotated the central part of three-

131



dimensional Figure through the various angles, it is observed that only the orientation

of the elliptic low changes but the distribution remains same.

6.7 Balance and transition energy as a function of
impact parameter

It would be interesting to see the dependence of balance and transition energy on the
impact parameter of the nuclear reaction. In the Fig 6.13, author has made a systematic
investigation of the directed as well as elliptic flow for Z = 1 and Z = 2 particles for

different reactions. The observed values of Ey, and E},..,s are shown at the higher side
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Figure 6.9: Three-dimensional view of elliptic flow < v, >, in momentum
space for the transverse momentum range 0.3 < p; < 0.4 (GeV/c) at centrality
0.28 < b < 0.39 using incident energy 400 MeV /nucleon.
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Figure 6.10: Three-dimensional view of triangular flow < v3 >, in momen-
tum space for the transverse momentum range 0.4 < p; < 0.5 (GeV/c) at
centrality 0.28 < b < 0.39 using incident energy 400 MeV /nucleon.

of each impact parameter bin. For each curve, slope has been calculated. The value
of 7, , for different reactions over the whole colliding geometry is found to vary from
7 = +0.80 to 7 = +1.22. The values of slope of Ej.q,s varies from 7 = 4+0.55 to 7 =
+0.89 for different masses [306].

It has been observed that the role of Coulomb repulsion increases with an increase in
the impact parameter of the reaction [263]. The influence of symmetry energy on Ey
is uniform for the mass range at all the impact parameters. This is due to decrease in
participant zone in peripheral collisions that decreases the extent of nucleon-nucleon
collisions and as a result higher energy is vital to overthrow the attractive nuclear

forces. As a result the effect of Coulomb repulsion in the heavier system will increase
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Figure 6.11: Three-dimensional view of quadrangular flow < v4 >, in mo-
mentum space for the transverse momentum range 0.5 < p; < 0.6 (GeV/c) at
centrality 0.28 < b < 0.39 using incident energy 400 MeV /nucleon.

with impact parameter. In the Fig 6.13, author has compared the theoretical results
with the experimental data [17,137,140,141,305]. One can therefore concludes that at
the transition energy system achieves higher density. Therefore, elliptic low is more
appropriate and desirable tool to study the equation of state and influence of isospin

content of the colliding nuclei.

6.8 System mass dependence

In the Fig 6.14, the balance energy and transition energy are plotted as a function of
system mass. As the system mass increases the balance as well as transition energies

are found to decreases. Inference can be made from the graph that the balance and

134



P,M eV/e)

Figure 6.12: Three-dimensional view of elliptic flow < vy >, at impact
parameter 0.28 < b < 0.39 at an incident energy E = 400 MeV /nucleon.

transition energies for Z = 1 particles is greater than that for Z = 2 particles because
the net momentum associated with heavier fragments is more as compared to lighter
one because Coulomb repulsive interactions plays a dominant role over the symmetry
energy at energies near the balance energy [307]. Curves corresponding to Z = 1 and Z
= 2 have been fitted using power law. The value of the slopes for Ej, are 7,, = —0.39
and 7,, = —0.34 respectively. With the increase in incident energy the influence of
Coulomb interactions decreases and significant role of symmetry energy starts domi-
nating. Also, Pauli blocking is very less at energies close to transition energies. It has
been reported [123] that symmetry energy influence the elliptical flow strongly as com-

pared to Coulomb interactions. In another work it has been reported that transition
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Figure 6.13: Energy as a function of scaled impact parameter for the reac-
tions 77 Au +757 Au, 55" Nd +5° Nd, 53' Xe +50° Sn, §02Zr +40 Zr, 55Ni +35 Ni,
and {Ar +33 Se.
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Figure 6.14: The variation of balance energy (FEj,) and transition energy
(E;) as a function of system mass.

energy remains almost independent of isospin contents of the colliding nuclei [308], but
does depend on the isospin dependence of nucleon-nucleon cross section. The power
law equation fits for transition energy curves of Z = 1 and Z = 2 particles and having
slope 7., = —0.16 and 7., = —0.25 respectively. If we compare the slope of Ej, with
Eirans, one can see that FEy, decreases faster as compared to Ej.q,s for the combined
system mass. This is due to the nonlinear behavior of Coulomb repulsive interactions

at lower incident energies than that of symmetry potential at higher incident energies.

6.9 Influence of isospin content on reaction dynam-
ics

Another feature associated with transition energy calculations is to explore the isospin
effects. Elliptic flow can be divided into contributions gained due to neutrons and
protons. For the calculations of elliptic low neutron and proton, isospin dependent
cross section has been used, where o,, = 30,, = 30,,. While calculating the elliptic
flow for protons and neutrons, interactions among nn and pp has been taken into

account. In Fig 6.15, the difference between the elliptic flow (< vy >) due to protons
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Figure 6.15: Relative change in elliptic flow due to protons and neutrons as
a function of Incident energy for the reaction 33" Au +137 Au at t = 200 fm/c.

and neutrons have been shown by employing two different impact parameter bins. The
difference of elliptic flow associated with neutron and proton becomes negative above
320 MeV /nucleon. The averaged change (A vy P) = (v9™) - (v9P) i.e., the change in
the elliptical flow for neutrons and protons have been calculated. The difference is more
at lower impact parameter and reduces at higher value of impact parameter, because
less number of nucleons participating in flow at peripheral collisions as compared to
central one. Therefore behavior of (vy™) is expected to be similar to (vy?). It has been
observed that (vy™) is more than (v9?) (not shown in the figure) because for neutrons,
symmetry energy is repulsive and for proton symmetry energy is attractive. This is
because protons feel extra repulsion due to Coulomb interactions and hence transition
energies is lower for them. The increase in the impact parameter leads to shifting
of transition points due to decrease in the influence of Coulomb interactions and due
to increasing role of the symmetry energy starts dominating [262,309]. This means

that study of transition energy associated with proton and neutron can be helpful in
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understanding the influence of Coulomb and symmetry energy. Author has compared

the theoretical results with experimental data obtained by M. D. Cozma [310].

6.10 Transition energy as a function of transverse

momentum
200 S R B e e e ——————— ———
! ;z7Au +,1737All =1 LA=2 B Theoretical calculations ]
[ 0 Experimental data
160 >—é—< -
| i é n )
—_ 120 p ; E S % o
g 3 L
o 3 - -
2 80 [ | ] .
> L ! ﬁ + ! -
2 e b ]
a L

; 40 ——t 4 4 4 4 } ( ) t t t t t t
%) A=3] A=4
-

v 160 - o

S

]

=
84

120.- _;_
s

8o} 4 " g .

[(c) [(d)

40 . I . I . I . I . I . I . . I . I . I . I . I . I

0.6 0.8 1.0 1.2 1.4 1.6 1.8 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Pt (GeV/e)

Figure 6.16: The transition energy as a function of the transverse momentum
for different type of particles (A = 1, 2, 3 and 4) for the reaction 3" Au+33" Au.

Transition energy as a function of transverse momentum p; for different particle
type (A =1, 2, 3 and 4) and for the reaction 3 Au +33" Au has been comprehensively
investigated. Transition energy is closely related to in-plane to out-of-plane transi-
tion of nuclear flow. Moreover, experimental observations have put constraints on the
transverse momentum of the nucleons depending on the efficiency of detectors. The

fragments consisting of nucleons have large value of transverse momentum associated
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with them as compared to free nucleons and hence have smaller values of transition
energy. In Fig 6.16, transition energy is displayed for different particle types (A = 1,
2, 3 and 4). Experimentally, it is possible to extract data for transition energy at a
certain transverse momentum. In Fig 6.16, continuous decrease of the transition energy
is clearly observed. The difference in Ey,.q,s value for different particles decreases with
increase in value of p;. At a large value of p;, the contribution comes from large expan-
sion velocities during the early expansion phase of the fireball [311]. The theoretical
results presented here are also compared with the experimental data [87] for A = 1, 2,
3 and 4 fragments. Author observed that results obtained from theoretical predictions
(black symbols) and experimental (red symbols) data follows the similar trend for all

the fragments under consideration.

6.11 Anisotropy ratio Ry as a function of incident
energy

An anisotropy ratio Ry which is also called as squeeze out ratio is another impor-
tant feature associated with elliptical flow. The squeeze out ratio can be correlated
with shadowing phenomenon of nuclear matter. The anisotropy ratio gives information
about the squeeze-out of nucleons and lighter mass fragments. The previous studies
have been made to pin down the squeeze-out of neutrons [312] and charged parti-
cles [313], have shown their dependence on transverse momentum of nucleons. Light
mass fragments are emitted from participant zone, therefore squeeze out ratio is cal-
culated for A = 1, 2, 3 and 4 particles. In the Fig 6.17 (a and b), we have plotted Ry
with incident energy for A = 1, 2, 3 and 4 particles for two different impact parameter
bins. The squeeze-out ratio Ry is connected with the elliptical low through the rela-
tion given by [313]
(1 —2uvy)

Ry = m (6.7)

For lower beam energy limit i.e., up to ~ 100 MeV /nucleon, Ry < 1, because v

> 0. Due to mean field effects at lower energies the colliding system tends to rotate
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Figure 6.17: Anisotropy ratio Ry as a function of energy (a and b) and
impact parameter (¢ and d) for different particle type (A = 1,2,3 and 4) for
the reaction 37 Au +137 Au.

and emit particles predominantly in the reaction plane due to dominance of centrifugal
forces. At higher incident energies v9 < 0 and Ry > 1, leads to squeeze out of nucle-
ons/fragments out-of-plane. This squeeze out is the result of the competition between
mean field and nucleon-nucleon collisions. The out of plane emission again shows a
decrease in number of nucleons with increase in energy. This occurs when vy reaches
its maximum negative value. It is further observed that out of plane squeeze out is
achieved above 100 MeV /nucleon at both the impact parameter ranges. From Fig
6.17 (a and b), it has been revealed that squeeze out effect and emission of light mass
fragments are correlated with each other. Therefore, more squeeze out is observed at
higher energies. In Fig 6.17 (¢ and d), Ry as a function of impact parameter for two

different incident energies has been displayed. At E = 100 MeV /nucleon, there is no
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squeeze out as shown in Fig 6.17 (c¢). Ry increases because of the disappearance of
anisotropy in any central collision, therefore as v — 0 gives Ry — 1 and not because
of enhancement of out-of-plane emission Ry > 1. At the higher incident energies E
= 400 MeV /nucleon maximum value of Ry is achieved at a scaled impact parameter
of 0.48 < b < 0.56, this is due to the shadowing effect. If vy is calculated at still
higher impact parameter, then squeeze out effect decreases as energy transferred to

participant zone is less and hence the reaction dynamics prefers in-plane emission.

6.12 Correlation between Np,; and elliptic flow

In the Fig 6.18, author has displayed the elliptic flow and Np,., as a function of im-
pact parameter. At incident energy (E = 50 MeV /nucleon) in Fig 6.18 (a), elliptic
flow (< vy >) and Npg, cross each other while, in the Fig 6.18 (b), at higher incident
energy (E = 400 MeV /nucleon) elliptic flow (< vy >) and Np,¢ do not cross each
other. Transition from the mean field phenomena to nucleon-nucleon collisions are
clearly observed. At lower incident energies, reaction dynamics are governed by the
mean field and binary collisions are suppressed due to Pauli blocking whereas at higher
incident energies because of the nucleon-nucleon (NN) collisions, number of partici-
pant nucleon increases. In the inset of Fig 6.18 (a) and (b) elliptic flow as a function of
impact parameter has been shown. At incident energy E = 50 MeV /nucleon, elliptic
flow increases with increase in the impact parameter while at incident energies E =
400 MeV /nucleon, elliptic flow shows decreasing trend with increase in impact param-

eter [20].

6.13 Correlation between nuclear stopping and el-
liptic flow

In the Fig 6.19, to check the correlation between nuclear stopping and elliptic flow, au-

thor have plotted stopping parameter (< Rg >) as the function of elliptic flow (< vy >)
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Figure 6.18: Elliptic flow (< vy >) as well as Npy, as a function of scaled

impact parameter for the reaction 17 Au ++7 Au, at an incident energies E =

50 MeV /nucleon and E = 400 MeV /nucleon.

NPart

for the reaction 137 Au +137 Au. At lower incident energy i.e., E = 50 MeV /nucleon as

well as at higher incident energy i.e., E = 400 MeV /nucleon, elliptic flow shows de-

pendence on the nuclear stopping observables. We have shown the correlation between

two important observables viz nuclear stopping and elliptic flow below the transition

energy and above the transition energy. Elliptic flow is a mid-rapidity phenomenon

and nuclear stopping is a global phenomenon. To compare nuclear stopping and elliptic

flow, author has calculated the nuclear stopping due to mid-rapidity zone. One can

clearly see that the value of nuclear stopping observable < Rg > is higher because at
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Figure 6.19: Stopping parameter (< Rg >) as a function of elliptic flow (<
vy >) for the reaction 37 Au+3” Au, at an incident energies E=50 MeV /nucleon
and E=400 MeV /nucleon.

low incident energy nuclear stopping is governed via fragment phase space. At higher

incident energy the value of nuclear stopping is less due to nucleons phase space [20].

6.14 Relative participation of nucleons in different
components of flow

Now, we would like to draw attention towards the comparison of calculated value of
different harmonics of flow (difference between % change in over all rapidity region and
mid rapidity region) with actual value of Fourier coefficient of flow < vy >, < vy >,

< w3 > and < vy >. On expanding the cosine term of the Fourier series as:

<v>=14=1

<wvy>=2 =05
<wvg>=g5 =016
<wvy>=4 =004

One can clearly see from the Fig 6.20, that mathematical values over estimate the

model values. Here, we have scaled down model calculations w.r.t the Fourier coeffi-
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Figure 6.20: Relative participation of nucleons among different components
of flow [290].

cients by the factor 35. It is simply mathematical scaling. The percentage change in
the model calculation and Fourier coefficient decreases with increase in the order of
harmonics [290]. These type of studies will be helpful to pin down the scaling among
different harmonics for different particles. Consequently, this information will be use-
ful to experimentalist to decide how many collisions among the nucleons they need to

perform to get clear signals of higher harmonics of anisotropic flow.

6.15 Summary

Our study concludes that there is a broad plateau between the balance energy and
transition energy. Author has summate the wealth of unique information relevant to
the balance energy and transition energies. Both transition and balance energy found
to be decrease with decrease in the impact parameter for any colliding system and the
rate of decrease in balance energy is faster than transition energy as the system mass
increases. At higher energies, Ry first rises and then fall with light mass fragments (A

=1, 2, 3 and 4). Intermediate energy phenomenon’s elliptic flow and nuclear stopping
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shows strong correlation with N,4+. The higher harmonics i.e., < v3 > and < vy >
have smaller contribution than < v; > and < vy >. The percentage of nucleons par-

ticipating in flow decreases with increasing order of the harmonics of collective flow.
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Chapter 7

Summary and outlook

“The most beautiful thing we can experience is the mysterious. It is the source of all

true art and science: Albert Einstein

7.1 Summary

Summarizing, the objectives of the present thesis a comprehensive blueprint of nuclear
flow and nuclear stopping have been carried out. Study has been made adopting the
Isospin-dependent Quantum molecular dynamics (IQMD) model. In the introductory
part basic heavy-ion physics is discussed. Various phenomena that occurs at interme-
diate energies (Nuclear stopping, Collective flow and multi-fragmentation) have been
discussed thoroughly.

Initially the study of basic collision dynamics has been carried out. Present study
concludes that there is a broad plateau between the collision dynamics and its correla-
tion with two most important phenomena of intermediate energy i.e., elliptic low and
nuclear stopping. The number of binary collisions increases with an increase in the
incident energy and decreases with the impact parameter. At lower energies as well
as at higher energies, the contribution of projectile nucleons and target nucleons that
participate in collisions are almost same throughout the whole impact parameter range
for mass symmetric nuclear reactions. Elliptic flow and nuclear stopping shows strong
correlation with Npg¢.

After the detailed study on collision dynamics, we have carried out systematic investi-
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gations for the nuclear stopping observable R, Rp and < varxz > for mass symmetric
and nearly mass symmetric reactions. Iso-spin mixing have been studied by using pairs
of isotopes and isobars. Author concludes that nucleons suffering at least five collisions
are more thermalize and contributes in nuclear stopping. The value of nuclear stopping
in the case of protons is higher than that of the neutrons. In our investigation, we have
observed that < varxz > is the most sensitive observable to study the nuclear stopping.
Our study reveals that the LMF’s production from the participant zone is immensely
associated with global nuclear stopping. In the next part of our study memory loss of
nucleons in nuclear stopping have been calculated.

Further, nuclear stopping is calculated for mass asymmetric reactions, where the total
system mass is kept fixed (Aror = 240,160, 100,80, 40) and also for the total mass
is floating at E = 50 MeV /nucleon and 200 MeV /nucleon. The compensation of the
geometrical effects helps to achieve an almost similar amount of equilibrium in mass
symmetric as well as mass asymmetric reactions. This study is useful for the experi-
mentalist as they can look for projectile stopping along with projectile fragmentation.
In the last section of the thesis, author has demonstrated the phenomenon of collec-
tive flow. Study concludes that, there is a broad plateau between both the balance
energy and transition energy. We summate wealth of unique information relevant to
the balance energy and transition energies. We conclude that the balance energy and
transition energy are found to increase with the impact parameter for any colliding sys-
tem. As the mass of colliding nuclei increases, the rate of decrease in balance energy
is faster than transition energy. The calculations have been made for the anisotropy
ratio Ry is an another way to express the squeeze out ratio (< vy >) for light mass
fragments (A = 1, 2, 3 and 4). Consequently, magnitude of directed flow (< vy >)
is more than elliptic flow (< vy >), triangular flow (< vz >) and quadrangular flow

(< vyq >). Different v, harmonics shows different dependency on transverse momentum

().
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7.2 Outlook

In addition to our study, further research and elaboration in intermediate energy do-
main can be carried out in future. One can look for isospin-mixing effects while studying
the pairs of mirror nuclei, in which the number of proton and neutrons are interchanged.
The study will be helpful in the discovery of many isotopes, which could have great
applications in the field of medicine and material science.

Mass asymmetry can be compensated by varying the colliding geometry, while rota-
tional effects are present. The rotational effects in case of highly mass asymmetric
colliding nuclei can be further studied as a topic of further interest.

Memory loss in nuclear stopping gives us an idea of correlation that how many nucle-
ons loose their correlations while undergoing collisions with nucleons of parent nuclei.
Further, work in this direction can be presented by checking how many nucleons loose
their memories with respect to the entrance channel. Anisotropic flow will provide us
with an opportunity to significantly improve our understanding on the properties of
nuclear matter. Overall, authors are hopeful that from their study the theoretical and
experimental issues covered here will make an impact on the future studies of heavy-ion
physics and leads to further studies that will help us to understand more about the

origin of collectivity.
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