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ABSTRACT

The present work deals with the theoretical study of directed flow in heavy ion
collisions at intermediate energies. We present a complete systematic study of directed
flow for asymmetric colliding nuclei for heavy ion reactions in the energy range
between 60 (MeV/nucleon) and 140 (MeV/nucleon) by using hard equation of state.
This study is performed within an isospin-dependent quantum molecular dynamics
(IQMD) model. We envision an interesting outcome for asymmetric colliding nuclei.
Also the effect of different potentials on heavy ion collisions has been studied.
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CHAPTER 1

INTRODUCTION

1.1 Heavy-ion Physics

Heavy ion physics is the branch of physics which deals with the phenomenon that
occur when two heavy nuclei are brought into close contact such that the nuclear
forces that hold neutrons and protons together within the nucleus are felt by other
nucleons. For low density phenomena, we study low energy nuclear physics (< 10A
MeV). The low energy heavy-ion reactions give unique possibility to look for the
nuclear interactions, fusion-fission, cluster radioactivity, formation of super heavy
nuclei, and possibilities of synthesis of super heavy elements, halo nuclei [1,2] etc.
Thus low energy nuclear physics focuses mainly on the structure of nuclei. At low
energies, the available free phase space is very small, therefore 98% of attempted
collisions are blocked and the whole dynamics at low energies is due to mean field. At
high energies (> 2 GeV/nucleon) there is a presence of large free phase space, so only
4% of attempted collisions are blocked and the dynamics is due to the collisions. At
intermediate energies (10 MeV/nucleon < E < 2 GeV/nucleon) both collisions and
mean field are taken into considerations. The main aim of studying heavy - ion
collisions at intermediate energies is to extract some information on equation of state.
Reactions at intermediate energies are violent enough to excite the system to very high
temperature leading to the break -up of initial correlations among nucleons, but not

strong enough to break the internal structure of nucleons or hadrons.

The normal nuclear matter is described by the physics at normal nuclear density and
low temperature. Figure 1, shows that the phase transition between the nuclear liquid
and a gas of nucleons is not the only phase transition that we study in heavy-ion
collisions. At even higher temperature and densities, nucleons themselves can undergo
a phase transition. Nuclear matter can appear in different phases (i.e. liquid Hadron
Gas and Quark-Gluon Plasma phases) depending upon temperature and density. The

normal nuclear matter at (p = p,, T = 0) represents the liquid phase. The liquid gas



phase (LGP) transition region is characterized by the temperature below ~ 15 MeV
and densities (% < 1).
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FIG.1. The phase diagram for nuclear matter. The horizontal axis shows the matter
density, and the vertical axis shows the temperature.

A highly dense and hot region corresponds to Quark-Gluon Plasma (QGP) phase.
The hadron gas (HG) phase exists at intermediate temperature and density. Major
research efforts at BNL (Brookhaven National Laboratory) in New York and at CERN
(Conseil Europeen pour la Recherche Nucleaire) in Switzerland are directed toward

establishing the conditions for creating this phase transition and observing its
signatures.

Heavy ion collisions at intermediate energies offers excellent opportunities to study
nucleon - nucleon collisions, phenomena’s such as multi-fragmentation, collective
flow and nuclear stopping etc. All these phenomena are studied in the literature time
independently. As my topic is concerned with multi-fragmentation and flow so we
will discuss these two processes in detail.

1.2 Phenomena’s at intermediate energies

Multi-fragmentation: When two nuclei collide, the dense and strongly interacting
nuclear matter gets condensed by emitting large number of fragments which include

free nucleons (FN’s), light charged particles (LCP’s) and intermediate mass fragments
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(IMF’s). This phenomenon of breakup of nuclear matter is termed as multi-
fragmentation. It depends on the number of entrance channel parameters such as

incident energy (E), collision geometry (b), mass of colliding nuclei (Mp, M;), mass

asymmetry (0= (A — 4p)/(Ar + 4p)).

Collective Flow: The collective flow is characterized by the space and momentum
correlations of dynamic origin. Basically, the directed and elliptical flows are the two
observables to study the collective flow. The directed transverse flow, is very sensitive
to the physical scenario. At low incident energy, directed transverse flow is attractive,
but turns repulsive at higher incident energies. The directed flow seems to be
constrained only along the reaction plane which is due to the bounce-off of the
compressed matter. However, the elliptical flow is more suited to study the collective

flow which is squeeze-out of the spectator matter out of the reaction plane [3].
1.3 Experimental &Theoretical Review

Many theoretical and experimental efforts have been made in studying the process of
multi - fragmentation, collective flow etc. in Heavy - ion collisions. Experimentally,
the FOPI and ALADIN groups at GSI studied the multi-fragmentation process over a
wide range of masses from 12 to 208 units for wide range of incident energies from
100 to 1000 MeV/nucleon.

INDRA group at GANIL (France) is also one of the leading group in this field. The
main interest of INDRA collaboration at GANIL is to study the collisions where large
multiplicities of the nucleons are observed in the exit channel and they have studied
the influence of different parameters on multifragmentation including role of size of
system in entrance channel, Coulomb instabilities etc. On the other hand the entrance
channel effects are studied by keeping the total mass equal to 250 units. A detailed
theoretical study of INDRA experimental findings was carried out by Aichelin and

coworkers [4].

Theoretically, Plastic Ball group at the Bevalac in Berkley, National Superconducting
Cyclotron Laboratory (NSCL) at MSU focuses on the study of flow. At present,

several experimental groups are engaged in extracting information of nuclear EOS



from multifragmentation and nuclear flow/fragment flow. Many body nuclear
dynamics group at INDIANA University Bloomington, USA studied the role of
nuclear equation of state (EOS) in particular how the density dependence of the
symmetry energy affects the properties of nuclear matter [5].

Now we will study about different potentials.
1.4 Different kinds of potentials

Yukawa Potential: It is a potential of the form

VYukawa (r) =- gZ( ) 11

e—mr
r

g represents the magnitude of scaling constant, r is the radial distance to the particle.
This potential is monotonously increasing, implying that the force is always attractive.
In interaction between a meson field and a fermion field, g is equal to coupling
constant between those fields. Hideki Yukawa showed in 1930s that such a potential
arises from the exchange of a massive scalar field such as field of the pion whose mass
is m. Since the field mediator is massive, the corresponding force has a certain range,

which is inversely proportional to the mass.

Relation to Coulomb potential

If the mass is zero, then the Yukawa potential becomes equivalent to a Coulomb
potential, and the range is said to be infinite. As the mass approaches 0, the

exponential term goes to 1,

m—0:e™ e’ 1
So in this limit the equation,
VYukawu (r) =- 92( eT)

becomes a form of the Coulomb potential,

1
VCoulomb (r) =- gz ; 12



A comparison of the long range potential strength for Yukawa and Coulomb is shown
in Figure 1. It can be seen that the Coulomb potential has effect over a greater distance

whereas the Yukawa potential goes to zero rather quickly.

Along range comparison of Yulkawa and Coulomb potentials
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Figure 1: A "long-range" comparison of Yukawa and Coulomb potentials' strengths

where g=1.

Coulomb Potential: It is an effective pair potential that describes interaction between

two point charges. It acts along the line connecting two charges.

__l ma

VCoulomb - dme, T 13

r is the distance between two ions, ¢, is electrical permittivity, q; g, are the electric
charges. Two oppositely charged particles will give an attractive potential whereas if

both particles are of same sign then potential is repulsive.
The Coulomb force between the two molecules is

1
q192 14
e, 1T

F Coulomb — ~
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Figure 2: The Coulomb potential. The bottom curve represents the interaction
between two particles of opposite charges and the top curve represents the interaction

of particles of equal charges.

> Momentum dependent interactions: These interactions act during the initial
phase of the reaction when relative momentum is quite large. The particles
propagating with momentum dependent interactions are accelerated in the transverse
direction during the early phase of the reaction. As a result fewer collisions take place
and the transverse flow increases considerably. The momentum dependence of
equation of state has also attracted a lot of considerations, momentum dependent

interactions are found to affect the collective flow quite drastically.

> Symmetry Potential: Symmetry is that energy at which protons in the
nucleus tends to be neutrons and vice-versa. The symmetry energy (Ej,,,) of nuclear
matter characterizes how energy rises as one moves away from equal number of

neutrons and protons. Nuclear symmetry energy which encodes energy related to



neutron-proton asymmetry in equation of state of nuclear matter, is a fundamental
quantity currently under intense investigation in both nuclear physics and astrophysics.
Despite much effort made both experimentally and theoretically, our current
knowledge about Ej,,,, (p) is still poor. There are two different type of the density
dependence of the symmetry energy. One, where the symmetry energy increases
monotonically with increasing density (“stiff” dependence) and the other, where the
symmetry energy increases initially upto normal nuclear density and then decreases at

higher densities (“soft” dependence).

The equation for density dependence of symmetry energy can be written as

Coym (P)= COsym ()7 (MeV) L5
where (%, represents the value of the symmetry energy at normal density , y

represents the stiffness of the symmetry energy.

The study of collective transverse flow in nucleus-nucleus collisions can provide
information about the nuclear equation of state (EOS). Transport models have been
used to describe collective transverse flow, these models predict that collective
transverse flow in the reaction plane disappears at an incident energy, termed as
balance energy Ey.;, Where the attractive scattering (dominant at energies around 10
MeV /nucleon) balances the repulsive interactions (dominant at energies around 400
MeV/nucleon). The disappearance of directed transverse flow has been well
established through many experiments. Comparison of the measured impact parameter
dependence of the balance energy with predictions from isospin dependent quantum
molecular dynamics model calculations demonstrated better agreement.

Our aim in this dissertation is to see the contribution of different potentials on directed

flow. Also we have compared our theoretical results with experimental data.



Chapter 2
Methodology

2.1 Isospin-dependent Quantum Molecular Dynamics (IQMD) Model

Quantum Molecular Dynamics model contains two dynamical ingredients; the density
dependent mean field and the in-medium nucleon-nucleon cross-section. In order to
describe the isospin dependence appropriately, the QMD model should be modified
properly. Considering the isospin effects in mean field, two-body collision and Pauli
blocking, important modifications in QMD have been made to obtain an isospin-
dependent quantum molecular dynamics (IQMD) [6]. The isospin-dependent quantum
molecular dynamics model treats different charge states of nucleons, deltas and pions
explicitly, as inherited from the Vlasov-Uehling-Uhlenbeck (VUU) model [7]. This
model has been used successfully for the analysis of large number of observables from
low to relativistic energies. The isospin degree of freedom enters into the calculations
via cross-sections and mean field [7]. The cross-section for neutron-neutron collisions

are assumed to be equal to proton-proton cross-sections.
This model includes three important steps:

e In the first step, nuclei is generated. This is known as initialization.

e In second step, nuclei propagate under the influence of surrounding mean
field. This is known as propagation.

e Finally, nucleons are bound to collide if they come too close to each other.

This is dubbed as collisions.
2.1.1 Initialization

In this model, baryons are represented by Gaussian-shaped density distributions

fi(r,p, t) = L o=(r-1i()?/2L o~ (p-pi(t))*.2L /0 -

2h2

Here Gaussian width L is regarded as a description of the interaction range of particle.

The system dependence of L has been introduced in IQMD in order to obtain
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maximum stability of the nucleonic density profiles. For the heavier system (e.g.
197Au + 197Au), its value is 8.66 fm? and for lighter system (e.g. 50Ca + 30Ca), its
value is 4.33 fm?. Nucleons are initialized in a sphere with radius R =1.124%/3 fm,
according to liquid drop model. Each nucleon has a volume of h3, so that phase space
is uniformly filled. The Fermi momentum p depends on the ground state density. For
p, = 0.17 fm~3, it has a value of about 268 MeV/c. Pion production is treated via the
delta resonance. This model performs a Lorentz contraction of the nucleus coordinate
distribution, which becomes important at higher energies.

2.1.2 Propagation

The successfully initialized nuclei are then boosted towards each other with proper
center of mass velocity using relativistic kinematics. The nucleons of target and
projectile interact via two and three-body Skyrme forces, a Yukawa potential and
momentum dependent interactions. The isospin degree of freedom is treated explicitly
by employing a symmetry potential and explicit Coulomb forces between protons of
colliding target and projectile. This helps in achieving correct distribution of protons

and neutrons within nucleus.

The hadrons propagate under the influence of the potential in Hamiltonian’s equation
of motion:
dr; _ d«H> . dp; d<H»>

- , - 2.2
dt dap; dt dr;

Potentials used in IQMD

A total Hamiltonian function with a kinetic energy T and a potential energy V is given

by

H = I +V»



2 o
:Ezp_r;zi+2i2f>i [fip, )y V(s 7 2.3
X fi(r', p, tydrdr dpdp’

The baryon-baryon potential V¥, in above relation, reads as:

il = 17L ij ij ij ij
V (T‘ I’) VS‘kyrme-I- VYukawa+ VCoulomb+ VMDI+ I(S‘ym

= (6,8~ 1) + 5,80 )pr~t (20

2
']
exp ((—) 7 .02
ity + T b 2 [ty (p) — p) 118 — 1)
(|1‘ Tl) |T’—T'| t
u
1 7 j /
g TiT]8(r{- 17) 2.4

Here Z; and Z; corresponds to the charges of it" and jt" baryon, and T% , T3j are their
respective components. The finite range Yukawa potential with t; = -6.7 MeV is
important to stabilize the surface of a finite nucleus. The parameters p and ¢4, ....... ,

te are adjusted to the real part of the nucleonic optical potential. Other baryonic

potentials like V.

skyrme @nd Vyp; are isospin- independent. For nucleon optical

potential depending upon the density, standard Skyrme-type parameterization is
employed as:
Vlocal =< (i) + L (i)z 2.5
2 "po Y+1 "po
The mean field notation with the parameters a, B, y has been chosen for reasons of

simplicity and in order to compare the parameters with those used in VUU-BUU

calculations.

Two different nuclear equation of state (NEOS) have been implemented i.e. A hard
NEOS with a compressibility of 380 MeV and a soft NEOS with a compressibility of
200 MeV. The Yukawa potential in IQMD is very short ranged and weak. Yukawa

10



forces also stabilize the nuclei due to the increase of the interaction range as compared

to a 6-like Skyrme potentials. This results in the reduction of fluctuations.
2.1.3 Nucleon-Nucleon (NN) Collisions

The binary nucleon-nucleon collisions are included by employing the collision term of
well known VUU-BUU equation [7]. The binary collisions are done stochastically, in
a similar way as in the Cascade models. During the propagation, two nucleons

collide if their minimum distance d fulfills

Otot

d=|r-7< T,Utotzﬁ(\/g,type), 2.6

“type” denotes the ingoing collision partners (N-N, N-A, N-rx,..).

2.1.3.1 Pauli blocking

Whenever a collision occurred, in the phase space we assume that each nucleon
occupies a six dimensional sphere with a volume of h*/2 and then calculate the phase
volume V, of the scattered nucleons being occupied by the rest nucleons with the same
isospin as that of the scattered ones. Then we compare 2V/h*® with a random number
and decide whether the collision is blocked or not. So the Pauli blocking is isospin

dependent. Pauli blocking of neutron and proton is treated separately.

In addition, Pauli blocking (of the final state) of baryons is taken into account by
checking the phase space densities in the final states. The final phase space fractions
P; and P, which are already occupied by other nucleons are determined for each of the
scattering baryons. The particular attempt for a collision is then blocked with the
probability

Pyiock = 1- (1- P;) (1- P,) 2.7

Whenever an attempted collision is blocked the scattering partners maintain the
original momenta prior to scattering. Delta decays are checked in an analogous

fashion with respect to the phase space of the resulting nucleon. Furthermore,

11



parametrized free pn and pp cross- sections are used instead of an averaged nucleon-
nucleon cross-sections. The total cross-section is the sum of the elastic and all

inelastic cross-sections.
Otot — Ogl + Oinel
= Og + Zchannelso-i 2.8

The following inelastic reactions might influence the dynamics of the collision and are

explicitly taken into account:

(@ N+ N- A+ N (hard- delta production)
(b) A — N + 1t (delta decay)

(c) A+N - N+ N (delta absorption)

(d N+=n— A(soft- delta production)

Experimental cross-sections are used for processes (a) and (d), as well as for the elastic
NN collisions. Inaccessible reactions like AN — NN are calculated from their reverse
reactions (like NN — AN) using modified detailed balance formula [8]. The
conventional detailed balance formula is only correct for particles with infinite
lifetimes (zero width). The elastic nucleon-nucleon scattering angular distribution is
taken to be

doge;
- & exp[A(s)t] , 2.9

Where t is -2, the transverse momentum transfer and

_ 6
AG)= 6 [3.65(V/s— 1.8766)]

"1+[3.65(Vs— 1.8766)]6 210

Vs is the c.m energy in GeV and A is given in (%)‘2.

The isospin degree of freedom play an important role especially for the particle
production. The parameterization suggested by Huber and Aichelin [9] is used: fitted

differential cross-sections are extracted from one boson- exchange (OBE) calculations:
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Lin , b(s)cos 2.11
0 a(s)exp[b(s)cosO] .

The a(s) and b(s) are functions of Vs and vary in their definition for different intervals

of v/s. 0 is the polar angle.

X = /s (GeV) a (fm) B
2.104-2.12 294.6( x — 2.014)2578 19.71( x — 2.014)15%1
2.12-2.43 0.01224 19.71( x — 2.014)1552
(x —2.225)? + 0.004112
2.43-4.50 (2.343/x) " 33.41 arctan(0.5404 (x —
2.146)0'9784)

These isospin effects in the IQMD are found to vary the results, one obtained with
QMD model.

2.2 Method of Clusterization

Minimum Spanning Tree (MST) method
In MST, two nucleons share the same fragment if their centroids are closer than a
distance d,in

[ri — 751 < dmin 2.12
Where r; and 7; are the spatial positions of both nucleons. The minimum distance has
been used as a free-parameter which varies between 2-4 fm. It has small effect on
multi-fragmentation [10,11]. This method will give a single big fragment during the
early stage of the reaction where density is quite high and the interactions among the

nucleons are still active.
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Chapter 3
DIRECTED FLOW

3.1 Introduction

Anisotropic flow (the directed flow and elliptic flow) is of interest in theoretical and
experimental investigations on nuclear reaction dynamics in intermediate and high
energy heavy-ion collisions. Anisotropic flow is defined as the different n™" harmonic
coefficient v, of an azimuthal Fourier expansion of the particle invariant distribution
[12]

Z—g o 1+ 2 Y. >, v, cos(nd). 3.1
where ¢ is the azimuthal angle between the transverse momentum of the particle and

the reaction plane. The Ist harmonic coefficient v, represents the directed flow,
= - <k = 2 2 i
vy = <cosp >=< b >, where P.= ,/P# + Py is transverse momentum. v,

represents elliptic flow which characterizes the eccentricity of the particle distribution
in momentum space
PZ—P

v, =< cos (2¢) > =< P_z
t

> 3.2

and v, represents the 4™ momentum anisotropy,

P{—6PZP;+Py
P

Vy = 3.3

3.2 Results and Discussion

For the present study we simulate several thousands events for the systems 38Ni +
S8Ni, 58Fe +38Fe at incident energies ranging from 60 to 140 MeV/nucleon in steps
of 20 MeV/nucleon. The impact parameter (b = b/by.x) IS ranging from 0.28 to
0.56. We use a hard equation of state (EOS). We are using a reduced cross-section
ored = 0.9 oyn- The time evolution of the reaction is followed upto the saturation time
of heavy-ion reaction (i.e 200 fm/c). We can get the information about E,, from
Py /A plots, where we plot < Px/A > as a function of rapidity distribution, where

rapidity distribution is written as

14



~_1, E(D)+P,(0)
Y(l)-2 In EO—P.D 3.4

Where E(i) and P, (i) are total energy and longitudinal momentum of i particle. We
have also used directed transverse flow < P& > to get information about Ej ;.

Directed flow is defined as
i 1 . ] )
< PdIr >= < Ysign {Y (i)} P,(i) 35

P, (i) is transverse momentum of i particle along x — direction and Y (i) is rapidity

distribution. < PJ" > is defined over entire rapidity range.

Figure.3.1 shows the effect of different kinds of potential on the scaled density of the
colliding nuclei. Acronym sy stands for Skyrme + Yukawa, syc stands for Skyrme +
Yukawa + Coulomb, sycm stands for Skyrme + Yukawa + Coulomb + Momentum
dependent interactions, sycms stands for Skyrme + Yukawa + Coulomb + Momentum
dependent interactions + Symmetry potential. Here the impact parameter is taken to
be 0.28 and the energy is 100 MeV/nucleon. It is seen that the results for sy and syc
in both the systems are found to be equal but on adding momentum dependent

interactions to syc, the density starts decreasing.

Fig.3.2. shows the collision rate % for impact parameter b/b,,,, = 0.28 at 100

MeV/nucleon. We find that coulomb interactions decreases the collision rate due to
their repulsive nature. On further adding the momentum and symmetry potential,

collision rate decreases upto some extent and then remains constant.
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FIG.3.1. Time evolution of density for reduced impact parameter ( b/b,,4, = 0.28) at 100

MeV/nucleon for the systems 38Ni + 3§Ni and 38Fe + 3EFe.
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100 MeV/nucleon.
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FIG.3.3. Average transverse momentum in reaction plane versus reduced center of mass
rapidity from semicentral collisions ( b/b,,q, = 0.28,0.48) at 100 MeV/nucleon for 38Ni +
>8Ni for a) FN b) LMF c) IMF.

Fig.3.3, shows the average transverse momentum in reaction plane < Py/A > plotted
versus the reduced c.m.rapidity (Yem/Ypeam) fOr 3ENi + 58Ni at two impact parameters
at 100 MeV/nucleon for different potentials. The results are shown for free nucleon
(FN), light mass fragment (LMF) and intermediate mass fragment (IMF). The data
exhibit the characteristic “ S-shape” associated with collective transverse flow in the
reaction plane. As the impact parameter increases, transverse flow increases, passes
through a maxima and diminishes for most peripheral impact parameters. Different

colors and symbols are indicating different potentials.

17



E =100 MeV/nucleon

16

' b/b =0.28 b/b =0.48
8+t max max

(MeV/c)

P /A

©
-1.5-1.0-05 00 05 1.0 15

Y /Y  (arb.units)
cm beam

15 -1.0 -05 00 05 1.0 15

FIG.3.4. Average transverse momentum in reaction plane versus reduced center of mass
rapidity from semicentral collisions ( b/byq, = 0.28,0.48) at 100 MeV/nucleon for 38Fe +

>8Fe for a) FN b) LMF c) IMF.

Figure.3.4. shows the average transverse momentum in reaction plane < Py/A >
plotted versus the reduced c.m.rapidity (Yem/Ypeam) for 58Fe + 38Fe for two impact
parameters at 100 MeV/nucleon for different potentials. The calculations exhibit the
characteristic ““ S-shape” associated with collective transverse flow in the reaction
plane. As the impact parameter increases, transverse flow increases, passes through a

maxima and diminishes for most peripheral impact parameter.
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FI1G.3.5. Directed transverse flow as a function of the reduced impact parameter from 38Fe +

>8Fe and 38Ni + 38Ni at 100 MeV/nucleon.

Figure.3.5, shows the directed transverse flow as a function of reduced impact
parameter for the systems 3&Fe + 38Fe and 3&Ni + 38Ni at 100 MeV/nucleon. The
neutron-rich system 38Fe + 3&Fe systematically exhibits larger flow values than 58Ni
+ 58Ni at all the reduced impact parameters displayed. On adding the potentials step by
step to sy (Skyrme + Yukawa) flow increases with impact parameter. The largest
difference in the magnitude of the flow between the entrance channels occurs for

heavier mass fragments at semicentral collisions.
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FI1G.3.6. Directed transverse flow as a function of energy from 38Ni + 3&Ni at different impact

parameters.

Figure.3.6. shows the directed transverse flow as a function of energy for 38Ni + 38Ni
at different impact parameters as shown in the figure above. It is clear from the figure
that the value of directed flow decreases with increase in the energy. Different
symbols and colors represents different kinds of potentials. On adding Coulomb
potential to Skyrme +Yukawa potential the flow value decreases. Further on adding

momentum and symmetry potential to syc (Skyrme + Yukawa + Coulomb), the flow

value is smaller as compared to sy.

Figure.3.7. shows the directed transverse flow as a function of energy for 3&Fe + 5&Fe

at different impact parameters. It is seen that the result for 38Fe + 38Fe is coming

almost equivalent to 35Ni + 38Ni.
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FIG.3.8. Ep, as a function of impact parameter for the system 38Ni + 38Ni.
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In figure.3.8. we display the E,, as a function of impact parameter for the system
S8Ni + 38Ni. We also display the experimental data [13] and our corresponding
calculations in the range of colliding geometry used in present study. Also we are
using hard equation of state. It is clear from the figure that E,; increases with increase

In impact parameter.
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FIG.3.9. Ey as a function of impact parameter for the system 38Fe + 58Fe.

Figure.3.9. shows E,; as a function of impact parameter for the system 3&Fe + 58Fe.
Here we are taking the values of E,, for different kinds of potentials shown in the
figure above. It is seen that the increase in Ey; is more in 38Fe + 38Fe than 38Ni +

>8Ni. Clearly our results are in good agreement with the data.

Figure.3.10. shows AE,,; as a function of impact parameter for the system 38Ni +
58Ni. It is clear from the figure that the contribution of symmetry potential is very less

S0 we are getting a linear line drawn as blue line in figure.
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FIG.3.10. AE,; as a function of impact parameter for the system 3&Ni + 38Ni.
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FIG.3.11. AE,, as a function of impact parameter for the system 38Fe + 38Fe.

Figure.3.11, shows AEj,; as a function of impact parameter for the system 58Fe +
>8Fe. AE,, increases with increase in impact parameter with and without Coulomb

potential but there is small variation for difference in sycm and sycms.
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3.3 Summary

The thesis contains a brief review of one of the important branch of nuclear physics
i.e. heavy ion physics. It also contains the theoretical study of directed flow. The
isospin dependent quantum molecular dynamics model (IQMD) is used to describe the

directed flow for asymmetric colliding nuclei for heavy ion reactions.

In chapter 2 isospin dependent quantum molecular dynamics model is explained in
detail. Then method of clusterization i.e. minimum spanning tree method is also

discussed.

In chapter 3 there is complete study of directed flow and balance energy for different
potentials in heavy ion collision in the energy range between 60 MeV/nucleon and
140 MeV/nucleon by using hard equation of state. Rapidity distribution, dependence

of energy and impact parameter are shown in figures for different potentials.
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