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ABSTRACT

The present study sheds light on the theoretical aspects of equation of state of nuclear
matter by studying the influence of various components of interaction potential as well
as nucleon-nucleon cross section on the critical observables of heavy-ion collisions such
as collective flow, nuclear stopping and multifragmentation. The dynamic microscopic
theory- Isospin-dependent Quantum Molecular Dynamics (IQMD) model is used to carry
out the present study.

Chapter 1 describes the general introduction of the nuclear physics. The importance
of heavy-ion collisions at intermediate energy regime to understand the reaction dynam-
ics under extreme conditions is discussed. The dynamics of mass symmetric and mass
asymmetric heavy-ion collisions is described. It also outlines the various observables to
study the equation of state in the aforesaid energy regime such as collective flow, nuclear
stopping and multifragmentation followed by the theoretical and experimental review of
these observables.

Chapter 2 presents a brief survey of various primary models used in the literature
to study the reaction dynamics. The Isospin-dependent Quantum Molecular Dynamics
model (IQMD) model used to carry out the present study is explained in detail. The
secondary models (used to analyze the phase space generated by the primary model) such
as Minimum Spanning Tree (MST), its updated versions MSTP, isoMST and GEMINI
model are also discussed.

In Chapter 3 the importance of various components of nucleon-nucleon interaction
potential towards the transverse directed flow (P%") and (P,/A) as well as their balance
energies is discussed for the reactions 55Fe+355Fe, S5§Ni+35Ni, SSKr+93Nb and 197 Au-+17Au.
The results of our calculations are also compared with the experimental measurements.
Our calculations for the considered energy range clearly demonstrate the dominance of the
Coulomb potential and momentum-dependent interactions over the other components of
nuclear potential for the lighter colliding systems. The symmetry potential also contribute
significantly in the collision of heavier nuclei. In addition, the directed transverse flow (v;)
of light fragments is studied for the semi-central collisions of the reaction 1’ Au-++y’Au

at incident energy ranging between 40 and 250 MeV /nucleon. The cluster recognition



method is optimized by applying different isospin-dependent spatial and momentum con-
straints.

In Chapter 4 the effect of isospin content as well as the contributions of various
components of nucleon-nucleon interaction potential on stopping ratio of protons and
neutrons for the reaction 3°Sn+33°Sn is presented. It is observed that the momentum
dependent interactions affect the nuclear stopping to a larger extent compared to the
other components of the nucleon-nucleon interaction potential. The isospin-dependent
nucleon-nucleon cross section is also found to affect the stopping in central heavy-ion
collisions. The momentum distribution of particles participating in nuclear stopping to
get a better insight into the stopping of various charged fragments is also investigated.
The comparison of measured and calculated values of stopping for protons reveals the
significance of these constraints. Maximum stopping is obtained for the particles lying in
the lowest range of the momentum distribution at all incident energies.

In Chapter 5 the importance of various components of nucleon-nucleon interaction
potential in the fragment production within different rapidity domains for the central
collisions of the reactions $2°Sn+12°Sn | $2Kr+(78Gd, 55Fe+13*W, 92C1+39°T1 at incident
energy ranging between 50 and 110 MeV /nucleon is investigated. Moreover, the role
of different components of nucleon-nucleon interaction potential with increase in mass
asymmetry is also explored by keeping the total mass of the system fixed. The charge
distribution of fragments under the influence of various sets of components of interaction
potential is also investigated and the results are compared with the experimental data for
symmetric reactions.

Chapter 6 describes the conclusions and significance of the work done in this thesis

along with the prospect for the extension of present work.



Chapter 1

Introduction

“ The important thing is not to stop questioning. Curiosity
has its own reason for existing”............... Albert Einstein

1.1 Introduction

Nuclear physics was originated as a scientific discipline with the unintentional discovery of
radioactivity by H. Becquerel in 1896 [1]. Soon after this a series of brilliant experiments
were performed nearly spontaneously leading to the discovery of fundamental particles
and interactions between them [2—4]. For instance, nucleus as a heavy centre of the atom
was discovered by E. Rutherford in 1911 [2]. The field of nuclear physics comprises of
various phenomena covering a broad span; from the interactions of elementary particles,
the foundation of nuclear reactions, to the structure of universe. The impact of nuclear
physics extends well beyond the understanding of structure and properties of nucleus.
It has benefited the society through many innovative applications in nuclear medicine,
national security, nuclear power generation, climate research and agriculture, etc. Fig.
1.1 illustrates different ways through which nuclear physics enters our world. The rare
natural happenings in the universe such as supernovae explosion, neutron stars, big-
bang, and the evolution of life on earth is still a question of open debate. Unfortunately,
these phenomena are inaccessible in the space and time to be used for the investigation
of reaction dynamics under the extreme conditions of nuclear density, temperature and
pressure. Various theoretical models have also been developed for the understanding of
properties of atomic nuclei, its structure, nuclear interactions as well as the laws governing

the nuclear interactions [5-9]. Bethe-Weizsicker mass formula based on Liquid drop model
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Figure 1.1: An illustration of various channels in which nuclear physics enters
into our world. Figure is taken from Ref. [10].

[5] was the pioneer to provide the simplest but powerful theoretical description of the
average properties of nuclei. Bethe-Weizsacker mass formula for calculating the binding
energies of nuclei involve the contributions from volume term, surface term, Coulomb
term, asymmetry term as well as the pairing term. Mathematically, the binding energy

is given by the formula:

(A—22)?

B(A,Z) = a,A—a,A%® —a,Z(Z —1)A7Y3 —q, + da, A~/ (1.1)

Here, A and Z are the mass and charge of a nucleus. The binding energy for symmetric
nuclear matter (N = Z) in the absence of surface and Coulomb interactions is found to

be about -16 MeV corresponding to normal nuclear matter density (py)=0.17 fm=3. The
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constants in Eq. 1.1 are experimentally determined fitting parameters and the values of a,
a. and a, are 17.804 MeV, 0.7103 MeV and 23.69 MeV, respectively [11]. The predicted
binding energies along with the observed ones are shown in Fig. 1.2. The figure reveals the
importance of various terms involved in the Weizsacker mass formula. The contribution of

various terms lead to lower the binding energy for large value of mass (A). Later on, Malik

I
Surface
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;//-— TT————— I S

I.'I ) w‘l etry
[ b
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A

Figure 1.2: The predictions of mass formula and observed binding energies as
a function of A. Only even-odd combinations of A and Z are considered where
the pairing term of mass formula vanishes. Figure is taken from Ref. [11].

et al. [7], proposed a model for the mechanism of cluster formation and tunneling of nuclear
interaction barrier for a radioactive nuclei. Rath et al. [8], investigated the complete fusion
excitation function at near barrier energies. Similarly, the structure of nucleon self-energy
in nuclear matter is investigated by using various realistic models [9]. These models
are very useful to describe the low density (E < 10 MeV /nucleon) phenomena such as
fission, fusion, cluster-radioactivity, and formation of super-heavy nuclei, etc. On the
other hand, the main interest to study the high energy (E > 2 GeV/nucleon) heavy-
ion collisions is to leap into the unexplored space of quark-gluon plasma [12]. However,
at intermediate energies ( 10 MeV /nucleon <E < 2 GeV/nucleon), various interesting
observable phenomena emerged such as collective flow, nuclear stopping, subthreshold

particle production and multifragmentation [13-19]. Heavy-ion (A > 4) collisions in this
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energy regime offer a virtual ground for the investigation of hot and dense nuclear matter
under the extreme conditions of thermodynamic variables such as temperature, pressure
and density. The relationship between these thermodynamic variables is well known as
nuclear matter equation of state (EOS). The knowledge of EOS of nuclear matter is of
considerable interest to study different phases of nuclear matter as well as their possible
phase transitions occurring at densities other than the normal nuclear matter density (po).
Fig. 1.3 displays the nuclear matter phase diagram in terms of temperature and density.
Low temperature and density corresponds to the liquid phase of nuclear matter. However,
the nuclear matter in the form of quark-gluon plasma is supposed to exist under extreme
conditions of temperature and density. At low density and high temperature, hadron gas
is formed and towards the low temperature and high density, condensed phase of nuclear

matter is observed. Interestingly, the liquid-gas phase transition of phase diagram extends
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Figure 1.3: Schematic phase diagram in terms of temperature and scaled density
(p/po). Figure is taken from Ref. [13].

over a wide range of temperature and density and hides a variety of phenomena in itself.

The major phenomena are multifragmentation, nuclear stopping and anisotropic flow. It
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becomes very difficult to generate this kind of high temperature and pressure situation in
real world, but can be studied by simulated heavy-ion collisions theoretically. The study
of these phenomena using heavy-ion collisions of mass symmetric reactions is common
and studied in literature extensively. However, to understand the mechanism of these
phenomena for asymmetric nuclear matter is a challenge till date. Our main focus in this
thesis will be to study the nuclear equation of state of nuclear matter using heavy-ion

collisions of mass symmetric and mass asymmetric reaction systems.

1.2 Equation of state of symmetric nuclear matter

The equation of state of infinite nuclear matter describes its global properties by studying
the relationship between three thermodynamical variables, the density, temperature and
pressure. In nuclear physics, one generally uses energy/nucleon (E/A) to pin down the
behaviour of matter as a function of density. Incompressibility or compression modu-
lus (K), the key parameter (or the characteristic property of nuclear matter) to extract

information about the EOS is given by the relation:

o fa )]

Here, E/A is the energy per particle at normal nuclear matter density po . Fig. 1.4
indicates two possible EOS (soft with K= 200 MeV and hard with K=380 MeV) corre-
sponding to two different incompressibilities. Normally, the nuclear matter is assumed
to be symmetric (N=Z). However, for asymmetric nuclear matter (N#Z), due to unequal
isospin content, the symmetry energy term contribute significantly. Therefore, the isospin
dependent nuclear EOS of asymmetric nuclear matter is of utmost importance as it help
us to understand the heavy-ion collisions by treating the isospin degree of freedom ex-
plicitly. The study of isospin dependent nuclear EOS is crucial to understand a large
variety of astrophysical phenomena, involving widely different scales of space and time.
The pursuit of investigations like internal structure, maximum mass, maximum radii and
moments of inertia of neutron stars has made this field very fascinating [20]. Just like
asymmetric nuclear matter, mass asymmetric reactions also play an important role to
understand various aspects of heavy-ion collisions. A brief review of mass symmetric and

asymmetric reactions has been provided in the following section.
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Figure 1.4: Hard and Soft EOS in terms of density dependence of energy per
nucleon. Figure is taken from Ref. [13].

1.3 Dynamics of mass symmetric and mass asymmet-
ric heavy-ion collisions

The theoretical and experimental attempts carried out for the investigation of heavy-ion
collisions has divided it into two categories, namely, the mass symmetric and mass asym-
metric heavy-ion collisions. Fig. 1.5 shows the snapshot of phase space in Z-X plane
for the central collision of mass symmetric and mass asymmetric heavy-ion collision. In
symmetric heavy-ion collisions, the number of nucleons in both target and projectile are
same (or nearly same), however, in case of asymmetric heavy-ion collisions, the num-
ber of nucleons in projectile and target are quite different. Various physical quantities
such as excitation energy, colliding geometry, equation of state and nucleon-nucleon (NN)
cross section affect the outcome of a reaction. It is worth mentioning that both types
of reactions respond in a quite different manner under the similar conditions of these
physical ingredients. It is well known that the reaction dynamics at intermediate energy

regime depends strongly on the mass asymmetry of the reaction, which is defined by the

Ap—Ap
Ar+Ap

parameter n = | | [21]; where, A7 and Ap are the masses of target and projectile,
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Figure 1.5: Snapshot of mass symmetric and mass asymmetric heavy-ion colli-
sion at different time steps.

respectively. In asymmetric collisions, the system is compressed to a quite small extent,
as a result the energy dumped into the system is stored in the form of thermal energy.
However, this is not the case for the symmetric collisions. In symmetric collisions, due to
violent nucleon-nucleon collisions in relatively large participant zone, the average density
of the system in the compression zone increases considerably. Thus the energy is stored
in the system as compressional energy, which can be found in the fast radial expansion
of the system at the later stage of the reaction. Figure 1.6 shows the density evolution
for the central collision of a mass symmetric and mass asymmetric heavy-ion collision
at three different incident energies. One can clearly see that in case of mass symmetric
collisions, highly compressed matter is formed which expands faster at the later stage of
the reaction as compared to the mass asymmetric collisions.

Lot of studies are available in the literature to study the influence of these physical
conditions on various interesting observables such as collective flow, nuclear stopping and
multifragmentation at intermediate energy regime by taking into account the symmetric
collisions [22-25]. In contrast, very few are available which focus on asymmetric collisions

[26-30]. The energy at which multifragmentation begins is found to increase with increase
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Figure 1.6: Density profile for central collision of mass symmetric (left) and
mass asymmetric (right) reaction at different incident energies.

in mass asymmetry of the reaction [31]. Moreover, the results obtained for the central
collision of asymmetric reaction are found to be comparable to that of symmetric reaction
at peripheral colliding geometry. In order to get better insight into the influence of various
physical ingredients on the reaction dynamics of heavy-ion collisions the observables like
collective flow, nuclear stopping and multifragmentation have a significant role to play. It
is worth noting that these observables also help us to extract the nuclear EOS under the
extreme conditions of temperature, pressure and density. The aforementioned equation
of state is attained by means of compression and thermalization achieved in heavy-ion
reaction which consequently result into fragment production, collective flow and nuclear

stopping respectively.
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1.4 Phenomena occurring at intermediate energy
regime

1.4.1 Collective flow

The azimuthal momentum distribution of particles emitted in a heavy-ion collision namely,
the collective flow, is useful to understand properties of hot and dense nuclear matter.
The compressed nuclear matter expands radially and anisotropically at the later stage of
the reaction due to the pressure gradient generated depending on the colliding geometry.
Radial expansion refers to the thermal motion of outgoing particles. On the other hand,
the anisotropic expansion refers to the spatial orientation of particle momenta. The
combined effect of both radial and anisotropic expansion is known as collective flow. The
phrase “Collective” is meant by the common property of many ejectiles e.g. same velocity
or same direction. For the central heavy-ion collisions, the pressure gradient is radially
symmetric and boost the particles isotropically outward. This give rise to radial flow.
However, the non-central collisions would result in anisotropic flow. Anisotropic flow
is of various types, namely, directed flow, transverse flow, elliptic flow, triangular flow
and higher order flows. These names refers to the shape of azimuthal distribution at
midrapidity.

The directed flow takes place within the reaction plane (the plane that contains the
beam axis and the line joining the centeriods of incoming nuclei) and hence also named
as “in-plane” flow or “sidewards” flow. The emission of different fragments and particles
are inclined preferably towards 0° in the forward hemisphere and 180° in the backward
hemisphere in the reaction plane. Directed flow has been reported to be sensitive towards
the various entrance channels such as mass of the system, colliding geometry as well as
the incident energy of the projectile [14,15,22,32-35]. Directed flow is maximum for the
semi-central colliding geometries. On the other hand due to symmetry in central collisions
and scarce pressure gradient in peripheral collisions the directed flow vanishes. Similarly,
incident energy also affect the directed flow significantly. At low value of incident energy,
the attractive part of nuclear mean field dominate the reaction dynamics and thereby
deflect the fragments and nucleons towards the negative scattering angles. With increase
in incident energy, the repulsive behaviour of nucleon-nucleon scattering becomes impor-

tant. As a result, the nucleons are deflected towards the positive scattering angles. While



1.4 Phenomena occurring at intermediate energy regime 12

going from lower to higher incident energy, the directed flow disappears at an incident
energy, namely, the balance energy (FEpy), or energy of vanishing flow (EVF). Fig. 1.7

illustrates the schematics of directed flow at three different incident energies.
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Figure 1.7: A pictorial representation of directed flow at three different incident
energies.

There are several methods mentioned in literature to measure directed flow such as
transverse momentum method [36], sphericity method [37], and particle pair correlation
method [38]. The statistical fluctuation and finite size effects involved in the later two
make these methods less preferred(hinder the use of these methods). However, the trans-
verse momentum method is the widely used method to measure the directed flow over
a wide range of incident energies. In this method, each particle is treated individually
and reaction plane is determined by vector Q and Z (beam axis) direction. Here, Q is
defined as @1 => ki WiDjL and the weight w; is supposed to be 41 and -1 for forward
and backward centre-of-mass rapidity respectively. The spectators and participants are
also separated on the basis of rapidity distribution. The statistical fluctuations and flow
effects are distinguished by averaging over all events. In this method, the directed flow is

measured by plotting the average transverse momentum per nucleon in the reaction plane
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((pe/A) = pQ/A ) as a function of rapidity Y (i) [13].

1. E@)+ P.(i)c

Y(i) = 3In H (1.3)

where E(i) and P, are respectively, total energy and longitudinal momentum of i** par-
ticle. The slope of the curve signifies the strength of directed flow.

One can also use a more integrated quantity known as directed transverse flow (P%")),

which is defined as s

(PE7) = 73 sign{Y ()} P.(6) (14)

(2

where P, (i) is transverse momentum of i’ particle along x direction and Y (i) is the
rapidity distribution. (P%") is defined over the entire rapidity region. In this definition,
all the rapidity bins are taken into account in the measurement of (P%").

The distribution of emitted particles can also be characterized by the Fourier expan-

sion of azimuthal distribution of particles with respect to the reaction plane [39].

dN -
—— o [1+2) v, cos(ng)] (1.5)
d(ﬁ n=1
where ¢ is azimuthal angle between the transverse momentum of the particles and the
reaction plane. In the coordinate system, we assume the beam axis along the Z-axis and
the X-axis is labeled as impact parameter axis. The coefficients of Fourier expansion
represent the order of flow. The first harmonic coefficient v; represents the transverse
flow. Mathematically v; can be described as:
Pz
vy = (cos¢p) = (—) (1.6)
Pt
where p, and p, are the projection of particle transverse momentum parallel and
perpendicular to the reaction plane respectively and p; = /p3 + p;. is defined as transverse

momentum. In the present thesis, we have concentrated on directed flow and transverse

flow.

1.4.2 Nuclear Stopping

Collisions suffered by the nucleons of one nucleus with that of other nucleus are not
independent of each other, rather, these collisions make this process a lot more complex

phenomena. As a result of these collisions, the nucleons get slow down and transfer the
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initial longitudinal energy associated with them into transverse degree of freedom. During
this process, a large part of energy is released in the overlapping region. This phenomena
is well known as nuclear stopping. In other words, the amount of stopping determines
the energy lost by the nucleon in a heavy-ion collision process. Different prospectives of

nuclear stopping are shown in Fig. 1.8.
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Figure 1.8: A schematic view of the movement of projectile and target.

The first one shows the case of full stopping, where the nucleons of target and projectile
are repelled by each other just as two hard spheres. However, the second one “stopping
and mixing” shows the complete memory loss due to breakage of correlations among the
nucleons. In this case, the matter is highly compressed and the system is thermalized to a
large extent. This case prevails at intermediate energy heavy-ion collisions. The third one
shows “transparency” of nuclear matter, which is observed at very high values of incident
energy. At such high energies, the cross section becomes very small and the nucleons of
target and projectile just passes through each other without interacting with each other.
This is in analogy with the large crowd of bees. Nuclear stopping depends on various

entrance channels such as incident energy [40], colliding geometry [25], combined mass
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and asymmetry of colliding nuclei [26,41] as well as their orientation [42]. Nuclear stopping
is also found to be sensitive towards different equation of states and nucleon-nucleon cross

sections [43].

1.4.3 Multifragmentation

Nuclear multifragmentation is characterized by increasing excitation energy and expand-
ing system volume. The collision of heavy-ions at intermediate energies produces hot and
dense nuclear matter that disintegrate into large number of small, heavy and medium
size pieces. Analysis of fragment production in heavy-ion collisions is very useful for bet-
ter understanding of nuclear matter equation of state as well as the properties of hot
and dense nuclear matter. The phenomena of nuclear multifragmentation takes place in
three simple steps. The first step involves the formation of excited nuclear matter. In
the second step, the excited nuclear matter undergoes expansion and thereby produces
large number of free nucleons and fragments. These fragments are highly excited and
immediately undergo de-excitation into cold and stable fragments at the final stage of

this process. Fig. 1.9 shows a typical sketch of multifragmentation.
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Figure 1.9: A schematic representation of nuclear multifragmentation process.

There have been considerable progress in the field of heavy-ion collisions to study
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nuclear multifragmentation, both theoretically as well as experimentally. Studies revealed
that just like collective flow and nuclear stopping, multifragmentation also depends on
various entrance channels like incident energy [19,44], impact parameter [45,46], mass of
colliding systems [47] and mass asymmetry of the reaction [27-30]. For multifragmentation
to occur, the impact parameter should be small and the incident energy is required to be

large enough to ensure sufficient deposition of energy onto the target nucleus.

1.5 Review of theoretical studies in heavy-ion colli-
sions at intermediate energies

Heavy-ion collisions at intermediate energy regime provide us the possibility to look for
nuclear dynamics and nuclear properties via anisotropic flows, nuclear stopping and mul-
tifragmentation. It offers better understanding of the well known equation of state of
nuclear matter. The total interaction potential of a heavy-ion collision is a combination
of Skyrme potential, Yukawa potential, Coulomb potential, momentum dependent poten-
tial and symmetry potential. Nucleon-nucleon interaction potential can be reduced to
density dependence. Therefore, nuclear EOS, which depends upon density, can be better
understood through the variation of these interaction potentials. The variation of these
potentials affect the nuclear EOS. However, the order of including these potentials does
not affect the final result. Since last twenty years or so, nuclear physicists have made
considerable progress to understand the role of various components of nucleon-nucleon
interaction potential through anisotropic flow, nuclear stopping and multifragmentation.

A brief review of these attempts is given below.

1.5.1 Theoretical attempts to study anisotropic flow

As mentioned earlier, the investigation of anisotropic flow on various observables has re-
vealed much interesting physics. Detailed theoretical studies have shown that the strength
of transverse flow and the balance energy can provide better insight into the nuclear equa-
tion of state as well as nucleon-nucleon cross section. Li et al. [48] have studied the isospin
dependence of collective flow for the reactions j5Ca+ 55Fe and 35Cr+ 53Ni within the

framework of isospin-dependent Boltzmann-Uehling-Uhlenbeck (IBUU) model [49]. The

isospin effects have been explained in terms of competition between various mechanisms,
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such as Coulomb energy, symmetry energy, nucleon-nucleon cross section, the surface
properties of colliding nuclei and so on. The neutron-rich system is found to show signifi-
cantly stronger negative deflection and has higher balance energy. Similar conclusions are
obtained by Chen et al. [50] by studying the flow of different fragments for the reactions
seFe+55Fe and 58Ni+35Ni at 55 MeV /nucleon. The importance of momentum dependent
interactions (MDI) towards the anisotropic flow has been studied widely [51-59]. The flow
value is found to be higher in case of soft momentum dependent (SMD) EOS compared to
hard EOS for the reactions $SNb+$3Nb and 30Ca+33Ca at 400 MeV /nucleon [51,52]. How-
ever, Peilert et al. [53] have shown an entirely contradictory conclusion for the reaction
ITAu+ 157Au at 400 and 800 MeV /nucleon. Sood et al. [54] have studied the role of mo-
mentum dependent interactions in transverse flow as well as its disappearance for central
heavy-ion collisions over a wide range of masses from 24 to 394 and found that the inclu-
sion of momentum dependent interactions explains the EVF for }?C+}2C, which otherwise
was not possible with static hard EOS. Jain et al. [55] reported the significance of momen-
tum dependent interactions and nucleon-nucleon cross section on neutron-proton directed
flow for the reactions 30Ca+39Ca, 55Ni+55Ni, [V Ru+ 9'Ru, :24Sn+ 124Sn, 124Ag4 120 Ag
and 37Au+ 197Au. Di Toro et al. [56] investigated the neutron-proton transverse flow
and elliptic flow for the reaction $2*Sn+ $2*Sn at an incident energy 1.5 GeV/nucleon.
Both are found to be sensitive towards the symmetry energy. In addition to transverse
and elliptic flow, the neutron-proton and t/3He relative and differential flows are found to
be sensitive towards the symmetry potential [57-59]. However, the radial flows are found
to be independent of symmetry potential. Gautam et al. [60] have studied the effect of
symmetry energy and its density dependence on flow and balance energy. The directed
and elliptical flow of light fragments (n, p, ?H, $H, 3He, 3He etc.) in 137Au+ 157Au is
studied by introducing Skyrme potential energy density functional within the framework
of UrQMD model at 150, 250 and 400 MeV /nucleon [61]. Recently, Bansal et al. [62]
have studied the role of momentum dependent equation of state on directed flow and
its disappearance. The dominant behaviour of Coulomb interaction in superheavy mass
region has also been studied [63]. These studies indicate that a lot of work has been done
to explain the anisotropic flows by studying the interplay between various potentials in

heavy-ion collisions, but the relative importance among these is not yet clear. So, in the
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present work, we aim to look in detail the role of various components of nucleon-nucleon

potential.

1.5.2 Theoretical attempts to study nuclear stopping

Numerous attempts do exist in the literature, indicating the role of various model in-
gredients in nuclear stopping. Here, some of the efforts are described briefly. Liu et
al. [64] have studied the nuclear stopping for the reactions *’Ne+ 2°Ne, 1°Ar+%0Ar,
807Zn++897n, 12Sn+4128n, and 124Sn+124Sn at different beam energies ranging from 15 to
150 MeV /nucleon. The isospin effects are investigated by varying the neutron-proton ratio
of colliding systems. The study revealed that nuclear stopping is sensitive towards the NN
cross section but is insensitive to symmetry potential. Similar predictions were also made
in Ref. [65,66]. Later on, the isospin effects in terms of Coulomb and symmetry poten-
tial are investigated for the reactions “Kr+24Kr, %4Zr+%47Zr, “*Mo+*Mo and “Ru+"*Ru,
01Fe+51Fe, 89Kr+%Kr and '*'Sn+!?1Sn at an incident energy of 50 MeV /nucleon. The
Coulomb interaction is found to reduce the nuclear stopping and again, no sensitivity
has been reported towards the symmetry potential [67,68]. The sensitivity of momentum
dependent interactions on nuclear stopping has been studied by Kumar et al. [69] for the
reaction 30Ca + 30Ca, 38Ni + 38Ni, 99Nb + £Nb, 1#'Xe + $1'Xe and 75"Au +49"Au over
a wide range of incident energies at central and semi-central colliding geometries. The
momentum dependent interactions are found to weaken the finite size effects in nuclear
stopping. The sensitivity of nuclear stopping towards the different equation of state as well
as nucleon-nucleon cross sections in different energy regimes has also been studied [70,71].
Recently, Bansal et al. [72] have studied the nuclear stopping by varying the mass asym-
metry of the reaction. The correlation between nuclear stopping and transverse flow has

also been established.

1.5.3 Theoretical attempts to study multifragmentation

Numerous theoretical attempts have been made in the literature to study the nuclear
multifragmentation. Few of them are briefly reviewed here. Zhang et al. [73] studied the
isospin effects in fragmentation for the reactions %124 Sn+ 112:124 §p at an incident energy
40 MeV /nucleon using IQMD model [74]. This model involves explicitly the Coulomb

interaction, isospin-dependent symmetry potential and NN cross section to account for
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the isospin degree of freedom. The study revealed different scalings of intermediate mass
fragments with the number of neutrons and charged particles between the two reacting
systems. The neutron-rich system is found to emit more pre-equilibrium neutrons and
less charged particles. Similarly, Liu et al. [67,75,76] studied the isospin effects for the
reactions 7 Zn+ 40 Ar, 7 Kr+ 40 Ca and 12 Xe+ 49 Ca, 129 Cd+ %° Ar at 100 MeV /nucleon
and found that neutron-poor system leads to large number of IMF’s compared to the
neutron-rich systems. The study was further advanced to investigate the effect of Coulomb
interaction and symmetry potential separately for various reactions. They found that
the Coulomb interaction induces a reduction in isospin fractionation ratio (the isospin
ratio of gas to liquid phase). On the other hand, the symmetry potential enhances the
same. The interplay between Coulomb and symmetry potential results in reduced isospin
fractionation ratio [67]. This ratio increases with increase in N/Z ratio of the system and
decreases with increase in mass of the system irrespective of Coulomb interaction. Li et
al. [77] have investigated the influence of nuclear finite-size effect on the formation and
stability of fragments for the reactions *° Ca+ %° Ca, 7 Au+ 17 Au and 12° Xe+ 1% Sn by
using improved QMD model [13] and found that the surface energy term strongly affect
the stability of nuclear system as well as the yield of fragments at incident energies of a
few MeV /nucleon to several tens of MeV /nucleon. Recently, Wu et al. [78] have discussed
the competition between Coulomb and symmetry potential for the asymmetric reaction
10 Ar4+197 Au at incident energies 35, 50 and 100 MeV /nucleon. Their study revealed
that the competition between Coulomb and symmetry potential affect the free nucleons
and light charged particles emission in the target and projectile region. In addition
to this, the influence of symmetry energy at both subsaturation and supersaturation
densities has been investigated by means of various observables such as isospin-diffusion,
neutron to proton double ratio, light charged particles flow and giant dipole resonances
etc. The momentum dependent interactions are also found to play an important role in
multifragmentation [79-82]. The momentum dependent interactions strongly influence the
fragment production at peripheral colliding geometries and the momentum fluctuations
are useful in determining the symmetry energy in neutron/proton rich systems. With the
inclusion of MDI’s, the particle production is found to be reduced drastically. However,

the kaon production is reduced by a factor of four by taking into account the MDI’s
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[13]. Recently, Imal et al. [83] have studied the production cross section and isotopic
yield distributions of projectilelike residues in the reactions 1}?Sn+1?Sn and 2*Sn+124Sn
by using statistical multifragmentation model (SMM). Zheng et al. [84] have studied
the deexcitation of an excited nucleus by using Gemini model. They found that the
momentum fluctuation temperature shifts down due to sequential decay. Similar results

are also found in Ref. [85].

1.6 Review of experimental facilities

Many experimental efforts have been made to acquire the data for better understanding of
nature and natural phenomena. Earlier, the natural accelerators available to the mankind
was cosmic rays. Cosmic rays consist of 85% protons, 14% He like atoms and less than
1% are the heavier elements such as C or O [86]. It was realized later that different mass
component of cosmic rays lead to different energy. But exclusive experiments needs only
fixed energy as well as a fixed mass. The only possibility to achieve this was the acceler-
ators. With the passage of time, it became possible to accelerate the heavier nuclei with
the energy upto several hundred of GeV, which, at the earlier, was possible for the lighter
nuclei only.

BEVALAC was the first accelerator made at the land of Berkley laboratory. The main
motive behind the experiment was to get the theoretician and experimentalist aware of
the problems and hazards of the way from medium energy heavy-ion collisions (HIC)
to EOS. Later on several accelerators were built. Some of them are at : Michigan State
University (USA), GANIL(France), Relativistic Heavy Ion collider (RHIC) (USA), Super-
conducting Supercollider (SSC) at BNL (USA), Superconducting Cyclotron (SC) at Texas
(USA), superconducting cyclotron and CHIMARA detector at INFN, Catania (Italy), SIS
accelerator at GSI (Germany) and Vivitron accelerator in Strasbourg (France), Supercon-
ducting Cyclotron (SC) facility and its updated version i.e. Radioactive Ion Beam (RIB)
facility at Variable Energy Cyclotron Centre (VECC), Kolkata (India).
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1.6.1 Experimental attempts to study anisotropic flow

The National Superconducting Cyclotron Laboratory (NSCL) at Michigan State Univer-
sity (MSU), USA is the pioneer to predict the isospin effects in collective transverse flow for
the reactions of 53Fe+55Fe and 53Ni+55Ni at incident energy of 55 MeV /nucleon and found
that neutron-rich system has exhibited larger flow (greater negative deflection) [87]. The
energy of vanishing flow is also measured and neutron-rich system is found to have higher
energy of vanishing flow at all measured impact parameters. The FOPI collaboration at
GSI (Germany) measured the directed flow for the reactions 13" Au-+3"Au at incident en-
ergies ranging between 90 and 400 MeV /nucleon [88]. Similar study is also carried out by
INDRA collaboration at GSI (Germany) for the reactions of 3" Au+137Au at 40 and 150
MeV /nucleon and measured the directed and elliptic flows [32]. FOPI collaboration have
measured the neutron and proton transverse flows and found it to be sensitive towards
symmetry energy [89]. Recently, FOPI collaboration also studied the central heavy-ion
collisions for the reactions 5)Ca+37Ca, 55Ni+55Ni, J5Ru-+15Ru, 15Zr+95Zr, $3°Xe+Csl and
19TAu+19"Au at different incident energies ranging between 120 MeV /nucleon and 1.5
GeV/nucleon [90]. The transverse rapidity distribution and radial flow has been mea-
sured for all the reactions. Russotto et al. [91] defined the ratio of directed and elliptic
flow of neutrons with respect to hydrogen isotopes for the reactions of 37 Au+137Au at
400 MeV /nucleon as a probe for symmetry energy. The results are compared with the-
oretical predictions of Ultra relativistic Quantum Molecular Dynamics (UrQMD) model.
The NIMROD-ISiS (Neutron Ion Multiplicity for Reaction Oriented Dynamics with In-
diana Silicon investigation Sphere) collaboration at Texas A & M University (TAMU)
in USA is also working actively in this field. The transverse flow of fragments for the
reactions of Zn+"7n, $iNi+5iNi and %4Zn+%7Zn at 35 MeV /nucleon is measured by
Kohley et al. [92]. The measurements have shown that flow decreases with increase in
the neutron content of a fragment. Moreover, the effects of mass, charge and isospin-
dependent components are also studied. The increased production of the neutron-rich
light charged particles (LCPs) in midrapidity region has also been reported. Recently,
the experimental results are also compared with various models like Antisymmetrised
Molecular Dynamics (AMD), Constrained Molecular Dynamics (CoMD) and Stochastic
Mean Field (SMF) [93]. However, results vary with models, the good thing is that with
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every calculation, better agreement with the data with stiff form of the symmetry energy

has been observed.

1.6.2 Experimental attempts to study nuclear stopping

Nuclear stopping can be viewed as the efficiency of converting the incoming longitudi-
nal energy of colliding matter into other degrees of freedom in the course of reaction.
Experimentally, nuclear stopping has been measured by FOPI collaboration for the sys-
tems 50Ca+30Ca, S5sNi-+55Ni, PRu+35Ru, $29Xe+Csl and 29" Au+19" Au at incident energies
ranging between 90 MeV /nucleon and 1930 MeV /nucleon [90]. The study revealed that
for the heaviest system, a broad plateau extended from 200 to 800 MeV /nucleon cor-
responding to maximum stopping is observed [88,90]. However, the situation is quite
different in case of low energy domain (10 to 100 MeV /nucleon). Lehaut et al. [94] ana-
lyzed the same for the central collisions of symmetric and asymmetric reactions such as
1TAu+3T Ay, 19Xe+ 1®Sn, 58Ni+58Ni by using 47 multi-detector INDRA. Nuclear stop-
ping was reported to be highly sensitive towards the isospin dependence of the in-medium
nucleon-nucleon cross section. The study concluded that a minimal value of stopping oc-
curs around 35 MeV /nucleon irrespective of the system size. Moreover, a rapid decrease
in stopping as a function of incident energy was observed upto 40 MeV /nucleon. Recently,
stopping ratio of protons has been measured by 47 array INDRA for central collisions
of various reactions in the Fermi energy domain [95]. The relationship between stopping
ratio and mean free path (Ayy) of nucleons is established. Mean free path is found to
have a maximum ( Ayy = 9.5 & 2 fm) around 35 MeV /nucleon and decreases towards
an asymptotic value (Ayy = 4.5 £ 1 fm) at 100 MeV /nucleon. In addition to this, the

in medium effects are also found to affect the nucleon-nucleon cross section significantly.

1.6.3 Experimental attempts to study multifragmentation

In 1930’s the first experiment was performed by using cosmic rays as the projectiles and
ionisation chambers and Geiger counters as detectors. As a result, slow nuclear fragments
with their mass greater than the mass of a-particles, and lighter than those of fission
fragments were emitted. These fragments were named as intermediate mass fragments
(IMF’s) (3 < Z < 20). Later on, the same was observed experimentally by Perfilov and
Lozkin [96]. In 1982, Jakobsson et al. observed a multiple emission of IMF’s in the emul-
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sion irradiated by the carbon beam of 250 MeV /nucleon at Berkeley Bevalac [97]. This
result developed new interest in nuclear physicists toward multifragmentation. Warwick
et al. [98] found that for beam energies higher than 35 MeV /nucleon the reaction channel
is dominated by nuclear multifragmentation. Studies carried out by Purdue University
group [99] and Dubna group [100] revealed the importance of nuclear multifragmentation
to get new insights into the problem of heavy-ion collisions such as phase transition and
equation of state of nuclear matter. A number of sophisticated but complicated detectors
including forward and 47 designs were created to study each and every aspect in detail.
BEVALAC accelerator situated at Lawrence Berkeley Laboratory in California was the
first to study the multifragmentation. After this attempt, various accelerators (mentioned
earlier) have made good progress in the field of heavy-ion collisions to understand multi-
fragmentation. The availability of new experimental facilities at Dubna, Brookhaven and
CERN have made it possible to have a beam of ultra-relativistic energies. The Emul-
sion experiment [97,101] provided the opportunity to study fission, multifragmentation,
liquid-gas phase transition as well as vaporization at intermediate energies. The Berke-
ley group investigated the role of entrance-channel mass asymmetry for incident energy
ranging between 50 and 110 MeV /nucleon [102-104]. The main focus was on different
parameters like excitation energy, angular distribution, velocity distribution as well as
cross section. The EOS collaboration at BEVALAC intent to study the phase transition
in nuclear matter through the process of multifragmentation. Various critical exponents
like surface energy, volume energy, symmetry energy and entropy etc. are extracted by
taking into account the mass asymmetric sets of reactions [105]. Similar investigation for
symmetric reaction of X)7Au+13"Au are also available in the literature [106]. The main
focus of the National Superconducting Cyclotron Laboratory (NSCL) of Michigan State
University (MSU) has been to study the asymmetric reactions like 13 Xe + $2C, Al
5V, SaCu, 89Y (50 MeV /nucleon), 38Ar + 197Au, 129Xe + 157Au (50-110 MeV /nucleon),
19Ar + 55Cu, 1% Ag, 37Au (at 17-115 MeV/nucleon) [107-109]. The major emphasis
of the Superconducting Cyclotron of the Laboratori Nationali del Sud of INFN (Italy)
is to explore some interesting facts about symmetric reactions of $3Nb + $Nb (at 17,
23, 30 and 38 MeV /nucleon) and }1°Sn + 1°Sn (at 29.6, 38 MeV /nucleon) [110]. Re-
cently, Isospin collaboration at INFN (Italy) studied the isospin effects for non-central
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collisions of neutron-rich $2*Sn + $iNi and neutron-deficient }}?Sn + S§Ni systems at 35
MeV /nucleon [111]. The FOPI and ALADIN group at GSI performed a systematic study
on multifragmentation over a wide range of masses with incident energies ranging from
100 to 1000 MeV /nucleon [45,46,112-117]. Experimental observations shed light on the
particle evaporation to multi fragment emission and at last total disassembly and shat-
tering of the nuclear matter after the reaction. ALADIN collaboration also described the
most interesting phenomenon of multifragmentation i.e. the rise and fall in multiplicity
for the reaction of 137Au+13"Au. The fragment multiplicities and correlations are found
to obey universal behavior. The secondary beams have extended the domain of the study
to isospin plane [118,119]. The NIMROD collaboration at TAMU focuses on the reaction
dynamics in Fermi energy domain of the HICs [120-123]. The multiplicity and charge dis-
tribution, energy and velocity spectra has been observed for the reactions of $4Zn + 53Ni
(26 MeV /nucleon), 137 Au (at 47 MeV /nucleon), $2Mo (at 35 and 47 MeV /nucleon), {9Ar

+ £328n (40 MeV /nucleon) and 2ZAl + [2'Sn (at 55 MeV /nucleon) [121]. The EOS for
isospin asymmetric nuclear matter has also been investigated by this collaboration [124].
An extensive analysis for the observables such as symmetry energy, isotropic and isobaric
yield ratio, average N/Z ratio for the reactions of 124Sn + 121Sn, [21Xe + 124Sn  112Sn
+ 12Sn at 28 MeV /nucleon has been performed [122,124]. These properties are also
studied by using different beams with projectiles {9Ar, 35Ca, 55Fe and 35Ni on 55Fe and
5oNi targets at 25, 30, 33, 40, 45, 47 and 53 MeV /nucleon [124,125]. These findings
revealed that the isotopic distribution of the hot primary fragments are found to vary
over a wide range and are extended towards the neutron drip line. With the passage
of time, the mass dependence of the nuclear caloric curve has also been reported [123].
The, INDRA group at GANIL (France) has also made remarkable achievements in the
field of nuclear multifragmentation. This group mainly concentrate on the system size
effects, the role of system size in entrance channel as well as Coulomb instabilities, kinetic
energy spectra and fragment velocity correlation in case of nearly asymmetric reactions
of $Ar 4+ 38Ni, {3° Gd + 23%U and 3°Xe + "Sn (at 30-95 MeV /nucleon), 55Ni +353Ni
(32-90 MeV /nucleon), 238Pb + 137Au (at 29 MeV /nucleon) and 35Ar + KCI [29,47,126].
The entrance channel effects on the asymmetric reactions has been explored in the mass

range 58 to 181 and beam energy between 24 to 90 MeV /nucleon [28]. In addition to this,
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the symmetric reaction of 13"Au + 137Au for the excitation energy between 40 and 150

MeV /nucleon has also been studied by this group [44]. It is concluded that the shattering
of the projectile into pieces results in the formation of fragments and the phenomenon
is termed as multifragmentation [127]. The bimodal behavior of heaviest fragment dis-
tribution in the projectile fragmentation has also been investigated by ALADIN-INDRA
collaboration [128]. It has also been observed that the isospin effect has a significant role

at semi-peripheral collisions for the reaction 5§Ni + 137Au at intermediate energies [129].
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1.7 Organisation of thesis

Despite many efforts, the relative contribution of various components of nuclear potential
such as Skyrme potential, Yukawa potential, Coulomb potential, momentum dependent
interaction and symmetry potential towards the various promising observables of heavy-
ion collisions at intermediate energy is not yet clear. Therefore, the main motive of the
present work is to study the role of different components of nuclear potential on various
observables such as multifragmentation, collective flow and nuclear stopping at interme-
diate energy regime. In addition to this, the study on the effect of various momentum
constraints on flow of fragments and nuclear stopping is also included in the present work.

The thesis is organized as follow:

In Chapter 2, a brief survey of various primary and secondary models used in the
literature to study the reaction dynamics has been presented. The Isospin-dependent
Quantum Molecular Dynamics (IQMD) model used to carry out the present study is
discussed in detail. The chapter is followed by explanation of various clusterization tech-
niques.

In Chapter 3, the importance of various components of nucleon-nucleon interaction
potential towards the transverse directed flow for the reactions 55Fe+55Fe, 5SNi+55Ni,
SOKr+3Nb and 137Au+137Au is discussed. Our results of extracted balance energies has
been compared with the experimental data. In addition to this, the cluster recogni-
tion method has been optimized to study the directed flow of fragments for the reaction
197 Au+17 Au.

In Chapter 4, a systematic study of nuclear stopping is presented by studying the
role of various components of nucleon-nucleon interaction potential and nucleon-nucleon
cross section for the reaction }2°Sn+12°Sn for a wide range of incident energy and impact
parameters. In addition to this, the momentum distribution of particles participating in
nuclear stopping has been investigated to get a better insight into the stopping of various
charge fragments. The results obtained are compared with the experimental findings of
FOPI collaborations.

In Chapter 5, the importance of various components of nucleon-nucleon interaction
potential towards multifragmentation is studied within different rapidity domains for the

central collisions of the reactions :2°Sn+$3°Sn , $2Kr+{3*Gd, j5Fe-+13*W, $2C14+-20°T1 at
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incident energy ranging between 50 and 110 MeV /nucleon. Moreover, the role of differ-
ent components of nucleon-nucleon interaction potential towards mass asymmetry is also
explored by keeping the total mass of the system fixed. The results are compared with
the experimental data for the symmetric collisions.

In Chapter 6, the results are concluded followed by an outlook of the work.
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Chapter 2

Methodology

2.1 Introduction

Heavy-ion collisions at intermediate energies involve highly complicated non-equilibrium
physics because of the complexity of nuclear forces. Moreover, the dynamics of heavy-ion
collisions at intermediate energies is mainly governed by the three components namely,
mean field, two body collisions and Pauli blocking. Therefore, the knowledge of these
three components is essential to extract information about the nuclear equation of state
of neutron-rich matter. These components play a significant role at different incident
energies. At low incident energies, the mean field dominates due to lack of available
free phase space. This results in nearly 4% of nucleon-nucleon binary collisions to occur.
However, 96% of attempted collisions are blocked due to Pauli blocking. On the contrary,
the large availability of free phase space at higher energies results in significant number
of binary nucleon-nucleon collisions. In such cases, Pauli blocking is trivial (nearly 4%)
and the dynamics of heavy-ion collisions is governed by the repulsive nucleon-nucleon
scattering alone. On the other hand, both come to light at intermediate energy regime
and the interplay between the two governs the reaction dynamics. In order to extract
information about the nuclear equation of state as well as the reaction dynamics at inter-
mediate energies, one always require a reliable theoretical tool such as transport theories
and nuclear models. In a series of microscopic models, Cascade model [1,2] was the first
to study the dynamics of heavy-ion collisions from the initial stage to the final phase
space of nucleon. In this model, each nucleus is considered as sphere with a collection of
point like nucleons distributed over it. The nuclei are initialised towards each other at

a specific impact parameter and incident velocity. However, no Fermi momenta was as-
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signed to the nucleons. The initial position of a nucleon is allocated by using Monte Carlo
sampling method. The particles are supposed to scatter elastically or inelastically after
the collision depending upon the incident energy. Although the Cascade model is very
successful in explaining the effective temperature as well as the entropy of the reaction,
however, its use is limited to the central collisions only. Moreover, it does not involve the
mean field and quantum interference effects such as Fermi momentum. The need of mean
field effects led to the development of Time Dependent Hartree Fock (TDHF) theory [3].
The TDHF calculations were quite successful in describing the fusion cross section, scat-
tering angles, deep inelastic scattering, momentum transfer at energy < 5 MeV /nucleon.
At higher incident energies, due to lack of two body collisions this approximation fails.
Wong [4] originated the idea for semi-classical illustration of TDHF theory but was unable
to incorporate the collision term. Later on, attempts have been made in the literature to
extend the original TDHF equation i.e. extended TDHF (ETDHF) [5] in order to include
the two body binary collisions by taking into account the residual nucleon-nucleon inter-
actions. Unfortunately, ETDHF involve highly complex numerical implementation to be
used for the large scale calculations of heavy-ion collisions. However, rational investiga-
tion of heavy-ion collisions at intermediate energies demand sophisticated treatment of
both the nucleon-nucleon collisions and mean field effects. Furthering in this direction,
a new approach named as Boltzmann-Uehling-Uhlenback (BUU) [6,7] was developed by
incorporating the nucleon-nucleon collisions within the semi classical version of ETDHF
model (or Vlasov equation ). This realization is also named as Landau-Vlasov (LV) [8] or
Vlasov-Uehling-Uhenbeck (VUU) equation [9] or Boltzmann-Nordheim equation. These
manifestations differ in their technical realization (computer programming) only. These
one-body transport models do not preserve the correlations and fluctuations among the
nucleons. Thus, the use of such transport models is limited to the investigation of stop-
ping, collective flow as well as particle spectra, however, the fragment formation and
description of two-particle correlation is beyond the scope of this model. The require-
ment to keep track of the correlations among the nucleons led to the development of
Classical Molecular Dynamics (CMD) model. This N-body approach was able to treat
the non-equilibrium situation at the early stage of a reaction. However, it was unable

to accommodate some typical quantum effects like Pauli blocking and strong potential
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gradients. This issue was resolved by Aichelin and Stocker by including the quantum
features like Pauli blocking, stochastic scattering and particle production giving rise to
a new approach named as Quantum Molecular Dynamics model. Till date, Quantum
Molecular Dynamics (QMD) model [10] as well as many of its imroved/upgraded ver-
sions like Isospin dependent Quantum Molecular Dynamics(IQMD) [11], G-matrix QMD
(GQMD) [12], Fermionic Molecular Dynamics (FMD) [13], Antisymmetric Molecular Dy-
namics (AMD) [14] are used quite successfully to understand the reaction dynamics of
heavy-ion collisions under different circumstances. The entire study of this thesis is car-
ried out by using IQMD model. In the following sections, we first discuss in detail the
IQMD model which generate the phase space of nucleons after the collision. Various

cluterization techniques are discussed in the later part of this chapter.

2.2 Isospin-dependent Quantum Molecular Dynam-
ics model

The IQMD model developed by Hartnack et al. [11] is a widely used semiclassical trans-
port model that treat the interactions of nucleons on a microscopic N-body level. This
model is an extension of original QMD model, however the technical programming is
based on VUU model. IQMD treats different charge states of nucleons, deltas and pions,
explicitly. An important feature of this model i.e. isospin degree of freedom (component)
that enter into the calculations via nucleon-nucleon scattering cross section, Coulomb po-
tential and symmetry potential. The general structure of this model comprises of three
important steps namely, initialization, propagation and binary nucleon-nucleon collisions.
In addition to this, Pauli blocking of nucleon-nucleon collisions also plays an important
role. In the following subsections, all these three steps along with the Pauli blocking are

elaborated in detail.

2.2.1 Initialization

The target and projectile nucleons are initialized in their rest frame and their position in
the phase space is determined randomly within the radius of » < 1.12A4'/3 and momentum
p < pr (here, A is the atomic mass of the nucleus considered and pg is Fermi momentum)

corresponding to normal nuclear matter density (py = 0.17fm=3). In IQMD model, each
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nucleon is represented by a Gaussian wave packet with a fixed width L and these nucleons
interact via mutual two and three body forces. The wave function for describing the 7

nucleon having mean position r; and mean momentum p; is represented by

i, pilt), Ti(t) = mexp L pilt) e - # L@
In IQMD model, L depends on the size of the system. The system mass dependence of
L is introduced to obtain maximum stability of density profile and lies between 4.33 fm?
and 8.66 fm? for the lighter and heavier systems, respectively. The total n-body wave

function is assumed to be direct product of coherent states.

= Hz Yi(r, i, Pist). (2.2)

In a heavy-ion reaction, one always seek to understand the time evolution of the reaction.
Wigner densities enable us to formulate quantum mechanics in a much simpler language
and hence provide quite intuitive understanding of the reaction dynamics. Wigner density
would yield the observables that depends on the phase space coordinates (r, p, t) which
otherwise was not possible to achieve by solving the n-body Schrodinger equation. The
Wigner transforms of the coherent states are Gaussians in phase space and are more

convenient to be used in numerical calculations.

1 : r a
fite, (), i) = G / TIN5 ) Ui — 57, O,
= 1 ;)36—@ ~rilt)?/2L o=(p —Pu(t)2L/R (2:3)
s

where r;(t) and p;(f) define the classical orbit or the center of the Gaussian wave packet
in phase-space, whereas the squared width L is assumed to be independent of the time.

The density of i particle in coordinate space and momentum space is

,0 r, I‘l / fz r parz pz( )) d3p7

— eIt — rilt )2 /2L 2.4
(27TL)3/2 (2:4)

9i(p,pi(t)) = /fzrp,rz ,pi(t)) d’r,

3/2
_ (7#1) o~ p — pi(O)*2L/n* (2.5)
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To initialize a nucleus, we have to assign the coordinates and momenta to all nucleons. In
three dimensional space (inside a sphere of radius R) the center of Gaussian wave packet

is uniformly distributed in polar coordinate by:

r = R :17}/3,
cosd = 1 — 2x,,
¢ = 2m Zs,

where x1, xy, x3 are the random numbers. The coordinates of nucleons are rejected if
the distance between them is less than 1.5 fm. The local Fermi momentum is determined
by the relation

Pp(r;) = /=2mU(r;), (2.6)
where U(r;) is the local potential. The center of each Gaussian wave packet in momentum

space is uniformly distributed in polar coordinate by:

pbi = PF(I‘i)l‘};/?);
cos = 1 — 2uxs5,
¢ = 2mxg.

Only those distributions are taken into account which fulfil the criteria of d,,;, i.e.
(ri = ;)" (Pi — Py)* > dyin- (2.7)

Typically 1 out of 50,000 initializations is accepted under present criteria. Moreover, the
IQMD model also involve Lorentz contraction of nucleus coordinate distribution which
plays a significant role at higher incident energies. In order to prevent the initialization
of unstable nuclei, a sample of nuclei with the required stability are chosen. Besides this,
two Euler angles are also chosen randomly as well. The position of all the nucleons of one
nucleus is then rotated around its centre of mass. This procedure is repeated for different
sets of Euler angles. Each set of Euler angles produce an absolutely different reaction

without changing the stability.

2.2.2 Propagation

The successfully initialized stable nuclei are then boosted towards each other along

the original Z-axis with proper center-of-mass velocity using relativistic kinematics. The
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center of each distribution moves along the Coulomb trajectories. This distribution is kept
fixed until the distance between surfaces of the nuclei is 2 fm. The equation of motion
of many-body system is, then, calculated by means of a generalized variational principle:
we start from the action

sz/wqq¢mm (2.8)

t1

with the Lagrange functional

ﬁ:@m%—ﬂwy (2.9)

The time evolution is obtained by the requirement that the action is stationary under the
allowed variation of the wave function

t

08 = 5/t L[®, *]dt = 0. (2.10)

1
The Hamiltonian H contains a kinetic term and mutual interactions V;;, which can be
interpreted as the real part of the Briickner G-matrix supplemented by the Coulomb
interactions. The time evolution of the parameters is obtained by the requirement that
the action is stationary under allowed variation of the wave function. This yields an
Euler-Lagrange equation for each parameter. We obtain for each parameter A, an Euler-
Lagrange equation:

L9- %=, (2.11)

If the true solution of the Schrodinger equation is contained in the restricted set of wave
function ;(r, pi(t), r;(t)), this variation of the action gives the exact solution of the
Schrodinger equation. If the parameter space is too restricted, we could find the wave
function in the restricted parameter space which comes closest to the solution of the
Schrodinger equation. It should be noted that the set of wave functions which can be
covered with spatial parameterizations is not necessarily a subspace of Hilbert-space, thus
the superposition principle does not hold. For the coherent states and a Hamiltonian of
the foom H = > .7, + %Zm Vij (T; = kinetic energy, V;; = potential energy), the
Lagrangian and the variation can easily be calculated and we obtain:

L=) ipi—) <Viy> —i, (2.12)

- oY 2Lm

fi:&+vpi2<vij> = Vp, < H >, (2.13)
j

m
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pi=—Vi, Yy <Vi>=-V, <H>, (2.14)

J#i
with r; = r; + Bt and (Vi) = [drid®pe(y;;|V (e, ra)[hinh;). These equations
represent the time evolution and can be solved numerically. Thus, the variational principle
reduces the time evolution of the n-body Schrodinger equation to the time evolution

equations 6 - (Ap + Ar). The equations of motion now show a similar structure like

classical Hamilton equations.

oH) . 0(H)
pP: = 8I'i , I, = 8pZ .

The numerical solution can be achieved in the spirit of the classical molecular dynamics

(2.15)

[15-17]. The wave functions (other than the Gaussian in Eq. 2.1) yield more complex
equation of motion for other parameters and hence the analogy to classical molecular
dynamics is lost.
The total energy H; of i*" particle is the sum of kinetic and potential energies:
H = T,+V, =T, +%ZVZ§?)+§ > Vil (2.16)
Gii#i G ksii#k
where T; refers to the kinetic energy of i** particle and V;gg) and Vﬁ) are the two- and
three-body interactions. The two-body interactions Vigz) is obtained by folding the two-
body interactions with the densities of both particles.
YV =D / filri P ) f5(x5,25,1) V(i) (217)

Jyi#d Jyi#d
X dgTz‘ d37"j d3pz dgpj,
- Z/fz(rzvat) fj(rj7p]7t> tl
Ji#d
Xé(l‘i — I‘j)dSTl' dgrj d3pz dgpju
= Z tl/fi(riypht) fi(r;, pj, 1)
Jyi#d
X dSTZ‘ d3pz d3pj,
1 2 2 2
_ ¢ —(r—r;(t))?/2L ,—(p—pi(t))°2L/R
Z 1/ (7Th>36 €

jiiti
1
(mh)?

1 2
_ = —(ry—rj)?/4L
Z tl (47TL)3/26 J )

J
=0y py (2.18)

Jii#]

X

e~ (rri()*/2L o—(p=p;O)°2L/A* g3, 3, d’pj,
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where

1 —(r;—r )2
Pij = /dgr pi(r) pi(r) = (anL)?i° (rimxa AL, (2.19)

The three-body interactions can be calculated as follows:

>V = Y / fi(xiPirt) F5(05, P50 1) Si(tns Prot) V(ri, w5, 1)
Jikyi#i#k Jikyi#j#k
X d3r; d?’rj dry d3pi d?’pj d3pk,
= Y [ fpit) flrpt) filonpet)
Jikyi#j#k
X(S(I‘Z' — I‘j) (5(1‘1 — I‘k)dg’I“Z' d37”j d37‘k d3pi d3pj dspk,

- t+3/2 Y el oL
(2wL)3 -3 e

_ to “[(ri—r)2+(ri—r)2] /6L x 2
= G Y ¢ el
Jikyi#i#k

2
_ b (4mL)e U 2L
(rL)P 37 |2 (an L) ’

2
ty 23
= Sz > pil| (2.20)

J#i

From above derivation, we see that for three-body interactions, the mean field can be
written as [y, pij]°. The total momentum in IQMD is conserved because the Hamilto-
nian is well defined for the whole system. A heavy-ion reaction should be followed with
the help of G-matrix, where the real part corresponds to the propagation and imaginary
part is responsible for the collision. In the simulations, however, one always use different
parameterized forms for describing both real and imaginary parts of G-matrix. The real
part of G-matrix along with the Coulomb interaction Vi?"“l signifies the baryon poten-
tial. The former can further be subdivided into a Skyrme type interaction Viljoc7 a finite
range Yukawa interaction Vg“k and a momentum dependent component Vdei. The total

potential reads as:

i loc Yuk Coul mdi
V9= V0 + Vit + Vi + VP (2.21)

In addition to the above mentioned components of interaction potential, the isospin effects
should also be incorporated in the IQMD model with proper care and the same can be
included via Coulomb interaction and symmetry potential. In this model, we use real

charge i.e. Zproton = 1 and Z,eutron = 0 to include the isospin dependence of Coulomb
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potential. Introducing the symmetry potential, the total interaction potential takes the

form:
i loc Yuk Coul mdi sym
Vi = Vlee 4y 4o yGeud oy gy (2.22)

The general form of Vige, Vyuk, Voouw and Vi, and their characteristic behaviour is shown

in Fig. 2.1.
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Figure 2.1: The characteristic behaviour of various components of nuclear po-
tential. Figure is taken from Ref. [10,18].

In the following, each of these potentials along with the parameterized forms to be

implemented within the IQMD model is described in detail.

Skyrme Potential:

In nuclear matter where the density is constant, the interaction density coincides with

)

the single particle density, and Vl(()i as well as Véi)k are directly proportional to (g ). The

three-body part VES;) of the interaction is proportional to (ﬁo)z. In nuclear matter, the

local potential energy has the form

o.p Bp e
20, * 371G, 22

loc __
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Table 2.1: Parameters of static potentials [10]

| K(MeV) | ao(MeV) | B(MeV) |y | EOS |
200 -356 303 L17 ]S
380 124 70.5 2 H

The potential has two free (o and ) parameters, which can be fixed by the requirement
that at normal nuclear matter density, the average binding energy should be -15.75 MeV
and total energy should have a minimum at p,. In order to investigate the influence of
different compressibilities, one can generalize the above potential energy to

ple — Py PPy (2.24)

2°p, v+ 1 p,

Depending upon different values of these degrees of freedom, the above equation leads to
various equation of state. The set of parameters and compressibilities corresponding to
different equation of state is listed below in Table 2.1.

In the study of heavy-ion collisions, one usually has the so-called Skyrme parameteri-
zation of nuclear equation of state, which contains two sets of parameter giving the same
correct binding energy and saturation density, but, two different incompressibility K (one
corresponds to soft EOS with K = 200 MeV (at smaller value of ), another corresponds
to hard EOS with K = 380 MeV (at larger value of 7)). The total Skyrme potential then

can be written as

VSRrme — N7 5 — 1) + t6(r — 1ot (3 + 1) /2). (2:25)

Jii#]
Other values of a;, 5 and ~ are also available in the literature, e.g. super-stiff and super-
soft EOS. However, the studies carried out by theoretical groups have established the fact

that hadronic matter is soft in nature [19,20].
Yukawa Potential:

The finite-range Yukawa potential proposed by Hideki Yukawa is added to stabilise the
surface of finite nucleus [21]. The attractive Yukawa potential increases the interaction
range compared to the d-like Skyrme potential. The addition of Yukawa potential also re-

duces the fluctuations produced due to lack of pressure build up by the Fermi momentum.
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The impact of Yukawa potential on the nuclear surface is studied by analyzing the radial
density distribution of gold nucleus [10]. It was shown that the degree of preservation of
nuclear surface is quite different for the two Yukawa parameters considered. However, the
results of r.m.s. radius and nuclear binding energy do not differ much. The parameterized

form of Yukawa potential is given by:

! vy — 5]/

Here, with ¢ = 0.4 fm and t3= -6.66 MeV.

Coulomb Potential:

The Coulomb interaction among the nucleons plays a significant role in the study of
heavy-ion collisions. It is an important asymmetry term that can be used to understand

the isospin effects at intermediate energies. The Coulomb potential is represented as:

7%, e?
yGou = Zell (2.27)
’ v — 1

Momentum dependent interactions:

An adequate explanation of the heavy-ion collisions require profound knowledge of mo-
mentum dependent interactions. A simple static equation of state, which is a function of
density alone, is not sufficient to explain the dynamics of reaction at intermediate energies.
The momentum dependent interactions adds additional repulsion between the nucleons
of projectile and target. Therefore, the momentum dependent interactions has to be in-
volved in the numerical realization of total potential with proper care. The momentum

dependence of real part of optical potential is parameterized as follow:
Vil = tydn?[ts (57 — p;)? + 1)0(7 — 17). (2.28)

Here t, = 1.57 MeV and t5 = 5 x 107* MeV 2 are fitted to the experimental data [22].
The momentum dependence of nucleon-nucleon interaction may optionally be used in
IQMD. However, introducing the momentum dependence in IQMD, one has to readjust
the parameters of the Skyrme force to have correct saturation properties for normal nu-

clear matter and the same incompressibilities as those of the soft and hard EOS. This
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Table 2.2: Parameters of the momentum dependent potentials [10]

| K(MeV) [ a(MeV) | B(MeV) [y |6 |« | EOS |
200 -390 320 1.14 [ 1.57 [ 21.54 | SMD
380 -130 59 2.09 | 1.57 | 21.54 | HMD

give rise to new equations of state, i.e. Hard Momentum Dependent (HMD) and Soft Mo-
mentum Dependent (SMD). Now, the static equation of state along with the momentum
dependence takes the form:

U = a(£> + 6(3 )7 - 5-1n2(e~(Aﬁ)2—|—1)~<£). (2.2
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Figure 2.2: Graphical representation of transverse momentum caused by mo-
mentum dependent interaction. (a) Semi-peripheral collision between projectile
and target in the reaction (Z-X) plane. (b) The potential along the X-axis. A
strong repulsive potential in the participant/overlapping zone and an attractive
potential in the outside region. Figure is taken from Ref. [10].

It is worth noting that the momentum dependent interactions play a significant role as
long as the projectile and target overlap with each other. This can better be understood
with the help of Fig. 2.2. In case, when the target and projectile do not overlap, the
relative momentum between the interacting nucleons is quite small. Thus, the momen-
tum dependent interactions do not make any difference. However, once the projectile hits

the target at semi-peripheral colliding geometry, the overlapped nuclei with large relative
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momentum are placed closely in the configuration space (Fig. 2.2(a)). In the overlapping
region, projectile (target) nucleons feel a strong repulsive potential due to neighbouring
target (projectile) nucleons. Outside the overlap region, the projectile and target nucleons
have no impact on each other, hence the potential is still attractive here (Fig. 2.2(b)).
As a consequence, strong potential gradient is generated in the impact parameter direc-
tion. This prompts the particles to escape out of the compression zone. Consequently, a

significant amount of transverse momentum transfer takes place.

Symmetry Potential:

Symmetry potential plays a significant role in the system having unequal isospin content.
The difference in energy/nucleon between the pure neutron matter and symmetric nuclear
matter is termed as symmetry energy. Fig. 2.3 shows the strength of symmetry energy

as a function of density.
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Figure 2.3: The density dependence of energy per nucleon for pure neutron
matter (upper curve) and symmetric nuclear matter (lower curve). The shaded
region signifies the symmetry energy. Figure is taken from Ref. [24].

Here, the upper and lower lines represent the energy per nucleon for pure neutron
matter and symmetric nuclear matter. The difference between two lines indicate the esti-

mate of energy required to convert all protons in a symmetric nuclear matter to neutrons
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at a particular value of density p. The energy per nucleon of asymmetric nuclear matter

can be determined by parabolic law [23]:

Ean(p.04) = Ban(p.0) + Euy(p)8% (2.30)

Where, Eqy.,(p,0) and Eyy,, (p) are the energy per nucleon of symmetric nuclear matter
and normal nuclear matter, respectively. d4=(p, — pp)/(pn + pp) represents the isospin
asymmetry of asymmetric nuclear matter. This equation validates for small values of ¢
only. The parameterized form of density dependence of symmetry energy is given by the

relation:

Esym(p) = Esym(po) (ﬁ)ﬁ (2.31)
Po
where, F(pyg) = 32 MeV and is defined as symmetry energy corresponding to normal
nuclear matter density (po = 0.17fm~3) The value of v describes the stiffness (or strength)
of symmetry energy at densities away from the normal nuclear matter density. Usually,
two different values of density dependence of symmetry energy has been observed i.e. Soft
and Stiff density dependent symmetry energy. For the soft density dependent symmetry
energy, the value of symmetry energy increases upto the normal nuclear matter density and
then decreases for higher values of density. However, for Stiff density dependent symmetry
energy, there is gradual increase in symmetry energy as a function of density. The stiff
form of symmetry energy causes an early emission of nucleons from the compression zone.
On the other hand, the symmetry potential is highly repulsive (attractive) for neutrons
(protons) in the low density region for soft form of symmetry potential as compared to
the stiff form of symmetry energy. Fig. 2.4 shows the variation of symmetry energy and
symmetry potential with the density. The parameterized from of symmetry potential is
given by the relation:
sym L oiismt -
Vi = te—T3T30(r7 —735) (2.32)
©o

In Eq. 2.32, t¢ = 100 MeV and T3; and T3; denote the isospin projection of particles i
and j (being +1/2 and -1/2 for protons and neutrons, respectively).

The symmetry and Coulomb potentials are isospin dependent and remaining Skyrme,

Yukawa and momentum dependent potentials are isospin independent. For a nucleus in
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Figure 2.4: Variation of symmetry energy (upper panel) and symmetry potential
(lower panel) with density for an isospin asymmetry § = 0.2 and v =0.5 and 2.0.
Figure is taken from Ref. [25].

its ground state, the expectation value of the total Hamiltonian correspond to its total
binding energy. When comparing to the Bethe-Weizsdacker mass formula, the kinetic
energy, the Skyrme interaction and the momentum-dependent interactions contribute to
the volume energy, the Yukawa interaction to the surface and the 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. Therefore, the total baryon-baryon
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potential in IQMD model can be written as:

_ Skyrme Yukawa Coul MDI Sym
Vij = VotV TV AV T Y

= <t15(1‘i —13) + to0(r; —15)p° (#))

—_ 7,7;¢*
Jpenln=nl | ZZe

(Iri — 3|/ 1) ri — 1]
‘|—t4 ln2[t5(pi — pj)2 + 1]5(1‘1 — I'j)
1
+t6Q_T3iT3]’5(ri — I‘j). (233)
0

It is worth mentioning that all these components of nuclear potential are independent of
each other, that is the reason why the order of adding these potentials do not influence
the results. In addition, the Skyrme and Yukawa being the elementary potentials, can’t

be separated.

2.2.3 The nucleon-nucleon collisions

The nucleon-nucleon collisions are included in IQ M D model by employing the collision
terms of the well-known VUU-BUU equations [3,26]. The NN collisions are done stochas-
tically in analogy with all cascade models [2,27]. In the case of IQM D, parameterizations
of VerWest and Arndt have been taken [26]. A common description is used for describing
the collision term, that is, two nucleons are supposed to collide with each other, if the

minimum distance between the centroids of Gaussians fulfills the requirement

| Oto
|I'i - I'j| S ;_t7 Otot = O-<\/§7 typ(f)’ (234>

where o3, is the total cross section and “type” denotes the ingoing collision partners

(N-N, N-A, N-7,....). The total cross section is the sum of elastic and all inelastic cross

sections.

Otot = Ol + Oinel = O¢l + Z ;. (235>

channels

In addition to nucleons, delta resonances are also produced in IQMD model, which further

decay into pions. The following inelastic channels are explicitly taken into account and
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constitute the imaginary part of the pion optical potential

Elasticm—m, 71— N, 71— A, A— A, A — N scatterings are not taken into account. Exper-
imental cross sections are used for the processes (a) and (d) [26], as well as for the elastic
nucleon-nucleon cross sections. Experimentally, inaccessible channels like AN — NN
are calculated from their reverse reactions (here NN — AN) using modified detailed
balance formula [28]. The angular distribution for the elastically scattered nucleons is

given by:

do-el A( )-t
~ s 2.
0~ ¢ (2.36)

where,

3.65(y/5 — 1.8766)]°

t = —2p*(1 — cost) d Als) =6

p*(1—cost) and  Afs) =677 [3.65(/5 — 1.8766)]%
with /s the c.m. energy in GeV and A(s) is given in (GeV/c)™2. The inelastic channels

(2.37)

are treated in an analogous fashion. The parametrization suggested by Huber and Aichelin
[29] is used where fitted differential cross sections are extracted from one-boson-exchange

(OBE) calculations:
dain
s

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

of /s (see Table 2.3). 6 is the polar angle.

~ a(s)exp[b(s)cosb)]. (2.38)

Table 2.3: a(s) and b(s) as a function of the c.m. energy.

& = /s (GeV) a (fm) b
2.104-2.12  294.6(f — 2.014)%5™ 19.71(¢ — 2.014) 1551
01224 ., )
2.12 - 2.43 (¢_2.22§>312+i§).{)$4112 19.71(4 — 2.014)155
2.43 - 4.50 (2383)™ 33.14 arctan(0.5404(¢ — 2.146)*9784)

2.2.4 Pauli blocking

Pauli blocking is a delicate quantum feature that need to be implemented within the

semi classical theory (IQMD model) for the better understanding of reaction dynamics
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with large precision. There are mainly two methods mentioned in the literature to involve
the Pauli exclusion principle within a transport model simulation. One is to introduce the
Pauli potential corresponding to short range repulsion between the neighboring nucleons
in the phase space. Second is by blocking the collisions and hence preventing the nucleons
from being in an overpopulated state of phase space. This method is highly recommended
method to be used for the study of heavy-ion reactions as the former method involve the
formation of highly excited and big fragments. Therefore, additional statistical break-
up (afterburner) has to be used to get exact fragment multiplicities. To avoid such
inconvenience, second method is adopted for the present study. The phase space around
the scattered nucleons is checked during the course of reaction. The collisions among the
nucleons are blocked if the scattered nucleons are found to enter an already occupied (fully
or partially) state in the phase space region. For the sake of simplicity, we assume that
each nucleon occupies a sphere in coordinate and momentum space whereas two spheres
are not allowed to overlap in accordance with the Pauli exclusion principle. This trick
yields the same Pauli blocking ratio as obtained by an exact calculation of the overlap
of the Gaussians. We calculate the fractions P, and P, of final phase spaces for each of
the two scattering partners that is already occupied by other nucleons. The collision is

blocked with a probability
Poock = 1 — [1 —min(Py,1)][1 — min(Pe,1)], (2.39)

and, correspondingly, is allowed with probability 1 — Py.e. For a nucleus in its ground
state, we obtain an average blocking probability < Py, > of 0.96. For absolute blocking,
this factor should be one. From above description, it is clear that the Pauli factor will
be zero or one depending whether the final phase-space is occupied or not. This sharp
occupancy is valid for the cold nuclear matter only. Faessler et al. [30] were the first to
include the temperature by smearing the Fermi spheres for Pauli-operator. Interestingly,
the effect of this exercise was not drastic and one can neglect the temperature dependence

of the Pauli-operator.

2.3 Numerical test

The basic requirement of a transport model to be used for the investigation of heavy-

ion collision is to justify the ground state properties (e.g. stability) of nuclei on a time
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scale which is comparable to the time required for a nucleon-nucleon collision. Numerous
number of numerical tests have been performed by various groups to validate the well
established IQMD model over a wide range of atomic nuclei. Many of these are Heidelberg-
Nantes-Frankfurt-Tiibingen-Chandigarh. It is well established that the nucleon inside the
nucleus moves under the influence of mean field potential generated by other nucleons
and covers a significant distance during its motion upto 200 fm/c. Whenever the nucleon
tries to approach the surface, it is pulled back by the other nucleons to keep it confined

within a sphere of radius R.
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Figure 2.5: Time evolution of r.m.s. radius of 1" Au nucleus and average mo-

mentum ((P)) of nucleons under the influence of different sets of components of
nuclear potential.

In the present study, various numerical tests have been performed by analyzing the
ground state properties of gold nucleus under the influence of different components of

nucleon-nucleon interaction potential. Fig. 2.5 shows the r.m.s. radius and momentum
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for 137 Au nucleus under the influence of different sets of components of nuclear potential.

Different acronyms used are defined as follow. SY stands for Skyrme + Yukawa poten-
tial, SYC stands for Skyrme + Yukawa + Coulomb potential, SYCS stands for Skyrme
+ Yukawa + Coulomb + symmetry potential, SYCSd stands for Skyrme + Yukawa +
Coulomb + density dependent symmetry potential (with v = 0.66). It is observed that
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Figure 2.6: Trajectory of single nucleon under the influence of different compo-
nents of nuclear potential.

for SY set of potential, the radius of nucleus and momentum of nucleons oscillates around
its mean value throughout the time evolution of the reaction. However, with the addition
of other components of nuclear potential such as Coulomb potential and symmetry poten-
tial, the r.m.s. radius increases. This is due to the repulsion generated in the system with
the addition of these potentials. However, the particle inside the nucleus remains confined
within its radius (shown in Fig. 2.6). The repulsion generated in the system with the

addition of different potentials change the trajectory of nucleon. The oscillations of r.m.s.
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radius and momentum around the mean value increases by including all the components
of nuclear potential. This is due to the reason that for the given initialization, the poten-
tials are not saturated. In order to achieve stability, the potential energy of the system is
converted into kinetic energy and vice versa. As already mentioned in Sec. 2.2.2 that the
momentum dependent potential becomes active if and only if the overlapping of projec-
tile and target nucleons takes place. Since we are studying the ground state properties of
single nucleus, hence no collisions are taking place. Therefore, the momentum dependent

potential is excluded to check the stability of nucleus.

2.4 Different Methods of Clusterization

In the following subsections, the secondary models used to clusterize the phase space of

nucleons are discussed.

2.4.1 Minimum Spanning Tree (MST) method

In MST [10], two nucleons share the same fragment, if their centroids are closer than
a distance d,;n,,

|ri - rj‘ < dmin; (240)

where r; and r; are the spatial positions of both nucleons. The minimum distance d,,;, has
been used as a free-parameter which varies between 2-4 fm. The influence of clusterization
range on multi-fragmentation (at 200-300 fm/c) is reported to be small [31]. This approach
(being a spatial distance approach) cannot detect different fragments which are (almost)
overlapping and therefore, 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. In other words, the simple coordinate space approach cannot address the question
of time scale of the fragments. To study the time of fragment formation, one needs to
device a method which should be able to detect the overlapping fragments.

Modification in clusterization method has been suggested, which is discussed as follow.
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2.4.2 Minimum Spanning Tree with Momentum cut (MSTM)
method

In addition to spatial cut in Eq. 2.40, Kumar et al. [32] introduce a cut on relative

momenta of two nucleon 1i.e.
pi — pjl < pr (2.41)

Here, pr is the average Fermi momentum of nucleons bound in a nucleus (=~ 268 MeV/c)
in its ground state. It will help to get rid of fragments that although close in space are
far in momentum space. This method checks the formation of artificial and unstable
fragments by excluding those nucleons having relative momenta larger than pr. Both
MST as well as MSTM method give different results at the start of a reaction. MST gives
one largest cluster of size (= Ap + Ar), while MSTM method gives two distinct clusters
of masses Ap and Ay having very large relative momenta. This algorithm identifies the

largest fragment A% as early as 50-60 fm/c [32].

2.4.3 Isospin-dependent Minimum Spanning Tree (isoMST)
method

The isoMST method addresses the isospin dependence of cluster recognition criterion [33].
In the regular MST method, the spatial constraint between the two nucleons to share
the same fragment was assumed to be fixed, irrespective of the isospin of the nucleons.
However, introducing the isospin-dependence in the cluster recognition method, different
values of spatial constraints are assigned depending upon the isospin of nucleon, which
share the same fragment. Using this method, significant effect on heavy-ion collision
observables is seen for Rj"=R;"= 6 fm and RE’= 3 fm. The value of momentum constraint
(Pp) is kept fixed as 250 MeV /c. The long range Coulomb repulsion is the reason for taking
a smaller value of RE’. However, the properties of neutron-rich nuclei, e.g. neutron skin

or neutron halo effects are responsible for choosing a large value of Ry"™ or R;”.

2.4.4 Gemini model

The GEMINI code [34] is a statistical model based on the sequential binary decays. In this
code, the excitation energy, angular momentum, charge, and mass of the hot fragment is

used to calculate the decay path. A Monte Carlo technique is adopted to follow the decay
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chains of individual compound nuclei. The decay chain continue until we get a stable
resulting product. The Hauser-Feshback formalism is used to calculate the decay width
of light charged particles (Z < 2), however, the fission channel is calculated from Bohr-
Wheeler formalism. The binding energy of heavy systems (A > 12) is calculated by using
the Yukawa-plus-exponential model without including the shell and pairing correction
term to calculate a series of sequential binary decays. On the other hand, the binding
energy of very light system is calculated using their experimental masses. It is important
to note that while using the GEMINI code to cool the hot fragments as an afterburner to
a dynamic simulations some assumptions are applied such as the decay of hot nucleus is
calculated by assuming it to be spherical in shape and at normal nuclear matter density.
Moreover, after the decay by GEMINI the final product and their trajectories are defined

and Coulomb forces or nuclear forces are not considered anymore.
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Chapter 3

Effect of nucleon-nucleon potentials
on anisotropic flow

3.1 Introduction

Reaction dynamics has always captured an important place in nuclear physics community
mainly due to wider domain of the physics it caters. The measurements of collective
motion [1] and, in particular, the directed transverse flow [2-4] have been predicted to
provide crucial information for establishing the strength of nuclear equation of state [5-7].
It has also been used extensively over the past three decades to study the properties of
hot and dense nuclear matter pinning down the nuclear matter equation of state as well
as the in-medium nucleon-nucleon cross section. The dependence of directed transverse
flow on the above mentioned parameters has revealed much interesting physics [1,2, 6,
7]. In the recent years, many groups have performed experiments to study the energy
dependence of directed flow and their study reveals that, there is a transition of the flow
from negative scattering angles to positive scattering angles with increase in incident
energy [8]. At low incident energies, the dominance of attractive mean field prompt the
scattering of particles to negative deflection angles, thus producing negative flow, whereas
repulsive NN collisions at higher incident energies result in the emission of particles into
positive deflection angles and hence yield positive flow. At a particular beam energy,
where the repulsive NN interactions balance the attractive nuclear mean field interactions,
the collective transverse flow disappears. The beam energy at which this transverse flow
disappears is termed as the balance energy (Ep,) or energy of vanishing flow (EVF) [2,9].
The observation of balance energy has triggered intensive theoretical and experimental

investigations. The balance energy is found to be sensitive towards the size of the system
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[7], colliding geometry [3,10], nuclear matter equation of state, the NN cross section [11]
mass asymmetry of the reaction and isospin content [12]. Ideally, reactions can be analysed
with the help of G-matrix, where real part is responsible for its propagation, whereas,
imaginary part leads to nucleon-nucleon scattering. In simulations, one, however, uses
separate parameterized form for both real and imaginary parts of the G-matrix. While
parameterizing the potential, one starts with nuclear matter interaction represented by
the Skyrme interaction and then adds additionally various components such as Coulomb,
Yukawa, symmetry potentials as well as momentum dependent potential.

In other words, nucleon-nucleon interaction potential consists of Skyrme (density de-
pendent), Yukawa (surface dependent), Coulomb, momentum dependent and density de-
pendent symmetry components. The effect of Coulomb repulsion on balance energy (FEpq;)
has been studied for various asymmetric reactions and it has been found that sensitivity
of Epq increases towards the larger asymmetric reactions [12]. Momentum dependence
of the EOS has also played a crucial role in heavy-ion collisions. The initial attempts
with momentum dependent interactions showed a drastic effect on the collective flow as
well as particle production [7,13-15]. The particle propagating under the influence of
MDI are deflected towards the transverse direction during the early phase of the reaction.
As a result, transverse flow increases considerably. However, the particle production is
found to be reduced drastically with the inclusion of momentum dependent interactions.
On employing momentum dependent forces, the kaon production is reduced by a factor
of four [13]. Puri and collaborators [7] shed light on the influence of MDI on FEj, and
found that sensitivity of E,, is different towards the lighter colliding nuclei compared
to the heavier ones. Recently, symmetry potential and its density dependence has been
studied and both are found to be sensitive towards collective flow [16-18]. Giant dipole
resonance’s (GDR) peak energy and full width at half maxima has also been studied and
is found to be sensitive towards the symmetry energy [19].

Lot of experiments on balance energy/directed flow have been performed and the
results are verified by various theoretical models. Many of these are, however, by using
Boltzmann-Uehling-Uhlenbeck (BUU)model [20,21]. A few of these are also reported by
using quantum molecular dynamics model (QMD) [10, 13,22]. The collective flow was

measured for the first time by the Berkeley group for “°Ca+%° Ca and 2 Nb+23 Nb at 400
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MeV /nucleon using plastic ball detector at BEVALAC [23]. The first attempt to measure
balance energy was made by MSU group [24]. INDRA collaboration at GANIL studied
the Eyq as a function of impact parameter for “°Ar + 27Al reaction. Later on, impact
parameter dependence of balance energy was studied for %4Zn + 27Al, 4°Ar 4 #5Sc, %®Ni +
8Ni, 8Kr + %Nb and 7Au + 7 Au reactions respectively [21,25]. Interestingly, most of
these studies take symmetric or nearly symmetric reactions into account. Experimentally,
Pak et al. [3] studied the isospin effects on the collective flow and balance energy for
central and peripheral colliding geometries and compared the results with the theoretical
calculations. Liewen et al. [26] studied the effect of isospin degree of freedom on the
collective flow and EVF using the isospin dependent QMD model. The calculated results
were found to differ from the data at all colliding geometries.

In addition to this, the transverse flow (v1) was first predicted by using fluid-dynamic
model for semi-central heavy-ion collisions [27]. Soon after this, the same was observed
experimentally [28]. The transverse flow was found to reach its maximum value at about
400 MeV /nucleon [29]. The dependence of transverse flow on system mass [5,30] and the
isospin content [3] have also been investigated experimentally. Westfall [31] and Magestro
et al. [32] showed that the EVF is independent of the particle type. However, Russotto
et al. [33] have reported the energy of vanishing flow for hydrogen isotopes which is
found to higher than that of helium isotopes by more than 10 MeV /nucleon. Recently,
Wang et al. [34] studied the influence of medium-modified nucleon-nucleon elastic cross
section (NNECS), isospin-dependent cluster recognition criteria and different equation of
states on transverse and elliptical flow (vy) of light charged particles by using UrQMD
model. Anisotropic flows were found to be sensitive towards the NNECS, but not sensitive
towards the different cluster recognition criteria. Besides the spatial constraints, however,
the momentum constraints are also expected to affect the flow of light fragments.

Unfortunately, very few studies are available on the theoretical side, when we talk
about the contribution of various potentials on collective flow of nucleons and the effect
of various momentum constraints on fragment flow. The aim of the present chapter is
atleast two fold. First is to study the contribution of various potentials towards the
transverse directed flow and the balance energies for the different reactions and second

is to explore the effect of isospin dependent spatial and momentum constraints on the
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transverse flow of light fragments.

3.2 Results and discussion

For the present study, we simulate several thousand events for the reactions of 55Fe+55Fe,
5SNi+ 53Ni, S6Kr+ 33NDb and 2§"Au+ 237Au at the incident energies ranging between 60
and 140 MeV /nucleon in steps of 20 MeV /nucleon, using soft equation of state. A reduced
cross section o,.q = 0.8077° is used in the study [35]. For the choice of impact parameter,
the whole geometrical range is divided into four bins - BIN(I), BIN(II), BIN(III) and
BIN(IV) ie. 0 <b <028, 028 < b < 0.39, 0.39 < b < 0.48, 0.48 < b < 0.56, where
b= b/bmaz With by, = 1.12(14}/3 —i—A;/g). The choice of impact parameter is based on the
constraints imposed by the experimental measurements [4]. The time evolution of each
reaction is followed till the transverse flow saturates. For the present heavy-ion reactions,

the saturation time is kept 200 fm/c.

3.2.1 Time evolution of directed transverse flow

In Fig. 3.1, the time evolution of (P%") for the reaction of j5Fe+ 55Fe is displayed. The
upper limit of scaled impact parameter bin for these events is b = 0.28. The calculations
were performed for different sets of potentials with energy varying between 60 and 140
MeV /nucleon in steps of 20 MeV /nucleon. In order to study the contribution of vari-
ous components of potential towards the balance energy, we started with basic potential
and then added other terms of potentials followed by resimulation of the reaction. This
procedure is repeated for all sets of components of potential. The acronym SY stands
for Skyrme + Yukawa potential, SYC stands for Skyrme + Yukawa + Coulomb poten-
tial, SYCM stands for Skyrme + Yukawa + Coulomb + momentum dependent potential,
SYCMS stands for Skyrme + Yukawa + Coulomb 4+ momentum dependence + symmetry
potential and SYCMSd stands for Skyrme + Yukawa + Coulomb + momentum depen-
dence + density dependent symmetry potential with v = 0.66. The symmetry energy
varies with the density according to the Eq. 2.31. From Fig. 3.1, it is clear that

1. During the initial phase of the reaction, transverse directed flow always attains a
negative value pointing towards the dominance of attractive interaction between

colliding nucleons. With the passage of the time, the transverse flow becomes less
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Figure 3.1: Time evolution of (P%") at incident energies 60, 80, 100, 120, 140
MeV /nucleon for different set of potentials. Various acronyms (SY, SYC, SYCM,
SYCMS, SYCMSd ) are explained in the text.

negative and ultimately saturates at about 100 fm/c. This saturation time changes

with increase in the incident energy as nucleons collide at faster speed. With the

increase in the incident energy, the high dense phase is created much earlier during

the course of the reaction, that leads to early finishing of the reaction.

2. At low incident energies, the less availability of the free phase space does not allow

frequent binary nucleon-nucleon collisions; therefore, interactions remain attractive

at these incident energies. However, at higher incident energies one has frequent

nucleon-nucleon binary collisions responsible for the repulsive behavior of the net
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nuclear interactions.

3. Moreover, transverse directed flow becomes more positive or less negative with the
increase in the incident energy as well as with the addition of various components of
potentials. The gradual contribution of various potentials impart additional repul-
sion to the colliding partners. Due to this reason, the net transverse low becomes

more positive.

3.2.2 Rapidity dependence of (P,/A)

Figs. 3.2 and 3.3, display the directed flow in terms of final state transverse momentum
((P,/A)) as a function of rapidity distribution for the reactions 33Ni+ 33Ni and 55Fe+ 55Fe,

respectively. The displayed results are for scaled impact parameter BIN(I) and different
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Figure 3.2: Rapidity distribution of (P,/A) for the reaction 33Ni+55Ni at E =
60, 70, 80, 100, 120, 140 MeV /nucleon for different set of potentials at reduced
impact parameter bin= BIN(I). Various acronyms have the same meaning as in
Fig. 3.1.

panels indicate the results plotted at various incident energies. Each line corresponds to
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different sets of components of nuclear potential. One can clearly see that the nuclear
flow depicts a well known behaviour. In Fig. 3.2, the effect of isospin is seen due to slight
difference in the number of neutrons. The slope of (P,/A) plot is used to extract the
information about the balance energy. In all cases, we take the slope of these plots at
various energies. The slope is negative at lower incident energies which changes to positive
value at higher incident energies. Between these two limits, the slope becomes nearly flat
and the energy at which this occurs is regarded as the balance energy. The experimental
value of balance energy for the system 53 Ni+3535 Ni is 69 + 3 MeV /nucleon for BIN(I) [3],
and theoretically, the simulations including all the components of interaction potential,

predict balance energy at around 70 MeV /nucleon. One also notices that the nuclear
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Figure 3.3: Same as Fig. 3.2, but for the system 53Fe+55Fe.

flow attains a more positive value with the addition of various potentials. Although,
the values of (P,/A) corresponding to the SYCM and SYCMS potentials do not differ
much compared to those of the SYCMSd, there is a visible difference for SY and SYC

compared to SYCM at all the incident beam energies. This difference between the various
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sets of potentials shed light on the significance of Coulomb and momentum dependent
interactions in heavy-ion collisions.

This method ((P,/A)) offers a rather complicated way to study the directed transverse
flow in comparison to the (P%"). Therefore, to further explore the contribution of specific

potential, results are elaborated in the following figures by using (P%") as an observable.

3.2.3 The transverse directed flow as a function of incident en-
ergy for various impact parameter bins

Figs. 3.4 and 3.5 represent the variation of (P%") as a function of incident energy of
colliding partners for the reactions of 535Ni+ 53Ni and 58Fe+ 58Fe, respectively. The results
are calculated using four different reduced impact parameter bins. The data points [3] are
represented by stars and a horizontal line on the data point indicates experimental errors.
Experimental values of the balance energy for the reactions of 33Ni+ 55Ni are 69 + 3,72 +
3,80+3, 84+5 MeV /nucleon, for the BIN(I), BIN(II), BIN(III), and BIN(IV), respectively,
whereas the simulations, including all the components of interaction potential has balance
energy at 77, 78, 80 and 85 MeV /nucleon, respectively for the BIN(I), BIN(II), BIN(III)
and BIN(IV). Although, the values of (P%") corresponding to SYCM and SYCMS sets
of potentials do not differ much compared to SYCMSd set of potentials, there is a visible
difference for SY and SYC compared to SYCM at all impact parameter bins.

This difference in the balance energy due to various sets of potentials shed light on the
significance of the Coulomb potential, momentum dependent interactions and symmetry

potential in heavy-ion collisions. One can clearly see that:

1. Transverse directed flow increases with the increase in the incident energy and there
is a transition of the nuclear flow from negative to positive value with increase in
the incident energy. This is true at all the impact parameter bins as well as for
all sets of the potentials. The value of the incident energy corresponding to the
net zero flow is the balance energy of the transverse directed flow. At this incident
energy, the two opposing forces (attractive mean field at low energies and repulsive
nucleon-nucleon collisions at high energies) counter-balance each other and ceases

the net motion of the compressed nuclear matter.

2. As mentioned earlier, the value of (P%") becomes more positive with the participa-
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Figure 3.4: Incident energy dependence of the final stage directed flow (P2")
for the reaction of 33Ni+ 53Ni at different impact parameter bins. Different sym-
bols have the same meaning as in Fig. 3.1.

tion of Coulomb potential, followed by the momentum dependent interactions, the
symmetry potential further add to the repulsion. However, the density dependence
of the symmetry potential does not play a significant role. The participation of
these potentials provide extra repulsion to the colliding matter, thereby increasing
the transverse directed flow. Although the contribution of symmetry potential is
quite small, it is still noticeable. The minor contribution of the symmetry potential

is primarily attributed to the increase in the neutron content.

3. As one moves from lower to higher impact parameter bins, the dominance of the
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Coulomb potential and MDI decreases considerably due to the decrease in the par-
ticipant zone. As a result, there is a net reduction in the number of binary nucleon-

nucleon collisions and hence transverse directed flow.
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Figure 3.5: Same as in Fig. 3.4, but for the reaction of 33Fe+ 55Fe.

Further, to explore the isospin dependence of directed transverse flow, in Fig. 3.5, the
(P as a function of beam energy for the reactions of j8Fe+3Fe is displayed. The
calculated values of balance energy for this reaction are 77, 79, 81 and 86 MeV /nucleon for
BIN(I), BIN(IT), BIN(III) and BIN(IV) respectively, whereas the experimentally observed
values corresponding to these impact parameter bins are 76 £4,78 + 3,88+ 6 and 94 +4
MeV /nucleon. Interestingly, we find that with the increase in the neutron content, the
balance energy shifts towards the higher end. This has been attributed to the fact that

neutron-neutron (o, ) and proton-proton (o,,) cross section is a factor 3 times smaller
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than the neutron-proton (o,,) cross section. Due to this reason, collective flow becomes

less repulsive and results in net increase in the energy of disappearance of flow.

3.2.4 The impact parameter dependence of energy of vanishing
flow

To further explore the contribution of various potentials on the balance energy, in Fig.
3.6, the Fy,; as a function of scaled impact parameter b= b/bmaz is displayed, where b4,
represents the largest estimated impact parameter for a simulated event, for the system
S8Fe +55 Fe (a), 5eNi+ 58Ni (b), 8¢Kr+ $3Nb (c) and 7Au+ 7Au (d), using soft EOS.
The calculated values of E,, are plotted at the upper limit of each impact parameter
bin. Stars represents experimental data [3,21] and vertical line on data points indicate

experimental error. A careful look at Fig. 3.6 reveals that:
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Figure 3.6: FE,, as a function of scaled impact parameter for the reaction of
SeFe+ 58Fe (a), 55Ni+ 58Ni (b), $5Kr+ $ND (c) and 137Au+ 157Au (d).
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1. Ep, increases as a function of scaled impact parameter for all sets of potentials,
which is in agreement with the findings of Pak et al. [3]. The cause of this behavior
lies in the fact that with increase in the impact parameter, fewer nucleon-nucleon
collisions yield reduced repulsive forces. As a result, mean field dominates. To
conquer this effect, high value of incident energy is required to get net zero flow
value. But, here we are able to more definitely extract the role of various potentials

towards the Ej,. These results are also in agreement with Puri and collaborators [7].

2. In agreement with the results displayed in Figs. 3.4 and 3.5, Ej,; decreases with the
addition of Coulomb potential, momentum dependent potential and symmetry po-
tential. The decrease due to Coulomb potential has been attributed to the repulsive
behavior of the Coulomb forces. One notices that inclusion of MDI enhances the
collective flow, therefore decreasing the balance energy. This decrease in the balance
energy is due to the fact that MDI suppress the number of binary nucleon-nucleon
collisions. Moreover, the addition of symmetry potential further reduces the balance
energy to lower values. The effect of symmetry potential towards the balance energy
is more pronounced as one moves from lighter to heavier masses. The reason behind

this behavior is the increased number of neutron content.

3. With the increase in the combined mass of the system, the disappearance of flow
occurs at relatively low values of incident energy. This happens due to frequent

nucleon-nucleon collisions with increase in combined mass of the system.

Further, for the lighter systems, we are able to reproduce the balance energy close to
the experimental data. However, for heavier systems the calculated values of balance
energy lags behind the experimental values. This could be due to repulsive behaviour
of the symmetry energy with increase in the number of neutrons. We also see a weaker
dependence of the balance energy on the scaled impact parameter for heavier systems,
when we considered SYCMSd interaction potential. This is in agreement with the findings
of Magestro et al. [21].

Fig. 3.7 shows the tendency of single potential to pull down the balance energy for
the reaction of 33Ni+ 55Ni at different colliding geometries with Coul= SY-SYC (Coul

represent the change in the balance energy due to Coulomb interaction) , MDI = SYC-
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Figure 3.7: AFE,, as a function of scaled impact parameter for the reaction
58NJ3_L 58N
5eNi+ 5gNi.

SYCM, Sym = SYCM-SYCMS and Symy = SYCMS-SYCMSd. The absolute value of
AFEy, is plotted as a function of the scaled impact parameter. It is clear from the figure
that the maximum change in the balance energy is observed due to the momentum de-
pendent interactions followed by the Coulomb repulsion, symmetry potential and finally
by the density dependent symmetry potential. The inclusion of MDI reduces the num-
ber of collisions at all colliding geometries by breaking the initial correlations among the
nucleons and pushing the energy of vanishing flow towards lower energies. Moreover, the
effect is enhanced at peripheral collisions. Coulomb interactions also play an important
role at peripheral geometries. This is due to the repulsive nature of Coulomb interactions.
In central collisions, the repulsion produced due to large number of charge particles in

the participant zone, is stronger compared to peripheral collisions. However, symmetry



3.2 Results and discussion 76

potential corresponding to normal nuclear matter density reduces the change in the bal-
ance energy by a same amount at all impact parameters. However, if we take the density
dependence of the symmetry energy into account the change in the balance energy with
impact parameter decreases. It is observed that the results obtained are true for the entire

mass range.

3.2.5 Effect of spatial and momentum constraints on transverse
flow

The effect of spatial and momentum constraints have been carried out under the influ-
ence of all components of NN potential. Minimum spanning tree is the fastest method
to construct the fragments by putting constraint on space coordinates of nucleons at the
saturation time of a heavy-ion reaction. Studies have been carried out by putting con-
straints on momentum space also [36]. Since IQMD is capable of distinguishing between
proton and neutron. Recently, it has been suggested that constraints in spatial and mo-
mentum coordinates of nucleons based on the isospin can give better configuration of
fragments formed [37]. This method is well known as isoMST. In the present section,
author has attempted to optimize the constraints among proton-proton, neutron-neutron
and neutron-proton. The idea behind this attempt is that the proton-proton interaction is
repulsive in contrast to the neutron-neutron and neutron-proton interaction. The isospin-
dependent spatial and momentum constraints are supposed to give more stable fragment
configurations. Adopting this procedure, the multiplicity of different mass fragments as
well as free nucleons are affected.

In the present study, twenty thousand events were simulated for the reaction 137Au +

197 Au using soft equation of state. In order to compare the results with the experimental

free

data, we have used a reduced isospin and energy dependent cross section 0,.q = 0.807"

[35]. The reaction is followed till the saturation time of the reaction (i.e. 200 fm/c). The
geometrical impact parameters interval presented here is, 1.9 to 6.2 fm. This is because
the transverse flow exhibits a maxima at the semi-central colliding geometry [30]. In
order to investigate the effect of isospin-dependent spatial and momentum constraints,
different combinations of spatial and momentum constraints (relative distance between
nucleons) for p-p and n-p or n-n has been applied. The momentum constraints used in

the present study is 250 MeV /c for p-p and 150 MeV /c for n-n or n-p, respectively. These
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Table 3.1: Different isoMSTP parameters.

iSOMSTP(N) | 7?2, (fm) | r/"/™ (fm) | isoMSTP(N) | 7?2 (fm) | r"/"™ (fm)
isoMSTP(I) 3 3 isoMSTP (V) 4 3
isoMSTP(II) 3 4 isoMSTP(VI) 4 4
isoMSTP(I1I) 3 5 isoMSTP(VII) 4 5
isoMSTP(IV) | 3 6 isoMSTP(VIII) | 4 6

combinations are abbreviated as isoMSTP(N) in the text. The complete description of
different combinations used is mentioned in the Table 3.1.

Fig. 3.8 shows the rapidity distribution of the coefficient of transverse flow (v;) [38]
for fragments ranging from Z=1 to Z=4 at an incident energy 250 MeV /nucleon. The
results are displayed for different values of isospin dependent cluster recognition criteria
in the projectile rapidity region. To compare our results with the experimental data as
well as to compare different particle species, we use normalized transverse momentum and

rapidity, defined as [28]:

" = (/A 05" [Ap) 5 YO = (Y/Yp) (3.1)

where p;, pp and Yp denotes the transverse momentum, projectile momentum and projec-
tile rapidity respectively. Rapidity is defined in Eq. 1.3. It is observed that the transverse
flow is larger in case of heavier fragments compared to the lighter ones. This is due to
the significant contribution of collective momentum of nucleons for the heavier fragments.
With increase in charge of fragment, the shape of v; also changes. A closer look at Fig.

nn/n
PP and ™™ transverse flow decreases.

3.8 reveals that increasing the value of r,,. . min

Different constraints used in isoMSTP indicate different values of spatial and mo-
mentum constraints for p-p and n-p (or n-n) to share the same fragment. It is observed
that for light clusters, the transverse flow increases as one moves from the mid-rapidity
region towards the projectile rapidity region almost linearly for all fragment species. The
reason for the increase in transverse flow is the compression generated in the mid-rapidity
region. As a result, the particles with large relative momenta are repelled along the in-
plane transverse direction. At peripheral rapidities, however, the flow of LCP (Z=1, Z=2)

increases in contrast to the transverse flow of IMF (Z=3, Z=4). The LCPs originate from

the highly compressed participant zone and therefore, feels the repulsion to a greater ex-
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Figure 3.8: Rapidity dependence of transverse flow ({v;)) of charged fragments
with Z=1 to Z=4 for different isoMSTP combinations at incident energy 250
MeV /nucleon for the reaction 137 Au+37Au.

tent. While, the lesser number of heavy fragments in the peripheral rapidity region is the
cause for reduced transverse flow of heavy fragments in peripheral rapidities.

In addition, Fig. 3.8 also reveals that for a particular fragment, with increase in min-
imum distance required to share a fragment the transverse flow decreases. This happens

nn/np .

u valu T o, iner number of nucleons within a fragment in-
because as the value of r” min  1ICTEASES, ber of nucleons within a fragment

i OL T
creases. As a result, lesser number of particles are produced and hence the corresponding
value of transverse flow decreases. One can also observe that the transverse flow for all
fragment species is maximum in the rapidity region 0.5 < Y <0.7.

In order to elaborate our results, in Fig. 3.9 the transverse momentum (p,g(])) depen-

dence of transverse flow in a specific rapidity domain i.e. 0.5 < Y© < 0.7 is shown.

The reason for selecting this rapidity domain is the availability of experimental data [29].
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Figure 3.9: Transverse flow of charged fragments as a function of normalized
transverse momentum extracted in the rapidity domain 0.5 < Y(© < 0.7 at 250
MeV /nucleon. Different lines have the same meaning as in Fig. 3.8 .

The results are displayed for charged fragments with Z=1 to Z=4 for different isoMSTP
constraints explained in Table 3.1. It is observed that, the low p; particles are subjected
to a reduced repulsion along the impact parameter direction. While, the high p, particles
due to the enhanced repulsion generated in the system give rise to large transverse flow

(v)for all fragment species. As we increase the distance r¥?, or r™/™. the transverse

min min
flow decreases for all p, particles. As the fragment charge increases, lesser number of
particles are available with large value of transverse momenta associated with them. Due
to this reason, fluctuation in v is observed for the high p; particles associated with heavy
fragments.

The comparison of our results for transverse flow of charged fragments Z=1 and Z=2

with the experimental data show that the transverse flow obtained by using the isoMSTP
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with 772, =3 fm and 7"/™ = 6 fm is in close agreement with the data of Andronic et

min man

al. [29]. Therefore, the further analysis is carried out by using this particular combination.
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Figure 3.10: Rapidity dependence of transverse flow (a) and energy dependence
of slope of transverse flow (b) for charge fragments Z=1 to Z=4 (top to bottom
panels) for isoMSTP(IV) combination.

Fig. 3.10(a) displays the rapidity dependence of transverse flow at incident energies
between 40 and 100 MeV /nucleon. The slopes of the curves of Fig. 3.10(a) are obtained
from the mid-rapidity region (]Y(®] <0.25) and is represented in Fig. 3.10(b). It is
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observed that the slope of the transverse flow changes from negative to positive with
increase in incident energy. At low incident energies, the dominance of attractive mean
field results in negative flow values. While, the opposite is true at higher incident energies,
where, the repulsion created due to violent nucleon-nucleon collisions dominates. At the
energy of vanishing flow, these two opposing forces (attractive and repulsive) counter
balance each other and the net flow vanishes. The trend of the slope obtained by using
isoMSTP(IV) is in agreement with the INDRA [39] and FOPI [29] results. A closer look
at Fig. 3.10(b) reveals that the EVF for Z=1 fragments is higher compared to the Z=2
fragments. Similar results were also obtained by Russotto et al. [33]. However, the EVF
for heavier fragments (Z > 3) fragments is found to be higher, which may be due to
reason that these fragments originate from the spectator region. While, the EVF is a
phenomenon that arises from the mid-rapidity participant region. Therefore, no specific

conclusion can be drawn for the EVF of heavier fragments.

3.3 Summary

We have studied the contribution of different components of potential on the disappear-
ance of flow. The impact parameter dependence of balance energy for the reactions 55 Fe+
SoFe, 58Ni+ 28Ni, $9Kr+ 93Nb and 137Au+ 37Au has been studied in detail. Our calcu-
lations for the considered energy range clearly demonstrate the dominance of Coulomb
potential and momentum dependent interactions over the other components of the poten-
tial for lighter colliding systems. However, the contribution of symmetry potential also
become significant in the collision of heavier nuclei. In addition, the cluster recognition
criteria is optimized by studying the transverse flow of charged fragments with Z= 1, 2,
3 and 4. The simple MST method is modified by including the isospin dependence in
spatial and momentum constraints. The comparison of our results with the experimental
data shows that the light fragments produced by using isoMSTP(IV), are able to explain
the experimental data. In addition, the energy of vanishing flow of charge fragments has
also been explored and is found to be sensitive towards the charge of the fragment. The
energy of vanishing flow of Z=1 fragments is found to be higher than the Z=2 fragments,
which is in agreement with the previous studies. However, no specific conclusion can be

drawn for the energy of vanishing flow of heavier fragments (Z > 3).
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Chapter 4

Influence of various components of
interaction potential on global
nuclear stopping

4.1 Introduction

It is well established that central heavy-ion collisions at intermediate energies provide
precious information about the nuclear EOS, which virtually reflects the properties of
hot and dense nuclear matter under the extreme conditions of temperature, pressure and
density. The detailed information about these parameters is helpful for determining the
degree of thermalization achieved in a dynamical process during the collision of heavy-
ions, which in turn is useful for understanding the collapse of supernova and formation of
neutron stars [1,2]. Theoretically, the time evolution of a reaction can be followed within
the G-matrix; real part (represented by the mean field) signifies the propagation and
imaginary part (nucleon-nucleon scattering) looking after the two body binary collisions.
The real part of the G-matrix is also linked with nuclear equation of state. The hot
and dense nuclear matter formed in a reaction has also been linked with the nuclear
equation of state and with the binary collisions [3]. The degree (or extent) of stopping
of nucleons of projectile and target is influenced by both binary collisions as well as
by the in-medium effects such as Fermi momentum and Pauli blocking. Several different
experimental and theoretical observables have been proposed in the literature as a sensitive
probe to study various aspects of nuclear matter at intermediate energies. One of the
essential observables, which is necessary to understand the basic reaction dynamics is the

nuclear stopping: a prime source of information for analysing the energy spectra as well

85



4.1 Introduction 86

as the particle densities of the compressed nuclear matter during the early phase of a
reaction when fireball is formed by the participant nucleons [4].

It is worth mentioning that nuclear stopping also depicts the quantity of dissipated
energy and amplitude of collective motion and controls the reaction mechanism such as
deep inelastic scattering and neck formation. Moreover, higher the temperature (and mat-
ter density), larger is the nuclear stopping [5-7]. In other words, full stopping corresponds

to nearly complete equilibrium (or thermalization) reached in a reaction.

It should also be kept into mind that the degree of equilibration between the nucleons
of target and projectile is crucial for understanding the complex reaction mechanism
associated with a reaction. A great deal of experiments has been performed to understand
the properties of hot and dense nuclear matter formed in a reaction [1,2,8,9]. Equal
number of theoretical approaches has also been developed to follow the reaction [10-13].
First study on nuclear stopping has been carried out by Renfordt et al. [3] for the reaction
of 19Ar+2)"Pb and nearly complete nuclear stopping (and isotropy) has been reported for
head on collisions. In 1988, Bauer [14] has predicted that the nuclear stopping can be
used for nuclear equilibration. Following this, Hong et al. [15] have studied the proton
and deuteron rapidity spectra for the central collisions of J3Ni+55Ni and 137 Au+137Au at
beam energies between 1 and 2 GeV /nucleon. This study has linked degree of stopping
with the size of interacting matter. Similarly, same conclusions have also been drawn
when system size dependence of nuclear stopping has been explored for hydrogen isotopes
by Reisdorf et al. [16]. This study is further advanced by Yang, Liu, and Li et al. [17-21]
who have analyzed the role of various isospin ingredients such as symmetry energy, in-
medium nucleon-nucleon cross section and Coulomb interactions etc. on nuclear stopping.
Interestingly, stopping has been found to be sensitive towards the in-medium NN cross
section; however, no sensitivity has been reported for symmetry energy. At the same
time, induction of Coulomb interaction is found to reduce nuclear stopping irrespective of
system, geometry and beam energy. A careful analysis of literature reveals that number
of attempts have been made where determination of different model ingredients such
as equation of state, nucleon-nucleon cross sections, etc. have been done using nuclear
stopping and their role has been reported [8,22-26]. Even stopping has been studied in

terms of memory loss [27,28]. Interestingly, momentum distribution of the fragments has
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rarely been studied, though it can shed light on the reaction mechanism. Peilert et al. [29]
did investigate the equilibration of the incident longitudinal momentum in NN collisions
and found that just after the stage of the maximum compression, the matter flows out of
the central zone and causes the degradation of the longitudinal momenta into transverse
degree of freedom. They also pointed out that for achieving a better thermalization, one
should consider the participant region only. Ono et al. [30] have studied the momentum
distribution of the fragments produced in the reaction of ;2C+}2C at an incident energy
28.7 MeV /nucleon by considering several cases of stochastic collisions. They found that
the momentum distribution is sensitive to the stochastic collision process. They also
found that collective flow of low momentum particles (such as a particles) seem to reflect
the effective interactions compared to the flow of free nucleons alone. Chung et al. [31]
have studied the effect of various momentum constraints on elliptic flow of protons for the
reaction f9’Au + 137Au. These constraints are found to provide a better understanding
of the interplay between hot and compressed nuclear matter. In all above studies, few
gaps still remain: For example: above studies are for scattered reactions, no systematic is
available. Secondly, there are further ambiguities associated with the nuclear equation of
state and no clear rules were applied. This being the case, it is important to constraint the
specific observables to limit the uncertainties in the nuclear equation of state. Therefore, it
would be of great interest to investigate the nuclear stopping associated with the nucleons

having different momentum. In this chapter, we plan to investigate the following:

1. The role of various potentials towards the global nuclear stopping. In addition, the

isospin sensitivity will also be examined in nuclear stopping.

2. Here, which momentum range of the particles is contributing significantly towards

nuclear stopping at a particular energy and impact parameter.

4.2 Results and discussion

It is worth mentioning that various observables have been mentioned in the literature
to probe the nuclear stopping [8,16]. One of these observables involve the ratio of the

transverse to longitudinal component of the momentum has been used. This quantity is
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represented by the anisotropic ratio (R) [3].
<R> _ E(ZIPJ_(Z)> (4'1>
™ (32 Pi(#)
where, P, (i) =/ P2(i) + P2(i) and Py(i) = P.(i). For a complete stopping, the value of

R is expected to be unity.

One can also define the nuclear stopping in terms of ratio of variances of transverse
rapidity distribution to the longitudinal rapidity distribution, denoted by: VARXZ, where,
the longitudinal rapidity distribution is given by the Eq. 1.3. In order to get the transverse
rapidity distribution, the longitudinal component of momentum (P,) is replaced by the
transverse component of momentum (P,).

Now, the stopping observable, VARXZ, is the ratio of variances of transverse (VARX
or o2(x)) relative to the longitudinal (VARZ or 0?(2)) rapidity distribution.
2w
o*(z)

Here, FWHM is the full width at half maxima of rapidity distribution.

VARXZ = o?(z) = (FWHDM/2.36) (4.2)

4.2.1 Energy dependence of nuclear stopping

For the present analysis, several thousand events have been generated for the reaction
of }2°Sn + 29Sn at incident energies between 30 and 1200 MeV /nucleon covering entire
colliding geometry. A soft equation of state along with isospin and energy dependent
cross section (o;s,) have also been used. The role of different components of potential has
been analyzed by starting from basic potential and adding one by one all other compo-
nents of the potential and then studying the stopping reached in a reaction. Different
acronyms have the same meaning as described in Chapter 3. It is worth mentioning here
that different forms of symmetry energy (stiff/soft) do not affect the nuclear stopping
significantly [32]. In Figs. 4.1 (a) and (b), the results of nuclear stopping defined by Eq.
4.1 as a function of incident energy for protons and neutrons emitted in the reaction of
120

120Sn+129Sn are shown. Various lines represent different sets of components of nuclear

potential. Following conclusions can be drawn from the figures:

1. At low incident energy, binary collisions are scarce due to Pauli blocking. This

results in the preservation of correlations and does not allow fragmentation of the
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Figure 4.1: Nuclear stopping (R) as a function of incident energy for the central
collisions of the reaction ;3°Sn+:3"Sn for protons (a) and neutrons (b). Various
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matter. Fragments close to target and projectile masses are then emitted [26].
These excited heavy fragments de-excite by emitting free nucleons (FN) and light
fragments with the passage of time [26]. As a result, isotropic momentum dis-
tribution of the whole composite system increases with the evolution of reaction.
However, near the Fermi energy, the longitudinal rapidity distribution of nucleons
is broader compared to the transverse rapidity distribution. The broad shape of
the longitudinal rapidity distribution preserves the entrance channel effects, even
in the most central collisions. This reduces the nuclear stopping near the Fermi
energy. Above the Fermi energy, two-body collisions play dominant role. Nucleons
suffer more violent binary collisions and stopping reaches a maximum around 400
MeV /nucleon. At higher incident energies (around 1000 MeV /nucleon), the mean
free path and reaction time between the nucleons decreases significantly. This does
not allow equilibration of the longitudinal and transverse momentum, which leads
towards the transparency of the matter. As a result, more will be the transparency

in the matter with increase in incident energy and less will be the stopping.

2. At lower incident energies, maximum stopping is seen for SY set of the poten-
tial. The addition of other components in the potential results in reduced stopping.
However, this difference diminishes with incident energies and vanishes at sufficient
higher energies. The attractive behaviour of Skyrme and Yukawa potential leads to
the production of heavy fragments. These heavy fragments get stabilized by emit-
ting free nucleons and light fragments at the later stage. This leads to isotropic
momentum distribution of nucleons. With the addition of other components of
interaction potential, repulsion generated in the colliding matter breaks the correla-
tions among the nucleons. This results in anisotropic emission of free nucleons and

light fragments.

3. It is worth mentioning that at intermediate energies (around 400 MeV /nucleon), no
significant difference is seen with the addition of Coulomb interactions. In contrast,

inclusion of momentum dependent potential results in reduced stopping.

In order to further understand the above findings, we separate out the stopping due to

free protons and fragments with Z> 2 (see Fig. 4.2). Here, complete potential (SYCMS) is



4.2 Results and discussion 91

1.0 T T T T T T T
b/f)max= ! +Z>j
- SYCMS -/ Z=1 7

& 08
0.7
06 | | | | | I | I | | | | | 11 1 I
10° 10°
Energy (MeV/nucleon)

Figure 4.2: Nuclear stopping of fragments with Z> 2 (solid line) and free
protons (dotted line) as a function of incident energy for the central collision of
the reaction $2°Sn+12°Sn including all the components of the interaction potential.

used for analysis. One can clearly see that at low incident energies, the nuclear stopping for
the fragments with Z> 2 decreases, passes through a minimum and then increases again.
However, only small change occurs in the case of protons. At low incident energies, most
of nuclear correlations are preserved. Due to this, not enough free protons are emitted
from the bounded matter. Further, the distribution of the fragments in the phase space
is not isotropic irrespective of the incident energies. With the increase in incident energy
and colliding geometry, multiplicity of intermediate mass fragments (IMF’s) shows a rise
and fall behaviour [2,33,34]. Due to this reason, a dip in the stopping ratio corresponds
to maximal production of IMF’s [23]. It is worth mentioning that the energy dependence
of nuclear stopping does not have universal behaviour as a function of impact parameter.
This statement is true for all combinations of potential such as SY, SYC, SYCM, and
SYCMS. In order to further investigate the contribution of different components of nuclear

potential near the Fermi energy as well as the isospin effects of neutron proton content,
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we have analyzed stopping at 50 MeV /nucleon.

4.2.2 Impact parameter dependence of nuclear stopping

Figs. 4.3 (a) and (b) show impact parameter dependence of nuclear stopping for protons
and neutrons, separately. The displayed results are for different sets of components of

nuclear potential. A closer look at Fig. 4.3 reveals that SY set of potential gives higher
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Figure 4.3: Nuclear stopping as a function of scaled impact parameter for proton
(a) and neutrons (b) at incident energy 50 MeV /nucleon.

nuclear stopping at all impact parameters. The addition of Coulomb interaction and mo-
mentum dependent interactions reduce the net nuclear stopping. Due to repulsive nature
of Coulomb and momentum dependent interactions, the binary collisions are suppressed
to a greater extent. One also sees mild sensitivity of symmetry potential towards the
nuclear stopping in central collisions. However, this sensitivity disappears at higher im-
pact parameters (see Fig. 4.4). The mild sensitivity of symmetry potential is due to

large N /Z ratio of the reaction chosen for the present study. One can also see, where the
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nuclear stopping of protons and neutrons is nearly the same, weak dependence of nuclear
stopping on asymmetric isospin content is observed. This result is in agreement with Jain
et al. [35]. To get precise information about the contribution of individual components
of nuclear potential at a specific colliding geometry, we present in Figs. 4.4(a) and (b),
the percentage change in the nuclear stopping for protons and neutrons as a function of

scaled impact parameter.

1 5 | I | I | I | | I | I | I | I | I | I | I | I
Energy=50 MeV/ nucleon Neutrons
| Protons (@7 (b) 7
1 2 Coul ]

N MDI
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0
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Figure 4.4: Change in nuclear stopping as a function of scaled impact parameter
for protons (a) and neutrons (b) at incident energy 50 MeV /nucleon.

Following conclusions can be drawn from the figures:

1. At central collisions, momentum dependent interactions play major role for varia-
tion in the nuclear stopping of protons as well as neutrons. Momentum dependent
interactions reduce the binary collisions to some extent leading to sudden decrease
in the nuclear stopping. This effect enhances for neutrons, which exceeds motions
in the reaction chosen for present case. Second important contribution is made by

the Coulomb interaction. The repulsive behavior of Coulomb interaction results in
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net reduction of the nuclear stopping. The symmetry potential has less significance

towards the nuclear stopping.

2. The change in the nuclear stopping due to various components of the potential
decreases as one goes towards peripheral colliding geometries. At peripheral col-
lisions, participant matter is very small leaving behind large volume of spectator
region. The momentum dependent interactions are able to even break spectator
matter [22]. This results in isotropic distribution of the nucleons. Hence, lesser
change in the nuclear stopping is observed. But in the case of Coulomb interac-
tions, the situation is different. The effect of Coulomb repulsion is stronger at
peripheral colliding geometries. This is due to heavier fragments produced in the

peripheral collisions which produce enhanced effect of Coulomb potential.

4.2.3 Effect of isospin-dependent cross section on nuclear stop-
ping
From the above discussion, it is evident that isospin effects are caused by three isospin-
dependent components, namely, the Coulomb interactions, symmetry potential and the
NN cross sections. The effect of first two components has been explained in the above
discussion. The effect of isospin dependent NN cross section on nuclear stopping of pro-
tons and neutrons is shown in Figs. 4.5 (a) and (b). Here, nuclear stopping of the
protons and neutrons is plotted as a function of scaled impact parameter. The results are
displayed by taking into account the components of interaction potential (i.e. SYCMS)
along with isospin-dependent (0y,) and independent (0,,0is0) NN cross section. For the
isospin-independent cross section, neutron-proton cross section (o,,)is treated equal to
the neutron-neutron and proton-proton cross section (o,, and o,,). The larger nuclear
stopping is observed for protons in central impact parameters. This is due to repulsive
interaction between the charged particles. The isospin-dependent cross section enhances
the nuclear stopping (7 % in the case of protons and 6% in the case of neutrons). This
is due to the fact that in the case of isospin dependent cross section, neutron-proton
cross section is about 3 times greater than corresponding neutron-neutron and proton-
proton cross sections. Moreover, the isospin-dependent cross section plays a significant

role towards the nuclear stopping in central geometries.
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Figure 4.5: Nuclear stopping as a function of scaled impact parameter for
protons (a) and neutrons (b) for isospin-dependent (o;4,) and isospin-independent
(Cnoiso) NN cross section.

4.2.4 Momentum distribution of particles participating in nu-
clear stopping

It is well known that at peripheral collisions, the relative momentum of nucleons in the
participant zone is quite large. This gives rise to various interesting observables at in-
termediate energy to explore nuclear matter equation of state. The nuclear matter is
highly compressed in the participant zone, which equilibrate itself at the later stage of
the reaction by the emission of nucleons with different momentum associated with them.
However, which momentum range particles are responsible for the better equilibration of
the system is still not known. Motivated by this, we checked the relative momentum of
all nucleons and divide them into different bins. For the present analysis, we simulated

several thousand events for the reactions of 37 Au+13"Au and 33Ni+35Ni at reduced im-
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pact parameter b <0.15, where b= b/bmaz With bpaz= 1.15(A}/3+A;/3) with A4; and A,
being the masses of target and projectile, respectively. The choice of impact parameter is
guided by the experimental measurements [16]. The simulations were carried out for the
incident energies ranging between 50 and 1000 MeV /nucleon. A soft equation of state
along with 0.80/7°¢ has been employed that also includes the standard symmetry potential
as has been described in detail by Hartnack et al. [12]. The reactions are followed until
the saturation is reached, which in the present work is 200 fm/c. The phase space of
nucleon was tested before and after binary collisions for large number of events and on
an average, a change in momentum of few hundred of MeV /c was found.

In order to explore the participation of nucleons in stopping with a specific momentum,
we divide whole momentum range into different bins MBIN(I), MBIN(II), MBIN(III),
MBIN(IV) and MBIN(V). The momentum range of different bins is listed in Table 4.1.

Table 4.1: Ranges of momentum for different bins

BIN | MOMENTUM RANGE (MeV/c)
MBIN(I) 0< p < 100
MBIN(II) 100< p < 200
MBIN(III) 200< p < 300
MBIN(IV) 300< p < 400
MBIN(V) p > 400

In order to study the momentum distribution of charge fragments, we display in Fig.
4.6, the momentum distribution of the particles as a function of incident energy for the
central collisions of the reaction 33" Au+137Au at 200 fm/c. It is clear from the figure that
the percentage of the particles lying within the lowest momentum range (MBIN(I)) is
less compared to all other momentum range bins at energies > 200 MeV /nucleon. The
momentum distribution of the particles of MBIN(I) is followed by MBIN(II) and then
by MBIN(III) and finally by MBIN(IV). Moreover, one can clearly see that below 400
MeV /nucleon, the momentum transferred to the particles is not uniform. For MBIN(I),
and MBIN(II), it decreases with increase in the incident energy, whereas for MBIN(III)
(MBIN(IV)) the number of particles increases upto 200 MeV /nucleon (400 MeV /nucleon)
and then decreases with further increase in incident energy. Beyond 200 MeV /nucleon,

the distribution of the particles belonging to MBIN(I) remains nearly the same, whereas,
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Figure 4.6: Momentum distribution of particles as a function of incident energy
using various momentum cuts MBIN(I), MBIN(II), MBIN(III), MBIN(IV) and
MBIN(V).

particles lying in MBIN(IT) and MBIN(III), keep on decreasing with increase in the in-
cident energy. After 400 MeV /nucleon, there is a significant increase in the number of
particles in higher momentum range bins. With the increase in the incident energy, there
is an increase in the binary NN collisions. Hence, the nucleons with low momenta asso-
ciated with them get accelerated towards the high momentum bin and thereby creating
a vacancy in the lower momentum bin. That is why with an increase in the incident
energy, the number of particles in lower momentum bin decreases and those in the higher
momentum bin increases simultaneously. Though, we have considered the complete range
of incident energy, but the main goal of present work is confined upto 400 MeV /nucleon.
Above 400 MeV /nucleon due to the complete disassembly of nuclear matter, the nuclear
stopping decreases and transparency comes into picture. In the following discussion, we

mainly concentrate on the results at incident energy below 400 MeV /nucleon.
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4.2.5 Stopping parameter (VARXZ) as a function of fragment
charge

Here we will discuss other parameter (VARXZ), which is equally important to study
the nuclear stopping as that of (R). Fig. 4.7 shows the stopping parameter VARXZ
as a function of Z at different incident energies for the reactions of 137Au+i9"Au and
5eNi+58Ni. It is worth mentioning that, for the calculation of VARXZ, the rapidity
distribution of nucleons is fitted over the entire rapidity range (i.e. -1.75 < ;;6—;'; < 1.75).
The nuclear stopping for the selected momentum bins are shown along with the whole
range of momentum distribution (M-ALL). Following conclusions can be drawn from the

figure:

1. Tt is clear from the figure that the nuclear stopping decreases with the increase in
fragment charge. With increase in fragment charge, the longitudinal component
of rapidity distribution increases compared to the transverse rapidity distribution.
Due to this reason, there is anisotropic distribution of nucleons in the momentum

space. Similar results are also shown in Ref. [16].

2. Tt can be clearly observed that stopping is maximum for MBIN(I) particles. This
is due to the dominance of the participant zone. Particles with small momentum
accumulate near the mid-rapidity region and yield a compressed participant zone
and hence results in larger nuclear stopping. As we move towards the high momen-
tum range associated with the particles, the dominance of the participant region
start decreasing. Particles with large momentum tends to increase the longitudinal
component of the rapidity compared to the transverse component. Moreover, as we
consider the whole momentum range of the colliding nucleons (M-ALL), the overall

nuclear stopping decreases.

3. A closer look at Fig. 4.7 shows that at low incident energies, particles with high
momentum are not available to take part in the nuclear stopping. With increase in
the incident energy, high momentum particles also start participating initially for
the heavier fragments and then for all the fragments. In addition, for all momentum
bins, the nuclear stopping does not follow a uniform trend with an increase in the

charge of the fragments. There is a large variation in the nuclear stopping for
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Figure 4.7: VARXZ as a function of charge of fragment (Z) for 33" Au+137Au
(left) and 53Ni+353Ni (right) at various incident energies and momentum bins.
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the highest momentum bin (MBIN(IV)). Similar trend has also been observed for
the reaction of 5§Ni+355Ni. It is worth to mention here that the high momentum of
particles tends to decrease the nuclear stopping due to broader shape of longitudinal
rapidity distribution. That is why a minima in stopping is observed around Z=2

fragment.

4.2.6 Stopping parameter (VARXZ) as a function of incident
energy

Fig. 4.8. displays the nuclear stopping VARXZ as a function of incident energy.The
momentum bins are same as discussed in Fig. 4.7 for the selected range of momentum
bins. A slight increase in the nuclear stopping with increase in the incident energy is
observed for all momentum bins. The statement is true for all the fragments irrespective
of the reactions considered. It also confirms the previous findings that MBIN(I) particles
contribute maximum towards stopping. With an increase in the incident energy, one
expects a progressive increase in the nucleon-nucleon collisions at the expense of the
nuclear mean field. Due to this, there will be a rapid increase in the transverse energy, that
results in enhanced nuclear stopping in the longitudinal direction. For the light charge
fragments, particles with large momenta are available only at high incident energies.
Whereas, for the heavy charge fragments (Z > 3) particles with large momentum exists
throughout the energy range. In the comparison of results for the reactions of 33" Au+137Au
with 5§Ni+355Ni, it is found that less stopping is observed for the lighter systems. This
is due to the fact that stopping is governed by the participant zone only, which in turn
depends on the mass of colliding nuclei and incident energy. In addition, for lighter
systems, the distance between two successive collisions is comparable to the diameter of

the nucleons. This results in more transparency.

4.2.7 Stopping parameter (VARXZ) as a function of momentum
distribution of particles

In Fig. 4.9, the nuclear stopping as a function of momentum distribution of the particles
is shown. The results are plotted at the higher limit of each momentum bin. Various
symbols indicate different incident energies. Panels from the top to bottom indicate

the nuclear stopping for different fragments of 13" Au+"Au (left panels)and S§Ni+53Ni
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Figure 4.8: VARXZ as a function of incident energy for 137Au+13"Au and

5SNi+55Ni for different Z and momentum bins defined in Table 4.1.
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Figure 4.9: VARXZ as a function of momentum associated with the fragments.
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(right panels). One can clearly see that nuclear stopping decreases with increase in the
momentum associated with the particles. This is due to the reason that, at saturation
time of a reaction, the charge fragments with large momentum associated with them

moves away from the participant zone and contribute the least in nuclear stopping.

4.2.8 Stopping parameter (VARXZ) as a function of incident
energy: Comparison with the experimental data

Lastly, we have shown the sensitivity of the free protons with a specific momentum towards
the nuclear stopping as a function of incident energy. One can clearly see that at low
incident energies (< 400 MeV /nucleon) nuclear stopping increases with incident energy
and then decreases significantly for all the momentum distribution (M-ALL) taken into
account. Whereas, for a specific range of momentum distribution, there is a sharp increase
in the nuclear stopping upto 400 MeV /nucleon. After this energy, there is a slight variation

(increase/flatness) in the nuclear stopping,.
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Figure 4.10: VARXZ as a function of incident energy for free protons of the
system o7 Au+i97Au.

These results are in agreement with findings of Reisdorf et al. [1] that a maximum
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stopping is observed at 400 MeV /nucleon. For the verification of our results, we have also
compared our calculations with the available experimental data [16]. A closer look at Fig.
4.10 indicates that at low incident energies, fragments contributing to nuclear stopping
lie in MBIN(I) and MBIN(II). With an increase in the incident energy, the momentum
range of the fragments also shifts towards the higher end. Upto 600 MeV /nucleon, the
fragments causing nuclear stopping lies in the bin MBIN(II), MBIN(III), MBIN(IV).
Above 600 MeV /nucleon, higher momentum bin particles are playing a dominant role
in the nuclear stopping. At 1000 MeV /nucleon, there are lesser number of fragments
carrying high momentum which contribute in nuclear stopping.

Although the fragments lying in the higher momentum bins contribute more but
still their contribution in nuclear stopping is the least. The comparison of theoretical
calculations with the experimental data indicate that average effect of all the momentum

distributions follows the similar trend as recorded by experimental data.

4.3 Summary

In summary, we presented the effect of isospin content as well as the contribution of vari-
ous components of nuclear potential on the nuclear stopping of protons and neutrons for
the reaction }3°Sn+:3°Sn using IQMD model. It is observed that momentum dependent
interactions affect the nuclear stopping to a larger extent compared to other components
of the nuclear potential. The isospin dependent cross section, however, affects the nuclear
stopping in central collisions only. Further, influence of various momentum constraints on
nuclear stopping has also been investigated. The comparison of our results with experi-
mental data reveals that at a particular incident energy, a significant number of particles
having a specific momentum are produced and maximum stopping is observed for the
lowest range of momentum distribution. Moreover, for all the momentum distribution
taken into account the nuclear stopping first increases sharply upto 400 MeV /nucleon

and then decreases significantly with increase in incident energy.
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Chapter 5

Influence of rapidity constraints on
fragment production

5.1 Introduction

The knowledge of nucleon-nucleon interaction potential is a fundamental theoretical tool
in the analysis of heavy-ion collisions. It is a key ingredient for constructing the nuclear
EOS. Thus it would be of great interest to explore the EOS of nuclear matter by study-
ing the contribution of different components of interaction potential separately, which is
the essential input for simulation of heavy-ion collisions within a transport model. Many
attempts have been made in the literature to study the mechanism behind the HIC by
using the NN interaction potential [1-3]. The general trend of using the NN potential in
the simulation of heavy-ion collisions is to parameterize the same as a function of density
(as it is done for Skyrme interaction) [3]. While parameterizing the potential, one starts
with the fundamental interaction i.e. the Skyrme interaction and then adds other com-
ponents of potential such as Yukawa, Coulomb, momentum dependent interactions and
symmetry potential. In past decade, extensive attempts have been made using various
parameterizations of the Skyrme force to understand the heavy-ion collision dynamics at
low energies [4,5]. In contrast, very few attempts have been made in the literature to
study such effects at the intermediate energies [6]. The momentum dependence of mean
field potential also plays a crucial role in the dynamics of heavy-ion collisions. A signif-
icant change in fragment production is observed by taking into account the momentum
dependent interactions [7]. The Coulomb potential is also found to affect the fragment
production at low incident energies [8]. Studies show that the Coulomb potential affects

the balance energy for mass asymmetric reactions [9]. The symmetry potential, a hot
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topic in physics community, plays an important role in understanding the astrophysical
happenings e.g. supernova explosion, neutron star etc. The density dependence of sym-
metry potential has been found to affect the fragmentation, elliptical low and transverse
flow [10,11]. The role of different components of interaction potential on energy of vanish-
ing flow and nuclear stopping has been studied in Chapter 3 and Chapter 4, respectively.
Unfortunately, it is still unknown that how these different components of NN potential
affect multifragmentation of heavy-ions at intermediate energies by taking into account
the effect of mass asymmetry of the reaction.

In a heavy-ion reaction, the phase space configuration of the fragments produced is char-
acterized by the degree of chaoticity produced in the reaction after the freeze-out density.
Due to the interplay between compression-expansion, excited nucleus disintegrate into
number of light, intermediate and heavy mass fragments. The yields of these highly
excited fragments depend on the contribution of various components of NN interaction
potential in addition to input parameters/ingredients of a reaction i.e. incident energy,
masses of colliding nuclei and impact parameter. Moreover, the mass asymmetry ()
of reaction also plays a remarkable role in reaction dynamics. In symmetric reaction
(n = 0) the excitation energy is available in the form of compressional energy in contrast
to asymmetric reaction (n#£0) in which excitation energy is stored in the system in the
form of thermal energy. The aim of multifragmentation studies is to relate the experi-
mental observations to the properties of the nuclear matter phase diagram. The onset of
fragmentation affects significantly the kinematical properties of the fragments, which can
provide useful information about the equation of state of hot and dense nuclear matter

and other phenomena at intermediate energy heavy-ion collisions.

Multifragmentation in heavy-ion collisions is studied via average multiplicity of frag-
ments, d/p ratio, dlike/plike ratio, composite particle production of fragments, yield
ratios, isoscaling and isospin fractionation ratio etc. [12-18|. Light elements such as
protons(p), neutron (n), deuteron (d), tritons , 3He and alpha particles have also been
observed experimentally(see e.g Ref. [19] and references therein). In 1983, Gutbrod et
al. [15] reported the sensitivity of d/p ratio on the size of the participant volume. Aiche-

lin and coworkers [16] found d/p ratio to be insensitive towards the momentum dependent



5.1 Introduction 110

interactions, but is rather sensitive to the nuclear equation of state at least for the heavier
colliding systems. Chen et al. [20] shed light on the multiplicity and energy spectra of
light fragments and found it to be sensitive towards the density dependence of nuclear
symmetry energy. Doss et al. [17] studied the yield ratios of light fragments to protons
for $¥Nb + 3¥Nb and 137Au + 157Au within the framework of QMD model [21-24] and
further advanced by Peilert et al. [18], it was found that the light fragments to proton
ratio increases with increase in multiplicity of charged particles and decrease in incident
energy. In addition, it was also stated that the true multifragmentation events are found
in the central collisions for bombarding energy between 30 and 110 MeV /nucleon. De-
spite lots of findings are present in the literature on the fragmentation of light as well as
intermediate mass fragments (IMF') [25-29], while the contribution of various components
of NN potential towards the aforesaid observables within different rapidity regions with
varying mass asymmetry has been rarely studied.

Among the various interesting observables used for the study of heavy-ion reactions,
the production of different fragments in different rapidity domains is quite useful. The
rapidity distribution is an important parameter to explore the participant-spectator con-
tribution in heavy-ion collisions at intermediate energies. There are two procedures re-
ported in the literature to differentiate participant and spectator matter. In one of the
procedures, a nucleon is considered to be originating from participant if it has suffered at
least single collision. A nucleon which has not suffered even a single collision is treated
as spectator nucleon. Alternatively, one can define participant spectator matter in terms
of rapidity distribution (see Eq. 1.3). Here, the different cuts in rapidity distribution
can be imposed to differentiate participant spectator matter [30]. The participant and
spectator matter by adopting the later procedure is defined. In this chapter, we aim to
investigate the dependence of fragment production (LCP, IMF) and reaction dynamics
on various components of NN interaction potential in participant rapidity (PR) as well
as quasi participant rapidity (QPR) region. In the present work, the PR region is defined

Yem.

as |-
| )/bea'm

< 0.5 and QPR region is defined as ‘;;_m| > 0.5. The role of mass asymmetry

of the reaction is also explored by keeping the total mass of system fixed Ay =240.
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5.2 Results and discussion

Several thousand events were simulated for the central collisions of the reactions 2°Sn
+ 29Sn (n = 0), $2Kr + $33Gd (n = 0.3), 3SFe + W (n = 0.5) and 32C1 + 205T1
(n = 0.7) at incident energies between 50 to 200 MeV /nucleon. In order to study the
role of mass asymmetry of the reaction, the reactions are chosen in such a way that the
mass asymmetry of the reactions varies between 0 to 0.7 while the total mass remains
constant i.e. A = 240 units. A soft equation of state has been employed in present
work. It has been stated in Ref. [31,32] that the results obtained with o7 deviate
from the experimental data by 25%, so, a reduced cross section o,y = 0.807{726@ is used
in the present study. It has been observed that in case of collision of lighter nuclei,
the system thermalize earlier compared to the collision of heavier nuclei [21]. Since the
fragmentation is a subsaturation phenomena, we take the observations at saturation time
(i.e. 200 fm/c). After this time, there is no further change in the phase space configuration
of nuclear matter.

To study the contribution of each component of nuclear interaction potential in differ-
ent observables, one starts with the basic potential and then resimulate the reaction each
time by adding gradually the other components of nuclear potential. Different acronym

used in this chapter have the same meaning as in Chapter 3.

5.2.1 Trajectory of nucleon under the influence of various com-
ponents of NN potential

Fig. 5.1 shows the 3D trajectory of a single nucleon for the central collision of the reaction
32°Sn + 139Sn at E = 50 MeV /nucleon. The phase space of the reaction is stored at various
time steps between t = 0.1 to 200 fm/c. Initially, at t=0.1 fm/c the phase space of the
nucleon for different sets of components of NN potential coincide with each other. A slight
change in time ordering of collisions may yield completely different trajectories. As the
particle propagates, the role of different potentials comes into picture. The trajectory of
nucleon under the influence of SY set of potential shows a linear path. The addition of
Coulomb potential deviates the nucleon from its original path due to its repulsive nature.

The addition of momentum dependent potential and symmetry potential further, adds

repulsion to the system and deviate the path of nucleon further.
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Figure 5.2: Variation of ground state density as a function of radius at T= 0.1
fm/c for $3Sn nucleus.

Fig.5.2 shows ground state density of }2°Sn nucleus as a function of radius at t= 0.1

fm/c. We note that density remains same for SY, SYC, SYCM potentials. One can see
that addition of various components of NN potential does not show a significant change
in the ground state density of the nucleus except the symmetry potential. This is due to
density dependent nature of symmetry potential which increases its contribution in the
core of the nucleus as compared to its surface. With increase in radius, the ground state
density starts decreasing. This decrease is more rapid in case of SYCMS as compared to
SY, SYC, SYCM potentials as the Yukawa potential (surface potential) plays a dominant

role at the surface of nucleus.

5.2.2 Charge distribution of fragments

Fig. 5.3 shows the charge distribution of the fragments for the central collision of the
reaction $2Sn + 12°Sn (50 MeV /nucleon), 137Au + 137Au (150 MeV /nucleon) and 3)Ca +
30Ca (50 MeV /nucleon). All the symbols have the same meaning as in Fig. 5.1. Stars rep-
resent the experimental data of INDRA and FOPI collaboration. The reason for selecting

the aforesaid energies for the corresponding reactions is the availability of experimen-
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(n=0.5), $5C1 + 2PT1 (n = 0.7) at E = 50 MeV /nucleon.
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tal data [33,34]. One can see that the complete set of components of nuclear potential
(SYCMS) lead to enhanced emission of light fragments at all colliding geometries. The
Skyrme and Yukawa interaction, due to their attractive behavior, are not able to break
the correlation among the nucleons and give rise to large number of heavy mass fragments.
The addition of Coulomb interaction results in repulsive interaction between the colliding
nucleons, due to which very heavy fragments can not be produced. At higher incident
energies (e.g. in Fig. 5.3 (b)), the difference in the mass distribution due to different
components of nuclear potential diminishes. With the increase in incident energy, more
destruction of nuclear matter takes place due to violent phase of the reaction, which leads
to large number of free nucleons and light fragments. Comparison between our calcu-
lations and the experimental data reveals that a combination of all the components of

nuclear potentials is necessary to explain the fragment production.

5.2.3 Incident energy dependence of fragment multiplicity

In order to explore the contribution of various components of nuclear potential towards
the fragment production in different rapidity domains, the complete range of rapidity
distribution is divided into two different regions, namely, the participant rapidity (PR)
region and quasi participant rapidity (QPR) region. Fig. 5.4 shows the variation of
multiplicity of LCPs in PR and QPR region with energy for different mass asymmetric
reactions. In both PR and QPR region, the multiplicity of LCPs decreases with increase
in mass asymmetry (1) because of decrease in participant zone. The multiplicity of LCPs
increases with energy due to increase in violence of collision with energy. For a particular
7, the multiplicity is less for SY set of potential. It is because of their attractive nature,
most of the matter is in the form of heavy mass fragments. With addition of Coulomb,
momentum dependent and symmetry components of potential, the multiplicity of LCPs
increases due to breaking of heavy mass fragments into smaller ones because of repulsive
nature of these potentials added.

Fig. 5.5 is similar to Fig. 5.4 except that it is plotted for IMFs. In both PR and
QPR region, the multiplicity of IMFs decreases with increase in mass asymmetry which
is due to breaking of heavy mass fragments into more number of free nucleons and LCPs.

In QPR region, the IMFs shows the well known trend of rise and fall with energy. The
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peak shifts towards right with increase in mass asymmetry (n) of the reaction because
more energy is needed to break the heavier fragments due to less compression in mass
asymmetric reactions. For n=0.7 the multiplicity of IMFs shows only the rise as also

observed in [8].

5.2.4 Mass asymmetry dependence of fragment multiplicity

Fig. 5.6 depicts the variation of multiplicity of LCPs and IMFs with mass asymmetry
(n) in both PR and QPR regions at E =110 MeV /nucleon under the influence of different
components of potential. It is clear that with increase in 7, the multiplicity of LCPs

decreases because of decrease in participant zone. In PR region, multiplicity of LCPs
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Figure 5.6: Variation of light charged particle multiplicity in participant re-
gion (PR) and quasi participant region (QPR) with n at E =110 MeV /nucleon.
Various symbols have same meaning as in Fig. 5.1.

decreases with increase in 7 for SY set of potential as the part of repulsive potential
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is missing from the SY potential. Once the repulsive potential like Coulomb, MDI and
symmetry potential is added, the rise and fall in the multiplicity of LCPs has been ob-
served around 7=0.2. This indicates that at incident energy 110 MeV /nucleon, maximum
participant matter contributes in the formation of LCPs. The value will go towards the
higher side with increase in incident energy because of the break-up of initial correlation
among the nucleons, even in the spectator matter. This is due to the violent NN collisions
in the participant matter with increase in incident energy. However, in QPR region, with
increase in 7, the spectator matter is increasing uniformly and hence LCPs production is
decreasing uniformly. Since at saturation time (t=200fm/c), most of matter is driven into
QPR region, therefore the multiplicity of fragments is less in PR region as compared to
QPR region. Moreover, the role of different components of nuclear interaction potential
is visible in this region. The SY potential being attractive does not break the heavy frag-
ments into LCPs. But with addition of Coulomb, momentum dependent and symmetry
potential, the LCPs and IMFs multiplicity increases due to their repulsive nature of these

potentials.

5.3 Summary

In conclusion, the role of different components of nuclear potential on fragment production
has been explored by varying the mass asymmetry and keeping A;.; =240 units fixed,
within the framework of IQMD model. The different components of NN potential have
remarkable role in fragment production. The multiplicity of LCPs and IMFs increases
with the addition of different components of interaction potential. With the increase
in mass asymmetry, the multiplicity of LCPs and IMFs decreases in both the rapidity
regions. However, the multiplicity of LCPs and IMFs is less in PR region as compared
to QPR region. The comparison of charge distribution for }2°Sn + 12°Sn reaction with

experimental data reveals that all the components of nuclear potential are necessary to

explain the experimental charge distribution.
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Chapter 6

Summary and outlook

“ Education is what remains after one has forgotten what one
has learned in school”........................ Albert Einstein

This thesis contains a theoretical study of heavy-ion collisions dynamics. The basic
goal was to study in detail the contribution of various components of interaction po-
tential towards the transverse directed flow, energy of vanishing flow and other related
phenomena like nuclear stopping and nuclear multifragmentation. The role of various
isospin-dependent components was also explored for various observables. The isospin-
dependent Quantum Molecular Dynamics Model is used to carry out the present study.
Starting with the origin of nuclear physics, we first presented an introduction to heavy-ion
collisions and various phenomena occurring at intermediate energies i.e. collective flow,
nuclear stopping and multifragmentation. The mass symmetric and mass asymmetric
heavy-ion reactions were also described followed by the theoretical and experimental re-
view of these observables. Brief survey of various primary and secondary models used
in the literature to study the reaction dynamics is also presented. However, Isospin-
dependent Quantum Molecular Dynamics (IQMD) model is explained in detail.
Collective flow was first predicted experimentally by Berkeley group at BEVALAC. Since
then, intensive theoretical and experimental investigations were carried out to study col-
lective flow and its disappearance but, few studies are available when we talk about the
effect of various components of interaction potential on directed transverse flow. We have
studied the contribution of different components of interaction potential on the directed
flow and its disappearance for the reactions SiFe+ 55Fe, 53Ni+ 33Ni, 50Kr+ 9Nb and

1TAu+1"Au. Interestingly, we found that the transverse directed flow becomes more
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positive or less negative with the increase in the incident energy as well as with the addi-
tion of various components of potentials. The gradual contribution of various potentials
impart additional repulsion to the colliding partners. As a result, the net transverse flow
becomes more positive. We also found that with increase in impact parameter, the dom-
inance of the Coulomb potential and MDI decreases considerably due to the decrease in
the participant zone. As a result, there is a net reduction in the number of binary nucleon-
nucleon collisions and hence the transverse directed flow. In addition, the Ej, decreases
with the addition of the Coulomb potential, momentum dependence of the interactions,
and the symmetry potential. Our study revealed the dominance of Coulomb potential
and momentum dependent interactions over the other components of the potential for
lighter colliding systems. However, the contribution of symmetry potential also become
significant in the collision of heavier nuclei.

Apart from the transverse directed flow of all nucleons, the transverse directed flow of
fragments with Z= 1, 2, 3 and 4 is also investigated to optimize the cluster recognition
method (MST) which is mostly used. The regular MST method is modified by making it
isospin-dependent. The comparison of our results with the experimental data shows that
the light fragments produced by using isoMSTP(IV), are able to explain the experimental
data. In addition, the energy of vanishing flow of charge fragments has also been explored
and is found to be sensitive towards the charge of the fragment. The energy of vanishing
flow of Z=1 fragments is found to be higher than the Z=2 fragments, in agreement with
the existing studies. However, no specific conclusion can be drawn for the energy of van-
ishing flow of heavier fragments (Z > 3).

Next, we studied the effect of isospin content as well as the contribution of various compo-
nents of nuclear potential on the stopping ratio of protons and neutrons for the reaction
120Sn+120Sn over a wide range of incident energy covering entire colliding geometry. We
found that momentum dependent interactions affect the nuclear stopping to a larger ex-
tent compared to other components of the nuclear potential. The isospin dependent cross
section, however, affects the nuclear stopping in central collisions only. We also investi-
gated the nuclear stopping to get better insight of momentum distribution of particles for
the central collisions of the reactions of 53Ni+ 53Ni and 137 Au++3"Au. We found that at a

particular incident energy, a significant number of particles having a specific momentum
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are produced and maximum stopping is observed for the lowest range of considered mo-
mentum distribution. Moreover, for all the momentum distribution taken into account
the nuclear stopping first increases sharply upto 400 MeV /nucleon and then decreases
slightly with increase in incident energy.

As a last step, we presented the role of different components of nuclear potential on
fragment production for various mass symmetric and asymmetric reaction keeping Ayota
=240 units as fixed one. The different components of NN potential have remarkable role
in fragment production. For a particular 7, lesser number of light charged particles are
produced for SY set of potential. It is because of the attractive nature of Skyrme and
Yukawa interaction, that most of matter is in the form of heavy mass fragments. With
addition of Coulomb, momentum dependent and symmetry components of potential, the
multiplicity of LCPs increases due to breaking of heavy mass fragments into smaller ones
because of repulsive nature of these potentials. Comparing the charge distribution for
120Sn + 120Sn reaction with experimental data, we found that all components of nuclear
potential are necessary to explain the experimental charge distribution.

Though, we successfully studied the role of various components of interaction potential as
well as other model ingredients such as isospin effects and nucleon-nucleon cross section
on critical observables of heavy-ion collisions at intermediate energies but, there are still
many challenges that desperately need to be solved. One can elaborate this work by
studying the effect of different Skyrme parameterizations within the IQMD model. Tt will
become interesting to study the role of different nucleon-nucleon potential including the
isospin-dependent clusterization algorithm for elliptical flow. The isospin dependence of

momentum dependent interactions is still a question of open debate.



