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The role of different parts of nucleon-nucleon (NN) interaction potential on the production of light
and intermediate mass fragments in different mass asymmetric reactions 120Sn + 120Sn (η = 0), 82Kr
+ 158Gd (η = 0.3), 56Fe + 184W (η = 0.5) and 35Cl + 205Tl (η = 0.7) (with Atotal = 240 units)
within different rapidity domains has been investigated using Isospin-dependent QuantumMolecular
Dynamics (IQMD) model. The results indicate that the multiplicity of different fragments change
with the gradual addition of different parts of NN interaction potential. The comparison between
calculations and experimental data for 120Sn + 120Sn reaction reveal that both momentum dependent
interactions (MDI) and symmetry potential are indispensable to explain the charge distribution.
The MDI plays a dominant role while the symmetry potential has minor influence on the fragment
production, but both together led to increase in the multiplicity of light and intermediate mass
fragments and hence show their significance in the fragment production at intermediate energies.

PACS numbers: 21.60.Gx, 23.70.+j, 25.70.Jj

I. INTRODUCTION

The innovations in the field of heavy ion reaction tech-
nology allow to use a variety of projectile and target
combinations, which help to understand the nuclear re-
action dynamics in different energy domains. The en-
ergy of the projectile in a nuclear reaction governs the
reaction dynamics. In the low energy regime ( ∼ E ≤
10 MeV/nucleon), the mean nuclear field acting between
the two nuclei dominates and nucleon-nucleon collisions
are insignificant due to lack of available phase space. The
main interest of low energy heavy ion experiments is to
study the fusion dynamics, nuclear structure, synthesis
of super-heavy elements, exotic nuclei and the behavior
of nuclei under different conditions, etc. [1–4]. The dom-
inant mode of decay is the binary fragmentation at low
energies. With an increase in energy, at intermediate en-
ergy regime (10 MeV/nucleon < E < 2 GeV/nucleon),
both the mean field and nucleon-nucleon collisions play
their role. The different phenomena in this energy region
are multifragmentation, nuclear flow, fragment flow, nu-
clear stopping etc. [5–10].
During a nuclear reaction, the interaction between pro-

jectile and target nucleons takes place and the outcome
of a reaction depends strongly on the interaction po-
tential, which is the imperative factor in deciding the
fate of a nuclear reaction. Therefore, the knowledge of
nucleon-nucleon (NN) interaction potential is the fun-
damental theoretical tool in the analysis of heavy ion
reactions (HIRs). It is a key ingredient for construct-
ing the nuclear equation of state (EOS). Many attempts
have been made in the literature to study the mechanism
behind the HIRs by using the NN interaction potential
[11–13]. The general trend of using the NN interaction

∗drvarinderjit@gmail.com

potential in the simulation of HIRs is to parameterize the
same as a function of density (as it is done for Skyrme
interaction)[13]. While parameterizing the potential, one
begins with the fundamental interaction, i.e. Skyrme in-
teraction and then add other components of potential
such as Yukawa potential, Coulomb potential, momen-
tum dependent interaction (MDI) and symmetry poten-
tial. Thus the total interaction potential is the sum of
Skyrme, Yukawa, Coulomb, MDI and symmetry poten-
tials.

Skyrme and Yukawa are the two basic potentials which
correspond to the number of nucleons present in the core
of the nucleus and on the surface of the nucleus, respec-
tively, and hence represent the volume and surface terms
in the semi-empirical liquid drop mass formula. In past
decades, extensive attempts have been made using vari-
ous parameterizations of density dependent Skyrme po-
tential to understand the heavy ion collision dynamics
at low energies [14, 15]. Skyrme interactions have also
been used extensively in the literature to study such ef-
fects at intermediate energies [16–18]. Also, Coulomb
potential is an important asymmetry term which brings
isospin effect at intermediate energy HIRs. The effect
of Coulomb potential is more in case of heavier systems
and it increases with colliding geometry since it will push
more number of nucleons in the transverse direction away
from the participant zone. Coulomb potential is found to
affect the fragment production at intermediate energies
[19–21]. Coulomb potential is also found to affect the
balance energy drastically [22].

In addition, the momentum dependent potential also
plays a crucial role in the dynamics of HIRs. The rel-
ative momentum between interacting protons and neu-
trons is small as long as the projectile and target nu-
clei do not overlap and hence the MDI does not play
role at that time. As soon as, the projectile and target
nuclei begin to overlap, the nucleons of very large rel-
ative momentum come close to each other. Due to this
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FIG. 1: (Color online) Phase space of nucleons for 120Sn+120Sn (η = 0) (upper panel,(a) to (c)) and 35Cl + 205Tl (η = 0.7)
(lower panel, (d) to (f)) reactions, at E= 50 MeV/nucleon and t = 200 fm/c for SYC, SYCM, SYCMS set of potentials (shown
from left to right).

large relative momenta, the projectile nucleons feel a very
strong repulsion from the target nucleons and leave the
participant/overlap zone by gaining the transverse mo-
mentum and hence the role of MDI comes into the pic-
ture. The studies show that momentum dependence of
NN potential have significant influence on collective flow
[13, 23, 24], particle production [25] and fragment pro-
duction [26]. The study of the effect of MDI, within
Vlasov-Uehling-Uhlenbeck approach, on the energy of
vanishing flow (EVF) reveals that MDI reduces the EVF
in lighter systems in comparison to heavier ones [27].
The symmetry potential, an important part of NN po-

tential helps to understand the astrophysical systems,
e.g. supernova explosion, neutron star, etc. It accounts
for the larger neutron content in the isospin asymmetric
systems. It can be defined as the difference of energy
per nucleon between pure neutron matter and symmet-
ric nuclear matter, i.e. the energy required to convert
all the protons in symmetric nuclear matter to all the
neutrons at a fixed density [28]. The symmetry energy
tends to play a significant role during the overlapping
and dissociation stage. The density dependence of sym-
metry energy affects the nuclear dynamics at the time
when the density of the system is above the normal nu-
clear matter density. The large variation of density dur-
ing the nuclear reaction leads to significant variation in
symmetry energy strength and hence more accurate pic-
ture of density dependent symmetry energy can be ob-
tained. From various theoretical models, the value of
symmetry energy is found to be around 30-32 MeV at
normal nuclear matter density [29], the same as deter-
mined from the semi-empirical liquid drop mass formula.

The symmetry potential has also been found to affect the
transverse flow [30]. The density dependence of symme-
try energy has been explored at sub-saturation densities
by investigating its effect on isospin diffusion in periph-
eral “ isospin-asymmetric” collisions of 112Sn+124Sn at
E = 50 MeV/nucleon and pre-equilibrium neutron to pro-
ton transverse emission ratio in 112,124Sn+112,124Sn re-
actions [31, 32]. The theoretical calculations of above ob-
servables, within Improved Quantum Molecular Dynam-
ical theory present the consistent constraints on density
dependence of symmetry energy [33]. The momentum de-
pendence of nucleon potential and the symmetry energy
considerably affect the isospin diffusion. The momentum
dependence of isoscalar nuclear potential and the symme-
try potential affect the two-nucleon correlation functions
and light cluster production. Also, the impact of isospin
and momentum dependent nuclear potential on the ther-
mal properties of hot asymmetric nuclear matter formed
in HIRs has been studied [34–36]. The role of different
parts of NN potential on the energy of vanishing flow
has been investigated [37], but it needs to be further ex-
plored that how these different parts of NN interaction
potential affect the fragment production at intermediate
energies by considering the effect of mass asymmetry of
the reaction.
In HIRs, the phase space configuration of the clusters

produced is characterized by the degree of chaoticity pro-
duced in the reaction after the freeze-out density. Due to
an interplay between compression and expansion, the ex-
cited nuclei disintegrate into a number of light, interme-
diate and heavy mass clusters. The yield of these highly
excited clusters depends on the contribution of various
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parts of NN interaction potential. In addition to input
parameters/ingredients of a reaction, i.e. incident beam
energy, masses of colliding nuclei and impact parame-
ter etc., the mass asymmetry (η = (AT -AP )/ (AT+AP ))
of reaction plays a remarkable role in the reaction dy-
namics. In symmetric reaction (η = 0), the excitation
energy is available in the form of compressional energy
in contrast to the asymmetric reaction (η 6= 0) where
the excitation energy is stored in the system mostly in
the form of thermal energy due to reduced compression.
We can also say that compression is certainly reduced
in mass asymmetric reactions as compared to mass sym-
metric reactions. Moreover, some amount of available
energy (even a small portion) always goes away in the
compression/expansion degree of freedom. The aim of
multifragmentation studies is to relate the experimen-
tal observations to the properties of the nuclear matter
phase diagram. The onset of clusterization affects signif-
icantly the kinematical properties of clusters, which can
provide useful information about the equation of state of
hot and dense nuclear matter and other phenomena at
intermediate energies.
The production of fragments in the different rapidity

domains measured after the collision of heavy ions, is one
of the interesting observations to study the HIRs. The
rapidity distribution is an important parameter to ex-
plore the contribution of the participant and spectator
matter in HIRs at intermediate energies. Two methods
have been reported in the literature to differentiate be-
tween participant and spectator matter. In one of the
methods, a nucleon is considered to be originating from
the participant if it has undergone at least single colli-
sion. A nucleon which has not undergone even a single
collision is treated as spectator nucleon. Alternatively,
one can define participant spectator matter in terms of
rapidity distribution | Yc.m.

Ybeam

|, which is defined as

Y (i) =
1

2
ln

E(i) + pz(i)

E(i)− pz(i)
(1)

where E(i) and pz(i) are the total energy and longitudi-
nal momentum of the ith particle, respectively. Here, the
different cuts in rapidity distribution can be imposed to
differentiate between the participant and spectator mat-
ter [38].
In the present work, to explore the contribution of dif-

ferent parts of NN interaction potential towards the frag-
ment production in different rapidity domains, the com-
plete range of rapidity distribution is divided into two
different regions, namely, the participant rapidity (PR)
region and quasi participant rapidity (QPR) region. The
PR region is defined as | Yc.m.

Ybeam

| ≤ 0.5 and QPR region is

defined as | Yc.m.

Ybeam

| > 0.5. It is important to mention here
that the correlation between the shape of the rapidity
distribution of light charged particles (LCPs) and differ-
ent fragmentation modes in the semi peripheral collisions
of symmetric reactions have been studied recently [39].
The study shows that more number of LCPs at the mid
rapidity region emerge from binary and ternary breakup
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FIG. 2: (Color online) Time evolution of mean density for
120Sn+120Sn reaction at E = 50 MeV/nucleon for different
set of potentials.

mode in comparison to multifragment break up mode. A
lot of findings are present in the literature on the frag-
mentation of light as well as intermediate mass fragments
(IMFs) [40–42], but the contribution of different parts of
NN interaction potential towards the aforesaid observ-
ables within different rapidity regions with the varying
mass asymmetry needs further investigation. The role of
different parts of NN potential on the energy of vanishing
flow has been explored [37] yet the role of different parts
of NN potential on multifragmentation needs to be stud-
ied. Therefore, we intend to investigate the dependence
of fragment production (LCPs, IMFs) and reaction dy-
namics on different parts of NN interaction potential in
PR as well as QPR regions in mass asymmetric collisions
with Atotal = 240 units. In section II brief methodol-
ogy of Isospin-dependent Quantum Molecular Dynamics
(IQMD) model is presented. Results are discussed in sec-
tion III leading to the conclusions in section IV.

II. ISOSPIN-DEPENDENT QUANTUM
MOLECULAR DYNAMICS (IQMD) MODEL

The present work is carried out within the IQMD ap-
proach [43, 44], a modernized version of the QMD model
developed by Aichelin and co-workers [25, 45–47]. The
IQMD model has been used successfully to explain var-
ious phenomena such as fragmentation [5, 6], collective
flow [7, 8], elliptical flow [9], and nuclear stopping [10]
successfully. The isospin degree of freedom enters into
the calculations via symmetry potential, cross-sections
and Coulomb interactions. In IQMD model, the nucleons
of target and projectile interact via two and three-body
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FIG. 3: (Color online) Charge distribution of fragments for the central collision of the reactions (a) 120Sn + 120Sn (η = 0)
(b)82Kr + 158Gd (η = 0.3) (c)56Fe + 184W (η = 0.5) and (d)35Cl + 205Tl (η = 0.7) at E = 50 MeV/nucleon for different set of
potentials and comparison with experimental data [50] for η = 0 reaction.

Skyrme forces, Yukawa potential and Coulomb interac-
tions. In addition to the use of explicit charge states of all
baryons and mesons, a symmetry potential between pro-
tons and neutrons corresponding to the Bethe-Weizsacker
mass formula has been included. In this model, baryons
are represented by wave packet

fi(~r, ~p, t) =
1

π2~2
· e−(~r−~ri(t))

2 1

2L · e−(~p−~pi(t))
2 2L

~2 . (2)

The centroids of these wave packets propagate using clas-
sical Hamilton equations of motion:

d~ri
dt

=
∂〈 H 〉

∂pi
;

d~pi
dt

= −
∂〈 H 〉

∂ri
(3)

with

〈 H 〉 = 〈 T 〉+ 〈 V 〉

=
∑

i

p2i
2mi

+
∑

i

∑

j>i

∫

fi(~r, ~p, t)V
ij (~r′, ~r)

×fj(~r
′, ~p′, t)d~rd~r′d~pd~p′ (4)

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

V ij(~r′ − ~r) = V ij
Skyrme + V ij

Y ukawa + V ij
Coul + V ij

sym + V ij
MDI

=

(

t1δ(~r
′ − ~r) + t2δ(~r

′ − ~r)ργ−1

(

~r′ + ~r

2

))

+ t3
exp(|~r′ − ~r|/µ)

(|~r′ − ~r|/µ)
+

ZiZje
2

|~r′ − ~r|

+ t4
1

̺0
T i
3T

j
3 δ(~r

′ − ~r)

+ t5ln
2[t6(~p

′ − ~p)2 + 1]δ(~r′ − ~r) (5)

Here Zi and Zj denote the charges of ith and jth

baryon. The parameters µ and t1, ....., t6 are adjusted
to the real part of the nucleonic optical potential.
In the limit of infinite nuclear matter, the static Skyrme
interaction [in eq. (5)] reduces to density dependent po-
tential Uloc = α(ρ/ρ0) + β(ρ/ρ0)

2

The above two parameters (α, β) are fixed by the require-
ment that the average binding energy (at normal nuclear
matter density ρ0) should be -15.76 MeV and the total
energy should have a minimum at ρ0. To understand the
role of different compressibilities, the above potential can
be generalized to

Uloc = α(ρ/ρ0) + β(ρ/ρ0)
γ

The momentum dependent interaction is obtained by pa-
rameterizing the momentum dependence of the real part
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FIG. 4: (Color online) Variation of the multiplicity of light charged particles (LCPs) in the participant region (PR) (left panel)
and quasi participant region (QPR) (right panel) with energy for different η.

of the optical potential. The final form of the potential
reads as in [45]

UMDI = t4ln2[t5(p1 − p2)
2 + 1]δ(r1 − r2) (6)

A parameterized form of the local plus momentum de-
pendent interaction potential is given by
U = α(ρ/ρ0) +β(ρ/ρ0)

γ+ δln2[(ρ/ρ0)
2/3+1] (ρ/ρ0)

γ

In above eq. the parameters α, β and γ must be read-
justed in the presence of momentum dependent inter-
actions so as to reproduce the ground state properties
of nuclear matter. The set of parameters corresponding
to soft (S), hard (H), and their momentum dependent
versions SM and HM, respectively, can be found in Ref.
[25, 45].
The phase space generated with the IQMD model is
stored at different time steps and analyzed using the
minimum spanning tree (MST) clusterization algorithm.
This approach has been quite successful in explaining cer-
tain fragmentation observables such as IMFs multiplic-

ities, charge distribution of emitted particles etc. [25].
In the MST method, two nucleons are allowed to share
the same fragment if their centroids are closer than a
distance rmin, |ri − rj | ≤ rmin, where ri and rj are the
spatial positions of both nucleons, where rmin is 4 fm.
The clusterization algorithm is applied at 200 fm/c.

III. RESULTS AND DISCUSSION

In the present work, several thousand events have been
simulated for the central collisions of the reactions 120Sn
+ 120Sn (η = 0), 82Kr + 158Gd (η = 0.3), 56Fe + 184W
(η = 0.5) and 35Cl + 205Tl (η = 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 re-
mains constant i.e. Atotal = 240 units. It has been stated
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FIG. 5: (Color online) Variation of the multiplicity of intermediate mass fragments (IMFs) in the participant region (PR) (left
panel) and quasi participant region (QPR) (right panel) with energy for different η.

in the Ref. [48, 49] that the results obtained with σfree
nn

deviate from the experimental data by 25%. So, a re-
duced cross-section σred = 0.8σfree

nn is used in the present
study. The details about the elastic and inelastic cross
sections for proton-proton and proton-neutron collisions
can be found in Ref.[43, 44]. To study the contribution of
different parts of NN interaction potential in different ob-
servable, one may begin with the basic potential and then
resimulate the reaction each time by gradual addition of
other parts of NN potential. Acronym SYC stands for
Skyrme + Yukawa + Coulomb potentials, SYCM stands
for Skyrme + Yukawa + Coulomb + momentum depen-
dent potentials, SYCMS stands for Skyrme + Yukawa +
Coulomb + momentum dependence + symmetry poten-
tials (as given in Fig.1).

We begin with the phase space of nucleons of projectile
and target nuclei in X-Z plane, as shown in Fig. 1, for the
symmetric as well as the asymmetric reaction of 120Sn +
120Sn (Fig.1(a)-(c)) and 35Cl + 205Tl reaction (Fig.1(d)-
(f)) respectively. Calculations are performed for three

different set of potentials at E = 50 MeV/nucleon. One
observes that the addition of repulsive MDI and sym-
metry potential suppresses the high density phase of the
reaction. The repulsive behavior of symmetry and MDI
potential pushes the matter away from the central dense
zone and hence shows the more scattered distribution of
projectile and target nucleons (as shown in Fig.1 (b),(c)
and Fig.1 (e),(f)). It is evident that the encircled dotted
portion becomes larger with the addition of MDI and
symmetry potential. This illustrates the effect of MDI
and symmetry potentials on the phase space of nucleons,
hence it is interesting to study further that how these dif-
ferent potentials affect the production of different frag-
ments in the heavy ion reaction. It is further explored
through the time evolution of density from the initial
state (when the nuclear mater is non-equilibrated) to the
final state (when the nuclear matter is cold and frag-
mented). Fig.2 shows the time evolution of mean density
in 120Sn + 120Sn reaction at E= 50 MeV/nucleon. The
different lines indicate the analysis for different set of
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potentials. As the reaction proceeds, the density rises
and reaches the maximum at t = 20-30 fm/c, when the
matter is highly compressed and finally decreases dur-
ing the expansion phase. The maximum value of density
decreases with the addition of symmetry and MDI po-
tential. This decrease of maximum value may be due to
the larger effect of the repulsive nature of MDI and sym-
metry potential, which in turn pushes the nuclear matter
away from the central dense zone and hence prohibits the
compression of nuclear matter to a significant level.

Fig.3 shows the charge distribution of fragments for
central collisions of (a) 120Sn + 120Sn (η = 0) (b)82Kr
+ 158Gd (η = 0.3) (c)56Fe + 184W (η = 0.5) (d)35Cl +
205Tl (η = 0.7) at E = 50 MeV/nucleon. The addition
of MDI results in a repulsive interaction between the col-
liding nucleons, due to which heavy fragments can not
be produced. The difference in charge distribution due
to different set of potentials explores the importance of
momentum dependent and symmetry potentials in the
reaction dynamics. It is important to note here that the
complete set of NN potential (SYCMS) leads to enhanced
emission of clusters with low charge (Z) in comparison to
the SYC and SYCM set of potentials. Moreover, the
comparison between the calculations and the experimen-
tal data [50] for symmetric reaction (η = 0) reaction re-
veals that momentum dependent potential and symmetry
potential are indispensable to explain the charge distri-
bution.

Fig.4 shows the variation of the multiplicity of LCPs
in the participant rapidity (PR) region (Fig. 1(a)-(d))
and quasi participant rapidity (QPR) region (Fig.1(e)-
(h)) with energy for different mass asymmetric reactions.

It further explores the contribution of different parts of
NN interaction potential towards the fragment produc-
tion in different rapidity domains. The complete range of
rapidity distribution is divided into two different regions,
namely, the PR and QPR region. Firstly, in both PR and
QPR region, the multiplicity of LCPs decreases with the
increase in mass asymmetry (η) because of decrease in
the participant zone. Secondly, at low bombarding ener-
gies, due to less availability of phase space, NN collisions
are less probable. At higher bombarding energies, the vi-
olence of reaction increases due to increase in the number
of NN collisions, thus lead to an enhanced multiplicity of
LCPs. Thirdly, for a particular η, the multiplicity is less
for the SYC set of potential. The gradual addition of
different potentials imparts further repulsion to the col-
liding projectile and target combination. The inclusion of
MDI leads to increase in the multiplicity of LCPs. Hence
the momentum dependent interactions play a dominant
role while the symmetry potential has a minor influence
on the fragment production. It is relevant to mention
here that the minor role of symmetry potential arises
due to increase in neutron content of colliding partners.

Fig.5 is similar to Fig.4 except that it is plotted for
IMFs. In both PR and QPR region, the multiplicity of
the IMFs decreases with the increase in mass asymmetry
which is due to the breaking of heavy mass fragments into
more number of free nucleons and LCPs. In the QPR re-
gion, the IMFs shows the well-known trend of rise and
fall with energy. The peak shifts towards right with an
increase in mass asymmetry (η) of the reaction because
more energy is needed to break the heavier fragments due
to less compression in mass asymmetric reactions. For η
= 0.7, the multiplicity of the IMFs shows only the rise.
It is worth to mention here that the symmetric reactions
(η = 0) lead to enhanced emission of LCPs and IMFs
as compared to asymmetric reactions. It is because of
the violent NN collisions between the nucleons of sym-
metric nuclei. To clearly bring about the importance of
MDI and symmetry potential, the mass asymmetry de-
pendence of the multiplicity of LCPs and IMFs in the
QPR region at E =110 MeV/nucleon is shown in Fig.6.
Due to violence of collision at this energy, different set of
potentials behave in the similar manner at η = 0 (sym-
metric reaction) and the maximum number of LCPs and
IMFs are observed for the symmetric reaction. With an
increase in mass asymmetry of the reaction, for the SYC
set of potential, less number of fragments are produced.
The gradual addition of MDI and symmetry potentials
leads to increase in the multiplicity of LCPs and IMFs
and hence show their significance in the fragment pro-
duction.

IV. SUMMARY

The role of different parts of NN interaction potential
on the production of LCPs and IMFs within different ra-
pidity domains has been studied using IQMDmodel. The
analysis has been done by keeping the total mass of the
system constant (Atotal = 240 units) and by varying the
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mass asymmetry of colliding nuclei from 0 to 0.7. We
find that the multiplicity of different fragments change
with the gradual addition of different parts of NN inter-
action potential. The comparison between calculations
and experimental data for 120Sn + 120Sn reaction reveals
that both MDI and symmetry potential are necessary to
explain the charge distribution. The MDI plays a domi-
nant role and the symmetry potential has minor influence

on the fragment production yet both together led to in-
crease in the multiplicity of LCPs and IMFs and hence
are indispensable to study the fragment production.
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