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Introduction

Investigation of the equation of state (EOS)
of nuclear matter is the focal point of study
during the last few decades to put constraints
on theoretical models. On one hand, it helps
to understand a few aspects of collisions like
inelastic scattering, fusion, collective motions
while on the other hand, it helps to under-
stand the astrophysical phenomena like core-
collapse supernova, neutron star formation.
Transport phenomena like nuclear multifrag-
mentation, collective motion, nuclear stop-
ping, and particle production observed during
heavy-ion collisions are major important to
understanding fundamental properties of nu-
clear matter. These phenomena are explored
during heavy-ion collisions (HIC). In theoret-
ical models, HIC is related to the property
of mean-field (via so-called one-body dissipa-
tion) in the Fermi energy range and nucleon-
nucleon (NN) collisions for two-body dissipa-
tion at incident energies above the Fermi en-
ergy range. The bulk property of nuclear mat-
ter is also related to the rate of thermalization
achieved in collisions. The degree of thermal-
ization is linked with transport mechanism i.e.
How momentum transport is taking place in
nuclear medium and various variables are pro-
posed to quantify this momentum dissipation
known as stopping observables.
Nuclear stopping governs the amount of dis-
sipation energy during HIC and it helps to
provide information about various aspects like
the amplitude of collective motion, fusion re-
actions during HIC. In a study by the IN-
DRA Collaboration using the INDRA 4π ar-
ray [1, 2], it was found that nuclear stopping
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data provide a new opportunity to investi-
gate the in-medium NN cross-section by using
transport model. On comparison of observ-
ables of HIC with a dynamical model can pro-
vide detailed information on in-medium NN
cross-section. In this paper, we have done
the systematic study on various nuclear stop-
ping observables to check the robustness of a
theoretical approach to this vast data set for
various collision systems of reactions 58Ni+
58Ni , 124Xe+ 124Sn, 197Au+197Au as a func-
tion of incident energies ranging from 15-1500
MeV/nucleon. A comparison of our calcula-
tions with available measurements will estab-
lish our theoretical framework in this context
and we shall also try to put a constraint on
the nuclear EOS. The present study is car-
ried out using the isospin-dependent quantum
molecular dynamics (IQMD) model. Brief dis-
cussions of present study are presented in next
Section.

Results and discussions
The usual observables are a) Energy-based

isotropy ratio (RE) and is defined as the ra-
tio of transverse energy to parallel energy and
given as,

RE =

∑
E⊥

2
∑
E‖

, (1)

where E⊥ (E‖) is the transverse (parallel) en-
ergy in the center of the mass system and the
sum runs over all the products.
b) variance (vartl) and which is defined as the
ratio of the variance of transverse to longitu-
dinal rapidity distribution and given as,

vartl =
σ(y⊥)

σ(y‖)
, (2)

where σ(y⊥) and σ(y‖) are the variances of
rapidity distribution of particles in transverse
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FIG. 1: Isotropy ratio (RE) for central

(0≤b̂≤0.14) collisions of 58Ni+ 58Ni, 124Xe+ 124Sn
and, 197Au+197Au as a function of incident en-
ergy. Calculations are represented by closed and
open symbols and experimental measurements are
shown by stars [3, 4].

and longitudinal direction.

In fig 1, we calculate the evolution of the
isotropy ratio for all nucleons for the collisions
of 58Ni+ 58Ni , 124Xe+ 124Sn, 197Au+197Au
for impact parameter b<.14 as a function of
incident energy (where left panels are for all
nucleons and right panel for protons only) and
confronted our calculations with measured RE

[ref] (dark square represents our calculation
with soft momentum dependent EOS for full
NN cross-section ( free NN) while the open

square is for 20%, i.e. σmed
NN = 0.8 σfree

NN free
NN and stars represent measured calculations
[3, 4]). It is seen that decreasing trend of
RE as a function of incident energy up to
Fermi energy range and the reason for this
decreasing trend is because, at low incident
energy, the mean-field is dominating over NN
collisions in HIC process. At incident en-
ergy above Fermi energy, with increased in-
cident energy, NN collision starts dominating
over mean-field and due to this value of RE
started to increase. From Figure 1, it is seen
that open square has good agreement with the
measured value of RE of all nucleons as well
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FIG. 2: Excitation function of the nuclear stop-
ping observable vartl for central collisions 40Ca+
40Ca and 197Au+197Au as a function of incident
energy. Experimental data [1, 2] is shown by stars
and calculations are displayed by closed and open
symbols.

as for protons. From the above analysis, we
may conclude, isotropy ratio for the incident
energy range from 10-100 MeV/nucleon for
soft-momentum dependent (SMD) EOS, in-
medium NN cross-section must be reduced to
range of 20% - 30%.
In fig 2, we explore nuclear stopping, we used

another important observable which is vari-
ance (vartl). We calculated vartl as a function
of incident energy from 90-1500 MeV/nucleon
using the IQMD model for collisions of 40Ca+
40Ca and 197Au+197Au for b<.15. Symbols
have the same meaning as in fig 1. On compar-
ing our calculations with measured values of
vartl for incident energy as well as system size
dependence, it may conclude that for a system
having SMD EOS, NN cross-section must be
reduced to 10- 20 %, at higher incident ener-
gies.
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