Pramana — J. Phys.

(2025) 99:2 © Indian Academy of Sciences

https://doi.org/10.1007/s12043-024-02860-w

®

Check for
updates

Influence of symmetry energy on electromagnetic field during
heavy-ion collisions

DHANPAT SHARMA and SUNEEL KUMAR®*

Department of Physics and Astrophysics, Central University of Haryana, Mahendergarh 123 031, India
*Corresponding author. E-mail: suneelkumar@cuh.ac.in

MS received 5 February 2024; revised 23 June 2024; accepted 8 October 2024

Abstract. Heavy-ion collision simulations in intermediate energy regime using isospin quantum molecular
dynamics model have been proposed as a novel means to glean information about the high density behaviour
of nuclear matter. Herein, the influence of modelling the pressure gradient by changing stiffness parameter and
isospin asymmetry on the dynamics of charged particles have been investigated. In this research, three different
values of stiffness parameter, y = 0.66 (soft), 1 (stiff) and 2 (super-stiff), to tune the anisotropic transverse pressure
gradients have been considered to explore the influence of density-dependent symmetry energy

o\
Esym(p) = Esym(p0)<_)
£0

on the electromagnetic field and energy density evolution. Stiffer symmetry energy (y = 2) leads to larger
pressure gradient than softer symmetry energy (y = 0.66) that drives stronger expansion resulting in higher
intensity of (eBy (0,0, 0))max and (|E - B|)max. The correlation of eccentricity, nuclear stopping, centrality with
the electromagnetic field and energy density have been established for different stiffness parameters. To deepen
this study, the influence of isospin asymmetry (N/Z) on the time evolution of electromagnetic field has also been

explored.
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1. Introduction

Hydrodynamics [1,2], the heart of dynamical mod-
elling, has widespread applications in studying the
space-time evolution of highly dense nuclear matter
during heavy-ion collisions (HICs). This highly dense
nuclear matter results in an anisotropic pressure gra-
dient [3,4] that generates compressional shock waves
leading to various collective phenomena, such as side-
wards deflection of nuclear matter in the reaction plane
(i.e., side-splash) and azimuthal deflection of nuclear
matter out of the reaction plane. Moreover, it gives
insight about the crucial information regarding vari-
ous other phenomena, such as nuclear stopping and
electromagnetic field [5-12] of strongly interacting
nuclear matter under the influence of various inter-
actions like density-dependent symmetry energy [13—
16], momentum-dependent interaction [17], Coulombic
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interaction [ 18], etc. The symmetry energy happens to be
the most promising tool to study the isospin dependence
of nuclear equation of state (NEOS). In recent years,
many studies have been conducted on the isospin and
density-dependent symmetry energy at sub-saturation
density [15], anisotropic scaling [19,20], isospin dif-
fusion [21,22], single and double ratios [23], isobaric
ratio, etc. The anisotropic pressure due to the symme-
try energy in asymmetric nuclear matter with an isospin
asymmetry § is expressed as [13]

Psym = (pzaEsym/ap)az: (D
where
o\’
Egym(p) = Esym(p0)<_) . (2)
£0

From the above equation, it has been observed that Pgyp,
gradient can be tuned by varying the stiffness parameter
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y and isospin asymmetry §. Pressure gradient influences
the dynamics of nucleons and hence, it will be inter-
esting to investigate the influence of y and § on the
production of electromagnetic field.

Electromagnetic field is a class of meaningful observ-
ables which is capable of revealing the behaviour and
the nature of the fiercely interacting medium developed
by HICs. Experimentally, it was observed that Pb+Pb
collision at 2.76 TeV /nucleon and Au+Au collisions at
200 GeV /nucleon generate magnetic field in the order
of 10'8-10"° G [24]. Moreover, during HICs, simulation
estimates that gigantic magnetic field can be generated
in the order of 10'® G for extremely short time (10723
s). The high strength of the magnetic field has wide
applications in the field of nuclear energy and defence
sector. Therefore, research community is keenly inter-
ested in this field that can revolutionise the future. The
potential of HICs to generate a very strong magnetic
field is universally recognised [25-27]. As a result, the
main focus of this study is on the evolution of elec-
tromagnetic field and (|E - B|)max during HICs. Till
now, the research community has taken great interest to
study the effect of density-dependent symmetry energy
on the collective flow and nuclear stopping. Hence, this
work reports the effect of density-dependent symmetry
energy on the generation of electromagnetic field and
(|E - B|)max. This has not been reported to the best of
our knowledge.

Further, to get reliable information about the evo-
lution of electromagnetic field, knowledge regarding
distribution of proton and neutron in the nucleus is
highly necessary. Therefore, a very prominent and
well-established isospin quantum molecular dynamics
(IQMD) model [28] has been used to perform these sim-
ulations in which we need to replace Biot—Sawart law
by Lineard—Wiechart potential. Hence, the aim of this
study is four-fold, i.e.,

e To explore the influence of symmetry energy on the
evolution of electromagnetic field.

e To investigate the effect of density-dependent sym-
metry energy on the production of (|E - B|)pax.

e To study the correlation of electromagnetic field and
(|E - B|)max with the nuclear stopping.

e To study the influence of isospin asymmetry (N /Z)
on the generation of electromagnetic field and
<|E : B|>max-

2. Isospin quantum molecular dynamics model

IQMD model [28] is developed as an extension of
quantum molecular dynamics (QMD) model [29]. The
IQMD takes into account the isospin degree of

Pramana — J. Phys. (2025) 99:2

freedom in a clear and distinct manner by incorporat-
ing the symmetry and Coulombic potential. Employing
Monte Carlo sampling technique, IQMD accurately
reproduces experimental data and contributes signifi-
cantly to our understanding of nuclear matter under
extreme conditions. The continuous refinement and
application of IQMD continue to shed light on the intri-
cate dynamics of nuclear system. This advance model
also enables researchers to investigate the wide range
of phenomena, such as multifragmentation, anisotropic
flow, nuclear stopping and electromagnetic field evo-
lution in the intermediate energy regime, where n—n
interaction and mean-field potential contribute on equal
footing in the dynamics of nucleons [30-33]. This model
simulates the HICs in three essential steps, mainly,

(1) Initialisation

In the initialisation, Monte Carlo simulation has
been employed to assign the coordinate and
momentum to the nucleons associated with the
target and the projectile. Coordinate and momen-
tum of all these nucleons are assured within the
sphere of radius R = RoA'/3 (where A is the
mass number) and momentum is restricted below
the Fermi momentum p < Py. In the first step,
each nucleus is initialised by a Gaussian-shaped
density distribution wave packet and the distri-
bution of all nucleons is represented by

L e—n)?
fl.(r’ P, t) —_ We ( i(1)) 2L
« e—(P—Pi(Z))Z%’ 3)

where rj(tr) and p;j(¢f) are the mean position
and momentum of the ith nucleon at time ¢.
The interaction range of each nucleon is char-
acterised by the Gaussian width (L = 8.66 fm?
for Au+Au collision) which is system’s size-
dependent, ensuring that the nucleus achieves
maximum stability.

(i1) Propagation
After the initialisation, the nuclei of the target
and the projectile are accelerated towards each
other, ensuring that the centre of mass energy is
maintained properly. The IQMD model employs
Hamilton equations of motion to describe the
position and momentum of the nucleons in an
interaction potential:

dri _ d(H)
de — dp; ’
o )

dr — dr;
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where

(H) =(T) + (V)

2
SDIE D3N FIIXNC

i j>i
x (t',r) f;(x’,p’, n)drdr’ dpdp’.  (5)
Here, V;;, the total nucleon—nucleon potential, is
the sum of Skyrme interaction, Yukawa poten-

tial, Coulomb interaction as well as symmetry
potential.

’ Skyrme Yukawa Coul
Vij( — 1) = VT 4 VR e

MDI S
+ VitV
r+r
= (t15(r’ —1)+ 650 — r),og_1 <T+))
Z,Z;e?
Ir" —r|

exp(|r’ —¥|/u)
(" —r|/w)
+ t4In’[t5(p’ — p)* + 118(r" — 1)

+ 13

1
+t6—T3,-T3j6(r' —r). (6)
Qo

In the present scenario, Z; and Z; represent the
charges of the ith and jth baryons, while T3;
and 73 correspond to their respective 73 com-
ponents. The parameters u (= 0.4 fm) and 7y,
t,...,t¢ have been adjusted to accurately rep-
resent the real part of the nucleonic optical
potential [34-36]. Within the context of IQMD
model, symmetry energy can be expressed as a
function of density. At normal nuclear matter,
magnitude of symmetry energy is taken as 32.0
MeV.
o\’
Egym(p) = 32 x (—) MeV. @)
£0
The term gamma (y) has been used to quan-
tify the magnitude of the symmetry energy. More
details of the model has been reported elsewhere
[36].
(iii) n—n collision

In the final stage, collision term is employed to
describe the interaction between two nucleons
when the minimum distance between nucleon’s
centroid is less than /oo /7 and binary collision
among them become prominent in interaction
dynamics. Furthermore, the consideration of
Pauli blocking has been taken into account to
examine the phase-space densities in the afore-
mentioned states.

For investigating the evolution of electromagnetic field
during HICs, the integration of electromagnetic field
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into the transport model is accomplished by introduc-
ing Lienard-Wiechert potentials [27].

2 22
C —

B(r,t) = E Z,—2 R 8
eB(r, 1) Areoc - "(cR,,—R,,-vn)3(an n) (8)
2 2.2

e > —v
E(, 1) = Z 2
eB(r, 1) 4716062n: "Ry —R, - v,
X (cR, — R,V,). 9

When v,, < c, the above equation turns into

2
e 1
eB(r, 1) = pr—ss Xn:ZHR_ﬁ(vn x R,), (10)

e? 1
eE(r, 1) = e Xn: Zn e R, (11)
where Z, is the charge number of the nth particle, R,, =
r—r), is the relative position of the field point r to the nth
particle’s source point ), and v,, is the velocity of the nth
particle at the retarded time t,, = — |[r — 1, (ty,) |/c. It
should be noted that these equations have singularities
at R, = 0. To mitigate the singularities and self-
interaction effects, particles within a Lorentz-contracted
cell are selectively excluded from electromagnetic field
calculations. Energy transfer from the participant to the
spectator zones induces magnetic field generation, alter-
ing charged particle velocities in the spectator zone. This
approach has been refined through various regularisa-
tion procedures to obtain reliable results.

3. Results and discussion

This work concentrates on the effect of density-dependent
symmetry energy and isospin asymmetry on various
observables, such as magnetic field, electric field and
energy density generated during HIC. In this work, stud-
ies have been carried out by simulating thousands of
events in n—n reference frame for the Au+-Au collisions
at an incident energy of 500 MeV /nucleon. For this, the
symmetry energy is varied by using different values of
stiffness parameter, i.e., ¥ = 0.66, 1 and 2 as well as by
changing the N/Z ratio. The position and momentum
of the particles as a function of time have been simu-
lated using the IQMD model. In the initial stage of the
collisions, explosive collective flow begins before the
matter reaches equilibrium.

During HIC, an almond-shaped region is inhabited by
the participant matter. The region beyond this almond-
shaped zone corresponds to the spectator zone that is
the predominant source of electromagnetic field [32,33].
The magnetic field in HICs originates from the col-
lective contribution of the moving charged nucleons.
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Notably, in the IQMD model, participant and spectator
nucleon categorisations are not based on the geometric
consideration, but rather dynamics interactions, adding
a nuanced dimension to nuclear reaction simulations.

During HIC, the pressure gradient Pgyy, can be mod-
elled by changing stiffness parameter [13] and isospin
asymmetry [37—42]. Therefore, it is necessary to explore
its impact on the production of electromagnetic field
during HICs.

Figure 1a demonstrates the progression of magnetic
field e By (0, 0, 0) with time at a particular scaled impact
parameter with a colliding energy of 500 MeV /nucleon.
This variation has been observed for different density-
dependent symmetry energy by taking various stiffness
parameter values, y = 0.66, 1 and 2. It is worth not-
ing that the in-plane momentum of the charged nucleon
during HICs contributes significantly in the evolution
of magnetic field in the y-direction. Besides, the gener-
ation of magnetic field is influenced by the transfer of
energy from the participant to the spectator zone which
leads to the change in velocity of the charged particles
of the spectator zone. Initially, when two nuclei collide
relativistically, the magnetic field increases very sharply
due to large change in velocity of the charged particles.
And the magnetic field intensity reaches at its apex value
during the utmost compression of the nuclei [32]. After
that, magnetic field intensity starts decreasing when the
nuclear matter moves apart from each other and there-
fore, transfer of energy will stop [27,32].

Further, the fire ball zone (i.e., the compressed nuclear
matter) or the pressure gradient in highly compressed
zone can be varied by taking different values of y [13,
16]. The stiffness of the symmetry energy reflects the
rate at which the density of the overlapping zone changes
with energy. It was observed that the stiffness parameter,
y = 2, results in larger momentum of charged nucleons
than the lower stiffness parameter value [16].

Hence, the maximum value of the magnetic field
intensity will be smaller for y = 0.66 than the hardest
stiftness parameter (y = 1, 2). In other words, higher
value of y associated with a stiffer symmetry energy
resulted in more kinetic energy for the neutron-rich mat-
terin %37Au +%g7Au collision [13,15,16,43]. As aresult,
stronger repulsive forces between nucleons are observed
and this contributes to higher magnetic field intensity for
the nucleons involved in the collision with stiffer sym-
metry energy. Conversely, a softer symmetry energy,
characterised by a lower stiffness parameter value, cor-
responds to a slower increase in kinetic energy with
density for neutron-rich matter [15]. This can lead to
weaker repulsion between nucleons, potentially result-
ing in a lower magnetic field intensity.

Likewise, the variation of electric field at the cen-
tral point, i.e., eEy (0, 0, 0) with time is shown in figure
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1b by taking other parameter the same. Herein, the
squeezed-out nucleons during HICs play a dominant
role for the production of electric field in the y-direction.
Interestingly, the flow of electric field intensity with time
will follow the same pattern with different magnitude
as the magnetic field. But for the super-stiffer (y = 2)
symmetry energy term, expansion of nucleon will be
higher. Therefore, the maximum electric field intensity
is higher for super-stiffness symmetry energy (y = 2)
than for softer symmetry energy.

To gain deep insights, the temporal evolution of the
electromagnetic field at a spatial point (0, 1, 0) has
been studied. Figure2 demonstrates that the pattern
adhered by the magnetic and electric field evolutions
at the off-central point (eBy (0, 1,0), eEy(0, 1,0)) is
almost similar as displayed for the central point (0, 0,
0). Nevertheless, a decrement in the intensity of the elec-
tromagnetic field at the off-central point (0, 1, 0) can be
seen in figures 2a and 2b, that is in good agreement with
the results reported in [26].

Intensity of the magnetic field generated during HIC
gets its maximum strength for a very short interval
of time and therefore the effect of density-dependent
symmetry energy as well as interaction zone between
the nuclei on maximum intensity of the magnetic field
(eBy(0,0,0))max and electric field (eEy (0, 0, 0))max
has been explored. The effect of symmetry energy
on (eBy(0,0,0))max for various impact parameters
is depicted in figure 3a. It has been observed that
(eBy(0,0,0))max increases as the impact parameter
becomes larger. This is due to the symmetric dis-
tribution of nucleons and maximum stopping at low
impact parameters resulting into a smaller intensity
of (eBy(0, 0, 0))max. Furthermore, at very low impact
parameter (i.e., b/bmax = 0.1), the effect of stiffness
parameter is very minimal due to very less number
of charged nucleons participating in the generation
eBy(0,0,0). The squeezing of nucleons will be max-
imum at very low impact parameter and contribution of
these squeezed nucleons in the evolution of the mag-
netic field in the y-direction is very minimal. Therefore,
no significant effect was observed in the magnitude of
(eBy(0,0, 0))max for different stiffness parameters at
low impact parameter. Afterwards, the effect of density-
dependent symmetry energy starts becoming significant
as we increase the impact parameter due to increase in
spectator zone (decrease in nuclear stopping). This may
be because the transfer of energy from the participant
to the spectator zone becomes significant for various
stiffness parameters resulting in different pressure gradi-
ents. But, at semiperipheral collisions (b/bpax = 0.7),
this density-dependent symmetry energy effect becomes
insignificant due to the small participant zone. There-
fore, transfer of energy due to the change in pressure
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Figure 1. Time evolution of (a) eBy(0,0,0) and (b) eEy(0,0,0) at b/byax = 0.3 when the colliding energy is 500

MeV /nucleon for various stiffness parameter values.
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Figure 2. Temporal evolution of (a) eBy(0, 1,0) and (b) eE (0, 1,0) at b/byax = 0.3 when the colliding energy is 500

MeV /nucleon for various stiffness parameter values.

gradient can be altered when the change in y is minimal.
Thus, it can be clearly seen that the effect of stiffness
parameter is most significant at b/byax = 0.5. The
same study has been performed for the electric field
in the y-direction and it was observed that the trend
followed by the electric field is inverse to the trend
followed by the magnetic field. Figure3b shows that
intensity of (e E (0, 0, 0)) max slightly increases with the
impact parameter and then starts decreasing as we fur-
ther move towards higher impact parameter due to a
decrease in the participant zone. This is because at the
low impact parameter, squeeze-out of nucleons will be
more which contributes significantly in the generation of

(eEy(0,0,0)). The squeeze-out of nucleons decreases
for higher impact parameter leading to the reduction
in the intensity of the electric field in the y-direction.
Moreover, no significant effect has been observed for
the scaling of electric field with impact parameter by
taking different values of stiffness parameter. How-
ever, a little variation in the intensity for different
values of y has been observed near semi-central col-
lision at which maximum squeezing of nucleons takes
place.

Moreover, the variation of maximum intensity of the
electromagnetic field with impact parameter at the off-
central point (0, 1, 0) has also been demonstrated in
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Figure 3. The variation of (a) (eBy (0, 0, 0))max and (b) (eE(0, 0, 0))max With scaled impact parameter at 500 MeV /nucleon

for y =0.66, 1 and 2.
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Figure 4. The variation of (a) (eBy(0, 1,0))max and (b) (eEy(0, 1,0))max with the scaled impact parameter at 500

MeV /nucleon for y = 0.66, 1 and 2.

figures 4a and 4b. Figure 4a shows that (e By (0, 1, 0))max
increases and then saturates with the increase in impact
parameter at the off-central point also but with a
marginal decrease in its intensity compared to the central
point (0, 0, 0) at higher values of impact parame-
ter. Figure 4b shows that (eEy(0, 1, 0))max consistently
decreases as the impact parameter increases for different
values of y.

Further, the formation of anisotropic pressure gradi-
ent zone will be highly dependent on y. Therefore, to
investigate the effect of y on the flow of nucleons, the
eccentricity of the participant zone becomes necessary.

Additionally, the overlapping zone for each event does
not conform strictly to an almond shape, often exhibit-
ing deviations in the orientation of its shorter axis with
respect to the impact parameter direction. These vari-
ations in shape and direction are aptly captured by the
eccentricity parameter. Participant eccentricity emerged
as the critical geometric parameter responsible for gen-
erating the azimuthal asymmetry that underlines the
observed flow phenomena. The eccentricity of the par-
ticipant zone indicates its elongation or deformation
along a specific direction. Therefore, investigating the
consequences of symmetry energy on the eccentricity
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Figure 5. Variation of participant eccentricity with scaled
impact parameter when the colliding energy is 500
MeV /nucleon for different values of y.

provides qualitatively new insight about the initial con-
ditions of HICs and the subsequent collective expansion
of the system. Figure5 shows the variation of eccen-
tricity of the participant zone in the x—y plane with the
scaled impact parameter by taking y = 0.66, 1 and 2.
The spatial eccentricity [44—46] in the x—y plane can be
described as

(y> —x%)
(2 +x2)
It was found that the value of eccentricity in the x—y
plane increases with the rise in scaled impact parameter
value (figure 5). This is assigned to the decrease in semi-
major axis of elliptical flow with increase in centrality.
Furthermore, when the symmetry energy is stiffer, char-
acterised by a higher stiffness parameter, the repulsive
forces between nucleons become stronger. This leads to
a greater resistance to the compression and expansion
of the participant zone, resulting in a less deformed and
more compact shape. Consequently, the magnitude of
eccentricity for the stiffer symmetry energy (y = 2) is
smaller than that of the softer symmetry energy (y =
0.66 and 1). A softer symmetry energy as defined by
a lower stiffness value, leads to a reduced repulsion
between nucleons. This allows for a more expanded and
deformed participant zone, resulting in a larger eccen-
tricity.

Moreover, the nuclear stopping tells us about the dis-
sipation of longitudinal energy that is highly dependent
on the centrality of the overlapping region. The highly
dense overlap region plays an important role in nuclear
stopping. Therefore, figure 6 showcases the fluctuation
of nuclear stopping with the scaled impact parameter for

<€part> = (12)
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Figure 6. Impact parameter dependence of nuclear stopping
for y =0.66, 1 and 2 at 500 MeV /nucleon.

y = 0.66, 1 and 2. It can be clearly seen from figure 6
that as the impact parameter increases, nuclear stopping
diminishes. When the impact parameter is small which
corresponds to the central collision with an extensive
overlap region, the nucleons from both nuclei engage
more frequently and experience a higher degree of stop-
ping. This is a consequence of a higher probability of
nucleon-nucleon collisions and entailed energy transfer
between the colliding nuclei. As a result, the forward
momentum of the nucleons decreases more effectively,
resulting in greater nuclear stopping (figure 6). However,
as the impact parameter increases, the overlap region
between the colliding nuclei shrinks and fewer nucleon-
nucleon interactions occur. As a result, the nucleons
have a lesser probability of transferring energy and
momentum to one another, leading to lesser nuclear
stopping. Consequently, the forward momentum of the
nucleons is less effectively reduced for the collisions
occurring at higher impact parameters. The dependency
of nuclear stopping on the stiffness parameter of the
symmetry energy sheds light on the fundamental mech-
anism of driving collision dynamics and the properties
of nuclear matter. Therefore, it is important to inves-
tigate the variation of nuclear stopping in HICs with
varying stiffness parameters of the symmetry energy.
In general, a stiffer symmetry energy results in greater
repulsion between nucleons which alters the collision
dynamics resulting in a changed pattern of energy trans-
fer and nuclear stopping. According to this study, at a
lower impact parameter, nuclear stopping is generally
lower in collisions involving nuclei with stiffer symme-
try energy than collisions involving nuclei with softer
symmetry energy. This can be attributed to the enhanced
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repulsive forces between nucleons which reduces the
degree of energy transfer and momentum exchange.
This is because softer symmetry energy allows for a
greater degree of interaction between the nucleons,
leading to later emission with enhanced collision prob-
abilities [43]. In other words, one can say that soft
symmetry energy may tend to induce more nucleon-
nucleon collisions and hard symmetry energy may tend
to minimise the collisions.

Further investigation of electromagnetic field with
some other observables gives more insight to enhance
the understanding about the contribution of nucleons
to generate the magnetic and electric fields. Figure 7a
shows the correlation of the evolution of
(eBy(0, 0, 0))max and the nuclear stopping and its com-
parison for different stiffness parameter values. The
out-of-plane emission will be more with the increase
in nuclear stopping while the spectator nucleons will
be lesser. The production of magnetic field in the y-
direction is mainly due to the spectator nucleons and
therefore, it decrease with increase in nuclear stopping.
Moreover, in the case of stiffer symmetry energy (y =
2), highly anisotropic pressure gradient will be devel-
oped compared to softened energy (y = 0.66) [43].
The repulsive interactions between the nucleons are
higher in collisions involving nuclei with a stiffer sym-
metry energy, leading to the exhibition of more kinetic
energy in the nucleons during the HICs process [43]. As
the nucleons engage and move away from each other
during the collision, the increased repulsion can result
in more energetic nucleons. Therefore, acceleration of
nucleons will be higher for y = 2, resulting in large
magnetic field (eBy(0, 0, 0))max for hardened symme-
try energy. Likewise, the variation of (e £ (0, 0, 0))max
with nuclear stopping for various stiffness parameters
has been demonstrated in figure 7b. Initially, the inten-
sity of (eEy (0,0, 0))max rises to attain its zenith and
starts decreasing afterwards with the nuclear stopping,
because the increased nuclear stopping leads to more
squeeze-out of nucleons contributing in the generation
of electric field in the y-direction.

The combination of the electric field (E) with the mag-
netic field (B) transforms into the Lorentzian invariant
E - B that reverses its sign under parity transforma-
tion [12]. The space-time distribution of energy density
of the charged nucleons is an important parameter to
study. The generation of E - B during HIC is directly
correlated with the temperature and density of the over-
lapping zone. Therefore, it is meaningful to explore the
effect of density-dependent symmetry energy on time
evolution of E - B. Figure 8a displays the variation of
(|E - B|) with time for different stiffness parameters.
(|E - B|) steeply rises to attain its maximum value and
starts decreasing slowly. It is worth mentioning that the
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energy density attains its maximum value in the highly
compressed zone of the colliding nuclei (approximate
at 30 fm/c).

Further, it is also worth considering that the impact
of y is almost invisible before the maximum compres-
sional zone is created, but it becomes significant after
that. The rate of change of (|E-B|) is very high before the
maximum compressional zone that neglects the effect
of stiffness parameter. The effect of density-dependent
symmetry energy becomes visible after the maximum
compression zone because most of the energy trans-
fer takes place in this region. Moreover, in the case of
super-stiffer symmetry energy term, transfer of energy
will be more due to lesser nuclear stopping resulting
in higher value of (|E - B|). Further, the variation of
(|E - B])max With the scaled impact parameter has been
evaluated in figure 8b. It has been observed that the
value of (|E - B|)max decreases with the increase in the
scaled impact parameter. This is mainly attributed to the
fact that more energy is transferred at the lower impact
parameter resulting in the evolution of more energy den-
sity value.

Till now, the effect of symmetry energy and its density
dependence on the electromagnetic field and (|E - B|)
have been studied by taking fixed ratio of proton and
neutron, i.e., N/Z = 1.4. However, it has been noticed
that the symmetry energy increases with the increase in
N/Z ratio. Therefore, this study has been extended to
study the role of isospin as well as system size by taking
the isotopic series of 50Sny + 50Sny, where X = 62,68,
74. It can be noticed from eqs (5) and (6) that the electric
and magnetic fields depend upon the number of protons.
So, the number of protons has been kept fixed for various
values of N/Z. Figure 9a demonstrates the variation of
energy density with time for different values of N/Z.
Mainly two factors, i.e., isospin effect and system size
effect, are responsible for the variation in energy density.
The energy density rises very sharply at the initial stage
and reaches its maximum value. After that, it gradually
starts decreasing with time. Moreover, the maximum
value of energy density is larger for higher N/Z ratio
than for lower N /Z ratio.

Further, figure 9b shows the variation of (|E - B|)max
with the scaled impact parameter for different values of
N/Z. The maximum value of energy density decreases
with the increase in impact parameter while the change
is observed due to different N /Z values at lower impact
parameters. It can be concluded that stiffness parameter
y and isospin asymmetry modelled the pressure gradient
of the overlapping region in a significant way. The tun-
ing of pressure gradient leads to changes in the dynamics
of the charged nucleons. Further, it was observed that
the modelling of the dynamics of nucleons affect the
production of electromagnetic field and (|E - B|)max in
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Figure 8. (a) Time evolution of (|E - B|) at b/byax = 0.3 for 500 MeV /nucleon colliding energy for different stiffness
parameter values and (b) variation of (|E - B|)max with scaled impact parameter at 500 MeV /nucleon colliding energy for
different symmetry energy stiffness parameter values (y = 0.66, 1 and 2).

a significant manner. The intensities of e By (0, 0, 0) and

eEy(0,0,0) are the highest for the super-stiffer sym-
metry energy (y = 2). Moreover, it was noted that
the influence of symmetry energy is more visible due
to maximum compression. Likewise, the influence of
isospin symmetry has been explored by taking isotopic
series of 50Sny + 50Snyx, where X = 62, 68, 74. It has
been observed that the intensity of (|E - BJ) is higher
for higher N/Z ratio and, is much more significant at
lower impact parameter than at higher impact param-
eter. Figures9a and 9b show that the maximum value
of energy density increases with increase in N/Z value
while it was already discussed in figures 8a and 8b that

(|E - B|)max also increases with increase in the stiffness
parameter. Thus, both these parameters influence the
reaction dynamics in the same manner.

4. Conclusion

In summary, the variation of density-dependent sym-
metry energy and isospin asymmetry modelled the
pressure gradient of the overlapping region in a signif-
icant way. This tuning of pressure gradient leads to a
change in the dynamics of charged nucleons which in
turn affects the production of electromagnetic field and
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Figure 9. (a) Time evolution of (|E - B|) at b/byp,x = 0.3 for 500 MeV /nucleon colliding energy for different N /Z ratios
and (b) variation of (|E - B|)ax With scaled impact parameter at 500 MeV /nucleon colliding energy for different N /Z ratios.

energy density remarkably. The obtained result reveals
significant variations in the generated electromagnetic
field as a function of the stiffness parameter of the sym-
metry energy. The intensities of (eBy (0, 0, 0))max and
(|E - B|)max are the highest for the super-stiff symmetry
energy. Moreover, it was observed that the influence of
symmetry energy is more visible after the time of max-
imum compression. Likewise, the influence of isospin
asymmetry has been explored by taking isotopic series
of 50Sny +50Sny where X = 62, 68, 74. It was found
that the intensity of energy density is higher for higher
N /Z ratio.
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