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Electromagnetic fields produced in relativistic heavy-ion collisions are affected by the asymmetry of the
projectile-target combination as well as the different initial configurations of the nucleus. In this study, the
results of the electric and magnetic fields produced for different combinations of ions, namely 12C + 197Au,
24Mg + 197Au, 64Cu + 197Au, and 197Au + 197Au at

√
sNN = 200 GeV, are demonstrated with a multiphase

transport model. The configuration of the distribution of nucleons of 12C is initialized by a Woods-Saxon
spherical structure, a three-α-clustering triangular structure or a three-α-clustering chain structure. It was
observed that the electric and magnetic fields display different behavioral patterns for asymmetric combinations
of the projectile and target nuclei as well as for different initial configurations of the carbon nucleus. The major
features of the process are discussed.
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I. INTRODUCTION

Extremely hot quark-gluon plasma (QGP) is produced in
relativistic heavy-ion collisions, with large-scale collective
motion at the partonic level for a short period of time and
is found at the Brookhaven National Laboratory Relativistic
Heavy Ion Collider (RHIC) and CERN Large Hadron Collider
mega facilities [1]. The current focus in relativistic heavy-ion
physics is on the determination of the QCD critical point
from the regular hadronic matter to the QGP phase and
the properties of the QGP [2–6]. Previous research suggests
that strong electromagnetic fields are produced in relativistic
heavy-ion collisions [7] that may result in charge separation
over the reaction plane similar to the chiral magnetic effect
(CME) [8,9]. A large number of theoretical research has been
carried out to investigate the anomalous transport in heavy-ion
collisions [10–16]. The CME is of interest as it may reflect
the local parity and charge-parity violation in the case of
strong interactions [17]. A few review articles on electromag-
netic fields and anomalous transport in heavy-ion collisions
are available in Refs. [18,19] whereas the STAR [20,21],
PHENIX [22], and ALICE [23] present the experimental
aspects. Collaborative research on the charge-dependent two-
particle correlation that corresponds qualitatively to the CME
effect [24–28] was reported. In particular, the RHIC-STAR
isobar runs in 2018 investigate the probability or percentage of
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the CME effect subtracted from the background by comparing
the results of different isobar-colliding systems [29–33].

In studies related to the CME, an estimation of the electro-
magnetic field strength is very important. Even though many
simulations have been conducted for Au + Au and Pb + Pb
systems, systematic calculations for different projectile-target
combinations are not so abundant. This study presents the
calculations of the electric and magnetic fields in asymmetric
to symmetric colliding systems, such as 12C + 197Au, 24Mg +
197Au, 64Cu + 197Au, and 197Au + 197Au. In particular, for the
12C + 197Au collision, the initial distribution of the nucleons
in the carbon-12 nucleus is configured by three different
geometrical distributions, namely, a three-α-clustering chain
structure, a three-α-clustering triangular structure, or the
Woods-Saxon nucleon distribution. A number of views on the
α-clustering structure of some specific nuclei were presented
in theory and experiments [34–44]; however, the effect on the
calculation of the electromagnetic field in heavy-ion collisions
was not included. It was observed in the present study that
the electromagnetic field exhibits a dependence on the colli-
sion system, especially in the semicentral collisions, and has
different values due to the different nucleon configurations of
the carbon nucleus for the 12C + 197Au system. These findings
will contribute to some extent to an additional understanding
of the CME phenomenon in different collision systems.

The paper is arranged as follows: In Sec. II, an intro-
duction to a multiphase transport (AMPT) model and the
algorithms for the 12C-clustering structure, participant plane
reconstruction in heavy-ion collisions, and calculation of the
electromagnetic field are presented. The results and discussion
of the effect of asymmetric nucleus-nucleus collision as well
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FIG. 1. Proton distribution probability in central (at b = 0 fm) and peripheral (at b = 8 fm) 12C + 197Au collisions due to different
configurations of 12C; (a) Woods-Saxon, (b) chain, and (c) triangular.

as the clustering configuration on the electromagnetic field are
stated in Sec. III. Finally, a summary is presented in Sec. IV.

II. MODEL AND ALGORITHMS

A. AMPT model

AMPT [45] was employed in the calculation that is com-
posed of multiple processes to describe relativistic heavy-ion
collisions, namely, the initial conditions simulated by the
Heavy Ion Jet Interaction Generator (HIJING) model [46], the
partonic interactions described by the Zhang’s Parton Cascade
(ZPC) model [47], the hadronization process by the Lund
string fragmentation or coalescence model, and the hadronic
rescattering process by the ART (A Relativistic Transport)
model [48,49]. In the HIJING model, the distribution of the
nucleons of the two nuclei in a head-to-head collision is
expressed by the Woods-Saxon distribution with momentum
in the (z) direction, i.e., the direction of the beam. In the over-
lapping region of the two colliding nuclei, minijet partons and
soft string excitations are produced and the initial coordinates
and momentum distribution of these were obtained from the
HIJING model and applied to calculate the electromagnetic
field.
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FIG. 2. Impact parameter dependence of the x component of
electric field (〈Ex〉/m2

π ) in the collision systems Au + Au, Cu + Au,
Mg + Au, and C + Au. Inset displays 〈Ex〉/m2

π for different initial
configurations of 12C.

As mentioned above, the initialization of the nucleon distri-
bution for the projectile and target is simulated by the Woods-
Saxon distribution [46] that describes the distribution of the
Mg, Cu, and Au nuclei in this study. However, several theoret-
ical predictions were made for 12C on its possible α-clustering
configuration. For example, a triangle-like configuration in
the ground state was predicted by the fermionic molecular
dynamics [50] and the antisymmetrized molecular dynamics
[51] which was supported by experiment [52]; a three-α
linear-chain configuration was also predicted as an excited
state in the time-dependent Hartree-Fock theory [53] and
other approaches [54]. In concurrence with the above predic-
tions coupled with the traditional Woods-Saxon structure, the
nucleon configuration of 12C was initialized by three cases:
(a) the three-α clusters in a chain structure, (b) the three-α
clusters in a triangular structure, and (c) the Woods-Saxon
distribution of the nucleons from the HIJING model [46].

B. 12C-clustering structure

The radial center (rα) of the α clusters in 12C has a

Gaussian distribution, e−0.5( rα−rc
σrc

)
2

, where rc is the distribution
center, σrc is the width of the distribution, and the nucleons
inside each α cluster are given by the Woods-Saxon distribu-
tion. The parameters of rc and σrc can be obtained from the
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FIG. 3. Same as Fig. 1 but for the opposite y component of
magnetic field (-〈By〉/m2

π ).
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FIG. 4. Impact parameter dependence of the x component of electric field (〈Ex〉/m2
π ) of projectile and target nuclei of Au + Au, Cu +

Au, Mg + Au, and C + Au. Panel (a) is for the projectile and panel (b) is for the target. The insets are for 12C + Au for different initial
configurations.

EQMD calculation [39,40]. For the triangular structure, rc =
1.8 fm and σrc = 0.1 fm; For the chain structure, rc = 2.5 fm,
σrc = 0.1 fm for two α clusters, whereas the other cluster will
be at the center in 12C. After the determination of the radial
center of the α cluster, the centers of the three clusters are
placed in an equilateral triangle for the triangular structure or
along a line for the chain structure.

C. Participant plane

As is well known, the impact parameter �b is defined along
the direction of the center of the projectile and target nuclei,
which is perpendicular to the beam direction z and an event
plane can be constructed by the beam direction z and impact
parameter. In the AMPT model, the event plane angle �EP

is random; therefore the coordinate plane of every event was
rotated to the same event plane, similarly to the experimental
method. In the calculation, the participant plane angle �PP is
used to describe the event plane angle approximately as done
in Refs. [11,36,55–57] and is defined by

�n{PP} =
tan−1

( 〈r2
part sin (nφpart )〉

〈r2
part cos (nφpart )〉

)
+ π

n
, (1)

where �n{PP} is the nth order participant plane angle (n = 2
in this case); rpart and φpart are the coordinate position and
azimuthal angle of the participants in the collision zone in the
initial state, respectively; and the average 〈· · · 〉 denotes the
density weighting.

D. Electromagnetic field algorithm

In the calculation in this model, the origin of the coordinate
system (�r = 0) coincides with the center of the collision zone.
In this study, the electromagnetic field is calculated at the field
point (�r = 0, t = 0) and the initial time t = 0 is defined as the
moment when two colliding nuclei overlap completely. The
proton distribution relative to the field point (�r = 0) must be
considered to avoid the divergence of the electromagnetic field
(in the order of e2/r2) as r tends to zero. Figure 1 presents the
probability of the proton distribution [P(proton)] as a function
of rp,O, which is the distance between the proton (of 12C or
197Au) and field point (�r = 0, t = 0). P(proton) increases and
then decreases with the increase in rp,O, the value of rp,O at
the peak of P(proton) in the peripheral collisions (at b = 8
fm) being larger than in the central collisions (at b = 0 fm).
It can be seen that the different configurations of 12C show a
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FIG. 5. Same as Fig. 3 but for the opposite y component of the magnetic field [〈By〉/m2
π ] of projectile and target nuclei as shown in panels

(b) and (b), respectively.

similar trend. Furthermore, it has also been verified that there
is a similarity with other collision systems. In all the cases, it
is observed that P(proton) is negligible near rp,O = 0 (�r = 0).
In the following calculation, the coordinate is set at a cut-off
length r > 0.6 fm as an approximation to avoid the divergence
of the fields.

In this study, the Linard-Wiechert potential was applied to
calculate the electromagnetic fields [58],

e �E (t,�r) = e2

4π

∑
n

Zn

�Rn − Rn�vn

(Rn − �Rn · �vn)3

(
1 − v2

n

)
,

e�B(t,�r) = e2

4π

∑
n

Zn

�Vn × �Rn

(Rn − �Rn · �vn)3

(
1 − v2

n

)
,

(2)

where Zn is the charge number of the nth particle, �Rn = �r −�rn,
where �r is the position of the field point and �rn is the position
of the nth particle at the retarded time tn = t − |�r −�rn| and
tn < t . The objective is to calculate the electromagnetic fields
at the position �r = 0 and time t = 0. �E (0, 0) and �B(0, 0)
are then marked as �E and �B for brevity. �vn is the velocity
of each nucleon, where vx = vy = 0, v2

z = 1 − (2mN/
√

s)2,
and mN is the mass of the nucleon. As vz is close to the
velocity of light, in practice, the Lorentz contraction is taken

into consideration. To investigate the calculation stability
of electromagnetic fields, the cut-off length was tuned in a
range from r > 0.3 fm to r > 0.9 fm and no appreciable
changing of the results was found. And then a cut-off r >

0.6 fm was assumed in this calculation to avoid the diver-
gence of the field. The possible correction of the classical
Maxwell field equations by quantum electrodynamics was
discussed in Ref. [18], and it was found that the quan-
tum correction can only amend the final results by a few
percentages.

III. RESULTS AND DISCUSSION

A. 〈Ex〉/m2
π and 〈−By〉/m2

π of systems

The dependence on the impact parameter of the electric
fields in the x direction, 〈Ex〉/m2

π , in Au + Au, Cu + Au, Mg
+ Au, and C + Au collisions are shown in Fig. 2. In each
collision system, 〈Ex〉/m2

π first shows an increasing trend and
then decreases with a peak at a certain value of the impact
parameter.

Furthermore, it is seen that the values of 〈Ex〉/m2
π increase

with increasing asymmetry between the projectile and target
nuclei, i.e., from the most symmetric system of Au + Au,
to Cu + Au, to Mg + Au, and to the most asymmetric
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FIG. 6. Impact parameter dependence of the y component of electric field (〈Ey〉/m2
π ) in panel (a) and the x component of magnetic field

(〈Bx〉/m2
π ) in panel (b) of Au + Au, Cu + Au, Mg + Au, and C + Au. The insets are for 12C + Au for different initial configurations.

C + Au collision system. The inset of Fig. 2 shows the
〈Ex〉/m2

π as a function of the impact parameter in the C +
Au collisions where 12C is configured by different initial
geometries, namely a three-α chain or triangular structure,
or the Woods-Saxon nucleon distribution. The dependence
on the impact parameter is similar for the three configu-
rations. In the central collisions (small impact parameters)
〈Ex〉/m2

π presents similar values, whereas in the peripheral
collisions, 〈Ex〉/m2

π is larger for the Woods-Saxon distribution
than for the other two cases, being the same for the chain
and triangular structures. It is interesting to note that in the
semiperipheral collisions 〈Ex〉/m2

π emerges as a peak and has
the lowest value in the case of the chain structure. In this range
of the impact parameter, the electromagnetic effect is always
significant.

The magnetic field 〈−By〉/m2
π has a similar dependence on

the impact parameter but the value of 〈−By〉/m2
π decreases

with increasing asymmetry between the projectile and target
nuclei as shown in Fig. 3. The dependence of 〈−By〉/m2

π

on the collision system is consistent with the results of
Refs. [24,58]. From Figs. 2 and 3, it is implied that the

asymmetric projectile and target nuclear collisions produce a
stronger electric field than the symmetrical collision system,
but the magnetic field exhibits a reverse trend. In other words,
a dominant effect of the electric and magnetic field is evident
in asymmetrical and symmetrical collision systems, respec-
tively. In addition, the value of 〈−By〉/m2

π for C + Au with the
three-α 12C chain configuration is slightly larger than that with
either the Woods-Saxon nucleon distribution or the triangular
structure, as shown in the inset of Fig. 3.

B. Decomposition of 〈Ex〉/m2
π and 〈−By〉/m2

π

into projectile and target sides

The dependence of the electromagnetic fields on the asym-
metric collision system is further investigated by the fields
generated by the projectile and target nucleons (protons).
Figures 4 and 5 present the electromagnetic fields 〈Ex〉/m2

π

and 〈−By〉/m2
π produced on the projectile and target sides,

respectively. The direction of movement of the projectile
nucleus is parallel to the z axis while that of the target nucleus
is in the opposite direction. Figure 4(a) shows the 〈Ex〉/m2

π
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π ) panel (b) of Au + Au, Cu + Au, Mg + Au, and C + Au. The insets are for 12C + Au for different initial configurations.

produced by the projectile nucleus in different collision sys-
tems, namely the Au, Cu, Mg, and C nuclei, and Fig. 4(b)
shows those by the target nucleus (only Au nucleus). The
electric field strength on the projectile side is negative and
has a monotonic charge number dependence, i.e., the larger
the proton number, the stronger the electric field. However,
the electric field strength on the target side is positive and has
a weak dependence on the proton number of the projectile,
except for the peak position at a certain impact parameter.
Therefore, the total electric field contributed by the projectile
and target nuclei depends on the collision system as shown in
Fig. 2.

The magnetic field generated by the projectile and target
nuclei is shown in Figs. 5(a) and 5(b), respectively. Unlike the
electric field, the 〈−By〉/m2

π produced by the projectile and
target nuclei has the same sign and the total contribution to the
magnetic field is as shown in Fig. 3. However, with respect to
the dependence on the charge number, the behavior on the pro-
jectile and target sides is the same as that of the corresponding
electric field. Although the electric and magnetic fields have

a similar dependence on the system on the projectile and
target sides, the contribution from the overlapping region of
the projectile and target nuclei leads to the results shown in
Figs. 2 and 3. It can be seen that the electric field is stronger
in asymmetric collision systems, such as the C + Au collision,
than in symmetric collision systems, which is unlike the trend
shown by the magnetic field.

The insets of Figs. 4 and 5 display the electric and mag-
netic fields produced by the projectile and target nuclei with
different carbon configurations for the 12C + Au collision. On
the target side (insets in Figs. 4(b) and 5(b)), it is seen that the
three-α chain structure has a stronger Electromagnetic field
contribution, whereas for the three-α triangular structure and
Wood-Saxon distribution it is the same.

All the above results demonstrate that the dependence
of the electromagnetic fields on the system originates from
the competition of the fields between the projectile and
target, and suggests that one can choose different collision
systems to optimize the effect of either of the fields in
experiments.
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C. 〈Ey〉/m2
π and 〈Bx〉/m2

π of systems

Furthermore, the y component of the electric field and x
component of the magnetic field, namely 〈Ey〉 and 〈Bx〉, are
also calculated in this model. Figure 6 shows a zero value for
〈Ey〉/m2

π and 〈Bx〉/m2
π for all the impact parameters. Even for

different configurations of carbon, as shown in the inset of
Fig. 6, both 〈Ey〉/m2

π and 〈Bx〉/m2
π are zero. As the collision

systems have been rotated event by event in this calculation,
this action will result in a mirror symmetry of the collision
geometry. Therefore, it is obvious to get a zero value of the
y component of the electric field and x component of the
magnetic field.

D. 〈E2〉/m4
π and 〈B2〉/m4

π

The above results present the event averaged electromag-
netic field excluding the fluctuations. Taking the fluctuation
effect into consideration, 〈E2〉/m4

π and 〈B2〉/m4
π are calculated

and shown in Figs. 7(a) and 7(b), respectively. It is observed
that only the x component of the electric field and y compo-
nent of the magnetic field present nonzero values. The squared
electromagnetic field strength is larger than 〈Ex〉 and 〈−By〉 as
shown in Fig. 2 and Fig. 3, even in the central collisions. This
illustrates that the electromagnetic effect is more significant
when the fluctuation of the fields is considered. The insets
of Fig. 7 present the initial geometrical dependence of the
electromagnetic fields. In the semiperipheral collisions in
particular, the value of 〈E2〉 in the triangular configuration of
the carbon nuclei is the largest, followed by the Woods-Saxon
configuration, whereas the chain configuration of the carbon
nuclei has the smallest value. 〈B2〉 in the chain structure is
larger than in the other two configurations. This result sug-
gests that the initial geometrical effect can be investigated by
a system scan experiment of measurement of electromagnetic
effects to understand the unusual nuclear structure besides the

collective flow measurements proposed in Refs. [34,36,38] in
ultrarelativistic heavy-ion collisions.

IV. SUMMARY

In summary, this study focused on the calculations of the
electromagnetic fields for relativistic heavy-ion collision sys-
tems, from asymmetric to symmetric collisions, namely C +
Au, Mg + Au, Cu + Au, and Au + Au at

√
sNN = 200 GeV,

where 12C specifically had different initial configurations.
The results demonstrated different behavioral patterns of the
electromagnetic field for symmetric and asymmetric collision
systems. The electric field was more significant in asymmet-
ric than in symmetric collisions, whereas the magnetic field
showed an opposite trend. This study elucidated different
effects on the electric or magnetic fields produced in heavy-
ion collisions. The initial geometrical effect of the unusual
nuclear structure (i.e., α clusters in this study) was also studied
and the electromagnetic field exhibited an initial geometrical
dependence for different configurations of the carbon nucleus.
Therefore, further research must be undertaken to under-
stand the nuclear structure by investigating the electromag-
netic effects through a system scan in relativistic heavy-ion
collisions.
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