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Impact of quadrupole deformation on intermediate-energy heavy-ion collisions

Xiao-Hua Fan,1,2 Zu-Xing Yang ,2,1,* Peng-Hui Chen,3 Shunji Nishimura ,2 and Zhi-Pan Li1
1School of Physical Science and Technology, Southwest University, Chongqing 400715, China

2RIKEN Nishina Center, Wako, Saitama 351-0198, Japan
3College of Physics Science and Technology, Yangzhou University, Yangzhou, Jiangsu 225002, China

(Received 22 May 2023; revised 10 July 2023; accepted 22 August 2023; published 6 September 2023)

This study employs the isospin-dependent Boltzmann-Uehling-Uhlenbeck model to simulate intermediate-
energy heavy-ion collisions between prolate nuclei 24Mg. The emphasis is on investigating the influence of
centrality and orientation in several collision scenarios. The final-state particle multiplicities and anisotropic
flows are primarily determined by the eccentricity and the area of the initial overlap. This not only provides
feedback on the collision systems, but also, to some extent, provides a means to explore the fine structure inside
deformed nuclei. Additionally, nonpolarized collisions are further discussed. These results contribute to the
understanding of the geometric effects in nuclear reactions, and aid in the exploration of other information on
reaction systems, such as the equation of state and nuclear high-momentum tail.
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I. INTRODUCTION

Most open-shell nuclei are deformed in their ground state,
which originates from collective motion induced by the inter-
action among valence nucleons [1,2]. Multipole deformation
researches have been conducted widely using various phe-
nomenological and microscopic models [1,3–9]. Recently,
deep neural network-based generative models are also being
developed for producing potential energy surfaces, rotational
inertia, and vibrational inertia of deformed nuclei, which can
be further utilized to investigate excitation spectra within
the five-dimensional collective Hamiltonian approach [10,11].
Experimentally, quadrupole deformation can be measured
from the rotational spectra of the nuclear excited state or
the electric quadrupole moments derived from the hyperfine
splitting of the atomic spectral line [1].

Heavy-ion collisions are another effective means of inves-
tigating nuclear properties. At various energies, it is proven
that emitted particles and γ rays carry information about
the properties of the individual nuclei and the composite
systems [12,13], such as equation of state (EoS) [14–16],
short-range correlations between nucleons [17,18], medium
effects in scattering cross sections [19,20], and nuclear bubble
or hollow configurations [21]. A series of critical researches
have been carried out via the ultrarelativistic quantum molec-
ular dynamics model [22–24], neural network models [25,26],
the antisymmetrized molecular dynamics model [27,28], the
heavy-ion phase space exploration model [27], and the din-
uclear system model [29]. On the other hand, relativistic
heavy-ion collisions offer an opportunity to study nuclear de-
formation since the collision dynamics are dominated by the
interactions between the individual nucleons at high incident
energies, rather than the collective motion of the entire nu-
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cleus or internucleon correlations [30–33]. As early as 2000,
a pioneering work for deformed heavy-ion collisions was
conducted by Bao-An Li [34]. In recent years the final-state
anistropic flows was found to be sensitive to the strengths of
multipole components of the nucleon distribution in the trans-
verse plane via a parton-cascade based multiphase transport
model (AMPT) [35–39]. However, the high cost of high-
energy reactions means that the simulation and study of low-
to medium-energy reactions remain necessary. Moreover, it is
worth exploring how the fine structure inside the deformed nu-
cleus would affect the final state. More importantly, exploring
geometric effects can also enhance the understanding of other
properties in reaction systems.

In this study, we will simulate intermediate-energy heavy-
ion collisions between deformed 24Mg nuclei in several
collision scenarios by using the widely accepted isospin-
dependent Boltzmann-Uehling-Uhlenbeck (IBUU) transport
model. The structure of this article will be organized as fol-
lows. In Sec. II, we will introduce the initializations for IBUU
model, including the adjustment on impact parameters and
collision orientations. We will further analyze the variation
of the central density, the yield of emitted particles, and the
collective flows to speculate on the mechanism of the ul-
tracentral, semicentral, and peripheral polarized collisions of
deformed nuclei in Sec. III. Subsequently, we will take into
account the rotations of the projectile in Sec. IV, which will
provide guidance for event-by-event analysis of the orienta-
tion of the projectile and the target in experiments. In Sec. V,
nonpolarized collisions will be further investigated. Finally,
we will summarize briefly in Sec. VI

II. INITIALIZATION OF THE IBUU TRANSPORT MODEL

The Monte Carlo method-based IBUU model simulates
the physical processes involved in the phase-space evolution
of baryons and mesons during heavy-ion collisions, includ-
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FIG. 1. The neutron and proton densities for 24Mg in the ground
state in the x-y (z = 0) and x-z (y = 0) planes calculated by relativis-
tic mean field with DD-PC1 interaction.

ing elastic and inelastic scattering, absorption, and decay of
particles [40]. The version we employed [17,41–44] has incor-
porated the Coulomb effect, Pauli blocking, medium effects
on scattering cross sections, etc. To minimize the fluctuations,
this work simulates and averages 300 000 events for each
collision scenario.

Typically, the deformation geometric effects on the final-
state are studied by initializing the nucleon spatial distri-
bution, with the traditional deformed Woods-Saxon density
being widely adopted [37,38]. In this study, replacing the
Woods-Saxon form, we select a relativistic mean field (RMF)
based self-consistent calculation with the point-coupling DD-
PC1 interaction [9] including the Bardeen-Cooper-Schrieffer
pairing to initialize 24Mg. The RMF calculations have gained
wide acceptance due to the capability of accurately reproduc-
ing the masses and root-mean-square radii of deformed nuclei
[9]. This indicates that the corresponding density distribu-
tion captures nuclear structural information in detail, enabling
more realistic collision simulations to be performed. As a
light, stable, and highly deformed nucleus [1,5,7,8], 24Mg is a
favorable choice for heavy-ion collision experiments to study
the deformation effect. Meanwhile, 24Mg, as a symmetric
nucleus, can mitigate the instability caused by the symmetry
energy.

Figure 1 shows the neutron and proton densities for
24Mg in the transverse x-y section and longitudinal x-z sec-
tion through the center, with variations in color representing
the densities. The density distributions of both protons and
neutrons in the x-y plane exhibit radial symmetry, whereas
those in the x-z plane are elliptical, indicating that 24Mg is
a prolate ellipsoidal nucleus. Based on the mass quadrupole

FIG. 2. Simulated schematic for tip-tip collision and body-body
collision of 24Mg + 24Mg, where the x-z plane is the reaction plane.
In the upper right corner, resulting transverse areas of overlap are
shown.

moments, quadrupole deformation β2 is defined in detail as
[45]

β2 =
√

β2
2,0 + β2

2,2, (1)

where

β2,0 =
√

π

5

〈2z2 − x2 − y2〉
〈r2〉 ,

β2,2 =
√

3π

5

〈y2 − x2〉
〈r2〉 .

Calculations show that triaxial deformation β2,2 = 0, and thus
β2 = β2,0 = 0.53. Another point worth noting is that there
are two peaks (z = ±2 fm) in the density variation along the
z direction, as shown in the right panels. Under the current
densities, the local density approximate Fermi gas method is
employed to generate the momentum distributions.

Within the framework of the IBUU transport model, the
two extreme polarization states of the reacting nuclei are com-
prehensively discussed through ultracentral, semicentral, and
peripheral collisions of 24Mg + 24Mg at 0.5 GeV/nucleon.
The collision schemes with the two polarizations are illus-
trated in Fig. 2, labeled as tip-tip collision (left panel) and
body-body collision (right panel), respectively. In the upper
right corner, resulting transverse areas of initial overlap are
shown, where the x direction represents the direction of the
impact parameter b. The ultracentral, semicentral, and pe-
ripheral collisions correspond to b = 0 fm, b = 4 fm, and
b = 6 fm, respectively. In fixed target experiments, the differ-
ence in collision centrality can be determined via spectators
from the projectiles. With the assistance of machine learning
methods, it is possible to obtain more accurate information
about impact parameters [46]. These schemes allow, to some
extent, for the generalization and discussion of reactions of
deformed nuclei under nonpolarized conditions. As a compar-
ison, nucleon density distributions constrained at the β2 = 0
point are also selected to initialize the spatial distribution,
which is labeled as spherical-spherical (sph.-sph.) collision.
Furthermore, the changes in final-state anisotropic flows and
emitted particle yields caused by the orientation of the projec-
tile nucleus are also extensively discussed in Sec. IV.
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(a)

(b)

(c)

FIG. 3. The central baryon density as a function of time for the
ultracentral, semicentral, and peripheral collisions of 24Mg + 24Mg at
0.5 GeV/nucleon with three collision scenarios.

III. ANALYSIS AND DISCUSSION

As the nuclear pressure plays a crucial role in determining
the reaction products, the exploration of the highest achieved
central baryon density is prioritized, as illustrated in Fig. 3.
The results for ultracentral collisions are presented in panel
(a). It can be observed that in all three collision scenarios the
central densities reach twice the saturation density, where the
saturation density is ρ0 = 0.17 fm−3. When comparing body-
body collisions to sph.-sph. collisions, no apparent variations
are found, as both types of collisions reach the same highest
density and maintain similar durations. For tip-tip collisions,
the baryons are squeezed earlier and undergo two drops in
density, which interestingly corresponds to the existence of
two peaks along the z axis (see Fig. 1). Such structure can
be more comprehensively studied through proton-induced re-
actions with the aid of target nucleus polarization, as shown
in previous research on the 48Si bubble configurations [21].
Similarly to 48Si, 24Mg can also be interpreted as a bubble
configuration present in the central region along the z axis.
In Sec. IV, we will also discuss the impact of this bubble on
observables from a different perspective.

The scenarios with increasing impact parameters are
shown in (b) semicentral collisions and (c) peripheral col-
lisions. Notably, body-body collisions with larger impact
parameters almost reach the same high density (pressure) as
ultracentral collisions. This differs from sph.-sph. and tip-tip
collisions with obviously lower densities, where the peripheral
tip-tip collisions only achieve half of the saturation density.
The centrality-induced pressure differences can be attributed
to the initial density distribution, which ultimately leads to
significant influences in the final-state observables.

FIG. 4. Multiplicities of π− and π+ mesons as a function of
momentum for the ultracentral, semicentral, and peripheral collisions
of 24Mg + 24Mg at 0.5 GeV/nucleon with three collision scenarios.

Figure 4 displays the momentum-dependent multiplicities
of π− and π+ mesons, which serve as reliable probes of
the central density. For ultracentral collisions, as depicted in
panels (a) and (b), the three collision scenarios are not clearly
distinguished. This can be explained by the fact that in these
collisions all nucleons participate in the reaction with similar
nuclear pressure and durations. Increasing the impact parame-
ters leads to an increase in spectators and a decrease in nuclear
pressure, causing an overall reduction in the multiplicities as
shown in panels (c)–(f), especially for sph.-sph. and tip-tip
collisions. Thus, the increased b amplifies the disparity among
the three collision scenarios. The centrality is experimentally
defined as the overlap of the two colliding nuclei as a percent-
age of the total cross section. In this sense, the body-body
case obviously has the greatest centrality with the same b
as other cases. Experimental investigations should focus on
the momentum of 0.15 GeV/c since it consistently yields the
highest multiplicities across all impact parameters and orien-
tations, and the dissimilarities among collision scenarios are
most pronounced at this momentum. It is also noteworthy that
the multiplicities of neutrons and protons were studied, and
they exhibit similar trends and patterns.

To cancel out nuclear pressure from dense matter to
some extent, we now focus on studying nucleon elliptic
flow, which has been demonstrated as a sensitive probe of
the quadrupole deformation of the initial state in relativistic
heavy-ion collisions [36,37]. Elliptic flow is characterized by
the second-order anisotropic flow coefficient v2, which can be
expressed as

v2 = 〈cos(2φ)〉, (2)
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(a) (b)

(c) (d)

(e) (f)

FIG. 5. The proton and neutron elliptic flows as a function of

transverse momentum pt (=
√

p2
x + p2

y ) at (y/ybeam)c.m. � 0.3 for the

reaction of 24Mg + 24Mg at a beam energy of 0.5 GeV/nucleon with
three collision scenarios.

where φ = arctan (py/px ) represents the transverse azimuth
angle. As a setting, we uniformly intercept the collective flows
with the central rapidity of (y/ybeam)c.m. � 0.3. The final-state
elliptic flows for the three collision scenarios are shown in
Fig. 5. In ultracentral collisions (a) and (b), the corresponding
elliptic flows are naturally absent due to the lack of anisotropy
in the transverse plane for both tip-tip and sph.-sph. collisions,
which results in an appreciable divergence from body-body
collisions. Such divergence is particularly evident in the en-
ergetic emitted nucleons in the transverse direction. As the
impact parameters gradually increase (c)–(f), the anisotropy
in the transverse plane becomes non-negligible for tip-tip and
sph.-sph. collisions, manifested as a substantial enhancement
in elliptic flows. In detail, we can always notice that tip-tip
collisions have stronger elliptic flow than sph.-sph. collisions.
This is caused by the initial eccentricities of the overlap,
determined by [37,38,47,48]

εn =
∣∣∣∣
∫

rn
⊥einφ⊥ρ(r⊥, φ⊥)r⊥dr⊥dφ⊥∫

rn
⊥ρ(r⊥, φ⊥)r⊥dr⊥dφ⊥

∣∣∣∣, (3)

where ρ(r⊥, φ⊥) is the transverse density in the overlap. Ac-
cording to the positive correlation (v2 ∝ ε2) [38], peripheral
tip-tip collisions with a larger initial eccentricity in the overlap
region naturally produce stronger elliptic flows, compared
with sph.-sph. collisions. However, an anomaly can be ob-
served in the figures: as b increases, the initial eccentricity of
the overlap theoretically decreases for body-body collisions,
but the strength of the elliptic flow remains unchanged. This
distinction physically separates intermediate-energy reactions
from high-energy reactions. In high-energy reactions, the re-

action time is shorter and the influence of spectators is limited,
so geometric effects can be more cleanly captured. However,
in intermediate-energy reactions, the longer reaction with the
viscosity among nucleons also has a significant impact on
the results. At this point, the dilute nucleons dispersed in the
periphery of the nucleus also play a great role in v2. This may
imply the breakdown of the linear dependence of v2 on ε2,
instead being replaced by even stronger anisotropic flow.

IV. THE ORIENTATION EFFECT OF THE PROJECTILE

In this section, we consider the scenario where ultracentral
collisions occur between a polarized target and an unpolarized
projectile. In such a scenario, two situations may arise: (1) the
projectile fully hits the target, where all nucleons from the
projectile are participants; (2) the projectile partially hits the
target, where some nucleons from the projectile as spectators
fly off after the collision with essentially unchanged velocity.
In experiments, the spectators can be distinguished on an
event-by-event basis [40], allowing us to concentrate on the
former. The scenarios where the projectile fully hits the target
are shown in Fig. 6, with the lower left corner of panel (c)
displaying the schematic diagram of the orientation. Starting
from the body-body case, a rotation operator around the y axis
in terms of Euler angles [�(0, θ, 0)] is applied to the intrinsic
coordinate system xyz of the projectile. The rotated coordinate
system is denoted as x′y′z′. In the special case where θ = 90◦,
the system evolves into the tip-body scenario.

The multiplicities of π− and π+ mesons as a function of
the orientation of the projectile are exhibited in panel (a).
Clearly, the corresponding yield of mesons shows modest
dependence on θ , even though the participants from the target
decrease as θ increases in principle. In fact, the multiplicities
of free protons and neutrons have also been examined and the
same low sensitivity to θ was found. This means that these
observables remain good probes for testing other properties
of nuclear systems, such as the symmetry energies and high-
momentum tails.

The effects of orientation on proton and neutron ellip-
tic flows are displayed in panels (b) and (c), respectively.
It is evident that the elliptic flows weaken with increasing
verticality, which can be geometrically explained by the ini-
tial eccentricity of the overlap. In detail, more noticeable
changes are observed at higher momenta for both protons and
neutrons, which can better assist us in inferring the orienta-
tion of the projectile based on experiments. The dashed line
and solid line shown in panel (d) represent the changes of
v2 (pt � 0.5 GeV/c) and ε2 with respect to the orientation,
respectively. An increase in θ leads to a decrease in the cor-
responding eccentricity, then the strength of the v2 weakens
synchronously. Meanwhile, the most noticeable sensitivity
occurs around 45◦, whereas the sensitivity is relatively lower
near 0◦ and 90◦, which reflects that the gradient of eccentricity
variation is greatest around 45◦. It must also be emphasized
that the v2 and the ε2 in panel (d) almost coincide, indicating
that the linear response relation in the ultracentral collisions
at intermediate energies is still reliable. This can be further
expressed as |v2| = kε2, where the response coefficient k ≈
0.0675 can be obtained from the special case of body-body
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(a)

(b)

(d)

(c)

FIG. 6. The orientation effects of the projectile for the ultra-
central collisions of 24Mg + 24Mg at 0.5 GeV/nucleon. Panel (a):
Multiplicities of π− and π+ mesons as a function of the orienta-
tion of the projectile. Panels (b) and (c): The proton and neutron
elliptic flows as a function of transverse momentum with different
orientations of the projectile. The schematic diagram of the orien-
tation is shown in the lower left corner of panel (c). Panel (d): v2

(pt � 0.5 GeV/c) and ε2 as functions of the orientation θ .

collisions. About the response coefficient more properties,
including experimental measurements and environmental de-
pendencies, have been discussed and understood in detail
[49–51].

Additionally, we should pay attention to the situation at
θ = 90◦, where the geometric overlap eccentricity equals
0.195. However, as we set the central region to a constant den-
sity, i.e., mathematically smoothed out the peak at z = ±2 fm,
we observed a decline in eccentricity to 0.175. According to
the linear response relation, this also means that the strength of
v2 will simultaneously decrease by 10%. This provides a novel
method to probe the fine structure inside deformed nuclei.

Finally, within the tip-body case (θ = 90◦), we further
explore the influence of the impact parameters on collective
flows. The proton and neutron elliptic and triangular flows
as a function of pt are shown in Fig. 7. As seen in panel
(a), the elliptical flow strengthens slightly with increasing

FIG. 7. The proton and neutron elliptic (a) and triangular
(b) flows as a function of transverse momentum pt at (y/ybeam)c.m. �
0.3 for the reaction of 24Mg + 24Mg at a beam energy of
0.5 GeV/nucleon. In the lower-left corner, resulting transverse areas
of overlap are shown.

impact parameters, which is again due to the increased ε2. A
more discriminatory signal appears in (b) triangular flow v3,
especially at high pt , which is defined as

v3 = 〈cos(3φ)〉. (4)

This can be analogously explained by ε3. The initial cross-
section diagram relating to ε3 is shown in the lower left corner
of (b), where the triangular symmetry emerges with decreased
centrality as shown by the shaded region. It should be em-
phasized that, regardless of fluctuations, the collective flow
induced by such symmetry will not be observed for a spherical
nucleus in any case. Even for a quadrupole-deformed nucleus,
triangular symmetry will not appear under ultracentral colli-
sions. Therefore, we can assert that v3 at high pt is indeed a
reliable and sensitive observable for deformation and central-
ity.

V. NONPOLARIZED COLLISIONS

In the preceding discussions, we have examined the effects
of deformed nuclei in various polarization scenarios. How-
ever, it is noteworthy that even in nonpolarized conditions
the deformation effect can still be observed in ultrarelativis-
tic heavy-ion collisions. Therefore, further exploration of the
deformation effect in nonpolarized collisions within the inter-
mediate energy regime is crucial. To achieve this, the Euler
rotation operator [�(φ, θ, 0) = Rz(φ)Ry(θ )Rx(0)] is applied
independently to the target and the projectile, where only
four degrees of freedom (θ1, φ1, θ2, φ2) are required for each
ultracentral collision event due to the absence of triaxial de-
formation. We average the results of these collisions with
random orientation and denote it as Avg. On the other hand,
the spectators from the projectiles can be detected on an event-
by-event basis in target shooting experiments. In this manner,
events lacking spectators from the projectiles can be readily
screened out and averaged, labeled as Avg.2. In these events,
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FIG. 8. Comparisons between the average results, Avg. and
Avg.2 (see text for details), of nonpolarized collisions and the
sph.-sph. case for the reaction of ultracentral and semicentral
24Mg + 24Mg collisions at a beam energy of 0.5 GeV/nucleon. Panel
(a): The central baryon density as a function of time. Panel (b):
Multiplicities of π+ meson as a function of momentum. Panel (c):
The proton elliptic flows as a function of transverse momentum.
Panel (d): The proton triangular flows as a function of transverse
momentum. The legend in panel (d) is applicable to panels (b)–(d).

the projectile orientation (θ2, φ2) satisfy

θ2 ∈
{

[θ1, 180◦ − θ1], θ1 < 90◦,

[180◦ − θ1, θ1], θ1 � 90◦ (5)

and

φ2 = φ1 (6)

with θ1 ∈ [0◦, 180◦] and φ1 ∈ [0◦, 180◦] being the target ori-
entation. With continued technological advancements, the
detection of spectators from the target will also be possible.
This will provide additional assistance in determining the
impact parameter from the narrow centrality bin of the current
scenario. We hence set the impact parameter b = 0 fm.

Figure 8 showcases comparisons among the results of
nonpolarized collisions (Avg. and Avg.2) and the sph.-sph.
scenario, including central density (ρ/ρ0)cen., π+ multiplicity,
elliptic flow v2, and triangular flow v3. Panel (a) indicates
slight variations in central density evolution between the
average and sph.-sph. scenarios in both ultracentral and sem-
central collisions. However, these variations are insufficient to
significantly impact the production of pion mesons, v2, and v3.

In order to investigate deformation-sensitive observables in
average scenarios, we shift our focus to 〈v2

2〉 based on the
experience gained from studying ultrarelativistic collisions.
Here, 〈v2

2〉 represents the mean square elliptic flow averaged
over all events, while v2 denotes the elliptic flow of a single
event. In this case, it is worth noting that the number of

FIG. 9. Upper panel: The mean square elliptic flows resulting
from the combination of l events with the same orientation (curves in
the blue-green color series) and the strength of the deformation effect
I (curves in the red color series). See text for details. Lower panel:
The elliptic flows produced in the body-body collision as a function
of beam energy.

hadrons produced in intermediate-energy (� 1 GeV) reactions
is often only approximately 1/20 of that in ultrarelativis-
tic (e.g.,

√
sNN = 200 GeV) reactions. This inevitably leads

to substantial fluctuations, making it challenging to capture
deformation information from the results. To mitigate these
fluctuations, the elliptic flows of l events with the same ori-
entation are combined and discussed together, described as
〈〈v2〉2

l 〉. The inner and outer brackets respectively represent
the averaging over l events with the same orientation and
averaging over all orientations.

〈〈v2〉2
l 〉 is shown (the blue-green color series) in the upper

panel of Fig. 9 for the sph.-sph., Avg., and Avg.2 scenarios.
The response relation now is expressed in a more general form
as 〈〈v2〉2

l

〉 = al + fl (β ), (7)

where the fluctuation al corresponds to the blue curve and
the deformation effect fl (β ) is manifested as the difference
between the green (or light blue) curve and the blue curve.
Aiming at fluctuations, extensive researches were conducted
in Refs. [37,39,52,53]. One of the most direct conclusions
is that the fluctuations are inversely proportional to l . As l
increases, the final-state hadrons under the same orientation
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TABLE I. The deformation effect fl (β ) (×10−5) in nonpolarized
24Mg + 24Mg ultracentral collisions calculated by IBUU (Ebeam = 0.5
GeV/nucleon) and AMPT (

√
sNN = 200 GeV) models.

l 1 10 25 50 100 200 1(AMPT)

Avg. 0 3.20 3.67 3.62 3.67 3.39 17.6
Avg.2 4.00 8.16 8.38 8.97 9.09 8.93

naturally increase (with each event generating approximately
50 hadrons within the current reaction conditions), leading to
decreased fluctuations.

As fluctuations are gradually eliminated, the deformation
effect becomes evident. The strength of the deformation effect
I is further defined as

I = fl (β )

al
, (8)

which corresponds to the curves in the red color series of the
panel. When considering 〈v2

2〉 (l = 1), the variations caused
by deformation are completely overshadowed by the fluctua-
tion. In the Avg. case, the strength of the deformation effect
reaches a distinguishable 10% only when l = 25. This implies
that a reaction system needs to produce over 1200 particles
in a single collision to have the capability of event-by-event
deformation identification. In the intermediate-energy range,
this is practically impossible to achieve. Avg.2 brings op-
timism to this situation, as in the process of shielding the
projectile, the orientation of the target tends to favor pro-
jecting a larger area onto the x-y plane, which enhances the
average deformation effect. As such, the deformation can be
detected with l = 10, corresponding to 500 final-state parti-
cles. We can conclude that the magnitude of deformation can
be probed experimentally in transport systems with projectile
and target mass numbers greater than around 170.

In ultrarelativistic collisions, the deformation term can be
represented as

f1(β ) = k2〈ε2
2 (β )

〉
. (9)

〈ε2
2 (β )〉 = 0.036 is calculated at the current density using

Eq. (3), which is nearly half of the value obtained under
the Woods-Saxon density with 〈ε2

2〉 = 0.239β2
2 = 0.067 in

Ref. [38]. In this approach, we obtain f1(β ) = 1.64 × 10−4,
where k = 0.0657 is taken from previous calculations us-
ing body-body collisions at 500 MeV/nucleon. On the other
hand, f1(β ) = 〈v2

2〉 − a1 = (1.196 − 1.02) × 10−3 = 1.76 ×
10−4 is further calculated at energy

√
sNN = 200 GeV by

using the AMPT model v2.26t5 with string-melting mode and
partonic cross section of 3.0 mb [54,55]. A coincidence is that
the elliptic flow magnitude of body-body collisions is very
similar at the two energies (see the lower panel of Fig. 9), by
which the similar k is generated. The close f1(β ) values con-
firm the linear response relation in AMPT. As comparisons,
the corresponding results from the IBUU model are presented
in Table I.

The deformation effect remains consistent within a narrow
interval when l � 10, which is independent of l and solely
determined by the deformation. Moreover, it can be seen both

Avg. and Avg.2 exhibit considerably smaller values compared
to the calculations based on AMPT and k2〈ε2

2 (β )〉. This dis-
parity could be attributed to the greater influence of spectators
in intermediate-energy reactions. The deformation effect is
partially eliminated during the reaction process.

Through the current analysis, we can basically comprehend
the geometric effects of deformed nuclei in intermediate-
energy heavy-ion collisions. As an extension, the conclusions
from the prolate nucleus 24Mg are also qualitatively appli-
cable to some other potential prolate nuclei, such as 20Ne,
etc. When exploring other properties of nuclear systems,
such as symmetry energy, neutron skin, bubble structure, and
high-momentum tail, this study can also serve as a refer-
ence for eliminating the interference of deformation effects.
Additionally, a remianing issue worth noting is the slight
incompatibility between the initial state density distribution
obtained from DD-PC1 interaction and the interaction during
collision evolution. Although this does not significantly im-
pact the observables, it remains a noteworthy avenue for future
research.

Another aspect, the high sensitivity of collective flows
to deformation, provides a promising prospect for studying
deformation based on neural network methods, by which
density-related studies have already achieved fundamental
progress [56,57]. Constructing deep-neural-network map-
pings from collective flows (v2

2, v
2
3, . . . ) to densities (ρn, ρp)

aimed at certain centralities will allow the straightforward
generation of nuclear density profiles through experimental
data. This will further deepen our knowledge of nuclear struc-
tures.

Based on this study, further systematic research on the EoS
can be conducted. Comparing the theoretical and experimen-
tal v2 signals at central body-body collisions between 24Mg
to deduce the EoS has explicit advantages: (1) shadowing
effects, which is the squeeze-out effect by the spectators in
the midrapidity region [58], can be avoided to some extent as
all the nucleons are participants; (2) the intermediate-energy
v2 signal can be detected experimentally in a more economical
way at facilities HIAF/IMP, J-PARC, FAIR, NICA, HIMAC,
etc. This implies that we also need to understand thoroughly
the fundamental mechanisms behind squeeze-out effects and
in-plane flow during deformed nuclei reactions. To summa-
rize, a more accurate extraction of the EoS dependence of
elliptic flow is anticipated in ultracentral deformed nucleus-
nucleus collisions.

VI. SUMMARY

Heavy-ion collision simulations of deformed nuclei based
on the IBUU model are conducted, where the highly deformed
prolate nucleus 24Mg is comprehensively studied. The spatial
density distributions obtained from RMF calculations are used
to initialize the tip-tip and body-body collisions, compared
with the sph.-sph. collisions initialized via the constraint cal-
culation on β2 = 0 point.

Regarding these three collision scenarios, we first explore
the role played by centrality. From the central baryon density,
we notice that in tip-tip and sph.-sph. collisions, the reaction
pressure and reaction time decrease significantly as the cen-
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trality decreases. This is in contrast to body-body collisions,
which are less sensitive to centrality within the domain b ∈
[0, 6] fm. As a result, the discrimination in reaction pressure is
directly reflected in the multiplicities of mesons and nucleons,
where the meson yield of body-body collisions is roughly
twice that of sph.-sph. collisions and three times that of tip-tip
collisions in peripheral collisions. During the study of ellip-
tic flow, it is noted that an increasing impact parameter can
enhance the flows for tip-tip and sph.-sph. collisions, while
the body-body case still maintains a relatively small variation.
We attribute the anomaly in the body-body case to the dilute
participants in the periphery of the systems.

The study on the collision angle is further carried out,
exploring the corresponding particle yield and elliptic flow
variations by adjusting the orientation of the projectile in 15◦
intervals. Obviously, the initial eccentricity of the overlap ε2

still dominates the variation of the elliptic flow v2, maintaining
a positive correlation. Subsequently, the special case of the
tip-body is discussed further, where triangular flow expressly
emerges at high pt on noncentral collisions. The reliability
of v3 as a probe for nuclear deformation and the reaction
centrality of quadrupole-deformed nuclei is thus recognized.

In the final analysis, the scenarios of nonpolarized colli-
sions are implemented. The reaction results reveal a relatively
subdued mean squared elliptic flow compared to the pre-
dictions of the linear response relation k2〈ε2

2 (β )〉 and the
outcomes in AMPT at relativistic energies. By filtering out

events with spectators from the projectiles, there is a no-
ticeable increase in the mean squared elliptic flow. However,
the event-by-event analysis of deformation information re-
mains unattainable. It is speculated that deformation effects
in intermediate-energy reactions only manifest when both the
mass numbers of the projectile and target exceed 170 at least.

This work will also contribute to studies about
intermediate-energy heavy-ion collisions between other
deformed nuclei, and facilitate further discussions on
properties such as symmetry energy and high-momentum
tails with deformed nuclei. On the other hand, further studies
on higher-order deformation components are also expected.
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