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Relativistic collisions of nuclei with different intrinsic structures provide a unique oppor-
tunity to study how nuclear geometry and deformation influence the initial conditions and
the subsequent evolution of the hot and dense quark gluon plasma created in such collisions.
Observables measured in collisions involving deformed uranium nuclei, clustered light nu-
clei such as carbon and oxygen, and isobaric systems such as ruthenium and zirconium offer
complementary insights into the properties of the initial state, extending the information
obtained from collisions of nearly spherical nuclei. The deformation and possible cluster
substructures in the colliding nuclei are expected to generate distinct initial geometric fea-
tures in the overlap region, while isobaric collisions enable the study of nuclear structure
effects in systems with nearly identical mass numbers. These differences influence the ini-
tial spatial anisotropies, which subsequently translate into final state momentum anisotropies
of the produced particles. The production and anisotropic flow vn of thermal photons serve
as an effective probe of early stage dynamics in relativistic nuclear collisions. A systematic
analysis of photon vn in different collision systems can therefore help identify the effects of
nuclear deformation and clustering in the initial state.

I. INTRODUCTION

Relativistic heavy ion collisions lead to the formation of a hot and dense quark–gluon plasma
(QGP), a phase of matter in which quarks and gluons are deconfined and exist in local thermal
equilibrium [1–5]. It is well established that, a few microseconds after the Big Bang, our present
day Universe was in the quark–gluon plasma phase [6]. The core of neutron stars is also believed
to contain matter under extreme conditions, where a QGP phase may exist [7]. The hot and dense
QGP produced in relativistic heavy-ion collisions is transient in nature, with a lifetime of only a
few fm/c. This extremely short existence makes it challenging to extract detailed information about
the properties and dynamics of this hot and dense state. Information about the quark gluon plasma
and its evolution is extracted from various final state observables measured in experiments [8, 9].
The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory first provided
strong evidence for the formation of the QGP in Au+Au collisions at 200A GeV energy [10–12].
Subsequently, experimental data from Pb+Pb collisions at the Large Hadron Collider (LHC) at
CERN have yielded more detailed insights into the properties and behavior of strongly interacting
matter under extreme conditions.
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Anisotropic flow of charged particles and jet quenching arising from the energy loss of high
energy partons (quarks and gluons) traversing the medium are two powerful signatures of quark
gluon plasma formation in relativistic heavy ion collisions [13–20]. In addition, strangeness en-
hancement, heavy quark and quarkonia suppression, electromagnetic probes, and several other
observables provide valuable information about the properties of QGP [21]. In relativistic nuclear
collisions, the two Lorentz contracted nuclei travel along the beam direction at velocities close to
the speed of light and deposit enormous amount of energy in the collision region. Shortly after
the collision, the deconfined quarks and gluons interact among themselves to form a strongly in-
teracting medium, which subsequently expands and cools down. After some time, the medium
constituents are assumed to stop interacting with one another, leading to a kinetic freeze-out, and
the produced particles reach the detector.

Central collisions of two nuclei at relativistic energies are expected to generate the maximum
energy density and temperature creating a low baryon density quark gluon plasma matter. In
contrast, non-central collisions provide important geometry driven information that cannot be ac-
cessed in central collisions [21]. A variety of collision systems, such as Au+Au, Cu+Cu, U+U,
Ru+Ru and Zr+Zr have been studied at different beam energies at the Relativistic Heavy Ion
Collider. At the Large Hadron Collider, collision systems such as Pb+Pb, Xe+Xe and O+O are
explored at even higher energies to investigate the properties of the produced medium through
various final state observables. While symmetric collisions of nearly spherical nuclei provide es-
sential information about the properties of the fireball, collisions involving deformed nuclei (such
as U+U and Xe+Xe) offer additional and complementary insights that cannot be obtained from
spherical systems alone. Recent studies have shown that small systems, like p+p, p+A, d+A and
He+Au collisions can also produce QGP due to the compact size and very high energy density
formed in these collisions [22–24]. Most of the particles produced in relativistic nuclear collisions
are hadrons, with pions comprising the largest number due to their relatively small masses. These
hadrons are primarily emitted during the later stages of the evolution and reach the detector after
being released from the freeze-out surface. Electromagnetic probes like photons and dileptons are
produced throughout the evolution of the expanding fireball [25–29].

A. Anisotropic flow in relativistic nuclear collisions

Anisotropic flow is considered as one of the most prominent observables produced in relativis-
tic nuclear collisions, which provides information about the collective behavior of the produced
medium [15, 30, 31]. The initial spatial anisotropy in the overlap region of two colliding nuclei
generates anisotropic pressure gradients, which subsequently lead to an anisotropic momentum
distribution of the produced particles. This anisotropy is quantified through the Fourier coeffi-
cients of the invariant transverse momentum distribution of the produced particles.

dN

d2pTdy
=

1

2π

dN

pTdpTdy
[1 + 2

∞∑

n=1

vn(pT ) cosn(ϕ− ψn)] . (1)

Here pT is the particle transverse momentum, y denotes the rapidity and ϕ represents the azimuthal
angle of the emitted particles. The event plane angle for the nth flow coefficient is denoted by ψn.
The event plane angle provides a quantitative measure of the orientation of the anisotropy in each
event. The anisotropic flow coefficients vn from experimental analysis can be compared with
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theoretical model calculations to probe key properties of the quark–gluon plasma, such as its shear
viscosity, formation time, equation of state, and many more [8, 15].

Anisotropic flow coefficients are commonly studied as functions of transverse momentum, im-
pact parameter (or collision centrality), rapidity, and other kinematic variables. Among the various
vn coefficients, the second harmonic, which originates from the elliptic shape of the overlap re-
gion, is typically the largest and is known as the elliptic flow parameter v2. The third harmonic
arises mainly from event-by-event fluctuations in the initial geometry and is referred to as the tri-
angular flow parameter v3. The directed flow coefficient v1, particularly in asymmetric collision
systems, has also gained considerable attention in recent studies. Higher-order flow coefficients
are generally smaller in magnitude compared to v2 and v3.

The anisotropic flow of charged particles produced in relativistic heavy-ion collisions is well
described by relativistic hydrodynamic models with appropriate initial conditions at both RHIC
and LHC energies [8]. In contrast, the anisotropic flow of photons exhibits a different behavior
from that of hadrons and remains inadequately described by existing theoretical models [32–35].
This discrepancy between theoretical predictions and experimental observations is commonly re-
ferred to as the direct photon puzzle [36].

B. Photon anisotropic flow

Photons produced in relativistic nuclear collisions are regarded as one of the promising probes
to study the initial state and the evolution of the fireball. Photons, both real as well as virtual
(dileptons), are emitted from the entire space-time evolution and suffer negligible final state in-
teractions. Depending on their origin, photons can be classified into different components such
as prompt, thermal, pre-equilibrium and decay photons. The experimentally measured photon
spectrum contains a huge background of decay photons which are produced after the freeze-out.
Significant progress has been achieved in photon analysis techniques that allow efficient subtrac-
tion of the decay photon (mostly originating from the 2γ decay of π0 and η) contributions from
the measured spectrum [29, 37].

Prompt photons are produced in the initial hard scattering among the partons soon after the
collisions [38–40]. The next to leading order perturbative QCD calculations for prompt photons
matches with experimental data from p+p collisions well both at RHIC and at the LHC energies.
These photons do not contribute to the photon anisotropic flow directly as they are emitted before
the onset of collectivity of the medium. Thermal photons are emitted from both the QGP phase
and the hot hadronic matter phase [41–43]. In the QGP phase, the dominant processes for thermal
photon production are quark-gluon Compton scattering and quark anti-quark annihilation. In the
hadronic phase, interactions involving π and ρ mesons contribute significantly to the production
of thermal photons. The total thermal emission is estimated by integrating the emission rates over
the space-time four-volume

E
dN

d3p
=

∫
d4xR (E∗(x), T (x)) , (2)

where E and p denote the photon energy and momentum, respectively, and T (x) is the local
temperature. E∗(x) = pµuµ(x) in the boosted frame, where pµ is the photon four-momentum and
uµ is the local four-velocity of the flow field. Standard rates of photon production from the strongly
interacting and dynamically evolving medium are used to estimate the thermal spectra [44–46].
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The competing contribution of thermal radiation from QGP and hadronic matter gives rise to
the photon anisotropic flow and also decides its pT dependent nature. The thermal photons only
contribute directly to the experimentally measured anisotropic flow of photons. Photons produced
just before the thermalization of the medium are known as pre-equilibrium photons [47–49]. These
are expected to contribute to the experimentally measured spectrum mainly in the higher pT region.
However, their contribution to the photon anisotropic flow is found to be marginal.

II. PHOTON ANISOTROPIC FLOW FROM COLLISIONS OF NON-SPHERICAL NUCLEI

A. Photons from 238U+238U collisions at RHIC

Collisions involving deformed nuclei have attracted significant attention in recent years [50,
51]. Uranium–uranium collisions at 193A GeV at RHIC and xenon–xenon collisions at 5.44A TeV
at the LHC have provided valuable insight into the properties of the hot and dense fireball created
in these collisions [52–56]. In recent years, collisions of non-spherical isobaric systems such as
Zr+Zr and Ru+Ru at 200A GeV at RHIC have been studied to investigate the chiral magnetic
effect in relativistic nuclear collisions [57–59]. The production and anisotropic flow of thermal
photons from these systems have shown significant potential not only for probing the initial state
nuclear deformation but also for providing insights into the direct photon puzzle [60]. Relativistic
hydrodynamics is considered to be the most successful framework to explain the evolution of the
medium formed in relativistic nuclear collisions and also the experimentally measured spectra and
anisotropic flow of charged particles [8].

The initial state in a hydrodynamical model calculation is typically constructed using the
Glauber model formalism. For deformed nuclei, a two-parameter Woods–Saxon nuclear density
distribution of the following form is employed [8, 61]:

ρA(r, θ) =
ρ0

1 + exp
[
r−R(θ)

ξ

] , (3)

where ρ0 is the central density, ξ is surface diffuseness parameter and R(θ) is the radius of the
nucleus A. For uranium the radius is expressed as,

R(θ) = RA [1 + β2Y20(θ) + β4Y40(θ)] . (4)

Here RA denotes the nuclear radius in the absence of deformation, defined as,

RA = (1.12A1/3 − 0.86A−1/3) fm. (5)

The parameters β2 and β4 represent the quadrupole and hexadecapole deformations, respectively.
The Y20(θ) and Y40(θ) are the spherical harmonics:

Y20(θ) =

√
5

16π

(
3 cos2 θ − 1

)
(6)

Y40(θ) =

√
9

256π

(
35 cos4 θ − 30 cos2 θ + 3

)
. (7)
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FIG. 1. Schematic representation of the full nuclear overlap for tip–tip and body–body configurations in
U+U collisions in the transverse plane [62].

In the Glauber model calculations, the thickness function TA(x, y) is estimated as a first step,
which gives the nucleon density in the transverse plane. In a typical hydrodynamic model calcula-
tion, the beam direction is chosen along the z-axis, the impact parameter along the x-axis, and the
transverse plane of collisions is the x-y plane. The thickness function is estimated by integrating
the nuclear density along the longitudinal (beam) direction:

TA(x, y) =

∫
dz ρA(x, y, z), (8)

where ρA(x, y, z) is the nuclear density distribution (Eq. 3) in the Cartesian coordinate system of
the nucleus. For a non-central collision of the nuclei A and B at an impact parameter b, the
density of binary nucleon-nucleon collisions, denoted as ncoll(x, y; b) in the transverse plane, is
proportional to the product of the two nuclear thickness functions:

ncoll(x, y; b) = σNN TA(x+ b/2, y)TB(x− b/2, y), (9)

where σNN denotes the total inelastic nucleon–nucleon cross section at a given beam energy. The
total number of binary collisions is obtained as:

Ncoll(b) =

∫ ∫
dx dy ncoll(x, y; b). (10)

The wounded nucleons or participants are those that suffer at least one collision with a nucleon
from the other nucleus. The wounded nucleon density npart(x, y; b) is:

npart(x, y; b) = TA(x+ b/2, y) [1− exp (−σNNTB(x− b/2, y))]

+ TB(x− b/2, y) [1− exp (−σNNTA(x+ b/2, y))] .
(11)
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FIG. 2. Number of participants and binary collisions as a function of impact parameter from 193A GeV
U+U collisions at RHIC for tip–tip and body–body orientations.
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FIG. 3. Thermal photon spectra from tip-tip and body-body U+U collisions at RHIC [62].

The total number of participants in collisions of two nuclei is given by,

Npart(b) =

∫ ∫
dx dy npart(x, y; b). (12)

One of the most interesting aspects of collisions involving deformed nuclei is that even in fully
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FIG. 4. Elliptic flow of thermal photons from body-body orientation of U+U collisions and mid-central
Au+Au collisions at RHIC [62].

overlapping most-central collisions, different orientations of the colliding nuclei can lead to dis-
tinct initial geometries and significantly different final state observables. A fully overlapping U+U
collision that gives rise to a maximum energy density, charged particle multiplicity, and a circular
overlapping region is called the tip-tip orientation [see Fig. 1]. The other fully overlapping orien-
tation that gives rise to minimum energy density and maximum spatial eccentricity is known as the
body-body collisions, as shown in Fig. [62]. Glauber model calculations show that, although the
number of participants depends only marginally on the collision orientation, the number of binary
collisions is about 30% larger for the tip–tip collisions compared to the body–body collisions, as
shown in Fig. 2. For 238U the deformation parameters β2 and β4 are taken as 0.28 and 0.093,
respectively. The σNN value at 200A GeV is taken to be 42 mb.

A (2+1) dimensional longitudinally boost invariant ideal hydrodynamical model calculation
has been used along with state of the art thermal photon rates to calculate the spectra from tip-
tip and body-body orientations in U+U collisions at RHIC [62]. The results, along with thermal
photon spectra from central Au+Au collisions, are shown in Fig. 3. The thermal production is
found to be significantly larger for the tip-tip collisions than for body-body collisions, as the initial
temperature distribution is much larger for the former than for the latter. The elliptic flow param-
eter, on the other hand, is found to be significantly large for the body-body orientation [see Fig. 4]
and comparable to the v2(pT ) for mid-central Au+Au collisions at RHIC. The tip-tip orientation
does not give rise to significant photon elliptic flow due to the absence of spatial anisotropy in the
initial overlapping region. One can expect only a very small v2(pT ) from the tip-tip collision due
to initial state fluctuations.

It has been shown that the spectator energy deposited in the zero-degree calorimeter can be used
experimentally to select the most central events. In addition, the anti-correlation between particle
multiplicity and anisotropic flow can, in principle, help distinguish between the tip-tip and body-
body configurations in most central U+U collisions. Therefore, an experimental determination
of photon anisotropic flow in U+U collisions could provide further insight into the direct photon
puzzle by comparing with the direct photon data from Au+Au collisions and help constrain the
properties of the initial state created in such collisions [62].
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FIG. 5. Density of binary collisions nBC in the transverse plane at impact parameter b = 0 fm for Ru+Ru
body-body collision at 200A GeV at RHIC.

B. Anisotropic flow of thermal photons from isobaric collisions at RHIC

Isobars are nuclei that have the same mass number A and different atomic (charge) numbers Z.
Relativistic collisions of isobaric systems provide a unique opportunity to study the influence of
nuclear structure and charge differences on various observables for nearly identical systems [57].
The isobaric collisions of 96Ru+96Ru (A = 96, Z = 44) and 96Zr+96Zr (A = 96, Z = 40) were
carried out recently at

√
sNN = 200 GeV at RHIC. The 96Ru nucleus is believed to exhibit a prolate

deformation, whereas 96Zr is expected to exhibit octupole deformation, despite both nuclei having
the same mass number [63–65]. As a result, these systems provide an important testing ground
to study the effects of nuclear deformation and properties of the initial state in relativistic nuclear
collisions. A hydrodynamic model calculation has been carried out to study the initial state, its
evolution, thermal photon production, and anisotropic flow of photons from different orientations
of Ru+Ru and Zr+Zr collisions [60]. The initial entropy density is considered to be proportional
to the final charged particle multiplicity. Since the value of charged particle multiplicity for the
isobaric set is not known precisely, we use the parametrized relation [66]:

dNch

dη
=
NWN

2
[0.78 ln (

√
sNN)− 0.4] . (13)

The nuclear radius in the density distribution in the initial state Glauber model calculation for Ru
is taken as,

R(θ, ϕ) = RA [1 + β2Y20(θ, ϕ)] . (14)

For the Zr it is taken as,

R(θ, ϕ) = RA [1 + β2Y20(θ, ϕ) + β3Y30(θ, ϕ)] . (15)

The parameters used for the isobaric systems are listed in Table I. Due to the deformed nuclear
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FIG. 6. Density of binary collisions nBC in the transverse plane at impact parameter b = 0 fm for Zr+Zr
body-body collision at 200A GeV at RHIC.

structure of these nuclei, the hydrodynamic evolution of the medium produced in these collisions
is found to be slightly different for the two systems. In the most central body-body configuration,
Zr+Zr collisions generate a relatively large initial triangular eccentricity, whereas Ru+Ru colli-
sions lead to a larger elliptic eccentricity. The distributions of the number of binary collisions in
the transverse plane for the body-body collisions of Ru+Ru and Zr+Zr at

√
sNN = 200 GeV at

RHIC are shown in Fig. 5 and Fog. 6, respectively. The initial spatial anisotropy arising from the
nuclear structure leads to significant anisotropic flow of photons in the most central events.

It has been shown that Zr+Zr collisions produce a relatively large triangular flow v3(pT ) of
photons, whereas Ru+Ru collisions result in a larger elliptic flow of thermal photons [see [60] for
details]. The magnitude of the triangular flow is found to be significantly larger than the elliptic
flow parameter in this set of isobaric collisions. Therefore, the ratio v2/v3 of photons together with
the individual anisotropic flow coefficients can serve as a useful probe of the underlying nuclear
structure and the properties of hot and dense QGP matter produced in these collisions.

Nucleus A
RA

(fm)
ξ

(fm)
β2 β3

Ruthenium (Ru) 96 5.09 0.46 0.162 0
Zirconium (Zr) 96 5.02 0.52 0.06 0.20

TABLE I. Nuclear parameters and deformation parameters for different nuclei [63].
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FIG. 7. Schematic of two different orientations of α clustered carbon colliding with gold nuclei [75].

III. COLLISION OF ALPHA CLUSTERED LIGHT NUCLEI

The existence of α-cluster configurations in light nuclei, such as 12C and 16O, constitutes a key
aspect of low-energy nuclear structure physics [67, 68]. These substructures are believed to play
an important role in the stability and structural properties of these nuclei. Recent theoretical and
phenomenological studies indicate that α clustered structures in light nuclei can be probed in rel-
ativistic nuclear collisions by analyzing the final state observables which carry information about
the initial geometric structure of the colliding nuclei [69–73]. One can estimate that the passage
time of two Lorentz contracted nuclei in relativistic nuclear collisions is significantly shorter than
the characteristic timescale of slower nuclear reactions. Consequently, in the collisions involving
α clustered light nuclei, the initial geometric configuration is expected to remain effectively frozen
in the early stages of the interaction.

The 12C nucleus is commonly modeled as three α clusters located at the vertices of an equi-
lateral triangle, whereas the 16O nucleus is often described by a four α cluster configuration. The
nucleon distribution in clustered 12C is constrained such that the one-body radial density distribu-
tion reproduces the results of the BEC model [74]. The nucleon distribution within each α cluster
of 12C is assumed to follow a Gaussian form:

fi(r⃗) = A exp

(
−3

2
(r⃗ − c⃗i)

2/r2α

)
, (16)

where the center of the ith cluster is denoted by c⃗i, and the cluster radius is represented by rα. The
side length of the equilateral triangle configuration is taken to be 3.05 fm, while rα is chosen as
0.96 fm. For details, see Ref. [75] and the references therein. The unclustered configuration of the
carbon nucleus corresponds to the mean-field state, where the nucleon distribution is assumed to be
isotropic. For the unclustered carbon nucleus, a two-parameter Woods–Saxon density distribution
is employed with parameters tuned to reproduce the same root-mean-square radius (∼ 2.26 fm) as
in the clustered configuration. The initial density distribution of the gold nucleus is also described
using the standard two-parameter Woods–Saxon nuclear density profile.

e-ISSN: 3049-026X J. Phys. Res. Edu., Vol. 3 (2026)10



Probing Nuclear Deformation and Clustered Structure · · · R. Chatterjee

− 4 − 2 0 2 4
x(fm )

− 4

− 2

0

2

4
Y

(f
m

)

θ = 0ε2 = 3.12 × 10− 3

ε3 = 0.43

(a)

0

50

100

150

200

250

S (fm − 3)

− 4 − 2 0 2 4
x(fm )

− 4

− 2

0

2

4

Y
(f

m
)

θ = π/2ε2 = 0.54

ε3 = 2.94 × 10− 3

(c)

0

50

100

150

200

250

S (fm − 3)

− 4 − 2 0 2 4
x(fm )

− 4

− 2

0

2

4

Y
(f

m
)

Unclusteredε2 = 8.00 × 10− 3

ε3 = 8.82 × 10− 3

(d)

0

50

100

150

200

250

S (fm − 3)(c)

(b)(a)

FIG. 8. Initial entropy density distribution on the transverse plane in clustered C+Au collisions for two
different orientations (upper panels) and for most central unclustered C+Au collisions (lower panel) at
200A GeV at RHIC [75].

Figure 7 shows a schematic diagram of the collision of alpha-clustered carbon with gold nuclei
for two different orientations of the clustered carbon. Depending on the orientation of the clustered
carbon, the collision geometry varies significantly as the nuclear distribution of the gold nuclei is
random, and it acts as a wall to the incoming carbon nucleus. Thus, when the symmetry axis of
the carbon nucleus is aligned along the z-axis, it results in a large triangular eccentricity ϵ3 (see
Fig. 8 (a)). In contrast, when the symmetry axis is oriented perpendicular to the beam direction,
it leads to a large spatial ellipticity ϵ2 as shown in Fig. 8 (b). The central collision of unclustered
or uniform carbon with a gold nucleus results in a uniform distribution of initial energy or entropy
density on the transverse plane, as shown in Fig. 8 (c).

A realistic simulation considering an event-by-event hydrodynamical evolution has shown that
the event averaged initial eccentricities of cluster C+Au collision show a completely different
nature than the results obtained from the unclustered C+Au collisions at 200A GeV at RHIC [76].
The initial spatial eccentricities ϵn are obtained using the relation [77]:

εn =

√
⟨r2 cos(nϕ)⟩2 + ⟨r2 sin(nϕ)⟩2

⟨r2⟩ . (17)
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FIG. 9. Ratio of initial spatial eccentricities (ϵ2 and ϵ3) from clustered and unclustered C+Au collisions at
RHIC as a function of collision centrality [76].

As shown in Fig. 9, the initial triangular eccentricity ε3 is significantly larger for the clustered case
compared to the unclustered case in the most central collisions. In contrast, the initial ellipticity
ε2 does not differ appreciably between the clustered and unclustered configurations, resulting in a
ratio that remains close to unity.

In the Monte Carlo Glauber framework used in event-by-event hydrodynamical model simu-
lation, two nucleons from different nuclei are assumed to collide when the transverse distance
between the colliding nucleons d satisfies the criterion: d2 < σNN

π
. The initial energy (ϵ(x, y)) or

entropy density (s(x, y)) distribution is assumed to be of the form [76]:

ϵ(x, y) or s(x, y) = K

Npart,Ncoll∑

i,j=1

[ ν ncoll(xi, yi)Fi(x, y) +

(1− ν)npart(xj, yj) Fj(x, y)]. (18)

The value of the constant factor ν is taken as 0.145, and K is a normalization factor that decides the
total multiplicity of an event. A normalized Gaussian distribution function Fi,j(x, y) is centered
about the ith participant or jth collision source is like:

Fi,j(x, y) =
1

2πσ2
e−

(x−xi,j)
2+(y−yi,j)

2

2σ2 . (19)

The Gaussian smearing width σ is taken as 0.4 fm. For thermal photon calculation, the initial
formation time of the plasma at RHIC is taken as 0.17 fm/c and a lattice based equation of state is
considered with freeze-out temperature of 160 MeV [78]. The thermal photon spectra averaged
over a sufficiently large number of events from clustered and unclustered C+Au collisions at RHIC
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FIG. 10. Thermal photons spectra from clustered and unclustered most central C+Au collisions at 200A
GeV RHIC [76].
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FIG. 11. Elliptic flow parameter v2(pT ) of thermal photons from clustered and unclustered C+Au collisions
at 200A GeV at RHIC. [76]

are shown in Fig. 10. The figure shows that the photon spectra alone can not differentiate between
the cluster and unclustered state of the colliding light nuclei. On the other hand, the anisotropic
flow exhibits significant qualitative and quantitative differences between the clustered and unclus-
tered configurations in these collisions. The elliptic and triangular flow coefficients of thermal
photons for the two configurations are shown in Fig. 11 and Fig. 12, respectively.

The pT -dependent elliptic flow of thermal photons from the collisions of clustered and unclus-
tered carbon is found to be close to each other. The v2(pT ) from unclustered collisions is found
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FIG. 12. Triangular flow parameter v3(pT ) of thermal photons from clustered and unclustered C+Au colli-
sions at 200A GeV at RHIC [76].

to be a little larger than the clustered case. This can be due to the relatively smaller ε2 for the
clustered C+Au collisions. The triangular flow, on the other hand, is found to be significantly
larger for the clustered C+Au collisions than for the unclustered case. The magnitude of v3(pT )
is also found to be larger than v2(pT ) from both clustered and unclustered collisions. This nature
of the anisotropic flow is unique, as for spherical nuclei, the triangular flow is found to be always
smaller than the elliptic flow parameter. Thus, the experimental determination of the anisotropic
flow of photons from such collisions can be useful in the study of the initial clustered structure in
light nuclei.

It is to be noted that prompt photons produced from initial hard scatterings do not contribute
to the elliptic flow of photons directly. However, they dilute the flow parameter in the larger pT
region by adding an extra weight factor. The thermal photon anisotropic flow is modified due to
the prompt contribution as,

vn(pT ) =
dN th(pT ) × vth2 (pT )

dN th(pT ) + dNpr(pT )
, (20)

where dN th(pT ) and dNpr(pT ) are the thermal and prompt yield at pT and vth2 (pT ) is the corre-
sponding thermal photon v2. The contribution of prompt photons to the experimentally measured
direct photon spectrum is substantial above pT = 3 GeV/c. Thus, the inclusion of prompt photons
affect the anisotropic flow mostly above 3 GeV/c. Minimizing the contribution of the prompt pho-
tons we have shown in a recent study that the ratio of photon anisotropic flow parameters can be a
potential probe in this regard [79]. The ratio of photon anisotropic flow parameters from clustered
and unclustered C+Au collisions is shown in Fig. 13. For cluster collisions, the ratio is less than 1
for pT > 1 GeV/c. However, for the unclustered C+Au collisions, the ratio is much larger than 1
for pT < 3 GeV/c. This difference between the ratio results for the two cases can be a potential
probe to study the initial state clustered structure in light nuclei.

e-ISSN: 3049-026X J. Phys. Res. Edu., Vol. 3 (2026)14



Probing Nuclear Deformation and Clustered Structure · · · R. Chatterjee

1 2 3 4 5 6
pT (GeV)

0.5

1.0

1.5

2.0

2.5
v 2

/v
3

Npart > 80

200A GeV C + Au@RHIC
Cluster
Unclustered
0 20% Au+Au@RHIC

FIG. 13. The ratio of photon anisotropic flow parameters from clustered and unclustered C+Au collisions
at 200A GeV at RHIC [76].

A. Anisotropic flow from clustered O+O collisions at LHC

The recent experimental program involving O+O collisions at
√
sNN = 7 TeV at the LHC

provides a new opportunity to investigate the possible clustered structure in light nuclei. The 16O
nucleus is predicted to exhibit a α clustered configuration in which four α particles are located at
the vertices of a tetrahedron. This geometric arrangement leads to spatial correlations among the
nucleons that can influence the initial spatial anisotropy of the collision zone in relativistic nuclear
collisions. Consequently, the measurements of final state observables such as anisotropic flow
parameters can provide information about the underlying cluster structure of the oxygen nucleus.

A relativistic hydrodynamic simulation with the GLISSANDO initial conditions has been em-
ployed to study O+O collisions at 7A TeV for both the clustered and unclustered configura-
tions [80]. The initial spatial eccentricities, as well as the evolution of average transverse flow
velocity, average temperature, etc., are studied in detail, and the results show moderate differences
in the evolution of thermodynamic parameters between clustered and unclustered O+O collisions.
The thermal photon spectra are found to be largely insensitive to the clustered structure of the
nucleus. However, the qualitative behavior of the anisotropic flow parameters depends strongly on
the presence of clustering in the oxygen nucleus.

IV. SUMMARY AND CONCLUSIONS

In conclusion, relativistic nuclear collisions involving nuclei with intrinsic deformation offer
an effective way to investigate the influence of nuclear structure on the initial conditions and
the subsequent evolution of the produced medium. These studies complement the information
obtained from collisions of nearly spherical nuclei, where the effects of deformation are largely
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absent. Relativistic collisions of light nuclei such as oxygen and carbon offer a unique opportunity
to explore the possible α-clustered configurations in the nuclear structure. The spatial correlations
associated with these clustered arrangements can modify the initial geometry of the overlap region
and may be reflected in final state observables, such as the anisotropic flow coefficients.

Measurements of photon anisotropic flow in these systems could therefore serve as sensitive
probes of the underlying nuclear structure. Additionally, such studies may also contribute to a bet-
ter understanding of the longstanding direct photon puzzle in relativistic heavy-ion collisions by
providing additional constraints on the early time dynamics and photon production mechanisms.
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