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Eccentricity in coordinate space Elliptic flow in momentum space



Nuclear structure
Stable nuclei：～300；Predicted：～8000 Observed: ～3400+ )

Deformation  Neutron skin/halo Clustering 

• Limits of nuclear existence
• Changes in shell structure
• Disappearance and emergence of magic 

numbers
• Exotic radioactivity
• New mechanisms of nuclear reactions and 

collective phenomena
• nuclear structure 
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Shape Anisotropic flow Size Transvers momentum

PRC 87 (2013) 5, 054901

PRC103 (2021) 2, 024909

10-25 s << rotational time scale 10-21  s

Imaging nuclear structure with HICs
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Nuclear deformation imprint on initial QGP

Nuclear size: Nuclear shape:

Jiayong Jia
In liquid drop model, 
nuclear surface:

Jiangyong Jia, Phys.Rev.C 105 (2022), 014905 and 044905
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Correlation between different 𝜺𝒏

Correlation between  (shape) and  (size)𝜺𝒏 𝜹𝒅⊥

Correlation between different 𝒗𝒏

Correlation between   and  𝒗𝒏 𝜹𝒑𝑻

 How to explore more detailed structural information：

different 
sign !

HIC experimental observations 

STAR (张春健, 马余刚等), Nature 635, 67-72 (2024)

Au+Au

U+U
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:十六级形变参数𝛽4

New proposal:
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➢ HIC can extract information 
about the hexadecapole 
deformation of atomic nuclei 

➢ 6-particle correlations allow 
to differentiate triaxial 
(fixed γ = 30°) and γ-soft 
(fluctuating γ) structures

Shujun Zhao, Hao-jie Xu, You Zhou, Yu-Xin Liu, Huichao Song, Phys. Rev. Lett. 133 (2024) 192301

Hao-jie Xu, Jie Zhao, Fuqiang Wang, Phys. Rev. Lett., 132, 262301 (2024)

New proposed observables in HICs 
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Ikeda diagram for light nuclei
Rich clustering structure in light nuclei:
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Clusters in 12C

E.Epelbaum,et al,,PRL 109,252501 
(2012)

obtuse triangular configuration 

S.Shen, et al., Nat Commun 14, 2777 (2023) 

nuclear lattice EFT

D J Marín-Lámbarri,et al., PRL 113, 012502 (2014)

Otsuka, et al., Nat Commun 13, 2234 (2022)

M.Kimura, Eur. Phys. J. A 60, 77 (2024)

L.Fortunato, Few-Body Syst 65, 1 (2024).

M. Chernykh, et al., PRL 98, 032501 (2007)

B. Zhou, et al., Phys. Rev. C 99, 051303(R) (2019).

B. S. Huang, et al., PRC95,034606 (2017)
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Or 	 with nonlocalized cluster with 5-alpha

Antisymmetrized Molecular 
Dynamics Model (AMD)

Cluster Shell

Nonlocalized THSR model

J↑

Prog. Theor. Phys. 40, 277 (1968)

Pauli repulsion

20Ne	 large deformation 

   or significant cluster structure

➢ 20Ne with localized cluster with a+16O 

Clusters in 20Ne

B.Zhou, Y.Funaki, H.Horiuchi, Y-G.Ma, G.Ropke,P.Schuck,   
A.Tohsaki, and T.Yamada.  Nat Commun 14, 8206 (2023)
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Cluster effect on HICs

• v₃/v₂ ratio is a sensitive 
probe for studying cluster 
structures in HICs!

PHYSICAL REVIEW C 95, 064904 (2017)

Nuclear cluster structure effect on elliptic and triangular flows in heavy-ion collisions
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The initial geometry effect on collective flows, which are inherited from initial projectile structure, is studied
in relativistic heavy-ion collisions of 12C + 197Au by using a multiphase transport model (AMPT). Elliptic flow
(v2) and triangular flow (v3) which are significantly resulted from the chain and triangle structure of 12C with
three-α clusters, respectively, in central 12C + 197Au collisions are compared with the flow from the Woods-Saxon
distribution of nucleons in 12C. v3/v2 is proposed as a probe to distinguish the pattern of α-clustered 12C. This
study demonstrates that the initial geometry of the collision zone inherited from nuclear structure can be explored
by collective flow at the final stage in heavy-ion collisions.

DOI: 10.1103/PhysRevC.95.064904

I. INTRODUCTION

Heavy-ion collision at relativistic energy provides abundant
information about nuclear or partonic matter by the final
state products [1–5]. The observables, such as collective flow
[6–10], Hanbury Brown–Twiss (HBT) correlation [11–14],
chiral electric-magnetic effects [15–18], and fluctuation
[19–21], are sensitive to not only properties of the hot-dense
matter but also the initial state of a pre-collision system. The
initial geometrical fluctuation can significantly contribute on
collective flow, which attracts some theoretical attentions. The
hydrodynamical model [10,22–26] can describe the initial
state fluctuation event by event and address its effect on
collective flow and viscosity. A multiphase transport (AMPT)
model [27–29] can present initial geometry fluctuations of
partons created in Au+Au collisions and give the quantitative
description of the elliptic and triangular flows. And other
works [30–32] contribute a lot to the flow/eccentricity analysis
method related to initial geometry fluctuations.

It was proposed that the intrinsic geometry of light nuclei
can be studied in heavy-ion collisions by exploring elliptic
and triangular flow formed in the collisions [33,34]. In these
works the carbon is considered with 3-α and collides against a
heavy nucleus at very high energies. Their calculation showed
significant quantitative and qualitative differences between
the α-clustered and uniform 12C nucleus occurring in some
quantities such as the triangular flow and its event-by-event
fluctuations, or the correlations of the elliptic and triangular
flows. Since the α cluster model was proposed by Gamow [35],
α-clustering light nuclei have been studied for more than four
decades [36–38] and experimental evidences for clustering
from fragmentation can be found in Ref. [39]. Light 4N nuclei
from 12C to 28Si were investigated in the α-clustering model
of Margenau, Bloch, and Brink [40]. Recently it was proposed
that the giant dipole resonance [41,42] and photonuclear
reaction [43,44] can be taken as useful probes of α-clustering

*Corresponding author: ygma@sinap.ac.cn

configurations in 12C and 16O by some of the authors. Many
theoretical studies suggest that 12C could exhibit triangular
or chain distribution of three α clusters and 16O can emerge
as kite, chain, square, or tetrahedron arrangements of four α
clusters.

In this work, elliptic and triangular flow are studied in
12C + 197Au collisions at

√
sNN = 10 and 200 GeV by

using the AMPT model [45]. The initial nucleon distributions
in 12C and 197Au are initialized by Woods-Saxon shapes
from the HIJING model [46,47] in an original version of
AMPT. And 12C is configured with three-α clusters arranged
in chain or triangle structure by using the results from
an extended quantum molecular dynamics model (EQMD)
[41–43] for investigating the effect on collective flow from
initial geometrical distribution of nucleons, i.e., probing the
effects of α clusters.

The paper is organized in following. Section II gives the
model and methodology for briefly introducing the AMPT
and EQMD models as well as the flow calculation methods.
Results and discussion are given in Sec. III where the elliptic
(v2) and triangular (v3) flows are discussed in different
collision stages, and the coordinate eccentricities (ϵn) are
demonstrated. Furthermore, the transformation coefficient
from the coordinate anisotropy to momentum anisotropy is
presented, and the ratio of v3/v2 is proposed as a probe for the
clustering structure. Finally, the conclusion is drawn in Sec. IV.

II. MODEL AND METHODOLOGY

A multiphase transport model (AMPT) [45] is employed to
study the effect on collective flow from the initial geometry
distribution of nucleons. AMPT has been extensively applied
to simulate heavy-ion collisions in a wide colliding energy
range from the CERN Super Proton Synchrotron (SPS) to
the CERN Large Hadron Collider (LHC), which contains the
initial conditions from the HIJING model [46,47], partonic
interactions modelled by a parton cascade model (ZPC)
[48], hadronization in a simple quark coalescence model,
and hadronic rescattering simulated by a relativistic transport

2469-9985/2017/95(6)/064904(7) 064904-1 ©2017 American Physical Society

V3/v2 increases with the multiplicity 
 triangle 3-alpha 12C

Cluster structures
from EQMD model
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10%

➢ Evidence for Bowling-Pin structure of the Ne nucleus.

LHCb： Pb+Ne/Pb+Ar
arXiv: 2509.12399

40%

Just the general shape！More details ?

ALICE/ATLAS/CMS： Ne+Ne/O+O
arXiv: 2509.06428, 2509.05171, 2510.02580

Phys.Rev.Lett. 135 (2025) 1, 012302

Light-ion collisions
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(D2>D1/3)

Shell model 
(Spherical)

AMD model 
(localized  

two-cluster)

Loose and 
nonlocalized-like

Clusters with  
D3h symmtry

all parameters : D1 D2(local structural parameters) and b (harmonic oscillator size parameter)

Two parameters: D1 and D2

frozen   + core (tetrahedron)𝛼

D1->0

D1->0 D2->0

Prog. Theor. Phys. 40, 277 (1968)

Nucl. Phys. A 1006, 122077 (2021) Front.Phys. 15 (2020) 14401

D1->0

Pauli repulsion
❌

Clusters in 20Ne P.Lei, B. Zhou, GLM, PRL 136, 082302 (2026) 
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Two parameters: D1 and D2 (D2>D1/3)

frozen   + core (tetrahedron)𝛼

D1   D2 range

rms radius 
(3.0 10%)fm 

b (1.46, 1.76)fm

±
∈

➢Can HIC image cluster structure?

➢ How to consider shape mixing ?

b

D2

two-clusters

b

D2

D1

5a-clusters
They are different

All parameters fluctuate

P
T

Clusters in 20Ne
➢ How to estimate the systematic error of the 

theoretical model？
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✓   Correlation strength NSC(2, 3) k = D2/D1.∝  

✓ The structure of 20Ne can be determined by the positive or negative NSC(2, 3) value.

Analytical results w/o fluctuation

only geometry effect! 

Symmetric cumulant  NSC(n, m)
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TRENTo results w initial fluctuation Hydro results w all fluctuations

hydro
evolution

✓ Shape mixing does not affect the sign of NSC(2, 3).

✓ The fluctuations of initial and final state do not affect the sign of NSC(2, 3).

Symmetric cumulant  NSC(n, m)
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Analytical results w/o fluctuation 



✓   Correlation strength  k = D2/D1 𝝆(𝜺𝟐
𝟑 , 𝜹𝒅⊥) ∝  

✓ The structure of  20Ne can be determined by the positive or negative value,  but  not𝛒𝟑 𝛒𝟐

Analytical results w/o fluctuation 

𝛒𝟐 < 𝟎

only geometry effect! 

Pearson correlation  vn-[pT]
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✓ Fortunately and finally, the shape of  20Ne can be determined by the sign of 𝛒𝟐

hydro
evolution

➢ The sign of  changes due 

to the initial fluctuations.

𝛒𝟐

 changes 
sign
𝛒𝟑

Pearson correlation  vn-[pT]

➢ The sign of  changes due to 

the final hydro fluctuations.

𝛒𝟑
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Analytical results w/o fluctuation 
TRENTo with initial fluctuation Hydro with all fluctuations changes 

sign 
𝛒𝟐
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Thanks for attention!

Summary

• Heavy ion collisions probe nucleon to partonic dynamics 
(MeV–TeV), serving as a snapshot of initial-state nuclear 
structure.


• HIC observables sensitively detect nuclear-structure imprints, 
complementing traditional nuclear studies.


• Future LHC light-ion experiments require joint efforts across 
high- and low-energy nuclear physics for new discoveries.
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by FUNAKI, Yasuro (船木 靖郎)
Backup
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Ψ(𝛼 − 16𝑂, 𝑅) ∝ det[(000)4(100)4(010)4(001)4(002)4]

By taking R in a z-direction,

When R → 0

Backup
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vn{2} compared to ALICE data

Backup
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Ne+Ne vs. Ne+Pb

✓ The correlation strength of Ne+Pb increases compared to Ne+Ne.

✓ The distinguishable range of centrality of Ne+Pb increases compared to Ne+Ne.
(0-20%) (0-5%)

0-20%

0-5%

Ne+Pb study in pipeline.

Ne+Ne  vs. Ne+Pb
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A novel Monte Carlo method inspired by VEGAS 

 --Adaptive Monte Carlo sample 

Density with  
➢ high-dimensional 

(48d for 16O, 624d for 208Pb) 
➢ strongly coupled A-body 
➢ complex structure

with Integral 
error：

transformation

adjust  
grid

iteration

sampling with wave function  

(cluster model/Shell model): Sample from simple functions g(y)
Inverse 

transformation
Samples of complex distribution f(x)

Accurate！
High efficiency！

compared with MCMC
Quantifiable！

arXiv: 2511.23293

Adaptive monte carlo sampling
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 129Xe+129Xe/208Pb+208Pb:

 96Ru+96Ru/96Zr+96Zr:

 238U+238U/197Au+197Au:
Nature, 635, 67–72 (2024)

PRL128, 022301(2022);

Phys.Rev.Lett. 133 (2024) 192301 

Deformation
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Algebraic Collective Model (ACM)

Cluster

Energy-density functionals

J↑

➢ Evidence of 20Ne with D3h symmtery

Nucl.Phys.A 1006 (2021) 122077

20Ne	 large deformation 

   or significant cluster structure

 relativistic functional DD-ME2 non-relativistic Skyrme SLy4

Nature 487 (2012) 341-344

Clusters in 20Ne
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