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neutron density distributions and thus the neutron skin thickness in finite nuclei, which can in turn put
stringent constraints on the nuclear symmetry energy.
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Introduction.—Nuclei are bound states of protons and
neutrons by the overall attractive nuclear force. The
nuclear force is short ranged, and is surpassed by
Coulomb repulsion among protons at long distances.
This is compensated by more neutrons to keep heavy
nuclei bound. With more neutrons comes the penalty
symmetry energy associated with the asymmetry between
the proton and neutron numbers. The symmetry energy
influences the proton and neutron density distributions,
and in particular, the neutron skin thickness in nuclei
(difference between the rms radii of the neutron and
proton distributions, Δrnp ≡ rn − rp) [1]. The symmetry
energy and its density dependence are crucial to our
understanding of the masses and drip lines of neutron-rich
nuclei and the equation of state (EOS) of nuclear and
neutron star matter [2–10].
Measurements of the neutron density and the Δrnp,

complemented by state-of-the-art theoretical calculations
[11–14], can yield valuable information on the symmetry
energy [15–18]. Exact knowledge of nucleon density distri-
butions is also crucial to new physics searches beyond the
standard model [19]. Because protons are charged, its density
distributions are well measured by electrons scattering off
nuclei [20,21]. The neutron density distributions are not as
well measured [17]; for example, the Δrnp measurements of
the benchmark 208Pb nucleus fall in the range of 0.15–0.22 fm
with a typical precision of 20%–50% [16,17,22]. One
limitation is the inevitable uncertainties in modeling the
strong interaction of the reaction mechanisms [23].
Promising ways to measure neutron densities are through
electroweak parity-violating scattering processes with elec-
trons [24,25] and neutrinos [26], exploiting the large weak
charge of the neutron compared to the diminishing one of the
proton. Such measurements, although cleaner to interpret,
require large luminosities [16,27]. The current measurement

by PREX (Lead Radius Experiment) on the 208Pb Δrnp is
0.33þ0.16

−0.18 fm [28].
The symmetry energy affects observables in low to

intermediate energy heavy ion collisions, such as the
isospin diffusion [29,30], the neutron-proton flow differ-
ence [31], the isospin-dependent pion production [32], and
light cluster formation [33]. Heavy ion collisions at
relativistic energies are generally considered insensitive
to nuclear structures and the symmetry energy. Recent
studies of isobaric 96

44Ruþ 96
44Ru and 96

40Zr þ 96
40Zr collisions

at nucleon-nucleon center-of-mass energy of
ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV indicate, however, that nuclear density distribu-
tions have a noticeable effect on the total charged hadron
multiplicity (Nch) [34,35]. Since Nch can be measured
precisely, we demonstrate in this work that the Nch
distributions in isobaric collisions can be used to determine
the Δrnp (and hence the symmetry energy) to a precision
that may be comparable to or even exceed those achieved
by traditional low-energy nuclear experiments.
The symmetry energy and the neutron skin.—The

symmetry energy encodes the energy related to neutron-
proton asymmetry in nuclear matter EOS. It is conven-
tionally defined in the binding energy per nucleon,
Eðρ; δÞ ¼ E0ðρÞ þ EsymðρÞδ2 þOðδ4Þ, where ρ¼ρnþρp
is the nucleon number density and δ ¼ ðρn − ρpÞ=ρ
is the isospin asymmetry with ρp (ρn) denoting the
proton (neutron) density [4]. The symmetry energy
can be obtained as EsymðρÞ ¼ 1

2 ½∂2Eðρ; δÞ=∂δ2&jδ¼0.
It can be expanded at ρr in χr ¼ ðρ − ρrÞ=3ρr as
EsymðρÞ ¼ EsymðρrÞ þ LðρrÞχr þOðχ2rÞ, where LðρrÞ¼
3ρr½dEsymðρÞ=dρ&jρ¼ρr

is the density slope parameter [4].
Especially, for ρr ¼ ρ0 ≈ 0.16 fm−3 (the nuclear saturation
density), one has L≡ Lðρ0Þ which characterizes the
density dependence of the EsymðρÞ around ρ0.
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Introduction.—Nuclei are bound states of protons and
neutrons by the overall attractive nuclear force. The
nuclear force is short ranged, and is surpassed by
Coulomb repulsion among protons at long distances.
This is compensated by more neutrons to keep heavy
nuclei bound. With more neutrons comes the penalty
symmetry energy associated with the asymmetry between
the proton and neutron numbers. The symmetry energy
influences the proton and neutron density distributions,
and in particular, the neutron skin thickness in nuclei
(difference between the rms radii of the neutron and
proton distributions, Δrnp ≡ rn − rp) [1]. The symmetry
energy and its density dependence are crucial to our
understanding of the masses and drip lines of neutron-rich
nuclei and the equation of state (EOS) of nuclear and
neutron star matter [2–10].
Measurements of the neutron density and the Δrnp,

complemented by state-of-the-art theoretical calculations
[11–14], can yield valuable information on the symmetry
energy [15–18]. Exact knowledge of nucleon density distri-
butions is also crucial to new physics searches beyond the
standard model [19]. Because protons are charged, its density
distributions are well measured by electrons scattering off
nuclei [20,21]. The neutron density distributions are not as
well measured [17]; for example, the Δrnp measurements of
the benchmark 208Pb nucleus fall in the range of 0.15–0.22 fm
with a typical precision of 20%–50% [16,17,22]. One
limitation is the inevitable uncertainties in modeling the
strong interaction of the reaction mechanisms [23].
Promising ways to measure neutron densities are through
electroweak parity-violating scattering processes with elec-
trons [24,25] and neutrinos [26], exploiting the large weak
charge of the neutron compared to the diminishing one of the
proton. Such measurements, although cleaner to interpret,
require large luminosities [16,27]. The current measurement

by PREX (Lead Radius Experiment) on the 208Pb Δrnp is
0.33þ0.16

−0.18 fm [28].
The symmetry energy affects observables in low to

intermediate energy heavy ion collisions, such as the
isospin diffusion [29,30], the neutron-proton flow differ-
ence [31], the isospin-dependent pion production [32], and
light cluster formation [33]. Heavy ion collisions at
relativistic energies are generally considered insensitive
to nuclear structures and the symmetry energy. Recent
studies of isobaric 96

44Ruþ 96
44Ru and 96

40Zr þ 96
40Zr collisions

at nucleon-nucleon center-of-mass energy of
ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV indicate, however, that nuclear density distribu-
tions have a noticeable effect on the total charged hadron
multiplicity (Nch) [34,35]. Since Nch can be measured
precisely, we demonstrate in this work that the Nch
distributions in isobaric collisions can be used to determine
the Δrnp (and hence the symmetry energy) to a precision
that may be comparable to or even exceed those achieved
by traditional low-energy nuclear experiments.
The symmetry energy and the neutron skin.—The

symmetry energy encodes the energy related to neutron-
proton asymmetry in nuclear matter EOS. It is conven-
tionally defined in the binding energy per nucleon,
Eðρ; δÞ ¼ E0ðρÞ þ EsymðρÞδ2 þOðδ4Þ, where ρ¼ρnþρp
is the nucleon number density and δ ¼ ðρn − ρpÞ=ρ
is the isospin asymmetry with ρp (ρn) denoting the
proton (neutron) density [4]. The symmetry energy
can be obtained as EsymðρÞ ¼ 1

2 ½∂2Eðρ; δÞ=∂δ2&jδ¼0.
It can be expanded at ρr in χr ¼ ðρ − ρrÞ=3ρr as
EsymðρÞ ¼ EsymðρrÞ þ LðρrÞχr þOðχ2rÞ, where LðρrÞ¼
3ρr½dEsymðρÞ=dρ&jρ¼ρr

is the density slope parameter [4].
Especially, for ρr ¼ ρ0 ≈ 0.16 fm−3 (the nuclear saturation
density), one has L≡ Lðρ0Þ which characterizes the
density dependence of the EsymðρÞ around ρ0.
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Cluster structures in physics

Ø Clusters play an extremely important role at all levels of matter. 
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5-quark cluster Multi-atom cluster Galaxy cluster

Cluster structures in physics

Ø Clusters play an extremely important role at all levels of matter. 
Ø Understanding and describing cluster structure are an important scientific problem.
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Nucleosynthesis
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Nuclear excitation

During the nuclear excitation, phase transitions occur then form nuclear clusters.
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STAR results for O+O collisions
From Jin-Hui Chen’s talk, QPT2023
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A Transport Muti-Phase (AMPT) Model

Nuclear structures in improved AMPT

Z.W. Lin, C.M. Ko, B.A. Li, B. Zhang, S. Pal, PRC 72, 064901 (2005)
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A Transport Muti-Phase (AMPT) Model

Nuclear structures in improved AMPT

1. Woods-Saxon

2. Tetrahedron

3. Square

4. ab initio

Z.W. Lin, C.M. Ko, B.A. Li, B. Zhang, S. Pal, PRC 72, 064901 (2005)
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Improved Version of the String Melting AMPT

1. New quark coalescence model.
2. Improved heavy quark productions.
3. Modern set of parton distribution functions 

in proton and impact parameter-dependent
nuclear shadowing.

Final particle spectra 

parton cross section 𝜎

𝐀 + 𝐁

Zi-Wei Lin, Liang Zheng, NUCL SCI TECH (2021) 32:113



Zi-Wei Lin, Liang Zheng, NUCL SCI TECH 32:113 (2021) 

Improved AMPT Results

Ø The baryon ratios in AMPT
with new coalescence are
consistent with data.
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Zi-Wei Lin, Liang Zheng, NUCL SCI TECH 32:113 (2021) 

Improved AMPT Results

Ø The baryon ratios in AMPT
with new coalescence are
consistent with data.

Ø Improved AMPT model describes the 
centrality dependences of  charged 
particles and 𝑝"  rather well. 

Chao Zhang, Liang Zheng, Shusu Shi, Zi-Wei Lin, PRC 104, 014908 (2021) 
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𝒑𝑻 	& 𝒗𝟐 in improved AMPT

Ø 𝑝" 	is reasonable in improved AMPT for O+O collisions.

preliminary

O+O @ 200 GeV
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𝒑𝑻 	& 𝒗𝟐 in improved AMPT

Ø 𝑝" 	is reasonable in improved AMPT for O+O collisions.
Ø Improved AMPT failed to reproduce data.
Ø The impact parameter dependence of 𝑣# is significant in AMPT.

preliminary

preliminary

O+O @ 200 GeV
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The formation time for each parton
𝜏!" = 𝑐𝑜𝑛𝑠𝑡 ( 𝐸/𝑚#

$ , 𝜏! = 𝐸/𝑚#
$

𝜺𝟐 & 𝒗𝟐 in improved AMPT

Ø The formation time dependence of 𝜀# & 𝑣# is significant in AMPT.
Ø 𝑣# at 𝜏$% = 6𝜏$ is close to data.

preliminary

preliminary
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Initial parton distributions for different 𝝉𝟎$

Ø The formation time affects the distributions of initial partons,
then affects 𝜀# & 𝑣#.

𝜀$ =1.0                                     𝜀$ =	0.973                                   𝜀$ =0.898

𝜀$ =0.479                                𝜀$ =0.402                                      𝜀$ =0.260
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𝒗𝟐	& 𝒗𝟑 in improved AMPT

Ø The effect of cluster structure is significant for 𝑣# and 𝑣&.
Ø The 𝑣# results are close to data and higher than data at central

collisions but lower at mid-central collisions. 
Ø The 𝑣& results are higher than data.

preliminary preliminary
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𝒗𝟐(𝒑𝑻)	& 𝒗𝟑(𝒑𝑻) in improved AMPT

Ø 𝑣#(𝑝")	results are lower than data at 𝑝" > 1 GeV.
Ø 𝑣&(𝑝")	results are close to data.

preliminary

preliminarypreliminary

preliminarypreliminary

preliminary
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Summary

Ø Improved AMPT roughly reproduce the STAR data.

Ø Different nuclear structures including cluster have 
obviously effect on 𝑣0.

Ø Formation time has significant effect on 𝑣0 in O+O 
collisions.
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