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Neutron skin and Esym
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Neutron-Skin Thickness:
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Energy per nucleon 
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Symmetry energy

ρ=ρn+ρp

δ=(ρn-ρp)/ρ

Slope parameter

Expansion around saturation density ρ0

…

∆rnp

from parity-violating 

electron scatterings

from proton scattering

from pion scattering

from p annihilation
from coherent 

pion photoproduction
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For 208Pb:



Various constraints on Esym(ρ0) and L(ρ0)

B.A. Li and X. Han, PLB (2013)

M. Oertel et al., RMP (2017) 

More reliable probes are still needed

Symmetry energy PACS: 21.65.Ef

A.W. Steiner et al., 

Phys. Rep. (2005)



Constraint on Esym from ∆rnp
∆rnp dominated by L(0.10)

JX, W.J. Xie, and B.A. Li, 

PRC (2020)

208Pb: PREXII 

Sn: p-Sn scatterings
48Ca: CREX

JX, arXiv: 

2301.07884 [nucl-th]



CME and isobaric collisions

S. A. Voloshin, PRC (2004)

STAR, PRC (2022)

Isobaric collisions: similar bulk dynamics, different B

Significant background contribution

Various observables to probe CME

J. Zhao and F.Q. Wang, PPNP (2019)



Isobaric collisions to probe neutron skin

H.L. Li et al., PRL (2020)

Charged-particle multiplicity
Net-charge multiplicity

Average transverse momentum

H.J. Xu

et al.,

PRC (2020)

H.J. Xu

et al.,

arXiv:

2111.14812

[nucl-th]

probe the density distribution of colliding nuclei

Observables at midrapidities suffer from 

complicated dynamics and model dependence 

initial state

pre-equilibrium

QGP and
hydrodynamic expansion

hadronization

hadronic phase
and freeze-out



Intermediate-energy HIC to probe neutron skin

Pb+Pb@1AGeV

G.F. Wei et al., PRC (2014)

Z.T. Dai et al., PRC (2015)

Z.T. Dai et al., PRC (2014)

Suffer from:

1) Model dependence

2) Interaction between spectator and participant

3) Uncertainties of clusterization/multifragmentation

@50AMeV

50Ca+12C@50AMeV



Basic idea of our studies

p

n

Advantages:

1) Spectator matter has almost no interaction with participant matter

2) UCC region, free from uncertainties of clusterization/multifragmentation

Not restrict to
isobaric collisions



Model setup: initial density distribution

Skyrme-Hartree-Fock (SHF) model:

L.W. Chen, 

C.M. Ko,

B.A. Li, and JX

PRC (2010)

E

Hartree-Fock method:

Hartree-Fock-Bogoliubov method:

Paring interaction

Particle density
Particle density Pairing density

M.V. Stoitsov et al., CPC (2013)Reproduce Eb and Rc within 1.5%



Model setup: initial density distribution

0.16

Multipole moments

Deformation parameters

Constrained SHFB calculation with fixed Qλ (βλ)

C.J. Zhang and 

J. Jia, PRL (2022)



Model setup: Glauber model
Schematic Monte-Carlo Glauber model

Numbers of sources

Particle production n from each source



Model setup: multifragmentation process

Dynamics of participant matter is neglected!

A. Formation of heavy (A>3) clusters

B. Heavy (A>3) cluster deexcitation with GEMINI

1. Excitation energy

2. Angular momentum

C. Coalescence for light (A=2,3) clusters

∆r < 3 fm (empirical nucleon interaction range)

∆p < 300 MeV/c (empirical Fermi momentum at ρ0)

(test-particle method for parallel events 

with similar collision configuration)

- EGS

 =
i

ii prL


Free nucleons: 

1) Direct production from A and residue from C

2) Deexcitation from B

Simplified 

SHF EDF 

MST



Results and discussions: spectator matter

• More neutron-rich spectator matter in more neutron-rich system

• More neutron-rich spectator matter in more central collisions (large Nch)

• More neutron-rich spectator matter with a larger L or a thicker neutron skin ∆rnp



Results and discussions: spectator particle yield

• Non monitonic

dependence on Nch

• Difference 

between Nn and Np

large at UCC, 

increasing with L 

or ∆rnp, with small 

band

• Underestimate Nn

at high energies 

(background?)

Band: 
E/A ±1 MeV

L=30 MeV

Nn: free spectator neutron number
Np: free spectator proton number



Results and discussions: probing L or ∆rnp

Sn+Sn@40MeV

B.A. Li, C.M. Ko, and Z.Z. Ren, PRL (1997)



Results and discussions: probing L or ∆rnp

M.A. Famiano et al., 

PRL (2006)

S. Tarafdar et al., 

NIMA (2014)



Results and discussions: effects from EB field
Spectator protons pushed by EB field generated by another colliding nucleus

Lienard-Wiechert formulas

Assuming free propagation of nucleons



Relevant studies on ∆rnp(θ) in deformed nuclei

Similar ∆rnp in r and z directions Different ∆rnp in r and z directions

P. Sarriguren et al., PRC (2007)I. Hamamoto and X.Z. Zhang, PRC (1995)

SHF+BCS

Affect the scissor-like motion (M1)
in deformed nuclei

D. Pena Arteaga and P. Ring,

arXiv: 0912.0908 [nucl-th]



∆rnp effect from different collision configurations

θ

θ

oblate

prolate



∆rnp effect from different collision configurations

Random
Tip-tip
Body-body

Random
Tip-tip
Body-body

Random
Tip-tip
Body-body

Random
Tip-tip
Body-body

prolate:
tip-tip body-body

oblate:

tip-tip body-body

Esym effect from different collision 
configurations at lower collision energy

Small L

large L

Small L

large L

JX, Z. Martinot, and B.A. Li, PRC (2012)

238U

197Au

b=0 fm



Deformed ∆rnp from different SO interactions

Innermost 
nucleons

Outermost 
nucleons

Spin-orbitOrbit

Spin-orbit interaction (SOI)

SO interaction: affect nucleons in open shells
for spin unsaturated nuclei, which contribute 
to the angular dependence of ∆rnp

L~Un-Up has a global effect 



Importance of SO interaction

sLVLS
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Maria Goeppert Mayer 

J. Hans D. Jensen 
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• Skyrme-Hartree-Fock model

• Relativistic mean-field model
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• Strength: W0 = 80~150 MeV fm5

• Isospin dependence: kink of Pb isotope charge radii

• Density dependence: bubble nuclei

Schrödinger equation:
qqqq eh  =



Spectator nucleons from different W0

• Collisions with random orientation generally have the largest (N+Z)spectator

• Tip-tip (body-body) collisions by prolate (oblate) nuclei have the smallest (N+Z)spectator

•About 2/3 spectator nucleons become free nucleons

b=0 fm



Spectator nucleons from different W0

b=0 fm

• Isospin asymmetry increased for free spectator nucleons compared to spectator matter

• Comparing Nn/Np in triggered tip-tip and body-body Ru+Ru as well as Au+Au collisions 

may probe ∆rnp(θ) and W0

• Such effect is independent of L



Thank you!
junxu@tongji.edu.cn

Summary

• Free spectator nucleons Nn, Np: clean probes

• Ultracentral HIC: free from deexcitations

• Ratio of neutron-rich to neutron-poor system: 

– (Nn)Zr+Zr/(Nn)Ru+Ru reduce uncertainties

– (Nn/Np)Zr+Zr/(Nn/Np)Ru+Ru cancel detecting efficiency

• Triggering collision configurations: measure Δrnp(θ)

Key question: 
way to unify different/contradictory experimental data
PREXII and CREX, 208Pb nskin and other probes



About anti Esym-L correlation from Nskin
0

JX, W.J. Xie, and B.A. Li,  PRC (2020)



Results and discussions: ZDC background

R. Nepeivoda et al., Particles (2022) 

208Pb+208Pb@5.02TeV

String-melting AMPT

|η|>5.9

|η|>5.9
|η|>8.3

ZDC 
acceptance
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