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In 1932, based on observation of nearly equal masses and the same spins of proton (p) and 
neutron (n),  Heisenberg proposed to treat these particles as two states of a “nucleon” and to 
adopt spin formalism to describe them. 

Explanation of the mass differences between “mirror nuclei” (e.g. 3H-3He, 7Li-7Be, …) solely by 
electrostatic effects and by the n-p mass difference led to the assumption of
charge symmetry of nuclear forces→ they are the same between like nucleons: 
(n-n) = (p-p) 

Observation of equality of nuclear interactions in pp and np scattering (in 1S channel), similarities 
of some level schemes in isobars (isobaric analog states, IAS, with the same spin, parity and 
isospin), selection and transition rules driven by isospin conservation, etc., led to assumption of
charge invariance of nuclear forces→ they are the same, for the same spin and angular 
momentum states, for n-n, p-p and n-p pairs: 
(n-n) = (p-p) = (n-p)

Observation of isobaric multiplets of mesons and barions, predictions driven by conservation of 
the total isospin for relative intensities of some channels, observations of resonances related to 
isospin states, led to the following extension:
isospin symmetry of strong interactions→ the up (u) and down (d) quarks interact identically, 
ignoring their mass and charge difference:  
u=d 

flavor symmetry → assumes that strong interactions are independent of quark type
u=d=s ?
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In 1935 Weizsäcker and Bethe proposed a semi-empirical “liquid drop” formula for binding 
energy/nucleon in a nucleus of mass A and charge Z, now with accuracy better than 1% 

The quadratic n-p asymmetry dependence of the symmetry term can be derived from the 
Fermi Gas model and complies with the charge symmetry of nuclear forces (invariance 
under n ↔ p interchange or reflections in the isospin space).
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ρn ,ρ p →neutron, proton densities
ρ=ρn+ρ p →nucleon density
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A→ ∞
V→ ∞
ρ < ∞
ac = 0
K>0

~25×1018 fm

   ~14 fm    
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ρn ,ρ p →neutron, proton densities
ρ=ρn+ρ p →nucleon density

δ=
ρn−ρ p

ρ
→ isospin asymmetry

Energy per nucleon in a nucleus:
A→ ∞
V→ ∞
ρ < ∞
ac = 0
K>0

E sym(ρ)=E (ρ ,1)−E (ρ ,0)

neutron  - symmetric
Energy cost of converting
all protons in symmetric
matter into neutrons

~25×1018 fm

   ~14 fm    

symmetry energy
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Isospin formalism allows to assign
T to measured excited states
in a nucleus and identify analog levels
within isobaric chains.

Coulomb and n-H mass difference
break the isospin invariance.

Isospin multiplets for A=20

Charge invariance (invariance under rotations in the isospin space) would require rather a 
T2 and thus T(T+1) dependence of the symmetry term and not just T3

2. Indeed:



 

Isospin formalism allows to assign
T to measured excited states
in a nucleus and identify analog levels
within isobaric chains.

Coulomb and n-H mass difference
break the isospin invariance.

But, the Symmetry Energy coefficients,
aA, can be easily extracted as a difference
between IAS states for different T values
within the same isotope:

Isospin multiplets for A=20
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Systematic studies of symmetry energy coefficients for different nuclei based on IAS were
done e.g. by  J. Jänecke et al. NPA 728 (2003) 23 and P. Danielewicz, J. Lee NPA 922 (2014) 1

P. Danielewicz et al.,NPA 922 (2014) 1

The analysis in NPA 922 (2014) 1:

- confirmed that symmetry term T(T+1)∝
  (charge invariance is a good approximation)

- provided values of volume and surface
  symmetry energy parameters 

- provided estimates for:
 

aA
V  and aA

S
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L
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2
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aA
V  = 30.2–33.7 MeV and L=35−70  MeV



 

Charge invariance of nuclear forces, responsible for the symmetry term in nuclear 
potential, implies the existence of a corresponding n-p exchange potential (Lane, 62):

U (r)=U 0(r)+
τ ∘T
4 A

U 1(r)

where: τ is the nucleon isospin and T is 
the isospin of the remaining part of the 
nucleus or of the target nucleus.

In particular, the effect of Lane potential 
can be studied in nucleon-nucleus 
scattering with and without charge 
exchange. In case of charge exchange, 
the target nucleus is excited to its IAS.

Constraining the parameters of the 
isoscalar and isovector potentials by
fitting the angular distributions of (p,p),
(n,n) and (p,n) reactions in 
P. Danielewicz et al.,NPA 958 (2017) 147 
allowed to extract the values of

aA
V  = 33.5–36.4 MeV and L=70−101  MeV

dashed lines → improved fits

P. Danielewicz et al.,NPA 958 (2017) 147



 

Isospin dynamics → “isospin transport” (diffusion, drift, transparency, distillation, 
fractination, iso-scaling, flows, isobar ratios (n/p, t/3He, π─/π+, K+─/K00 (*)), …) 

Studying the isospin transport allows to infer the EoS, symmetry energy, 
momentum dependence of the mean field (effective masses, non-locality), 
in-medium effects (cross sections), liquid–gas phase transition, 
(see e.g. V. Baran et al., PR 410 (2005) 335, B.-A. Li et al.,PR 464 (2008) 113)

In the collisions, not only the static differences of isospins (neutron/proton 
distributions, skins) will play a role but also the the symmetry potentials (or more 
precisely, their gradients) which will drive the system towards equilibrium.

Eg. in peripheral collisions of heavy nuclei at intermediate energies the “neck” 
formed during the collision will be neutron rich not only because of the static 
neutron skins but also due to the density and isospin asymmetry gradients and 
density dependence of the symmetry potentials which act repulsively on neutrons 
and attractively on protons,  causing additional rearrangements or exchange of 
nucleons.

(*) care must be taken due to possible isospin-symmetry braking in strong interactions   
     involving strangeness
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Isospin in dynamics → during the collision of projectile and target with different neutron 
content at intermediate energies, the isospin gradient in the interaction region will lead to 
isospin drift and diffusion towards equilibrium in the “spectators”. The rate of the 
diffusion will depend on the collision energy (interaction time, attained densities), centrality of 
the collision, difference in the neutron content of the colliding isotopes and on the density 
dependence of the symmetry energy.

The isospin imbalance ratio (Rami00):C. Ciampi et al., PLB 868 (2025) 139815
S. Mallik et al., arXiv:2605.06138 [nucl-th]
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15 was obtained for <N/Z> of projectile like 
fragments from  58,64Ni+58,64Ni combinations
at 32AMeV for different impact parameters
(INDRA-FAZIA, GANIL)

see also Q. Fable et al., PRC 109 (2024) 064605



 

Isospin in dynamics → during the collision of projectile and target with different neutron 
content at intermediate energies, the isospin gradient in the interaction region will lead to 
isospin drift and diffusion towards equilibrium influencing the neutron content in fragments
emitted in the low density “neck”/”participant” region.

S. Piantelli et al. PRC 103 (2021) 014603 

Difference between <N> of fragments emitted
backward and forward w.r.t. quasi-projectile
as a function of their Z for the system 
80Kr + 48Ca at 35 AMeV

The analysis of fragments emitted in
the projectile region shows that the 
secondary emissions wash out the 
sensitivity of <N>/Z or σN(Z) to the
stiffness of Esym. Some sensitivity has 
been found for the difference 
between <N> of fragments emitted
backward - forward w.r.t. quasi-projectile.
It shows a preference for a rather STIFF
symmetry energy:

L → 108 MeV



 

Isotopic transparency in central 124,129Xe+112,124Sn collisions at 100 MeV/nucleon (INDRA at GSI)

A. Le Fèvre et al. PLB 868 (2025) 139749

The analysis allowed to:

- extract the chemical potentials of n and p 
(see also E. Bonnet et al. PRC 111 (2025) 
064616)

- observe an incomplete isospin 
equilibration between the projectile and 
target for the reaction products at forward 
angles (steps), the heavier, the stronger 
effect.

- deduce a moderate transparency is for 
hydrogen isotopes, whereas for heavier 
fragmentation products with atomic number
Z ≥ 3 a high transparency exceeding 50% 
is observed. An anomalously large 
transparency is found for alpha
particles.

sideward
chem. equilibrium

exp. overall fits

forward
visible N/Z 

effects

see talk by A. Le Fevre



 

Constraining nucleon effective masses 
with flow and stopping observables

C.Y. Tsang et al., PLB 853 (2024) 138661

 Correlation between L and Δm  np ∕δ . The three shades of blue, from the∗
deepest to the lightest, correspond to 68%, 95% and 99% confidence intervals.

Posterior values
Esym = 35±3 MeV and L =83±18  MeV

Probing the symmetry energy with the spectral 
pion ratios

32.5 < Esym < 38.1 MeV and 42 < L < 117 MeV

108,132Sn + 112,124Sn collisions at 270 AMeV 
 SπRIT  at RIKEN

scaled difference between neutron
and proton effective masses

 

Δmnp
*

δ =
mn

*−m p
*

mδ

 Δmnp* = 0.004 δ

 Δmnp* = -0.07±0.07 δ

J. Estee, D. Cozma et al., PRL 126 (2021) 162701



 

Directed flow (v1 ) and elliptic flow (v2 ) was studied for protons, deuterons, tritons, 3He, and 
4He, produced in neutron-rich 132Sn + 124Sn and neutron-deficient 108Sn + 112Sn collisions at 270 
MeV∕nucleon.

M. Kurata-Nishimura et al. 
Phys. Lett. B 871 (2025) 139970

The analysis of the two systems indicates 
a slightly larger |v20| in 132Sn+124Sn, 
suggesting a stronger repulsive potential in 
the neutron-rich system. Additionally, a 
comparison of AMD calculations at L = 46 
MeV and L = 108 MeV reveals that the 
density dependence of the symmetry 
energy has a relatively modest impact 
(approximately 10 %) on
v11 , while the particle mass dependence 
of v20 in 108Sn +112Sn shows a
more pronounced effect (about 20 %)

The effect of the momentum dependence 
of mean field → stronger than the 
symmetry energy effect

Dynamical cluster production taken into 
account



 

Charge changing cross sections

Relation between σΔN (neutron removal cross 
section) (top) and Δrnp (neutron skin) (bottom) 
with the slope parameter L calculated based 
on RMF theory for 124Sn and 132Sn. The lines 
indicate the sensitivity of the observables to L 
for an L range of 10 MeV.

T. Aumann et al., PRL 119 (2017) 262501

L. Ponnath et al., NPA 1056 (2025) 123022

Precise measurement of nuclear interaction 
cross sections towards neutron-skin 
determination with R3B

Total interaction cross sections of 12C + 12C 
versus beam energy. Experimental data for all 
target beam combinations (green symbols) are 
compared with calculations based on a reaction 
model -- with (red symbols) and without in-
medium corrections (black symbols) -- and data 
from previous experiments (blue
symbols) 



 

G. Takayama et al., NPA 1065 (2026) 123261
Interaction- and charge-changing cross sections for 
neutron-rich 63−80Cu isotopes toward the derivation of 
neutron skin thickness (RIKEN)

 Interaction- and charge-changing cross sections for Cu isotopes.



 

H. Adhikary et al. “Evidence of isospin-symmetry violation in high-energy collisions of atomic 
nuclei”. Nature Commun. 16.1 (2025), 2849

Strong interactions preserve an approximate isospin symmetry between up (u) and down (d) 
quarks, but the charged-to-neutral kaon ratio in almost symmetric 40Ar + 45Sc collisions at a 
center-of-mass energy of 11.9 GeV per nucleon pair was found to be ≠ 1:

u   ↔ d
   ↓
p   ↔ n
π+ ↔ π─

K+ ↔ K0

K─  ↔ K0

RK ≡
⟨K+⟩+⟨K -⟩
⟨K0 ⟩+⟨ K̄ 0⟩

= ⟨K+ ⟩+⟨K -⟩
2⟨K S

0 ⟩
= 1.233±0.014 (stat)±0.053 (sys) ≠ 1

Measured production of (K+ and K─) 
at mid-rapidity is (18.4 ± 6.1)% higher 
than that of (K0 and K0)

Similar observations in many other
experiments, but the relative smallness
of the SHINE error bar prompted the
authors to publish the results in Nature.

So far, there is no reliable explanation 
of this unexpectedly large symmetry 
breaking.

SHINE

“I see two options to interpret the results,” says 
Francesco Giacosa, a theoretical physicist at Jan 
Kochanowski University working with NA61/SHINE. 
“First, we substantially underestimate the role of 
electromagnetic interactions in creating quark–
antiquark pairs. Second, strong interactions do not 
obey flavour symmetry – if so, this would falsify 
QCD.” 



 

In order to obtain the EoS relevant for neutron stars, both the symmetric matter term 
and Esym(ρ) have to be measured at densities higher than ρ0.

High energy (density) experiments so far:

(1) FOPI/LAND data (GSI 1993/2011)

(2) ASY-EOS experiment (GSI 2011)       
  

(3) SPiRIT experiment (RIKEN 2016) 

(5) ASY-EOS II experiment (GSI 2025)

(4) SPiRIT II experiments (RIKEN 2024)



 

Flow analysis (v1, v2)
Squeezing the Symmetry Energy out of Heavy Ion Collisions

Fourier decomposition of azimuthal distributions
with respect to the reaction plane (φR):

dN
d (ϕ−ϕ R)

= N 0

2 π (1+2 ∑
n≥1

vn cosn(ϕ−ϕ R))
directed flow:   v1≡〈cos(ϕ−ϕ R)〉
elliptic flow:     v2≡〈cos 2 (ϕ−ϕ R)〉
                         vn=vn(b , Z , A , y , pT )

elliptic flow

directed flow

Target rapidity
(strong directed flow)

0           Δφ           2π

Mid-rapidity
(strong elliptic flow-
squeeze-out)

Projectile rapidity
(strong directed flow)

W. Trautmann et al., 2011

Au+Au @ 400 AMeV



 

ASY-EOS
Symmetry Energy from elliptic flows of neutrons and hydrogens
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NeuLAND

KRAB
+ target

CHIMERA
TOFD

TOFD
(veto)

beam

Symmetry energy at high densities from 
neutron/proton flow excitation functions

Measured systems:
Au+Au @ 280, 400, 600, 1000 AMeV

Main observables: ratios: n/p, t/3He
    flows: n, p, t, 3He

S122: ASY-EOS II @ GSI (performed in March 2025)
setup in CAVE C

see talks by E. Gambera 
and F. Risitano



 

Acceptance of the setup for protons

Background: UrQMD Au+Au @800 AMeV, protons, 200 fm/c + Coulomb afterburner
KRAB thresholds → more than 17k photons produced



 

KRAB multiplicity trigger | reaction plane | centrality detector

design

actual view

Main characteristics:
● 3D printed mechanical structure (ABS)
● 5 rings of 4×4 mm2 fast scintillating fibers (BCF-10) 
● read out by 3×3 mm2 SiPMs (SensL MicroFJ-30035)
● 4×160 segments in forward rings and 96 in backward ring
● 736 channels
● 32 ch CITIROC 1A ASICs used for signal processing
● compact A7585D SiPM power modules
● broad coverage from 30o to 165o

● high geometrical efficiency ~87% (within covered angles) 
● ~5% multihit probability (for 1 AGeV Au+Au reaction)
● sufficiently large for radioactive beams
● sufficiently small and lightweight not to disturb neutrons
● min radius - 7 cm, max radius - 12 cm
● length ~43 cm (size of a ~24” monitor)
● He sleeve to suppress the δ-electrons background
● remotely controlled target wheel with 4 slots
● ZnS target + camera
● ControlBox to control and setup CITOROCs
● TriggerBox to produce trigger, bit pattern and for 
● slow control monitoring (scalers)
● multiplicity based trigger produced after 50 ns
● bit pattern of fired segments sent to V2495 logic module
● RIO4 + MBS based data acquisition 
● GUI based remote control software



 

K
R

A
B

 m
ul

tip
lic

ity

Impact parameter [fm]

KRAB multiplicity of fired segments vs b for Au+Au collisions
 

UrQMD 3.4 + Clustering + GEANT4 + KRAB + photon number thresholds applied

KRAB MULT≥5 selects 
centralities up to about 10 fm



 

KRAB @ ASY-EOS II: experimental multiplicity distributions
of fired segments after subtraction of off-target events

compared to simulations with UrQMD 3.4 + Clustering + GEANT4 + KRAB and 
requirement of the number of produced scintillation photons above the threshold of 17-19k

Remarkable agreement → δ-electron contribution marginalized



 Remarkable agreement

KRAB @ ASY-EOS II: experimental multiplicity distributions
of fired segments

compared to simulations with UrQMD 3.4 + Clustering + GEANT4 + KRAB
and requirement of the number of produced scintillation photons above threshold of 17-19k



 

NS radii from different analyses
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https://www.space.com/
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NS radii from different analyses

NS radii from different analyses

Neutron star radii (RNS) from different 
analyses of Low Mass X-ray Binaries, 
LMXB, from GW170817 event, from the 
millisecond pulsars, MSP, from mixed 
sources of information and from the 
interpretation of the results of the three
heavy ion experiments, from bottom to top. 
The numbers to the right of the symbols 
denote the confidence levels (in %) for the 
radii and the masses of the NS in solar 
mass units. The masses emphasized in 
boldface are the inferred/measured ones. 
The remaining masses are the assumed or 
averaged ones.

       L  R∝ 4 and thus ∆L/L = 4∆R/R

[J.M. Lattimer, M. Prakash, Phys. Rep. 621, 127 (2016)]
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analyses of Low Mass X-ray Binaries, 
LMXB, from GW170817 event, from the 
millisecond pulsars, MSP, from mixed 
sources of information and from the 
interpretation of the results of the three
heavy ion experiments, from bottom to top. 
The numbers to the right of the symbols 
denote the confidence levels (in %) for the 
radii and the masses of the NS in solar 
mass units. The masses emphasized in 
boldface are the inferred/measured ones. 
The remaining masses are the assumed or 
averaged ones.

       L  R∝ 4 and thus ∆L/L = 4∆R/R

[J.M. Lattimer, M. Prakash, Phys. Rep. 621, 127 (2016)]

2.8%

3.2%

2-9%



 

”reverse engineering” approach to pick the right EoS from M-R not easy...



 



 

Summary & Conclusions
●  Direct link between isospin and Esym through IAS and Lane potential.

●  Important role of isospin transport in constraining the EoS parameters
  - new precise data measured (INDRA-FAZIA, ASY-EOS II, SPiRIT II)
  - new data and interpretations awaited from neutron and proton removal
    cross sections.

●  Care should be taken when using Kaon ratios due to the possible isospin 
  symmetry breaking.

●  High energy heavy ion results (FOPI, ASY-EOS, SPiRIT) consistent
  and compatible with most NICER results. But, the more pulsars analyzed, the
  more puzzles.

●  KRAB detector played an important role in the ASY-EOS II experiment. 

23%

24%

35%

47%

18%
48%

accuracy
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