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the 3rd minute

Nuclear Equation
of State

How elements are formed ?
How stars explode into supernova ?

What kind of matter exists inside
a neutron star ?

from Atomic Nuclei to Neutron Stars



A. Steiner  et al, Phys. Rept.  411 (2005) 325

Nuclear Equation of State



Nuclear Equation of State (EoS)
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C. Fuchs and H.H. Wolter, Eur. Phys. J. A 30, 5 (2006).
V. Baran  et al., Phys. Rep. 410, 335 (2005).
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Observables sensitive to the asymmetry term in
the EOS ?

Moderate density (ρ < 1.5 ρo) :
Neutron-skin thicknesses
Pygmy resonances
Fragment isotope distribution, isotopic & isobaric yield ratios
Isospin distillation/fractionation, relative n & p densities
Isospin transport / diffusion / migration
Nuclear stopping & N/Z equilibration
Pre-equilibrium emission
Particle - particle correlation
Light cluster production
Flow
Neck emission
Fusion vs Deep Inelastic reactions



Projectile nuclei

Target  nuclei Fusion

Breakup

Fragments

Studying density dependence of symmetry energy :
Multifragmentation

M.B. Tsang et al, Phys. Rev. Lett 68 (2001) 5023

α – Scaling parameter

Csym – Symmetry energy



Isoscaling

D. V.  Shetty et al, PRC 70
(2004) 011601(R)

D.V. Shetty et al., PRC
76 (2007) 024606!/!o
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D.V. Shetty et al., PRC 74 (2005)
024602

G.A. Souliotis et al., PRC 73 (2006) 024606

G.A. Souliotis et al., PRC 75 (2007) 011601

A. Le Fevre et al., PRL 94
(2005) 162701

Decrease in Symmetry energy (Expt. Observation)

J. Iglio et al., PRC 74 (2006)
024605



S.K. Samaddar et al., PRC 76
(2007) 041602

• Finite T Thomas-Fermi
Seyler Blanchard interaction

B.A. Li et al., PRC 74 (2006)
034610

Decrease due to thermal expansion
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DIT/SMM05 Calculations:
------ Csym = 25 MeV
------ Csym = 20 MeV
------ Csym = 15 MeV
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Evolving Csym



S. Wuenschel, Phys. Rev. C 79, 061602(R) (2009)

Reconstructed
sources

78Kr, 86Kr + 58Ni, 64Ni
35 MeV/nucleon
NIMROD-ISiS
(includes free neutrons)



Mirror nuclei ratios in well defined systems
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For mirror nuclei yield ratio (ignoring the higher order terms)
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Average ratios (A=3 and A=7) from four different reaction systems

78,86Kr+58,64Ni (Elab=35 MeV/A)

A=3; s
lope (a

) =
6.90±

0.17

A=7; s
lope (a

) =
6.87±

0.31
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Isoscaling



Low density

Kowalski, C 75, 014601 (2007)

clusters matter 
Entropy



Isospin Equilibration / Diffusion

How to measure
Isospin
Diffusion?

PRL84, 1120 (2000)
______________________________________

A+A,B+B,A+B
X: isospin tracer

Isospin Diffusion/Transport



MSU data
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INDRA Data

Colonna, IWM09; INDRA data E. Galichet et al. PRC 79 (2009) 064614/15



n/p ratios 124Sn +124Sn, 112Sn +112Sn

SMF simulations V. Baran 07

Famiano, 2006 (Li, 1997)



ImQMD: n/p ratios and two isospin diffusion measurements
Tsang/Zhang/Danielewicz/Famiano/Li/Lynch/Steiner, PRL 102, 122701 (2009)

 Isospin diffusion and double n/p ratio

ImQMD: Isospin Diffusion and
double n/p ratio 
Esym(ρ0)=28 - 34 MeV
L=38 - 103 MeV





ISOTOPIC RATIOS FOR LIGHT FRAGMENTS
(Z=3-6) IN THE 35/A.MeV
NEUTRON RICH 124Sn+64Ni AND
NEUTRON POOR 112Sn + 58 Ni
REACTIONS

E. De Filippo et al., Acta Physica Polonica B37, 199, 2006; 
P. Russotto, Procs of IWM 05, pp. 13, ed. SIF, 2006.

Enhancement
In n-rich fragments
 for mid velocity



R. Lionti et al. / Physics Letters B 625 (2005) 33–40

58 Fe + 58 Fe (N/Z = 1.23) and
58Ni + 58Ni (N/Z = 1.07), at 47A MeV



Isospin and fragment hierarchy

Russsotto_nufra2009



Fusion vs Deep Inelastic in Central collisions

Amorini et al. PRL 102 (2009) 112701

40Ca + 40Ca, 48Ca, 46Ti at 25 MeV/A



Correlation functions





 Nuclear Mass in Thomas-Fermi Model

Thomas-Fermi Model + Nuclear Mass  Esym(ρ0)=32 .65 MeV L=49.9 MeV

Myers/Swiatecki, NPA 601, 141 (1996)
Thomas-Fermi Model analysis of 1654 ground state mass of nuclei with N,Z≥8



 Esym: Pygmy Dipole Resonances

Pygmy Dipole Resonances of 130,132Sn  Esym(ρ0)=32 ± 1.8 MeV L=43.125 ± 15 MeV

Pygmy Dipole Resonances of 68Ni and 132Sn 
Esym(ρ0)=32.3 ± 1.3 MeV, L=64.8 ± 15.7 MeV



Esym from Isobaric Analog States +
Liquid Drop model with surface

symmetry energy

IAS+Liquid Drop Model with Surface Esym 
Esym(ρ0)=32.5 ± 1 MeV L=94.5 ± 16.5 MeV

Danielewicz/Lee, NPA 818, 36 (2009)

 Esym: IAS+LDM



Droplet Model Analysis on Neutron Skin

Droplet Model + N-skin  Esym(ρ0)=31.6 MeV, L=66.5 ± 36.5 MeV



Droplet Model + N-skin  Esym(ρ0)=28 - 35 MeV, L=55 ± 25 MeV

Droplet Model Analysis on Neutron Skin



 Esym around normal density

Esym(ρ0)=28 - 35 MeV
L=28 - 111 MeV

9 constraints on Esym (ρ0) and L from nuclear reactions and structures

Still within large uncertain region !!



55 MeV/u

Transverse Collective Flow

R. Pak et al., Phys. Rev. Lett. 78, 1026 (1997).
R. Pak et al., Phys. Rev. Lett. 78, 1022 (1997).

Isospin Effects observed in transverse
flow of Z =1, 2, & 3 fragments

.

BNV Calculation:  55 MeV/u 58Fe+58Fe

-Asy-Stiff Esym(ρ) shows 20% increased
3He flow in comparison to 3H flow.

-Asy-Soft Esym(ρ) shows 3He and 3H flow
are equal.

M. Di Toro et al., Prog. Part. Nucl. Phys. 42, 125 (1999).

L. Scalone et al., Phys. Lett. B 461, 9 (1999).



IMF Transverse Flow

Mass Dependence Coulomb Dependence

R~1 R~0.0

64Zn 70Zn

64Ni



IMF Transverse Flow

Mass Dependence Coulomb Dependence

64Zn 70Zn

64Ni

R=1

R=0

Average Z=4-9



Nucleon weighted flow

Note: SMF nucleon flow
calculated for Z>3

mid-peripheral

…..for Z=3-9



p     d      t                   3He          α                         6He

LCP Flow • Dependence on (N/Z)sys

•  Expands on Pak et al.

• Strong Isotopic Trends

•    Flow with   n-rich

mid-peripheral
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• Dependence on (N/Z)sys

•  Expands on Pak et al.

• Strong Isotopic Trends

•    Flow with   n-rich

• Isobaric Effects (A=3)

• Same A, different N/Z

• Esym(ρ) prediction

mid-peripheral

LCP Flow



p     d      t                   3He          α                         6He

• Dependence on (N/Z)sys

•  Expands on Pak et al.

• Strong Isotopic Trends

•    Flow with   n-rich

• Isobaric Effects (A=3)

• Same A, different N/Z

• Esym(ρ) prediction

Decreasing flow with 
increasing N/Z with both
const. Z and A for LCPs.

mid-peripheral

LCP Flow



• Overall isotopic flow trend is reproduced, except
protons.

• Differential movement of neutrons and protons

• Phase-space coalescence and early emission
time.

Comparison with the Stochastic Mean-Field Model

n  p  d   t            3He      α                6He

LCP Flow



• Overall isotopic flow trend is reproduced, except
protons.

• Phase-space coalescence and early emission
time.

• Differential movement of neutrons and protons.

• Sensitivity to symmetry energy.

• Triton-3He  Esym(ρ) prediction of Scalone

Comparison with the Stochastic Mean-Field Model

n  p  d   t            3He      α                6He

LCP Flow



Flow Summary

M.B. Tsang et al. Phys. Rev. Lett. 102, 122701 (2009).
B.A. Li, L.W. Chen and C.M. Ko. Phys. Rep. 464,113 (2008).
D.V. Shetty, S.J. Yennello, and G.A. Souliotis. PRC 76, 24606 (2007).

SMF Model
 - triton/3He Flow
- (N/Z)sys Dependence
 - RFlow (mid-peripheral)

AMD Model
 - Mass-Coulomb Dependence
 - RFlow (mid-peripheral)

CoMD Model
 - RFlow (mid-peripheral)



Summary Esym(ρ)

M.B. Tsang et al. PRL. 102, 122701 (2009).
With additions by H. Wolter, NUFRA209

L.W. Chen et al., arXiv: [nucl-th]

AMD
CoMD
SMF

some agreement
did not agree



Summary

• Many proposed observables
• Various data sets
(apologies to that which I didn’t have time to

show)
• Some overlap - plenty of room for

improvement
• Need to understand differences in model

predictions
• New observables with increased power to

discriminate welcome
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