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Symmetry energy in finite nuclei

Bethe-Weiszacker
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The EoS of asymmetric nuclear matter

From finite nuclei...

7Z(Z -1 N —2Z)? N-Z
—( T )+asym—( ) + ... 0=
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E(A,Z)=-aA+a A" +a,

... to infinte nuclear matter: how does E depend on density and 6?
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Neutron stars
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How to produce density gradients
of asymmetric nuclear matter?

Intermediate energies: E/A=20-100 MeV High energies: E/A>200 MeV
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Outline

* Probes at Intermediate energies:
sub-saturation density Asy-EoS (p<p,)

* Probes at high energies: supra-
saturation density Asy-EoS (p>p,)

P~ 0.17 fm-3



Probes in HIC at intermediate energies

Large N/Z Sec. decays!
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Measured observables

Calculated observables in reaction models

INPUT: (p) (asy-stitt, asy-soft), V,.(p.k)

sym

Nucleon-nucleon cross section: Oy

Comparisons provide constraints on E, (p)



Typical E__(p) parameterizations

sym
. B.A. Lietal.
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HIC at intermediate energies: E . (p) at p<p,

Multlfragmentatlon

Pre-equilibrium emission Expansion
(0]

b=central




Multifragmentation

Sec. decays!

Gas-like phase

9
E/A~40-60 MeV , ,/ AN V
b=central

Pre-equilibrium n,p  Expansion Liquid-like phase

Multifragmentation

Isospin sensitive phenomena
* [Isoscaling

* Isospin fractionation



am/dq, . (sr™")

Isotopic effects in multifragmentation
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Isospin fractionation

Y124+124 (N/Z)
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Isoscaling and the symmetry energy
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Isoscaling in LCP-induced reactions

A.S. Botvina et al., PRC65, 044619 (2002)
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Isoscaling 1n spectator decay - Indra@GSI
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* Symmetry energy decreases up to C,,<15 MeV...

* Chemical freeze-out in expanded source (low p)



Eg,m(p) and clustering at very low densities

64Zn+°2Mo,!””Au E/A=35 MeV

S. Kowalski et al., PRC75, 014601 (2007)
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[soscaling and Cg,, at Fermi energies
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* a-slope decreases with E,,,.: temperature only cannot explain

Expansion ==> Decreasing C,,, at lower p



E,m(p) from pre-equilibrium nucleons
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* Neutron/proton ratios and double ratios

* Two-nucleon correlation functions (HBT)



Neutron/Proton yield ratios
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Pre-equilibrium n/p and Esym(p)

Sub-saturation density Sn+Sn  E/A=40 MeV
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Double n/p ratios: advantages

Enhance effects due to symmetry energy only

124Q+1248p DR(n/ p) = |[Y(n)/Y(p)

112§p+112Qn [Y(n) 1Y (p)

]124+124

]112+112

Remove secondary non-E,  etfects (Coulomb,
secondary decays, detection efficiency
problems, ...)



DR(Y(n)/Y(p))

Neutron/proton ratios and E_ (p)
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Comparisons to ImQMD
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pp, nn, np correlation functions

Emmission times of
neutrons and protons
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Neutron-proton correlation functions

Ghetti et al, PRC 69 (2004) 031605
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Difficult experiments!!!
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HIC at intermediate energies: E . (p) at p<p,

Pre-equilibrium emission Expansion Multifragmentation
° e °

b=mid-peripheral Neck, low p Neck fragments

/

Cro . A

b=peripheral Isospin diffusion & drift




Neck emision and 1sospin drift

BNV simulations (Baran)
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Neck alignment vs N/Z properties
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Isospin diffusion

Induced by N/Z
(N/Z)y < (N/Z),

P pre-equilibrium P

n,p exchange through

gradients
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Experimental Probes of isospin diffusion

QP decay

(N/Z)T< (N/Z)P O O ~ ‘

pre-equilibrium

. QT decay
pre-equilibri ‘ o
O
o O
o

n,p exchange

QT decay
: \A o
N/Z probed with decay products S
Need to measure observables X o« 0*=(N-Z)/(N+Z)
« X = Reconstructed (N/Z)qp Indra @ GANIL
e X = a-slope from 1soscaling Lassa (@ MSU

* X=Y(L1)/Y('Be) Lassa @ MSU



Isospin diffusion/equilibration: Indra Data

S8Ni+58Ni1 E/A=52, 74 MeV Egiss = Ecm. — 50V
FNi+"7Au  E/A=52, 74 MeV Directly related to T, .
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E. Galichet et al., PRC79, 064614 (2009)




Probing E , (p)

Comparisons to SMF

- — asy-soft+simon /
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Data closer to Asy-Stiff
parameterization
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More about N/Z
equilibration/transparency and stopping

Talk by G. Lehaut, Indra data

Stay tuned...

G. Lehaut et al., PRL104,
232701 (2010)



Isospin diffusion: Lassa Data

o
O O QP decay
0 Ow_
o
P pre-equilibrium

- e

O
G—P T QP decay Oo O

T

n,p exchange

Observables X o< 0*=(N-Z)/(N+Z)

* X = a-slope from 1soscaling Lassa (@ MSU
* X =Y("L1)/Y('Be) Lassa @ MSU




Isospm imbalance ratios

1128n+1123n +124Sn 124Sn+1128n 124Sn+124sn
PP MIX MIX NN
(X — DX — o124 _ 1124112 X=Y(7Li)/Y(7Be)
(X)) = o\ 2124 _ 12112 X=0-slope 1soscaling
‘ [sospin R(X) =1
1245 transparency 1
0 :
sospin 0<R()<1
‘ translucency !
1128n
[sospin RAX) = 0
‘ equilibration (X) =




Advantages

Elegant way to show 1sospin diffusion effects

Remove effects due to Coulomb, Pre-equilibrium,
Secondary decays, detector efficiency

Enhances 1sospin sensitive effects

Allows comparing to model predictions even using
different observables Xe<0=(N-Z)/(N+Z)



Imbalance ratios vs rapidity
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b=6 fm v~ 0.45-1.0
b=7 fm v~ 0.35-0.8
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b (fm) Y/Ybeam

M.B. Tsang et al., PRL102, 122701 (2009)



Towards a consistent picture

Same E, (p) parameterization for multiple probes

—_ ° 2/3 °
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IBUUO4: v=0.7-1.05 from R,(a) only -- agreement



Consistent constraints from
different communities

oo /Surface ]
GDR — S ~ symmetry.
7 =2 IAS o
Y = energies
100 F7 S 03
05 p/p, 1.0
~—~~
> ot G000 Oos Py
o L7 g
E HIC 1 PDR(®PNi; %%3n)
I
50 \
Pygmy 7
Dipole
Resonance
. L L L | N . N R | N R R R | N
28 30 32 34

S, (MeV)
M.B. Tsang

(SUIJ/ASW) °d

SO = Esym (pO)
Strength at p=p,

Curvature

Po



Conclusions: sub-saturation densities

Important progress has been made

— Consistent analyses of y=0.4-1.0 from 1soscaling,
1sospin diffusion, n/p pre-equilibrium emissions

— Daifferent communities and one language

The work we need to do: extend the systematics, reduce
error bars, improve detectors

Explore oy, momentum dependence and m*/m splitting
Understand model discrepancies

Enhance E,, signals with future RIB facilities (high N/Z
asymmetries): FRIB, Riken, Eurisol, Spiral2, ...



Studying £, (p) at supra-saturation densities

E/A>200 MeV

| Skyrme-Harlree-Fock
with 21 parameter sets //
L /

Largely unconstrained

SEP by M.B. Tsang et al.,
CoSymE by Z. Basrak et al.




Effects of the E, at high density

B.A. Li et al, PRC71 (2005)
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* N/Z of high density regions sensitive to E. . (p)

* High p/p, : asy-stiff more repulsive on neutrons -
opposite of sub-saturation trend

iffness



Probes at supra-saturation

1. n/p directed and elliptic flow

2. Particle production in high density
regions: p/p* and K/K*

3. n/p and t/’He spectra squeezed-out of
participant region (p~2-3p0)

Caution with momentum dependent interaction



Directcted and Elliptic flow
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Meson production: Pions

Multiplicity
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n/n ratio
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Pion controversial results....
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Pion and Kaon freeze-out in HIC

Low p/p, High p/p,
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Warning with pions: Kaons: more sensitive probes?
 Strongly interacting in medium « Higher thresholds
* Freeze-out at late times (low p/py)  « Weakly interacting in medium
» Difficult to isolate n+ and n- » Freeze-out already at 20 fm/c: real

produced in the high density stage high density region probes



Ka O n S d ata stiffness
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Data Vs Models

Need for new data... Kaons as a promising probe
of the high density regions



U(k) (MeV)

Caution with momentum
dependence in U, (p,k)
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Important for: nucleon emission,
flow, particle production (n7/xt,...)



Effective n/p mass splitting and high Pt
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Conclusions on supra-saturation density

 Elliptic flow analysis
y=1.0+0.3 ...waiting for the next GSI experiment

* n/p ratios vs Pt to constrain (m*/m) splitting?

* Pion and Kaon production probes need more
work: experimens and models - better understand
A-dynamics and role of E, (p)

* Future projects: Need for better data, larger
systematics (E. ., N/Z) at Riken, Fair, FRIB,
CSR, ...



Where are we? where do we go
from here?

Significant Improvements in
achievements measurements and
modelling required

Astrophysics

Encouraging and Different communities
stimulating for future working together
challenges
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