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Nuclear collision dynamics and the equation of state

N E (RILKE)

We want to measure EOS.
Measure T, P and p of matter ...
Prepare matter in the state we want to measure --- - -- HI collisions

What are taking place in collisions?

® High density
® | ow density
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EOS and Collision Dynamics

Energy of nuclear matter

E(p,5)/A = E(p,0)/A + Egym(p)5°
6 = (pu— pp)/p

°

E(p,0) (Symmetric matter p, = p;)

°

Esym(p): Symmetry energy

°

Depends on temperature T

free energy rather than energy

°

LG phase transition (two components)

°

Effective masses n1;,(p, 0), m,,(p, )

°

NN cross sections onn(p, 0)
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Isospin Effects in High Density Region
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Probes of High Density Matter

Compressed state

P

1=

¥
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Observables

7t~ /7t ratio
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Yong et al., PRC73(2006)034603.
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Neutron and Proton Flows
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Experiments = Lowdensity EOS

Shetty et al., PRC 76 (2007) 024606
50 I \

Heiselberg et al. (Ref. 82)
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Observables: Isoscaling, Isospin diffusion,
Neotron/proton emission ratio, Giant resonances,
Binding energy and neutron skin,

Neutron star calc.,
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Approach to measure EOS

" S 53% t =102 fm/c
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Clusters are important

® Many experimental observables (to probe high and low densities)
are related to clusters and fragments. (t/°He, isoscaling etc)

® (Clusters and fragments are the main part of the total system.

[
é?\ 80:— I-,.-. ...... o T _:
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For example, four nucleons in the gas at T = 10 MeV.
® Uncorrelated: (E) = 2T x 4 = 60 MeV
® o cluster: (E) = —28.3MeV + 2T = —13.3 MeV

Can we satisfy with “coalescence” ?
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VUU Equation

VUU Equation (BUU Equation, BNV Equation)

of _oh of dh of
o0 Jr dp Jp or

Collision term

Jooll = (2”1:;)3 f dQ) |v|( ){f(r pa. Of(r, pa, |1 = f(r. p. 1)||1 = f(x. P2, 1)]

~f@.p.Of @, p2, B[ = £ pa. D][1 = fix, pa. 1]

Gain term Loss term

p\ /pz ps\ /p4
ps/ \p4 p/ \Pa

P, P2, 2 = ps, pa(Energy and momentum conservation)
v =|p—pal/M
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Antisymmetrized Molecular Dynamics (AMD)

AMD wave function

“» e‘> Initial State |CD(Z)> = det[ exp{ ( - —= Xaz (]) | @ >
U ©
th \ Z; = \vD; +

K;
/ \ //‘//\¢ h W Nmewzaton
~ Ax
N v : Width parameter = (2.5 fm)~2

.‘> +Cp > +Cg ‘> +..  Xa; - Spin-isospinstates=p T,p l,nT,n|
° . ..‘ [ ) . [ )

Stochastic equation of motion for the wave packet centroids Z:

d
dt

Cq

—Z; =1{Z;, H}pg + (NN collisions) + AZ;(t)

® One-body motion in the mean field

®» Two-nucleon collisions
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Clusters in Collision Dynamics

Extension of AMD to respect cluster correlations
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Time evolution of number of clusters

Number of nucleons in correlated clusters
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Effects of cluster correlations

40Ca +4Ca, E/A = 35 MeV, filtered violent collisions

w/0 cluster correlations

with cluster correlations
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Low density matter (Liquid-gas phase transition)
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Equilibrium ensembles and caloric curves

Microcanonical ensemble < Simply solve the time evolution for a long time

® Total energy: E
®» \Volume: V = %nR3 (reflections at the wall of container)

® Neutron and proton numbers: N =18, Z =18

= Temperature T(E, V) and Pressure P(E, V)
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25,000 fm/c x 130 combinations of (E,V) = 300 CPU - hours
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Comparison of reaction and equilibrium

T. Furuta, Doctor Thesis, Tohoku University, 2007.

40Ca+4Ca,E/A=35MeV,b=0
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Summary
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High Density EOS and Flow

Transverse Flow
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