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Nuclear Matter during Nuclear Collisions

o0/ @ | ® W Rl

An event of central collision of Xe + Sn at 50 MeV/nucleon (AMD calculation)

@ A large number of nucleons are participating.
~ Information of bulk.

@ Wide range of density:
Po — ~2po — 0.5p0 — 0

@ Excitation energy (finite temperature):
12.5 MeV/nucleon (~ B.E.) —» 2 MeV/nucleon — 0

@ Density fluctuation and/or cluster correlations
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EOS of Symmetric Nuclear Matter from Flow
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Symmetry Energy at High and Low Densities

Nuclear EQOS (at T = 0) Tsang et al., PRC86(2012)015803

2
(E/A)(pp, pn) = (E/A)o(p) + Esym(p)O
Pn =Py 100
P=pptpn 0=
+
Pn pP ;\
[
50 =
—
40
—~ 50 i
S aof in—star
< i i
~ * isodif. E/A=35MeV
% 201 1 ) O transverse flow
ol \ 30 32 34
S, (MeV)
%o 05 10 15 2.0
Density p/po @ Nuclear structure

Esym(p) for Skyrme interactions
@ Heavy-ion collisions

@ Sy = Egym(po) at the saturation density @ Neutron stars

@ L =3po(dEsym/dp)p=p, Model ambiguities should be reduced.
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Dynamics of Neutrons and Protons at Compression State

0.14 g;g:o) I
0.12
% 0.1 | 1
= oo r [ 1 L. o= |
“I:é oo6 [ |/ E -
ooa I |/ 1 Sn + Sn central collisions at E/A = 50 MeV
0.02 |/ 4
e 124 124
© o 50 100 150 200 250 300 ° Sn + Sn 60
t [fm]
12 112 o
03 1247124 (L=46) — ® "Sn+7"5n i
1244124 (L=108) 5
1124112 (L=46) — Skyrme force §
025 1124112 (L=108) - T £
I = £
N ° SLy4 (L =46 Mev) P ot/ slya (46 Mev) —
E / : L=108 MeV
s @ L =108 MeV "o e oo 7 v o o o
NN\ e S oo o2 p [im*)
z
I
=&
Densities and asymmetry were calculated for an inner
part of the system around the center of mass.

0.05 N N N N N
0 50 100 150 200 250 300

t [fm/c]
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Neutron-Proton Densities at Compression

Soft Egym

2 2

@ B

3 neutrons 3

© ©

< <

r: distance from center r: distance from center

& The difference of the motions of neutrons
’ and protons is reflecting the density

dependence of the symmetry energy.

Observables

Symmetry Energy [MeV]
8

Rl A vA e 1~ /m* yield ratio

0 .
PO ey @ Neutrons and protons (or tritons and
3He)
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Various Microscopic Approaches

AMD l l
(N coll) |] | QMD

CoMD I
AMD
SME ] + wp splitting I
BUU
+ cluster

v J' AMD l
+ cluster
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Dynamical Approaches

Single-Particle Dynamics < Effective interaction ---?--- EOS
@ TDHF (quantum)

9 w2 o
S i) = (_ﬁ/{ﬁ + LI[CD])(pL-(r, )

@ Vlasov equation (semiclassical)

ot T or dp Jdp or
@ Molecular Dynamics (AMD, QMD)

- d d
(Pi(r) — e—v(r—Rz)ze(t/h)P, , EPi = {Pi’ﬂ}PB, ERi = {Ri,W}PB

Nucleon-Nucleon Collisions (residual interaction, two-body correlations)
@ Not yet done: TDHF
@ Taken into account: VUU, BUU, QMD, AMD
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Isospin Diffusion

Isospin diffusion through the neck between
projectile and target

o
3

S(p) (MeV)

)

0 "
0.0 0.5

ooo (oooo)

1.0
Density p/p,

15

.. — 06
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Figure by T. Akaishi
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Mechanism of Isospin Diffusion

Isospin diffusion through the neck between projectile and target
[ ]
@
Q@ <!

@ Diffusion. (depends on single-particle motion and o)
@ Symmetry potential. (depends on low-density Egym)

@ Reaction dynamics. (e.g. reaction time, Rizzo et al., NPA806(2008)79 )

Link with low-energy collisions (DIC) should be made clearer.
@ Semiclassical approaches (such as BUU and QMD) at medium energies.

@ More quantum mechanical approaches (such as TDHF) at lower energies.
(charge equilibration, nucleon transfer)
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EQOS for finite temperature

S

<
s
2 20
E‘ 15
ey
15 (N = Z system)
0.5
10 Similarity to Van der Waals EOS
0 a
(P+ —2)(0 “B)=RT, v=V/N
5 (%
05 Liquid-gas phase transition is expected.
T=0MeV
. 0 0.05 0.1 0.15 0.2 0.25

Density [fm'a]

Nuclear Matter EOS for Gogny force
(mean field approximation)
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Constant-pressure caloric curves

calculated with AMD
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Equilibrium Simulation
Solve long-time evolution for
given (V,E).

= Microcanonical ensemble
= (T, P)

1 JS(E) _ <95gas(Egas)>
T  O0E JEgas I

)~ 3=,
E 2 Ngas E
Furuta and Ono,

PRC79 (2009) 014608;
PRC74 (2006) 014612.

_ < 3 Ngas — 1
Egas
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Liquid-Gas Separation in Neutron-Rich System

Neutron-proton asymmetry of liquid part

03 "124:124 ([=46) —
124+124 (L=108)
1124112 (L=46) —
025 1124112 (L=108) ——

plm?)

100 150 200 250 300

Fractionation/Distillation o 50
t [fm/c]
—_ Neutron-proton asymmetry of central part
o(liquid) < 6(gas) >,
124+124 (L=108) -
112+112 (L=46) —
025 1124112 (L=108) -~

@ Gas = ) (A < 4 particles)

@ Liquid = Y (A > 4 fragments)

80 = (N-2)/(N+2)

0 50 . 100 =150 200= 250 300
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Fragment Isotope Distributions

MSU Data: T.X. Liu et al., PRC 014603 (2004).
Calculation: AMD

dN/dQ [sr]

1245 4 1245 E/A =50 MeV

SLy4 (L=46) —&-
L=108 ¢
Exp. e

dN/dQ [sr]

N-Z
(N-Z)=0.75and 0.99

25, 4 125, E/A =50 MeV

SLy4 (L=46) —&-
L=108 o~
Exp. e

N-Z
(N-Z)=0.36 and 0.53

@ The average asymmetry and the width are sensitive to the symmetry energy.

@ Compared to data, Z > N fragments are overproduced.
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Comparison of AMD and SMF

Colonna, Ono, Rizzo, PRC82 (2010) 054613.

1.6

1.6
SMF | L AMD A
sk _ 1 sk | Neutron-Proton Ratio of Liquid )
[ AN | | S g g
S A Nig = Niot = Nas,  Ziq = Ziot = Z
S 14l 4 14k Dy B lig = LVtot — {Vgas; lig = 4tot — £gas
4 N
r 1 7 B @ Dependence on the symmetry energy
e 1 Tn s sn ] Esym(p) (soft or stiff)
H"Sn-v- HlSn 1 L d T
L L @ Dependence on models
0 100 200 0 100 200
Time t (fm/c) Time t (fm/c)
60 - - - 60 - -
. . Ngas; Zgas: Number of Nucleons in Gas J
! Sn+ " Sn
401 401 R . .
. (Emitted nucleons and clusters with A < 4)
s
3 @ Black line: neutrons
20 20 .
@ Green line: protons

/ Emission of light particles should be
05—~ 0000 described properly!
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General strategy to obtain EOS from HIC

Optimistic:
f(model, EOS, other parameters...) = Observable (exp data)
) af af
Would be happy if Sothers — 0 Tmodel = 0.
Real life:

fi(model, EOS, other parameters...)
fo(model, EOS, other parameters..
fs(model, EOS, other parameters...)

Obs; (N/Z)iiquid
Obs, Gas/Liquid fraction
Obs; a-particle multiplicity

\'./
1]

What to do?
@ Choose suitable observables {Obs;}.
@ Check whether a model can describe {Obs;} by assuming an EOS.

@ Improve models.
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Bulk Properties and Correlations

00| @ | ® [ Rt el

An event of central collision of Xe + Sn at 50 MeV/nucleon (AMD calculation)

Bulk properties and dynamics == Correlations
e.g. EOS E(p) l e.g. clusters and fragments J

interplay

\ \

Isospin dynamics, Symmetry energy
Pn—Pp, N/p, t/*He,... ’
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Bulk Properties and Correlations

Part|t|on|ng of protons

~10%
~20%
d t, 3He ~10%

~60%

An event of central collision of Xe + Sn at 50 MeV/nucleon (AMLC
Exp. data (INDRA etc.)

Bulk properties and dynamics == Correlations
e.g. EOS E(p) ’ e.g. clusters and fragments J

interplay

\ \

Isospin dynamics, Symmetry energy
Pn—Pp, N/p, t/*He,... ’
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Symmetry Energy and Clusters

Nuclear EQOS (at T = 0)

(E/A)(pp, pn) = (E/A)o(p) + Eym(p)6®
Pn— Pp
=pp+pn O6=——
P=pptp Pnt Py

50

40

0.0 Of5 1?0 1?5 2.0
Density p/pg
Esym(p) under mean-field approximation

EOS # Skyrme parameters
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With clusters
Natowitz et al., PRL104 (2010) 202501.

T T - T T]
seesss MDIX= 1 05 * Exp (col. 6, Table 1)
L5 - i:g?‘f ‘: N ©  sc(eol. 12, Table 1)
RME, T =0 Mev 404 QS T= MV
— osTerMey bl
1.0 703
0.2}
0.5 1 S
S, 0.1F
R a
’....1....|.(.) ? AP
0.0 0.5 1.0 0.0 0.05 0.10

density n/n density n/n;

10° T T T T T

particle fraction X,

107

107 o - ; z
10° 107 10t 107 0% 10! 10"
density n [fm]

Generalized RMF-by Typel
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Why Clusters? — some theoretical background

Two-nucleon collision:
Wiss = ZKYVIW)PO(Es — E))
Y =1
f

What is a suitable complete basis set for the

final states of a two-nucleon scattering?
@ A usual choice is to change only the two. Q

Z |‘Pk1 (D, )W, 4, )N, (N, ()W, 4. ‘)‘ Consider cluster formation up to
ki k2

. ) a-particles.
@ If a deuteron will propagate stably in medium, a

more suitable basis will include

'q;,ﬁ ()Ya(2.3) W@, .. ) )w, (NYa(2. 3@, . .)| +oo
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Effect of Clusters on the Density Evolution

Without cluster correlations (AMD with NN collisions)

With cluster correlations

o0 @ |0 B /%

During the time evolution, clusters are ...

Xe +Sn E/A = 50 MeV Non-
o formed at NN collisions. 6?““ o clustered
@ propagated by AMD equation. £ 7 2N)
(nothing special) 8w
" . 2 (3N)
@ broken by NN collisions. (nothing 50
(4N)

special) .

Time [fm/c]
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Effects of Cluster and C-C Correlations on Fragmentation

Usual NN collisions With Clusters With C & C-C

° Xe +Sn E/A =50 MeV ’ Xe +Sn E/A = 50 MeV ° Xe +Sn E/A =50 MeV

10! 0<b<2fm °, 0O<b<2fm 10! 0<b<2fm

SLy4 Sly4 Sly4
£ 0 o, AMD — Z AMD — g AMD —
) ° o, Exp. -« s Exp. s Exp. -«
; 107 K §: § 107
o 2 50 B 30 40 50 0 10 20 2 30 40 50
w/ioC withC C&C-C INDRA e Gas =

M(p) 40.2 10.9 10.8 8.4 Y (particles of A < 4)

M(a) 2.5 23.2 10.7 10.1 e Liquid =

Zgas/Ziot  55%  78% 43%  (40-50%) Y. (heavier fragments)
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Au + Au Central Collisions at Higher Energies

E/A = 150 MeV E/A = 250 MeV

Au + Au E/A = 150 MeV Au + Au E/A = 250 MeV
10 | b<1fm 7 10 b<1fm
SLy4 SLy4

Multiplicity
3

Multiplicity
80

102 102
Exp. e .
10-30 2 4 6 8 10 12 1030 2 4 6 8 10 12
z z

with C & C-C  FOPI with C & C-C  FOPI
M(p) 32.8 26.1 M(p) 420 31.9
M(a) 20.1 21.0 M(a) 19.4 18.2
Zgas | Ziot 1%  73% Zgas | Ziot 80% 83%

FOPI data: Reisdorf et al., NPA 612 (1997) 493.
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Energy Spectra of Clusters

2450 + 245 and ''2Sn + ''2Sn central collisions at 50 MeV/nucleon

= Energy spectra of tritons and 3He emitted to transverse directions

SLy4

% w02 5
> >
Q [0}
2 2
3 3
E 10° £
[} <}
2 =2
< <
UJE 10 ng
5 1, 1pgSN S 35
=] y 112 ©
t 159 S
o 105 [PHe, 28] T 112g) %o
0 5 10 15 20 25 3 8 40 0 5 10 15 20 25 30 3 4
Eqr/A [MeV] Eqn/A [MeV]
SLy4 (L = 46 MeV) L = 108 MeV

@ Triton/®He difference is consistent with fractionation and is sensitive to the
symmetry energy at low density.
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Energy Spectra of Clusters

do/dEdQ (mb/(sr MeV))

Liu et al., arXiv:1208.3108

2450 + 245 and ''2Sn + ''2Sn central collisions at 50 MeV/nucleon

E o m l#gny gy
o0 o Mgy, litgy
E/A=50 MeV

Data @NSCL/MSU

626/d(E gr/A)dQ [mb/(MeV sr)]

SLy4

[] 5 10 15 20 25
Ec/A [MeV]

Sly4 (L = 46 MeV)

30

0 5 10 15 20 25
Ecn/A [MeV]

L =108 MeV

@ Triton/*He difference is consistent with fractionation and is sensitive to the
symmetry energy at low density.
@ To reproduce data, there should be more low-energy tritons and less high-energy
tritons, and low-energy ®He particles (or protons) should be less.
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Compression and Expansion Dynamics of Neutrons and Protons?

Both liquid and gas (low energy part) should be more neutron rich.
(= Itis not an issue of fractionation in fragmentation.)

neutrons

p: density

r: distance from center

Compared to the current AMD results,
neutrons should have lower energies in
order to explain the data for

@ the triton spectrum
@ the small yield of proton-rich nuclei

@ the large energy of proton-rich nuclei
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Compression and Expansion Dynamics of Neutrons and Protons?

Both liquid and gas (low energy part) should be more neutron rich.
(= Itis not an issue of fractionation in fragmentation.)

5 T I T
| - 0 —t —
70 K 150
11C MN 11
> ~60F Qe T Sunlg)
= = tog ® Q
n [} IOB
= 7 Q 7
[ Zs0F Be T Be @ .
g neutrons N o &0
. v g 814 5Li
Q LN @0 40 BHe e —
w4 ]
r: distance from center 1245 4 12450 Uzgn 4 112sy
20 | | I | | I | |

0 5 10, 15 20 5 10 15 20
Mass Number

Compared to the current AMD results,
neutrons should have lower energies in
order to explain the data for

Data @NSCL/MSU
Liu et al., arXiv:1208.3108
Kinetic energies of proton-rich
fragments are anomalously large.
(Yields of low-energy proton-rich
@ the large energy of proton-rich nuclei fragments are anomalously small.)

@ the triton spectrum

@ the small yield of proton-rich nuclei
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