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Introduction

Motivations

Study of transport phenomena in nuclear reactions
» link with the viscosity (macroscopic degrees of freedom) at low

energy (E < Ef)

> link with the in-medium nucleon-nucleon cross-section (microscopic
dof) at high energy (E > Ey)

Be of interest to describe

> the process of supernova collapse and formation of a neutron star!

» the various mechanisms in nuclear reactions: fusion, deep-inelastic,
incomplete fusion 2

.M. Lattimer and M. Prakash : Astrophys. J 550, 426 (2001).
Suraud, D. Durand and B. Tamain Nuclear Dynamics in the Nucleonic Regime
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Introduction Stopping er sospin equilibration Comparison 1 a microscopic model: ELIE

INDRA dataset

Symmetric collisions

» Incident energy between 12 and 100 MeV/A
> Total size between A=80 and A=400

Isospin pairs at 32 and 45 MeV/A

» 24 Xe 411260 = N/Z=127 O —(0O PP
> 24Xe 1% 6y = N/Z=138 O —(0O PN
» B30Xe 41126 = N/Z=138 O — (O NP
» B30Xe 412465y = N/Z=150 O — (O NN
» N/Z variation around 15-20%
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Stopping power

Stopping power measurement

‘\ /h> ‘\,/
full stopping / <‘\\Qartial stopping

4
RS

RIS

» memory of the entrance

» memory of entrance channel is . ,
channel is partially conserved

lost
» preferential direction along the

> no preferential axis .
beam axis

2010, 26-28 July. 4/15

G. Lehaut NuSym



Stopping power

Method

E. — 1Y El
1SO 2ZE”
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Method A\EL ﬁ\a XEL
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Stopping power

Method A\EL ﬁ\a XEL
Fuo = 22k e e T

2S5 E
2B E.= E.>1 E <1

1S0 1SO 1SO

129%e+"'sn @ 50 MeV/A
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Stopping power

Method A\EL ﬁ\a XEL
Fuo = 22k e e T

2S5 E
2B E.= E.>1 E <1

1S0 1SO 1SO

129%e+"'sn @ 50 MeV/A

toward central collisions

14F
1.2F
1F

8 0.8F
0.6
0.4
0.2F

1 20 3

0 . 3040
multiplicity

= cross section &~ 50mb (0.1byax)

G. Lehaut NuSym 2010 , 26-28 July. 5/15




Stopping power

Method A\EL ﬁ\a XEL
Euo = %%g W - W - ‘ -

Ei50= Eiso >1 Eiso <1

129%e+"'sn @ 50 MeV/A

toward central collisions EN
135
1.4f
1.2F 3 3
i3 25 &
8 N
Lo.sk G o
0.6 1.5
0.4F 1
02F ‘ Jos
10 20| ] 3iq 20 50 002040608 1 1214°
cen
multiplicity E®

= cross section &~ 50mb (0.1byax)
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Stopping power

Method A\EL ﬁ\a XEL
Euo = %%g W - W - ‘ -

Eiso =1 Eiso >1 Eiso <1
129 nat
Xe+ “Sn @ 50 MeV/A no full Stopping
Ee <1
toward central collisions EN
1.4F 435
1.2f £ o
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= cross section &~ 50mb (0.1byax)
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Stopping power

Systematics

i full stopping —#= Au+Au
1:. .................................................. —e= Xe+Sn
r = Ni+Ni
0.8 —— Ar+KCl
88 |
W o6
0.4

E peam (MeVI/A)

» minimum at E = Ef

> saturation above Ef, and hierarchy with the mass of the system: the
higher Ao, the higher Ej, is

» transition from one-body to two-body dissipation

G. Lehaut, et al., PRL 104, 232701 (2010)
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Stopping power

Isospin effect

Xe+Sn
@ os8- 32 MeV/A
Ll  os6
> 2Xe +195n = nat ook
» P Xe+"2S5n = PP 052" 1 ]
> 12Xe 412265 = PN 05F
0.48—
» ¥Xe +1125n = NP 046
> 130Xe 412465 = NN os8F 45 MeV/A
0.56/—
777 7
7 7
T, 7000
e Error bars are here systematics 050
0.48
0.46F ‘ ‘ ‘ ‘
nat PP PN NP NN
» small effect of the isospin content at E around Ef (extension to
higher and lower E are in the perspectives)
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Isospin equilibration
Isospin equilibration

full equilibriu% \Qartim equilibrium

Y QU

» memory of the entrance

» memory of entrance channel is . ,
channel is partially conserved

lost

» dependence of the isospin along
the beam axis

> same isospin everywhere
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Isospin equilibration

Isospin diffusion

Imbalance ratio

PP

N/t_2R —Rp —Rp/t
p/t = NN PP
Rp/f Rp/t

where R, /. is the normalized yield of different particles in isospin here

proton over triton.

- +1 if Ry
Rproton/triton = { 1 if R o/t = 737
p/t

F. Rami, PRL 84, 1120 (2000)
V. Baran, PRC 72, 064620 (2005)
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Isospin equilibration

Proton triton ratio along the beam axis (in central collisions)
Xe+Sn @ 32 MeV/A
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Isospin equilibration

Proton triton ratio along the beam axis (in central collisions)
Xe+Sn @ 32 MeV/A

same ratio for mixed system IE
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Isospin equilibration

Proton triton ratio along the beam axis (in central collisions)
Xe+Sn @ 32 MeV/A ratio depends on projectile

same ratio for mixed system
Nl Riiiziizg

Rproton/triton

iR
\\\&\\\\
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ratio depends on target

» Imbalance ratios shows nuclear transparency at 32A MeV for central
collisions
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Isospin equilibration

Proton triton ratio along the beam axis (in central collisions)

Xe+Sn at 45 MeV/A central collisions
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» Imbalance ratios shows nuclear transparency at 45A MeV for central

collisions

G. Lehaut
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Comparison with a microscopic model: ELIE

Comparison with a microscopic model: ELIE

Entrance channel

» geometry 4+ nn collision: mean free path A
» conservation laws are taken into account : g, E, Z, N

» maximal internal temperature T=5.5 MeV for primary fragments
(A>06)

» discrete excited levels are considered up to A=10, above Fermi gas
level density is assumed

» N/Z memory of the entrance channel : no isospin relaxation

» nucleons momentum distributions are 2 Fermi spheres at T=0 :
sudden approximation (valid at E > Ef)

Exit channel
The partition {Z;, A;, i, p; } is propagated in space-time and in-flight
statistical secondary decays are considered : SIMON code

D. Durand, in preparation
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Comparison with a microscopic model: ELIE

Comparison on some basic observables :

Ni + Ni@52A.MeV
INDRA : selection ZEW €[0.8;1.2]  ELIE filtered : selection ZEW € [0.8;1.2]

S

o = 645 mbam

ee = 564 mbarn

o (mbarn)
o (mbarn)

<Ekin> (MeV/A)
T
1

G e (MeVIA)

o
IS

> An excellent agreement between ELIE and the INDRA data is found

G. Lehaut
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Comparison with a microscopic model: ELIE

Comparison on stopping:
Ni 4+ Ni@52A.MeV/, central collisions v > 26

O 1.4} -
LIJQ b S « INDRA
1o c | -A=15fm
T ~ ol - A = 1000 fm
F (ol -A=1fm
1 L
ogf
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04f
02f

fo T - B TR TR B -

0 02040608 1 12 14
CEN

V) Eiso

= I I
20 25 30

> sensitivity to X is found for EZS", especially for A < (Rproj + Rearg)
> data is closer to A = 15 fm (> Rproj + Riarg), Suggesting no
complete thermalization since the number of collisions per

participant is less than 1.
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Conclusions

Summary and Perspectives

Summary
» Stopping power is minimum around the Fermi energy (30-40
MeV/A)
» The isospin of the entrance channel has no effect on the stopping
around E = Ef. Is it still true for E < Ef and E >> Ef 7

» The study of imbalance ratios shows nuclear transparency at 32 and
45A MeV for central collisions

Perspectives

» Systematic comparison with microscopic models (ELIE, HIPSE,
QMD) , ...

» Study the asymmetric collisions: 181 Ta 45468 7p@19, 32, 39A . MeV
= INDRA experiment planned at GANIL in 2011.
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Comparison with FOPI

G. Lehaut
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Conclusions

Comparison IQMD*
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Conclusions

Imbalance ratio 3He/t
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