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= Energy deposition & stopping in central
heavy-ion collisions

Stopping observables Rg, R,

INDRA data on symmetric systems
70 < Agys <400, E;, < 100A MeV

LV simulation of the same reactions
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Simulation study of central collisions of

mass symmetric systems below 100A MeV
In a comprehensive investigation of the
role of nuclear EOS & residual collisions
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Central collisions

\\\‘, d Above the Coulomb barrier an adiabatic
A system rearrangement with full stopping
and full E dissipation; fusion process

Epissip = Eavar

d Increasing E: incomplete fusion
Epissip < Eavail

d From about the Fermi energy E.,,, BDC
Oppc > 9D % opeac irrespectively of

- event centrality
- system size
L0 - system asymmetry

Increasing contribution of hard NN
collisions
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Central collision
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Central collision
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=3% Ogeac

-

o —

-

\ \ | “ I /\

t= 0.0fm/c

b=3fm=0.2b

—

t= 240.0 fm/c

- -

S

—e

At Er. i (R35A MeV)
“hard” NN collisions

max

-

S -

2

O -
<

L8 &
uder
\

Institute - 1950

W 30 fm/c = 1102t s



WS

Central collision

129Xe + 1208n

=3% Ogeac
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INDRA study of symmetric systems

1
—

“@Qx — Ar+KCI, Ni+.Ni, Xe+Sn, Au+Au
\W — Selected =50 mb (most central) -
DY o

— Stopping observables R (R)) R
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G. Lehaut et al., Phys. Rev. Lett. 104 (2010) 232
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NDRA study of symmetric systems
A) = Ar+KCl, Ni+.Ni, Xe+Sn, Au+Au

— Selected =50 mb (most central)
— Stopping observables R (R))
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TABLE 1. Values of R for different Xe + Sn systems at
32A, 45A, and 100A MeV.
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System N/Z 32MeV/A 45MeV/A 100 MeV/A

124¥e 4 112G 0.54 0.53 0.58

PPXe+ Y28n 13D e 0.60
124Xe + 124Sn  1.38 0.54 fe 0.56 QMD: U™, o
I29%e +™8hn 138 0.55 0.53 X aMD: U o
136Xe + 112Sn  1.38 0.50 0.54 i 4= 20 50 50 100
122Xe + 48n. 143 " i o 0.59

136Xe + 124Sn | L5 0.49 0.52 e
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INDRA study of symmetric systems

“%Z, — Ar+KClI, Ni+Ni, Xe+Sn, Au+Au
’\g, — Selected =50 mb (most central)
— Stopping observables R (R))
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Stopping
— energy dependent (drop
followed by constancy)

— transparency (E,, >Er./1ni)
— not isospin dependent
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G. Lehaut et al., Phys. Rev. Lett. 104 (2010) 2327
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Remadks on IQMD study of R,
A =1

'I\ o tiag tiag . Mg M2e
[‘ £33 j ¥ eV E=35MeV/u
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‘HSI'\-F‘“SH 3 “n %n
E=72MaV/u = E=100MeV/u E=150MeViu
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Time (fm/c)

J.-Y. Liu et al., Phys. Rev. Lett. 86 (2001) 975.
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Landau-Vlasov simulation

x\)i, Transport equation of the Boltzmann type
ft’\\\"' of 0
AN 9] _ (2 (2 r._f.):,
NN,

= T+U’ Y= VnucI+VCouI J

V

— Skyrm / Zamick: soft (stiff) local potential
K=200 (380) MeV, m*/m=1.0 (1.0)
— Gogny G1-D1 (G3) non-local potentials
K=228 (360) MeV, m*/m=0.67 (0.68)
f=1(r,p;t) - distribution function
Collision term
Phenomenological, (an)isotropic o = o(E, is0,0)

nucl*
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g An approach adequate for bulk (one-body)

properties of nuclear dynamics.
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Skyrme/Zamick - local EOS

>

1+v full stopping
Vip(n)=a 2L 4 | 2T '
Po Po

TABLE I. Zamick interactions parameters.

—«—Zamick soft
= = Zamick stiff

—356 303 CENTRAL COLLISIONS

—123 1 Tergis -;__”“_'_- ........................................... .
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ogny - non-local EOS

2
Vae(r,p)=1t:p*(0)+ 3 a; [d*r'e

2
—(r—r) full stopping

2
/pjp(rt)
i=1 Pt I

2 2 2 2
, —(u2/ard(p—p) ,
~ 3B, [dpe flr,p’),
i=1
“'=.L___—Gng11_.r G1-D1 - - Gogny G3
R . e i
22 4 ° 02 Xe+Sn — el
W, B, H, _
+———-M, |V,
: T3 T M|V

TABLE II. Gogny interactio

G1-D1 parameters.

Gogny Interaction [ L W, B,
D1-G1 1 0.7 —402.40 —100.00
2 1.2 —21.30 —11.77
Gogny Interaction H M, s LABORATORY ENERGY (A MeV)
D1-G1 —496.20 —2236 1350
—32.27 —68.81 1350
m 1 d
e(k) =0.67
# kp | dk k=kp
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Mean field alone (EOS)
A

‘\
full stopping

\

p — Gogny G1-D1 -+ Zamick soft
- = Gogny G3 -« Zamick stiff

— Gogny G1-D1 -~ Zamick sofl
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oAt the end of simulation before collision
s at t=240 fm/c at t=0
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NN X section - in medium modifi.
”@Qz Landau-Vlasov transport equation
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Stopping - rapidity distributions

1

A\ : :
%‘\g’ Besides on nuclear EOS stopping strongly

s\%’ depends on residual nucleon-nucleon
g\:‘:,‘} .

5\% Cross section oy,
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cross section

full stopping

Xe+Sn

CENTRAL COLLISIONS

.
[

Seig e -

-
-

- 200 400 600 800
Gogny G1-D1°~ - LABORATORY ENERGY (MeV)
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K. Chen et al., Phys. Rev. 166 (1968) 949.
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o.Cugnon = Ochen ta Weak
dependence on density

= = Metropolis et al.

—— Chenetal.asinLV

1702; C49 (1994) 1566.

N. Metropolis et al., Phys. Rev. 110 (1958) 185.
G.Q. Li and R. Machleidt,., Phys. Rev. C48 (1993)
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NN cross section
AN

i
. \’ full stopping
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NN X section - in medium modifict.
\\‘, Landau-Vlasov transport equation
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Ih medium modification

-
,i’ Gogny EOS G1-D1 (soft) and G3 (stiff)
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In medium modification
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Skyrme / Zamick EOS: soft and stiff
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E,, = 40A MeV

/ALL TEST-PART|CLES

GOGNY G1-D1

E,, = 60A MeV

100 200 300

100 200 300 400 50®

E,, = 80A MeV

E,, = 100A MeV

0 50 100 150 200

0

50 100 150 200

REACTION TIME (fm/c)

0.8*c"® Chen et al.

16" Chen et al.

_____ 1.2*c"™Chenetal.

Full system
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E,, = 40A MeV

Au+Au
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Central collisions & impact param.

A . .
%{’ RE , Rp as a function of impact parameter b
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C.entral collisions & impact param.
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Central collisions & impact param.
A
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RE , Rp as a function of impact parameter b
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System size

Ar+KCI, Ni+Ni, Xe+Sn, Au+Au

- Correct system mass
dependence

- Fails below E;, = 60A MeV

- Largest discrepancy
around Eq, .,

- Correct at low E;

.

) CENTRAL COLLISIONS
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Discrepancy vs. 0,,, modification
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iscrepancy vs. 0,,, modification
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Verification of numerics

-
N — NN collision cut-off energy

— Local potential evaluation box-grid size
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full stopping

NH collis ions threshold
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Conclusions
N
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The best EOS non-local Gogny G1-D1

No (unambiguos) need for in-medium
modification of NN cross section

Strong disagreement data—-theory
around Egeymi
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Pauli blocking

>

AL .
%\g’ Occupancy tested via:
s\i" — LV: Local phase space sampling

Adm?2 73k

gain perte g 1 / do

lps dp2 dpy —
ap2 aps ap4 70

X 6(p+p2—P3—pa) 6(p* +pa® — ps® — pd®)
M= [(1-H)1-Ff)ffi — (1= £)(1— fi)fof]

— (1)QMD: Pauli potential
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Summary

D) .
. ® Studied impact of EQS & NN collisions

\
on the stopping observables Rg, R,

g
I
\

=

A

S

>

" |n partial agreement with the INDRA
data: at low E (< 20A MeV) and above
E, = 60A MeV

S

= Largest discrepancy around Eggpmi

S —

" Possible cause of the observed
discrepancy: lmproper accounting for
the Pauli principle
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Nuclear Stopping at
Intermediate Energies -
Experiment versus Simulation
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