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. Context and motivations

m The symmetry energy in finite nuclei

~

(N — Z)2 Z?

* Bethe-Weizécker bindingenergy: BFE (N, Z) = —ay A + aSA2/3 -+ Csym (A) + ac
—— Y~—— A N Al/?L
volume surface ~ v
(a)symmetry Coulomb

* Surface symmetry energy (LDM) : Csym (A) = CLX —+ agA_l/g

. aaV and aaS are constants characterizing the volume and surface symmetry energy [1];

. aaS not well constrained by experimental data on g.s nuclear properties ;

. aasis a fundamental quantity to describe the deformability of n-rich systems (position of the neutron drip-line, border of
Ksuperheavy region, fusion/fission and rotational properties of n-rich nuclei, r-process, structure of neutron stars) /

“® o [2]
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o @ "“‘*%-...@)@ o o Ex. of correlations between LDM aaV and aaS coefficients extracted
—40 :“‘---_O _____ ger g 5 . .
S e T from Skyrme nuclear energy density functionals [2]
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2% 26 28 30 32 34 36 [1] P. Danielewicz, J. Lee, Nuc. Phys. A 818 (2009)

aV (MeV) [2] N. Nikolov et al., Phys. Rev. C 83, 0343305 (2011)
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. HIC at intermediate energies

Intermediate energies \

Heavy lon Collisions

* Formation of exotic nuclei over a wide range
of n/p asymmetry

* Terrestrial way to study transient states of
nuclear matter over various p, P, Tand J

Transport model (ImQMDO5) Early out-of-eq. Mixin Fragments Statistical d
o 124gy4124g, @ 50 AMeV emissions bdig formation atistical decays
b=6fm
- A\ Projectile 7 . :

&Relatively high E*/A can be reached

e 15AMeV < Emcs 100 AMeV

* Dissipative collisions

* Sub-saturation density regime (domain
expected from model calculations) /

[ =25fme 19r9eY
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t=100fm/c
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t=150fm/c

i t 200fm/c
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[3] Zhang et al., PRC 85:024602

Isospin transport

26/09/22

Quentin Fable - L2I Toulouse, UT3, CNRS/IN2P3

s VAT



. INDRA-VAMOS coupling @ GANIL

“ca ot @asamey (LN

Drift chambers Si-wall (Trigger) CsI(TL) wall

Ref. traj.
>

Beam
axis

lonization chamber

“._ iFocal plane Target

* 14 rings (~300 identification modules
* Si-wall = Acq. Trigger (peripheral collisions) ings ( ! rieat ules)

* Projectile identification (Z,A) . Identification

9 [0 g0 * — (Z,A) for Light Charge Particles (Z<5)
* GLABN 2.5-6.5 * »ZuptoZ~25
@, ~220%320°

- 0 P 7%-176°

L

- 12 Bp settings - Bp, = 0.661-2.220 T.m * Event characterization (b, E*, ...)
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. INDRA-VAMOS coupling @ GANIL

E503 experiment

4048C34+49%8Ca @ 35 AMeV

@)

VAMOS Schematic Layout

(b)

Drift Chamber 1

\

Picture of the experimental setup of the
INDRA-VAMOS coupling.

[4] J. Pouthas et al., NIM A 357, 418 (1995)
[5] S. Pullanhiotan et al., NIM A 593, 343 (2008)

[6] Q. Fable et al., PRC 106, 024605 (2022)

VAMOS Detection Chamber

: Drift Chamber 2

Reference
Trajectory

18?

X 80-CsI(Tl) wall

lonization Chamber

.} Focal Plane

s LAT
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. INDRA-VAMOS : general properties

(|l IL:I [ IL” 104
| [ [
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Il - 10°
LI [] N=28
N=20
4 4
\ T . . . °Ca+ 8Ca 102
' i , 20 25 30
| ' W#l PIT:I | PLF (Vamos)
ATy \1 , . i « V_=6cm/ns
] - LI | : 104 ‘
| ] e oV -~y
Z PROJ
([ (| o —»/7~7
E | | : : PROJ
< ziiiiiie 10’
, . : . ; ] _ i - N=28
0: ------ 2 ------- 4: I L § ------- 8 ----- : 5 | E| Hl |: O N2
Vz (cm/ns s smam= 4
( ) o8 | | 8|Ca+‘l‘°Cal 102
* Dissipatives collisions topology 0 5 10 1&}5 20 25 30
Y%
* 3regions:

- LCP emissions around v__ — The fragment identified in VAMOS is assumed to be the PLF

— PLF and TLF from either side of v__ [6] Q. Fable et al,, PRC 106, 024605 (2022)
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. INDRA-VAMOS : model calculations

AMD + GEMINI++ calculations . Bca+?®ca Model (not filtered)
N2/ (a) :
* Triangular input impact parameter distribution: 0 < b 5 8.5 fm - 10°
* Collisions followed up to: 75,7, =~ 300 fm/c 5 10°
10 2
* INDRA-VAMOS experimental filter (KaliVeda) 10~
5
— VAMOS angular acceptance and trigger favorise the detection of semi- 0 10
peripheral collisions 0 2 4 6 8
Vz (cm/ns)
<  otieeg Model (filtered)
> ilter ASF :
= 105} — Filtered N =T (b) Vem v 10°
' I IIIIII“I | IIIlI ‘Illlllllllll
10%F |I|| J |I||||||
H” IIIIIII||I L)
1Rz |
3 0 " I IIIIIII|IIIIIII|IIIIIIII
10 “IIII (A 1] 11 |
III I|"| L JL IO O W T )
0 2 1 6 8
b (fm)

Vz (cm/ns)
[6] Q. Fable et al., PRC 106, 024605 (2022)

[7] KaliVeda HIC analysis toolkit - http://indra.in2p3.fr/kaliveda/
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. INDRA-VAMOS : LCP multiplicities

- VEM > 0

« Increasing (M) with decreasing Z,

- dissipation/centrality

« Saturation for small ZV

* Hierarchy according to the system n-richness :

- t, °He (n-rich)
- p, ’He (n-poor)

* « Neutral » behaviour for d, *He

* Observations in agreement with published
studies of **!2*Xe+1241125n [8]

[6] Q. Fable et al., PRC 106, 024605 (2022)
[8] R. Bougault et. al, PRC 97, 024612 (2018)
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. Symmetry energy coef. : isoscaling method

1000 T Z Z T T ‘JEéSD_{_I:H-Sn
. . . . . o . [ ] <o /’/ Meaniigy
* Isoscaling is a scaling behaviour observed in a variety of HIC, such as: S o7 83 %% 5/ans0 uev
Q. °6 +2 %}o@ e
! o X i o a _
Vi) (N, ) N
— - i + /" ]*He+!®sn
Ro1(N,Z) = x exp |aN + 7] g Y o E e
}/(1) (N7 Z) Z.\ - gl l/ ! ?’: 6.:1609
\:ﬂ - L .005, ,i; s
N1.0 &, 1
- - : : . g & o wosmEn
where Y(i is the yield of the same isotope (N,Z) measured in two reactions i . 00+ 1975y
e = ./ L & E/A
= A
(1) and (2). AL S [9] |
[ll 5N 10

* Assuming a thermal & chemical equilibrium is reached, the isoscaling coefficients (a,) can be linked to the

neutron and proton chemical potentials Moo A / A /
’ a= Ay, /T B=Au,/T

* A Gaussian approximation of the fragments yields in the grand-canonical approximation allows to link the

isoscaling parameters to Csym and the temperature T of the system (at fixed 2) :

4Csym(Z) a(Z)

T z 2 z 2 [9] M. B. Tsang et al., Phys. Rev. Lett. 86, 5023 (2001)
(—<A1 ) ) - (—<A2(Z)> ) [10] Ad. R. Raduta, F. Gulminelli, Phys. Rev. C 75, 044605 (2007)
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. Symmetry energy coef.: QP reconstruction

QP reconstruction based on the relative velocities between the reaction products H
detected with INDRA and : INC AR S
(i) The PLF identified with VAMOS ; < # hay
(ii) The largest fragment identified in charge with INDRA at backward angles (TLF) TN, ¢ -
. t=150fm/c =200fm/
Fragment selection Vr€l7TLF/V7°el,PLF >1.35,1f Z=1 e T
[ ] I : .
J Vrel,TLF/Vrel,PLF > 1757 if Z > 2
* Optimized from Filtered AMD+GEMINI calculations
% — QP ori. (a) | @
> 600r —QTori AMD+GEMINI g No sel.
a0l Pre-eq. (protons) >
200F .
- 0
S 100F —No sel. (b) | © @
E 801 __gel. ] =3 =3
601 EXP o = .
S Ll (protons) | E . E . With sel.
207 >_|—5 ;'—5
0 H-Z,=12, A =24 ‘He - Z,~16, A =36
B M A > 10 T L N
, (cm/ns) 40Ca+48Ca v, (cm/ns) v, (cm/ns)
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. Symmetry energy coef.: QP reconstruction

QP reconstruction based on the relative velocities between the reaction products

detected with INDRA and :

(i) The PLF identified with VAMOS; o o

(ii) The largest fragment identified in charge with INDRA at backward angles (TLF) | @** a7,

. <<
Vrel,TLF/Vrel,PLF > 1357 it Z =1

* Fragment selection: Vrel,TLF/Vrel,PLF > 1.75,if Z > 2 =150 00fe

* Optimized from Filtered AMD+GEMINI calculations

\Estimation of the evaporated neutrons from the simulations

/ " Zgp =15, Agp = 32 ~ —
(Z,A) estimation % \ S ool - E 4t : 408214822
Zop = 2v + Y Zi E - Cas“Cs ] i |
— 500~ 48 48 3 & TCa+"Ca
 w o i Y
Agp = Av+Y_ A S 1 ,L
i Random selector 2001 re ¢ %3 A P ¢
~ - Aol . 0
Agp = Agp + M, (AQPaZQP N P e S 0 12 14 16 I8
\ 0 2 K 6 3 Zep
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Symmetry energy coef. : exp. results

Yio)(N, Z)
Y
Ro1(N,7Z) = =————= x exp|aN + 7]
Vi (N, 2)
(Y
4848/4040 (a) 4840/4048 (a) 4840/4040 (a)
- S- 7
; ::"+ | VAMOS Frag. (PLF)
K r_‘ﬁN 0
& R
—_5t Y | J _5} . L
n7=8 4 Z=9 vZ=10 oZ7Z=11 o0Z=12 n7=8 a7=9 vZ=10 oZ=11 oZ=12 n7=8 a7=9 vZ=10 oZ=11 oZ=12
Z=13 *Z=14 nZ=15 a+Z=16 v Z=17 Z=13 o Z=14 nZ=15 4+Z=16 vZ=17 Z=13 o Z=14 nZ=15 4+2Z=16 v Z=17
_10l 0Z=18 0Z=19 1Z=20 eZ=21 Z=22 | _10l 0Z=18 DZ=19 ~Z=20 eZ=21 Z=22 | _1ol oZ=18 ©0Z=19 ~Z=20 eZ=21 =22 |
5 St 5 B

Rec. QP
(no evaporated neutrons)

(b) (b) (b)
-10 : -10f : -10f 1
D 5 5
Rec. QP
50 500 501 (with evaporated neutrons)
k= = 5
-5 =57 =5t
© (©) ©
—10f . ‘ , : —10t , , 1 —10p , , :
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
N N N
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. Symmetry energy coef. : isoscaling coef.

VAMOS frag. (PLF) » 8484040 408ym a( Z)‘ Isoscaling parameter
1251 e 4840/4040 |
o 4840/4048 -
T A<
| : A | \\ Asymmetry of the two sources
o ghtece ! 2 2
WS | | A=(Z/ (A1) —(Z/{A2))
80

(a)

Rec. QP . .
L5 (no evaporated neutrons) 1 /0( vs A plots: \

— The a parameter is expected to linearly increase with

h

3 I aba - increasing A [11,12] ;

N ) Ggf”““ _ — Not observed for the PLF;

1 8 B — Observed for the reconstructed QP, with a better linearity

when neutrons are considered.
Rec. QP ”
| (with evaporated o | * Secondary decays tends to:
| heutrons) 9‘{" ~ — Lower the values ;
N, ﬁm » — Remove the correlations between the two parameters.

@n
[6] ©° (c)
0 001 002 003 004 005 006 [11] S. Wuenschel et. al., PRC 79, 061602 (2009)
7—9_19 A [12] D. V. Shetty et. al., PRC 70, 011601 (2004)
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. Symmetry energy coef. : isoscaling coef.

Rec. QP (with evaporated neutrons)

~N

)

3 N Isoscaling parameter
e 6] AWCsym _ (Z)" gp
L5t 2 484014043 Ll 1 T A<
1 Loy e A try of the t
‘ L. oa o a t s o ] 9 9 symmetry of the two sources
: LI A= (Z/{A1)) —(Z/(A2))
054 5 8 ¢ o 5 ©
o © °° (a) {
< * Evolution of a and A with the size of the QP :
0.061 L 2] — Increase of both parameters with the size of the reconstructed QP ;
L4 : — Surface dependence [13] ?
ooaf Lt A A a4 s o *
& . O . . . .
sog 6 4 3 8 * o * Hierarchy depending on the system combination
0.02} o © — Exp. confirmation that a is a good surrogate for isospin transport
@] o O
o © ° (b) study [14].
9 4 \
A
o 6.2- 3
[ s &
3.57 ‘ é é :
5t
BINER
4t (©)
3.3 10 12 14 16 18
ZQP [13] Ad. R. Raduta, F. Gulminelli, PRC 75, 044605 (2007)
[14] L. W. May et al., PRC 98, 044602 (2018)
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Symmetry energy coef. : isoscaling coef.

Rec. QP (with evaporated neutrons)

~

_
{

y,

3 N Isoscaling parameter
: g 6] 1Coym  (Z)" gp
1 3 o ] = A
1t . ; E . 9 \2\ Asymmetry of the two sources
‘o NP A= (Z/(A1))" —(Z/{A2))
05r¢ 2 8 s o o
[ ] O
o o © °r (a) (
< * Evolution of a and A with the size of the QP :
0.061 . 2] — Increase of both parameters with the size of the reconstructed QP;
L4 : — Surface dependence [13] ?
%07 S T PO : S
S04 g 6 5 8 S * Hierarchy depending on the system combination
0.02} o © — Exp. confirmation that a is a good surrogate for isospin transport
o o @
o o © (b) study [14].
o g
3 6.5 i
3 0 ' . . .
6l N + Evolution of a/4A=C_ /T with the size of the QP:
_ 8 )
ﬁ: g ¢ — Increase with the size of the reconstructed QP ;
asl i $ : : — The change in temperature with ZQP must nonetheless be understood
4r (©) \ to draw conclusion about the symmetry energy term itself
3.3 10 12 14 16 18
ZQP [13] Ad. R. Raduta, F. Gulminelli, PRC 75, 044605 (2007)
[14] L. W. May et al., PRC 98, 044602 (2018)
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. Symmetry energy coef. : calorimetry

products detected with INDRA and:
* — (i) The PLF identified with VAMOS;

* The evaporated neutrons were from Aj\l}/lD+GEMINI (Filtered)

Zop=2v + Y Zi

\ Agp=Av +) A

* QP reconstruction based on the relative velocities between the reaction

| 1
1 I @ |
* - (ii) The largest fragment identified in charge with INDRA at backward angles (TLF) I~ @ ﬁ F ~
* [ ]

L t=150fm/c 1 .t:;zgof.m/c
PR I T L | T NN N S |

M, Agp = AQP + M}';dm (AQPa ZQP)

(Calorimetry: QP reconstruction allows to estimate E*/A using calorimetry :

Mcp
F* = Z Ek;, + M, - <Ekn> - Q1

Mass balance of the
—— QP reconstruction

(\

In the rest frame of reconstructed QP

\_

\Estimated from exp. proton average

Kinetic energy

(corrected from Coulomb repulsiory

26/09/22 Quentin Fable - L2l Toulouse, UT3, CNRS/IN2P3
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. Symmetry energy coef. : tem

Ve Zﬁ/‘
—-'-'-=_——_L"" - -
=
Reaction Plane

—

eam
_~ Direction

* Apparent temperatures extracted by fitting the slope of the
proton kinetic energy spectra using « 3D Calorimetry » :
— Definition of 6 domains in azimutal angle in the reaction
plane;
— The idea is to keep only LCP emitted in a spatial domain
where the QP acts as a screen to other emission sources

10

i * it _...h *ﬂ*ﬂi* ki
mmﬁw mﬂw‘g‘wm%@

w%w

;hmmﬁi}h‘ﬁ.‘!ﬁ"mh‘ll' F

peratures

Boltzmann distribution

ﬂpp extracted by fitting the slope o%
proton kinetic energy spectra in the

fForward domains with a Maxwell-

 Zoe=12,%Ca+*Ca

—
o

o
I

_
<

Z = 14,*%Ca+*Ca

do/dEk, (arb. units) do/dEk,, (arb. units)
=

10 20 30 40
Ek, (MeV)

[15] E. Vient et al., PRC 98, 044611 (2018)

10 20 30 40
Ek, (MeV) /
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. Symmetry energy coef. : temperatures

2 @ / Evolution of E*/A :

% 2.5 i i $ § : — Decreasing average E*/A with increasing charge of the QP (dissipation) ;

ER| 5 ! i $ g $ i — Minimum close to Z_ =20 for all systems ;

% b

E .l ) T é‘

Z““‘ - ° :ggmﬁga $ ; — Similar evolution of the standard deviation ;
SOIE ) sacgiecy

K A *Ca+**Ca C . . . . . .

~ b e — The overall distribution are wide and overlapping, with a saturation for ZQP<14
2 1. . 2
g L2ra § i R . — The sensitivity to the most dissipative collisions is reduced for small QP size
% 1 : f : * ., 1
>3 LR L., . — The selection on ZQP, while necessary for isoscaling, is possibly not restrictive

~ g o e

= 0 % % 2 enough for extracting the temperature...

0 0.6

45 (c) ( « Evolution of apparent temperatures Tapp: \

S 4 — For all systems, relatively stable values around 3.7 MeV is reached ;

é) Vi i é P04 A A a A

I o ® O 5 & e 1 . . . . .
= b : A °© 8 8 — Compatible with Natowitz et. al compilation (PRC65, 034618 (2002))
= 34 -
55l — A « grouping » of the distributions according to the projectile is nonetheless
e \ observed (use of proton spectra ?) j
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. Symmetry energy coef. : results

* For all combinations, decreasing values of a/4A with increasing
excitation energy.

7-
3
3 wgi— * This behaviour consistent with various HIC isoscaling data
6f ; — Could be indicative of a decrease in symmetry energy as a
function of increasing excitation energy.
5 —* T
A 4848/4040 ﬂ%gﬁ— * Comparisons of isoscaling multifragmentation data with
4 S d840/d0a0 _ }; evaporation models have also highlighted that o, C , the
| © 4840/4048 . sym
. . temperature of the source and the density at break-up are all
L3 + 2 2 correlated
(E/A) (MeV/nucleon) — Thus a drop in a/4A may be related to a decrease in density
[19].
I 26/09/22 Quentin Fable - L2I Toulouse, UT3, CNRS/IN2P3 21 I_2IT



. Symmetry energy coef. : results

T

4Csym

A= (Z) (A))? = (Z] (4s))°

a(Z)
A

A gradual decrease of the symmetry energy of the hot primary
fragments is observed with decreasing charge, from 21 MeV for the
most peripheral collisions (Z close to the projectile) towards 13 MeV
for the most dissipative.

These findings highlight the importance of surface contribution
A fit to the data leads to a surface-to-volume ratio :

>r = aas/aa‘/z -1.72 +/-0.04;

; s/v
) —a'=41.58 +/-0.44 MeV
% - a°=-71.63 +/- 1.38 MeV.
g
=
@) % Nonetheless, high value of aa‘/is obtained
i% T — Temperatures ?
14} $ A 4848/4048 — Overestimation from isoscaling method ?
oo — Effect of measuring the hot QP ?
12 — a,=30.9 MeV, a_=-35.2 MeV |
----- av+ad(2z )"
10 : ' ' — :
10 12 14 16 18
I 26/09/22 Quentin Fable - L2I Toulouse, UT3, CNRS/IN2P3 22 I_2IT



. Symmetry energy coef. : conclusions

* The experimental symmetry energy of the primary fragments formed in HIC peripheral collisions at
intermediate energies were extracted using the isoscaling method :

— The Quasi-Projectile reconstruction (based on the relative velocities between the reaction products
detected in INDRA and the PLF detected in VAMOS) is mandatory to extract meaningful values from

isosacling ;
— Temperatures around 3.6 MeV for all the systems were extracted from Maxwellian fits to the protons kinetic

spectra;

* A gradual decrease of the symmetry energy of the hot primary fragments is observed with decreasing charge,
from 21 MeV for the most peripheral collisions (Z close to the projectile) towards 14 MeV for the most
dissipated.

* These fFindings highlight the importance of surface contribution:

- A fit of Eq.(2) to the data leads to a surface-to-volume ratior_, = aas/aaV ~-1.7;

S/V

* These results are consistent with the idea that the fragments fFormed a sub-saturation density and Finite
temperature behave differently than the bulk nuclear matter.

* The observed isosaling parameters as well as the Z/A ratios (from PLF and reconstructed QP) are of first
interest to study the isospin transport phenomena.

|17
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. Isospin transport

m The Equation of State of a nuclear system 0= (N - Z)m

* The EOS of a nuclear system is defined by its energy per nucleon : €(p,T, 6)

« The density dependence of the symmetry energy term €sym(p,T) remains a major issue in modern

nuclear physics :
— describes the energetic cost of converting isospin symmetric matter into neutron matter ;

— constraints well established for T=0K and p=p, by fitting with nuclear masses ;

- largely unknown as soon as we move away from saturation density. /
( 2 4 )
€(p,0) =€ 0=0)+e¢€ ,0)- 07+ 0190
Taylor-Young dev. around §=0 (p;9) (P, ) sym (P, 0) + { }
. _19%(p,9)
g - 2 0% 5=0 y
: L (p— K _ 2 _ 3\
Gsym(p):SO+§(p p0>+ s (p pO) +O{<p po)}
/o N P o Po
s e, (p) N )
L :3,00%'0 L Ky, :9p(2)8 €sym (P)
P — o sym 82 B
\. « Slope » param. r « Incompressibility » param. pP=po )
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. Isospin transport

The Equation of State of a nuclear system \

* The EOS of a nuclear system is defined by its energy per nucleon : €(p,T, 6)

« The density dependence of the symmetry energy term esym(p,T) remains a major issue in modern

nuclear physics :
* - describes the energetic cost of converting isospin symmetric matter into neutron matter ;

« - constraints well established for T=0K and pP=p, by fitting with nuclear masses ;

* - largely unknown as soon as we move away from saturation density. /

. Esym(P) largely unknown as soon as we move from p_ “) ~
Taylor-Young dev. ‘

* Essential information for understanding:
— Structure of exotic nuclei and neutron skin ; J

— Giant Dipole Resonances and Pygmy Dipole Resonances ; 37\

— The dynamic of Heavy lon Collisions

Lo
* ... butalso stellar matter : . | » 0%€gym (p)
— Supernova explosions mechanisms; Po 52
\ \ — Cooling and composition of neutron stars. » param. P P=P0 )
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. HIC at intermediate energies

Intermediate energies \

Heavy lon Collisions

o ®

* Formation of exotic nuclei over a wide range
of n/p asymmetry

* Terrestrial way to study transient states of
nuclear matter over various p, P, Tand J

Transport model (ImQMDO5) Early out-of-eq. Mixin Fragments Statistical d
o 124gy4124g, @ 50 AMeV emissions bdig formation atistical decays
b=6fm
- A\ Projectile 7 . :

\Relatively high £*/A can be reached

e 15AMeV < Emcs 100 AMeV

* Dissipative collisions

* Sub-saturation density regime (domain
expected from model calculations)

[ =25fme 19r9eY

@
t=50fm/c
L I L

t=100fm/c
L 1 4 T

t=150fm/c

i t 200fm/c

IR S IR T SN N T— | |

[3] Zhang et al., PRC 85:024602

Isospin transport
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. HIC at intermediate energies

Transport mode|
° 124Sn+124Sn @

PSx 3l Heavy lon Collisions

* Formation of exotic nuclei over a wide range
of n/p asymmetry

* Terrestrial wav to studv transient states of

Intermediate energies \

e 15AMeV < Emcs 100 AMeV

* Dissipative collisions

nuclear

\ Relati

\ V. Baran et al., Nuc. Phys. A 730 (2004)

Isospin diffusion \@. (domain
ions) J

* Minimisation of the N/Z
concentration gradient

— neutron/proton currents
between proj/targ

— Linked to gsym

26/09/22

Quentin Fable - L2l Toulouse, UT3, CNRS/IN2P3




. HIC at intermediate energies

Heavy lon Collisions

W

* Formation of exotic nuclei over a wide range
of n/p asymmetry

* Terrestrial way to studv transient states of

Intermediate energies \

e 15AMeV < Eincs 100 AMeV

* Dissipative collisions

nuclear mat

* Relativel

Transport model (I
* 2%5n4+1%%5n @ 5

V. Baran et al., Nuc. Phys. A 730 (2004)

Isospin migration \\omaln
D )

* Density gradient

- Neutron-enrichment of the

neck
O sym (p)
dp

— Related to

26/09/22
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. HIC at intermediate energies
remeae cneges

* Formation of exotic nuclei over a wide range * 15AMeV<E_ <100AMeV
of n/p asymmetry

Pax )l Heavy lon Collisions

Isospin transport \

* Competition between the isospin migration e. (domain
and diffusion tions)

Transport mo * Transport phenomena directly linked to €sym

. 124g,  124¢g . . .
* Depends on the time of interaction between

projectile and target
— beam energy, impact parameter

* |ts study requires:
— high isotopic resolution ;
— special attention to evaporation process;
— evaluation of the interaction and dissipation / Il

time. 4
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. Isospin diffusion with INDRA-VAMOS

Evaporative

6l ;jgjg ] Attractor
A 4840 . Line . . )
4f .... EAL & )
A I 4
- Y . :
| AR ] * # evolution depending on the system:
A A A__é..ﬁ ....... A . :
é__%.w--g--g Ges e oo, 1) Projectile
ot 1 — number of available neutrons in the
o ¢ entrance channel.
a) o @
-2 PLF (VAMOS frag.) °
N s L a ; R . 2)Targe.t . .
E. R - — Isospin diffusion
& 4 La dooa ' N 48~ 48 _
R * Initial N-Z not reached Cat+"Ca - N/Z=1.4
218 o A e - — Statistical decay so 10
oy 00" 0 O Ca+ " Ca _
O-O 'E" Tf f o 0 0 0 0 ¢ 9 Q @] O . 40 48 - N/Z=1.2
¢ S e o * QP reconstruction: Ca+"Ca
() ° b (with y — Further away from the EAL ; o a0
-2t Rec. QP (with evaporated neutrons) — For *Ca proj., higher values that the Ca+"Ca - N/iZ=1
8 10 12 14 16 18 20 22 . el . .
7 initial n-richness of the mixed systems
) dissipation
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. Isospin transport ratio with INDRA-VAMOS

Isospin rt ratio
QZEM NR :END

— X

T

/R

M : asymmetric system

rNR _ pND

NR : neutron-rich system
ND : neutron-deficient system

~

Complete eq.

05

M. IColonn.la et al.,IEPJA 59: 30 (2]

D

014)

0,5

0,6

[20] F. Rami et al., PRL 84, 1120

Centrality

® Centrality refers to the classification of events according to
their impact parameter b.

® |n experimental analyses, collisions are instead classified
according to a given experimental parameter X, as b is not
directly measurable.

® We define the experimental centrality (for a variable which
increase with collision violence) as :

+00
Cr = P(X)dX

T

[21] J.D. Frankland, PRC 104, 034609 (2021)
[22] R. Rogly, PRC 98, 024902 (2018)

> "“order parameter”
(correlated to the centrality)
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. Isospin transport ratio with INDRA-VAMOS

/ Isospln transport ratio

—ZE

-

r —

M : asymmetric system
NR : neutron-rich system

wNR _ :END

ND : neutron-deficient system

Complete eq.

05

® suff
| B soft
—  stiff, fit

R U_—-soft,ﬁt
X

D

M. IColonnla et al.,IEPJA 59: 30 (2p14)

0 0,1 0,2 0.5

0.6 0,7

\

E]oss,ECM

I

F. Rami et al., PRL 84, 1120

. “order parameter”

Experimental centrality

—+0o0
c, = / P(X)dX

with X = Etlg = Z Ekz S’I:?’L2 (91)

Z=1,2
1] r— - T T T T T
From AMD+GEMINI filtered -
0.8
0.6
0.4
. @ ﬁCa+§CE 3
O " Ca+ Ca
0.2 A “Ca+*Ca B
L a “ca+*®Ca ]
0 | l ) | | | 1 | 1 | 1
0 50 100 150 200 250 300

Et12 (MeV)

(correlated to the centrality)
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. Isospin transport ratio with INDRA-VAMOS

9oM _ oNR _ .ND

R, =

M : *°Ca+*Ca or ®Ca+*°Ca
NR : “®Ca+*Ca
ND : *°Ca+*°Ca

Decrease of Ry with the dissipation of the

collision

- from Rs = £0.75 to R = +0.25

This indicates a reqgular evolution to towards
isospin equilibration

Smoother evolution for the reconstructed QP
compared to the PLF

— The origin could be a non-linear
transformation of 6 that can’t be Fully
recovered by the isospin transport ratio

The reconstructed QP asymmetry is an
experimental observable relevant for direct
comparisons with transport models

— Direct estimation of the transport
coefficients
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. Isospin m

igration with INDRA-VAMOS

/For a given range of dissipation :

M, 2x
<N/Z>CP — ZZV Myv

oy =23 [ 346 [ 6,789 1, 7,910 po

mid-rapidity
85°< 6, < 95°

—

NN

INDRA\

Vred — VZV/V})roj

/

For symmetric systems :

— mid-rapidity n-enrichment

— direct experimental

\

/

(R*) = . measure of the isospin
* Neutron-enrichment if ((N)/(Z))p > 1 Forward C'M/ \mlgratlon
: o : : : T
1.15t + 4 85 <6g,<95 : . -H\- A prhea- Aheae
r e Vzh >0 : : $otoe *
' ® VZp > | ) + U . +-+| + -.-_.-“-.:.-.-
1.1 " Irl-—L-"F‘_‘ -A—h-h- *: Ak A : ﬂ'.'...
SN i USRS, ¢ ST TOL s e ORI
< : : walf T .|
> 108, Faprairiii s, o0 e : 4
>3 Ay, A e ' '
: H“-C—-.—-ﬂ_._" ’ oo, : :
1S e Cees ! :
o Ca+"Ca : Yca+Ca  ®Ca+™Ca v “Ca+*Ca
0.95 05 06 07 08 09 1 05 06 07 0.8 09 1 05 06 0.7 08 09 1 05 06 0.7 0.8 09 1
\Y V V V
| red red red red
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. Conclusions and outlooks

* Symmetry energy term of Finite nuclei:

— |t is also possible to reformulate the usual relation between the CSym and isoscaling parameter such as :

v 4 SX A-=7/3 _ a(Z)T

a, — —a

© 37 X 472X,

with X, = (A1(Z))" — (A2(2))"

— Ongoing analysis (courtesy of S. Typel)

* Isospin transport:

— INDRA-VAMOS experiment allows to probe the isospin transport phenomena, predicted by transport models, with

4048Ca+*48Ca peripheral collisions

— Experimental evidence of isospin diffusion and migration;
— QP reconstruction allows direct comparisons with dynamical models ;

— Use of the b-centrality.

* INDRA-FAZIA coupling (see C. Ciampi talk) :

— Complementary results ;
— Effect of beam energy (density) ?

* Extensive comparisons with different models to link
the observations to transport properties:

- BLOB, QMD, AMD...
— transport coef.
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Thanks for your attention

Q. Fable,}»2:3* A, Chbihi,! M. Boisjoli,* J.D. Frankland,® A. Le Févre,® N. Le Neindre,? P. Marini,®
G. Verde,> " G. Ademard.® L. Bardelli,” C. Bhattacharya,'” S. Bhattacharya,'® E. Bonnet,'! B. Borderie,®
R. Bougault,? G. Casini,” M. La Commara,'? R. Dayras,!? J.E. Ducret,! F. Farget,! E. Galichet,% !4
T. Génard,! F. Gramegna,'®> D. Gruyer,? M. Henri,! S. Kundu,!® J. Lemarié,! O. Lopez,? J. Lukasik,'®
L. Manduci,'” J. Moisan,! G. Mukherjee,'® P. Napolitani,® A. Olmi,” M. Parlog,? '* S. Piantelli,” G. Poggi,”
A. Rebillard-Soulié,? R. Roy,* B. Sorgunlu,! S. Velardita,'” E. Vient.? M. Vigilante,2?:2! and J.P. Wieleczko!
(INDRA collaboration)
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. Back-up slide : Particle ID

VAMOS

* AE-E - Z-identification:

* AE-E - Z-identiﬁcation :

1
— < = 10*
Q 1200 . 5 250 =
c - BT 4 ' s _ ]
S—'U 1000 | . — . = - N
S 7200 - : w» 200 - 10°
O goo = - T — : < .
L ' .. ] : B
P | ' 1 - 402
8 . 1 :
N — 1 |
400 p= N — ' ]
: — 7 : i 10
200 | " — i —
= *-—:'v : L - ] 1 . ;. . :
% 1000 iobo 000 000" :75:)‘0-(.) T : 0 e L S R 1
E Csl (channel) 1 1] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
1 E Csl(canaux)
. e . 1
* A-identification : + * Pulse-shape (slow/fast) CsI(TI) :
| ' \ ' *
o [ ] . 1000 ‘ S ; T
.— : ¥y ., - ' 7 B 416
B b & 3 B I He, 'He, He
i < g *, | : 800 | ]
30 s . ’,ﬁ - = : =
moo | - i ' 60— —
25— - - - v 2
< B - . = = B : l:
20— b o™ - — ' - 40— —
B J - i :
15— - . W, ] : ©
- - - ' . i 200 [ —
B _ '
10 | | | | i | | | 1
1.8 1.9 2.2 2.3 2.4 1 0 |
! 0 200 400 600 ®8|(TI) fast
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. Back-up slide : Particle ID W|l:h VAMOS

Drift Chambers

E

res

ToF(stop)

DC lonisation
2 Chamber

@ Focal flan

X | .
1 : L 1
X ; X : R
2 ! E : !
Y| Y. 6, « 1| ToF| (Time of Flight) :
R R R iYL :
! F : 1 - |_| !
X3 : : : P e ' 5 : > | v |7 > ‘ Q
)(4 ! (pF ' LAB E A
Bp vb e, | v=L/ToF N Bk
Y, po T v ﬁ =v/c => Q
........... E Lo 1=V
. 1| Bp
Reconstruction Reconstruction B '
at focal plan at target point
_, Drift chambers - Simulations . ToF : start = HF signal HF (cyclotron)
(ZGOUBI) : stop = Si signal
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. Back-up slide : Particle ID with VAMOS

-~

Charge state Q ID

_
35
30|
< 25F
20/

15—
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. Back-up slide : Data normalization

Beam intensity corrections - /
beam

Dead Time corrections » DT

VAMOS geometrical efficiency

Magnetic rigidity overlaps —» ¢

VAMOQOS acceptance cor, ions :
A%Q00,0048)

-

57 HLAB) — A

angle solide

efficacité :
effectif

geometrique

— Simulation of more the~
with Zgoubi to estimate

6 brrnim~bAl
Ir
6960?57 9LAB>O €S

-

Weight Wda, ,DT,0,6 ) applied
beam LAB
event-by-event
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