by A. Le Fevre! | Y. Leifels! , W. Trautmann'

C. Hartnack? and J. Aichelin2.3

'GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt, Germany

2SUBATECH, UMR 6457, Ecole des Mines de Nantes - IN2P3/CNRS - Université de Nantes, France
3FIAS, Frankfurt University, Germany

== ﬁHELMHOLTZ
| ASSOCIATION

Arnaud Le Févre - NuSYM — September 2018 — Busan, South Korea 1



:

Resu?ts of the ALADIN experiment at GSI -* 5:'

=3

The asymmetry energy at sub-saturatlo@gﬁngﬂy‘k

by A. Le Fevre! Y. Lelfels1 , W. Trautmann'
C. Hartnack2 and J. Alchelin2-3

!GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt, Germany

2SUBATECH, UMR 6457, Ecole des Mines de Nantes - IN2P3/CNRS - Université de Nantes, France
3FIAS, Frankfurt University, Germany

w/
s
-

»-

» Physics motivation

» The ALADIN experiment

» Data quality

» Transport and clustering models, benchmarking the fragment production in
spectator decay

» Asymmetry energy and density out of isotope yields

» Comparison with past findings.
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Introduction = 3

» Constraining further the density

dependance of the asymmetry Easy(p) =E(p,I=1)—E(p,I=0)
energy via the cluster
production in HIC is believed N-Z7
to probe sub-saturation [ = —
densities. N+Z
» Ab initio calculations (red)
Comparedtophenomenological :llllllllllllll.!/:lo()||||||||||||||||||||||||||||||/.I'I||||||II_
approaches = relatively large 20|~ neutron matter ',-"//7, [ | DBHE (BonnA)_ s ]
deviations at high densities, [ -2 I I N Mt s /
which prolongate at sub- 10| R I TR S 7|
saturation densities. = / 1 5ol | 2 o .,/'// e
« Using isotope yields from = oK. 1

exclusive selection of spectator =
decay (dissipation under

control) and relate to a possible -10
sensitivity to the asymmetry
energy in the process of

Oll'lllllllll.

220 ]
. . nuclear matter ]
CIUSter formatlon In the 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | . -I 111 I 111 I | I N N I I I | I L 1111 I_
framework of a transport 0.05 0%1 0.15 0 0.1 0.2 \ 0.3 0.4
model. p [fm™] p[fm ]
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Constraining further the density
dependance of the asymmetry
energy via the cluster
production in HIC is believed
to probe sub-saturation
densities.

Ab initio calculations (red)
compared to phenomenological
approaches = relatively large
deviations at high densities,
which prolongate at sub-
saturation densities.

Using isotope yields from
exclusive selection of spectator
decay (dissipation under
control) and relate to a possible
sensitivity to the asymmetry
energy in the process of
cluster formation in the
framework of a transport
model.
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Heating of spectator at relativistic bombarding energies
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g86

increasing centrality —

© Typical Incident Energy = 1 AGeV

© Spectator:

(almost) no flow
Source well localized in rapidity
Mostly equilibrated system

Easy 4x coverage for fragments
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UNIVERSALITY of sgectator fragmentation
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UNIVERSALITY of spectator fragmentation
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ALADIN,
Magnet,

= TRRWall,
|~

, 0 -Detector

C. Sfienti et al., Nucl. Phys. A 749, 83c (2005).
W. Trautmann et al., Int. J. Mod. Phys. E 17, 1838 (2008). '
C. Sfienti et al., Phys. Rev. Lett. 1'02, 1527IOI (2009)'. -— . . '
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The S254 experiment (2003)
ALADIN,
Magnet,

TR-MUSIC IV

TERFWall,

0 -Detector

C. Sfienti et al., Nucl. Phys. A 749, 83c (2005).
W. Trautmann et al., Int. J. Mod. Phys. E 17, 1838 (2008). '
C. Sfienti et al., Phys. Rev. Lett. IIOZ, 152791 (2-009).' -— I
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ALAR{? sciyup and experiment

. s 3 R\
The S254 experiment (2003)

ALADIN,
Magnet,

TR-MUSIC

IV

AESx SR
d .

1 ToF-Wall

0 -Detector

C. Sfienti et al., Nucl. Phys. A 749, 83c (2005).
W. Trautmann et al., Int. J. Mod. Phys. E 17, 1838 (2008).
C. Sfienti et al., Phys. Rev. Lett. IIOZ, 152791 (2-009).'

o 1 2 3 4 5

Secondary Beams

Neutron rich/poor projectiles: 197 Ay, 124 S (Low Intensities!)

EE][]/% @ oo E. .= 600A MeV( =~ 1000 pps)
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ALA&N e#up and expe 'i'

The S254 experiment (2003) ‘&®”* ALL Fragments (Z= 2)

ALADIN, : ~ '®"* Isotope Resolution
Magnet: ey @ Protons...(but TOF)

C. Sfienti et al., Nucl. Phys. A 749, 83c (2005).
W. Trautmann et al., Int. J. Mod. Phys. E 17, 1838 (2008).
C. Sfienti et al., Phys. Rev. Lett. IIOZ, 152791 (2-009).'
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f Secondary Beams
(Low Intensities!)

Neutron rich/poor projectiles: °7Au,?* Sn/
Gsn@ @ oo E.. .= 600A MeV(~ 1000 pps)
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MUSIC 1V upgrade with new proportional counters
=+ improvement of the tracking for light charged particles

1500/

1000—

500/

= 0.352\/1-62

-500/—

s Z=4 A, =9 (afterwalk function correction) .
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% e
Model used =TT o i

» Transport : IQMD (c. Hartnack et al., Eur. Phys. J. A 1 (1998) 151)
— adapted to the energy regime

— benchmarked mean-field
W. Reisdorf et al. [FOPI Collaboration], Nucl. Phys. A 876 (2012) 1
A. Le Févre et al., Nucl. Phys. A 945 (2016) 112

— asymmetry energy included:

Easy(ﬁ) — EPOI + Ekin — 23.3M€V(£)7/ + 9M€V(£)2/3
Y

asy asy
Po _ Po Po
» + Clustering algorithm: FRIGA (A. Le Fevre et al, 2016 J. Phys.: Conf. Ser. 668 012021)

» simulated annealing with Minimum Spanning Tree coalescence as 1st step
+ overall cluster binding energy minimisation:

Epina = Egin L, s+ E;Z;Zf
» veto of unstable isotopes
» secondary decay of excited primary clusters (GEMINI);
* Model predictions are corrected from the ALADIN spectrometer acceptance.
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—@— 'QVD(H)+FRIGA (24t )

= =/ =+ IQMD(H)+MST (200 fm/c, prim.)

—@— 'QMD(H)+FRIGA (2-4(9_“) —@— 'QVD(H)+FRIGA (2-4(W] —@— |QMD(H)+FRIGA (Z-Mw“)

—5— id.sM —5— id.sMm —S— id.sM

@ ALADIN data

197Au

- -A -+ IQMD(H)+MST (200 fmyc, prim. - -A -+ IQMD(H)+MST (200 fi/c, prim. - = - - IQMD(H)+MST (200 fmyc, prim.)

@  ALADIN data '’sn . ;n @  ALADIN data *Sn | I a @  ALADIN data *La

| @  ALADIN data ""Au

N
I

Zmax
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Zmax

—@— 'QMD(H)+FRIGA (-4t )

—O— id. SM

@  ALADIN data "’Sn

= =A - IQMD(H)+MST (200 fmyc, prim.

—@— 'QVD(H)+FRIGA (Z-MM] —

—O— id. SM

- A~ IQMD(H)+MST (200 fm/c, prim.

@  ALADIN data '2'Sn

—@— 1QMD(H)+FRIGA (2-4t )

—S— id.SM

- - - IQMD(H)+MST (200 fim/c, prim.)

—@— |QVID(H)+FRIGA (24t )
—— id. SM
= =/ =+ IQMD(H)+MST (200 fm/c, prim.

@ ALADIN data

)

@  ALADIN data '*La

iN data u
@  ALADIN data "A

N

—197Au
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—@— 'QVD(H)+FRIGA (24t )

| —5— id. SM

= =/ =+ IQMD(H)+MST (200 fm/c, prim.)

—@— 'QMD(H)+FRIGA (-4t )

—O— id. SM

@  ALADIN data "’Sn

= =A - IQMD(H)+MST (200 fmyc, prim.

—@— 'QVD(H)+FRIGA (Z-MM]

—O— id. SM

- A~ IQMD(H)+MST (200 fm/c, prim.

@  ALADIN data '2'Sn

—@— 1QMD(H)+FRIGA (2-4t )

—S— id.SM

- - - IQMD(H)+MST (200 fim/c, prim.)

@ ALADIN data

@  ALADIN data '*La

iN data u
@  ALADIN data "A

N

—197Au

x
3
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bound Zbound Zbound Zbound
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Isotope yields: sensmwtv to the asymmet

197 87

Au+ " Au at 600 A.MeV, b =8 fm

2451+'9Sn at 600 A.MeV, b = 6.8 fm
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Isotope yields: sensitivity to the asymmetry energy

197AI/£

Light isotope yields
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Isotope yields: sensitivity to the asymmetry energy

Light 1sotope yields

124
Sn () 10: T - M) - =
£ F _| n IQMD-FRIGA (SM) Y asy
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Isotope yields: sensitivity to the asymmetry energy

124LCZ

multiplicity of He

multiplicity of Be

1072

Light 1sotope yields
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Isotope yields: sensitivity to the asymmetry energy

Light 1sotope yields

107
Sn 10p

multiplicity of He

107

multiplicity of Be

1071

1072F |

multiplicity of L
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o
S
I
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—
<
"IA
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Isotope yields: sensitivity to the asymmetry energy

IQMD-FRIGA (SM) - 1, =
0.5

® ALADIN data

Average masses: largest
sensitivity for the
neutron rich systems

20
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Isotope yields: sensitivity to the asymmetry energy

IQMD-FRIGA (SM) - y
0.5

® ALADIN data

asy=

s

Widths of mass distributions:

even larger sensitivity
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Isotope yields: sensitivity to the asymmetry energy

IQMD-FRIGA (SM) - y
0.5

as = 5
y D< [

® ALADIN data
Widths of mass distributions:
even larger sensitivity

A\ probed densities are strongly

related to the cluster size:

C\l 7197 L 1 ooy by L 1 | | | | | | | | | | | |
A Au % 10 20 30 ) 10 20
i L
< 5
o £107 /)
4+
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Isotope yields: sensitivity to the asymmetry energy

= minimisation of ¥>(y) on 6,(Z)
within 4 intervals of Z < various ™
density intervals probed

= highest expectancies of E, ()

related to the cluster size:

1

<p>/p

iﬂ(lg/%

*197AIA

05—

@
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¥> minimisation on oa(Z)

97Au Highest Easy(p) expectancies
X
S 10k :
Al C
X T
1E K
10'15—
E Z range:
i -/ [2- 8] > 10=0.14
10-2k —— [9 - 15] -> 10=0.08
: - %= [16 - 22] -> 10=0.06
B b [23 - 29] -> 10=0.06
i | | | | | | | | | | | 0 (“I | | | | | | | | | | | | | | | | | |
0.5 1 1.5 0 0.5 1 1.5 2
Vasy o/p,
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¥> minimisation on oa(Z)

1245n Highest Easy(p) expectancies
T A
210k R i —
Al et et
x - N
10'15— s A
E Z range:
i -/ [2-7] > 10=0.12
102k —t— [8 - 13] -> 10=0.07
- =%¥= [14 - 19] -> 10=0.06
- widhe [20 - 25] -> 10=0.07
| | | | | | | | | | | O (“I | | | | | | | | | | | | | | | | | |
0.5 1 1.5 0 0.5 1 1.5 2
Vasy /p,
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¥> minimisation on oa(Z)

1241 4 Highest Easy(p) expectancies

210

||||||||||||||||||||||
||||||||
ot

107"

Z range:
= /% [2-7]->10=0.16

10-2k —&— [8 - 13] -> 10=0.10
: - %= [14 - 19] -> 16=0.09
B b [20 - 25] -> 10=0.09
T oS IN EER R AR A
0.5 1 1.5 0 0.5 1 1.5 2
¥ asy r/p,
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¥> minimisation on oa(Z)

1075y Highest Easy(p) expectancies
"
NQ, 10F
X g
1k “
107F
E Z range:
I - /v [2-6]->10=0.19
10_2__ == [7 - 11] > 10=0.11
E =¥= [12-16] > 10=0.10
wdp [17 - 21] > 10=0.11
| | | | | | | | | | |

0.5 1 1.5 0 0.5 1 1.5 2

Vasy /p,

E=I ﬁHELMHOLTZ
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* Neutron rich systems are the most
sensitive for this type of analysis

:i:_]g%
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—+— "973n (this work)
—+— "?La (ibid.)
—— '2*Sn (ibid.)
—+— "9"Au (ibid.)
AsyEOS
o Brown
Zhang
clusters (Wada)

Sn+Sn (Tsang)

: IAS+R,,, (Danielewicz

1

/P,
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& S
" Synthesis over all systems | 11’1,

and how its compares with recent flr\qh@s--s‘ |

« Neutron rich systems are the most S | L Tae®
sensitive for this type of analysis % ] 1
* How it extrapolates and binds to ‘; - 013: (this work)
findings at supra-saturation densities : 2 60- i jij;a ((&;.:I))
« ALADIN (0.6-0.8 po) WL ommy o)
» L =60.4 £5.9 MeV | S
= 4 . L O Zhan
” yasy 0,60 0 06 clustegrs (Wada)
. ASyEOS (1_2 po) 401 i UIAS+R,, (Danielewicz)
> L _ 63 + 11 MCV | Sn+Sn (Tsang)

» 'Yasy =0.68+0.19 (fOl' i

Epot®¥(po)=19 MeV) i

or L=72+ 13 MeV 20

and Yasy = 0.72 £ 0.19 (for I

Epot®¥(p0)=22 MeV) -
« All this is preliminary.

WorktObepUbliShed... O"‘"z“]‘ oo b b e
0) 0.5 1 1.5 2

EE][/g 1 ﬁHELMHOLTz p/po
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* How can we combine AsyEOS and ALADIN results to deduce
the pressure in a neutron star?

« Have - GWI170817 ArXiV 1805.11581 (2018)
(POT(Ky) + Py (L)5 10

0 =09 (5%protons + degenerate e”)

asy 3 ALADiN+FOPI

» AsyEOS+FOPI

* L as from AsyEOS at 1-2po 10°

[Russotto et al. PRC94(2016)034608] - ‘

e L as from ALADIN at O7p0 NE 1035 | AR R——
O

~

* Ko as from FOPI flow data = 103+
IOMD — > K, =190+ 30 MeV
[A. Le Févre et al., NPA945(2016)112-133]

33
UrQMD — > K, =220 =40 Mev 10 } 3 3
[Y. Wang et al., PLB-778(2018)207-212] 3 S S
< =) =
1032 |
1014 1015

3
EE][/{ 1 ﬁHELMHOLTZ p [g/Cm ]
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Arnaud Le Févre - NuSYM — September 2018 — Busan, South Korea 24



The ALADIN 2000 Collaboratlon

P. Adrich,! T. Aumann,' C. O. Bacri ° T. Barczyk,7 R. Bassini,® S. Bianchin,' C. Boiano 2 A. S. Botvina,'* A. Boudard,’

J. Brzychczyk ./ A. Chbihi,'’J. Cibor,'' B. Czech,'' M. De Napoli,12 J.-E. Ducret,” H. Emling,1 J. D. Frankland,'”

M. Hellstrom,! D. Henzlova,' G. Imme,'? 1. Tori.®" H. Johansson,' K. Kezzar,! A. Lafriakh,” A. Le Fevre,' E. Le Gentil,’

Y. Leifels,'J. Lﬁhning,l J. Lukasik,""' W. G. Lynch,13 U. Lynen,1 Z.Majka,” M. Mocko,"> W. F. J. Miiller,' A. Mykulyak,]4
H. Orth,' A. N. Otte,! R. Palit,' P. Pawtowski,!' A. Pullia,® G. Raciti,'>"E. Rapisarda,12 H. Sann,"" C. Schwarz,! C. Sfienti,!

H. Simon,' K. Siimmerer,! W. Trautmann,' M. B. Tsang,13 G. Verde,!> C. Volant,” M. Wallace,'> H. Weick,' J. Wiechula,!
A. Wieloch,” B. Zwieglifiski'*

IGSI Helmholtzzentrum fiir Schwerionenforschung GmbH, D-64291 Darmstadt, Germany

3Institute for Nuclear Research, Russian Academy of Sciences, RU-117312 Moscow, Russia

®Institut de Physique Nucléaire, IN2P3-CNRS et Université, F-91406 Orsay, France

M. Smoluchowski Institute of Physics, Jagiellonian University, PL-30059 Krakéw, Poland

8Istituto di Scienze Fisiche, Universita degli Studi and INFN, I-20133 Milano, Italy

‘DAPNIA/SPhN, CEA/Saclay, F-91191 Gif-sur-Yvette, France

IGANIL, CEA et IN2P3-CNRS, F-14076 Caen, France

TH. Niewodniczanski Institute of Nuclear Physics, PL-31342 Krakéw, Poland

2Dipartimento di Fisica e Astronomia-Universita and INFN-Sezione CT and LNS, 1-95123 Catania, Italy
BBDepartment of Physics and Astronomy and NSCL, Michigan State University, East Lansing, Michigan 48824, USA
14A . Sottan Institute for Nuclear Studies, PL-00681 Warsaw, Poland

* Deceased. @

"'Hj} ﬁHELMHOLTz
2

| ASSOCIATION

25



