General announcemend
addressed to the audience
and the organizers ot the

NUSYM symposium serlies
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GANIL runs tor the
organization ot The nexi
NUSYM conterence

Already announced
by Abdu during

the last edition
In Krakow
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6ANIL

. French national laboratory for Nuclear
physics

. Ditterent facilifies for wnuclear science
from fundamental research fo
applicalions

. Aftract a worldwide community ot users



Next year at GANIL

.« SPIRALZ commissioning and first
experiment(s)

. Continuation of the AGATA—=VAMOS
campalgn

. Beginning of the INDRA—FAZIA
coupling



Organization of Workshops
and Conterences

« IWM—EC (Infernational WS on multifragmentation),
every 2 years, last edifion in May

« FISSION WS (2013), FUSION conf. (z2om)
- FUSTIPEN fopical meefings

 Nuclear talent schools (summer school tor students)

. Next IPAC conference in 2020






Study ot clusterized
nuclear matter produced
in vaporization process

E. Bonnet
GANIL, France

NUSYM
13—17 June 2016
Tsinghua University, Beijing



Rise—and—Fall : trom
multitragmentation fo vaporization

C.A, Ogilvie et al,
Phys, Rev, Letft, s2, 1724 (1991)
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FIG. 3. The average maximum charge in each event, the
fitted r parameter from the charge distribution, and the mean
IMF multiplicity plotted vs the calculated deposited energy per
nucleon. The squares, circles, and stars represent collisions on
the C, Al and Cu targets, respectively. Each point within a tar-
get group corresponds to peripheral, mid-central, and central
collisions with the deposited energy increasing with centrality.
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FIG. 1. Correlation between (Nimr), the mean fragment
multiplicity, and N¢, the multiplicity of charged particles
detected in the Miniball/Miniwall. These are the measured
quantities and are not corrected for the energy and angle
dependent detection efficiency of the experimental apparatus.

B, Tsang et al,
Phys, Rev, Lelf, 7, 1502 (1993)



VapovrizaTion in HIC :
ot the phase transifion in
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FIG. 2. Caloric curve of nuclei determined by the dependence
of the isotope temperature 7Ty, ; on the excitation energy per
nucleon. The lines are explained in the text.

J. Pochodzalla ef al,
Phys, Rev, Lett, 15, 1040 (14995)

6as phase
nuclear matter



Vaporization in HIC : Gas phase
ot the phase Transition in nuclear matter
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FIG. 2. Caloric curve of nuclei determined by the dependence
of the isotope temperature 7Ty, ; on the excitation energy per
nucleon. The lines are explained in the text.

J. Pochodzalla ef al,
Phys, Rev, Lett, 15, 1040 (14995)
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Fig. 3. Composition of the QP as a function of its excitation
energy. Symbols are for data while the lines (dashed for He
isotopes) are the results of the model. The temperature values
used in the model are also given (see text)

INDRA collaboration
B, Borderie ef al,
Eur., Phys. T. A b, 1971202 (19949)



Thermal and chemical equilibrium tor

Vaporizing sources
3bAr+5¢Ni reacTions

Temperature (MeV)
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Reproduction using a model descriving fThe properties
ot a gquantum weakly—interacting gas ot wuclear
species in Thermal and chemical equilibrium



From theoretical side

. Low density warm nuclear matfer has a renewed
inferest coming trom the need in the description ot
neutrino sphere region during the core—collapse
supernovae (Topical Volume EPTA 50 (2014))

. Data in the subsaturation (rho<rhoo) densities region
and finife femperature (T<20 MeV) are needed fo
constrain new developments and approaches in This
Topic :

- *In—medium* nuclear data shitt, Non homogeneous matter,
Gas—Clusters interaction, Surface effects .

- Isovector part of fhe energy ftunctional (symmefry energy)



5¢Ni+5¢Ni reactions studied with

INDRAGOGANIL
« Beam energy : 90 MeV/A

. Focus on the forward hemisphere and keep
only events with clusters up to 4He

- Ask for a minimum Total detfected charge
ot 25 (less Than 10« of the Ni charge
missing )




2D velocity

02F

04 X8

space
“*He isoTopes

el [T
0.4

B

1

B

AT the forward part, full isotopic resolufion is achieved



Rise&Fall of tragment multiplicity
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In the following, we pertormed an eventf—by—event

analysis to extract properties of the vaporization process



Events sorting using Excitation energy
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Typical defected event in velocity space



Events sorting using Excitation energy

The rvesidual boost of the entrance
channel contribute To particle velocities



Events sorting using Excitation energy

To cancel This residual contribution, we
compute cenfre—ot—mass of parfticles.,



Events sorting using Excitation energy

We calculate excifalion energu (E¥)using
calorimefry procedure based on mass & energy

balance, Mioe ,
Ebk — Z (6;(:1) —I— 5(?)) o 53‘_-71@
1=1



As neufrons are not defected, 2 assumplions

are made 1o include them:
Mz>1 M,

= 3" () + )+ 3 (e +69)) = iy
1=1 g=1




As neufrons are not defected, 2 assumplions
are made 1o include fThem:

Mzz1 M
E* = () +8D) 43 (e +69) = i
1=1 g=1

For Their mulTipliciTy:
Conservalion of the A/Z vatio

y M z>q Mzz1
M, o= (2 70— N A0
— (Z) 58 Ni ’ zz; EZ;



As neufrons are not defected, 2 assumplions
are made 1o include fThem:

AIZEL ﬂfn
1=1 J= 1

For Their mulTipliciTy:

Conservalion of the A/Z vatio
y Mzsy Mzsy

M, = <_) v Z (1) _ Z A7)
)N o i=1

For their mean kinetic energy:
Same as The charged parficles

Mz>1
Z>1

1 (i)
<gp >=<c¢ >= — E
' AIZZl 1=1 h




Vaporization evenls (Amax<s)
XS@CJ“OW 109 YY\b (w/0o detection efficiency correction)
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Vaporization evenls (Amax<s)
XS@C“OW 169 YYlb (w/o detection efficiency correction)
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Vaporization evenls (Amax<s)
XS@C“OW 169 YY\b (w/o detection efficiency correction)
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VaporizaTion properTies



Nucleon repartition between clusters
and The gas



Nucleon repartition between clusters
and The gas
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Nucleon repartition between clusters
and The gas
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Cluster properties: multiplicities
T Ni+PNi@90/MeV/A
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Same frends as in the previous work: confinuous decreasing
ot the 4He production, counferbalanced by tree nucleons
production



Cluster properties: multiplicities
*Ni+*’Ni@90/MeV/A
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Cluster properties: kinetic energies

*Ni+’°Ni@90/MeV/A
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Mean values of The kinefic energy spectra of 3He are
above, with an increasing with E¥, For 1H, There is a
systematic shitt below (5 MeV),



Cluster properties: sigma
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Classical infinife gas,
Expected value: 1



Cluster properties: tluctutations

\ N+ °Ni@90/MeV/A

AS E %1n 1i—| i

§ 2.5;— n2H BH—;

= 22_ ~°He %4He_2

= |1 :

© 150 ol T -

e s -

0.51 -

O I |(£‘|i|nlh oo b b ]

0 5 10 15 20 25

. E* [MeV/A]
Multiplicity

Classical infinife gas,

Expected value: 1

. *Ni+°Ni@90/MeV/A

C}I-_\ | : | 2' T
| i H =°H |
w0 " H  ~°He]
5= 3+ || 4 —
E B |~_|:| = He
S (LT — Al -
X = A

L[ Lk, .
V L.

0(;' 50 s 20 '2|5_
E* [MeV/A]

Kinelic enerqgy

(Grand—)canonical ensemble,

expected value: 1,5



Comparison with NSE model

. F. Gulminelli and Ad. ®. Raduta,

- Phus, Rev, C 92, 055803 (2015) & ve, Therein

. Developed for stellar matter studies (sub—safuration
density, T-0 & T»y0)

. Grand canonical ensemble
. Inpufs : baryonic density, tfemperature and proton fraction
. Contains : gas—clusfers inferaction, surtace effects,

in—medium mass shitt, efc .
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<M

A.,.=58 - p_=5.0e-02 nuc.fm"

Evolutions ot mulfiplicities
with temperature are

consisTent with data,
*Ni+°Ni@90/MeV/A

| | | '
1 ‘1H

20 25
E* [MeV/A]
Bul the scaling between E¥ and

T is different for one density
To another
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Reproduction ot experimental
mulTiplicities by  NSE model is
ettective along a line in the
T—density plane

Addifional constraint is needed
trom dafa :

experimental defermination ot
Temperature



1, Temperafure compuled using uields rafio

Ya*Yd -1/
THHe — 14.3 MeV|{ In| 1.59 .

tLh

Infroduced by Albergo, Nuovo Cimentfo A g (14g5)
and exfensively used by the TexaxAxM group



1, Temperafure compuled using uields rafio

Ya*Yd -1/
THHe — 14.3 MeV|{ In| 1.59 .

tLh

Infroduced by Albergo, Nuovo Cimentfo A g (14g5)
and exfensively used by the TexaxAxM group

2., Temperature derived trom mean kinefic enerqgy
assuming canonical ensemble

T-2/3 <Ek>

Motivated by the experimental values of fhe
tluctuation of kinefic energy and the reproductior
of experimental multiplicity trends by NSE.
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Experimental defermination ot temperatures
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Experimental defermination ot temperatures
*Ni+*°’Ni@90/MeV/A
rrrrprrrp T e et
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The not unigue solution, in T and density, using
NSE like approaches lead the needs of temperature
and/or density exfracted trom dafa,

Discrepancies befween ‘experimenial” femperatures
have To be understood:

One explanation is That the production of the
ditferent species of clusters happens al different
fimes ot the veaction, in difterent density and
temperafure conditions.,

The step torward is To study light clusters
production in transport models,



The step torward is To study light clusters
production in transport models,

density
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The step torward is To study light clusters
production in transport models,

density
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The step torward is To study light clusters
production in transport models,

density

T

AT least up To 4He clusters

Cluster

-
Time

multiplicity
A !

Time



The step torward is To study light clusters
production in transport models,

de‘mm AT least up 1o 4He clusters
k Cluster
S multiplicity
4 ?
(Only ?) one candidate : >

AMD Time



Thank you for your
attentior
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