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Outline

. Introduction

- General features of HIC in Fermi energy domain
- Multitragmentation fo vaporizafion in exp. data

- Motivations for updated analysis
- INDRA dafa s58NitssNi@aoMeV /A

- Vaporization observed in :

« Central reactions

. Selected Peripheral reactions

- Data descrived as a Perfect classical gaz of clusters & wucleons

. Comparison with NSE model (F, Gulminelli, Ad, Raduta)



Vaporizafion : mixing ot clusters surrounded by
tree nucleons
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General confexd

« Low density warm nuclear mafter has a renewed inferest coming
from the need in the description of neufrino sphere region
during the core—collapse supernovae (Topical Volume EPTA s0
(2014), ECT*14 Workshop)

. Data in the subsaturation (0 < DO) densifies region and

finite femperafure (T<z0 MeV) are needed to constrain new
developments and approaches in these topics :

- *In—medium* nuclear data shift

- Non homogeneous matter, Gas—Clusters inferaction, Surtace

effects ..

- Isovector part of the energy ftunctional (symmetry energy)



General confexd

The mixing of clusters in a wnucleon gas is a particular state which
is be reached in HIC, specially in vaporization

- Yields of bound clusters are the straighttorward observables in
NSE models which can be extracted in experimental data



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)



Vaporization in HIC : Gas phase
ot the phase Transition in nuclear matter

12""!""!""1""'
@ '"Y'aAu+"YAu, 600 AMeV

0 '2C,"%0 +"'Ag, 197 Au, 30-84 AMeV
10 = F"’?i\fe-i-18" Ta, 8 AMeV . ~

V10 <E>/<Ap> .

£ (<Eg>/<Ag> - 2 MeV)

2 -
AR W ST VUN NN T WA W T N W SN TR TN NN SN SN SR
0 0 5 10 15 20
<Ey>/<A,> (MeV)

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)

B, Borderie ef al,
Eur., Phys, T. A b, 1971202 (1999)



Results on Fragment productior
in HIC collisions tor
asTrophysical inputs

. HIC and core—collapse supernova

- SN communify : simulations show that nuclear matfer has
conditions in temperafure and density similar fo those obtained
n HIC,

- HIC community : use fo sfudy experimental fragment
production and explain it with ditferent theoretical approaches
(stafistical/dunamical, spinodal/aggregation efc ..)

- How fo make the bridge and make reliable results from HIC
for astrophysical applications ¢



Resulfs on Fragment productior

in HIC collisions tor
asTrophysical inputs

« Vaporization events in HIC

Fast and Explosive process leading fo gas ot tree nucleons
and clusters (low density and high femperature)

Composition of the gas (free wucleons + clusters) and kinetic
enerqy

Mass dependence of the process

Influence ot N/zZ content 1o be closer o SN condifion



Why vaporization ?

Temperature (MeV)
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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)

B, Borderie et al,
Eur. Phys, T. A b, 1971202 (1999)

‘tasy’ way 1o have full
isofopically resolved events

Precedent study show thal clusters
Yields, =" and 2" moments are
coherent with the predictions of a
model describing the properties
of a quanfum weakly—interacting
gas of nuclear species in thermal
And chemical equilibrium

Density is fixed af rhoo/3



Vaporization events produce ir
The reaction sgNi+5gNi@qo
MeV /A

- We look af full event (no dynamical selection)

- We have 1o be sure thal only small pieces have been
produced

- kept well defected events :
« Zmissing <= 2 compare 1o Zsystem=56
. To have sufficient statistics, events with Zmax<=t are kept

« Work in the theoretical centre—ot—mass of the reaction


mailto:58Ni+58Ni@90

Maxwell Boltzmann distribution :P(Ek) = agr/€€ T

counts / [2 MeV]

Kinelic energy spectra
compatible with pertect gas
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ExcitaTion energy (Ex)

. Obtained trom calorimetry procedure
Energy balance @ Bx=3"( +450) -4,

_ For undefected neutrons

. Kinefic energy trom femperafure :
r rons neutr 3T
_ineutr‘onh) E\I(n_eut? 9715) X 5

. Mulfiplicity trom N/Z conservafion :

A

M (reutrons) — (Z> X Lot — Atot
syst
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Vaporization is observed iv
5eNI+58NI@10 MeV/A reacTioy

- Well characterized as nuclear pertect gas
made of Tree nucleons + clusters

. Temperature is exfracied

. Yields of clusters respect 1o fheir mass are

coherent with grand canonical prescription


mailto:58Ni+58Ni@90

Vaporization in binary
collisions

. In the same reaction seNi+s5eNi@doMeV /A

Focus on the FW part ot each event and take as reference
The projectile

ReconsTruction of fhe cenfre—of—mass of the projectile—like
Zmissing <= 3 compare To Zprojeclile=28 (10x)

events with Zmax<=4 are kepT

Need to sort events according fo the dissipation :

. Same calorimetry as before (perfect gas)
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evolufion of kinetic energy specira
tor different excitation energies (E¥) 1/2
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evolufion of kinetic energy specira
tor ditferent excifafion energies (E¥)
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Next step :
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And start comparison with NSE
model developed by
F. Gulminelli and A, Raduta

NSE calculation NSE Calculations
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Comparison based on cluster yields
and tree nucleons mulfiplicity

NSE Calculations
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Comparison with NSE calculation
Ettects of de—excitation

Delta T around 1 MeV

Probability
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NSE calculation
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Conclusions

- -Vaporizafion is observed in seNi+5eNi and well described by a
pertect gas in (grand)—canonical ensemble

. Isotopic uields evolution -with tfemperature are similar
independently of the caonsidered sizes (from A=40 1o 100)

. Very pramising. data for comparison with NSE models,

- In fivst step check, fest model capabilifies with available datfa
forINP 7%

- Then constrain the symmetry energy (Isovector part of the
energy functional) using more neufron rich sysfem (4¢Ca)



SMF Calculations
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