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Vaporization events, where all species have atomic numbers lower than 3, and
deexcitation properties of quasi-projectiles involved in binary dissipative collisions
between 36 Ar and %8 Ni are studied with the multidetector INDRA. Kinematical
properties and chemical composition (mean values and variances) of vaporizing
sources are derived over the excitation energy per nucleon range 8-28 MeV. These
data are found in good agreement with the results of a model describing a gas of
fermions and bosons in thermal and chemical equilibrium, which strongly suggests
that thermodynamical equilibrium has been reached even for such sources produced
in very extreme conditions of collisions. Finally, removing the constraint on atomic
numbers lower than 3, the evolution of the chemical composition of quasi-pro Jjectiles
is presented over the excitation energy range 0-25 AMeV.

1 Introduction

The question of whether or not hot nuclear matter formed in violent heavy-
jon collisions reaches thermodynamical equilibrium (thermal+chemical) before
starting to disassemble is of essential importance in validating the hypotheses
assumed in statistical models®?3 and in constraining the ingredients enter-
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ing microscopic models based on transport theories"®%7, Moreover a positive
answer to this question renders appropriate the application of physical con-
cepts borrowed from macroscopic statistical mechanics like phase coexistence
and phase transition. In particular, chemical equilibrium controls the yields
of the different products and strongly influences their isotopic composition.
Therefore, the experimental study of such an issue requires the detection and
identification (mass and charge) of all or nearly all deexcitation products. This
kind of measurement was recently achieved by studying with INDRAZ® a partic-
ular class of events produced in 36 Ar 458 Ni collisions, namely the vaporization
events®. These events, where more than 90% of the charged particles were de-
tected and isotopically identified, were properly characterized since the total
number of - unmeasured - neutrons could be derived event by event from mass
conservation. The vaporization events, which were studied at 52,74,84 and
95 AMeV incident energies, are produced in binary dissipative collisions. At
the higher bombarding energy a broad excitation energy range (6-28 AMeV)
is observed for the two partners of collisions (quasi projectile: QP and quasi
target: QT)'°. Thus, the possible occurrence of thermodynamical equilibrium
can be studied in very extreme conditions of collisions (conservation of the
binary character of collisions and very large excitation energies involved).

2 Properties of vaporizing sources
2.1 Ezcilation energies

To correctly derive the properties of these sources, the dynamics of the colli-
sions must first be studied: are we dealing with the vaporization of one source,
or of several sources? The details given in !° indicate the dominance of col-
lisions with two partners in the exit channel. Only a very small part of the
events (whatever the incident energy) could possibly be associated with the
decay of a single source and were not included in the analysis. Usually, for
heavy systems, the source reconstruction makes use of the heaviest products
only. In a similar way, the subset of particles with masses larger than 2 was
used here. These particles carry on average more than 50% of the total mass
of the system. Different methods (see 10) were used to determine the source
velocities and it was verified that they yield similar results. The spectra of
the relative velocity between the sources were found very broad. An example
of spectrum is shown in the upper part of Fig 1; vertical lines refer to pro-
jectile velocity and relative velocity between the two partners due to coulomb
repulsion.

The primary masses and the excitation energies of the two sources were
obtained by first including the measured particles not considered in the recon-

2




300 llllll Illl]lllllllllllllllllll]llllll llIllII

N(V_,)

200

100

IIIIIIIIIIIII

lllllllll i | Jllll IBENEEN

0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Relative velocity (c)
— 150 it LILILL rrri LELILBL Trnra LI LIS
< - | | | .. | | | .
2. - * o o ]
100 |- ]
= ® -
- L ] -
- Y -
50 o o -
n o . ]
: . oo ]
E||||I||||!|l|lllIIlIllllltIll!thu_[_],:‘
0 10 20 30 40 50 60 70
QP mass (A)
*"\ 300 N LI L LI rrvi LA L] LB LI Truri
S : | | | | | .
% 200 £ =
100 —

0 5 10 15 20 25 30
QP excitation energy (AMeV)

Figure 1: Properties of QP at 95 AMeV incident energy. Top: relative velocity distribution
between QP and QT. Middle: initial mass distribution for the QP. Bottom: excitation energy
distribution for the QP.




struction of the sources (p and d); they were attributed to the source in which
their relative velocity is smallest. Then, each event is completed in charge ac-
cording to the measured particle distribution, and all added charged particles
are attributed to the slower source, assuming that the effects of the detection
thresholds overcome those of the geometrical efficiency. Finally total neutron
multiplicity then follows from mass conservation; the forward source is com-
pleted to N = Z + 1 whenever its measured neutron number is smaller, the
remaining neutrons are put in the backward source. The kinetic energies of
the added charged particles are taken equal to the average energy of the same
particle species in the events belonging to the same excitation energy bin; for
neutrons one uses the average proton energy minus 2 MeV to take into account
the Coulomb barrier. At all energies, the source masses are found to be close
(38 and 56) to the initial projectile and target masses but with large fluctua-
tions (o ~ 8). In the following the sources will then be called quasi-projectile
(QP) and quasi-target (QT). The excitation energy of each source is calculated
as

E; = }:(Am.- + Ek:) — Ams, (1)

Am; being the mass excess of particle i, Amg that of the source, and Fk;
the ith particle kinetic energy in its source frame. As expected from the broad
spectra observed for the relative velocities between the sources and for the QP
and QT masses, the distributions of the excitation energy per nucleon of each
source are also very broad. Fig 1 summarizes the data obtained at 95 AMeV
for the QP. From the reconstruction of the total energy we can estimate at 2
AMeV the resolution of the calculated excitation energy per nucleon.

2.2 Kinematical properties and composition

Whether or not each vaporizing source reaches thermal or thermodynamical
(thermal and chemical) equilibrium before disintegrating can be investigated by
looking at the energy spectra and relative abundances of the different particles
in each source 12 , as a function of its excitation energy per nucleon, €; a
binning §¢*=3MeV was chosen. We discuss first the shapes of the kinetic
energy spectra, in the source frames, which give information about thermal
equilibrium for each source.

First it was checked that the forward and backward spectra are super-
imposable (see Fig 2). Spectra, integrated over angle, are structureless, with
exponential tails whose slopes are similar within 30% for all particles. More
quantitatively, for the emission from a source in thermal equilibrium, all par-
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ticles should have the same average kinetic energy if we neglect in a first ap-
proximation the Coulomb barrier. The increase of the average kinetic energy
with the excitation energy is almost linear for all particles '?. An example of
the evolution of the average kinetic energy of each particle species is given in
Fig 3 (bottom part), for the QP at e"=18.5 MeV (identical values are obtained
for the QT); a difference of ~20% is observed here and exists over the whole
excitation energy range between the more energetic particles (d and 3He) and
the less energetic ones (p and *He). This may appear as a significant deviation
from thermal equilibrium. Since no extra collective expansion energy (propor-
tional to the atomic mass) can be derived from the data, the role of quantal
effects and side-feeding has to be checked.

We now come to the chemical composition of the vaporized sources. In
Fig 3 (upper part) is shown the relative particle abundance (P; = M;/Ms,
where M is the total source multiplicity and M; the multiplicity of particle
species j in the source) versus the source excitation energy, for the QP at 85
AMeV. a-particles dominate at the lower excitation energies, while protons
take over when the excitation energy is increased. The deuteron relative abun-
dance is roughly constant; the isobars of mass 3 have opposite behaviours:
tritons slightly decrease and ®He increase when raising the energy. This evo-
lution is not due to autocorrelations between the source composition and its
excitation energy. Indeed, the mass balance part accounts for ~ 40% of the
excitation energy around 10 AMeV, and only 20% around 22 AMeV. Therefore
the increase of the source excitation energy is not only due to the increase of
the nucleon abundance, but also to the increase of the kinetic energy of the
particles. Note that for a given €” the relative yields are the same for the QP
and the QT, independently of the bombarding energy.

2.8 Comparison with a model

2.3.1 Mean energies of particles and chemical composition

In the model!® , which is expected to be well suited to describe the situa-
tion discussed here, the emitting source is viewed as a nuclear gas of fermions
and bosons in thermal and also chemical equilibrium. For a given source den-
sity p and temperature T, the energy spectra n;(E) of the different nuclear
species (and consequently their relative yields) are uniquely determined from
conservation laws and the equilibrium distributions in the grandcanonical en-
semble

ﬂ,,'(E) = fQ(E,[.L,',T) i= 1, ...N (2)

where N is the number of species taken into account (limited here to nuclear
states which deexcite in Z=0,1,2, up to 2°Ne) , fo is the density of occupied
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states taking into account the appropriate quantum statistics (Fermi or Bose)
and p; is the chemical potential of the species 3, which is a function of the
break up density p via the neutron and proton chemical potentials pun, uz

pi = uNN; + pzZ; + B; (3)

Here, N;, Z; are the neutron and proton numbers of the isotope under con-
sideration and B; its binding energy. All excited states with a width smaller
than 1 MeV are taken into account, and the final distributions are corrected
for the side-feeding of resonance decay. Corrections to the ideal gas are also
included in the form of excluded volume effects. The consequence of the ex-
cluded volume is to favour protons,neutrons and alphas over the more loosely
bound structures like deuterons and high-lying resonances '2. In this calcula-
tion e* is derived, as in the experiment, by summing the kinetic energies of all
particles and the Q value. The experimental €* range is covered by varying T
from 10 to 25 MeV. The freeze-out density has been fixed to p = po/3, in order
to reproduce the experimental ratio between the proton and alpha yields. The
results of the model correspond to the lines in Fig 3.

The average kinetic energies of the different particles are rather well re-
produced particularly for protons, but the model fails to accurately follow the
dependence on the different species. The energy differences between particles
in the model are due to the different statistics (Fermi or Bose) and to side-
feeding. This last effect, which depends on the number of species included in
the model, does not influence much the calculated values. To illustrate this
point, the dashed line in Fig 3 corresponds to results with species limited to
excited °B. Experimental error bars in the figure give the limits obtained when
methods which use all the particles for reconstructing the sources are applied.

The yields of the different species as a function of the excitation energy
(see Fig 3 top) are very well reproduced, especially below €*=25 MeV.

2.5.2 Variances of the multiplicity distribuiions

As discussed earlier the model has one free parameter: the freeze-out den-
sity, which was fixed using the ratio of proton and alpha yields. To be more
convincing on the fact that thermodynamical equilibrium has been reached,
it is necessary to compare not only the mean values, but also the second mo-
ments of the distributions, i.e. the variances associated with the multiplicities
of the different particles 1. To do this, we have to take into account the com-
plexity concerning the fluctuations involved in the collisions. On the thermal
fluctuations that we want to measure are superimposed dynamical fluctua-
tions related to the reaction mechanism. In the experiment we have verified
that the variances of multiplicity distributions are independent of the width
of the excitation energy bin considered (from 1 to 3 MeV). Moreover in the

8




model, the mass distributions of the source associated with different excitation
energy bins and the total excitation energy distribution were used as inputs.
Thus a Monte Carlo simulation starting with the calculated partition func-
tion produces events which are analyzed like the data. The comparison data-
calculations is displayed in Fig 4 for the different variances associated with the
total multiplicity and with those of proton and alpha. A good agreement is
observed, which strongly supports the fact that thermodynamical equilibrium
has been reached for such sources before deexcitation.

3 Deexcitation of quasi-projectiles

Removing the constraint on atomic numbers lower than 3 and the selection of
events where more than 90% of the total charge of the system was detected,
deexcitation properties of QP have been derived after the use of a completion
method.

3.1 Selection of events and completion method

From observations of correlations between the total detected charge, the total
multiplicity of charged products and the total parallel momentum (calculated
with charge instead of mass)®, it was possible to select events for which almost
all particles associated with the QP have been well detected: a double selection
was applied keeping events for which i) the sum of the charges of all detected
products was larger than the atomic number of the projectile (18) and ii) the
total parallel momentum was larger than 70% of the projectile linear momen-
tum. Then the completion method consists in adding, in an event by event
analysis, a fragment whose charge and momentum amount to the missing cor-
responding quantities; the values so derived for the emission angle, the kinetic
energy and the charge of the added fragment, are in good agreement with
energy thresholds, geometrical efficiency and the hypothesis to have missed
fragments emitted from quasi-targets. Then a complete analysis as described
in 2.1 was performed to extract the QP properties over the ¢* range 0-25 MeV.

3.2 Deezcitation properties

Fig 5 summarizes the evolution of the deexcitation properties as a function of
¢*, the mass of the QP varying from 35 to 30 when " covers the range 0-25
MeV. A fragment is defined as a species with atomic number larger than 2.
The upper part of the figure shows the different probabilities for n-fragment
emission. One-fragment emission, which decreases slowly when the excitation

9




4

IllllllllIlIlllllIlIllllIllll

o (tot. mult.
S 8
Q
~

llll]lllllllll
Illllllllllll

QD

S

o (alpha mult.) o (proton mult.)

N
lllllllllll|l
-
.’.
.‘_

0 lIllllllIIIIIIllIIlIIIII‘llI

0 5 10 15 20 25 30
Excitation energy (AMeV)

Figure 4: Variances of multiplicity distributions { total, proton and alpha) of the QP as a
function of its excitation energy per nucleon. Points refer to the data and the lines are the
results of the model (see text).

10




% Ar + 5 Ni E/A=95 MeV

- 1 eldedidl oyl 1 U LI =TT T L T T T

o 5 aa'nia’y I I ool
€ irsagepsocummetiia. g
b lo-ls— ah i Lasaia,, ]
S E  a . Aa,. 8
'5 2F a ..vvv"vv'v 7
& 10 E .vv "'V'v E
= v 3
C v vw ]
07 -
M oo°°°°°°°ooooo 3
“4r o0 T
10 &° —=
> o 3
-5F E

ol e e L Lo 1

0 5 10 15 20 25
& MeV/A
§ 0.45 1||||l‘||lll]l|¥IIIIA\‘IAI‘
s 035 F A =
S o5 b & a s 8 3
T o O
=025 ;—é ° o o °® 3
02 o 3
o1s £, O ° o 3
E ] [*) E
0.1 E i | ] n : s—_
0.05 ;I - : X ; [ —i
:x...'l..,....,1.,..1..,.15;

0 5 10 15 20 25
£ MeV/A

> ® o D

|

0 frag
1 frag
2 frag
3 frag

4 frag

’He

o “He

D frag
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energy increases, dominates until around 15 MeV. At higher energy the vapor-
ization of the QP becomes the dominant process. The probability to emit 2,3
and 4 fragments is rather constant over the range 7-15 MeV. The lower part
of the figure, which indicates the evolution of the relative particle abundance
versus the source excitation energy, exhibits for protons and alphas a reversing
of the slope around 8-10 MeV. This appears as correlated to the change from
evaporation to multifragmentation regime as discussed in

Work is now in progress to compare these very complete data, as well
as the evolution of the Z distributions as a function of €* not presented here,
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with models related to evaporative regime, multifragmentation models and the
model proposed here.

For the light system studied here, we can estimate that around 30% of
the events do not correspond to pure binary collisions. These events are pol-
luted by fragments and particles detected around mid-rapidity !*. However a
more careful selection of the events does not significantly modify the results
presented in Fig 5.

4 Conclusions

Emission properties of vaporizing sources produced in collisions between 36Ar
and 58Ni have been studied in a broad excitation energy range . The yields
(mean values and variances) and the energy spectra of the different species
have been compared with the predictions of a model describing the properties
of a gas of fermions and bosons in thermal and chemical equilibrium. All
these experimental observables are rather well reproduced, which give strong
confidence in the fact that thermodynamical equilibrium has been reached
for sources produced in very extreme conditions. Finally very complete data,
concerning the deexcitation of a source of mass 30-35, over the excitation
energy range per nucleon 0-25 MeV, have been presented. These new data
would help us to understand the transition from the well known evaporative
regime to the multifragmentation one in terms of fundamental properties of
nuclear matter.
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