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Vaporization events, where all species have atomic numbers lower than 3, result-
ing from binary dissipative collisions between 36 Ar and 38 N1 have been detected
with high efficiency with the multidetector INDRA. Kinematical properties and
chemical composition (mean values and variances) of vaporizing sources are de-
rived over the excitation energy per nucleon range 8-28 MeV. Despite very un-
favourable conditions (binary collisions with short reaction times and source life
times), the properties of these vaporized sources are in agreement with the results
of a model describing a gas of fermions and bosons in thermal and chemical equilib-
rium. This strongly suggests that thermodynamical equilibrium has been reached
in such sources.

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®?® and in constraining the ingredients entering
microscopic models based on transport theories"%%7. Moreover a positive an-
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swer to this question renders appropriate the application of physical concepts
borrowed from macroscopic statistical mechanics like phase coexistence and
phase transition. In order to study nuclear thermodynamics one needs to be
able to univocally associate the detected reaction products with the thermo-
dynamical variables (temperature, density) of the decaying source. At low
excitation energies this aim is accomplished by the statistical model for sur-
face evaporation ( liquid-like phase of ordinary matter). At higher excitation
energies the opening of channels like mulfifragmentation or vaporization which
correspond to volume emission associated with final state interaction makes
increasingly difficult both the experimental and theoretical situations.

From a theoretical point of view, if we limit our attention to light frag-
ments without states in the continuum, we expect that at high temperature
the high lying discrete levels will be increasingly excited. Since most of these
states are particle unstable, their population can significantly modify the light
particle yields and energy spectra. Another difficulty raises from the fact that
in statistical model calculations the assumption is commonly taken that the
multifragmentation pattern can be calculated in a non interacting freeze-out
configuration. However, even in the framework of thermodynamical equilib-
rium, final state interactions at freeze-out can modify the production yields 8,

The experimental study requires the detection and identification (mass
and charge) of all or nearly all deexcitation products. This kind of measure-
ment was recently achieved by studying with INDRA ° a particular class of
events produced in 36 Ar +°8 N collisions, namely the vaporization events 10,
These events, where more than 90% of the charged particles were detected
and isotopically identified, were properly characterized since the total num-
ber 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 (8-28 AMeV)
is observed for the two partners of collisions (quasi projectile: QP and quasi
target: QT)!!. Thus, the possible occurrence of thermodynamical equilibrium
for such sources can be studied in a priori very unfavourable conditions (con-
servation of the binary character of collisions and very large excitation energies
involved associated with short interaction and deexcitation times).

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,
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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 was 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 ') 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.

The primary masses and the excitation energies of the two sources were
obtained by first including the measured particles not considered in the recon-
struction of the sources (p and d); they were attributed to the source in which
their relative velocity is smallest. Then, each event was completed in charge
according to the measured particle distribution, and all added charged particles
were 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 was com-
pleted to N = Z + 1 whenever its measured neutron number was smaller, the
remaining neutrons were put in the backward source. The kinetic energies of
the added charged particles were 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
a Coulomb effect. At all energies, the source masses were found to be close (38
and 56) to the initial projectile and target masses but with large fluctuations
(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!?

Ey = Z(Am,- + Ek;) — Ams, (1)

Am; being the mass excess of particle i, Amg that of the source, and Eg;
the #th 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. We can estimate at 2 AMeV the resolution of the
calculated excitation energy per nucleon.
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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 13 , as a function of its excitation energy per nucleon, €*; a
binning ée*=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 superim-
posable 4. 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 particles should have
the same average kinetic energy if we neglect in a first approximation the
Coulomb effect. The increase of the average kinetic energy with the excitation
energy is almost linear for all particles 13, An example of the evolution of the
average kinetic energy of each particle species is given in Fig 1 (bottom part),
for the QP at ¢*=18.5 MeV (identical values are obtained for the QT); a dif-
ference of ~20% is observed here and exists over the whole excitation energy
range between the more energetic particles (d and >He) and the less energetic
ones (p,t and *He). This may appear as a significant deviation from thermal
equilibrium. However the role of quantal effects and side-feeding has to be
checked. Note that no extra collective expansion energy (proportional to the
atomic mass) can be derived from the data.

In Fig 1 (upper part) is shown the relative particle abundance (P; =
M;/Ms, where Ms 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 95 AMeV. a-particles dominate at the lower excitation energies, while
nucleons take over when the excitation energy is increased. The deuteron
relative abundance is roughly constant; the isobars of mass 3 have opposite
behaviours: tritons slightly decrease and 3He slightly increase when raising
the energy. Finally the rare ¢ He behave like the a’s. Note that for a given €~
the relative yields are the same for the QP and the QT, independently of the
bombarding energy.

In the data presented here, the sources were reconstructed without attempt
to separate mid-rapidity emission!®. It was checked that for these vaporization
events the observables discussed in this section are negligibly affected by this
approximation.
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Figure 1: Bottom part: average kinetic energies of particles emitted by the QP with an
excitation energy per nucleon of 18.5 MeV. The dashed line refers to the average kinetic
energy of particles expected for an ideal gas at the temperature derived from the model.
Upper part: composition of the QP as a function of its excitation energy. Symbols are for
data while the lines are the results of the model. The temperature values used in the model
are also given (see text).




2.3 Comparison with a chemical and thermal equilibrium fireball model

The physical scenario described in this section is a chemically and thermally
equilibrated nuclear source which undergoes a simultaneous disassembly at a
fixed temperature T and density p €.

2.3.1 Mean energies of particles and chemical composition

In the proposed model !7 , the emitting source is viewed as a nuclear gas
of fermions and bosons in thermal and also chemical equilibrium. For a given
source density p and temperature T, the energy spectra n;(F) of the different
nuclear species (and consequently their relative yields) are uniquely determined
from conservation laws and the equilibrium distributions in the grandcanonical

ensemble
n,—(E):fq(E,p..-,T) 1= 1,...N. (2)

N is the number of species taken into account (limited here to all known dis-
crete levels of nuclear species '® up to 2 Ne which deexcite in Z2=0,1,2, ). In
this formalism the discrete levels of the different isotopes are treated as inde-
pendent structureless particles characterized by an internal energy augmented
with respect to the ground state binding energy, and by their proper degener-
acy factor. This corresponds to the implicit assumption that these states are
sufficiently narrow, i.e. their life time is much longer than the equilibration
time. Thus in the calculation only levels with widths equal to or lower than
2MeV are included in the state sum. fq is the density of occupied states taking
into account the appropriate quantum statistics (Fermi or Bose) and y; is the
chemical potential of the species i, which is a function of the break up density
p via the neutron and proton chemical potentials un,uz

i = unNi +pzZ; + B; (3)

Here, N;, Z; are the neutron and proton numbers of the isotope under con-
sideration and B; its binding energy. At this point of the model the nuclear
gas is ideal, i.e. the different species do not interact. This assumption is not
correct since the freeze-out volume is not much larger than the proper volume
of the nuclei and particles. Then corrections to an ideal gas are included in
the form of excluded volume effects in the spirit of the Van der Waals gas to
deal with collisions and reabsorption at freeze-out. 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. Finally the calcu-
lated distributions are corrected for the side-feeding of resonance decay. In
this calculation &* is derived, as in the experiment, by summing the kinetic
energies of all particles and the Q value. The experimental ¢* range is covered
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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 1.

The average kinetic energies of the different particles are rather well re-
produced over the whole excitation energy range !°, particularly for >He, but
the model fails to accurately follow the dependence on the different species
(see Fig 1 bottom). 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 4. The dashed line in Fig 1 (bot-
tom) indicates the average kinetic energy, (3/2 T), expected for an ideal gas.
Experimental error bars in the figure give the limits obtained when different
methods for reconstructing the sources are applied.

The yields of the different species as a function of the excitation energy
(see Fig 1 top) are very well reproduced .

As indicated earlier, in this calculation the freeze-out density has been fixed
to one third of the saturation density, the cut-off width of resonances is 2MeV
and correction to an ideal gas are included. In order to obtain this degree of
agreement with the data the correction to an ideal gas is very important: in the
ideal gas case, the experimental proton over deuteron ratio would be fitted only
by imposing a freeze-out density so low that the proton over alpha ratio would
be overestimated by more than an order of magnitude !7. Secondary decays
contribute especially to the alpha and proton yields but the influence of the cut-
off width of resonances is almost within the experimental error bars. The slight
but systematic overestimation of the alpha kinetic energies observed seems to
indicate that the yield from resonances is relatively low since secondary decays
tend to increase the average energy of alpha particles. This does not mean
that side feeding effects from particle decaying states can be neglected. Even
with the suppression effect of the excluded volume interaction and with a very
low cut-off width, side feeding plays a very important role especially on alpha
particles: the majority of alphas come from secondary decays (see 19),

The last parameter to be discussed is the freeze-out density, which is the
only critical parameter of the model. A change in the density only very slightly
affects the kinetic energies, but produces a sizeable modification in the pro-
duction yields. Protons and deuterons are increasingly favoured over alphas as
the density increases. Since no principle reason can be invoked to choose the
density within 20% or even 50%, other observables independent of the mean
multiplicities have to be considered before one can convincingly state that ther-
modynamical equilibrium has been reached. To this aim we have compared
the second moments of the distributions, namely the variances of the particle
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Figure 2: Variances of multiplicity distributions ( total, proton, deuton, triton, 3He 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).




multiplicities.

2.3.2 Variances of the multiplicity disiributions

In principle variances can be analytically calculated as well as mean values
in the grandcanonical ensemble. These variances originate from the random
exchanges of particles and energy with the thermal bath. However it is exper-
imentally observed that no thermal equilibrium is achieved between the two
partners of the reaction, due to short reaction time 11,20 This means that the
QT cannot be considered as a thermal bath for the QP, and that the observed
fluctuations in mass and excitation energy of the sources have a dynamical
origin. Therefore the variances of the multiplicities will have, together with
a thermal component, a non equilibrated contribution coming from mass and
energy fluctuations for sources (primary partners of collisions). In order to get
rid of this non equilibrium component, the widths of the measured mass and
excitation energy distributions of the source were used as inputs of the statis-
tical calculation. A Monte Carlo simulation allows, with a temperature range
such as to cover the experimental excitation energy range, to generate events
from the grandcanonical probabilities with mass and excitation energy distri-
butions of the source which reproduces experimental data. The comparison
data-calculations is displayed in Fig 2 for the variances associated with the
total multiplicity and with the different charged particle multiplicities. The
order of magnitude is correctly reproduced by the calculation, as well as the
evolution with the excitation energy. The thermal origin of the observed fluc-
tuations is confirmed by a simulation (dashed curves) where, at each excitation
energy, the statistical fluctuations are frozen (i.e. the partitions are fixed) and
only the mass of the source is allowed to vary with a width fixed by the exper-
imental distribution; as expected only variances on the total multiplicity are
reproduced and the resulting dynamical fluctuations observed for the different
particles cannot reproduce the experimental variations . The correct prediction
of the measured variances validates the value of the freeze-out density fixed in
the model and reinforces the idea that thermodynamical equilibrium has been
reached.

3 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
quantum weakly interacting gas of nuclear species in thermal and chemical
equilibrium. All these experimental observables are rather well reproduced,
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which give strong confidence in the fact that thermodynamical equilibrium
has been reached even for these sources produced in very extreme conditions.
Comparisons of this model with experimental data extended to caloric curves
and temperature measurements 192! confirmed the hypothesis developped in
this paper. The model fails to reproduce data for excitation energy lower than
8-10 AMeV.
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