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Thermal and chemical equilibrium for vaporizing sources?
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Abstract. Vaporized sources produced in collisions between 36Ar and 58Ni at 95 MeV per nucleon have
been detected with the multidetector INDRA. Complete information concerning the deexcitation proper-
ties of quasi-projectiles, including second moments of chemical composition, is compared to a quantum
statistical model describing a gas of fermions and bosons in thermal and chemical equilibrium. Inclusions
in the calculation of all known discrete levels of nuclear species which deexcite into light particles and of
a final state excluded volume interaction are found decisive to very well reproduce the experimental data,
which strongly supports that thermodynamical equilibrium was achieved at freeze-out for such sources.

PACS. 25.70.-z Low and intermediate energy heavy-ion collisions – 24.60.-k Statistical theory and fluc-
tuations – 25.70.Pq Multifragment emission and correlations

1 Introduction

At present there exist many models, describing a simulta-
neous disassembly of highly excited nuclear sources pro-
duced in nucleus-nucleus collisions at intermediate ener-
gies, which presuppose that before disintegrating these
sources achieve partial or complete thermodynamical equi-
librium [1–6]. This hypothesis is essential if one wants to
describe the sources by means of macroscopic variables
such as pressure and density at finite temperature. How-
ever such an assumption is a priori not obvious if we bear
in mind the shortening of all time scales with respect to
those involved at low and moderate excitation energies.
The very fundamental question of the degree of equilib-
rium reached can be only answered by confronting sta-
tistical models to complete data on the deexcitation of
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well identified nuclear sources provided by highly efficient
multidetector systems.

Here we report on a detailed comparison of the prop-
erties of vaporized quasi-projectiles (QP) produced in bi-
nary dissipative collisions between 36Ar and 58Ni nuclei
at 95 AMeV incident energy with a quantum statisti-
cal model. Particularly, the completeness of the selected
sources made possible the extraction of variances for mul-
tiplicities of the different emitted charged particles, thus
permitting a more stringent comparison with the model.
Apart from the completeness of information, these sources
are also interesting because they represent an extreme de-
excitation mode for hot pieces of nuclear matter, close
to the intuitive expectation of a supercritical nuclear gas
[7,8].

2 Experimental procedure

The experiment was performed using a 95 AMeV 36Ar
beam with an intensity of 3-4 107 pps delivered by the
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Fig. 1. Energy spectra of particles emitted by the QP in for-
ward and backward direction with respect to the QP velocity

GANIL facility. Experimental details have already been
reported in [9–11]. Briefly, charged products were detected
by the INDRA detector [12] with a geometric acceptance
of 90% of 4π and isotopic separation was achieved up
to Z=3. Absolute energy calibrations are estimated to
be accurate to within 5%. Concerning the identification
thresholds, for hydrogen isotopes the separations between
protons-deuterons and deuterons-tritons are obtained for
energies greater than 6 MeV and 8 MeV respectively and
the separation for helium isotopes is achieved above 25
MeV. As a consequence of these thresholds in the labo-
ratory frame only particles emitted from QP are detected
without any bias.

The sample here analyzed is exactly the same as in [10,
11]. Vaporization events, where all produced species have
atomic number lower than 3, have been selected by impos-
ing that more than 90% of the charge of the system was
detected. Neutrons, which represent 15% of the total mass
of the system, are not detected but their multiplicities are
derived from mass conservation; their energies were esti-
mated from those of protons, and neutron multiplicities
of QP were built assuming the N/Z ratio of the system.
Vaporization events were produced over an estimated im-
pact parameter range 0-3.5 fm. A two source reconstruc-
tion (quasi-projectile and quasi-target) using the thrust
analysis [13] was performed to determine the source veloc-
ities. Recently many studies of mid-rapidity or neck emis-
sions [14–16] have appeared. We found then important to
strengthen, for the vaporization events, the proposed bi-

Fig. 2. Forward and backward multiplicities of particles emit-
ted by the QP in its frame as a function of its excitation energy
obtained from calorimetry

nary scenario [10] by giving strong additional information
in support of such an analysis. We present in figures 1 and
2 a comparison between the forward and backward energy
spectra and multiplicities (at different excitation energies)
of the different particles emitted by the reconstructed
vaporized QP. Only small and non-systematic forward-
backward variations are seen, which argues for emission
by an equilibrated QP in a rather pure binary scenario.
Deviations on multiplicities, for example, do not show any
increase with excitation energy (i.e. centrality) as it would
be expected for a contamination from mid-rapidity or neck
emissions. The only visible preequilibrium effect is a slight
enhancement of forward proton emission. Another strong
argument against an important contamination from dy-
namical emissions is that the observables discussed in this
paper are independent of the beam energy (from 52 to 95
AMeV) and depend only on the excitation energy of the
source. The only variable depending on the beam energy
is the vaporization cross section [9]. On the other hand
it is claimed in [15] that a clear signature of mid-rapidity
emission was an increase of transverse energy for particles
emitted in this rapidity region. We do observe such an in-
crease but reduced as compared to non-vaporized events.
Keeping in mind that vaporization events are far from
representing the most probable exit channel of the reac-
tion, we intuitively expect mid-rapidity or neck emissions
to be minimized in our specific event sample: the maxi-
mum energy should be deposited in the reaction partners
in order to vaporize both of them. Moreover at the high
excitation energies implied in vaporization the different
time scales for emission are very short and become com-
parable. Therefore it may not be meaningful to separate
the emission mechanism into a fast component (preequi-
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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)

librium particles emitted at mid-rapidity and at forward
and backward angles) and a slow one (emission from equi-
librated sources): a detailed study of mid-rapidity emis-
sion performed on the same system, but for all events,
clearly shows that the chemical compositions of particles
emitted at mid-rapidity or by the QP become similar when
excitation energies larger than 10 AMeV are involved [17].
Considering all the previous arguments it is reasonable for
the comparison discussed hereafter to work in the frame
of a pure binary scenario.

Deexcitation properties and characteristics of QP have
already been reported in ref [11] using an excitation energy
per nucleon binning of 3 AMeV: reconstructed QP masses
increase from 31 to 37 when excitation energy varies from
8 to 15 AMeV, and then stay constant around 37-38 at
higher excitation energy while QP multiplicities increase
monotonously from 13 to 22 over the whole energy range.

The emission properties displayed in Figs. 1 and 2 are
a necessary but not sufficient condition for thermal equi-
librium. In the following we shall determine to which ex-
tent deexcitation properties of vaporized sources can be
described, in detail, by a model of quantal gas in ther-
modynamical equilibrium [18] including a simplified final
state interaction and side feeding.

3 Thermodynamical equilibrium model

In the model the emitting source is supposed to undergo
a simultaneous disassembly at fixed temperature T, den-
sity ρ and isospin (N/Z) into a gas of fermions and bosons
in thermal and also chemical equilibrium [19]. Calcula-
tions are performed within the grand canonical ensem-
ble. This ensemble is generally used for infinite systems
but such an approximation for finite systems is justified
at very high excitation energies when the multiplicity of
particles is large: typically larger than 5 for the involved

QP masses [2]. Thus at a given density and temperature
the relative yields and the energy spectra of the different
nuclear species emitted by the source are uniquely deter-
mined from conservation laws and the equilibrium distri-
butions in the grand canonical ensemble. To compare to
the selected data sample the conditional probability of the
partition under the constraint of vaporization has to be
evaluated. This is achieved by including in the partition
sum all known discrete levels of nuclear species up to 20Ne
[20] which after deexcitation give only n, H, and He iso-
topes. With this procedure the relative contribution of the
different particle species can be compared to data without
any bias, but of course no information about the cross-
section of the vaporization channel can be extracted. In
this formalism the discrete levels of the different isotopes
are treated as independent structureless particles charac-
terized by an internal energy augmented with respect to
the ground state binding energy, and by their proper de-
generacy factor. This corresponds to the implicit assump-
tion 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 a cutoff value Γ0 are included in the state sum. In the
following, Γ0= 2 MeV will be employed which corresponds
to state life-times larger than about 100 fm/c. Corrections
to an ideal gas are included in the form of excluded vol-
ume effects in the spirit of the Van der Waals gas to deal
with collisions and reabsorption at freeze-out [18]. The
consequence of the excluded volume approximation em-
ployed by [18] is to favour protons, neutrons and alphas
over the more loosely bound structures like deuterons and
high-lying resonances. Finally the calculated distributions
are corrected for the side-feeding from resonance decays.
Since the probability of a partition is factorized into the
emission probabilities of fragments, events can be easily
generated by successively drawing particles and their ki-
netic energy according to the conditional grand canonical
partition function up to a source mass

Aks =
mk∑
i=1

Ai (1)

and a source excitation energy

εks .A
k
s =

mk∑
i=1

(
Ei +Bi + Vi)−Bs (2)

Here mk is the multiplicity of event k and Ai, Ei, Bi
are the mass, kinetic energy and binding energy of the
i−th particle of the event; Vi is the average inter-particle
Coulomb energy assumed independent of the freeze-out
configuration and approximated by

3
5
Zi(< Zs > −Zi)e2

< Rs >
(3)

The subscript s refers to the source and the averages
are taken over events corresponding, for the comparison to
the data, to a 3 AMeV binning for εs. For given tempera-
ture, density and chemical potentials the first moments of
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the particle multiplicity distributions are univocally given
by the general laws of statistical mechanics. In a previous
paper [11] the analytically calculated average multiplici-
ties were compared to the same set of data; the temper-
ature and chemical potentials were fixed from the exper-
imental average excitation energy and mass, and density
was a free parameter.

A Metropolis event generator is here introduced to ex-
tend the comparison of [11] to the second moment σ2

i of
the multiplicity distributions of the different species. In
principle one may argue that even the second moments can
be calculated analytically: σ2

i depends on both the vari-
ances and mean values of the source parameters As and
εs, the fluctuations of the source parameters in the grand
canonical ensemble arising from the random exchanges of
particles and energy with the thermal bath. However ex-
perimentally it is observed that no thermal equilibrium is
achieved between the two partners of the reaction, due to
short reaction times [10,21]. This means that the quasi
target (QT) cannot be considered as a thermal bath for
the QP, and that the observed fluctuations in mass and
excitation energy of the sources are not directly connected
to chemical potentials and temperature but are also due to
fluctuations in the dynamics of the entrance channel and
to the data selection requirements. Therefore the variances
of the multiplicities of the emitted particles will have, to-
gether with a thermal component, a contribution coming
from mass and energy fluctuations during the formation
of the sources. To include this component, the mass and
excitation energy distributions of the sources have been
taken from experimental data as an input to the calcula-
tion. This prescription does not modify the first moments
of multiplicities but is expected to have an effect on higher
order moments.

To cover the experimental ε∗ range the temperature
had to be varied from 10 to 25 MeV. Isospin (N/Z) was
fixed to 1, which is very close to the N/Z of the system.
Finally the freeze-out density has been fixed to ρ = ρ0/3,
in order to reproduce the experimental ratio between the
proton and alpha yields at ε∗=18.5 MeV.

4 Comparison to the model

The results of the model correspond to lines in Fig. 3 and
to full lines in Fig. 4 and in Fig. 5.

4.1 Chemical composition (first moments)

Chemical compositions (first moments) as a function of
the excitation energy are very well reproduced. Figure 3
exhibits the evolution of the relative particle abundance
Mi/Ms where Ms is the total source multiplicity. Two ele-
ments were found essential to get such an agreement. First,
the excluded volume correction which was already used in
[11]: 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 one order of magnitude

Fig. 4. Average kinetic energies of particles emitted by the
QP at different excitation energies per nucleon. Symbols are for
data while the full lines are the results of the model.The dashed
lines refer to average kinetic energies of particles expected for
an ideal gas ( 3

2
T) at temperatures derived from the model. For

error bars see text

[18]. And second, the extension of the mass table which
has been used here (only species up to 9B were included in
the partition sum of [11]). As compared to [11], neutron,
triton and 3He relative abundances are better reproduced.
The calculated primary multiplicities increase from 10 to
18 over the excitation energy range, which indicates that
secondary decays are responsible for around 20% of final
multiplicities. Secondary decays contribute especially to
the alpha, proton and neutron yields with major contri-
butions from three unstable nuclei: 5He, 6He∗ and 6Be; in
particular secondary alpha emission represents more than
50% of the alpha yield.

4.2 Average kinetic energies

The average kinetic energies of the different particles are
also rather well reproduced over the whole excitation en-
ergy range (see Fig. 4). But the model fails to accurately
follow the dependence on the different species especially at
high excitation energy. More generally the average kinetic
energies are not very sensitive to reasonable variations of
the different parameters. The energy differences between
particles in the model are essentially due to Coulomb ef-
fects and to side-feeding. The slight but systematic overes-
timation of the alpha kinetic energies observed could indi-
cate that the yield from resonances is relatively low since
secondary decays tend to increase the average energy of
alpha particles. However the influence on the yields and
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Fig. 5. 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). Error bars are
statistical errors

average kinetic energies of the cut-off width of resonances,
when varied in the range 0.5-5.0 MeV, is only a few per-
cent. The dashed lines in Fig. 4 indicate the average kinetic
energies, 3

2T, expected for an ideal gas. These values are
found to be a rather good approximation, which is due
to the low density of the emitting sources. Experimental
error bars in the figure give the limits obtained when dif-
ferent methods for reconstructing the sources are applied
(thrust analysis considering all the particles or only parti-
cles with A>2). The last parameter to be discussed is the
freeze-out density, which is the only critical parameter of
the model, and was fixed to reproduce the experimental
relative yield between protons and alphas. A change in the
density only very slightly affects the kinetic energies, but
produces a sizeable modification in the production yields.
Protons and deuterons are increasingly favoured over al-
phas as the density decreases [22].

4.3 Chemical composition (second moments)

To further test the predictions of the model we have com-
pared the second moments of the distributions, namely the
variances of the particle multiplicities. Both in data and
calculations the variances are determined for excitation
energy bins of 3 AMeV and we have checked that the val-
ues are independent of the binning (within the range 1-3
AMeV). The comparison data-calculations is displayed in

Fig. 5 for the variances associated with the total multiplic-
ity and with the different charged particle multiplicities.
The order of magnitude is correctly reproduced by the
calculation (full lines), as well as the evolution with the
excitation energy. Note that variances for protons are sys-
tematically overestimated; an explanation for that can be
possibly found in the presence, experimentally observed
(see Fig. 1 and 2), of a non-equilibrium proton emission
at forward angles. The dominance of the thermal origin
to produce the observed fluctuations is demonstrated by
a simulation where, at each excitation energy, the relative
multiplicities and kinetic energies of the different parti-
cle species (in each event) are fixed to the average values
for the corresponding excitation energy bin; only the total
mass As of the event is allowed to vary with a width fixed
by the experimental distribution. In this way only the fluc-
tuations coming from the event selection criteria and from
the dynamics of the entrance channel of the reaction are
taken into account and thermal fluctuations are frozen.
Variances on the total multiplicity are well reproduced by
this calculation while the fluctuations observed for the dif-
ferent particles (dashed curves) are very small compared
to experimental values. This means that the total multi-
plicity distribution is trivially related to the mass width
of the vaporizing source; this source size effect obviously
produces some width for the multiplicity distributions of
the different emitted species as well, but these positively
correlated widths are insufficient to explain the observed
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variances which are found to be dominated by the uncor-
related thermal component. The correct prediction of the
measured variances, besides that of the other observables,
reinforces the idea that thermodynamical equilibrium has
been reached.

5 Conclusions

The yields (mean values and variances) and the average
kinetic energy of the different species emitted by vapor-
izing sources in collisions between 36Ar and 58Ni have
been compared with the predictions of a model describ-
ing the properties of a quantum weakly-interacting gas of
nuclear species in thermal and chemical equilibrium. Ex-
perimental observables are rather well reproduced, which
gives strong confidence in the fact that thermodynamical
equilibrium has been reached even for these sources pro-
duced in very extreme conditions and consequently that
thermodynamics can be applied for such small systems.
The scenario producing such sources may be the follow-
ing: after an interaction time of around 40 fm/c (estimated
from the time needed by the two nuclei to pass through
each other), partners of collisions are on the way to ther-
malization. Then, due to the very high excitation ener-
gies involved, the partners start to dissociate and reach
a density around ρ = ρ0/3 within about 30fm/c (see for
example [23,24]). Finally at low density and at very high
temperatures in the supercritical region of the phase di-
agram [7,8], the emission properties of vaporized sources
at freeze-out are fixed by thermodynamical equilibrium.
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