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Abstract

The dynamics and thermodynamics of phase transition in hot nuclei are studied through experimental
results on multifragmentation of heavy systems (A> 200) formed in central heavy ion collisions. Dif-
ferent signals indicative of a phase transition studied in the INDRA collaboration are presented and their

consistency is stressed.

1. INTRODUCTION

Liquid-gas type phase transitions are com-
monly observed in systems with short-range re-
pulsive and longer-range attractive forces, such
as macroscopic fluids with the van der Waals
interaction. The similarity of the equations of
state for non-ideal gases and nuclear matter al-
lows to foresee the existence of different phases
of nuclear matter. Now can one define phase
transitions for nuclei, small finite objects? Re-
cent works state that statistical mechanics based
on the Boltzmann’s definition of entropy allows
to define phase transitions in small systems [1].
The nucleus at zero or moderate temperature, be-
cause of its quantal nature, is assimilated to a lig-
uid phase. A nuclear gas phase was character-
ized, for instance, through the properties of va-
porised quasi-projectiles from 95 A.MeV Ar+Ni
reactions, fully predicted by modelling a van der
Waals gas of fermions and bosons in thermal and
chemical equilibrium [2]. The liquid-gas coexis-
tence region was thus naturally connected to mul-
tifragmentation, break-up of a nuclear system in
several fragments of various sizes.

Many signals evidencing phase transitions were
recently proposed in the literature [3—7]. The IN-
DRA collaboration took advantage of the large
body of data acquired so far to evidence and
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cross-check several of these signals. This pa-
per presents results on negative heat capacity and
spinodal decomposition obtained for events from
central collisions between heavy ions (A,,,; +
A > 200), insisting on the correlated observa-
tion of these two signals.

2. PHASE TRANSITION: DYNAMICSAND
THERMODYNAMICS

In statistical physics of finite systems, inter-
face effects are not negligible with respect to bulk
properties. This induces, in the coexistence re-
gion, anomalous curvature in thermodynamical
potentials [8], with the direct consequence that
both the heat capacity and the compressibility are
negative [9]; this indicates that the system is in
the spinodal region of the nucleus phase diagram.
These considerations show the route to the search
for signals of phase transition; one is related to
the thermodynamical aspect, and consists in evi-
dencing a negative microcanonical heat capacity.
Another one is to look for the mechanism con-
nected with the dynamics of the transition (which
is a finite time phenomenon).

2.1 Charge correlations and spinodal
decomposition

In nuclear systems, two mechanisms are envis-
aged for the dynamics of first order phase transi-
tion, nucleation and spinodal decomposition. The
latter was widely investigated in theoretical stud-
ies and found responsible for multifragmentation
in central heavy-ion collisions around the Fermi
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Fig. 1: Charge correlation function as a function of the fragment multiplicity times the average charge and of the standard
deviation, for events generated by stochastic mean field simulations of central 32 A.MeV Xe+Sn collisions, built with

EMM (left) and IPM (right).

energy [10, and references therein]. Spinodal
decomposition presents the interesting property
of ending up with equal-sized fragments among
smaller (gas) products. The clean signal expected
in ideal infinite nuclear matter, where the size of
the fragments is connected to the wave length of
the most unstable mode, is however blurred in fi-
nite nuclei [11]; the remembrance of the spinodal
process is thus expected to be weak in real nu-
clear systems. Powerful tools such as intra-event
correlations must thus be used and memory of
spinodal decomposition was searched for in scru-
tinizing the partitions resulting from multifrag-
mentation, through charge correlations defined as
C = Yer((Z),02))Yuncor({(Z),07) Where (Z)
and o are the average charge and the standard
deviation of the fragment (Z > 5) charge distri-
bution inside each event. Spinodal decomposi-
tion should favour partitions with equal size frag-
ments or small oz, which will appear as peaks in
the correlation function.

Building correlation functions is never an easy
task, because there is no unique way of evaluat-
ing the denominator. To evidence small signals, it
appeared necessary to improve even more the ini-
tial method of building higher order charge cor-
relation functions [12], by introducing the con-
straint of charge conservation. Two methods
were recently developed in this aim: i) an event
mixing method (EMM), where the uncorrelated
events are built by exchanging two pairs of frag-
ments with the same total charge between two
events [13]; ii) an intrinsic probability method
(IPM) which takes into account, in a combina-
torial way, trivial physical correlations such as

those due to total charge conservation [7, 14].

It appeared instructive to confront these meth-
ods to a sample of events obtained in a com-
plete stochastic mean field simulation of cen-
tral collisions between Xe and Sn at 32 A.MeV
(the Brownian one-body dynamics - Bob): in
the course of the collision, the system is driven
into the spinodal region, where it multifragments
through spinodal decomposition [15]. The de-
excitation of the hot fragments so formed is fol-
lowed simultaneously with their propagation in
their mutual Coulomb field. Finally the simu-
lated events (Bob events) are passed through a
software replica of the INDRA detector. Numer-
ous experimental features of the collisions were
succesfully accounted for by this simulation [16].

The charge correlation functions built with the
two methods are presented in fig 1, and vyield
contradictory results: a significant enhancement
of partitions with small o is visible with IPM,
which is not observed with EMM. Remind at that
point that spinodal decomposition has occurred
in the collisions sampled here. From the EMM
picture, one may conclude that either there is no
discernable memory of the process, or that the
method is not sensitive enough to evidence it,
at least for the present size of the event sample
(4x10* events); thus EMM, in this case, does
not furnish any information on the occurrence
of spinodal decomposition. Conversely the IPM
pleads in favour of a measurable memory of the
process, and evidences it. The percentage of
extra-events corresponding to oz < 1 is indeed
small (~0.4% of the total number).



2.2 Heat capacity

The microcanonical heat capacity can be de-
rived from the fluctuations of the kinetic part of
the total energy. It turns negative when these
fluctuations overcome the reference (canonical)
value [17]. This signal proved more robust than
an eventual backbending in the caloric curve, the
existence of which depends on the path followed
by the system in the temperature-pressure-energy
space [18]. The proposed derivation of the heat
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Fig. 2: Kinetic energy fluctuations for SMM simulated
events. The true fluctuations in the model are represented
by the solid line, and those ‘measured’ by using all the as-
sumptions needed in experiments (including detector filter)
are displayed with squares. From [19]

capacity must be done for the freeze-out config-
uration, which has thus to be reconstructed from
the final one; the reconstruction, in the case of
experimental data, requires various assumptions
on the unmeasured quantities (neutrons, fragment
masses, percentages of evaporated particles ...).
Fig. 2 shows, for SMM simulated events, that
these assumptions do not enhance but rather un-
derestimate the fluctuation - provided that un-
known quantities are replaced by averages - and
thus do not artificially create a signal [19].

The above considerations show that if multi-
fragmentation occurs in the spinodal region, one
may observe simultaneously a negative heat ca-
pacity and a signal of spinodal decomposition.
It is worth noticing that while any evidence of
spinodal decomposition must be accompanied by
a negative heat capacity, the reverse is not true,
because the dynamical mechanism of the phase
transition would be nucleation for instance, or
because the spinodal instabilities would not have
time to develop, due to a faster collision time.

3. EXPERIMENTAL INDICATIONSOF
MULTIFRAGMENTATION IN THE SPINODAL
REGION
Two reactions were studied which lead to sys-
tems with close total mass and charge (Z~105,
A~250). In both cases samples of events re-
sulting from central collisions between 30 and
50 A.MeV were characterised as multifragmen-
tation of “fused” systems. In this paper we shall
present results for the symmetric 129Xe+"4¢Sn
system at 32, 39, 45 and 50 A.MeV and for
the asymmetric 3Ni+'97Au system at 32 and
52 A.MeV. Data concerning heat capacity and
charge correlations, obtained on the same sam-
ples in all cases, will be presented in the first
subsection, before being globally analysed in the

next subsection.

3.1 Experimental results

Charge correlation functions obtained with
IPM are displayed in fig. 3 for Xe+Sn at four in-
cident energies; events with 3 to 6 fragments are
summed in these plots. Significant enhancement
of events above the background are observed for
small values of o [7]. The total number of extra-
events for o5 <1 is of the order of 0.1-0.3%,
depending on the energy. These percentages are
similar to those observed in the Bob simulations,
and may be taken as an evidence of the occur-
rence of spinodal decomposition in central col-
lisions between Xe and Sn. As for simulated

1+R(<Z>,0,)
+R(<Z>,0,)

1+R(<Z>,0,)
+R(<Z>,0,)

Mgy, /M
05 KL

g My 5
..__,..'_.:;_~s’ 7’
2F5Z 7%
2752

Fig. 3: Charge correlation functions for central collision
events between Xe and Sn at 4 energies obtained with the
IPM. Peaks (holes) corresponding to a confidence level
lower that 90% have been flattened out. From [7].

events, note that charge correlation functions for



all experimental samples presented here and built
with EMM do not indicate significant enhance-
ment of any type of partitions [13], The numbers
of events in the samples are similar in all cases (3-
4x10* events); the results from this method will
not be further discussed in this paper as it was
stated precedently that in the present conditions
they do not furnish information on the occurrence
of spinodal decomposition.
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Fig. 4: Excitation energy distributions (full lines) and heat
capacity (shaded zones) measured in central collisions be-
tween Xe and Sn. From [19].

The heat capacity for the Xe+Sn systems is
shown in fig. 4. The excitation energy scale
was obtained by calorimetry, from which was
subtracted a radial expansion energy, determined
from a comparison of the data with results of
a statistical multifragmentation model. Neg-
ative branches are observed below E* =6-
6.5 A.MeV at the four incident energies. At 32
and 39 A.MeV there is a significant overlap be-
tween the energy distribution and the negative
heat capacity; this indicates that multifragmenta-
tion occurred in the spinodal region, in agreement
with the signal given by the charge correlations.

For the asymmetric entrance channel Ni+Au,
a significant number of enhanced partitions of
equal-sized fragments was observed, with the
IPM, at 52 A.MeV for events with 3 (fig. 5)
and 4 fragments. No significant signal was seen
at 32 A.MeV. The heat capacity calculated at
52 A.MeV also shows a negative branch, as
shown in fig. 6 where the kinetic energy fluctu-
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Fig. 5: Charge correlation function for central collisions
producing 3 fragments between Ni and Au at 52 A.MeV,
with IPM. From [20].
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Fig. 6: Excitation energy distribution, Kinetic energy fluc-
tuations and reference heat capacity for central Ni+Au col-
lisions at 52 A.MeV. From [20].

ations overcome the reference heat capacity for
excitation energies between 4 and 8 A.MeV. The
heat capacity remains positive at 32 A.MeV when
determined on the same sample as the charge
correlations [21]. Note that a negative heat ca-
pacity was observed for Ni+Au at 52 but also at
32 A.MeV on differently selected samples of cen-
tral collision events [22]; this is related to detec-
tion thresholds which render rather poor the com-
pleteness of the samples in the case of Ni+Au
at 32 A.MeV (about 65% for the total detected
charge, to be compared to more than 80% re-
quired for Xe+Sn). For this asymmetric entrance
channel, multifragmentation in the spinodal re-
gion is reliably shown by dynamical and thermo-
dynamical signals at 52 A.MeV

3.2 Synthesis of the observations



Table I: Summary of the phase transition signals described in the previous section. &;n¢, €¢h, €rad, Stand for the incident,
thermal and expansion energies in A.MeV (see text for precisions). SD means signal of spinodal decomposition.

system Ni+Au Xet+Sn Xe+Sn Ni+Au Xet+Sn Xet+Sn
Einec 32. 32. 39. 52. 45, 50.
Eth 50 50 6.0 6.5 6.5 7.0
Erad 0. 05 1.0 0. 15 2.2
SD no yes yes yes yes no
c<0 no yes yes yes no no
A synthesis of the signals concerning spinodal €,.4(MeV) 05 10 15 22
decomposition and heat capacity for nuclei of N T T T T T
mass ~250 is presented in table I. The thermal & 1arp A —4 b)
and radial energy scales come from SMM sim- v 12fF |
ulations, with respective uncertainties of 1 and B 1E R
0.5 A.MeV, depending, for instance, on the event Py ; ]
selections, the freeze-out volume chosen .. .. The o 08 —4— —— ]
first evidence coming from this table is that for & osl E
the asymmetric entrance channel, multifragmen- @ : ]
tation of the fused system formed in central colli- s 041 E
sion is not associated to a radial expansion. This o 02F .
fact is directly visible from the data: for Xe+Sn ok ]
at 50 A.MeV and Ni+Au at 90 A.MeV (the lat- 4 ‘4“5‘ ‘ ‘5 ‘ “5‘5‘ ‘ ‘g ‘ ‘6‘5‘ ‘ ‘7““7‘5‘ 3
ter data are not discussed here), the charge and ' ' g (MeV)
fragment multiplicity distributions are identical,
while the average kinetic energies of fragments € (MeV) 32 39 45 50

are much smaller (by ~ 20 MeV for Z=10-30) in
the case of Ni+Au [23]; these observations indi-
cate that the thermal energy, which governs par-
titions, is the same in the two cases while the
expansion energy is small, or not existing, for
Ni+Au. This comes at variance of other results
for similar systems in the same energy range, for
instance Kr+Au [24], where a significant expan-
sion energy was reported.. From the table, it ap-
pears that, for both entrance channels, the sys-
tems reach the spinodal region and remain there
for a time sufficient to allow the development
of spinodal instabilities when the thermal ener-
gies lies between 5 and 6.5 A.MeV, as attested
by the observation of favoured equal-sized frag-
ment partitions and the negative values of the heat
capacities. Radial energies up to 1 A.MeV do
not influence the scenario. When the thermal
energy increases, but also and relatively more
the expansion energy, the system crosses too fast
the spinodal region, toward the coexistence re-
gion or even the gas region. In this case nei-
ther the spinodal decomposition nor the negative
heat capacity are observed. One can get more
details in looking at the excitation function for
extra-events, shown in fig. 7. Here events with
oz <3 were considered (see fig. 3). One ob-
serves a rise and fall of the percentage of par-

Fig. 7: Excitation function of extra-events with nearly
equal-sized fragments versus the excitation energy, for
Xe+Sn. The open symbol refer to the simulated 32 A.MeV
sample. See table 1 for the energy scales and [7] for details.

titions remembering the original process, with a
maximum at 39 A.MeV, and no more memory at
50 A.MeV. The favoured production corresponds
to €4, around 5.5-6 A.MeV, with a gentle com-
pression around 1 A.MeV.

4. CONCLUSIONS

The results obtained in analysing central colli-
sions leading to A~250 systems through a sym-
metric and an asymmetric entrance channel show
several features which may be taken as charac-
teristics of a liquid-gas phase transition in nu-
clei. While each of the two signals discussed in
this paper may not be conclusive by itself, their
concomitance gives strength to the assumed sce-
nario. Other observed variables or signals char-
acteristic of a phase transition were observed (see
contributions of R. Bougault, B. Tamain, J. D.
Frankland).
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