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Energy spectra of protons emitted by the target residue in Au+Au collisions at 1 GeV/u 
reveal two components with different slopes attributed to preequilibrium and equilibrium emis- 
sion. The relative contribution of the latter decreases rapidly with excitation energy, so that its 

presence becomes not apparent for the highest energy bins. It is argued therefore, that equilib 

rium may not be reached on the gas branch of the caloric curve. The nuclear liquid-gas phase 
transition thus belongs to the category of nonequilibrium phase transitions for which the con- 
cepts developed in synergetics, such as self-organized criticality, provide the proper framework. 

The concept of phase transition belongs to the realm of macroscopic thermodynamics, 
dealing with systems in equilibrium. Application of the microcanonical formalism, as de- 

veloped by Bondorf et al. [l] (code SMM) and Gross et al. [2] (code MMMC), permitted 
to extend the notion of phase transition to small systems, such as nuclei and microclus- 

ters. The first ALADIN experiments, summarized in [3], which studied intermediate mass 
fragments (2 23) emitted in “‘lAu+ “‘Au projectile fragmentation, demonstrated invari- 

ance of the charge correlation observables with respect to changes of bombarding energy. 
This served as a strong argument in favor of the hypothesis that memory of the entrance 

*This work was supported in part by the European Community under contract ERBFMGECT950083 
and by the BMBF (Bonn) - KBN (Warsaw) Collaborative Agreement in Science and Technology under 
contract POL-196-96. 
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channel is lost, thus indicating that the projectile residues reach an equilibrated state 
prior to disassembly in a wide range of their excitation energies. A good agreement with 
the SMM calculations for the same observables [4] confirmed this conclusion. The caloric 
curve [5], implying that the nuclear liquid-gas phase transition is first order, was deter- 

mined using a subset of the same data taken at 600 MeV/u with the tacit assumption 
of an equilibrium decay. The present contribution indicates, however, that equilibrium 
may not be reached at high excitation energies of the residue, corresponding to the gas 
branch of the caloric curve and calls for a more general formalism, incorporating both 

equilibrium and nonequilibrium phenomena. 
The spectra of light particles (LP’s) used to draw the conclusions presented below 

originate from the decays of target residues excited in 1s7A~+‘97A~ collisions at 1 GeV/u. 
They have been measured at 6’r,s=150” to the beam direction for different excitation 
energy bins quantified with the aid of &,,,,=CJ; value, where the sum extends over 
atomic numbers 2; (2; 2 2) of the products of projectile fragmentation, simultaneously 
detected with the ALADIN forward spectrometer [4]. Symmetry of the system with 
respect to the impact parameter, stemming from identity of the colliding nuclei, permits 

to assume that excitation energies of both the target and projectile are equal on the 
average. A comparison of the measured LP spectra with the SMM calculations revealed 
systematically increasing deviations from the model spectra with decreasing Zbound, i.e. 
increasing excitation energy of the residue and with decreasing particle mass. These trends 

suggested that surplus of LP yield over the equilibrium SMM reference originates from 
the prebreakup stage due to preequilibrium emission processes. A conclusion on their 

importance in lQ7Au+C collisions at 1 GeV/ u was previously reached [6] based on the 
presence of two distinct components of proton distributions in the transverse momentum 
(pt)-rapidity plane, with the preequilibrium one extending towards much larger pt. 

Here we follow an approach alternative to [4]. The spectra of protons ur(Er) (see 
Fig. la, open points) are fitted with a sum of two Maxwell-Boltzmann distributions with 
different slopes, typified by the inverse-slope parameters, T,+,. The low temperature 
component, ullo, corresponding to the equilibrium proton emission, is indicated with the 
dotted line, while the high temperature component ahi, corresponding to the preequi- 
librium one, with the dashed line for the spectrum in bin 705 &,,,d 180. Solid lines 
represent their sum for this and the remaining &,,d bins in Fig. la. The total yields 

I&hi, discussed below, result from integration of al,,,,i(E,) over Ep. A similar procedure 
has been adopted with regard to neutron spectra taken with the neutron spectrometer 
LAND. Figs. lb-ld summarize the parameters derived from the fits for the low (lo) and 
high-temperature (hi) components, respectively, for both protons and neutrons. The rel- 
ative intensities of the low-temperature components &/Yh;+lO, shown in Fig. Id, decrease 
rapidly with decreasing Z&,,d, so that they become hardly distinguished in the experi- 
mental spectra with &,, 520, as one may see for protons in Fig. la. The average mass 
number < A0 > of a residue with which one deals for 05 Zsmd 510 is about 40 and the 

average excitation energy per nucleon therein < E. > / < A0 >x24 MeV [7]. The latter 
exceeds substantially the maximum energy < Es > / < A0 >~16 MeV attained in [5] at 

the lower projectile energy of 600 MeV/u, th us extending the gas branch of the caloric 
curve towards higher excitation energies. 

The magnitude of the fitted ratio &/Yh;+10 at these low &,,,,,d values, where the sig- 
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nature of the evaporative events gradually disappears, critically depends on the assumed 
shape of uh;(Er) at 1 ow Ep. We have performed BUU calculations for ahi with the code 

Z bound 

0 neutrons 

Figure 1. (a) Energy spectra of protons for different .&.,& bins. (b)-(e) Temperatures and 
yield ratios resulting from Maxwell-Boltzmann fits to experimental LP spectra (open and closed 
symbols) and BUU calculations (crosses) as functions of Zbou,,,j. 

BUU255 of Danielewicz [8] in order to gain insight into the Coulomb effects using realistic 
assumptions. The code offers a possibility to take into account d, 3He and t formation 
by the way of third nucleon assisted coalescence. A soft equation of state has been as- 

sumed and the internal cascade was followed up to 50 fm/c. In general, equilibration 
time depends on system size and bombarding energy; for the 1g7A~+1g7A~ collisions at 
about 1 GeV/u values around 50 fm/c are repeatedly predicted (see e.g. Ref. [9]). The 
BUU-predicted Coulomb holes at low proton energies appear to be much shallower than 

those resulting from the Maxwell-Boltzmann fits to experimental data with the assumed 

barrier heights of a few MeV. Therefore, the relative yields xo/Yhi+lo for Z&,,,d 520, 
indicated in Fig. Id, are rather upper bounds to the true ones. There is an evidence 
of the second high-temperature component in the neutron BUU spectra with the slope 

parameters Thi ~45 MeV displayed in the upper part of Fig. lb. 
A disappearance of the evaporative component from the nucleon spectra may indicate, 

therefore, that the residue lifetime becomes too short to reach thermalization above some 
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limiting excitation energy within the gas branch of the caloric curve. This might be a 

natural consequence of disappearance of a multifragmentation barrier, created at lower 
excitation energies by the attractive interfragment interactions. We conclude therefore 
that above this critical energy the created systems disassemble on a time scale shorter 
than ~50 fm/c. 

The nuclear liquid-gas phase transition thus belongs to the realm of nonequilibrium 
phase transitions, studied intensely in the past in macroscopic systems within the branch 
of nonlinear science dubbed synergetics [lo]. It considers creation of spatio-temporal 
patterns by the way of self-organization due to dissipative effects far from equilibrium. 
Its methods have not acquired popularity in application to nuclear m&fragmentation. 

To our knowledge Ref. [ll], which di scussed a self-organized fragment growth via interac- 
tion of the pre-fragment and environmental nucleons, is a notable exception. The latter 
take away the excess energy, providing the necessary cooling of the pre-fragment. The 
third particle assisted coalescence, as incorporated in BUU255 [8], is a manifestation of 
self-organization of the same nature, however occuring on a very early stage of cluster 
evolution. Fig. le demonstrates a reasonable agreement between the experimental and 
predicted slopes of spectra for light composite particles, an indication that the concepts of 

synergetics may find a useful application to interprete the nonequilibrium phase transition 
occuring in finite nuclear systems. 

In conclusion, the proton spectra emitted by the target residue in Au+Au collisions at 
1 GeV/u show two components with different slopes, attributed to preequilibrium and 
equilibrium emission. The observed trend of decreasing relative contribution of the evapo- 
rative component with increasing excitation energy can be understood as a consequence of 
decreasing size of the thermalized residue. Its disappearance above < Es > / < Ac >~15 

MeV presents an alternative - either its magnitude becomes too small to be resolved from 
the increasing preequihbrium component or the residue lifetime too short to achieve ther- 
malization. The nuclear liquid-gas phase transition therefore belongs to the category of 
nonequilibrium phase transitions for which synergetics provides the proper framework. 
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