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Energy spectra of protons emitted by the target residue in Au + Au col-
lisions at 1 GeV /u were measured for different excitation energy bins. They
reveal two components with different slopes attributed to preequilibrium
and equilibrium emission. 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 equilibrium may
not be reached on the gas branch of the caloric curve.
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There is an increasing amount of evidence [1,2] that multifragmentation
(MF) in peripheral to semicentral relativistic heavy-ion collisions is a three-
stage process. A residue with an average excitation energy (FEj) and mass
number (Ag) is formed in the initial contact stage of projectile-target inter-
action. A fraction of (Fy) and (Ag) are then removed in the second stage by
light-particle (LP; A = 1 + 4) emission. A breakup into intermediate-mass
fragments and LP’s occurring on a short-time scale terminates the third stage
and the residue’s history. The applicability of thermodynamical concepts,
such as liquid-gas phase transition, to MF requires that the residue is in
thermal and chemical equilibrium at the instant of its disassembly. Implicit
to this requirement is an assumption that the residue’s lifetime, throughout
which the constituent nucleons form a self-bound system, is sufficient for
equilibration to occur.

In the present contribution we examine the validity of this assumption
in the three domains of residue excitation energy per nucleon (FEy)/(Ap),
corresponding to the liquid ((Ep)/(Ao) < 3 MeV), liquid-gas coexistence
(3 < (Ep)/(Ag) < 10 MeV), and the gas ((Ep)/(Ap) > 10 MeV) branches
of the caloric curve [3]. The notion of a self-bound system is particularly
difficult to reconcile with the residue decaying predominantly into LP’s, the
situation encountered at excitation energies corresponding to the gas branch
of the caloric curve.

The spectra of LP’s used to draw the conclusions presented below origi-
nate from the decays of target residues excited in '*"Au + '®7Au collisions
at 1 GeV/u. They have been measured at 6),,=150° to the beam direction
for different excitation energy bins quantified with the aid of Zyouna=2i%;
value, where the sum extends over atomic numbers Z; (Z; > 2) of the prod-
ucts of projectile fragmentation, simultaneously detected with the ALADIN
forward spectrometer [2]. Symmetry of the system with respect to the im-
pact 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 predictions of the Copen-
hagen-Moscow Statistical Multifragmentation Model (SMM) [4]| revealed
systematically increasing deviations from the model spectra with decreasing
Zbound, i-€. increasing excitation energy of the residue and with decreasing
particle mass [2]. These trends suggested that surplus of LP yield over the
equilibrium SMM reference originates from the second (prebreakup) stage
due to preequilibrium emission processes. A conclusion on their importance
in TAu + C collisions at 1 GeV /u was previously reached [1] based on the
presence of two distinct components of proton distributions in the trans-
verse momentum (p;)-rapidity plane, with the preequilibrium one extending
towards much larger p;.
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Here we follow an approach alternative to [2]. The spectra of pro-
tons oex(Fp) (see Fig. 1, left panel, open points) are fitted with a sum
of two Maxwell-Boltzmann distributions with different slopes, typified by
the inverse-slope parameters, Tyope. An advantage of this procedure is the
precise quantitative determination of the relative contributions of both com-
ponents to the measured spectra. The low temperature component oy, cor-
responding to the equilibrium proton emission, is indicated with the dotted
line, while the high temperature component oy;, corresponding to the pree-
quilibrium one, with the dashed line for the spectrum in bin 70 < Zyound
< 80. Solid lines represent their sum for this and the remaining Zyoungq bins
in Fig. 1. The total yields Y, pi, discussed below, result from integration of
Olo,hi(Ep) over E,. The three panels on the right-hand side of Fig. 1 sum-
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Fig. 1. Energy spectra of protons for different Zy,ouna bins (left panel) and temper-
atures, mean kinetic energies and yield ratios (right panels).

marize the parameters derived from the fits for the low- (solid points) and
high-temperature (open points) components, respectively. The temperature
parameters Tyope (Upper panel) change very little with Zyouna, while the rel-
ative intensity of the low-temperature component Yi,/Yhit1o (lower panel)
decreases rapidly with decreasing Zpound, to become hardly discernible in
the experimental spectra with Zounq< 30. The average mass number (Ag)
of a residue with which one deals for 0 < Zpouna < 10 is about 40 and the
average excitation energy per nucleon therein (Fy)/(Ao) =~ 24 MeV [5,6].
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The latter exceeds substantially the maximum energy (Ep)/(Ag) =~ 16 MeV
attained in [3] at the lower projectile energy of 600 MeV /u, thus extending
the gas branch of the caloric curve towards higher excitation energies. The
magnitude of the fitted ratio Yio/Yhit1o at these low Zyoung values, where the
signature of the evaporative events gradually disappears, critically depends
on the assumed shape of opi(F,) at low E,. In order to keep at minimum
the number of free parameters in the fit, we have assumed that the latter is
governed by the Coulomb barrier of the same height as the one for o},(E)).
With this assumption we get approximately fourfold decrease of Y,/ Yhitio
(see the lower panel on the right-hand side of Fig. 1) from = 0.6 for 70
< Zpound < 80 to =~ 0.15 for 0 < Zpoung < 10. This apparently does not
contradict an equilibrium emission from the above source with (Ag) =~ 40,
containing about four times less protons than the target nucleus %7 Au. Such
an interpretation for the decrease of the evaporative proton yield is offered
by SMM [2,6]. However, the effect of the Coulomb barrier may well be
attenuated in the preequilibrium processes, because of their direct nature.
These will allow protons to be emitted into the sub-Coulomb region, thus
leaving less or no room in the fit for oy,(F,) at low Ej,.

A disappearance of the evaporative component from the proton spectra
may indicate, therefore, that the residue lifetime becomes too short to reach
thermalization as soon as some limiting excitation energy within the gas
phase of the caloric curve is exceeded. This might be a natural consequence
of disappearance of a multifragmentation barrier, created at lower excitation
energies by the attractive interfragment interactions. Duration of the contact
and preequilibrium stages is & 50 fm/c¢ according to different dynamical
calculations, among which Ref. [7] is a representative example. We conclude
therefore that above this critical energy the created systems disassemble on
a shorted time scale.

In conclusion, the proton spectra emitted by the target residue in Au +
Au collisions at 1 GeV/u show two components with different slopes, sup-
porting the idea that multifragmentation proceeds in three stages at excita-
tions covering the liquid and liquid-gas coexistence branches of the caloric
curve. 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 (Ey)/(Ag) ~ 15 MeV presents an alternative - either its magnitude
becomes too small to be resolved from the increasing preequilibrium com-
ponent or the residue lifetime becomes too short to achieve thermalization.
A similar study of neutrons should shed more light on this question.
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