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ABSTRACT 

The dependence of the relative populations of particle unbound states 
on the associated charged particle multiplicity and on the total kinetic 
energy of the two decay products was investigated for 4 0Ar induced 
reactions on 1 9 7 Au at E/A=60 MeV. The measurements indicate that the 
relative populations exhibit little sensitivity to the violence of the 
collision and to the time of emission. Implications of these results upon 
the dynamics of the reaction are discussed. 
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Intermediate-energy heavy-ion induced reactions are of considerable 
interest since they provide the opportunity to study unknown features of 
highly excited nuclear matter If the final disintegration stages of these 
reactions may be approximated in terms of statistical emission from 
equilibrated subsystems, the relative populations of excited states in 
emitted clusters would carry information about the emission temperature 
(Refs.l, 2). Temperature . evaluations from relative populations of states 
are more direct than methods based on the shapes of single-particle 
inclusive energy spectra since they are insensitive to non-thermal 
collective velocity components; Therefore, they do not rely on the 
determination of the emitting source velocity (Ref. 3). Inherent 
complications due to the unknown effects of feeding from higher-lying 
particle-unstable states are significantly reduced when measuring the 
relative populations of widely separated states IRef. 1). Such inclusive 
measurements have been already performed (Ref. 4 and refs. therein), but 
they imply an average over impact parameter and a time average through an 
integration over all particle energies. To test the hypothesis of 
statistical emission from equilibrated (sub)systems stringent checks are 
needed through experiments which distinguish between different classes of 
reactions. 

In this letter, we investigate the dependence of the relative 
populations of particle unbound states on the multiplicity of coincident 
light charged particles emitted at forward angles (8 = 5*-30"), and on the 
total kinetic energy of the two decay products. The light charged-particle 
multiplicity is î sed to characterize the violence of the collision, and the 
corresponding impact parameter. Alternatively the dependence of the 
relative populations on the total kinetic energy of the cluster may reflect 
cooling effects of the system. Emission temperatures extracted from the 
relative populations of widely separated states in 5Li find 8Be will be 
shown to exhibit a surprising insensitivity to these reaction filters. 
These temperature measurements stand in contrast to the recently reported 
sensitivity for the two-particle correlation function (Refs. 4, 5). 

Collisions of 60 MeV/nucleon 4 0Ar particles with gold were studied at 
the GANIL facility. Coincident fragments resulting from the decay of 
particle unstable light clusters were detected (with a lower threshold of 
10 MeV/nucleon) and identified in a 13 elements hodoscope located at an 
average laboratory angle of 30". At this angle, the kinetic energy spectra 
of the emitted particles exhibit structureless near-exponential shapes 
indicating that contributions from quasi-elastic projectile fragmentation 
reactions are of minor importance (Ref.4). Coincident with these fragments, 
light charged particles were observed in a large multi-detector plastic 
wall (ref. 6) covering a laboratory angle range from 5* to 30" . The data 
were analyzed event-by-event, and sorted according to the observed 
charged-particle multiplicity (O.M.) in the plastic wall, and the total 
kinetic energy of the two coincident particles. The construction of the 
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correlation functions and the extraction of the relative populations of 
particle-unbound states in light clusters are fully described in Kef. -1. 

Fig. 1 shows, as a function of the O.M. in the plastic wall, the 
emission temperature values extracted from the populations of the ground 
and 16.66 MeV states in sLi and of the 3.04 MeV and 17.6-1 MeV states in "Be 
. The values of T » 4-5 MeV are consistent with those extracted from 
ungated measurements (Ref. 4). Surprisingly, they exhibit little 
sensitivity to the coincident charged-particle multiplicity measured with 
the plastic wall. On the other hand, two-particle correlation functions 
were found (ref. 5) to depend strongly on this quantity. For more detailed 
comparisons, fig.2 shows the dependence of corresponding emission 
temperatures on the total kinetic energy per nucléon of the two decay 
products (taken from Kef. 4). 

There is evidence that the dependence on O.M. and IE/A) sample 
different aspects of the collision. As illustrated on a contour diagram of 
the «-« coincidence yields in the (E/A) versus O.M. plane (Fig. 3), 
there is no correlation between these two variables. Similar conclusions 
are drawn for other clusters. These results are also supported by 
Landau-Vlasov calculations (Ref. 7) which incorporates mean-field and 
two-body collision features. Such calculations indicate that : i) for any 
given impact parameter, particles emitted at the earlier stages of the 
collision emerge with larger average kinetic energies, ii) the multiplicity 
of light charged particles emitted in the direction of the plastic wall 
strongly increases with decreasing impact parameter down to 7 fm, whereas, 
for smaller impact parameters it saturates. These calculations do not 
incorporate the subsequent decay of composite particles, so they cannot 
provide as an unambiguous guide to the interpretation of various reaction 
filters. It appears, however, reasonable to associate increasing values of 
O.M. to more violent collisions, and of (E/A) with emission from 
earlier and "hotter" stages of the reaction. In that context, the 
insensitivity of the extracted emission temperature on these two variables 
is puzzling. 

The above experimental conclusions on the temperature value and its 
dependence with O.M. are not consistent with the predictions of the simple 
participant-spectator model of Ref. 8. In this often used model, 
light-charged particles emitted at 6 X 30' with E/A > 10 MeV originate 
primarily from the participant zone at temperatures between 11-15 MeV. 
Taking dissipation effects into account (ref. 9), these values can be 
lowered to 7-10 MeV, according to the impact parameter, but remain too 
large. The same difficulty arises within an incomplete fusion model. From 
the available energy of 2000 MeV, one can estimate, using systematics of 
linear momentum transfer (Ref. 10), that the excitation energy of the 
quasi-fused system reaches 1200 MeV, corresponding to a temperature value 
of 7.5 MeV. Both models predict a much higher value than the experimental 
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one. 

In front of this difficulty, two alternative explanations can be 
proposed : i) the temperature measurement occurs too late, when the system 
has already cooled down through evaporative (ref. 11), or non-evaporative 
particle emission (ref. 7) or through any expansion (ref. 12), ii) there 
exists some dynamical limitation (particle emission cooling and/or damping 
of energy in collective modes) to the amount of thermal energy deposited in 
the system. 

In the first alternative, very large initial energy depositions, such 
as those predicted by the participant-spectator model, can occur. After 
expansion, when interactions between the emitted particles have ceased, 
only a fraction of the deposited energy is still stored in thermal form. In 
that case, the measurement gives the temperature of a dilute system where 
clusters undergo no further interaction. However, in the framework of this 
model (Ref. 12), heavier are the clusters later they are emitted, i.e. 
when the system is then even cooler. Similarly, more energetic particles 
should be emitted at the earlier stages of the reaction when higher 
temperatures should prevail. This expectation is not substantiated by our 
measurements since the extracted temperatures exhibit little sensitivity to 
the energy of the emitted particles, ( Fig. 2 ). 

Following the second alternative, cooling by particle emission during 
the very formation stage can reduce significantly the temperature reached 
by the system, since the decay time of such highly excited systems 
decreases to values comparable to the collision time. This cooling and the 
eventual excitation of collective modes could limit the thermal energy to a 
saturation value determined by the collision dynamics. In order to test 
this idea, we have performed a Landau-Vlasov calculation (Refs. 7,13) for a 
small (b=lfm) impact parameter collision. A sphere located around the 
center of mass with a radius equal to 13 fm represents the observed system. 
Particles crossing the sphere surface are seen unbound and define the flux 
of emitted particles. The maximal flux of the burst of preequilibrium 
particles occurs 60 fm/c after the time of contact. Simultaneously, a 
monopole compression mode develops : the average density within the sphere 
grows up to 1.5 times the normal density f> within 40fm/c and decreases to 
0.6 p 40fm/c later. The compressional energy at maximum density reaches 
450 MeV, comparable to the expansion kinetic energy during the first 
oscillation equals to 400 MeV. The used effective interaction corresponds 
to- a compressibility modulus K=200MeV, a value deduced from the giant 
monopole resonance energy (Ref. 14). The compression mode is damped after a 
few tens of fm/c due to the coupling to the continuum. This coupling is 
effective after equilibration of the momentum distribution i.e. after 
thermal equilibrium. Since the preequilibrium canission is achieved, the 
thermal energy remaining in the residual nucleus is limited to 800MeV when 
the mean density is 0.6 p . Density fluctuations and consequently cluster 
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emission are very likely (ref. 15) at such a low density (corresponding not 
at freeze-out but rather to a stage along a breathing motion). Thus, the 
temperatures observed in the experiment are limited by the onset of a 
strong excitation of compressions! modes. This unexpected feature, in a 
domain far below the pion production threshold, could provide in the future 
a clue for a determination of a momentum dependent equation of state near 
normal density (ref. 15). 

To summarize, temperatures deduced from the relative populations of 
widely separated states in particle-unstable clusters have been found to 
exhibit little sensitivity to the charged particle multiplicity at forward 
angles or the kinetic energy of the emitted clusters. These results are 
difficult to understand in terms of participant-spectator models using-the 
concept of thermal freeze-out. Landau-Vlasov simulations suggest that the 
excitation energy deposition under thermal form can be limited during 
nucleus-nucleus collisions. This limitation reflects a dynamic competition 
between fast preequilibrium decay and strong excitation of a collective 
mode, on c-ie hand, and thermalisation on the other hand. Detailed 
investigations at different incident energies will be launded to confirm 
the proposed original scenario and determine the balance between 
collective modes and preequilibrium emission before complete thermal isation 
of the system. 

This work was partly supported by the National Science Foundation 
under grants No. PHY-8401845 and PHY-8611210. 
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FIGURE CAPTIONS 

Figure 1 : Apparent emission temperature extracted from relative 
populations of widely separated states as a function of the multipLicity of 
light-charged particles detected in a forward direction (US 30 I. The 
horizontal dashed lines span the range over which the coincidence yields 
were summed. 

Figure 2 : Apparent emission temperatures extracted from populations of 
widely separated states as a function of the total kinetic energy per 
nucléon of the emitted particles. The horizontal dashed lines indicate the 
range over which the coincidence yields were summed. 

Figure 3 : Contours of constant cross-sections in the plane of observed 
multiplicity versus total kinetic energy per nucléon, for the a-a pair. The 
numbers refer to the percentage of the maximum. The long and short 
dashed-lines indicate the maximum and the half maximum location 
respectively, in both directions. The correlation coefficient is r defined 
as : r = (<x.y>—ccxy>>/(tf .c i where x and y denote O.M. and (E/A) , and 
C . V the associated standard deviations, i y 
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