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The concept of dynamic equilibrium represents a 
cornerstone underlying our understanding of the gross 
behavior of chemical systems. Fundamental to the 
description of the equilibium state is the assumption 
that microscopic collisions between the components of 
a given system can be related to the macroscopic ob- 
servables of that system via statistical methods. 
Through this approach classical thermodynamics and 
statistical mechanics have achieved remarkable success 
in accounting for fully equilibrated systems. 

In recent years the major thrust of investigations into 
the nature of the equilibration process has shifted to 
nonequilibrium phenomena. Specifically, one wishes 
to understand the path followed by a reacting system 
as it evolves from some initial ordered state to the 
chaotic equilibrium condition. Fulfillment of this goal 
presents a complex theoretical and experimental 
challenge. It requires not only an extensive knowledge 
of collision dynamics, but also depends sensitively on 
the energy dissipation mechanism associated with two 
systems when they come in contact. For example, one 
can consider the different final states that result from 
the three types of collision possibilities presented by 
droplets of water and silly putty. At a low relative 
velocity two water droplets might readily coalescence 
into a single spherical droplet, whereas two balls of silly 
putty might simply stick together to form a dumb- 
bell-shaped object; for a water droplet colliding with 
silly putty one might observe the flow of the water 
across the surface of the silly putty. In each case the 
dissipative forces produce a distinctly different final 
state. Further, by increasing the relative velocity of the 
collision, one can imagine quite different results might 
ensue. 

For interacting fluids composed of atoms and/or 
molecules, detailed studies of nonequilibrium phenom- 
ena are complicated by the large number of particles 
present (x 1010-1020) and the experimental difficulties 
associated with characterization of the participants at  
the microscopic level. Collisions between complex 
nuclei, on the other hand, afford a particularly fertile 
environment for exploring these complex processes.' 
Nuclear matter can be viewed as a charged, quantal 
fluid composed of at  most a few hundred fermions 
(neutrons and protons). Given these properties, one 
expects both mean-field and particle-particle collision 
effects to manifest themselves in nucleus-nucleus in- 
teractions. Since the first excited state in most nuclei 
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corresponds to a temperature of T 2 lo9 K, the initial 
condition for all reactants is that of the ground state. 
Further, by choosing reactants with different neu- 
tron/proton ratios, one can achieve a systematic vari- 
ation in the chemical potential of the reacting system. 

From an experimental point of view, collisions be- 
tween complex nuclei also offer many advantages in 
characterizing the development of equilibrium condi- 
tions. First, because of the final state energies involved, 
complete definition of all reactants and products can 
be achieved, including information on mass, charge, 
kinetic energy, emission angle, and (in principle) final 
state multiplicities. This information is critical to 
definition of the thermal excitation (temperature) and 
degree of equilibration attained during the collision 
stage. Second, nature has provided us with a wide va- 
riety of nuclear species that can serve as target-pro- 
jectile combinations, thus creating the possibility of 
studying reactions governed by many different potential 
energy surfaces. And finally, modern accelerator tech- 
nology permits us to adjust the relative collision energy 
from the reaction threshold to relativistic energies for 
all projectile-target combinations. Thus, nuclear re- 
actions afford the flexibility to study the role of energy 
dissipation in the equilibration process over a wide 
range of conditions, extending from soft encounters near 
the reaction barrier (controlled by the mutual Coulomb 
field) to violent conditions which occur at  high bom- 
barding energies. Clearly, the latter, if they can achieve 
equilibrium, hold the promise of forming very hot 
matter-comparable to the highest temperatures in the 
present universe. 

In Figure 1 the major processes which characterize 
the final states in strong interactions between complex 
nuclei are schematically outlined. A t  low energies near 
the Coulomb barrier (=5 MeV per projectile nucleon 
or E / A  = 5 MeV for heavy targets), relatively light 
projectiles ( A  d 20) lead primarily to complete fusion 
of the reactants. In contrast, heavy projectiles ( A  2 60) 
lead to the formation of short-lived dinuclear species, 
or damped collisions. Projectile masses between these 
extremes yield a mixture of both phenomena. As the 
projectile energy increases, one begins to observe evi- 
dence for precompound processes, i.e., decay of the 
system prior to reaching full statistical equilibrium. 
These nonequilibrium events first become evident at  
incident energies of E / A  = 10 MeV, beyond which they 
grow in importance until they dominate the collision 
process in the vicinity of the Fermi energy in nuclear 
matter ( E / A  = 35 MeV). Finally, at  energies near the 
total binding energy of the composite projectile-nucleus 
system (E = 1-2 GeV) multiple fragmentation events 
become dominant, indicative of reaching the instanta- 
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Figure 1. Evolution of collision mechanisms as a function of 
increasing projectile energy. 

neous vaporization limit. In the subsequent discussion 
we examine these processes in greater depth. 

Complete Fusion 
When two charged fluids collide, the second simplest 

thing that can happen is complete fusion (elastic scat- 
tering being the simplest).2 The complete fusion 
mechanism results in conversion of all of the energy of 
relative motion into internal excitation of the composite 
product or into collective degrees of freedom (e.g., ro- 
tation). In this sense it is an ideal case for the study 
of fully equilibrated phenomena since a distribution of 
final states is formed for which the temperature and 
angular momentum can be well-defined. Hence, these 
processes are amenable to relatively straightforward 
experimental and theoretical analysis. 

In order to test experimentally for the complete fu- 
sion of target and projectile, one must first demonstrate 
that the full linear momentum of the projectile has been 
transferred to the composite system formed in the in- 
teraction. In these discussions we will deal primarily 
with very heavy target nuclei (e.g., uranium) in order 
to emphasize the statistical aspects of the collision 
relative to quantal properties. This choice also mini- 
mizes perturbation due to the diffuse surface of nuclei, 
which become increasingly important for lighter n ~ c l e i . ~  

For the heaviest target nuclei such as uranium, com- 
plete momentum transfer and subsequent mass equil- 
ibration can be confirmed via the nuclear fission pro- 
cess.4 Kinematic constraints provide a convenient 
confirmation of full momentum transfer since the lab- 
oratory angle between the two separating fission frag- 
ments, BAB, is directly related to the linear momentum 
transferred from the beam to the fissioning system (see 
Figure 2). 
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Figure 2. Linear momentum vector diagram for a fissioning 
nucleus with laboratory momentum p F N  which produces fission 
fragments A and B, separated by a folding angle OAB. The lab- 
oratory and center-of-mass momenta of each fragment are given 
by plab and pCm, respectively. 
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Figure 3. Fission-fragment folding-angle distributions for the 
14N + 23eU reaction. For each measurement a linear momentum 
transfer scale, plI/pbeam, is shown immediately above the data. 
Reproduced with permission from ref 5. Copyright 1985, American 
Institute of Physics. 

In Figure 3 an example of such data for reactions 
between 14N ions and 238U is shown for several bom- 
barding energ ie~ .~  Here the probability for fission is 
plotted as a function of the measured angle between 
binary fission fragments. For each energy, the angle 
scale is also transformed into the ratio of transferred 
longitudinal momentum, pII, to the momentum of the 
beam, pbeam. Hence, complete fusion corresponds to 
pIl/pbem = 1.0. Because the hot fission fragments that 
are formed in these reactions subsequently cool by light 
particle evaporation, a dispersion is introduced into 
these experimental data. However, the average angle 
of separation is not distorted due to this effect. 

For the lowest energies in Figure 3 ( E / A  d 10 MeV), 
one finds that the criterion of complete momentum 
transfer is satisfied for most of the observed events. It 

(5) Fatyga, M. Phys. Rev. Lett. 1985, 55, 1376. 
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is also apparent that a component is present in the data 
corresponding to lower momentum transfers (ap- 
proaching pl,/pbeam = 0). These events have been shown 
to originate from large impact parameter, or peripheral, 
collision trajectories.6 They are strongly influenced by 
the transfer of substructures of the projectile (e.g., 'H, 
ln, 4He, etc.), for which the quantal properties of the 
system are quite important. 

From data such as Figure 3, it is possible to determine 
probabilities for complete fusion as a function of pro- 
jectile energy for comparison with theoretical predic- 
tions. This dependence provides an important source 
of information about the nature of the mean-field po- 
tential which is fundamental to any description of the 
energy dissipation and equilibration process. Charac- 
terization of the mean-field potential is most sensitive 
to data at the lowest collision energies. Here the relative 
velocity of the projectile is much less than the Fermi 
velocities of the individual nucleons in the colliding 
nuclei. Hence, one-body energy dissipation predomi- 
nates; Le., each nucleon interacts primarily with the 
mean nuclear field created by the ensemble of nucleons 
in the composite system. Reactions in this energy re- 
gime experience a strong driving force toward the 
equilibrium state, since individual nucleon-nucleon 
collisions are not sufficiently energetic to escape the 
mean field. Thus, the total interaction potential for 
nucleus-nucleus collisions is given by 

(1) 
where VN, Vc, and V,  represent the nuclear, Coulomb, 
and centrifugal potentials, respectively. 

A t  low energies predictions of complete fusion prob- 
abilities based on one-body dissipation mechan i~ms ,~ ,~  
are quite satisfactory, a situation which now exists for 
a large body of data.Y At higher energies, angular 
momentum limits for a rotating liquid drop and more 
complicated processes cause the fusion probability to 
decrease, qualitatively consistent with the data. Thus, 
while many problems remain, the mean-field descrip- 
tion of energy dissipation at low energies appears to be 
relatively well in hand at  present.? 
Damped Collisions 

Whereas for relatively light projectiles the attractive 
nuclear term dominates the interaction potential (eq 
l), with increasing projectile mass and charge the re- 
pulsive Coulomb and centrifugal forces assume in- 
creasing importance. For very heavy projectiles, these 
terms become dominant and complete fusion disap- 
pears. Instead one observes the development of a new 
mechanism in which the energy of the projectile nucleus 
is strongly damped but the system is unable to fuse. 
These "damped collisions" represent one of nature's 
most dramatic energy dissipation processes, providing 
a rich source of information about the evolution toward 
equi1ibrium.l 

As depicted in Figure 1, the damped collision mech- 
anism involves the formation of a short-lived rotating 
dinuclear complex which breaks apart under the influ- 
ence of Coulomb and centrifugal repulsion after a typ- 
ical rotation angle of the order of x / 2  (depending on 

v = v, + v, + v, 

(6) WilczyAski, J.; e t  al. N u l .  Phys. A 1982, 373, 109. 
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33, 2 6 5  

30 40 50 

0 E L =  940MeV 

EL : 1130MeV 

100 200 300 400 
E~oss (MeV) 

Figure 4. (a) Laboratory angular distribution of the light, Xe-like 
reaction products observed in the reaction of 940-MeV '36Xe ions 
with 2*9Bi. The curve is to guide the eye. (b) The energy-loss 
spectrum of the *09Bi + '36Xe reaction for 940- and 1130-MeV 
bombarding energy. The energy loss E,,,, is defined as the dif- 
ference between the center-of-mass asymptotic kinetic energies 
in the entrance and exit channels. The arrows indicate the 
available kinetic energy in the entrance channel. Data from ref 
10. 

impact parameter). Peripheral (large) impact param- 
eters involve small rotation angles while more central 
collision trajectories lead to large rotation angles. The 
net result is that virtually the entire reaction cross 
section is focused into a small angular range,1° as shown 
in Figure 4a. This angular focussing permits one to 
assign a time scale for the lifetime of these processes," 
which is about s (compared to a collision time of 
about lo-'* s). During this short time span, very large 
amounts of relative collision energy are dissipated into 
internal degrees of excitation of the two fragments. 

(10) Wilcke, W. W.; et al. Phys. Reu. C 1980, 22, 128. 
(11) Schroder, W. U.; et al. Phys. Reo. C 1977, 16. 623 
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Figure 5. Contour lines of measured cross section in the N-Z 
plane obtained in the =Fe + 56Fe reaction at So and the z3aU + 
%Fe reaction at 4 5 O  for energy losses EL of 24 f 2, 70 f 5, 110 
f 5, and 150 & 5 MeV. The contour lines represent 75%, 50%, 
25%, lo%, and 5% of the maximum cross section of each dis- 
tribution. The full circle indicates the location of the projectile 
=Fe. Data are from ref 12. 

This dissipated energy is observed in the form of energy 
lost by the projectile (Eloss), as shown in Figure 4b. 

The principal mechanism of energy loss in damped 
collisions can be accounted for in terms of nucleon ex- 
change between the projectilelike and targetlike frag- 
ments. Because these reactions occur at relatively low 
velocities, one-body dissipation dominates the reaction 
dynamics, and nucleons cannot escape from the collision 
region. Instead, they diffuse randomly across the tar- 
get-projectile interface, carrying with them momentum 
and creating particle-hole excitations, which serve as 
the vehicles of energy transfer. 

On the average the net nucleon exchange between the 
two fragments is near zero, depending on the dinuclear 
potential energy surface and chemical potential effects 
associated with the neutron/proton ratio of each. 
However, the widths of the mass and charge distribu- 
tions increase systematically with increasing energy 
dissipation-a strong indication that one is dealing with 
a classical diffusion process. This is illustrated in Figure 
5 for the 56Fe + 56Fe and 56Fe + 238U reactions where 
discrete charge and mass measurements have been 
performed on the projectilelike products as a function 
of energy dissipation.12 Lines of constant probability 
for production of a given proton and neutron number 
are shown for various energy dissipation bins. For small 
energy losses the contours are quite tight, indicating 
only a few nucleons have been exchanged. As the en- 
ergy loss increases, the widths of the distributions 
broaden systematically and their orientation in the N-Z 
plane translates in the direction of the valley of /3 
stability-i.e., toward the minimum in the N-Z poten- 
tial energy surface. 

(12) Breuer, H.; et al. Phys. Reu. C 1983,28, 1080. 
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Figure 6. The ratio of projectilelike fragment temperature to 
targetlike fragment temperature as a function of kinetic energy 
loss is compared for the present datal5 and the nucleon exchange 
model of Feldmeier.16 

The theoretical analysis of damped collisions has 
relied heavily on theoretical guidance from nonequi- 
librium transport theories.13J4 Classical Coulomb 
trajectory calculations and the proximity potential8 
serve to define the collision dynamics, followed by the 
use of a Fokker-Planck equation (or similar approxi- 
mations) for the treatment of nucleon transport prob- 
abilities: 
a 
- P(x , t )  = at 

where ui is a drift velocity and D ,  is a diffusion coef- 
ficient. This approach has provided an encouraging 
first-order description of the damped collision mecha- 
nism. 

One of the fundamental tests of this theory is its 
ability to predict the evolution of the system towards 
thermal equilibrium. For small amounts of dissipated 
energy the system breaks apart before the diffusion 
process has had time to reach full equilibration. In this 
case the nuclei separate with roughly equal amounts of 
internal excitation energy, E*, which translates into a 
higher temperature for the smaller projectilelike frag- 
ment (recalling that for a Fermi gas, T (E*/A)'/ ') .  
For large values of energy dissipation, Le., processes 
where the dinucleus has remained intact for a relatively 
long time, one expects full equilibrium to develop. 
Thus, the temperature of the two fragments should be 
equal. In Figure 6 this dependence is demonstrated for 
measurements of the 56Fe + 1 6 5 H ~  reaction in a plot of 
the temperature ratio for the projectilelike and tar- 
getlike fragments as a function of energy di~sipati0n.l~ 
Also shown are theoretical predictions based on the 
trajectory-diffusion model described above.16 The 
success is strikingly good. However, few such com- 
parisons of data with theory exist at present, and 

(13) Zwanzig, R. Lectures in Theoretical Physics; Britten, W. E., 
Downs, W. E., Downs, J. Eds. Wiley and Sons, Interscience: New York 
and London, 1961; Vol. 111, p 106. 

(14) Norenberg, W. Phys. Lett. B 1974, 52B, 289. 
(15) Benton, D.; e t  al. Phys. Lett. B, in press. 
(16) Feldmeier, H.; Spangenberger, H. Nucl. Phys. A 1984,428,223~. 
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whether or not this agreement is general or specific 
remains to be established. 

Preequilibrium Processes near the Fermi 
Energy 

The existence of observable nonequilibrium phenom- 
ena in damped collisions finds its origin in the delicate 
balance between the attractive nuclear force and re- 
pulsive Coulomb and centrifugal forces associated with 
collisions between heavy nuclei. Thus, depending on 
impact parameter, the system can break apart prior to 
the attainment of full statistical equilibrium, inter- 
rupting the equilibration process and permitting the 
experimentalist to sample the system as a function of 
time. In the context of the subsequent discussion it is 
important to stress that damped collisions occur at  low 
relative velocities, where mean-field effects and one- 
body energy dissipation are dominant and lead to a 
two-body final state. 

By increasing the projectile bombarding energy, one 
would hope to pump increasing amounts of excitation 
energy into the nucleus, thereby allowing investigation 
of thermal properties of nuclear matter all the way to 
the boiling point. However, as the projectile energy 
increases, the relatively simple complete fusion and 
damped collision mechanism become complicated by 
the growing influence of individual nucleon-nucleon 
collisions within the interacting nuclear fluid. The 
coupling of the relative nucleon motion with Fermi 
motion enhances the importance of two-body energy 
dissipation mechanisms. These microscopic collisions 
are capable of producing energetic species at  early 
stages in the time evolution of the reaction. These can 
escape the mean field of the composite system, re- 
moving energy and momentum from the subsequent 
macroscopic development of the system. At relative 
collision velocities in the vicinity of the Fermi velocity 
of nucleons in nuclear matter ( E I A  -- 35 MeV), the 
probability for these preequilibrium events increases 
rapidly. An inherent experimental difficulty accom- 
panies these processes in the form of multibody (n. > 
2) final states. 

While the onset of two-body dissipative forces com- 
plicates the formation and study of very hot nuclear 
matter, it affords the opportunity to examine a rich new 
set of variables related to nonequilibrium phenomena. 
For example, the combined effects of one- and two-body 
dissipation may produce very hot localized regions of 
excitation (or hot spots) at  the interface between the 
reactants at  very early collision times.ls This region 
can be assigned an instantaneous “temperature”, which 
decays to the fully thermalized limit as the reaction 
evolves and energy equilibrates throughout the system. 
The emission of energetic ejectiles (both nucieons and 
more complex species) from these hot regions provides 
a mechanism whereby we can study the decay of the 
system as a function of time, enriching our knowledge 
of the equilibration process under the influence of 
two-body dissipative forces. 

The transition from the mean-field to nucleon-nu- 
cleon regime can be investigated by examining the 
systematic development of linear momentum transfer 
with increasing energy,5 shown in Figure 3. As noted 

(17) Friedmann, W. A.; Lynch, W. G. Phys. Reu. C 1983,28,16; Phys. 
Reu. C 1983, 28, 950. 

previously, at  low energies the reactions are well de- 
scribed by the complete fusion mechanism. With in- 
creasing projectile energy, however, two trends in the 
data become obvious. First, low-momentum-transfer 
events with pii/pbeam = 0 are seen to grow rapidly with 
energy to the point where they become the most prob- 
able events at  the highest energies. This component 
of the reaction cross section has its origin in large im- 
pact parameter collisions in which the diffuse nuclear 
surface regions of the participants overlap.18 While 
highly interesting in a different context, these reactions 
will not be examined further here. 

More relevant to discussion of equilibration phe- 
nomena are the systematic trends in Figure 3 associated 
with large linear momentum transfers. It is observed 
that as the bombarding energy increases, the most 
probable linear momentum transfer no longer corre- 
sponds to that expected for complete fusion. Above 
energies of E I A  x 10-15 MeV this deviation system- 
atically increases. Beyond the Fermi energy for nuclear 
matter ( E I A  = 35 MeV) the probability for complete 
momentum transfer decreases to a negligible level. This 
signals the disappearance of complete fusion as a sig- 
nificant reaction mechanism and the onset of more 
complex multibody final states. 

In order to locate the source of missing linear mo- 
mentum in these “fusion-like’’ reactions (implying large 
momentum transfer but not complete fusion), coinci- 
dence experiments have been performed in which an 
array of detectors is employed to detect the type, en- 
ergy, and angular dependence of particles emitted in 
coincidence with angle-correlated binary fission events. 
Three-body coincidence studies of this type have dem- 
o n ~ t r a t e d ’ ~ , ~ ~  that the missing linear momentum in 
central collisions kIl/pbm > 0.5) is carried off primarily 
by energetic nucleons, and to a lesser extent by helium 
ions. These are focussed strongly in the direction of the 
beam axis, implying that they retain a memory of the 
beam direction and therefore are of a precompound 
origin. Further, the energy spectra of these ejectiles 
exhibit properties that are inconsistent with a thermal 
source. 

In Figure 7 the spectra for protons emitted at various 
angles are shown for the reactionla of E I A  = 20 MeV 
l60 ions with 238U. For this system the average number 
of emitted protons is approximately unity and the ki- 
netic energy spectra are well-described by a functional 
form, 

N ( E )  E exp[-E/T] (3) 

Hence, the experimental results resemble a Maxwellian 
distribution for emission of a single particle of energy 
E from the surface of a thermal source of temperature 
T.  However, the values of T which best describe the 
spectra are found to be significantly larger than values 
expected for a fully equilibrated compound nucleus. In 
addition these (apparent) spectral temperatures are 
found to be angle dependent, with values of T de- 
creasing from a maximum at the forward most angles 
to values much closer to that expected for a fully 
equilibrated system at far backward angles. However, 
even at  the most backward angles, full equilibration is 

(18) Wald, S.; et  al. Phys. Reu. C 1985, 32, 894. 
(19) Awes, T. C.; et al. Phys. Reu. C 1981, 24, 89. 
(20) Back, B. B.; e t  al. Phys. Reo. C 1980, 22, 1927. 
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Figure 7. Energy spectra of protons observed in the reaction 
of 315-MeV l60 ions with 238U. The spectra are labeled by the 
detection angle of the protons in coincidence with angle-correlated 
fission fragments. Solid lines are Maxwellian fits assuming the 
compound nucleus velocity, a Coulomb barrier of 10 MeV for 
proton emission, and a variable source temperature, TB. Values 
of kT8 range from 4.0 MeV at backward angles to 9.0 MeV in the 
forward direction. The fully equilibrated temperature is kT = 
3.0 MeV. 

not achieved.1s,21 This is a general phenomenon ob- 
served in reactions near the Fermi energy and has 
served as the basis for suggestions that these particles 
are emitted from a dynamic, localized region of exci- 
tation, or “hot spot”, on the nuclear surface.17J9 In this 
context the angle and energy of the emitted particles 
serve as a thermometer/clock for varying degrees of 
equilibration in these reactions. 

The systematic increase in linear momentum loss 
with energy shown in Figure 3 is explained in terms of 
a growth in the multiplicity of preequilibrium ejectiles. 
These multibody events (n  > 2) introduce the experi- 
mental necessity of constructing large detector arrays 
in order to account for the many-body final states which 
become possible a t  higher energies. Comparable theo- 
retical complexity is also introduced. The observation 
of energetic nucleons emitted prior to equilibration 
strongly suggests that two-body dissipative forces play 
an important role in these reactions. On the other hand, 
while the mean field is unable to assimilate the full 
beam momentum, it is effective in trapping a large 
fraction of the incoming mass and energy. 

The development of theories capable of incorporating 
both mean-field and nucleon-nucleon degrees of free- 
dom has been an important recent contribution to this 
field. A macroscopic Boltzmann master equation ap- 
proach22 has found success in describing several im- 
portant features of intermediate energy collisions. More 
recently, the role of preequilibrium and quantal effects 
in fast nucleus-nucleus collisions has been explored in 
terms of a microscopic Boltzmann-Uehling-Uhlenbeck 
approach.23 This ambitious theory follows the series 

(21) Skulski, W.; et al. Proceedings of the Workshop on Nuclear Dy- 
namics IV, Copper Mountain, CO, February 1986 CONF-860270, p 108. 

(22) Blann, M. Phys. Reu. C 1985, 31, 1245. 
(23) Kruse, H.; et al. Phys. Rev. Lett. 1985, 54, 289. 
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Figure 8. Angular distribution for intermediate-mass fragments 
in the reaction of 200 MeV 3He with silver.30 Symbols for each 
atomic number are indicated on plot. 

of nucleon-nucleon collisions through the time sequence 
of the reaction while simultaneously tracing the evolu- 
tion of the mean field and including Pauli blocking 
effects. Thus, both one- and two-body dissipation 
mechanisms are accounted for. The extensive theo- 
retical activity in this direction promises to provide a 
greatly enhanced understanding of fast equilibration 
processes in the not-too-distant f ~ t u r e . ~ * , ~ ~  

While nucleons account for the majority of preequi- 
librium ejectiles from reactions near and above the 
Fermi energy, a great deal of recent interest has been 
generated by the observation of energetic complex 
fragments among the spectrum of reaction 
These “intermediate-mass fragments” include nuclei 
with atomic numbers 3 < 2 5 15, with yields decreasing 
strongly as a function of increasing 2. Because these 
fragments are produced only at  rather high excitation 
energies and presumably on short time scales, they may 
provide a sensitive probe of very hot nuclear matter, 
such as liquid-gas-phase transitions or localized regions 
of excitation. 

In many respects the properties of intermediate-mass 
fragments resemble those of nucleons emitted from 
both equilibrated and nonequilibrated sources. For 
example, Figure 8 shows angular distributions for 
fragments emitted in the reaction of 200-MeV 3He ions 
with silver nuclei.30 At angles greater than 90 degrees, 
the angular distributions are isotropic and yield slope 
temperatures (eq 3) consistent with values expected for 
the fully equilibrated compound nucleus, suggesting 
true statistical equilibrium. In contrast, a t  forward 
angles a sharp increase in yield is observed; the corre- 
sponding energy spectra yield slope temperatures sig- 
nificantly higher than the full equilibrium value. These 
properties strongly support a nonequilibrium origin for 
fragments a t  forward angles, with the angle of emission 
providing a potential clock/thermometer with which the 
path to equilibrium can be followed. An additional 
intriguing possibility afforded by the emission of com- 
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plex fragments is the determination of source temper- 
atures from their excited state population  ratio^.^^,^^ 

The intermediate-mass fragments pose many chal- 
lenging problems to our understanding of the micro- 
scopic-macroscopic relationships of complex matter. 
While primarily a high-energy phenomenon, they are 
also a rare mode of radioactive decay.34 Even for such 
a simple process as first-order decay, both the quantal 
properties of the system and the shape degrees of 
freedom (e.g. effects of neck formation on the potential 
energy surface) play important roles. At  higher energies 
one is faced with the situation of describing two systems 
which begin in their gound states, develop a high degree 
of chaos, and then form an entirely different ordered 
system-all on a time scale of 10-22-10-21 s.35 Among 
these final states are highly unusual products which 
cannot be explained by conventional mechanisms. For 
example, in the 3He-induced reaction shown in Figure 
8 one observes carbon fragments with over 50% more 
momentum than that of the beam-implying some en- 
ergetic material must be moving backwards3* At much 
higher energies, the multifragmentation of nuclei also 
becomes o b ~ e r v a b l e . ~ ~  Explanation of all of these 
phenomena promises to place strong demands on both 
experimentalist and theorist over the next several years. 
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Concluding Remarks 
In summary, this discussion has attempted to illus- 

trate the manner in which reactions between complex 
nuclei can serve to expand our understanding of the 
pathway from the injection of energy into a system to 
the attainment of full statistical equilibrium. Both 
one-body and two-body dissipative forces play impor- 
tant roles in this process, depending on energy. In the 
mean-field regime complete fusion permits the study 
of fully equilibrated systems, whereas damped collisions 
provide a source of nonequilibrium phenomena under 
conditions where one-body dissipation dominates. At  
higher energies, preequilibrium processes in which 
two-body dissipation influences the reaction dynamics 
strongly can be studied via the emission of energetic 
nucleons and intermediate-mass fragments. The 
quantum-statistical interpretation of these experimental 
phenomena has proven to be a powerful tool in ex- 
plaining the low-energy behavior of nuclear matter. At 
higher energies the difficulties magnify significantly due 
to the combined influence of both one-body and two- 
body dissipative forces. Still, recent developments, such 
as the BUU t h e ~ r y , ~ ~ - ~ ~  have demonstrated important 
progress in our ability to describe highly complex in- 
teractions of nuclear matter. 
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