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Abstract

We briefly review our understanding of the formation of excited/not nuclei in
heavy-ion collisions at some tens ofMeVIA. We recall the major theoretical frameworks
used for describing as well the entrance channel of the reaction as the structure properties
of hot nuclei. We finally focus on multifragmentation within insisting upon the theoretical
challenge it does represent.

1- INTRODUCTION

Heavy-ion collisions at intermediate beam energies (10-100 MeV/A) allow the
formation of excited/hot nuclear systems (E"/A = 3-5 MeV/A, T = 5 MeV) [1]. These
"hot" nuclei should provide clues to the nuclear matter Equation Of State (EOS) and to the
transport properties of nuclear systems. They could also help in understanding the physical
mechanisms responsible for the explosion of supernovae [2], although a direct link
between properties of the EOS and the observed remnants of supernovae is still hard to
establish.

It turns out that a reasonable description of hot nuclei formed in heavy-ion
collisions represents a true theoretical challenge, basically for two reasons:

i) by their very nature hot nuclei are metastable systems. As soon as the
temperature is non zero, the equilibrium state of such a system of fennions is characterized
by a Fermi-Dirac occupation factor of any level of the single particle spectrum. Such a state
is not stationary and makes the hot nucleus evaporate its own nucleons.

ii) one cannot completely describe the properties of hot nuclei without taking into
account the way they were formed. In other words one should not overlook the possibly
large dynamical effects generated by the entrance channel [1,3]. They imply a
redistribution of the avaiable excitation energy between a true thermal component and large
amplitude collective modes such as in particular compression. Together with the decay
properties mentioned in i) these entrance channel effects call for a completely dynamical
description of the collision process and of the properties of hot nuclei. Considerable
progress has been made in this direction in the last few years with the use of kinetic
equations adapted to the nuclear context [4].

In this note we briefly remind the theoretical frameworks used for describing hot nuclei,
both in dynamical [4] and static pictures, which, in spite of the metastability of the system,
still bring interesting pieces of information [5]. After having presented some results of
these calculations we focus on multifragmentation and the theoretical problems it raises.



2- THEORETICAL APPROACHES

The theoretical approaches developed so far for understanding the physics of
excited nuclei have essentially been derived from the very successful mean-field self-
consistent description of ground state nuclei [6].

On the one hand the static Hartree-Fock (HF) formalism has been extended to finite
temperature [7] and applied to nuclei with various levels of approximation, essentially
within using a prescription for stabilizing the metasrable hot nucleus. In the early
calculations of Brack and Quentin [8], as only moderate temperatures were considered (T
< 3-4 MeV), continuum was truncated in a phenomelogical way. More recently Bonche et
al proposed a prescription for "subtracting" the continuum in a self -consistent way [9].
This allows to consider higher temperatures, ranging up to about 8-10 MeV, beyond
which theory anyway predicts that nuclei should not exist anymore because of a Coulomb
instability [9]. Although the subtraction method is a prescription and can be discussed, as
such, it presumably gives, to date, the most reliable (little biased) description of the
structure properties of hot nuclei (level density parameter, giant resonances... [1]).
Furthermore it can be justified "a posteriori" by dynamical calculations [5].

On the other hand, in order to properly describe dissipation the Time-Dependant
Hartree-Fock (TDHF) approach has been extended (ETDHF), namely to allow the
occupation numbers of the single particle states to relax in time [10]. However the
resulting equations are very difficult to solve numerically in the case of nucleus-nucleus
collisions and only a few attempts have succeeded, either in two dimension systems [11]
or by using a relaxation time approximation [12]. In this context semi-classical
approximations of these extended mean-field approaches appear as attractive alternatives
[4]. Of course part of the quanta! effects are definitively lost [13] but the overall dynamics
is presumably reasonably described as soon as beam energies exceed about 10 MeV/A
[14].

The basic equation for these semi-classical descriptions is the Nuclear Boltzmann
Equation (NBE) [4], namely a Boltzmann-like kinetic equation adapted to the nuclear
context [15]. It gives the time evolution of the one-body (Wigner) distribution function
f(r, p, t) in phase space :

3f p 8f 3U3f

(for a local mean-field potential U). Two body collisions are taken into account in the
Uehling-Uhlenbeck approximation for the collision integral Iuu(f) [16]. Although "a
priori" simpler than ETDHF approaches Eq. (1) is still involved and it is merely simulated
rather than truly solved [4]. These calculations are based on particles methods in which the
Wigner distribution is projected on a swarm of elementary numerical particles. The
particles are evolved in time according to Hamilton equations of motion for the mean-field
part and the collision integral is simulated by means of algorithms essentially derived from
the Intra Nuclear Cascad (INC) model [17]. In the last decade a lot of efforts have been
devoted to these simulations known in the litterature under various names (BUU [18],
VUU [19] or Landau- Vlasov [20]). One can find a summary of the main results obtained
in these calculations in Ref. [4].

Before closing this section it is worth mentioning two points concerning these
calculations:

i) the first one concerns the physical inputs used in Eq. (1), namely the mean-field
U and the elementary nucleon-nucleon cross-section entering Imj. In principle these two
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Sketch of the dynamical description of the formation of excited! hot nuclei in the framework
of simulations of the NBE. In Fig. 1-a is plotted the density (integrated over the y
direction) in the reaction plane (x-z) of the 139La + l-C reaction at 50 MeVI A and b = Ofm
[27], at various time steps. Note the pre-equibrium emission first along, and next,
perpendicular to the beam direction. Notice also the large amplitude monopole oscillation.
In Fig. 1-b is shown the thermalization process in a 40Ar + 238rj reaction at 27
MeV/A(from D. Jacquet, Thesis, Or say 1987, unpublished). The quadrupple moment of
the momentum distribution is plotted in the upper part, while the excitation energy and
temperature are draw in the lower ones. In Fig. 1-c is illustrated the importance of
dynamical effects, in particular the splitting of the avaiable energy between thermal and
compressional energies (40Ar + 197Au at 60 MeV/A and zero impact parameter, [1,3J).



quantities are not independant of each other [15], as they are derived from one given
nucleon-nucleon interaction. In practice the mean-field is approximated by an ansatz such
as the one provided by oversimplified Skyrme forces [21]. More sophisticated interactions
have also been used, but still in very simple forms [4,22]. The nucleon-nucleon cross-
section is in general taken as the free one, corrected by in-medium effects, such as the ones
derived from Bruckner calculations [23]. Consistency between the mean-field and two-
body collisions is hence in general violated, except in some recent model calculations [24].

ii) the second point is connected to the question of what the simulations correspond
to? In principle the NBE is an equation describing an average trajectory. Practically, one
can show that this average behavior is reasonably reproduced in numerical simulations, in
which one studies the way of the system towards thermal equilibrium [25]. However INC-
like simulations go somewhat beyond the average picture contained in the NBE as they
induce fluctuations, through the way of evaluating two-body collisions [26]. This has
important consequences in processes involving large fluctuations such as presumably
Intermediate Mass Fragment (IMF) formation (see section 4)

3- FORMATION AND PROPERTIES OF HOT NUCLEI

It seems now well established that the NBE constitutes a firm theoretical basis for
understanding most of the entrance channel behaviors leading to the formation of
excited/hot nuclei [1,4], The major achievements of current simulations are summarized in
Figure 1. From this figure one can schematically draw the following conclusions :

i) an incomplete fusion residue is formed within typically less than 100 fm/c (Fig.
1-a) [27],

ii) as can be seen from the quadrupole* moment of the momentum distribution T\,
thermalization is reached within about the same amount of time. This can be confirmed by
estimating the pressure tensor [27] (Fig. 1-b),

iii) incomplete fusion is accompanied by strong dynamical effects, such as pre-
equilibrium emission or excitation of large amplitude collective modes (in particular
compression, (Fig. 1-a)). This means that the avaiable excitation energy has to be shared
between these various degrees of freedom (Fig. 1-c).

Once an excited/hot nucleus has been formed it is interesting to investigate how its
properties depend on temperature. These calculations have essentially been done in static
frameworks which allow sophistications hardly imaginable in dynamical approaches [1].
As already mentioned these descriptions suffer from the intrinsic metastability of hot
nuclei, but can be justified for some observables [5]. A schematic summary of some of the
most salient results obtained in these calculations is presented below

Temperature (MeV) Physical properties References

T = 1 Disappearance of pairing (Gap -> 0) [28, 29]
T - 2 Shape transitions [30]
T = 2-3 Disappearance of shell effects [6]
T = 3-4 Disappearance of fission barriers [6, 31]
T <= 4 Disappearance of correlations in the

effective mass (level density parameter) [32, 33]
~[<5 Giant Dipole Resonance [34]
T = 6-10 Limiting temperature [9,35,36]
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Predicted limiting excitation energies (limiting temperatures inside brackets) in a semi-
classical version of the subtracted formalism ofRef. [9] and for nuclei of masses around
130-150 and various Z/A ratios. Note that due to the Coulomb nature of the instability
heavy and pro ton rich nuclei have lower limiting temperatures than light or neutron rich
nuclei.
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Neutron evaporation
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Beyond about T= 6-10 MeV (depending on the nucleus [35, 36], and Figure 2
[37]) static calculations indicate that the hot nucleus should disappear because of a
Coulomb instability, due to the fact that the nuclear surface becomes too smooth at such
high temperatures. Actually one should keep in mind that reaching such high temperatures
presumably represents only a very small fraction of the incomplete fusion cross section, as
the mean life time of such excited nuclei becomes drastically small beyond T = 5 MeV,
even comparable to the thermalization time (Figure 3). Furthermore, as already mentioned
above, increasing beam energy does not directly implies an increase in the avaiable thermal
excitation energy, because of dynamical effects [3]. This might be a signature of the total
break-up of the system, namely the onset of muitifragmentation.

4- FORMATION OF INTERMEDIATE MASS FRAGMENTS (IMF)
IN HEAVY-ION COLLISIONS AT SOME TENS OF MEV/A

In a collision leading to muitifragmentation a large number of IMFs are formed.
Whether this effect is trivial or not is still somewhat under discussion. Anyway, if it is not
simply a chain of sequential fissions or a statistical emission of massive nuclei by a hot
source, it could bring interesting pieces of information on the nuclear matter EOS at low
density. This can be simply figured out in a schematic picture as proposed some years ago
by Bertsch and Siemens [38, 39] : a hot and compressed nucleus is formed; its further
evolution is essentially isentropic [4] so that it will approximately follow a constant S/A
line in the pression-density plane of the EOS (Figure 4); if the initial compression is large
enough (temperature is in this context much less efficient than compression for leading to a
disruption of the nucleus [1]) the system may reach the mechanically unstable, spinodale
region of the EOS; in this region any fluctuation, instead of being damped, as in normal
density nuclear matter, is enhanced by the nuclear field; if the system stays long enough in
this region it may explode, due to these enhanced fluctuations [38-40]. Although this
scenario is schematic it constitutes a guideline for more realistic, dynamical approaches
[41] and establishes a clear link between fragment formation and a definite region of the
EOS.

To go beyond this picture definitively calls for a dynamical description of the whole
reaction. Nevertheless, as already stated above, the NBE fails for describing processes
such as muitifragmentation as it only gives a description of an average (smooth) trajectory.
In order to improve over the NBE or any standart extended mean field description one can
essentially start from two points of view.

i) the first one is to consider the whole N-body problem, namely solve the Liouville
equation for the collision process. This constitutes a formidable task and involves a lot of
approximations in order to provide a numerically tractable model. Two groups are
developing these models, at Berkeley [42] and in Germany ("QMD", [43]). The nucleon-
nucleon interaction is schematized either by a local+Yukawa [43] or a modified Lennard-
Jones [42] potential and the fermionic nature of the nucleons is simulated through an
additional repulsive potential [42]. These promising calculations involve numerous
parameters, already for providing a reasonable description of ground state nuclei, and it
would be interesting to know to what extend they stay close to well defined equations.

ii) the second solution is to extent the NBE by mocking up the missing many-body
correlations. This can be achieved by adding to the NBE a fluctuating (Langevin-like)
collision term, as recently proposed by Ayik and Gregoire [44]. This fluctuating collision
term can be characterized by its correlation function, which is directly related to the UU
collision integral, in agreement with the fluctuation-dissipation theorem. This so called
Boltzmann-Langevin Equation (BLE) can hence be written formally as the UU equation :
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Figure 4

Schematic sketch of the path of a hot/compressed nuclear system in the P, p plane of the
Equation Of State (EOS). The evolution of the system is roughly isentropic [4]. If it does
enters the spinodal region (dashed area) and stays long enough inside it (39,40] enhanced
fluctuations make the system be disrupted. If this scenario is related to
multifragementation, fragment formation could hence give indications on the low density
region of the EOS.
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Evolution in time of the quadrupole moment of the momentum distribution Q~, and the
associated correlation function (see text) for the 1-C + l-C head-on collisions between 30
and 60 MeV/A beam energy, estimated from a simulation of the Boltzrnann-Langevin
Equation. Note that fluctuations are large and peaked in time just after touching point.
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but now acting on a fluctuating distribution function f, corresponding to one well defined
event in a statistical ensemble. Note that, in spite of the formal similarities between the
NBE and the BLE, the BLE does not describe only the spread of trajectories around the
NBE average trajectory [45]. On the contrary the ensemble of events generated by the BLE
does posses its own average trajectory, a priori different from the NBE one, because of the
non-linearity of the equation.The BLE hence furnishes a well defined framework for
studying such phenomena as multifragmentation, and this on a firm theoretical basis.

The BLE is a quite involved object, which, as the NBE, cannot yet be really
solved, but has to be simulated. As it describes the spreading of single event trajectories in
an abstract space, one can try to characterize this spreading with help of a collective
variable Q according to which one could label the trajectories. It turns out that when
making such a "projection" onto a collective variable one obtains a very simple expression
for the correlation function associated to Q:

CQ(t) = / dP ldP 2dp 3dP 4 ( A Q) W(12,34) f tf ^ l - f^ l - f^
(3)

where AQ = Q(pi) + Q(pa) - Q(P3) - Q(P4) (Q being the operator associated to Q), W(12,
34) is the transition rate appearing in the UU collision integral [16,44] and fj = f(r, pi, t)
(Wigner distribution normalized to occupation numbers). The correlation function CQ is
proportional to the diffusion coefficient for the collective variable Q and it determines the
rate of change of fluctuations in Q. Furthermore it is easily computed from any algorithm
simulating the UU collision integral.

We have made some simulations of the BLE by projecting it onto the quadrupole
moment of the momentum distribution Qz2- This variable is particularly interesting as it
gives a measure of the thermalization. Furthermore, if one makes a multipole expansion of
the Wigner distribution in momentum space, Qzz would be the first term in this expansion
that could fluctuate as the lower order terms correspond to mass and momentum
conservation laws, explicitely imposed in the collision rate W. In figure 5 we plot CQ(I)
averaged over a time interval of 1.5 fm/c for the head-on 12C + 12C reaction at 30 and 60
MeV/A beam energy. In the upper part of the figure are also indicated the corresponding
values of QzZ as a function of time. Fluctuations are large (maximum value an order of
magnitude larger than the background, and sizeable as compared to the value of Qzz) and
peaked in time (just after touching point). This first result is very interesting, particularly
the timing. It indeed means that the largest fluctuations (at least on QzZ) occur very early in
the collision process, anyway much earlier than during the late stages of the expansion.
Due to the non-linearity of the equation, this means that only an approach including the
fluctuations from the beginning can provide a reasonable description of the reaction.

5- CONCLUSION

In this note we have briefly described our understanding of the formation of hot
compound systems in heavy-ion collisions at some tens of MeV/A beam energy. The basic
theoretical tool for these studies is the Nuclear Boltzmann Equation (NBE) which provides
a semi-classical description of the average properties of nucleus-nucleus collisions in this
energy range, in particular the way to thermalization.
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Hot nuclei are by nature metastable systems, the major properties of which being
their tendancy to disappear. Some of their properties can nevertheless be described in the
framework of static approaches. As beam energy increases dynamical effects, such as in
particular compression, become more and more important, hence limiting the possible
storage of excitation energy as heat.This is may-be connected to the onset of
multifragmentation.

Multifragmentation could be related to the low density region of the nuclear matter
Equation Of State (EOS). However, hi order to establish the link between the EOS and
actual nuclear reactions one has presumably to device a dynamical picture of fragment
formation. This of course cannot be done in the framework of the NBE approach. A
promising approach in the field is the molecular dynamics calculations of the Berkeley
group, in spite of the numerous numerical parameters to be introduced in the simulations.
On the other hand a fundamental extension of the NBE has recently been introduced,
which takes into account high order correlations by means of a Langevin process. This
equation can be simulated by projecting it onto a collective variable such as the quadrupole
moment of the momentum distribution. The first results obtained in this approach are very
encouraging. Work is in progress for evaluating relevant physical observables.
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