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Abstract - We review a model based on irrotational hydrodynamics and percola-
tion which has been applied to the study of hot and excited nucleus disassem
bly. The different conditions under which an excited nucleus breaks up in 
several pieces (multifragmentatlon) are given. 

Résumé - Nous présentons un modèle basé sur l'hydrodynamique irrotationelle et 
la percolation qui permet de décrire le phénomène de multifragmentation obser
vé dans les collisions entre deux noyaux lourds. Nous calculons les conditions 
qui sont nécessaires pour que ce mécanisme ai lieu. 

When a high energy proton (> 2 GeV) goes through a nucleus It can break it up. A 
similar situation is observed at lower bombarding energies per nucléon (> 30-50 
MeV/u). The process In which a nucleus breaks up In several pieces is called multi-
fragmentation. There are two things one would like to know : 

1- why do nuclei break up ? 
2- how do they break up ? 

Apart from emulsion data [1], which show directly pictures where a nucleus undergoes 
multifragmentatlon, most of the experiments performed so far are yery inclusive. One 
of the important observable is the mass distribution of the multifragmentatlon pro
ducts which follows a A" T law [2], where A 1s the fragment mass and x an exponent 
which takes values around 2-3. Several models [3] try to describe multifragmentatlon 
but a full microscopic theory Is not yet available. The reason 1s that the problem 
Is difficult because one has to go beyond a mean field approach. The correlations 
between several nucléons become important and one usually refers to these as the 
fluctuations of the mean field. Most of the models start with an initial excited 
nucleus, In global statistical equilibrium, which 1s assumed to be formed in the 
first stage of the collision. These models are usually able to reproduce the Inclu
sive mass distribution of the multifragmentatlon products. In this contribution we 
shall describe a model which belongs to this category. It 1s based on hydrodynamics 
to describe mean field effects, and on a percolation approach to evaluate the fluc
tuations of the mean field [4]. we have built It as simple as possible in order to 
try to pin down the physical effects which may be responsible of multifragmentatlon 
of nuclei. Indeed, if one can describe this process to a large extent with minimal 
assumptions it would probably Indicate that they have to be Included in any more 
sophisticated model which aim to describe multifragmentatlon. 

•Laboratoire associé au CNRS. 
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Although one can address this problem by similar methods, we shall not consider here 
proton induced multifragmentation. Indeed this process is more related to a cascade 
of the proton inside the target nucleus, which leads to an ejection of nucléons and 
finally to a break up of the target into several pieces. We shall rather restrict 
ourselves to the simple following problem which is important for heavy ion colli
sions at intermediate bombarding energies, namely : what happens to an excited and 
compressed nucleus in global statistical equilibrium ? 

Central and medium impact parameters heavy ion collision at intermediate bombarding 
energies can be roughly decomposed in two main phases : 

- In the first one, the projectile and target interact very deeply. Their relative 
velocity suddenly decreases and a lot of excitation energy is deposited into their 
common part. Statistical equilibrium is not achieved in early stages and energetic 
particles are emitted. A preequilibrium mode developed in [ref.5] shows that one 
needs about 10~ 2 2s to reach global thermal equilibrium. Furthermore, we have perfor
med [6], for head-on collisions, a hydrodynamical calculation based on a three fluid 
component model : the participants and the two spectators of the projectile and 
target. For the Ca + Pb system at 52 MeV/u, for instance, we found that in any re
gion of the system, the density never exceds 20 % of the central ground state densi
ty value. Consequently, in heavy ion collisions at intermediate bombarding energies 
it is only possible to obtain moderate compressions. 

- In the second phase the excited nucleus, which is formed previously, expands and 
cools down. Two situations can occur depending on the amount of excitation energy of 
the nucleus. There can be a succession of oscillations around a mean configuration 
while the system evaporates particles. In this case the nucleus de-excite normally 
by particle emission and/or fission. This occurs if the excitation energy is not too 
large. Above a certain excitation energy value the nucleus expands so much that the 
mean field fluctuations become suddenly very large. In such a situation, which oc
curs at large excitation energies, there is a multifragmentation of the nucleus. It 
is this second phase of a heavy ion collision that we want to describe within a 
schematic picture. 

1 - Fluctuations of the mean field 

The interaction between two nucléons has a short repulsive range and a long attrac
tive one. However, in total, nuclear forces are of short range compared to the Cou
lomb forces. In order to understand the Importance of nucléon correlations In nuclei 
let us consider a volume V in which we put A nucléons, neutrons and protons. If V is 
of the order of the volume of ordinary nuclei, each nucléon can interact by nuclear 
forces with all its neighbours. The physics of this system can be described, to a 
large extent, by the mean field created by the whole set of nucléons. 

If the volume is bigger, each nucléon can no longer interact by nuclear forces with 
all its neighbours because of the short range of this Interaction. Cluster of nu
cléons will be formed and the physics of each of them is dominated by their own mean 
field. However, the physics of the whole system is no longer dominated by the mean 
field of the total system because the Coulomb field, which has a long range, will 
push the clusters apart from each other. This will lead to a break-up of the initial 
system (mulifragmentation). 

In the first situation, where the physics of the system is dominated by the mean 
field of the whole nucleus, one says that the fluctuations of the mean field are 
small while, in the second case, one say? that they are large. When the fluctuations 
are large, instabilities develops expont. tially and the system undergoes multifrag-
mentatlon. When they are small, clusters night be present in the nuclear medium but 
their probability is small. The rest of fhe nucleus can then be viewed a a big clus
ter whose mean field is practically identical to the one of the total system. The 
proportion of small clusters, which gives an order of magnitude of the fluctuations, 
is small. 
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The difference between small and large mean field fluctuations tells us about the 
correlation distance in the nuclear medium (the correlation distance is defined here 
in a different way from the correlation length used in percolation theory : one 
includes all clusters including the largest one) : when they are small, the correla
tion distance is large and the information about the nuclear interaction can propa
gate through the whole nucleus. On the contrary, if they are large, the correlation 
distance suddenly decreases and the information about the nuclear forces is trapped 
within clusters. Clusters can "talk" to other clusters only through the Coulomb 
field which has a tendency to pull them apart. 
Instead of treating a single nucleus and following the nucléons which move inside of 
it, one can alternatively consider, as in statistical physics, an ensemble of seve
ral nuclei with fixed nucléons distributed in such a way that their global proper
ties are identical to the one we study. Then one has to postulate that the time 
average of macroscopic quantities of the first system are equal to their ensemble 
average (ergodic hypothesis). If one does this, one can notice that the evaluation 
of the fluctuations is identical to a percolation problem in which particles are 
connected to their close neighbours. 
2 - Percolation 
Percolation is one of the simplest statistical approach which allows to describe 
critical phenomena in various areas. It has been applied to several problems in 
solid state physics like binary alloys, sol-gel transitions, complex resistor net
works, polymerisation reactions, etc... It has also been used in a great variety of 
other fields like the extension of forest fires or the propagation of diseases. 
A percolation system is essentially defined by two ingredients : a collection of 
points and a rule to connect them. The percolation model that we have used to evalu
ate the fluctuations of the mean field is a site-bond percolation model [4,7] based 
on a cubic lattice. The two basic parameters of this approach are :i) p, the ratio 
between the number of occupied sites and the total number of sites. 
ii) q, the ratio of the number of bonds left, 
lable to the nucleus in its ground state. 

to the initial number of bonds avai-

For different values of p and q this model leads to 
trated in fig.l : 

two situations which are illus-

- if p and q are close to unity (region 
I) one always get a big fragment called 
percolation cluster, and small clusters. 
Thl s corresponds to the case where the 
fluctuations of the mean field are small. 
Then, a mean field theory can describe the 
dynamical evolution of the system. 
- if p and q belong to region II there is 
no longer a percolation cluster but seve
ral small or medium size clusters. In this 
case the fluctuations of the mean field 
are large and the nucleus to which one 
applies this model breaks up (multifrag-
mentation). 
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0.0 The transition between regions I and II 
occurs smoothly here because we have a 
finite system. For an infinite system the 
transition 1s very sharp. It has been 
checked that the results obtained with a 
cubic lattice are not too different from those obtai 
eolation. As a matter of fact the approximation Is 
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ence methods used in numerical analysis where one also works on a lattice. We shall 
see below how one relates the two parameters p and q to the properties of the nucle
us. 

3 - The isentropic expansion model 

Before going into a more involved model it is useful to study within the framework 
of an elementary model what happens to an initial nucleus which is suddenly heated 
up while keeping its density profile fixed. In order to do this we have modeled a 
nucleus by a liquid drop with constant density and sharp edges. The energy of this 
drop has been calculated using the energy density formalism which allows the energy 
to be calculated even for non equilibrium configurations. It is reasonable and 
cascade calculations confirm it [8], to assume that the evolution of the nucleus 
will follow an isentrope. Then, as proposed by Cugnon [9], one can find the equation 
of motion of the density by using the continuity and energy conservation equations 
of the fluid only. 

If we heat up suddenly a nucleus while keeping the density fixed, and let evolve 
this system, it will expand. The process we have in mind is schematically displayed 
in fig.2 : as the nucleus expands the number of nucléons remains practically 
constant, apart from those few emitted by evaporation or preequilibrium emission. 
However, the packing no longer remains constant and empty cells become available. 
Therefore, the ratio between the number of occupied cells and the total number of 
cells decreases not because nucléons are emitted, but because now sites are created. 
If the expansion is sufficient, several small and medium size clusters are formed : 
one has a multifragmentation of the system. 
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Figure 2 

In order to use the percolation approach, one has to define p and q In terms of 
quantities associated to the expanding nucleus. We have made the following choices 

1 - p(t) = Ê — , where p 0 is the density at time t » 0 and pit) Is the same quantity 

at time t- At t * 0 one has p = 1. As the nucleus expands p decreases since, accor
ding to our picture, new sites are created. 

2 - The parameter q(t) is related to the strength of the bonding between nucléons. 
For a nucleus with zero thermal excitation energy q « 1. Increasing the excitation 
energy per nucléon, e*, decreases the strength of the bonds which vanishes comple-

tely when e* becomes equal to the binding energy. Therefore, we assume that q(t) 

1- where B is the binding energy per nucléon at time t * 0. 

p(t) and q(t) being defined, one can now evaluate the fluctuations of the mean field 
at each stage of the expansion [10]. As soon as they become large one stops the 
dynamical model, because the nucleus breaks up, and calculate the properties of the 
fragments using the percolation model. 
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The above model, which is very simple, has been studied in details in ref . f lO]. For 
all the results i t was possible to obtain either analytical or f i t ted expressions 

which can be used ^ery easily. Let us quote two important results : 

1 - the critical energy value, above which a nucleus undergoes multifragmentation, 
is equal to 70 % of the binding energy of the ground state. 

2 - the mass distribution of the products, at the point where the "susceptibility" 
of the medium is maximum, goes l ike A * 1 ' 9 . I f one requires, as in re f . [4 ] , that 
multi fragmentation is defined when the mass of the percolation cluster is smaller 
than half of the ini t ia l nucleus, the exponent T of A T is a bit larger. 

4 - The time dependent Thomas Fermi approach. 

I t is now interesting to study the same problem within a more realistic approach. In 
r e f . [ l l ] a time dependent Thomas-Fermi model has been proposed to study the evolu
tion of hot and compressed spherical nuclei. This model is essentially an irrota
tional hydrodynamical approach in which one evaluates the internal energy with the 
Thomas-Fermi approximation using a Skyrme force. This description is assumed to give 
a reasonable description of the expansion of the nucleus and has been checked by 
calculating the properties of the isoscalar giant monopole resonance [12]. Since one 
can vary independently the thermal and compressional excitation energies, one can 
compare their influence on the stability of nuclei towards multifragmentation. 

As i t has been done above, one evaluates the fluctuations of the mean field at each 
stage of the dynamical evolution of the system using the percolation model described 
in section 2. The two parameters p(t) and q(t) are now defined as : 

p(t) « i f i i - and q(t) 
<P0> 

«T 
B(t=0) 

where <p> and < P Q > are the average density at time t and t = 0 respectively ; and 
B(t=0) is the binding energy per nucléon of the nucleus at time t - 0. Let us now 
discuss a few results : 
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- In fig.3 we display a kind of phase diagram, for 2 0 8 P b , showing the region of 
multifragmentation instability as a function of e*y, the thermal excitation energy 
per nucléon, and e*ç, the compressional excitation energy per nucléon. If e*ç* 0 one 
needs e*ç* 1.5 MeV only. This shows that, for the same amount of excitation energy, 
one breaks up a nucleus more easily by compression than by thermal excitation. 
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- For two values of ef we have calculated the ratio between the excitation energy 
per nucléon (e* - ef + e£), and the binding energy per nucléon ,B, or the nuclei in 
their ground state, above which a nucleus undergoes multifragmentation, (fig.4). If 
there is no compression one observes that the maximum ef value that a nucleus can 
sustain without breaking up is equal to 70 % of B. This results 1s the same as the 
one deduced in the previous section. 
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- At the point where a nucleus breaks up it is interesting to note that the nucleus 
has not expanded too much. This is illustrated for a typical example in fig.5 which 
shows the initial density profile (full line) and the one where multi fragmentation 
takes place (dashed line). One sees that, in this latter case, the central density 
is still 0.1 nucleon/fm3. The mean square radius < r 2 > 1 / 2 has changed from = 4.94 fm, 
for the initial density to 6.2 fm at the point of instability. For this particular 
example the volume of the system has doubled. 
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Conclusion 

Let us now summarize the major results of our approach to the disassembly of hot and 
excited nuclei. 
- Multifragmentât!*on is a result of the fluctuations of the mean field which become 
large. 
- Compression is more efficient to break nuclei than thermal excitation. 
- For a system at normal densities one needs a thermal excitation larger than 70 * 
of the binding energy in order that it breaks up. 
- At the instability point, the density is of the order of 0.1 nucleon/fm3 in the 
case of the 2$Pb nucleus. 
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