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During the meeting we have heard excellent experimental and theoretical 
talks about U-rr heavy ion physics at intermediate bombarding energies. It was 
the right time to organize such a workshop because one should now complement 
the inclusive data obtained so far at GANIL and SARA. This Franco-German 
meeting, organized by A.J. Cole and J. Knoll at Grenoble, is the first one 
of a series which I hope will be as successful as the present one. Es
pecially, A.J. Cole has done all what is necessary, and even more, so that 
we felt comfortable at Grenoble. 

This summary is not intended to give an extensive review of all what 
has been said during the three days about technics, experiments and theo
ries. It will be rather a brief and simple overview of what I felt during 
the meeting while listening to the different talks, discussions and par
ticipating to the round tables which were also a very important part of the 
workshop and contributed a lot to its success. 

In heavy ion physics we have to face with a complicated many body pro
blem both theoretically and experimentally. It cannot be solved theo
retically in its full complexity and one has to make approximations. These 
approximations are usually done in such a way that one tries to minimize the 
correlations between the particles. For instance, at low bombarding energy 
one knows that a mean field approach is a good approximation to the many 
body problem in several situations. One is also very far experimentally to 
solve the many-body problem encountered in heavy ion collisions and usually 
Incomplete and partial informations are obtained. 

Thereby, the measured and cal
culated observables of a given heavy 
ion collision are often different 
(see fig. t) and that makes any 
comparison between experiment and 
theory difficult. 

In the same way as a théoricien 
Fig.1 dreams to solve the complete nuclear 

many-body oroblen, the experi.-nen-
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mental1st dreams to realize an exclusive measurement of a nuclear reaction. 
By exclusive measurement we mean to detect all the species which are formed 
in a heavy ion collision and to measure their properties. This is unfortun
ately not possible in the present stage of the technique except for some 
very special situations like elastic or quasi elastic reactions, for ins
tance. However we shall use, as usual, the term "exclusive" by opposition to 
inclusive in order to qualify coincidence experiments, but we should keep in 
mind that these "exclusive" or coincidence experiments are far from a real 
exclusive measurement. 

It is, of course, an obvious statement to say that an exclusive meas
urement is better than an inclusive one. However, the problem is to know to 
which extend one has to go to get an interesting piece of physical inform
ation while keeping a reasonably simple experimental set-up and a not too 
high cost. 

Exclusive experiments provide more severe tests to check theories than 
inclusive ones do and this is very useful (see fig. 2). For instance, 
X. Campi and D. Gross told us that several theories can predict that the 
mass distribution of the products formed in a multifragmentation process 
looks like A T, with T » 7/3, close to some "critical" region in energy (A 

txpirimtntat 
bbstrvablts 

Fig. 2 
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is the mass of the product). This typical mass distribution has also ùeen 

observed experimentally in inclusive measurements 1 » 1 ) . The problem is 

that different theoretical approaches based on different hypotheses (gas-

liquid phase transition, cold break-up, percolation, etc...(cf. X. Campi, 

D. Gross and J. Knoll) give similar mass distributions. However, as we have 

heard (X. Campi, D. Gross) other observables might be different for each 

particular model. In that respect, exclusive experiments are more than wel

come to probe which theory might be closer to reality. 

At low bombarding energy (E S 10 - 20 MeV/u) the interaction between 

two heavy ions leads, in most of the cases, to two nuclei (one in the case 

of fusion) in the exit channel. Consequently, by detecting one fragment 

only, one can get a great deal of information about the reaction process. 

Indeed, light particles, which are not coming from a subsequent evaporation 

of the excited fragments, are usually formed with a rather small multi

plicity in this energy range. 

The situation is quite different at much higher bombarding energies 

(E 2 100 - 200 MeV/u) where light particles prevail, (cf. H. Gutbrod). 

In the intermediate energy region which is now investigated at SARA, 

CERN, GANIL and MSU the situation is more complicated because both heavy 

fragments and light particles are emitted in heavy ion collisions. Although, 

the multiplicity of light particles is smaller than at higher bombarding 

energies the existence of several heavy fragments induces a big complication 

in the experimental set-ups. We shall concentrate ourselves mainly to this 

intermediate bombarding energy region although some of the things we shall 

say are applicable to other domains as well. 

This summary will be organized as follows : in a first part I shall 

briefly describe thé basic problems that one is faced with "exclusive" meas

urements. As we shall see we are far from being able to construct a real *fir 

detector and all realizations or projects proposed so far are only small 

attempts to try to cover the maximum of phase space as possible. Since it is 

not possible to cover the whole phase space, one has to have a guide line, 

design the experimental set-up for a particular physical problem, and use a 

trigger to select the kind of physics we ars interested in. This will be 

discu 



- l i 

very ir"jortant problem of the deexcitaton . he fragments which are formed 
at intermediate bombarding energy. Indeed, this evaporation process tends to 
wash out the physics we are interested in and this point should really be 
considered before building a 4ir detector. Finally, in the last part we shall 
briefly review some of the theoretical problems existing at intermediate 
bombarding energies since any experiment would initially rely heavily on 
theoretical considerations. 

I. SOME PROBLEMS IN 4ir DETECTION 

In a heavy ion collision at intermediate bombarding energy a lot of 
excitation energy can be deposited in the system. As a consequence, one can 
get several excited heavy fragments, light particles, Y-rays and even pions 
in the exit channel. The excited heavy fragments will de-excite by emitting 
in turn light particles and Y-rays or by fissionning. As it is illustrated 
in Fig. 3. Many species have to be detected at the same time. 

— . ._ .. . ... Fij. 3-(Courtesy from H. Gutbrod) 

a) Can we detect everything ? 

There are basic experimental problems in trying to detect everything. 
For instance, if one wanta to -neasure neutron3 ind Y-ra'/s, a minimum of 
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material is needed around the target in order to reduce the background. 
However, fragment and particle detectors represent in themselves a lot of 
material which prevents to correctly detect these two families of species at 
the same time. 

As we shall also see in the rest of this whole chapter, it is not pos
sible in the present stage of the technique to be able to detect all what is 
going out of a complicated heavy-ion reaction, 

b) Choice of the physics 

Since we are unable to detect everything in a particular heavy ion 
reaction where many degrees of freedom are involved, one has first the 
choice of the physical question we want to answer. The physical problem will 
tell us the kind of detector we need to build, or to use, in order to answer 
it. There are of course several interesting questions at intermediate bom
barding energies. For instance, how much excitation energy can be deposited 
in a nuclear system ? One could try to answer this question using for ex
ample a neutron calorimeter. Another question could be the amount of linear 
momentum that.a projectile can transfer to an incomplete fused system, and 
how many fast particles are emitted at the very beginning of the reaction 
before the remnants of the projectile and of the target fuse. Such an ex
periment would ask, for example, for a front wall of plastic detectors, 
etc••• 

The choice of the physics will tell us what will be the trigger for the 
interesting events, namely those which will be written on tape. As a matter 
of illustration let us consider an experiment about linear momentum trans
fer. Then the natural trigger will be either an evaporation residue or one 
(both) fission fragment. 

c) Philosophy of the detector 

One first needs to know the maximum number of particles and fragments 
which are going to be emitted in a typical nuclear reaction because this 
will tell us about the complexity of the lir detector. This maximum number 
will be related to the granularity of the detection system. One may have two 
main philosophies in designing the detectors. 

1 - One can try to identify several species at the same time in one or a few 
cells in such a way that in a particular cell one is able to Identify 



-6-

several partid.es at the same time. A good example of such a device would be 

the DIOGENE detector * ) . 

2 - A second philosophy is to use many elementary cells each of which being 

able to detect a particle or Û fragment only. An example of such a device is 

the plastic ball described by H. Gutbrod or the plastic wall built at Caen 

(cf. G. Bizard and D. Ardouin). One advantage of this solution is that one 

can study single cells separately and that the detector can be used in an 

experiment before the set-up has been completed. The electronics needed for 

the detector can also be, in many cases, repeated for each cell and not as 

complicated as in the first solution. However, in the case where heavy frag

ments are involved and where gas detectors are needed, the dead zone between 

the different cells reduces the solid angle of the detector quite a lot. The 

granulometry of the detection set-up is an important consideration because 

it is related directly to the cost and complexity of the experiment. It 

should not be too small because more than one product could impinge in a 

single cell but it cannot be too large for budget reasons. Furthermore, the 

different cells should be carefully isolated from each other in order to 

avoid cross talk between them. As a matter of illustration of the granular

ity problem let us consider the Berkeley plastic ball (cf. H. Gutbrod) with 

consists of about 700 elementary cells. In Fig. «• is displayed the observed 

d 60 

S 
Or 

40 

20 

OBSERVED MULTIPLICITY 

_ PROBABILITY FOR SINGLE HITS 

_L J_ 
100 200 

m (PARTICLE MULTIPLICITY/EVENT) 

300 

F i g . u (Courtesy from H. Gucbrod) 

http://partid.es


-7-

multiplicity and the probability of single hits as a function of the mul
tiplicity of charged particles. In this figure one sees, for example, that 
for a multiplicity of 100 particles, the plastic ball will have typically 92 
detectors fire, out of which 84 will have seen a single particle only. 

Finally, it is worth to note that radiochemistry and emulsion ex
periments can also be useful tools in some specific cases. Indeed, such 
measurements are rather easy to perform and they can achieve a lit detection 
without any problem although several fragment characteristics remain un
known. However, as a first trial such simple experiments might be quite 
useful. 

d) Solid angle 

For a given type of particle one needs to cover a solid angle as close 
as possible to 4 ir in the center of mass system. Due to mechanical con
straints this is a difficult task. For instance, as a primary constraint the 
beam has to go in and go out. If the detector is made of several cells there 
might be a lot of dead zones in between the active areas. However, a 4ir 
detection does not necessarily mean that one has to detect the products in 
4ir in the laboratory frame since there can be a focussing at small angles of 
all the products of the reaction. In this respect the inverse kinematics, 
where the big nucleus impinges the light one, is a good solution for some 
physical problems. 

e) Resolution 

For a given type of particles or fragments, one would like to have a 
good energy, mass A, atomic number Z, and angle resolution. There are real 
problems with heavy fragments when one wants to have a good Z and A re
solution because one needs to perform good calibrations. This might re
present a huge work in the case where many cells are involved. In this res
pect most of the calibration work should be computerized. 

Another important point for 4ir detectors is the stability of the de
tection system, of the electronics, and the reliability of all the parts of 
the detector during the time of the experiment. This means, in particular, 
that each cell should work ijelow its real caoabilities. 
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f) detection threshold 

For a given experimental quantity like the energy, the atomic number, 
the mass etc... the dynamical range of the detection system is probably the 
most important thing to consider since any restricted dynamical range might 
bias the data and possibly leads to wrong physical conclusions. This aspect 
is very likely the most critical one at intermediate bombarding energies 
because one has not only to detect light particles but also heavy frag
ments. 

g) Data acquisition (H. Delagrange, M. Villars). 

In 4ir detection the data acquisition system should be considered in 
parallel with the detection system. For a given nuclear reaction which sa
tisfies to the trigger condition there will be a lot of information to be 
written on tape. The speed at which data can be recorded Is of course li
mited and this implies in turns beam limitation during the experiment. For 
reliability and simplicity it is of course better that the acquisition sys
tem is a specific part of the 4IT detection system. It is also worth that 
most of the data treatment performed before writting on tape should be pro
cessed by hardware rather than by software. In the future it might be in
teresting to look at the possibility of recording data with laser disk be
cause of their much larger record capacity than magnetic tapes. 

h) Data reduction 

Last but not least is the treatment of all the information recorded on 
tape. This amount depends on the selectivity of the trigger and can be ap
preciably reduced if one looks at a very specific physical problem only. In 
any case the information written on tape has to be reduced in order to ex
tract the quantities that one hopes to be relevant for the physical problem 
under consideration : correlation functions, flow angle, etc... However, one 
should be very careful in doing the analysis of the data because the choice 
of spuaLoua-observables (cf.—J. Knoll) may lead to wrong conclusions. The 
data analysis is one of the last part of the experimental work in 4-rr detec
tion but it is also a difficult one and needs a lot of physicists and a 
large amount of time. 
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II. SOME PHYSICAf, PROBLEMS AMD EXAMPLES OF Uv DETECTORS 

Several inclusive experiments have been done so far in the intermediate 
bombarding energy domain. Most of them require more "exclusive" measurements 
in order to have a better understanding of the mechanism. Let us first 
briefly overview some of the physical problems which are of interest. 

1) Physical problems 

At low bombarding energy it is possible to make the fusion of two heavy 
ions. As the bombarding energy increases above about 8-10 MeV/u prompt par
ticles are emitted prior to the fusion of the two remnants of the projectile 
and target. This process is called "incomplete fusion". Since the fused 
system de-excites either by particle emission or by fission, th% measurement 
of the evaporation residues, or of the fission fragments, allows one to 
learn something about incomplete fusion since one gets informations about 
the amount of linear momentum transferred from the projectile to the fused 
system " ) . A better understanding of the incomplete fusion mechanism can be 
obtained by detecting the heavy fragments in coincidence with the fast emit
ted particles. In order to do this a front plastic wall is a useful device 
and we have heard about that by G. Bizard. 

Another problem, close to the preceding one, concerns the possible 
observation of incomplete deep inelastic collisions in which prompt par
ticles are emitted before the two remaining parts of the projectile and of 
the target undergo a deep inelastic collision. 

Fragmentation studies would also gain if they are investigated using 4ir 
detector. 

An interesting domain of heavy-ion physics concerns the use of heavy 
projectiles (Kr, for instance) and heavy targets (Ag, for Instance). At low 
borbarding energies one knows that the fusion of two such nuclei is not 
possible because the Coulomb field is too strong to be counteracted by the 
attractive nuclear field * ) . This situation is also expected to take place 
at intermediate bombarding energy and incomplete fusion should not be ob
served. Inclusive experiments performed between 20 and 45 MeV/u have shown 
the evidence of strongly Inelastic products which seem to ari3e from inter-
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actions where more than two fragments are formed ' ) . Only a 4ir detection 
system could allow a complete understanding of the reaction mechanism. 

The question of the maximum energy density that one can deposit in a 
nuclear system under the condition of global statistical equilibrium is a 
crucial one. Calorimetry at intermediate bombarding energies using for ins
tance a 4ir neutron detector (H. Hooeyer) could be very helpful in that res
pect. 

Probably the subject where 4ir detectors are the most needed is the 
multifragmentation problem where the system explodes in several pieces * ) . 
Several models have been proposed to explain this phenomenon (cf. X. Campi, 
D. Gross and J. Knoll) but it is not possible to draw a definite conclusion 
so far and the problem remains open. 

The question of subthreshold pion production is also open ') and more 
exclusive experiments are needed for a better understanding of the mecha
nism. 

Besides these measurements which are a natural extension of inclusive 
experiments one can also use lir detectors to look at physical quantities 
which are more closely related to theoretical problems. Let us quote some of 
them briefly. 

It is interesting to try to extract the temperature of an excited sys
tem and several methods have been proposed so far. For instance, one can 
look at the slope cf light particles emission kinetic energy spectra or at 
the population of excited states (cf. G. Bizard and D. Ardouin). 
However, it is by no means clear that the "temperature" values extracted 
from such experiments have something to do whith the real temperature as it 
can be calculated from the thermal excitation. For instance, in the case of 
particle emission one can imagine that the particles are coming from the 
de-excitation of a expanding thermal source. In this case a part of the 
slop» -»f • the distribution w«uld be associated to the collective flow res
ponsible of the expansion. 

Similar problems are also present when one tries to measure the entropy 
produced in a heavy ion reaction since one is never sure of the kind of 
entropy (one-body, t'«o-bO'iy, etc..) which is measured. 
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One can get an idea of the size of an emitting source by an interfero-
metry measurement of the emitted particle (cf. H. Gutbrod). This method has 
been used at high bombarding energies in order to look at compressional 
effects but the conclusions are not so clear. 

Two and three-particle correlations can also be obtained using 4ir de
tection system and they are important to study mechanisms like multi-
fragmentation. 

Finally, it should be noted that 4ir detectors could be a useful tool to 
investigate non equilibrium effects in heavy ion reactions. 

b) Some Mir detectors 

Several realizations and projects of 4ir detectors have been presented 
during these three days. Let us just briefly quote some of those which are 
more particularly designed to study the intermediate energy region. 

In Fig. 5 is displayed a schematic drawing of the set-up successfully 
used by the GSI group (cf. U. Lynen) at CERN and SARA. It allows a coin
cident measurement of nuclear fragments and light particles emitted from the 
projectile and target nucleus. By measuring the fragments of the projectile 
one can reconstruct the reaction plane and obtain informations about the 
impact parameter and the linear momentum transferred. The angular momentum 

Fig. 5 (Courtesy from U. Lynen). 
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oomentum transfer can be extracted from different manners : probability of 
sequential fission, out of plane distribution of fission fragments and out 
of plane distribution of o particles. Although it was 3aid by U. Lynen that 
this set-up is the simplest one may think of for this kind of problem, it is 
already quite complicated since one has to deal with many gas detectors 
(parallel plates) and one has about two hundred parameters. 

The natural generalization of the preceding set-up is displayed in 
fig. 6. It is a collaboration between the University of Caen, Strasbourg and 

DELF : CAEN 
MUR : CAEN 
TONtfEAU : GANIL 
XYZT : STRASBOURG 

Fig. 6 (Courtesy from G. Blzard). 
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the National Laboratory of GANIL. This project is made of several parts. The 

plastic wall (NUT) has been already used in several experiments (cf. 

G. Bizard and D. Ardouin), the XïZT detector and DELF are set-ups made of 

several cells constituted of a two-dimensional localization parallel plates 

detector followed by an ionization chamber with longitudinal electric field. 

Parts of both of them have been used already in several experiments • ) . The 

Barrel (Tonneau) is under construction and is aimed to detect light par

ticles using similar techniques as the Rhone-Alpes 4ir detector to be discus

sed below. The whole set-up, when it will be completed, represents about 

height-hundred parameters and a specific acquisition system will be used 

(cf. H. Delagrange). 

As far as light particles are concerned, most of the studies deal with 

charged particles only. However, in a heavy ion collision a lot of neutrons 

are also emitted. Their detection is more difficult since the calibration 

and the efficiency of the detector is not obvious. However, they are also 

very useful to understand the reaction mechanism. Especially a 4ir neutron 

detector, like the one displayed in fig. 7 (cf. H. Homeyer) can be used as a 

calorimeter and allows the maximum energy density that one can deposit in a 

nuclear system to be measured. 

A very interesting approach to 4it detection has been provided by the 

extensive studies performed by the Lyon group (cf. D. Drain) on phoswich 

detectors. The principle of a phoswich is displayed in Fig. 8. It consists 

of a combination of two detectors which have a fast and a slow light 
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rig. 7 (Courtesy from H. Hone/er) 

component , respectively. By 

putting proper gates on the total 

signal one can separate the two 

components and get a charge, 

eventually a mass, identi

fication. Several different cris

tal s can be used to make a phos

wich. Some of their ad.antage and 

drawbacks are display d in Table 

I (from D. Drain) an u different 

possible choices to built the 

phoswich are displayed in Table 

II (from D. Drain also). The 
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Table I 
(Courtesy from D. Drain) 

ADVANTAGES DRAWBACKS 

BAFj t(Eu) • Very fast components • U.V. emission 
•> . time * - no light guide 

. counting rate - no NE213 behind 
- quartz window P.M. 

• Refractive index » 1.5 
- no coupling problems 

• Expensive 

NAI (Tl) • High scintillation conversion • Hygroscopy 
efficiency • Poor mechanical feature. 

• Good pulse shape discrimination Refractive index » 1.85 

CSI (Tl) • Almost not hygroscopic • Very slow decay times 
• Good mechanical features • Refractive index - 1.80 
• Good pulse shape discrimination • Wave lengh of maximum 

emission * 565 nm 
* bad matching with 
P.M. photocathode, 
or light guide. 

Table II 

(Courtesy from D. Drain) 

Choices 

CSI (Tl) ->light particles 
Mass identfication Z - 1,2 
• Li, Be 

Very low energy threshold. 

NE102 • CsI(Tl) >• light particles 
Mass identification Z - 1,2 
Charge identification up to Z - 19 or more 

Energy threshold * 2 MeV o 

CsI(Tl) • NE213 flight particles • neutrons 
- -Mass Identfication Z » 1,2 + Li, Be 

Low energy threshold 

NE 102 «• Csl (Tl) + NE213 
Light particles * neutrons 
Charge identification 

Icr.s which are stopsei ir. :iZi 02 are not resolved from neutrons. 
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advantage of these detectors are 
that one can think to detect both 
charged particles and neutrons. 
The Rhône-Alpes multi-detector 
project will consist of about 100 
cells like the one displayed in 
Fig. 9 and will be installed at 
SARA. 

UPlUAflY TUBE 

CHAMSES WALL 

Fig. 8 (Courtesy from D. Drain) Fig. 9 (from D. Drain). 

III. THE EVAPORATION PROBLEM 

Let us assume for a moment that we have a perfect 4ir detector and that 
we study a heavy ion reaction where a lot of excitation energy is involved. 
An important question is to know whether we can really learn something about 
the mechanism. In this section we shall try to demonstrate that this might 
be sometimes difficult for reasons which have nothing to do with the detec
tor. 

The nuclear interaction between two incident nuclei will occur during a 
time which is of the order of 10" 2 2 - 10"*' s depending upon the mechanism 
(see fig. 10). Excited products will be formed during the interaction. Their 
amount of excitation energy is often an increasing function of the bombar
ding energy. Consequently, they will de-excite before they reach the de
tectors, which occurs a few I0"'s latter (see fig. 10). Their de-excitation 
will change their mass and atomic number because light particles are eva
porated. In particular the de-excitation process will modify the initial 
direction at which they have been emitted as well as their velocity (and 
energy). In order to illustrate the change of direction let us just con-
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Fig. 10 

sider the case of evaporation residues in a fusion reaction : one knows that 
the angular distribution of these products can be quite wide (few tens of 
degrees) and this is just due to the evaporation process. 

Since we detect the secondary products of a reaction (after de-
excitation) and not the primary ones we immediatly see that the results are 
obscured by the de-excitation process. In order to get some information 
about the primary products one needs to make a deconvolution of the data. 
Even at low bombarding energy one knows that this is difficult. In order to 
do that one usually uses evaporation codes which work reasonably well in 
this energy range although it is difficult to justify many of their in
gredients. As the bombarding energy grows larger the situation is worse 
because the excitation energy of the products becomes very large and there 
are situations where half or more of the nucléons of a given fragment are 
lost during the de-excitation process. Furthermore, it is by no means clear 
that an extrapolation of the evaporation code3 which were tailored for low 
excitation energy values is still valid and correct. If one discusses the 
experimental results in terms of distributions one might possibly be able to 
draw some conclusions about the most probable values. However, if one fo-
cusses our attention on a given event the task is much more difficult. In 
particular one may be worried to measure the direction of a fragment with an 
angular resolution better than i a when one knows that the evaporation can 
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have shifted the initial direction by 10 or 20°. This point should be 
seriously considered before building 4ir detectors since a better angular 
resolution means a more expensive detector. 

In the optimistic situation where one is still able to go back to the 
characteristics of the primary products it is also not clear that one can 
learn what happened exactly during the interaction. Indeed, these primary 
products are just the remaining parts of the system in the late stages of 
the interaction (see fig. 10). 

During the reaction many changes can occur leading in the end to these 
"primary" products and it is not always easy to know what has really happen
ed just by knowing the properties of the words products. In other word just 
by looking at the last pictures of a movie we would like to be able to tell 
the whole story. 

All these problems make the things difficult but interesting. However, 
they really show that a thorough study of the physical problem is necessary 
before building any Mir detector. 

IV. THEORETICAL APPROACHES 

Heavy ion physics at intermediate bombarding energy will progress if 
there is a close connection between experimentalists and theoriticians. In 
this section we shall briefly sketch some of the theoretical problems which 
exist in this energy domain. 

The main points which are important to describe the physics in this 
energy region are the following : 

1. The mean field which one knows quite well at low bombarding energies will 
still be present and important in this energy range. 

2. The collisions between two nucléons which one knows to dominate the high 
energy domain will have a non négligeable influence hero because of the 
Pauli blocking, which prevents most of the collisions at low energy, will 
progressively disappear. 

3. The cluster production i3 al30 an important aspect 3ince one knows that 
many composite particles are formed in a heavy ion collision. However, 
this problem is complicated because one ^as to go beyond a mean fiell 
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approach and take care of the fluctuations in the mean field. 

No complete theory of medium energy heavy ion collisions exists so far. 

The problem is very difficult to handle and only schematic approaches are 

under development. They can be classified roughly in two categories : 1) the 

dynamical ones which are based on the mean field and try to treat the col

lisions between two nucléons in an average way. 2) those which try to under

stand the multi-fragmentation process and deal with cluster formation. 

a) Kinetic equations 

Let us first restrict ourselves to the dynamical evolution of the two 

colliding nuclei taking care of the mean field and of the nucléon collisions 

only. 

The dynamical evolution of the system is governed by the Von Neumann 

equation in the quantum case, or by thé Liouville equation in the classical 
(N) 

case. Such equations give the evolution of the N-body density matrix f or 

of the N body distribution function, respectively. For the moment, let us 

restrict ourselves to the classical case for simplicity. Then f depends 

upon the coordinates and momenta of the N particles. The Liouville equation 

is of course not solvable in its full complexity and one has to make ap-

proximations. In order to do that one car. define the i distribution func

tion f which depends on 1 particles only. It is obtained by integrating 

f with respect to the N-i particles with a proper weight factor. There

fore, one has a set of distribution functions f , f ,... f . It can 

be shown > 0 ) that each of them satisfies a dynamical equation which can be 

obtained by the so called BBGKÏ hierarchy, f is of particular interest 

because it is the one-body distribution function. Unfortunately, the dy

namical equation for f contains f . To approximate the whole problem 

one has to truncate this set of equations at one point. The simplest ap

proximation is to keep the equation for f̂  ' and describe the f con

tribution by a collision term : this is the essence cf the Boltzmann equa-

tiofnmrch"can ber written, "In our case of interest, in the following form 

(we shall now write f - f) : 

Df ( + ) 1-) 

Dt 
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where : 

D _ . i . + ^ - I ( ^ ( U ) ) ^ (2) 
Dt 3t m 

where $• and $* the gradient with respect to the coordinate r and velocity 
v, respectively. The mean field is denoted by U and - 7*(U) is just the 

* (•) (-) r force acting on a particle at point r. I and I are gain and loss 
• •* 

terms, respectively. Indeed, the volume element dr dv in phase space center
ed around (r,v) can be populated or depopulated by the collisions between 
two nucléons - Eq. (1) is able to account both for the mean field and for 
the collisions but it is unable to describe clusters formation. 

In a semi classical approach the form of eq. (1) is still valid but f 
has to be understood as the Wigner transform of the one-body matrix. If 
(i - I - o) eq. (1) is usually called the Landau-Vlasov equation. If 
I and I are different from zero and take care of the Pauli blocking 

eq. (1) is usually called the Uehling-Uhlenbeck equation " ) . 

These are basic problems in trying to apply these equations to inter
mediate energy heavy ion collisions and let us quote only two of them : 

1 - The Boltzmann equation is only valid if the collision time between two 
particles is small compared with the time between two collisions. Since the 
nucléon-nucléon interaction has a long range attraction and a short range 
repulsive part, the problem is to know which part of the interaction will go 
into the mean field U and which part will go into the collision terms. For 
realistic nucleon-nucleon Interactions one can in principle do this separ
ation > 2) but in the numerical applications one uses effective interactions 
for which the answer is not so clear. 

2 - In the collision terms there are delta functions : 5(p1 • p. - p_ - p.) 
and 6(E. + E- - E- - EJ which ensure momentum and energy conservation du
ring the collision of two nucléons. Since one has to deal with a finite 
system one cannot fulfill momentum conservation Just because of the 
Heisenberg uncertainty principle on the momentum and position. This is also 
the case for the energy conservation because the contact time between the 
two nuclei la very short and one should al30 fulfill the Heisenberg un
certainty principle for the energy and tir.... These two quantum effects 
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lead to what can be called off-shell effects and are difficult to treat. 
Nevertheless, a few applications of such kinetic equations have been 

done using simplified prescriptions ' * ) . They show the importance of the 
collision terms compared to time dependent Hartree-Fock equation in which 
only the mean field is considered. 

b) Mult1fragmentâtIon 

Several authors have tried to look at the dynamical instability of hot 
and compressed nuclei l h ) using a mean field approach eventually modified to 
simulate two body collisions. Such approaches show the existence of instabi
lities but they cannot describe the formation of clusters since they do not 
include fluctuations in the mean field. Therefore, they are unable to pre
dict the mass and energy distribution of the observed fragments. 

The other way to look at instabilities towards multifragmentation does 
not consider why one reaches these instabilities but assumes that there is a 
mechanism which is responsible for a break-up in several pieces. So far 
these theories have been mostly applied to proton-nucleus collisions at 
several GeV. This problem is more simple than in a heavy ion collision be
cause there is very likely no compressional effect. Let us briefly quote 
these different approaches : 

• A first attempt to understand multifragmentation was to suppose that 
it arises from a gas-liquid phase transition. The theoretical treat
ment »» 2' , s) was performed for infinite nuclear matter with, of course, no 
Coulomb interaction. 

• However, nuclei are finite and the Coulomb interaction is an im
portant piece of the problem. D. Gross showed us how important they are for 
the multifragmentation process. He used the microcanonical ensemble to des
cribe the de-excitation of very excited nuclei and showed that clusteriz
ation was necessary to overcome the Coulomb barrier and to break-up the 
system in several pieces. This approach can be viewed as a correct treatment 
of T^gTs-Tlquid trafns it ion ""in a finite charged system ' • ) . It should be 
noted that it Is an equilibrium approach. 

• Another way to tackle the problem is to assume that a nucleus shat
ters like glass under the impact of a fast proton. Then one can •.-Mloulate 
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the mass and energy distribution of the fragments by simple phase space 
arguments assuming the largest information entropy l ' ) . 

• Multifragmentalion can also be treated as a percolation process (cf.-
X. Campi). One is then able to treat non equilibrium effects. However, the 

Coulomb interaction is completely neglected and this is a serious appro
ximation. 

• Finally, one can also use a dynamical approach for the description of 
the multifragmentâtion process (cf. J. Knoll), provided the initial con
ditions simulate the fluctuations in the mean field. The results of the 
calculations (Cf. J. Knoll), obtained so far in two dimensions only, are 
encouraging. 

CONCLUSION 

After these three days we are now convinced that 4rr detection is a 
necessary stage for a better understanding of heavy reactions at inter
mediate bombarding energies. During the whole conference it has been stres
sed out that the physics should drive the detectors and that a close co
operation between experimentalists and theoricians is more than necessary. 

New theoretical problems have appeared on kinetic equations, finite 
temperature effects and how to go beyond the mean field. Theoreticians are 
passionately fond of this problems and it helps them to keep contact with 
experimentalists. However, I do think that the results of a 4ir detection 
experiment should be obtained as quickly as possible if one wants to keep 
the theoricians interest alive. Indeed, the big danger of these large and 
complicated experiments is that one obtains results only after several years 
after one has started the project. Therefore, it might happen that the 
initial problem turns out to be not as interesting as it was the begining in 
regards of the progresses done in the field. 

Finally, it is a pleasure to thank, on behalf of all the participants, 
the Institut de Physique Nucléaire de Grenoble and especially John Cole for 
the marvellous organization of this workshop that everybody has enjoyed so 
much. 

I would also like to thank MMes F. Lepage and T. Lecuyer for preparing 
the T.anuscriot and M. J. Matuszek for drawing the figures. 
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