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FORMATION AND DECAY OF HOT NUCLEI : TEE EXPERIMENTAL SITUATION 

Daniel Guerreau 

GANIL 
BP 5027, 14021 Caen Cedex, France 

1. INTRODUCTION 

With the achievement of new facilities in the 80's providing us 
with heavy ion beams well above the coulomb barrier, a unique 
opportunity was offered to the experimentalists to produce and study 
nuclear matter under extreme conditions . Effectively, in the energy 
range 20-100 MeV/u, on which we will concentrate in these lectures, it 
appeared very rapidly that excited nuclei could be formed at rather high 
temperatures* 

3 The first experiments were started at the CERN-SC and continued 
then in many laboratories as GANIL, GSI, MSU, HMI, Texas AM, and to some 
extent also at SATURNE. The study of the formation and decay of hot 
nuclei is now one of the major effort pursued in this intermediate 
energy domain. One should notice that a similar effort has been 
undertaken at the same time, on the theoretical side. 

How to define such nuclei that are commonly labelled "hot 
nuclei" 1 First of all, the word nucleus means that, at least for a 
while, a self bound system has been formed. Furthermore, as we are goi•••& 
to define a temperature T, this implies for the hot system to be in 
thermal equilibrium. It is well known that pairing effects are 
disappearing very rapidly around T =• 1 MeV as that shell effects are 
washed out at T » 3 MeV. In the following, we then chose quite 
arbitrarily to consider a nucleus as beeing hot when its temperature 
exceeds 3 MeV. The interest in producing hot nuclei is not only relevant 
for nuclear physics but also for astrophysics . In both cases, one is 
interested in better characterizing the nuclear equation of state. The 
ultimate gool of these studies is then to determine the highest 
temperature that a nucleus can sustain without breaking into its 
constituants. The most simple (and naive) definition for this critical 
temperature is what could be called the boiling point of nuclear matter 
that is when the excitation energy equals the binding energy, I.e. 8 MeV 
per nucléon. In the Fermi gas model, with a level density parameter 
taken to be equal to A/8, this would correspond to 8 MeV temperature. 
How to reach such high values ? What are the limitations which may 
prevent from heating enough the nucleus ? In addition to the intrinsic 
properties of hot nuclei, does the dynamics play an Important role ? 
What happens to the nucleus above this critical temperature ? 



Besides this crucial aspect of the existence of a limiting temperature, 
the production of hot nuclei opens up also a large field for studying 
intrinsic properties as a function of temperature (surface energies, 
coulomb barriers, fission barriers, level densities, collective 
excitations . . . ) • 

These lectures are intended to give an overview of the experimen
tal status in this "hot" domain. Other lectures are more focused on the 
theoretical point of view. This paper will be arranged as follows : In a 
first part, the conceptual problems one might have to face will be 
introduced. A long chapter will be then devoted to the different 
experimental methods used so far in order to characterize the hot 
nucleus. We shall then discuss what can be learned from the study of 
deexcitation of nuclei at high T. The fourth part will be focused on the 
experimental evidences fro the existence of limiting temperatures. 
Finally, a brief discussion will follow related to possible clues for 
the onset of nuclear instabilities at this critical temperature. 

2. CHARACTERISTIC TIMES - ONSET OF CONCEPTUAL PROBLEMS 

As it will be discussed in section 3, a large number of the 
experimental techniques used for signing the production of a hot nucleus 
are based on the observation of its statistical decay. Furthermore, some 
criteria have to be defined to conclude that a thermal equilibrium has 
been reached. Before starting to perform such experiments and to further 
analyze them, one muse then be aware of the applicability of the ther-
modynamical concepts at temperatures as high as 5 or 6 MeV . First of 
all, let me recall that the main assumption for a statistical analysis 
is a microscopic equilibrium. In other words, it means that all states 
with excitation energy E are equally populated. The system may then be 
described within a few macroscopic parameters. In fact, it is more 
convenient to express the density of states as a function'of the nuclear 
temperature, that is to replace the microcanonlcal description by a 
canonical ensemble. T is then related to the level density p through the 
relation : 

i - -f-* in p (E*) T dE 
Besides the necessary achievement of thermodynamical equilibrium 

the principle of detailed balance from which emission probability cross 
sections are derived implies a long life time for the compound system. 
The key point is then to insure that the life time Is larger than the 
relaxation time ! 
A lower limit for the relaxation time is obviously the time of a light 
signal through the nucleus, i.e. 2 R/c where R is the nucleus radius, c 
the velocity of light. For a heavy system of A - 200, 2R/c = 6.10" 2 3 

sec. However recent dynamical calculations using the Landau-Vlasov 
equation indicate that the thermali zation time for a heavy system is 
reached rather shortly after 10 - 2 2sec . Let us assume now that an 
equilibrated nucleus has been formed and consider its statistical decay 
life time * . Fig. 1 shows the calculated decay time for neutron 
evaporation from a 2a(*pb nucleus. It examplifies the very sharp decrease 
of life-time with increasing temperature of the system. For T = 5 HeV, 
the lifetime is close to 1 0 - 2 2 sec, i.e. very comparable to the 
equilibrium time, if not the collision time. Consequently one can 
reasonably imagine that for still higher temperatures, the characteris
tic time for energy dissipation and the decay-time can start to overlap. 
It would then imply a dépendance of the de-excitation on the mode of 
formation. This introduces quite naturally the role of the dynamics in 
the process, through, for instance, the increasing effect of non-equi
librium processes. 
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Fig. 1. Neutron decay half-life of a 2 0 8 Pb nucleus as a function of its 
temperature (réf. 9). 

One sees now clearly the impossibility to decouple the probability 
of formation of a compound system from the study of its properties. 
However, we shall see later on that, usually, the experimentalist 
asserts that an equilibrated system is formed by checking if the 
experimental observables can be accounted for by the statistical model. 

Anyhow, this will be a rather crude method, as if one admits that 
the intrinsic degrees of freedom can be equilibrated in a very short 
time-scale, it is definitely, not the case for all collective modes. 
Another assumption of the statistical model is the hypothesis of equal 
life-time for the different decay channels. It will be discussed in more 
details in section 4 but an example can be given when observing again 
fig. 1. At T - 5 MeV the neutron decay time x n is 1 0 " 2 2 sec, to be 
compared with the presclssion life-time , whose estimate is close to 
1 0 - 2 0 sec, i.e. 100 times larger than t n ! One may then expect large 
consequences for the decay of very heavy systems (see section 4). 

The last point to be stressed in this section is connected with 
the relationship between the excitation energy and the temperature. 
Usually, one experiment does not provide at the same time the 
temperature T and the excitation energy E and one is led to use a model 
to connect these two quantities. This is commonly done by using the 
degenerated Fermi gas model where one gets : 

E* - aT 2 - T (1) 

where a is the level density parameter. 
However, due to the fluctuations of the fundamental therraodynamical 
quantities, both E and T cannot be defined exactly '. As pointed 
out recently by Feshbach , statistical mechanics tells us that energy 
and temperature are complementary variable related through the 
uncertainty relation : 

AE • A(l/T) = 1 

where AE is related to the energy spread of the populated states. 



It can be shown that the temperature fluctuation can be expressed 
as a function of excitation energy E 

P; 

/ST AE 
The use of the temperature concept must then be taken with care for 
small systems. For a nucleus with A = 40 excited at 130 MeV, the 
temperature cannot be defined within 15 %• One can notice that the 
validity of this concept becomes much more reliable for massive systems 
and at high excitation energy. 

3. EXPERIMENTAL METHODS : CHARACTERIZATION OF HOT NUCLEI 

Ideally, the aim would be to get an as complete as possible 
identification of such nuclei, i.e. a determination of the mass, 
excitation energy, temperature, angular momentum, shape ... 
Unfortunately, the experimentalist is unable to get a simultaneous 
measurement of all these quantities. Moreover, he doesn't have at his 
disposal a nuclear thermometer or a calorimeter with automatic reading ! 
All experiments are concerning indirect measurements of mainly the 
excitation energy deposit or the temperature. The results must then be 
taken with caution keeping in mind all the hypothesis which have been 
used in the analysis. This is the aim of this section to explain in 
detail these different experimental methods together with their 
advantages and limitations. 

3.1. Which projectile ? 

Most of the studies performed so far in order to form and study 
hot nuclei have been using heavy ion induced reactions. These reactions 
have obvious advantages as for instance the large stopping power due to 
the number of nucléons involved. With such heavy projectiles, a quite 
large linear momentum can be transferred at very moderate incident 
energies (< 50 MeV/u >). Fusion like processes are known to dominate for 
central and intermediate impact parameters. Finally, heavy ions provide 
us with a quite unique tool to study dynamical effects, excitation of 
collective modes, angular momentum dépendance ... 

The situation Is somewhat more complex with light projectiles 
(p,a-particles) . One needs to use quite energetic beams to produce 
a substantial dissipation. This is obviously not an ideal situation and 
exclusive experiments have shown that one gets very broad energy 
distributions making difficult a clear identification of the formation 
of a well defined hot nucleus. However, coinpresslonal effects, 
excitations of collectives degrees are surely strongly minimized -

Another alternative is to use antiprotons . A few experiments are lfi 19 presently undertaken at LEAR which seem to be rather promising > . 
20 — 21 r e ? 

Intranuclear cascade calculations predict that half of the five 
pions created at the surface of the nucleus may Interact with the target 
and that in some cases, a hot nucleus is thermal equilibrium can be 
formed. For example, they indicate the possibility to reach very high 
temperatures (T ~ 6 MeV) for a Mo nucleus for about 5 % of the events. 
Annihilation of 1> at rest could then be the best way to produce hot 
nuclei without compression, nor angular momentum* Such measurements 
might be worth to be compared with heavy ion induced reactions. In the 
rest of the paper, we shall mainly concentrate on heavy Ion reduced 
reactions. 



3.2. From complete to Incomplete fusion 

Intuitively, one would expect to get the highest energy 
dissipation for the most central collisions. At low energy (E < 10 
MeV/u), the reaction is Indeed dominated by the fusion process or 
strongly damped collisions and has been extensively studied with a 
variety of projectiles at different incident energies . When 
increasing the bombarding energy, a quite large number of fast particles 
having almost the beam velocity are observed which are very likely 
emitted during the early stage of the collision. The consequence will be 
a decrease of the available linear momentum in the entrance channel for 
fusion. Complete fusion processes will then be strongly reduced and the 
so called incomplete fusion or massive transfer process will take place. 
One should note that this fast particle emission phenomenon has been 
first observed almost 30 years ago by Britt and Quinton . This emission 
has been discussed in terms of hot spot, preequilibrium process or Fermi 
J e t s 2 6 - 2 8 . 

A simple interpretation of incomplete fusion can be given within 
the framework of a Fermi gas . Let ys define V,, the relative velocity 
associated with the light fragment in the entrance channel (assuming we 
are using an asymmetric system A, + Au) 

AH 
V = Â + Â - Vrel <3> 
L A L + A H r e l 

where Aj, and A^ are the masses of the heavy and light fragment 
respectively, and V r e ^ the relative velocity in the entrance channel 
expressed by 

Vrel " t 2 (Ecm " V B]/|i] 1 / 2 (4> 
where V„ is the coulomb barrier, u the reduced mass. 
The energy threshold for the onset of incomplete fusion can be obtained 
if one adds collinearly the Fermi velocity Vp of a nucléon m with V. 

7 mo (VF + V L ) 2 > >=F + ES <5> 
E F is the Fermi Energy and E s the separation energy of this nucléon. The 
threshold corresponds approximately to V L = 0.06 c. 
From relation (5), one sees also that the probability for one nucléon of 
the heavy fragment A« to escape will be much smaller. This has been 
nicely demonstrated by Horgenstern et al. . Consequently, this 
legitimates the hypothesis of a "massive" transfer where part of the 
projectile may fuse with all nucléons of the target. However, this 
assumption may not be valid any more at too high bombarding energies 
(and is not for symmetric systems). An analysis of existing data shows 
that 'the fraction of the initial linear momentum Pj transferred to the 
target is quite indépendant of the nature of the projectile. Anticipa
ting on the discussion of section 3.5, an "universal" energy dépendance 
of this momentum transfer is shown in fig. 2. (This was first pointed 
out by Viola )• The onset of incomplete fusion corresponds roughly to a 
bombarding energy of 10 MeV/u. 

3.3. Recoil velocity measurements 

A simple experimental signature for the onset of Incomplete 
momentum transfer during the fusion process may be found in the 
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Fig. 2. Average proportion of Che initial linear momentum transferred to 
the target versus the square root of the incident energy per 
nucléon above the coulomb barrier. Dots are experimental points-
Dashed curve is calculated assuming a momentum transfer <p> = 
180 MeV/c per nucléon. Dashed and solid curves correspond to 
calculations (see section 3.5) 

measurement of the recoil velocity V» of the fusion nucleus. The 
deviation from the center of mass velocity will tell us how far the 
fusion has been completed. 

The first method concerns the direct measurement of tht recoil 
velocity of the evaporation residues in the case of light systems which 
are known to mainly deexclte by light particle evaporation . This 
can be done by the standard energy-time of flight method or by using 
radiochemical techniques. The second method is using reverse kinematics 
reactions where one looks at complex fragment evaporation. The third one 
has to deal with the observation of the folding angle distribution 
between fission fragments and is well appropriated for very heavy 
systems. «• 

3.3.1. Measurements of heavy residues 

As, to the first order, the initial recoil velocity v^ of the 
fused nucleus is not modified by the evaporation process, the recoil 
velocity measurements of the evaporation residues should provide us with 
a reliable value of V R. Two examples are shown in fig. 3 - 4 . 
Fig. 3 Is a mass-velocity contour plot for the system Ar + 1 2 1 ,Sn at 
27 MeV/u . The evaporation residue bump is well separated from the 
other components (i.e. peripheral collisions and fission products) 
around A - 115 and with a velocity close to 70 % of the center of mass 
velocity. Velocity spectra of these heavy products are presented in fig. 
3 for the system Ar + Ag at 27 and 35 MeV/u 3 . The shape of these 
spectra calls for two remarks : 

i) the residue velocity may exceed the center of mass velocity. We shall 
see later on that it can be clearly attributed to fluctuations in the 
evaporation process* This might already indicate that only the most 
probable velocity can be used to determine the recoil velocity of the 
system. 
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Fig. 3. Mass velocity plot of re
sidual products for the 
system Ar + l 2 1 (Sn at 27 
MeV/u. The fusion products 
at high velocity exhibit 
a well defined bump around 
A - 115 (Ref. 40). 

Fig. 4. Evaporation residue 
velocity distribution 
for the system Ar+Ag 
at 27 and 35 MeV/u. 
The arrows indicate 
the center of mass ve
locity33. 

ii) the almost gaussian-like distribution observed at 27 MeV/u has been 
replaced at 35 MeV/u by a continuous increase of the cross section down 
to the velocity corresponding to the experimental threshold. It appears 
then difficult, if not dangerous, to define a most probable value for 
V R, as this shape seems to sign for a continuous evolution of momentum 
transfers. Clearly, more exclusive experiment would be needed before to 
draw any conclusion. It should be noted that the same quite sudden 
change around 30 MeV/u In the velocity distribution has been seen in 
other systems as Ar + Al 

3.3.2. Complex fragment evaporation 

It is a somewhat trivial effect that cluster evaporation (emission 
of fragments with Z > 2) should become rather probable for large 
excitation energies as the Influence of the binding energy will be 
progressively washed out. This process will be discussed in more details 
in section 4.6. We shall just demonstrate here that it can be 
successfully used to determine Vg. This way has been Investigated by 
several authors using reverse kinematics • The use of reverse 
kinematics gives an obvious advantage as the source velocity of the 
complex fragments is only slightly lower than the beam velocity. The 
locus of all velocity vectors of the emitted fragments is then expected 
to be a circle centered at the tip of the velocity vector characterizing 
the source. Fig. 5-6 are examples of experimental results obtained in 
the systems 8 6Kr + C, Al at 35 MeV/u and 1 3 9La + C at 18 MeV/u. At least 
for the low Z's in fig. 5, one identifies clearly the two branches cor-
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Flg. 5. Velocity versus atomic 
number spectra for heavy 
residues detected at 9 -
5° In the reactions 81*Kr 
+ 12 C a n d 8i*Kr + 2 7 ^ a t 

35 MeV/u. V Is the pro
jectile velocity (ref. 
42). 
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Fig. 6. Contour plots of Inva
riant cross sections 
In the Vj-V. plane for 
various Z values detec
ted In the reaction IS 
MeV/u 1 3 9La + 1 2C. Beam 
direction Is vertical 
(ref. 46). 

responding to the two expected kinematical solutions. Contour plots of 
invariant cross sections in fig. 6 show very nicely the coulomb circles 
expected from a statistical evaporation of an equilibrated system. The 
extracted source velocities have been shown to be indépendant of the 
observed Z and the binary nature of the reaction signed by coincidences 
between the heavy projectile residues and the emitted fragments. It 
appears clearly that for very assymmetric systems, the main source of 
complex fragment is the equilibrated fusion-like system. The situation 
may become more complicated for more symmetric systems or at higher 
energies where non equilibrated sources may contribute significantly . 

3.3.3. Fission fragment angular correlation techniques 

For very heavy systems which are known to undergo very easily 
fission, the schematic diagram in fig- 7 shows clearly how the 
measurement of the coincident fission fragments allows in principle to 
deduce the recoil velocity V R of Che fissioning system. It can be esdly 
demonstrated that in case of a longitudinal momentum transfer, V R can 
be expressed as : 

R 
where K -

F - T K 
7"'/ U-KT/4) 

1 (6) 
tg ei tg 92 
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Fig. 7. Velocity diagram for 
the emission of two 
f i s s i o n fragments 
from a r e c o i l i n g 
source. 

01 and 02 correspond to the emission 
angle of the f iss ion fragments with 
respect to the beam d i rec t ion . 

T = tg (01 + 02) 

Vu = / 2 < E 
(7) 

&K > 7 S 

where <E K> is the average total 
kinetic energy of fission fragments 
in the center of mass frame which can 
be deduced from the Viola systema-
tics 5 0. 

Expression (6) is then totally valid 
only for pure symmetric fission. 

49 Since the pionnering work of Slkkeland, , such experiments have 
been performed by many groups 5 1 . Two beautiful examples5 * are 
shown in Fig. 8-9 for the systems M 0Ar + Th and 1 1 ,N + U. For these very 
heavy systems, the distributions are supposed to be représentative of 
the total reaction cross section c^ as fission is expected to be the 
only decay channel, even for very peripheral collisions. Let us mention 
already that this statement might be questionable for high incident 
energies. For moderate incident energies, the folding angle distribution 
shows clearly 2 peaks which can be easily identified as due to 
peripheral collisions ( e f o l j ~ 180° + V R » 0) and central collisions 
(0. ., much smaller than 180 ). For both examples, the position of the 
central collision bump seems to saturate above 30 MeV/u, an indication 
for the recoil velocity of the composite system to reach a limiting 
value. At higher bombarding energies (E > 35 MeV/u), this peak either 
becomes very broad for the N + U case, or disappears completely for 
heavier projectiles as in the case of Ar + Th. 

BO 90 100 110 120 130 KO 150 160 UO 

Fig. 8. Folding angle distributions for the fission fragments In the 
reaction Ar + 2 3 2 T h at 4 Incident energies (31 to 44 MeV/u) 
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Fig. 9. Same as Fig. 8 for the 
system N + 2 3 8 U in the 
energy range 7.4 - 45 
MeV/u (ref. 57). 

120 140 160 
4» 

180 

Fig. 10. Folding angle distribu
tions of fission frag
ments measured Inclusi
vely and in coincidence 
with light charged par
ticles" . For more de
tails , see text. 

This behaviour is surprinsingly similar to what has been observed with 
evaporation residue measurements (see fig. 4) : one cannot anymore 
define by this method the most probable recoil velocity. Does the 
disappearance of the "central collision" peak sign for the vanishing of 
the fusion process or does it mean that the excited compound system 
decay through other channels than fission ? This method alone cannot 
answer the question. 

3.3.4. From V„ to the momentum transfer (and excitation energy) 

From the measured value of the recoil velocity for the hot system, 
one needs obviously to deduce more physical quantities as the linear 
momentum transfer or even better the excitation energy deposited in the 
system or its temperature. 
Unfortunately, the transformations are model dependant. To deduce the 
fraction p of the initial angular momentum which is effectively 
transferred, it is generally assumed an incomplete fusion model implying 



the following conditions ; 
i) only a part of the projectile fuses with the whole target• 
ii) the non-fusing nucléons of the projectile are emitted with the beam 
velocity at 0°. They can be considered as spectators in the reaction. 
iii) the recoil velocity is not changed on the average by the 
evaporation «process. 

This hypothesis of incomplete fusion (or massive transfer) has 
been already discussed in section 3.2. Fig. 10 illustrates the validity 
of such a model, at least for not too large bombarding energies (20 
MeV/u 1 6 0 + 2 3 8 U ) . It displays the folding angle distributions for 
inclusive fission events (only the two fission fragments detected) as 
well as in coincidence with p,d,t,o and fragments with Z > 3. Arrows in 
the figure indicate the position where the recoil momentum is equal to 
the difference between the beam momentum and the momentum carried away 
by the emitted particle. They almost nicely coincide with the maximum of 
the distribution. More massive is the emitted particle, (with about the 
beam velocity), smaller is the folding angle. There is a clear 
relationship between the mass of the particle flighing away and the 
momentum transferred in the fusing nucleus. 

Assuming this massive transfer process leads to the following 
expression for p 

P - *T 
A T K 

+ a-R) AP

 ( 8 > 
where A , A T are the projectile and target mass respectively and R the 
ratio of the recoil velocity V~ to the center of mass velocity V . 
This expression is valid only for normal kinematics (A < A™). In case 
of reverse kinematics (A > A T ) , the following expression may be used : 

p = { (1 + A p/A c) - A ^ (9) 

Another expression can be easily calculated, the excitation energy per 
nucléon of the system 

E*/A = (V p - V R) * V R/2 (10) 

This relation implies that the spectator nucléons of the projectile keep 
their initial velocity and that the spectators of the target, if any, 
are at rest. (The Q value is neglected). It is also implicit that the 
transferred nucléons from the projectile have the average initial 
momentum per nucléon, an assumption which may not be justified theore
tically. 

As mentionned already, for very asymmetric systems, one can assume 
a massive transfer process where the missing momentum is carried away at 
0° by particles having the beam velocity. Using expression 8, the 
absolute excitation energy can thus be deduced : 

rgy, Q the Q v 
be obtained f 

E* = a I ! - I 4 I 2 - I (12) 

where E is the projectile energy, Q the Q value. In the frame of the 
Fermi gas, the temperature can be obtained from the relation 



where a is the level density parameter. However, this would mean that 
the total excitation energy E has been transferred into heat, which 
might not be the case as one could have to take into account the energy 
transfer into collective modes as compression or rotation. 
A compilation of existing data concerning the evolution of the linear 
momentum transfer with the projectile bombarding energy thows a very 
striking feature. It appears clearly (see fig. 2) that all the data 
follow more or less an universal curve. Leray has shown that the 
proportion p of the linear momentum transferred to the target can be 
parametrized by the expression : 

p = 1 for v r e l/c<0.1 
p = - 1.904* v r e l + 1.19 for v r e l/c>0.1 (13) 

where v r e ^ is the relative velocity in the entrance channel. It follows 
that, on the average, the momentum transfer per incident nucléon Is, to 
the first order, a constant value. (The dashed curve in fig- 2 has been 
calculated assuming 180 MeV/c per incident nucléon). This trend cannot 
be reproduced by calculations taking into account only the influence of 
the mean field (dot dashed curve*!), a much better agreement being 
obtained when adding the two body dissipation (solid curve) . 

This universal value close to 180 MeV/c per nucléon is now 
confirmed by a large variety of projectiles from Li up to Kr as 
demonstrated by fig- 11. This value, close to the Fermi momentum 
strongly suggests that nucleon-nucleon collisions should play a major 
role in the momentum transfer process and that all nucléons of the 

66 projectile have the same probability tû induce such n-n collisions . It 
also implies that the mean free path of the Incident nucléons In the 
target is projectile mass Indépendant. Finally it proves that heavy 
projectiles are much more efficient than the light ones to induce high 
momentum transfers. For example, in the reaction 35 MeV/y 8 6Kr + 2 3 2Th, 
a momentum transfer as high as 13 GeV/c has been observed . 

This technique has been used very often and seems to Indicate a 
saturation of the momentum transfer above 30 MeV/u for a wide variety of 
projectiles ranging from N to Kr. It would Imply, in the frame of a 
massive transfer process, a linear increase of the total excitation 
energy deposition with increasing bombarding energy. However one should 
be very cautious before to draw definite conclusions : 
i) The existence of a transverse momentum is usually neglected In the 
estimate of V R. 
ii) One is expecting, when Increasing the incident energy, an 
enhancement of non-equilibrium processes in the early stage of the 
collision (particle or cluster emission). This might affect, perhaps 
strongly, the position of the so-called "central collision" bump in the 
folding angle distribution as shown clearly In fig. 12. This picture 
displays the folding angle distributions of fission fragments in the 
reaction N + Th at 35 MeV/u in coincidence with intermediate mass 
fragments (IMF) detected in the backward and in the forward direction . 
A comparison with the inclusive measurement demonstrates the strong 
kinematic shift induced by IMF emission. This will then strongly dlstord 
the inclusive data as the forward emitted clusters display much broader 
spectra than do the backward ones. 
ili) One clearly observes a complete disappearance of the "central 
collision" peak when increasing the bombarding energy. In that case, a 
determination of the most probable momentum transfer is no more 
meaningful and more exclusive experiments are needed. 
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3.4. Emission of light particles. Is it a good thermometer ? 

The properties of evaporated light particles by the hot composite 
nucleus may definitely shed some light on the temperature of the 
emitter. Their energy spectrum can be predicted by the statistical 
theory. If one describes the system within a canonical representation 
where the nucleus is supposed to be placed In a heat bath, the density 
of states may be expressed as a function of the temperature T and one is 
led to the following expression for the energy spectrum of the parti
cle : 

P(E)dE - (E-Ec)/T2* exp-(E-Ec)/T dE (14) 

where Ec is the coulomb barrier of the emitted particle. 
The observation of a Maxwelllan spectrum Is then the first condition for 
identifying evaporated particles, the second being an isotropic emission 
in the center of mass of the emitting system. However, the crucial 
requirement is to be clearly sure that one Is selecting unambiguously 
the source responsible for the emission. 

Therefore, it appears very dangerous to extract temperatures from 
purely Inclusive spectra. Moreover, T in expression (14) is the Instan
taneous temperature. If the detected particles are emitted all along the 
cooling chain, one Is then observing a spectrum resulting from a 
superposition of several spectra, each of them being defined by a 
different temperature. Fitting such spectra using several moving sources 
will not provide any meaningfull temperature information. The only 
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Fig. 13. Experimental a-particle spectra (histograms) in the reaction 
27 A.MeV Ar + 2 3 8 U . Large momentum transfers are selected by 
triggering on small folding angles for the fission fragments. 
Calculated spectra have been obtained by the Monte Carlo simu
lation code GANES : evaporation contribution from the composite 
system (dotted), the fully accelerated fission fragments 
(dashed). The s\im is represented by solid lines . 

reliable experiments a,re those where the particles are detected in 
coincidence with the emitting nuclei. Such experiments are concerning 
charged particles or neutrons detected in coincidence, for instance with 
the two correlated fission fragments or evaporation residues » " ° ° ' . 
One example is given in figure 13 for the reaction 27 MeV/u 1 , 0Ar + 2 3 8 U . 
Alpha-particle spectra have been measured for large momentum transfers 
by triggering on the two fission fragments detected in coincidence at a 
small correlation angle. This angle was giving the recoil velocity of 
the emitting nucleus. A complete kinematic Monte Carlo simulation 
code'''has be en used and compared with experiment. It clearly signs for 
the evaporative nature of the particles in the backward direction and 
indicates that these alpha particles were emitted by the composite 
system before fission (the calculated evaporative component is indicated 
by dotted lines in the figure). Moreover, the angular distribution was 
found to be isotropic in this backward hemisphere. (It should be noted 
that the inclusive spectrum measured at 160° is quite identical to the 
one observed in this coincidence experiment. Looking at very backward 
angles seems then to be a very good filter to select central 
collisions). It appears then very clear that the therraalization of the 
system has been reached and a temperature close to 4 MeV was deduced 
from the spectrum analysis. Let us remind that at such a temperature, 
the decay life time is estimated to be about 2.10 - 2 2sec (see fig. 1). 
This would then imply a shorter therraalization time, an assertion which 
is confirmed by recent dynamical calculations (see section 5). 

The observation of the forward emitted light particles associated 
with large momentum transfer provides us also with a better knowledge of 
the early stage of the process. For instance, the emission of protons 
having the beam velocity has been interpreted as resulting from a 
transparency effect, the nucléons of the projectile going through the 
target without any interaction . 
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3.5. Multiplicity measurements of evaporated light particle» : 
a good calorimeter 

It has been shown before that the identification of the 
evaporation residues or fission fragments produced in the most central 
collisions would not be sufficient to determine with a good accuracy the 
excitation energy. The ideal experiment would be to combine this type of 
measurement with the identification of all decay channels contributing 
to the decay process of the hot nucleus. This includes the observation 
of neutrons, light charged particles, complex fragments and y-rays. Such 
a complete measurement has not been undertaken so far, but several 
groups have concentrated their effort on one or several of these decay 
c h a n n e l s 1 0 ' 6 8 ' 6 9 ' 7 1 ' 7 3 , 7 7 . 

One series of experiment is concerning the study of Ar induced 
reactions on heavy targets (Au or Th) ' . For such very heavy systems, 
neutron evaporation is expected to carry away a large part of the 
excitation energy. Using a 4 it neutron detector essentially sensitive to 
low E neutrons, i.e. to neutrons evaporated by the slow moving source 
(the recoiling hot nucleus), the neutron multiplicity has been measured 
in coincidence with the fission fragments in the reaction Ar + Th at 3 
bombarding energies 27,35 and 44 HeV/u. As exemplified In fig. 14, the 
average neutron multiplicity (M^) exhibit a very strong dépendance with 
linear momentum transfer. However, for small values of the folding 
angle, it saturates at a somewhat constant value whatever the bombarding 
energy is <>%> = 20, a value not corrected for the efficiency of the 
detector. The real value is close to 34 neutrons). This saturation 
clearly indicates that the width- of the central collision bump is only 
due to the combined effects of particle evaporation, velocity and mass 
dispersion of the fission fragments. The observation of events at very 
small folding angle by no means indicates the possible existence of some 
complete fusion events. The observed saturation of neutron emission is 
not compensated by an Increase of the light charged particle (LCP) 
multiplicity, the same behaviour beeing observed for these other decay 
channels. From the observed multiplicities for neutrons, and LCP at 
backward angles, an estimate of the total excitation energy deposit in 
the system was deduced assuming an energy reduction of 14 and 20 MeV per 
neutron and LCP respectively. The emission of heavy clusters has been 
neglected, first because the multiplicity is small, but mainly because 
their emission does not pump almost any excitation energy due to the 
large positive Q value. The results are plotted in fig. 15 together with 
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Fig. 14. Folding angle distributions (bottom) of the fission fragments 
and associated average neutron multiplicities (not corrected 
for detector efficiency) for 1 , 0Ar + Th at 27,35 and 44 MeV/u . 
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Flg. 15. Excitation function for the 
system '•°Ar + 2 3 2Th. Evolution 
of the total number of neutrons 
(corrected for detector effi
ciency) as well as evaporated 
charged particles associated 
with the most central colli
sions (left scale). Estimated 
e x c i t a t i o n energy deposi t v76,104 (right scale) 

a recent result obtained 
at 77 MeV/u. Within the 
experimental uncertain
ties, the excitation 
energy remains constant 
In this ^wide energy 
range. (E = 650 MeV). 
Assuming a level density 
parameter equal to A/8, 
this corresponds to a 
temperature of 4.5 MeV. 

This result con
tradicts the conclu
sions deduced from fol
ding tingle measurements 
on the same system , a 
saturation of the linear 
momentum transfer 
associated with an in
crease of the excita
tion energy deposit of 
200 MeV between 31 and 
44 KeV/u. This might be 
another indication for 
this method to become 
irrelevant for very 
large values of the 
missing momentum. It 
should be stressed that 
the agreement between 
the two methods is very 
satisfactory when the 
momentum transfer Is 
larger than 75 Z of the 
initial one. This con
sistency was nicely 
checked at low energy 
for the system Ne + U 
where complete fusion 
was still the dominant 
process . 

A similar result was also observed in the system Ar + Ag at 39 and 
60 MeV/u . From coincidence measurements between LCP multiplicities and 
evaporation residues (ER), the same saturation of LCP multiplicities was 
observed at both energies when reaching an ER velocity associated with a 
momentum transfer of 180 MeV/c per nucléon. To account for this apparent 
inconsistency, it has been pointed out that the calorimetry method 
provides a measurement of the thermal energy as the recoil velocity 
method might be related to the total excitation energy deposit in the 
system, including internal excitation energy as well as collective modes 
such as compression ° > . The state of the art, from the experimental 
point of view does not permit to draw definite conclusions on that 
point, (see section 5). 

3.6. Relative population of excited states ; a good thermometer ? 

Assuming the hot system to be In thermal equilibrium, in the frame 
of the Fermi gas, one can calculate the decay width ratios for the 
evaporation of two different clusters : 



Pi g l u i E - E l 32 * 1/2 * 1/2 
?I =82ÏÏ2 p ^ â î e x P 0 [ a l ( E " E 0 ] " 2 [az(E -E 2 )] (15) 

where E i s the e x c i t a t i o n energy of the emitter , Ei 2 the energy 
removed by particle 1 and 2 , , g and u the spin degenerascy and reduced 
mass, a the level density parameter. 
If clusters 1 and 2 are identical but in different excited s ta tes , 
expression 15 can be easi ly simplified providing E » Ei : 

R = Yj = exp if- (16) 

where AE = E2-E1 is the difference between the Internal energies for the 
two excited states of the same cluster. One gets then within the Fermi 
gas model the Boltzmann factor law. The knowledge of this ratio can thus 
be a quite powerful way to deduce the temperature of the emitting 
system. The method has been applied in two different situations. If the 
two states are particle stable R can be calculated through the detection 
of the clusters and decay y-rays ; ' . If both clusters are particle 
unstable (highly excited levels) the decay particles can be detected in 
coincidence and their kinetic energy measured in order to properly 
Identify the quantum state8 . 
Two main conditions have to be fullfllled In order to make this method 
reliable : 
1) one has to be sure that the emitting system is in thermal equilibrium 
il) the observed products have to be primary products. If the observed 
level has been partially fed up by a previous decay of higher lying 
states or more massive clusters decaying by particle ' emission, the 
apparent measured temperature may be wrong (side feeding effect). 

As far as the first point is concerned, most of these experiments 
were unable to sign for a thermal equilibrium. It is then an a priori 
assumption. As for the side feeding, this problem has been discussed in 
ref. 85. It appears that Its contribution is all the more important 
since the difference E2-E1 is small. This Is the case for the y-ray 
method for the Identification of low lying states. In that case, as soon 
as the temperature of the emitter exceeds 2 MeV, the sequential feeding 
becomes dominant and leads to an underestimation of the temperature. The 
method is then not applicable to the study of very hot nuclei. 

The only accurate method for high T is then the particle decay 
method. An example of such a measurement is shown in fig. 16a and is 
concerning the a-d correlation . In this plot, displaying the 
coincidence yield versus the relative kinetic energy of the particles, 
the two peaks corresponding to the 2.19 and 6.3 MeV levels of 6Li are 
clearly visible. One should notice that tht spectrum has been obtained 
after substraction of the "background" contribution of sequential 
emission. A detailed analysis of the procedure may be found elswhere . 
Fig. 16b shows the apparent temperatures obtain d for the system l l uAr + 
1 9 7Au at 60 MeV/u. The largest temperatures are observed for wide apart 
quantum states, i.e. for cases where the side-feeding is assumed to be 
minimized. The results are in good agreement with the predictions of the 
quantum statistical model of Hahn and Stbcker, where the emitting 
source is supposed to be in thermal and chemical equilibrium. Side 
feeding corrections are also taken Into account in the calculation. The 
main finding is that temperatures close to 5 MeV are deduced from this 
method, In very good agreement with the one obtained with the 
calorlmetry method on a very similar system (see section 3.5). 
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3.7. What about deep inelastic collisions ? 

Up to now, central collisions and the so called Incomplete fusion 
process have been considered to be the only source of production of hot 
nuclei. Several experimental facts indicate that one has to seriously 
consider the large effect of the J&WL field in peripheral reactions and 
intermediate impact parameters . These experiments remind in many 
aspects of the well know deep inelastic collisions (DIC) at lower 
energy. For instance, fig. 17 shows a diffusion plot for binary events 
observed in the reaction 23.7 MeV/u 1 0 0Mo + 1 0 0Mo. Events correlated 
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<b) System Mo + Mo at 18.2 MeV/u. Slope parameter T deduced from 
fits of the proton energy spectra as a function of the total 
kinetic energy of the fragments (points). The solid line 
shows the calculated T from the measured total kinetic 
energy loss . 
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Fig. 13. Average neutron multipli
cities (not corrected for 
the efficiency) associa
ted with projectile-like 
fragments detected near 
the grazing angle . 

Fig. 19. System Ar + Ag at 27 
MeV/u. Relative velo
city of the fragments 
and of the system be
fore splitting as a 
function of the lab 
angle of the light 
fragments. Comparison 
with Landau-Vlasov 
calculations 101 

with lowest total kinetic enereles (TKE) can be identified as due to a 
completely damped reaction . Such reactions have obviously the 
advantage to produce fragments with a huge range of excitation energies 
in a single experiment and then to offer the possibility of studying 
their decay properties as a function of this variable. For the same 
system, at 18 MeV/u, the temperature of the dinuclear complex computed 
from the fragment TKE is in good agreement with the one deduced from the 
slope of the coincident proton spectra and temperatures as high as 6 HeV 
are effectively reached for the most dissipative collisions (fig* 
17 b). 

The observation of the associated neutron multiplicities to a 
given projectile like fragment detected at the grazing angle In the 
reaction Ar + Au at 27 HeV/u shed also some light on the occurence of 



highly dissipative processes 1 0 0 (fig- 18). The light fragments (Z < 10), 
emitted with a velocity close to 80 % of the beam velocity are 
associated with large neutron multiplicities signing for a high 
excitation energy deposit in the target like fragment, of the same order 
as the one observed when triggering on central collisions (i.e. fission 
following large momentum transfer, see section 3-5)* 

Would it mean that DIC are still occuring at such high incident 
bombarding energies ? Recent results on the system Ar + Ag at 27 MeV/u 
where light fragments have been detected in coincidence with the heavy 
residues seem to support this idea . Fig. 19 shows the angular 
evolution of both the c.m. velocity of the binary system as well as the 
heavy residue-light fragment relative velocity V ,. The rapid 
saturation of V j above 30" is given as a strong indication for a quite 
complete damping of the initial linear momentum. On the other hand, the 
large out of plane anisotropy signs for the coplanarity of the process 
and a multiplicity close to the unity with respect to the hea«-y residues 
is found, a good signature for the occurence of a binary process. 
Dynamical Landau Vlasov calculations support this idea, indicating 
that intermediate impact parameters give rise to the formation of a 
dinuclear complex with a sticking time (300 fm/c) long enough to get 
orbiting effects and incompletely damped collisions (preequilibrium 
emission occurs during the first stage of the collision)• 

3.8. Hard photon production 

It is well established .that statistical y-ray emission from a 
system in thermal equilibrium may compete with light partirle decay 
channels. The observation of high energy y-rays could then be a good 
probe for the temperature of the system. It has an obvious advantage, 
namely it is not distorded by coulomb effects and no kinemacical shifl 
is expected. 

In the system Mo + Mo at 19 MeV/u, the emission of y-rays has been 
carefully studied in cases where the e^it channel was properly 
identified (the two coincident fragments) . As mentionned before, a 
DIC process was Identified in which two very hot fragments in thermal 
equilibrium are produced decaying essentially by sequential particle 
emission. We have then to deal here with two compound systems which have 
to decay also by statistical y-ray emission. The exclusive photon energy 
spectra are well reproduced using statistical model calculations. The 
exponential tall at high energy can be well fitted by a Boltzman 
distribution : 

f(E Y) a E* exp (-Ey/T) (17) 

The temperatures deduced from such fits match nicely those deduced 
from the measured TKE losses. Furthermore, the integrated multiplicities 
are almost perfectly reproduced by a statistical model calculation-
Temperature as high as 5 MeV can be deduced in good agreement with the 
one obtained from the charged particle energy spectra. 
It should be mentionned that the Mo + Mo system is the only one where a 
pure statistical y-ray emission was found without any ambiguity. 
Extensive work has been indeed devoted to the study of the interplay 
between mean field effects and the two body dissipation through the 
observation of hard photons emitted In heavy ion reactions . The 
experimental data are found to be consistent with y-ray production from 
an incoherent nucleon-nucleon bremstrahlung process during the very 
early stage of the collision. (This is discussed by E. Gross at this 
school). 



The apparent contradiction with the Mo + Mc system may be solved 
by considering that most of the experiments have been performed with 
much faster projectiles and quite asymmetric systems where the 
statistical process, although still there, is strongly mixed-up with 
direct processes. This method for measuring temperatures is then 
probably restricted to rather low energy reactions (< 20 MeV/u). 

4. NUCLEAR PROPERTIES OF HOT NUCLEI 

As shown in the previous chapter, there are now clear experimental 
evidences on the possibility to form hot nuclei in thermal equilibrium 
at temperatures ranging between 3 and 6 MeV. He also know that it is 
quite reasonable to assume that both the pairing and shell effects have 
completely disappeared above 3 MeV. But how do nuclei behave at higher 
T, how do they decay 1 More generally what is the evolution of the 
deexcitation properties with increasing temperature ? As mentionned 
several times before, one should be very cautious in applying the 
standard statistical model to very high temperatures and high angular 
momenta. The incomplete fusion process probably leads not only to a 
rather broad initial mass distribution of the system but also to large 
initial fluctuations in the energy deposit. Moreover, it is very likely 
that, if a thermal equilibrium has been reached, it does not concern the 
collective degrees. Finally, the measured spectra are often averaged 
over a long evaporation chain indicating that the measured values have 
then to be considered as weighted average value over time and/or 
dee:ccitation chain- Drawing precise conclusions from the experiments on 
nuclear properties at high T such as 5 MeV is then out of range of the 
present experimental possibilities. However, from the series of 
experiments which were connected with decay studies of hot nuclei, quite 
interesting features can be stressed which will be discussed in this 
chapter. 

4.1. Particle-fission competition 

For very heavy systems as those mentionned before (Ar + U, Th) one 
knows from low-energy experiments that fission of the compound nucleus 
strongly competes with particle emission. 
Starting again from the statistical theory, and if for the sake of 
simplicity, one restricts the competition between fission and neutron 
emission, one is led to the following expression for the ratio of 
emission widths for fission and neutron decay : 

Pf * 2 /af(E*-Bf) / - k(E*) exp f f (18) 
2 /a n(E*-S n) 

where Be is the fission barrier, S_ the neutron binding energy, a^ and 
a n are the level density parameter for the saddle point shape and for 
the spherical nucleus respectively. 

The evolution of a with temperature will be discussed in 4.2. 
Let us first concentrate on the fission barriers. The evolution of B^ at 
high temperature has been discussed in several theoretical pa
pers 1 0" . An example is shown In fig 20 tak.-• from ref. 108. It shows 
the T evolution of B* for 2 0 8 P b and 2'*uPu calculated using an extended 
Thomas-Fermi density varlationnal method. The fission barrier has 
completely vanished at 5 MeV temperature. This reflects the continuous 
decrease of surface and curvature energies with increasing temperature. 
From this simple argument, i.e.- Bf -•• 0, one would then expect the first 
chance fission to become the dominant, if not'the unique decay channel. 
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nicely illustrates that the 
opposite effect is seen . For 
the system Ar + Ho, it appears 
that the probability for the 
compound system to fission which 
is about 95 7. at low energy 
vanished down to 70 7. at 27 
HeV/u. Several reasons may be 
found to account for this a 
priori surprising result. At 
once, the onset of incomplete 
fusion at around 8 MeV/u above 
the coulomb barrier will tend to 
lower the Z of the fusion 
nucleus and consequently 
increase its fission barrier as 
compared to a complete fusion. 
However, the main explanation 
may be searched in the 
foundations of the statistical 
model. This model implies that 
an equilibrium has been reached 
and that the decay times for the 
different channels can be 
neglected. What is the situation 
at high temperature ? If ther-
malization of the system may 
occur within 10~'22sec, this is 
probably not the case for the 

collective degrees of freedom. It appears clearly that dynamical effects 
have to be introduced in the decay process which are not included in the 
standard statistical model. 

Fig. 20. 

T (MeV) 

Temperature evolution of 
the fission barrier obtai
ned by semi-classical ETF 
calculations (solid 
lines). Dashed dotted 
lines are liguld drop 
model barriers 1 0 8. 

The experiments support this statement as they demonstrate that 
emitted before fission 1 0'" 8 . mpst pf the light evaporated particles are 

111,113. F i g . 22 Is a typical example show howing iso-contours of invariant 
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Fig- 21. Evolution of the evaporation residue cross £ 
fusion like cross section with incident energy 3 

action over the 
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Fig. 22. Iso contours of invariant cross sections for ct-particles in the 
velocity plane measured in coincidence with fission following 
large momentum transfer (solid lines). Dashed lines correspond 
to an isotropic emission .from a source moving with the cm. 
velocity (ref. 68). 

cross sections for a-particles detected in coincidence with 2 fission 
fragments following large momentum transfer . (The system under study 
is here 27 MeV/u 1 ( 0Ar + 2 3 8 U ) . At backward angle, an isotropic emission 
from the recoiling composite system is clearly identified. In other 
words, the spectra are identical whatever the fission fragment angle is 
1 1 , which means that the particles are not evaporated from the fission 
fragments. Other experiments dealing with neutron emission, have 
permitted a precise measurement of the prefission and post-fission 
neutron numbers. It appears that the number of neutrons emitted after 
fission is rather insensitive to the initial temperature of the hot 
nucleus . From the knowledge of the prescission neutron number, an 
estimate of the prescission lifetime r p r e s c can be deduced from the 
relation : 

près 
. v""1- h 

c 1=1 rn,i 
(19) 

where r n * is the neutron decay width. 
The estimated time is a few times 10~ 2 0sec. 
From fig- 23 which represents the calculated compound nucleus lifetimes 
as a function of the emitted neutrons, one sees that, for the 186pt 

compound nucleus excited at 500 MeV, more than 15 neutrons can be 
emitted before the scission 1 0 (in addition to charged particles). If 
most of the initial thermal energy is dissipated in a very short time 
through light particle evaporation it may even happen that after a long 
evaporation chain, the fission will be totally hindered. 

Such results are well explained in dynamical models where the 
collective motion of the nucléons towards the scission point is supposed 
to be a slow process as compared to one evaporation step * • The 
phenomenon Is described as a diffusion process using a Fokker Planck 
equation. The coupling between intrinsic and collective degrees is 
followed as a function of time and the probability for particle 
evaporation calculated for each time interval. The fission width is then 
strongly reduced in the early stage of the decay as compared to the 
static calculations (fig. 24). It should be stressed that such 
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Fig. 23. Calculated compound-nu
cleus lifetimes as a 
function of the emitted 
neutrons for the nuclei 
2U5 F r > 176 P t a n d 186pt 

excited at 77, 500, 500 
MeV respectively (ref. 
10). 

Fig. 24. Evolution of the fission 
width as a function of 
the number of neutrons 
evaporated. Dashed cur
ve : standard statisti
cal model j solid cur
ve : dynamical calcula
tion (ref. 115). 

calculations introduce quite naturally a limitation in excitation energy 
transfer as particle emission during the thermalization time is 
introduced in the model. 

4.2. Evolution of level densities 

One of the most important parameter used in the statistical model 
is the so called level density parameter a which, in the Fermi gas model 
is related to the temperature T and the excitation energy E by the well 
known relation : 

a T^ (20) 

At low excitation energies, the value of a has been experimentally 
determined and is close to A/8 . 
More precisely, still in the frame of the Fermi gas, a is defined by : 

a = i- ,2 g(, F) = i «2 & -fy (21) 

where g is the density of single particle states at the Fermi energy EJ.» 
m the effective mass and k F the Fermi momentum. 

The experimental study of the evolution of the level density 
parameter with increasing temperature is not an easy task. However, a 
few attempts have been made in the study of the systems Ne + Ho and N 
+ Sm" p** . The principle of the method is rather simple but its appli-
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cation not straightforward. It Is 
based on an Indépendant determi
nation of both T and E , a being 
Immediately deduced from expres
sion 20. . ., 

Energy spectra of neutrons or 
charged particles are measured in 
coincidence with evaporation 
residues (ER). The thermal energy 
is then deduced from the ER recoil 
velocities- The temperatures are 
obtained from the slopes of the 
associated energy spectra. 
However, the apparent temperature 
extracted from the spectra are 
weighted average temperatures over 
the whole deexcltatlon chain- A 
quite complex analysis has to be 
made in order to extract the 
temperature' for first chance 
emission. According to fig. 25, 
and for a compound system with 
A — 160, the results seem to be 
consistent with level density 
parameter increasing from A/3 to 
A/13 in the excitation energy 
range 100-400 MeV [i.e. from 1.5 
to 5.5 HeV temperature]. 
The temperature dépendance of a 
has been investigated in several 

11 9 
theoretical papers. Hartree Fock calculations as well as Thomas-
Fermi calculations120 show a very little change of a with T in the range 
1 to 5 MeV. More recently, other authors have looked for the temperature 
dependence of the effective mass in finite nuclei and the correlation 
effects . These results are In qualitative agreement with the 
data. However, one should note that the experimental value of A/8 found 
at low excitation energy is usually not reproduced by the calculation. 
On the othe- hand, as already mentionned, more precise experiments are 
needed before to draw definite conclusions. 

Fig. 25. The extracted relation 
ship between the tempe
rature and the excita
tion energy seems to 
indicate a transition 
for the level density 
parameter value from 
A/8 to A/13 when in
creasing the excitation 
energy (ref. 69). 

4.3. Collective excitations built on excited nuclear states 

Recent experimental studies of Y~decay of giant resonances built 
on very excited states have pointed out the interest of such studies for 
improving our understanding of the behaviour of hot nuclei. The very 
dominant resonance which has been presently observed is the giant dlpole 
resonance (GDR), i.e. a counter phase vibracion of neutrons and protons 
in the nucleus. Its study provides a rather unique tool to follow; the 
relaxation of collective degrees in a very hot nucleus . 

To illustrate this, it appears quite Instructive to concentrate 
ourselves on results concerning Sn nuclei for which a rather large set 
of data is available . Typical y-ray spectra obtained when 
observing the decay of Sn nuclei excited at moderate energies (from 60 
to 130.MeV) are shown in fig. 26a. Besides the high E exponential call 
attributed to statistical Y"rays (see 3.8), the bump located at E ~ 15 
MeV can be easily attributed to the GDR component. 
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Fig. 26. Excitation of giant resonances in Sn nuclei 
a) Measured gamma ray spectra for Sn nuclei at excitation 
energies E = 60, 80, 110, 130 MeV (ref. 127). 
b) Evolution of the GDR width built on excited states in Sn 
isotopes. Figure from ref. 128. Data from ref. 125, 127, 129. 

move..with excitation 127 Two combined 
While the centroid of the GDR does not 

energy, there is a clear broadening of the width r G rj R 

effects have been discussed to account for the increase of r G D R
1"' 0. The 

first one is a thermal effect which is expected to follow a square root 
dépendance with T in a hot Fermi-gas : 

But the major one seems to be connected with spin effects which should 
play a very important role as the shape of these Sn isotopes is expected 
to move from a spherical shape at 1 = OTi to oblate shapes for I > 40 ft. 
However this effect should saturate for angular momenta corresponding to 
the vanishing of the fission Carrier. (For the example under discussion 
here, this corresponds to E ~ 100 MeV). Above this value, one should 
then observe the variation due the T. This seems to be the case, at 
least qualitatively, as indicated in fig. 26b which ̂ summarizes the data 
obtained for these Sn isotopes. The last point at E = 240 MeV has been 
obtained in the reaction 15 MeV/u Ar + 7 0Ge. 

126 Nevertheless, . "?sults obtained on the same system at 24 MeV/u 
do not seem to follow this trend. Statistical calculations are not able 
anymore to account for the observed v-ray spectra associated with 
central collisions. The data indicate a rather string inhibition of the 
Y decay for these very high excitation energies (E > 250 MeV) together 
with a reduction of the width of the GDR. More recent results obtained 
for the system 44 MeV/u I , 0Ar + 1 5 aGd show an even stronger reduction of 
the GDR strengh 1 3 0. 
No clear explanation can be put forward. Does it mean that collective 
nuclear motion is progressively lost for temperature exceeding 4 MeV ? 
Does one observe here only a real statistic" v-ray emission from a 
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nucleus in thermal equilibrium ? Again, it is quite clear that the time 
scale for equilibrium has to be taken into account* It could be really 
to short to allow a complete equilibrium of collective modes. An expla
nation has been suggested by Broglia, the existence of a motionnai 
narrowing, which assumes that the damping width of the GBR in very hot 
systems is essentially due to the coupling of this resonance to thermal 
fluctuations of the nuclear surface. Anyhow, the study of the GDR 
damping at high T seems to be a very promising way to study hot nuclear 
systems and determine to what extent we do have a thermal equilibrium 
and at which temperature could we observe a change from an ordered to a 
chaotic behaviour. 

4.4. Emission barriers, deformation, angular momenta 

Some attempts to deduce information on deformation and angular 
momentum have been done detecting either Y ~ r a v s o r charged parti
cles . Information on the emission barriers has been obtained also by 
fitting the experimental energy spectra ' 1 , 1 J . There is no douot that 
a reduction of the barrier for a-particles is observed as compared to 
what one would expect from pure angular momentum effects or thermal 
fluctuations . Even larger reduction of the proton emission barrier has 
been found. They might be explained by the existence of a hot and very 
diffuse nuclear surface which allows evaporation before its relaxa
tion ^ » 1 J . This lowering of the emission barriers has been already 
observed on many systems even at moderate temperature (T = 2-3 MeV) and 
was interpreted by Alexander et al. as an indication of large 

distorsions of the emitters. On 
the other hand, there are serious 
evidences for the occurence cf 
large shape fluctuations. Vor 
instance, in the reaction 27 MeV/u 
Ar + U, large deformations of the 
hot system have been deduced from 
the analysis of the a-particle 
spectra. (Deformations as large as 
a factor of two for the ratio 
between t̂jie major axis have been 
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Fig. 27. Ridge line potentials 

(solid curves) and ex
pected yields (dashed 
curves) versus the mass 
asymmetry coordinate for 
a heavy :-.nd light nu
cleus respectively 
(ref. 46). 

observed ) 

4*5. Complex fragment evapora
tion 

As already mentionned in 
3.3-2., with increasing excitation 
energy deposited in the system, 
the phase space available for 
complex fragment evaporation will 
become much larger as compared to 
the low energy situation. The 
emission width ratio for two 
different decay channels is given 
by expression 15. One sees easily 
that, despite the fact that the 
statistical factor g^ m^ is ob
viously in favour of the cluster 
emission, the high coulomb barrier 
will strongly inhibit this channel 
at low temperature but its influ-
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Fig. 28. Total experimental yields as a function of the fragment Z-value 

(points) for : a) 35 HeV/u Kr + C. The solid line shows the 
prediction of the statistical model (réf. 42) ; b) 14,18 MeV/u 
L a + C (ref. 136). 

ence will be washed out at very high excitation energies. The problem of 
cluster emission has been first discussed in 1960 by Ericson . More 
recently it has been treated by Friedman 3 5 within the standard 
statistical model. An interesting result concerns the production cf 
complex fragments which is predicted to reach a maximum near 5 MeV 
temperature, as higher temperatures will lead to a dominant sequential 
decay of the primary fragments. 

Another approach has been developped by Morettp * and recently 
applied to the analysis of experiments by two groups . It assumes 
that fission and evaporation are the two extremes of the same statisti
cal process. Moretto .has considered a cut in the potential energy 
surface along the mass asymmetry coordinate passing through the fission 
saddle point in such a way that each point is a saddle point as soon as 
one freezes the mass asymmetry coordinate. This line, called the ridge 
line, can have different shapes according to the fissillty parameter of 
the system (see fig. 27). On the basis of the transition state theo
ry - , the expected emission width for a given charge may then be 
expressed by : 

r. „ p- V ) / T * 
For light systems the charge distribution is expected to have an U shape 
(very asymmetric fission) and for heavy systems, one should observe, 
besides the ordinary fission, two wings associated with light particle 
emission and the complementary heavy fragment» Typical experimental 
results * follow this expected trend as indicated in fig. 28 for the 
system 35 MeV/u 8 l |Kr + C and 18 MeV/u La + C. Another interesting 
feature of the calculation is that it predicts a transition in the shape 
of the E spectra from a MaxwellIan shape for light particles (p,a) to a 
gaussian one for heavier products OLC) as for standard " fission. This 
trend has been effectively observed J . 



Such an Identification of a sequential evaporative process in 
intermediate energy heavy ions is very important as it demonstrates 
one has to look for "conventional" decays before to search for new 
exotic processes as multifragmentation. It is quire probable that such 
an evaporation mechanism is not the only process responsible for the 
production of the so-called intermediate mass fragments (IMF) but it has 
to be properly quantified. (See chapter 6 for a discussion concerning 
the possibility of multifragment evaporation)• 

5. EVIDENCE FOR THE EXISTENCE OF A LIMITING TEMPERATURE 

5.1. The present status 

Besides the studies of nuclear properties of hot nuclei shortly 
reviewed in section 4, a very fondamental question is related to the 
possible thermal energy that a nucleus can sustain. In other words, how 
hot can be a self bound system in thermal equilibrium ? 

The first naive answer which occured to us has been to define this 
limit as the average binding energy of the nucleus (i.e. between 7.5 and 
8.5 MeV/u). Obviously above this limit, any nucleus will disintegrate 
into its main constituents. Having this simple idea in mind, the 
existing results can be reviewed. Among the quite large amount of 
experimental data existing on the market, we have tried to extract a 
very limited number of results showing the highest excitation energy per 
nucléon (E /A) reached so far for a given mass of the composite system. 
It has been deliberately chosen to select only a few results complying 
with severe criteria which ensures a rather good confidence in the 
measured excitation energy. Three types of measurements have been 
selected : 
I) T measurements from relative population of excited states : only 
experiments where side feeding effects clearly play a minor role have 
.been selected. 
ii) Recoil velocity measurements : the requirement was to observe a well 
defined maximum in the recoil velocity distribution of the heavy 
residues or in the correlation function between the two fission 
fragments. In these cases, the excitation energy per nucléon has been 
extracted from the most probable value of the recoil velocity. (It has 
been pointed out that the inexistence of a maximum may lead to very 
questionable value of the excitation energy deposit). 
ill) Excitation energy determination by means of the counting of 
particle multiplicities : the requirement was the measurement of both 
neutron and charged particle emission. 

These highest values of E Ik over the mass range 60-300 are 
displayed in fig. 29. These upper values are evolving from 6.5 MeV/u for 
the light systems down to about 3 MeV/u for the heaviest systems and are 
thus far below the corresponding binding energies of the system. 
Assuming a = A/8, this would correspond to a temperature decreasing from 
almost 7 MeV down to 4.6 MeV for the heavy systems. Let us now examine 
how do these results compare with the theoretical predictions. It is not 
our purpose to compare the advantages and drawbacks of the different 
theories. More detailed descriptions of the existing models will be 
found in Ngo and Gregoire's lectures. 



î 4 

LU 

I 

0 
0 J! in ij J( 25Ç JT 

COMPOSTE SVSTD.I MASS 

Fig. 29. Systematlcs of the highest excitation energy per nucléon 
reached so far in heavy ion induced experiments for :-• given 
mass of the composite system. The labels above the points are 
referring to the projectiles used for the experiments. 

5.2. Static approaches 

Theorists have first approached the problem from a static point of 
view. The first calculations have been undertaken for infinite nuclear 
matter . The equation of state (pressure versus density) which is 
obtained is similar to that of a Van der Waals gas. Nuclear matter may 
exist in liquid and vapor phases, .the critical temperature for the phase 
transition beeing close to 18 MeV. 

Hartree Fock calculations as well as semiclassical methods have 
been developped to solve the problem of the single particle states in 
the continuum ' • A consistent treatment can be achieved only when 
considering the hot nucleus In equilibrium with a surrounding nucléon 
vapor. Bonche et al», have applied the substraction procedure to 
determine the properties of the hot nucleus without vapor. Other 
calculations have to deal with Thomas Fermi method and the hot 
liquid-drop model 1 4 0. Contrary to infinite nuclear matter calculations, 
the limiting temperature corresponding to the instability is found to be 
much smaller than 18 MeV. The instability of the finite real nucleus is 
indeed largely influenced by the balance between the surface tension and 
the coulomb repulsion. This induces a significant dependence of T,,m on 
the nuclear charge as well as on the charge to mass ratio (fig. 30). An 
example of the predicted limiting T for masses along the p-stability 
line is shown in fig. 31. This has been calculated within the hot liquid 
drop model . Coulomb repulsion forces clearly diminish the value T l i m 

for very heavy systems. The solid curve, using a soft nuclear EOS with 
an incompresslbility modulus K D » 210 MeV, seems to be In rather good 
agreement with the actual data. 

Auger et al have estimated the projectile bombarding energy at 
which the limiting temperature should be reached for various effective 
masses of the composite nucleus. This has been computed for Ar induced 
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Fig. 31. Evolution of the limiting 
temperature as a function 
of the mass along the p-
stability line. Full and 
dashed curves are calcu
lated using a soft EOS 
and different surface 
tensions. Dashed dotted 
line Is obtained with a 
stiff EOS. Ref. 140. 

reactions by coupling the results of the momentum transfer systematic 
with the values of Tj^ l m deduced by Levit and Bonche, . The results, 
drawn In fig. 32 predict that, above a composite mass of 60, the limit 
is reached for an almost constant bombarding velocity close to 30 MeV/u. 
Surprisingly, the highest excitation energies reached fo far (see fig. 
29) have been mainly obtained with an Ar projectile at this energy. 

Does it mean that one has a complete comprehensive picture of the 
problem ? It might be premature to conclude as there are still two open 
questions : 
i) What's happening with Ar projectiles above 30 MeV/u ? 
11) Is there just no way to reach higher temperatures, for Instance, 
with heavier beams ? 
As far as the first question is concerned, an enlightning result is the 
systematic study of the excitation energy deposit in the energy range 
27-77 MeV/u for the system Ar + 2 3 2Th. The results are summarized In 
fig. 15 (see 3.5). Within the experimental uncertainties, one may 
reasonably consider that a saturation around 650 MeV Is reached already 
at 27 HeV/u. This is a clear signature that we cannot deposit more 
thermal energy in the nucleus, at least with an Ar projectile. However 
is that really the maximum energy that a nucleus can sustain ? This 
refers directly to the second question. Recent results with heavier 
projectiles .such as 8 6Kr indicate clearly that more energy can be 
deposited • . They are concerning linear momentum transfer studies as 
well as neutron cultiplicity measurements. For instance , the neutron 
multiplicities are 50 X larger using 35 MeV/u 8 6Kr Instead of 35 MeV/u 
4 uAr. The observation of a saturation of the E deposit for a given 
projectile, together with an Increase of this value for heavier 
projectiles cannot be explained without considering the Influence of the 
dynamics. 
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Fig. 33. Dynamical ca lcu la t ion 
(Landau-Vlasov) perfor
med for the system Ar + U 
for central c o l l i s i o n 
(ref. 7) 
a) anisotropy n of the 
momentum d i s t r i b u t i o n 
of nucléons in the com
posite system. 
b) excitation energy per 
nucléon of the composite 
system. 



5.3. Dynamical approaches 
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it Is not our aim to review the different existing models ; let us 
just mention that the dynamical mean field approach has been used 
through the TDRJF method, time dependant Thomas Fermi , Monte Carlo 
Hartree-Fock and the semi classical TDHF (the Vlasov equation) . 
Nevertheless, one promising way is to use semi classical kinetic 
equations which allow to take into account the balance between mean 
field and Individual collisions * and to follow the complete 
evolution of the system. 

Two reasons may explain the observed saturation of the thermal 
energy with increasing Ar bombarding energy. First, particle emission at 
the very early stage of the collision should play an important role as 
the decay time of such a very hot system is becoming comparable to the 
collision time. Moreover, Che possible excitation of collective modes 
which might be strongly enhanced in heavy ion collisions could strongly 
limit the thermal energy. Recent dynamical calculations (Landau-Vlasov) 
have shed additional light on this problem. An example is shown in fig. 
33 for the system Ar + U at 27 MeV/u'. This results from a Landau Vlasov 
simulation performed for an head-on collision. It Indicates that a 
complete thermalization occurs In a very short time, 80 fm/c 
(~ 2 10 _ 2 2sec). At that time, the anisotropy of the nucléon momentum 
distribution indeed tends to zero. At this point, a maximum energy per 
nucléon of 2.6 MeV has been reached, and the fused system in thermal 
equilibrium starts to evaporate. One should notice that the agreement 
with the experiment is quite satisfactory. However, the calculation 
exhibits a very interesting feature, namely that the collective modes 
are far from being relaxed so rapidly. This emerges clearly from the 
study of the system Ar + Au at 60 MeV/u • . Even at this high energy, 
the thermal energy of the system remains saturated at 650 MeV. The 
explanation is found in the balance between thermal and collective 
energy. Densities up to 1.3 p are obtained and the coupling between 
preequilibrium emission and monopole vibrations contributes to remove a 
large part of the total available intrinsic excitation energy. 

There arc still many open questions concerning the limiting 
temperatures. For instance, a precise study of non equilibrated particle 
emission with increasing bombarding energy Is strongly needed (n,p,a, 
clusters). Up to .low, very few results are available. 
On the other hand, it is very likely that the limit in the nucleus 
heating has still not been reached. Extrapolating our present knowledge 
on linear momentum systematica for much more massive projectiles, would 
indicate that a Au + Au collision at 30 MeV/u could heat up the system 
to about 7 MeV temperature. This is clearly emphasized from the existing 
systematlcs of excitation energy deposits for heavy ion projectiles 
(from N to Kr) impinging a heavy target at 30 MeV/u (fig. 34). This will 
be a challenge for the upgraded CANIL facility before the end of 1989. 

6. CLDES FOR THE APPEARANCE OF HEW PROCESS AT THE CRITICAL TEMPERATURE 

The question of the fate of a very hot nucleus near and above the 
critical temperature may provide Information on the knowledge of the 
nuclear equation of state. In our energy domain, one is considering 
rather low densities and several authors have considered the time 
evolution of this very hot nuclear system, namely Its cooling and 
expansion. Above some critical temperature, the possible onset of a new 
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Fig. 34. Experimental systematics of the excitation energy deposit for 
heavy ion projectiles impinging a heavy target at 30 HeV/u. 

process where a nucleus breaks into clusters, has been investigated 
using various theoretical approaches 3 - l i . i n the following, the 
general denomination for such a process will be "multigragraent emis
sion". As C. Ng5's lectures are devoted to this subject, we shall only 
here briefly comment on this point. 

6.1* Does the fusion process vanish above the critical bombarding 
energy ? 

Many authors claim that the fusion process vanishes completely 
above some critical bombarding energy, let us say for instance around 35 
MeV/u in Ar induced reactions. Moreover this statement is used to assert 
the appearance of a new process. The argument which is put forward is 
the vanishing of the maximum in the recoil velocity distribution of the 
heavy residues (see for instance the reaction Ar + Ag ). For very heavy 
systems, it is the complete disappearance of the so called central 
collision peak In the folding angle distribution of the fission 
fragments. In the following, we would like to stress that the above 
observations do not sign automatically for the extinction of the fusion 
process. To illustrate this, fig. 35 displays again the correlation 
function of the two fission fragments measured in the reaction Ar + Th 
from 31 up to 44 MeV/u together with recent measurements of the 
inclusive neutron multiDlicities for the same reaction In the energy 
range 27-77 MeV/u » . The comparison is highly instructive. In the 
same, way the folding angle is representative (in principle) of the 
transferred linear momentum, the neutron multiplicity spectrum reflects 
directly the energy dissipation in the entrance channel. Two peaks are 
clearly visible in this spectrum in the whole energy range which may 
evidently be associated with peripheral collisions (soft process') and 
more central collisions (highly dissipative process). As mentionned 
already, the average neutron multiplicity remains more or less constant 
above 27 MeV/u, a signature of a saturation of the thermal energy 
deposit in the system. Furthermore, the cross section corresponding to 
the highly dissipative collisions remains also constant, with a value 
close to 2 barn (I.e. about 50 Z of the total reaction cross section). 
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Fig. 35. Neutron multiplicity (ref. 76).and folding angle distributions 
(ref. 59) from the reaction ''"Ar + Th within the incident 
energy range 27 to 77 MeV/u. 

The disappearance of the high linear momentum transfer peak in the 
folding angle distributions has then to be connected with the decay 
properties of the composite system (vanishing of binary fission ?). 
One may then question ourselves about the repartition of the cross 
section corresponding to highly dissipative collisions which does not 
seem to contribute much to the fission channel. A partial answer has 
been given by radiochemical measurements. A quite violent transition is 
observed between 32 and 44 HeV/u as fa', as the shape of the mass 
distribution for the target fragment production is concerned (fig. 36) 

» . A central bump around A = 130-140 has build up at 44 MeV/u 
which did not exist at all at 32 MeV/u. At the same time, the fission 
cross section has vanished by 40 Z. jQiis has been confirmed recently by 
an on line experiment at 44 MeV/u on the same system where equal 
cross sections (~ 1 barn) for the production of heavy residues as well 
as fission fragments have been found and are both associated with the 
same large neutron multiplicities. One explanation for the non 
observation of the 1 barn fission cross section for central collisions 
in the folding angle distribution may be explained for instance by the 
existence of a third body which will destroy not only the clear 
relationship between the LMT and the folding angle but also possibly the 
coplanarity. As far as the increase of the heavy residue cross section 
is concerned, it could be accounted for by a copious increase of 
preequillbrium emission, large enough to sufficiently lower the mass of 
the hot system down to a mass region where the fission barrier becomes 
significantly high. However, the emission of a few complex fragments 
(IMF) will be highly efficient to increase the fission barrier. Trockel 
et al., have reported a multiplicity of 1.5 IMF for the reaction Ar + 
Au at only 30 MeV/u. 
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Fig. 36. Radiochemical measurements of the mass distribution for the 
residual products in the reaction Ar + Au at 32 and 44 MeV/u. 
(ref. 153-154). '; 

To end with the rather long digression on the fate of the fusion 
process, our feeling is that one cannot claim easily that fusion types 
of reaction have vanished above 35 HeV/u. For us, the observation of a 
fission-like product or an heavy residue associated with the emission of 
more than 35-40 light particles is at least very similar to a fusion-
evaporation process ! However, one should admit that a dramatic change 
has occured in the way the distribution of the cross section among 
fission and heavy residues has been operated (for the most disslpative 
collisions). Whether or not this unambiguous observation can be related 
to the onset of multifragment emission is still on open question. 

6.2. Clues for the onset of a multifragment process ? 

There are presently several experiments strongly focussed on the 
search for the onset of multifragmentation emission ' " ' . All of 
them strongly suggest that the onset of IMF multiplicities larger than 
one appears to become non négligeable above 30-35 MeV/u (for rather 
heavy projectiles as Ar and Kr). To illustrate this point, an excitation 
function for the multiple IMF production in the system Ar + Al is shown 
In fig. 3 7 1 5 6 . 

However, a real multifragmentation of the system is still a very 
rare phenomenon at these energies, although it has been observed in 
emulsion experiments . One should probably speak in terras of 
multifragment emission without prejudging of the process. Some 
experiments Indicate clearly that all the nucléons are not concerned 
with this emission . As a matter of fact, IMF multiplicities larger 
than the unity do not sign automatically the reaction mechanism. For 
instance Moretto has shown that a pure process of sequential binary 
decay that is completely controlled by the statistical model at each 
step of the deexcitation might well explain high IMF multiplicities at 
very high excitation energies (nuclear comminution) . This pure 
sequential decay process has to be opposed to the multlgragmentation 
process where the system breaks into several pieces within a very short 
time (prompt emission). There are needs for experiments that could 
unambiguously differentiate a sequential from a prompt process. Th= 
results seem presently to be quite contradictory, sequential in the 
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However 
this might be not the right 
signature as the decay life time 
for IMF evaporation may become so 
short that the definition itself 
of the sequentiality will become 
obsolete as there will be strong 
interaction between two successive 
decays. 
A clear experimental signature of 
the onset of multlfragmentation 
has still to be established. 
Further experiments in this field 
will, without any doubt, strongly 
contribute to our knowledge of the 
different modes of energy storage 
in a nucleus. 

7. C0NCL0SIONS 

These lectures were intended 
to present an overview of the very 
active field of "hot nuclei". 
Heavy Ion induced reactions in 

the intermediate energy range 20-100 KeV/u appear to be very efficient 
for the formation of nuclei at very high teaperature. However, the 
determination of the momentum transfer, the excitation energy or the 
temperature Is not straightforward from the experiment. The different 
available techniques must be used very cautiously. For instance, it may 
well be that recoil velocity measurements become inadequate when the 
linear momentum transfer falls below 70 Z of the initial one. However 
quite reliable experiments have now established without any ambiguity 
that nuclear systems can be formed in thermal equilibrium up to 
temperatures as high as 5 or 6 MeV. 

We learned already a great deal of the investigation of nuclear 
properties with increasing temperatures, as the evolution of level 
densities, the dominance of dynamical effects in the competition between 
fission and evaporation, the increase of cluster evaporation and the 
excitation of the GDR build on excited nuclear states. 

The concept of a limiting temperature (and limiting excitation 
energy deposit) is now an experimental fact. It really widens the area 
of our research on the behaviour of nuclear matter under extreme 
conditions : onset of large dynamical effects, excitation of compression 
modes, possible existence of a transition towards multifragmentatian. 
There are still open and fascinating questions as the evolution of both 
compression and thermal energies, the timescale for thermalization, the 
role played by non-equilibrium processes ... This is clearly a field 
where theorists and experimentalists need to combine their forces. 

The apparent limitations in the temperature which have been 
reported so far probably do not reflect the intrinsic properties of the 
nuclei but are mostly related to the dynamics of the entrance channel. 
One has then still probably not reached the maximum excitation energy 
that a heavy nucleus can sustain. Further experiments with very heavy 
beams, such as Uranium, are thus very promising. 
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