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ABSTRACT 

" Intermediate energy heavy-ions (10-100 MeV/u) are the most powerful tool to study hot nuclear matter 

properties". In this paper we give a review of experimental and theoretical works which support this statement. The first 

challenge is to achieve hot nuclei formation. The second one is to study their properties. The formation step is governed 

by the relative influence of nucleon-nucleon collisions and mean field effects. Fundamental quantities such as excited 

matter decay lime, thermalization time, relaxation time for collective modes are of major importance and are compared 

with typical collision times. It appears that semi-classical theories are able to give a reasonable description of the 

collision and that they are a good guide for defining further experiments. We show how it has been possible to 

experimentally establish that very hot equilibrated nuclei are really formed. Their decay properties are not basically 

different from decay properties at lower bombarding energy. However specific channels are open : in that sense, we take 

stock of the multifragmentaiion process. Moreover, compression effects may be an important feature of this energy 

range. Future studies will involve heavier projectiles around 30-50 MeV/u. They will be the best probe for hot and 

compressed nuclear matter studies. 
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INTRODUCTION 

The properties of nuclei at finite temperature have been investigated only recently in the temperature range 

above 2MeV. It is the domain where shell and pairing effects in nuclei are roughly washed out. The determination of 

the thermodynamical characteristics of hot nuclei is very important in this temperature range because it widely broadens 

our possible investigations of atomic nuclei, their collective behaviours being kept in a large extend. By increasing the 

excitation energy, all available decay channels become open. Among them the so-called multifragmentation could bear 

very likely information about nuclear systems at rather low densities. The role of these thermal characteristics has been 

recognized also in astrophysics [LA81, BR88]. For instance, the temperature dependence of the nuclear level density 

parameter could be of prime importance for the energetics of supemovae explosions [LAT88]. 

Many efforts have been done so far in order to obtain informations about these finite temperature properties. 

The first step is obviously to form hot nuclei in the laboratory. Two methods have been considered so far : annihilation 

of antiprotons and heavy-ions reactions. We shall not discuss in this paper the first method which has been developed at 

CERN [MOS86]. The development of heavy-ion physics as well at low energy (around the Coulomb barrier) as at 

relativistic energies (above 300 MeV per nucléon) has allowed to expect that all conditions are fulfilled for this purpose 

in the intermediate energy domain defined by bombarding energies between 20 and 100 MeV per nucléon. These 

conditions are those for the formation of hot nuclei above T = 2 MeV and below/around the threshold of complete 

disintegration. Around the world, GANIL (Caen) was the first accelerator, in 1983, to cover all this range with 

convenient beam intensities. Other machines like the low energy line at the BEVALAC (Berkeley), the CERN 

synchrocyclotron, the SARA (Grenoble), the MSU cyclotron (East Lansing), allowed to explore some part of the 

domain, enriching the set of today available data. The RIKEN (Tokyo), the Texas A&M cyclotron, the Catania-Milan 

machine, AGOR (Groningen) and the Lanzhou facility are or will be devoted also either entirely or partly to these 

studies. In fact, to form an hot nucleus with well defined nucléon number and temperature is not an easy task if nucleus 

nucleus collisions are used for this purpose. The first experimental step is to recognize hot nuclei formation and to 

select events for which thermalization of energy is achieved. The second step, an hot nucleus having been formed, is to 

be able to detect the decay products as a function of the available excitation energy. Energy, mass, charge and angular 

correlations are needed if one wishes lo disentangle between various decay modes. These correlations also concern the 

identification of the hot nucleus formation. We shall see that both conceptually and experimentally this task is very 

ambitious when high energies are involved. Difficulties are named entrance channel fast emission, preequilibrium 

particles, very short decay times of hot nuclei, collective effects such as compression, a. s. o.... 

From the theoretical side, one should emphasize the considerable amount of recent works about this topic for 

a couple of years. Their aim are threefold . The first one is to provide an appropriate static description of hot nuclei in 

the framework of the Hanree-Fock theory. A proper definition of such a "paradoxal" object calls for a convenient 

ueatment of the populated continuum states, which render the system metastable. This problem has been mastered only 

recently within a subtraction procedure for the grand potential of the nucleus in equilibrium with its surrounding vapor. 

In the same spirit, RPA and correlation calculations at finite temperature are now available twenty years after the 

lectures of des Cloiseaux [DE68]. The second aspect concerns the development of methods for simulating entrance 

channel properties in nucleus-nucleus collision. After the successes of die TDHF approach, semi-classical descriptions 

have been found very useful because the effect of residual interactions can be easily introduced. It is only recently that 
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various groups have developed simulation codes which take into account the main kinetic processes involved during a 

collision. These codes constitute very useful tools for a global understanding of the formation of hot nuclei. Since 

these descriptions are dynamical, they have been also used for evaluating dynamical effects in the exit or decay channel, 

at least when one-body properties alone are concerned. The third aim is to examine how decay channels other than 

particle or gamma emission and fission can be opened. During the last five years, phase space approaches at the 

equilibrium have been developed for describing mulufragmentauon. Only very little is known about how instabilities 

could develop inside a finite nuclear system in order to generate muldfragmentau'on. Nonetheless, a careful analysis of 

data and comparisons with our knowledge of critical phenomena in other Fields of physics turn out to be very relevant 

for the study of multifragmentarion [HU86]. 

The first goal of the present article is to give a review of the experimental data about hot nuclei recently 

obtained by performing heavy-ion collisions. On the odier hand, since recent theoretical results are rather scattered in the 

littérature, we have tried to gather the most significant ones. We gave a special emphasis on the semi-classical methods, 

two of the authors having been direcity involved in the discussed works. The paper is divided into four pans. The first 

part is devoted to entrance channel properties observed in nucleus nucleus reactions ; we indicate how energy and 

momentum dissipation can be evidenced both in peripheral and central collision. We discuss the main limitations to the 

energy deposition into a nucleus. In the second part are presented some of the recent available data obtained by 

measuring decays of hot nuclei. The various possible scenarios are discussed, postponing a more theoretical discussion 

to Ihe last two parts. The third part is devoted to kinetical approaches and to a presentation of the theoretical oulines of 

a description of entrance channel properties. In particular, we show some results of simulations about preequilibrium 

emissions and co-.npressional effects. The last part (part 4) is a review of the most recent theoretical studies concerning 

static and dynamical properties of hot nuclei. We mention the statistical models propounded for the determination of 

fragment distributions in the multifragmentation decay. The analysis of some of these distributions in view of 

percolation theories is quoted. Finally, the dynamical growing of instabilities in nuclei is discussed. 



I - DISSIPATIVE PHENOMENA AROUND THE FERMI ENERGY 

1-1 : PERIPHERAL COLLISIONS : GENERAL FEATURES 

At low bombarding energies (below 10 MeV/nucleon), dissipative phenomena are quite easily recognized in 

many reaction channels [LE78]. If one focuses first on peripheral collisions, the most important one is deep inelastic 

process in which a large part of the available kinetic energy is dissipated into excitation energy. Above 200 

MeV/nucleon [BAB86, CUG861, the situation is rather different since peripheral collisions consist of a fragmentation 

process. They may be understood in the abrasion-ablation (or participant-spectator) model framework in which an initial 

projectile-like fragment (PLF) is made of projectile nucléons which do not overlap with die target. 

In between, in the intermediate energy range we are dealing with in this paper, one expects an evolution from 

one regime to the other. As a matter of fact, signatures of dissipative phenomena are clearly recognized. Figure 1-1 

extracted from réf. [DA86] is an illustration for the Ar+Al system at 44 MeV/u : velocity contour plots exhibit strong 

low velocity tails which are a first indication of energy dissipation. Such velocity distributions have been often 

artificially decomposed in two parts : a high velocity (HV) component and the low velocity (LV) tail. The idea was of 

course to distinguish between non dissipative and dissipative contributions and indeed the first component has often 

been interpreted as a fragmentation signature. In this paper, we are mainly interested in the dissipative component since 

it may be responsible for hot nuclei formation ; it is however rather interesting to consider for few minutes the HV one 

since we will see that, even in that case, the mechanisms which are responsible for dissipation at low bombarding 

energy still have a definite role. 

The first result which is reminiscent of the fragmentation process is the PLF velocity distribution shape. 

Figure 1-2 is a typical example : the velocity widdi oy/ is a quadratic function of PLF mass or atomic number. Similar 

results have been obtained by many authors [DAY86, B083, RA85] and may be understood in the Goldhaber approach 

[G074] in which the center of mass (cm.) velocity of a nascent PLF simply reflects the Fermi motion of abraded 

nucléons. In the intermediate energy regime.this model has to be slightly modified [DAY86] in order to include 

kinematical effects. It is then possible to understand the slowing down of PLF for an increasing number of abraded 

nucléons. Other experimental features are reminiscent of the experimental behaviour in the GeV/u region : for instance, 

the isospin degree of freedom is far from being equilibrated at variance with what is observed at 10 MeV/u [GU83]. 

However, definite deviations from the high incident energy situation have been observed and it has been shown 

thai, if fragmentation can play a role, collective excitations and transfer reactions remain quite probable. As an example, 

giant dipole and quadrupole excitations [BER88] are well known collective effects evidences. Further indications have 

been recognized in multiphonon excitations [FR87] and it has been shown that intermediate energy heavy-ions of 50 

MeV/u are the best tool to excite and study these modes (figure 1-3). Transfer reaction signatures may be found in many 

experimental features : they are responsible for too small oy/ values for PLF atomic numbers close to the projectile one 

[RA85] ; they are recognized as bumps in PLF velocity spectra [B086.RA87] ; diey are unambiguously isolated in 

exclusive experiments described in reference [3187]. In this work, PLF lighter than the projectile have been analysed in 

coincidence with light charged particles (LCP) detected in a large solid angle forward hodoscope. For many events no 

LCP has been detected in coincidence with the PLF at variance wiUi what is expected in the abrasion ablation picture. 

For such events, the nucléons lost by the projectile have been transferred to the target. In figure 1-4 is shown the 

transfer reaction proportion for various PLF in several cases. It appears that the probability for one charge transfer 

exceeds 50% at 60 MeV/u. 
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The influence of transfer mechanisms may also be recognized in a careful analysis of PLF isospin data 

[GU83,DAY86,B0861. In figure 1-5, one may note a clear memory of the target nature. This feature which may be 

partly explained [HA86] by relative values of the nucleon-nucleon cross sections depending on the natures of involved 

nucléons (proton or neutron), is observed for any the PLF kinetic energy [B086]. It is a further indication that 

microscopic mechanisms, which arc responsible for energy damping below 10 MeV/u, remain to a large extent valid at 

much higher energies (at least 60 MeV/u). This is true for the HV component we just discussed and of course for the 

slower PLF (LV component). As a matter of fact, a description of the collision based on nucleon-nucleon collisions in 

the overlap region, followed by possible transfer to the partner nucleus or to thecontinuum[C085], is able to reproduce 

many features of peripheral collisions : mean PLF and TLF (target-like fragments) velocities, corresponding neutron 

multiplicities and apparent temperatures [AL88]. Another definite conclusion is that it is quite artificial to separate HV 

and LV components and that dissipation is a general feature of peripheral collisions. 

1-2 : EXCITATION ENERGIES IN PERIPHERAL COLLISIONS 

Of special interest are experiments in which excitation energies of the outgoing partners may be obtained. Two 

kinds of approaches have been attempted. In réf. [DA88], the outgoing heavy fragments (PLF and target-like nuclei) 

have been detected in coincidence. However, the measured correlations may be understood either in the participant-

spectator approach (DAY861 in which the primary fragments hold a small excitation energy, or in a true binary process 

hypothesis (no participant zone), in which much larger excitation energies (up to or exceeding 100 MeV) can be reached. 

Much clearer answers arc obtained in coincidence experiments in which the decay particles of the two heavy 

partners are detected. In ref. [BI87,BI89,GA88,OS85], light charged particles (LCP) have been analysed in a large solid 

angle hodoscope ; in réf. (M088), neutrons have been numbered in a 4JI neutron ball ; in réf. (KI88], their kinetic 

energy spectra have been analysed. Figure 1-6 [BI87] is a bidimentionnal plot for alpha particles detected close to the 

PLF direction for the reaction Ar (60 MeV/u)+Au. The two axes represent respectively the kinematic energies of the 

coincident PLF and alpha particles. The events are located in two wide bumps which are a signature for sequential 

emission of the alpha particle from a primary PLF. This feature has been found for any PLF-LCP pair at 60 MeV/u 

[BI89] and for various systems between 10 and 60 MeV/u either in LCP [BI89,OS85,MU84] or neutron experiments 

[KI88,GAZ88,AL88]. It has been used to estimate the excitation energy of primary fragments [BI89]. Two important 

conclusions can be drawn. 

The first one concerns the dissipated energy : it is much larger than expected in the participant spectator picture, 

which means again that rtissipative phenomena remain important above 50 MeV/u. The second one concerns the 

distribution of the dissipated energy between the two partners which is not at all governed by their respective masses. 

This means thai the dissipated energy has not been shared uniformly into the whole system. This result is of course 

connected with the thermalization time of a nuclear system (see section 2). It is also a further indication that energy 

damping is mainly due to stochastic nucléon exchange [TA88J. It has been as well obtained at much lower bombarding 

energies in quasi- elastic [SE88] or deep inelastic collisions with limited energy loss [RA82, M083, PL88, PET88]. 

Complementary results have been obtained in neutron experiments. In figure l-7a is given the evolution of the 

neutron multiplicity as a function of the PLF atomic number for the system Ar+Au at 27 MeV/u [MO88]. The neutron 

detector used in this work was a liquid scintillator ball which is able to give directly the total neutron multiplicity 

value. However, because of efficiency and geometry effects, the detector is mainly sensitive to the neutrons emitted from 

9 



-

*0fâfàï-r.' 

1 1 T 1 1 1 

1.4 1.8 2.2 

PIF energy (GeV) 

Energy correlation between a Z=I6 
PLF detected at 4" and nn alpha par
ticle detected in a np ighbouring 
direction. Ar + Au system 60 HeV/u. 
From (BI89) 

Fig. 1.5 :N/Z ratios for various PLF (abscissa: 
PLF atomic number) detected in 
27 HeV/u Ar induced reactions on 
58, Ni 64, 

From (0086). 
Ni, , 0 3Kli and '9?Au targets. 

! 
c 

5 

3 , 6 
' =7 

uh 
• . I ? 

x : K 
0--I5 

- .17 
1.19 

Ar(27.2MeV/u)*Au •% 

""" io" 

V I F 

Ar(27.2MeV/ul+Au Q=8° 

::A 

V 

,TU tttj firo 

ElMeV! 

Fig. 1.7 : LEFT : Neutron multiplicity measured in a neutron ball versus the triggering PLF 
atomic number. Dashed line : massive transfer model. 

RIGHT: Neutron multiplicities (dashed lines) and PLF kinetic energy spectra (solid 
I iuos). 

Ar 27 MeV/u + Au system. Frym (MU88). 

10 



the target-like nucleus (TLF). It appears in figure l-7a that the corresponding excitation energy is an increasing function 

of the number of nucléons removed from the projectile. The dashed curve has been calculated in the massive transfer 

approach in which all these missing nucléons have been transferred to the target. The observed discrepancy simply 

reflects the fact that some of these nucléons have escaped before thermalization of their kinetic energy (preequilibrium 

emission or PEP's). Several other interesting results have been obtained in such experiments. For instance, in figure 1-

7-b, are shown together with various PLF kinetic energy spectra (solid lines), coincident neutron multiplicities (dashed 

lines). Again it appears that the neutron multiplicity is an increasing function of the violence of the collision : any 

decrease of the PLF kinetic energy implies an increase of the excitation energy transferred to the target For small energy 

and mass losses, the slope of the neutron multiplicity curve is about 1 neutron/12 MeV energy loss which means that 

most of the available energy has been transferred to the target through nucléon transfer process. For larger energy losses, 

the slope becomes much smaller. Further analysis have even shown that the total multiplicity values seem to saturate 

around 15 neutrons whatever the PLF energy or nature is and whatever the incident energy is [GU88]. Similar patterns 

are obtained in experiments where the neutrons are analysed in discrete detectors [KI88,AL88,RE86,DE88] : both 

multiplicity values and primary TLF or PLF temperatures exhibit a small evolution and/or a saturation with the PLF 

kinetic energy. For instance in réf. [KI88], the initial TLF temperatures extracted from the neutron kinetic energy 

spectra belong to the interval 1-3.5 MeV whatever the PLF kinetic energy or the target nature is. In réf. [RE86], it is 

shown that the TLF temperature evolves neither with the PLF angle nor with Its kinetic energy (fig. 1-8). In ref. 

[DE88], the PLF temperature extracted from the relative population of excited states (see section 2-2-3-5) saturates 

around 5 MeV. Such results certainly reflect the growing contribution of direct or preequilibrium particles when the 

available energy is increased. It may also reflect a saturation of the excitation energy which may be stored in a nucleus, 

and unexpected temperature/excitation energy correlations in case of violent collisions (see discussion in section 2). 

1-3 : INTERMEDIATE MASS FRAGMENTS : A FURTHER SIGNATURE OF DISSIPATIVE 
PHENOMENA 

Up to now, we have discussed PLF properties. In intermediate incident energy collisions, intermediate mass 

fragments (IMF) are also produced with a sizeable cross section. Figure 1-9 gives an overview for the Ar+Ag system at 

35 MeV/u. PLF are recognized for large E/Z and Z values at forward angles (figure 1-9-a) (their velocity distribution is 

large because the detection angle is slightly larger than the grazing angle). One may notice that PLF charge distributions 

extend towards very low Z values. On the other hand, another class of events is observed for low E/Z, which is mixed 

up with low Z PLF, At larger angles (figure 1-9-b), PLF contribution has vanished and most of fragments have an 

intermediate mass. What is the origin of these IMF ? 

The question is still today open to discussion and several mechanisms certainly contribute to their production. 

From our point of view, in this paper, the interesting feature is that IMF are generally associated with dissipative 

phenomena. In réf. [B084], the invariant cross section contour plots have been used to distinguish between various 

origins. Some of them result from PLF or TLF break or multifragmemation. A third source has an intermediate 

velocity (close to half the beam velocity) and has been first interpreted in the participant spectator picture. However, one 

has to be very cautious about such a three sources analysis due to the large number of adjusted parameters and because 

any fluctuation is neglected. As a matter of fact, it has been recently shown that the third source is nothing but a deep 

inelastic component, at least for the Ar+Ag system at 27 MeV/u ; the process responsible for intermediate velocity IMF 
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(they are mainly recognized at intermediate angle) has been found to be binary [B088] and its kinemau'cal characteristics 

are similar to what is observed at much lower bombarding energy. Figure 1-10 illustrates this point : IMF have been 

detected in coincidence with heavy residues (HR). The quantities plotted in ordinate refer to the relative HR-IMF velocity 

(right scale) and to their cm. velocity (left scale). For increasing IMF detection angle, the relative IMF-HR velocity 

decreases and approaches the Viola fission-like limit. This means that, for larger IMF emission angles, collisions are 

more and more dissipative (this result is a quite general feature and it has been obtained in many experiments). The 

authors indicate that the corresponding tout! excitation energies can reach 500 MeV. At the same time, we notice that 

the cm. velocity of the HR-IMF systems deviates from the total cm. velocity for increasing IMF emission angles. 

This is a signature of preequilibrium emission which is more and more efficient for more violent collisions. We have 

already stressed this point in section 1-2. Similar IMF properties have been obtained for the system S (22.5 

MeV/u)+Ag [FI86]. 

One conclusion of this section is hence that deep inelastic collisions still exist at 30 MeV/u, and that many 

IMF detected at intermediate angle result from this mechanism. Extensive studies have also been achieved around 15 

MeV/u [PET88], but the situation remains unclear above 30 MeV/u because too few experiments have been performed. 

In réf. [AD88], DIC have probably been recognized for the Kr+Au system at 44 MeV/u but the experimer" i situation 

is complex because sequential decay of outgoing products is very probable. 

Much more numerous data exist concerning fast PLF and slow TLF break or multifragmentation. The 

corresponding IMF are mainly recognized at forward or backward detection angles (respectively). Here again IMF 

production is correlated with the violence of the collision ; however, many questions are open : are IMF produced in 

successive binary break up or decays [FA88,LY88,M075,MOR88,GR88] ? Are they final products of a 

multifragmentation [BOND85, BA85] ? Do they result from a dynamical process (cold shattering [AI84]) or do ihey 

reflect a liquid gas transition [CU83,SI84,PA84], or the maximum excitation energy sustainable by a nucleus, or 

compression effects [BIZ87,GAL88J ? 

All these interpretations are described in various theoretical models which are analysed in section 3 and 4. From 

an experimental point of view, we will discuss in section 2 to which extent excitation energies or hot nuclei properties 

may be extracted from experimental data. 

1-4 : LINEAR AND ORBITAL ANGULAR MOMENTUM TRANSFERS 

It is straightforward that, in any dissipative phenomenon, kinetic energy dissipation is more or less connected 

with linear and orbital momentum transfers. Of course, the precise connection is not obvious since it is mechanism 

dependent and it will be one purpose of section 2 to discuss this correlation. However, it is clear that dissipative 

phenomena may be qualitatively recognized in momentum transfer studies. Figure 1 -11 is a typical example [FA85]. It 

refers to the N+U system at various bombarding energies. Due to the large mass of the system, the main decay channel 

is binary fission and one is used to plot the measured cross section versus the folding angle of the two fission 

fragments. A large folding angle (180°) corresponds to no linear momentum transfer (peripheral collision). It appears 

that an event bump is located in this folding angle region : indeed, an uranium target is easily fissionnable and gentle 

peripheral collisions are sufficient to induce its fission. On the contrary, the low folding angle bumps correspond to 

violent central collisions fc: •••• ich linear momentum transfer has occured (see figure 1-12). From figure 1-11, two 

remarks may be stressed : i) the central collisions bump exists forany the bombarding energy up to 45 MeV/u also ; ii) 
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the linear momentum transfer, which is complete up to 10-15 MeV/u is more and more incomplete above (see also 

figure caption). In other words, fusion is complete up to 10-15 MeV/u and incomplete above. This result has to be 

enlightened by the discussion presented in section 1-2 : preequilibrium emission is an important feature of intermediate 

energy heavy-ion collisions. 

Similar results are obtained for lighter targets. In that cases, the final products are no longer fiss'.on fragments 

but evaporation residues, the velocity of which is reminiscent of the linear momei.ium transfer. Figure 1-13 gives an 

example[M0821. It appears that detected residue velocities are shifted from the cm. velocity value due to the fact that 

one part of the projectile has not fused with the target : fusion is incomplete. 

In the case of heavier projectiles (Ar and above) a further striking result is obtained : one can see in figure 1-13 

that the incomplete fusion bump vanishes between 39 and 44 MeV/u when using Argon projectiles. Similar behaviours 

are obtained for lighter targets [BL85,B1ZA86,BIZ87]. 

Such results are not easy to understand : one coiui ai first glance consider two approaches : 

i) they could reflect a saturation of the excitation energy sustainable by the fusion nucleus ; as a matter of fact 

Auger et al [AU86] have calculated (within using die model calculations of réf. [LEV85]) that this limit would be 

reached at 35 MeV/u when using Ar projecdle on any target (figure 1-16) in agreement with experimental data. However 

recent results indicate that higher excitation energies have been obtained with Kr beams [P088]. In table 1-1 are 

indicated the maximum excitation energies which would have been obtained [PÛ88] in the case of three projectiles (Ar, 

Ni and Kr) impinging on a Th target. It appears Uiat these values are different from one projectile to the other. This 

would indicate that other physical parameters arc responsible for the fusion inhibition. One has in faa to be cautious 

because, in table 1-1, excitation energies have been extracted from linear momentum transfer values by using a model. 

On the other hand, die disappearance of a fusion bump in figure 1-13 does not mes i dial fusion has disappeared : 

actually many events are still is the region where the fusion bump is expected to be. We will analyse carefully in 

section 2 all these points in order to extract more definite conclusions. 

System Ej p// Ex F-x 
M e V M Gev/c MeV MeV/A 

4 0 A r t 2 3 2 T h 31 7 . 5 754 2 . 7 
35 7 . 5 829 3 . 2 
39 7 .4 BBS 3 . 4 
44 7 .4 956 3.7 

S 8 N i + 2 3 2 T h 20 9 .2 636 2 . 3 
25 9 . 0 760 2 . 8 
30 8 .9 860 3 . 2 

8 4 K r • 2 3 2 T h 25 13.6 1013 3 . 4 
35 13 .0 1297 4 . 6 

Table 1.1 : Excitation energies E x calculated from linear momentum transfer 

p// in the massive transfer approach, (see section 2). E± is the 

bombarding energy, Zj_ is the excitation energy in MeV/u unit. 

From (P088). " 
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it) the disappearance of the fusion bump has also been understood as an entrance channel effect but here again 

die situation remains unclear. A first interesting result concerns the maximum linear momentum which can be 

transferred to a heavy target (figure 1-17). Its value expressed in MeV/c per projectile mass number has a constant value 

around 160-170 MeV/c/u. This suggest", that even for projectiles as heavy as Kr, each projectile nucléon participates in 

the linear momentum transfer. In other words, heavier projectiles are more efficient than lighter ones as far as energy or 

linear momentum deposition is concerned. This result has been recendy confirmed in neutron multiplicity analysis for 

Ar and Kr induced reactions [GAL88]. 

Another interesting piece of information is founu in figure 1-18. It refers to the proportion of the initial linear 

momentum which is transferred to a fusion nucleus when various projectiles are impinging on various targets. The 

corresponding evolution versus the relative partners velocity exhibits a quite similar patten for many projectile-target 

pairs : fusion appears to be complete roughly up to 12 MeV/u and more and more incomplete above ; the initial 

velocity seems to be a relevant quantity as far as fusion characteristics are concerned. In fact, one has to moderate such a 

conclusion at least for two reasons. In figure 1-18, the solid line corresponds to a linear momentum transfer of 175 

MeV/c per projectile nucléon. In other words, the general feature of figure 1-18 may be understood either in assuming 

that the relative velocity of interacting nuclei is a relevant parameter, or assuming that a linear momentum transfer of 

175 MeV/c per incident nucléon is a limiting value. Moreover, the general behaviour of figure 1-18 is observed only for 

asymmetric projectile-target pairs. For more symmetrical systems large dispersions are obtained [BAT87.G087] and it 

has been proposed that the light partner cm. velocity was the most important parameter [M082]. 

It is hence difficult to draw any definite conclusions on the physical reasons which prevent complete fusion 

from being achieved. Certainly several parameters are relevant and their relative influences are difficult to disentangle. 

Otherwise, it is rather important to stress that the quantities plotted in figures 1-17 and 1-18 are mean values. Moreover, 

they can be extracted from data only if a fusion bump can be recognized (figures 1-14 and 15). Around mean values, 

large dispersions exist and we will in section 2 show that fusion still exists when the fusion bump has disappeared. In 

other words, figures 1-17 and 1-18 only give tendancies but not maximum values of the linear momentum which is 

transferred in dissipative central collisions. Figure 1-19 is a very clear illustration of this point [V088]. Folding angle 

distributions have been obtained for fission of the Ar+Th system at 31 and 44 MeV/u, In agreement with figure 1-14, 

the fusion bump has disappeared at 44 MeV/u. However, a specificity of this experiment is that coincident IMF 

fragments have also been detected. It appears that if IMF detection is required, the folding angle distribution exhibit 

dramatic changes. In figure 1-19, are shown various results depending on the nature o. ihe required IMF (Li to Ne). At 

44 MeV/u, the triggered folding angle distributions exhibit a bell shape at variance with the "inclusive" one. At 31 

MeV/u, the mean "triggered folding angle" is smaller dian the mean folding angle of the inclusive fusion bump. Then, 

IMF requirement has selected more violent collisions for which dissipation is stronger. Fusion still exists when the 

fusion bump has vanished. 

It is then rather dangerous to try to extract from linear momentum transfer distributions limits concerning the 

fusion process cross sections. This has been attempted in several papers (see réf. [LE86]) and figure 1-20 is an example. 

The fusion cross section has been estimated from the area of the fusion bump (figure 1-15). An extrapolation to zero 

implies that fusion would disappear at around 35 MeV/u. Nowadays, one knows to day that this is incorrect (see ref. 

(BIZ87] and section 2) and that such extrapolations are unreliable. 

At last but not at least, one has to note that limits concerning energy dissipation can be underestimated when 

one refers only to a definite decay channel. For instance, in fission experiments, one assumes implicitly that fission is 
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still binary even when the excitation energy becomes very large. Similarly, in evaporation residues experiments, one 

assumes that statistical evaporation remains the dominant decay channel oven for very hot initial fusion nuclei. One 

knows today that successive binary decay or multifragmentation may dramatically change the landscape (see next 

sections) : exit channel effects can hide entrance channel properties. 

Before concluding this section, ic is interesting to focus on a last evidence of strong dissipation in intermediate 

energy induced reactions : angular momentum transfer. This physical quantity may be estimated in two ways from 

experiments : either in looking at the angular distribution of decay products [EC88] or in performing a gamma ray 

analysis [NA86], In figure 1-21 are indicated results obtained in a fission experiment. The two fission fragments have 

been detected in coincidence with a projectile-like fragment, and their azimuthal angular distribution has been analysed. 

The triangles indicate the initial angular momentum brought into the target versus the PLF atomic number. The squares 

represent the angular momentum of the fissioning nucleus. Preequilibrium emission is responsible for the difference 

between the two curves. Angular momentum transfer is significant for both reactions at variance with what would be 

expected in a participant spectator approach : dissipation has occured in these peripheral reactions. 

The same conclusion may be drawn from figure 1-22 where it is shown that angular and linear momentum 

transfers are two strongly correlated quantities. They may both be used to estimate the violence of the collision and they 

are both clearly correlated with the excitation energy deposited into the system. Of course, an important question is then 

to estimate this excitation energy, to understand to which extent it is thermalized, and to extract from experiment hot 

nuclei properties. All these questions are discussed in the next section. 

20 



2 - HOT NUCLEI : EXPERIMENTAL SIGNATURES, PROPERTIES AND LIMITS 

2-1 : CONCEPTUAL PROBLEMS ASSOCIATED TO THE PROPER DEFINITION OF A HOT 
NUCLEUS AT INTERMEDIATE ENERGIES (10-100 MeV/u) 

Before discussing some of the difficulties bound to a proper extraction and definition of a temperature in 

highly excited nuclear systems, we shall focus on a "simple" well defined case, namely a complete fusion reaction 

leading to the formation of a compound nucleus. 

2-1-1 : Introducing the temperature 

Let us consider a low energy reaction A1+A2 at for example Eiab = 5 MeV/u for which complete fusion is 

clearly obtained for small impact parameters. In this case, assuming an average binding energy B of order B = -8 MeV 

per nucléon one obtains a simple expression for the excitation energy E* of the fused system : 

E*=E t o t -B(A 1 +A 2 ) 

_ 1 A]A 2 

2A,+A 2

 l a t 

= 50 MeV for A[ = A2 = 40 (2-1) 

Such an excited system decays by sequential emission of light particles, mainly neutrons and H and He isotopes. 

Emission of more complicated objects (Li, ...) is very unlikely due to the hign barriers. This deexcitation is well 

understood in statistical models and is governed by the density of states p accessible to the A]+A 2 system. In un 

independent particle model the leading term in p is proportional to e 2 ^ ^ * where a is essentially the single-particle level 

density at the Fermi energy (see sections 4-1-5-1 and 2 for details). Within such a model calculated light particle 

evaporation is found to be in very good agreement with experimental data as can be seen for example in figure (2-5) in 

the case of 1 4 N + 1 0 3 Rh at E l a b = 7.6 MeV/u . 

This simple picture, confotted by its efficiency in describing the deexcitalion of low energy fusion residues, 

however, implies the strong assumption of thermodynamical equilibrium. Furthermore the statistical model, which 

assumes a microcanonical ensemble description of the excited nucleus becomes fully tractable only when a temperature 

is inserted for defining the density of states (otherwise prohibitively complicated to estimate). This amounts to switch 

to a canonical representation of the excited nucleus. In the latter ensemble, the temperature is well defined but the energy 

is in turn only known on the average, which is a restriction to be kept in mind in the following. In principle, in the 

limit of large particle numbers both representations (microcanonical and canonical) should coincide. In real nuclei, one 

may be quite far from such an "infinity" and it is instructing to make a rough estimate of the dispersion one may 

encounter around the average value of the energy. Starting from a nucleus of mass A, at given temperature T and average 

energy <E> (hence in a canonical representation) the second derivative of the partition function with respect to the 

temperature gives the dispersion a around <E> : 
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The value of a becomes small as compared to <E> either for large or very hot systems. In a nucleus of mass 100 fixing 

ihe temperature hence amounts to introduce an incertitude of about 10% in its excitation energy E*. 

[f one assumes that the physically sounded representation is the microcanonical one, namely the one in which 

the energy is well defined, then speaking in terms of temperature (hence in a canonical picture) is somewhat abusive. 

One should at least keep in mind that the temperature is an approximate concept in the nuclear context, which becomes 

more and more valid for heavier nuclei and higher temperatures. It should also be noted that the introduction of a 

temperature does not mean a contact of the nucleus with a heat bath. The real physical assumption is only the 

equilibration process and the final configuration. This in turn implies that the system was able to transform the 

translational energy characteristic of the entrance channel of the collision into a disordered internal excitation energy. 

The first question to be answered is hence whether such a transformation can be achieved by the system in the course of 

a heavy-ion collision at intermediate energy. 

2-1-2 : Appearance of dynamical effects with increasing beam energy 

In the 10-100 MeV/u beam energy range the situation is much more complicated than the simple fusion picture 

of the preceding section and this for various reasons : 

i) The fusion becomes incomplete with increasing beam energy (see also section 1-4). This means thai the 

simple balance of eq. 2-1 has to be revisited in order to take into account the preequilibrium nucléons. One has to 

evaluate their multiplicity and the kinetic energy they pump from the system. IVeequilibrium emission may also 

modify the binding energies when the number of emitted particles becomes important. 

ii) Apart from rotation effects we shall briefly discuss later on, collective dynamical behaviours may also 15 

present such as large amplitude monopole or quadrupole motions. These modes, which bear a memory of the entrai .ce 

channel are long living phenomena in which also part of the available energy may be stored, once again leading 3 a 

modification of the simple picture of eq. 2-1. 

iii) Time scales become prohibitively small. At variance with low energies the various time scales involved 

(fission, evaporation,...) become comparable as soon as temperature is not small (T 2 3 McV). A nucleus may hence 

evaporate neutrons while it undergoes fission. Furthermore, the characteristic evaporation time may become of the order 

of the time the nucleus needs to attain thermodynamical equilibrium, which means that the hot nucleus may decay 

before it is formed (see also section 4 - 1 - 5 - 3 ) . 

In figure 2-1 is shown a schematic representation of die time evolution of the various components entering the 

energy balance, during the first stages of an incomplete fusion reaction. These results have been obtained in a realistic 

simulation of heavy-ion collisions, which will be discussed in more detail below (see section 3). For the time being the 

interesting point for our discussion is the strong interplay of various effects during the first 150 fm/c after the onset of 

the collision, namely the actual formation of the hot nucleus. In this head on collision a highly compressed stage is 

attained after around 40 fm/c. At that time die collective kinetic energy which was initially the translational energy of 

'he two colliding nuclei is reduced to almost zero, the remaining component having to be attributed to preequilibrium 

particles which are not yet away from the nucleus but which are already on their way out These preequilibrium particles 

are clearly identified some 60 fm/c later, together with the first evaporated nucléons, when they are far away from the 

"fusion" residue. The large amplitude monopole-like motion also induces strong variations in the nuclear potential 

energy of the system which amounts to create compressional excitation energy. Excitation energy of pure thermal 

origin, namely corresponding to a disordered internal motion, finally reduces to a small fraction of the initially available 
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translational energy, once the various components have been properly taken into account (compression, preequilibrium, 

collective motions...). This example illustrates the intricate situation encountered at intermediate energies and the 

difficulty one faces in extracting basic properties of a hot nucleus such as its mass and its excitation energy, not 

speaking of purely experimental problems. 

Another difficulty is bound to the time needed for a system (for example the hot residue of figure 2-1) to 

actually reach an equilibrium state to which one can attach a temperature. A guideline for such a discussion may be 

furnished by Boltzmann 's kinetic theory [BA75]. In figure 2-2 is picturized the equilibration in momentum space of an 

infinite system of fermions whose dynamical evolution follows a Boltzmann-like equation (T082). To the Fermi 

sphere, has been initially added an outer spherical shell, which amounts to put the system out of equilibrium (its 

momentum distribution is no longer a Fermi funcdon) and to give it excitation energy. One can see in figure 2-2 the 

progressive washing out of the outer peak and the emergence of a Fermi-like momentum distribution. This Fermi 

function is an equilibrium solution of the dynamical kinetic equation. It characterizes a thermally equilibrated system 

whose temperature is given by the diffusivity of this distribution. 

In the framework of the Boltzmann equation each particle should encounter around 5 collisions before the whole 

system reaches equilibrium. Knowing the average density of matter < p > and the average velocity <v> of the nucléons 

in the energy range of interest one can have a very simple estimate of the thermalization time. Assuming that the mean 

free path X is roughly given b y X = l / o " < p > (where a is the nucleon-nucleon cross section) the average time 

between two collisions is hence of about AT •= XI < v > which leads to a thermalization time of some 10"23 s in 

agreement with more realistic estimates [T082]. In the intermediate energy range (10-100 MeV/u) compressions 

encountered are rather small (p/p nuc matter S1.2-1.5) and the average velocity is not strongly varying as it remains of 

the order of one or twice the Fermi velocity. As a consequence the thermalization lime constitutes a fundamental time 

scale as it is not a very sensitive quantity. It may vary by a factor 2 or 3, which is however negligible as compared to 

the orders of magnitude variations observed in evaporation times when excitation energy increases [DE86] (see also 

section 4-1-5-3). In addition the thermalization time remains much smaller than typical fission times (= 2.10"^1 s, 

[DA76]) which ensures that ihermalization is not in competition with fission. The most delicate point hence lies in the 

thermalization/evaporation competition. For temperatures of order 4-5 MeV, which is a temperature typically obtained 

in this energy range, evaporation becomes much more rapid than thermalization, which also breaks the simple 

statistical picture of the preceding section. 

2-1-3 : A brief intermediate summary 

In the previous section we have tried to point out the difficulties bound to properly take into account the 

preequilibrium emission and collective motions, even for simply writing down an energy balance. We have also shown 

that evaporation (hence the exit channel) could possibly occur even before thermal equilibrium had time enough to 

settle. Competiting time scales or the fact mat characteristic lengths become comparable is typical of the energy range 

10-100 MeV in which hot nuclei are formed. This is summarized in figure 2-3 where the relevant lengths are plotted 

versus beam energy. One can see that nearly all the relevant physical quantities take values in the same range of around 

1-2 fm which illustrates the overall complexity (and interest) of this physics. 

Before passing on to Ihe experimental informations we have on hot nuclei, let us still mention two points we 

have omitted up to now. The first one concerns the opening of inelastic channels, in particular the subthreshold pion 

production. This should call for an enlarged theoretical picture in which pions would be properly taken into account. 
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Fortunately, as their production rate is small in typical reactions leading to the formation of hot nuclei, their effect can 

be neglected in a first approach [DU88]. The second point concerns the role of angular momentum effects. In heavy-ion 

collisions the formation of a compact aggregate in the entrance channel is accompagnied by a large transfer of angular 

momentum from the relative to the intrinsic motion. In principle angular momentum should be taken into account on 

an equal footing with the temperature. Practically the analysis is generally restricted to a YRAST line approach, once 

again inherited from the low energy domain. This is obviously an approximate treatment as the interplay between 

temperature and angular momentum is not that simple (see section 4 - 1 . 4 - 3 ) . 

2-2 : EXPERIMENTAL EVIDENCES OF HOT NUCLEI 

2-2-1 : Introduction 

In section 1, we have seen that many experimental features indicate that dissipation plays a determinant role 

around the Fermi energy. In subsection 2-1, we have seen that this does not mean that the corresponding excitation 

energy is thermalized. Now, our purpose is to discuss to which extent experiment has answered this question of 

thermalization, and what are the maximum excitation energies and temperatures which have been extracted from dam. 

First of all, let us recall that hot nuclei may be formed in two main kinds of reaction : deep inelastic 

collisions (see section 1-3) and fusion (section 1-4). The experimental observables are either the main decay residues 

(deep inelastic fragments or fusion residues) or the decay products, i.e. light particles, but also eventually IMF, gamma 

rays or pions. 

2-2-2 : Residual nuclei 

In section 1-4, we have shown how linear momentum transfer is a signature of dissipation . When fusion is 

complete (let say below 12 MeV/u), excitation energy is obviously obtained (see section 2-1-1). The difficulty arises 

when fusion is incomplete. In this case, one has to know the precise reaction mechanism if one wants to extract an 

excitation energy from the data. Generally, one assumes (approach I) that one part of the projectile has fused with the 

whole ta'get, the remaining nucléons of the projectile flying away with its initial velocity. This very simple model is 

called massive transfer model ; it may be correct for asymmetric systems but is certainly wrong for symmetric ones : in 

this case, the symmetry between projectile and target prescribes that an equal proportion of both nuclei have undergone 

fusion (approach II). Fortunately approaches I and II lead to the same formula for the excitation energy per nucléon of 

the fusion nucleus [AUG85.NI86] : 

e* = V e R e p - e R (2-3) 

where ER and ep are respectively the kinetic energies per nucléon of the fusion nucleus and projectile. The temperature 

may then be deduced from the relation : 

A e * = a T 2 - T --> e* = ^ T 2 = ~ . (2^t) 

25 



(a : level density parameter, A : fusion nucleus mass number). 

The underlying assumptions of relation 2-3 are : 

i) the non fusing nucléons have kept their initial velocity ; 

ii) the meqn, velocity VR of the fusion nucleus has not been changed by its decay chain. 

Of course, this mean velocity is directly extracted from experiment. In section M (figures 1-14 and 1-15), we have seen 

that this is not always possible (essentially at high bombarding energy when the fusion bump has vanished). In such 

cases, the extraction of VR (or ER) is model dependent [MOR83]. It is worth stressing that, as the temperature increases, 

the abundance of light particles tends to broaden the distribution of the initial velocities and limits accordingly the 

sharpness of such observables. 

Further assumptions are performed to write relation 2-4 : 

i) the knowledge of the level density parameter which has been taken equal to A/10. 

ii) the knowledge of the initial fusion nuc'eus mass A. As a matter of fact, the initial fusion nucleus mass 

cannot be derived directly from experiment because of the subsequent fusion nucleus decay. At moderate excitation 

energy, evaporation and binary fission are the dominant decay channels and the total evaporated mass represents 

generally a small percentage of the fusion nucleus mass ; but for large excitation energies, more than half the fusion 

nucleus mass can be evaporated, fission can be ternary, and multifragmentation can occur. The situation is then much 

more difficult and A is generally obtained in a model dependent way from final products masses (fission fragments 

[LE85,BIZ86,P088] or evaporation residues [FA86, RI86, BE87]). Generally, approach I is assumed to be valid ; e* 

and A are then extracted from the measured VR value and the decay is simulated by using evaporation codes. For 

instance, in réf. [BIZ87] (fig. 2-4), a correlation has been obtained between evaporation residue mass and velocity. The 

agreement between experimental and calculated results is a first indication that the massive transfer approach could be 

reasonable and that the resulting fusion excitation energies could be roughly reliable. 

In fact, one has to be cautious because other scenarios are also able to reproduce experimental data : as a 

matter of fact, we have a very poor knowledge of very hot nue'ei decay properties and the available evaporation codes 

can be inadequate in that cases. On ;he other band, the main restrictive assumption of approaches I and II is that non 

fusing nucléons velocities do not change during the interaction. In a third approach, this hypothesis is removed. The 

velocities of non fusing nucléons are then estimated cidier in a phenomenological way [NI86,CE86], or in sophisticated 

Landau-Vlasov simulations (see section 3). They correspond to PEP's and/or preequilibrium particles (slower than the 

beam). From an experimental point of view, both kinds of particles have clearly been identified. For instance, it has 

been shown in réf. [J087] that, at 30 MeV/u, many non fusing projectile nucléons are 10% faster than the beam. At 

lower bombarding energies, preequilibrium particles are dominant [CE86]. Concerning the consequences on excitation 

energy values, calculations based on the third approach indicate that the massive transfer model (approach I) generally 

leads to an overestimated value : this over-estimate is about 10 to 20% and can be larger for light systems. For instance, 

in the case of the Ar+Al system at 27 MeV/u, relation 2-3 leads to E*=5,9 MeV/u [NI86] whereas the value obtained in 

a Landau-Vlasov calculation is 4 MeV/u [REM86]. 

It hence appears that within 20-30%, the massive transfer model is able to give correct fusion nuclei 

excitation energies (see section 2-2-4 for further data). The main question is then : to which extent is the excitation 

energy e* thermalized ? In other words, to which extent is it justified to extract a temperature value ? This question 

is a difficult one. One may however remark that, if thermalization was not fast achieved, many preequilibrium particles 

would be emitted in the forward direction and would reduce the recoil velocil;' VR. The fact that VR is different from the 
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complete fusion velocity is indeed due to such fast emissions. Therefore, when one extracts e* from VR, one selects the 

available energy part which leads to equal forward-backward emission i.e. dissipated energy. 

At this point, we talk about dissipated energy rather than thermalized energy because Landau-Vlasov 

simulations (see section 3 and fig. 2-3) and experimental data (see section 2-2-4) suggest that part of die dissipated 

energy may be for some time stored as compression energy (see also fig. 2-1). From linear momentum transfer analysis, 

we have no way to distinguish between thermalized and compression energy since both can lead to isotropic emission. 

2-2-3 : Decay products 

Hoi nuclei may be recognized and analysed by studying their decay products. Several measurements may be 

considered : the decay products nature, their multiplicities, their kinetic energy spectra and their excitation states. The 

extracted quantities are excitation energies, temperatures, but also hot nuclei characteristics such as level density 

parameters. 

2-2-3-1 : Nuclear temperatures from kinetic energy spectra 

The shape of particle kinetic energy spectra is quite well predicted by the statistical theory (see § 4-1-5). The 

exponential fall off of the distributions at large kinetic energies E has often been used to deduce temperature values (T). 

Namely, one gets : 

E'-E - 2 ^ 
W(E)dE - — ^ e T dE ( 2-5) 

T"' 

where E s is the threshold energy for emission of the selected panicle, i.e. the corresponding Coulomb barrier. The main 

advantage of die method is that it is nuclear model independent since relation 2-5 has been obtained wiUiout any need of 

the density of state of the nucleus. But of course, the method is valid only if one knows that the delected particles are 

evaporated from a given thermalized nucleus. In figures 2-5 and 2-6, are given examples which illustrate this feature. In 

figure 2-5 [GA74], die bombarding energy was small and the most probable reaction mechanism was compound nucleus 

formation. In this case, all the detected alpha particles result from compound nucleus decay and their kinetic energy 

spectrum is a clear signature of the compound nucleus temperature. In figure 2-6, the bombarding energy has been very 

much increased and compound nucleus formation is no longer the dominant reaction channel. On die contrary, several 

mechanisms are mixed up and the light charged particles have several origins. It is then rather difficult and dangerous to 

extract source temperatures [GR86] from such inclusive spectra. In the littérature however, such an extraction has often 

been performed. Usually, it is assumed that the particles have three origins : a fast source with a velocity close to die 

beam velocity, a slow source which could be the heavy residue product, and an intermediate and mysterious source with 

an intermediate recoil velocity. The temperatures extracted in such analysis are generally meaningless for at least two 

reasons: 

a) the above picture may be valid only if the three sources have well defined recoil velocities which is 

certainly not the case. Any fluctuation on the sources recoil velocities lead to an over-estimate of the corresponding 

temperatures. Moreover, a further over-estimate can be due to angular momentum effects [JA85.CH86J ; 

b) the measured quantities may be called temperatures only if tiiermodynamical equilibrium has been reached 

which is very often not evident at all. Preequilibrium emission or PEP'S are clear evidences that all light particles do not 
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originate from an equilibrated system. Moreover part of the available energy can be stored for some time as compression 

energy (see sections 2-1 and 3). 

The temperature may. be regarded as a true temperature only in experiments in which particles are detected in 

coincidence with the emitting nuclei. In figures 2-7 and 2-8, we discuss an example concerning the Ar + U system at 27 

MeV/u [JA85], Light charged particles (LCP) have been detected at several backward angles in coincidence with fission 

following fusion products. The backward angles detection has been achieved in order to avoid the fast emitted particles. 

Moreover, the detection of the fission products has been used to deduce the velocity of die fusion nucleus. A complete 

kinematical analysis involving measurements at various angles has hence been performed to conclude about the 

evaporation nature of the detected particles. Most of them are evaporated before fission by the (incomplete) fusion 

nucleus. The degree of thermalization of this nucleus has been estimated from two features : the angular distribution of 

the evaporated particles, and a coherence between experimental data and Landau Vlasov simulations. In figure 2-8, is 

shown a typical result of such a calculation [JA85]. The upper part of die figure shows the evolution versus time of the 

anisotropy of the nucléon momentum distribution in die fusion nucleus. At the very beginning of the collision, it 

appears that the anisotropy is quite large : thermalization is far from being achieved. But after 100 fm/c (3x 10" 2 2 s), the 

initial direction is forgotten, the initial cm. kinetic energy has been fully dissipated, i.e. transformed into heat or 

compression energy. In part b of the figure, is given the calculated excitation energy of the fusion nucleus. It appears 

that its maximum value is reached more or less after full energy dissipation : most of the emitted panicles are calculated 

to be evaporated from an uniformly excited nucleus. The point is then to know to which extent compression energy is 

subsequendy thermalized. In part c of the figure, the temperatures have been extracted in assuming that this conversion 

is achieved. The agreement between die temperatures obtained in the calculation and from LCP kinetic energy spectra 

(figure 2-7) is a good indication that the overall description is reliable. 

To conclude and summarize this discussion, one may recall that : 

i) it is generally wrong to deduce temperature values from inclusive particle kinetic energy spectra 

ii) temperature measurements may be valid only if : 

- the emitting nucleus is detected in coincidence widi evaporated particles ; 

- several detection angles have been studied in order to be able to isolate die evaporated particles and to 

show that thermalization could be achieved. 

If these conditions are fulfilled, it is justified to try to extract temperature values, but one has to keep in mind that 

particle kinetic energy spectra depend on several parameters : temperature, angular momentum, shape of the emitdng 

nucleus, amount and behaviour of compression energy. Many various data are necessary in order to disentangle 

these variables and the analysis is more and more quesdonnable when die available energy is increased : as a matter of 

fact, relation 2-5 is simply irrelevant if compression or multifragmentation effects are not negligible and we will see in 

section 2-2-4 how exclusive measurement raise serious questions on this point. 

2-2-3-2 : The case of hard gamma rays and pions 

Before going on in this section, it is worth considering the gamma ray or pion emission. As a mauer of fact, 

it has been shown in many evseriments tiiat the gamma ray and pion energy spectra exhibits a high energy exponential 

tail. Let us focus on the gamma ray case which is the simplest one and for which ambiguity is less (see réf. [GR86J for 

a discussion on pion production). Two quite different interpretations have been proposed in tile littérature. In the first 

one, the gamma rays are simply evaporated from hot nuclei the temperature of which may be deduced from the slope of 
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the high energy fall off. In the second one. gamma rays result from a Bremstrahlung mechanism which would take place 

in the entrance channel when die projectile and target nucléons collide. 

Both mechanisms are certainly present and hard gamma rays may have both origins. As claimed by Moretto. 

statistical y-ray should exist. In réf. [MOR88], this author shows that, m some cases, it is certainly the main 

contribution to the total production cross section. Figure 2-9 illustrates this point. It is a comparison of calculated and 

measured y-rays spectra obtained in a deep inelastic process analysis at 20 MeV/u. The calculation reproduces the spectra 

from 15 MeV to 60 MeV for all energy bins, both qualitatively and quantitatively. The slope parameter can also be 

compared with the data. This is shown in figure 2-10 and again the fit is good. The solid line in the figure represents Uie 

initial calculated temperature. The actual slope parameter is somewhat smaller due to the substantia! presence of higher 

chance emission at the highest energies. Similarly the integrated Y-ray multiplicities are equally well reproduced (Figure 

2-10b). All the high energy gamma rays would hence have a statistical origin at 20 MeV/u. 

Of course the question is : is a similar conclusion correct at higher incident energies ? In réf. [BON88], 

statistical calculations have been performed in the fireball model framework. The model strongly overestimates die Y-ray 

production cross section below 50 MeV/u probably because the participant picture is not suitable but the agreement 

with experiment is reasonable at 84 MeV/u. In that case, most of the experimental features can be reproduced : spectra 

slope parameters, cross sections and source velocity which is closed to half the beam velocity. In réf. [PR88], similar 

calculations have been undertaken. Again a statistical treatment is able to reproduce most of the data. The role of the A 

resonance is suggested [BE88]. However the slope parameter is underestimated. The main question concerning these 

analyses concerns of course the validity of the fireball model and the extent to which thermali2ation is achieved when 

y-ray emission occurs. 

On the other hand, an interpretation in terms of nucleon-nucleon collision (see section 3-2-2) is also able to 

reproduce many experimental data. The first argument supporting this analysis is the velocity of the y-ray source : as 

already quoted above, its value is always close to half the beam velocity i.e. the nuclcon-nucleon cm. velocity. 

Moreover, it is shown in réf. [6A86] that the Bremstrahlung mechanism is able to explain the slope parameters and the 

angular distributions as well. Figure 2-11 illustrates this statement for the slope parameters. Concerning absolute cross 

sections, it appears in the figure that the agreement is quite nice for the system N+C at 40,30 and 20 MeV/u, but that 

the calculation strongly underpredicts the production rate for the system 1 2 C + 1 2 C at 84 MeV/u. Further problems are 

noted in réf. [BE87] and [KW88] : the gamma production cross section is similar for the systems Kr+Ag and Kr+Au at 

44 MeV/u at variance with what is expected in pure nucleon-nucleon collision process. Moreover, discrepancies have 

been observed between the cross sections of photons produced in proton-nucleus collisions and the hypothesis of 

production in first chance incoherent n-p collisions. In this last case, the observed discrepancy is very likely due to the 

fact that exchange currents have been neglected in the calculations (see section 3-2-2). Probably several mechanisms are 

responsible for hard gamma rays emission. 

2-2-3-3 : Excitation energy from decay particle multiplicity 

In the proceeding section, we have seen how temperature measurements are questionnable as soon as 

thermalizau'on has not been clearly established. From this point of view, direct excitation energy measurements can give 

precious informations. This quantity may be obtained in detecting all the decay products of a hot nucleus in coincidence 

with the corresponding heavy residues. Excitation energy is carried away by neutrons, protons and heavier charged 

particles. The best would hence be to detect all these particles in 4rc devices, which is unfortunately very difficult and 
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has never been done up to now. So far, either type of particles has received particular attention, depending on the 

characteristics of die studied system. For rather neutron poor systems such as ' 2 M o + ' ' M o [OL87], only charged 

particles i.LCP) have been measured. In figure 2-12, the LCP multiplicity has been plotted versus the kinetic energy 

loss of deep inelastic outgoing products. The correlation between both variables is quite clear. For heavy systems, the 

main decay channel is neutron emission and neutron multiplicity has been measured in 4 z neutron balls [H083, GA86, 

JA86, GAUSS, JI88]. A typical result concerning hot nuclei is shown in figure 2-13 ; two kinds of results are quoted : 

folding angle angular distributions and corresponding 4it neutron multiplicities. As expected, the neutron multiplicity is 

an increasing function of the violence of the collision. However, the striking feature is that it saturates at a given value 

which is independent of the bombarding energy. In taking into account charged particles evaporation, the authors 

estimate that the same excitation energy of about 630 Me V is reached with Ar projectiles between 27 and 44 MeV/u. 

On the other hand, very recent data [GU89] indicate that a larger excitation energy is reached with heavier projectiles : 

the neutron multiplicity is 1.5 larger with Kr projectiles and excitation energies exceeding 1 GeV are certainly reached. 

Such an evolution is already quite evident on inclusive data (figure 2-14). 

Two remarks may be done on the previous discussion : 

i) first, the above results are quite coherent with the conclusions we drew in section 1-4 from the analysis of 

linear momentum transfer data : heavier projectiles are more efficient as far as high excitation energy deposition is 

concerned. 

ii) however, the coherence between linear momentum transfer and multiplicity data is not perfect. In figure 2-

13, it appears that similar absolute values of linear momentum are reached at 27 and 44 MeV/u since the angular 

correlation extends on a similar range in both cases. From relation 2-3 one would hence expect that higher excitation 

energies (or neutron multiplicities) would be reached at 44 MeV/u, at variance with experimental results. The simplest 

way for explaining this discrepancy is to assume that relation 2-3 is wrong, i.e. that incomplete fusion does not proceed 

via massive transfer, but the situation remains unclear (see secdon 2-2-4). 

On the other hand, several drawbacks of the multiplicity measurement have to be pointed out. First, in order 

to extract the excitation energy, one has to know the mean excitation energy removed by each neutron. Other difficulties 

arise when the bombarding energy is increased : first, the efficiency of the detector is a decreasing function of the 

neutron energy. (lis value is only 50% at 10 MeV). Since the energies of the detected neutrons are not measured in the 

4it detector, the knowledge of the detection efficiency is again model dependent. A further difficulty is due to the fact 

that it is hard to distinguish between evaporated and non evaporated particles. At last, even for heavy systems, charged 

particles and clusters evaporation is no more negligible when die nuclear temperature is strongly increased. 

It is hence rather difficult to deduce reliable E* or T values when the temperature is large. On the other hand, 

this 4ic method is a powerful filter of ihcrmalized events since thermalization means sharing of the available energy over 

the whole system, i.e. larger final multiplicities. Figure 2-15 illustrates this feature. In the case of the system Ne+Au at 

three bombarding eneigi.j, the authors have measured the neutron multiplicity when the detector was triggered by an 

alpha telescope at various angles. It appears that the alpha delected at backward angle are issued from violent collisions 

with strong diermallzation whereas the alpha detected at forward angles have two different origins : central collisions 

with strong thermalization and more peripheral collisions. 
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2-2-3-4 : Intermediate mass fragments : a hot nucleus signature 

We have seen in section 1-3 that intermediate mass fragments (IMF) are signatures of dissipative phenomena. 

Some of them are deep inelastic collisions outgoing products, at least up to bombarding energies about 40 MeV/u. 

Other ones originate from excited projectile-like (PLF) or target-like (TLF) fragments, or fusion-like nuclei in more 

central collisions. What is the emission mechanism of these IMF ? 

Today it appears that many of them are simply evaporated. As a matter of fact, the statistical theory does not 

predict that evaporation is limited to light nuclei [TA85]. Cluster evaporation probably increases strongly with 

excitation energy. 

From an experimental point of view, IMF evaporation has been recognized in many cases, le t first recall that 

it is already the case in light projectile induced reactions, [KW86, SOB83] : for instance, for the system •'He (66 

MeV/u) + Ag [KW86], most of backward emitted IMF would be evaporated from the fusion nucleus, whereas 

coalescence-like or direct pick up would be responsible for many forward IMF. The evaporation nature of many IMF has 

also been suggested in several heavy-ion studies. In réf. [FA88] , IMF have been inclusively detected for the collisions 

Kr + C, Kr + AI and Kr + Ti between 26 and 45 MeV/u. Most of them are attributed to an emission from an 

equilibrated system. In figure 2 -16, one may actually recognize the two kinematical branches corresponding to forward-

backward emission from a fusion nucleus. 

Similar results have been obtained in Nb induced reactions on various light targets. From this point of view, 

reverse kinematics is a very powerful tool. Figures 2-17 and 2-18 [MOR88, MI87, CH88] give very clear evidence of 

the binary nature of the detected IMF events. In every case, IMF result from binary decay of a very excited fusion-like 

nucleus. 

In réf. [MOR88J, Moretto discusses the results obtained in deep inelastic study of the system Mo + Mo at 20 

MeV/u [OL87). It is found that die IMF emission probability is proportionnai to the square root of the excitation 

energy as expected in a simple evaporation picture in which IMF are sequentially evaporated from deep inelastic 

products. Similarly, in réf. [AD88], sequential decay of deep inelastic collisions products is responsible for coincident 

fast IMF detected at forward angles in a large solid angle IMF multidetector. 

Another interesting piece of information is given in réf. [LY88] : it is shown that IMF emission is probably 

governed by the dissipated energy rather man by entrance channel characteristics. This conclusion may be drawn from 

figure 2-19 where IMF multiplicities are shown to be similar for the systems 0 + Au at 84 MeV/u and Ar + Au at 30 

MeV/u. The corresponding excitation energies in both cases are similar (around 600 MeV). 

It is hence quite clear today that many IMF simply result from sequential evaporation. This does not mean 

however that other mechanisms of IMF production have not been observed. As a matter of fact, deviations from the 

preceding simple decay picture arc observed as soon as the involved dissipated energies become quite large. For instance, 

in reverse kinematics reactions and for a given bombarding energy, deviations are observed when heavier targets are 

considered. It is the case when one uses a Ti target instead of a C or Al target in Kr 44 MeV/u induced reactions 

[FA88]. Similarly, binary decay is clearly recognized in La + C and La + Al systems at 50 MeV/u, but the situation is 

more complex with Cu or La targets, i.e. for more symmetrical systems [MI87]. 

It is very tempting to correlate these features to the onset of multifragmentaiion (see section 4) or to a liquid-

gas phase transition above a definite threshold. IMF atomic number distributions have actually been interpreted in that 

way [PA84]. However this argument is very poor because many other approaches lead to a similar conclusion [GR86]. 

36 



30 MeV/u Mb -I- Be 
I K 2 < 17 

F i j . 2. IS: a)Schematic representation oC 
ttie kinematics for compound-
nucLeus fragment emission in 
reverse kinemat i cs . 

b)Density p lo t of the invar iant 
cross section (<5 o/$V||OVj_) in 
Cite V„ -Uj_ plane for fragments 
with 1KZ<17 for the reaction 
30.3 MeV/u Nb on Be. 
From (MI87). 

-04 -0 2 0.0 0 2 0 4 
v i / y b e a m Ag Target Au Target 

IMF muleiplicities 
excitation energies Eor 

function of 
l 2C (circles) 

2̂ Ne (squares), '̂ 0 (triangles) and 
Ar (diamonds) impinging on Ag and A' 
targets. The incident energies are 
30, 48, 84 MeV/u Eor '?C ; 48 MeV/u 
for 2"Ne ; 84 MeV/u for '&0 ; 30 
MeV/u for 40Ar. From (t,Y88) . 

200 LOO BOO 800 
<E*> (MeV) 

600 BOO 
(MeV) 

FiC. 2.20 : Correlation functions For two IMF. 
Systems 0AAu and 0*Ac. at 84 MeV7u. 
From (TR87). 

1 2 3 k 

v r e l ( c m / n s ) 

37 



On the other hand, the fact that the experimental situation appears more complicated for more symmetrical systems may 

be interpreted as an entrance channel (dynamical) effect [FA88]. Probably all these explanations carry some pan of truth. 

The existence of dynamical effects has probably to be considered when IMF are emitted with a sizeable 

probability from a moderately excited nucleus : in réf. [B189], it is shown that IMF sequential emission from a PLF is 

a probable process for the system Ar + Au at 60 MeV/u ; on the other hand, PLF excitation energy is measured 10 be 

smaller than 2 MeV/u ; these two features are difficult to put together if dynamical effects do not play some role in the 

decay process. Similar conclusions have often been given on projectile break-up in light ion induced reactions [GR86) 

and prompt break-up can certainly lead to IMF emission. 

The onset of multifragmentation has been looked for in many experiments. In réf. [TR87], the interferometry 

method has been used in order to test to which extent coincident IMF where emitted in a sequential process (figure 2-

20). It appears that the mean rime between their respective emission would be about 1000 fm/c , at variance with what 

is expected for multifragmentation. On the contrary, the authors of réf. [KL88] claim that they have observed 

multifragmentation for a + Au system at 800 MeV/u : as explained above, multifragmentation would occur when the 

total dissipated energy exceeds a threshold, independently of the projectile mass and velocity. The distinction between 

sequential decay and multifragmentation mechanisms is performed by studying IMF- IMF relative velocity distribution. 

A similar analysis has been undertaken for the Kr + Au and Kr + Ag systems at 43 MeV/u bombarding energy. 

IMF have been detected in a (nearly) 4 TE multidetector which was hence quite suitable for multifragmentation studies. In 

an event by event analysis, the authors of réf. [BOU88] have defined a y variable which represents the maximum 

deviation of relative velocities with respect to their mean value. Large values of y indicate a large dispersion of relative 

velocities, which is due due to a sequential decay process of a TLF. On the other hand, a low value of y denotes low 

dispersion. This is an indication of a common source for all detected fragments. For such low y values. IMF 

multiplicities of 3 to 6 have been observed with a sizeable probability. In réf. [BOU88], it is shown that all the IMF 

originate from a fusion-like source and that their relative kinetic energies are compatible with a multifragmentation 

process. However, it is rather difficult to kinematically distinguish between multifragmentation and multiple sequential 

decay [GR88]. In a recent paper [LO88], Lopez and Randrup have simulated both extreme situations in a Monte Carlo 

calculation. It turns out that the corresponding relative kinetic energy distribution is not an easy tool if one wants to 

draw unambiguous conclusions. Moreover, as already quoted above, one has to keep in mind that such simulations are 

performed within assuming that equilibration is achieved. In recent Landau-VIasov simulations it turned out that 

dynamical effects can lead to a multifragmentation process in central collisions ; in such a case the IMF angular 

distribution would be peaked at 90° to the beam. Very recent data concerning quite heavy systems support this statement 

rjLE88], 

It is quite clear that there is a strong need of exclusive experimental data. But of course this is very difficult to 

obtain because IMF are coming with heavier fragments, light charged particles, neutrons, with a rather broad kinetic 

energy spectrum. It's hence rather difficult to properly identify all the final products of a given event- In réf. [JIN88], 

the authors have simplified the job in choosing a light system : Ar + Al. They have then been able to achieve correct 

detection of most of the outgoing products in a nearly 4 TC cm. device. In figure 2-21, are plotted excitation functions 

for central collisions when 1 to 5 IMF are detected. It appears that the cross sections for production of 3 to 5 IMF 

strongly increase around 35 MeV/u. This may reflect the onset of the multifragmentation process. Such a result may be 

correlated with the disappearance of die fusion bump around 35 MeV/u for Ar induced reactions (see section 1-4) 

To conclude this section concerning IMF production mechanism one may recall that : 
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i) IMZ~ are emitted in very dissipative collisions 

ii) Many IMF result from binary decays : statistical concepts applied for small excitation energy are still 

reliable for excitation energies exceeding 500 MeV. 

iii) IMF may also originate from other mechanisms. Statistical multifragmentation is a reasonnable candidate 

but it will be difficult to clearly identify this mechanism because its kinematical properties are not clearly different from 

sequential decay ones. On the other hand, it is difficult to prove unambiguoulsy mat thermalization was achieved before 

decay, i. e. that dynamical effects do not play a definite role. This purpose can be achieved only in exclusive 

measurements. 

2-2-3-5 : Temperature measurements from relative population of states 

Let consider a system S in thermal equilibrium (ten? • .e T) and a subsystem s for which it is justified to 

apply the Maxwell Boltzmann statistics. One knows that the probability of observing s in a given quantum slate y is 

proportionnai to the Boltzmann factor e" E*T where E* is the internal energy for the y s state. The ratio of the 

probabilities for observing s in two quantum states is then: 

R - L _ » R « e - ( B , , - E , * ) / T <K> 
P2 

if E* 112 are the corresponding eigenvalues. 

In nuclear physics, S can be a nucleus and s a cluster evaporated from S. The objective is then 10 deduce T 

from the population ratio of two quantum states of this cluster. Two situations can be considered. If tl'e two quantum 

states are particle stable, these populations will be determined by detecting die clusters and/or die decay gamma ray(s). 

This technique has been used by Morrissey et al [M085.SI85] and others [SO86]. If die two quantum states are particle 

unstable, die decay particles will be detected and analysed. This second method has been used at MSU and GANTL 

[XU86, P085, P087, CH87]. 

As an example, a typical result obtained with this second method is shown in figure 2-22. The ordinate 

quantity is the coincidence yield for die two products resulting from a 5Li cluster decay versus their relative kinetic 

energy. One recognizes two bumps corresponding to two excited states of the cluster. Their relative abundance may be 

used 10 determine a temperature. 

Are these temperature values reliable ? First of all, one has to remark that, in this approach, thermalization is 

assumed but not at all proved. Moreover, three kinds of problems have to be investigated : 

i) the method may be correct only if the studied clusters have kept the memory of die initial thermal bam S, 

i.e. if the observed decay is a primary decay. Every analysis of cluster resulting from a "side feeding", i.e. from a 

previous decay leads to a wror.; ,iperature value. 

ii) secondary, it turns, out that both the gamma ray technique and the coincident particles method exhibit 

drawbacks which have to be considered. 

iii) at last, but not at least, one may ask questions about the validity of relation (2-6) when it is applied to a 

cluster into a nucleus. 

These three questions are discussed in the following : 

a) The side feeding problem has been discussed in réf. [XU86J087]. It is responsible for an underestimate of 

the deduced temperatures and its effect decreases when the difference E*i - E*2 is increased : temperature values are 
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more reliable when the two involved quantum states arc wide apart This is the main reason why the gamma ray method 

generally leads to low apparent temperatures. Indeed, in this case, the two involved quantum states cannot be wide 

apart. In figure 2-23 are indicated the apparent temperatures deduced from coincident decay particle analysis for various 

pairs of cluster excited suites. It appears that they are larger for wide apart quantum states. In the sam.- figure is indicated 

the result of a calculation. The authors have assumed that the emitting source S was in thermal and chemical 

equilibrium and they have calculated the side feeding effect (Halm and Stacker model [HA88]). The predicted apparent 

temperatures (solid lines) are calculated for each case in good agreement widi the data (points). This agreement is a good 

indication of the validity of the approach. 

To conclude on this side feeding question, one should remember that, as quoted above, the gamma ray 

technique is less reliable than the coincident particle method. Figure 2-24 is an illustration of the limitation of the 

gamma ray method when the temperature T (in abscissa) is large [XU86]. The ordinate is the population ratio R of two 

excited states of a I 0 B cluster. The horizontal dotted lines limit the R range compatible with experiment. The curves 

indicate the predicted R values in the Hahn and Stocker model (already used to discuss figure 2-23). It appears that only 

at low temperatures (T<2 MeV) are the values of R sensitive to the temperature which characterizes the primary states 

distribution of the studied clusters. 

b) The specific drawbacks of the gamma ray and coincident particle methods 

The drawbacks of the gamma ray method are purely experimental : they are named Doppler shifts, background 

rejection, photoelectric efficiency. They are well described in réf. [M08S] and it is possible to correct them. 

In the case of the particle coincidence method, the main question is : how is it possible to distinguish 

between two coincident particles resulting from a cluster decay and two coincident particles sequentially evaporated from 

the source S ? Both phenomena of course contribute to die observed spectra and figure 2-22, for instance, has been 

obtained after subtraction of the second contribution. Such a subtraction is possible because the relative kinetic energy 

spectrum of two sequentially emitted particles does not exhibit the peaks (or correlations) which sign the studied cluster 

quantum states. For instance, its shape is simply exponential if one assumes that the source is a Boltzmann system and 

if one neglects coulomb effects. More generally, the density of states of the subsystem s composed of the two detected 

particles may be estimated when s is inside S [POÏS7] : 

PÛP.1) = P(P) P(q) = Po (P) ((Po (q) + âp(q))] (2-7) 

p M = ï l m + I)(2j2 + 1) ^L + l X ( 2 l + l)*L] <M> 
2 * 2 2K2 X 1 * 

In these relation, p is the linear momentum of s inside S ; q is the relative linear momentum of the detected particles ; 

V is the volume of the source S, ji and J2 are the spins of the detected particles and Si are the phase shifts which 

describe their interaction. In relation 2-7, the density of states has been devided in two parts. The term po(P)Po(l) 

describes the quantum states of the detected panicles if they do not interact inside the source : it is the case for sequential 

emission. The term po(p)Ap(q) which is due to the interaction of both particles inside S accounts for the cluster 

formation inside S. Only this second term exhibits structures for given q values. 

From relation 2-8, it is possible to express the state population for a given q value within weighting die 

density of stales with the Boltzmann factor and after integration on the p variable. After escaping from S, the stale 
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population is modified by the long range coulomb interaction of the remaining pan of the system. All these features 

have been included in the analysis of the experimental data. Therefore, the distinction between cluster decay and 

sequential emission does not affect the validity of the extracted temperatures. 

c) Let us now consider the last question : Is it valid in apply the Bnlumann statistics to cluster emission ? 

From a general statistical physics point of view, one knows that it is valid to apply the Boltzmann statistics (relation 2-

6) to a subsystem s of a system S only if the interaction between s and the remaining part of S is very weak. And it is 

indeed what is assumed in relation (2-7) when p(p) has been replaced by p 0(p), i.e. by the density of states of a free 

subsystem (pg (p) = Vp2/2rc2). This limitation is extensively discussed in réf.. [DAG861. The cluster decay method is 

valid only if thcrmalization is achieved and if the state population of the cluster s is statistically not modified by the 

surrounding nuclear matter. This is the case for diluted nuclear matter and indeed in the Hahn and Stocker model quoted 

above, it is assumed that the clusters escape from such a diluted nuclear system with a nuclear density which can be 

only a few percents of the normal nuclear matter density (see captions of figures 2-23 and 2-24). The validity of this 

hypothesis is hence another difficult question, but the coherence between the measurements performed on various 

clusters [P087] (see figure 2-23) is encouraging. 

In the case of normal density nuclear matter, it has been published [MOS6] that the gamma ray technique was 

valid for bombarding energies below 10 MeV/u. However, in this latter reference, the conclusions are irrelevant because 

angular momentum effects have been strongly over-estimated and the situation remains unclear. Now it is possible to 

progress in using the Fermi gas model and the statistical theory : the probability ratio of evaporating two different 

particles 1 and 2 can be written 

P. gi u, E* - Ei ao ifl w 
^ = l L i M | B , aj ( 2 ( E i ) . 2 ( E ) ) 

P 2 gz H 2 E* - E 2 a, 

In this expression, E* is the excitation energy of the initial nucleus, Ej (2 the minimum energy removed by the 

particles ; gi,2 are the spin dégénérescence factors, i i i j die reduced masses. 

If the particles 1 and 2 are the same cluster in two different excited states, and if Ei and E2 are smalt compared 

with E*, one gets : 

R = H i = a + 4 E ) e x p 4 i = e x p ^ (2-10) 
P 2 E* v T V T • ' 

if AE = Ei- E2 is the difference between the cluster internal energies for the two involved stales. It then appears that the 

Boltzmann expression (2-6) remains valid even for normal nuclear matter at least in the Fermi gas model approach. 

As a conclusion, we can hence keep in mind the fact lhat the cluster decay method is a powerful method. Its 

main limitation is that it is assumed a priori drat the thermal equilibrium is reached. This assumption can be justified a 

posteriori if many experimental results are coherent one widt each other as it is shown in figure 2-23. However, the 

method is difficult to handle because of the side feeding problem. We have seen that this drawback was very serious in 

the case of the gamma ray technique. In the case of the particles coincidence method, it is possible to correct for it but 

the result is model dependent. At last, it is important to note that generally, no selection of a given collision type 
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(peripheral or central) has been achieved and that only very few complete sets of measurements have been performed up 

10 now [CHE87,KY86,SA88,LAS8]. Further more exclusive experiments are then needed. 

2-2-4 : The present knowledge ; necessity of coincidence measurements 

In the preceding sections, we have seen how by using restricted experimental results, it is not possible to get 

unambiguous conclusions. Excitation energies calculated from recoil velocity measurements are model dependent. 

Moreover, they may be extracted only if a fusion bump may be recognized. Temperature values deduced from particle or 

photon kinetic eneigy spectra are reliable only if thermalization is achieved. Decay product multiplicities lead to a 

correct estimate of excitation energy only if all decay products are measured, if the distinction between evaporated and 

unevaporated particles is achieved and if one knows the mean energy carried away by each decay particle. In the same 

way, temperature may be extracted from population state ratios only if thermalization is assumed. 

If one wants to draw some more definite conclusion, the only way is to measure at the same time several 

quantities in order to select hot nuclei and to constrain theoretical models. Few detailed experimental results are 

available. In every case residual nuclei and decay products have been detected in coincidence. A first example has already 

been discussed in figures 2-12 and 2-13. In réf. [HI87], a carefull study of neutrons emitted in coincidence with fission 

fragments has allowed to measure the fission time {some 10"^' s) and to show that for nuclear temperatures between 1 

and 5 MeV, all the available excitation energy is removed by neutrons emission before fission. In every case, the 

fissionning nucleus is essentially cold. Careful kinematical studies may hence be used to extract typical decay times 

which can be compared with theoretical predictions [ORE88]. 

In réf. [WA88], several reactions between 19 and 30MeV/u have been carefully studied. Light charged particles 

have been detected at many angles in coincidence with evaporation residues. The initial excitation energies of the 

triggering fusion-like nucleus have been calculated by substracting from the incident energy the energy carried away by 

the remnants of the projectile and by preequilibrium particles. The corresponding fusion-like nuclear temperatures have 

been obtained from the exponential fall off of backward protons kinetic energy spectra. It turns out that hot nuclei have 

been clearly identified. There is an unambiguous correlation between the measured excitation energy, temperature and 

alpha particles multiplicity (fig. 2-25 and 2-26). Similar behaviours have been obtained in refs. [S083,OL87, BIZ87, 

MOR88J. In figure 2-26 are displayed results concerning the correlation between the excitation energy and the initial 

temperature of the fusion nucleus. The curves correspond to various theoretical predictions. The dashed lines correspond 

to two different values of the level density paramater (see also section 4-1-5-2). The other curves are obtained in 

statistical models where the multifragmentation channel is considered. The onset of multifragmentation is responsible 

for the predicted limitation of the temperature around 5 MeV. In preceding papers [NE86], it seemed that the level 

density parameter was an increasing function of the temperature. This behaviour does not clearly appear in figure 2-26 

and there is a great need of new data, particularly at larger excitation energies if one wants to discriminate between 

various approaches. 

The main difficulty is due to the unavoidable assumptions which are used in data analysis. They are well 

described in réf. [HIL87] where level density parameters have been extracted for the Ne + Ho system at 30 MeV/u 

[HI86] : evaporation is assumed to take place through a sequence of light particles ; the decay chain is supposed to be 

given essentially by the spin dependent level densities, the transmission coefficients of spherical nuclei and the 

respective ground state binding energies. Moreover, one does not know what is the angular momentum involved in the 

collision. Many measurements are necessary in order to test all these ingredients when excitation energies are very large. 
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Large excitation energy values can actually be reached as it has been shown in the study of the Ar + Ag 

system at 60 MeV /u [BIZ87]. In this work, excitation energies have been estimated from the recoil velocity method 

but they have been confirmed because the remnants of the projectile and pre equilibrated particles have been exclusively 

detected in a large solid angle hodoscope. It turns out that the massive transfer approach is within 10 to 20 % a reliable 

way for estimating the fusion nucleus excitation energy i.e. the energy which has been dissipated in the target (similar 

conclusions may be drawn from rcf. [WA88]). This conclusion is probably true only above 30 MeV/u bombarding 

energy. It turns out that : 

i) fusion still exists when a fusion bump does not exist any more (see figure 1-14 and 1-15). 

ii) excitation energies exceeding 700 MeV may be deposited in a nucleus of mass = 120 a. m. u. without 

complete disintegration of the system. 

iii) Comparable alpha multiplicities are measured for various bombarding energies between 40 and 60 MeV/u. 

conversely, temperatures extracted from backward proton spectra increase from 40 to 60 MeV/u. This puzzling result, 

which has to be confirmed, may be connected with the existence of compression effects. As a matter of fact. Landau 

Vlasov simulations performed at 60 MeV/u (see section 3-2-3 and fig. 2-1) indicate that a large collective monopole 

oscillation would develop in the entrance channel. In that context, the dissipated energy would only be partly converted 

in thermal energy (at least at the beginning of the reaction), die remaining part being stored as collective excitation. 

The further story of this compression energy is of course of great importance. Several scenarios can be considered : 

multifragmentation can take place when the mean nucleus density is small. On the other hand, particle kinetic energy 

spectra could be altered by a collective expansion velocity component ; in such a case, extracted temperatures would be 

unreliable. In fact, this last scenario is not supported by experiment ; actually, if it was correct, the collective velocity 

contribution to the kinetic energy spectra would be relatively larger for evaporated alpha particles than for protons 

because of their mass ratio ; this feature does not seem to be observed [BIZ87]. Further measurements, as complete as 

possible are clearly needed. 

At this point, it appears that, in Argon induced reactions, the maximum excitation energies which have been 

observed reach 600-700 MeV. The fact that this value would be a saturation value is ruled out by recent data concerning 

Kr experiments in which excitation energies of more than 1 Gev would have been reached [GU89). On the other hand, 

the maximum values of thermodynamical temperatures which have been obtained are about 5 to 6 MeV. The fact that 

this value could be a saturation value is an open question which is strongly correlated with the onset of 

multifragmentation (see section 4). At last but not at least, is it meaningful to define an initial temperature when the 

entrance channel thermalization process and the decay process are characterized by similar times of the order of 10"^ s ? 

Section 3 and 4 give valuable informations on these typical times. 
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3 • ENTRANCE CHANNEL PROPERTIES AND THE APPROACH TOWARDS EQUILIBRIUM 

3-1 : FORMAL CONSIDERATIONS ABOUT NON EQUILIBRIUM STATISTICAL MECHANICS 

It is out of the scope of this review article to give a general report about current non equilibrium statistical 

mechanics in the framework of nuclear physics. Many textbooks are dealing with this topic and among them the 

pionneer derivation of quantal kinetic equation by Kadanoff and Baym [KA62]. The main goal of this article is to 

discuss how an hot compound nucleus can be formed. According to Bohr [B036], a compound nucleus should have all 

forgotten about its formation but its angular momentum J and its excitation energy E*. It is a difficult achievement to 

reach in heavy-ion collisions ; furthermore the excitation energy E* and the spin I (as well as the total mass and charge) 

thcmself depend on entrance channel properties. To develop some theoretical tools which would allow to predict the 

nature of the formed hot nuclei (if any) is hence crucial. We are faced to the following situation : two istolated nuclei in 

their ground state are colliding ; the momentum distribution is nothing but two shifted Fermi spheres, the relative shift 

being their relative momentum. The question is : what is the further spatial and velocity distribution ? Could they reach 

the characteristics of hot nuclei at finite temperature ? We shall discuss these characteristics in the next section, focusing 

on the approach to equilibrium in the present one. 

3-1-1 : Extended Time Dependent Hartree-Fock theory (ETDHF) 

It is known that the time evolution of a nuclear system at low energy can be fairly well described by the Time 

Dependent Harttee-Fock (TDHF) theory. It is a one-body approach where no correlations between nucléons are taken 

into account : the nucléons (or the single-particle orbitals) evolve in a mean field constructed from the elementary 

interactions between all the panicles (including the exchange terms). The total wave function being antisymmetric, 

TDHF holds for the propagation in time of Slater determinants. The one-body density matrix obeys the following 

equation of motion : 

itrp = [h,p] (3-1) 

where h =-tr2 p2/2m + U[p] is the one-body Hartree-Fock hamiltonian and U[p] is the self-consistent mean field. It is 

hence assumed that all the interactions are described by U[p]. The TDHF equation has been solved for various effective 

interactions and a substantial damping of the relative motion has been found (for a very complete review see [NE82]). 

Nevertheless, TDHF equations neglect residua! interactions. As written in eq. (3-1), they do not allow transitions 

between single-panicle states. If this approximation is very likely valid at low relative momentum, because final states 

are essendally occupied and therefore forbidden by the Pauli principle, the situation is rather different in the intermediate 

energy domain. A natural extension of TDHF is to decompose the hamiltonian in a mean field pan and a residual 

interaction V and : 

Hip = [h,p] + (V,pl (3-2) 

The matrix elements <aP|Vry8> of the residual interaction are treated as a statistical distribution. For instance, in ref. 

;'GR81], the authors have proposed to write the correlation function :<aP|Vl75>cy8'IVIo;'B'> as : 
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where x is a correlation time. Under the assumption of a diabatic motion, they derived a master equation for the 

occupation number n^. For a one-body density p diagonal in time and in the limit where collisions are on the energy 

shells defined by single-particle states this equation reads : 

X ^ = S I V « P Ï S ' (fl-naXl-n»)nTiis- ( l -n T ) ( l -n 5 )n a n a ) . i t8(e a +e<j-e r e s ) (3-3) 
d l B Y8 

The structure of this equation is reminiscent of a classical Boltzmann equation as we shall see later (see also [W079]). It 

allows some transitions between single-particle states. Along a dynamical path, such an extension of TDHF should take 

into account the drift to equilibrium, the stationary solution of (3-3) being a finite temperature Fermi distribution. As a 

matter of fact, these ETDHF equations have never been solved up to now in their generality. Either drastic 

simplifications have been done or a semi-classical approximation scheme has been developed (see section 3-1-4). The 

simplification is the so-called relaxation time ansatz. If n a a ' = <yl a + a a a ' l V > are the occupation numbers, this 

ansatz stipulates a redistribution of these numbers, in order to reach a canonical equilibrium of the system. In other 

words, the introduction of the collision term is done by means of the subsequent relaxation towards a statistical 

equilibrium : 

—r— = - ( n 0 o ' - n atf) (3-4) 
dt x 

where die relaxation time x is determined phenomenologically. For instance, in [KÔ88], it is taken proportionnai to T" 
2 where T is a the local temperature defining, with the chemical potential |i, the equilibrium distribution n( e > o a ' . T and 

u. are obtained by stating the energy density and particle number conservation. 

3-1-2 : The iterative time smoothing (ITS) 

An alternative method for introducing the residual interaction in TDHF has been propound by Balian and 

Veneroni [BA81]. The basic idea in this work is to add to the mean field a random noise which simulates collisions. 

This random noise destroys high frequencies components found in the TDHF density matrix elements. A way to realize 

the damping of these components is to reduce the amplitude of the oscillations at each time step. The TDHF evolution 

operator exp(-i(t-to)L), where L is die self-consistent Liouvillian associated to the HF hamiltonian h, becomes exp[-i(t-

tg)L - x(t-tn)L/]. The x is a number which characterizes the time smoothing. Taking x constant in time, the authors of 

[BA81] have obtained an equation (the ITS equation) for the density matrix : 

ip = [W, p] - ix[W, [W, pn - ix[Tr V [W, p], p] (3-5) 

where W is the Hartree-Fock potential and the trace acts on the second particle involved in the two body interaction V. 

From equation (3-3), one gets an equation for the occupation numbers p a associated with the time dependent 

orbital la> : 
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Pa = - 2 T £ I W „ , | 2 ( p . - p „ ) (3-6) 
b 

The latter equation looks very similar to eq. (3-4) of the previous section. Nevertheless, it is quite different for two 

reasons. The first one is due to the time dependence of W a b which results from the self-consistency and the frame 

transformations. The second one is due to the variation of the orbitals which differ from the TDHF ones. Equation (3-6) 

shows that the asymptotic value for p is nothing but the static Hartree-Fock one body density. It is also easy to show 

that the one-body entropy increases, as expected from the loss of information introduced via die time smoothing 

procedure. 

Three drawbacks can be found in ITS : 

i) it leads to a damping factor in the one body momentum operator, i.e. the Galilean invariance is violated in 

the ITS equation ; 

ii) the smoothing parameter ? is, like in the relaxation ansatz of the previous section, a free parameter (related, 

of course, to the particle-hole spreading width) ; 

iii) the structure of the equation is much more complicated than TDHF. 

This last point has been recently removed [BA88]. The aumors of this reference have found an elegant method 

for solving the ITS equations. They have noticed that the right hand side of eq. (3-5) is equal to the time derivative of a 

TDHF density taken at t+t instead of t. Therefore they obtain an ITS solution by performing successive TDHF 

propagations for x time intervals in order to calculate a p at each time t. First application of their method has been 

presented in réf. [BA88] for the spherical symmetry case. The damping of the monopole resonance mode is found in 

their calculation with its escape width (TDHF feature [ST79]) and its spreading width. Up to now, no application to 

heavy-ion collisions is available (for which the violation of Galilean invariance could make some difficulties). The ITS 

procedure is an appealing extension of TDHF, which should allow to study in the future the approach to thermal 

equilibrium. Its relevance for the compound nucleus formation is clear, keeping the quantal features of TDHF. 

3-1-3 : The Kadanoff and Baym equations 

A general treatment of the quanta! approach to equilibrium hs r been formally derived in [KA62] and reviewed 

by [DA84]. The method lies upon a treatment of the many body problem by calculating propagators. As a matter of 

fact, the Dyson equations allow to determine the Green functions at equilibrium. At Finite temperature, imaginary time 

Green functions G and self-energies £ can be also obtained. In the real time domain, me equations for the one-body 

Green functions turn out to be the so-called Kadanoff and Baym equations : 

2 

[ i ^ - + — ] GCl.l1) = 8(1.1') + tf d2Z(U)G(2,l') (3-7-a) 
otj 2m ' 

[-fcp- + r - 4 G(W) = 8(1,1') + <£ d2G(l,2)«2,l') (3-7-b) 
oti- 2m ' 

where the integrals are contour integrals. The contour should be chosen according to the situation one wishes to 

describe. For heavy-ion collisions, die contour is taken in order to start with initial nuclei in their ground state, i.e. 

along the imaginary axis around the origin. The self-energy S is decomposed in an Hartree-Fock part XHF and a 
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correlation part. These equations can describe various situations but are very difficult to solve. Up to now, only the 

model case of two pieces of interpenetrating nuclear matter has been evaluated from these equations [DAN84]. 

Nevertheless, these equations can be simplified by making further assumptions, namely those valid for slowly varying 

disturbances. In [OR79], an equation extending TDHF has been obtained from (3-7). It expresses that single-particle 

states acquire some width whenever they experience two body collisions. A collision integral deduced from the split of Z 

into two parts is shown to be evaluated by the time dependence of the occupation number of the Hartree-Fock orbitals. 

As we have seen in section (3-1-1), it is the natural extension of TDHF. As a matter of fact, a result similar to [OR79] 

was obtained by [AY80] with a statistical treatment of the transitions between single-particle states. The equation found 

by [OR79] and [AY80] is a master equation : 

P° = j X W « 6 ' j ( t ) UV 'U -POXH 'H ' -P -P^H 'TW-P») ! (3-8) 
pY8 

with : 

w a ? T 5 =ry a g T s ( t ) i 2

 I

2 r ° ^ 5

2 

and 

The term r a py8 = r a + Tp + r^+ r j > s u m 0 f m e single-particle energy widths is obtained by the following equation: 

r « d ) 4 I i v a p 7 8 | 2 P p U - P T ) d -PS) (3-9) 
M S 

These equations, close to those of section (3-1-1) differ by the assumptions done in [GR81]. Indeed no account of the 

depletion of the occupation amplitudes of diabatic states was done during typical collision time. 

By assuming small spatial changes and the Bom collision approximation, one can also obtain a formulation 

of the dynamical equations which leads to an extension of the ordinary Bolcmann equation. This equation contains two 

important features : the mean field part and the effective nucleon-nucleon cross section are derived from the same self-

energy ; al! quantal effects (off shell) are included. This general equation has been discussed also in [BOT86] where a 

derivation from the hierarchy of equations for the many body propagations has been obtained. Since it is not crucial for 

our purpose to enter into the details of these equations which are far to be solved, we shall just give the semi-classical 

expressions of these general dynamical equations for the approach towards equilibrium. 

3-1-4 : Semi-classical kinetic equations 

In semi-classical dynamics, it is convenient to deal with the Wigner transform of the operators. For the one-

body density operator p(r,r*), the Wigner transform (which is a Fourier transform with respect to the non-locality) reads 

f(r,p). It has a classical interpretation in terms of the phase space distribution function. The Wigner transform of the 

TDHF equation is the Vlasov equation and its extension by inclusion of a collision term, the Laiidau-Vlasov equation : 
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where U(r,p) is the self-consistent mean field (in Wigner representation) and 1(f) is the collision term. In this 

expression, a truncation in h has been done after the Wigner transformation. The collision term can be obtained from 

Kadanoff and Baym equations by a T-matrix approximation (see also ref. [BOT86]). It was guessed by Nordheim [N028] 

and Uehling-Uhlenbeck [UE33] and reads : 

I © = - i T - h I a p ^ * * (fr> 6(Pi + p 2 -P3-P i ) 

8(e, + e 2 - e 3 - e J { ( l - f i ) ( l - f 2 ) f f , - ( l - f 3 ) ( l - f 4 ) f l f 2 ) (3-11) 

where dcr/d£2 is the nucleon-nucleon cross section, g is the degeneray factor for each single-particle state ; m is the 

nucléon mass and f reads for (27t-tl)3f/g. Equations (3-10) and (3-11) form the Vlasov-Uehling-Uhlenbeck, or 

Boltzmann-Uehling-Uhlenbeck or Landau-VIasov equation. We will call it the Landau-VIasov equation according to non 

equilibrium statistical mechanics textbook [BA75]. This Landau-VIasov equation was solved by various groups and is 

discussed in a recent review article [BERT88]. In the intermediate energy domain, it was essentially applied in references 

[AI85.A186] and also [REM86,GR87,PI87]. It is easy to figure out that the Landau-VIasov equation has the adequate 

structure for describing the approach to the equilibrium. Nevertheless, it is much less powerful that the Kadanoff and 

Baym equations for two reasons : first, mean fields and collision terms are not derived from the same G-matrix and are 

chosen phenomenologically ; second, quantal effects are lost in a large extend ; they are only introduced in the Pauli 

blocking factors of equation (3-11). In spite of diese major drawbacks, it has the enormous advantage to be tractable. As 

a matter of fact, the decomposition of die one-body density on a coherent state basis, or on a point pseudo particle basis 

allows to obtain approximate solutions of it (see [BERT88] or [GR87]). We will discuss a few results of calculations 

performed so far in the next sections. AU of them nave the basic properties to include mean field variations as well as a 

relaxation towards mermal equilibrium for fermions. They constitute a precious tool for the understanding of entrance 

channel properties in the route to compound nuclei at high temperatures. 

For completeness of these formal considerations, one should mention that a lot of efforts are done for 

extending the classical Landau-VIasov equations to the relativistic framework. The first step is to write a covariant 

kinetic equation. It was achieved for the mean field part by Wigner transformation of the Dirac equation. For die limit-tr 

-> 0, a covariant Vlasov equation can be derived [EL87]. Similarly [K087] has also derived a covariant Vlasov equation 

and found very approximate solutions of it by using the test-particle method used at low energy. An extension of the 

relativistic Vlasov equation by including a collision term is still a matter of discussion [BOT88.BL88]. 

3-2 : THE SNAKY ROAD TOWARDS THE HOT COMPOUND NUCLEUS . 

In order to form a compound nucleus at high temperature (at least below the stability limit that we will 

discuss in the last section), one should have in mind the dynamical evolution from the first stages of die collision 

process. The tools given by non-equilibrium mechanics have been employed for simulating this time evolution. As a 

matter of fact, we would like to investigate a few specific questions : 

- how energy and momentum can be transfered to a composite system ? 
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- how these transfers vary with the impact parameter ; in other words, what is the differential cross section 

associated widi each transfer and what are the mean momentum transfers ? 

- what happens during the first stages of the collision, as far as prccquilibrium particle or gamma emissions 

are concerned? 

- how much compression^ energy is taken from the relative motion kinetic energy ? 

- how the composite system can become a compound nucleus ? 

3-2-1 : Energy and momentum transfer 

The extension of TDHF has been designed for taking into account the residual interaction. If one follows 

collective dynamical variables such as the relative distance between the two nuclei, two kinds of dissipation take place. 

On the one hand, the dissipation due to the self-consistent mean field, which can be viewed as resulting from the 

nucléon transfer between the collision partners. It should be clear that, in TDHF, the system is conservative. The 

dissipation occurs only if one projects on a collective phase space. On the other hand, the residual interaction accounts 

for nucleon-nucleon collisions inside the medium which have not been included in the mean field. It makes 

irreversibility and also additional dissipation in the collective phase space : we identify these dissipation mechanisms as 

the one-body dissipation (mean field) and two-body dissipation (collision term). 

At low bombarding energy (a few MeV above the Coulomb barrier), the one-body dissipation is responsible 

for the fusion process since the collisions are blocked by the Pauli principle. This fusion process has been found in the 

TDHF calculations for partial waves larger than l mjj , and up to l m a x (see [NE82]). When the bombarding energy 

increases, it is found that the dissipation is too weak for all partial waves and no fusion can be predicted by one-body 

dissipation only. Nevertheless, the two body dissipation should become important since the Pauli blocking factors of 

eq. (3-3), (3-8) or (3-11) are not vanishing anymore. It is very likely that fusion remains present for a few partial waves. 

An example is given in the figure (3-1) where densities profiles (the three remaining quarters are deduced by symmetry) 

of a composite nucleus are displayed. They were obtained by the ETDHF calculation of [T085,T086] with the 

relaxation ansatz (section 3-1), the typical relaxation time constant being 2 10" 2 3 s. The upper part of the figure (3-1) 

shows the result of an ! 6 0 + 1 6 0 head on collision at 20 MeV/u, whereas the lower part shows it at 40 MeV/u. In both 

cases, a compound nucleus has been formed. At 40 MeV/u, around 25% of the nucléons have been emitted ; the density 

profiles are more dilute than at 20 McV/u. From this picture, it is clear that the residual interaction allows compound 

nucleus formation at intermediate energy, a feature out of the scope of the TDHF approach. Furthermore, the / fusion 

window found in the TDHF calculations (and never observed experimentally) is completely destroyed by the inclusion of 

a residual interaction. The head-on collision of figure (3-1) is an example. More explicitely, a comparison of a Vlasov 

versus a Landau-VIasov calculations exhibits this cancellation. The 2 8 Si + 2 8 S i system at 12 MeV/u has been studied 

for an impact parameter b=Ifm (figure 3-2). It was found [GRE87] that the relative distance between the nuclei evolves 

in time very differently for each of these calculations. In Vlasov dynamics, the TDHF transparency for small impact 

parameters is also obtained : one observes a reseparation of the system after the minimal approach. On the contrary the 

Landau-VIasov calculation indicates that the nuclei stick together until the formation of a composite system. This 

behaviour, which is due to the few residual nucleon-nucleon collisions (almost all of them are forbidden because 

possible final states are already occupied), is found for all the central impact parameters. In other words, Ihe ETDHF or 

Landau-VIasov models eliminate the TDHF fusion window. 
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The twofold qualitative origin of the fusion process (or incomplete fusion) being understood, what are the 

specific role and the respective strength of each dissipation component ? From ETDHF calculations, it is difficult 10 

answer these questions because the relaxation time is an ad-hoc parameter. An attempt requires a treatment of the 

collision term where physical inputs can be controlled. As a matter of fact, the semi-classical equations (3-10)-(3-ll) 

contains effective mean field parameters and nucleon-nucleon cross section. The field is the sum of Coulomb and nuclear 

field ; the latter case has been extensively studied by considering ground state properties in the Hartree-Fock 

approximation. For our purpose, the minimal request is to obtain saturation density and binding energies. In fact, the 

simplest Skyrme interaction proposed by Zamick [ZA73] fulfills these requirements. It reads : 

U(p) = a(-P_) + b(-2.) 1 , < : Q.J2J 
Po Po 

where po is the normal density and a, b and a are parameters adjusted to reproduce the saturation and the 

incompressibility modulus of the nuclear matter Ko,. It is possible to build a ground state self-consistently in the 

framework of the Vlasov equation [GR87] and to boost the nuclei against each other. The nucleon-nucleon cross section 

has been chosen differendy by the various group working on the semi-classical kinetic equations. Either it is chosen 

according to Brueckner calculations and by parametrizing energy and isospin dependences ; or it is taken as the free cross 

section at high energy, including inelastic channels, the low energy part being kept fixed equal to around 50 mb. An 

illustration of results from such a calculation for the compound nucleus formation is shown in figure 3-3 [AI85], The 

density profiles of *°Ar + 2 7 A1, 5 ! l Ni, 1 0 7 A g system, 180 fm/c after the contact time, are displayed by density of 

points. The bombarding energy is 44 MeV/u and the impact parameter b = 1 fm. In this calculation, the Coulomb field 

is not included and the ground state approximated by a sphere in configuration space and a Fermi sphere in momentum 

space. The force determined from (3-12) corresponds to K<x>=200 MeV. The total nucléon cross section 0" ,̂ used in the 

Uehling-Uhlenbeck term is taken constant equal to 40 mb. For light systems like 4 0 A r + 2 7 A1, the transparency is 

found again ; the strength of the two-body dissipation is not suffic:- it for damping the relative motion. For slightly 

heavier systems like 4 0 A r + s 8 Ni , a composite system is formed : the damping is more pronounced for large nuclei. In 

other words, the ratio between die nucléon mean free path (inversely proportionnai to Onn and increasing with the Pauli 

blocking) and the radii of the nuclei governs the fusion process. We are exploring a regime where the two-body 

collisions determine the energy and momentum transfer on the top of the mean field contribution. A modification of die 

effective physical parameters would modify die interplay and therefore the simulation of the compound nucleus 

formation. In view of the figure (3-3), it is obvious, for instance, that the role of the collision term in the ETDHF 

calculation of the figure (3-1) is chosen much larger since we observe there a fusion between 1 6 0 nuclei at 40 MeV/u. 

In réf. [GR87], the authors have tackled the problem by putting some emphasis on the search of the Vlasov ground state 

and by including appropriate dependences in the cross sections. First, comparisons with experimental data have been 

performed but some systematic studies remain to be done, in particular, the algoriihm employed for solving the 

Uehling-Uhlenbeck term, which has been seen lo be no! completely satisfactory in the 100-200 MeV/u domain where 

collisions are dominant". Some improved algorithm, along die line indicated in [BERT88] could slightly change the 

results [GR87] obtained up to now, and we shall discuss them aloiig this section. The general pattern obtained in 

[GR87] for 4 0 A r induced reactions is however similar to figure (3-3\ For each impact parameter, the momentum 

' Footnote : the authors are indebted to G.F. Bertsch for having pointed out this technical difficulty 

54 



transfer from the projectile to the target has also been calculated. It turns out that two sets of impact parameters can be 

identified : on the one hand, gentle collisions with small damping of the relative motion.-, on the other hand, impact 

parameters up to 5 fm with a very large damping. These two groups are seen in figure (3-4), where the momentum 

transfer distribution is drawn for the system 4 0 A r (35 MeV/u )+ 2 7 A1 ; the abscissa corresponds to the ratio of the 

transfered linear momentum over the initial relative linear momentum. This distribution has a double humped shape, 

which allows to distinguish between peripheral and central collisions (see [GR86]). We have seen in section 2 that this 

shape is a general characteristic observed in experimental data. Il finds its origin in the onset of the residual interaction 

which reduces the mean free path below the involved nuclear dimensions. The average momentum transfer of the central 

collisions bump can be extracted and compared to experiments ; preliminary results have been obtained [AIC85, JAC84] 

in this framework but have not still been studied enough for drawing quantitative conclusions about the respective 

weight of each dissipation mechanism. 

An alternative but much more schematic approach has been developed in order to study the energy and 

momentum transfer processes : namely the preequilibrium or exciton model [BL76, BL81, BLA85, BLAN85]. This 

approach lies upon a master equation which describes the lime evolution of occupations numbers in the energy 

representation. Transition rates between single-particle energy states govern the equilibration process "à la Boltzmann-

Uehling-Uhlenbeck". The main shortcoming with respect to eq. (3-11) is the non conservation of the momentum, the 

only quantity to be conserved being the energy. The transition rates are given by nucleon-nucleon collisions : they 

generate particle-hole excitations and some particles can be as well in die continuum. As a matter of fact, these emitted 

particles before energy relaxation are the so-called preequilibrium particle of the original model IBL76]. Since 

excitations are produced along dynamical trajectories, a source term, or exciton distribution is chosen as initial boundary 

condition in the master equation. For light ion induced reactions, a combinatorial calculation of the internal degrees of 

freedom provides us with an exciton number no. in fact, for heavy-ion induced reactions, the determination of no is 

more intricated and no is taken as an adjustable parameter of the model. In order to get the momentum carried by the 

preequilibrium particles, a parametrization of their angular distributions was assumed, according to the diffraction limit 

[MA76]. Figure 3-5 shows the results of the model for various input exciton numbers chosen in the vicinity of the 

values deduced from energy spectra. Continuum states are populated for energies larger than around 8 MeV/u incident 

energy above the Coulomb barrier. One expects incomplete fusion above this threshold. The agreement between the 

exciton model calculation and the experimental data indicates that the preequilibrium emission could explain the missing 

momentum. The remaining part could be thermalized into a compound nucleus. As a matter of fact, the particle-hole 

excitations contribute to the dissipative processes, which have been observed experimentally (see section 1). 

A schematic analysis of these dissipative mechanisms has been pursued since a first suggestion of the ref. 

[VA83]. The author suggested that the maximal fraction of transferred momentum is given by inspection of the 

momentum space, i.e. the two overlapping Fermi spheres. The preequilibrium particles are those located in the caps of 

each Fermi spheres. It is a momentum region where the particles of one nucleus arc not bound in the reaction partners. 

Consequently their momentum is not transfered to the composite system. Along this line, a calculation of the ratio 

between the momentum space overlap volume and the total volume shows that this argument, which does not take into 

account the two-body dissipation, gives an underestimate of the experimental systematics [GR84], Nevertheless, simple 

extensions of this model [NG85] or an analysis performed with respect to the compound nucleus momentum 

distributions [ST85] are useful guidelines for an approach of the underlying mechanisms involved in the dissipation 

processes at intermediate energy. They are complementary to the microscopic models "à la Landau-Vlasov" without the 
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complexity of the numerical calculations. As examples, one could mention the models proposed by [B087] for 

peripheral reactions and also the work of [TA88] which emphasizes the remaining role of the one-body dissipation in 

the intermediate energy domain. 

3-2-2 : Preequilibrium emissions 

We have seen that the source of the missing momentum during the interaction is very likely the 

preequilibrium particles. These particles carry out a fraction of the available energy and momentum. They can be emitted 

as cluster or composite particles or as individual nucléons. It is out of the scope of one body theories like ETDHF or 

Landau- Vlasov to deal with the composite particles. They would require an account of the highest order equations of the 

BBGKY hierarchy. Up to now, semi-classical models assuming the preformation of clusters inside each collision partner 

have been developed [TR83,TR84,GR83,MOH88]. The cluster preequilibrium emission is found in all of them. 

Nevertheless, the preformation factors are not known. This poor knowledge of the many-body correlations in nuclei 

prohibits quantitative description of these cluster emissions. In spite of its intrinsic limitations, an investigation of 

preequilibrium emissions in the framework of a one-body theory like Landau-Vlasov is worthwhile because it provides 

us with the typical time scales. An example is given in figure (3-6) where the number of emitted nucléons, their flux, 

their anisotropy, their mean kinetic energy are plotted as a function of the time. These results have been obtained by 

solving the equations (3-10,11) for head-on collisions of the *Ar (27 MeV/u) + 2 7 A1 system. The emitted particles are 

defined as those characterized by the part of the one-body distributions outside a sphere around the total center of mass 

with a radius equal to 10 fm. The presence of a maximum in the flux during the first stages of the collision (the full 

width half maximum being roughly 40 fm/c) shows that the emission beats some information about the initial 

momentum configuration. The anisotropy is a characteristic of the initial Fermi spheres. The mean kinetic energy is a 

characteristic of the relative kinetic energy. The decrease of these two quantities is a measure of the equilibration process 

: after 120 fm/c, the particle emission is isotropic with a mean kinetic energy equal to twice the temperature. In other 

words, the clear separation between preequilibrium and evaporation particles, which can be observed at low energy where 

the evaporation times are of a few thousand of fm/c, is not so sharp at intermediate energy. We are in a frontier area 

where the statistical model for equilibrium particle emission becomes less and less founded : the equilibration times 

have the same order of magnitude as the emission times. An unavoidable consequence is the mixture of the two 

components in the energy spectra, the high energy part of the spectra being more populated by the preequilibrium 

particles. Once again, the semi-classical one-body approach allows a quantitative description of these spectra (figure 3-7 

from [AI85]) : it is striking that the angular dependence of the energy spectra observed in l 6 0 (25 MeV/u) + 1 2 C 

reaction is so well reproduced. 

The emission of preequilibrium particles has a twofold consequence for the remaining system : first, it 

removes some part of the available energy and momentum; second, it fastens the thermal equilibration. The latter point 

should be emphasized : the fact that the caps of the Fermi distributions are pulled away into the composite system 

continuum makes the remaining part more spherical in the momentum space. For this remaining distribution, the 

relative momenta between nucléons are strongly reduced. Since the elastic nucleon-nucleon cross section increases with 

decreasing relative velocity, a direct consequence is to accelerate the equilibration process with time scales à la "low-

energy domain". 
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Among the preequilibrium emissions, one should mention the gamma emission (sec also section 2-2-3-2), 

not so much because it is of great help for a compound nucleus formation (its probability remains relatively small), but 

because it has been studied as a possible fingerprint of ihe first stages of the collisions [NAK86, B1R87, BA86. 

KOA87, NI85, HE88 ]. In the overlap region, the maximal relative momentum between nucléons is determined by 

twice the Fermt momentum plus the relative momentum between the interacting nuclei. It is very likely that, besides 

the elastic channel, the n+p —> n-t-p+y channel opens, giving a high-energy gamma emission fNï85]. Since the photon 

mass is zero and the emission probability is small, it is rather well justified to solve this problem pcrturbatively. In 

[BA86, BIR87], the authors have introduced the y-production channel in the collision term of their BUU kinetic 

equation. They have shown that a hole in momentum space lets room for the nucléon final states. The distribution 

which produces a 100 MeV photon at 90° in an head-on 1 2 C (40 MeV/u) + l 2 C collision is shown in figure (3-8-a). 

The phase space probability for the final states is given in (3-8-b). In this calculation [B1R87], the elementary cross 

section has been calculated by summing all diagram contributions in a c-o) model.[SE86Î In spite of a general 

agreement with the main trends of available experimental data, these calculations systematically underestimate the 

measured cross sections. For the lowest energy component (below 40 MeV), it is very likely, especially for heavy 

systems, that a coherent component (where the sum of vector potentials associated to the nucleon-nucleon 

Bremslrahlung determines the radiation intensity) could be responsible for the large yields [HE88, KOA87]. On the 

other hand, the charged meson exchange currents are known to enhance substantially the elementary cross section ; its 

account could explain the emission yields at high energy [NE87, KW88J. Anyway, preequilibfium gamma emission is 

surely a process which takes place during the first stages of the collision. The lime lapse auring which the gammas are 

emitted is as small as around 10 fm/c (figure (3-9), from [BA86], for the 1 2 C (40 MeV/u) + , 2 C system). In fact, this 

period corresponds to the time needed for touching nuclei to reach their maximal overlap. By comparing the time scales 

between the figure (3-6) for nucléon emission and the figure (3-9) Tor the gamma emission for similar systems, it turns 

out that the la'tcr emission process is much more peaked in lime (by around a factor iwo). In other words, it is more 

characteristic of the initial momentum distributions. Of course, some statistical contributions from an equilibrated 

system or subsystem should be also considered in the analysis of the gamma spectra [BON88, PR88]. Especially the 

inclusion of the quasi deuteron component and of the A degree of freedom in the inverse cross sections of the statistical 

model [PR88] could explain, to a certain extend, the presence of a high-energy tail in the gamma spectra. Once again, 

prccquilibrium and equilibrium emissions are mixed and to disentangle them is one among the difficulties of the 

intermediate energy heavy-ion physics. 

3-2-3 : Compressional modes 

Up to now, the compressional modes were investigated in two well separated domains : the first one very 

close to the equilibrium density by excitation of the monopole giant resonance (BL80] and the second in relativistic 

heavy-ion collisions at more than twice the normal density [ST86]. A new possibility to explore the nuclear equation of 

state between these two extreme situations is given by performing nuclear collisions between 20 and 100 MeV/u. The 

advantage lo deal with such collisions is that the energy range is far below the pion threshold. Some available energy 

turns out lo be carried out by precquilibrium emission but the remaining part is large enough for inducing large 

amplitude collective modes. A very clear illustration of the large amplitude monopole vibration is given by the results 

or a Landau-Vlasov simulation of the I 2 C (50 McV/u) + 1 3 9 L a reaction (figure 3-10) [PI87]. The amplitude of the 

density oscillation reaches 30% of the normal density. Its frequency is proportionnai to VKO, where K„ is the 
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incompressibility modulus associated to the effective interaction. The authors of [PI87] have checked that the frequency 

is unchanged with the impact parameter and the bombarding energy. A similar oscillating behaviour has been found in 

the BLTU simulation of réf. [AI86] for die 1 2 C (84 MeV/u) + 1 9 7 Au system at b=l fm (fig. 3-11). The variances of the 

momentum (bottom) and of the spatial distributions (top) for projectile-like and target-like nucléons are plotted as a 

function of time. The stream of projectile-like nucléons is shown to induce this isoscalar vibration. The monotonie 

increase of these quantities is due to the absence of subtraction of the preequilibrium emission. 

The storage of the available energy into die congressional mode is strongly suggested by the saturation of the 

thermal energy with the particle multiplicity observed in 4 0 Ar induced reactions [SA88]. As a matter of fact, an energy 

balance argument gives the order of magnitude of the amount of stored energy into the compressional mode. The total 

available energy is shared in recoil kinetic energy, energy carried out by preequilibrium emissions, thermal energy and 

collective energy. The two first contributions have been parametrized by the authors of réf. [LE86] ; the diermal energy 

has been found equal to 2.5 MeV per nucléon in neutron calorimetry experiments for 4 uAr induced reactions [GALI88] ; 

the number of nucléons after preequilibrium emission being given by [LE86], it is straightforward to estimate mat the 

collective energy is 450 MeV for 60 MeV/u, 650 MeV for 80 MeV/u 4 0 Ar induced reactions on 1 9 7 Au. For head-on 

collisions, die rotational energy is small and other modes man the monopole one could contribute to the collective 

energy only by a few tens of Me V. Now, for a parabolic nuclear equation of stale near die equilibrium and for 1C = 200 

MeV, die density variation should be equal to 0.4 pn at 60 MeV/u and 0.52 po at 80 MeV/u. One should point out that 

these values are in close agreement with die corresponding Landau-Vlasov simulations. For a parabolic nuclear équation 

of state, it is found that bulk instabilities (spinodal) should develop for densities below 2/3 po. Hence, two scenarios are 

possible. Either these instabilities grow (see section 4-2-3-3) and the system muttifragments or die monopole vibration 

is damped and die system becomes a compound nucleus, in the first case, it is clear that we should loose the track which 

carry us towards an equilibrated hot nucleus. Nonetheless, this track could be quite interesting because it could bears 

some information about 1C» near equilibrium and about die equation of state near die spinodal density. In die second 

case, die damping of die monopole mode in dynamical situadons should be die field of application of die ITS method 

(section 3-1-2). These ideas seem to open wide perspectives to the domain and will be surely intensively developed 

during die next few years. 

3-2-4 : The approach towards the thermal equilibrium 

The preequilibrium emissions and die collective modes (including low lying, giant resonances [VAN87] and 

large amplitude vibrations) remove some part of die available energy from die thermal energy. The damping of die 

collective modes is die first condition for an equilibration. We shall assume that this condition is fulfilled ; for giant 

resonances it consists of a spreading and an escape widdi tiiat we are not going to discuss here, because the violent 

collision processes studied in this article are not quite adequate for a detailed analysis of these two components. The 

leading effect in the approach towards equilibrium is given by die damping of die relative motion through one and two-

body collisions. Figure 3-12 shows die influence of a semi-classical Uehling-Uhlenbeck term on die momentum 

distribution of a 1 2 C (85 MeV/u) + 1 2 C system. The right hand part of die diagram corresponds to die nucléons having 

suffered at least one scattering during die collision. The middle part corresponds to those which have not suffer any 

residual nucleon-nucleon interaction. For these latter ones, die only relaxation process is due to die rearrangement of die 

self-consistent mean field. A slight damping of the relative motion is observed. The momentum distribution of the 

nucléons after only one or two nucléon scatterings turns out to be equilibrated, its shape being almost spherical. The 
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Fig. 3.M :Quadratic radii and momenta 
calculated for projectile 
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points) nucléons in a C (84MeV/u) 
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The time evolution is derived from 
the BUU simulation (f rotn(A[86) ) . 
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relaxation time is inversely proportionnai to the effective nuclcon-nucleon cross section inside the medium. At least, 

diree methods can be employed for defining the relaxation time : i) the increase rate of the one-body entropy ii) the 

decrease rate of the quadrupole moment of the momentum distribution iii) the ratio between the larger and the smaller 

eigenvalues of the pressure tensor. In fact, the isotropy of the pressure tensor should be a minimal condition for 

characterizing a temperature at the equilibrium. A typical relaxation time is a few 10" 2 3 s (i.e. 30 fm/c) in our energy 

domain. This time scale is smaller by at least one order of magnitude than the relaxation time for large amplitude 

motion such as the quadrupole vibration. Since, on the other hand, the panicle evaporation times are very short (-10" 2 2 

s also), the concept of a genuine compound nucleus formation is difficult to imagine in these reactions. Even formed, it 

is ipso facto a very elusive object. It could well be that the system would never reach exactly the terminal point of the 

snaky road towards a compound nucleus. 
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4 - EQUILIBRATED HOT NUCLEI AND THE EXIT CHANNEL PROPERTIES 

4-1 : THEORETICAL APPROACHES OF THE PROPERTIES OF HOT NUCLEI. 

4-1-1 : Introduction 

Under favorable conditions, and in spite of the many difficulties we have tried to describe in the previous 

sections, hot nuclei may indeed be formed. To describe them in a static picture as we shall do in the following is 

however a contradiction in itself. A .nucleus, as soon as it is heated cannot remain a true static system as it tends to 

evaporate nucléons. This feature simply reflects the statistical occupation of any level of the energy spectrum of a Fermi 

system at finite temperature [BA84]. Hot nuclei hence do exist just because they have not yet decayed. In other words 

the whole game is a matter of time scales. As long as the thermalization time remains smaller or at least comparable to 

any typical "decay" time (neutron or cluster emission, fission ) the mestastable nucleus may be viewed as an 

equilibrated hot nuclear system. This picture is supported by TDHF calculations [VA87] as can be seen in Fig 4-1 for a 

40 Ca nucleus. If one assumes that thermalization has taken place during the preceding phase, the further evolution of 

the system may be followed in a TDHF picture, namely without introducing the residual interaction anymore. A 

temperature is given to the nucleus and spherical symmetry is imposed. While at T = 12 MeV the nucleus is totally 

vaporized in 3.10 " 22 s (Fig 4-l-b), in the T = 3 MeV case (Fig 4-1-a) it only experiences a strongly damped 

monopole vibration. Moreover for temperatures smaller than 5-6 MeV a significant nucléon evaporation only occurs on 

a longer time scale. The picture of a nucleus embedded in its own evaporated nucléons may hence appear as relevant. 

Provided one is able to isolate the actual nucleus from this "gas" a static idealization is imaginable. Furthermore, once 

the hot nucleus is formed most of the entrance channel details are washed out while a dynamical description of the decay 

products is not yet in order. Static descriptions of the properties of hot nuclei are hence probably very well physically 

sounded. They also allow for sophistications hardly imaginable in a fully dynamical picture, although they still involve 

numerous approximations and neglect many aspects we are going to briefly list now. 

The formation of hot nuclei in heavy-ton collisions is usually accompanied by a transfer of a measurable 

amount of angular momentum from die relative to the intrinsic motion. This effect is not taken into account in the 

TDHF picture of figure 4-1 where the initial configuration is a spherically symmetric hot nucleus at rest. Crudely 

separating the thermal from the rotational degrees of freedom as we shall often do in die following, is probably 

reasonable at reladvely high temperatures, for which the hot nucleus more and more behaves as a classical object. On 

the other hand low temperatures may induce shape transitions (see figure 4-9) and a clear separation between rotational 

and thermal effects is hence to be regarded with some caution in this temperature range ( T = 1-2 MeV). 

Another low temperature phenomenon is the disappearance of superfluidity, as soon as the gap becomes 

comparable to the temperature ( T » 1-2 MeV) [G081, G0081, CI83].Inclusion of pairing correlations of course may 

have a sizeable effect in the "cold" limit, for example on the level density parameter [CI85, GR85] or on die description 

of deformed nuclei (GOOD81, GOODM81, G083]. As we shall mainly study temperatures in the range of some MeV 

we shall not consider pairing correlation effects anymore in the following. 

Theoretical descriptions of hot nuclei are based on various versions of the mean field approximation. One 

essentially replaces the density operator associated to the exact hamiltonian H by approximations corresponding to an 

optimal one-body hamiltonian h [LEV88]. While the quantal fluctuations, not taken into account in a mean field 

approach, may be expected to play a minor role at finite temperature, thermal fluctuations, in turn, become increasingly 
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Fig.4.1 :TDHF time evolution of the density profile of a hot nucLeus. 
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Fig. 4.2 : Photoabsorption cross section a of a Sn nucleus at T = 1.5 HeV. 
The value oE o strongly depends on tlie deformation in the E, y plane, 
which reflects the well known splitting of the CUR strength in deformed 
nuclei. The average value <o> is shown in the frame and represents a 
statistical average over the set of ind i vidua-1 configurât ions in the 
8, y plane. Some examples of these configurations give a gaod indication 
of the variety of fluctuations around the average value (from (CA85)). 
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large. This means that in principle all potential shapes must be admitted, each with a probability given by a Bolizmann 

factor. In order to account for these fluctuations one can approximate the statistical factor by a gaussian built around ihe 

mean-field solution [KE81]. This leads to write down the total partition function 2 as a product of two components, Z = 

Z mean field • Z fluctuations w ' m 

n i > k 2 s i n h ( d £ i k / 2 T ) ( 4 4 ) 

Z fluctuations =77"^ , . . , ~TTT 
Uwv>o 2 sinh ( CDV/2T ) 

where the A£jk = Ej - Ek are the differences of the single-particle level energies in the Hartree potential and the Cûv are 

the eigenfrequencies of the temperature dependent RPA equations [KE81]. Of course the gaussian approximation holds 

as long as no "direction" around the mean field solution is too smooth. In such a case one has to calculate expliciteiy 

the Boltzmann statistical weigths and this may lead to an appreciable effect as can be seen in figure 4-2 where the Giant 

Dipole Resonance (GDR) strength of 1 0 8 Sn at T = 1.5MeV has been calculated [GA85]. 

Other fluctuations which should in principle be taken into account are the temperature ones for a fixed value of 

the excitation energy E* which is the true physical observable. As no attempt exists, to our knowledge, of taking this 

effect into account we shall assume in the following a one to one relation between E* and T (this is moreover justified 

from the discussion of section 2-1-1) and use indifferently any of these two quantities. A last kind of fluctuations we 

mention only for completeness are the fluctuations of the orientation of a nucleus of spin J relative to its corresponding 

(mean field) angular velocity to . The further discussions we shall present on hot nuclei are hence to be understood in a 

pure mean field sense namely able to provide average gross behaviours, without estimates of the possible fluctuations. 

As a final remark let us stress the fact that the results we are going to present have been obtained widi effective 

interactions built up at zero temperature (as for example Skyrme-like interactions). The effect of the temperature on the 

nuclear in medium interaction has been recently investigated [BAL86, LEI86). The overall influence of the temperature 

is not very large although not negligible. One can roughly estimate a maximum effect of no more than 10% on most of 

the results. Using "cold" interactions is hence probably a satisfying approach, as compared to other possible sources of 

incertitude. 

Keeping in mind these various restrictions, let us now present a static description of hot nuclei in the mean 

field picture. 

4-1-2 : The long path towards a satisfactory theory 

As already stated in the previous section, a major conceptual difficulty in static descriptions of hot nuclei is to 

discriminate between nucléons still belonging to the nucleus and the ones which have already left it. This "who is who" 

puzzle is reflected in the finite temperature Hartree-Fock (HF) equations which arc written in the grand canonical 

ensemble (DE 68). They hence do not describe an isolated hot nucleus but a system in equilibrium with its own 

evaporated nuclcons. From a calculational point of view this means that the nucléon density does not vanish at large 

radii. The description may hence depend on the (unphysical) box in which the calculations are actually done. 

The first explicit HF calculations of hot nuclei [BR74, BRA74, MO 74] have been performed very soon after 

the first successes of the systematic descriptions of ground state properties of nuclei in this mean field formalism, both 

for spherical [VA72, BE751 and deformed [FL74, QU74] systems (see also [QU78] and references therein, fora review). 

In these pioneering works continuum states were phcnomcnologically handled either by a truncation of the oscillator 
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basis [BR74, BRA74, M074] or by including only quasi-bound states [BR74, BRA74], In any case such assumptions 

restrict the validity of the calculations to not too high temperatures (T<2-3 MeV) for which continuum effects are 

sufficenily small to be worked out by hand. 

A very interesting result of these early mean field calculations was to establish that shell effects do disappear at 

around T= 2-3 MeV, as suggested in schematic models [JE 73]. This obviously has important consequences on many 

nuclear propenies such as fission and ground state deformations (see also section 4-1-3). Typical examples of this effect 

can be seen in figure 4-3. The free energy of the 1 6 8 Yb nucleus is plotted in figure 4-3-a as a function of its quadrupole 

moment for temperatures up to 3 MeV. At T=3 MeV the oblate configuration corresponding to the ground state shape 

and the prolate second minimum have both merged into a spherical hot nucleus. Similarly one can see in Figure 4-3-b 

ihe disappearance of the characteristic double humped shape of the fission barrier of 240pu at around T = 2.5 MeV. 

Such behaviours however do not mean that the nucleus is no longer a quantal object At T = 4 MeV the Pauli 

blocking factor of a state of energy 20 % smaller than the Fermi energy is still of order 90 % while the population of 

the typically first unbound neutron level is of order 10 %. The washing out of the so called shell effects merely 

represents the disappearance of phenomena intrinsically connected to a specific property of the shell structure. It occurs 

at around T = 3 MeV because such a temperature becomes comparable to half the separation between two major shells 

(ha>=40 A ' 1 / 3 ) . 

A major theoretical consequence of the absence of shell effects beyond T = 2-3 MeV was also a prompting in 

the use of semi-classical methods at finite temperature. These approaches had already been introduced with some success 

in the description of the average properties of ground state nuclei [BH 71, LO 73, BR 76, BO 76, JE 76 and BR 85 fora 

review]. In these methods the wave functions are replaced by the phase space Wigner distribution f (r,p) which is 

developed around its classical value (Wigner-Kirkwood development [WI32, KI33]). Local observables can then be 

obtained by an integration over momentum space and possibly expressed as funclionals of the local density. A 

famous example of this procedure is the Thomas-Fermi (i.e corresponding to lowest order in the-ir series of f) expression 

of the kinetic energy density X a p 5 / 3 . With the development of Skyrme forces [VA72, NE72, BE75] which allow to 

write the nuclear part of the HF energy as a functional of local one body densities only, semi-classical methods hence 

appeared as an efficient and simple tool for describing average nuclear properties. A further justification of such an 

"energy density formalism" was also found in the general Hohenberg-Kohn theorem [H064). During the late seventies 

and early eighties a large amount of work was thus devoted to improve over the Thomas-Fermi expression for the 

kinetic energy density. This gave rise to the Extended Thomas-Fermi (ETF) approximations either at zero or finite 

temperature [BR85] which turned out to provide accurate values of average quantal properties even at low temperatures. 

Furthermore these studies allowed to remove the conceptual difficulties bound to the divergence of the V developments at 

the classical turning point, by using a consistent temperature dependent framework [BR84, BRA84, BRA85]. A last but 

practically important point is die overall "simplicity" of semi-classical calculations at finite temperature. In these 

approaches the population of the continuum simply appears in a non vanishing nucléon density at large radii and not in 

an untractable set of partially occupied single-particle levels as in HF calculations. While more operational at finite 

temperature than quantal calculations, semi-classical methods however did not solve the problem of continuum states. 

4-1-3 : Towards a reasonable solution : the subtraction procedure 

The next steps towards a consistent treatment of continuum states were in fact done during an extragalactic 

excursion. In the latest stages of the evoluf'on of massive stars (some solar masses) densities of the order of the nuclear 
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Fig. 4,3 :Tempe rature evolut ion of the déformât ion of hot nuc lei• The free energy is plotted 
versus the qtiadrupole moment and at various temperatures. In both cases ( "> 8Yb in 
fig. 4.3.a and Z^Upu i n fig. 4.3.b) the nucleus becomes sphericaI at around T=3 MeV 
which reflects the washing out of shell effects in this temperature range (from 
(BR7i ) and (BAR85)). 
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matter density and temperatures of several MeV can be reached. It was realized, in the late seventies, that a precise 

determination of the equation of stale of the hot dense matter constituting the pre-explosive core of type II supemovae 

was a crucial point for the further evolution of the star (see [CA81.T083] for conferences on the topic). This prompted a 

lot of investigations on this equation of state ranging from liquid drop model calculations [LA81.LA85] to semi-

classical (MAR82,SITR85] and Hartree-Fcck [B08I.82] approaches. The inner core of super:ovae is a nuclear soup of 

neutron rich nuclei in equilibrium with a surrounding gas of electrons, neutrinos and "free" nucléons, the latter being 

possibly regarded as a populated continuum. By studying the nuclear partition function of such a system a separation 

between what one could re-pectively associate to a dense "liquid" phase and to a gas was proposed by Tubbs and Koonin 

[TU77]. Although suggesxd by dynamical calculations (see figure 4-1) such a separation is more complicated to define 

in the case of isolated hot nuclei. This is due to the long range coulomb field of die nucleus, which strongly polarizes 

the "vapor", at variance with the celestial case where Coulomb effects are screened by the electrons. Starting from the 

formulation of statistical mechanics in terms of phase shifts [LA67, DA69, KE81] and extending it to the case of a long 

range Coulomb potential, Bonche, Levit and Vautherin (hereafter referred as BLV) proposed in 1984-85 an elegant 

solution to this problem in the HF framework [BON84, BONC84, BON85, BONC85, LEV88]. As suggested by finite 

temperature HF equations they propose to isolate the "liquid" contribution by performing simultaneously two HF 

calculations, one for the nucleus in equilibrium with its evaporated nucléons ("liquid" + gas, LC) and one for the vapor 

alone ("gas", G). These two solutions of the HF equations are coupled via the Coulomb field which is estimated from 

the "liquid" proton density alone. The protons belonging to the \ jpor, however, do feel this Coulomb potential, while 

their mutual electrostatic interactions may be ignored as compared to this dominating field. 

More formally one can define a thermodynamical potential Q L associated to the nucleus itself as the difference 

between the nuclear grand potentials £l{jj of the "liquid + gas" phase and QG of the gas : 

1 f e 2 
"L(PLG.PG) = QLG(PLG) - QG(PG) + J J(PLG(r)-PG(r)) j^TT (PLG(r')-PG(r')) dr dr' 

+ (Coulomb exchange) (4-2) 

In eq. (4-2) PLG( r). PGfr) respectively denote the densities of the LG/G phases and the Coulomb '.nergy is estimated 

from the subtracted "liquid" proton density (PLG(r)-PG(r))/2 of the two coexisting phases (for sake of simplicity we 

omit isospin indexes and assume N=Z=A/2). The potentials Q L Q and Clç correspond to the two self-consistent 

solutions of the finite temperature HF equations which in general coexist for a given value of the chemical potential 

[BON84]. The latter quantity is in turn fixed by the mass number of die "liquid" phase. In this respect the BLV 

substraction procedure may be viewed as a poor-guy Legendre transform, which allows to recover a kind of canonical 

statistical formalism (i.e with a fixed nuclear mass !). It should however be pointed out tnat £2L cannot be written down 

in terms of the subtracted density (pLG(r)-PG(r)) alone, which emphasizes the non trivial nature of the BLV procedure. 

This also means that extensive observables,in the sense of thermodynamics, such as for example the level density are to 

be defined in die same subtracted way as Q L and not directly from the subtracted density. Note that the subtraction 

procedure essentially associates to the "liquid" phase bound states and resonances. This set of levels however does not 

constitute, as a whole, a complete spectrum corresponding to a well defined potential, just because no continuum states 

would exist for such a potential ! 
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The BLV prescription essentially gives a solution to the "who is who" puzzle of the continuum by allowing to 

define two distinct contributions and this at any temperature. Results are independent of die size of die box in which 

calculations are performed because the Coulomb field is associated to a vanishing density. This subtraction procedure 

may of course be questionned in minor respects [DE85] but its well established dieoretical basis [DA69, KE81] makes 

it very reliable, as compared, in particular, to more phenomenological approaches [BR85, BLI88]. The BLV approach 

however suffers from a practical defect bound to die numerical difficulty of finite temperature HF calculations. This is 

particularly true in this subtracted framework which involves 2 sets of coupled self-consistent equations. However as 

can be seen from figure 4-4 simpler approximate calculations may lead, to some extend, to results very close to the 

BLV ones. For the one part, at low temperatures (T < 3 MeV) continuum effects can be worked out 

phenomenologically with confidence [BR74.BRA74, M074, SA76], Furthermore a semi-classicai approximation of the 

Hartree-Fock BLV formalism may be developed [SU85, SU86, SUR87] and becomes very close to the quantal results 

beyond temperatures of order 2-3 MeV. The latter approach, in which self-consistent Thomas-Fermi equations are 

exactly solved, provides a reliable and powerful tool of investigation of die properties of hot nuclei. In particular it 

allows systemauc studies hardly imaginable in the quantal picture. Note finally that a slighdy different subtracted 

picture was also recently proposed for describing me excited nuclei formed in multirragmemation models [FA88]. 

4-1-4 : Static properties of hot nuclei : a survey 

4-1-4-1 : The single-particle spectrum 

A basic characteristic of the nucleus is its single-pardcle spectrum, whose temperature dependence is shown in 

figure 4-5 for die particular case of ^08 p D . Calculations have been performed in the BLV formalism and with the SKM 

Skyrme interaction [BON84]. Beyond T = 4 McV the energies of the levels begin to slowly vary and die spectrum is 

compressed up to T = 8 MeV where this hot nucleus actually cannot exist anymore (see section 4-2-2). The most 

striking feature of figure 4-5 is however die almost temperature independence of die single-particle energies up to around 

T = 4 MeV. This trend has obviously important consequences for die properties of hoi nuclei. It firstly implies that 

single-pardcle level densides (without inclusion of correlation/polarisation effects) are more or less temperature 

independent up to T = 4 MeV. This behaviour can explicitely be shown in semi-classical calculations [SU85, SU86] 

(see fig. 4-7). As a consequence, the possible role of die temperature is to be related to effects beyond the mean field 

description [HAS86). We shall discuss this point in more detail in secdon 4-1-5-2. The temperature "independence" of 

the spectrum in fig. 4-5 also justifies hot RPA calculations based on a finite temperature Fermi number occupadon of a 

cold HF spectrum (V AU83.VA84], As a final remark, let us note that the washing out of shell effects t--iund 2-3 MeV 

is to be mainly associated, in view of fig. 4-5, to die statistical mixing of die populadons of die energy levels, much 

more dian to even a partial disappearance of the shell structure. 

4-1-4-2 : Do all nuclei heat up in the same way 

An interesting qucsdon, connected to the conceptual problem of die proper definition of a temperature in a 

finite system, is to know whedier all nuclei do feel the temperature in die same way. For this purpose macroscopic 

approaches based on liquid drop models are very instructive as diey allow to make simple esdmates of the temperature 

dependence of the various energy components responsible for the actual existence of die nucleus [ST73.SA76, BR85, 

BAR85, GUE88]. The parameters of the mass formula are hence fitted to finite temperature microscopic calculations 
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(HF or ETF results [BR85] and the LDM results may be used for systematic studies of fission barriers in excited nuclei 

[BAR85]. An example of such a fit is given in table 4-1 where the ground state values and the temperature dependence 

of the LDM parameters (fitted to the SKM* interaction [BA82]) are displayed. The free energy F of the nucleus is 

parametrized as 

F = Fsym + Fasym + Fcoul 

= ( a v A + a s A 2 ' 3 + ac A " 3 + ao ) + TT; 

+ ( c i Z 2 A " 1 / 3 + C2 2 - A" 1 ) (4-3) 

where the symmetric, asymmetric and Coulomb (exchange included) are introduced with standart notations. A quadratic 

temperature dependence has been assumed for the ai 

ai(T) = a i (0 ) ( l -x iT 2 ) (4-4) 

and ai(0) and xi are given in Table 4-1. 

a v as ac ao J Q ci C2 Kinf 

ai(0) - 15.78 17.22 10.24 -8.0 30.03 35.4 0.737 - 1,28 216.7 

103xi -3.36 5.53 5.43 - 12.3 1.04 12.8 0.763 - 13.2 5.99 

Table 4-1 : Liquid drop and droplet model coefficients obtained from Ihe SkM* interaction. The first row gives their 

values at zero temperature (in MeV), the second row the coefficients xj (in MeV"2, according to eq. (4-4)) (from 

[GUE88]). 

Before discussing these results it is interesting to connect them to the evolution with temperature of the 

density profile of an actual hot nucleus. The example of 20»pb j s shown in figure 4-6 [BON84]. As temperature 

increases the central density decreases while the nucleus swells and spreads OUL Although caution is necessary in the 

interpretation, because of self-consistency effects, one can nevertheless understand this behaviour in a simple picture. 

The density of a Fermi system roughly scales as p a E F 3 ' 2 and the Fermi energy ep decreases with the temperature : 

nucléons become less bound ! ... asymptotically if T—>°° one would recover a classical system with EF =0. A decrease 

of p, in turn, implies an expansion of the system for simply conserving the total mass. The Coulomb energy then 

decreases (see also table 4-1). Similarly, the spreading out of the hot nucleus implies a strongly decreasing surface 

energy. 

As a consequence the delicate Coulomb/surface energy balance, which plays a major role in the actual stability 

of a nucleus is temperature dependent. One hence expects small nuclei (large surface, small Coulomb effects) to heat up 

quite differently from big ones (smaller surface to volume ratio and bigger Coulomb effects). This is indeed confirmed 

by BLV-like microscopic calculations [BON84, BONC84, SU85, SUR87]. An example of such an effect can be seen 
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in figure 4-7 where the mean field level density parameter "a" (no correlation/polarization) is plotted for 3 nuclei of 

various masses [SU851. It is interesting to note on this figure how the three nuclei do evolve in different ways with the 

temperature. Notice also the constant values of a up to T = 4 MeV reflecting the temperature independence of single-

particle spectra up to such temperatures (see also figure 4-5). 

4-1-4-3 : The collapse of fission barriers and the shape transitions in tepid nuclei. 

A major consequence of the strong temperature dependence of the surface/Coulomb balance is the disappearance 

of fission barriers at around T = 3-4 MeV. The first self-consistent calculations were done for 
240p u 

in the early HF 

approaches (BR74, BRA74, SA76] (see also figure 4-3-b). More recently LDM models fitted on sophisticated 

interactions [BAR85, GUE88] were also developed, reviving older calculations performed in this schematic picture 

[HA73]. Systematic semi-classical results were also very recently obtained [GAR88] . In the latter case a study of the 

effect of rotation was included, but continuum effects were not controlled by any ad hoc prescription which limits the 

validity of the results to rather low temperatures T < 2 MeV (figure 4-8). Furthermore for light nuclei (A = 100) the 

lack of an hexadecapole constraint in the calculation leads to an overestimate of the fission barrier heights. Nevertheless, 

for the time being, these calculations constitute the best up to date systematics of fission barriers at finite temperature. 

Beyond T = 3 MeV one expects any hot nucleus to be spherical, because of the disappearance of shell effects. 

However, in the temperature range T = 1-3 MeV one also observes shape transitions [ALH88).They can, in particular, 

be traced back through the occurence or disappearance of a splitting of the Giant Dipole Resonance (GDR) in excited 

nuclei [SN86]. These transitions result from the conjugation of two factors : 

i) the modification of the potential energy landscape with température (figure 4-9) 

ii) the possibility for a hot nucleus to explore , (at least with a Boltzmann factor probability e " " i , F is the 

free energy) the whole p,Y potential energy plane where local (secondary) minima may possibly be present in addition to 

the ground state (see also figure 4-2). The effect ii) is purely statistical while i) is similar to the transitions observed 

when increasing spins, such as the appearance of superdeformed states [DU87], Spin and temperature have in fact to be 

studied on the same footing, as heavy-ion reactions lead to highly rotating compound nuclei. Many calculations have 

been devoted to these shape transitions in hot (rotating) nuclei, but we would like to point out the results of the 

Rehovot group [LE84, AL87, ALH88, LEV88] which has developed a universal approach in the framework of the 

Landau theory. An example of their results is presented in figure 4-10 for l°°Er, which exhibits a tricriucal region 

around J = 5-tT and T = 1.7 MeV. 
4-1-4-4 : Excited giant resonances 

More than 30 years ago, very soon after the experimental discovery of the GDR it was suggested that giant 

resonances could be built up on any excited state of the nucleus, similarly to the ground state modes [BR55]. It however 

needed more than two decades and the development of heavy-ion facilities for obtaining the first experimental signatures 

of "hot" GDR [NE81.GAA84]. Since then systematic measurements have been performed ([GAA87] and see SN86 for a 

review, and LEG87 for a recent conference on this topic). They have shown that the GDR energy is almost temperature 

independent in the T=0-3 MeV range. Tin 1th of the mode, which somewhat reflects the possible coupling of single-

particle states to the continuum and the existence of correlated configurations, strongly varies with the temperature. 

Exploration of the high temperatures/excitation energy region is currendy performed in spite of the growing difficulty 

for extracting die GDR signals with confidence. 
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From a theoretical point of view, low temperatures call for a thorough extension of standart "cold" RPA 

calculations [VA84]. The main new feature which arises is the finite temperature Fermi factor occupation of the single-

particle spectrum. As a consequence zero hw particle-hole configurations, unexcitcd at zero temperature are now 

available and may contribute to the low energy pan of the strength function [VA84,SAG4J. The importance of this 

spurious population of the strength was only very recently understood, in the framework of time-dependent Thomas-

Fermi calculations [BA87]. As soon as temperature is non negligible (T>,2 MeV) a proper account of the continuum is 

hence in order [SU88], and an approximate treatment may have an appreciable effect-

A very powerful tool of investigation is also the moment approach developed at T = 0 by Bohigas, Lane and 

Martorell [B079] and recently extended to finite temperatures [BARR85]. The ratios of the moments m-i, mi, 013 of 

the strength function S(E) respectively give a lower bound Ei =^mi/m-i and an upper value E3 = Nm3/mi of the 

actual frequency of the giant mode. As explicit expressions exist for mi and m3 systematic studies at finite temperature 

are possible. An estimate of the width r is also available (r=(2Ln2 (E3 2 -Ei 2 ) ) ' / 2 ) although it only leads to a 

qualitative upper value of the real width. In figure 4-11 are given the temperature evolution of various giant modes in a 

compact form. The results of microscopic calculations [BARRA85, SU88] have been fitted to a A " ^ power low as a 

function of the temperature. The net result is a small decrease with increasing temperature for any multipolarity. Results 

also indicate a "loss" of collectivity which one can connect to a more and more difficult fit by a A" ̂ ^ jaw. Results on 

the width indicate that it significantly increases with temperature. This reflects the fragmentation of the strength 

observed in finite temperature RPA calculations [VA84] (see also figure 4-2) . Studies conjecturing a motional 

narrowing at increasing temperature are currently in progress and ask for more definite experimental data [ G AA87]. 

4-1-5 : A first approach to the deexcitation of hot nuclei : the statistical model and its heirs 

As stated at many places in this review one of the main characteristics of hot nuclei is their strong tendancy to 

disappear. A lot of studies have hence been devoted to understand die way hot nuclei do indeed deexcite either by cooling 

down through particle evaporation or by disintegrating by more violent mechanisms we shall try to describe in the next 

section. 

4-1-5-1 : The statistical model 

At not too high energies, where one expects to form moderately excited nuclei (E*/A = 3 MeV) purely 

statistical pictures, inherited from low energy nuclear reactions still hold and provide a useful guide for further studies. 

The statistical model was first introduced in the early fifties rW051, HA52] as a generalization of Bohr's 

compound nucleus theory [B036, BE37, WE40]. It was afterwards extensively used and generalized by many authors 

Isce MA79 for a review]. The basic assumption of this appruach is that once a compound nucleus has been formed with 

given excitation energy, angular momenttim and parity, its decay is completely determined by the statistical weigOis of 

the various possible final states. The relevant nuclear structure information is included in the two essential ingredients 

of such models namely the Iransmission coefficients. T[ and the density of states p. One can calculate the T[ 's from 

optical model potentials while the level density may be derived from neutron resonances or light charged particle induced 

reactions. Nuclear shape corrections may also be included in p, in ihe vicinity of the YRAST line. 

At low energy, an excited nucleus dcexcilcs either by evaporation or, if a good mass/angular momentum 

combination is reached, by fission. In this case (see also section 2) the competition between these two channels is 

essentially governed by the ratio. 
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(assuming for sake of simplicity one kind of evaporated particles). In this expression a; and af are respectively the level 

density parameters of the initial state and of the saddle point configuration. The energies B; and Bf are the fission and 

"evaporation" barrier heights. 

At higher energies such a simple picture has to be revisited. First the parameters of eq. (4-5), B's and a's, or 

more generally the transmission coefficients Tj s and the density of sates p may be temperature dependent (see also fig. 

4-7). Second, the emission of clusters, which is completely negligible at low temperatures becomes a decay channel of 

its own [M075, FR83, AUG85], It has hence to be treated on an equal footing with simpler evaporation processes 

(neutrons, protons). The final point is bound to the time scales. In a statistical model time is virtual in the sense that a 

deexcitation path is only a series of steps statistically chosen according to branching ratios, without any dynamical 

background or even a true time variable. This picture essentially works as long as the competiting processes may be 

considered as "instantaneous". 

Temperature has a strong influence on these various aspects and should hence be properly taken into account in 

statistical model calculations. We are going to discuss some of these delicate points in the following subsections, 

figure 4-12 shows a typical example of a moderate energy case where a emission has been measured and is compared to 

a statistical model calculation. Even at relatively low energies difficulties can be encountered [F088.VI88]. 

4-1-S-2 : The level density parameter at finite temperature 

The density of states p is a crucial ingredient of statistical calculations. It gives the number of states accessible 

to a nucleus of mass A, excitation energy E* and angular momentum J. 

In an independent particle model of the nucleus,p can be directly related to the density of single-particle levels 

g(e) [BE37, B069]. In the range of E* between a few Mev and around 100 MeV g may be considered as a smooth 

function and a simple expression for p can be derived, well known as Bethe's formula [BE37] (here given without J 

variable). 

p ( E - ,A) = - L i e 2 ^ *** 
48 p* 

where the level density parameter a is defined as 

a = \ g(EF) (4-6-b) 

In the same conditions the excitation energy is related to the temperature by 

E* = a T 2 (4-eVc) 
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and the eniropy is 

S = 2 a T (4-6-d) 

In eq. 4-6-c E*. strictly speaking, represents the excitation energy in an independent particle model of the nucleus. 

Microscopic calculations have shown that this quantity is very close to the self-consistent Hartree-Fock excitation 

energy [SU851 and hence can be compared to experimental energies. This allows to relate experimental E* to an actual 

temperature of the nucleus. 

Equations 4-6 call for two more remarks : 

i) the divergence of p when E* -> 0 is simply the result of a spurious contribution of the ground state, which 

can be removed [GR85] 

ii) semi-classical calculations in the BLV formalism have shown that the range of validity of this set of 

equations could be extended with confidence up to T=4 MeV (E*/A = 2 MeV) [SU85] 

In Bethe's picture (eqs. 4-6) the level density parameter a, defined at T = 0, plays a major role. This is not 

surprising, as at low temperatures, on the one hand, the levels just above the Fermi energy are still almost statistically 

empty and on the other hand a loo small amount of excitation energy is available to allow for exploring high energy 

levels. At "high" temperatures (T>3-4 MeV) the rules arc sensibly different. Clearly the dominant role of the Fermi 

energy has faded due to the statistical occupation of the whole single-panicle spectrum. In addition, equations 4-6 do not 

hold anymore and extensions to this temperature range do not exist to our knowledge. In the past few years the relation 

E» = aT2 has however been extensively used, even in cases far outside the validity of eq. 4-6-c, in order to relate E* to 

T. Such estimates are hence to be taken with some caution. On the contrary the experimental knowledge of E* and T 

may allow for a definition af an "effective " level density parameter-like quantity. 

This object may of course be defined for any temperature but its meaning may be different from the one of eq. 4-6-b. 

Indeed, if the single-particle picture (eqs. 4-6) is mie, aeff should reduce to a (eq. 4-6-b) in the zero temperature limit, 

and only in this limit. In short, its major interest is the link (possibly non-trivial) it does esiablish between E* and T. 

In 1986 the Texas group showed, in th.ir experimental results, an "unexpected" transition in the values of aeff at around 

T» 4 MeV. While below this temperature aeff followed the canonical (experimental) value aeff = A/8, it rapidly evolved 

towards aeff = A /13 beyond T= 4 MeV. This result in view of the theoretical status of the description of a (eq. 4-6-b) 

and of hot nuclei motivated a lot of work we shall summerize now, in spite of the still underlying incertitudes in 

experimental data [WA88] (see also section 2-2-4). 

Mean field calculations are unable to reproduce the zero temperature empirical value of the level density 

parameter A/8 (apart from the strong shell effects). They lead to values typically of order A/13 to A/U [BAR81, 

BON84, SU85], reflecting a too much spread out spectrum. This is due to a loo small effective mass at the surface (i.e 

around the Fermi energy) of the nucleus. Polarization and correlation effects give the effective mass m* an energy 

dependence and c/eate an extra bump in m* (m*/m - 1.2-1.3) in the vicinity of the Fermi energy [BR63, JEU76, 

MA81, MA82, MA83, HAS86]. This leads to an appreciable improvement over the mean field results. The coupling of 
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single-panicle to collecdve slates is also responsible for an enhancement of the density of stales near the Fermi energy 

[BE68, HA76, BE80.VI85]. 

Siatic descriptions of hot nuclei also allow for estimating a«ff as a function of T. A typical example is shown 

in figure 4-13 where one can see that after a somewhat strong reduction of aeff between T = 0 and 5 MeV it essentially 

stays constant beyond this temperature [BON84]. When calculating directly g(EF) and looking at its temperature 

evolution (see figure 4- 7) no variation appears up to 4 MeV where one observes an increase in a. Note however that the 

connection of this value of a to a.ff is difficult to establish beyond such temperatures (SU851. In short, mean field 

calculations of hot nuclei are not able to explain the experimental bump of aeff at around T = 4 MeV. This transition is 

presumably related to a breaking down of the correlations in this temperature region as was shown by various groups 

since 3 years [LEJ86, HAS86, BOR87]. The temperature dependence of the effective mass is shown in figure 4-14. One 

can see the disappearance of ihe bump at the surface, between T = 4 and 6 MeV, which is interpreted as responsible for 

the transition in aeff in this temperature range. These calculations however lack from self-consistency with the 

definition of the hot nucleus although a recent work in this direction could bring more definite answers [VAU87]. 

As a conclusion of this section we would like to insist upon the fact that the behaviour of aeff in the T = 4 

MëV region.is not yet fully understood. Apart from possible connections to a multifragmentation pattern (see section 4-

2-3, figure 4-24), the transition of aeff is presumably related to the disappearance of correlations. This "beyond the mean 

field" physics at finite temperature is still in exploratory stages as far as quantitative estimates are wished and 

constitutes a challenging problem for theoreticians. 

4-1-5-3 : The competiting time scales 

As already mentionncd standart statistical calculations neglect the time needed to achieve a given decay step 

(fission or evaporation). This picture hence holds as long as evaporation is a much slower process than fission. 

Dynamical calculations lead to an estimate of some 10"^' s for a typical fission time [DA76]. The temperature 

dependence of the neutron evaporation mean lime xn is in turn plotted in figure 4-15 for 208 pb and can be roughly 

estimated as [SC83.SC85] 

T n = 3 . 5 ^ - e x p ( | ) 1 0 - 2 1 s (4-8) 

At low temperatures (T < 2 MeV) the fission lime represents about l/io tol/ifjo of t n - Beyond T = 2-3 MeV the 

fission evaporation competition may no longer be described in a statistical model approach as evaporation can (should !) 

occur during the fission process [HA84, DE86]. 

Figure 4-15 also raises another interesting question related to the very short neutron evaporation lime scales 

beyond T » 5 MeV. In the intermediate energy range we consider, one can, on simple statistical physics arguments, 

estimate the thermalization time to be approximately some 10 ~*^ s. The fact that t n drops well below 10 '^ s above 

T = 5MeV indicates that the cross section for creating "very hot" nuclei (T a 5 MeV) presumably becomes very small. 

In other words the forcmentionned paradoxal nature of hot nuclei (existence versus decay !) reaches its very limits 

beyond T » 5-6 MeV although static calculations may be performed up to higher temperatures [BON84, BON85, 

SUR87]. 
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From an experimental point of view the failure of the statistical description of die fission-evaporation 

competition was first recognized in low energy reactions [LO80, RI82]. It was soon observed at higher energies in 

neutron [H083] or charged particle [S083, JA84] detection measurements. The signature of this phenomenon is for 

example seen in the angle independence of the light particle kinetic energy spectra measured in coincidence with the 

fission fragments [S083]. Such an isotropy clearly eliminates evaporation from the fission fragmenls in favor of an 

emission from the hot "fusion" nucleus. 

The fission-evaporation competition at moderate temperatures (T = 2-3 MeV) can be properly described by 

dynamical models [HA84, DE86] taking into account the actual process durations. Assuming the whole sequence is 

markovian the corresponding Fokker-Planck equation can be solved [DE86]. Such a picture however holds only if the 

internal degrees of freedom have time to relax, namely as long as the evaporation time is longer than the thermalization 

one. This restriction limits these models to temperatures typically less than 5 MeV. However at such a temperature the 

whole description is presumably to be revisited as the fission barrier itself is expected to have disappeared. A typical 

example of the results of these dynamical approaches is presented in figure 4-16 for Hg at E* = 190 MeV and without 

angular momentum [DE86]. The fission widUi is plotted versus the neutron multiplicity which can be viewed as a 

clock (see figure 4-15 ). The salient feature of this figure is the strong reduction the fission suffers during the first 

neutron emissions which occur much more rapidly than the path to the saddle point. 

4-1-5-4 : Cluster emission 

At beam energies of some tens of MeV/u (E/A = 30 MeV) we are interested in, inclusive mass distribution 

exhibit a large intrmediate mass fragment component (see section 2). All of these fragments cannot be attributed to 

fragmentation [BI86I or deep inelastic collisions [BOR84.PL85] and a specific mechanism has to be invoked. Whether 

this process is already to be attributed to a multifragmentation pattern or not is still a matter a controversy. Comparison 

with experimental data still does not allow to unambiguously point out towards a definite model as for example in the 

La + C system extensively studied in various approaches [B087, GROS88, PI87, PI88]. 

Before describing situations in which the "hot* nucleus is violently blown out (see section 4-2) and where 

dynamical aspects presumably play a major role, let us focus on more "gende" cases for which statistical considerations 

can still be of great help. 

Cluster emission has been included in the statistical model by many authors, either directly [FR83] or by 

picturing it as a very assymmelric fission [M075, AU85]. Following our simplified analysis of section 4-1-5-1, the 

emission probability of a cluster "i" is proportional to exp (2^ a;( E*-Bj)) (see eq. 4-1-5-1 for notations). At low 

temperatures this channel is strongly inhibited by the relatively high (as compared to E*) barriers Bj. With increasing 

excitation energy it opens up and is rapidly enhanced through the collapse of the B;. However, for large temperatures (T 

> 6 MeV), the decay of the excited formed clusters in mm reduces their multiplicity [FR83]. In figure 4-17 is presented 

a typical example of the agreement with experimental data possibly obtained in these "improved" statistical model 

calculations. Providing one assumes both complete and incomplete fusion one sees that the overall mass distribution of 

the Kr + C reaction at 35 MeV/u can be reproduced [AU85,MI85]. 

As discussed at length in the preceding subsection, statistical mode] calculations lack for a proper inclusion of 

lime, even at moderate temperatures (T 2 2-3 MeV). A natural extension of this approach, in the modéras energy range, 

where a sequential decxcitation of the compound nucleus still seems plausible, has recently been proposed by Richert 

and coworkers [BAR86, RI87, RIC87, RI88]. The disassembly of an excited nuclear aggregate is described as a time 
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dependent multistep decay process in which the clusters are continuously and sequentially emitted by the primitive 

system and its daughter fragments. Defining P(i,t) as the yield of bound clusters of size i at time t ihe sequential break 

up dynamics is described by the rate equations : 

^%r= I W j o i P(j,t) - P(i,t) 1 Wi^j (4-9) 
j>i j<i/2 

The Wi.>j are the transition rales per time unit for a cluster i to decay into the 2 fragment! of sizes j and i-j (the 1/2 

factor in the second summation accounts for double counting). The whole dynamics is hence based on binary ev i t s 

governed by the W;.^ . The system is supposed to expand isoiropically (see also section 4-2) and the final yields are 

function of the initial mass, charge and excitation energy of the primitive compound nucleus. 

In a very recent paper [RI88] a detailed comparison between the predictions of this multisequential decay picture 

and experimental data on the ^ A r + 13c system at 27.5 MeV [C087, GO88] has been performed. Assuming an initial 

compound nucleus of mass 44-̂ 15 and temperatures of order 5.5 MeV an excellent agreement is found for ihe mass 

distribution as can be seen in figure 4-18. A reasonnable reproduction of isotopic distributions is also obtained. The 

possible signature of a pscudo-criiical behaviour in this reaction has also been investigated in the moment correlation 

analysis of Campi [CA86, CA88] (see also figure 4-25). Simulated results however do not exhibit the expected 

characteristic features of a finite system undergoing such a transition. Whether this gives some limitations on die 

models is not yet clear. 

Although we have essentially tried to demonstrate, in the last pages, the insufficiency of the statistical model 

we have seen that its extensions still provide a very useful tool of analysis of the experimental data at moderate 

energies. In the following we shall sec how the disappearance of hot nuclei may also be connected to fundamental 

properties of the equation of state of nuclear matter. We shall also try to take into account the unavoidable dynamical 

effects which presumably partly govern the violent disintegraûon of hot nuclei. 

4-2 : LIMITS OF STABILITY FOR HOT AND COMPRESSED NUCLEI 

4-2-1 : The spinodal region in nuclear matter 

The thermodynamical properties of nuclear matter (infinite medium) have some similarities with those of a 

molecular gas. As can be seen in the virial expansion for a molecular gas, die equation of state or the partition function 

is determined by the molecular interaction. Their characteristics are governed by the long range attractive pan and the 

short range repulsive part. Since the nucleon-nucleon interaction can be viewed as built of two similar components, one 

expects a similar equation or state. This feature was observed a long time ago and the figure (4-19) from [SA76] shows 

a set of isotherms for nuclear matter, calculated with an effective Skyrme III interaction. The behaviour is found quite 

similar to the one of Van der Waals isotherms. As a matter of fact, these general trends have been found in numerous 

calculations reported in ihe littérature (among them [FR8I, LAMS1, BR85, JAQ83, SU87]). For our discussion, it is 

enough to identify two regions : a high density - low temperature region corresponding to a liquid phase and a low 

density - high temperature region corresponding to a gas phase. The coexistence between gas and liquid is obtained by 

equating pressure and chemical potential of the two phases i.e by performing the Maxwell construction. For increasing 

temperatures, the coexistence path from one phase to the other one becomes vanishingly small up to the so-called 

critical temperature T c . On the other hand, it can be sc:.n that a (P,p) region at low temperature and low density 
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corresponds to a negative incompressibility modulus K = p ( 9P/3p). This region is known as the spinodal region : 

inside it the matter is unstable against long wavelength perturbations. For a pure parabolic variation of the Internal 

energy with the density, the critical density p c below which one reaches the spinocU.1 i^gion is equal to 2/3 p 0 (p 0 is the 

normal density). The spinodal region is found in the Fermi liquid theory for a landau parameter F 0 smaller than -1 

[MI67]. In fact, for any kind of effective interaction (local, velocity dependent or non local), the critical density is found 

very close to 2/3 p 0 , whatever could be the stiffness of the equation of state near the normal density (BL80). 

The nuclear matter in the mean field approximation could coexist in two phases, inside [he coexistence region , 

a spinodal region indicates where long wavelength instabilities could develop, (see section 4-2^1). Of course, one should 

expect an enhanced role of the correlations in the spinodal region. The Ijiowledge of the contributions of particle-hole 

RPA or particle-particle (hole-hole) RPA correlations to the partition function requires imaginary time Green function 

techniques [VAU83, YA87]. In a well defined region of the (P. p) plane, the eigenvalues of RPA secular equations are 

found imaginary. Incorporating only the particle-particle and hole-hole correlations, the authors of [SU87] have found 

that these correlauons : 

i) reduce the critical temperature, found in the mean field approximation (for a Gogny interaction Tc decreases 

from 15 MeV down to 8 MeV) 

ii) define a spinodal region, the modulus of complex eigenvalues being related to the growth rate of the 

instabilities (figure 4-20) 

4-2-2 : Stability or finite nuclei 

It is clear that the short previous discussion of nuclear matter properties is just pictorial, since the very 

question we have to deal with is the stability of finite nuclei. The finite size of the nucleus (composite or/and 

compound) implies : 

i) the absence of any sharp phase transition as in an infinite medium 

ii) th„ growing importance of fluctuations and correlations. For instance, it was shown in [G084], that for 

finite nuclei all the neighbourhood of T c (for temperatures T between 0.9TC and T c) should be considered as an unstable 

region. Since the growth of instabilities implies a dynamical treatment, we will postpone t'ieir discussion to section 4-

2-4. In fact, we have already seen that the subtraction procedure of section (4-1-3) provides us with an elegant method 

for determining thermodynamical properties of nuclei. Two important physical quantities have been considered in finite 

nuclei, whereas they are absent or divergent in nuclear matter : namely the surface tension and the Coulomb potential. 

The nucleus plus nucléon gas system is found at equilibrium by writing equality of pressure and chemical potential 

between the two phases. At variance with die coexistence equations between liquid and gas in nuclear matter, surface and 

Coulomb contributions add some extra-terms in the pressures and the chemical potentials. Above a limiting 

temperature, these coexisting equations have no solutions anymore. This limiting temperature is much smaller than the 

critical temperature for nuclear matter since the Coulomb field makes nuclei rather unstable. It is strongly dependent on 

the surface tension coefficient and on the underlying equation of state. Since the surface tension depends on die 

temperature Uie results are sensitive to this dependence, ax it is shown in figure 4-21 : the limiting temperature has been 

calculated as a function of the nuclear mass for two different temperature variations of the surface tension (solid and 

dotted lines) and for a stiff equation of state (K = 400 MeV, doited-dashed line) [B085, BONC85, LEV85J. A more 

systematic study has been recently performed within this schematic model, widi similar results [BES88]. 
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These results are very close to those obtained in Hartree-Fock and in Thomas-Fermi calculations at finite 

temperatures. For instance, the role of the Coulomb interaction for the limit of stability of finite nuclei has been 

reestablished in réf. [SUR87]. Figure (4-22) shows the limidng excitation energy per nucléon for three sets of Z/A rado 

in a mass range between 130 a.m.u. and 160 a.m.u. of die hot nucleus. It turns out that die stability limits are lowered 

widt increasing Z/A ratio. 

One should stress that die instability is a mechanical instability ; it allows die transition from a liquid phase to 

the gas phase. For completeness, one should mention that die possibility of achieving such a transition by quantum 

tunneling was invesdgated in réf. [BLIN881. It was found that, below a temperature of the order of 1 Me V, the quantum 

tunneling is very unlikely ; in other words, the phase transition should be induced mainly by staustical fluctuations. 

In order to conclude this subsection, it is worthwile to remind that die stability limits at equilibrium have been 

obtained in the framework of die HF (plus eventually RPA correlations) approximation. In die next section, we will 

consider also equilibrium properties but for a nuclear system beyond the limits of stability : the many body correlations 

are obviously dominant and should be introduced explicitely. 

4-2-3 : Multifragmentation patterns 

The properties (mass, kinetic energy, isotopic distributions) of a nuclear system which undergoes 

muldfragmentation are strongly dependent on the coupling between the collective variables and the intrinsic system. We 

are faced to an extension of the well-known problem of fission where die configuration in die final state is a two-fission 

fragment configuration. In die limit where the viscosity is large (viscous regime), the properties of the fission 

fragments are independent of die initial conditions (those defined at die saddle point, when die fission instability 

develops). These properties are diose of the available phase space after separation. A first approach for dealing with die 

multifragmentation problem, which is similar to die statistical dieory of nuclear fission [F069], is to determine die 

most probable configurations in die final phase space. The picture is the following : a system expands under die effects 

of die temperature and of the initial compression : some instabilities develop during this expansion and a cracking of die 

nuclear system is achieved. (It is the scission point of the fission problem). For a certain density, one assumes that die 

system is at die equilibrium and has entirely lost die memory of the previous dynamical path : for these density and 

temperature, die system has reached the so-called freeze-out. Assuming such a scenario, it becomes possible to 

determine all the characteristics of the multifragmentation pattern [FA82, FA83, BOND85, BOND085, BARZ86, 

SN87, BAR88, GR085, GR086, GR088, ZH87, K0087.NG88]. The determination of the multifragmentation 

patterns has been a matter of debate between various groups working in this field. The minimal requirement is die 

conservation of baryon and charge numbers of ihe total system. The first step of any multifragmentation calculation is 

to count the possible partitions into fragments which could be extracted from the system. With these partitions at 

hand, as in the fission case, one should determine die statistical weight of each partition according to the 

thermodynamical slate of the expanding system. Essentially two levels of sophistication were considered according 

to the statistical treatment (microcanonical or canonical ensemble). In the microcanonical approach [GR085], each 

excited state of die fragments up to the decay barrier should be considered. In the canonical approach, the 

entropy of each partition is obtained from liquid drop expressions at finite temperature, for each fragment. The 

exponential of the entropy gives the probability to find me partition. In bodi cases, a total thermal excitation 

energy E* being given, die temperature cannot be equal from one partition to another : the temperature is only 

defined in die average. It is found in all the models thai the mean multiplicity of fragments increases with E* : 
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the larger is the available energy, the easier is the storage into fragment surface energies. Figure (4-23) extracted from 

[GR086] shows that four decay mechanisms can be identified, the relative yield of each decay channel depending on 

the excitation energy E* (the fragmenting nucleus is 238TT) p o r moderate E* values, the partitions with light 

fragments plus one big fragment (taken larger than 20 a. m. u.) are more probable : they correspond to evaporation of 

light particles. For E* > 100 MeV, partitions with two big fragments become rather likely (fission channel). The 

multifragmentation regime takes place at higher excitation energy with a maximal yield for E* = 4 MeV per 

nucléon. Above 7 MeV/nucleon, the onset of vaporization (only small fragments) is found. These global features 

being given, one should keep in mind that the absolute values for the threshold between one or another decay 

mechanism are obvioulsy dependent on the phase space model. Among other ingredients, the geometrical size and 

shape of the fragments should play a role. To our knowledge, the available calculations have always considered spherical 

nuclei and an imposed freeze out volume. In fact, one could prove that quantities like the mean intermediate mass 

fragment multiplicity is quite sensitive to the freeze out volume [SN88]. In other words, only comparison with 

experimental data would allow to extract these physical quantities. 

By identifying the various open decay channels for an highly excited nuclear system, die statistical theories of 

multifragmentation have also pointed out i) the role of the Coulomb interaction upon the mass distributions, ii) a 

possible phase transition at the onset of the cracking. As far as the first effect is concerned, one should recall that the 

experimental mass distributions of multifragmenting nuclei have been found with a U-shape. In the statistical theory, 

the contribution of the Coulomb potential between charged fragments to the Boltzmann probability is minimal for 

equal charge fragments [GR82]. A straightforward consequence of this observation is die U-shape for very heavy 

systems. The second effect (the phase transition) has been analysed by calculating the variation of die average 

temperature <T> with the available excitation energy, above the direshold for cracking ([BOND85] and [GR088]). As a 

matter of fact, the limits given by the volume at the freeze-out reduce me translational motions of the fragments. 

Since the fragment multiplicity increases with the excitation energy, the internal kinetic energy should decrease as soon 

as the free volume is occupied by die spherical fragments. The temperature being proportional to this kinetic energy, 

one should get, when cracking occurs, at least a plateau for die variation of <T>, the average temperature, with the 

excitation energy E*. It is illustrated figure (4-24) extracted from [BOND85]. A similar effect has been obtained in 

[GR088]. For excitation energies above the vaporization threshold, the usual Fermi gas relation between T an E* is 

found. The previous plateau has been interpreted as a phase transition between two states of the nuclear system. 

Nevertheless, such a phase transition should be associated to an order parameter and to symmetry groups which are not 

even defined in the multifragmentation problem. 

A method for investigating this possible phase transition is to compare available data with models where phase 

transition are known to be present. The agrégation and/or percolation approaches provide us with such models. As a 

matter of fact, it was suggested that the cluster formation process could be nothing but a percolation phenomenon in 

the nucleonic phase space (CA85, DE87, BAU85, BIR86]. For one dimensional percolation model, no phase transition 

can be obtained. On the contrary, for 3D percolation models a second order phase transition takes place. In réf. [CA88], 

die author has compared correlations between various moments of the fragment distribution obtained in these two 

percolation models, with experimental results obtained for an Au nucleus fragmentation. In figure (4-25), the 

conditional moments m2 are plotted versus die multiplicity n. This moment is defined by : 

m 2 = X s 2 N ( s ' n > I s 0 (4-10) 
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where n = m/N is the reduced multiplicity (So being the maximal fragment multiplicity) ; s is the charge of the 

fragments and N their number in configurations corresponding to the multiplicity n. It turns out that the experimental 

data exhib;t the same correlation pattern as the 3D cubic lattice percolation model whereas they strongly deviate from 

the one dimensional model. Other correlations lead to an identical conclusion. This analysis supports the presence of a 

phase transition, the order of which should be determined by the study of the critical exponents [CA86. BIR86], A 

preliminary analysis [CA86. CA88] indicates that these exponents differ from those expected in mean field theories. It 

shows that the correlations play a crucial role near the critical point. Therefore, it is tempting to introduce them via a 

percolation picture at Cher top of a mean field description of a nucleus-nucleus collision. In ref. [CE88], the first stages 

of the collision process have been treated with an exciton preequilibrium model ; then, the system is assumed to 

undergo an hydrodynamical isentropic expansion (it is the mean field description). During the expansion, the mean 

density and the excitation energy are related to the parameters of a 3D cubic lattice percolation model. The results of 

such a simulation of the multifragmentation show that this decay channel is dominant for excitation energies above 4-5 

MeV per nucléon. The entrance channel mass asymmetry is also found to be important in this model. Of course, the 

percolation picture is only one among the numerous ingredients of this dynamical model. In fact, the problem we have 

to deal with is : how instabilities could develop, how correlations and fluctuations grow ? 

4-2-4 : Dynamical approaches 

Picturing the mechanism for the onset of multifrragmentation calls for a proper description of the dynamics in 

the exit channel. At a first level of investigation this should allow to give some insight on the most probable among 

all me possible paths in the equation of suite (EOS) P-p plane (fig. 4-19) towards an unstable region (see section 4-2-1). 

Before taking properly into account the fluctuations and their time evolution a first step hence consists in evaluating the 

respective roles of the compression (i.e. displacements along the p axis in the EOS plane, fig. 4-19) and of the thermal 

excitation energy (i.e. displacements along the P axis in the EOS plane, fig. 4-19). 

4-2-4-1 : The mean field approach 

As already stated above (see figure 4-1), once a hot nucleus has been formed one can assume that its further 

evolution may be followed in a mean field picture such as TDHF [VA85, BON86, VA87] or its semi-classical counter 

part, the Vlasov equation [GRE85, VI86, VI87] (see also section 3). 

In this framework the temperature is only fixed at initial time. During the dynamical evolution no temperature 

can be defined anymore as no assumption of thermal equilibrium is inserted in the theory. This is totally different from 

the constrained model of réf. [SA85] in which the dynamical expansion is pictured as a series of instantaneously 

[normalized equilibrium states calculated in the Hartree-Fock BLV approach (see section 4-1-3). In this case a smooth 

"liquid- gas transition" is found, not surprisingly, at around T = 12 MeV, close to the static value !BO\85]. The 

assumption of instantaneous thermal equilibrium may however be questioned at the temperatures under consideration (T 

< 15 MeV) due to the too short time scales involved (see section 4-1-5-3). Traditional TDHF or Vlasov approaches 

hence seem much more secure. 

In order to mock up conditions actually encountered in heavy-ion collisions the nucli. . is initially given 

temperature and/or compression (by means of a confining harmonic oscillator po'ential) and its dynamical evolution is 

followed in spherical [VA87, VI86, VIS7) or 3D geometry [VI87]. Of course two-body collisions are missing in these 
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saturation density. From (KN88). 

90 



calculations [VI86, VA87] bul can be included in the Landau-Vlasov framework [VI87]. On the other hand exploratory 

calculations were also performed in the Time Dependent Thomas-Fermi formalism (TDTF fNE85, BARRAN85. 

NEM85, PI86, NEM86, NEME86, BA 87]). In mis approach the kinematic energy density is replaced by an Extended 

Thomas-Fermi-like functional [BR85] of the local density (see the discussion in sec 4-1-2), which amounts to treat the 

nucleus in an hyrirodynamical picture. Either global or local equilibrium may be assumed but in both cases the 

underlying assumption of a spherical pressure tensor remains, which somewhat contredicts the Vlasov analysis as can be 

seen in figure 4-26 where the anisotropy of the pressure tensor (namely the ratio between its longitudinal and transverse 

components) is plotted versus time for an initially compressed "™Ca [YI87]. An average anisotropy of order 30 %, 

strongly enhanced on the surface, is observed in this figure. This points out die limitations of hydrodynamical 

approaches, which, in turn, furnish an "extreme" ultra-collisional case as compared to the pure mean field approaches: 

that both pictures are hence complementary. The net result of these various investigations [NEM86, VA87, VI87] is 

that compressing a nucleus is more effective to disrupt it than heating it, as can be seen on the example of figure 4-27. 

The dynamical limiting temperatures obtained in these calculations typically ly between 15 and 20 MeV, namely of the 

order of the critical temperature (section 4-2-1) but twice as large as die "static" value obtained in finite nuclei (section 

4-2-2). This is not surprising as in a very hot nucleus (T *= 15 MeV) a lot of nucléons actually occupy continuum 

states. During the dynamical evolution these "quasi-free" nucléons are very quickly emitted, thus cooling down the 

nucleus towards temperatures typically less than 10 MeV. This occurs before the excited system has had time enough to 

disrupt. This mechanism is not in contradiction wim the static results [BON85, LEV85, SUR87]. If one imagines to 

build a nucleus with an excitation energy larger than the maximum BLV value (section 4-2-2) the static picture tells 

him that it cannot survive as such. The first open channel being evaporation, it is probably the way the nucleus will 

choose to cool down, then reducing its excitation energy and its mass, the latter effect increasing its "static" stability. 

The system will finally evolve towards typical temperatures T = 6-8 MeV, simitarly to the final states of dynamical 

calculations. 

Of course because of the imposed spherical symmetry (VA87, VI86, NEM86], the decay will lead to bubble 

formation. When this geometrical constraint is released, one finds, as expected, a lower threshold for the disappearance 

of the nucleus [VI87). A detailed comparison of 1-D Vlasov, 3-D Vlasov and 3-D Vlasov + two body collisions 

simulations was performed in rcf. [V187]. Two body collisions tend lo make the nucleus more reluctant to break. In 

other words, Uiey introduce a viscosity in the expansion process, viscosity which was also partly simulated in TDTF 

calculations, with a qualitatively similar effect. The additional coupling to the continuum, generated by the residual 

interaction, also fastens the cooling of the nucleus, which globally has a stabilizing effect. As a consequence me 

dynamical limiting temperature roughly recovers its pure mean field value around 17 MeV. Three dimensional 

approaches also show that compressional energy seems to be very efficient for the disruption mainly at low excitation 

energies, the situation being less clear at higher temperatures [VI87]. 

These various calculations show the intricate interplay between mechanical and thermal excitation energies, and 

the importance of a full 3-D including two-body collisions dynamical description of the exit channel. 

4-2-4-2 : Inserting the fluctuations 

By their very nature mean field theories correspond lo a reduction of die global N-body dynamics to an averaged 

time evolution. This is particularly clear in the derivation of a closed equation such as the Landau-Vlasov Equation from 
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the BBGKY hierarchy (see section 3). Two-body collisions, which allow to take partially into account the residual 

interaction do insert a random component in the dynamical evolution. However, although the finai state of such an 

extended mean field approach may sometimes look as resulting from a multifragmentation pattern, a comparison with 

experimental data calls for a statistical average over such "pure states" simulations. Exploratory studies along this line 

were performed by various groups [DA87, AI88, KN88]. 

In a first class of calculations [ST84, KN84, KN85, KN87, KN087, KN88, GA84, DAS86, DA87] the initial 

state of the system is defined via a cascade-like calculation, which essentially furnishes an initial state for the further 

dynamical evoludon. From this initial Wigner distribution f0 one can define an ensemble of pure states (a set a Slater 

determinants in the quantal case [ST84, KN84,85,87,88 KN087], whose Wigner distribution reduces, for any of them, 

to f0. The further time evolution of each individual configuration is then simply given by a one-body TDHF 

[KN84,85,87,88 KN087] or Vlasov [GA84.DAS86, DA87] dynamics with help of a reasonable Skyrme interaction. 

Two-body collisions are not taken into account as they are supposed to be mainly important in the entrance channel. 

With a "good" initial condition, a pure stats may indeed undergo multifragmentation as can be seen in figure 4-28. By 

averaging over a large number of such event'» mass distributions may be obtained. It turns out that nucléons belonging 

to a given final fragment are strongly correlated in momentum space at the initial time (f0) while no such correlation 

can be established in real space [KN087]. This implies that static multifragmentation pictures, such as the ones 

described above (see section 4-2-1) should be worked out in full phase space rather than in real space only. 

It should be pointed out that these calculations [ST84, KN84-88, GA84, DAS86, DA87] somewhat differ from 

a simple statistics over heavy-ion collision simulations. The statistical ensemble is built on a well defined, microscopic 

quantity, namely the Wigner distribution ÏQ. Although fluctuations are "numerically" mockep up, any of these initial 

samplings exactly lead to tiiQ same average distribution f0, which precisely corresponds to the definition of fluctuations 

in statistical physics. The alternative is to make a statistics either on purely classical (BOA87, BEA87] or extended 

mean field [B AU87, BERT88] simulations of the whole collision. In that case the initial conditions are only constrained 

by gross variables such as r. m. s radii and binding energies. An extended Boltzmann Uehling Uhlenbeck model was 

also recently developed by Bertsch [BAU87, BERT88]. In this latter approach clusterization is enhanced by a 

phenomenological modification of the 2-body collisions algorithm, which amounts to introduce long range correlations 

at low densities. The link of these calculations wiUi a well defined theoretical framework is however not yet completely 

clear. More recently, it was shown that a relevant equation for dealing with fluctuations is the Boltzmann-Langevin 

equation : the correlation function is determined by the collision rates in a consistent way [AY88]. This method is very 

promising but, up to now, its numerical implementation is still an open problem. 

Another approach called Quantum Molecular Dynamics (QMD) has recendy been developed by die Frankfurt 

group [AIC86, AI88, PEI88]. Noting that fluctuations are lost during the reduction of the N-body to a one-body 

dynamics they propose to solve an initial general N-body Liouville-like equation, whose theoretical foundation is 

however not clearly established. Nucléons then evolve according to classical Hamilton equations of motion under the 

force field generated by die sum of all the nucleon-nucleon interactions. Two body collisions are superimposed on this 

reconstructed mean field-like dynamics, as hard scattering, in the spirit of cascade calculations. While such approaches 

based on two-body interactions have been developed with success in molecular physics their direct extension to nuclear 

physics is far from being straight'orward [SC87], in spite of the qualitative similarities between Van der Waals forces 

and the nuclcon-nucleon interaction. Of course QMD calculations do not reduce to a fully classical picture as two-body 

collisions may be Pauli blocked, and a random (quantum ?) element is inserted in scattering angles. The lack of a proper 
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pact parameters b= 1,3,5 and 7 fm. 
The reaction is Ne + Au at 1050 Hev/A 
simulated in the QMD model. 
From (AI88). 

Fig. 4.30 :Accumulated growth exponent as a 
function of the starting density 
top and coti 'spending picture in 
terms of energy per partie le(bottom) 
The value of v gives a link with 
the multipolarity of the unstable 
(v=| * i„2, v-1.5 •». 1=0. - . ) . 
The system is actually disrupted 
when/I'dt becoms of the order of 3. 
From (PE87). 
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6.31 :Hydrodynamical isentropic expansions of a compressed system <S/A=1) for different 
initial densities. At "low"densities the system develops a gentle monopole oscil
lation. With increasing initial density it starts exploring the instability zone 
(hatched area down left), still oscillating. At higher densities .expansion would 
directly lead to explosion. From (CU84). 
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inclusion of Pauli principle in the initial condition (the ground states of the two colliding nuclei) however restricts the 

validity of the results. The latter point is currently investigated by Randrup and coworkers. They mock up the exclusion 

principle by means of a repulsive interaction between the nucléons. This extra potential, added to a standart nucleon-

nucleon interaction leads to a reasonable saturation mechanism [D088]. In spite of the still underlying incertitudes of 

the QMD approach, investigatory calculations have been performed in this framework and bring some pieces of 

information. In a detailed study of the Ne + Au reaction at E/A = 1050 MeV, mass yields have been extracted (figure 4-

29) [AI88]. The authors of ref. [ AI88] conclude that the pseudo critical behaviour conjectured from experimental data on 

IMF is accidental. It is mainly an impact parameter effect which does not reflect any underlying transition. Although 

this conclusion is somewhat rapid as only one system at one energy was considered in these calculations, it points out 

the need for more exclusive data in the study of mulufragmentation. 

Inclusion of fluctuations is a hard task and only the first steps have been done in this direction. It is our belief 

diat these effects however have to be controlled around an average mean field-like behaviour instead of being entirely left 

to the numerics. In this spirit a further study of the equation of state is of great help. 

4-2-4-3 : Picturing the growth of instabilities 

We have seen in section 4-2-1 that the nuclear EOS exhibits a forbidden region (low P, p) in which any 

fluctuation may grow up to break the whole system into pieces. After our rar ; J survey of the possible introduction of 

fluctuations in the simulations of the exit channel of heavy-ion collisions, we shall briefly discuss the growing of such 

an instability in the spinodal region and try to exhibit a guideline for more sophisticated approaches. 

The role of the spinodal instability in a hot expanding system was recognized some years ago [BE83, CU84, 

SCH84, L084J and has received a lot of attention lately [PE87, PE88.HEI88, SUR88, SURA88]. For such a 

mechanical instability to develop and possibly break the expanding nucleus two conditions must be fulfilled. The first 

one is simply that the system must enter the spinodal region. In addition, once the system is inside the unstable zone, a 

fluctuation needs time to grow. The fundamental quantity is hence 

A t 
i= J r dt ( 4 - n > 

o 

where T is the growth rate and the integral runs over the time during which the system stays inside the spinodal region 

Ax [PE87]. The growth rale T is characteristic of the EOS, while AT is a dynamical quantity which bears a memory of 

the whole evolution since the onset of the collision. In a model calculation one can evaluate I for perturbations of 

various multipolarities and estimate a "critical" threshold for the corresponding explosion (figure 4-30, [PE87]). It turns 

out that in the EOS' plane the first unstable mode corresponds to a quadrupole perturbation but the monopole one comes 

close afterwards. This makes an expanding nucleus a good candidate for developing a mechanical instability (see also 

figure 4-31). 

The expansion of the hot compressed nucleus is essentially isotropic (BE83, CU84, SCH84]. This fixes a 

class of paths in the EOS plane for the dynamical evolution of the system. The isentropic spinodal region may be easily 

reached for relatively small entropies (S/A £ 3) provided the initial compression was large enough. In an hydrodynamic 

picture Cugnon [CU84J has shown (fig. 4-31) that this can be achieved in a few 10" 2 ' s which is smaller than any other 

characteristic lime such as the thermalization time or any evaporation process, even at high temperatures. This implies 
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that such a mechanism for the multifragmeniation of very excited nuclei presumably plays a central role for our 

understanding or multifragmentation. Of course this calculation [CU84] was schematic and calls for more refined 

treatments in a full 3D geometry where finite size effects are properly included and where at least a reasonable mean field 

+ two-body collisions dynamics is considered. Such studies have been recently undertaken in die Landau-Vlasov 

framework and we shall briefly describe die first results [SUR88,SURA88]. 

In order to follow the discussion on the EOS [BE83. CU84, SCH84, PE87J one can split the total energy of 

the expanding aggregate in various components : 

i) the kinetic collective energy 

where j is me local current vector and p the density. 

ii) the intrinsic energy Eim = Eiotal • Ecoll. including pure potential energy and Fermi motion. As the 

dynamical evolution is nearly isentropic, the energy is the relevant ihermodynamical potential. Plotting E m t (<p>) for 

various beam energies hence represents the analogon of an EOS for the reaction under consideration (the brackets refer to 

an averaging). One can define the spinodal region for Ei nt (<P>) and evaluate the time At s during which the system 

does stay in the forbidden region [SURA88]. In the Ar + Ti case studied in réf. [SURA88), At s suddenly increases by 

an order of magnitude at around 40 Me V/u lab energy which corresponds to the explosion threshold. This supports the 

idea of a connection between the spinodal analysis and multifragmentation. These studies could also give some clues on 

the EOS incompressibility modulus Kw. Indeed the growth rate r is related to the sound velocity eg which scales with 

the compressibility. In a Fermi liquid r a c s

2 a K» while in the hydrodynamical limit r a c s a K „ " 2 . As AT S 

roughly scales 1/IC" 2 one sees that T At s (which gives * rough estimate of the integral I eq. (4-11)) either scales as 

fCo" 2 (pure mean field) or as 1 (ultracollisional case). Indications on the role of Kx, in mis kind of simulations are still 

incomplete but cculd bring interesting insights on both KM and/or help disentangle mean field from two-body collisions 

effects. Of course these calculations lack for a proper introduction of fluctuations and should presumably be developed in 

this direction. Their great interest however lies in the fact that the analysis is performed in a well founded theoretical 

framework where numerical effects play a minor role. 
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CONCLUSION 

In this review, we have seen that heavy-ions are a very powerful tool as far as hot nuclei formation is looked 

for. As a matter of fact, energy dissipation still plays a definite role for energies of several tens of MeV per nucléon. 

Two mechanisms are especially useful : fusion and deep-inelastic collisions (DIQ. Fusion has been more often that not 

studied, DIC being considered in the case of heavy projectile-heavy target systems for which fusion does not exist. 

Fusion is generally recognized in binary fission or evaporation residue experiments. If one considers Argon projectiles, 

it may be easily isolated up to 30 MeV/u bombarding energy. However, a careful analysis indicates that it still exists at 

60 MeV/u or above. Of course, fusion is more and more incomplete when die bombarding energy is increased and it 

turns out that excitation energies of the fusion nuclei do not increase significantly with the beam energy. Possibly, a 

saturation occurs. However, it does not appear that this saturation is due to the extreme excitation energy values which 

can be beared by a nucleus. As a matter of fact, the excitation energy dissipated in a collision has been found to grow 

with the projectile mass : this feature is for instance clearly visible when using C, Ar and Kr beams of 30 MeV/u. 

Future experiments using heavier projectiles (for instance Xe) of about 30 MeV/u or heavy targets are clearly needed. 

Maximum excitation energy values measured up to now exceed 600-700 MeV for a A = 120 a. m. u. nucleus. 

This energy is huge since it is a sizeable fraction of the binding energy. It turns out that the decay properties of so 

excited nuclei do not differ significandy from the well known properties of hot nuclei. However some decay channels 

have a growing importance : for instance IMF evaporation. The onset of multifragmentation is still today an open 

question, which will be solved in very complete experiments : it is actually very difficult to distinguish between 

multifragmentation and sequential decay processes. Progress will be performed in selecting more accurately hot nuclei 

(for instance with neutron filter or IMF detection). 

A very important question concerns lhermal:zation. To which extent is it reasonable to spe'k about 

thermalized nuclei when decay and collision times become comparable? From an experimental point of view the answer 

to this question may be obtained only from very complete sets of data concerning the detection of nuclei and particles 

over a wide solid angle. It is actually necessary to disentangle many parameters : decay times, excitation energies, 

angular momentum, nuclear shapes, a. s. o.... Beautiful examples concerning typical time measurementts are already 

available. More extensive studies are necessary if one wants to know if die mulUfragmentation concept is meaningful. 

A quit; new and excidng idea concerns the distinction between excitation energy and thermal energy. At low 

bombarding energy they are similar. In the intermediate energy domain, the onset of compression effects is observed and 

the excitation energy is actually the sum of the thermal and compression energies. Landau- Vlasov simulations indicate 

that Uiis second term represents several hundreds of MeV in a typical intermediate energy heavy-ion collision. A 

challenge of the next years will be to sign experimentally these compression effects in order to establish the nuclear 

equation of state. Similar investigations have been pursued at relativistic energies for higher densities, namely twice or 

three times the normal density. In this latter case, pion production prevents large energy storage in the system. 

Furthermore, the strong momentum dependence of the field hides die cold equation of state properties. On the contrary, 

the existing compression effects could be possibly studied in the intermediate energy domain, where no similar bias are 

expected. 

From a theoretical point of view our understanding of hot nuclei is still of challenging interest. Simulations 

of collisions arc able to describe the gross properties of the entrance channel and of the equilibration process, within a 

reasonable theoretical framework, provided two-body collisions are added to die mean field dynamics. Although this kind 

k 
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of calculations have been developed for some lime now, one should realize that they are still far from constituting a 

closed topic. Extending a mean field theory such as TDHF for including residual interaction effects may presumably be 

achieved in Landau-Vlasov or other approaches, but deciding what is the best way to do it is still a matter of 

controversy. 

Once a hot nucleus has been formed one can (temporarily) describe it in a static picture. This allows for 

sophistications hardly imaginable in a full 3-D dynamical framework. In the low temperature region (TS 3 MeV), where 

shell effects are still present the temperature is responsible for numerous "transition-like" phenomena, such as the 

disappearance of superfluidity or the occurence of shape transitions. At higher temperatures shell effects disappear, nuclei 

become spherical and fission barriers very soon vanish (T= 3-* MeV). The Giant Dipole Resonance has also been 

studied in this temperature range. The ODR frequency exhibits little temperature dependence, while its width strongly 

evolves, which is not yet fully understood. At temperatures beyond 4 MeV the single-particle energy spectrum begins to 

be influenced, while correlation/polarization effects seem to be washed out around T = 4 MeV. A self-consistent 

inclusion of these "beyond the mean field" effects, for instance for calculating level density parameters is still lacking. 

At higher temperatures one begins to encounter conceptual difficulties in the definition of hot nuclei, as typical mean 

evaporation times become comparable to the thermalization time : the hot nucleus decays before it is really formed! 

This points out the paradox of hot nuclei, whose essential property is their tendancy to disappear. This may happen via 

gende decay channel such as fission or sequential evaporation. In other cases a more violent mechanism may be invoked 

: multifragmentation, whose possible connection with phase transitions is still an open problem. It is howevei difficult 

to properly define an initial configuration for these mullifragmentation calculations, which restricts their field of 

application. This insufficiency, by the way ask another fundamental question : when and how does the nucleus decide to 

explode? Such a question can only be answered in dynamical approaches. This implies going beyond the extended mean 

field framework of the entrance channel, in order to incorporate fluctuations and develop a theoretically well founded 

basis of analysis for describing the growing of instabilities. Work along these lines i> in progress, in order to avoid pure 

numerical treatruents, such as the ones provided in molecular dynamics-like simulations, which are not relevant for 

nuclear systems. 

The study of hot nuclei is a challenging field which calls for more exclusive data and more sophisticated 

theories. The first steps arc encouraging, but by no means answer all the exciting open questions. It is our belief the:, 

with the help of the accumulated experience in this tupic, die next few years will bring a lot of answers. 
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