
I b > - 1 / 

COMMISSARIAT A L'ENERGIE ATOMIQUE 

CENTRE D'ETUDES NUCLEAIRES DE SACLAY 
Service de Documentation 

F91191 GIF SUR YVETTE CEDEX 

CEA-CONF -_ 7946 

L3 

Rapport DPh-N/Saclay n°2275 06/1985 

SOME ASPECTS OF HEAVY ION PHYSICS BETWEEN 20 AND 50 MeV/U 

Christian Ngô 

Service de Physique Nucléaire - Métrologie Fondamentale 
CEN Saclay, 91191 Gif-sur-Yvette Cedex, France 

Communication présentée à : Course on nucleus-nucleus collisions from the 
coulomb barrier up to the quark-gluon plasma 
Erice l l ta ly ) 
10-22 Apr 1985 



SOME ASPECTS OF HEAVY ION PHYSICS BETWEEN 20 AND 50 MeV/u 
Christian NGu* 

Service de Physique Nucléaire - Métrologie Fondamentale 
CEN SACLAY, 91191 Gif-sur-Yvette Cedex, France 

Heavy iuns like Ar or Kr are now available at bombarding energies between 
~ 20 and 50 MeV/u at GANIL or SARA. They can be used to investigate what 
happens when a heavy projectile interacts by nuclear forces with a heavy 
target. Tnis will permit to understand how the mechanisms evolve from the 
low energy domain, dominated by the mean field, to the high energy region, 
dominated by the nucleon-nucleon interaction. Many experiments have now been 
performed in this intermediate energy domain and a lot of experimental data 
have been obtained. In these lectures we shall try to present some aspects 
of these results and see whether some general features emerge in this bom­
barding energy region. 
1 - In the first lecture we shall sumarize the results which have been ob­
tained in the experiments where one looks at how much linear momentum the 
projectile can transfer to a fused system. In this energy domain the fusion 
process, when it is still present, is incomplete in the sense that several 
lignt particles can be emitted before the fusion process takes place. We 
shall also estimate the maximum amount of energy that one can deposit in a 
nucleus and see that tnis might be one limitation for preventing the fusion 
of two nuclei during a long time. 
2 - In the second lecture we snail describe very recent results obtained 
with Kr projectiles. We shall see that, at variance with Ar ions, one obser­
ves a large proportion of events with a mass and a kinetic energy substan­
tially smaller than the one of the projectile. These products could possibly 
be understood as resulting from a mechanism similar to calefaction, a pheno­
menon familiar in our macroscopic world. 
3 - Finally, in the last part we shall investigate, from the theoretical 
point of view, whether nuclei could be mechanically unstable. This will be 
done in the framework of a time dependent Thomas Fermi approach. We shall 
see that compression, can be a cause of mechanical instability. 
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INTRODUCTION 

One of the goals of heivy ion collisions has always been to perform the fusion of two nuclei 
and co study the properties of the formed system (Ngô, 1985). This was always possible at low 
bombarding energies (E/A < 10 MeV/u, where E/A denotes the bombarding energy per nucléon) 
provide! that the produce, Z.Z,, of the atomic numbers of the projectile and of the target is 
not too large (Z t Z 2 < 2500-3000), and that the bombarding energy is large enough to surmount 
the coulomb barrier between the two nuclei. However, with heavy projectiles, like Kr or 
heavier ones, and heavy targets, like Au for instance (Lefort, 1973), fusion is no longer 
possible due to the coulomb force between the two nuclei which becomes too strong to be coun­
teracted by the nuclear force. In this bombarding energy region the fusion of two nuclei is 
complete in the sense that all the nucléons of the projectile and of the target merge in a 
single system which, in many cases can be identified with a compound nucleus. In other situa­
tions one only forms a two center equilibrated system which subsequently fissions (fast f i s ­
sion (Ngô, 1985)). As the bombarding energy is raised above 8-10 MeV/u the fusion of the nu­
clei is no longer complete because prompt particles (neutrons, protons, alphas) are emitted 
before the two remaining parts of the projectile and of the target fuse. In this case one is 
used to call the fusion of a part of the projectile with a part of the target : incomplete 
fusion (Slemssen, 1983). Several explanations have aeen proposed for the emission of these 
prompt particles : promptly emitted particles or Fermi jets (Bondorf, 1980; Robel 1979; Davies 
1984; Leray 1985), pre-equilibrium emission (Gr i f f in , 1966; Blann 1968), decay of a hot spot 
(Sobel, 1975; Weiner, 1977) inertial emission (Grégoire, 1?83; Tricoire, 1984). These parti­
cles are very fast in the laboratory system if they are emitted by the projectile otherwise, 
i f they are emitted by the target, they are very slow. An important point is that the number 
of prompt particles increases when the bombarding energy increases over ~ 8-10 MeV/u. The 
investigation of incomplete fusion is a big puzzle and the measurement of the amount of linear 
momentum (LM) transferred from the projectile to the fused system is one of the pieces of this 
puzzle. New accelerator faci l i t ies can accelerate heavy ions at bombarding energies up to ~ 
50-100 MeV/u and several studies have been devoted to the study of the amount of LM transfer­
red from the projectile to the fused system in the energy range going from 20 to almost 100 
Mev/u (Sikkeland, 1968) (Viola, 1982). The aim of this lecture is to give a brief overview of 
the present experimental situation in this domain as well as of the remaining open problems. 

I . EXPERIMENTAL METHOD 

In incomplete fusion reactions one forms an excited system which will de-excite either by 
emitting light particles and y-rays, or by fissioning. By measuring some of the properties of 
the nuclei created after the de-excitation one gets informations about, p, the amount of LM 
transferred from the projectile to the fused system. Two experimental methods have been used 
so far : one based on the fission fragment angular correlation technique and the other one on 
the evaporation residues velocity spectrum. However, they cannot be always applied simultane­
ously because evaporation residues and the fission fragments do not necessarily occur with a 
measurable prooability for a given system. Indeed, heavy nuclei mainly de-exdte by fission 
'/hereas light ones lead essentially to evaporation residues. Only medium nuclei can oe inves­
tigated by both methods. 

a) The fission fragments correlation techniques 

In complete fusion the recoiling nucleus has a velocity, VR, which 1s equal to the velocity 
of the center of mass of the total system, V. Therefore, in the laboratory system, the fold-



ing angle, 9f, between two fission fragments of given kinetic energy can be easily calculat­
ed and is constant. For incomplete fusion VR < V because prompt particles have been emitted 
prior to fusion. Therefore, the- remove a part of the initial LM. It fellows that, for the 
same fission products as those discussed above, 3f, will be larger. !n the extreme case 
where the amount of LM transferred is zero, 6f * 180*. The measurement of 9f then allows 
to deduce the amount of LM transferred from the projectile to the fused system. This technique 
has been successfully introduced a long time ago (Sikkeland, 1968) at low bombarding energy 
where full momentum transfer was always achieved. 
Actually, the experimental measurement is not as simple as described above because one does 
not detect the primary fission fragments tut only the secondary products after de-excitation 
of the primary ones. Furthermore, in a fission process one gets fragments with a distribution 
in kinetic energy, mass and atomic number. One usually proceeds as follows : one puts a detec­
tor at an angle 8, with respect to r.he beam axis in order to detect one of the fission frag­
ments. These two directions define a plane which is usually the horizontal plane of the exper­
imental set-up. The second fragment is detected on the other side with respect to the beam 
axis but not necessarily in the horizontal plane. Let us call $,, the angle between the direc­
tion of the second fragment and the horizontal plane (out of plane anglel and a,, the angle 
between the perpendicular projection of this direction on to the horizontal plane and the beam 
axis (in plane angle). The measured quantity is the probability distribution W(9 3, 9^, ^ 1 
which gives the probability of detecting a second fragment at 9,,, ^ when one detects the 
first one at 8 3 . It is convenient to introduce two reduced probability distributions p(e 3, 9,,) and q(9 3, *,,) which are obtained by integration of A with respect to $,, or 8^ using the 
proper jacobian (cos^ ). The probability distributions are not delta funcfens Decause of 
several effects : 
1) The fission fragments are excited, therefore they will de-excite by light particle evapora­
tion. This will induce a broadening of the distributions around a mean value. This broadening 
is the same in and out of the reaction plane. 
ii) The fission fragments have a mass and a kinetic energy distribution which will induce a 
broadening of the p(9 3, 9,,) correlation. iii) For incomplete fusion the recoil velocity of the fissioning nucleus will have a distribu­
tion around a mean value. This will also lead to a broadening in an out of the reaction plane. 
In order to illustrate thi kind of probability distribution that one obtains in such experi­
ments we present, in Fig. 1 and 2, p(9 3, 8,,) and q(8 3, •,,) for the Ne + Au system at 30 MeV/u investigated in ref.fLa Rana, 1983). In Fig. 1 the arrow indicates the angle 6,, corresponding 
to full linear momentum transfer. The experimental points wnich are on the left of this arrow 
are due to points i) and ii) above. They of course do not correspond to a LM transfer greater 
than 100 i. The first result which can be extracted from Fig. 1 is the most probable folding 
angle 9 3 + tf,, which corresponds to 77 » of the initial linear momentum transferred to the 
fused system. It is difficult to get more information from fig. 1 because it is not easy to 
make a deconvolution of the three physical effects described above (i, ii, iii). A better way 
to proceed is to perform a simulation as it was done in réf. (La Rana, 1983). The result of 
this Monte-Carlo simulation corresponds to the full line in Fiy. 1. It agrees well with tne 
data except for large e 4 values. This is due to the fact that this calculation does not take 
into account of the sequential fission of the Au target after it has experienced a grazing 
collision. This sequential fission mecnanism gives three bodies in the exit channel. The two 
fission fragments nsulting from this interaction give a correlation function centered around 
8f ~ 170-lbO*. The simulation rsoroduces also quite well the out of plane distribution (Fig. 
2) which is essentially due to evaporation. The standard deviation of the calculated p(e 3, 9,,) distribution 1s equal to a 9 » 8.96* and to 5.93* for q(9 3, * J . It 1s interesting to give 
here the standard deviations corresponding to each of the physical effects (taken alone) which 
contribute to a broadening of the in plane and out of plane distributions. Table I gives the 
results of these calculations assuming that there is no perpendicular distribution of p per­
pendicular to the reaction plane. Table I shows that one has to be very careful in analysing 
the experimentalo datas. It is also worth to note that many experiments perform measurements 
only in the horizontal plane. Therefore, one gets W(8 3, 9,,, 0 ) , a quantity which is supposed 
to be proportional to p(e 3, 9,,). This statement 1s only true if the shape of out of plane 
distribution does not change as a function of 8^. This is approximative!) valid for the Me + 
Au system but might not be so for other projectile-target combinations. 

a) The evaporation residues velocity spectrum 
When evaporation residues are formed with a non-negligeable probability, a simple way to get 
informations about the amount of LM transferred from the projectile tc the fused system is to 
measure their velocity spectrum (Cerrutl, 1983). The most probable velocity allows to calcula­
te o since V R it is not cnanged by evaporation. A simulation can also permit tc estimate the 
distribution of p around p. The most interesting systems to investigate by this method are 
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F ig . 2 . Correlat ion function c, (9 3 , $H) versus * k . The f u l l l i n e is a r . ' v l t 
is a resul t of a Monte-Carlo simulation. From r e t . ( L a Rana, 19b3). 

those which give a fused nucleus which d e - e x d t e e i ther by f iss ion or by par t ic le evaporation 
because one can get o by two d i f f e r e n t -xperimental methods. This is interest ing because i t is 
not the same orbi ta l angular momentum values which are involved and this might provide a way 
to i n v e s t i g a t e the dependence of p on angular momentum. The Ar • Ag is a good candidate for 
sixh studies. At 19.6 MeV/u one gets the same value of p by the two methods IC. Cer ru t i , 1985) 
wfereas a t 27 MeV/u i t was found that they d i f f e r (Borderie, 1985). 



Table I Results of the Monte-Carlo simulation used to investigate the influence of different 
. effects on the in-plane (d,,) and out-of-plane («,,) distributions for the Ne + Au 

system (a Q . and a t ) are the standard jeviations of the distributions with the 
mean values <eu> * 60* and <*u> = 0*) . From ref.(La Rana, ?983). 

Effect a,% (degrees) ffé. (degrees) 

size of the solid-state detector 0.38 0.38 

mass distribution 1 0 
kinetic-energy distribution 2 0 
particle evaporation 5.93 5.93 

parallel linear-momentum distribution 6.35 0 
full simulation 8.96 5.93 

I I . SUMMARY OF THE EXPERIMENTAL RESULTS 

Most of the experimental investigations concerning LM transfer have been made with light pro 
jectiles (< Me) using the fission fragment angular correlation technique. In al l the cases the 
folding angle distr ibut ion is similar to the one displayed in Fig. 1. I t was found that, p, 
the most probable amount of LM transfer decreases as the Dombarding energy per nucléon in 
creases. The quantity p is defined quantitatively as the ratio between the in i t ia l LM and the 
LM associated with the fused system. According to this definition p=l for full momentum 
transfer and p*0 for no momentum transfer. As i t has been proposes in ref.(Viola, 1982) one 
can plot p, the most probable value of p, as a function of E/A for some of the systems 
investigated with light projectiles. This is displayed in Fig. 3. One f i rst sees that all the 
systems seem to have a similar evolution. Below E/A < 3.2 (MeV/u) 1 / 2 there is full momentum 
transfer whereas p decreases almost l inearly abova this value. The mean evolution of '«.he 
experimental points can be parametrized as fo'lows (La Rana, 1983) : 

0.0092 j / T + 1.273 for i / i > 3.2 [MeV/u] 1 / 2 
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Fig- 3. Most probable amount of LMT from the projectile to the fused system plotted as a 
function of the square root of the incident energy per nucléon for different sys­
tems. From réf.(La Rana, 1983). 



It is interesting to see how general the above systematics work when one uses heavier projec­
tiles. Several experiments have been now performed (Charvet, 1984; Borderie, 1984) with Ar 
beams at GAML and SAftA. It was found that for bombarding energies equal to 19.6 and 27 Mev/u, 
p still behaves as indicated in eq.(l) but at yet higher energies this is no longer the case. 
This is illustrated in Fig. 4 where one shows the in plane angle correlation function for the 
Ar • U system at 3 different bombarding energies : 19.6 MeV/u (Leray, 1985), 27 MeV/u (Jac­
quet, 1985), 35 MeV/u (Leray, 19Ê5) and 44 MeV/u (Leray, 1984; Charvet, 1984). As we can see, 
the 19.6 MeV/u results of Fig. 4 show two pronounced peaks. The first one, located at about 
9f • 120* corresponds to fission following incomplete fusion. From the most probable value 
of a f one can deduce p = 0.86. The second peak, located roughly at Qf = 170*, can be ascrib­
ed to inelastic scattering of the incident Ar projectile, followed by the sequential fission 
of the e>cited U nucleus. A similar situation is observed at 27 MeV/u (Jacquet, 1985). However 
at 35 and 44 MeV/u the correlation functions are quite different. The first peak at low 9f 
has disappeared while the peak associated with sequential fission is still present. It is not 
possible to extract a p value for incomplete fusion. However, since sequential fission cannot 
readily contribute to the counts in the region where 9f is lower than 140*, it seems as 
there remains a certain contribution of incomplete fusion events, nevertheless, the most pro­
bable value p of p is certainly different from the one predicted by eq.(l). 
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Fig. 4. Folding ancle distribution of the fission fragments associated with the Ar + U system 
at different Domoarding energies : 19.6 MeV (Leray, 1985) ; 27 MeV/u (Jacquet, 1985); 
35 MeV/u (Leray, 1985) and 44 MeV/u (Charvet, 1983). 

The conclusion of these studies is that p does not only depend on £/A but that 1t seems also 
to depend on the size of the projectile. If the systematics of eq.(l) would be valid for any 
comDination of projectiles and targets it would mean in particular that 'p1 oberved in a Aj+A 2 

reaction 1s identical to p 2 measured in the inverse kinetics A 2+A.. The experimental knowledge 
of p 1n the above reactions would be more than welcome because it will then settle the ques­
tion of the number of particles emitted before fusion by the projectile ana the target respec­
tively. Indeed, p is a laboratory quantity and not a property of the center of mass system. It 
1s mostly sensitive to the number of prompt particles emitted by the projectile prior to fu­
sion. This means that there is a priori no reason why p should be the same for the norma) 
(A,+A2) and for the inverse klnematical reaction (A 2+Aj). A simple model, presented in (Ugo, 
1985) indeed snows that p l and p 2 should be different. 



3. MAXIMUM ENERGY CONTENT OF A NUCLEAR SYSTEM 

In incomplete fusion there is a global s t a t i s t i ca l equi l ibr ium of the fused system. This means 
that one has a constant temperature over the whole volume. Therefore, i t i s reasonable to 
think that i t w i l l not be possible to provide too much exci tat ion energy to the fuse nucleus 
otherwise there w i l l be a to ta l ebu l l i t i on and i t w i l l not be possible to observe f iss ion 
fragments, nor evaporation residues. The question of how much energy cne can deposit in a 
nucleus turns out to be of crucial importance and we shall describe here the simple answer to 
this problem given in (Leray, 1985). 
I f the ebu l l i t i on of a nucleus would give a gas of free nucléons, one has to consider the 
following reaction mechanism : 

Nucleus « ^ neutrons + protons (21 

The energy necessary to do that is equal to A en,, where A and £3 ire the mass and the 
binding energy per nucléon respectively. Using the usual A value for the level density parame­
ter , which relates the exci tat ion energy to the temperature (A/8), would give a maximum tempe-
racure T „ , x 7-8 MeV. with a more rea l i s t i c level density parameter calculated a t f i n i t e tempe­
rature (Bonche, 1984) (A/13) one gets T m a x - 10 MeV. The experimental exci tat ion energy per 
nucléon is smaller than eg. This might be related to the fact that the ebu l l i t i on of a nu 
cleus does not lead to a nucléon gas but to a mixture of nucléons and c lusters. This is sup 
ported by the fact that clusters with a mass d is t r ibu t ion porportional to A^ (T ~ 7/3) , have 
been observed experimentally. This mass d is t r ibu t ion can be tentat ively interpreted, for ins 
tance, within the framework of a gas-l iquid phase t rans i t ion near the c r i t i c a l point (Minich, 
1982), but other theoretical explanations, l ike a cold fragmentation (Bondorf, 1982) or a 
percolation phenomenon (Campi, 1985) are acceptable as we l l . Therefore, in the evaluation of 
e*, the maximum energy per nucléon that a nucleus can support before ebu l l i t i on , one has to 
consider the fol lowing reaction mechanisms : 

<!> I 2 » , 
Nucleus z+ neutrons + protons ^ i clusters (3) 

which now correspond to a plethora of "boi led-of f " neutrons, protons and c lusters. I t should 
be noted that a l l nucléons do not necessarily condensate in c lusters. We shall not be inter 
ested in any theore t i ca l j u s t i f i c a t i o n of the A^ law but we shall use the fact that i t is 
observed experimentally. In th is case the most probable maximum energy content of a nucleus, 
expressed per nucléon, becomes : 

emax ' eB ~ < Clusters * ( 4 ) 

where < eçiysters > 1 s t h e m e a r 1 D ^ n d 1 n 9 energy per nucléon of the c lusters. By using the most 
probable Admass value fo r a given cluster atomic number, together with a mass d is t r ibu t ion 
i n A c , one finds < e ç i u s î e r s > ~ 3 MeV. In F1g. 5 e * a x is plot ted as a function of the mass A 
of the nucleus, for d i f ferent values of the parameter -t. From Fig. 1 we see that medium nuclei 
can accomodate more exci tat ion energy per nucléon tha.i heavy nuclei . A compilation of the ex­
perimental data (Rivet, 1984) seems also indicate such a trend. I t should be n'tec that the 
described calculation has to be considered only as semi-quantitative (see Leray, 1985). I t is 
worth mentioning that the above evaluations assume that a global s ta t i s t i ca l equi l ibr ium has 
been reached in the nucleus and that the upper l i m i t on e,j j a x merely constitutes a most proba­
ble value, thus allowing for a certain amount of f luc tuat ions. In par t icu lar , for cases where 
only "local equi l ibr ium" 1s required one can doubtlessly exceed these l im i t s and hence deposit 
energy local ly in great excess of these c j a x values. 
The purpose of the preceedlng evaluation was to estimate e* and see i f 1n Ar induced reactions 
one could get, in some cases, a l imi ta t ion to incomplete fusion due to a too large amount of 
exci tat ion energy. In (Leray, 1985) I t has \ieen shown that there is no l im i ta t ion at 27 MeV/u 
and below, but such a l im i ta t ion might exist at 35 and 44 MeV/u. Indeed, at these la t te r ener­
gies such a l im i ta t ion exists for values which are of the order or greater than those given by 
e q . ( l ) . Therefore, the maximum energy that one can deposit in a nucleus might truncate the p 
d i s t r i b u t i o n and s h i f t p towards smaller values. The same calculat ion performed on tne 1 2C + 
2 3 3 U ami 2 0 Me f I î 8 U systems snow tnat e j a - begins to be reached at respectively 80-90 MeV/u 
and 50-60 MeV/u. This could explain why with 1 2 C and 2 0Ne project i les no such l im i ta t ion has 
yet been observed. 
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CONCLUSION 

The measurement of the most probable amount of LM transferred from the projectile to the fused 
system, p, provides a simple way to get informations about incomplete fusion. It depends not 
only on the bombarding energy but also on the size of the projectile and of the target. With 
Ar projectiles it has been found that above ~ 30 MeV/u a new regime was obtained. This transi­
tion might be related to the maximum energy that one can deposit in a nucleus under the condi­
tion of global statistical equilibrium. 
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INTRODUCTION 

At low bombarding energies (E/A < 10 MeV/u) the fusion of two nuclei is possible provided the 
product, Z1Z2, of their atomic number is not too large (Mgô) (typically when ZiZ2 < 2500-
3000). With argon projectile or lighther ones the small impact parameters lead to fusion and 
the large ones, corresponding to grazing collisions, lead to quasi-elastic or inelastic re­
actions. A small bin of impact parameters located between those giving fusion and those cor­
respond to grazing collisions lead to deep inelastic collisions. With these projectiles the 
fusion cross section represents always a large part of the total reaction cross section. I t 
has been shown (Lefort, 1973) that this is no longer the case with projectiles like Kr or 
heavier on heavy targets and the fusion cross section becomes vanishlngly small. This is due 
to tne coulomb force between the two interacting nuclei which becomes so strong that i t cannot 
be counteracted by the nuclear force (Ngô, 1975). As a consequence fusion is no longer possi­
ble and the impact parameters which were expected to give fusion lead to deep inelastic pheno­
menon which occurs with a cross section which is now a large part of the total reaction cross 
section. 

When the bombarding energy is raised above ~ 20 MeV/u we have seen, in the f i rs t lecture, that 
incomplete fusion replaces progressively complete fusion when projectiles like Ar or lighter 
are involved. With Kr ions, or heavier ones, and heavy targets the coulomb force between the 
two nuclei has the same strengnt as at low bombarding energy. Consequently, i t is reasonable 
to think that incomplete fusion will not be very probable in Kr induced reactions on heavy 
targets. The question 1s to know which mechanism will replace i t . In this lecture we shall try 
to give an answer to this question using the results of a recent experiment performed at GAHIL 
with Kr projectiles. A prtiiminary experimental investigation on the Kr + Au system at 35 
MeV/u has indeed shown the existence of products with an atomic number, Z, and a kinetic ener­
gy, E, substantially smaller than the one of the projectile ( D a l i l i , 1984). Typically, events 
with Z ~ 25 and E/A ~ 15-20 MeV/u have been detected. More detailed studies concerning this 
subject have been obtained on the 8 1 , Kr * 9 2 Mo, 9 8 M o , n a t ' A g and 1 9 7 Au systems at 22 MeV/u 
{Dal i l l , 1985; Da11li, 1985). We shall present an overview of these results 1n section 1 . In 
section 2 we shall propose a simple interpretation of the energy-relaxed products observed in 
these collisions. We shall see that they could possibly come from a calefaction type phenome­
non. 

I . OVERVIEW OF THE EXPERIMENTAL RESULTS 

The 8 w K r + 9 2 > 9 8 M o , N a t Ag and 1 9 7 Au systems h^e been investigated using the 22 MeV/u Kr beam 
accelerated at GANIL. The atomic number Z, the mass A and the kinetic energy E of the products 
have been measured between 6* and 12" 1n the laboratory system. In this lecture we shall only 
present some of the results obtained 1n (DaUl i , 1985). 
In the discussion 1t should always be kept 1n mind that the grazing ingle, e q r , associated 
with the projectile is respectively equal to b*. V and 10* lor the Kr • Mo, Kr a+ Ag and Kr + 



Au systems. Therefore, we are a little bit beyond it for the Kr + Mo systems whereas 9 g r is 
within the detection angular range for the two other reactions. In Fig. 1 the velocity Spec­
trum of the products is displayed for different laboratory angle (bins of • 0.5* around the 
indicated value). The projectile velocity is equal to 6.5 cm/ns and indicated by an arrow. Low 
inelasticity products (elastic, quasi-elastic, fragmentation,...) have a velocity close to the 
projectile one and are mainly observed at angles smaller than 9„ r. For a given system, as one moves to large detection angles, the amount of low inelastically events decreases and, beyond 
the grazing angle, one is left with products which have a velocity distribution peaked around 
4-5 cm/ns. In Fig. 2 the atomic number distributions of the products is shown for different 
values of the laboratory angle. Products corresponding to a low inelasticity are focused in 
the region corresponding to Z=36 which is Che atomic number of the projectile. As one moves to 
detection angles larger than the grazing angle one observes a brocd distribution peaked at 
about Z - 20-25 units. 
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F1g. 1. Velocity spectra of the products detected 1n the Kr + 9 2Mo, Kr + "Mo, Kr + n a t A g 
and Kr + l 9 7 A u reactions at 22 MeV/u plotted for several bins of angles. 

In Fig. 3 the atomic number distributions of the products, integrated over the detection angu­
lar range, is displayed for different bins of kinetic energies. As the inelasticity increases 
the distribution broadens and, at the same time, the most probable Z value decreases. Another 
way to view the results 1s displayed in F1g. 4 where the kinetic energy distribution of the 
products, integrated over 6-12 , is plotted for different atomic numbers and for the four 
investigated systems. Again, one observes two components for Z values close to the one of the 
projectile which merge progressively as the atomic number decreases. 
It 1s now established that products with a low kinetic energy and a mass substantially smaller 
than the one of tne projectile are formed in krypton induced reactions at bombarding energies 
energies around 20-40 MeV/u. These products are mostly visible at angles larger than e g P be­cause low Inelastically products have almost disappeared there. However, it 1s Important to 
note that they are also present at smaller angles. The purpose of the next section will be to 
propose a possible explanation for the formation of these events. 
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F1g. J. Atomic number distributions of the reaction product detected between 
6" and 12* for different bins of kinetic energies (each bin corres­
pond to • luu MeV around the indicated value. 
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Fig. 4. Kinetic energy distributions for different values of the atomic 
numbers and for the 4 investigated systems. 

I I . CALEFACTI0M PHENOMENON 

We shall now propose a very schematic interpretation of the preceeding measurements concerning 
the unexpected observed events. This interpretation is tentative since the experimental re­
sults are inclusive, nevertheless, i t can be used as a basis for future experiments. In such 
heavy ion reactions one is faced with products which can be highly excited. Since one detects 
the reaction products after their de-excitation i t is necessary to take into account this 
process when discussing the experimental data. We have made a very simple treatment of the 
de-excitation process by treating the evaporation sequence as a continuous process (see 
(Oal i l i , 1985) for more details). Such a treatment is of course approximate but I t will be 
sufficient for our discussion. We shall now make several hypotheses for the reaction 
mechanisms and check which one is in best agreement with the experimental data. 

a) Oeep inelastic reactions 

The f i rst idea would be to extrapolate our knowledge at low bombarding energy and suppose that 
the observed energy relaxed products are coming from a ceep inelastic collisions (Lefort, 
1978). However, in this case one would rather expect a mass transfer from the projectile to 
the target rather than the opposite. The dr i f t 1n the other direction which one observes in 
the present experiment could perhaps be understood <"s the result of the evaporation of highly 
excited deep Inelastic fragments. To check this hypothesis we have assumed that there 1s no 



mass d r i f t in the deep inelast ic process in order to maximize the evolution of the secondary 
products towards small masses. In F ig. 5 is displayed the calculated correlat ion between the 
most probaole mass and k inet ic energy of the products expressed in dimensionless units (A p .and 
E p are the mass and the k i n e t i c energy of the pro jec t i le respect ive ly) . The products before 
evaporation (primary products) correspond to A/A. s 1 according to our assumption. The secon­
dary products (a f ter evaporation) are represented by the dasned l ines (here and i n the fol low­
ing *e shall res t r i c t ourselves to two systems : 8 1 , Kr + 9 8Mo and i 9 7 A u ) . One sees that the 
evaporation process changes a l o t the primary corre lat ion. Indeed, in some cases one th i rd of 
the i n i t i a l mass is evaporated. In F ig . 5 one has also plotted the most probable values corre-
'ponding to each of the peaks observed experimentally and shown in Fig. 4. A quick comparison 
between the calculated and the experimental results indicates that i t would be d i f f i c u l t to 
explain the whole set of data by a deep inelast ic process followed by evaporation. 

Fig. 5. The calculated correlat ion between the mass A ( in units of the pro ject i le mass) and 
the k inet ic energy (in units of the incident energy) are p lot ted for the most proba­
ble products obtained in the â l , Kr + 9 8 No and a>tKr + 1 9 7 A u reactions before and after 
evaporation, assuming a deep inelast ic process. The l e f t hand side graduation corres­
ponds to the atomic numuer Z. In this Fig. one also shows experimeal points deduced 
from the most probable values of the dist r ibut ions displayed in nows Fig. 4. The 
horizontal bars, for the Kr + Au data, correspond to the standard deviation of the 
associated d is t r ibu t ion . 

b) The participant-spectator picture 

The part icipant-spectator picture has been very successful at higher bombarding energies 
(Bowan, 1975) and one might see wether i t is s t i l l applicable at 11 MeV/u. In this picture one 
distinguishes three kinds of events which move at d i f ferent ve loc i t ies . £ach of them is asso­
ciated with one of the following interact ion zone : the p ro jec t i l e spectators (PS) region 
wnicn moves with the pro ject i le veloci ty , the target spectators (TS) at rest in the laboratory 
system, and tne part icipants domain (PU) moving with an intermediate ve loc i ty . A similar com­
parison as the one done in Fig. 5 can be performed and is shown in Fig. 6. I t shows that the 
participants-spectators picture does not apply very we l l . However, i t should be noted that the 
qual i ta t ive evolution of the experimental data is not so badly reproduced. 
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Fig. 6. Same as f ig . 5 assuming the participants-spectators picture. Here, the secondary pro­
ducts corresponding to PS l ie on the same locus as the primary ones because the ave­
rage velocity is conserved in the evaporation process. The TS zone is only l i t t l e ex­
cited and consequently the primary and the secondary correlations are the same. 

c) The role of the mean field 

I t might not Be too surprising that the models which were very successful at low and high 
bombarding energies do not apply so well between 20 and 50 MeV/u. Indeed, in this energy range 
one expects the mean field and the individual nucléon nucléon interactions to play a s igni f i ­
cant role in the reaction mechanisms. We shall now investigate, in a qualitative way, what 
could be the influence of the mean field on a participants-spectdtors picture which was the 
framework which gave the best qualitative agreement with the experimental data. 
The role of the mean field in a participants-spectators picture is to favor the fusion between 
some or al l of the three pieces (PS, TS and PD) created during the interaction. The simplest 
interaction is of ccurse the one where the 3 pieces fuse after some particles have been emit­
ted by the participant zone. Such a mechanism would correspond to incomplete fusion and might 
be what happens with lighter projectiles. However, with krypton ions we have already said that 
the coulomb interaction wil l prevent such a mechanisms to occur. Therefore, one can imagine 
any of the alternative interaction scenarios inscribed below. 

1. Partial fusion and thermalizatlon 

One can imagine that the participant zone fuses with either the projectile or the target 
spectators, two hypothetical scenarios schematically represented in the lef t part of Fig. 7 
(Fig. 7b and 7d). In Fig. 7b one would be dealing with the (PS + PD) agregate (in Fig. 7d with 
the (TS + PO) one) moving as a single system. The excitation energy of the participants could 
then De snared wltn the spectators of either the projectile (Fig. 7b) or of the target (Fig. 
7d) to the extend that a highly excited nucleus is formed which, most probably, will fission. 
As we did 1n F1g. 5 and ô one can calculate the correlation between the mass and the kinetic 
energy of the different fragments produced in the reaction. This is shown in the middle and in 
the right part of F1g. 7 for the products before and after evaporation. 



2. Partial fusion and calefaction 

One could also suppose that the mean field induces, at first, •.he same mechanisms as above, 
namely the PO fuse with either the PS or TS zones (Fig. 7a and 7c). However, and this 
constitute the crucial difference, the fuseU system does not live long enough to get uniformly 
excited but breaks up before a final global equilibrium is achieved. The reseparation of the 
fused system could be attributed to "calefaction", a phenomenon well known in the case of 
macroscooic systems. For instance, one knows that pouring some water over an overheated plate 
results in a "calefaction" of the water droplets. The mechanism can be explained as a slower 
than expected liquid to vapor transition for the water content of the droplets. The vapour 
layers, developped upon contact with the heated plate, tends to isolate the remnants of the 
water droplets from the heat source because it has a lower thermal conductivity than the water 
itself. A similar mechanism also allows one to put one's hand in liquid nitrogen without suf­
fering any serious damage, provided it is done fast enough. 
For neavy ion collisions one surmises that a nucléons gas, generated by the initial evapora­
tion of the hot zone or from overheating of the spectator zone, fills the contact region be­
tween the participants and the spectators of the comoined IPÛ + PS) or IPS* TS) systems (see 
Fig. 7a anJ 7c). Such a nucléon gas is expected to have a smaller tnermal conductivity than 
the corresponding region of participants natter which would have both a higher nucléon density 
and temperature. Therefore, calefaction phenomenon will allow a reseparation of the fused 
systeia into its participants and spectators constituents. The calculated correlation between A 
and £ is shown in tne middle and in the right part of Fig. 6. 

BEFORE EVAPORATION AFTER EVAPORATION 

as ao as to a a as oo as to 
f / t« ï / i 

Fig. 7. Four different mechanisms, derived from the participants-spectators picture assuming 
that the mean field s t i l l play a roie, are schematically displayed in the right hand 
part of the fig>re. In the middle of the figure, one shows the calculated correlation 
[A/(Ap), £/fC„)) for the primay products corresponding to each of tne four scenarios. 
The Teft hand part of the figure shows the calculated correlations after evapora­
tions. 

3. Conclusion : calefaction? 

As we did in Fig. 5 and 6 one can compare the calculated correlations with the experimental 
results. I t turns out that only the scenario corresponding to Fig. 7a (calefaction phenomenon 
1n tne (PD • PS) system) could possibly f i t the datas. The comparison 1s displayed in Fig. 8 
where the calculated correlation of the primary products (full line) as well as the corres­
ponding one after evaporation (dashed) Une are shown. I t should be noted that the projectile 
spectators are nardly excited. Therefore, the correlation of the secondary products is the 
same. Compared to the usual participants-spectators model, t t snould be stressed that in the 
calefaction picture the PO and the PS zone move with practically the same velocity which is by 
far not tne case 1n the other model. 



The present description is of course very schematic and we refer the reader to ( D a l i l i , 1985) 
for more details, especially concerning a more thorough discussion of the different mecha­
nisms. 
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Fig. 8. A comparison between the experimental data the calculated correlation for scenario a 
of figure (calefaction in the PS + P0 system) is displayed is in Fig. 5 and b. 

CONCLUSION 

We have described some recent results obtained at GANIL with krypton projectile at 22 MeV/u on 
medium and heavy targets. I t was found, 1n the 6-12* angular range, products with an atomic 
number, a mass and a kinetic energy substantially smaller than the one of tne projectile. I t 
appeared di f f icul t to interpret these results in terms of a deep inelastic p-ocess or within 
the usual participants-spectators picture. I t was proposed that they could oe produced in a 
mechanism where one has f i rst a partial fusion between the participants and the projectile 
spectators followed by a reseparation of these two pieces due to a calefact?on phenomenon. At 
variance to the usual participants-spectators model the two pieces coming from the resepara-
tlon of the partial fused system have practically the same velocity. 
Such an hypothesis is not in contradiction with the Inclusive datas. However, coincidence 
experiments are now really needed in order to completely check the proposed hypothesis of 
calefaction. This phenomenon seems to be a characteristics of Kr induced reactions with medium 
and heavy targets. Indeed, in a recent experiment performed at GAML with Xe ions at 24 MeV/u, 
1t seems that we have observed also similar products, with lighter ions like Ar, or lighter 
ones, this phenomenon might exist as well but probably with a much smaller probability 
(indeedone has s t i l l the incomplete fusion mechanism which exhaust, in many cases, a large 
part of the total reaction cross section). The differences between light and heavy projectiles 

L.M 

after 

before 
evaporation 



might be due to the coulomb force a situation very similar, in that respect, to the one we 
know at lower bombarding energies. 
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The Hartree-Fock approximation has been very successful to calculate static properties of 
nuclei {Quentin, 1979). It is a mean field approximation to the many body problem where the 
many body wave function is approximated by a slater determinant built on single particle wave 
functions. Besides static calculations, the time dependent Hartree-Fock (TDHF) method has been 
successfully applied at low bombarding energies heavy ion reactions (Bonche, 1976). I t has 
provided a good quantitative description of the collision of two nuclei. In particular, fusion 
and deep inelastic reactions have been mocked up by tnis method in a reasonable way. One of 
i ts g-eat advantages is to be a self consistent theory which can be deduced from a variational 
principle which makes the "action" : 

«V * j \ 2 dt < * ( t ) | « 2 - - H|y(t) > (1) 
1 1 at 

stationary with respect to a variation of the single particle wave function 4, %. Here, H is 
the hamiltonian and ? a slater determinant ouilt from the ^. All the calculations performed 
so far have been done an temperature zero but one knows that deep inelastic collisions and 
fusion reactions lead to nuclei at finite temperature. The heating up of these nuclei cannot 
be reproduced by a TDHF calculation. Furthermore, it is a non dissipative theory since the 
entropy of the system is conserved whereas one knows that it should increase in tnese proces­
ses. The above shortcomings of the TOHF approach are due to the fact that two body collisions 
are neglected. However, it is these two body and higher order collisions which are responsible 
for the decay of 1 particle - 1 hole excitations to more complicated states (temperature). 
Therefore, a realistic treatment of dissipative heavy ion collisions needs to go beyond the 
TDHF approximation. At bombarding energies between ~ 20-50 IIeV/u nuclei can be formed at much 
higher temperature values and it becomes necessary to take care explicitly of this parameter. 
Furthermore, two body collisions become more and more important as the bombarding energy in­
creases because the Pauli blocking effect decreases. These two body collisions can be a source 
of dissipation which has to be taken into account. At finite temperature shell effects are 
progressively washed out and semiclassical approximations become good enough to be applied 
with a reasonable amount of confidence (Brack). In this lecture we shall present a time depen­
dent Thomas-Fermi (TDHF) (Nemetn, 1985) approach which is a first step in trying to understand 
the dynamical evolution of highly excited nuclei. In section I we shall briefly sketch the 
formalism. The method will then be applied, in a one dimensional case, to investigate the 
evolution of hot and compressed nuclei. 

I. FORMALISM 
One way to derive the TOTF equations 1s to start from the TDHF approach and extend the deriva­
tion at finite temperature including eventually dissipation in a phenomenological way. 
Let us first start by considering the temperature T«0 case in order to see the connection be­
tween the TDTF and the TDHF approaches. With a pnenomenological density dependent effective 
interaction, Hke those of the Skyrme type (Quentin, 1979), eq.(l) can be rewritten as : 



^ = ill dt / df ^ i 4*]* 4a) • g 4 a > * ^k* 1 - «(Pn.Pp) ( 2 ) 

Where w(pn»Pp) i s t h e potential energy density which depends on the neutron and proton 
densities (pniPp) a n d m t n e nucléon mass. The superscript a stands either for neutrons 
{.a=n) or for protons (a=p). In eq.i2) a dot above a variable denotes the time derivative oper­
ator. B> varying eq.(2) with respect to ^ or <v£ one gets the TOHF equations : 

ift ${«> * - * i w {«) • u ( t t ) 4 a ) ( 3 ) 

2m 
where O*'"', the single particle potential, is the functional derivative of W with res-
spect to the a density. (a) Without introducing any approximation one may write the single particle wave function ^ 
as : ( j 

<,(«) = 4 « > e

l S * a (4) 

where both * , [ a ' and SĴ 11 ' are reals. The quantity H/m vs [ a ' has a very simple physical semi 
classical meaning : i t is just the velocity of the particle in the k orbit. One way to intro­
duce the TDTF approximation is to suppose that al l the phases Sg1 a r e locally the same for 
each kind of nucléons (S£ a ' = S ' n ' for neutrons and S ĵJ' * S* p ' for protons). This amounts to 
say that the neutrons or the protons have locally al l the same velocity. Using this approxima­
tion one can rewrite the action as : 

* = /;; dt / dt z - ( « s<«> Pa * g Pa(vs<«>)2 • e [ P j ) 
1 a n,p tin 

(5) 

where e[p a] is the energy density per unit volume of the system. Varying ^i given by eq.(5) 
with respect to p a and s ' a ' gives the TDTF equation at zero temperature. These equa­
tions are a semidassical approximation of the TOHF ones. However, i t is easy to extend eq.(5) 
at f ini te temperature by replacing the energy density e{pŒ] by the free energy density 
f£p ] . This wil l allow to treat f in i te temperature effects, a task which would be much more 
d i f f icul t to do within the framework of a TDHF approach. The TDTF equations obtained in this 
way read : 

-rf S ( a ) - Tt,_ + U l a l + J ! ! ( v S ( s ) ) 2 (a » n.p) (6) 
2m 

" f ^ = S 7 ( p « 7 S ( < l ) ) («-n.p) (71 
where n a is the degeneracy parameter entering in the usual definition of p (see Dali l i} and 
U ' a ' the single particle potential associated with the neutrons or protons. This latter 
term includes some kinetic energy corrections which go beyond the usual Thomas-Fermi approxi­
mation. The physical meaning of eq.(6) and (7) is the following : eq.(7) is just a continuity 
equation. If one takes the gradient of both sides of eq.(6) and remembers that -rf/m vS* a ' 
is the velocity f ield of particles « , one gets an Euler-like hydrodynamics equation. There­
fore, the TDTF equations presented in eq.îè) and (7) are just fluid dynamical equations. 
The TDTF equations are non homogeneous which makes their numerical resolution rather tricky. 
However, by an appropriate transformation one can get equations which can be more easily sol­
ved numerically. Indeed, i t has been shown (Da l i l i ; Levit, 1984) that static Thomas-Fermi 
equations can be solved in the same way as Hartree-Fock equations by introducing two "virtual" 
wave functions (one for protons and the other for neutrons) xa ' Vpà' ^ h * s c a n o e «tended 
to the time dependent case (Memeth, 1985) by introducing : 

*« " t /^T exp(1S ( Œ Ï ) (8) 

tnen eq.(6) and (7) lead to : 

™ Xa * - ^ A * . M U * V<«>) ^ a • n.p (9) 

where 

v ( a ) , u (a) . * 2 *°\n 

2m oin 
(10) 



Therefore, the 4 fluid dynamical equations (eq.(6) and (7) for a = n,p) are equivalent to the 
2 "Schrbdinger" equations (eq.(9) for a = n.p). It should be noted that the total number of 
equations is conserved since xa a r e complex functions whereas p a and S l a ' are reals. 
Eq.(6) has the same mathematical structure as a TDHF equation ana all the powerful numerical 
methods developped in this field can be used. 
During the time evolution of the system the temperature will change. For instance a gas in 
expansion cools down. In the applications described in this lecture we shall restrict our­
selves to the case where one assumes a global statistical equilibrium over the entire system. 
This means that, at a given time, the temperature will be the same throughout the whole nu­
cleus. Such a situation is very likely to be found in heavy ion collisions at bombarding ener­
gies < 50-100 MeV/u. In this case, the evolution of the temperature as a function of time can 
be obtained from the total energy conservation. 
It should be stressed that eq.(9) is just a convenient way to solve the fluid dynamical eq.(6) 
and (7) but introduces in no way new physics. 
The TDTF framework also allows to simulate the effect of two body collisions by introducing a 
phenomenological friction term in the dynamical equations of motion. This friction will allow 
to convert the energy which is in the velocity field (collective energy) into intrinsic exci­
tation (heat). A possible way to do that is to make an analogy with the Navier-Stockes equa­
tions in hydrodynamics and modify eq.(b) in the following way : 

- "fl S ( Œ ) « I T , t y ( « l t £ 7S ( a ))2 - T H 7{p_ 7 S
( a l ) (11) 

2m m 
where the last term is a phenomenological dissipative one. y is the friction coefficient in­
cluding a proper form factor. With this modification of the Euler equation, the dynamical 
evolution of the system will be of dissipative nature with an increase of the entropy per unit 
of time equal to ^ , , 

I I . RESULTS 

The TOTF approach was used to investigate the stability of hot and compressed nuclei in global 
statistical equilibrium. Their evolution was followed over a time scale of the order of a few 
10" 2 2s which corresponds typically to the interaction times in heavy ion induced collisions at 
bombarding energies ~ 20-50 MeV/u. The calculation is self consistent but we have restricted 
ourselves to the one dimensional case where nuclei are assumed to keep spherical symmetry 
during their evolution. 

a) Compressional energy versus thermal excitation 

In heavy ion collisions induced at bombarding energies between ~ 20 and 50 MeV/u energy can be 
deposited in two extreme forms : compressional energy which is of collective nature and ther­
mal excitation (heat) which is on the contrary desorganized. In order to investigate the in-
tluence or these two different kinds of excitation on the future evolution of the nuclei we 
have used, for the in i t ia l conditions of the TOTF calculations, nuclei obtained as the result 
of a static, f in i te temperature, self consistent Thomas-Fermi calculation with a constraint on 
the mean square radius <r 2 >. I t means that the in i t ia l configuration has been obtained by mi­
nimization of the quantity F + x <r 2 >, where F is the total free energy and x the Lagrange 
multiplier associated with <r 2 >. Here, x is a measure of how much the system is compressed ( i t 
gives a velocity f i e ld proportional to "r (monopole constraint), whereas the temperature T is 
related to its thermal excitation. 
In Fig. 1 we show the time evolution of the density profile corresponding to a 2 0 8 P b nucleus 
plotted as a function of the radial distance r, for different values of T and x. For x * 0.2 
MeV/fm2 and T»0, 3 and 5 MeV, one observes that the density oscillates around an equilibrium 
value. This can be viewed as a rather large amplitude monopole vibration. For these 3 cases 
the nucleus remains stable for times of the order of a few lU" 2 2 s. This is no longer the case 
i f one compresses the nucleus too much as 1s can be seen from the right hand side (RHS) of 
F1g. 1 for x » 0.4 MeV/fm2. Here one observes for T * 0.3 and 5 MeV that, as the time goes on, 
the surface region separates from the center thus forming a kind of "bubble nucleus". At the 
same time the system cools down (1f T * 0) and the nucleus becomes unstable under high com­
pression and finally "blows up" (~ 2 * 10" 2 s). One should not pay too mucn attention to tne 
bubble nuclei which are very likely obtained because of the imposed spherical symmetry. 
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F1g. 1 Six sequential density profiles of 2 0 8 P b , represented by a different graph for ins-
instants t=u, 6, 12, 18, 26 and 19 « 10" 2 2 s, plotted against the nuclear radius, 
r, for three different T and two x values. Calculations were performed in a 40 fn 
radius spherical volume. 

However, the RHS of Fig. 1 might probably indicate the onset of a multifragmentation process. 
Therefore, the results in Fig. I indicate that compressional energy is more efficient than 
thermal energy 1n breaking nuclei. These results might also suggest that a liquid-gas phase 
transition, as proposed in (Mlnich, 1982) (see the lecture of D. Scott for an extensive dis­
cussion) could possibly not occur because the nucleus ureaks during its expansion. Therefore, 
I t would not be possible to get a low central density region where the compressibility is ne­
gative, a condition necessary for a gas-liquid phase transition to occur. The fact that, for 
the same amount of excitation, compression break nuclei more easily than thermal excitation 
can be understood by establishing an analogy with fission. In this latter case one can either 
heat a compound nucleus (thermal excitation) or give i t some in i t ia l kinetic energy in the 
fission mode (collective energy). For the same amount of excitation, fission will occur more 
easily 1n the second than in the f i rs t case. We are nere in a similar situation when comparing 
compressional with thermal energy. 

b) Probing the temperature 

In the preceeding subsection we have compared the efficiency of compressional and tnermal 
energies for breaking nuclei. For that reasons we nave started with equilibrium solutions for 



the initial conditions. However, in heavy ion collisions one has very likely to consider more 
exotic species which are probably out of equilibrium as far as some of the macroscopic varia­
bles are concerned. For this reason it is also interesting to start with initial densities 
which are not the result of a self consistent calculation. For instance, starting from a stat­
ic self consistent calculation of the ground state, one can assume a temperature different 
from zero while keeping the density profile fixed. However, in doing so it is important to 
note that changing the temperature of a nucleus while keeping its density profile fixed is a 
process which also changes the congressional energy. 
The excited systems which are formed in heavy ion collisions have a temperature which changes 
during their dynamical evolution. Experimentally, one measures the temperatures by means of 
different probes (for instance by looking at light emitted particles). However, these probes 
allow to get the temperature only at a certain period of the life of the excited system. 
Therefore, probes testing the temperature at different instants of time can lead to different 
values of the temperature. 
In order to illustrate what has been said above we have performed liie following calculation : 
we have generated a density profile for the 2 0 8 P b nucleus at T*0 MeV and for \ * 0.2 MeV/fnr 2. 
Then we have heated up the nucleus at T»35 MeV keeping the density profile unchanged during 
this operation. The subsequent evolution of the system is then followed by solving the TDTF 
equations. In Fig. 2 we show the density profile of the system at different steps of the evo­
lution. As we can see, the system expands rapidly and at instants t=8, 16, 32 and 48 x 10" 2 3s 
the system has cooled to T*14, 9.4, 9 and 7.2 MeV respectively. Compared to the RHS of Fig. 1 
the system breaks up in a smoother and more gradual way, probably because of the rapid expan­
sion. If such an exotic behaviour would exists in heavy ion collisions, then the precise ob­
servation time becomes an all important parameter in the determination of the nuclear tempera­
ture. For instance, if a given probe becomes effective at t ~ 2 x 10~ 2 2s, say, then the obser­
ved temperature will be very different from its initial value because the system has already 
cooled down appreciably. 
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Fig. 2 five sequential density profiles of 2 a e P b , represented by 5 different graphs 
for Instants t=0, 8, 16, 32 and 48 * 10" 2 3 s, plotted against the nuclear ra­
dius, r, for \ * 0.2 MeV/fm"2 and an in i t ia l temperature for the ground state 
of T « 35 MeV. 

c) Dissipation 

Up to now the dynamical evolution of the system was not dlssipative and the total entropy was 
conserved. I f one mocks up two body collisions by a disslpative term, as proposed in section 
I I , one can start with the ground state of 2 0 a P b and apply to i t an Ini t ia l velocity field 



which pushes the density inwards. However, because of dissipation a large part of the energy 
in the collective flow will be transformed in excitation energy (heat). At th same time the 
entropy increases. In Fig. 3 we present an i l lustration of the influence of dissipation : the 
start ing density was that of 2 0 8 P b at T=0. The ini t ia l velocity f ield (proportional to f2 has 
such a strenght that the collective energy has a magnitude of the order of the relative kine­
tic energy of 2 nuclei at - 20-50 MeV/u. At the beginning the system is compressed and its 
temperature increases due to both dissipation and compression. Then the temperature oscillates 
a bit at the beginning of the expansion because of two opposite effects : the expansion which 
tends to decrease T and dissipation which tends to increase T. As we can see in Fig. 3 the 
nucleus finally breaks up. 

•r 0.3 
e 
\ 
c o 
01 
S 0 . 2 L _ 

0.1-

o.o 

_ T , ! ! , T.., , r __, [_ 
2 0 8 p b 

with dissipation 

M10 

— I — r 

- 2 3 s . 
0 
3 
Û 

9 
12 
15 
18 

t 

1 1 — 

T(MtV) -
0.0 
2.4. 
2.7 
2.5 
2.9 
3.0 
3.1 

t 1 f 

• — 

~X -
N 

\ 

— I — r 

- 2 3 s . 
0 
3 
Û 

9 
12 
15 
18 

t 

1 1 — 

T(MtV) -
0.0 
2.4. 
2.7 
2.5 
2.9 
3.0 
3.1 

t 1 f 1 l *VrJ * I 1 1 1 V ^ i i - ^ . l 

— I — r 

- 2 3 s . 
0 
3 
Û 

9 
12 
15 
18 

t 

1 1 — 

T(MtV) -
0.0 
2.4. 
2.7 
2.5 
2.9 
3.0 
3.1 

t 1 f 

10 15 
r (fm) 

Fig. 3 Five sequential density profiles of 2 0 8 P b , represented by 7 different graphs 
for instants T«6, 12, 18, 24, 30 and 36 » 10 - 2 3 s , plotted against the nuclear 
radius r. The Ini t ia l conditions correspond to the 2 0 8 P b nucleus at T=0 and 
an In i t ia l velocity f ield is applied. A dissipative term of the form discussed 
in section I has been included. 

CONCLUSION 

We have used a spherically symmetric TOTF approach to investigate the dynamical instabilit.es 
of hot and compressed nuclei over a time scale of the order of a few 10~ 2 2 s. We found that, 
for the same amount of energy, compression is more efficient than thermal excitation for brea­
king up nuclei. This is essentially due to the collective nature of the congressional energy. 
A possible Implication of these results is that multifragmentation processes observed in heavy 
ion collisions could more likely be due to a mechanical instability than to a chemical insta­
bility. 
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