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Hot nuclei and search for multifragmentation 
in medium-energy heavy-ion collisions 

H. DOUBRE 

GANIL, B.P. 5027, 14021 CAEN Cedex (France) 

Some recent déterminations of the excitation energies 
and temperatures of composite systems formed in 
inter~ediate-energy heavy-ion collisions are described 
and the issue of a limiting temperature is 'discussed. 
Several examples of experimental investigations of an 
eventual occurrence of a multifragmentation process are 
also described. 

$1. Introduction 

The fragment emission from a nucleus excited in an intermediate-energy 
heavy-ion collision is currently the subject of a large number of studies. 
Or. the theoretical side, the proposed mechanisms agree on some critical 
phenomenon aspects of this emission, but do not pur the same emphasis on 
the dynamics. As one example, percola-ion theory O limits itself to study 
the bond formation among an assembly of nucléons, aims to predict a mass 
distribution for the fragments, and looks for some order parameter of the 
process. At the other extreme, one can concentrate on the time evolution 
of hot nuclear matter during its cooling and expansion ; one can expect 
that a highly excited composite system will deexci~e through sequential 
emission (evaporation) but, if the excitation energy is large enough, it 
car. suffer cracking and become the source of simultaneously emi"3d, 
multiple primary clusters : this process will be called 
multifragnentation z* in the following. Such a redistribution of matter 
between a set of droplets raises interesting questions about the 
properties of excited nuclei (finite size effects, surface and Coulomb 
properties), especially as a function of the attained temperature. This is 
why the process of multifragmentation is currently under intense 
experimental investigation. Unfortunately, it can only be observed through 
the products of the fragment decay, and the distribution of excitation 
energy between collective and thermal energies. 

It should be recalled, however, that the standard staristical theory 
can perfectly provide for a framework to heavy fragment emission, as it 
was shown by tëoretto 3 ̂  as soon as 1975. In this theory, the relative 
probability for evaporation from an excited nucleus is simply given by : 
? i *•* exp[2/ai(E*-3i ) ] where B i is the minimum energy needed to release a 
fragment i, (8 inding energy + Coulomb barrier), E * is the emitter 
excitation energy, and a,- is the level density parameter. From this 
expression, one understands the increased yield of larger fragments : for 
high excitation energies of the source, the role of the barrier tends to 
be washed out. Moreover, with higher excitation energies, cluster emission 
needs less energy than the emission of individual nucléons. Even though 



one has to be careful when applying the -ciel to very highly excited 
systems (temperature ar.d shape deper.de.-ce cf 3 = and a* , time scale of the 
process, limit of stability of an excited nucleus...), a unified picture 
of evaporation, fission and intermediate-mass fragments ( I .M.F. ) is 
proposed, which has found a strong support from experimental results . 

-Multifragmentation implies the simultaneous emission of several 
clusters, and thus differs, in principle, from the multiple sequential 
emission from one or two very excited primary reaction partners. However, 
both processes could merge into each other, because one expects very short 
characteristic times for intermediate systems at high excitation energy 
and the simultaneity criterion is doubtful. To complicate matters 
further, it is likely that the absolute requirement of the evaporation 
theory, namely that of energy equilibration, cannot be satisfied. 
Regardless of the difficulties of using the evaporation model, its 
predictions will have to be confronted to the experimental observations 
before any evidence for another process (namely multifragmentation) can be 
claimed. 

Since I use, as theoretical guidelines, the statistical 
multifragmentation theory by Bondorf et al 2 ) , it should be clear that the 
excitation energy and/or temperature are the essential parameters of the 
process. Accordingly, the "temperature" values which have been 
experimentally determined in intermediate-energy heavy-ion collisions will 
be first discussed ; then , I will present some experiments devoted to the 
search for evidence of multifragmentation during these collisions, 

$2. Temperature measurements 

Temperature measurements first relied upon the following expression for 
the inclusive spectra of fragments emitted from an equilibrated source : 

-2L Ot exp [- { E - 3 ) / T ] ( 1 ) 
dE 

from which an "apparent" temperature can readily be obtained. 
Unfortunately, this quantity was rapidly shewn to be unreliable, because 
of its sensitivity to the collective motion of the source. In particular, 
the observed spectra result from the convolution of the "source spectrum" 
(1) with two essential physical aspects of the process : the spatial 
motion of the expanding source, as well as its progressive cooling. The 
large spectrum of temperatures which determine the instantaneous spectra 
and the overwhelming importance of the higher temperature (that is, the 
earlier one) on the slopes of the time-integrated fragment spectra explain 
the abusively large values which are deduced from inclusive data 
(typically, 15-20 MeV for the 60 MeV/u *aAr + 1 9 7Au reaction, to be 
discussed below). 

However, this technique can give very reliable values, provided that 
the spectra are obtained in coïncidence with other fragments : 'the 
observation of the latter allows for selecting a well-defined physical 
situation. This was first shown by Seng et at , who studied the spectra 
of backward-emitted alphas, coïncident with fission fragments, the 
correlation angle of which was used to define a given range of linear 
momentum transfers (and excitation energies). :or the reaction 60 MeV/u 
1 2C + 2 3 e U , a maximum temperature of 6 MeV was observed in the composite 
system. Recently, this method was used by Fabris et ai 7' in the reactions 
30 MeV/u 3 2S and l 60 + Ag ; backward spectra were sampled according to 



the velocities of the residues detected at 9° (i.e. according to the 
-c.~er.tum transfer) to obtain maximum temperature values of 5.6 MeV 
(4.6 MeV) for 3 2 S projectiles (resp- t 6 0 ones). 

These authors notice that the observed temperatures again result from 
seme averaging process over a rather long cascade. In a thorough analysis, 
they are able to determine the "initial'.' temperature of the composite 
nucleus as a function of its excitation energy, and they observe that the 
maximum temperature values which are determined do not exceed 5 MeV. 

Another method of measuring the composite temperature has been 
proposed ' some years ago, using the excited states relative population of 
I.M.F. such as Li, Li, 3e... and the following expression : 

P (E.. ) 
= exp 

P (E ) J 
where E, and E. are the excitation energies of two states i and j of the 
same fragment, and T is the temperature of the assumed emitting bath. 
First applied to particle-stable states with gamma-ray measurements, the 
method, which led to as low temperature values as 1 MeV for the 25 MeV/u 
N + Ag reaction, was shown to be strongly sensitive to any side-feeding 

of the considered states. But it can be applied to particle-unstable 
states of the same fragments as well, if the two decay products of these 
states are detected. In that case, it is possible to show9' that large 
excitation energy differences strongly reduce the bias introduced by 
side-feeding. This last method was first applied ' to the ^aAr + 1 9 7Au 
reaction at 60 MeV/u bombarding velocity, and a temperature value cf 
T x 5 MeV was consistently obtained from all the studied fragments emitted 
at 6 x 30°, that is, far from the projectile-like fragments. The main 
result of this experiment is illustrated in Fig. 1, 
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Fig. 1 : a) Correlation function for coincident deuterons and alpha 
particles for the *°Ar + 197Au reaction at E/A = 60 MeV 

b) Apparent temperatures deduced from the decay of several 
particle-unbound states excited in the same reaction 
From ref ) 

There is, however, a difficulty associated with the interpretation of 
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this value. It stays the same under very differs.-.- experimental 
conditions : 94 MeV/u ' s 0 +i9'Au, 35 KaV/u • - N""+ '-"Au, vhen the initial 
available energy varies from 460 MeV up to 2 GeV. Moreover, these results 
show little sensitivity >») to the violence of the collision, or 
equivalents, to its impact parameter deduced from the multiplicity of the 
coïncident charged particles •. Similarly, no sensitivity is observed 
with the total kinetic energy of the decay fragments, although this 
quantity could allow for sampling different cooling stages of the process. 
These last two results are reported on Fig. 2. 
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Fig. 2 : Apparent emission temperatures extracted from population of 
states as a function of : a) the multiplicity of light-charged particles 
detected on the forward direction (9 « 30°) 

b) the total kineti 
these emitted oarticles 
rrora ref. ' 

energy per nucléon cf 

The above experimental conclusions on the temperature value, and its 
(in)dependence on the impact parameter of the reaction are not consistent 
with the predictions of the participant spectator model (neither with any 
incomplete fusion picture) : light charged fragments emitted at as lar=>e 
an angle as 8 T. 30" with E/A T, 10 MeV can only originate from the 
participant zone, a mid-rapidity region where a part from the projectile 
and another one from the target happen to overlap with each other. The 
very formation of this zone limits the corresponding impact parameter 
value, and leads to predict an excitation energy value larger than 
5 JleV/nucleon. According to the Fermi gas model, the expected temperature 
could be higher than 7 MeV, very much in excess on the measured value. 

Since the above experimental method corresponds to a very specific 
temperature measurement, in which, as already mentioned, the side-feeding 
of the relevant excited states cannot be precisely evaluated, it is useful 
to check these results with a completely different technique. 4n neutron-
detectors, when used in conjonction with very heavy targets, allow for a 
good determination of the deposited excitation energy, through the closely 
related multiplicity of neutrons emitted from the quasi-fused system. An 
experiment ) was designed to compare this empirical quantity at three 
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Fig. 3 : Bottom and left-hand scale : folding angle distribution. 
Top and right-hand scale : average neutron multiplicity (not corrected 
for detector efficiency), in the reaction l*°Ar +• 2 3 2Th 
From ref. L) 

different bombarding velocities. It can be observed on the Fig. 3 that the 
neutron multiplicity does not increase from 27 MeV/u up to 44 MeV/u, for 
central collisions in the reaction "'0Ar + 2 3 2Th. It could be argued that 
these data were obtained in coincidence with fission fragments from the 
heavy target, but it was checked that every triggering condition 
(excluding the most peripheral reactions) leads to the same value of the 
total multiplicity. For instance, in the case of very dissipative 
collisions (that is, triggering on the high neutron multiplicities), it 
was checked that the fragment multiplicity stays the same on the studied 
range of incident energies. Thus, this result is independent of the 
observation, or not, of a fission event. This result strongly supports the 
assumption of a saturation value of the deposited energy, at least for the 
considered system, and using again the Fermi gas model, brings back to the 
idea of a maximum temperature. 

In light of this difficulty, several explanations can be proposed : i) 
the temperature measurement occurs too late, well after cooling of the 
system through evaporative, or non-evaporative particle emission, and 
simultaneous expansion, ii) the dynamics of the reaction introduces some 
limitation to the amount of thermal energy which is deposited in the 
system, iii) the usual one-to-one Fermi gas correspondence between 
temperature and excitation energy should not be used without 
qualification. We shall discuss the last alternative in the next section. 

In the first alternative, very large initial energy depositions can 
happen ; but, after expansion and freeze-out» only a limited fraction of 
the deposited energy is still stored under thermal form. In that case, one 
only measures the temperature of a diluted, and already cooled system. 
However, in this hypothesis, the heavier clusters should be emitted later, 
from a cooler emitter ; more energetic particles should be emitted at the 
earlier stages of the reaction, when higher temperatures prevail. This 
expectation is not substantiated by the measurements since the extracted 
temperatures exhibit little sensitivity to the energy of the emitted 
particles. 



Ir. the secor.2 alternative, cooling through particle emission during the 
very forr.a-ion szage can significantly reduce the temperature of the 
system, since the decay time of such highly excited systems decreases to 
values as short as the collision time. This cooling, as well as any 
eventual excitation of collective modes could limit the thermal energy to 
a saturation, value determined by the collision dynamics. A microscopic 
description of this dynamics was obtained from Landau-Vlasov 
calculations l 2 ), which give a semi-classical self-consistent simulation of 
the one-body density evolution during the reaction. These calculations 
show that a monopole compression mode develops at the same time that the 
flux of preequilibrated particles reaches a maximum. Thus, the 
temperatures observed in the experiment are limited by the onset of a 
strong excitation of a collective mode. 

In a more transparent and schematic model13) , which includes both the 
statistical emission and the variation of the source density with time, 
Friedman has also proposed an explanation for this constant observed 
temperature of 5 MeV. According to the respective roles of particle 
emission and density change, the cooling process appears to consist of two 
distinct steps. In the earlier one, the very hot (T - 20 MeV) system 
expands isentropically whereas the rate of evaporation is still rather 
slow : the compressional energy per nucléon can increase, whereas the 
temperature decreases rapidly. On the contrary, when the source density 
has already reached low values ( P/PQ - 0.1-0.2 which is very small 
compared to the Landau-Vlasov results12) ), the energy release to the 
source due to the fragment formation (what Friedman calls " coalescence 
heating") is efficient enough to slow down the temperature decrease. The 
efficiency of the latter effect increases with decreasing values of 
density. Consequently, Friedman predicts a pronounced break (Fig. 4) in 
the cooling rate, at a temperature value of (5 ^ 1) MeV according to the 
value of the compressibility in the nuclear equation of state, and it is 
only at this moment that a cooicus emission of fragments develops (Fig. 
4). 
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Fig. 4 : a) Temperature evolution of a hot nuclear system (A0 = 91) as 
a function of its decreasing density 

b) Rate of fragment emission as a function of temperature for 
the same system 
From ref. ' 



To summarize, Friedman's model, as well as Landau-Viasov calculations, 
predict a similar competition between compressior_-.al energy and the 
thermal form of excitation energy. In the former the emission of fragments 
is delayed up to a stage when the temperature reaches a rather low valus, 
independent of the initial one. However, Landau-Vlasov calculations, deal 
with -he one-body density, and coalescence heating cannot play any role ; 
the limiting temperature can only appear from the coupling of the 
compression mode to the continuum. 

$3. Experimental search for multifragmentation 

To illustrate the experimental approach to the multifragmentation 
issue, I shall use several examples in which collisions are induced by 
different projectiles. 

The first example is given by the u + 1 ' Au and the " N + I 9 7Au 
reactions at incident velocities : 70 Mev/u, 250 MeV/u and S00 MeV/u. 
Klotz-Engmann et al1''' have studied the yield of coïncident fragments 
emitted back to back in the C.O.M. system. Above 3 GeV incident energy, a 
large yield is observed (Fig. 5) in the production of I.M.F. (A ̂  50) 
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Fig. 5 : a) Fragment mass spectra at various energies (see text) 
b) Comparison of Monte-Carlo simulations to the I.tf.F. relative 

velocity spectrum under the two assumptions of a multifragmentation (mf) 
or a sequential process (sequ.) 
From ref. ** ) 

The comparison of the two reactions suggests that the deposited energy 
is the relevant parameter for the production of I.M.F., whatever the 
incident channel, and that the value of 800 MeV is an excitation energy 
threshold above which their production takes the place of fission (this 
channel was observed'5)to disappear in the ""Ar + J 3 zTh central collisions 
between 35 and 44 MeV/u). For these I.M.F., the relative velocity spectrum 
develops a tail at values higher than the Viola's one ; more generally, 
the characteristics of their emission (isotropic out-of-plane correlation, 
yield independent of the target mass) differentiate it from any fission
like process. To distinguish a sequential emission from the simultaneous 
break-up called multifragmentation in the Introduction, Monte-Carlo 
simulations were performed under the constraint of producing fragments 
with mass < 40. It can be observed in Fig. 5 that a sequential process 
would lead to fragments with too large relative velocities . On the 
contrary, to reproduce the data, it is necessary to assume a simultaneous 



e-issicr. of fragments produced on a sphere, the radius of which would be 
as large as 10 fn. This result can be regarded as an indication that 
muitifragmentation would occur from a very diluted system which results 
from collisions at the highest incident velocity. 

The second experiment16^ was performed to study the evolution of the 
1*°Ar +• 2 7A1 central collisions as a function of the incident energy 
(Ej_nc/A = 25, 35, 45, 55, 65 and 85 MeV) . A special attention was paid to 
the detection of light particles and I.M.F. over a large laboratory solid 
angle (namely, 5° ̂  e < 90°, 0° ^ <J> ̂  360°) and, because of the strong 
focusing of the reaction products due to the inverse kinematics, this 
corresponds to the full solid angle in the C.O.M. system. With the plastic 
wall and plastic barrel multidetectors, element identification was 
achieved over the range 1 4 1 •$ 3 from the ÛE and tine-of-flight 
informations. To avoid any bias in the analysis, every event was triggered 
on, in which at least two charged particles were detected. 

As in the preceding example, the issue of the impact parameter 
selection is the most difficult one. When looking for some evidence for 

multifragmentalon, it is 
necessary to use an operational 

t0Ar.^A, definition of the central 
collisions. A first selection of 
"correct" events is obtained 
from the correlation between the 
total charged-particle 
multiplicity, and the total 
linear momentum carried out by 
the detected pariicles (Fig. 6). 
Peripheral collisions are 
identified on the basis of a 
rather low multipicity, and a 
low total linear momentum, 
indicating that 
quasi-projseniles can have 
suffered deflection angles 
smaller than 5 3 lab, and 
accordingly were not detected. 

However, it appears that the 
selection can be made more 
severe, considering the 
sphericity tensor associated to 
the event : 

Fig. 5 : Correlation between the totaJ 
charged particle multiplicity and 
the total linear momentum carried 1 
out by the detected particles in 
the reaction l*°Ar +• 2 7A1 
From ref. l 6) 
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The diagonalisation of the 
tensor, as described l l ) by 
Cugnon et al allows to obtain 

an approximate symmetry axis of the ellipsoid represented by T and also 
the associated eccentricity for the considered event, from the three 
major axis q1 ,q2, q 3 1 according to : 

[a.3 - \ qi q 2>] (Qi + q2 + q3> 



It car. be observed that, whereas the distribution of events with e < 0 
always correspond to a multiplicity larger than 7, the£>0 events receive 
certainly a contribution from low-multiplicity peripheral events. 
Consistent with this assumption, such events correspond to a very 
elongated distribution of momenta, keeping the memory of the initial one. 

The only set of "correct" events associated with £< 0 has been taken 
into account in the following analysis. Fig. ' gives the excitation 
function of the events in which M fragments with Z £ 4 were detected. 

Clearly, for 3 (and more) fragments, there 
is a striking indication of a shift to 

<n * larger multiplicities at energies between 
25 and 45 MeV/u. It is interesting to 
notice that it happens exactly in the range 
of incident energy where the fusion cross 
section has been observed19) to vanish. 

The third example is a study 1 9) of the 
fragment production in the reaction 9 5 Kr -r 
1 9 7Au and 8 &Xr + r-atAg at 43 MeV/u incident 
velocity. Here again, a large fraction 
(55%) of the full solid angle was covered 
with two multidetectors : a first set of 12 
parallel-plat1? avalanche counters 
(P.P.A.C.) followed by 12 ionisation 
chambers (I.C.) covering 3° ^ Q ̂  25°, and 
a second one, using 18 others PPAC -*• IC, 
span the large angle domain 
30° ^ 9 ̂  150°. These detectors have lower 
detection thresholds at Z = 8 (10) and V 2 = 
4.7 (0.13) MeV/u respectively. Again, the 
triggering condition was a multiplicity 
requirement among the 30 PPAC, and the 
analysis, up to now, is essentially a 
search for non-trivial events, 

A first positive indication is obtained 
from the distribution of the whole set of 
events in which two, or more, fragments 

have been detected. From this distribution, one can say that the maximum 
fragment number significantly produced in one event is 6 for the Au 
target, and 5 for the Ag one. These numbers are larger th;an what could be 
expected from the double break-up (or fission) of both reaction partners. 
From now on, the only data concerned with the Au target will be discussed. 
The correlation (Fig. 8) between the atomic number of the detected 
fragments and their laboratory velocity, when 2 or more fragments are 
detected, gives a first hint : aside from the projectile-like and the 
fission fragment region, there appears clearly a third zone-

Fig. 7 : Excitation 
function for the yield 
of Z 5.4 fragments in the 
reaction u ° Ar +• 2 7A1 
r rom reî. ' 

To understand it, and to get an overview of a rather large number of 
relative kinematical quantities, it can be useful to appreciate their 
deviation from each other. A quantity Y has been defined for each event 
according to : 

nun 
rel 

where .v 7-> , the average value of the relative velocity between any two 
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Fig. 8 : Correlation between the Z of the 
detected fragments and their 
laboratory velocity, in the 43 MeV/u 
a s X r + l 9 7Au 

vrel : 

From 

(when Au fission fragments have 
atomic numbers have Z < 17. 

whatever the number of detected 
fragments have a common physical origin 
isocontour lines of the invariant cross section, which clearly indicates 

frag-er.ts, is cc-pared to its 
îr.i.T.u-Ti value. The ir.-erest of 
this quantity is the 
following : a large value of Y, 
that is, a large dispersion 
between relative velocities, is 
to be expected from a 
sequential process, whereas a 
s.nall value of Y should point 
to a common source of all the-
detected fragments. The result 
of the event sampling according 
to the Y value is consistent 
with this assumption (Fig. 9 ) . 
For Y > 2cm/ns, fission 
products of a target-like 
residue are observed in 
coïncidence with a fast forward 
projectile-like fragment. The 
condition Y < 2c.ii/ns reveals an 
intermédiare zone of non 
sequential events. Furthermore, 
the relative velocity 
distributions associated to 
this class of events give the 
following results : they are 
maximum (most probable )at 3.Icm/bs 

= 2.3cm/ns) ; the corresponding 
the stability of these results, 

fragments, one deduces that these 
This is supported by the plot of 

hat most these fragments are backward-emitted 
velocity of which would be % - v„„ n 

source the 

Finally, 

equation 

estimating the excitation energy the emitter from the 

- Z T, D . / 2m . 
missing missing 

where p -,; 3 Sj r i (, and m n:„_; can be experimentally obtained, it is 
interesting zo notice that most of the Y < 2 cm/ns events cluster around 
E = 25C0 MeV, so be compared to the 2580 MeV total C. 0. X. energy 
available. 

These three examples, either suggest a strong increase in the fragment 
multiplicity with incident energy, or want to convince that, at a given 
energy, a simultaneous emission of many (>4) fragments can occur. However, 
the multifragmentation theory ' points to some specific aspects of the 
hot nuclear matter evolution which should be more deeply investigated. In 
particular, the correspondence between excitation energy per nucléon and 
temperature can be obtained from the theory and is given by the solid line 
of fig 10. 

It can be seen that there exists a rather long plateau where T stays 
roughly constant (T % 5-6 MeV), close to the maximum value experimentally 
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Fig. 9 : a) Correlation between the 
relative velocities of emitted fragments 
and their dispersions in the reaction 
3 5Kr + Au 

b) and c) Correlation Z-
relation velocity according to the 
dispersion velocity (see text) 

determined, and this happens 
fsr 2.5 < E /A < 8 MeV/nucleon. 
An explanation is that the 
depcsi ted energy does not go 
any mnrj in the-mal energy, but 
is transformed in surface and 
Coulomb energies of the 
fragments. It is striking to 
observe how similar is this 
form of the process to a phase 
transition. As mentioned 
before, Fabris et al 7 ) have 
approxinatively determined both 
the temperature and excitation 
energy values corresponding to 
the residues observed in tne 
1 S 0 + Ag and 3 2 S + Ag 
collisions. Supporting the 
theoretical predictions, their 
data clearly indicate that 
there is no one-to-one 
correspondence between the two 
variables T and E , help to 
understand hew one goes from 
the relation S = AT2/13 to the 
other one E = AT2/8. It should 
be clear that the experimental 
measrrevents of both 
quantities, as well as an 
analysis of the different 
components of the excitation 
energy, will be necessary to 
understand the data and compare 
them to theory. Difficult 
experiments are ahead of us Ï 

$4. Conclusion 

Results from thermal aspects 
of the nuclear excitation, in 
intermediate energy heavy-ion 
collisions have been presented. 
Measurements of nuclear 
temperatures, insofar as the 
concept can be used for finite 
systems, have revealed a clear 
saturation of the value reached 
in the considered reactions. 
This strongly suggests that 
other modes of energy storage 
could be excited. The evidence 
for multifragmentation has been 
searched for in three current 
experiments. >-ven though this 



evidence is not definitively 
established, it is clear that 
this work will deepen our 
understanding of the large 
excitation energy modes of 
nuclei. 
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