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INTRODUCTION 

The production, in a nuclear reaction, of light nuclei (p,d,a,...) by evap
oration, or that of heavy nuclei by fission is known since decades. That of in
termediate-mass fragments (A = 5-50) has begun to be of interest much more re
cently. Such fragments have been observed first in high-energy proton-induced 
reactions. Analysing Fermilab data, Finn et al. (1) and Minich et al. (2), have 
noted that the mass distribution obeys a power law of the type a(A) <\i A _ T, and 
have suggested that this may be the signature of a phase transition near a crit
ical point, in analogy with classical gases. Very recently, Sangster et al. (3) 
have shown that the cross-section for this process increases by more than one 
order of magnitude between 1 and 10 GeV and then remains almost constant. But, 
while the energy spectra at high bombarding energy are well described by a mod
el based on a phase transition in nuclear matter, there is some evidence that 
a different mechanism, such as the one proposed by Moretto (4) exists at low 
bombarding energy. 

The emission of intermediate mass fragments is also observed in heavy ion-
induced reactions. It has lead to great interest when Fanagiotou et al. (5), 
studying the relationship between the exponent T and the temperature T in sev
eral proton- and heavy ion-induced reactions,have confirmed the existence of a 
phase transition and found evidence that the critical point is located around 
T * 12 MeV. Extending this study to other systems, Trockel et al. (6) have 
shown that a more somplete set of data contradicts this result. 

A large variety of models has been proposed to explain the production of 
intermediate mass fragments. In most of them, several fragments are produced at 
the same time. This can occur in a thermodynamically equilibrated system or sub
system, as the liquid-vapour phase transition (1,2), the multifragmentation (7), 
or the cracking (8). It can also be due to a fast disruption of many bonds (9, 
10). The fact that quite different physical phenomena can lead to identical 
results has been illustrated in a spectaculai manner by Hufner and Mukhopadhyay 
(11) by recalling that the mass distribution of fragments after a basalt on ba
salt collision or that of asteroids in the solar system display the same kind 
of power-law as that observed by Finn et al. (1). The model of Moretto (4) is 
quite different : it treats the production of fragments as a generelization, 
in the framework of the statistical model, of the evaporation and the fission. 
It is therefore basically binary in its nature. This is also the case for the 
treatment of Friedmann and Lynch (12). 

Experimental data have often been found to be in favour of a binary pro
cess. However, they have generally at least one of the following weaknesses : 
they concern singles measurements, thfc bombarding energy is too low, they are 
restricted to a limited angular range or, even, the analysis concerns only a 
part of the data. 

Chitwood et al. (13) have measured the mass distribution of the fragments 
produced in the '2c + Au reaction -it 15-30 MeV/u and have shown that it obeys a 
power-law. Simple statistical calculations are able to reproduce these data, and 
no need is found for a phase-transition. It is noted, however, that an additional 
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mechanism enhances the cross section at forward angles. Similarly, Sobotka et al. 
(14) have studied the 3He + Ag reaction at 90 MeV and have explained their data in the 
backward hemisphere by a statistical emission from the compound nucleus. The same 
result has been obtained by Kwiatkowsky et al. (15) for the 3jte + AS reaction at 
198.6 MeV and Kozik et al. (16) for the &Li + 46Ti reaction at 156 MeV, but in 
these works, an additional intermediate velocity source is introduced to repro
duce the data at forward angles. Very recent data concern more often coincidence* 
measurements. Charity et al. (17) have studied the 93Nb + 2?A1 and ^Be reactions 
at 25-30 MeV/u and have explained their data by a binary break-up following an 
incomplete fusion. The analysis is restricted, however, to the fragments with 
velocity close to that of the beam : an additional component is noted at V/Vp=0.4 
which is not concerned by this analysis. The same remark holds for the 
139t,a + 12c data at 50 MeV/u published by Bowman et al. (18). Evidence for a 
binary process has also been found by Charvet et al. (19) in the 84Kr + 93[jb 
reaction at 35 MeV/u and in the 1"o + Ag and Au reactions at 84 MeV/u by Trockel 
et al. (20). Nevertheless, indications for the existence of non-binary processes 
have also been reported. They are based on angular or energy correlations (21,23), 
or on multiplicity measurements (24). The fact that the incomplete fusion peak 
in the fission fragment angular correlation measurements has a decreasing yield, 
has also been taken as indirect evidence for the onset of multifragmentation 
(25,26). 

When analyzing data about the production of heavy fragments, the following 
two points are of basic importance and shoxild be made clear : 
i) the different sources of emission should be separated and their characteristics 
determined independently. This has been illustrated by Kwiatkowsky et al. (15) 
who separated two components and showed that the Z-dependence of their non-equi
librium component differs from that of the total yield. 
ii) the mechnnism at the origin of these sources should be determined, tlws al
lowing to calculate the maximum excitation energy which can be deposited in the 
participating nuclei. 
This point is especially valuable for reactions with a large mass-assymetry 
between projectile and target. Fusion, and particularly incomplete fusion, may 
not be able to heat the compound nucleus at the high temperature at which the 
exotic ntw decay mechanisms are predicted to occur (27,30). 

THE MULTIDETECTORS AT GANIL 

At Ganil, the multidetectors which are operated in the Nautilus scattering 
chamber are an ideal tool to reach point i) (for a complete description of their 
characteristics, see ref. 31). Among them, the XYZt detector ip more specifically 
designed to measure intermediate mass fragments (Z ï 8) emitted with sufficient 
velocity (E/A S 7 MeV/u), i.e. essentially in the forward direction. Three exper
iments have been performed where this counter was used to trigger on events in 
which one, two or more fragments are detected. The ^^Kr + 197AU system at 35 at 
44 MeV/u has been studied in all three experiments : this choice is connected 
with point ii). The first experiment was devoted to the measure of singles and 
coincidei ces between intermediate mass fragments : it allowed to evidence three 
different sources of fragments (21). In the second experiment the interest was 
put on the light particles emitted by these sources : therefore, the "Mur" and 
one hemisphere of the "Tonneau" were also used. The third and very recent exper
iment associated Delf to XYZt : it should give data on the behaviour of the tar
get. This paper aims lot to present définitive results (some of them have already 
been published in ref. 21) but to show quite recent results in their present, 
qualitative form, in order to illustrate the potential of the set-up installed 
in Nautilus. These data concern mostly the second experiment. 



EXPERIMENTAL RESULTS : GENERAL CHARACTERISTICS 

Figure 1 shows the two dimensional ZxV spectra for the singles and the 
double coincidences. In the singles, one sees the elastic scattering and frag
ments with a velocity slightly lower than the beam velocity Vp and Z values 
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Figure 1 : Bidimensional V/Vp x Z spectrum integrated over all modules of 

XYZt : a) singles and b) coincidences between two any modules. 

lower than 36 : this component is usually attributed to the fragmentation of 
the projectile. In addition, there is a strong yield for fragments with Z values 
ranging between the threshold and about Z = 25, and with a velocity ranging be
tween the threshold and V p. The coincident fragments cover nearly the same range : 
only elastic or quasi-elastic events are eliminated. Figure 2 shows the 9cos^x9sin^ 
spectra for; again, the singles and the double coincidences : the fragments are 
emitted in the whole forward hemisphere. Qualitatively, the angular distributions 
evolve from a strongly forward peaked function to a much more flat one when Z or 
(and) V decrease. 

Figure 3 shows the two-dimensional V^/Vp x V2/Vp spectrum for the coinci
dences between two fragments. Here, Vj is the velocity in the laboratory of 
one fragment, and V"2 that of the other. Three groups car, be distinguished 
i) the fast-fast group (upper right : both fragments have V ^ 0.85Vp) ii) the 
fast-slow group (lower right and upper left, one fragment has V a. 0.85Vp and 
the other a velocity just above the threshold) and iii) the slow-slow group 
(lower left; one fragment has V ^ 0.6Vp and the other a velocity just above 
the threshold). This c lassif Lc.ition does not allow to identify sources, nor to 
give their velocities. Hut it will help to stuoy more clearly the correlations 
between fragments, and thereby to investigate the nature of the sources which 
emit them. 
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Figure 2 : Spatial distribution of the fragments detected in XYZt : single 

events (a) and coincidences (b). In the singles, the counting 
rate for the modules closest to the beam has been sampled. 
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THE STUDY OF CORRELATIONS BETWEEN FRAGMENTS 

To study correlations between fragments, the quantity Erel* has been intro
duced in ref.21. Erel* is defined as the difference between their relative kine
tic energy and their Coulomb repulsion. In these calculations, A is taken as 2Z 
and the interaction radius given by the equation : R = 1.2 (Ai'/3 + A2'/3)+2fm 1 ) -
Three cases may occur : 
- Erel* = 0 : the two fragments have been created in close contact with no initial 
relative velocity. Selecting events for which Erel*=0 is nearly analogous to se
lect those for which the relative velocity obeys the Viola systematics (23). How
ever, the saddle configuration in fission is usually less compact than that given 
by equation 1). 
- Erel*<0 : the two fragments have nearly equal velocity and direction, but have 
not been created in close contact, i.e. their emission points or times are sepa
rated by an interval of several Fermis or units of 10_22sec. As shown by Murphy 
et al. (32), this can also indicate that the fragments originate from the fission 
of a light nucleus but that this fission has occured in the Coulomb field of a 
much heavier one. 
- Erel*>0: the two fragments have been emitted by. two different sources or with an 
initial relative velocity, or in a configuration closer than indicated by equa
tion 1) (33). 

THE FAST-FAST COINCIDENCES 

The velocity spectrum and the Erel* spectrum 
are shown in Figures 4a and 5a respectively. The max 
and Erel* = 0. These characteristics are 
clear evidence that these fragments origi
nate from the fission-like break-up of a 
nucleus having velocity slightly lower 
than that of the projectile (19). There
fore, by reconstructing the center of mass 
CM(1 + 2) of the two fragments, one can 
calculate the velocity VCM(1 + 2) and the 
direction of this nucleus before it fis
sioned. A clear correlation is observed 
between VCM(1 + 2) and the total charge 
Ztot 0 I the two fragments (Fig.6) : this 
relationship is a measure of the excita
tion of the projectile-like nucleus and 
of the consecutive evaporation of nuclé
ons. The angular distribution of the 
CM(1 + 2) is very forward peaked (Fig.7) : 
the cross section drops by one order of 
magnitude between 0° and the grazing 
angle. 

Figure 4 : Velocity spectra for the 
a) fast-fast, b) fast-slow and 
c) slow-slow coincidences. 
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Figure 5 : Yields of fast-fast (a), 

fast-slow (b) and slow-slow (c) 
coincidences as a function of 
EreL* (see text for definition). 
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Figure 6 : Total charge of the two 
fragments in the fast-fast coin
cidences, as a function of the 
laboratory velocity of their cm. 

Figure 7 : Angular distribution 
of the center of mass CM (1+2) 
of the two fast-fast fragments. 
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THE FAST-SLOW COINCIDENCES 

The velocity spectrum of the fast-slow coincidences shows two components : 
one for which V/Vp = 0.85, the other one extending from the threshold to about 
V/Vn E0.6 (Fig.4b;. These fragments, although produced in the same collision, 
are not correlated, neither in velocity (Fig.5b), nor in direction (Fig.8). In
deed, in figure 8, one has imposed that the slow fragment is detected in the 
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Figure 8 : Spatial distribution of the fast fragment in the 

fast-slow coincidences, when the slow fragment is 
detected in the module represented by its contour. 

module located at 8 = 15 - 30° and one looks at the impact of the fast fragment. 
One sees that : i) the fast fragment is only detected at very forward angles, 
like the fast fragment of the fast-fast coincidences; ii) both fragments can 
be detected on the same side of the beam, imposing that a third fragment must 
be emitted (22), iii) the probabilities that the fast fragment is detected on 
the same side of the beam or on the other one are equal which shows qualita
tively that the directions of the two fragments are uncorrelated. These obser
vations establish that the two fragments are emitted by two different sources. 

THE SLOW-SLOW COINCIDENCES 

The slow-slow coincidences have a broad velocity spectrum : it extends 
from the threshold to more than 0.67 V p (the cut is arbitrary) (Fig.4c). The 
angular distribution extends over the whole measured range, and the Erel* 
spectrum is peaked at 0 (Fig.5c). 

THE LIGHT PARTICLES 

VJJVĴ  spectra for protons detected in the "Tonneau" in coincidence with 
the three above mentionned components are recorded in Figure 9. There is little 
difference, if any, between the three spectra : one sees a component centered on 
a very small velocity and another one centered on a velocity slightly lower 
than 0.5 V p (i.e. about 5cm/nsec). 
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The same spectra, but for protons detected in the "Mur", are shown in 
Figure 10. A fast source is seen in the two first of them but has completely 
disappeared in the last one. 
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Figure 9 : V, xV L for protons detected 
in the "Tonneau" and associated to 
the a) fast-fast, b) fast-slow and 
c) slow-slow coincidences. 

THE MECHANISMS 
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Figure 10 : Same as Figure 9 but for 
protons detected in the "Mur". In 
these raw data, the number of counts 
is not corrected for the geometrical 
efficiency. 

In ref.21 two different mechanisms have been proposed to explain the 
fast-slow and the slow-slow coincidences, which were separated on the basis of 
their difference in Erel*. The new experiments have been designed to test these 
ideas. The data are not yet sufficiently analysed to fully reach this purpose; 
however, they reveal the fast-fast component which was not seen in ref.21 because 
of an incomplete geometry, and the qualitative trend of the light particle spec
tra throws already some light on the mechanisms. 

The fast-fast coincidences originate from the fission of a projectile
like nucleus after a collision in which several hundreds of MeV are lost. The 
mechanism seems quite reminiscent of that of deep-inelastic collisions (DIC). 
The relationship between V C M O + 2)/V„ and Z t o t in Figure 6 is fairly well re
produced by assuming that the properties of DIC, as they are known at low bom
barding energies;, namely : 
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- two body kinematics in the dissipative stage of the reaction 
- no mass drift 
- excitation energy sharing proportional to the masses 
- one charged particle evaporated every 13 MeV of excitation energy 
are still valuable for the mechanism observed here. Values of V^(1 + 2) /Vp lower 
than 0,7 are not observed, possibly because the temperature of the whole Kr + Au 
system would exceed 6 MeV if the thurmalisatiun can be achieved. If these specu
lations were confirmed, this would be the first indication of the survival of 
DIC at 44 MeV/u and of their death through a limiting temperature. Integration 
of the angular distribution (Fig.7) shows that the cross section for this pro
cess is of the order of lOmb. 

In ref.21, it was conjectured that the fast fragment of the fast-slow coin
cidences is a part of the projectile, the other part being absorbed by the target 
or having contributed to form an intermediate velocity source. The slow fragment 
is emitted by either of these two latter sources. The strong similarity between 
the proton spectra suggests rather that the two components are due to the same 
mechanism. This would mean that at least a part of the cross section usually 
attributed to fragmentation is due, in fact, to collisions in which the two 
nuclei have enough time to exchange many nucléons. If, on the contrary, the 
mechanism for the fast-fast and the fast-s Low coincidences aie different, then 
they may correspond to those predicted by Royer et al. (34), in which the pro
jectile breaks under the effect of fractional forces, one fragment being ab
sorbed or not by the target. The precise determination of the source parameters, 
but also the analysis of the triple coincidences should allow to decide between 
these hypotheses. 

The slow-slow coincidences are clearly of different origin. The possibility 
that a fast fragment has been emitted in coincidence with them but not detected 
is ruled out by the proton spectrum of Figure 10c, in which no fast source is 
seen. In tfef.21, it was suggested that they originate from a projectile which 
has picked up many nucléons from the target. The existence of this mechanism is 
not contradicted by the present data but the discontinuity between the fast-
fast and the slow-slow coincidences (Fig.3) is not explained by it. 

The disappearance of the fast-fast coincidences for low values of VcftO+2) 
suggests another explanation for the slow-slow ones : at large energy losses, 
the multifragmentation of the combined projectile + target, or of a part of it, 
sets in and stops the dissipative process. This mechanism would produce fragments 
emitted from a source at rest in the system of the total center of mass, and with 
a broad angular distribution. This hypothesis is contradicted by the proton spec
tra which show the existence of a slow source, indicating that the target sur
vives in this type of collisions. Therefore, the velocity correlation between 
two fragments should be disturbed by the Coulomb field of the target (32). As 
shown in Figure 5c, this seems not to be the case here. 

A third explanation for the slow-slow coincidences is suggested by the 
mid-rapidity component observed in the proton spectra. Such a component has been 
observed by Awes et al. (35) in the 1 a 0 + 238n reaction at 20 MeV/u and was 
explained by a pre-compound emission from a hot spot heated by nucleon-nucleon 
collisions. While protons may be ejected directly through these collisions, com
posite particules can be explained either by coalescence effects or by statisti
cal emission from the hot spot during its cooling into the adjacent cold nuclear 
matter. Whether such a mechanism can also explain the omission of intermediate 
mass fragments has still to be investigated. Because a precise Coulomb correla
tion is observed between these fragments, one can deduce that the nuclear matter 
is at its normal density. 
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CONCLUSIONS 

The present analysis of the ^ 4Kr + Au reaction at 44 MeV/u is irostly qua
litative. It shows that the quantitative analysis, which is in progress, will be 
very instructive : light particle spectra will deliver source parameters (velo
city, total charge, excitation energy and temperature); the multiplicity of 
intermediate mass fragments will be deduced from the triple coincidences between 
modules of XYZt. But these data show also how important it is to separate dif
ferent components in order to isolate different mechanisms. For example, the 
evolution of the parameters of the fast light-particle source (Fig.10a) as a 
function of VQ((1+2) (Fig.6) will allow to investigate in detail a mechanism 
which is able to dissipate about 1 GeV kinetic energy. This mechanism is re
vealed only by the fast-fast coincidences, and has a rather low cross section. 
It would have been difficult to evidence, and even more difficult to separate 
it from the other components, whithout large size heavy fragment detectors. On 
the other hand,, the light particle data carry indispensable measures of 
the reaction dynamics, whithout which any mechanism conjecture is always haz
ardous. It has often been claimed that, in the Fermi energy domain, more exclu
sive experiences are needed. The present preliminary results hopefully show 
that such measurements will fulfill their promises. 

Most of the data presented here have been obtained in an experiment 
carried out in collaboration with J.C. Adloff, B. Bilwès, R. Bilwès, G. Bizard, 
R. Bougault, R. Brou, Y. Cassagnou, J.L. Ferrero, A. Genoux-Lubain, M. Glaser, 
F. Guilbaut, A. Hajvani, Y.F. Jin, C. Le Brun, C. Lebrun, J.F. Lecolley, 
M. Lefebvres, R. Legrain, M. Louvel, A. Peghaire, J. Peter, B. Rastegar, 
E. Rosato, F. Scheibling, J.C. Steckmeyer and L. Stuttgé. 
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