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ABSTRACT
This talk presents some of the most significant

results already obtained from two complementary experiments
on the reaction Kr + Au at 43 MeV/u. These experiments were
performed with the help of the four charged-particle multi-
detectors operating at Ganil. The analysis concentrates on
double and higher order coincidences between intermediate
mass fragments among which at least one can be considered
as a fragment of the projectile. The results presented here
are the following: i) for the most peripheral collisions,
the mechanism is very similar to that of partly damped
deep-inelastic reactions known from low bombarding energy
studies; ii) for intermediate impact parameters, when
several hundreds of MeV are dissipated, the target emits
intermediate mass fragments; iii) this emission is not an
equilibrated evaporation, but is localized between the tar-
get and the projectile and occurs on a time-scale compa-
rable to the interaction time; and iiii) for the most cen-
tral collisions, up to 1.5 GeV may be dissipated and a
separate participant zone is created.



!.Motivations
At low bombarding energy, the interaction between two nuclei is of

collective nature, i.e. all nucléons participate to it. At high
bombarding energy, only some of them participate, the others being
spectators. The transition between one mode and the other is expected
to occur in the Fermi energy domain, i.e. for relative velocities
close to the velocity of the nucléons inside the two nuclei. This
domain is precisely that covered by Ganil. First experiments, based on
inclusive measurements, have generally indicated that the high energy
regime starts already at E/A*27 HeV/u. More recent experiments based
on coincidence 1>2) or semi-inclusive 3) measurements have reached the
opposite conclusion that deep-inelastic 1>2) or transfer 3) reactions
still exist at bombarding energies as high as €0 MeV/u.
Another motivation which appeared more recently was the possibility

to produce very hot nuclei, and to observe new decay modes, such as
multifragmentation. Such modes seem to have been observed in proton-
induced reactions at bombarding energies higher than 1 GeV 4). In
heavy ion induced reactions, a clean signature of a multifragmentâtion
process is more difficult to obtain. Fragments can be produced by the
fission-like decay of the projectile or of the target, and can also be
evaporated by either of these nuclei 5). They can also originate from
the overlapping zone before thermalization 6) or from a separated
participant zone 7). Before applying any global concept such as
fragment-multiplicity in the analysis of results from these reactions,
it is certainly worth to devote some effort to understand the origin
of these fragments.
Because in this domain collisions are quite violent, many fragments

are expected to be produced. At Ganil, a special set of multidetectors
has been developped to allow measurements as exclusive as possible:
XYZt and DELF detect fragments at forward angles and around the
target, respectively, while the MUR and the TONNEAU measure light
particles in the same angular ranges.

The results presented in this talk have been obtained in two
complementary experiments using different combinations of these



multidetectors. They show that both types of mechanisms coexist In the
interaction of Kr with Au at 43 NeV/u; they suggest even a smooth
transition from one type to the other according to the impact
parameter.

In the first experiment, XYZt was associated to the HUR and one
hemisphere of the TONNEAU. The acquisition was triggered by double or
higher order coincidences in XYZt: an earlier experiment had shown
that several components can be separated in the yield of these
coincidences, and correspond to different mechanisms 8). Light
particles were measured to improve our understanding of these
mechanisms. In the second experiment, XYZt was associated mainly to
DELF. The acquisition was triggered by triple or higher order
coincidences in the nearly 4* detector for fragments achieved by this
combination. Results of this latter experiment are also presented at
this conference by R. Bougault et al. 9). In contrast to their report,
the present talk concentrates on coincidences between fragments in
which at least one fast fragment, which may be associated to the
projectile, has been detected in XYZt. The charge ZF and the velocity
VF of this fast fragment will allow to follow the dynamics of the
collision.

2. Classification of fragments
In Fig.l is shown the correlation between the velocities, compared

to the velocity Vp of the beam, of two fragments detected in
coincidence between two any modules of XYZt. Almost all these
fragments have intermediate mass (A « 16-50); only the fastest ones
have a mass close to that of the projectile. Grossly speaking, we can
distinguish three kinds of fragments: i) fast ones (v/Vp>0.67), ii)
slow ones (V/VP<0.25) and iii) intermediate velocity fragments (IVF's)
with a velocity close to half of that of the beam. The IVF's are of
particular interest: their velocity can be explained if one admits
that they are produced by the decay of a participant zone, by the
fission of the projectile or by evaporation from the target. The
origin of these fragments can be therefore a signature of the
mechanism. Of particular interest is the fact that IVF's, but also
fast fragments, appear in different components, and therefore
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Figure 1
correspond possibly to different mechanisms.

In Fig.2 is shown the same correlation, but for successive windows
on the total charge of light particles detected in the MUR and the
TONNEAU: since the combination of the two yields a nearly 2* detector
for light particles (with, however, a significant velocity threshold),
we can use it like a multiplicity filter to scale the violence of the
collision and therefore the impact parameter. From this picture, it
appears that the most peripheral collisions correspond to fast-slow
coincidences (Fig.2a), while the most central ones yield coincidences
between two IVF's (Fig.2e).

In the following, however, we shall not use this total charge of
light particles, but the Z-value ZF of the fast fragment to scale the
impact parameter. This method is justified by Fig.3, which
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Figure 2: Double coincidences in XYZt for a total identified charge in

the light-particle detectors in the range a) 1-5; b) 6-10;
c) 11-15; d) 16-20; e) 21-25.
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demonstrates that there is a definite correlation between ZF and the
total light-particle charge (above the identification threshold). This
is true for the fast-slow (crosses), fast-intermediate (triangles) and
fast-intermediate-intermediate (circles) coincidences which are the
three classes of events of interest in the following sections.

3. Mechanisms.
A complete revue of all the results is evidently beyond the scope

of this talk. Instead, I shall present the most important ones. They
are based on the observations of specific classes of events, in which
the fragments have been classified according to the preceding section.
The correspondance between these classes and the components of Fig.l
will be recalled.
3.1. The interaction between Kr and Au at 43 HeV/u is "highly"
dissipative.

To demonstrate this, we select the triple coincidences in which one
fragment is fast and two are slow. This class corresponds to the fast-
slow coincidences of Figs.l and Za, and therefore to very peripheral
collisions. Because the two slow fragments have all characteristics of



fission fragments from a slowly moving gold nucleus - in particular,
their relative velocity is close to 2.4 cm/nsec - we can tentatively
reconstruct this nucleus before it fissionned. In Fig.4a are shown the
behaviours, as a function of ZF, of the velocities of the fast
fragment (crosses) and of the c.m. of the two slow ones (circles), and
in Fig.4b that of the total charge of the two slow ones. Also shown
are the predictions of a deep-inelastic model based on nucleon-
exchange for the projectile-like and the target-like nuclei. The fair
agreement demonstrates that the mechanism is close to a deep-inelastic
diffusion as it is known at low bombarding energies; however, the
maximum kinetic energy dissipated does not exceed, according to the
model, about 1 GeV for this component (2.3 GeV are available).
3.2.1. Some of the IVF's are emitted bv the target after a dissipative
step.

The class of events which will be used for this demonstration are
the quadruple coincidences between one IVF, one fast and two slow
fragments. This class corresponds essentially to the fast-
intermediate coincidences in Figs.l and 2b-c, and therefore to medium
impact parameters. The characteristics of the two slow fragments are
almost the same as those of the preceding section, although their
charges are somewhat smaller. We shall, again, consider them as
fission fragments from an Au-like nucleus. Fig.Sa shews the same
relationships as Fig.4a, with the addition of the velocity of the IVF.
In the framework of the deep-inelastic model, this IVF has been
emitted by the target. Its velocity has been calculated by assuming a
constant 3.0 cm/nsec value for the relative velocity between it and
the target-like nucleus. This is the most probable value
experimentally measured for the relative velocity between the IVF and
the c.m. of the two slow fragments, and corresponds to the Coulomb
repulsion between a spherical Au nucleus and a Z»8 fragment. The fact
that the IVF has been emitted by the target is confirmed by Fig.Sb.
The total charge of the two slow fragments (circles) is smaller than
that observed in Fig.4b. If the charge of the IVF is added to it, the
values thus obtained (triangles) fall very close to that of Fig.4b and
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Z of the fast fragment

Figure 4: Triple coincidences between one fast and two slow frag-
ments. The abscissa is given by the charge of the fast fragment. In a)
the crosses give the velocity of the fast fragment, the circles that
of the c.m. of the two slow ones. In b), the circles give the sum of
the charges of the two slow fragments. The curves are the predictions
of a deep-inelastic model for the velocities and the secondary charges
of the projectile-like and target-like nuclei.
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Figure 5: Quadruple coincidences between one IVF, one fast and two
slow fragments. The abscissa, the crosses and the circles have the
same signification as in Fig.4. The squares give the velocity of the
IVF; the triangles give the sum of the charges of the IVF and the two
slow fragments. The velocity of the IVF has been calculated by adding
the Coulomb repulsion to that of the target-like nucleus. The other
curves are the same as those of Fig.4.



10

agree well with the calculation. According to the model, about 1.2 GeV
kinetic energy may be dissipated in these collisions.
3.2.2. This emission is not an equilibrated evaporation.

If this emission was an equilibrated evaporation, the in-plane
angular distribution of the IVF would be isotropic in the system of
the target-like nucleus. With this hypothesis, we can perform a Monte-
Carlo simulation taking in account the geometry of our detection
system, and calculate, for exemple, the relative-angle G12
distribution between the projectile and the IVF. Shown in Fig.6 is the
ratio between the experimental number of counts and the calculated one
as a function of S12, in three consecutive windows of the velocity VF
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of the fast fragment. For VF/Vp=0.87-0.97, one observes a strong
forward peaking: the IVF is emitted almost in the same direction as
the projectile. The fact that the target still remembers the direction
of the projectile indicates a short time scale for the emission of the
IVF. This is confirmed in Fig.6c for VF/Vp-O.67-0.77, where one
observes a peak close to 30°: this is an indication of a proximity
effect between the projectile and the IVF.
3.3. Existence of a separated participant zone.

Two classes of events will be used for this demonstration: double
coincidences between two IVF's, and triple coincidences between one
fast fragment and again two IVF's. The need to consider these two
classes, and not only the latter one, is due to low statistics. The
characteristics of the IVF's in these two cusses are exactly the
same. The light-particle spectra show, in both cases, the presence of
a fast source with V/Vp~0.7. The presence of this source means that
double coincidences between two IVF's correspond mostly to events in
which the fast fragment had too small a charge (ZF<8) to be detected
in XYZt. It demonstrates also that they do not originate from the
fission of a very slowed-down projectile after a deep inelastic
diffusion.

Two possibilities remain: they may be emitted sequentially by the
target, or they are produced by the fission-like decay of a separate
intermediate-velocity source. Fig.7 allows to decide for this latter
possibility. Shown there is the relationship between the relative
angle B12 between the two IVF's, and the absolute value of the
difference of their lab. velocities. The experimental data (Fig.7a)
are much better reproduced by a Monte-Carlo simulation based on the
second possibility (Fig.7b) than by that based on the first hypothesis
(Fig.7c).

The values ZF obtained for the fast fragment in triple coincidences
are explained by the model if one admits that up to 1.5 GeV kinetic
energy is dissipated.
4. Conclusions.

This study of correlations between fragments emitted in the
interaction between Kr and Au at 43 MeV/u yields, for the first time,
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Figure 7.
a picture of a reaction in which the mechanism evolves progressively
from an almost collective behaviour to a more participant-spectator
one when the impact parameter decreases. However, the interaction is
allways highly dissipative. For the most peripheral collisions, where
up to 1 GeV kinetic energy is dissipated, the mechanism appears as
very close to that of a partially damped reaction as it is known at
low bombarding energy. At intermediate impact parameter, the damping
increases and emission of fragments by the target begins. Because this
emission occurs on a time scale close to the interaction time, it gets
to disturb the damping process itself. For the smallest Impact
parameters observed in this study, up to 1.5 GeV can be d^sipared and
a separate participant zone may be created. The idea of the
coexistence of a damping process and a subsequent separation in
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"participant" and "spectator" zones is already present In a model 10)
the predictions of which compare fairly well with our data 11). The
idea of an acceleration of the evaporation with increasing temperature
has also been proposed recently 12).
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