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Abstract. The formation and the deexcitation of the composite nucleus formed during the Ni + Al reaction
at 28 A·MeV has been studied with the 4π multidetector AMPHORA. A rigourous selection of the
experimental data is described in order to extract a central collision sample. Then different models are
compared to the data. The incomplete fusion process is in agreement with the data. The azimuthal angle
correlations of He-Li and Li-Li pairs have been used to discriminate sequential or instantaneous emission.
The sequential deexcitation is more consistent with all the data. The different analyses allow to describe
all the characteristics of the compound nucleus and finally a fusion cross section of 300 ± 100 mbarn has
been measured.

PACS. 25.70 Pq Multifragment emission and correlations

1 Introduction

Heavy ion studies have taken a new interest since 4π de-
tectors were designed. Indeed the accuracy of the mea-
surement has been improved and allows a better under-
standing of the basic mechanisms in nuclear collisions. In
the experiment described hereafter, we are interested in
the deexcitation process of a hot source created by the
reaction between the nickel projectile and the aluminium
target for an incident energy of 28 A·MeV. We will focus
more specifically on light charged particles and Intermedi-
ate Mass Fragment emission (IMF is defined as a fragment
with charge Z ≥ 3 and Z ≤ Zproj). The points we would
like to address are the following:
– do we form a “single source”? If so, how to select the
single source data to determine the characteristics of this
source?
– concerning the deexcitation of this source, do we observe
a sequential or instantaneous IMF emission?
Obviously these points are related to the observation of
the composite system multifragmentation in the central
collisions. The incident energy of this experiment is in the
transition region between:
– the low energies (Einc ≤ 15-20 A·MeV) where the re-
action mechanisms are governed essentially by the long
range part of the nuclear force, hence by mean field [1].

Complete or incomplete fusion is observed for central col-
lisions and the compound nucleus deexcitation is mainly
composed by light charged particles evaporation. Binary
dissipative collisions are observed for peripheral collisions
and the deexcitation process of both excited quasi-target
and quasi-projectile is identical to the compound nucleus
one.

– the high energies (Einc ≥ 100 A·MeV) where the reac-
tion mechanisms are governed by nucleon-nucleon interac-
tion leading to the so called participant-spectator picture
[2].

In-between the situation is more complicated, since ex-
perimentally the IMF production appears to be relevant of
the low energy mechanisms evolution or/and of the appari-
tion of new ones. This region creates a large interest since
the question of the phase transition has appeared recently
[3]. The composite system multifragmentation has been
observed for both light systems [4,5] like the Ca + Ca 35
A·MeV reaction [6] and heavy systems [7,8] like the Xe +
Sn 50 A·MeV reaction [9]. The present paper describes
the results of the Ni + Al reaction at 28 A·MeV which is
in the low part of the transition region where the multi-
fragmentation process is expected to appear.

Section two will present the experimental set-up, sec-
tion three will describe the event selection, section four
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will focus on the data analysis and then section five will
discuss the results.

2 Experimental procedure and data reduction

The experiment was performed at the SARA facility, in
Grenoble, using the AMPHORA multidetection array.
This experiment involved a 28 A·MeV 58Ni beam on a
27Al target. AMPHORA is an azimuthally symmetric mul-
tidetector made of 140 charged particle detectors covering
82% of 4π (AMPHORA has been described in detail in
previous work [10]). It is divided into a forward wall sec-
tion which contains 48 CsI (2◦- 16◦) and a 92 CsI back-
ward ball (16◦- 165◦). Thin plastic scintillators (100 and
200 µm) set in the front of the CsI detectors (up to 38◦) al-
low identification of charge up to Z = 30 within ±1 charge
unit. For CsI detectors at polar angles larger than 38◦, the
identification was limited to charge Z ≤ 3. A multiplicity
threshold of two was imposed during the experiment with
the aim of rejecting the most peripheral collisions.

The energy calibration was carried out in a separate
experiment with the same beam and target. During this
calibration experiment, silicon tri-telescopes (50, 150 and
500 µm) were used together with a 3 cm CsI(Tl) crystal
which measured energy spectra at each polar angle covered
by the AMPHORA detectors. For each polar angle ring
of AMPHORA one detector was selected as a reference
and the gains for other detectors in the same ring were
adjusted to reproduce the reference detector spectrum. It
was then sufficient to calibrate the reference detector using
the energy spectra measured in the calibration run at the
corresponding polar angles.

For detectors equipped with plastic scintillators it has
been found (by extending the work of [12] and [13]) that
the energy of an ion with charge Z can be written as:

Er = A ∗ L + B ∗ ln(1 + C ∗ L) (1)

where, for each Z, Er is the energy deposited in the CsI
crystal, L is the light output of the CsI crystal minus the
light corresponding to the energy loss in the plastic scin-
tillator and:

A = (α1 ∗ Z + α2)Z
B = (β1 ∗ Z + β2)Z
C = (γ1 ∗ Z + γ2)Z2

where αi, βi, γi are constants determined for each reference
detector.

Calibration for charge one was eased by the observa-
tion of punch through energies in the CsI detectors.

The energy thresholds for the CsI crystals are 4 MeV
for protons, 7 MeV for alpha particles and 10 MeV for
lithium. For the plastic foils of 200 µm thickness, they are
4 MeV for protons, 14 MeV for alphas, and 6-10 A.MeV
for ions of charges Z = 5-15.

In order to prevent particle contamination from other
beam bursts, we have checked particle time origin. For
all detectors equipped with a plastic foil, a time signal
was measured using a start given by the cyclotron radio
frequency. The effective time gate of the data acquisition

included two beam bursts. During off-line analysis we re-
tained only events coming from the same burst. More pre-
cisely, if an event contains at least one particle which does
not belong to this burst the full event is rejected. We have
checked that the rejection rate is negligible.

3 Event selection

Due to the AMPHORA design and to the reverse kinemat-
ics of this reaction, it has been possible to detect quasi-
complete events, involving at least 80% of the total charge
detected (33 ≤ Ztotal ≤ 41). Figure 1 shows for each event
the total parallel momentum versus the total charge for
experimental data. It can be noticed that the requirement
of quasi-complete detection of the total charge implies the
detection of at least 60% of the incident parallel momen-
tum (13 GeV/c).

The first goal is to select central collisions, the frag-
ments produced in peripheral collisions for this system,
are mainly emitted along the beam axis (quasi-projectile
fragments) and then go through the forward hole or
are stopped in the plastic detectors (quasi-target frag-
ments) due to energy thresholds. Consequently by requir-
ing quasi-complete measurement of the total charge, we
detect mostly central events.

For a quantitative illustration of this correlation be-
tween the total detected charge and the centrality of
the reaction we have performed numerical simulations
with the DBS code (“Diffusion Binaire Séquentielle”)
[14], which describes the full range of impact parameters
from central collisions (b ' 0 fm) to the most peripheral

Fig. 1. Total parallel momentum versus the total charge de-
tected with AMPHORA. The line represents 80% of total
charge Ztotal
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Fig. 2. Correlations between the total charge detected with
AMPHORA and impact parameter. Events are generated by
the DBS code as described in the text and filtered.The line
corresponds to 80% of total charge Ztotal

collisions (b = 8.7 fm). The results of these calculations
are afterwards filtered by the SIR code (“SImulateur de
Réponse” [15]) in order to simulate the detector response.

– The DBS code simulates the nuclear collision dynam-
ics taking into account preequilibrium emission and the
deexcitation following the reaction. The calculation is
performed for a given impact parameter generated by
randomly drawing from a triangular distribution. The
fusion and the Deep Inelastic Process (DIP) probabi-
lities are estimated by solving the classical dynami-
cal equations [17]. Trajectory equations take into ac-
count Coulomb, nuclear conservative and nuclear fric-
tion dissipative forces. The entrance channel leads to
either the formation of an excited composite nucleus
or a binary process resulting in a quasi-target and a
quasi-projectile both excited. Then the GEMINI code
[18] is used to describe sequential decay for the excited
composite nucleus or for the excited quasi-target and
quasi-projectile.

In Fig. 2 we show the correlation between the impact
parameter and the total detected charge for simulated
events. Most of the events detected with the largest total
charge corresponding to the most central collisions are re-
lated to the lowest impact parameters. In the figure three
parts can be observed. For total charge lower than 23, the
events are poorly detected. This corresponds to binary
events where one or several fragments are missed and the
lack of information gives difficulties to analyze these data.
For total charge greater than 23, two bumps are visible,
the first one covering impact parameters from 0 to 3 fm

Fig. 3. a–d Source Reconstitution Method. These plots repre-
sent the charge of the reconstituted source versus the velocity
of this source. a experimental data, b simulation of fusion fol-
lowed by sequential deexcitation (DBS code), c simulation of
DIP followed by sequential deexcitation (DBS code), d fusion
and MMMC. All events (experimental events and simulated
ones) are quasi-complete. Vcm is the center of mass velocity,
Vproj , Zproj are respectively the projectile velocity and charge

where the fusion process is expected, the second one from 3
to 8 fm where the deep inelastic process is involved. There-
fore the first event selection, in order to isolate the most
central collisions, is the selection of quasi-complete events
(≥ 80 % of ZTotal, see corresponding line in the figure).
Nevertheless by requiring quasi-complete detection of the
total charge, the DBS code calculations indicate that 56%
of simulated events originate from the deep inelastic pro-
cess (DIP). This contribution comes mainly from the large
impact parameters (b ≥ 3 fm) as it can be seen in Fig. 2.

To reduce the DIP proportion we have employed the
reconstitution source method [19]. The selected sample
with the first criteria are analyzed within the following
procedure.

This method is based on the heaviest fragment de-
tected in each event. In a first iteration the heaviest frag-
ment determines the source velocity. In this source frame
three velocity spheres are built. The first for Z = 1, the
second for Z = 2, the last for Z ≥ 3. The radii are re-
spectively equal to 0.6vbeam, 0.5vbeam and 0.4vbeam. All
particles which are in these spheres are supposed to be
emitted by the source. In Fig. 3 we report this reconstitu-
tion process for the experimental data (Fig. 3a) for simu-
lation of fusion followed by sequential deexcitation (DBS
code, Fig. 3b) and for deep inelastic process followed by
sequential deexcitation (DBS code, Fig. 3c) and of fusion
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followed by an instantaneous multifragmentation (MMMC
code, Multifragmentation Microcanonical Monte Carlo de-
velopped by D.H.E. Gross and collaborators [20]) (Fig. 3
d). We will discuss this last figure later in the text. First,
the DBS fusion events Fig. 3b are correctly reconstructed
< ZRS > = 32 and the < VRS >' Vcm. The slight dif-
ference on the < Z > observed in Fig. 2 comes from the
reconstruction method which does not keep the large ve-
locity for the light particles, but the difference is small.
Second, the DBS DIP events are also well reproduced and
the average velocity is smaller than the projectile one since
the first selection cuts the most peripheral events.

So to separate fusion events from the DIP ones in
the selected data, a second criterion based on the recon-
structed source coming from data is used.

This new event selection consists of laying down con-
ditions about the velocity and the charge of the recon-
stituted source. These selections are represented by four
lines upon each plot of Fig. 3 and are:

25 ≤ ZRS ≤ 37
4.8 ≤ VRS ≤ 5.5 cm/ns

where ZRS is the reconstructed source charge and VRS the
reconstructed source velocity.

The DBS code indicates that, after these selections,
in the simulated data the fusion events are dominant
(80%) but a small component of binary inelastic events
are present. These DIP events result from the smallest
impact parameters for this process as it can be seen in
Fig. 2. Finally the two criteria have been used to prepare
our sample data for the analysis.

4 Data analysis

In this section comparisons between data and different
scenarios will be done. To realize these comparisons, four
experimental variables have been chosen, related, either
to dynamics like the isotropic ratio or the center of mass
velocity, either to static properties of the reaction like the
charge of the biggest fragment or the ratio between the
charge of the two biggest fragments. Then the azimuthal
correlation analysis is described and used to estimate the
angular momentum of the emitter and the time delay be-
tween the emision of two charged particles.

The main experimental characteristics of the selected
events (the selected sample represents 13 % of the raw
data) are presented in Fig. 3a, 4 a b c d. Let us complete
these figures with some other features:

– the mean charged particle multiplicity is 10
– the mean IMF multiplicity is two, one big fragment
Z1max ' 20 and the second one Z2max ' 5

4.1 Comparisons with numerical calculation -
Deexcitation modes of the excited source

In order to confirm or invalidate the DBS code predictions
(80% of supposed fusion process present in our sample of

Fig. 4. Comparisons between data and simulations, fusion +
BS (open circles), fusion + MMMC (open triangles), DIP +
BS (open squares) and experimental data (black circles) for the
most discriminating variables: a isotropic ratio, b fragment ve-
locity, c charge distribution of the heaviest fragment, d charge
ratio between the two heaviest fragments

selected events) and to understand the source deexcita-
tion, the experimental data have been compared with 3
numerical simulations (involving the same selections). The
first one simulates a fusion source which deexcites by se-
quential emission of light particles and IMF (Fig. 3b), the
second one is a simulation of a very deep inelastic process
in which the quasi-projectile and the quasi-target deex-
cite by sequential decay (Fig. 3c), the last one is fusion
followed by simultaneous multifragmentation simulation
(Fig. 3d). For the latter code the input data are character-
istics of the compound nucleus (preequilibrium emission
is not taken into account). A first overlook indicates that
the fusion + BS or fusion + MMMC simulations have a
general agreement with the data while the DIP + BS one
does not reproduce correctly the data. These figures lead
to the conclusion that the fusion process seems to be dom-
inant whatever the deexcitation process, but as shown by
the simulation, a contamination of DIP is observed since
a small part of this process is included in our selection.

Figure 4 presents comparisons between experimental
and simulated data for the most discriminating variables.
The isotropic ratio R = (2/π) ∗ Ptot

⊥ /Ptot
‖ is shown in

Fig. 4a, where Ptot
⊥ is the total transverse momentum of

the event and Ptot
‖ is the total parallel momentum. The

experimental data (black circles) are in better agreement
with the fusion + sequential deexcitation process (open
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circles) comparred to the DIP + sequential deexcitation
process (open squares). This result confirms that fusion
events are a major part of the selected events as already
shown in Fig. 3.

The same conclusion is obtained from the fragment ve-
locity distribution in Fig. 4b, this plot takes into account
only fragments with a charge greater than 6 and the ve-
locity is calculated in the system rest frame. It is also true
for the Zmax distribution (maximum charge in the event)
in Fig. 4c and for the ratio between the charge of the heav-
iest fragment and charge of the second heaviest fragment
in Fig. 4d. Considering these variables we conclude that
the behaviour of the experimental data is reproduced by a
fusion process in the first stage of the reaction followed by
sequential decay rather than a deep inelastic process. How-
ever the multifragmentation process cannot be excluded,
if one observes a rough agreement with the selected data
in Fig. 4bcd, for Fig. 4a the fusion + sequential decay
gives a better data reproduction.

The azimuthal correlation analysis occurs several
places [23] to get some additional informations on the an-
gular momentum of the emitter and on the time delay
between the fragment emission. The fits between the DBS
results and experimental data allow us to use the param-
eters of the DBS source as inputs in the MODGAN code
for the azimuthal correlations analysis. These parameters
are the outputs fixed by DBS:

< E∗CN >= 414MeV
< ε∗C.N. >' 5A ·MeV
< ZCN >= 38
< ACN >= 80
< JCN >= 37h̄

where E∗CN, ZCN, ACN, JCN are respectively the excita-
tion energy, the charge number, the mass number and the
angular momentum of the compound nucleus. It is impor-
tant to note that this angular momentum is not a free
parameter, it is determined by the DBS calculation and
this parameter is not used as input for MODGAN. On the
contrary, we check the average angular momentum given
by MODGAN with this one.

4.2 Azimuthal correlation analysis

To further analyze the features of the source decay and
to deduce the angular momentum of the emitter we have
used the azimuthal correlations analysis doing compar-
isons with the MODGAN code [21].

4.2.1 The MODGAN code

The particle emission is described in terms of sequential
emission from an equilibrated rotating source. The emis-
sion direction is determined by a statistical process, the
emission probability dΓE,J,f of a fragment f with energy
E from the source with angular momentum J is written:

dΓE,J,f ∝ eβ2 sin2(ΨJ,f ) (2)

where ΨJ,f is the angle between the emission direction of
the fragment f and the angular momentum J axis of the
source. β2 is called the anisotropy ratio:

β2 =
h̄2(J + 1/2)2

2IdT

(
µR2

Id + µR2

)
(3)

where:

– Id is the moment of inertia of the compound nucleus
– R the position of the center of mass (particle + residual

system)
– µ the mass of the reduced system
– T the emitter temperature

In the MODGAN code lifetime effects are taken into ac-
count by solving the classical trajectory equations with
the three body Coulomb interaction.

4.2.2 Construction of azimuthal correlations and
characteristics

The azimuthal correlation is constructed from the distri-
bution of relative angles between two detected particles
(belonging to the same event). To suppress the effect of
detector geometry and detection efficiency we use only the
four first rings of AMPHORA (for polar angles 20◦, 31◦,
47◦, 67◦). These rings are identical: 15 detectors with the
same response.

To construct the azimuthal correlation between two
particles X(θX, φX), Y(θY, φY) we isolate events for which
we have detected at least one particle X at the θX polar
angle, and one particle Y at the θY polar angle, then we
calculate:

∆φ = |φY − φX|

The distribution is normalized such that the mean value
is one.

To check the MODGAN code results, we have used
the angular momentum of the fusion events coming from
the DBS simulation. Figure 5 presents the azimuthal cor-
relation distribution for the DBS fusion events and the
MODGAN simulation for angular momenta of 40 h̄ and
60 h̄ for the He-He pairs. The agreement is good for 40 h̄
which is compatible with the DBS value of 37 h̄ as men-
tionned above. We can conclude that the MODGAN code
is well calibrated.

In order to observe the angular momentum and time
delay emission effects we have plotted the azimuthal cor-
relations between lithium and helium pairs generated with
the MODGAN code. In a previous paper [22] both effects
for the angular momemtum value and for the time delay
between the emission of two particles have been shown.
Recall that the anisotropy is larger when the emitted par-
ticle mass increases and that a suppression at small angu-
lar correlations is observed due to Coulomb repulsion.
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Fig. 5. Adjustment of azimuthal correlation distribution for
the DBS fusion events (< J >' 37h̄) by the MODGAN code

Fig. 6. Estimation of the angular momentum of the emitter
using the MODGAN code simulations

4.2.3 Estimation of the angular momentum of the source
and estimation of the time delay

The azimuthal correlation analysis has been performed for
He-He pairs and He-Li pairs (for higher masses, statistics
are poor). Figure 6 shows the distributions obtained for
different values of the emitter angular momentum. The
black circles are the experimental data, the open circles,
squares and triangles are MODGAN calculations for three
values of angular momentum. The best fit is obtained for
angular momentum of < J >= 60± 10h̄.

Figure 7 presents the azimuthal correlations for dif-
ferent values of the time delay between emission of two
He particles. The angular momentum is fixed from the

Fig. 7. Estimation of the time delay between emission of two
heliums from the emitter using the MODGAN code simula-
tions.Experimental data are the black circles, calculations are
the open circles, squares and triangles

previous analysis to < J >= 60± 10h̄. We observe a weak
lifetime effect only for the first point ∆φ = 0. Two points
could explain this:

– the geometrical granularity is correct, for the charged
particle multiplicity measurement, but too small to ex-
tract such tiny effect.

– as we produce reverse kinematics reaction, all the prod-
ucts are emitted in the forward direction, so in conse-
quence the apparent granularity in the emitter frame is
bigger than the geometrical one.

The best fits are obtained for time delay τ ≥ 10. 10−22 s
(for time delay greater than this value the Coulomb ef-
fect becomes negligible). In fact, the absolute value has
no particular meaning since we would like to reject the
instantaneous multifragmentation scenario. As the analy-
sis is delicate to draw definitive conclusions, we prefer the
simplest scenario which is the fusion followed by a sequen-
tial decay without excluding the multifragmentation one.
Moreover we have to keep in mind the small number of
the < IMF >.

The different combinations of polar angles (20◦, 31◦,
47◦, 67◦) are shown in Fig. 8 and 9. The experimen-
tal data are represented by black circles. The curves
stand for MODGAN simulation for < J >= 60h̄ and
τ = 50. 10−22 s. The agreement is fairly good for seven
(over ten) pairs of angles as well as for both the He-He
pairs and the He-Li pairs. These azimuthal correlations
strenghten our hypothesis that the selected experimental
sample is mainly composed of fusion events in the sense
where the analysis supposes a sequential IMF emission
from an equilibrated source.
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Fig. 8. He-He azimuthal correlations. Fits for
the angular momentum of the emitter and for the
time delay using the MODGAN simulations, for
all pairs of polar angle

Fig. 9. He-Li azimuthal correlations. Fits for the
angular momentum of the emitter and for the
time delay using the MODGAN simulations, for
all pairs of polar angle
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5 Discussion

5.1 Azimuthal correlations

The experimental azimuthal correlation distribution
shows a strong asymmetry with a maximum at small
angles when polar angles are larger than (θX, θY) ≥
47◦(Figs. 8 and 9)

The DIP contribution could be an explanation but it
has been checked that the construction of ∆φ distribu-
tion for DIP events (DBS filtered and selected simulations)
does not show this phenomenon. Similar effects have been
observed for the 32S +nat. Ag at 37.5 A·MeV system [22].
For this reaction the strong asymmetry is observed at for-
ward polar angles. Preequilibrium emission which is ex-
pected to have strong dependence on the angular region
is a possible interpretation of this effect. It is important
to emphasize that this feature is observed only at the very
backward angles for the present system which is in reverse
kinematics.

5.2 Angular momentum of the emitter

Let us first show that the relatively large angular momen-
tum obtained by the azimuthal correlation analysis is not
due to a DIP contamination effect as shown in figure 10
where an effect of DIP contribution would be to enhance
only the large relative angle side of the distribution. The
tendancy suggested by this figure is to maximize the crit-
ical angular momentum of the fusion events.

This can be only obtained by increasing the friction
coefficient in the DBS code to obtain a compound nu-
cleus with larger angular momenta. Doing so, we observe
events with a maximal angular momentum Jmax. = 72h̄,
the mean value being < J >' 50h̄. A good agreement with

Fig. 10. He-He azimuthal correlations. The black circles are
the experimental data, open circles and open squares are fits
for simulated fusion and DIP events

the experimental data has been observed using the same
variables as in Fig. 4. These comparisons confirm the va-
lidity of the MODGAN code and the azimuthal correlation
method.

5.3 Fusion cross section

The fusion cross section measured in our experiment is

σtot
fusion = 300 ± 100 mbarn

This cross section is obtained directly from the selected
events which represent 13% of the raw data.

To correct this cross section taking into account the
DIP contamination, an estimation of the experimental
proportion of fusion and inelastic events has been made.
The best fit based on the same variables than in Fig. 4
is obtained for 80% fusion and 20% DIP as in the DBS
code prediction. After this fit the experimental cross sec-
tion can be compared with the DBS code prediction. In
the DBS code fusion does not occur for impact param-
eter larger than bmax

fusion = 3 fm and for this reaction the
largest impact parameter is bmax = 8.7 fm, so we are able
to estimate the DBS fusion cross section:

σtot = πb2
max = 2.4barn

σtot
fusion = π(bfusion/bmax)2 = 250 ± 100 mbarn

Finally if we increase the angular momentum of the DBS
fusion events as suggested by the previous subsection, then
the DBS fusion cross section rises up to 300 mbarn.

6 Summary of the source characteristics and
conclusion

The deexcitation of the composite system formed by the
Ni + Al reaction at 28 A.MeV laboratory energy has been
studied with the 4π multidetector AMPHORA. We have
observed an agreement between the experimental data and
a fusion process followed mainly by a sequential decay of
light particles and IMF. We have obtained these conclu-
sions for a careful selection of events reducing as far as
possible the contribution of binary events. The charac-
teristics of the compound nucleus have been determined
and then successfully compared with the MODGAN code
which leads to the determination of the angular momen-
tum of the source. All results can be interpreted in terms
of sequential emission from a thermalized source with a
mean angular momentum of < J >= 60± 10h̄. The fu-
sion cross section measured for this sytem is σtot

fusion =
300 ± 100 mbarn

For systems in the same mass region at larger available
excitation energy the disappearance of fusion in favor of
the inelastic diffusion has been observed [24]. In this reac-
tion it seems that a large part of the excitation energy is
invested in the rotational degree of freedom. Although the
DBS predictions lead to a value of 5 A·MeV for the com-
pound nucleus excitation energy, which is a value close to
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the theoretical multifragmentation onset, we do not ob-
serve the multifragmentation decay as the dominant one.
An analysis of the events with more than two IMF in our
sample should be done for the study of this mechanism.
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