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FUSION WITH PROJECTILES FROM CARBON TO ARGON AT ENERGIES BETWEEN 2QA HeV AND 
60A HeV. 

J . Gal i n 

GAIJIL, BP.5027, 14021 Caen-Cedex, France 

ABSTRACT 

Fusion reactions are known to be the dominant reaction channel at low 
bombarding energies and can now be investigated with a large variety of 
projectiles at several tens of HeV per nucléon. The gross characteristics of 
the fusion process can be ctudied by measuring global quantities such as the 
linear momentum transferred from projectile to target and Vr= dissipated 
energy of the reaction. The strong correlation between these two -antities is 
demonstrated at moderate bombarding energies, with a Ne projec le on a U 
target. It is expected that light particle (charged or neutron) multiplicity 
measurements can be extended to this higher energy domain and be used to 
selectively filter these collisions, according to their degree of violence. 

A review of the linear momentum transfer is made, considering essentially 
heavy targets and two important parameters in the entrance channel : the 
projectile energy and its mass. Over a broad mass range, and for energies up 
to 30A HeV, the momentum transfer scales with the mass of the projectile. At 
30A HeV, the most probable value of projectile momentum transferred to the 
fused system is 80%, and this represents roughly 180 HeV/c per projectile 
nucléon. At higher bombarding energies, the momentum distribution in the fused 
systems, as observed from binary fission events, seems to depend on the mass 
of the projectile. Further studies are still needed to understand this 
behaviour. 

Finally, the decay of highly excited (E = 500-800 HeV) fused systems, 
with masses close to 270 amu, is studied from the characteristics of both 
fusion fragments and light charged particles. It is shown that thermal 
equilibrium is reached before fission, even for such high energy deposition. 
However, the decay sequence is sensitive to dynamical effects and does not 
depend only on available phase space. 
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I - INTRODUCTION 

With heavy ion beams accelerated to several tens of MeV per nucléon it, 
has become possible to study highly excited nuclei. The energy deposited by 
these projectiles can represent an important fraction of the binding energy 
of the fused system. 

When addressing the domain of highly excited nuclei one can distinguish two 
kinds of problems : the first related to the dynamics of the collision i.e. the 
energy damping, the second more closely connected with the intrinsic properties 
of the heated nuclei. This division might appear a little artificial because 
the collision time, the dissipation time and the deexcitation time get very 
close to each other and may overlap. However, for the sake of clarity, one 
can consider the formation and decay of hot nuclei separately. 

How does a heavy projectile accelerated to energies between 10 and 100 MeV 
per nucléon dissipate its kinetic energy into heat ? The dissipation process is 
rather well understood at both limits of bombarding energy. At the lower limit, 
due to the constraints of the Pauli principle, dissipation proceeds essentially 
through collisions of nucléons against the potential generated by the mean 
field of all the individual nucléons : the so-called one-body dissipation. On 
the contrary, above 100 MeV per nucléon, Pauli blocking becomes less and less 
effective, reducing the mean free path of the nucléons and making nucleon-
nucleon collisions the dominant source of energy dissipation : the so-called 
two-body dissipation. Between these asynvi.ui.ic behaviours very little is known. 
Recently, semi-classical approaches have been developed to simulate collisions 
in the intermediate energy regime ; they are based on either the Boltzmann 

1 2 3 
equation or the Landau-Vlasov equation . As opposed to the TDHF or intranu
clear cascade approaches, which are strictly valine at low and high energies 
respectively, the newly developed simulations include both one-body and two-
body frictional effects and thus constitute an interesting guide for studying 
this transition region. In particular, the interplay between the two modes is 
interesting to follow : at a few tens of MeV per nucléon it is observed that 
once a nucléon has lost a substantial part of its initial energy, either by 
one-body or two-body friction, then its fate becomes governed essentially by 
one-body dissipation. 

http://asynvi.ui.ic
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Thus, in intermediate energy collisions the onset of mean field effects 
occurs very rapidly. The amount of energy that the target can retain is basi
cally determined by the time the projectile nucléons have crossed the target 
nucleus. Then, some extra time is needed to further distribute the energy by 
the motion of the nucléons against the potential wall of the fused system. 

As time elapses, escaping particles lose more and more memory of the en
trance channel ; their angular distribution broadens progressively until rea
ching full istropy, and their mean velocity decreases from the one imparted by 
the projectile to the one characteristic of evaporation from a fully therma-
lized system. 

What tools can one use to investigate such violent, highly dissipative 
collisions ? The global quantities which are the most sensitive to the dissi
pation process as a whole are the amount of linear momentum which is trans
ferred from projectile to target, and the dissipated energy. The larger the 
momentum transfer becomes, the larger the dissipated energy, and the higher 
the multiplicity of decay particles. With the exception of a few cases, that 
will be considered next, it is essentially the momentum transfer which has 
been probed so far. A broad survey of momentum transfer data is presented 
together with tentative explanations of the main observations. Finally, an 
example of the deexcitation of a fissile system is given to sh^w that therma-
lization can be reached to a large extent, despite large amounts of deposited 
energy. 

II - HOW LINEAR MOMENTUM MEASUREMENTS CAN YIELD INFORMATION ABOUT THE VIOLENCE 
OF A COLLISION AND HOW DO THEY COMPARE WITH EXCITATION ENERGY MEASUREMENTS ? 

A. The methods 

The linear momentum of the projectile must be conserved during the reac
tion. In the exit channel, however, this momentum can be distributed over a 
large number of particles and fragments of all sizes, in such a way that it 
can be impossible to make a complete balance without detecting all of the 
exiting particles. This would be the case if, as predicted by different 

5-7 models , a higly excited nucleus were to undergo a complete cracking 
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or multifragmentation. 

However, before reaching such an extreme, more conventional decay modes' 
such as sequential evaporation of light particles and binary fission are expec
ted to play an important rôle and to remain the dominant exit channels. All 
simple inclusive linear momentum measurements rely on this implicit assumption. 
Thus it is assumed that the reaction proceeds in two successive steps. Initial
ly, the projectile transfers part of its energy and momentum to the target nu
cleus, or to a fraction of it, until a thermal equilibrium is reached. At this 
point, the initial momentum is shared between three major components : a first 
component which has essentially kept the beam velocity and which is of special 
importance in peripheral collisions, a second component of intermediate velo
city with a broad forward distribution of preequilibrium particles and frag
ments, and thirdly the remaining fused system. It is the velocity of this fused 
thermalized system which is primarily measured since the subsequent isotropic 
evaporation of particles does not modify, on the average, its velocity. After 
this initial stage, two cases have to be considered. Either the fused system 
only evaporates particles or it undergoes fission at some time. In the first 
case the velocity distribution of the residues can be directly measured. In 
the spcond case, the two residual fission fragments have to be detected in 
coincidence. In order to determine both longitudinal and transverse velocity 
components, not only the relative folding angle has to be known but also the 

o 
velocity and final masses of the fragments . 

To further define the transferred momentum, one needs to measure the mass 
of the evaporation residues (or residual fission fragments) and to make correc
tions for the amount of mass lost by evaporation. At high excitation ener
gies and for relatively light fused systems, this correction can represent a 
large fraction of the fused mass. « 

When the initial mass is not obtained by direct measurements and proper 
corrections, it can be roughly estimated from the measured velocities assuming 
an incomplete fusion process. In the case of a mass asymmetric entrance chan
nel, only part of the lightest partner (either the projectile of the target) 
fuses with the heaviest one. The fraction of the light nucleus involved in the 
fusion process (K) is either given by : 
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dir m p (V p - V R) 
in the case of direct kinematics (the projectile is lighter than the target) 

1 
or K = -n in the case of reverse kinematics (the projectile is 

r e v - \lir 
heavier than the target), IIK. is the target mass and m„ and V p are the projec
tile mass and velocity respectively. K is deduced from the measured recoil 
velocity V R and the fused mass given by:(m,, + Km, ), where m, and m H are the 
masses of the light and heavy partners respectively. Although such a procedure 
might not have a strict physical basis, it can account for the experimental 
observations, that is : fused nucleus velocities that are smaller and larger 
than the center of mass velocity for direct and reverse kinematics respectively. 

The excitation energy is more difficult to measure than the momentum 
transfer, especially if one does not try to determine a temperature directly 
but, rather, sums up the energies removed by all the evaporated particles. 
Both neutrons and charged particles contribute to the cooling down of the system 
and a simultaneous detection of all the types of particles is difficult. However, 
for particular entrance channels one type of particle can predominate. For 

92 92 example, in neutron deficient systems such as Mo + Mo charged particle 
9 emission is dominant and, on the contrary, in any system involving a very 

fissile target neutron emission is enhanced . In these cases, a good approxi
mation of the excitation energy can be made by detecting only one kind of par
ticle. 

B. Excitation energy measured as a functioncf transferred momentum 

Simultaneous measurements of both linear momentum transfer and excitation 
10 •• energy have been initiated at the HMI in Berlin . Recently, such measurements 

were made, using the folding angle between fission fragments to determine the 
linear momentum transfer and, the multiplicity of coincident neutrons to mea
sure the excitation energy . The neutrons are counted individually using a 
4 n spherical detector filled with a liquid scintillator, doped with Gadoli-

12 nium . The target sits in the middle of the detector and the neutrons emitted 
after one nuclear collision are captured by the Gd nuclei on a time scale of 



10 s, and thus can be detected individually via the induced scintillation. 

Correlated data are shown in Fig. 1 for the 14.5A MeV Ne + U system. The 
lower curve represents the usual folding angle distribution, which, at this.mo
derate bombarding energy, exhibits two unequal components : an intense jzak 
at small angles corresponding to a complete, or nearly complete fusion process, 
and a rather broad distribution at larger angles, related to less violent, more 
peripheral collisions. A fractional momentum scale computed from symmetric macs 
splitting and fragment velocities deduced from fission systematics is given 
for orientation ; the transverse momentum is neglected. The upper curve corres
ponds to the coincident neutron multiplicity. The combined effects of particle 
evaporation and velocity and mass dispersion of the fission fragments substan
tially broaden the angular correlations, which would not otherwise extend below 
o = 55°. It is remarkable that the neutron multiplicity levels off below coinc 
e . = 55°. The maximum energy deposition is reached with a maximum momentum coinc 
transfer, leading to the largest neutron multiplicity. Then, for less violent 
collisions, < M > diminishes steadily. In order to interpret the multiplicity 
distribution as a function of momentum transfer we assume an incomplete fusion, 
or massive transfer process. Hence, momentum transfer and excitation energy 
are directly proportional to the amount of transferred mass. Then, from the 
available excitation energy, the number of decay neutrons can be calculated by 
simply considering that each emitted neutron reroves an energy equal to the sum of its 
binding energy and 1.5 times the temperature . As shown in Fig. 2, the agree
ment between measured and expected multiplicities is excellent. This stresses 
that, at such excitation energies and for fissile nuclei, cooling down proceeds 
almost exclusively by neutron decay, and this simply reflects the high neutron 
to proton ratio of the fission fragments. Increasing the excitation energy 
would probably enhance emission of charged particles, removing part of the 
stored energy. Nevertheless, it is thought that the neutron multiplicity can 
h» used as a filter on the violence of a collision,'much beyond the region 
where it has been utilized so far. The good agreement observed in Fig. 2 also 
shows that the incomplete fusion picture, in terms of massive transfer, seems 

20 to be well suited for such projectiles as Ne at moderate energy, where the 
mean field effects are still important. It would be interesting to see whether 
such a description also applies for more massive projectiles and up to what 
energy it does apply. 
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This section was devoted to the comparison of two experimental approaches designed to distinguish 
collisions by their violence. To summarize, at moderate excitation energies; 
momentum transfer and multiplicity measurements are essentially equivalent. 
One can foresee advantages and disadvantages in applying these two techniques 
at higher bombarding energies. The linear momentum measurements performed to da
te on evaporation residues or binary fission fragments might give an incomplete 
picture of the momentum distribution, if other important exit channels are 
neglected. The second technique,as applied to heavy targets, appears to be less 
restrictive ; whatever the fate of the excited heavy nucleus : evaporation 
residue, binary fission, ternary fission, multifragmentation, neutrons will 
always be emitted to cool down the primary fragments. Obviously light charged 
particles will also be emitted, and the fragments will also tarry away part of 
the initial excitation energy as kinetic energy. Therefore, the picture obtained 
from the neutrons will be smeared. Experiments will be necessary to tell whether 
the analyzing powjr of the neutrons remains sufficient to keep track of the vio
lence of the collision. 

III. WHAT DID WE LEARN FROM LINEAR MOMENTUM TRANSFER MEASUREMENTS ? 

The most abundant data so far have been obtained from fissile targets 
(U or Th), using the folding angle of the two fission fragments as the main 
observable for the recoil velocity of the fissioning nucleus. At low bombarding 
energy, such measurements allow an overall view of the momentum distribution in 
the exit channel : it was actually shown that most of the reaction cross 
section could be found in the fission channel. As already emphasized, the 
extension of this method to nuclear reactions with several hundreds of MeV 
(up to 1 GeV) of excitation energy is certainly more questionable. While peri
pheral collisions with low momentum transfer are thought to end up in binary 
fission, central collisions might not. Unfortunately, no fission cross section 
has been directly measured, to compare to the reaction cross section. The only 

15 comparison given between fission and reaction cross section was obtained by 
assuming a 1/sine angular distribution of the fission fragments, and that 
should be considered an upper limit. 
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Given the possible limitations of this method, let's now survey the data. 
First, there are large amounts of data with projectiles ranging from Carbon to 
Neon, extending in bombarding energies from the fusion barrier to the vicinity of 
the Fermi energy . Since these data are being presented in another contri-

25 bution of the Symposium only the main aspects will be summarized here (see 
Fig. 3). 

a) Above the barrier, the folding angle distributions exhibit two distinct 
peaks, corresponding to peripheral collisions (low momentum transfer) and 
fusion reactions (full, or nearly full momentum transfer) 

b) With increasing bombarding energy the intensity of the low momentum 
transfer peak increases at the expense of the large momentum transfer peak. 
This indicates the declining influence of the mean field. Close to the barrier, 
the mean field is responsible for fusing most of the incoming projectiles. 
When the projectile velocity increases, the two nuclei pass by each other more 
often without exchanging as much energy. A larger overlap of the interacting 
nuclei (a lower impact parameter) is needed to undergo fusion. 

c) With increasing bombarding energy, the centroid of the fusion bump 
shifts from full momentum transfer (f.m.t) at the barrier and slightly above it, 
to approximately 80% of f.m.t. at energies close to 30A HeV, and this is inde
pendent of the nature of the projectile (C, N, 0, Ne). Above this energy, due 
to the increased broadening of the fusion bump it is more difficult to deter
mine the most probable momentum transfer. Nevertheless, values close to the one 
observed at 30A MeV are estimated at 60A MeV 1 8 and 84A MeV 2 2 for C and U. These 
features result from the increasing importance of nucleon-nucleon collisions 
in the dissipative process. High velocity incoming nucléons have a smaller 
probability to be trapped by the mean field of the target nucleus unless they 
have undergone collisions with other nucléons, thus reducing their velocity. 
This is clearly shown by Aichelin in simulations of central collisions with 
C or 0 on Au at 25, 84 and 200A MeV (Fig. 4). At the lower energy, most of the 
incoming nucléons are captured, much fewer at 84A MeV, and practically none at 
the highest energy. From such calculations, it seems that a maximum energy 
deposit must be observed at some bombarding energy. Unfortunately, no exci
tation function has been simulated with sufficiently small energy steps to 
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allow comparison with available data. 

d) As already discussed, with the increasing bombarding energy a conti- : 
nuous broadening of the fusion peak is observed. There are two obvious reasons 
an increase in the number of evaporated particles and a broadening of the ini-

25 tial mass distribution of the fission fragments with increasing energy. It 
would be interesting to make kinematical simulations of these two effects with 

pc 
a computer code, such as LINDA , in order to derive the initial momentum dis
tribution width. 

To summarize the observations from rather light projectiles (C, N, 0, Ne) 
on heavy targets, one can underscore the rather gentle evolution in the momen
tum transfer distribution from the barrier to 30A MeV bombarding energy. More
over, up to 30A MeV at least, the momentum transfer is clearly proportional 
to the mass for a given entrance velocity. 

Q I C OT •*", 

The next projectile to be investigated in detail on Th or U was A r
3' l 3'"" J U

< 

Up to 30A MeV bombarding energy, the folding angle distribution strongly resem
ble those obtained with lighter projectiles. In particular, a fusion component 
peaking close to 7 GeV/c (i.e = 180 MeV/c per nucléon of the projectile) is 

pQ 
clearly observed at 27A MeV in perfect agreement with C, N, 0 or Ne data. 15 Differences occur with increasing bombarding energy as shown in Fig. 5. Very 
rapiJly the fusion peak diminishes to nothing more than a shoulde, on the low 
momentum transfer component. For comparison, at the same velocity of 44A MeV, 
the N projectile (Fig. 3) leads to a distinct fusion component. Different 
explanations have been made to interpret this behaviour, and the simplest ex
planation is that other exit channels open up at the expense of bi ;ary fission. 
For this reason, it is interesting to compare these Ar + Th data with others 
from Ar induced reactions on lighter targets, where evaporation residues are 

f 
expected to replace binary fission as the main exit channel. 

The radiochemical measurements from Blachot et al. on Sn exhibit a 
drastic evolution between 27A and 44A MeV bombarding energy (Fig. 6). Whereas 
a distinct, intense fusion component is present at low energy, it vanishes at 
44A MeV just as the distinct fusion-fission component vanishes at the same 
energy on a Th target. A somewhat similar evolution can also be observed on 
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32 an aluminium target between 27A and 40A MeV bombarding energy . Therefore, 
the rapid evolution observed for fusion in the fission exit channel on Th seems 
to be present, at least qualitatively, in the evaporation residue channel for 
Sn and Al. ,~ 

Why is there a difference between Nitrogen-like (C, N, 0, Ne) and Argon 
induced reactions above 30A MeV ? Is it an entrance channel effect, or is it 
due to the intrinsic properties of the fused nuclei ? As suggested by several 

r 7 0O_O7 
authors ' , above some excitation energy, the nucleus is believed to 
explode. Are the Ar data a hint for such a transition ? In order to answer 
this question, the folding angle measurements were extended to heavier projec-

ep 7D 
tiles : Ni beams from GANIL . The distributions clearly indicate a maximum 
in momentum transfer close to 9.5 GeV/c at the three bombarding energies of 
20, 25 and 30A MeV. The average value of 164 MeV/c of transferred momentum per 
nucléon of the projectile is fairly close to those measured with C to Ar indu
ced reactions and, in this respect, these new data are consistent with the 
previous ones. These data also indicate that a Ni beam of 1740 MeV (30A MeV) 40 seems to be more efficient than a Ar beam at 1760 MeV (44A MeV) in depositing 
energies close to 1 GeV. Binary division can still be observed at such energies, 
even if it is more difficult to verify the binary character precisely, due to 
the larger secondary light particle emission. 

At this stage a definite conclusion would be premature. There are impor
tant entrance channel effects, such as the indications that moderate velo
city heavy projectiles are more efficient in depositing their momentum into 
a target nucleus than lighter and more rapid projectiles of equivalent energy. 
However, the issue of boiling, cracking or multifragmentation remains open, 
and one's opinion should stay open as long as all the exit channels are not 
investigated directly, using the appropriate detection systems. The answer 
cannot come from inclusive momentum transfer measurements considering only 
specific exit channels. 

IV. DEEXCITATION OF HIGHLY EXCITED NUCLEI FORMED IN COLLISIONS OF EITHER C 
(30A, 60A, 84A MeV) OR AR (27A MeV) WITH U TARGETS 

The study of the decay of heavy, fissile nuclei is of particular interest. 
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First.it is thought that the heavier the target, the more energy can be deposi
ted. Moreover, due to the large number of nucléons, one can expect thermaliza-
tion to be more easily achieved, and a statistical description of the heated, 
nucleus justified. One can easily utilize the folding angle of the fission • 
fragments as a filter on the violence of the collision. Additional information 
is gained by studying the characteristics of both fission fragments' ' ' ' 
(mass and energy distribution essenl^;'/) and light particles ' ' ' 

22 or intermediate mass fragments enr M <>r in coincidence. 

From simple momentum conservation, the lower the longitudinal linear momen
tum found in the fission fragments, the larger the multiplicity of light parti
cles in a 0° hodoscope should be or the heavier the mass of the projectile 
remnant should be. This has been verified in a series of experiments that are 

21 30 41-42 
not presented here ' ' . Rather, the information gained from those par
ticles which originate from the excited fused system, and therefore which are 
best isolated in the backward direction, are presented here. As shown in Fig.7 
the total multiplicity of such particles, as deduced from measurements at 

39 135°, increases quite dramatically with moment transfer . It can be seen that 
the multiplicities, for a given momentum transfer, do not depend very strongly 
on the bombarding energy of the C projectile, which ranges from 30A MeV up to 
.60A MeV and 84A MeV. This suggests that, to first or'ier, ths excitation ener
gies are similar for a given momentum transfer. A similar rapid increase in 
the multiplicities of evaporated H and He was observed in Ar induced reactions 
on U, at backwards angles, for increasing momentum transfer (i.e. decreasing 
folding angles) (Fig. 8). In this case, those particles emitted in the col
lisions with the highest momentum transfer, come from fused systems with exci
tation energies expected to be between 500 and 800 MeV. Where do these parti
cles come from ? What do thsy tell about the highly excited emitter ? In order 
to answer the first question cwo paths have t ;n exploded : statistical emis
sion from a thermalized fused system or statistical emission from the fully 
accelerated fission-fragments. The kinematics for each type of emission is 
strongly influenced by the recoiling velocity of the emitter, and a set of 
light particle measurements taken at different angles with respect to the 
fission-fragments detection angle give strong constraints for evaluating 
each potential contributor (Fig. 9). 

http://First.it
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43 44 
A Monte-Carlo simulation , GANES, used to analyze recent data with bet

ter statistics than in Ref. 28, and lower energy thresholds, confirms the first 
findings : most of the emitted He-particles arise from the fused system before 
it undergoes-fission. Taking into account a reasonable spin distribution for 
such hot nuclei, a strong deformation is needed in order to fit the spectra. 

44 
!he effects of such a deformation are being investigated further by consi
dering particles emitted in the fission plane and perpendicular to it. 

It is interesting to notice that the multiplicities observed at 27A MeV 
for prefission emission increase twentytold as compared to data taken with Ar 

27 at 8.5A MeV . Such a rapid evolution can be qualitatively understood. As 
45 46 47 

suggested by Weidenmiiller , Grange and Delagrange , there is a transient 
time needed by the fissioning nucleus to reach a stationary regime, during 
which other decay modes, like light-particle emission can comppte. These dyna
mical properties of excited nuclei are only marginal at low temperature, where 
the available phase space governs the competition between the different exit 
channels. At high temperatures, as shown by ths present data, the deexcitation 
can follow a quite different path. 

Another interesting aspect to be investigated in some detail is the fis
sion process itself. At what stage of the cooling down does fission occur ? 
Since their multiplicities are close to unity, He-particles and protons emitted 
prior to fission hardly cool down the initial fused nucleus with 500-800 MeV 
excitation energy. If we assume that prefission neutrons are also of small 
multiplicity then fission can occur at temperatures close to the initial 
temperature. What are the main characteristics of the fission fragments ? 
First, their kinetic energy is in fair agreement with the sytematics of 

13 Viola . Then, their final masses, decrease steadily with increasing momentu;.) 
transfer as expected after sequential evaporation of light particles. As shown 
by Jacquet , Pollaco , and Patin for nuclei with,'temperatures close to 
5 MeV, each missing mass unit in the fission fragments removes 15 MeV excita
tion energy on the average. This is a reasonable value when considering the 
temperature assumed before. 

The second moments of the mass distributions bring also interesting infor
mation. After correction for secondary particle emission the mass variance is 
shown to increase essentially linearly with the expected initial temperature 
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deduced from linear momentum transfer (Fig. 10). This is a signature of a ther
mal fission process and a strong indication that, even at high temperatures, 
fission occurs when the nucleus isstill hot. As a consequence few neutrons can 
precede fission, and that would be interesting to check. 

V. SUMMARY 

In this brief review we have first considered different approaches fol
lowed to distinguish collisions according to their violence. It has been shown 
that at moderate bombarding energy on fissile targets, the linear momentum 
transfer and the excitation energy are strongly correlated, giving both an 
interesting filter on the violence of the collision. The limitation of the 
two approaches at higher tombarding energy for larger energy depositions is 
then discussed in some detail, but experimental data are clearly needed before 
definite conclusions can be drawn. 

Then a review of mometum transfer data en fissile targets has been mode. 
The respective rôles of the projectile velocity and mass in the momentum trans
fer appears clearly, at least up to 30A MeV : at a given velocity the momentum 
transfer is directly proportion.,! to the projectile mass. Then, there is a 
saturation at 180 MeV/c when increasing the projectile energy above 30A MeV. 
Moreover for projectiles heavier than C, N, fusion events as observed from 
binary fission seem to disappear very rapidly. At this stage it is still dif
ficult to invoke a boiling point or cracking point to explain the data. Other 
exit channels should be investigated to better control the respective influexe 
of the entrance channel and the high energy deposition. 

Finally the binary fission of transuranian nuclei heated up at 500-800 MeV 
has been investigated. It has been shown that the decay of such nuclei is no 
longer determined by the available phase space in 'the competing channels. 
Oynamical effects lead to particle emission prior to fission. However, there 
are some hints that fission occurs when the nuclei are still rather hot. There 
again, experimental data on neutrons are definitely needed before a definite 
conclusion is drawn. 
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Fig.l : Bottom : Folding-angle distribution of the fission fragments for 
290 MeV Ne + U and correlated average neutron multiplicity : top , 

Fig. 2 : Average neutron multiplicity as a function of fractional momentum 
transfer. The solid line has been calculated assuming an incomplete 
fusion process 

Fig. 3 : Fission-fragment folding-angle distribution for N + U (Ref. 23) (left) 
and C + U (Ref. 18) (right). 

Fig. 4 : Density profiles as a function of time. The left-hand column is the 
projection of all nucléons, the right-hand column contains the projec
tile nucléons only, the position of the target being given bv the 
circle . 

Fig. 5 : Fission-fragment folding-angle distributions for Ar + Th. The arrows 
15 

indicate full momentum transfer 

Fig. 6 : Mass-velocity distribution of the residue cross-section observed in 
the forward direction for Ar + 4Sn (Ref. 31). 

Fig. 7 : Multiplicity of evaporated light-charged particles as a funtion of 
the transferred linear momentum at 30A MeV (circles), 60A MeV 

22 (triangles) and 84A MeV (squares) . The values rely on the measure-
39 ments performed at 135° and assume isotropic emission . 

Fig. 8 : Multiplicities of H and He particles as a functioi of the fission-frag
ment folding-angle for 27A MeV Ar + U (Ref. 28). 

Fig. 9 : Energy spectra for He in triplecoincidence'with a trigger fragment 
at 55°. Smooth curves are from simulations for evaporation from 
fully accelerated fragments ( — ), from composite nucleus ( ), 
and their sum (—) 

Fig. 10 : Evolution of the variance of the fission fragment mass distributions 
25 as a function of the estimated temperature . 
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