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ABSTRACT 

A 4it detector measuring the neutron multiplicities has been used to 

characterize the degree of violence of the collision. For peripheral 

collisions, it allows to study the evolution from a massive transfer 

process towards a participant-spectator type of reaction. Central 

collisions have been also investigated. From the measurement of the 

multiplicities of light evaporated particles (n,p,a), the total 

excitation energy of the composite system has been estimated at 3 in

cident energies (27, 35, 44 MeV/u). The results indicate clearly the 

existence of a limiting excitation energy deposition close to 630 HeV, 

corresponding to a temperature of 5 MeV. 

+ On leave from Department of Technical Physics, University of Beijing, 

Beijing, China. 

* Experiments performed at the GANIL National Facility. 
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Heavy ion collisions offer an almost unique opportunity to study 

the energy dissipation over a large domain of impact parameters and for 

various incident energies. The avalbility of heavy Ion accelerators In 

the energy range 20-100 MeV/u opens up the possibility to follow the 

formation of very hot nuclei and examine their intrinsic properties 

When studying peripheral reactions, the knowledge of the amount of cher-

malized energy shared by the different partners 13 very important as It 

may help to distinguish between transfer and break up (or fragmentation) 
2) 

processes . In other words, it should allow to better characterize the 

coexistence of mean field effects and nucleon-nucleon collisions which 

are both known to play an Important role for incident velocities close 

to the Feral velocity. 

Experimental studies may consist of the measurement of fragment-
3) fragment correlations or the observation of light particles (n, p, a) 

4 5) 
coincident with projectile like fragments (PLF) ' '. 

For more central collisions, one has to deal with a quite crucial 

question, closely related to the nuclear equation of state : up to which 

temperature can we heat up a nucleus and be sure that thermalization has 

been achieved ? These studies are strongly connected to the dynamics of 

the collision as well as the intrinsic properties of very hot nuclei. 

At such limiting temperatures, new processes may appear, as the onset of 

some multifragmentatlon procès.;- Several theoretical works have been 
6—8 

devoted to the problem of energy damping . They all Include in some 

way the specific feature of this Intermediate energy domain, the 

coexistence of one body and two body dissipation. 

The Ideal experiment should provide us with a precise temperature 

measurement of the system keeping in mind that the value will be 

meanlngfull only If the thermallzation has been proved to be achieved. 

This is not an easy task and may explain the diversity of experimental 

approaches [kinetic energy spectra, population state ratio, recoil velo-

city measurements, light particle multiplicities J 

Our experimental approach has been to choose a tool which could 

provide a good characterization of the degree of violence of the 

collision. The use of a neutron multiplicity detector is well 

suited when very heavy targets are involved, as such n-rich nuclei will 

indeed essentially deexcite by neutron evaporation. Provided we further

more know the charged particle multiplicities, we should then get access 
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to the information concerning the energy deposition in the target like 
fragment (TLF). In this talk* the first results on neutron emission will 
be presented for the systems Ar + Au, Ar + Th in the energy range 27-44 
MeV/u, systems for which many pieces of information are already 
available from other experiments > The neutron multiplicity has 
been measured for different coincident outgoing channels (PLF at forward 
angles, light charged particles (LCP), light fragments at Intermediate 
angles, fission fragments). 

In the first section, the experimental equipment will be described. 
Then results concerning peripheral and central collisions will be discu
ssed and possibly compared with other existing data. Finally we uill 
summarize and discuss the possibility of having reached a limiting 
temperature for these systems. 

I. Experimental equipment 
The detector used In these experiments allows to count the number 

of neutrons released from for each reaction with a good efficiency. It 
consists of two hemispheres, 1 m diameter, filled up with a liquid 
scintillator loaded with Gd (0.43! wt) and surrounded by 12 photomul-
tipllers . Due to the time response of the detector (several tens of 
^s), the beam is tuned in order to deliver only one burst every 50 [is 
with an intensity adjusted in order to restrict the double counting to 
less than 3% of the events. An extended version DENIS2 of a Monte Carlo 
code has been written which simulates the slowing down, capture of the 
neutrons and finally y detection . The efficiency curve shown in 

Fig. Detector 
e f f i c i ency as a 
f u n c t i o n o f 
neutron energy 
( n e u t r o n s are 
supposed to be 
i s o t r o p i c a l l y 
emitted from the 
c e n t e r of the 
detector). A sche
matic drawing of 
the s e t - u p i s 
also shown. 
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Fig. I has been calculated according to this code. (The absolute value 
has been adjusted to the measured value of 70 .% obtained with a Cf 
source). 

At the center of the neucron detector, a small scattering chamber 
contains several solid state detectors and telescopes for detection with 
the coincident neutrons of the following charged ptoducts : 

1) Projectile like fragments (PLF) around the grazing angle 
ii) Intermediate mass fragments detected at 20, 32 and 68° 
ill) Light charged particles (LCP) between 40° and 160° 
iv) 2 fission fragments detected in coincidence to measure the 

correlation function and deduce the linear momentum transfer. 

As the neutron detector is mostly sensitive to the neutrons origi
nating from a slow moving source, the choice of asymmetric systems such 
as Ar + Au, Ar + Th ensures that most of the detected neutrons are emit
ted by the TLF. The experiment has been performed at the national GANIL 
facility using an Ar beam at 3 bombarding energies : 27.2, 35 and 44 
HeV/u. 

II. Peripheral reactions 
Projectile like fragments have been identified in mass as well as 

in charge close to the gra?ing angle (8° at 27.2 MeV/u, 6° at 35 and 44 
MeV/u). The energy spectra exhibit the well knowrt-. behaviour, a peak 
slightly below the beam velocity with a tail extending towards much 
lower energies. As . an example, Fig. 2 displays the spectra obtained at 
27.2 MeV/u for PLF Z's ranging between 6 and 17. The corresponding mean 
neutron multiplicity <M > (not corrected for the efficiency) is also 
plotted as a function of the kinetic energy of rhe outgoing fragments. 
One sees already clearly that, as far as the peak is concerned, the 
outgoing Z reflects directly the degree of violence of the collision as 
decreasing Z are associated with increasing neutron multiplicities. This 
Is no longer the case for increasing kinetic energy losses where <M > 
tends to saturate at a rather constant value whatever is the exit chan
nel (M = 15). We will see later on that it corresponds to a value very 
close to the one observed for central collisions. 

Let us first consider the most peripheral collisions, I.e. those 
leading to PLF very close to the projectile mass. For these products, 
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Flg. 2 : Energy 

spectra of projecti

le like fragments 

detected at 8° In 

the reaction '•̂ Ar + 

Au at 27.2 MeV/u 

(solid curves). The 

evolution of the 

associated average 

neutron multiplicity 

<M >, not corrected 
n 

for efficiency, is 

also shown as a 

fune tIon of the 

kinetic energy of 

the outgoing frag-

m e n t s ( d a s h e d 

curves). The arrows 

indicate beam ve

locity. 

the coexistence of transfer and fragmentation processes is well 

established. Transfer reaction probabilities have been deduced for 
4) instance by Bizard et al through coincidence measurements between PLF 

and LCP detected in a forward hodoscope. In that case the observation of 

a PÏ.F with no associated LCP was assumed to be the signature of a trans

fer reaction. 

Fig. 3 shows the energy spectra of various Chlorine isotopes detec

ted at 27.2 MeV/u and the associated neutron multiplicities <M >. 

For the isotopes A - 38,39, a transfer reaction is indeed well 

identified : 

1) A sharp increase, of <M > is observed on the high energy side, 

with a slope of 12 HeV/neutron (after correction for detector 
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efficiency) indicating that the kinetic energy lost by the 

projectile is almost entirely converted into heat in the TLF. 

11) This sharp increase la only observed for product velocities 

larger than the beam velocity, that is for cases where matching 

conditions are the most favourable, the Fermi momentum of the 

transferred nucleon(s) being anti-allgned with the beam direc-
*• g \ 

tion . Linear momentum conservation implies for the momentum 
imparted to the PLF in the forward direction to be maximum when 

the nucléon of the projectile is transferred at rest in the 
* 

target nucleus* This corresponds to a minimum E deposition in 

the TLF and thus to a minimum value for <M >. PLFs' produced 
n 

with velocities well above the beam velocity should then be 

associated with almost cold TLF which Is actually Che case as 

<M > is close to zero. 
n '8 39 

This transfer process appears to be dominant only for " ' 01 and With Increasing energy loss (A » 38,39, V.,„a. ) and for PLF beam' 
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lighter masses, the dissipated energy per neutron Is close to 60 MeV, a 
very high value not compatible with a binary process. Large energy 
losses are no more correlated with a large increase of the excitation 
energy In the TLF. This behaviour would strongly support the appearance 
of significant direct particle emission or the onset of a participant-
spectator process. 

Ar + Au 

S 0 I i i i i i X I I i i i i i V I I i i i , _ _ J V I 
S 10- IS 20 25 30 35 iO iS 10 15 20 25 30 35 iO iS 10 15 20 25 30 35 iO iS 

A 

• * = 7 0 f - 11 ' 2- = 15 \ 2-=19 
' 2-= 8 • 2- *12 «• 2 = 16 
•> £ • = S * -g- =13 • £ • - 17 

Fig. 4 : Evolution with incident energy of the correlation between <K >, 
(not corrected for efficiency) and the mass of the projectile like frag
ment. Solid curves result from a calculation according to Bonasera et 
al . For more details, see text. 

Fig. 4 displays the evolution with incident energy of the correla
tion between the mean neutron multiplicity <M > observed for the high 
energy peak and the mass of the PLF. <M > is highly correlated with the 
FLF mass with a fast increase observed between A * 40 and A =• 25, but no 
significant change of <M > for a given PLF is observed when Increasing 
the incident energy. At first sight, this seems to be a quite asto
nishing result. It definitely rules out the idea of a dominant massive 
transfer process for peripheral collisions as it was observed at lower 

19) energies . Such a mechanism would have implied, for a given PLF 
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mass, an Increase of the excitation energy deposition In the TLF in the 
ratio of the beam energies. Increasing the Incident energy does not seem 
to be efficient to put additional heat In the TLF. This is most likely 
due to the onset of the two body dissipation and the vanishing effects 
of the Paul! blocking and hence the one body dissipation-

The experimental results have been compared with a phenomenological 
8 } model developped by Bonasera et al which accounts for these two 

effects in a schematic way. It consists of a 2-step calculation. In a 
first stage, one has to deal with a one body dissipation calculated 
using a renormallzed window formula which takes into account the Paul! 
blocking effects (a reduction factor is applied which takes care of the 
phase space restrictions). At midway from what would be a pure one body 
dissipation, a transition is operated from a one-body disslpative mecha
nism to an abrasion process. Depending on the available energy at the 
end of the first stage, this abrasion stage may not exist, which Is the 
case for too low incident energies as for too small Impact parameters. 
(I.e. In our case for Impact parameters smaller than 5.3 and 
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4.3 fm at 27.2 and 44 MeV/u respectively). Initial mas.es, velocities 
and excitation energies of Che different outgoing fragments (PLF, TLF 
and participants) have been calculated using this simple model for each 
impact parameter. (Fig. 5 shows at 27.2 and 44 MeV/u the excitation 
energies of the primary fragments as a function of the mass of the 
primary PLF). 

In order to perform a meaningfull comparison with the experimental 
results of Fig. 4 I<B > • f(A ,.)] the total number of neutrons expected L n pif J 

to be emitted by the three sources (as defined by the model) has been 
calculated. The contribution of each source has been corrected for the 
efficiency of the neutron detector and finally summed up to be compared 
with the experiment. The FLF, participants and TLF contribute respecti
vely to approxlmatively 5%, 10% and 85 % to the total number of 
detected neutrons. (The small values associated with the first two 
sources are due to the low detection efficiency for high energy 
neutrons). On the other hand, the final mass of the PLF has been 

20) calculated using the evaporation code LILITA • The agreement with 
experiment is rather satisfactory (see Fig. 4) at least for the most 
peripheral collisions. According to the calculations, the fact that the 
measured neutron multiplicity remains more or lass constant for a given 
PLF is due to the combination of two effects. For a given primary PLF, 
the number of neutrons emitted by the TLF decreases with increasing 
energy and In the same time, the contribution from the participant zone 
increases slightly. But both contributions do not compensate each other 
and the total measured neutron multiplicity should indeed decrease with 
increasing energy. However, we experimentally detect the final PLF mass, 
which is closer and closer to the primary one as one goes up in energy 
(due to the less effective one body dissipation). 

For light PLF masses the model predicts much too high multiplici
ties, except at 44 HsV/u. This discrepancy arises mainly from the large 
friction force obtained when approaching the deep Inelastic case. Never
theless, low-energy mean field effects still play a significant role at 
these energies. It would be highly desirable to extend these experiments 
at higher incident energies to sign for a much larger fall off of the 
Pauli blocking effects. 

Central collisions 
Much experimental work has been devoted to the study of the 

formation and deexcltation of very hot nuclei. More precisely, several 

http://mas.es
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experiments have already revealed some aspects of these central 
collisions for heavy systems close to the ones described In this paper 
(Ar + Au, Ar + Th, Ar + U). Most of these studies were dealing with 
measurements of the fission fragment angular correlation where the 
folding angle may be used to deduce the linear momentum of the 
fissioning nucleus* Fig* 6 shows the results of Conjeaud et al 
concerning the Ar + Th system at Incident energies in the range 31-44 
MeV/u. It clearly indicates for the central collisions, (the peak at 
9 f f = 110°) a constant value of the linear momentum transfer close to 7 
GeV/c whatever is the bombarding energy (i.e. 180 MeV/c per incident 
nucléon in agreement with data obtained with lighter projectiles). From 
the additional measurement of the total mass of the 2 fission fragments, 
these authors have deduced an increase of the excitation energies from 
785 up to 934 MeV in this energy domain. However, the disappearance of 
the peak corresponding to central collisions at 44 MeV/u is somewhat 
puzzling. Would it mean that a limiting temperature has been reached 
above which a compound system cannot survive or do we reach temperatures 
for which other decay channels strongly compete with the usual binary 
fission ? 

Other pieces of Information have been deduced from a careful study of 
light charged particles in coincidence with the fission 

39MeV/u 

UMeV/u 8 „ ,„ I 0 0 m m t 3 , %Q t 5 o 1 6 0 , 7 0 m g f f | 0 | 

Fig. 6 : In plane angular correlations of fission fragments at 4 Inci
dent energies (31, 35, 39, 44 HeT/u). Vertical lines at each energy 
correspond to 9,, - 170° and 110°. Arrows correspond to the location of 
full momentum transfer (from Conjeaud et al, réf. 13). 
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12) 
fragments • In previous experiments on Che system Ar + U at 27 MeV/u 

it has been demonstrated that a particles detected In the backward 

direction (~160°) are essentially emitted by the hot thermallzed system 

before It undergoes fission and that the evaporation component 

originating from the fully accelerated fission fragments was very weak 

at this angle. (The contribution of each source is given In Fig. 7 a). 

From a careful shape analysis of these backward spectra using the Monte 
23) 

Carlo simulation code GANES , a temperature close to 4 MeV UJS deduced 

as well as an estimate of the deformation of the emitting nucleus (see 

Fig. 7b). The measurement of neutrons associated with these central 

collisions is then quite complementary as it should allow us to get an 

estimate of the excitation energy in a somewhat different way. 

Fig. 7a 

Fig. 7 : a) Energy spectra for He detected in 

coincidence with 2 fission fragments emitted 

at ± 55° with respect to the beam direction 

(histograms). Dashed curves are from simulation 

for evaporation by the fully accelerated frag

ments, dotted curves from the composite nu

cleus, and solid curves their sum. The simula

tion has been performed using the code GANES 

23) 

b) The experimental a spectrum at 

160° is compared with a calculation for diffe

rent temperatures of the emitting system. 
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Flg. 8 : The folding angle distributions of the flssijn fragments are 

displayed together with, on top, the correlated average neutron 

multiplicities (not corrected for the detector efficiency). The measured 

efficiency for 2 MeV neutrons was 74 % at 27 MeV/u and 70 Z at 35 and 

44 MeV/u). 

Fig. 8 shows for the system r. + Th the measured folding angle 

distribution between the two fission fragments (not corrected for 

Jacobian efects) together with the associated mean neutron multiplicity 

<M >. A steady increase of <M > is observed for decreasing values of 9, 
n J n 

i.e. for increasing momentum transfer. For folding angles smaller than 

110°, <M > remains quite constant at a value close to 20, and this 

apparent saturating value does not increase with the bombarding energy. 

This somewhat striking result calls for the following statements : 

i) The same excitation energy seems to be carried out by neutron 

evaporation at 27.2, 35 and 44 MeV/u 

ii) The constant value observed for 9- . , < 110° indicates clearly 

that the width of the central collision bump is only due to the combined 

effects of particle evaporation, velocity and mass dispersion of the 

'ission fragments. Fis>«ion events observed for folding angles smaller 
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than 110° do not correspond to higher momentum transfer, i.e. to higher 
excitation energies. 
A s * M n > r e n i a l n 8 constant at the 3 bombarding energies, any possible 
increase of the energy deposition in the TLF nucleus should ihow-up 
through an increase of light charged particle or cluster evaporation. 
This does not seem to be Che case, as the same behaviour is observed : 
The differential multiplicities for p and '•He show a rapid increase with 
increasing momentum transfer and arrive at a plateau for the most 
central collisions (see in Fig. 9 our example for the o-particles). 
Moreover, for these high momentum transfers and within the experimental 
uncertainties the absolute multiplicities for evaporated p and 
a-particles are constant at the 3 energies (see table I). 

From the constant values of the mean multiplicities <M >,<M >,<M > 
n p a 

one may infer that the saturation of the energy deposition in the TLF 
has been reached already at 27.2 MeV/u bombarding energy. 

i 

•ësoo 

Ar(27,2 MeV/u) + m 

i{Si{*« 
#i 

I «5 

perpendicular to 
the fission plane 

«W'e . i , . 
"fold. 

-J . I i L_ 
80 100 120 HO WO 180 200 "fold. 

100 BO 60 — ( — • -10 20 ~0 P„/P (%) 

Fig- 9 : Lower part - The folding angle distribution for fission 
fragments at 27.2 MeV/u. 

tipper part - Evolution of the a-particle differential 
multiplicity as a function of the folding angle. 
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Another Interesting aspect which is worth looking at ts the 

possible cluster evaporation as the influence 01 the binding energy is 

progressively washed out for increasing temperatures . A proper 

selection of these outgoing channels could then mske possible the 

observation of higher temperatures if any. Again, a quite negative 

result is observed as shown in fig* 10 : the charged products emitted at 

160° (another alternative, as mentionned previously, to select 

evaporation from the hot composite nucleus) are all associated with the 

same mean neutron multiplicity as the saturation value observed when 

looking at small folding angles between the 2 Elssion fragments. 

Products with Z > 2 don't exhibit a very specific feature. At least this 

strongly supports the idea that emission of such heavy products at 

backward angles Is a good filter (as good as a-particles) to select 

central collisions. 

The multiplicity measurements of all evaporated-like light 

particles (n, p, ï) coincident with the two fission fragments detected 

at 0 f f = 110° should then result in a reasonable estimate of the total 

excitation energy deposited in the hot composite system formed in 

central collisions. The experimental multiplicities are indicated in 

table 1 for the Ar + Th system. The neutron multiplicities have been 

corrected for tho efficiency of the detector. (The Monte Carlo 

simulation ta^es into account the sequential emission of a large number 

of neutrons from a hot recoiling nucleus with an initial temperature 

close to 4.5 MeV. it results in an efficiency close to 56 % ) . 

Furthermore the number v of expected prompt neutrons from ^old fission 
— 26 ̂  

of a nucleus with A ~ 255 has been subtracted (v - 4) . Absolute 

multiplicities for protons and a-partlcles have been deduced from the 

measurement of angular distributions assuming isotropy in the out of 

plane angles. The evaporation component has been estimated from the 

differential multiplicity measured at backward angles and t.akeïï to be 

isotropic in the frame of the emitting hot nucleus. The average total 

energy carried away by each particle has been taken to be equal to 14, 

20 and 19 MeV for n, p aud a-particles respectively. This leads to an 

average excitation energy of 570 MeV. However this number does not take 

into account the energy removed by cluster evaporation and y-emisslon. 
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a) binary fission following large momentum transfer, b) particles 
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TABLE l 

=. (MeV/u) 27.2 35 44 

Total 
M^ evaporative 

6 t 0.6 
2.2 t 0.3 

6.2 ± 1.2 
3 ± 0.4 

8.4 ± 1.7 
3.8 ± 1.3 

Total 
H., evaporative 

4.5 ± 0.5 
2.7 ± 0.3 

4.5 t 0.9 
2.7 t 0.5 

4.5 ± 0.9 
2.4 ± 1.1 

M evaporative 34 ± 2 32 ± 2 33 ± 3 

Etot ( M e V > 
* E /A 

632 + 60 

2.4 

620 ± 60 

2.4 

644 ± 90 

2.5 

a - A/8 
T(MeV) 

a - A/12 

4.4 ± 0.3 

5.3 ± 0.4 

4.3 ± 0.3 

5.3 ± 0.4 

4.4 ± 0.3 

5.4 ± 0.4 

Multiplicities for H, Ee and neutrons for the system Ar + Th at the 
three bombarding energies and for large momentum trans'ers. (The 
corresponding folding angle for fission fragments Is close to 110°). * Also Indicated are the total excitation energy E , the excitation 
energy per nucléon and the deduced temperature. For more details. 
see text. 
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Despite the very low statistics, an attempt has been made to 
estimate the multiplicity for outgoir- channels with Z > 2. As the 
corresponding angular distributions ara strongly forward peaked, the 
part which could be attributed to evaporation is certainly small << 1). 
A corresponding energy release close to 40 MeV was then assumed. By 
adding a total energy of 20 MeV carried out by y-ray emission, one 
finally ends up with - total excitation energy of approximately 700 MeV 
whatever is the bombarding energy. 

Assuming this total excitation energy being the one of a 
the dualized system (which is very likely considering the very high 
number of light evaporated particles, close to 40, emitted by the hot 
system), this corresponds to a limiting excitation energy per nucléon 
close to 2.4 MeV. An estimate of the temperature t can be made within 

* 2 the framework of the Fermi gas model (E - at where a is the level 
density parameter). All these results are summarized in table 1. These 
data are consistent with other experiments where the temperature was 
deduced by the shape of the particle kinetic'energy spectra (Ar t 0 at 
27 MeV/u 1 2 ). 

How do these results compare with existing theories ? A semi 
6 27} classical description based on Landau-Vlasov equation ' allows to 

follow the time evolution of the system. An example of such a 
calculation is shown in fig. 11 which corresponds to a head-on collision 
for the reaction 27 MeV/u Ar + U. The anisotropy n of the momentum 
distribution of nucléons indicates the system is not thermalized before 
90 fm/c. Before that time a rather large number of preequllibrium 
particles has been emitted. At 90 fm/c, the system has been heated up to 
around 2.6 MeV/nucleon and further cools down by particle evaporation. 
The agreement between the experiment and the calculation Is very 
satisfactory. 

The agreement is also good when comparing with static calculations 
of Bonche et al who have predicted electrostatic instability of heavy 
charged nuclei leading to a decreasing value of the limiting temperature 
(from 9 to 4 MeV) when increasing the mass of the system up to 250. 

29 Similar calculations of Suraud are predicting somewhat higher 
temperatures. Considering Ar induced reactions on heavy targets, the 
increase of the bombarding energy from 27 to 44 HeV/u does not seem to 
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I I I I 1 I T I I I I 1 I t I 

0 100 200 300 
T I fm/c) 

Fig. 11 : Dynamical calculation 
(solution of the Landau-Vlasov 
equation) performed for the system 
Ar + Au at 27 MeV/u for a central 

„ . . 12,28) collision 
a) anisotropy n of the momentum 
distributions of nucléons in the 
composite system ; 
b) c) excitation energy per nucléon 
and temperature of the target like 
nucleus. 

be efficient to form a hot 
nucleus in thermal equilibrium 
with excitation energies above 
2.5 MeV/nucleon. At flr3t sight 
It ' seems very likely due to 
preequilibrium emission 
which prevents from getting a 
higher energy deposition. It 
is worth noticing that the 
particle decay half life beco
mes very small at such high 
temperatures. According to 

32) Delagrange calculation a 
Pb nucleus with 5 MeV tempera
ture will decay with a half 
life ot" irr^2 g e C ) ( s e e fig. j^) 
a value which is approaching 
the relaxation time t ft > r r 
2R/c * 6.10"*3sec). As already 
pointed out by Saint-Laurent 

30) et a 1 . , one has to consider 
the dynamic balance between 
excitation energy transfer in 
the system and its very fast 
decay. 
However, whether or not we can 
form hot nuclei with A - 250 
at higher temperatures is still 
an open question. Up to now it 
has been observed that each 
nucléon of the incident pro
jectile is able to transfer a 
linear momentum close to 180 
MeV/c. This was observed with 
projectiles ranging .between 
C and Ar. Recent measurements 
by Volant et al 3D indicate 



- 19 -

the same trend with i , 8Nl i a strong argument for the possibility of 
depositing still higher energies In the composite system using Kr and 
even Xe induced reactions. 

On the other hand, several 
authors have pointed out the 
possible development of 
mechanical instabilities of 
nuclear matter for a total 
excitation energy per nucléon 
of 3.3 to 5 M e V 3 3 - 3 4 ) , which 
may depend on the importance 
of the compress t̂ .ial ener-

35 ) gy . Whether or not this 
multifragmentatlon process 
replaces the fission process 
already at 44 MeV/u for 
central collisions is still 
queotlonnable. Our results 
are too fragmentary to 
conclude on this point. 
However, the light fragments 
emitted at intermediate 
angles (20° < e < 70") 
clearly originate from the 
most central collisions as 
the mean associated neutron 
multiplicity is the same as 
the one observed with coin

cident fiss:'.on fragments at small folding angles (see fig. 10). However 
these intermediate mass fragments emitted at forward angle? might well 

1.0 20 3.0 40 50 
Temperature (MeV) 

Fig. 12 : Neutron decay half life for 
evaporation by a ^°8pb nucleus as a 
function of the temperature (ref. 32). 

be emitted pr*ar the full thermalization of the system' 36) 

Conclusion 

Measuring the number of neutrons emitted in heavy ion induced 
reactions appears to be a very promising way to investigate dissipation 
processes. Various aspects show up when triggering on different types of 
collisions. As far as peripheral collisions are concerned, the energy 
domain 20-50 MeV/u appears to be clearly the transition region where the 
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Paul! blocking is less and less effective. A phenomenologLcal model 
taking into account both one body and two-body dissipation gives a 
rather satisfactory agreement with the data in this energy range. 
Selecting central collisions makes possible the study of nuclear matter 
under extreme conditions. However the extraction of nuclear temperature 
of a system in thermal equilibrium is a difficult task. Our method 
allows to estimate the total excitation energy deposition through the 
measurement of the multiplicities of evaporated light particles (n, p, 
<x)> As far as Ar induced reactions on heavy targets are concerned, the 
conclusion is that it is possible to form a very excited system in 
thermal equilibrium up Co an excitation energy of 2.5 MeV per nucléon. 
Increasing the bombarding energy from 27 up to 44 MeV/u deems to be 
inefficient to put more heat In a therraalized nuclear system. This 
limiting value of 2.5 MeV/nucleon Is close to the or»e predicted by 
several static and dynamical models. Further measurements at higher Ar 
energies and with heavier beams as Kr and Xe would be highly desirable 
to make further progress in these studies of highly dissipattve 
processes. 
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