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ABSTRACT
When studying the behavior of hot nuclei, the challenge is

twofold : how are they formed in nucleus-nucleus collisions and how do
they decay ? Systematic stuSies have been undertaken at GANIL by
bombarding heavy targets (Au, Th) with intermediate energy projectiles
(27, 35, 44 and 77 MeV/u Ar and 32 MeV/u Kr). For such neutron rich
systems the thermalized energy can be roughly evaluated simply by
measuring the multiplicity of evaporated neutrons using a 4 IT, Gd
loaded, liquid scintillator detector. '

The influence of the bombarding energy and projectile mass on the
energy dissipation has been investigated for different exit channels
and special emphasis has been put in the study of the most dissipative
collisions. The thermal energy, derived by summing the energy removed
by both evaporated neutrons and light charged particles is shown to
saturate at E* sf 650 MeV in the Ar induced reactions between 27 and 77
MeV/u, in good consistency with the predictions of semi-classical
Landau-Vlasov calculations.

*
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I. INTRODUCTION

The behavior of nuclei in which larger and larger amounts of

collective and/or intrinsic energy has been stored is a subject of

current interest for both nuclear-physics and astrophysics. In

particular, the fate of nuclei heated up at temperatures larger than 5

MeV has been for several years a most debated issue. To progress in

this field, one has to know how to prepare such hot nuclei and how to

control the amount of energy which is eventually stored under

randomized form (heat).

With the development of powerful detection means, such as the 4 ir

high efficiency neutron counters or charged particle counters it has

become possible to shed light on reactions previously studied through

other observables. In particular, for heavy systems, the neutrons

reflect, through their multiplicity the amount of thermalized energy

with a good sensitivity. We have exploited these interesting

properties to investigate on the Ar + (Au, Th) systems the effect of

the bombarding energy on energy dissipation, and, more recently, the

effects of mass of projectiles of similar velocities by comparing Ar

and Kr induced reactions.

This presentation is organized as follows :

In a first section the emphasis will be put on the neutron

detection. The main characteristics of the three detectors

successively used in the course of the GANIL experiments will be

presented as well as some recent developments. Then, inclusive neutron

multiplicity data will be presented and their evolution with

bombarding energy will be discussed. In the third section, an

exploration of the peripheral collisions will be made by following the

neutron multiplicity as a function of the projectile-like nucleus

characteristics. It will be shown that highly dissipative channels are

found without fusion of projectile and target nuclei. In the fourth

section we will focus on the fission channel,so far one of the most

investigated with fissile targets. The neutron data shed a new light

on this exit channel. Finally, in the last section, estimates of the

thermalized energy point to a saturation, in the bombarding energy

range comprised between 27 and 77 HeV/u.

II. CHARACTERISTICS OF THE THREE 4 II, Gd LOADED LIQUID SCINTILLATOR

NEUTRON DETECTORS SUCCESSIVELY USED AT GANIL

Since, the neutrons give a major piece of information in what

will be presented thereafter, let us, first, remind the principles of



their detection, and then, give some characteristics of the three

detectors used so far.

In Gd loaded scintillator detectors, neutrons are numbered

eventwise. In a first step the neutrons are thermalized by elastic

scattering on the hydrogène and carbon nuclei of the organic medium.

Then the neutrons wander until encountering gadolinium nuclei by which

they are captured with a large probability (the cross sections are

several tens of thousand barns). The emitted "T-rays, three on the

average, with a total energy of about 8 MeV, are then detected by a

bunch of photomultipliers surrounding the scintillator tank1 '.

Due to the time delay (~ 10 us) and the time spreading of the

radiative captures, the neutrons, simultaneously emitted in a given

reaction can be, first, distinguished from the prompt y rays (the ones

arising from the initial nuclear reaction) and then, can be numbered

by a simple sealer. Therefore, these Gd loaded detectors are used

primarily as neutron meters. Their major virtue lies in their high

efficiency for low energy neutrons, typically € - 80-85 X for the

neutrons of about 2 MeV of a Cf testing source. At higher energies the

efficiency shows a plateau before dropping down continuously. There

are two main reasons to the efficiency fall off. First, in order to be

captured with a large probability by Gd the neutrons ought to be

thermalized. This implies a sufficient volume of liquid scintillator.

But even if the size of the detector were infinite this would not

guarantee a good efficiency for high energy neutrons : indeed whereas

at low energy elastic scattering of a neutron on H is the dominant

reaction channel, at higher energies, other channels open up with a

large probability. In particular, in some nuclear reactions with C

nuclei, a neutron can be simply eaten up and therefore cannot be

detected.

The detector efficiency can be computed accurately by Monte Carlo

methods 2 ) and we give in Fig. 1 a comparison between the three

detectors we successively used at GANIL, assuming isotropic emission

of neutrons of different energies * . The first detector from CE

Bruyères-le-Châtel is spherical (0 - 100 cm) with a cylindrical inner

scattering chamber (1 - 40 cm, 0 - 3 0 cm). The second detector, built

in Berlin by U. Jahnke, is also spherical (0 - 140 cm with a spherical

scattering chamber (0 - 40 cm). Finally, ORION, built in a

collaboration between CE Bruyères-le-Châtel and GANIL, has the beam

axis, as a symmetry axis. This detector, 200 cm long, with a maximum

diameter 0 - 160 cm, is split into four separated sectors with a total
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volume close to 3m 3, to be compared with the .5m3, and 1.5m3 of the

previously mentioned detectors. Its inner scattering chamber is

cylindrical (<t> - 40 cm and 1 - 5 0 cm).

The sectorized configuration of ORION brings interesting

information on the spatial distribution of the detected neutrons. This

is illustrated in Fig. 2, where the neutron multiplicity distributions

are displayed for the different sectors, as they are measured in

highly dissipative collisions of 32 MeV/u Kr on Au. A Monte Carlo

simulation has been performed3' by assuming the neutron source as

being a composite system recoiling with three quarters of the center

of mass velocity. It is then assumed that 40 neutrons on the average

are isotropically evaporated in the rest frame of such a source along

a decay chain where the emitter is at first very hot (E* as 1 GeV) and

then progressively cools down. The agreement between experimental data

and simulated ones is pretty good except in the forward sector where

an excess of measured neutrons is interpreted as due preequilibrium

emission not considered in the simulation. A new and precious piece of

information is thus brought by the splitting of the detector in

separated sectors.

It is our feeling that we have not taken advantage of all the

capabilities of such detectors and particularly the information

conveyed in the prompt peak has not been exploited yet. The light

detected in the latter arises from both the prompt *r rays issued from

the nuclear reaction and from the recoiling protons elastically

scattered by the emitted neutrons. For very hot nuclei, evaporating a

copious number of neutrons with rather high kinetic energies, due to

T, the light originating from the recoiling protons is expected to

prevail over the prompt *Y rays induced light. Good evidence of this is

found in fig. 3 where the prompt peak amplitude is plotted against the

neutron multiplicity measured in one sector of ORION and for the same

type of dissipative events as shown in fig. 2. The strong correlation

that shows up suggests that ORION could be used as a neutron

calorimeter in the same way it has been used so far as a neutron

meter. Investigations have to be pursued further, but from what we

already learnt, 4 ir, Gd loaded, neutron detectors appear particularly

well suited for studing heavy (neutron rich) and highly excited

systems.

III. WHAT CAN WE LEARN FROM INCLUSIVE NEUTRON MULTIPLICITY MEASURE-

MENTS IN Ar + Au REACTIONS FROM 27 MeV/u UP TO 77 MeV/u ?



Inclusive neutron multiplicity distributions are easy to measure

and can be extended over a broad range of projectile-target

combinations and bombarding energies. They provide information on the

energy dissipation capacity of a reaction, which is otherwise hardly

accessible. Fig. 4 exhibits such multiplicity spectra recorded by the

different neutron detectors employed in the course of our experiments

after having applied an average efficiency correction.

All types of reactions which have been induced by the beam on the

target are utterly registered according to the number of neutrons and

with a probability which has been converted to absolute cross

sections. The sum of the partial cross sections over all neutron

numbers is in agreement with what is expected for the reaction cross

sections. All spectra exhibit two distinct components : a gaussian

shape bump at high multiplicity originating from central collisions

and another one, decreasing from low neutron multiplicity, associated

with peripheral reactions. The arrows in Fig. 4 indicate the highest

average multiplicity recorded together with fission following large

momentum transfer. These fission events are characterized by small

folding angles between the two fragments. The close correspondence

which exists between the centroids of the bumps in the inclusive and

exclusive neutron data tends to indicate that there is no exit channel

with a significant cross section, distinct from fission, where a

stronger dissipative process would show up.

Throughout the range of investigated bombarding energies the

shape of the neutron multiplicity spectra and thus the proportion

between highly dissipative and more peripheral processes is unchanged.

Moreover the location of the high multiplicity bump hardly changes

with bombarding energy suggesting some soft saturation effect in the

dissipative process. We will show later on that the concomitant

detection of evaporated light charged particles allows to reenforce

the present statement.

On the other hand, a recent experiment, performed with ORION

using a 32 MeV/u Kr beam on a Th target, points to a high energy

dissipation bump centered close to 40 neutrons (after efficiency

correction). A comparison with the Ar data at a similar projectile

velocity shows a net gain of about 10 neutrons when going from the

light to the heavy projectile. Clearly with the more massive

projectile the dissipation process is improved. A similar conclusion

had already been carried out from previous, exclusive, binary fission

measurements4*7' using Ar, Ni and Kr projectiles.
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After presenting all these global features derived from inclusive
neutron data, let us take a closer look into the different reaction
channels, starting from the most peripheral collisions and moving on
towards more and more dissipative channels.

IV. FROM PERIPHERAL TO DISSIPATIVE COLLISIONS
Peripheral collisions are usually characterized by the emission

of projectile-like fragments emitted In the vicin'cy of the grazing
angle with velocities close to the projectile velocity. This is well
shown in fig. 5 where contour plots of the yields are given as a
function of both the atomic number of the detected fragment and its
kinetic energy : a ridge shows up for velocities close to 44 MeV/u,
the velocity of the Ar projectile. A complementary picture (Fig. 6)
provides the average neutron multiplicity as they were measured when
exploring the same (Z,E) space as in fig. 5. Two main features can be
pointed out :

i) When following the ridge of fig. 5 starting from Z - 18 down
to Z - 3 the number of detected neutrons increases steadily, up to 22,
pointing to more and more excited target-like nuclei. At this stage it
is worth recalling that the neutron detector is selective in
registering with a high efficiency (€ a 85 X) the low energy neutrons
(E :£ 10 MeV) but presents a low efficiency (€ a 30 Z) for neutrons
originating from the projectile like fragments (E =* 44 MeV). This
ensures that most of the detected neutrons arise from the target-like
nucleus.

ii) The low energy tails of the spectra are characterized by
neutron multiplicity growing with energy damping : the stronger the
damping, the larger the excitation energy of the target-like nucleus
appears to be. Thus, the projectile-like fragments remote from the
projectile, either because of their Z or (and) because of their
.velocity, are associated with the highest neutron multiplicities,
clearly indicating the existence of highly dissipative channels in
which a piece of the initial projectile has nevertheless survived.
This is even better shown at angles larger than the grazing angle
where all the products are characterized by associated high neutron
multiplicity (fig. 7). There, the dependence of M,, with Z and E is
very weak as one would expect for--deep'inelastic reactions with
sufficient sticking times.

However in the present experiments the primary binary character
of such reactions has not been checked as it was done in previous



works 8* 9 ) . Further experiments should be performed in order to

verify this aspect but also to infer the excitation energy partition

between projectile and target-like fragments from associated neutrons

and light charged particles characteristics.

V. STUDY OF THE MOST DISSIPATIVE COLLISIONS SELECTED THROUGH

FISSION

For heavy systems, such as the ones under study, the excited

target-like nuclei are expected to undergo fission with quite large

probabilities. Thus, one can take advantage of the kinematical

properties of the fission fragments in order to infer the recoiling

velocity of the fissioning nucleus and have a good handle on the

dissipation process through the linear momentum which is imparted to

the target-like nuclei. The smaller the folding angle of the fission

fragments, the larger the momentum transfer and the energy

dissipations are expected to be. As a consequence, the neutron

multiplicity, closely related to the dissipated energy, and the

folding angle are expected to be strongly correlated observables. This

is beautifully illustrated in fig. 8 where the average neutron

multiplicities are shown to increase with decreasing folding angle,

i.e. increasing momentum transfer. The saturation in M,, for the

smallest angles reveals the effects of angular fluctuations on the

fragments, due to particle evaporation prior and post fission. In

absence of additional experimental information it is conventional to

add, for orientation, below the angular scale, a linear momentum scale

built when neglecting the transverse linear momentum. As we have seen

before, when considering events with projectile-like fragments

detected at rather large angles with associated high M,,, this might be

a rather poor approximation.

Two interesting features can be pointed out when comparing the

data obtained at the three bombarding energies. First, at small

folding angles, the average M,, appear to be very similar. Second, and

as already stressed elsewhere4' , the high momentum transfer fission

contribution vanishes progressively with increasing bombarding energy.

The neutron multiplicity saturation in the fission exit channel

corroborates the inclusive neutron data, pointing to some saturation

in excitation energy. This contradicts previous conclusions by

Conjeaud et al. 4 ) : an increase of the excitation energy of 150 MeV

was indirectly carried out from fission mass measurements performed

between 31 MeV/u and 44 MeV/u for the same, Ar + Th system. From the

10
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evolution of the residual masses of the fission fragments it was

concluded that the number of evaporated particles had increased as

much as it is needed to get rid of ISO HeV extra excitation energies

at the higher bombarding energy. The massive transfer hypothesis which

was utilized in order to determine both the mass of the fissioning

nucleus and its excitation energy is probably less and less relevant

at higher and higher bombarding energy when the fraction of the

projectile momentum which is transferred to the target nucleus keeps

decreasing. As it will be shown later on, a direct measurement of both

evaporated neutrons and light charged particles gives a stronger

handle on the excitation energy.

The second interesting point mentioned before is connected to the

progressive vanishing, with increasing bombarding energy, of binary

fission, as it is measured in these experiment i.e. with the fission

fragments detected at small folding angle in a plane containing the

beam direction. The setting of the detectors in such a geometry

implies a kinematical constraint : the fissioning nucleus has to

recoil in the beam direction or close to it, in order for the

fragments to be detected. As long as a major fraction of the

projectile linear momentum is found into the fissioning nucleus, this

requirement is essentially fulfilled. However, at higher and higher

bombarding energies, when a growing fraction of the initial momentum 1

is not found into the fission fragments i.e. into the fissioning

nucleus this might not be true any more. In particular, if the

transverse momentum carried away by the remaining part of the system

is important, then, and due to moment conservation, there is very

little probability to find the two fission fragments coplanar with the

beam direct"on.

In order to investigate this question further, we detected the

fission fragments, in a single mode and used the associated neutron

multiplicity to filter the collisions according to their violence. As

shown in fig. 9, the larger the neutron multiplicity, the more forward

peaked the fission fragments are found. For low multiplicity the

angular distributions are almost symmetric with respect to 90 X in the

laboratory system indicating that the fissioning nuclei are close to

rest.

Estimates of the cross sections for fission following large

momentum transfers (detected neutron multiplicities larger than 10 for

Au and 16 for Th) yield to about 1.0 and 1.8 barns for the Au and Th

targets respectively. This is much in excess of what was measured from

12
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coincident fission fragments41. This shows clearly that fission of hot

nuclei still represents at 44 MeV/u bombarding energy a substantial

fraction of the reaction cross section and that it has been strongly

underestimated in coincidence experiments because of the severe phase

space constraint imposed by the detection system.

The detectors, aimed at detecting fission fragments, registered,

in addition to the latter, a component corresponding to heavy residues

(A - 140 ± 30), well distinct in mass and velocity from the fragments

(A - 90 ± 30). These heavy residues are characterized by a forward

peaking and large neutron multiplicity (Fig. 10). Although less

abundant with the Th target than with the Au one, similar residues

have been unambiguously observed with Th with accompanying neutron

multiplicity close to 33 (after efficiency correction). It is not

clear yet, how, in such dissipative collisions (E* £ 500 MeV) a target

like nucleus can avoid fissioning. It is the large number of rapidly

evaporated particles10' which prevents the nucleus from fissioning by

raising the fission barrier ? The analysis is still in progress in

order to better characterize these events by the masses and kinetic

energies of such residues.

Because of the low energy of the residues and due to the finite

thickness of the target and of the aluminium electron shields in front

of the detectors, only a fraction of the residues amounting to 1.0b

and .6b, for Au and Th respectively, could be measured. Added to the

previously reported fission cross sections (1.0b and 1.8b for Au and

Th), this shows important contributions for the most dissipative

collisions, to the total cross sections in quite good agreement with

the cross sections deduced from the inclusive neutron multiplicity

distributions. This result contradicts previous data of Conjeaud et

VI. SATURATION OF THE THERMALIZED ENERGY

An estimate of the amount of energy which has been thermalized in

the most dissipative collisions can be made by recording all

evaporated particles. In this respect the choice of heavy targets has

two main advantages. First, heavy targets lead to slowly recoiling hot

emitters and this facilitates the distinction between direct and

evaporation-like particles. Second, neutron emission is considerably

favoured and therefore it is not necessary to perform 4 ir measurements

of the charged particles ; one just needs to measure differential

multiplicities for these particles and integrate over angle. These

14



measurements were performed at 160* where the contribution of

preequilibrium is expected to be negligible. Fart of the data are

shown in fig. 11 as a function of neutron multiplicity. As expected,

the onset for charged particle emission depends critically upon the

neutron richness of the target. Then, the differential multiplicities

exhibit a more or less linear dependence with neutron multiplicity

before saturating at the location of the maximum in inclusive neutron

multiplicity spectra.

Two important aspects can be stressed concerning these charged

particles. First, the saturating multiplicities hardly increase when

the bombarding energy is raised from 44 to 77 MeV/u. Second, the

energy spectra of backward emitted a-particles remain identical in

shape and position indicating similar properties of the emitting

sources (Fig. 12). In particular the very close slope parameters

suggest nearly identical temperatures, while the very close most

probable energies suggest sources with similar recoiling velocities.

This legitimates the use of a single Jacobian value per type of

particle, irrespective of the bombarding energy, in order to integrate

over angle the differential cross section measured at 160*. The

results are given in fig. 13 together with the associated average

neutron multiplicities after efficiency corrections.

A crude estimate of the excitation energies at saturation can be

performed by summing up the energies carried away by all the neutral

and charged particles. Step by step, each particle removes either

<B l.c.p.+ EcouLo«b + 2 T) if it is charged or (Bnftut> + 2 T) if it is

neutral. The final result depends very little on the time sequence

through which the different types of particles are emitted. Fragments

heavier than He have not been considered in the energy balance : their

emission is substantially subsidized by the large Q value of the

corresponding splitting, moreover their average multiplicity is low

11-12) jjjg y energy has been arbitrarily estimated to be 40 MeV.

The result of this evaluation does not show any significant

increase in the excitation energy from 27 up to 77 MeV/u within

experimental uncertainties. The values of 650 MeV ± 100 MeV, or I -

4.5 ±0.4 MeV (with a =* —) thus deduced for the Th target, matches

very nicely the one carried out for a very similar system but using as

a thermometer the relative population of widely separated states of

complex emitted frag- ments 1 3 ) . This behaviour appears to be

reproduced in semi classical Landau-Vlasov calculations1** where the

excitation energy is also found to be close to 600 MeV for a central
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collision of 60 MeV/u Ar on Au.

As already mentioned, preliminary data obtained with a Kr

projectile instead of Ar show higher neutron multiplicities but also a

significantly different behaviour of backward evaporated charged

particles. Higher excitation energies can be deduced with the heavier

beam, clearly indicating that the saturation observed with Ar reflects

more the dynamical effects of the entrance channel than intrinsic

properties of hot nuclei.

SUMMARY

Highly dissipative collisions were observed in bombarding heavy

targets (Au or Th) with Ar and Kr projectiles. High efficiency, 4 ir

neutron detectors appear to be very powerful tools to select such

collisions.

The interest of neutron multiplicity measurements was stressed in

inclusive data. They provide information on the energy dissipation

capability for a given reaction, which is otherwise hardly accessible.

Then it was shown that remnants of the projectiles were detected

at large angles i.e. with sizeable transverse momenta and large

associated neutron multiplicities. This has two important consequences

with respect to fission data which have been considered so far as

reliable observables for inferring the momenta transfer and the energy

dissipation. First, the projectile remnant should be properly taken

into account in the momentum balance : this implies its detection

together with the two fission fragments. Second, fission detection

should not be constrained in planes containing the beam direction.

Thus the main virtue of the folding angle technique, its simplicity,

disappears : at least three massive bodies have to be simultaneously

measured in a broad phase space.

Measuring eventwise light particles, both neutral and charged,

appears to be a powerful method to probe the energy which is

eventually thermalized in heavy ion collisions. For heavy systems

where evaporated neutrons outnumber charged particles, neutrons ought

to be measured eventwise whereas charged particles can be probed only

locally with small solid angle detectors. The multiplicity of charged

particles can then be angle integrated on the average, using the

neutron multiplicity as a filter.

Following this procedure, a saturation in the number of

evaporated particles (neutral and charged) points to a saturation in

the energy that can be thermalized when using Ar projectile from 27 to
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77 MeV/u. On the other hand preliminary data obtained with a Kr
projectile at 32 MeV/u tend to indicate a significantly larger
thermalized energy with this heavier projectile. By extrapolating this
behavior, shooting U on U at 30-40 MeV/u appears to be the best way in
order to deposit, into U-like nuclei, thermal energies close to their
binding energies.
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