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ABSTRACT

A brief review of exclusive measurements performed at GANIL in order to study hot nuclei
will be given. Heavy-ion induced reactions on heavy targets (A=200) have been investigated over a
wide range of incident energy, using various techniques:

- fission fragment angular correlations.
- 4jt neutron multiplicity measurements.
- light charged particle correlations.
In each case, a selection of the most violent collisions can be achieved. For central

collisions induced by 40Ar, a same excitation energy of about 650 MeV is deduced from the totally
different and independant sets of data, corresponding to an average temperature of 5 MeV. At 60
MeV/u, this value is quite low as compare to the total available energy for central collisions A
tentative explanation based on Landau-Vlasov simulations will be proposed: the excitation energy
dissipated in the system could be stored in a highly excited compression mode as well as under a
thermal form. Some recent results on the Kr+Au system at 32 MeV/u will be presented indicating
that heavier projectiles than 4^Ar can lead to a temperature of the hot system approaching 7 MeV .

INTRODUCTION

Heavy ion collisions in the intermediate energy domain (20-100 MeV/u) provide a
unique opportunity for producing nuclear matter under extreme states. At these energies,
fusion reactions lead to very excited nuclei. An extensive work [1,2] has been dealing
with the determination of a possible limitation of the temperature that a nucleus can
sustain, without immediate disruption. On the other hand, the possible existence of critical
phenomena remains an open question. At energies near the Fermi energy, due to the very
short collision time and the large deposited energy, dynamical competitions occur between
the formation and the cooling of the system, leading also to a possible limitation of the
thermal energy deposition. Such a behaviour has been enlightened using a semi-classical
approach of the collision, like in Landau-Vlasov or BUU simulations [3-5]. In such
dynamical calculations, both the nuclear mean field and the individual nucleon-nucleon
collisions are taken into account, and the time evolution of the system can be followed
step by step.

From an experimental point of view, such highly excited nuclei (with an excitation
energy per nucleon greater than 3 MeV) are mainly produced in central collisions, when
the overlap between the two nuclei is maximum. For increasing incident energies above



15 MeV/u, the fusion turns to be more and more incomplete. Even for central collisions,
some incoming nucleons can escape the fused system before its complete thermalization.
A pre-equilibrium emission of light particles and probably also of light clusters takes place
and becomes more and more important when increasing the projectile energy. A
consequence of the pre-equilibrium emission is that the dissipated energy will depend
strongly upon the impact parameter as well as the incident energy. Therefore the
experimentalists must perform exclusive measurements to select as well as possible
classes of well defined event types. This can be achieved by selecting specific decay
channels (like the fission or the emission of intermediate mass fragments...) for which we
assume they originate from a well known system, or we can use multidetector apparatus
which are able to select and to classify the events of interest.

In the following, a brief review of both kind of experiment will be given, focusing
on the complementarity of the different approaches. 40Ar induced reactions on heavy
targets (Au, Th, U) have been extensively studied at GANIL over a wide range of
incident energy (27-77 MeV per nucleon), using very different experimental set-ups.In
this paper, we shall mainly address the following questions:

- what is the maximum excitation energy a nucleus can sustain ?

- what are the decay processes of hot nuclei ?

- is there any experimental evidence for a dynamical limitation of the thermal energy
stored in a nucleus ?

FISSION FRAGMENT ANGULAR CORRELATIONS AND LINEAR MOMENTUM
TRANSFER

If one assumes the hot nucleus to decay through a binary fission process, the
folding angle OFF between the two fission fragments is then a direct measurement of the
recoil velocity of the emitting system. Reasonable assumptions, like a massive transfer
model, allow to connect the recoil velocity to the excitation energy transfered to the target.

Systematic studies [6] indicate that the linear momentum transfered to the target
saturates at a value of about 180 MeV/c per incident nucleon whatever the projectile mass
(fig. 1). The corresponding excitation energy, using an exciton model [7], ranges from
420 MeV for 14N+Th at 60 MeV/u, to 1100 MeV for Kr+Th at 35 MeV/u bombarding
energy.

An example of a fission fragment correlation is shown in the right hand side of the
figure 2. The bump observed at a small folding angle is associated with the more
dissipative collisions, i.e the central collisions. This bump disappears above 40 MeV/u
bombarding energy. This trend has also been seen when using other projectiles [6].The
disappearance of the central collision bump can be interpreted either by a saturation of the
excitation energy a nucleus can sustain, or by a vanishing of the binary fission process for
central collisions. The left hand side of figure 2 shows the neutron multiplicity
distributions measured on the same system in the same incident energy range. High
neutron multiplicities are associated with more dissipative collisions (see below). In the
figure, the central collision bump is still surviving at 77 MeV/u incident energy.
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Figure 1 : Most probable linear
momentum transfer per incident
nucleon, versus the projectile mass.
From ref. [2]
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Figure 3 : Cliaracteristic neutron decay
half-life of a 208Pb nucleus as a
function of its temperature, calculated
using several models. From ref. [8]
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Figure 2 : Neutron multiplicity distribution and fission fragment angular correlation from
the reaction 4()Ar+Th within the incident energy range 27 to 77 MeV per nucleon. From
ref. 12]
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One explanation is that the fission decay channel becomes unlikely for very excited
nuclei. This can be understood assuming a dynamical competition between the
evaporation of light panicles and the fission process [8]. For the high temperatures
reached in central collisions, the characteristic time for particle evaporation (fig. 3)
beconr.es much smaller (-= 10"22 s at T=5 MeV) than the time needed by the system to
overtake scission (~ 2.10"21 s). A copious evaporation prior to fission will strongly
reduce the mass of system and consequently increase its fission barrier. The system might
no long?r undergo fission, but lead to a heavy residual nucleus. This interpretation is in
agreement with radiochemical measurements (see the K.A. Aleklett contribution to this
meeting).

LIGHT PARTICLE MULTIPLICITY MEASUREMENTS

A very fniitfull way to extract information on an excited nucleus is simply to count
the number of evaporated decay products. For heavy systems, the evaporated particles are
predominantly neutrons and it has been shown that the 47t-neutron multiplicity is an
increasing function of the dissipated energy [9]. As an example, figure 4 shows that the
neutron multiplicity, strongly correlated with the linear momentum transfer, is a good
indicator of the violence of the collision.

Even if the neutron evaporation is the dominant decay channel for heavy nuclei (A >
200), the light charged particles (l.c.p) emitted from the equilibrated nuclei must also be
identified and included in the excitation energy balance. The l.c.p multiplicity is extracted
from energy spectra of particles emitted at backward angles. The intermediate mass
fragment evaporation is generally neglected especially at bombarding energy below 50
MeV per nucleon.

The thermal excitation energy E* is derived from neutron and l.c.p multiplicities by
removing step by step an energy equal to (Bn + 2T) per emitted neutron (Mn times) and
(Bi.c.p + 2T + VB) per emitted l.c.p (Mic_p times), where B and VB stand for the binding
energy and the Coulomb barrier respectively, and T is calculated at each step using
E*=A/10*T2. As the initial temperature is unknown, an iterative procedure is used.

For 4^Ar induced reactions [10], the deposited excitation energy reaches 650 MeV,
corresponding to a temperature of 5 MeV, and is rather constant over a wide energy range
(fig. 5). This result may indicate that some possible dynamical effects take place at high
energy (above « 60 MeV/u). We shall comment on these effects later.

Using the 4u-neutron detector ORION (80% efficiency for low energy neutrons),
the Kr+Au system has been investigated recently at E/A = 32 MeV [11]. The recoil
velocity of the thermalized nucleus is obtained from the energy spectra of light particles
emitted in the backward hemisphere, and the charged particle multiplicity has been
extracted assuming an isotropic distribution in the emitter rest frame. For several gates put
on the central collision component of the neutron multiplicity distribution (fig. 6b), the
recoil velocities increase with the neutron multiplicity, indicating that the neutron
multiplicity and the impact parameter are strongly correlated for a massive projectile.
These velocities are in good agrement with a massive transfer model, where a part of the
projectile fuses with the entire target. For the central collisions, the excitation energy
reaches an average value of 3.75 MeV per nucleon in good agreement with the fusion-
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Figure 5 : Excitation function for the
system 40Ar+Th. Evolution of the total
number of neutrons (corrected for
detector efficiency), as well as evaporated
charged particles associated with the most
central collisions (left scale). Estimated
excitation energy deposit (right scale).
Fromref.[10]
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Figure 6 : Inclusive (a) and triggered
by a particle at 159° (b) neutron
multiplicity distributions from
Kr+Au at 32MeVlu. Extracted
excitation energy as a function of the
neutron multiplicity as shows in part
(c).
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Figure 4 : Folding angle distribution (bottom) of fission fragments and associated average
neutron multiplicities (not corrected for the detector efficiency), for the ̂ Ar+Th system at
27,35and44MeVlu.Fromref.(9]



fission data [6], but climbes up to 4.5 MeV/u for extreme neutron multiplicity values (fig.
6c), corresponding to a temperature closed to 7 MeV. This value is in good agrement with
the slope parameter extracted from the energy spectra at backward angles.

These values are greater than those obtained with the 40Ar projectile : heavier
projectiles are more efficient to heat-up nuclei, at least below 50 MeV per nucleon. The
question of a saturation of the thermal energy a nucleus can sustain must be also
reanalyzed in view of these new results.

A question remains : is the total dissipated energy stored under thermal energy, or
does it exist other contributions to the excitation energy ? A partial answer to this question
may be obtained by considering the recoil velocities extracted from charged particle
energy spectra. The corresponding excitation energies, using the massive transfer model,
are must greater than those extracted from the particle multiplicities. For the higher
neutron multiplicity gate, the maximum deposited energy predicted by the model reaches
1680 MeV( corresponding to a transfer of 85% of the incident linear momentum), to be
compared to 1204±139 MeV. This might indicate a contribution of collective modes under
which a part of the dissipated energy might be stored. We will show later ether
experimental evidences of such collective modes, and will propose a tentative explanation.

RELATIVE POPULATION OF PARTICLE UNBOUND STATES

Assuming the hot system to be in thermal equilibrium, the decay width ratio for the
evaporation of a cluster excited in two given states can be calculated in the frame of a
statistical model using a Fermi gas distribution. If the excitation energy is large with
respect to the energies of the levels, it has been shown [12] that the relative population is
simply given by:

*

-2
*

2J,+1 AE
exp -

Where e* is the energy level, J the spin degeneracy, Ae* is the spacing energy of the
two excited states, and T is the temperature of the system..

The main interest of this expression is that it can be directly confronted with
experiment. The temperature T can be thus directly extracted from the data, having in
mind the following restrictions :

- this relation is correct only if the involved levels are not populated by the
sequential decay of higher states or from other cluster decay (side feeding effect). It has
been shown [13] that the side feeding corrections are small for widely separated states
(Ae* » T), and lead to a underestimation of the temperature.

- The excited cluster is supposed to be emitted from a fully equilibrated system. In
most of the experiments, this assumption is taken a priori to analyse the data. But
exclusive measurements [17] have been done on a well defined class of events
(originating from the most violent collisions) for which the pre-equilibrium emission is
minimized and v here experimental evidences exist for a thermalisation of the system. Of
course, further exclusive experiments are clearly needed to reinforce this point.



The populations of particle unstable states are extracted from the two-particle
correlation functions at small relative momenta. After the subtraction of a background
contribution originating from the sequential emission of two particles, the yield ratio is
compared to a calculated ratio using the above relation corrected for detector efficiency
(fig. 7). More details on the procedure can be found in ref. [13]. In figure 7, one sees that
the relative populations of widely separated states in 4He, 5Li and 8Be correspond to
emission temperatures of 4.0,4.6 Mev and 4.2 MeV. These values are in good agrement
with the predictions of a quantum statistical model [13], where the emitting source is
supposed to be in a thermal and chemical equibrium at a temperature T = 5.5 MeV and a

density p/po=0.04, and where side-feeding effects are included.

Other measurements have been performed for 14N+Au at 35 MeV/u and 16O+Au at
95 MeV/u. Very similar temperatures are extracted for the three reactions [15]. The
extracted values are consistent with a slight increase of about 20% over the energy range
under consideration. These temperature values are consistent with those extracted from
the measure of the excitation energy using other experimental techniques, but the question
of the equilibration of the system remains.

It has been shown [16] that the multiplicity of light charged particles, emitted at 9 ^
30° lab., could be used to characterize the violence of the collision. Alternatively the
dependence of the relative populations on the total kinetic energy of the cluster may reflect
cooling effects of the system (energetic clusters might originate from earlier stage of the
reaction). Figure 8 gives the apparent temperature measured when using these two kinds
of selection. Surprisingly, they exhibit little sensitivity i.? the filters, although the two-
particle correlation functions were found to be very sensitive to these selections. In
ref.[17], a tentative explanation is proposed : a dynamical competition between a strongly
excited compression mode and the heat-up of the system might occur. This interpretation
is supported by Landau-Vlasov simulations.

LANDAU-VLASOV SIMULATIONS

We have seen that the binary fission is no longer the dominant decay channel even
for heavy systems at bombarding energies above 40 MeV/u. A dynamical competition
with light particle evaporation can occur leading to a heavy residual nucleus rather than to
two fission fragments.

An other possibility is the multiple evaporation of intermediate mass fragment (IMF)
which becomes likely at such high temperature. This decay will also strongly reduce the
system mass, vanishing the fission, but would lead to a medium heavy residual nucleus,
as the cooling per emitted nucleon is less important for IMF than for light particles (Z<2).

An alternative explanation could be the complete disruption of the system due to
mechanical instabilities (multifragmentation): let us describe a possible scenario [18] of
such an explosion in the framework of schematic models which can establish a link with
the nuclear equation of states (fig. 9). In the first stage of the collision (step 1), an excited
and compressed composite system is formed. Then, this system expends at
approximatively constant entropy (step 2), which implies a path presented in figure 9. If
the initial compression is large enough, the system is able to reach very low density
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Figure 7 : Yield ratios NL/NH corresponding to (he states in 4He, 5Li and sBefor 40Ar
induced reactions on Au at E/A=60 MeV. The solid curves show the calculated ratios as a
function of the emission temperature. The hatched regions indicate the range of values
consistent with the data. From ref. [13]
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regions and to penetrate the mechanically instable region of the equation of state (step 3).
In this region, any fluctuation is enhanced, leading to the explosion of the system.

Such a scenario, which is built on an infinite nuclear matter equation of state, is
however supported by dynamical calculations using the Botzmann equation and including
both the nuclear mean field and the nucleon-nucleon collisions features [19]. As an
example, the figure 10 shows the time evolution of the average density and the energy
balance for a central collision in the 4^Ar-fAu system at 60 MeV/u. In this figure one sees
that 40 fm/c after the touching point a maximal compression is reached and a pre-
equilibrium emission of particles takes place. These particles are identified some 60 fm/c
later, together with the first evaporated nucleons, when they are far away the interacting
region. The initial available energy is shared into collective modes (monopole and
quadrupole modes are strongly excited), thermal form and kinetic energy carried away by
emitted particles. The breathing mode induces also strong variations in the nuclear

potential energy. At 100 fm/c, the system reaches its lowest density (0.6 p0). Beyond that
point, the compression mode is damped due to the coupling to the continuum and the
thermalization of the system is fully achieved. Only 690 MeV of excitation energy remains
in the fused nucleus, a value in good agreement with the experimental results.

From these Landau-Vlasov i>i.nulations, one sees that low density systems can be
formed in heavy-ion collisions at incident energy above 40-50 MeV per nucleon. If one
believes in the schematic scenario described above, a possible explosion of the system
might occur. For such a multifragmentation process, the relevant parameters would be the
incident energy and the mass of the projectile in order to compress enough the system,
rather than its temperature. This remark might explain why, for a temperature of 7 MeV,
the Kr+Au system seems not undergone multifragmentation at 32 MeV/u, even if a small
compression can be present.

CONCLUSION

Extensive studies of very heavy systems with completely different experimental set-
ups exhibit a very good agreement, and give confidence in the extracted results. Very
excited nuclei are easily formed at bombarding energy below 50 MeV/u, and quite heavy
projectiles are more efficient to heat-up the system. Up to now the maximum thermal
energy a nucleus can sustain has not been reached yet.

At a temperature T = 5 MeV, we have seen that a dynamical competition between
light particle evaporation and fission can occur. Landau-Vlasov simulations have pointed
out an other dynamical competition between a strongly excited compression mode which
is able to store a large part of the available energy, and the heating of the system.

For bombarding energies above 50 MeV/u :
- the formation time of the excited system is of the same order than its decay time,

which makes questionable the thermal isation of the system.
- Some experimental evidences exist for an increase of the IMF multiplicity (see the

J. Peter contribution to this meeting), which might indicate a multifragmentation process.
However, in order to study this new process, complete and very exclusive experiments
must be performed, using high quality 4rc multidetectors. Such a multidetector, named
INDRA, is in progress at GANIL.
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from Landau-Vlasov simulations for
4°Ar (60MeV/u)+Au at b=0 fin.
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