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Abstract

Hot nuclei formation and decay is one of the main processes concerned in collisions of

intermediate energy heavy ions. In these lectures, we discuss the involved mechanisms and

their eventual connexion with fundamental properties of nuclear matter, i.e. its equation of

state.

1°) Introduction

The development of Nuclear Physics for few decades have been performed in two

directions : microscopic and macroscopic ones. In the first case, the Physicist is interested in

the detailed arrangement of nucléons inside a nucleus and to the underlying fundamental

interactions. In the second case, he is interested in global properties of nuclei and the

corresponding variables or concepts of interest are named temperature, excitation energy,

angular momentum, compression or equation of state. Hot nuclei studies are connected with

the second kind of research. In these lectures, we want to discuss what we know today on

the formation and decay of these objects and how their knowledge can teach something

about general properties of nuclear matter. After a brief review of the reactions in which hot

nuclei can be formed, we will discuss the variables which are used to describe them. We will

also consider the corresponding theoretical descriptions and their limits when extreme states

are reached. Experimental evidences for hot nuclei formation will be presented : the

corresponding decay properties are generally used as signatures, but we will assert how



dynamical effects have to be undertood and properly simulated in order to draw reliable

conclusions.

2°) Hot nuclei formation : mechanisms of interest

Hot nuclei are equilibrated nuclei in which an excitation energy of at least 2 Me.V per

nucléon have been stored. In order to produce such objects, two methods can be used :

either a reaction releasing a very large energy (large Q value) is induced, or the final

excitation results from a conversion of kinetic energy into intrinsic one. The well known

attempt belonging to the first class is the anihilation of an antiproton on a target nucleus 1^"
5 7). The energy released in a pp annihilation is about 2 GeV. However the process takes

place mainly at the surface of the target nucleus and pions which are created in the collision

can escape. Hence, the resulting excitation energy of the target nucleus does not exceed

500-800 MeV. The energy deposit based on the conversion of kinetic energy into intrinsic

excitation is much more efficient at least when the projectile is an heavy ion. Table I

illustrates this statement for an incident energy of 1 GeV. For a proton projectile, the

associated wavelength is smaller than the minimum distance between the target nucléons.

The incoming nucléon will then "see" at the same time only one target nucléon which will be

ejected in a nucleon-nucleon collision. In other words, the incident nucléon will not deposit a

sizable fraction of its kinetic energy in the target partner. On the contrary, if the 1 GeV

incident energy is now carried by an incident nucleus (let us say, an argon nucleus), each

projectile nucléon is not so fast, its associated wavelength is larger (see table I) and the

reaction will then proceed through a more collective process. The incident energy v, ••'; <v

much more easily deposited into the target. This is the main way to achieve hot nuclei

formation. Of course, even in the case of head-on nucleus-nucleus collisions, nuclon-

nucléon collisions can take place and lead to fast nucléon emission. This knock-on process

which is responsible for the fact that fusion is generally incomplete has to be regarded in

detail (see section 6).

Reaction

P+ Ag

Ar+Ag

Ei
1000 MeV

25MeVAi

X(fm)

0.3

1.8

Rn(fm)

1.2
1.2

TABLE I : Wavelenght X associated to a projectile nucléon encountering a target nucléon
for two reactions induced by Ei = 1 GeV total-kinetic-energy projectiles. Rn is the mean
distance between two neighbouring nucléons of the target.

3°) The temperature concept

When speaking about hot objects, one is used to introduce the temperature concept.

First of all, one has to remark that one may speak about temperature only if the avaiteMe

excitation energy is thermalized in the whole system. In that sense, the "tempemure "

concept is more restrictive than the "excitation energy" one.

Moreover, the introduction of the nuclear temperature in Nuclear Physics is not

obvious. From a general point of view, the temperature concept is very well adapted to the



case of a system in equilibrium with a heat bath which assesses a given temperature!1. As a

consequence, the excitation energy of the system has a well-defined mean value E* with a
4 E*

standard deviation given by (*) a = ^==- where A is the number of constituents of

the system.

Conversely, for a fixed E* value, the relative uncertainty on the temperature is :

£1—L_
T VÂT

T(MeV)

1

3

5

50

0.29

0.16

0.12

A(a.m.u.)

100

0.20

0.11

0.09

150

0.16

0.09

0.07

200

0.14

0.08

0.06

250

0.12

0.07

0.06

300

0.1)

0.07

0.05

TABLEII : ATIT calculated from relation (1) for some examples

The first characteristics of a nucleus are that it is a system for which A is small

(typically 100) and that the above standard deviations are in this case not negligible. In table

II, relation (1) has been applied to some cases. It appears that AT/T is generally about 10%

and that the correlation between E* and T is stronger for large systems and/or large

temperatures.

Now, nuclei are isolated systems, which means that a better thermodynamical

description is the microcanonical one. In this case, the temperature is simply defined from

the entropy by the relation l/T = dS/dE* and it then appears that the correlation between E*

and T is well defined. From this point of view, the above discussion based on relation (1)

obtained in the canonical description does not appear to be justified. However, it is. As a

matter of fact, the temperature concept is useful if it describes a uniform property of the

system. The above discussion shows that a nucleus is a so small system that it is not really

meaningful to stress that the temperature can be considered as uniform from one point to the

other. The nuclear temperature concept is hence an approximate concept which will be used

for convenience and table II tells us that it is meaningful only within 10-20%.

4°) Hot nuclei decay properties

4-1 : The statistical theory and its limits.

Excited-nuclei decay is quite well understood in the statistical theory. In this

theory, the excited nuclei are considered as equilibrated isolated thermodynamical systems

and they are described by using a microcanonical ensemble : all the outgoing channels

(*) In nuclear physics, one uses to express the nuclear temperature in energy units (MeV)
instead of degrees (K). This means that the word "temperature" is used for the product of the
Boltzmann constant and the usual thermodynamical temperature.
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leading to a given final quantum state are equally probable. Such a formalism leads to the

following expression in the case of particle evaporation (*) :
*

E f,
% ( E f, Jf)

P p ( e ) d e - C 2 e o c p ( e . J f ) - i — L - i - d e .
f « C B J )

(2)

Pp(e)de is the emission probability of a panicle p with a kinetic energy between e

and e+de;

CTcp(eJt) is the cross section for the reverse reaction ;

Co; & (Ot are the densities of states of the initial and final nuclei, respectively ;

Ji,f are their angular momentum quantum numbers ;

E i i f are their excitation energies.

It is possible to simplify relation (2) by introducing the nuclear temperature T . One

gets:

l d e
'f

if angular-momentum effects may be neglected.
By expressing C and a c p(e) , one is led to the following expression for the kinetic-

energy spectrum of the evaporated particle p :

e-e« e-es de, (3)W(e)de = -
T

where es is the threshold energy for the emission of particle p, i.e. the corresponding
Coulomb barrier.

Relation (3) is a Maxwellian distribution which has been widely used to deduce
temperature values from experiment (see below). As far as the relation between the excitation
energy E* of a nucleus and its temperature T is concerned, the statistical theory predicts :

E* = aT2, (4)

where a is the so-called level density parameter.
Relation (4) shows that E* and T are correlated and, hence, that it is somewhat

equivalent to measure T or E* . One has, however, to be very cautious with this statement.
First of all, relation (4) is deduced from the statistical theory by using approximations and it
is hence reliable only for limited excitation energies [S, 6]. On the other hand, even in such
cases, the calculated level density parameter differs strongly from the corresponding
experimental values. This is due to the fact that relation (4) is deduced only in independent-
panicle models. Since nucleon-nucleon correlation and effective-mass effects play a
significant role in a nucleus, the validity of relation (4) is somewhat questionable. In spite of
these difficulties, relation (4) has been widely used in the literature even for fairly large
excitation energies. The level density parameter has hence been replaced by an adjusted

(*) In this section, we neglect the fission channel.



parameter a^f. Generally, it is assumed to be about A/10 ,where A is the mass number of

the nucleus of interest. But this value can be disputed and A/8 and A/13 have also beeu

considered. Generally speaking, it is interesting to look at specific properties of very hot

nuclei.

4-2 : Specific properties of very hot nuclei concerning the relation between E* and T

In Ref. [4] , the ratio açff=E*/T2 has been calculated in a Hartrce-Fock approach for

a 2°8pb nucleus. It appears that, within 20% , E*/!^ remains constant for temperatures

ranging from 2 to 10 MeV and that the validity of relation (4) would then be reasonable

within 20% provided aeff has been correctly adjusted (see Fig. 1).

However, the situation is not so simple for two reasons :

First of all, other approaches may also be considered. In Fig. 2, the relation between

E* and T has been calculated in a statistical model where the multifragmentation process is

allowed. Above a temperature of 5 MeV , the onset of multifragmentation leads to a

dramatic change of the curve E* = f(T) ; this is due to the strong increase of the surface

energy involved in this process. The saturation of the temperature holds up to excitation

energies leading to complete vaporization of the system, and then, the correlation between

the variables E* and T is simply the result expected for a diluted Fermi gas. If this picture is

correct, it is not equivalent to measure a temperature or the corresponding excitation energy

as soon as temperatures of about 5 MeV are reached. In such cases the relation E* - aT?

must be regarded with caution. r (Mev )

10.0
10Fig. I

The statistical theory predicts some relations between energy, entropy and
temperature : E*-aT2, S-2aT, S2=4aE* .These relations are approximations and are
questionable at large excitation energy. However, because they are convenient, one uses to
write them even for fairly large excitation energies. In these cases, the constant a which is
the level density parameter at low temperature has to be replaced by an effective parameter
aeff. In the figure, this parameter has been calculated from the ratios E*lT2(x), SI2T(+),
S2/4E*(») by using an SKM (top) or SIII (bottom) interaction. It appears that these ratios are
similar and relatively independent of the temperature. The calculations presented here are
extracted from ref[4], They concern a 208Pb nucleus, a^f may be parametrized as Al 13 .



• critical, temperature

5 10 15
excitation energy £*/<«0<MeV)

Average temperature vs excitation energy diagram obtained for a 100 a,m.u.
nucleus. The points have been obtained in the framework of the Copenhagen
multifragmentation model of Ref [7]. The curves correspond to the predictions of the
compound nucleus model (solid line) and free nucléons gas model (dashed line).

A further difficulty lies in the fact that violent nucleus-nucleus collisions can also lead

to some compression (or, more generally, collective oscillations) of the nuclei. In such a

case, the total excitation energy of the system must be decomposed in two terms, the thermal

and the compression energies (the monopole oscillation is certainly the main collective

mode):

E* = E c o m p + E,h (5)

Relation (4) is valid for the second term only :

Eth = aT2 (6)

As far as the compression energy is concerned, it is rather interesting to look at its

order of magnitude. From this point of view, Landau-Vlasov calculations arc a very useful

tool. In Ref [8] they have been applied to the system Ar+Au at 60 MeV/u. It turns out that

the compression energy in a central collision would be 450 MeV, which corresponds to a

mean density of 1.5 times the normal density at the beginning of the collision. This value

has to be compared with the total excitation energy deposited in the collision. In Rcf. [9], it

has been estimate to be 650 MeV . In Ref. 10, values reaching 1 GeV are quoted.

Whatever the true value, it appears that the compression energy is a sizable fraction of the

total excitation energy.

Of course, it is justified to discuss about the relaxation of the compression energy.

This energy can be rapidly damped and transformed in a thermal one. However, it turns out

[5] that the typical corresponding damping time is comparable with the mean evaporation

time for hot nuclei. Hence, the balance between the compression energy damping and the

thermal-energy dissipation can lead to a saturation of Eth , which could never reach E*

simply because of the order of magnitude of the involved relaxation times (Fig. 3). In such a

case, the correlation between the temperature of the system and its excitation energy would

be poor.



t/n?e(a.u.)
Fig. 3

Schematic picture showing the evolution of compression energy (dashed curve),
thermal energy (dotted curve) and total excitation energy (solid curve) vs time in a collision
where compression modes are excited. It appears that the typical damping time for the
compression energy which is converted in thermal energy is comparable with the typical
decay time for the thermal energy. This property induces a "plateau"-type curve for the
thermal energy. It is possible to mingle thermal and excitation energies when the
compression energy has vanished.

4-3 : Other specific properties of hot nuclei

Besides the proceeding discussion on the relation between temperatures and exchaiio*

energy, further very interesting features concerning very excited nuclei have to be pointed

out.

The first one concerns the competition between various decay channels. The statistical

theory predicts that the probability Pi of evaporating a panicle i is proportional to :

exp[2Vai(E*-Bi) |

where B , is the minimum energy required to evaporate the particle i . This means that the

probability ratio for evaporating two particles iandj i s :

p j exp[2Vaj(E*.Bj)
(7)

At low excitation energy, this ratio is governed by the relative values of Bi and B j . Particles

for which Bi is small and especially particles characterized by a small Coulomb barrier arc

strongly favoured. Here is the main reason why neutrons and hydrogen isotopes and to a

less extent helium isotopes are preferentially evaporated. When increasing E*, a trivial first-

order development of relation (7) shows that :



It then appears that a very hot nucleus may evaporate intermediate mass fragments (IMP) as

well as neutrons and protons. This feature may be used to select and study hot nuclei.

Moreover, IMF will give nice information on the possible onset of multifragmentation.

A second very interesting evolution with temperature of excited-nuclei properties

may be found in Fig. 4. The mean time Xn for neutron evaporation can become shorter than

some 10"21S , which is the typical time needed for fission. Hence, it turns out that

evaporation can take place during the fission process. Of course, this feature is not taken into

account in the usual thcrmodynamical theory, since it is assumed that the probability for a

definite decay channel is simply governed by the density of states of the final products.

Dynamical theoretical models have then been developed to include this time effect [11,12].

Assuming that the whole sequence is Markovian, the corresponding Fokker-Planck equation

10 r

10
-IH

110"1I

* F
Fig. 4

Neutron evaporation mean time as a
function of temperature for a 2 0 5 P b
nucleus. Various curves correspond to
different theoretical approaches discussed in
Ref. /5/ .

I i-

1 2 3 i 5
T(Mev)

Fig. 5
Evolution of the fission

width of Hg excited at 190 MeV
(no angular momentum) during the
cooling of the nucleus. The number
of emitted neutrons is Sn and
gives a time scale. Note the failure
of the statistical model (dashed
line) as compared to the dynamical
approach (full line) ; extracted from
Refill).
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Fig. 6
Mass-velocity plot for the system Ar(60 MeV/u)+Au at forward angles. The

evaporation residue cross-section (A region) is larger than the fission cross-section
(B region) at variance with what is expected in the usual statistical theory. From Ref. (13/

has been solved. Figure 5 shows that, for the quoted example, 5 neutrons can escape before

the fission completion. Of course, such a picture holds only if the internal degrees of

freedom have time to relax, namely as long as the evaporation time is longer than iht

thermalization one. From an experimental point of view, the above discussion may explain

why very hot heavy nuclei can avoid fission, even though the usual statistical theory would

predict that the fission channel should be quite dominant. Figure 6 is an example. It concerns

the Ar+Au system at 60 Me V/u. Heavy final products have been detected and analysed in

the forward direction. It appears that the evaporation residue cross-section is larger than the

fission one at variance with what is expected from statistical arguments : hot nuclei evaporate

nucléons so rapidly that fission is then strongly inhibited simply because of the fission

barrier height of the residual nuclei. Very generally, it has been shown by Hilscher et al [14]

that hot nuclei fission is always occurring after almost complete cooling of the involved

nuclei. Hence, it appears that fission cannot be used to get information on hot nuclei since

most of their excitation energy has been previously dissipated.

5°) Hot nuclei and nuclear equation of state

In the proceeding section, we have noted that, due to dynamical effects, the energy

dissipated in a nucleus nucleus collision can be partially convened in heat, and partially used

to compress the system (relation 5). It is possible to link these two contributions with a quite

general property of nuclear matter, namely its equation of state.
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Figure 7 is related to the equation of state of infinite nuclear matter. It has been

obtained [15] from an elementary nucleon-nucleon force (Skyrme 3 here) and consists of an

ensemble of isotherm curves drawn in a density-pressure plane. The results is quite similar

to what is obtained for a Van der Waals gas in usual thermodynamics. As a matter of fact,

the nucleon-nucleon interaction is qualitatively similar to the molecule-molecule interaction in

a Van der Waals gas : no long-range force, small-range attractive forces, repulsive core at

very small distance.

Fig. 7
Pressure vs density isotherms calculated with a Skyrme force for nuclear matter.

The spinodal region is indicated by dashed lines. The heavy line shows the liquid-gas
coexistence region. From Ref. [15J.

From Fig. 7, one can see that, for given positive pressure and temperature, the nuclear

matter can exist at three densities : a small one (gas phase), a large one (liquid-phase), an

intermediate one (gas-liquid admixture). This last solution is a direct consequence of the

attractive nucleon-nucleon interaction at intermediate densities (~ 0.5 normal density) which

induces nucléon clusterization below the saturation density. This clusterization region is

called the spinodal region.

Hot-nuclei studies are, connected with the study of the nuclear equation of state at

large temperature and may be at large densities if some compression takes place in the

entrance channel. In this case, the nucleus would first be compressed and heated -

them expand in an isotropic way down to low density regions where multifragmentation

could be initiated16). In this description multifragmentation would be dynamically induced,

at variance with the hypothesis performed in reference 7 (see Fig.2).
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The distance is large between experiment and the equation of state described in

figure 7. First of all, nuclei are only small pieces of nuclear matter, and surface and

Coulomb effects induce strong deviations. For instance, in figure 7, it appears that the

critical temperature (above which there is no longer any possible coexistence between liquid

and gas phases) is about 16 MeV . In taking into account surface and Coulomb

contributions of finite nuclei, this value is very much decreased : no nucleus would be stable

for temperature exceeding 8±10 MeV [4]. The connection between the "infinite matter"

equation of state and hot-nuclei properties is hence not so evident.

A further difficulty has to be found in the equilibration time of a nuclear system. Its

value has to be smaller than the reaction or decay time. If it is not the case, it is meaningless

to speak about collectives variables as temperature or pressure. Here is a crucial point, Hoi

nuclei experiments can be understood in terms of collective variables only if it has been

experimentally established that some equilibration was achieved. This constraint is severe if

one remembers that the decay time of a hot system is an exponentially decreasing function of

its temperature (see figure 5) and that for temperatures of 4-5 MeV. the decay time becomes

comparable with the estimated time needed to thermalize the incident energy in a fusion

nucleus (~ 10'22s).

6°) Hot nuclei formation : the limitations

It is well know for many years that, when impinging a projectile nucleus on a target

one, fusion is incomplete if the incident energy exceeds significantly 10 MeV/nsK v

Figure 8-a,b are old compilations of results illustrating this feature for assymetrical systems

and direct kinematics. In figure 8a, it is shown that the proportion of the projectile

momentum which is transferred to the fusion nucleus is a decreasing function of tin'

projectile velocity. This quite general feature is an entrance channel effect and can be easily

reproduced in simple calculations taking into account both one and two body dissipations

(curves in the figure). The results of figure 8b are also easily understood in these

descriptions : the maximum value of the mean linear momentum transferred per projectile

nucléon does not depend on the projectile mass because each projectile nucléon has a definite

chance to be trapped in the target. The main variable of interest is the difference between its

initial velocity and the center of mass velocity for the whole system. A nucléon is trapped in

the nascent fusion nucleus if this differential velocity is smaller than the "binding velocity",

which is generally the case for most of the nucléons of the heavy partner, but for only a

fraction of the nucléons of the light one (projectile) : Such a property is illustrated in figure 9

and has been established experimentally in Ref. 20-21. It means that the story of the system

is mainly governed by the story of individual nucléons through one body or two body

dissipations. Hence, U is justified to describe collisions between two nuclei in self consistent

descriptions in which the story of individual nucléons are simulated : Landau-Vlasov or

BUU calculations17) are self-consistent calculations of this kind.

Another important conclusion of figure 8-b is that heavy projectiles arc more

efficient than lighter ones if one wants to reach the highest possible excitation energies. And

indeed, it has been shown in Ref. 18 that mean excitation energies of about 900 MeV
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1.9

O l

«.2

Fig. 8-a Vl(E-Vc)/Ap]'
Linear momentum transferred from the projectile to the target in units of the

projectile linear momentum, versus the initial relative velocity above the Coulomb barrier.
The curves are calculations results obtained from simple geometrical considerations in
momentum space. Viscosity is taken into account : one body viscosity alone (dashed-dot
curve) ; one and two body viscosity (other curves).

4 0 0

3OO

200

KM-

MAXIMUM OBSERVED
LINEAR MOMENTUM TRANSFER

• >• AVEHAGE VALUE

O.O MOST PROSABtE VALUE

IO ZO

Fig. 8-b
Maximum value of the mean (or most probable : open points) linear momentum

transferred per projectile nucléon to the target versus the projectile mass number.

would be reached in central collisions of Kr on Au at 32 MeV/u, whereas the corresponding

value was about 600 MeV for Ar projectiles impinging on the same target. Similarly

maximum temperatures of 7 MeV have been extracted for Kr data l8), whereas it appears that

it is difficult to exceed 5 MeV with Ar projectiles 19> and it is nowadays well established that

the largest energy deposits per nucléon are obtained for symmetrical systems. Now, once

this statement clearly asserted, one has to remember that symmetrical systems involving

heavy partners can exhibit annoying properties : it is indeed well known from low energy

heavy ion physics, that fusion of heavy partners is impossible and that, instead, the open

outgoing channel is the deep inelastic one. This general property can prevent hot nuclei

formation at larger bombarding energies since deep inelastic reactions have been observed up

io at least 30 MeV/u for the systems Ar+Ag , Xe+Bi, Mo+Mo and Si+Si 58-60). Further

investigations are necessary on this point.
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Coming back to the discussion of this section, it can be summarized in noting that

nucléons involved in a central nucleus-nucleus collisions can be divided in two classes : the

fusing nucléons which dissipate their kinematic energy into the fusion nucleus and the

escaping ones (often named preequilibrium particles) which are never trapped. From the

point of view of this paper which is devoted to hot nuclei, these preequilibrium particles are

annoying since they limit the energy deposit: However they can bring nice informations on

the first moments of the collision i.e. on the eventual compression step and on the in-

medium nucleon-nucleon cross section. The corresponding measured quantity is called

"flow" : it is discussed in this school by Jean Péter.

Fig. 9
Here are displayed the Fermi spheres (hatched) associated with the two partners in

an asymmetrical collision and the Fermi sphere (thick solid line) for the corresponding
fusion nucleus. The nucléons located in the inner part of the dashed sphere are bound in the
fusion nucleus. Because of the fact that the centre-of-mass velocity is close to the velocity of
the heavy partner, it turns out that all the nucléons of the heavy partner can be bound into the
fusion nucleus, whereas some nucléons of the light one are escaping.

7°) The spurious effects of the outgoing channels

We have seen in the preceeding section how entrance channel mechanisms, namely

preequilibrium emission can strongly limit hot nuclei formation. It is however very important

to stress that experimental methods which have been used to extract many data can lead to

wrong interpretations. For example, most of data quoted in figure 8 have been obtained from

the analysis of binary fission experiments. Right part of figure 10-a is a typical results of this

kind 23) : the cross section for binary fission is plotted as a function of the folding angle

between coincident fragments for the system Ar+Th at four bombarding energies. Fusion

events are clearly recognized below 40 MeV/u. The mean folding angle of the corresponding

bump can be used to get the most probable linear momentum transfer quoted in figure 8-a.

However it is also clear from figure 10-a that the fusion bump vanishes above 40 MeV/u.

Many results of this kirm have been obtained 5,29-31), They have been first interpreted as a

signature of the maximum excitation energy which could be deposited and supported by a

hot nucleus (Fig. 10-b). The corresponding compilations (Figure 11) have been compared

with theoretical predictions of the maximum excitation energy which can be stored into a
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nucleus if one wants to prevent its vaporization. However, one knows nowadays that such
conclusions are probably irrelevant. The disappearing of the fusion bump in the right part of
figure 10-a is simply due to the selection of the observed outgoing decay, namely fission.
And indeed, it appears in the left part of the figure that central collisions with large energy
deposit take place at large bombarding energies. They are recognized as events with a large
neutron multiplicity and they are not observed in the right part of the figure probably because
more than two fragments are emitted in these cases. M. Louvel et al have recognized these
collisions by using a 4ît set up 2S) well suited for the detection of many-body events. They
have established (figure 12) that the highest excitation energies involved in the collision
Ar+Au at 60 MeV/u can correspond to an emission of more than two fragments from the
fusion nucleus. The 3 body-break onset would correspond to an excitation energy of
about 600 MeV (3 MeV/u). A slightly smaller threshold has been obtained in Ref. 26, for
the same system. Larger values (S 4 MeV/u) have been obtained for lighter systems 26.5O).
However, the fact that such excitations would correspond to the onset of multifragmentation
is not clear as it is discussed in the next section.

8°) The standard decay of hot nuclei
We have seen in sections 6 and 7 that hot nuclei are formed in intermediate energy

heavy ion reactions. An important question concerns the onset of new decay processes and
especially multifragmentation. But of course, before looking for such exotic new
mechanisms, it is rather important to test to which extent the "standart" decay processes
which aie well knc&vn at low excitation energies, remain valid when large temperatures are
reached. Such an approach has been strongly asserted by L. Moreno 32), in a nice review

CO 232
Ar* Th

100

J00 FOLDING ANCLEtOegJ
too

so to so :o ;o o
NEUTRON MULTfPUCITY

(corn, for efficiency}

Fig. 10-a
Right part : Folding angle distributions for binary fission. ArVTh system at four

bombarding energies.
Left part : Inclusive neutron multiplicity distributions for the same reactions.
From Ref. 22-23
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presented at Kanazawa, J. Natowitz ^3) gives an overall picture of the situation : for

temperatures smaller than 2 MeV, all the excitation energy is removed though evaporation

of Z=l,2 particles. The corresponding adjusted level density parameter a (see section 4-1

and relation 4) exhibits a strong evolution from A/8 to A/13 as the temperature increases

from 3 to 5 McV (figure 13), which bring together experimental values and the result of the

simplest Fermi gas model 34X However the data fit leads to Coulomb barriers for p, a

emission far below the expected value. On the other hand, the evaporation codes

overestimate the probabilities for charged particle evaporation. Such discrepancies between

experiment and calculations may reflect an inadequate treatment of angular momentum

effects and shape dynamics.
An interesting aspect of experimental data is the increase with excitation energy of the

probability for IMF emission. The feature (see section 4-3) is schematized in figure. 14. It
turns out that the basic trends observed are also reproduced in statistical
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Figure 10-b
Coincident measurements between a neutron ball (left part of figure IQ-a) and

fission detectors (right part of figure 10-a) have been used to measure mean excitation
energies (right scale) for central collisions leading to binary fission. The results quoted here
indicate a saturation when the bombarding energy is increased from 27 to 77 MeVIu.
Corresponding light charged particle data are also quoted. From Ref 19.
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50 300

Fig. U
Compilation of excitation energies per nucléon (left-hand scale) and corresponding

temperatures (right-hand scale) obtained from recoil velocity measurements ; extracted from
Ref. (24J.

I
Ct

Fig. 12
Ar+Au 60 MeVIu : Probability

ratio for three and two fragments break
of the fusion nucleus as a function of the
total projectile cfiarge(Zfast) which has
not participated to fusion. Lower Z/ast
correspond to larger excitation.
From Ref. 25.

. . i . . i . . i .-.. i ; .»io. »

Fig. 13
Evolution with temperature of the inverse level density parameter k-Ala (A :

mass number ; a : level density parameter). The curve is calculated in a modified version of
the statistical model taking into account temperature, surface diffuseness and shell effects.
From Ref. 33.
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Fig. 14
Empirical representation of

evaporation multiplicities for different
emitted species, as a function of
excitation energy for a nucleus of
A=160. From Ref. 33 .
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calculations although they differ in detail 32)55)62), Figure 15 is an illustration of this

statement. It shows the evolution with excitation energy of the proportions of events with

2,3 or 4 final fragments. The probability for multifragment emission is a continuously

increasing function of the available excitation energy, and there is no need of new decay or

dynamical processes up to excitation energies of 6 MeV/u : the sudden rise in the rnultibody

probability at 3 MeV/u predicted by the multifragmentation model of Bondorf 7) is not

observed ; similarly the nuclear cracking predicted by Gross 35) at 5 MeV/u is not evidenced.

The experimental data suggest that the decay of hot nuclei (of mass - 160 in figure 15) is

governed by the same mechanism up to an excitation energy approaching the total binding

energy of these nuclei 40X

A quite similar result has been obtained in an exclusive study of the standard decay of

hot nuclei produced in the collisions Ar+Ag at 50 and 70 MeV/u 36). Light charged particles

have been detected in a 4n device in coincidence with forward emitted evaporation residues.

By summing up the contributions of all evaporated particles in an event by event analysis, it

has been possible to reconstruct the excitation energy distribution of initial hot nuclei. The

results are displayed in figure 16. It turns out that reconstructed distributions are well

reproduced by a simulation code 37) in which the decay of the hot nuclei is assumed to be

purely sequential. Excitation energies of about 6 MeV/u are reached with a sizeable cross

section in agreement with results of Ref. 32 discussed above.
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Fig. 16
Distributions of initial excitation energies of hot nuclei produced in Ar+Ag

collisions at two bombarding energies and decaying in a standard sequential way leading to a
residue ; points : experiments ; histogramm : simulation. From Ref. 36.
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Another interesting feature of data of figure 16 is the fact that the measured (and

calculated) distributions are quite similar at SO and 70 MeV/u. This results can be connected

with the conclusions drawn from neutron multiplicity measurements for the Ar+Th system

(see figure lOa-b) : it has been shown that neutron multiplicity distributions for central

collisions are quite similar whatever the bombarding energy is between 27 and 77 MeV/u
19). This means that there is a saturation of the deposited energy for the bulk of the data and

that the cross sections for exotic new mechanisms are small. We will indeed see in section 9-

3 (figure 24) that very exclusive experiments are necessary if one wants to isolate the highest

involved excitation energies and the corresponding mechanisms.

9°) How is it possible to evidence exotic decay processes ?

We have seen in the proceeding section that many available data on hot nuclei can be

understood in terms of sequential evaporation or binary split for excitation energies which

can reach 6 MeV/u. Of course, the contribution of IMF emission becomes important, but it

can be more or less undestood in the framework of the well known statistical theory if one

includes dynamical competition between various decay channels, i.e. if one takes into

account37) the fact that fission is a slow process compared with neutron evaporation (see

section 4-3). In this section we want to address the following questions : toward which

limits is it possible to use this standard description ? Which observables can be used to

evidence new decay processes like multifragmentation or exodc effects like compression ?

9-1 : Velocity or kinetic energy spectra

The simplest analysis which can be used to sign the origin of IMF or panicles concern

the evolution with angle of the corresponding velocity spectra. The situation is however

difficult because it is necessary to disentangle various origins : projectile break fragments,

deep inelastic contributions, nonequilibrium emission and fragments originating from a hot

system 38X Nevertheless, several results have been obtained and some indication of non

sequential decay have been claimed. For instance, in figure 17, the energy spectra for carbon

fragments backward emitted in the collision He+Ag exhibit a very broad Coulomb peak

when the bombarding energy is large. Such a behaviour is qualitatively expected on die basic

of the expanding-evaporating source model of Friedman 39)- Similarly, the kinetic energy

spectra exhibit much flatter slopes when multifragment events are selected, and the

corresponding coulomb barriers extracted from the fits are quite small, suggesting an

expansion of the source. It is however difficult to draw definite conclusions because the

analysis is not unique and the shape of kinematic energy spectra can be affected by

fluctuations of the velocity of the emitting source.

9-2 : Correlations between fragments

If one wants to progress, it is necessary to observe more constrained quantities. For

instance it is possible to look at correlations between two IMF emitted in a given event. The

small angle velocity correlations are strongly influenced by the coulomb repulsion between

the two fragments, which depends on their distance and hence on the time interval between
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Fig. 17
Energy spectra for carbon

fragments at 140° from 3He + natAg
reaction at several energies. From Ref. 38
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their emission. Large angle velocity correlations depend on the emission mechanism : a

sequential emission of two charged panicles from a heavy nucleus in back to back directions

will lead to a relative velocity reflecting twice the emission barrier, whereas a

multifragmcntation of the initial nucleus will lead to a smaller relative velocity. Many

experimental results have been obtained 41-44). Sequential emission has been recognized in

many cases with a typical time interval of a few hundreds of fin/c 45> (figure 18).

However the situation becomes more complicated for large fragment kinetic énerves

(right part of figure 18) or for larger involved dissipated energies. On can understand Ur

influence of the dissipated energy from the results quoted in figure 4. For very hot nuclei,

the expected associated decay time is very small and the distinction between prompt and

sequential emission becomes semantic at least from the experimental point of view. Figure

19 illustrates this statmcnt : whereas an assumption of sequential emission can be used to

reproduce data for the Ar+Au system at 30 MeV/u, it fails for the largest energy dissipation

obtained when the bombarding energy has been increased up to 60 McV/u 44) : a correct

simulation of the collision should include both statistical and dynamical aspects. A similar

conclusion is given in Ref. 33 where it is indicated that, even for Coulomb like emission

energies of IMF , the angular distributions exhibit anysotropy indicating that complete

equilibrium of the system in all degrees of freedom may not have occured.

Such typical times associated with various degrees of freedom play certainly a

determinant role as far as formation and decay of hot nuclei are concerned. A typical example

of this statment is of course the competition between fission and evaporation discussed in

section 4-3 ; we have seen that such an effect can prevent the system from a too fast fission

14) and it is the main reason why very large angular momenta (which can exceed 150 h) have

been noticed in heavy ion induced fusion 47,52). Another example concerns the excitation of

the GDR in hot nuclei. In Ref. 48, it has been established that its gamma decay vanishes for

temperatures exceeding 4.5 MeV. The explanation of this feature lies in the comparison

between the lifetime of the hot nucleus on the one hand and the GDR period on the other

hand (-5 x 10-22 s).
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Fig, 18
Left hand side : inclusive two fragments correlation functions at small relative

momenta. Right hand side : results have been obtained in selecting the fragments
according to their momenta per nucléon pi A. Various curves are fits correspond'^ to
various emission times. Large pi A are associated with small emission times. From
Ref. 42 and 51 .
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Fig. 19
Fits of relative velocity and relative angle distributions for the Ar+Au system at

30 and 60 MeVIu in assuming a sequential emission of fragments with a decay time of
1000 fmlc and 200fin/c at 30 and 60 MeVIu respectively. In the second case, it is
impossible to reproduce experimental results, even if a shorter decay time is used.
Various spectra correspond to various pairs of fragments. See Ref. 44.
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?-3 : Necessity of exclusive experiments

If one wants to learn further on the new processes which can be involved in

intermediate energy nucleus-nucleus collisions, it is absolutaly necessary to achieve a

detection as exclusive as possible. Indeed it turns out to day that signatures of new

mechanisms concern only a small fraction of the cross section (at most few hundreds of

millibarns). IMF production is certainly a useful observable but it is impossible to draw clear

conclusions from the mean values plotted in figure 14. One learns much more from event by

event analysis leading to IMF multiplicities in a given event. We have already used a result

of this kind in figure 15. Figures 20,21,24,25 are examples obtained with the miniball at

MSU, with the Aladin facility at GSI and with the Nautilus 4rc device at GANIL.

In figure 20, it appears clearly that the selection of large charged particles multiplicities

corresponds to multifragment events. Mean values of 4 are reached. Similar IMF

multiplicities have been obtained at much higher energy (600 MeV/u) for intermediate impact

parameter (figure 21). 38Ar^197Au
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Evolution of IMF multiplicity distributions with the total multiplicity of light
charged particles for the system Ar+Au at four bombarding energies. From Ref. 46.
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V
Fig. 21

Mean multiplicity of intermediate
mass fragments, < MIMF > , as a function
of the reconstructed impact parameter for the
systems Au+C, Al and Cu at 600 MeVIu .
From Ref. 45 and 61. b(fm)
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In both cases, it turns out that the main quantity of interest is the total energy dissipated

during the collision. This feature is illustrated in figures 22 and 23 showing that IMF

multiplicities and other related quantities can be scaled on the same curve when they are

plotted as a function of the deposited energy per nucléon (figure 23) or the charged panicle

multiplicity (figure 22). Such a result which is also obtained when deep inelastic processes

play a determinant role 39), has to be compared with data of figure 15 and discussion of

section 8. It can be explained in the framework of the expanding compound nucleus model
39> in which the main ingredient in the available thermal energy. An important prediction of

the model is that muUifragment emission would be induced if a threshold is exceeded. The

above results and those of section 7 support such a picture. Of special interest are data

concerning the Ar+Au or Th systems. It has been shown in figure 10 that excitation energies

corresponding to binary fission saturate at - 700 MeV whatever the beam energy is. In Ref.

S3 (figure 24), it is shown that another trigger condition including 3 or 4 body events leads

to much higher excitation energies reaching 1.2 GeV and which increase with beam energy.

The corresponding initial temperature extracted from particle kinetic energy spectra reach

7.5 MeV at 60 MeV/u bombarding energy 64X It seems that the competition between two and

three or four body processes evolves dramatically with dissipated energy (see also figure

12), in agreement with results of figures 20 and 21.

Fig. 22
First and second moments of IMF

multiplicity distributions for 36Ar+197Au
collisions gated by charged particle
multiplicity. Curves show predictions of the
expanding compound model 39> for
indicated finite nucleus compressibility K.
From Ref. 46.
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Fig. 23
The average charge of the largest

fragment within an event, the fitted x
parameter from the charge distribution, and
the mean IMF multiplicity as a function of
the calculated deposited energy I nucléon.
The squares, circles, and stars represent
collisions of a 600 MeVIu Au beam on the
C, Al, and Cu targets respectively. The
three points within a target group
correspond to peripheral, mid-central, and
central collisions with the deposited energy
increasing with centrality ;
from Ref. 45 and 49.
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The above results indicate that multifragment emission becomes a widely opened

channel when the involved excitations become large. However, recent results indicate that

sequential evaporation still exists in these cases : for the Ar+Ag system at SO and

70 MeV/u 36), "standard" sequential decay is observed up to the highest deposited energies.

Similar results seem to be obtained for deep inelastic collisions (Pb/Au system) on for heavy

fusion nuclei for which evaporation residues resulting from a very long decay chain would

have been observed.

Fig. 24
Correlation between excitation

energies deduced from recoil velocity
measurements and light charged particle
multiplicities for the Ar+Au system at 30
MeVIu (blacksymbols) and 60 MeVIu
(open symbols). The correlation between
these two indépendant quantities is a good
indication of the reliability of results.
From Ref. 53.
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Now, it is very important to come back on the methods which are used to extract the
thermal energy we are speaking about. In figure 23, the values plotted in abscissa are
extracted from BUU calculation. In figure 22, the abscissa quantity is the total charged
panicle multiplicity : its correlation with the thermal energy is not so trivial since it includes
both evaporated and direct or preequilibrium particles. Similarly DvGF emission dots not sign
unambigously an equilibrated system since, even in central collisions, IMF car» result from a
preequilibrium emission <&), it is then rather important to perform kinematical analysis
allowing to know to which extent the available energy has been thermalyscd. Very few
complete analysis have been performed either on the light particles ^6-53) or on the emitted
fragments 5043). Figure 25 concerns Kr induced collisions on several targets. Events with
many fragments have been selected, and their total parallel and perpendicular linear
momentum measured in the composite system reference frame. It turns out that the energy
relaxation is very strong for heavy targets. These many fragment emissions correspond to
excitation energies of a least 6 MeV/u.
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Fig. 25
Correlation between total transverse and parallel linear momenta measured in central

collisions when 4 or 5 heavy fragments are relealised. For heavy targets, large transverse
momentum values are reached ; systems Kr on Ag, Au and Th at 43 MeVIu. From Ref,
50.

Of course, it would be very exciting if the kinetic energies of outgoing fragments
would reflect a collective expansion contribution which would be the signature of
compression effects. Unfortunately no clear signal has been obtained up to now and it seems
that the coupling between collective and thermal energies could reduce strongly the effect.
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However an optimist physicist can understand the too large fragment-fragment relative

velocities measured in figure 19 at 60 MeV/u as an expansion signature. Similarly, it has

been found in Ref. SO that very central collisions would lead to an over emission of

fragments in the direction perpendicular to the beam, but the effect is small and has to be

confirmed. The only statement established is that compression effects (if any) will be

recognized in a careful kinematical analysis of fragments (IMF) rather than panicles, because

the thermal contribution (3/2 T) is relatively smaller for increasing masses. Such a

kinematical analysis is missing in many papers devoted to the search for compression and

expansion effects in IMF emission 54X

10°) Conclusion

In these lectures we have discussed hot nuclei formation and decay. The first important

feature concerns the onset of preequilibrium emission which prevents nuclear systems from

complete energy relaxation. This mechanism reflects partly the evolution of various involved

time scales when excitation energies are increased. Because of the dramatic decrease of the

life times associated with very hot nuclei, formation and decay steps are more and more

imbricated. The theoretical description of hot nuclei should hence include both dynamical

and statistical mechanisms.

From the experimental point of view, these time scale features have been clearly

recognized and used to sign the origins of various products. It has been learned mat very hot

nuclei can really be formed in intermediate energy heavy ion studies and that their story is

mainly governed by excitation energy considerations. Hot nuclei are astonishingly »b)a to

bear large energy (up to about their binding energy) and large angular momentum without

exploring new decay channels : the standard statistical theory is which decay is sequential is

able to explain most of experimental results. This does not mean that there is no place for

statistical or dynamical multifragmentation but the corresponding cross section is small and

its onset is not established. The only established statement is that very hot nuclei experiment

IMF emission but the underlying mechanisms is not understood. Of special interest would

be a signature for compression and expansion in IMF emission. Some results indicate that

such a process would be relevant, but they have to be confirmed. Future decisive experiment

can only be performed with 4rc devices insuring a detection as exclusive as possible. Many

experiments presented in section 9-3 are of this kind. However, it is difficult to get at the

same time low thresholds, good identification and proper kinetic energy calibrations.

Available results are ambiguous because none of them have been obtained, which fully

satisfy the above conditions. Moreover, the correlations between a given observable and

physical quantities of interest (like impact parameter) are always weak. Because of this fact,

reliable measurements can be performed only if several observables are measured at the same

time (see for instance figure 24) and if simulations are undertaken to estimate corrections due

to the unvoidable bias of the set up. Many improvements have been performed recently in

these directions and new devices which are or will be scon installed in many laboratories

will lead to significant progress on the story of very excited systems and its connexion to the

equation of state of nuclear matter.
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