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SUMMARY 
For intermediate energy nucleus-nucleus collisions the 
relative velocity of the two colliding nuclei is compa
rable or may exceed the velocity of sound and the Fermi 
velocity in nuclear matter. As a consequence, indivi
dual nucleon-nucleon collisions should become more im
portant and mean field aspects should cease to dominate 
reaction mechanisms. Large changes in mechanisms are 
therefore expected to occur when the bombarding energy 
per nucléon increases from a few MeV up to some 50 MeV. 
For central collisions, fusion processes still persist 
but a direct emission of fast light particles, very 
likely emitted at an early stage of the reaction, limits 
the linear momentum transfer. However very large amounts 
of energy (350-800 MeV depending on systems) are deposi
ted into the fused system and consequently very hot nu
clei are formed. Deexcitation products (evaporation re
sidues and fission fragments) with characteristics si
milar to those observed at lower energies are detected. 
For larger energy deposits these deexcitation products 
disappear. Such a vanishing of "fusion products" can be 
understood in terms of the maximum energy per nucléon 
that nuclei can carry ; depending on the mass of nuclei, 
limits in the range 3.5-6 MeV per nucléon are observed. 
For larger energy deposits per nucléon a multifragmen-
tation process probably occurs. 
Deeply inelastic reactiotiswhich are the second class of 
very dissipative collisions at lower energies are no 
more present and seem to be replaced at intermediate 
impact parameters by collisions leading to the creation 



B. BORDERIE 
of a hot transient "participant ball" composed of the 
projectile and of a part of the target. The difference 
with the participant-spectator picture used at higher 
energies is that the whole projectile participates, 
there is no spectator projectile fragment. Because of 
its very large excitation energy per nucléon (>3.5-6 MeV) 
the participant ball explodes into several light frag
ments and particles. 

1. INTRODUCTION 

Violent heavy ion collisions induced at bombarding energies 
below 10 MeV per nucléon have been extensively studied and 
reaction mechanisms are rather well understood1"3. The cross 
section for such collisions is found in fusion and deeply 
inelastic processes. In both channels the interacting nuclei 
exhibit a large degree of coherence in a sense that very few 
direct light particles are ejected during the collision it
self. Most of the observed light particles can be accounted 
for by evaporation from either the thermally equilibrated 
fusion nuclei or the thermally equilibrated and fully acce
lerated deep inelastic fragments. We are in the domain of 
strongly damped collisions. In this regime, where the exci
tation energy per nucléon is still small in comparison with 
the intrinsic single-particle energies, the important degrees 
of freedom are a few macroscopic variables* Since the macros
copic velocities are small in comparison with typical intrin
sic speeds the propagation of disturbances through the whole 
system is rather fast. This situation gradually changes as 
the bombarding energy increases. When the macroscopic velo
cities are no longer small in comparison with the intrinsic 
speeds this propagation requires a non-negligible time and 
inhomogeneities responsible for pre-equilibrium emissions 
and hot and compressed zone formations are likely to occur 
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in Che composite system. An important threshold is probably 
reached when the excitation energy of a nuclear system is 
close to its binding energy. In this case the system largely 
losts its cohesion and multifrâgmentation must occur. Final
ly at higher energies, when the excitation energy per nucléon 
increases above the Fermi kinetic energy, the quancal nature 
of Che nucléons is expected to become less important and one-
body mean field gives way to direct two-body collisions as 
the main- governor of the nucleonic motion. Central collisions 
lead to a complete explosion of the system whereas more peri
pheral collisions are interpreted with a participant-specta
tor picture. Then, for the intermediate situation described 
above, which corresponds to the Fermi energy domain, marked 
changes in the reaction mechanisms connected with inhomoge-
neities and instabilities of nuclear systems are expected to 
occur. 

From a theoretical point of view new approaches have to 
be done. Indeed if time-dependent Hartree Fock calculations 
(TDHF) predict qualitatively a few trends at bombarding 
energies higher than 10 MeV per nucléon" (figure 1), the in
clusion of a collision term in pure mean field theories (na
mely the semi-classical Vlassov and the quantal TDHF equa
tions) is needed to obtain more quantitative predictions. 
First attempts in this direction have been made or are in 
progress (figure 2 ) 5 ~ 5 . 

From an experimental point of view the advent of new 
heavy ion facilities, such as GANIL, NSCL and SARA which 
deliver a wide variety of projectiles in the energy range 
10-100 MeV per nucléon, has largely broadened the field of 
experimental investigations in the Fermi energy domain. The 
purpose of these lectures is to try to answer three questions 
concerning violent collisions, which were addressed when 
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FIGURE 1 TDHF calculation" for the reaction 1 2C+ 1 9 7Au at 
E/A - 30 MeV. The different impact parameters 
exhibit different reaction mechanisms : in the 
central collision, b • 1 fm, we observe a total 
absorption of the projectile and a spray of pre-
equilibrium fast particles in the forward direc
tion. The intermediate impact parameter, b - 6 fm, 
shows after the escape of a small number of fast 
particles, a capture of the remainder of the pro
jectile ; this is a typical massive transfer. 
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FIGURE 2 Nuoerical simulation of the reaction 1 2C+ 1 2C at 
E/A » 84 MeV7. The reaction is displayed in time 
intervals of 20 fm/c for two impact parameters 
(b - 1 and 2.8 fm). 
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projectiles as heavy as Ar were used : 
- does fusion process still occur 7 
- is there a limit to the energy deposit into tha fused 

system ? 
- do new mechanisms take place ? 
The lectures will be arranged in the following way. In 

a first part experimental results on central collisions will 
be presented and it will be shown that a fusion process 
still occurs ; deexcitation of the hot fused systems formed 
will be discussed. Then in a second part, from the qualita
tive evolution of central collision products from different 
reactions studied in the E/A range 20-84 MeV, the vanishing 
of fusion processes will be inferred ; it will be discussed 
in terms of critical energy deposit and maximum excitation 
energy per nucléon that nuclei can carry. Finally results 
concerning the large production of light fragments (3 ̂  Z ^ 
12) experimentally observed in the Fermi energy domain will 
be presented and discussed in terms of a multifragmentation 
of the whole nuclear system or of part of it for intermediate 
impact parameter collisions. Therefore only the most peri
pheral collisions connected with projectile fragmentation 
and transfer processes10"12 will not be treated. 

2. FUSION-LIKE PROCESS - DEEXCITATION 

The fusion process between two heavy ions, which occurs for 
central collisions, has been extensively studied at incident 
energies below 10 MeV per nucléon and conditions of forma
tion and deexcitation of fusion nuclei are rather well 
known 1 - 3. As the incident energy increases, in addition to 
deexcitation of such fused thermalized nuclei by particle 
evaporation or fission, one observes more di:ect light 
particles very likely emitted at an early stage of the 
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turn. This phenomenon is known as incomplete fusion or fusion-
like process and various models attribute the precompound 
particle component to emission from a hot spot13"1*1,' to pre-
equilibrium process 1 5 - 2 0 or Fermi jets 2 1™ 2 3. The existence of 
such "pre-equilibrium" particles was proven about twenty-five 
years ago2" and for the first time comments on partial linear 
momentum transfer (LMT), as opposed to full linear momentum 
transfer (FMT) were done 2 5. In the recent years a large set 
of data concerning LMT has been obtained with light-heavy-
ion projectiles ranging from He to Ne between 10 and 30 MeV 
per nucléon 2 6" 3 1 and with 1 2C projectiles up to 84 MeV per 
nucléon 3 2? 3 3. Most of these works concern heavy systems (tar
get masses larger than 200), If one restricts to central col
lisions, the fusion process is characterized by an incomplete 
momentum transfer (the most probable value decreases from 95 
to 80 % of FMT as the bombarding energy increases from 10 to 
30 MeV per nucléon) and by energy deposits up to 600 MeV. It 
means that for this energy range incomplete fusion becomes 
the dominant process for central collisions. We will call 
fusion-like nuclei heavy products from complete (small pro
babilities) or incomplete fusion ; indeed it would be rather 
unrealistic to separate the fusion products into two classes. 
Experiments generally provide the recoil velocity (VR) of the 
fusion-like nuclei (either directly for residues or from fis
sion fragment angular correlation measurements) or their ki
netic energy and sometimes their mass (after deexcitation). 
To deduce physical quantities from these experimental values 
some approximations are generally used which I will first 
explain. 

2.1. From experimental data to physical quantities 

To deduce most probable LMT and E*, one uses simple equations 



8 

B. BÛKDERIE 

derived by assuming that direct particles escape with projec

tile velocity vp. In other words one assumes that only m 

(< mp) nucléons of the projectile fuse with the target (m t). 

In this way, the recoil velocity of the fusion-like nuclei 

is then 

m v p 

vR"m-T-m t

 ( 1 ) 

their linear momentum 

">t VR 
LOT = Pi — - (2) 1 mp v p - v R 

their excitation energy 

E*. j s g a l . J ^ + „ ( 3 ) 

Zm m + mfc 

P^ is the total projectile linear momentum and Q the mass 

balance, 

- their recoil energy per nucléon 

- their excitation energy per nucléon 
m- mt „ + _ Q _ 

' and by neglecting the mass balance their excitation energy 

per nucléon depends only on their recoil energy per nucléon 

and on the energy per nucléon of the beam E^3**. 

This picture, very similar Co that expected in peripheral 

collisions at low incident energies (in this case a part of 

the projectile travels away with the beam velocity), is cer

tainly too naive in the intermediate energy domain. Never

theless we can verify whether this approximation can be used 

to derive physical quantities or at least serve as a guide 

in the comparison between experimental data. For this purpose 

£* • (m + m t ) '
 eb + m-îir <« 
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FIGURE 3 Calculated amount of evaporated nucléons com
pared to the experimental mass loss MQ. 

data obtained at CERN on the C + Au and C + U systems between 

30 and 84 MeV per nucléon were compared with the incomplete 

fusion picture described above35. In this experiment tha 

masses of the final fission fragments wore measured. The mass 

loss with respect to the fissioning nuclei is then directly 

related to the excitation energy. We observe (Fig. 3) a ra

ther good correlation between the experimental mass loss MQ 

and that calculated from eq. (3). Due to the relative size 

of projectile and target nuclei, both recoil effects and Q 

values are small and can be simply neglected, thus (3) re

duces to : 

E*»£fei -ifL ( 2 e b ) ' / 2 ( 7 ) 

A linear dependevce between E* and LMT at a given bombarding 

energy per nucléon and the increase of E* with the square 

root of the bombarding energy per nucléon at a given LMT are 
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FIGURE 4 Hissing mass HQ as a function of transferred 
linear momentum for the C + TJ s>3<-am. The 
dashed line and long-short dashed line are 
deduced from the 30 MeV per nucléon data (so
lid line) and represent the expected slopes 
for the 84 and 60 HeV per nucléon data respec
tively if equation (7) were fully verified. 

liantv "ut.u 
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Ix.^ 
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-r corrected 

=0 75 
ap/p,IV.l 

FIGURE 5 Neutron multiplicities as a function of trans
ferred linear momentum (percentage of the to
tal projectile linear momentum). Data correc
ted for efficiency are compared with calcula
ted values (solid line) deduced from eq. (3). 
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expected. Such behaviours are rather well verified as it is 
shown in fig. 4. Neutron multiplicities measured for the sys
tem 2 0 N e + U were also compared with multiplicities deduced 
from eq. ( 3 ) 3 6 . Again we observe a good agreement (fig. 5) 
between experimental and calculated values. Since the set of 
equations given above seems to be a good approximation to 
determine physical quantities, it will be kept throughout 
the lectures. 

2.2. Recoil velocities and most probable LMT 

Depending on target masses, information about recoil ve
locities requires the measurement of heavy residues and/or 
fission fragments. This is done for heavy residues using time-
of-flight telescopes (TOF) or AE-E telescopes (for light sys
tems) and for fission fragments by measuring folding angles 
between the two fragments. One of the fission fragments is 
generally detected in a TOF or AE-E telescope while the angu
lar correlation to detect all coincident fragments is often 
covered by a large area position sensitive parallel plate de
tector. 

A typical mass-velocity spectrum obtained at 6° with a 
TOF telescope is shown in fig. 6 for the Ar + Ag system at 
27 MeV per nucléon 3 7" 5 9. Heavy residues from violent colli
sions appear clearly in the region labelled (1). They have 
masses in the range 60-110 u and a velocity distribution 
centered slightly below the value corresponding to a full 
momentum transfer. An analysis of the velocity distributions 
is then needed to identify or not these heavy residues as 
evaporation residues and to extract most probable recoil 
velocities. A simple relationship exists between the most 
probable recoil velocity of the evaporation residues in the 
laboratory and the velocity of the fusion-like nucleus from 
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FIGUKE 6 Mass-velocity spectrum of the products measu
red at 6°. The projected mass and velocity 
spectra correspond to the residue zone (0 
only. The arrow indicates the velocity corres
ponding Co full momentum transfer (from ref.3a) 

which they originated, v^. This relationship is obtained*0"'*2 

by assuming isotropic angular distributions and Masweilian 
velocity distributions of the evaporation residues in the 
rest frame of the fused system. Transformed into the labora
tory system, the derived velocity distribution of the resi
dues is : 

4ÔM°L V 2 exp(-vR
2sin28/2af) exp(-(V-vR cos9)2/2a2) (8) 

where V and 8 are the recoil velocity and the detection angle 
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in the laboratory system.The value or Oi (standard deviation 
of the recoil velocities) depends on the details of the eva
poration process and is regarded as a parameter. From equa
tion (8) it can be seen that the observed velocity spectra 
divided by V 2 (i.e., the quantity V™2 d2a/dfidV which is a 
Lorentz-invariant cross section) should be Gaussian centered 
at VR cos 6, It therefore provides the recoil velocity of 
the fused system. In the same way the energy distribution of 
the residues is : 

^ L « E
1 / 2 exp(-(E+ER-2(E E R) 1 /2cos6 /of)) (9) 

where E and 6 are the recoil energy and the detection angle 
in the laboratory system and ER the energy of residues which 
have the recoil velocity VR. AS OI, 02 depends on the details 
of the evaporation process and is regarded also as a parame
ter. In Fig. 7 experimental velocity spectra ara plotted as 
Lorentz-invariant cross sections as a function of V for gi
ven mass bins at different detection angles. The spectra show 
Gaussian shapes, except for the higher mass bin which corres
ponds to the target mass region. For this mass bin, due to 
the experimental threshold, the spectra at large detection 
angles are truncated,but at 6° and 12° we observe clearly 
that the shape and most probable velocity differ significant
ly from those corresponding to the three other mass bins ; 
we can infer that more peripheral collisions are involved to 
produce such residues. Gaussian shapes are also observed for 
a lighter system at the same bombarding energy (fig. 8). As 
previously mentioned we expect a constant value for the ratio 
between the most probable velocity <V> at a detection angle 
0 and cos 8. Fig. 9 shows a good agreement with such an ex
pectation which allows to derive with confidence the most 
probable LMT (64 % of FMT) of the residues. 
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FIGURE 7 Velocity spectra for heavy residues measured 
at different detection angles for given mass 
bins. The lines correspond to Gaussian fits 
except for the heavier mass bin (from ref. 3 9). 
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FIGURE 8 Velocity spectrum for heavy residues ._The so
lid line is a Gaussian fit. VFMI and Vjn in
dicate che recoil velocity for full momentum 
transfer and the most probable recoil veloci
ty (from ref." 3). 
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FIGURE 9 
Evolution of the mosc 
probable velocity (rela
tively to Vpjn) with the 
detection angle (from 
ref. 3 9) 
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In fig. 10 typical energy spectra obtained for the 

Ar + Al system at 19.5 and 27 MeV per nucléon54 are presented. 
As the detection angle increases the high energy component 
associated to quasi-elastic and fragmentation processes de
creases and the observation of the fusion component becomes 
easier ; full curves correspond to fits obtained with eq. (9), 
The fact that the most probable energy is larger than the e-
nergy corresponding to a full momentum transfer clearly shows 
that the lighter nucleus, the target in this case, emits first 
pre-equilibrium particles. In fig. 11 contour plots of expe
rimental invariant cross sections as a function of parallel 
and transverse velocities are presented. One observes very 
clearly two sources corresponding to mechanisms described 
above and it is well illustrated that residues originate 
from sources in a rather small velocity range. Moreover it 
is shown that transverse velocity widths can be fully explai
ned by evaporation processes. 

For the Ar + Ag system a small part of fusion-like 
products are identified, from coincident measurements, as 
fragments from a fusion-fission process, they correspond in 
fig. 6 to the mass region 20-60 u and their characteristics 
will be discussed later. But» for heavier systems the fusion-
fission component takes over fusion-evaporation process. In 
fig. 12 we can clearly observe the fission component (cente
red around 70 u) in the mass-velocity plane for the reaction 
Ar + Ho at 27 MeV per nucléon39. 

The fission fragment angular correlation has been used 
for a long time1*'* to separate large and small LMT. Whereas 
angular correlations at 180" are observed for cold fissions 
(LMT = 0), the large recoil velocity of fused systems closes 
the angular correlation between, the two fragments in the la
boratory system. For central collisions we can assume that 
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o ico 200 :oo uaj =oo sea rao sea 
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FIGURE 10 Energy spectra of elements detected at diffe
rent angles in the Ar + Al reaction at 19.5 
(a) and 27 MeV per nucléon (b). Full curves 
correspond to fits obtained with eq.(9). The 
mostprobable fusion-like nuclei are respec
tively ||Cu and "Ni at 19.5 and 27 MeV per 
nucléon (from ref.31*). 
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V total campaurd nucleus 

U.PAR 

FIGURE 11 Contour plots of invariant cross sections as 
a function of parallel and transverse velo
cities for potassium nuclei produced in the 
reaction Ar + Al at 19.5 MeV per nucléon. To 
deduce velocities a mass eq;ial to 2Z+1 was 
assumed (from ref. ! l >). 

FIGURE 12 
Mass velocity spec
trum of the pro
ducts measured at 
6°. In addition to 
the residue zone 
we can clearly ob
serve fission pro
ducts around 70 u 
(from ref. 3 5). 
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there is a negligible amount of transverse linear momentum 
and we have a relation between the recoil velocity of the 
fusion-like nuclei v^ and the folding angle 9i * &z : 

mFUS 
[sin 81 tg (j - 9j) + cos 9i| (10) 

where v-i and mi are the laboratory velocity and mass of one 
fragment and tnpus the mass of the fused system. 8: and 82 
are the laboratory angles for fragments. Consequently,as for 
residues, LMT can be deduced from eq. (2). 

In fig. 13 folding angles and LMT deduced from coinci
dent measurements are indicated for the medium mass systems 
previously mentioned. Most probable LKT correspond to 90-80% 

1 1 1 c.a 
1 t 
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FIGURE 13 Angular correlation distribution of fission 
fragments measured for 27 MeV per nucléon 
AT induced reactions on Ag and Ho. The arrows 
indicate LMT values relatively to the projec
tile momentum for symmetric fission (from 
ref. 3 9). 
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FIGURE 14 Linear momentum transfer distribution for the 
Ar + U system at 27 MeV per nucléon (from 
ref.* 6). 

of the projectile momentum and are clear signatures that a 
fusion-fission process occurs for central collisions. With 
fissile targets the observation of fission fragments gives 
an overall picture of the different processes involved : any 
collision for which, at least, a few MeV are deposited in-
the target nucleus being followed by fission. In fig. 14, 
for the system Ar + U studied at 27 MeV per nucléon1*5 we see 
a clear separation between central and peripheral collisions 
and the most probable LMT for central collisions corresponds 
to 80 % of the projectile momentum. 

At higher bombarding energies (30-40 MeV per nucléon) 
fusion cross sections decrease. Due to the large excitation 
energies involved, negligible cross-sections are expected 
with light and medium-light targets. For fissile targets it 
becomes very difficult to select central collisions (fig. 15) 
and it is only for medium-heavy and heavy targets, like Ho 
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FIGURE 15 Angular correlation distribution of fission 
fragments measured for 35 MeV per nucléon 
Ar induced reactions on U (from ref.1*7). 

or Au, that central collisions can be selected via fission 

measurements (fig. 16). 

With heavier projectiles only a few experiments have 

been performed (essentially with Kr at 35 MeV per nucléon) 

and except for very light targets'*9, no products from central 

collisions decaying by usual statistical modes were observed 

(fig. 17). 

How does the most probable linear momentum transfer mea

sured in Ar induced reactions compare with results obtained 

with lighter projectiles in the same energy domain ? We show 

in fig. 18 the systematic pattern of values found (APw/P£) as 

a function of the relative velocity of the incoming ions 5 1. 

The values reported here are very close to the previous ones 

allowing an extension of the systematics to projectiles as 

heavy as Ar. 
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FIGURE 16 Angular correlation of fission fragments mea
sured for the system Ar + Au at 35 MeV per 
nucléon (from ref.1*3). 
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FIGU3E 17 
Angular correlation of 
fission fragments mea
sured for 35 MeV per 
nucléon Kr induced 
reactions on Au and U. 
The upper scales cor
respond to LMT values 
relatively to projec
tile momentum- No events 
are observed for large 
LMT values correspon
ding to central colli
sions (from ref. 5 0). 

i IC 122 134 146 :5S 170 ;S2 
9.+ a, 
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FIGURE 18 Systematics of the energy dependence of fie 
most probable linear momentum cransfer (cen
tral collisions) measured in reactions indu
ced by various projectiles. Stars are rela
tive to Ar projectile. The lines are to guide 
the. eye (from ref. "->*, , 3~" 3. * 5 >" 9) . 

Lac us look now at the overall crend of the systematics. 

The most probable LMT remains close to 100- Z up to about 10 

MeV per nucléon, and then decreases when the incident energy 

increases, which reflects the growing contribution of incom

plete fusion processes. In fact, it seems that the velocity of 

the two ions at contact governs the first step of the reac

tion (momentum removed by fast particles) over a large veloci

ty range. Recent calculations have been performed to reprodu

ce this evolution of L M I S Ï , Z ° ' 2 3 . I f p recompound decay calcu

lations are able to reproduce experimental data, the linear 

momentum carried away by Fermi jets seems to account for only 

a rather minor fraction of the observed missing momenta. 

Cloarly coincident measurements between fusion-like 

products and "pre-equilibrium" particles are needed to cla

rify this question . Very nice experiments have been recently 
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performed in this direction by Fuchs et al' 1 at 20 HeV per 

nucléon with a Ne beam. But X think that if the conclusions 

derived by these authors are valid for light heavy ions, they 

cannot be extended to heavier projectiles without further 

experiments. 

2.3. Fusion-like cross sections 

As it was previously mentioned we expect a weaker in

fluence of the mean field when the bombarding energy increases. 

Moreover, even at rather small impact parameters,high a.igular 

momenta are involved. Consequently we can expect a large 

decrease of fusion cross sections. Such a behaviour is clear

ly shown in fig. 19. Whereas 90 to 70 Z of partial waves lead 

to fusion at bombarding energies from 1 to 5 MeV per nucléon 

above the Coulomb barrier only 40 to 20 Z are involved in 

the range 20-40 MeV per nucléon. In table X are indicated the 

different cross sections for a few systems. 

Ref. System E/A(MeV) a E R(mb)
 a

F i s s i o a <
m b > CTFÛsion(mb) 

43 Ar + Zn 27 100 ± 40 a. 100 200 ± 75' 

39 Ar + Ag 27 290 ± 45 160 ± 30 450 ± 75 

39 Ar + Ho 27 160 ± 25 400 ± 50 560 ± 75 

48 Ar + Au 35 -Vi 300 

TABLE I 

2.4. Deexcitation of fusion-like nuclei - Comoetition 

évaporât: Lon/fission 

Before discussing competition between evaporation and fission 

I would like to present the characteristics of fusion pro

ducts. For evaporation residues let us come back to the velo-
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city spectra measured at 6° for the system Ar + Ag (fig. 7), 

for the three mass bins considered. From each most probable 

recoil velocity we can calculate the mass of the fusion-like 

nucleus (eq.(O) and its excitation energy (eq.(3)) ; these 

quantities are reported in table II, «here we indicate also 

the mass loss during evaporation. The mass loss increases 

with Che recoil velocity, or LOT, as expected if the excita

tion energy increases. Another argument showing the increase 

of excitation energy with LMI is derived from the width of 

the velocity spectra for different mass regions (table II) . 

3asa bin <7> 

(ea/ns) 
fusion 

(M.V) 

Mass Loss 

(u) 

Enwjy rtaoved 
p«c oucLsaa 

FUHM of tïl* 
velocity 
spscCrus 
(CS/BS) 

66-77 1.59 138 602 67 9.0 1.4 

77-aa 1.49 136 S80 51 10.7 1.0 

88-99 1.32 132 520 59 15.3 0.9 

TABLE II 

Along with the increase of Che recoil velocity one observes 

a broadening of the velocity spectrum as can be expected if 

more and more particles are evaporated. We have also indica

ted in table II the energy removed per emitted nucléon : it 

decreases when the excitation energy increases. This is un

derstood as an enhanced emission of composite particles and 

possibly heavier clusters60 at high excitation energy. Fi

nally fig. 20 shows angular distributions corresponding Co 

different mass bins. The distribution broadens and its maxi

mum is shifted towards large angles as masses decrease ; this 

is another indication that more a id more particles are eva

porated when the excitation energy increases. It should be 

underlined that so broad distributions cannot be reproduced 
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FIGURE 20 Angular distributions of evaporation residues 
for different m^ss regions and for the whole 
residue zone (from ref. 3'). 

by codes used at lower energies (fig. 21). This is another 
indication that the emission of clusters which is not intro
duced in such codes is a non negligible decay mode for very 
highly excited nuclei. For the reaction Ar + Ag at 27 MeV 
per nucléon we can estimate at respectively 100 and 15 ab 
the cross sections of boron and oxygen evaporative compo
nents 6 2. 

For fission fragments an open question w~s to know if 
total kinetic energies observed at lower energies should be 
also obtained at intermediate bombarding energies or if ano-
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FIGURE 21 Experimental angular distribution for Z * 19 
evaporation residues in the reaction Ar + Al 
at 27 MeV per nucléon. The full curve corres
ponds to LILITA predictions61 obtained with 
the most probable fusion-like nucleus 6 0Ni 
(382 MeV excitation energy) (from ref.31*). 

ther kind of fission would be present 6 3 . I have indicated 
previously that fission fragments from Ar + Ag system at 
E/A = 27 MeV result from deexcication of fusion-like nuclei 
which have received 90 Z of the projectile momentum and con
sequently bear an excitation energy around 700 MeV. The ve
locities of the fission products were found in good agree
ment with Viola's systematics. This is illustrated in fig. 
22 by the correlation between one fission fragment with fi
nal mass M-| (experimentally measured) and the folding angle 
61+82 : dashed curves which correspond to different LMT 
were obtained assuming frs.graent velocities from ViolaTs sys
tematics. 

Competition between evaporation and fission, which was 
a puazling question in the last few years in heavy ion indu
ced reactions at rather high excitation energies and large 
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FIGURE 22 Correlation between the final mass M^ of one 
fission fragment and the folding angle 
9i + 8 2 . The size of the points is propor
tional to the number of counts. Full curves 
limit the fission fragment zone experimental
ly selected and dashed lines correspond to 
calculations ( see text) (from ref. ) . 

angular momenta t has been investigated at 27 MeV per nu
cléon with Ar projectiles ou U target 1* 5' 5 3. The reaction has 
been studied via correlated fission fragments and H/He par
ticles. By appropriate gating on the folding angle, par
ticles emitted in central collisions were selected. Let us 
first look at the data presented as invariant cross sections 
in the velocity plane (fig. 23). This is a convenient repre
sentation to look for possible isotropic emission sources. At 
backward angles and down to ^ 60°, the iso-invariant cross-
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FIGURE 23 Invariant cross sections in the velocity 
plane of a particles measured in coincidence 
with fission fragments ; only large LMT 
(>0.5) were selected (see fig. 14). The so
lid lines represent the experimental iso 
cross section levels and dashed circles cor
respond to isotropic emission from a source 
moving with the velocity of the compound nu
cleus (from ref.* 5). 

section contour lines follow circles centered on the beam 
axis ; the velocity of the emitting source and the ridge of 
maximum cross-section thus deduced are very close to that 
corresponding to FMT. They are strong arguments to state that 
these particles are emitted by fusion-like nuclei prior to 
fission as it was observed ac such bombarding energies with 
C projectiles67. The temperature deduced from the slope of 
the experimental tails of the spectra at backward angles 
reflects therefore the excitation energy of the fusion nu
clei. Assuming isotropic evaporation from fusion-like nuclei 
which have received 80 % of the momentum transfer (the most 
probable value experimentally deduced - fig. H ) a tempera-
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FIGURE 24 Differential He multiplicity as a function of 
the fission correlation angle for various He 
detection angles (from ref.1*5). 

ture of 5 t 1 MeV is derived. This value can be compared with 
what is expected from eq.(3) ; depending on level density pa
rameter values (a = A/8 or A/13) and when subtracting an 
average rotational energy of 45 MeV, T was found equal to 4.3 
or 5,3 MeV. The agreement is good which confirms that the 
f ision-like nuclei emitting these particles had a very high 
excitation energy (500-800 MeV}. 

The variation of the particle multiplicity with the cor
relation angle of fission fragments gives additional infor
mation on the evolution of such emission with excitation 

8 Ht 

15°(xi0*)-

' 4 0Ar(1080 MeV) * Z 3 a U 
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FIGURE 25 Evolution of Che multiplicity of a particles 
evaporated prior to fission as a function of 
excitation energies of fusion-like nuclei 
(from ref. s a). 

energy. If we consider fist the backward emitted particles 

(fig. 24) we observe- a strong increase of the multiplicity ^ 

when the correlation angle decreases, i.e. with increasing 

LMT. Fig. 25 shows more quantitatively this evolution ; the 

total multiplicity of a particles evaporated prior to fis

sion is given as a function of excitation energies of fusion

like nuclei and we observe that about 1.7 particles are emit

ted when 800 MeV excitation energy is reached. 

A surprising effect is observed when looking at the va

riation of the multiplicity of the particles emitted in the 

forward direction (fig. 24). Although this point does not 

directly concern the central collisions, I feel it is worth 

discussing here. Instead of rising continuously with the LMT, 

the differential multiplicity exhibits a. maximum for 8p ̂  140° 

which corresponds to a LMT of about 50 Z and consequently to 

collisions at intermediate impact parameters for which the 
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subsequent fission probability is minimum. A possible explana
tion for these observations has been suggested from the study 
of light fragments (Z - 5 - 12) emitted in the Ar + Ag reac
tions at 27 MeV per nucléon 6 2. For these intermediate impacc 
parameter collisions, the projectile would take away part of 
the target and form with it a hot participant zone. The tar
get remnant would therefore be a nucleus much less fissile 
than U, which would explain a lower probability for a fission 
process. .The deexcitation of the hot participant zone pro
ceeds via multifragmentation and a large number of light 
charged particles and heavier fragments are emitted in the 
forward direction due to the high velocity of the hot zone. 
This can explain the high a particle multiplicity observed. 
A similar and more complete observation has been made for the 
Ar + Au system at 35 MeV per nucléon" 3 (fig. 26). In this 
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o o o . 
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A A * , O O * A A 
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FIGURE 26 Evolution of partial multiplicities (see text) 

as a function of the fission correlation angle 
for the Ar + Au system at 35 MeV per nucléon 
(from ref." a). 
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experiment multiplicities of various elements were measured 
at forward angles (3° to 30*), and their evolution plotted 
as a function of the correlation angle of fission fragments 
or LMT. For a folding angle of about 130°, which corresponds 
to a minimum for fission and to intermediate impact parame
ters (see fig. 15), we also observe a maximum of multiplici
ty for a and light fragments giving more confidence in the 
explanation previously proposed* Conversely, even at forward 
angles, proton multiplicity is constant for central and in
termediate impact parameters and decrease only for peripheral 
ones ; such a large multiplicity for central collisions, 
larger than for a particles, is clearly understood from large 
excitation energies involved. For Z > 8 high multiplicities 
select peripheral collisions and projectile fragmentation 
processes. 

Let us come back now to competition between evaporation 
and fission. I have shown that multiplicities of particles 
emitted prior to fission largely increase with excitation 
energies. Such large emissions prior to fission are not pre
dicted in the theory of evaporation and calculations have 
appeared to try to understand this anomalous behaviour. 
Grange et a l . 6 9 - 7 0 have derived an average fission width 
depending on time which takes into account the influence 
of the nuclear friction along the path leading to fission, 
to follow the neutron fission competition ; a fair under
standing of the enhanced neutron emission prior to fission 
was reached. More recently Delagrange et al. 7 1 have proposed 
a generalized diffusion equation co follow the time evolution 
of an excited nucleus towards fission including along the 
particle decay. The result of this approach is to deduce an 
enhancement of the light particle multiplicities, as compa
red with the predictions of the statistical model for medium 
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systems. But for heavy systems mentioned here this enhance
ment is reduced because of a too short transient time. Clear
ly for such systems and more generally when the fission bar
rier vanishes, due to large angular momenta and/or large tem
peratures 7 2~ 7 1* a full dynamical description (from entrance 
to exit channels) has to be done. 

Finally, from an experimental point of view I would like 
to make a few comments. 

To compare experimental data with calculations the know
ledge of angular momenta is very important but it is not pos
sible, as it was done at lower energies, to deduce angular 
momenta from a sharp cut off approximation. Let us look to 
fig. 27. I think one can distinguish between two types of 
effects which lead to fusion-like. One is pre-equilibrium 
light particle emission which becomes important for all im
pact parameters and the second, more localized in impact pa
rameter, v, -responds to massive transfer. Such processes can 
lead to spin distributions of fusion-like nuclei very diffe
rent from & distributions of the entrance channel, thus making 
comparisons more difficult. 

As previously indicated the knowledge of temperatures 
involved is also very important to perform calculations. By 
using Monte Carlo simulation codes 7 5» 6 8 it seems possible to 
deduce precise temperature information but also average 
spin values for fusion-like nuclei, due to constraints on 
energy spectra of prior to fission emitted particles. Fig. 
28 indicates that evaporation from the fusion-like nucleus 
can account for the bulk of the data and that an upp^r limit 
for the fraction evaporated from the fully accelerated frag
ments can be set at 25 %. Out of plane measurements are now 
needed to derive eventual deformations of fused systems and 
put more constraints on spin and temperature values. 
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FIGURE 27 Schematic diagram of orbital angular momen
tum (i) dependence of reaction processes and 
final fusion-like nuclei angular momentum 
(J) distribution. 
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(f, 'MlV) 
lea 

FIGURE 28 Energy spectra for He particles at different 
detection angles. Smooth curves are from si
mulations for evaporation from fully accele
rated fragments ( ), from the fusion-like 
nucleus (— —) and their sum (—) (from 
ref." 5."). 

The evolution with bombarding energy of evaporation re
sidue and fission cross-sections can also be a good test for 
calculations. Table III gives such an evolution for medium 
mass systems. Nevertheless two processes, namely pre-
equilibrium and prior to fission emissions, compete to lower 
masses of fusion-like nuclei and consequently increase fis
sion barriers and the ratio oVa/CER + °>is- Fig- 29 shows 
the evolution of this ratio for the systems listed in table 
III. It increases rapidly in the bombarding energy region 
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Réf . System E/A un (s of FMI) 3KR °FIS 
(MeV) ER FIS tnb ab 

54 Ar + Ag 4.2 435 + 70 20 ± 10 
II it 4.9 620 ± 90 300 t 100 
II M S.9 620 ± 80 550 t 150 
11 It 7.2 670 ± 100 600 ± 150 

55 II a.4 455 + 50 800 ± 150 

39 II 27.2 64 ± 6 90 ± 5 290 + 45 160 ± 30 

76 Ar+ 1 6 4 Dy 5.5 13 + 2 850 ± 75 

" 6.8 19 + 6 950 ± 70 
II 8.5 31 ± 6 1195 ± 205 

39 Ar4- 1 6 5Ho 27.2 74 ± 3 80 ± 5 160 + 25 560 ± 75 

TABLE III 

1 

—r T 
CortiDlef9 

fusion 

1 J . ' 1 ' | rusion * -

ï> 
, 1 -

£ . -

1 
> 5 fi ' -

*= _ ^ f Ar* l 65Ho -
. • Ar-f Ag / Ar4 l 6 4 0y 

0 1 — T * 1 I i 
-

0.30 
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(E-V0)/A (MeV) 

FIGURE 29 Evolution of <JER/ OER+CTfis for fusion-like 
process with medium mass targets as a func
tion of the incident energy per nucléon 
above the barrier. The liaesare to guide the 
eye. 
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where the two processes appear in a significant way. Most 
probable LOT values for evaporation residues and fission, 
which differ significantly in the case of the lighter system, 
seem to indicaCe that the fission barrier still plays an 
important role in selecting large TJfT and consequently hea
vier fusion-like nuclei. 

3. VANISHING OF THE FUSION-LIKE PROCESS - MAXIMUM ENERGY PER 
NUCLÉON THAT NUCLEI CAN CARRY - INSTABILITY TEMPERATURE 

From fig. 18 we could deduce that fusion-like processes with 
heavy projectiles can be observed over a large energy range, 
up to 80 MeV per nucléon at least for C projectiles32"33. 
Three typical illustrations (fig. 30, 31, 32) of the change 
which occurs around 35 MeV per nucléon when using Ar projec
tiles are presented. The first one is a comparison in the 
mass velocity plane of heavy residues formed in the reaction 
Ar + Sn at 27 and 44 MeV per nucléon ; two groups of pro
ducts corresponding to central and peripheral collisions are 
clearly seen at 27 MeV but at 44 MeV only the second one is 
present. Let us look now at the velocity distribution of hea
vy residues for the Ar + Ag system at 27 and 35 MeV per nu
cléon3 8 , 7 a .The shape of the distribution is completely dif
ferent for the two bombarding energies and the bump at 27 MeV 
corresponding to central collisions cannot be distinguished 
clearly at 35 MeV. Finally fig. 32 shows the fission fragment 
angular correlation in the case of Ar + Th at several bombar
ding energies par nucléon (31, 35, 39 and 44 MeV) 7 9 ; the 
bump corresponding to large LMT has totally disappeared at 
44 MeV per nucléon. 

What is the origin of this vanishing of the fusion-like 
process? Does a fusion still occur but not anymore followed 
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FIGURE 30 Mass velocity spectra of heavy residues for
med in the reactions Ar + Sn at 27 and 44 
MeV per nucléon and detected at forward 
angles (0 -. 10°) (from ref. 7 7). 
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FIGURE 31 

Velocity spectra of hea
vy residues detected in 
Che reactions Ar + Ag at 
27 and 35 MeV per nu
cléon. Detection angles 
are respectively 6 and 
9°. The arrows indicate 
VFMI (from ref. 1 8' 7 8). 
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FIGURE 32 Fission fragment angular correlations for the 
system Ar + Th at 31, 35, 39 and 44 MeV per 
nv.cleon. Curves are drawn to guide the eve 
(from ref. 7 5). 
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by usual statistical decay modes (particle evaporation and 
binary fission) due to too large energy deposits, or does the 
system explode before or after energy equilibration ? Clearly 
a lot of experiments have to be performed to tentatively ans
wer these questions. 

In table IV I have listed,for different systems studied 
at CERN, GANIL and SARA, the values of quantities related to 
the calculated excitation energy from eq.(3). The calculation 
was made for the most probable value of the LMT. To calculate 
the excitation energy, E*, when information about angular 
momenta expected was available, I have subtracted the ave
rage rotational energy of a rigidly rotating sphere. Let us 
consider first heavy systems. In the C + U fusion-like reac
tions up to 84 MeV per nucléon, and for Ar + U at 27 MeV per 
nucléon, the excitation energy per nucléon, e*, remains ra
ther small. For these systems fusion-like process occurs with 
a large probability. 

Very different^are the results obtained at 44 MeV per 
nucléon for the reactions Ar + Th or Ar + U 8 0 and Ar + Sn. 
The probability to observe fusion products seems to be stron
gly reduced. To try to understand these experimental observa
tions I have also calculated the excitation energy which is 
expected to be deposited in the systems at 44 MeV per nucléon. 
For this I have derived the most probable LMT value from the 
systematic pattern of LMT versus the relative velocity of the 
two ions at contact (fig. 18) ; in fact I assume that this 
representsa valid description of the first step of the colli
sion (momentum removed by fast particles) over a large velo
city range. LMT and total and per nucléon excitation energy 
are then indicated within parenthesis in the table. 
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System Slab LMT S* £* T (MeV) Ref 

(MeV/u) ; (MeV) (MeV/u) a-A/8 a-A/13 

C * U 30 0.66 217 0.90 2.65 3.40 32 

O U 60 0.50 363 1.50 3.45 4.40 32 

c » u 84 0.40 39S 1.62 3.60 4.60 33 

Art U 27 0.80 629 T 2.33 4.30 5.50 45 

Art U 44 (0.65) (950) (3.60) (5.40) (6.85) 80 

Ar-t-Ho 27 0.79 607 f 3.08 4.95 6.35 39 

Ar+Sa • 27 0.65* 580 3.87 5.55 7.10 74 

Ar*Sn 44 C0.65) (913) (6.09) (7.00) (8.90) 74 

Ar+Ag 27 0.73 530 + 3.87 5.55 7.10 46 

ArfZn 27 0.70 545 5.67 6.75 8.60 43 

Ar+Al 19.5 0.85 275" 4.37 5.90 7.55 34 

Ar+Al 27 0.74 350" 5.83 6.85 8.70 34 

TABLE IV 

Texcitation energy corrected for expected average rotational 
energy of a rigidly rotating sphere 

*from residues only : taking into account fission would in
crease this most probable value (see table III). 

E* and s* values become larger, especially for Ar + Sn, than 

the ones calculated for" the previously mentioned data ; the 

Ar projectiles at such a bombarding energy bring more exci

tation energy to the system and possibly too much for the 

fused system to absorb and thermalize. But, as compared to 

^•alues deduced for Ar + U at 44 MeV per nucléon, £* is eve.i 

still higher for the studied lighter systems at 27 MeV per 

nucléon. For Ar + Ag £* value is 3.87 MeV and nevertheless 

we do observe fusion-like products with a sizeable cross-

section (see table III). A sizeable cross section is also 

observed for A r + A l for which a e* value of 5.83 MeV is 

reached. The situation is summarized in fig. 33. The two 

open points correspond to the Ar + Sn and Ar + U systems at 
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FIGURE 33 Total and per nucléon excitation energies of 
the fusion-like nuclei (see table IV) versus 
their mass. The vertical bars represent the 
decrease of E* (e*) due to rotational ener
gy. The solid line shows the critical exci
tation energy predicted by TF calculations 
(see text). The dashed areas indicate the 
experimentally observed zone where fusion
like products disappear (from ref. 8 1). 

44 MeV per nucléon for which fusion-like products are obser
ved with a very small probability. Clearly a critical energy 
deposit of about 800 MeV seems to appear for fused systems. 
However we can also discuss the temperatures involved. We 
see that the larger values of z* observed for the lighter 
systems correspond to the higher temperatures if we keep for 
all the systems the value A/8 commonly used at low energy 
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for the levei density parameter "a". Nevertheless at such large 

temperatures, the value A/8 should be regarded with caution. 

The absolute value, but also the evolution of "a" with res

pect to the mass number throughout the periodic table could 

be different and larger temperatures reached for Ar + U and 

Ar •*• Th systems at 44 MeV per nucléon. 

Recently investigations on the properties of highly 

excited nuclei have been done using Hartree-Fock (HF) and 

variational Thomas-Fermi (TF) calculations at finite tempera

ture 8 2" 8". Using the effective Skyrme interactions (SKM and 

SIII), excitation energies were calculated over a large tem

perature range. Then relation between T and E* can be deduced 

assuming E* - aT2 (fig. 34). The values, obtained in both 

types of calculations over a large nucleus mass region, for 

temperatures in the range 4-6 MeV, show that A/13 would be 
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FIGURE 34 Evolution of a (E* = at2) at large tempera
tures (deduced from ref. "). 



46 

B. BORDERIE 
better at such temperatures. Therefore the "level density para
meter" remains a constant fraction of A and previous conclu
sions derived with A/8 still hold (see table IV). For light 
systems e* values deduced from a fusion-like process seem to 
be very close co limiting values calculated in HF and TF 
calculationsaî~a* ; due to the Coulomb repulsion it is found 
that, beyond a critical excitation energy, a nucleus no lon
ger exists. The solid line ejj-m in fig. 33 shows such a limit 
which varies with the nucleus mass and which could explain 
the vanishing of the fusion-like process for the Ar + Sn 
system. More recently using a finite temperature version of 
the liquid drop model Levit and Bonche8s have calculated the 
dependence of the instability temperature TT^„ on the nuclear 
mass A for nuclei along the beta stability line (fig. 35). 

> 
CD 
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i i i i 1 i i i i • | i i _ 

- \ _ 

10 
- \ -

\ 
\ -

^ • ^ ^ 

5 > i i i l i i i i 1 i « 

100 200 
FIGOTF, 35 Dependence of the limiting temperature on the 

nuclear mass. Full and dashed curves corres
pond to calculations with different surface 
tensions. Full points are deduced from expe
rimental data at 27 MeV per nucléon (from 
ref. s s). 
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Such a dependence exhibits a pronounced decrease with A as 

experimentally observed. Moreover "limiting temperatures" 

deduced from experiments (typically from data at 27 MeV per 

nucléon with Ar projectiles) agree rather well with calcula

tions. 

Finally we can indicate that these calculations corres

pond to a situation where a total evaporation of the system 

occurs but not to a situation where the fused system breaks 

into many" fragments (explosion, multifragmentation) ; in 

such a case we can also expect a dependence of z* as experi

mentally observed (fig. 36) due to the binding energies for 

clusters'* . To conclude we can say that the fusion-lik? pro

cess appears as strongly hindered for heavy systems around 

£* values of 4 MeV a s. As a consequence, fusion-like nuclei 

with temperatures of about 7-8 MeV could only be formed with 

light or rather light systems. 

0 50 100 1S0 200 2S0 
MASS (uiui) 

FIGURE 36 Maximum excitation energy per nucléon for 
nuclei along the beta stability line, calcu
lated assuming that clusters of mass A are 
formed with a probability A~T. The calcula
tion is made for different T values (from 
réf."). 
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4. MQLTIFRAGMENTATION - LIGHT FRAGMENT (2 =_ 3 - 12) EMISSION 

I have discussed the vanishing of the fusion like process 
without mentioning what mechanism could take over fusion. 
Multifragmentation87 which corresponds to the breakup of a 
nuclear system in many fragments has to be invoked because 
this process may be governed by various types of instabili* 
ties developing in nuclear matter under particular conditions 
of density, pressure and excitation energy 8 8 - 9 3. Such parti
cular conditions can be fulfilled in heavy-ion reactions at 
intermediate energies. During the dynamical evolution of the 
collision between two heavy nuclei, at relative velocities 
close to the sound velocity (̂  0.2 c), one can think that not 
only hot but also compressed matter appears ; then when the 
nuclear matter expands different instabilities can be imagi
ned to develop. When so large energy deposits are involved, 
one has also to look for possible hot spot formations and their 
consequences. Before a total thermalization, "damages" crea
ted in the fused system by particles emitted from a hot zone 
can produce a multifragmentation process (nuclear percola
tion) * as proposed to explain the data observed with protons 
at very high incident energies ; in this latter case "damages" 
in the target come from primary nucleon-nucleon collisions. 
Finally one can also indicate that the whole nuclear system, 
or part of it, instead of deexciting "slowly" along a statis
tical process, may break rapidly into many fragments. 

Experimentally, using first carbon projectiles, the pre
sence of light fragments (Z s 3 - 12) was shown as a new class 
of products33»9 » 9 6 in heavy ion collisions at intermediate 
energies. Whereas such fragments observed with velocities 
close to the beam velocity can be understood as products 
from a quasi-fragmentation of the projectile10'12, another 
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FIGURE 37 Absolute cross-sections for the Ar + Zn reac
tion at 27 MeV per nucléon. The solid points 
correspond to the quasi-fragmentation cross-
sections and the open circles to total cross-
sections (from ref, a 3). 

explanation is needed for the production of the slower ones. 

Moreover, if statistical calculations predict that the emis

sion of light fragments is favored from excited nuclei at 

high temperatures ("» 5 MeV) 3 7, they cannot account for the 

qualitative shapes of the energy spectra experimentally ob

served 6 2' 9 8. Fig. 37 illustrates the large increase observed 

for the production of masses lighter than about 20 in heavy 

ion collisions at intermediate energies. In fact, such re

sults were obtained for the Ar + Zn system at 27 MeV per nu

cléon**3 for which we do observe a. sizeable fusion-like cross 

section (table I) and a similar observation had been made 

i 0Ar + 6 8Zn E =1102 MeV 

J I L 
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FIGURE 38 Contour plots of invariant cross-sections for 
different elements as a function of parallel 
and transverse velocities (from ref. ). 

for the C + Au system at 30 MeV per nucléon . To determine 
the existence of possible emitting sources, energy spectra 
covering a large range were measured at different angles 
(6 - 50°) for the reaction Ar + Ag at 27 MeV per nucléon52 

and were transformed into invariant cross-section in veloci
ty space (fig. 38). Clearly appears a high velocity compo
nent, as circles centered at a velocity slightly lower than 
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the beam velocity, which can be attributed to a quasi-frig-
mentation process. What is more surprising is the shaj jf 
the lower parallel velocity part. It resembles very much 
what is expected from emission from the fireball" as obser
ved at higher energy. In this model a piece of very hot nu
clear matter (fireball) is formed by the overlap between the 
projectile and the target (see fig. 44). The fi..eball. in 
its reference frame, is assumed to be thermalized and de-
excite through a volume Maxwellian type emission without 
Coulomb barrier 

which indicates that fragments are not emitted from a nu
cleus 1 0 0. T is the slope parameter often related to a "tem
perature" of the source in terms of hot Fermi gas. The nas
cent fragments are then accelerated by the Coulomb repulsion 
of the target remnant at rest. This repulsion term, parame
trized as ZE C for fragments with atomic number Z, appears, 
when transforming the differential cross-section into the lab 
system, as an extra kinetic energy of the fragments 1 0 1 : 

d 2 0 U 2 E-ZE +E -2E S
/ 2(E-ZE ) 1 / 2cos8 

W l a b " &-ZV1-2 «P-( ^ — | £ ) (12) 
Eg is the energy of the fragments which have the source velo
city v s. As an example fig. 39 shows the invariant cross-
section pattern calculated for emission of boron fragments 
from such a source. We can notice that, because of the Cou
lomb repulsion terra, the invariant cross-section contour lines 
would not follow circles centered around v s ; moreover the 
maximum is shifted to a velocity higher than Vg. The similarity 
between fig. 39 and the experimental data for boron (fig. 38) 
is particularly striking. In fig. 40 the importance of this 
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vtf tcm/ns) 

FIGURE 39 Contour plots of invariant cross-sections for 
boron calculated from the intermediate velo
city source (see text), using the mentioned 
parameters, as a function of parallel and 
transverse velocities (from r e f . S 2 ) . 

component (dashed lines) can be compared to total energy 
spectra ; parameters used are those mentioned in fig. 39. 
Tull lines are obtained from the calculated sum of three 
components : the source previously mentioned, a fragmentation 
type source characterized by a Gaussian momentum distribution 
P(p) « exp -((p-P 0) 1/2a I) in its reference frame and a third 
one assumed to be the fusion-like nucleus. The emission from 
this latter source was taken as a surface type Maxwellian, 
isotropic in the c m . system : 

d 2 0 
dfidE (E - B) exp -((E - B)/T) (13) 

The agreement between the calculated sua and experimental 
data is rather good at all angles. Nevertheless it appears 
that the contribution of the emission from the fusion-like 
system, normalised at the top of the 50° spectra, is not 
sufficient to reproduce correctly the low energy region. The 
calculated curve is narrower than the experimental one. This 
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10 

150 200 250 
Elab(MeV) 

FIGURE 40 Inclusive energy spectra for the reaction-
Ar + Ag at 27 MeV per nucléon. Boron nuclei 
were detected at several angles. The dashed 
lines correspond to the intermediate veloci
ty source component and solid lines denote 
the spectra calculated using three sources 
(see text) (from ref. 6 z). 

may arise, on the low energy side, from the sharp cut-off 
barrier used in the evaporation formula. Also, it has been 
shown that for fragments heavier than carbon, evaporation 
spectra had no longer a Maxwellian shape but a Gaussian 
shape1 ' 1 0 3 with widths depending strongly on excitation 
energy of emitters ; formula (13) would therefore under
estimate both sides of this component. Fig. 41 shows the 
same kind of analysis for oxygen nuclei detected in 
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6 8 Z n E=.1102MeV 
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FIGURE 41 Energy spectra of oxygen nuclei measured ac-
six lab. angles in the Ar+Zn reaction. The dotted lines 
correspond to the intermediate velocity source. The 
dashed lines represent the component due to quasi-
fragmentation and the dashed dotted lines indicate the 
component resulting from evaporation of fusion-like nu
clei. The solids lines are the sum of the three compo
nents and the open circles are the difference between 
the experimental cross sections and those corresponding 
to the solid lines (from réf . " ) . 
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FIGURE 42 Expérimental cross sections for light element 
production in the reaction Ar + Ag at 27 MeV 
per nucléon. Products from projectile frag
mentation processes are not taken into account. 

the reaction Ar + Zn at 27 MèV per nucléon ; the agreement is 

still good. Element yields corresponding to intermediate velo

city source and emission from fusion-like nuclei are indica

ted in fig. 42 for the reaction Ar + Ag ; integrations in 

each reference frame wc.re done assuming isotropic emis

sions. The element cross sections corresponding to the inter

mediate velocity source are veil described in terms of a 

simple power law doVdZ <•= Z - 3- 0. Such a power law dependence 

is observed over a large bombarding energy domain (30 A MeV 

to 100 A GeV) with protons, alpha particles or heavy projec

tiles and the physical meaning of such a dependence is not 

clearly understood. Moreover Aichelin and Huefner10" have 
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shown that any theory which contains the minimal assumptions 

of maximal entropy and charge conservation should be able to 

describe the observed yields of light products. For evapora

tion from fused nuclei we observe smaller cross sections and 

a more rapid decrease when Z increases. The dashed line, 

which -ffĉ s rather well with experimental data, was obtained 

assuming a statistical emission ; the yield was taken propor

tional to exp(-Bz/Tz) whereBz is the emission barrier for nu

cleus Z and T zis the temperature at the barrier. A systematics 

for B z was deduced from ref.
5 5 ?nd only two isotopes, as ob

served experimentally, (A » 2Z and 2Z+1) were taken into ac

count. I z was deduced from complete fusion (E* - 676 MeV) but 

a negligibla change in the evolution was obtained with exci

tation energy corresponding to the most probable LMT 

(E* « 530 MeV). Calculations were normalized to the data at 

Z » 5. 

Before discussing the physical meaning of parameters in

volved in eq.(12) f want to mention that at 44 MeV per nucléon 

in the reaction Ar + Au, for whr'- central collisions are 

expected tn lead to total evapors ion, explosion or multifrag-

mentation, a power law is also observed (fig. 43) with cross-

- FIGURE 43 

Production cross-sections of 
fragments with A » 6 - 18 in 
the reaction Ar + Au at 44 

Y=Csfe * & -d MeV per nucléon (from 
3 ref. ï o s). 
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sections ulightly larger than for Ar + Ag even after correc
tion for target masses 1 0". 

Let us now come back to the intermediate velocity source 
and the physical meaning of its parameters. I will discuss 
first the velocity of the source vg and the Coulomb repul
sion E c . 

At relativistic energies the fireball model" introdu
ced the concept of a very hot participant region, defined by 
the geometrical overlap between target and projectile. For 
the asymmetric system Ar + Ag, such geometrical considera
tions would imply a larger number OJ. participant nucléons 
from the target than from the projectile ; the velocity of 
that zone would therefore be smaller than the observed one 
equal to vt, e a i r t/2. The experimental observation of a source 
moving with v - vj, e a m/2 would suggest a slightly different 
mechanism in the Fermi energy region : at intermediate impact 
parameters the (light) projectile takes away a part of the 
target nucleus (fig. 44). The difference with the fireball is 
that the whole Ar projectile participates, there is no spec
tator projectile fragment. The number of participant nucléons 
issued from the target nucleus can then be on the average 
very close to the number of projectile nucléons- The average 
velocity of the participantball is consequently close to 
v b e a m / 2 . With the assumption of 70 to 90 participant nucléons 
we can deduce impact parameters in the range 3-5 fm". It is 
clear that, depending on the system and relative velocities 
of the two incoming ions or impact parameters, the velocity 
source can differ significantly from V j 3 e a m / 2 . 

The value of E c can give some information about the po
sition of the source and about the size of an eventual tar
get remnant. A value of 7 MeV corresponds to a very strong 
Coulomb repulsion and would be obtained in the situation des-
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INTERMEDIATE IMPACT PARAMETERS 
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FIGURE 44 Schematic description of mechanisms involved 
in heavy ion collisions at intermediate im
pact parameters, 

cribed above «here a target spectator of about 60-30 nucléons 

is present and'where the participant ball explodes very ra

pidly into fragments. This value of E c gives more confidence 

in the mechanism proposed and the situation for intermediate 

impact parameters, depending on incident energy, would be re

presented in fig. 44. At low energy deeply inelastic colli

sions occur and the projectile is completely stopped by the 

target. Then around the Fermi energy the projectile takes 

' away a part of the target to form a participant ball which 

shares an excitation energy per nucléon of about 6 Me7 (see 
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fig. 33) and explodes in a very short time before leaving the 

collision zone ; it is the mechanism expected for central col

lisions at higher energy G£ 40 MeV per nucléon with Ar beam). 

Finally at high energy only nucléons from the zone defined by 

the geometrical overlap between projectile and target inter

act. 

What is now the signification of the parameter T ? As 

it appears in eq. (11) T should be a temperature and some 

authors have assimilated it to a temperature if one considers 

the source as a hot Fermi gas emitting fragments. It is then 

related, for an equal number of target and projectile nu

cléons (our case for the reaction Ar + Ag), to the source 

velocity by T = (2 HIQ v s ep/ir
2)1''2 where mo is the nucléon 

mass and ep = 38 MeV the Fermi energy. This calculation would 

lead to a value T - 10 MeV, substantially smaller than the 

experimental value of 15 MeV. This appears to be a general 

trend when using such a source parametrisation. The discre-

pency may come from approximations, such as a constant volume 

of the participant ball. It may well be that in fact this nu

clear system is compressed and then expands while it deexcites. 

Clearly ve need a better understanding of the formation of 

this source to really obtain the physical meaning of the pa

rameter T and its connection with a temperature. 

Very recently experiments have been performed to obtain 

a temperature measurement which can be compared to values of 

the parameter T inferred by fitting kinetic energy spec

tra 1 0 6" 1 0 8. For this purpose properties of the population 

distribution among the excited states of a system in statis

tical equilibrium.which depends on temperature, were used. 

A first approach was done involving a measurement of the 

relative population of ground and particle stable excited 

states 1 0* 3" 1 0 7 for 7Li, 7Be, 6Li and aLi in the reaction N+Ag 

at 35 MeV per nucléon. 
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In the simplest picture of a system in "hermal equili

brium with no feeding by particle decay the ratio. R, of the 
population of two states, is : 

2 J + 1 . 
R - ̂ _ e x p - (||) <H) 

gs 
where J and J are the spins of the ground and excited gs ex 
states,respectively, and AE is the energy difference between 
the states. This ratio is not directly measurable and y~ r ay 
detectors measured the excited state populations via their 
decay while particle detectors measured the production of 
both the excited (lifetimes of the y~ray emitting states are 
short compared to the flight time of the nuclei) and ground 
states. The ratio of the two measurements f is related to the 
population ratio by f - R/O+R) and fig. 45 gives the depen
dence of f on temperature. Fig. 46 indicates temperature 
values deduced from f for the different nuclei studied. They 
are located around 0.5 MeV while values deduced from kinetic 
energy spectra are found equal to 12. ± 2 . MeV in good agree--
ment with other measurements in this bombarding energy region. 
A so small value, largely smaller than the range 3-5 MeV ex
pected for fusion-like nuclei for example, could be under
stood in terms of final state interactions109 which produce 
a depopulation of the excited states and also by feeding 
from higher lying particle unstable states. 

A second approach was used in order to reduce the ef
fects from sequential decay and temperature values were deri
ved from the population of short lived particle unstable 
states 1 0 8. Measurements of the population of particle un
bound states for sLi, 6Li and 8Be in the reaction Ar + Au at 
60 MeV per nucléon were performed. Temperature values were 
extracted by integrating the calculated decay yields over 
ranges of excitation energies dominated by the decays : 
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a function of tem
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FIGURE 46 Experimental nuclear temperatures deduced 
from the fraction of nuclei in their excited 
states (from ref. 1 0 7). 
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5 M 0 . 0 * a + p ' 5 L i16.7 * d + 3 H e • 6 U2.18 * a + d ' 8 B e3.04 * 2 a 

au- 8 B e
1 7 f. "*• p+7Li» The presentation of data was done using 

the correlation function, R(q), which is defined in terms of 
the singles yields, Y^p^) and Y2(p2)» and the coincidence 
yields, Yi2(Pl»P2) : 

Y 1 2(p rP 2) - C^.Y/^) Y 2(p 2) (1 + R(q)) (15) 

p and p are the laboratory momenta for particles 1 and 2 ; 
q the momentum of relative motion between the two coincident 
particles ; C t 7 is a normalisation constant which was deter
mined by requiring R(q) =• 0 for Large relative momenta. Then 
the experimental correlation functions were obtained by inser
ting the measured cross sections into eq.(15) and summing 
both sides of the equation over all energies and angles cor
responding to a given momentum q. Fig. 47 shows such a corre
lation function for coincident protons and 7Li nuclei. It 
exhibits several structures resulting from the decay of high 
lying states in 8Be", then permitting sensitive measurements of 
emission temperature over a rather large range. In fig. 48 
energy spectrum resulting from the decay of particle unbound 
states in sLi is presented ; the curves correspond to thermal 
distributions and the best fit to data is obtained for T = 5 
MeV ; such a value is confirmed by more sensitive results ob
tained for 5Li and 8Be nuclei (fig. 49). This value is again 
considerably lower than the temperature parameters which cha
racterize the kinetic energy spectra of light fragments emit
ted in Ar induced reactions on Au at 60 MeV per nucléon 
(T = 20 MeV). However, the consistency of the present results 
obtained from different nuclei gives confidence in the method 
(small decay of highly excited primary fragments) and at the 
present time this value of about 5 MeV can be considered, for 
the studied system, as a lower limit for the source emitting 
light fragments. 
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FIGÛHE 47 Cor re l a t i on func t ion for co inc iden t protons 
and 7 L i n u c l e i measured for """Ar induced 
r e a c t i o n s on Au a t E/A » 60 MeV (from r e f . 1 0 8 ) . 
(see t e x t ) . 



64 

B. BORDERIE 
M3U-4S-I8? 

EJutMtV) 
4 6 8 

I ' 1 
'Ar, ad)X, E/A»60M«V 

i v . \ i K K - . J 

FIGURE 48 
Energy spectrum 
resulting from the 

-j decay of particle 
unbound states in 
6Li. The curves 
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I mal distributions 
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FIGURE 49 Yield ratios NJ/NJJ (low over high) correspon
ding to .the decays of 5Li and aBe nuclei. The solid 
curves show Che calculated ratios as a. function of. the 
temperature and the dashed lines indicate the range of 
experimental values (T=»4.6±0.7 MeV from sLi and 
T-4.2+0.5 MeV from 9Be) (from ref. 1 0 8). 
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Clearly puzzling problems subsist and future theoretical 
treatment of the désintégration of highly excited and compres
sed nuclear matter will be required to explain the low 
"final" temperatures observed. 

Experimentally the detection of eventual target remnant 
in coincidence with light fragments can put more constraints 
on excitation energies involved in the hot nuclear zone. 
As a consequence the experimental study of multifragmenta-
tion or explosion, expected when large excitation energies 
per nuclear are involved (6 to 3.5 MeV depending on masses of 
the nuclear system), could be more easily investigated when 
it occurs at intermediate impact parameters (fig. 44). 

Some considerations developed in these three lectures 
are very speculative and a lot of questions are still pending, 
leaving open a large field for new theoretical and experimental 
works in this very crucial bombarding energy zone around the 
Fermi energy. 

It is a pleasure to thank J.P. Coffin, H. Delagrange, 
H. Fuchs, C. Grégoire, M. Lefort, F. Rami, M.F, Rivet and 
B. Tamain for stimulating and fruitful discussions and my 
colleagues from Orsay, Bruxelles and Caën for permission to 
use recent results before publication. 
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