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Abstract

For several years a new field in nuclear physics has been opened by the opportunity to accelerate
heavy ions through an energy domain including the Fermi energy of nucléons. This new domain
has to be seen as a link between dissipative processes observed at low energies, dominated by
mean field considerations, and high energy collisions for which nucleon-nucleon collisions play an
important role. This paper reviews our present knowledge on peripheral collisions. A reminder
of contiguous energy domains is done as well as their extension in the new field. Specific cal-
culations are also presented. Finally a wide comparison between experiments and calculations
is performed. A fast dissipative stage proves to be responsible for the dominant mechanisms
involved, at least when the incident energy is lower than 50 MeV/nucleon.

Résumé

Un nouveau champ d'études de la physique nucléaire s'est ouvert depuis quelques années
avec la possibilité de réaliser des collisions noyau-noyau dans un domaine en énergie franchissant
l'énergie de Fenni des nucléons. Ce nouveau domaine constitue le lien entre les processus dis-
sipatifs observés à basse énergie, dominés par le concept de champ moyen, et les réactions à
grande énergie pour lesquelles les collisions nucléon-nucléon jouent un rôle important. Cet arti-
cle sur les collisions périphériques fait le point sur l'état actuel de nos connaissances. Après un
rappel des domaines en énergie connexes, de leurs éventuelles extensions dans le domaine con-
sidéré, des calculs spécifiques au domaine sont décrits. Enfin une importante comparaison calculs
théoriques-expériences est présentée. Une dissipation en énergie très rapide est responsable des
processus dominants observés jusqu'à des énergies incidentes d'environ 50 MeV/nucléon.



Introduction
The last eight years have seen the beginning of the exploration of heavy-ion induced nuclear

reactions between 15 and 100 MeV/nucleon, filling the gap between two domains where the
known intervening reactions mechanisms are completely different. At low energy the total cross
section is dominated by dissipative processes generated by the strong role of the nuclear mean
field [LE78]. Going from peripheral (or grazing) to central (head-on) collisions occur first the
deeply inelastic collisions (DIC): the two incoming nuclei come into contact, form a dinuclear
system ; then two fragments , whose masses remain close to the incident ones, re-separate with
a relative kinetic energy smaller than the incident one. The lost kinetic energy is turned into
excitation energy of the two fragments. For the more peripheral collisions only part of the
energy is transformed, and the DIC are said "incompletely damped"; when the kinetic energy
in the outgoing channel is equal to the Coulomb repulsion of the two final fragments, the DIC
are completely damped. In central collisions, the system formed by the colliding nuclei becomes
more compact, which leads to a fusion reaction. At much higher incident energy these central
collisions induce a complete explosion of the system. The results obtained in peripheral collisions
at high energy were explained by geometrical considerations, leading to a clean cut between the
overlapping (participant) zone and the two parts which do not overlap (spectators, or projectile-
like and target-like fragments) [BC86]. There is no dissipation in the sense that the velocity
of the spectators is equal to that of the incident partners. However an enormous excitation
energy is stored in the participant zone. This process is often called projectile fragmentation or
abrasion.

The energy domain recently opened was expected to be a transition zone with one benchmark
located inside: the Fermi energy of nucléons inside the nucleus (25-38 MeV, depending on the
atomic mass ), which largely enhances the probability of nucleon-nucleon collisions. The involved
mechanisms could therefore be viewed as downward extension of the high energy concepts,
or conversely as the low energy ideas pushed upwards. Actually the former approach was
applied to peripheral collisions; indeed at first glance the experimental observables, such as
the projectile-like fragment (PLF) energy spectra, their element (Z) distribution or the PLF
neutron-to-proton ratio were rather reminiscent of high energy properties. The Z-distribution,
for instance, appeared not easily reconciliable with that observed in low-energy DIC. However
the first experiments on peripheral reactions were inclusive experiments, and detailed studies of
the PLF properties were done mostly for those fragments emitted at very forward angles. The
rapid evolution of the PLF characteristics with increasing detection angle, the use of heavier
beams (Кг) now available, and above all the exclusive experiments where the PLF was detected
in coincidence with its target-like partner (TLF), or with the light particles emitted during the
interaction, throw some doubt on the presumed rapid disappearance of DIC in favor of the
fragmentation process. Simultaneously semi-classical calculations were developed and support
the idea that a strong dissipation was still occuring.

The aim of this paper, in the light of the experimental data available, is to try to understand



which mechanism dominates peripheral collisions in the Fermi energy domain.
The first chapter reviews the fragmentation pictures developed at high energy (E > 100

MeV/nucleon), based on geometrical properties and internal nucléon momenta. The second
treats of the models for deeply inelastic collisions mainly used below 10-15 MeV/nucleon; these
models refer either to a stochastic exchange of nucléons between two interacting nuclei or to
a diffusion equation governing macroscopic quantities of a composite system. A large place is
devoted to calculations recently developed by one of the authors (L.T.), which have been also
compared with many experimental results in the Fermi energy domain. Also presented is a
review of the recent low energy experimental results which concern pending questions, namely
excitation energy division and mass and charge drift. In the third chapter calculations for
the Fermi energy domain are presented: semi-classical simulations which take into account the
interplay between mean field effects and nucleon-nucleon collisions, and extended high energy
models including some dissipation. The fourth chapter is devoted to the comparison of a large
set of experimental data obtained in the Fermi energy domain with models and calculations
mentioned in the previous chapters.



Chapter 1

High energy fragmentation process

1.1 The participant-spectator model

Fragment spectra observed in high energy heavy-ion collisions (0.2-10 GeV per nucléon incident
energies) have the following features. At zero degree they are peaked at velocities equal to the
beam velocity, while at large angles the spectra are essentially structureless and vary smoothly
as a fonction of fragment momentum. The dominant yields at large angles are mainly from
elementary particles such as nucléons and pions, whereas at zero degree several isotopes with
mass numbers less than the beam nucleus are produced.

These observations readily suggest a simple picture of the collision geometry, as shown in
Fig 1.1. This is called the participant-spectator or fireball model [GO77,HU78] which rests on
the following three assumptions:

(i) straight-line geometry- The projectile nucleus moves on a straight line even while in-
teracting with the target nucleus. In this way, an overlap or interaction zone (the volume of
intersection between a sphere and a cylinder) is denned for each impact parameter b. Nucléons
in this zone are called the "participants", the remaining nucléons of target and projectile are
called "spectators". The number of participants nT{b) from the target [np{b) from the pro-
jectile) follows from geometry. Thus, the total energy and angle integrated double differential
cross section for the observation of one nucléon of the fireball is simply derived from the mean
number of participants:

a = fdH [nT{b) + nP{b)) = ATnRP + APirR2
T (1.1)

where Ap, Ar,Rp, RT axe nucléon numbers and radii for projectile and target, respectively.
Then the one-nucleon inclusive cross section and therefore the normalization of the double
differential cross section is a geometrical property.

(ii) Thermalization- The participant nucléon energy from projectile and target is thermalized:



Figure 1.1: An illustration of the straight-line geometry in collisions between nuclei at high
energy. An incoming projectile with momentum po per nucléon ploughs through the target.
The nucléons from the overlap zone (hatched area) are called "participants"; the other nucléons
remain "spectators".

the total available cm. energy Ec.m. in the overlap zone is converted into random motion. For
non-relativistic energies

jp (1Л - F ПТ(Ь)ПР{Ь) h 9ч

Ec.m.(b) = E0 , . , . (1.2)
ПТ\О) + Пр(и)

where EQ is the energy per nucléon of the projectile. If, in addition, the nucléons are con-
sidered as an ideal Boltzmann gas, each participant nucléon acquires a Maxwell distribution
in momentum space with a mean linear momentum < p[b) > and a temperature т[Ь). The
differential inclusive one-nucleon cross section is then

dp
= fd2b (nr(6) + nP(b)) W(p,b) (1.3)

W{p, b) = exp[-(p- < p(b) >)V(2mor(ô))]/[2mO7rr(6)]3/2 (1.4)

where m0 is the mass of a free nucléon.
(iii)Energy and momentum conservation- The mean momentum < p > and the temperature

r (in units of energy) are the only parameters in the fireball model. They are completely
determined from energy and momentum conservation:
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Here po is the momentum per nucléon of the projectile.For relativistic energies equation 1.2
becomes

Ec.m\b) = [(nP(6) + nT(b)Ym2 + 2nP{b)nT(b)mEo}1'2 (1.7)

where m is the mass of the bound nucléon, and

W[P,b) = exp[(P
2(6)

where .Ко and й^ are MacDonald functions. Assuming a relativistic ideal gas of nucléons
r(6) can be expressed as

m0 ДЦтр/гР)) _ Ec.m.(b)
+ т{Ь) К2(тп0/т{Ь)) {nT{b) + nP(b))r{b) { *>

By summing over impact parameter and weighting each impact parameter by 2кЬ a direct
comparison can be made with experiment. Fig 1.2 shows a comparison between the model and
the measured proton inclusive spectra [GO77]. Despite the crudeness of the model, and the fact
that there are no adjustable parameters involved, the overall agreement is good. The collision
geometry was also verified via the cross section of nuclear charges from the participant piece
which obeys the very simple relation derived from eq 1.1

„PARTICIPANT _

from projectile

= wro[ZpAT' + ZTAP ) ll-lOy

where Rr,Rp = го{Ат, Ар)^3,г0 ~ 1.2fm, and via the total yield of nuclear charges of the
beam spectators which is given by

J>ROJ.SPECT. <7 2/ ,«1/3 , Л/3^2 2 г, tijZ

total cross section proj. part.

= vr$Zp{A2J* + 2AP

/iA]/3) (1.11)

Fig 1.3 shows the total yield of the nuclear charges [NA80J calculated from data taken at
10° < в < 145° after extrapolation to 0° and 180°. Most are from the participant piece and the
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Figure 1.2: Measured proton in-
clusive spectra from a uranium
target at 30, 60, 90, 120 and
150 degrees (except for 20iVe at
250 MeV/nucleon) in the labo-
ratory. The solid lines are cal-
culated with the fireball model.
From [GO77].
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Figure 1.3: Total cross section of nuclear charges at
large angles (participants). The dashed line is calcu-
lated with the participant-spectator model (eq. 1.10).
Data are from [NA81].
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agreement with, eq 1.10 is fair. For projectile spectators the experimental points shown in Fig 1.4
were calculated [NA80] from the data by [LI75]; the simple geometrical picture explains rather
well the evolution with target mass but a complete agreement is obtained with ro = 0.95/m; this
deviation from r0 = 1.2/m can be understood from the difficulties to extrapolate the participant
component at 0 and 180 degrees. The above comparison tells us that the participant spectator
model describes reasonably well the geometrical aspect of high energy collisions. However this
model is only meaningful when the de Broglie wave length of the relative nucleon-nucleon motion
is shorter than the internucleon distance inside the nucleus, which is satisfied for projectile
energy per nucléon larger than 50 MeV. As a consequence a direct application of this model
in the Fermi energy domain has to be considered with caution. As far as the participant zone
is concerned, the fireball concept was only used to tentatively explain intermediate velocity
sources of light particles or intermediate mass fragments. We have to emphasize that, in the
Fermi energy domain, it is experimentally much more complicated, due to a smaller velocity
range, to characterize unambiguously the various sources of light products. On the other hand
characteristics of the projectile spectator, also called projectile like fragment PLF, which can be
very well studied experimentally, have been extensively compared with the model.

We will now focus on the properties of the projectile spectator and finally present some
improvements to correctly extend the participant model at lower energy.

1.2 Projectile fragmentation- The statistical approach of
Goldhaber

When looking at inclusive PLF production at high energies, (remind that they are emitted in
the very forward direction with almost the beam velocity), over a wide range of nuclei from the
projectile down to very light masses, the fragments were found to have a momentum distribution,
in the rest frame of the projectile, described by a gaussian distribution (Fig 1.5)

С is a normalization constant and py and p± are the fragment momenta in the directions
parallel and perpendicular to the beam. o\\ and cr± are the associated variances and p0 the
average momentum shift in the projectile frame. A good fit to the data is obtained by assuming
°ïl = °x • Another important piece of information concerns the evolution of the variances versus
the fragment mass (Fig 1.6): they display a parabolic dependence which can be parametrized
as

=<x± = B{K{A - К)У'2 (1.13)
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Figure 1.5: The projectile-frame
parallel momentum distribution
for 10Be fragments from 12C at
2.1 GeV/nucleon on a Be target.
The mean momentum
< p|| > = —30 Mev/c and stan-
dard deviation стц = 129 MeV/c
are indicated. From [GR75].
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Figure 1.6: Plotted are the target-averaged
(from Be to Pb) widths <тц of the projec-
tile-frame parallel momentum distributions
versus projectile fragment mass. The sym-
bol indicates the charge of the fragment.
These data refer to lGO fragmentation at
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Figure 1.7: Reduced widths aQ measured for 40Ar frag-
mentation at 213 MeV/nucleon, 1GO fragmentation at
2.1 GeV/nucleon and 1 2C fragmentation at 1.05 and
2.1 GeV/nucleon. The data represent the mean value and
spread of a0 for each fragment mass K. The full lines are the
Сто predictions by Goldhaber, with pF deduced from electron
scattering measurements.



where A and К are respectively the mass of the projectile and of the fragment and В is a

normalization constant.
In his statistical approach, Goldhaber assumes that К random nucléons (the projectile spec-

tator) are suddenly abraded from the projectile. What is then the mean square total momentum
p\1 The mechanism produces a spectrum of fragments which appears to represent essentially
all possible combinations of the nucléons in the projectile. Applying momentum conservation,
one has

< p\ >= K(A -K)<P
2> [{A - 1) (1.14)

and since data show that the quantity В does not vary with fragment mass number K, the
relation

a2 = alK{A - K)/{A - 1) (1.15)

can be derived. Since a corresponds to a single cartesian component of the momentum рк,
we get

a2 =< p2 > /3 (1.16)

In a Fermi gas model

< P 2 > = ^ , (1.17)

and the reduced width GQ is then equal to a\ = ^p. Hence, in principle, relation 1.13 can
be used in order to determine the Fermi momentum of the nucléons inside the projectile. Using
values for pF — 220—250 MeV/c (depending on the projectile), deduced from electron scattering
measurements [MO71] one gets a0 — 98 —112 MeV/c, which is somewhat higher than the values
deduced from projectile fragmentation (Fig 1.7), which are found close to 90 MeV/c. However,
taking into account the correlations between the momenta of individual nucléons localized in
space (Pauli principle), Bertsch [BE81] has shown that a complete agreement is obtained; for
40 Ar projectiles and a fragment with half the projectile mass, the a0 value of 112 MeV/c should
in fact be reduced to 93 MeV/c.

After the presentation concerning high energy reactions, in which geometry dominates and
the binding energies of individual nucléons become less important than their Fermi motion,
we want to discuss now the observed deviations from the rather pure mechanism previously
described. First when decreasing the bombarding energy of the projectile down to about
100 MeV/nucleon, <тц and a± differ significantly from one another: a strong anisotropy is ob-
served for all fragments [VA79], which was explained by considering the dispersion due to the
orbital deflection of the projectile in the nuclear and Coulomb fields of the target prior to abra-
sion; the large fragmentation cross section implies that a wide range of impact parameters leads
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Figure 1.8: Observed a± for each iso-
tope for (a) 1SO+AI, 117.5 MeV/nucleon;
(b) 16O + Au, 117.5 MeV/nucleon;
(c) 16O + Al, 92.5 MeV/nucleon; (d)
16O + ^u , 92.5 MeV/nucleon. For
(a)-(c), the fitted curves axe the best
two-parameter fits (<XQ and oi both
unconstrained); curves in (d) are for
cr0 = 78.9 MeV/c; values of a2 from 0
to 300 MeV/c to show the presumed
evolution of oj_ as one goes from the
extreme relativistic case to lower ener-
gies where the orbital dispersion of the
projectile becomes significant. From
[VA79].
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to different deflection angles, which gives an additional dispersion of the transverse momentum.
The lower is the bombarding energy the larger is the additional dispersion. Including orbital
deflection and extending the derivations from [GO74] , it is found that

п a T 1 1 8 1

^ - a°KWl) + A(A - 1) °> ( L 1 8 )

where 0% is the usual term due to the intrinsic nucléon motion and of is the variance of
transverse momentum of the projectile at the time of abrasion (Fig 1.8). The expected values
of <72 can be calculated from the classical deflection function 6{b) of the projectile in the nuclear
and Coulomb potentials. The range of impact parameters is deduced from the fraction of the
totai cross section which appears as fragmentation: this fraction defines the range in impact
parameters {b0, R) over which the deflection function operates in a sharp cut-off approximation.
Then in terms of the deflection function the variance is given by

°\ = -PA [ Nib) sin2 0{b) db (1.19)

Here R is the sum of target and projectile radii R = ro(A]lz + A^3) and N{b) = 26/(R2 - 62)
is the weighting factor for the impact parameter. For realistic nuclear potential well depths the
derived values of a2 reproduce the general trend of the data (Fig 1.8).

Another feature was pointed out by Legrain [LE80] concerning striking systematic obser-
vations for E/A ~ 100 MeV/nucleon: while <тц and етх f°r fragments with different masses
follow approximately the description of an intrinsic momentum distribution modified by orbital
dispersion, for fragments with the same mass but different atomic numbers, there is a small but
systematic decrease of the widths when the atomic number increases. Such a charge effect was
imputed to a Coulomb final state interaction between tha fragments and the protons dissociated
from the projectile (participant protons) [WO82]. Within this assumption a\ can be expressed
as

- l l (1.20)

where the two first terms are nothing but eq 1.18. The contribution from the Coulomb
repulsion between one dissociated proton and a fragment of charge ZR is given by:

_2 2mpêZKK , _ ч

where mp is the proton mass and TQA1/3 the mean initial separation between a dissociated
proton and the fragment. The positive (negative) sign in eq 1.20 indicates positive (negative)

11



scattering angle. Fig 1.9 shows the result of such an analysis [WO82] for the reaction Ar + С at
118 MeV/nucleon [LE80]. a± ls satisfactorily reproduced with er0 = 80 MeV/c, a-i - 150 MeV/c
and a radius parameter r0 = 1 fm (solid curves) or with (To = 90 MeV/c, a2 = 150 MeV/c and
a radius parameter r0 = 1.2 fm (dashed curves). The assumption of a negative scattering angle
leads to a very small charge effect and is inconsistent with the data.

The third deviation from a pure projectile fragmentation picture was observed with a heavy
projectile: 139La at 1.2 GeV/nucleon [BR88]. The transverse momentum distributions of the
fragments were found gaussians but broader than predicted by eqs. 1.15,1.16 and 1.17. The
larger a± observed do not seem to be due solely to Coulomb effects but, because of the mass
of the projectile fragment (A=60-130), are consistent with a scheme whereby nucléons from the
participant region are stopped by the nuclear matter of the heavy fragment. Only three or four
nucléons from the participant region are required to explain the measured values (Fig 1.10).
However we have to mention that, in this experiment, fragment masses were not directly mea-
sured but deduced from Z identification.

To conclude this chapter we can say that the rather pure high energy fragmentation pro-
cess cannot be directly transferred into the Fermi energy region. Some deviations are already
observed around 100 MeV/nucleon. Therefore to the very simple model developed at high en-
ergy, based on geometrical properties and internal nucléon momenta, must be added corrections
correlated with the lowering of the projectile velocity. As a consequence the number of param-
eters has to be increased to fit experimental data, thus giving lower confidence in the derived
conclusions.

12



Chapter 2

Low energy dissipative processes

A deeply inelastic reaction, for bombarding energies lower than 10 MeV/nucleon, is a well known
process which has been extensively studied for the last fifteen years, both experimentally and
theoretically. It is still a subject for study as new and complex experimental techniques are now
available and allow accurate measurements of observables crucial for testing models, such as the
excitation energy deposited in nuclei.

The purpose of this chapter is not to draw a thorough assessment on this subject, (we refer
the reader, for instance, to the review performed by Freiesleben and Kratz [FR84]), but rather
to center on recent results that would have implications when the incident energy is raised up
to the Fermi energy range.

A deeply inelastic reaction is characterized by the fact that the system remains essentially
binary : two heavy massive products come out of the collision, carrying almost all the nucléons of
the system. A large amount of kinetic energy is gradually converted into heating of the partners
which afterward decay by emitting particles or fissioning. At the same time, mass distributions
broaden but keep some memory of the entrance configuration, revealing the presence of nucléon
transfers. These features can be roughly understood as a competition between the effect of the
mean field which aims at forming a single system, and Pauli principle which inhibits fast melting
of the nucléons.

2.1 Theoretical approaches

We shall not describe all the models which have been developed to fit the data related to deeply
inelastic collisions (DIC), we shall only sketch three theories which where used as basis for
several models and were widely confronted with experimental results.

13



processus dominants observés jusqu'à des énergies incidentes d'environ 50 MeV/nucléon.

2Д.1 Stochastic transfer theory

The correlation between the kinetic energy loss and the widening of mass distributions leads
to the idea that there might be a relationship of cause and effect between transfers and energy
dissipation. This is the basis of Randrup's theory [RA78,RA79] which assumes that dissipation
mainly occurs through transfers. Before describing the main points of this approach we show,
in a simple way, how transfers can generate excitation energy and lead to the so-called "window
formula".

The two nuclei are approximated by two Fermi gases bound in a potential well which may be
different for protons and neutrons. We consider a transfer of one neutron and assume, for sake
of simplicity, that the two potential depths and Fermi levels are equal. As in Randrup's theory,
nucléons are treated at the classical limit and their kinetic energy at any point is approximately
defined. We call ei and e2 the kinetic energies of the transferred nucléon respectively to each
partner (vi and u2 are the corresponding velocities) and e? the kinetic Fermi energy.

When the neutron is transferred from nucleus 1 to nucleus 2, the increase in excitation energy
is for the donor : ер — 6i and for the acceptor : e2 — ep. Now energy conservation constrains any
change in total excitation energy and mass excesses to be reflected in the total kinetic energy
loss {AK), we get :

AK=e2- et (2.1)

If the communication window is fully open, it is natural to suppose that the transferred
nucléon crosses it at a constant velocity, which means that :

ь2 = щ-и (2.2)

where U is the acceptor velocity relative to the donor. This assumption is supported by micro-
scopic calculations using the time dependent Hartree Fock theory. As an example, Fig 2.1 shows
in a phase space diagram the results of such a calculation performed by Kôhler and Flocard for
one-dimensional slabs [KO79].

From relations (2.1) and (2.2), one derives :

AK = -Up (2.3)

where p = m0 [щ + v2) /2 is the mean value of the nucléon momentum. When p and U are
approximately in opposite directions, AK is positive and part of the kinetic energy is converted
into heat by means of the velocity shift acting on transferred nucléons.

To estimate the force exerted on one nucleus, due to this phenomenon, we need to compute
a transition probability or an effective transfer flux. This is usually done by assuming that the
transfer flux is equal to the phase space flux, calculated in the classical limit, modulated by
the Pauli principle ensuring that the nucléon state is occupied in the donor and empty in the

U
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Figure 2.1: Isocontours of the Wigner function from a one-dimensional collision TDHF calcula-
tion, as a function of time. The incident energy is 2 MeV/nucleon. From [KO79].

Figure 2.2: Geometrical characteristics of the binary system in space coordinates (upper part)
and velocity coordinates (lower part). Û is the relative velocity of the two nuclei. The hatched
zone in the lower figure indicates the integrated volume for equation 2.5, corresponding to
nucléons transferred from nucleus 1 to nucleus 2.
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acceptor. If Oz is the axis normal to the communication window and Aa the window area, the
rate of total kinetic energy loss for transfers in both directions is expressed as :

d{AK)
_L_2 ==

{_Up)

The factor 8 accounts for both directions and for spin and isospin degeneracy. When gases
are almost completely degenerated, Fermi functions can be approximated by step functions and,
if terms proportional to U2 are dropped :

d(AK) 8 AaÛ
* р л * ( 2 - 5 )

|pi|<2moep

The domain of integration is made visible in Fig 2.2 by the hatched region in the projection
of the momentum space on a plane containing U. To first order in U this integration can be
performed and leads to a "window formula" :

= 2 m 0 n 0 Aa (2 V\ + U*) (2.6)
at

where no is the nucléon flux in nuclear matter, £/j_ and Uz are U components in the window
plane and normal to it.

The quadratic form of the "window formula" shows that transfers are always dissipative, this
is due to the fact that Pauli principle, through the product of Fermi functions, enforces transfers
characterized by negative Up scalar products. However it must be stressed that this behaviour
results from the assumption that there is no constraint on the transferred nucléon momentum,
except those imposed by occupation probabilities. If one assumes that only nucléons which are
directed toward the window can be transferred (this corresponds to piz > 0), dissipation vanishes
when nuclei move away from each other because transfers are then inhibited and accelerate the
two nuclei. This means that the dissipation rate is no longer a quadratic function of the relative
velocity, at most it has such a dependence only in the approaching phase of the reaction.

Nevertheless, the "window formula" has proved powerful to calculate dynamical properties,
in particular trajectories for deeply inelastic collisions [BI82]. Hence, from a theoretical point
of view, we have to understand how nucléons running away from the window can be transferred
with transition rates comparable to those bouncing on it. Another explanation might be that
this formula implicitly accounts for other ways of dissipating energy as, for instance, mutual
excitation. Using microscopic calculations, Pal and Gross have pointed out that inelastic ex-
citation can be as strong as the excitation due to transfers [PA88]. However Sohlbach et al.,
reconstructing experimental primary spectra from fully identified events, concluded that, for
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the reaction 86Kr + 208Pb at 18.2 MeV/nucleon, transfers dominate beyond 20 MeV total kinetic
energy loss [SOH87].

The window dissipation is sometimes connected to the one-body dissipation. We state that
there is not such an assumption in the derivation of its expression. It is only supposed that
the system can be approximated by two degenerated Fermi gases interacting through a window.
Then the treatment relies on the fact that energy and momentum carried by transferred nucléons
are shared among nucléons of each nucleus, whatever may be the involved i •"?chanism : one or
two-body dissipation. This allows to extend the use of this description ;o big.1 •--.- bombarding
energies where two-body dissipation cannot be neglected.

2.1.2 Randrup's theory

In Randrup's theory [RA79] relation (2.3) is extended to nuclei with different Fermi levels, and
the amount of excitation energy brought at each transfer is :

ш = F - Ûp (2.7)

where F = epi — (-F2-
The multidimensional probability distribution is described by a Fokker-Planck equation and

the aim of the theory is to give an estimation of its drift and diffusion coefficients. They are
defined as :

VA. = jt{Aa)j (2-8)

2DAlA2 = ^({Ai-<Al>)(At-<Ai>))3l (2.9)

Aa designing one of the observables to be explicitly treated, they are supposed to be one-body
operators and coefficients can be expressed in the following form :

VA, = JdeN'(e)((fM-fW)Aa)flux (2.10)

2DAlA, = /d6iV'(£)((7 ( 2 ) / ( 1 )+7 ( 1 ) / ( 2 ))^i^) / i u i (2.11)

where < >/iUI is an average value of the considered operator over all directions of transfers, /
and /W axe the Fermi functions and / , / their remainder to 1. iV'(e) is a nucléon flux (phase
space flow) for an energy interval de. It is estimated from a Thomas Fermi calculation for two
semi-infinite slabs of nuclear matter. Relations (2.10, 2.11) may be viewed as a generalization
of equation (2.4) to any one-body operator.

As there is no restriction on the direction of transferred nucléons, in equations (2.10), the
"window formula" is obtained for the prediction of excitation rate : a quadratic velocity depen-
dence is obtained for the dissipation rate. For this observable,/! is replaced in equation (2.10)
by w already defined.
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An additional simplification is allowed for nearly degenerated gases (low temperati limit) :

(2-12)

( ) o t h ( £ - ) (2.13)
2т

where £*• is the mean value of the two Fermi energies, and finally :

VA. « N'{tF)<uAa>fiux (2.14)

DAlAt « N'{eF)<^coth[^)AlA2>flux (2.15)

For spherical nuclei, the proximity method provides with an estimation of the one way flux :

*'Ы = 4,г^хф (2-16)

with :
- s is the minimal distance between nuclear surfaces,
- R is defined from the radii of the two nuclei : ^ = щ + щ,
- x i s a universal proximity function,
- n0 stands for the nucléon flux in nuclear matter : no = 0.25 1022fm~2s~1,
- 6 is a length parameter equal to 1 fm.

This description has been used as a framework by several models [RA82,SA85,FE84,GRO8l]
including specific aspects such as angular momentum, surface vibrations, neck degrees of free-
dom.

Usually a lagrangian or a hamiltonian is expressed in terms of the relevant variables (A, Z, в,
e t c . ) . A Rayleigh function is constructed from the velocity dependence of the dissipation rate
which accounts for window dissipation and other contributions like wall dissipation. Driving
forces F in equation (2.7) are obtained by differentiating the lagrangian at fixed velocity :

FA = — (2.17)

Models based on nucléon transfers have been applied to many reactions, as they can pre-
dict the evolution (drift and spreading) of several quantities provided by experiments. When
performing such a comparison, one must be aware that the model only predicts distribution
characteristics just after the collision, while detected nuclei have already emitted particles, dis-
charging their excitation energy. A proper treatment of this sequential decay is needed for a
valid confrontation. This remark holds for any model.

Stochastic nucléon exchange models, in spite of differences due to each specific treatment,
generally well reproduce, on the same footing, A and Z distributions, and kinematical variables
such as the deflection angle.
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2.1.3 Stochastic nucléon exchange simulation
In this part we shall refer to a transfer simulation based on the stochastic transfer theory
[TA88,TAS88]. Rather than following the evolution of mean values and widths of observables,
this calculation simulates the statistical process by a Monte Carlo method. In some respects its
predictions depart from those given by other models belonging to the same class [RA82,FE84].
These differences do not essentially stem from the technique employed but from different basic
assumptions. They will be pointed out.

Relations (2.2) and (2.1) are slightly modified to take account of the potential variation
AVint due to the transfer, which is sizeable for protons :

йог = Si-17 (2.18)

lAV AV (2.19)
2

= £2 - £ l + AVint = 602 - ei (2.20)

This relation includes mass excess variations. Then, in the spirit of equation (2.4), the transfer
probability per time unit in one direction, for a proton or a neutron, is expressed as :

dn '

• T : is a barrier penetrability resulting from the overlap of Saxon-Woods nuclear poten-
tials and eventually Coulomb interaction

• щ : are occupation probabilities for equilibrated systems including angular momentum
distortion due to spins of nuclei :

L = moment of inertia (2.22)

The relative motion is described by steps as a conservative motion (without friction). At each
step of the trajectory the four probabilities given by (2.21) for proton, neutron, one direction
and its opposite, are evaluated and a random number is drawn. If the transfer occurs, its
characteristics are also decided by random drawing according to partial probability given by
the integrand of equation (2.21). This changes the constants of the relative motion and also the
spin and excitation of each nucleus. They are re-adjusted and the process goes on.

One ends up with primary fragments. By two respects their distributions are different from
those given by Randrup's model :

- As, in our case, only nucléons moving towards the window are allowed to be transferred,
the dissipation rate drops down in the separation phase of the reaction. The main effect is
to affect the Wilczynski plot which is not correctly predicted. We could alter this feature
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by allowing nucléons running from the window to be transferred at the same rate. This
would lead to a Rayleigh type dissipation but the physical meaning of such a possibility is
unclear.

- In both models the evolution of mean values for charge and mass distributions is governed
by Fermi levels. In our simulation they are calculated from the energy separation of
the corresponding nucléon, whereas in Randrup's model the Fermi level gap is obtained
by derivation of the Lagrangian. It can be shown that the latter procedure makes the
direction of mass and charge drifts sensitive to the relative kinetic energy, and a drift
towards symmetry is obtained. In the simulation this kinetic energy has no effect and,
for an asymmetric system, the asymmetry is emphasized. This behaviour is the same as
that given by models from Samaddar and al. [SA85] and Gross and Hartmann [GRO81]
because Fermi levels are estimated in a similar way.

We applied an evaporation code taking only account of neutron, proton and alpha emission.
At this step too, a Monte Carlo method is used and, for every primary fragment, the decay
chain is followed in the [A, Z, E*, J) space until a cold fragment is formed. Analytical formula
were used for the level density : a Fermi gas formula and an exponential function at very
low energy [GI65]. For the level density parameter, shell effects were assumed to disappear at
high excitation energy as an exponential function of —2.5 E*/A. The asymptotic value of this
parameter at high energy is A/7.5. Kinematical effects of the evaporation stage are included.
In this way we get secondary events which can be directly compared to experimental results.

In the following, when we shall refer to this simulation, we shall label it as stochastic nucléon
exchange simulation.

2.1.4 Linear response theory

In this approach the composite system is considered as a single piece, but the degrees of freedom
are split up into two ensembles : intrinsic variables x< (p,- is the conjugate variable) which are
supposed to remain equilibrated, and collective variables Qp {Рц for the conjugate variable)
which are to be studied and evolve slowly with respect to intrinsic ones [HO76,HO77]. Their
mean values QCli are supposed to follow classical trajectories and generally depend on time.

Linearizing the coupling term between these two ensembles around the mean value
the hamiltonian is set to the following form :

Я = ÈuarixitPitQcJ+ÈcuiQuPvQcp) + Y.fpfa'QcJiQ* - Qc») (2.23)

with <Fll>Xj= 0
The Von Neuman equation for this hamiltonian is formally solved by applying the pertur-

bation method to second order, the coupling term acting as the perturbative potential. A trace
operation is performed over intrinsic variables in order to retain an equation describing collective
variables only.
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In the case of only one variable and when the collective hamiltonian HCoii takes a harmonic
form :

where О is the phonon energy and В the inertia coefficient determined from fi and the stiffness
coefficient, one gets for the Wigner transform p of the density operator :

( 2 - 2 5 )

conservative friction diffusion

From this Fokker-Planck equation it is possible to compute the evolution in time of any
second moment of p provided that the time evolution of parameters [В , О , 7 , T) is supplied.
The extension of this formalism to several collective variables is straightforward.

Grégoire, Ngo and Remaud included this treatment in a trajectorial calculation allowing for
a realistic estimation of parameters [GR81]. The forms of the collective potential and of the
inertia parameter В were set dependent on the nuclear density overlap. The time evolution of
the temperature T ensued from the total kinetic energy loss which is governed by the friction
parameter 7.

2.1.5 Norenberg's theory

Starting from the Liouville equation and carrying out a coarse graining operation on macroscopic
observables, Nôrenberg derives an equation for the occupation probability of the subset J/M
which contains d^ channels [NO75]. If a Markoff hypothesis is assumed, which means that these
probabilities remain constant during the relaxation time, a master equation is obtained :

^ - = E "v(') [<W) - «W)] (2.26)

with :
\Vnm(t)\2 >„>„ (2.27)

\Vni(t)\
2 >„ + < |Vm,(«)|2 >„ )]~1 / 2 (2.28)

where Vij[t) is the matrix element of the hamiltonian term responsible for excitations.
When continuous variables y are to be described, a moment expansion leads to a Fokker-

Planck equation [AY76] :

^ Ь ] ^ [ ] (2-29)
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{y,t) (2.30)

where p(y) is the density of states and цц is the tensor of second moments in [y — у ') for
w(y,y',t). These quantities are evaluated in the picture of a double nuclear system, each of them
being described by the shell model. The density p(y) is then calculated for the excitation energy
computed as the difference between kinetic energy loss and total potential including nuclear,
Coulomb and centrifugal terms. The relation between the energy loss and time is parametrized
and depends on the incident £-wave. Several models used this framework to estimate transport
coefficients [ME82.FR83].

A fundamental assumption is common to this approach and the linear response theory : in
phase space the composite system cannot be pictured as two separated subsystems and some
quantities are fully equilibrated within the whole system (excitation energy in one case, intrinsic
variables in the other one). This is consistent with a drift behaviour of variables governed by
the potential energy surface, because the latter is related to the density of states.

2.2 Excitation energy division

In a DIC a large part of the kinetic energy is converted into internal excitation of the outgoing
fragments. This excitation includes rotational, thermal and vibrational forms. One question
that must be answered for a good understanding of these reactions is : how is this excitation
energy divided between the two nuclei ? This is a crucial point because different theoretical
calculations give different results or assume different hypotheses on this sharing. For instance,
the linear response theory treats the system as a single piece : collective variables are supposed
to evolve while they interact with a single thermal bath fully equilibrated. This basic assumption
requires that the temperature is the same for all parts of the system, then the excitation energy
is distributed in the outgoing products according to their mass. The same property comes out
from Nôrenberg's theory for which an overall thermal equilibrium is also admitted. Now the
nucléon exchange theory does not follow such a behaviour. This originates from the fact that
excitation is mediated by transfers, then if the related flux is roughly symmetric, it is also the
case for the excitation they generate in each partner. This conclusion may be slightly affected
if some mechanisms neglected in the theory, like mutual excitation, are present, but if transfers
play a dominant role in the dissipation process, the excitation sharing out will come close to
equipartition. This means, for a very asymmetric system, a higher temperature for the lighter
fragment.
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Now what are the experimental results ? Obviously the studied systems are very asymmetric
in order to discriminate between the trends quoted above. Several methods have been used to
measure this excitation energy division. We here recall the most important and their conclusions.

2.2.1 Mass distribution of fission fragments
When the target is very heavy, the excitation energy deposited in it during the collision can
induce its fission. For a 238U nucleus the mass distribution of fission fragments depends on
the primary excitation energy. For a cold fission this distribution exhibits two distincts bumps
(asymmetric fission), conversely it develops a single bump (symmetric fission) when the excita-
tion is raised up to tens of MeV. This was used by Vandenbosch et al. to estimate target-like
excitation in the reaction : S6Fe + 238U at 8.5 MeV/nucleon [VA84], while the total kinetic en-
ergy loss was assessed by the kinetic energy of the projectile-like fragment. For this, two-body
kinematics was assumed.

The result is reported on Fig 2.3 where it is compared to the prediction of Randrup's model
and to the stochastic nucléon exchange simulation. The energy division is close to equipartition
and is rather well fitted by these calculations.

2.2.2 Kinematicai correlations
As already mentioned, charge and mass of detected fragments are lower than those of ejectiles
just after the collision. But under some conditions, it is possible to evaluate the primary masses
using kinematicai correlations between target-like and projectile-like nuclei. In this chapter we
shall allocate the P , Г , PLF , TLF indexes to quantities referring projectile, target, projectile-
like and target-like fragments before sequential decay. For two body kinematics, APLF and
can be expressed by means of angles and velocities without any mass measurement :

= f{AP,Vp,VPLF,ePLF,eTLF) (2.32)
ATLF = Ap + AT-APLF (2.33)

Velocities and angles involved in these expressions are primary quantities before decay; they
are different from the measured values VPLF , e'PLF and Q'TLF due to recoil effects of the evapo-
ration process. However particle emission is isotropic in the rest frame of the emitting nucleus.
Then, when averaged over a large number of events having similar parameters, velocities and
angles are unaffected by the decay stage, and VPLF , 9PLF and 9TLF can be replaced by mean
values of the corresponding measured quantities.

By this way averaged primary masses are reconstructed. As the final mass A'PLF is also
identified, an estimation of the evaporated mass APLF - A'PLF is obtained, providing information
on the excitation energy deposited in the projectile-like fragment.
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Figure 2.3: Dependence of the ratio of the
excitation energy of the heavy fragment to
that of the light fragment as a function of
the total excitation energy. The values ex-
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excitation energy and of division according
to the mass ratio (equal temperatures) are
shown by horizontal lines. Also shown are
the results of a transport model calculation
by Randrup (dashed line). From [VA84].
Results of the stochastic nucléon exchange
simulation are indicated by the full line.
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This method has been applied by Benton et al. [BE88] to the reaction 56Fe + 165Ho at
505 MeV. In Fig 2.4 the total kinetic energy loss dependence of the <ЕрЬр/Ет0ТАЬ> ratio is
presented and compared to the calculation by Samaddar et al. [SA85] based on nucléon exchange
theory, and to the stochastic nucléon exchange simulation. For low dissipation, excitation energy
is equally shared. As the dissipation grows up, energy division gradually evolves toward a
thermally equilibrated distribution, which is experimentally never achieved, even for completely
damped motion.

The same energy ratio is also displayed in Fig 2.5, but the primary mass dependence is
also shown. At low dissipated energies this ratio highly depends on the direction of transfers :
the acceptor is more heated than the donor. It must be stressed that such a trend is expected
in nucléon exchange theories : transferred nucléons have to overcome potential barrier at the
window, furthermore the phase space flux is proportional to their velocity; these considerations
favour transfers involving nucléons close to the Fermi level in the donor nucleus, which limits its
excitation increase. Conversely, due to the velocity shift originating from the relative motion,
the energy gap ег — 6j?2 in the acceptor may be significantly higher, and the energy deposition
too.

2.2.3 Neutron measurements

Neutrons come essentially from the evaporation phase and they are emitted by the reaction
products. Their main advantage, compared to charged particles, is that their emission occurs
without any Coulomb barrier, which results in lower velocities in the rest frame of the emitting
nucleus. Then, in velocity space, neutrons coming from projectile-like and target-like fragments
are usually well separated and the related multiplicities give an access to the initial excitation
energy. Slopes of energy spectra also contain such information as they depend on the tempera-
ture.

Schroder et al used a neutron multiplicity meter to get information on the 4 0Ar+1 3 9La system
at 400 MeV [SC88]. Fig 2.6 shows the ratio of spectral slopes, which can be equated to the
temperature ratio, and the multiplicity ratio. Predictions of Randrup's model and the thermal
equilibrium limit are shown. The results of the stochastic nucléon exchange simulation are also
displayed for the multiplicity ratio. In spite of deviations for high energy loss, the trend of the
data is reproduced by the nucléon exchange theory. At low excitation energy the experimental
energy is divided up almost equally between partners.

Petitt and al. extended this type of measurements to higher bombarding energy [PE89] :
they detected neutrons in coincidence with projectile-like nuclei for the 58Ni + 165Ho system at
16 MeV/nucleon. At this energy preequilibrium emission can no longer be neglected and the
overall neutron distribution in velocity space has been fitted by three emitting sources, two of
them being related to the massive fragments. The evolution of their temperature is plotted in
Fig 2.7a which exhibits a temperature mismatch compatible with an approximate equipartition
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Figure 2.7: Temperature of the PLF, TLF, and non-equilibrium source resulting from moving
source fits for the Ni + H' iystem at 16 MeV/nucleon (a) and neutron multiplicities associated
with these sources (b). From [PE89]. Curves refer to the stochastic nucléon exchange simulation.
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of excitation as predicted by the stochastic nucléon exchange simulation. Fig 2.7b shows the
evolution of the experimental multiplicity and its comparison to the prediction of the stochastic
nucléon exchange simulation.

2.2.4 Charged particle measurements
The detection of light charged particles is another way to get information on the excitation
energy. At high bombarding energy particle emission from the projectile-like fragment can be
distinguished from the target source. Furthermore for heavy targets, this latter contribution
remains small. In this case, the projectile-like excitation energy is evaluated and, from two-body
kinematics, the target-like one is deduced.

Schmidt et al. used a large area phoswich detector to record p and a particles in coincidence
with projectile-like fragment for the 20Ne+197Au system at 220 MeV [SC86]. It appears that the
excitation energy partition highly depends on the direction of transfers as shown on Fig 2.8.
For stripping reactions, the target is heated (35 MeV for 16O channel, 13 MeV for 18F) while
the projectile-like product remains cold and is excited for the most part under the a threshold
(96 % for 16O, 84 % for 18F : Fig 2.9). Conversely for pickup reactions the partition is reversed :
3 MeV stored in the target for a primary 22Ne when 75 % of these fragment are excited above
the a threshold (« 10 MeV) with a relative energy for the 18O-a system around 14 MeV.

Similar conclusion is drawn by Wilczynski et al. who measured the charged particle multi-
plicity for the reaction 40Ar + 19^A.u at 450 MeV [WI89]. In the quasi-elastic region the excitation
energy is mainly deposited in the acceptor nucleus. For the deeply inelastic component, the frac-
tion of projectile-like fragments which undergoes a sequential decay is consistent with thermal
equilibrium.

2.2.5 7 measurements
Discrete 7-ray detection has been used to fully identify target-like nuclei in coincidence with
projectile-like ones. As these 7-rays are emitted at the end of the decay chain they allow to
identify secondary products. Semkow et al. used this method for the reaction 48Ti + 150Nd at
12 MeV/micleon [SE88]. From the coincidence detection it is possible to select events for which
no charged particle emission occurs. For the Ca-Sm combination, it is then possible to plot the
total excitation energy versus the mean mass evolution of each fragment. This is done in Fig 2.10
where data points have been extrapolated to a null excitation energy. As masses assigned to
this limit are already close to the N/Z equilibrium point which is the limit reached for highly
dissipated energies, it was assumed that primary masses do not drift along the dissipation path
for this specific channel. Therefore the correlation present in Fig 2.10 only expresses the effect
of neutron evaporation which can be used to estimate the associated excitation energies. Thick
solid lines in this figure show the mass-excitation correlation coming out from the statistical-
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Figure 2.9: Reconstructed primary fragment excitations deduced from a — PLF coincidences.
Particle-bound yields below threshold (dashed lines) are represented as fractions of the recon-
structed primary yields. Arrows indicate the position of the first state (or cluster of states)
above threshold. [SC86].
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Figure 2.10: Excitation energy plotted vs average mass number (secondary) for (a) Ca, (b) Sm,
(c) Ti, and (d) Nd isotopes. The points represent the mean values of experimental E'iot. The
vertical bars represent the sizes of E\ot gates. The heavy solid curves correspond to the statis-
tical-model calculations if the whole excitation energy is deposited in the considered fragment.
From [SE88]. Predictions of the stochastic nucléon exchange simulation are indicated by stars.
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Figure 2.11: Excitation energy sharing as
a function of the total excitation energy
for various Kr isotopes produced in re-
actions between 208Pb and 86Kr at dif-
ferent beam energies. The dashed hori-
zontal lines indicate the thermal equilib-
rium limit in the various channels. The
dashed-dotted vertical lines show the posi-
tion of the beam-energy dependent appar-
ent neutron threshold in various isotopes be-
low which no value for the excitation energy
sharing can be deduced. From [SO87]. The
full curves are the results of the stochastic
nucléon exchange simulation.
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model code PACE [GA80] when all the excitation energy is deposited in the considered fragment.
This curve allows to extract easily the excitation energy in the corresponding fragment : for a
given total excitation energy (deduced from Q-value measurements) on the vertical scale, one
gets the experimental average mass on the data curve. Taking back this value to the thick
solid (calculated) curve, one gets the excitation energy stored in the fragment : an equipartition
division is found until 100 MeV total excitation energy, whereas the stochastic nucléon exchange
simulation gives < EpLF/Eîot >= 0.4.

2.2.6 Spectral method
Energy spectra of projectile-like fragments exhibit bumps originating from the sequential decay
of heavier products. The energy position of these bumps mainly depends on particle emission
thresholds and excitation energy sharing. This can be understood in the following way : we
consider a projectile of mass Ap and atomic number Zp picking up a neutron in the target. If
its excitation energy exceeds the neutron threshold, it will be finally recorded as a Ap, Zp event.
The related kinetic energy spectrum of the PLF will show a bump at the energy corresponding
to the opening of this decay mode. If Bn is the neutron threshold and p the fraction of excitation
energy deposited in the projectile-like fragment [p = E*/E*), the bump roughly occurs when
E* и Bn or, equivalently, E* « Bn/p. The related reaction Q value is Q « -Bn/p+Qgg. For an
asymmetric system with a lighter projectile, this quantity can be equated to the projectile-like
kinetic energy loss. Furthermore the mean velocity of this fragment is not modified by the
neutron emission and the energy location of the bump is :

) ( 2 - 3 4 )

where Et\ is the kinetic energy of the elastic scattering. This energy depends on the sharing
factor p which can then be deduced from energy spectrum analysis.

Sohlbach et al. applied such a procedure to the 86Kr + 2 0 8Pb system at 10, 13 and
18.2 MeV/micleon [SOH87,SO87]. Assuming realistic shapes for excitation energy spectra, they
Stted the E*jE^ ratio by a two parameter formula :

where В and С are channel dependent with В = ±1 and С > 0. Fluctuations on energy divis'on
were also taken into account and adjusted to reproduce the width of the bumps.

The evolution of p for Кг isotopes is displayed on Fig 2.11. The results of the stochastic
nucléon exchange simulation are also shown. For the three bombarding energies, at small excita-
tion energy, pickup reactions lead to a hotter projectile-like nucleus which stores the main part
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of the excitation energy. The contrary happens for stripping reactions. For higher excitation
energies the sharing factor converges towards the thermal equilibrium value.

It must be noticed that, for the inelastic channel, the energy division highly depends on the
bombarding energy.

2.2.7 Discussion
All the results quoted above display three main characteristics :

- at low dissipated energy, the energy division does not follow the equilibrium partition, it is
rather close to an equipartition when gated over several projectile-like masses,

- the energy division strongly depends on the considered channel : for pickup reactions the
projectile-like nucleus gets more excited than its partner, whereas for stripping reactions it
remains cold,

- when the excitation energy increases, the energy partition tends towards the thermal limit.
These observations support the idea that the dissipation is mediated by nucléon stochastic

transfers. Indeed models based on this picture are able to reproduce these features. However,
from a quantitative point of view some deviations are present.

Firstly it must be noticed that experimental results do not completely agree on the evolution
rate of energy sharing. For 86Kr + 208Pb equilibrium is reached [SO87] as soon as the excitation
energy exceeds 60 MeV, whereas it is far from being the case for the other studied reactions. For
40Ar + 139La at 400 MeV [SC88] the neutron measurement states that the system is equilibrated
beyond 150 MeV energy loss, while for the reaction 56Fe + 165Ho at 505 MeV the kinematical
method [BE88] shows that the excitation energy is not yet equilibrated at 200 MeV. For the
reaction 48Ti + 150Nd at 12 MeV/nucleon, investigated by -7 detection [SE88], p remains fixed at
0.5 until 100 MeV energy loss, this also holds for the neutron measurement on the 58Ni 4- 165Ho
system at 16 MeV/nucleon [PE89], at variance with other experiments which already exhibit an
evolution for this ratio. In this latter cases however, an explanation could be found in the fact
that the quoted reactions are characterized by higher relative velocities implying a lower degree
of relaxation at a given energy loss.

Keeping in mind these differences, we can assess that stochastic exchange models correctly
reproduce the tendencies of experimental data. However, we notice that the stochastic nucléon
exchange simulation [TAS88] tends to underestimate the heavier partner excitation energy. This
appears from the reactions 56Fe + 238U at 476 MeV, 56Fe + 1G5Ho at 505 MeV, 40Ar + 139La at
400 MeV and 8SKr+208Pb at 10 MeV/nucleon. The situation is reverse for the case of 48Ti-r 15nNd
at 12 MeV/nucleon. Conversely, at higher incident energies, the agreement is better as it comes
out from the comparison to 58Ni + 165Ho at 16 MeV/nucleon.
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2.3 Mass and charge drift

2.3.1 Introduction

The overall evolution of mass and charge distributions has for a long time been thought to be
driven by the composite system potential [BI82,BR83]. This statement ensues from statistical
assumptions. This potential can be defined as the sum of mass excesses of each nucleus (calcu-
lated with the liquid drop model), Coulomb and nuclear interactions, and centrifugal energy :

ft2 /2

+ J^-Uo (2.36)

Uo is the potential at the injection point (reference potential), r the distance between partner
centers and g the transverse extension of the neck.

If the dissipation process were completely statistical, the system would evolve towards con-
figurations with higher level densities, i.e. with higher thermal energy. As the latter is the
difference between total energy and collective energy which may be equated to the potential
defined above, the driving effect of this potential is deduced.

This argument completely holds for Norenberg's theory [AY76] in which it is explicitly as-
sumed. In the linear response theory a similar form of the potential is used to determine
the stiffness coefficient in the generalized Fokker-Planck equation. Now what about stochastic
transfer theory ?

In a model developed by Randrup [RA82] a lagrangian is defined and expressed with the
collective variables to be described.

£ = T - V (2.37)

where T is the kinetic energy and V is the static potential of the system comparable to the
one defined by equation (2.36), except the centrifugal contribution which is not included. The
driving force for the mass variable сд is then calculated as :

dqA dqA

\J V - .

û A

From the well known relation :

dT dT

* «. » ( 2 ' 3 9 )

in which pi is the generalized momentum associated to qt, one derives that the direction followed
by qA is the one minimizing T + V (hamiltonian) at fixed momenta. The latter takes the form :

-_2 /2 •fc2 c>2 12 o 2 1 2
m P- III Ot II On ft
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including centrifugal energies of the relative motion and of each partner, and the kinetic radial
energy. Aside from this last term, equation (2.40) is very similar to (2.36) and the driving force
enforces an evolution consistent with statistical arguments.

In this section, we want to address the problem of mass and charge drifts, which has been
considered as a thorny point because these drifts do not follow the natural trend deduced from
considerations on the potential energy surface. Different models give different predictions on
this subject, and the physical origin of these discrepancies has not been clearly pointed out. We
shall demonstrate that it is possible to understand the experimental trend in the framework of
the stochastic transfer theory.

2.3.2 Mass and charge distribution measurements
Many experiments aimed at measuring mass and charge distributions in order to test the pre-
vious considerations. For almost symmetric systems or when the bombarding energy is just
above the Coulomb barrier, all models seem to reproduce the data : centroids and widths of
distributions. For asymmetric systems and higher incident energies, predictions for widths are
generally correct for a large part of the dissipative process, but deviations appear for calculated
centroids. This is illustrated in Fig 2.12 taken from Bohne et al. [BO83] who compared for
the reaction Ar + Mo at 270 MeV experimental and calculated charge and neutron centroids.
Calculations are done with a model elaborated by Frobrich using transport coefficients from
Nôrenberg's theory : the deviation is clear, whereas the model from Gross and Hartmann nicely
fits the data. The model developed by Grégoire et al. [GR81] in the framework of the linear
response theory shows similar behaviour for the reaction 84Kr + 197Au at 550 MeV [LU83]. Ran-
drup's model also displays such a discrepancy, although less pronounced. Figure 2.13 shows the
comparison between its prediction and experimental points for charge and mass mean values in
the reaction 40Ca+ 238U at 340 MeV [SO88]. To summarize we can say that for asymmetric
systems the mass asymmetry increases during a large part of the dissipation while calculations,
from the beginning of dissipation, drive distributions towards symmetry. This is quoted as a
violation of the evolution imposed by the potential energy surface.

2.3.3 Discussion

Two main arguments have been proposed to explain such deviations. The first one deals with
the temperature gap which develops between the two partners, and its effect on nucléon flow.
Moretto explained that for an asymmetric system the lighter nucleus temperature increases
faster than the heavier partner one. The potential barrier sensed by nucléons when they cross
the separation window favours transfers with high energy in the donor nucleus [MO85J. Such
high energies are more available in the lighter fragment due to its higher temperature and
nucléon flux from the lighter nucleus to the other is enhanced. Schmidt took up this idea to
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modify the drift coefficient in a Fokker-Planck equation [SC85,SCH85]. The author assumes
that, starting from an equipartition of excitation energy, the system must reach the thermal
equilibrium by transferring nucléons from excited states in the lighter nucleus.

If Ntr is the corresponding number, Л01 and A02 the initial light and heavy masses :

-Ntr Aol - Nlr - 2 .

=

+Ntr ~ Aa2 + Ntr

where <Ni> and <iV2> are mean values of numbers of initial excited nucléons. They are
roughly equal and can be deduced from the deposited excitation energy.

From equation (2.41) Ntr car- be extracted. The equation :

<A{>= A01 + VA t resulting from : — <Ax>= VA (2.42)
at

where VA is the drift coefficient, is then replaced by :

= Ад - Ntr + VA t (2.43)

This modification has been succesfully applied to 40Ar + i00Mo at 270 MeV and 20Ne + 197Au at
175 MeV [SC85].

It must be stressed that, in this treatment, no attention is paid to the mechanism connecting
the initial (equipartition) to the final state (thermal equilibrium). In particular, the effect of
the barrier, which is crucial, is not tested in a realistic situation. Indeed Samaddar et al. have
investigated this aspect through their calculations accounting for the relevant aspects : Pauli
blocking, temperature gap, potential barrier, etc... They found [SA85] that the temperature gap,
which is present, is not responsible for any change of the nucléon flux. Tassan-Got reached the
same conclusion through a transfer simulation including angular momentum and shell correction
effects [TA88].

Another kind of explanation has been proposed by Griffin et al. who assigned the observed
drift to a quantum phenomenon [GRI87]. They solved the time dependent Schrôdinger equa-
tion for a one-dimensional collision involving two square potential wells. If they have different
depths a ''permeation current" from the deeper well appears, resulting from the wave function
tails of the most bound states. As the potential depth for neutrons is higher in the lighter
nucleus, its neutron depletion would be explained. The extension of conclusions to realistic
three-dimensional collisions is not straightforward. Firstly because the one-dimensional calcula-
tion was restricted to the approaching phase. If the "permeation current" were to some extent
reversible, its behaviour in the re-separation phase would cancel the corresponding entrance
flux. Moreover for realistic potential shapes, like Saxon-Woods profiles, transfers between Fermi
levels would occur before strong overlap of wave functions of deeply bound states.

These observations lead to an attempt at finding a consistent explanation in the framework
of the stochastic transfer theory. Some hope is allowed because several models based on this
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description are able to reproduce the trend discussed in this section. This is the case for the
model from Samaddar et al. [SA85] or calculations from Gross and Hartmann [GRO81,BO83].

To have an insight on this problem we used the stochastic nucléon exchange simulation
already mentioned [TA88] to compute centroid evolution for reactions involved by the cited
discrepancies. The comparison is shown on figures 2.14 for the reactions 40Ca + 238U and
48Ca + 238U at 8.5 MeV/nucleon [HU88]. Fig 2.15 refers to the reaction 56Pe + Z38U at 465 MeV
[BR83] and Fig 2.16 to 40Ar + 100Mo at 270 MeV [BO83]. Contrary to Randrup's model or
Frobrich's calculations, centroid predictions are accurate and fit very well the data. We recall
that the simulation includes the evaporation step and provides us with secondary events directly
comparable to experimental ones. In order to understand the reason for such a behaviour we
tried to act on some parameters of the simulation.

First we removed all shell and pairing corrections in the determination of Fermi levels for
each nucleus. The change brought by this modification was found insignificant. In a second step,
during the collision, we forced after each transfer a redistribution of excitation energy and spin
according to the thermal equilibrium limit : equal temperatures and rotation velocities. The
effect on primary distributions is negligible, but secondary mass centroids are slightly increased
because the excitation energy in the lighter fragment is reduced by the used prescription. Charge
centroids are not affected as charged particle evaporation is low. These tests indicate that the
temperature gap is not responsible for the observed drifts and we must study more precisely the
transition probability properties.

If we neglect angular momentum effects which play a minor role for our purpose, the transfer
probability for one kind of nucléon in one direction takes the form :

( , 4 4 )

where p and в are the window coordinates, ex and e2 can be expressed with these coordinates
and the momentum components p x l , pvi, pz\.

We want to study the direction of the net flux between the colliding nuclei, it is given by
the higher probability calculated by (2.44) for the two opposite directions. For this comparison
the phase space flux Ф and the barrier penetration T can be considered unaffected by the
transfer direction. The probability comparison is then governed by the Fermi function product.
We noticed that the effect of temperatures is small, then we shall impose Тг = T2 - 0. The
direction which maximizes the quantity : e2 — £f 2 — £i + epi will be favoured. The 1 suffix is for
the donor and 2 is assigned to the acceptor. The ' sign in e'F2 recalls that the corresponding
level is the one defined after the transfer has occured.

Now 62 - É! = m0 (yjj + U2/2) - AVint where Û is the relative velocity and AVint the
potential variation brought by the transferred nucléon. For the two opposite directions the first
term in the right hand side member is identical and can be dropped for the comparison. If we
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define
w = £ n - «и - A^nt (2-45)

a higher w value will enforce a net flux in the corresponding direction.
To go further we shall drop the F suffix indicating Fermi levels and we shall attach an /

and an A to every quantity related respectively to the lighter and the heavier nucleus. The w
difference for the two directions is :

Aw = eAh - eAl+i - Vint {Ai + 1, Ah - 1) + Vint (At, Ah)

- [<U, - 6АЛТ1 - Vint (A, - 1, Ah + 1) + Vint {AhAh)\ (2.46)

If Ды is positive the lighter nucleus is populated. We denote the common depth of potential
welb as F o and the separation energy 5. From e,- + 5,- = Vo, we derive :

Aw = SAt+1 + SAl - SAh+1 - SAh - Vint (Л, + l,Ah-l) + Vint {A, - 1, Ah + 1) (2.47)

Separation energies 5 are linked to mass excesses 8 :

Aw - 6Al-! + 6Ah+1 + Vint {At - \,Ak + 1)

- [ôAl+i + 6Ah-i + Vint {At + 1, Ah - 1)] (2.48)

The latter equation reveals л crucial property of the model : the transfer flux is intensified
in the direction minimizing the following quantity : V = 6i + он + Vint.

This expression can be straight compared to the expression of the potential for the composite
system :

Si < ^ Vbo^biVi)
6k <=> VLD{Z2,N2)
Vint <=> Vcaul{Zu Z2, r) + Vnucl{AuA2,r, Q)

However one term is missing : the centrifugal contribution or, more generally, all terms which
arise from the differentiation of the kinetic energy in a lagrangian description. This means that
in a two distinct Fermi gas description the centrifugal energy and any relative kinetic energy
operate on transfer probabilities but cannot reverse the grading of fluxes for opposite directions.

It is worthwhile to note that centrifugal terms always pull mass distributions towards sym-
metry, as they are minimal in such configurations. They are responsible for the discrepancies
we have discussed. On the other hand, the fair agreement obtained in the two distinct Fermi
gas framework supports the idea that the composite system can be viewed, for a large range
of dissipated energy, as divided in two sub-systems of definite characteristics. In this case, the
evolution is not guided by considerations on the total level density but rather by properties of
the two interacting partners. The simulation we have presented, the models from Samaddar and
al. [SA85] and Gross and Hartmann [GRO81] belong to this class of description and give similar
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Figure 2.17: The centroids of pre-(circles) and post-(squares) evaporation PLF masses (a),
charges (b) and N/Z ratio (c) as a function of energy loss. These data are compared with those
of [BR83J where the dashed lines are the pre-evaporation data and the solid lines are the post
evaporation data. From [BE88].
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results for charge and mass mean values, because Fermi levels are extracted from properties of
individual nuclei.

Conversely, in a lagrangian treatment as in Randrup's model, the driving force and the Fermi
level gap result from the derivation of the Lagrangian and include the effect of the relative kinetic
energy, as stated in §2.3.1. This leads to deviations from the experimental trend for mass and
charge mean values. Therefore a lagrangian treatment is not suited for this stage, at least for
mass and charge evolutions.

Now one can note, from Fig 2.17 which reports such dependences for the reaction 56Fe-!-165Ho
at 505 MeV [BE88], that beyond a 150 MeV energy dissipation, the drift is suddenly reversed
and the system moves towards symmetry whereas the transfer simulation goes on its steady
decrease. This is a general feature : in the neighbourhood of full relaxation the simulation fails
to reproduce the motion towards symmetry and also the high distribution widths which are
experimentally observed. This is because the system can no longer be partitioned, it behaves as
a whole. Microscopic approaches based on the linear response theory or Nôrenberg's theory are
more adequate to describe this regime which corresponds to fission or dynamical fission (fast
fission) processes.

2.4 Conclusions

Several experiments have been performed to evaluate the excitation energy division along the
dissipation path. It is an important information because it is highly dependent on the underlying
mechanism. At the beginning of the dissipative process, this energy sharing does not comply
with a thermal equilibrium, it is more consistent with an equipartition and depends on the gated
channel. These findings are understandable if both partners preserve their individuality for a
long time. Then the stochastic transfer approach offers a suitable description in agreement, at
least qualitatively, with experimental results.

Similar conclusions are drawn from the study of mass and charge distributions. In order to
explain the experimental drift it is necessary to assume that the system can be made up of two
distinct Fermi gas. This picture holds for a large part of the dissipation, but is invalidated for
the larger dissipated energies. We want to stress that the elaboration of a model to describe the
entire dissipative process is still a challenge.

Can we extrapolate the use of the stochastic transfer framework to higher bombarding ener-
gies, in the vicinity of the Fermi energy ? The above statements support this idea as the validity
domain of the theory would be larger : the system will always stay far from equilibrium, due
to the high relative velocity the binary hypothesis will hold for almost all the reaction. Now
secondary processes may occur when the energy is raised up. For instance transferred nucléons
could escape from the acceptor and give rise to preequilibrium emission. Other processes could
compete with transfers. It is the purpose of the next chapters to discuss these points.
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Chapter 3

The Fermi energy domain

3.1 The Landau-Vlasov dynamical calculations

When describing heavy-ion collisions at intermediate energy, one has to take into account mean
field effects, which are known to be dominant below 10 MeV/nucleon, and also nucleon-nucleon
collisions which prevail at higher energies. Time-dependent microscopic calculations, coupling
the semi-classical limit of the time dependent Hartree-Fock theory (Vlasov equation) to a resid-
ual interaction term such as that derived by Uelhing and Uhlenbeck [UE33] (Landau-Vlasov
equation), appear well suited to fulfill this goal. In such a frame the time evolution of the
phase-space probability distributions is given by:

| hou (3.1)

where r, p are the space and momentum coordinates, U is a self-consistent single particle
potential, calculated from an effective interaction, and 1соц represents the residual interaction.
This type of calculation was widely developed in the last years, however two ways of reaching
and solving eq. 3.1 are possible. The first one is to approximately introduce mean field effects
in cascade calculations, as proposed by [AI85,AI86]. The second method, which consists in
coupling residual interactions to mean field calculations, was developed by Grégoire et al. some
years ago [GRS87,GRJ87], and was widely compared with experimental data. Therefore only
this type of simulation will be discussed in this paper.

The mean field was approximated by a simplified Skyrme interaction( Zamick force [ZAT3])
yielding an incompressibility modulus Кх = 200 MeV. Among the drawbacks of this type of
interaction are an incorrect reproduction of nuclear surfaces, and its symmetry which yields
similar densities for neutrons and protons (no isospin effects). More recent versions of this
model include a Gogny force [SE89]. The Coulomb interaction is correctly accounted for since



structed primary yields. Arrows indicate the position of the first state (or cluster of states)
above threshold. [SC86].
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neutron and proton density distributions are separately treated. Equation 3.1 was numerically
solved by projection on a continuous set of coherent states, which is a convolution product of a
static phase space distribution (weight function) with dynamical functions, gaussians in r and
p. The dynamical evolution of the system is then obtained by following the trajectories in the
phase space of these gaussians (pseudo-particles), the self-consistency of the model is insured
by sampling the phase space before the collision so as to reproduce the bulk properties of cold
nuclei, density profiles, binding energies, root mean square radii. The confidence one can have
in the results of the calculation depends on the number of pseudo-particles per nucléon which is
chosen. A good stability of kinematical properties is obtained when this number is larger than
25.

The collision term describes the momentum changes of two interacting particles during a
collision, with blocking factors forbidding collisions leading to occupied states (Pauli blocking).
The effective nucleon-nucleon cross section is deduced from the free, energy dependent, nucleon-
nucleon cross section through a density dependent scaling factor: in nuclear matter at normal
density it is roughly reduced by a factor of two with respect to the free cross section.

Heavy ion collisions at intermediate energy were widely studied with the help of this simula-
tion and mostly collisions induced by Ar projectiles on different targets. Below 30 MeV/nucleon
the mechanisms that are predicted are the same as those known at lower energies, namely fusion
and deeply inelastic collisions; an important difference however is the abundant preequilibrium
emission which accompanies both types of reactions. Fusion, or more exactly incomplete fu-
sion, occurs for central collisions (impact parameters smaller than 5 fm for Ar + Ag, and than
8 fm for AT + U, both at 27 MeV/nucleon). An example of the evolution of such a collision
as a function of time is shown in Fig 3.1: the two nuclei merge together, several nucléons are
rapidly ejected at the beginning of the collision, both forward and backward; their momentum
anisotropy, T) = J^{2vl — v\ — v*) (where z is the beam direction and x the impact parameter
axis), is large when the emission begins and vanishes around t — 120 fm/c (4.10~22s), indicating
that the subsequent nucléon emission is isotropic, as in an evaporation process (Fig 3.2). At the
end of the collision only one heavy fragment subsists whose mass is between that of the target
and that of the compound nucleus. Its velocity, in correlation with the momentum anisotropy
of the emitted nucléons, decreases until 120 fm/c and remains constant afterwards. The linear
momentum missing in the heavy residue has been carried away by the preequilibrium nucléons.
It should be noted that for Ar + U the fission of the fusion nucleus is not reproduced by the
calculation, since the fission duration is expected to be longer than the reaction time by an order
of magnitude; furthermore the fission characteristics could be badly reproduced due to the use
of the Zamick force which poorly describes the surface energy.

In the same incident energy domain, but for larger impact parameters, fusion no longer
occurs. Again the two incident nuclei form a compact shape entity, where however two centers
can still be distinguished. Fast nucléons are ejected as in central collisions. But after a time
depending on the impact parameter the system re-separates into two fragments close to the
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target and the projectile; for Ar + Ag at 27 MeV/nucleon the separation time is ~ 8.10 22s
for impact parameters between 5 and 6 fin, and twice shorter when the impact parameter is
equal to 9 fm. The relative velocity (at infinity) of the two fragments decreases with the impact
parameter, from the projectile velocity for grazing collisions to about 3 cm/ns for the more
central ones; the latter corresponds roughly to the Coulomb repulsion of the two fragments,
provided they are spherical, indicating that the relative motion is completely damped (Fig 3.3).
It is clear from Fig 3.1 that while this damping occurs the system rotates and even for rather large
impact parameters (9 fm in this case) the fragments are emitted at negative angles, reflecting
the role of nuclear mean field. The percentage of target nucléons (the nucléons are initially
labelled and keep their identity during the collision) in the light fragment is shown in Fig 3.4; it
is extremely low for large impact parameters and increases up to 50%, reflecting the fact that the
larger the contact time between the nuclei, the more nucléons they can exchange; the mass of the
light fragment, also shown in Fig 3.4, changes indeed very little, it remains around 30 for b=8,7
and 6 fin. This mass value is still close to the projectile mass despite the large energy damping.
All these features are reminiscent of deeply inelastic collisions as they are known between 5 and
10 MeV/nucleon. Once again it should be underlined that around 30 MeV/nucleon, this process
is preceded (for the more central collisions) or accompanied (for larger impact parameters) by
preequilibrium emission; the number of preequilibrium nucléons is found increasing when the
impact parameter decreases.

When increasing the incident energy it seems that it becomes more and more difficult to
induce the fusion of two nuclei. The mean field is no longer strong enough to hold the system
together, even for central collisions. For the Ar + Al system, from 35 MeV/nucleon up, the
system does not fuse for head-on collisions [GRS87]: the residual interaction has damped the
relative motion, but the remaining relative energy makes the fusion process abort and after
about 260 fm/c two fragments re-separate (Fig 3.5); their masses are reminiscent of the initial
ones, although much lower due to the large preequilibrium emission. This process was first
•.ailed "ineffectual fusion". But it is probably not very different from deeply inelastic collisions.
Similarly for the intermediate mass system Ar + Ag and a rather small impact parameter (b=3
fm), fusion does not occur above 40 MeV/nucleon, as can be seen in Fig 3.6.

Finally some simulations have been performed on the very heavy system Kr + Au [LE89].
While at 27 MeV/nucieon the calculations predict the occurrence of a deeply inelastic reaction,
at 44 MeV/nucleon (Fig 3.7) it shows the birth of a "participant" zone in addition to the
projectile-like and target-like fragments, for impact parameters between 4 and 8 fm; the velocities
of these three pieces are in good agreement with the predictions of the phenomenological model
of Bonasera et al [BO87] (see section 3.2).

To summarize, the Landau-Vlasov calculations predict at intermediate energies the persis-
tence of tho mechanisms known below 10 MeV/nucleon, accompanied however by preequilibrium
emission which strongly increases with the incident energy. It is increasingly difficult to induce
fusion of two heavy ions when the incident energy becomes larger: it seems that inelastic binary
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Figure 3.5: Ar + Al collisions calculated with the Landau-Vlasov equation at 35 MeV/nucleon
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reactions replace fusion for lower and lower impact parameters. It is only for heavy systems
above 40 MeV/nucleon that these calculations indicate the occurrence of reactions resembling
the participant-spectator scheme described at much higher energies, which shows the progressive
diminution of the influence of the mean field.

3.2 The extended participant-spectator models

In the framework of the purely geometrical participant-spectator model (chap.l), no energy
dissipation is taken into consideration. In the Fermi energy domain, the energy damping is
substantial as illustrated by Fig 3.8. This slowing down of the projectile fragments can be
understood in terms of successive removals of bound nucléons from the projectile in the abrasion
stage which results in a frictional force [AB76].

3.2.1 The extended abrasion model
To take into account this slowing down of the projectile fragment, Dayras [DA86] has proposed
an extension of the participant- spectator model which includes kinematical effects. In this
model the energy damping corresponds essentially to the energy needed in order to split the
projectile and the target into a spectator and a participant part. In the center of mass frame,
from energy and momentum conservation we get

AEP + AET + AEF = Sp + ST (3.2)

and
PP + PT -r PF = б (3.3)

where AEp [рР),АЕт [р~т) are the kinetic energy losses (linear momenta) for the projectile
and target spectators respectively and AEp is the change in kinetic energy of the participant
part. The projectile and target separation energies are given by Sp and ST and pp is the fireball
linear momentum. To solve this three body kinematics problem an additional assumption is
needed: the kinetic energy losses of the projectile and target spectators are in the ratio of the
separation energies Sp and ST-

&EP Sp_

ST

The separation energies 5 are taken as S = aSPS + (l - a)Sgg where Sgg is the ground state
separation energy calculated in the framework of the liquid drop model and SPS the separation
energy as given by the geometrical participant-spectator model [GO77]; SpS may be estimated
by multiplying the nuclear surface energy coefficient (~ 0.95 MeV/fm2) by the excess surface
area, a is a free parameter which accounts for the interplay of high and low energy regimes
encountered in the Fermi energy domain; it has been parametrized from data obtained in the
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bombarding energy range 27-60 MeV/micleon [GA88]. The second parameter involved in the
calculation is the radius parameter r0; its value, 1.36 fm instead of the usual value 1.2 fm, was
chosen to reproduce the measured total cross-sections for projectile fragments. Let us recall
that the r<j value from projectile fragments at high energy has been found smaller (1.2 fm, see
Sect. 1.1); the large value now used seems to be connected with the role of diffuse edges [BL86]
which modify at lower energy the impact parameter dependence of the number of participant
nucléons as compared to the sharp edge approximation. Fig 3.9a illustrates what can be learned
from this calculation: the calculated velocities, relative to the projectile velocity, of the projectile
spectators (curve 1), the participant zone (curve 2) and the target spectators (curve 3), as a
function of the impact parameter and the associated primary masses (before deexcitation). If
the available energy is not sufficient to allow an abrasion stage the three-body process reduces
to a massive transfer from the projectile to the target; the participant zone remains "sticked"
to the target spectator (Fig 3.9b). This model can be considered as a direct and very simple
extension, in the Fermi energy domain, of the high energy process.

3.2.2 The two-step model
A more sophisticated phenomenological model has been proposed by Bonasera et al [BO87].
To take into account the observed energy damping, a two step calculation is proposed. First
a dissipative stage completely equivalent to the description of nucléon exchanges after a neck
formation between the two nuclei (chap 2), and then an abrasion process (chap l). During
the first stage of the reaction, as we explained in the previous chapter, a dinuclear system is
formed and dissipation occurs due to nucléon exchanges. Because single particle states are
located now into the continuum the window formula picture [SW80] was modified to reduce the
effective number of nucléons involved in the exchanges. The geometry of this stage is drawn
in Fig 3.10. The two partners are assumed to stick with the overlap (i.e. neck) defined by
the impact parameter, then the dinuclear system suffers some deflection. The reaction time is
estimated from geometry and relative velocity in this first stage; at midway a transition from
the dissipative stage to the participant spectator situation is operated. The participant zone
only concerns nucléons from the overlap region.

Concerning the momentum distribution of participants, a peculiar feature of collisions in
the Fermi energy domain is the Pauli blocking constraint on the phase space available for
participant nucléons due to the partial overlap of the Fermi spheres (Fig 3.10,bottom). The
three main consequences are:

i) a reduction of the number of participant nucléons (the hatched area is forbidden)
ii) an intrinsic mean momentum different from zero for the participant nucléons; in the

laboratory system a low (high) momentum part for the projectile (target) participants is Pauli
blocked

iii) a reduction of the momentum widths with respect to the asymptotic Goldhaber value.
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Figure 3.10: Coordinate (top) and momentum (bottom) geometrical picture of the two-step
reaction model. From [BO87].
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In the same way , but at the opposite, to determine the number of nucléons which give
rise to one body dissipation, only nucléons inside the hatched area determined with an 8 MeV
binding energy (hatched spheres in the bottom part of Fig 3.10), which roughly corresponds to
the momentum space for exchange of nucléons to bound states, can contribute to the window
formula. Finally to keep the consistency with the geometry of the first stage, diffuse density
profiles were treated explicitely.

Fig 3.11 gives a comparison of the different models discussed in this chapter as far as
the missing (or abraded) nucléons from the projectile versus b are concerned. The extended
participant-spectator models and Landau Vlasov calculations [GR86] differ especially at large
impact parameter. We can also notice that the values of the free parameters fixed in [DA86] are
needed to follow the present more sophisticated model; ro=1.36 fm needed by the sharp edges
approximation and the a value which accounts for the interplay of high and low energy.

Taking now into account the dissipation stage, the energy balance for this extended partic-
ipant spectator model is modified, relatively to the previous one, by the appearance of radial
and tangential dissipative energies; the tangential friction is slowing down the orbital rotational
motion and produces an angular momentum transfer to the spectators. The excitation energy
related to the radial and tangential dissipations has to be shared between the final participant
and spectators partners; this energy partition is a priori fixed half to the participant part and
half to the spectators, the latter to be further shared according to their mass ratio.

This inclusion of dissipation implies a strong limitation to the onset of the fragmentation
process. Fig 3.12 shows, for the Ar+Al system, that two domains can be defined depending
on the incident energy and on the mass of the projectile fragment. At 100 MeV/nucleon,
fragmentation is the dominant mechanism whereas at 10 MeV/nucleon deeply damped collisions
dominate; at 40 MeV/nucleon until half the projectile can be abraded and lighter projectile
fragments come from deeply damped collisions.

Another comparison between extended participant spectator models and Landau Vlasov
calculations is presented in Fig 3.13; it concerns the evolution of the total missing mass, seen
as the participant one in high energy extended models, as a function of the incident energy.
Calculations are normalized at 35 MeV/nucleon (different impact parameters) for ten missing
nucléons. For the geometrical abrasion (ro=1.36 fm) the number of missing nucléons is constant
[DA86]; in [BO87] a small increase connected with Pauli blocking is observed and in microscopic
calculations the explicit consideration of residual two body interaction leads to a variation rather
important between 20 and 50 MeV/nucleon. From this latter calculation no clear evidence
for a participant zone is observed and the missing nucléons can be seen as preequilibrium
emitted particles. The large difference observed between extended participant-spectator models
and semi-classical calculations plaids for introducting an effective mean free path inside the
participant zone. An extra condition for the formation of a participant zone could be to compare
the size of the overlap region with an effective mean free path.

Before concluding it is worth noticing that the extended models conflict in predicting the
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dynamical properties of the participant and spectator partners versus the impact parameter
(Fig 3.14); in both cases fragmentation is obtained with three distinct outgoing fragments for
the reaction Ar+Ta at 60 MeV/nucIeon. However differences appear in the calculated velocities
of the target spectator and of the participant zone. Although the phase space characterization
of the participant zone should make the description of [BO87] more complete, it is surprising to
observe a lower velocity of the target spectator, which indicates a smaller dissipation.
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Chapter 4

Comparison with experiment in the
Fermi energy domain

In this chapter we will examine PLF production at intermediate energies. Several characteristics
of these fragments, obtained mainly through inclusive experiments, have been widely discussed
during the last five years [LE82,GU85,GRT87]. These observables will be compared to the
predictions given by the calculations presented in chapters 2 and 3. It appears that most of the
results from inclusive experiments can be explained by extended participant-spectator models
as well as by dissipative models. More recently, some exclusive experiments have allowed more
precise interpretations of the origin of the PLF. This will be discussed in the last sections of
this chapter.

4.1 Energy (or velocity) spectra and parallel variances

A rather large set of data showing PLF energy spectra is available at the present time. These
data aie presented either as energy or velocity spectra at some given laboratory angles, or as
iso-cross section contours in a plane whose axis are the components of the fragment velocity
parallel and perpendicular to the beam direction. Projectiles ranging from Carbon to Krypton
have been used to bombard a variety of targets between Aluminium and Gold. Whatever the
incident energy a ad the target-projectile couple used, the evolution of the spectra exhibits the
same trend: near the grazing angle the spectra mainly consist in an asymmetric peak whose
maximum is located at an energy slightly lower than that corresponding to the beam velocity
(Fig 4.1) [BOR83]; these spectra fall sharply on the high energy side but have a tail extending
towards low energies. This type of spectrum is observed for all nuclei and not only for those
close to the projectile. However for nuclei much lighter than the projectile the low energy tail
becomes almost as important as the high energy component (see the oxygen spectrum at 3°
from AT induced reaction in Fig 4.2 and masses lower than ~ 60 from Kr + Au in Fig 4.3); this
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tail also decreases when the incident energy is raised.
When going to larger angles the high energy component decreases rather rapidly and vanishes

around 30° for all studied systems, see for example Fig 4.2. Beyond, one observes spectra with
an exponential fall-off whose slope becomes steeper when going to more and more backward
angles.

4.1.1 Momentum distribution of fragments at forward angles.

The high energy component observed at forward angles, and particularly the fact that it was
present even for PLF much lighter than the projectile, was interpreted as an evidence for the
occurrence of a fragmentation process, similar to that observed at higher energy (see chapter
1). Therefore attempts were made to fit the spectra measured inside or near the grazing angle
by using the relation:

л гЕ*тпв , EFcos28-2{EFE0)
1'2cos6 + E0^ .

-AF( —^— + ^ )] (4.1)

which is a mere transformation into the laboratory system of equation 1.12. Неге в, AF

and EF are the lab detection angle, the mass and energy of the fragment and Eo its most
probable energy. As stated before, the asymmetric shape of the spectra cannot be matched
with eq 4.1; therefore the fit was applied to a selected part of the spectra: generally people
agree on considering the high energy side of the peak and only down to 80% of the maximum
on its low energy side. When using the pure participant-spectator model the variable Eo was
left as a free parameter and the obtained values corresponded to velocities equal to ~ 90 — 95%
that of the projectile, decreasing with the atomic number of the fragment. This is different from
the high energy results where the most probable velocity was equal to that of the projectile.
The extended participant-spectator models described in Chap. 3.2 are able to calculate the first
and second momenta of the energy or velocity distributions. The extended abrasion model
[DA86] gives results in very good agreement with experimental data, provided the " ablation"
(or evaporation) phase is taken into account (Fig 4.4). For the same system Ar +A1, the results
of the two-step model [BO87] and of the nucléon exchange model [TA88] are shown in Fig 4.5.
While the latter follows the experimental values for fragments with masses rather close to the
projectile mass (A=30-40), the former gives a steeper variation of the average energy with
the fragment mass. Note that in the two step model, the excitation energy of the fragments is
calculated but the evaporation step is not included; the mass scale for the curve representing the
results of this model is therefore the primary mass of the fragments, and a direct comparison
with the final measured mass is more difficult. It is however obvious that the inclusion of
evaporation would not make the agreement with experimental data better in the case of Ar + Al
at 44 MeV/nucleon. Similar general conclusions hold when comparing these three models with
other systems like Ar + Ni or Ar + Ag at different incident energies [BO87,TA88].
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4.1.2 Parallel variances
The variances of the momentum distributions of PLF were widely studied by numerous authors,
as in the high energy fragmentation model they were related to the Fermi momentum of the
nucléons inside the nucleus (see section 1.2). The value of «тц can be extracted from measurements
performed at very forward angles, equation 4.1 showing that the value of ou. is of little importance
at very small angles. When plotting &\\ versus the fragment mass, a rather good fit is obtained by
using equation 1.15 (parabolic dependence of a2 on the detected fragment mass, with a constant
value of сто) when the projectile is Argon between 27 and 44 MeV/nucleon, and also with 22
MeV/nucleon Krypton beams (Fig 4.6 and 4.7). However, while the value of OQ extracted from
the Ar data is close to that obtained at higher energy, namely 90 MeV/c, that extracted from
the Krypton data is much lower, around 70 MeV/c. No obvious reason for this disagreement
can be found. The situation is even less clear if one considers the data obtained with lighter
projectiles: again low values around 70 MeV/c were derived from 30 MeV/nucleon Neon induced
reactions [MOR85], but a rather good fit was still possible with a parabolic dependence of a^ on
AF; conversely for PLF produced in reactions induced by С, О near 100 MeV/nucleon, it was
generally impossible to fit the evolution of try with the simple expression 1.15, equation 1.18 had
rather to be used [MO82,SI88]. It must be underlined that such an expression takes into account
the orbital deflection of the projectile in the field of the target nucleus (see section 1.2). The
results indicate that this effect would be significant for light projectiles around 100 MeV/nucleon,
and not for the much heavier ions Ar and Кг. It appears therefore that a good description of all
experimental data on a\\ cannot be obtained with the fragmentation model, even modified. The
models developed for the Fermi energy region were only compared with experiments induced
by Ar projectiles. As seen In Fig 4.6, the extended abrasion model [DA86] used simply eq. 1.15
which follows well the experimental trend. Similarly the two-step model [BO87] reproduces
correctly the experimental data; more interesting is the fact that the stochastic nucléon exchange
simulation [TA88] also gives good results in the mass range A=30-40, without any a-priori on
the functional dependence of стц on the PLF mass. The large deviation observed for A < 30 is
related to the disagreement found in the evolution of the average kinetic energy (Fig 4.5) for
this mass range: too much dissipation leads to larger fluctuations; the same effect will act on
perpendicular variances (fig 4.12). This last model is the only one which can calculate the energy
spectra of the PLF and not only their first and second momenta. Examples of these simulations
are shown in Fig 4.8, in absolute values, no normalisation is included. It is remarkable that the
overall shapes of the spectra are well reproduced, especially the low energy tail. The maximum
of the spectra is shifted downward with respect to the experimental one; this indicates that part
of the PLF, and especially the lighter ones, are produced by processes less dissipative than those
involved in this model. These processes could be described as abrasion ones, in view of the data
presented in this section, but other possibilities exist, for instance the preequilibrium emission
of nucléons which does not come out of the stochastic nucléon exchange simulation.
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Figure 4.8: Energy spectra of different isotopes detected at 4° in the reaction *°Ar +58 Ni at
26.5 MeV/A. The histograms represent the experimental data and the black points the results
of the stochastic nucléon exchange simulation, without any normalisation. From [TA88].
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Finally it was recently pointed out that a parabolic dependence of a | on the final PLF mass
was not a univocal characteristic of a fragmentation process such as that described in Chapter 1
[MO89]; the recoil kinetic energy due to the random addition of recoil velocity vectors from any
evaporative process leads to the same result.

4.1.3 Energy spectra at more backward angles
As was stated above the shape of the PLF spectra evolves rapidly with the detection angle.
Beyond the grazing angles none of the models developed for the Fermi energy region is able
to reproduce the spectra. In the modified abrasion model, the average PLF energy barely
evolves with the emission angle and is therefore far from the experimental trend. The stochastic
nucléon exchange simulation, conversely to what was observed at forward angles, underestimates
widely the energy dissipation (Fig 4.9). As explained in Chap.2 this comes from the blocking
of nucléon exchange while the two nuclei re-separate. This prevents the occurrence of orbiting,
the fragments never go to negative angles; the angular dependence of the calculated dissipation
is modified as compared to that given by other models, for instance [RA82].

Finally, at very forward angles, abrasion as well as dissipative models describe correctly the
energy spectra of PLF, the former, however, with the help of an empirical parameter (percentage
of projectile velocity for the pure abrasion model, a for the extended abrasion model [DA86],
see Sect.3.2.1). It is obvious from the experimental data that there is a continuous evolution
of the spectra with angle (Fig 4.2), and therefore a continuous evolution of the mechanisms
involved can be expected. A severe test of specific models for peripheral collisions would be a
good reproduction of this evolution, as is obtained in semi-classical calculations (Fig 4.10).

4.2 Angular distributions and perpendicular momentum
variances

Up to now few measurements of angular distributions are available; at these intermediate en-
ergies, it was generally found that PLF angular distributions were less forward peaked than
those predicted by an isotropic momentum distribution in the projectile rest frame. As quoted
in Chapter 1, this was attributed to larger transverse momentum transfer. This is shown in
Fig 4.11 where the angular distributions are correctly fitted with Eq. 4.1 integrated over energy,
where cr± is given by Eq. 1.18. Conversely, such an expression was not sufficient to explain the
variation of cr± versus AF in the 44 MeV/nucleon Ar + Al reaction (Fig 4.12) [DA86]. Even
when incorporating terms due to Coulomb final state interactions (eq 1.20), Dayras et al were
unable to reproduce the evolution of o±. Better agreement is obtained when comparing with the
two-step model; but while the deformation term due to giant resonances naturally explains an
enhancement of стх with respect to «тц, the deviation term containing ст2 should already be con-
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Figure 4.9: Energy spectra of PLF (Z=8) measured at 12° from the reaction Ar + Ag at
27 MeV/nucleon [BO84]. The open points show results of the stochastic nucléon exchange
simulation.
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Figure 4.10: PLF laboratory velocity versus their detection angle, obtained experimentally
[BO89J for Z—8, and from the Landau-Vlasov simulation.
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Figure 4.11: Experimental and cal-
culated angular distributions for dif-
ferent fragments. The dashed curve
was obtained (for 12C) using a± = o\\
and cr0 = 65 MeV/c. The solid
curves were obtained with oj_ ф сц,
ff0 = 65 MeV/c and a2 = 210 MeV/c
(see eq. 1.18). From [MOR85].
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Figure 4.12: Transverse momentum dis-
persions сгх of the PLF as a function of
their mass in the 40Ar + 2 7 Al reaction at
44 MeV/nucleon. The values of aL were
deduced from a fit to the fragment angu-
lar distributions. The curves are the pre-
dictions of eq. 1.18 using different values
of <T2, the transverse momentum dispersion
due to the deflection of the projectile in
the Coulomb and nuclear fields of the tar-
get [DA86]. The dashed line is built from
the model of Bonasera et al. by account
of eq. 1.18 with o2 = 250 MeV/c and by
adding GDR excitation in entrance channel
[BO87]. The results of the stochastic nu-
cleon exchange model are shown by the big
black points, and by the thick horizontal line
when these points are out of scale. [TA88].
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Figure 4.13: Angular distributions of several PLF emit-
ted in the Ar + Pb reaction at 44 MeV/nucleon. From
[BL86].
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Landau-Vlasov calculation (dotted-dashed line) and a pure abrasion model (dashed line). From
[BO87]. '
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tained in this trajectory calculation and therefore does not need to be added agaii;. The nucléon
exchange model explains the order of magnitude and the variation of a± with AF experimentally
observed, at least in the PLF mass range A=30-40: the enhancement of a± with respect to o\\
comes naturally out of the calculation. Therefore the evolution of the variance of the fragment
linear momentum perpendicular to the beam direction seems to be a first indication that these
fragments may be produced through highly dissipative mechanisms.

4.3 Transfer reactions

When looking at the spectra of fragments close to the projectile in N or Ar induced reactions
several authors [BO36,CA87,RA85,RA87,SU87] have observed that the extracted values of a0

for the isotopes with masses larger than 36 were much lower than all the other ones, around
50 MeV/c; morever the angular distributions of these isotopes were not peaked at 0° but rather
at the grazing angle, as can be seen in Fig 4.13. This was interpreted as a dominance of
quasi-elastic transfer processes in the production .Г t^ese fragments. By subtracting a "frag-
mentation" component, derived from a systematics or measured neighbouring isotopes, from the
experimental spectra, Borrel et al. have isolated the transfer component and have compared it
to a theoretical calculation [BO86,ME86]. The result is shown in Fig 4.14 where it appears that
the model explains correctly the spectra of isotopes produced through a few nucléon transfer.
Another proof of the importance of quasi-elastic transfer in the production of Cl, S and P in Ar-
induced reactions was derived from coincident measurements between these fragments, detected
at the grazing angle, and light charged particles emitted in the forward direction (3 — 30°) [BI86].
Fig 4.15 shows that the most important cross section is obtained when no particle is detected
in coincidence with the fragments, which is explained by assuming that the missing part of the
projectile has been captured by the target. Actually it is likely that only the right part of the
energy spectra corresponds to quasi-elastic transfers (heavier masses for these elements), as the
position of the maximum indicates that a significant dissipation already occurs. The probability
of such, transfers is very large for chlorine isotopes, around 75%, and decreases to ~ 35% for
P isotopes. More interesting is the fact that it decreases very slowly with increasing incident
energy, less than a factor of two from 35 to 60 MeV/nucleon [BI87,ST89]. This confirms that
mean field effects still play an important role at rather high incident energies.

4.4 Mass distributions and cross sections

By integrating the differential cross sections over energy and angle, many authors have given
the production cross sections of fragments as a function of their mass (or atomic number),
and compared them with the different models quoted above. The only available data concern
Argon induced reactions. Before discussing the results, it is important to underline that the
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Figure 4.14: Measured energy spectra
for few nucléon transfer reactions on
6*Ni target nucleus. The arrows cor-
respond to the optimum Q-value pre-
diction for each channel. The solid
curves are theoretical predictions for
quasi-elastic transfers from [ME86].
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Figure 4.15: Energy distribution of PLF of charge 15
(a), 16 (b) and 17 (c), measured close to the grazing an-
gle, in coincidence with light particles for the reaction
35 A.MeV Ar + Ag. From [BI86].
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Figure 4.16: Experimental mass distribution. Solid
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lated primary mass distribution from the pure abrasion
model. From [GU83].
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Figure 4.17: Mass distribution for the sys-
tem Аг + Ag at 30 MeV/nucleon: experi-
mental points (closed symbols), and predic-
tions of the extended abrasion model (open
circles) and of the stochastic nucléon ex-
change simulation (open triangles). From
[GA88].

Figure 4.18: Mass distribution for the
system Ar + Ag at 60 MeV/nucleon;
experimental points (closed symbols),
and predictions of the two-step model
(dashed line). From [GA88].
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Figure 4.19: Primary mass and excitation energy distribution of the PLF,for the system Ar + Ag
at 27.5 MeV/nucleon calculated with the stochastic nucléon exchange simulation of [TA88].
Ьо-cross section contours are labelled in nbjMeV.u.
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experimental cross sections suffer all the same disease, namely they need an extrapolation of the
angular distributions between the smallest measured angle and 0°. This affects particularly the
results for fragments close to the projectile, for two reasons: firstly the slope in the measured
angular range is steeper, therefore it seems that the missing part is a large fraction of the cross
section; secondly transfer reactions are dominantly occuring for these nuclei, and the angular
distributions are not peaked at 0° (see Fig 4.13). Except in the case of ref [BL86], measurements
well below the grazing angle have not been made. Comparisons with abrasion type models or
the stochastic nucléon exchange simulation are therefore significant only for masses smaller than
35, for an argon projectile.

Experimental mass distributions decrease rather smoothly with decreasing mass, between
A=30 and 20 or 15, and then start to increase again with some marked structure. Comparisons
were first made between experimental data and calculations limited to the abrasion stage, i.e.
purely geometric (Fig 4.16). The shape of the distributions is well reproduced in the mass range
20-30; this was taken as an argument, in favor of the dominance of geometrical effects on the
production of the different PLF, as well as of their low excitation energy. Actually if some
dissipation is included as in the Dayras'model, it appears that the fragment excitation energy is
not negligible, up to 100 MeV for a primary PLF with mass 15; However if the deexcitation stage
is taken into account as in Fig 4.17 (open circles), the calculated mass distribution matches still
fairly the experimental one. Similar conclusions stand out when comparing data to the model of
Bonasera et al, as the cross section for a given fragment mass is also calculated straightforwardly
from geometry (Fig 4.18). Note that all comparisons agree also in absolute values, which in the
pure or modified abrasion models requires a value of the parameter r0 close to 1.4 fm; this value
is somewhat higher than that used to fit the high energy PLF cross sections (see subsection
3.2.1). Bonasera et al attribute this higher value to the sharp edge approximation used in these
models, as was already pointed out in [BL86].

With the recent stochastic nucléon exchange simulation, a completely different interpreta-
tion of the mass distribution can be put forward: although it predicts narrow primary mass
distributions (for Ar induced reactions), the light fragments have such wide excitation energy
spectra, extending to rather high values (Fig 4.19), that the final mass distribution obtained for
the AT +Ag system at 30 MeV/nucleon is actually close to the experimental one in the mass
range 20-30 (triangles in Fig 4.17). Note also in this case the agreement (within a factor of two)
on the values of the cross sections.

What should be reminded from mass distributions and cross sections is that their shape is
not a proof of any geometrical cut leading to cold fragments, but can conversely be due to large
excitation energy of primary fragments, with masses focused around that of the projectile.
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4.5 Isotopic distributions. N/Z equilibration

kern -3pt Some years ago it was currently admitted that in deeply inelastic reactions below
10 MeV/nucleon the equilibration of the isospin degree of freedom was very fast, occuring as
soon as some 30-50 MeV were dissipated [CH79]. In other words the average value of the ratio
of the neutron to proton number of the light fragments reflects that of the total system, which
was assumed to be due to nucléon exchange [RA79], or to excitation of the isovector dipolar
giant resonance of the composite system [HO79] . Some experiments however had shown that
the rapidity of equilibration could be system dependent, at least when the energy dissipation is
taken as the clock [BR79]. This behavior was afterwards confirmed in more recent experiments;
for instance in the reactions i0Ca +208 Pb at 330 and 400 MeV a continuous evolution from the
N/Z of the projectile towards that of the total system is observed when the energy loss increases
from 0 to 100 MeV [TA88].

Isotopic distributions were widely studied at intermediate energies, in order to eventually
discriminate deeply inelastic collisions from projectile fragmentation; in this last case indeed, the
isotopic distributions of the fragments should reflect the isospin of the projectile. The available
experimental data concern argon and krypton induced reactions, and have been obtained at
forward angles. The general trend is first a strong decrease of < N > /Z with the detected
fragment atomic number between Zpr03 and Zvroj — 3, followed by a smoother slope or a levelling-
off; marked structures are then observed for the lowest elements, Z < 14. Below 30 MeV/nucleon
a target effect could be observed, both with Ar [BO86] and Кг projectiles [LU87], neutron-rich
targets giving more neutron-rich fragments. This effect seems to progressively vanish when
raising the incident energy (Fig 4.20 and 4.21); on a given system the effect of a larger incident
energy is not very clear, as the average N/Z remains constant for Ar + Ni and diminishes for
Ar + Au; a reverse variation seems even to be observed with Kr projectiles between 22 and
43 Mev per nucléon, keeping in mind however that it is not the same Kr isotope nor the same
detection angle in the two experiments (Fig 4.21) [BA87,LU87].

The abrasion models cannot predict the isospin of the fragments, unless coupled to an
extra assumption on the value or distribution of the N/Z of the primary fragments. In the
pure abrasion model, the excitation energy of the primary fragments, arising only from their
deformation, remains very low, typically less than 30 MeV for Ar projectiles and 50 MeV for Kr.
Guerreau et al [GU83,GU86] have assumed that the N/Z distribution of the primary fragments
was due to the zero point motion of the isovector dipolar giant resonance of the projectile;
they used the code LILITA for the deexcitation stage [LI00]. In this framework the isotopic
distributions of PLF are correctly reproduced for Ar induced reactions (Fig 4.22), but not for
Kr projectiles (Fig 4.23). In the modified versions of this model which include dissipation the
primary fragments may be more excited, up to 100 MeV. By assuming besides a unique N/Z
value of the primary PLF (that of the projectile), and using again the code LILITA to take
the evaporation step into account, the results of the extended abrasion model agree also well
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Figure 4.20: < N > /Z ratios for PLF
produced in the reactions Ar + 5 8 Ni
and Ar + 1 9 7 Au at two bombarding
energies (26.5 and 44 MeV/nucleon).
From [BO86].
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Figure 4.21: < N > /Z ratios for
PLF produced in reactions induced by
Kr beams on Au, Ag and Rh tar-
gets, at two incident energies. From
[BA87.LU87].

Figure 4.22: Calculated final isotopic distributions for the reaction 44 MeV/nucleon 40Ar + Ta
so id lines). Comparison is made with results of [GU83] (open circles) and those of [LA851

(solid circles). From [GU86].
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Figure 4.5: The experimental daia are the same as in Fig 4.4; The solid line is the result of the
two-step model [BO87] and the stars show the predictions of the stochastic nucléon exchange
simulation. From [TA88].
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Figure 4.23: Comparison between a
fragmentation calculation and the ob-
served isotopic distributions in the re-
action mKr+103Rh at 43 MeV/nucleon.
From [BA87].

Figure 4.24: < N > /Z ratios for PLF
produced in the reactions Ar-\-natAg at
60 MeV/nucleon. The solid line joins
the experimental data and the dashed
line shows the prediction of the ex-
tended abrasion model. From [GA88|.
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Figure 4.25: < N > /Z ratios for PLF produced
in the reactions AT +nat Ag at 30 MeV/nucleon.
The solid line joins the experimental data; the
closed symbols represent the predictions of the
stochastic nucléon exchange simulation, with dif-
ferent level density parameters in the evapora-
tion step: low-energy values (circles) and modi-
fied high-energy values (triangles). From [GASSj.
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with experiment (Fig 4.24). The Krypton data have not been compared with this model. The
stochastic nucléon exchange simulation (deeply inelastic collisions) predicts very high excitation
energies for the PLF, as it leads to an almost equal sharing of the total excitation between
the two partners, at least at the beginning of the dissipation; this modifies substantially the
average N/Z of the cold fragments; the final results are therefore very sensitive to the treatment
of the deexcitation stage. However because of the large excitation energies involved, Tassan-
Got had to modify the level density parameters commonly used, assuming an energy fading of
shell corrections. This has a tremendous effect on the results, as can be seen in Fig 4.25: with
the modified code, the trend of the evolution of < N > /Z with ZPLF is well predicted, the
calculated values being slightly too low for the lightest elements. The agreement between the
experimental isotopic distributions obtained in the 43 MeV/nucleon Kr + Au reaction and the
calculated ones is also better (Fig 4.26).

К one looks closely at the average N/Z values of elements lighter than silicon (Z < 14),
it appears that it is barely sensitive to the projectile, the target, or the incident energy. All
the models described above render correctly these values, although they lead to very different
excitation energies of the primary fragments. It means that, in this region of PLF, the final
fragments are not sensitive to the initial mechanism and the deexcitation leads roughly to the /?-
stability valley, whose oscillations are followed by the experimental data (Fig 4.27). It is obvious
that most of the fragments produced with argon projectiles lie in this zone, and therefore do not
provide a stringent test of the mechanisms involved. Conversely by using krypton projectiles a
wider range of PLF can be scanned; the experimental data thus obtained seem to indicate that
the mechanisms producing these fragments are highly dissipative, and that a large fraction of the
excitation is deposited in the light fragment of a binary reaction. In this framework however the
higher values of < N > /Z measured in the reaction 43 MeV/nucleon 86Kr + Au as compared
to those observed with SiKr at 22 MeV/nucleon bombarding the same target cannot be clearly
understood: although the projectile mass, the bombarding energy and the detection angles are
different, one would expect that a high excitation energy would wash out the initial differences
and lead to closer N/Z ratios.

4.6 Dynamical properties

The projectile fragment (PLF) properties alone do not appear as a very sensitive probe of the
reaction mechanism. A better signature could be expected from exclusive measurements giving
information on the dynamical aspects of these collisions through correlated quantities.

For the most peripheral collisions correlations between projectile-like and target-like frag-
ments have been measured by Dayras et al [DA89] on the Ar 4- Al system at 44 MeV/nucleon.
The observed mess-mass correlation (Fig 4.28) suggests at first an abrasion process in which
about the same number of nucléons is removed from each nucleus. The extended participant
spectator models (see sect 3.2) are rather successful in reproducing these mass correlations and
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Figure 4.26: Isotopic distributions in the reaction Кг -f Au at 43 MeV/nucleon. The solid lines
represent the experimental results measured at 0° [BA87]. The stars (dots) are the results of
the stochastic nucléon exchange simulation calculated at 4° (8°) and renormalised for each Z.

1.5

л
2
V

1.4

1.3

\Z

1.1

1-0

• " К г + Au 22.A MeV (LU87)
о e s Kr + Au 43.A MeV (BA87)
• 40Ar + Au 27.A MeV (B083)
a 40Ar + Au 44.A MeV (B083)
— ^-stability line

10

Figure 4.27: < N > /Z ratios for the lightest
PLF produced in reactions induced by Kr and Ar
beams on Au targets, at two incident energies.
From [BOR83,BA87,LU87].

74



61

30 35
Detected PLF Mass

Figure 4.28: Detected mass of the TLF ver-
sus the detected mass of the PLF, for the
system AT + Al at 44 MeV/nucleon [DA89].
The full curve corresponds to the extended
abrasion model, the dashed curve to the
two-step model and the open circles to the
stochastic nucléon exchange simulation.
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Figure 4.29: Average recoil velocity (in
units of c) of the TLF as a function of
the PLF mass, for the system Аг +А1 at
44 MeV/nucleon. The vertical bars are the
FWHM of the velocity distributions [DA89].
Curves and circles refer to the same calcu-
lations as in Fig 4.28

Figure 4.30: Average recoil angle of the TLF as a function of the mass of the associated PLF.
The vertical and horizontal bars represent the FWHM of the TLF angular correlation and of
the PLF mass distribution respectively. Curves and circles refer to the same calculations as in
Fig 4.28.
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of the stochastic nucléon exchange simulation, without any normalisation. From [TA88].
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the average kinetic energy of PLF [DA86]. In the same way the TLF recoil angle as a function
of the PLF mass and the correlation between mass and recoil velocity of TLF (Fig 4.29) are
reproduced assuming that the momentum of the unobserved participant zone is in the beam
direction [DA89]. Such an agreement between experimental results and calculation is also ob-
served at lower energy (30 MeV/nucleon) for the Ar + Ag system [GA88]. However from the
same dependence of the heavy product recoil angle upon the PLF mass (Fig 4.30) and from the
strong coplanarity for emission of the two partners observed on Ar + Ag at 27 MeV/nucleon,
Borderie et al [BO88] explained their data concerning the very peripheral collisions by a simple
two-body dissipative mechanism. In order to test this possibility an event by event analysis of
the previously mentioned data [DA89,GA88] was performed assuming :

i) a primary two-body reaction
ii) that excited primary fragments are independently in thermal equilibrium and decay by

light particle evaporation
iii) and that the average velocity and direction of the fragments are not modified by the

evaporation process.
Within this framework, momentum conservation can be used for a full reconstruction of the

binary events [BA78] and initial masses can be derived independently from the relations

Ap-Apro] yl Bin{f+g,) 14.2)

-A Vproi (4 3Ï
sm(8'P+e'T) [*-6}

where P and T are relative to projectile-like and target-like fragments; V' and в' are re-
spectively the velocity and the detection angle and Vproj (ApTOj) the projectile velocity (mass).
An example of the average primary masses of the PLF and of the TLF, which have been re-
constructed independently, are shown as a function of the detected PLF mass in Fig 4.31. We
can notice that the sum of the PLF and TLF primary masses is equal to the total mass of the
system, as it should in a pure two-body process, and that the calculated primary masses remain
very close to those of the projectile and of the target. This result is well reproduced by the
stochastic nucléon exchange simulation presented in Chap.2 [TA88] (Fig 4.32). This model is
able to reproduce also all the correlations previously mentioned (see Fig 4.28,4.29,4.30).

At this point we need more information to tentatively choose between these very different
approaches, namely the extended participant-spectator models and a pure dissipative process.
A first attempt can be made by looking at more violent peripheral collisions. Such collisions
corresponding to smaller impact parameters involve, within the participant spectator scheme,
a large number of participant nucléons and consequently we could expect larger deviations
relatively to two-body processes. These more violent collisions were also studied on the Ar -f Ag
system at 27 MeV/nucleon [BO88]. Final masses detected in coincidence which are found farther
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Figure 4.31: Masses of the primary PLF (a)
and TLF (b) as a function of the mass of the
detected PLF. The masses of the projectile
and of the target are indicated by the hori-
zontal dotted-dashed lines. From [DA89].
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Figure 4.10: PLF laboratory velocity versus their detection angle, obtained experimentally
[B0S9] for Z=S, and from the Landau-Vlasov simulation.
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from projectile and target masses than in grazing collisions were defined as heavy residues
(HR) and intermediate mass fragments (MF). Fig 4.S3 gives, for the Ar + Ag system around
30 MeV/micleon, a general view of the evolution of the correlated heavy partner (TLF or HR)
detection angle as a function of the final mass of the PLF (or IMF) detected at 6 - 7°. As
we can expect, the most violent collisions we are now dealing with are characterized by a more
forward direction of the heavy partner and a lower final mass of the light partner.

The data were analyzed assuming :
i) a fast preequilibrium emission of particles during the collision which does not modify the

direction of the interacting system;
ii) a two-body splitting;
in) and that the average velocity and direction of the fragments are not modified by their

deexcitation. Moreover to get rid of large evaporation effects due to the strong dissipation
involved only mean quantities were used; for all ZJMF, at each value of QIMF-I the most probable
correlated angle of the heavy partner < 0#я > was determined and the associated mean velocities
VIMF and VHR were deduced. The relative velocities vrei between the two partners were then
derived as well as the velocity of the system after preequilibrium emission.

Fig 4.34 (the top part) shows, through the fragment relative velocity, the evolution of the
dissipation with the emission angle of the light partner 9JMF • The same quantities were derived
from semi-classical calculations [RI88] performed at intermediate impact parameters (b = 5.5-
9.0 fm) and classified as incompletely damped collisions (see Sect. 3.1 and black points in
Fig 4.34); the evolution of vTCi is found in excellent agreement with the experimental data. In
the calculation BIMF is a negative angle, which indicates a strong deflection by the attractive
nuclear mean field. Such a negative deflection was also experimentally deduced from the circular
polarization of coincident 7 rays emitted from residual nuclei for 14iV-induced reactions on
Sm at 20 and 35 MeV/nucleon incident energies [TS87]. We have to mention that a rather
good agreement is also obtained with the Randrup's model for DIC [RA82] widely used at low
energy (full line in Fig 4.34) [ST88]. As previously mentioned, the stochastic nucléon exchange
simulation can not reproduce such large energy damping (see Sect. 4.1.3); the deviation between
the two nucléon exchange models arises from the lack of friction in the separation phase in the
latter [TA88].

These collisions differ, however, in one aspect from those observed at low energies: incom-
pletely damped DIC are observed over a large angular range. At such large bombarding energies
a complete damping of the initial relative motion is only achieved for central collisions, i.e. when
the two nuclei largely overlap (fusion), and incompletely damped collisions are observed over a
large domain of impact parameters.

Concerning the velocity of the system after preequilibrium emission, the evolution observed
(bottom part in Fig. 4.34) indicates that the amount of preequilibrium emission, deduced from
the deviation from the center of mass velocity, increases with the violence or the damping of
the collision, which can make more difficult a good evaluation of the excitation energies of both
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Figure 4.13: Angular distributions of several PLF emit-
ted in the Ar + Pb reaction at 44 MeV/nucleon. From
[BL86].
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partners. For the more peripheral collisions (small BIMF) no preequilibrmm emission seems to
be observed which is in complete agreement with [DA89].

More recently by studying a heavier system, Кг + Au at 43 MeV/nucleon, Rudolf et al [RU89]
confirmed that partly damped collisions dominate in peripheral reactions. With such a heavy
target triple coincidences between one fast (the PLF) and two slow fragments (corresponding to
the deexcitation of the TLF by fission) were needed. Fig. 4.35 shows as a function of Zpip the
average velocities of the PLF and of the fissioning TLF (the center of mass velocity of the two
fission fragments). Also indicated are the predictions concerning dissipative collisions based on
a crude nucleon-exchange estimation. For intermediate impact parameters the situation seems
much more complicated [GL89] with the appearance of a "pseudo-participant" early emitted
from the TLF (omission time < 5.10~22s), which seems rather well reproduced by semi-classical
simulations [LE89]. The fission of a participant zone [A ~ 100 and Z ~ 40) seems also to be
observed.

If we except this last result with Krypton beam at intermediate impact parameters, all the
experimental studies and calculations seem to argue strongly for dissipative collisions. However
a more definitive conclusion needs the knowledge of the excitation energies involved. This ke>
quantity is expected much larger for dissipative collisions than for fragmentation processes. This
last point is discussed in the next section.

4.7 Fragment excitation energies

Let us first, depending on the different mechanisms, have a crude estimate of the excitation
energy involved in the fragments.

In a pure high energy fragmentation process, PLF and TLF excitations are related to de-
formation. The excitatic-д energy is then obtained in a simple way by calculating the difference
beween the surface of the primary deformed fragment and the surface corresponding to a spher-
ical shape and by multiplying the nuclear surface energy coefficient, close to 1 MeV.fm'2, by
this excess surface area. The maximum excitation energy involved in each fragment is typically
in the range 1-50 MeV.

In his extended abrasion model [DA86], Dayras calculates, for the Ar + Ag system at
27 MeV/nucleon bombarding energy, maximum excitation energies close to 50 MeV for the
PLF and only a few MeV for the TLF: the major part of the excitation energy is found in the
participants (~ 500 MeV) [DA88]. However a simple massive transfer from the projectile to
the target is predicted when the available energy needed to produce a participant zone is not
sufficient and in this case a large excitation energy is found in the TLF.

Bonasera et al [BO87], who fix a priori in their two step model the partition of excitation
energy half to the participants and half to the spectators to be further shared in the spectator
mass ratio, increase the excitation energy of PLF and TLF. For the Ar + Au system at 27 MeV
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Figure 4.37: (a) Comparison of the excitation energies of the primary ejectile for both
60 MeV/nucleon Ar + Ag and Ar + Au systems. The symbols are the mean values of the
distributions and the error bars are the estimated uncertainties, taken as the difference between
the values obtained with extreme assumptions, (b) Comparison of the excitation energies of the
primary PLF produced in the 60 MeV/nucleon Ar + Ag reaction with the result of different
models (see text).
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per nucléon bombarding energy, maximum excitation energies involved are close to 70 MeV (300
MeV) for PLF (TLF); the excitation of participants is then reduced to ~ 250 MeV [MO88].

Concerning now dissipative reactions, one can expect to evolve gradually from equipartition
of the energy (the stochastic exchange of a few nucléons) to near equal temperatures (excitation
energy divided according to the mass ratio of fragments) if the interaction time is large enough
(see Chap.2). Contrarily to the low energy situation for which the relative velocities of the
two incident nuclei were small, the simple exchange of one nucléon in this intermediate energy
domain already involves excitation energies in the range 20-100 MeV.

Recently two experiments tried directly to derive information on the excitation energies
involved in PLF and TLF.

In the first one, а Аж neutron detector was used in coincidence with PLF to provide informa-
tion on the energy deposit in TLF [MO88]. Indeed, the neutron detection is specially well suited
to study the deexcitation of heavy nuclei which cool down essentially by neutron evaporation.
An argon beam at 27 MeV/nucleon was used to bombard a Au target. The choice of such a
heavy target insures that most of the detected neutrons originate from TLF. Fig. 4.36 clearly
stresses the strong correlation observed between the neutron multiplicity and the mass (and Z)
of the associated PLF; the lighter the detected PLF, the more excited is the undetected TLF.
Taking into account the detector efficiency (~ 50% for an isotropic emission of 10 MeV neu-
trons from the TLF) these experimental results have been compared with extended participant
spectator models and dissipative transfer calculations. The dashed line corresponds to Dayras'
calculations. For the reaction under study, the model is predicting a massive transfer (see sect
3.2) whatever the impact parameter. Consequently a large excitation energy is expected in TLF,
which disagrees with the data. The two step model (full line) predicts the existence of three
bodies in the exit channel for impact parameters larger than 5.3 fm, i.e. for primary PLF with
A > 24; the agreement is better but depends essentially on the energy partition chosen. The
best agreement is obtained in comparing the data to the stochastic nucléon exchange simulation
[TA88] (stars); the general evolution of the measured average neutron multiplicity with APLF

is rather well reproduced as well as the absolute values. Depending on final PLF, calculated
energies dissipated in TLF (PLF) are in the range 20-250 MeV (20-200 MeV).

In the second experiment [ST89], light charged particles (LCP) and/or light nuclei (l < Z <
8) have been detected in coincidence with PLF in the Ar + Ag, Au reactions at 60 MeV/nucleon.
In an event by event analysis the excitation energies of PLF were derived from a kinematical
reconstruction taking into account all the sequentially emitted products (evaporated by the
PLF): LCP, light nuclei as well as neutrons, which were not detected in the experiment, but
deduced assuming the N/Z ratio of the argon projectile for the primary ejectile (the mean neu-
tron multiplicities so deduced are of the order of two). Fig. 4.37a shows the calculated PLF
excitation energy as a function of the primary ejectile atomic number ZPLF- The excitation en-
ergies, which seem to be independent of the target nucleus, suggest that they are very likely not
shared between the PLF and the TLF in the ratio of their masses. In Fig. 4.37b a comparison,
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for the lighter system, is made with different calculations. The pure geometrical abrasion model
(dot-dashed curve) as well as the modified one [DA88] do not succeed in reproducing the exper-
imental excitation energies. The disagreement observed when comparing to the assumption of
equal temperatures is large (dashed line) and even larger when assuming equal energy partition
(full line); the total dissipated energy was deduced from experimental data after removing the
preequilibrium component.

This result seems puzzling at first glance. However we can notice that the fragment excitation
energies deduced assuming dissipative collisions are quite large, large enough to induce non
equilibrium emission either at the beginning of the deexcitation [BE89] or earlier in the reaction,
due to the very small interaction time. Furthermore the results can be found consistent with
the stochastic exchange theory as the excitation energy partition is strongly dependent on the
net exchange flux or, equivaiently, on the primary masses combination.

Let us come now to less direct information concerning PLF, TLF and total excitation energies
(these quantities are deduced from the total kinetic energy loss of the primary fragments derived
from kinematics).

A rather complete view has been obtained around 27-30 MeV/nucle -n bombarding energy
for the Ar + Ag system [GA88,BO89] and we shall focus on it. Fig. 4.38 shows the evolution
of the total excitation energy as a function of the final mass of the PLF which is satisfactorily
reproduced by the stochastic nucléon exchange simulation [TA88] as well as the rather equal
energy partition observed experimentally between the two partners (PLF: 5-130 MeV, TLF:
20-185 MeV depending on final MPLF)- We can also notice a saturation of the total excitation
energy around 300 MeV evidently associated with the lighter final fragments.

More dissipative collisions (smaller impact parameters) can be observed by selecting PLF
detected at larger angles, which is illustrated in Fig. 4.39 by the evolution of the total excitation
energy (averaged over different ZPLF) with the PLF detection angle: a smooth evolution of the
dissipation is observed.

Finally in Fig. 4.40, for PLF detected at 15°, the missing mass associated to emitted par-
ticles from PLF and TLF is compared to the total excitation energy derived assuming equal
temperatures of the two partners (the preequilibrium emission has been removed consistently).
Depending on Z of the final PLF the same evolution is observed for the two quantities, each
nucléon removing hi average 11 MeV excitation energy, which is an indication that, for such
highly dissipative collisions, equilibrated partners statistically deexcite, as it has been observed
at lower energies (see section 2.2).

Before concluding this section we have to mention exclusive experiments focused on the
rather symmetric binary splitting of PLF. This decay channel which occurs for a small fraction
(at least for rather light PLF) of the peripheral collisions also provides direct information about
maximum: r't-F excitation energies involved; indeed this statistical break-up only occurs with
significant piobability when highly excited PLF axe produced. For the reaction of 35C7 wiî.h Ta
at 20 MeV/nucleon Murphy et al [MU86] deduce excitation energies in the range 110-140 MeV
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Figure 4.22: Calculated final isotopic distributions for the reaction 44 MeV nue eon Ar + a
(solid lines). Comparison is made with results of [GU83] (open circles) and those of [LA85]
(solid circles). From [GU86].
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for the primary ejectiles emitted at the grazing angle and, using a heavier projectile, Charvet
et al [CH87], for the 8iKr + Nb reaction at 34.5 MeV/nucleon, derive PLF excitation energies
of about 360 MeV.

We have now to conclude about this clmpter and about the comparison between theo-
retical approaches and experimental results. From the inclusive measurements to the more
exclusive ones, to finally end with a crucial quantity, the excitation energy, rather clear in-
formation has been derived. A definite conclusion, at least in the low part of our energy
range (< 50 MeV/nucleon), can be given concerning the fact that fragmentation is not the
dominant mechanism in peripheral collisions. Clearly more inelastic collisions occur, rather
well reproduced by different dissipative models. When increasing the bombarding energy
(> 50 MeV/nucleon) the answer is not so clear and the role of preequilibrium Darticle erhis •
sion has at least to be introduced as a first step in dissipative models. Experimentally more
complete and complex experiments are needed. Moreover the very short interaction times and
larger energies involved can lead to пол-equilibrium emission of fragments.
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Conclusion
Heavy ion peripheral collisions in the Fermi energy domain are associated with short inter-

action times (a few l(T22s) which could prevent the occurrence of a dissipative stage during
the collision. From the first inclusive data, preliminary information was derived which seems
to argue for such a view. However from more exclusive data it turns out that, at least below
about 50 MeV/nucleon, binary dissipative processes dominate in peripheral collisions, as it was
the case at low bombarding energy. Such processes are well reproduced in the framework of a
stochastic exchange of nucléons between the two interacting nuclei. This conclusion confirms
the fact that dissipation occurs during a very short time, which can also be derived from the
studies of central collisions [SU89,GU89]. This feature is also well reproduced by microscopic
calculations as semi-classical simulations presented in Sect 3.1 or time-dependent Hartree-Fock
calculations including the effect of micleon-nucleon collisions through a relaxation time approx-
imation [KO84,KO85]. Fig C.I illustrates the strong decrease of the relaxation time r(T) as a
function of T which parametrizes the local excitation. Nucleon-nucleon collisions are found to
play a decisive role in shortening the dissipation time as shown in Fig C.2. To be more con-
vincing a central collision which should involve a larger damping is chosen. The left pare of this
figure corresponds to the "normal" calculation whereas the right part shows the results when
nucleon-nucleon collisions are suppressed; the nuclear mean field alone governs the collision and
a transparency effect which reveals a small damping (no reduction of the mean free path in
nuclear matter due to nucleon-nucleon collisions) is observed.

Fig C.3 schematizes the observed mechanisms in the Fermi energy region. A preequilibrium
stage which results from the competition between mean field effects (large transparency) and
nucleon-nucleon collisions (fast dissipation) is present, which is found strongly dependent on the
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impact parameter, and consequently reduces the energy deposition range. At the same time
dissipative processes, namely fusion in central collisions and deeply inelastic collisions, develop
leading to hot nuclei.

When increasing the incident energy above 50 MeV/nucleon information derived from exper-
iments is not so clear. From a theoretical point of view preequilibrium emission can no longer be
ignored and has to be introduced as a first step in dissipative models for peripheral collisions,
as already done by Randrup and Vandenbosch [RAN87]. Moreover the energy available for
dissipation associated with shorter times could lead to non equilibrium processes. Some prints
of such phenomena seem to appear in microscopic calculations (Landau-Vlasov simulations)
around 50 MeV/nucleon when projectiles as heavy as Ar or Kr are involved. Finally we have
to underline that the deeply inelastic collisions which describe the peripheral reactions below
about 50 MeV/nucleon could play an important role for lower impact parameters at higher
bombarding energy. However the characteristics of such inelastic collisions could be dominated
by dynamical properties connected with formation and deexcitation of very hot subsystems.
From semi-classical calculations the dynamical properties are found strongly influenced by the
nucleon-nucleon cross section within the nuclear medium and by the equation of state at low
density. Very sophisticated experimental set-up are now needed to study these collisions and to
constrain the fundamental ingredients.

A c k n o w l e d g m e n t s - We are indebted to our colleagues R. Dayras, F.Z. Gadi-Dayras,
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The vertical and horizontal bars represent the FWHM of the TLF angular correlation and of
the PLF mass distribution respectively. Curves and circles refer to the same calculations as in
Fig 4.28.
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