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Various Aspects of the Radial and Tangential 
Energy Dissipation in Heavy ion Collisions at 
Bombarding Energies in the Range 4 - 12 
MeV .A. 

MARC LEFORT 

Institut de Physique Nuci#aire 91406 ORSA Y and 
GANIL BP 5027- 14021 CAEN, France 

1. INTRODUCTION AND SUMMARY.- 

The main purpose in this approach of the f ield of Deep Inelastic Coll i- 
sions, is to focus our interest on perhaps the most striking feature of this 
class of Heavy Ion induced reactions, i .e . ,  the very large energy loss observed in 
the relative motion, particularly drastic at large incident energies. I t  is indeed 
so prominent that i t  has led to the labelling as "deep inelastic" or "dissipative" 
process. 

Since many review articles (i-8) have been made on the topics of D.I.R., 
i t  seems not necessary to repeat here all the well known characteristics. Never- 
theless the study of the energy dissipation is particularly interesting for two 
reasons. 

First, i t  should reveal which are the basic processes involved at the 
various stages of the damping - microscopic particle - hole excitations and nu- 
cleon exchange or collective dissipation modes like surface vibrations or dynami- 
cal deformations coupled to intr insic degrees of freedom. One of the advantage of 
heavy ion reactions on nuclear fission is that the collision process i tse l f  fur- 
nishes a time scale along which one can follow the various steps of the energy 
relaxation. Therefore, dissipative phenomena in systems which i n i t i a l l y  are far 
from equilibrium can be studied as a function of time. Assuming that the system 
rotates with angular velocity 

: ~i ~I~ ~ (I)  
where ~i ~ is the entrance channel orbital angular momentum and ~ the moment of 
inert ia of the two col l iding nuclei, the relationship between the relaxation time 
ZE and the energy loss AE may be formulated 

k 8 - 0  
: exp ( g )  (2) 

T E 
i f  AE~ is the energy loss at the grazing angle, Bg and AE the energy loss at the 
observation angle, B, assuming an exponential decay of the energy peak as a 
function of time. 
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The mechanism of the energy damping is s t i l l  under discussion. I t  is 
generally admitted that the coupling which is exerted between collective "slow" 
degrees of freedom and intrinsic fast degrees of freedom is responsible for energy 
transfer. The energy flows from the collective motion to the intrinsic degrees 
because of the large phase space available. However transport theories using sta- 
t istical assumptions are not expected to apply at thevery beginning of the col l i -  
sion, for contac~ times shorter than the relaxation time of the intrinsic degree 
(for example 10- 2s for particle-hole excitation). There is certainly a fast 
dissipation which occurs in the approach phase of the collision where statistical 
assumptions are not yet valid. This is why results on rather low kinetic energy 
losses, i.e. on that part of the kinetic energy spectra which is close to the 
quasi-elastic peak present a great interest. 

There are not yet enough evidence for making a clear cut choice between 
the absorption of energy by the excitation of high-lying surface modes (giant 
resonances) and the dissipation through Gross'piston model (wall formula) - i.e. 
when each single particle of the nuclear Fermi gas of one nucleus collides only 
once with the moving average potential wall of the collision partner, so that a 
macroscopic friction force results since many particles collide with the wall in 
a short time. 

The second interesting point is to know where is found the missing kine- 
t ic energy. For moderate bombarding energies, most of the kinetic energy loss 
goes into excitation energy of the two fragments. Moreover they exhibit an isother- 
mal sharing of the excitation energy at least in a number of experimental 
data(9"12). 

After a very short historical survey, we shall present in section 2 
typical experimental results showing in a number of systems energy spectra exten- 
ding from the quasi-elastic small excitations up to very large excitation energies 
corresponding to a complete relaxation. Then we shall discuss the signification of 
the value of the kinetic energy at full relaxation in terms of Coulomb repulsion 
and rotational energy. Also we shall show that the energy distribution around the 
mean value is large and that statistical fluctuations are very important. 

Also, in deep inelastic reactions not only the kinetic energy but the 
orbital angular momentum are partially transferred into the two fragments. There 
is obviously a correlation between the total kinetic energy loss and angular mo- 
mentum transfer and this will be examined in section 4, in connection with trans- 
port theories. 

Between quasi-elastic scattering and complete relaxation there is a 
continuous spectrum of kinetic energy loss. I t  is quite obvious that the study of 
these partially damped phenomena may bring some knowledge on the dissipative 
mechanism. Section 5 will deal with such studies. 

In section 6, we shall review the main experimental evidences that the 
major part of the kinetic energy loss ends up into intrinsic excitation energy 
of the two fragments proportional to their mass. But also some fraction of light 
particle emission exhibits a peculiar behaviour which may reflect some aspects of 
the mechanism of energy dissipation. 

2. A SURVEY OF TYPICAL EXPERI~NTAL RESULTS ON TOTAL KINETIC ENERGY LOSS. 

In the very f i rs t  paper which was devoted to what is called now deep 
inelastic reactions, in 1961, Kaufmann and Wolfgang(~3) did not observe the kinetic 
energy of the fragments, because of the experimental technique they used, namely 
the collection of the reaction products and radioactivity measurements ; but they 
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noticed the angular distr ibut ion which did not f i t  the expected quasi-elastic 
scattering behaviour, and they tr ied a theoretical interpretation in terms of 
"grazing col l is ions" which is s t i l l  at the origin of the main ideas developed 
today. The f i r s t  experimental discovery that two touching nuclei can lose most of 
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Fi~. ! : Ener~D~ balance distributions. On 
the left for ~C products from the "incom- 
plete fusion" reaction 12C + Ag at 86 MeV. 
On the ri~,t for 160 products from the 
reaction 14N + Ag at ] |3 MeV. (From Galin 
et al. 1970, ref. ]5). Quasi-elastic events 
correspond to small Q values. Dissipative 
events extend until the experimental de- 
tection threshold. 

their  kinetic energy although they 
mainly keep their  ident i ty ,  was made 
in ORSAY around 1969. Amongst the pro- 
ducts of the reaction I"N + Ag, i t  was 
shown(~5) that the unexpected forward 
peaking component observed by Kaufmann 
and Wolfgang was corresponding to low 
kinetic energies of the fragments. For 
the f i r s t  time, a dist inct ion was made 
between on one side quasi-elastic reac- 
tions characterized by a maximum in 
do/d~ at the grazing angle and, on the 
other side, what was called incomplete 
fusion with a forward peakin'g and a 
arar~energy dissipation(IS). An 
i l l us t ra t ion  from the early work of 
1970 is shown in figure 1. In the same 
period, evidence for what was called 
"intermediate mechanism in interactions 
between complex nuclei" was published 
in Dubna by Volkov's group(~6). Energy 
spectra were obtained for the l ight  
fragments produced in multinucleon 
transfers by 160 on 2~Al, Sly and 93Nb. 
Later on, a serie of well known papers 
appeared(17) on ~°Ar + 232Th 
Wi Iczynski's presentation(*s) and the of con- 
tour plots of d2o versus E and 0 is so 

popular that w~Odon't  feel necessary 
to show i t  once more. "Wilczynski's 
thu~s" have appeared in droves for 
various systems including a recent pic- 
ture obtained(19) in Lanchow-China in 
a rather modest study of =2C on ZTAl. 
Even 10 years after our f i r s t  work done 
in ORSAY the curves shown in figure 2 
exhibi t  a very good example of energy 

dissipation, in this time where any heavy ion beam should transport masses heavier 
than 80 in order to be taken seriously into consideration. On this picture, one can 
see very nicely the continuous energy loss from a quasi-elastic discrete spectrum 
down to a very low kinetic energy for the 11B fragment. 

As a general behaviour, energy spectra present a long descent from the 
quasi-elastic scattering energy followed by a broad peak centred at much lower 
energy. The dist inct ion between the two parts is rather well marked when the detec- 
tor is put forwards the grazing angle. However, close to the grazing angle, there 
is a continuous transit ion between elast ic events and more or less inelast ic ones. 
This is clearly shown in figure 3. 

Nevertheless, energy spectra summing the events corresponding to al l  
kind of fragments are certainly not the r ight  thing to look at for a better un- 
derstanding of the energy dissipation. Measurements have been made for well defined 
Z values. 
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F i~ .  2 : Contour l i nes  f o r  deep i n e l a s t i c  
events versus total kinetic energy and 
angle of emission for the fragment 10B 
produced in the reaction (12C + 27AI) with 
the 90 MeV carbon beam delivered at the 
Institute of Modern Physics at Lanchow 
(People Republic of China) (ref. ]9). 
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F ig .  3 : P a r t i a l  and complete damping. 
Ener~r spec t ra  f o r  p r o j e c t i l e - l i k e  f rag '  
ments em i t t ed  at va r ious  angle i n  the 
r e a c t i o n  63Cu + 197Au ( r e f .  23) .  

Furthermore i t  is important to consider each mass for a given Z, because 
i t  is not the same sort of isotopes which contribute to the low energy peak and to 
the region near by the quasi-elastic scattering. This is i l lustrated(2°) by figure 
4 relative to Chlorine isotopes emitted in the reaction SSNi("°Ar,Cl)Cu at 
EJa b = 280 MeV. For 39CI, due to the removal of a single proton, the only contribu- 
tlon appears at the grazing angle with a kinetic energy close to the elastic scat- 
tering value. There is no contribution to a low energy peak neither inside the 
grazing nor outside, because the nucleon interaction is deeper and leads to more 
than a single proton transfer. In contrast, 34CI exhibits no contribution from a 
quasi-elastic peak since there is already the loss of 6 nucleons. The spectrum of 
~6Cl shows an intermediate behaviour with two broad peaks when the observation is 
made at an angle (~ close to the grazing angle. 
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Fi~. 4 : Energy spectrum of chlorine 
isotopes emitted in the reaction 
SSNi(~°Ar,Cl)Cu at Elab = 280 MeV 
(ref. 20)• B = 18 ° (dots), e = 25 ° 
(cross), e = 38 ° (circles). 
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Fi~. 5 : A schematic presentation of 
the evolution of kinetic energy as 
a function of the angle of observa- 
tion of the fragment. 
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According to the usual analysis made in terms of positive and negative 
angles(~8), the high energy peak corresponds to the beginning of energy relaxation 
when A8 is small, and the low energy component is obtained after a longer relaxa- 
tion time, corresponding to a larger A8 because the rotation has evolved starting 
from the negative grazing angle, as shown schematically in figure 5. 

At larger angles, outside the grazing point, the high energy contribu- 
tion has disappeared and also the width of the low energy component is greater. 
This is observed also for Sulfur isotopes, 3ss showing both contributions although 
there is mainly a large hump around 45 MeV for 32S. However, even for 34S and 33S, 
where 6 and 7 nucleons are missing, respectively, the partial damping appears very 
clearly. For much heavier systems, there is a much stronger angular focusing of 
deep inelastic phenomena. A very large relaxation is reached around a constant va- 
lue after a rather small rotation angle, and sometimes the contribution from nega- 
tive angles is negligeable. This has been discussed by Galin(2) who introduced a 
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Fig. 6 : Ener~ daD~ping in a very heavy 
system where the angular focusing is 
strong. Contour plots d2o/dEde for the 
deep inelastic products of the reaction 
(136Xe + 209Bi) (ref. 2|). 

m~dified SQmn~rfeld parameter, 
, ZlZ2e z . . . .  

n = T v ,  ,wnere one ve]ocity v' is 

derived from (E - Bc), the available 
energy above the barrier instead of 
the usual incoming energy. When n' is 
small (around 100-250) there is a wide 
rotation, while for large n ~values, the 
strong damping occurs before a large 
rotation and the angular distribution 
is side peaking a l i t t l e  b i t  forwards 
the grazing angle. The focusing effect 
is so that, in a range of angles close 
to the grazing where most of the events 
occurs, one observes the entire energy 
spectrum from the elastic scattering 
value down to the lowest energy corres- 
ponding to the most relaxed events. 
Then the contour plot of d2~ appears 

dEdO 
like in figure 6 obtained by 
Schroeder et al(21) on (2°9Bi + 136Xe). 

S. TOTAL RELAXATION - QUASI-FISSION.- 

The idea that the energy loss increases with the time of contact between 
the two nuclei has appeared already in the very f i r s t  papers on the subject(Is-16). 
For large contact times, a limiting value of the total kinetic energy is expected 
to be reached. Experimental energy spectra as shown in figures 3 and 4, exhibit a 
broad peak from which one may try to derive a mean value and a width at half maxi- 
mum. For systems like (Ar + Ni)(2°), (Ca + Ni)(22), (Cu + Au)(2~), (Ar + Ag)(2~), 
(Ar + Au)(2s-26), the mean kinetic energy decreases when the angle of observation 
decreases inside the grazing angle, and of course decreases even more at angles 
greater than the grazing angle since they correspond to long rotational times from 
trajectories issued from the negative side. 

At the same time, the FWHM increases, as this could be expected i f  the 
relaxation phenomenon undergoes stat ist ical  fluctuations. 

I t  is interesting to look at the limiting value for which we consider 
that there has been a complete relaxation. At least for all the cases where the 
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bombarding energy does not exceed I0 A.MeV, except Xenon induced reactions at 
9 A.MeV, the l imit ing value of the mean kinetic energy corresponds to a Coulomb 
repulsion for a deformed l iquid drop, i .e . ,  i t  is definit ively much lower than the 
Coulomb barrier for two touching spheres, or more precisely to the interaction 
barrier in the entrance channel. 

The fact that the process leads into a scission configuration of two 
highly deformed fragments suggested that at least in the last stage, there is some 
similari ty with nuclear fission. This is the reason why those deep inelastic events 
for which the relaxation is completed were called "Quasi-Fission"(26). 

Like in fission, the kinetic energy is consistent with the Coulomb re- 
pulsion in the deformed l iquid drop. I t  is independent on the entrance channel. 
There is a broad energy distribution around the mean value and also a rather broad 
mass distribution of the fragments Unlike f iss ion,  the mass distribution of the 
fragments is very asymmetric and there is a strong remembrance of the projectile 
and target masses. The angular distribution does not follow the well known 1/sin 0 
shape of ordinary fission, but exhibits generally a pronounced peak. 

336 
:> 
I 3oo 

25( 

200 

i 
d 

As an example of constancy of the 

- 63Cu + 197Au I EW~, = 443 M*V 336 
moss of the Light f ~  - 63 initial system 

I r~otNe error 

EW,© = 365 M eV 
initio( system 

Vcout 

Z 
I I • ' 

I I i I 
100 'l~.OlO 50 100 150 

e ¢m.( Li~r,t frognwmt ) 
: Mean v a l u e  o f  the  k i n e t i c  ene rgy  

for quasi-fission events of masses around 
A = 63 in the bombardment of 197Au by 63Cu 
at two bombarding energies : 365 and 443 
MeV (ref. 23). 

quasi-fission energy, figure 7 pre- 
sents the results obtained in the 
system 63Cu + Au at two bombarding 
energies for masses around A = 63. 
The mean value is equal to 205 MeV, 
while the interaction barrier is 
around 250 MeV. The observation that 
the mean value is independent of the 
bombarding energy is unexpected, since 
the ranges of angular orbital momenta 
involved in the two cases are quite 
different. Since the average value is 
around 50 ~ at 365 MeV, and of the 
order of 120 I~ at 443 MeV, the corres- 
pondi ng centri fugal energies should 
increase by a factor 5. A possible 
explanation could be that the scission 
configuration and therefore the 
Coulomb repulsion depends on the angu- 
lar momentum in such a way that the 

effect of centrifugal energy is compensated (shape more stretched for larger 
values). 

The kinetic energies of the fragments are in principle very sensitive 
to the scission configuration and a precise comparison of Coulomb energies to ex- 
periment should be made for each charge ZI of the l ightest fragment. Since we know, 
from coincidence experimental results(9-I~) that the two-bocLy break-up is associa- 
ted with an excitation energy shared between the two fra@nents proportionnally to 
their masses, experimental kinetic energies can be corrected for particle evapora- 
tion. A comparison has been made(22) for fragments of different Z values emitted 
in the reaction ~°Ca + 6~Ni (182 MeV). The centrifugal term was calculated assu- 
ming sticking conditions, i .e., the mean orbital angular momentum in the exit  
channel ~f~ : 

~R2 (3) 

~f : ~i ~R2+ ~ MIRI2 +~  M2R22 
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In the moment of inertia of the composite system, !JR 2 , as well as in the Coulomb 
energy, ZIZ2e2/R, the distance between the two fragments is given by 

1/3 A21/3 ) R = 1.225 (A I + + d (4) 

where d is a free parameter simulating the deformation. Figure 8 a shows the agree- 
ment obtained with d = 4.5 fm which is much larger than the usual liquid drop pa- 
rameter. For a higher bombarding energy ~i goes up from 65 units at 80 MeV to 
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Fi$. 8.a : Mean kinetic energies for the 
fully relaxed events (quasi-fission) of 
various Z. Dotted line : calculated ener- 
gies assuming Ecoul + E% for two bombar- 
ding energies : 182 and 280 MeV for the 
system (4°Ca + 64Ni). Full points : expe- 
rimental results at 182 MeV. Stars : expe- 
rimental results at 280 MeV (ref. 22). 
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F i ~ .  8 .b  : Same d a t a  as i n  f i g u r e  a f o r  
the system (4°Ar + Ag). Open circles 
indicate the PIgHM (ref. 24). 

90 ~ units at 280 MeV. However, at least for l ight fragments (Z < 13) the experi- 
mental data do not show up the corresponding increase of centrifugal energy. A 
possible explanation could be that only the lowest ~ values contribute to the very 
asymmetric spl i t t ing.  The same type of analysis and comparison with Coulomb repul- 
sion for two spheroids in contact has been made(25"28-29) on the systems (Ar + Ag), 
(Ne + Ag), (4°Ca + 4°Ca). As far as the amount of kinetic energy which has to be 
dissipated was not too large (50 - 300 MeV), i t  has been possible to observe a 
complete relaxation of the relative motion and to recognize a clear bell shape low 
energy component in the energy spectra from which one can extract an average kine- 
t ic energy. When the parameter n' i s  not very large, either because of small ZIZ 2, 
or because of high velocity in the entrance channel, the complete relaxation is 
reached only after a rather large rotation. The spectra obtained at angles a bit  
forward the quarter-point angle look more complex than the example of figure 3. 
The might appear two bumps, as this is quoted by Huizenga(s-3°) for the system 

84 165 i ( Kr + Ho) at 714 MeV (n = 201), for 0 = 19.7 ° (figure 9). Here, the low ener- 
gy bump corresponds to the negative angle contribution and the high energy bump 
corresponds to part ial ly damped events since the rotation angle is very small. 
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angles for krypton-like fragments in the 
system (84Kr + 165Ho) at 714 MeV. The low Fi~. I0 : Contour lines, d2~/dEdB, for 
energy bump corresponds to negative angle fragments produced in the reaction 
and the higher energy bump corresponds to (52Cr + 56Fe), in nearly syE~etric spli- 
partially damped fragments emitted at a tings (ref. 31). The completely rela~ed 
positive angle very close to the grazing events present an isotropic angular dis- 
angle (figure reproduced from ref. 30). ~itribution. 

This behaviour seems to me quite understandable and the quasi-fission events are 
s t i l l  well indicated in the low energy bump which appears very nicely alone at lar- 
ger angles where the only possible contribution is due to negative angles and 
therefore long rotation times during which complete relaxation can be reached. We 
want to show again three beautiful very recent i l lustrations of the val idity of 
the ful ly relaxed kinetic energy justifying the name of quasi-fission which we 
developed{ ~-23-2~-26) a few years ago, andwas crit icized by Schroeder and Huizenga 
recently(~). The f i r s t  is taken from the results(31) on a rather l ight and nearly 
symmetric system (SZCr + S6Fe). Figure 10 shows Wilcz.vnski's plot for a number of 
fragments around symmetric spl i t t ing. A projection of the contour plots on the 
energy ordinate would very nicely exhibit typical kinetic energies corresponding to 
ful ly relaxed events for each Z value, as far as the region around and sl ightly 
inside the grazing angle is avoided. 
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The same 
bombard ing  e n e r g i e s  
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505 MeV and 710 MeV). The results of Vandenbosch et al(32) 

indicate complete relaxation at 
kinetic energies around a mean value 

3oo~ close to 150 MeV for the two cases. 
These events remain without par t ia l ly  
damped contribution when the centre 

25o~ of mass angle is taken far enough 
away from the grazing v ic in i ty .  The 
same thing was found(33) on the sys- 
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Another recent data(34) is 
shown in figure 12. There, projecti le 
l ike fragments are counted in contour 
plots on both sides of the symmetry. 
Even at a velocity corresponding to 
8.18 MeV/n, q' is large and the 
angular focusing is strong. There- 
fore, there is a continuous decrease 
o f #  between very s l ight ly inelastic 

events and the total ly  relaxed 
events. However, i f  one selects 
those cases closer to symmetry which 
correspond to important mass trans- 
fers, i t  appears clearly a distribu- 
tion of kinetic energies around a 
mean value of 200 MeV. This corres- 
ponds to a Coulomb repulsion of two 
spheroids with axis ratios b/a bet- 
ween 0.6 and 0.8, i .e . ,  rather large 
deformations, even larger than at 
the scission shape in fission. 

Fig. 1] : Contour lines, d2~/dEde, for 
fragments ~roduced in the reaction 
(86Kr + 13~La) at 2 bombarding energies 
(505 and 7]0 MeV). Complete relaxation 
corresponds to 150 MeV (ref. 32). 
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Fi~. ]2 : Contour lines, d2o/dEdZ, for 
fragments produced in the reaction 
(86Kr + 166Er) at 8.18 MeV/amu. Qgg is 
calculated using the liquid-drop formula 
with shell corrections. The parallel lines 
between Ecoul and Qgg indicate the 20 MeV 
TKE loss cuts. Ecoul has been calculated 
for two spheres using r o = ].2(A!3+A 13) + 
2 fm. Dashed curves indicate coulombZener - 
gies for elongated spheroids with b/a = 
0.8, 0.6, and 0.4 (from ref. 34). 
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The three preceeding examples, added to dozen of published data, make 
us quite confident in the idea that the composite systems when they have been for- 
med can live until a complete relaxation of the kinetic energy and there is some 
kind of pile-up at the kinetic energy corresponding to Coulomb repulsion at the 
scission of two fragments at rest, like in the fission process. This concept is 
quite important since i t  may help us to understand how the shape of the composite 
system behaves between the contact point and the final disruption. 

Nevertheless, with very large bombarding energies combined with very 
heavy projectiles, l ike 136Xe beams at 1130 MeV (8.5 MeV.A), on Z°gBi, the very 
wide bump of the low kinetic energy contribution has a maximum(2z) at some 70 MeV 
above the entrance channel Coulomb energy (see figure 13.a). This means that com- 
plete relaxation is not reached. At the same velocity, with 718 MeV, Krypton ions 
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Fi~. 13.a : A case where complete relaxation 
is not achieved : (136Xe + ~°gBi) at 1130 
MeV. The maximum of the bump of kinetic 
energy is located at 70 MeV above the en- 
trance channel coulomb energy (ref. 21). 

"b 
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Fi~. I3.b : TKE spectra for 
various Z values. 

bombarding 2°9Bi, Huizenga et al l  3s) have found lower kinetic energies correspon- 
ding to Coulomb energies of deformed shapes. One of the possible explanation for 
the difference is that the total amount of energy to be dissipated in order to 
attain the Coulomb energy is greater in the case of (Xe + Bi) than in the case of 
(Kr + Bi). This seems indeed to be verified by the results(6°) obtained at a smal- 
ler bombarding energy (900 MeV) where the maximum of the total ly relaxed bump was 
found at a lower energy than the Coulomb repulsion. But here the projectile kine- 
t ic  energy loss necessary to reach the Coulomb repulsion was less than 100 MeV, 
while i t  was 300 MeV for an incident energy of 1130 MeV. Also ZIZ 2 is higher and 
the Coulomb forces may keep the colliding system more apart so that there wi l l  be 
less deformation and f ission-l ike configurations would be obtained only in a few 
cases. As a matter fact i f  only fragments quite heavier than Xenon are considered, 
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for example with <Z> greater than 66, i .e.  for large Z and A transfers, the kinetic 
energy loss bump peaks at a much smaller value, around 350 MeV, which corresponds 
to low Coulomb repulsions of deformed shapes. 

THE WIDTH OF THE KINETIC ENERGY DISTRIBUTION OF QUASI-FISSION EVENTS. 

In all the cases where the kinetic energy of the fragments was compared 
to calculated Coulomb repulsions, this was done for the value measured at the ma- 
ximum of the low energy bump. The width of this bump is rather large and i t  is not 
always very easy to extract the FWHM, particularly becaus% on the high energy side 
there is the contribution of part ial ly damped events. However i t  is interesting to 
notice(2") that for figures 8 and 14 as well as for all the cases where i t  has 

been considered, the width does de- 
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Fig. ]4, : Width of the quasi-fission frag- 
ment kinetic energies. The kinetic energy 
distribution has been measured for several 
fragments at different angles in the sys- 
tem (40At + 107'109Ag)(ref. 24). 

pend neither on the bombarding energy 
nor on the angle of observation or on 
the Z of the fragment as far as the 
region around the grazing angle is 
avoided. This d.:monstrated the sta- 
t is t ica l  aspect of the energy loss 
which is submitted to important fluc- 
tuations like in the fission process. 
One might think that they represent 
not only fluctuations in the shape 
at the scission point, but also va- 
riations in the centrifugal contri- 
bution since many k-waves are invol- 
ved. I t  is quite remarquable that the 
kinetic energy, particularly for 
l ight fragments, is going down to 
very low values ( f ig.  15-16). They 
correspond, in terms of Coulomb re- 
pulsion, to very deformed shapes, 
which have no real physical s igni f i -  
cance. Rather. they should be consi- 
dered as resulting from fluctuations 

in the process of energy dissipation between the relative motion macroscopic degree 
of freedom and the intr insic degrees. When the fragment has a small number of nu- 
cleons, the relative contribution of the momentum distribution of individual par- 
ticles is much bigger and one might explain qualitatively why the kinetic energy of 
nitrogen and carbon fragments is so small as shown(31) on the Wilczynski's plots of 
figure 16. Before to finish on this question of ful ly damped phenomena, I should 
like to raise again the problem of the estimates of the angular momentum contribu- 
tion to the exit  channel energy. I t  is indeed rather uneasy to deduce what is the 
magnitude 9f the centrifugal component, i .e., 

~f(..~f+ l)~Iz , because 
2J 

i )  the range of incident k-waves which contribute to the to ta l l y  relaxed events is 
not so well known, 

i i )  the st ick ing l im i t  asumption is not t o ta l l y  proved, 

i i i )  the moment of iner t ia  depends on the deformation, which may i t s e l f  be deduced 
from the Coulomb energy. 
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Fi R . 16 : Contour plot d2o/dEd~ for the 
fragment Z = l l in the reaction induced by 
160 on 92Mo at a c.m. bombarding energy of 
]57 Iw~V. At forward angles the kinetic 
energy distribution of the fragment exhi- 
bits a very broad spectrum down to 10 MeV 
(ref. 3l). 

Fi~. 15 : An example of the observation of 
complete relaxation at backward angles for 
fragments around Z = 25 produced in the 
reaction (40Ar + 58Ni) (ref. 53). 

However, when the centrifugal energy is only a small contribution as compared to 
the Coulomb repulsion, the possible error made on i ts estimates is not so relevant. 
But for l ight systems and high angular momenta, i t  could be of the same magnitude, 
l ike in Cormier et al 's experiments(36). 

In connection with this centrifugal energy contribution, a very interes- 
ting result has been obtained(37) recently, on a l ight  system (32S + 2~Al) at 
175 MeV. In the energy spectra of fragments, observed at angles where complete re- 
laxation is achieved, a low energy bump appears on the gaussian shape, which might 
indicate that two dif ferent dynamic equil ibria are attained in the scissioning 
system. Furthermore, coincidence measurements between the two products are quite 
convincing that two groups of events corresponding to two different kinematics are 
appearing. Figure 17 i l lustrates the two peaks for the coincidence probability 
when the detectors were places at - 30 ° and + 34 ° . Events were selected so that 
(A I + A2) > 56 in order to minimize the effect or particle emission on the kinema- 
t ics.  This kind of two peak curve ressembles the usual energy spectra obtained in 
fission but here the low energy peak is higher. Assuming a two body break-up from 
the composite, A = 59, the kinematics requires a Q value near - 27 MeV for fragment 
masses near 20 (high energy peak around 85 MeV) while the low energy peak at 55 MeV 
corresponds to a Q value of around 47 MeV, for masses near A 1 = 35 (see part b of 
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: Fragment coincidences observed at 
34 ° on opposite sides of the beam, 

in the system 32S + 27AI. a) percent coin- 
cidences versus kinetic energy of the pro- 
duct detected at 30 ° . b) mass variation of 
the most probable kinetic energy of the 
products. The lines show the variation pre- 
dicted for two-body break up with the in- 
dicated Q values (A I + A 2) >. 56 (from 
ref. 37). 

figure 17). There is therefore a clear demonstration of the existence of two sepa- 
rate two-body processes which dif fer in most probable Q value by some 20 MeV. The 
explanation suggested by the authors is that the two groups of scissioning nuclei 
have different average angular momenta. Assuming a saddle point shape of SgCu cal- 
culated with the liquid drop model, the authors have calculated the expected varia- 
tion of the total kinetic energy as a function of the angular momentum. They con- 
clude that for the higher Q value, only low h-waves contribute (lower than 15 Jh) 
whereas for the higher kinetic energy an average angular momentum of 48~h contri- 
butes to the centrifugal energy. This might be evidence for the existence of a low 

branch for deep inelastic reactions, and a ~ window for complete fusion. 

4. INCO~LETE RELAXATION. TRENDS BETWEEN QUASI-ELASTIC SCATTERING AND COM~LETE 
ENERGY DISSIPATION. CORRELATION WITH ANGULAR MOMENTUM DISSIPATION.- 

It is clear that the dissipative processes lead to continuous kinetic 
energy distributions connecting the quasi-elastic events to the domain of ful l 
relaxation (quasi-fission). And there is a great interest to study with more de- 
tai ls the behaviour of the energy loss when time evolves. 

How fast is the energy dissipation, how is i t  related to nucleon ex- 
change, angular momentum transfer, charge distribution ? How far can experimental 
data help the choice of a theoretical model of energy dissipation ? Since the f i r s t  
contour diagrams published by Wilczynski(Zs), the picture of two ridges in the 0 
versus E space is well known. The f i r s t  one starts at the quasi-elastic scattering 
energy and is moving to forward angles while the kinetic energy is decreasing. The 
second seems to start at zero degree and moves to larger angles with a decrease in 
energy t i l l  i t  reaches the total ly relaxed value. As a matter fact i t  represents 
the continuation to negative angles of the f i r s t  peak, as explained already in 
figure 5. 
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However, for heavy systems, and for large n' values, the deflection 
function e = f(~) does not show any plunging branch so that the contribution to 
small angles inside the grazing does not appear. There is a strong'angular focu- 
sing effect and one cannot follow the energy loss along the Ae coordinate and use 
relation (2) .  We have already seen pictures of this type (figure 6) .  

Kinetic energy is known(38) to be lost at least for a large part through 
nucleon exchange between the two partners. Therefore, an interesting way to examine 
the energy dissipation mechanism consists in studying the correlation between 
energy loss and nucleon exchange. 

On a theoretical basis(~1), the one-body energy dissipation has been 
calculated by Randrup("2) with the proximity formalism, for target and projectile 
nuclei with half density radii R T and Rp, and diffuseness d : 

dE No l ~  ~-~ = 4 ~ - ~  d.E~(~o) (5) 

where N O is the transfer flux density around 2.5 10 "23 MeV s fm -" and (~(~o) is a 
universal flux function at a separation distance ( ~ o ) .  

For ~o between - 0.75 fm and + 0.75 fm, the flux function (5o) varies around 1.2, 
and dE/dt is estimated as dE/dt ~ 102~ sec'1.E, for medium mess projectiles and 
heavy targets. Roughly the time for 100 MeV of energy relaxation is of the order of 
10 -2~ sec. However, this is an estimate with no particular account of angular mo- 
mentum. 

The typical pieces of informations to be explored are, according to 
Huizenga et al(3S), the charge distributions for various bins of energy loss, and 
the plot of the kinetic energy loss versus the distribution width. A classical 
example is shown in figures 18 and 19 for the system (2°gBi + ~36Xe). The width 
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Fi~. ]8 : Charge distributions for various 
bins of TKE loss for the projectiles-like 
fragments in the reaction (136Xe + 209Bi) 

(ref.39). 
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increases with the energy loss, suggesting indeed very strongly a diffusion pro- 
cess. The correlation between energy loss and variance of the Z distribution has 
been derived by Schro~der et ai(21"39). Starting with the available kinetic energy 
in excess of the Coulomb energy, E = (~ - B c - TKE loss), they write the relation 
between energy loss and time evolution, 

dE _ m E dN ~I~ ex : T ~ (6)  
dN i f  the nucleon f l ux  between the two co l l i d i ng  nuc le i ,  ~ , is the only process for  

d iss ipa t ion .  

The to ta l  energy diss ipated during the time in terva l  necessary to 
exchange one nucleon is 

dE m E (7) 
~Eex = - ale ex : 

and the correlation between energy loss and variance of the Z distribution 

m 
TKEIoss = ~ -  B c - E = (E-- Bc) ( i  - exp(- ~ N)) (8) 

m A 
= (E- - Bc) ( I  - exp(- ~ ~ az2 ) (9) TKEloss 

assuming N : #OZ2,  since i t  is known that  the equ i l i b ra t i on  of mass to charge 
asymmetry degPee of freedom occurs very shor t l y .  

Experimental resul ts  for  the energy loss per nucleon exchanged, 6E, have 
been plotted(39-4°) according to expression (7), for several systems at a bombar- 
ding energy of 8.5 MeV.Aa The values of 6E were obtained by dif ferentiat ing curves 
of energy loss versus aZ= (related to N) extracted of the results reported l ike in 
figure 20. The linear relationship was well f i t ted ,  with the same slope for the 
three systems 84Kr + 16SHo, ~36Xe + ~6SHo and 136Xe + 2°6Bi . However for 
84Kr + 19~Au, the results indicated by Moretto(3) at 7.2 MeV.A, correspond to a 
dif ferent slope. 
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Fig. 20 : Total kinetic energy 6E dissipa- 
ted per nucleon exchanged as a function of 
the available energy per nucleon m E. The 

solide lines are drawn through the data 
points. The dashed line represents the 
amount of energy dissipated by the exchange 
process itself (eq. 7).(ref. 39). 
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The deviation for small energies, i .e .  at nearly complete relaxation, 
indicates highly deformed intermediate systems so that the Coulomb energy is lower 
than the one put in the calculation of TKE loss and of the abscissa E = O. 

Now, considering the straight lines of figure 20, the comparison with 
equation (7), indicates that the mass exchange f ie ld  process can account for only 
30 % of the energy dissipation. Since the experimental slopes are greater, an 
additional mechanism following the same dissipative law, should be responsible for 
the energy loss. This might be for example particle-hole excitation which is s t i l l  
a one-body process. Nucleon exchange is certainly responsible for a fraction of 
the total energy loss, but not a l l .  This fraction is not yet very well known and 
depends probably on the bombarding energy. Rudolf et al(~3) have found for 
(8~Kr + 1~6Er) at 8.2 MeV.A, a rather good agreement between experimental oZ 2 for 
various energy losses and a one-body calculation. At smaller bombarding energies 
(6.2 MeV.A), the agreement is not so good. But Vandenbosch et al(32) did find for 
the system (8~Kr + ~39La) that the energy loss due to the part icle transfers 
accounts for less than half the observed energy loss. 

ANGULAR MOMENTUM TRANSFER AND ENERGY DISSIPATION 

The simple treatment sketched above do not take account expl ic i te ly  of 
the angular momentum transfer. I t  describes indeed the energy loss as a whole, but 
the transfer of orbital angular momentum into in t r i ns i c  spin should obviously 
decrease the centrifugal energy in the exi t  channel. Therefore both radial and 
tangential energy dissipation should be included. 

A very nice picture of the monotonic correlation between energy loss 
and angular momentum transfer has been furnished already in 1974 by Gross et 
aI(44), using classical dynamics and the f r ic t ion force concept. In many case, the 
deflection function allows a simple relation between the angle and the interaction 
time and therefore one may use expression l ike equation (2). But this is not 
always the case, part icular ly for heavy systems where a double rainbow appears("5) 
or when a very strong angular focusing effect inhib i ts  the observation of a time 
evolution as a function of the angle of emission. However, one can s t i l l  use the 
kinetic energy loss as a clock, and make the asymption that there is a monotonic 
increase in the total kinetic energy loss with decreasing values of the impact 
parameter( 46 ). 

{El.h} 

. , 

Fig. 21 : Schematic illustration of the 
calculation of the coulomb deflection func- 
tions a~d of the influence of nuclear in- 
teraction. From Norenberg et al, (ref. 47). 

For a given value of ~i, the 
incident angular momentum, the inter-  
action time T(~i) is determined by 

JA ~i.T(~i) = AO (~ i )~(~)  (i0) 

where ~ is relative moment of inert ia 
of the double-nucleus system having 
an orbital angular momentum related 
to ~i according to the clutching con- 
ditions (st icking or no st icking).  
Then figure 21 due to N6renberg(~7) 
shows that : 

Ae (~i) = ec(~i) - Oexp(Ci) (11) 

eexp(~i) is the actual angle where 
the fragment is detected, 

Bc(Ci) is the coulomb deflection 
angle 

ec(~i) = 180 ° - Oci - ecf (12) 
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eci and ecf are the coulomb angle in the incident and final channels, respectively 

I (Rp+RT) + i f  
+ 

eci f = arc cos p(ZpZTe2)2 - arc cos /2E~ 2 ~ 2 \ i /  (13) 
z+l"  if I I (RP +RT) ~(ZpZTe2) 2 / J 

Coming back to relation ( i i ) ,  the problem is now to find a connection between bins 
of ~ values and bins of kinetic energy losses. This was done in a very simple 
manner assuming a monotonic increase in the total kinetic energy loss with decrea- 
sing impact parameters("6). Then applying the sharp cut off approximation, i .e., 

ap,, = ~ ~C 2 (~ + 1) 2 (14) 

the cross section for events between E k and E, and consequently between ~k and ~C 
is 

Aaij = ~ <2 ( ( ~  + 1)2 (~k + I)2 (15) 

SO, one can draw a deflection function from the kinetic energy loss spectrum and 
the difference A0(~) calculated according to equation (11).  An example is shown in 
figure 22. The difference between the Coulomb deflection function and the actual 
deflection function derived from the TKE loss, A0(~), appears clearly in figure 23, 
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Fi$. 22 : Derivation of a deflection func- 
tion from the kinetic energy loss (system 
136Xe + 209Bi) (ref. 60). 
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The angular momentum dependent interaction times are deduced from equa- 
tion (10). They were found to follow the empirical relation 

t(~) = t o exp( - B~) (16) 

with a value of B depending on ~ma x, A T and A m, Z T and Z n. For the system 
(Xe + Bi), Schro~der et al("6) ~und that to Ys o~ the o~der of 2.10 -20 sec 
assuming a sticking model. This is rather a long time as compared to the theoreti- 
cal calculation using equation (5). But one should notice that the total ly f la t  
deflection function of figure 23 is probably not correct. One would rather expect 
a double rainbow and a rising branch for low ~-waves. Furthermore both fluctua- 
tions in energy loss and in angular momentum transfer interfer so that many reac- 
tion paths lead to the same angle and to the same bin of energy loss. There is no 
particular reason to divide the energy spectrum in vertical cuts corresponding to 
vertical bins. 

A more sophisticated treatment has been done by Wolschin and N~ren- 
berg(48). The very important point is that they consider three distinct approaches 
contributing to the kinetic energy damping process : a radial dissipation fol lo- 
wing a one-body procedure, a tangential dissipation corresponding to angular momen- 
tum transfer during the clutching of the two nuclei, and a deformation which 
develops before scission at a later stage. The transport theory and the fluctua- 
tions deriving from the statist ical assumptions are applied to the three degrees 
of freedom - radial motion - rotational motion - deformation. Moreover the deflec- 
tion function is determined from the angular distribution as followed= 

The deflection angle for an impact parameter b is obtained by two contri- 
butions,(~)c(b ) the coulomb deflection function, and(~N(b ), the nuclear part. 

Or(b) is calculated as explained in figure 21, and the nuclear part is put in a 
par~metrized form 

gr b ®N(b) = B ~  c ~ ( )b/bgr (17) 

gr 
where 6 is for the deviation of the Coulomb trajectory near the grazing angle e c , 
and B is for the main deviation when b < bg r. 

By iteraction, B and 6 are adjusted to f i t  the experimental angular dis- 
tribution, assuming classically 

= 2 ~ E b (18) 
n n ~ b = b n 

Large B correspond to small ~parameters and rotations towards negative angles. 
Small B are for large ~' , angular focusing and therefore a rather small deviation 
from the Coulomb deflection. 

Figure 24 shows that the deflection function presents a rising branch 
at low impact parameters, even for Xe + Bi at 8.3 MeV/amu. A comparison with the 
picture given in figure 23 indicates that AB values can dif fer strongly and low 
R-waves trajectories do not go into angles inside the grazing. Furthermore, large 
kinetic energy losses might not be associated so s t r ic t ly  to low ~waves. As a 
matter fact gamma mult ipl ic i ty measurements have shown( s° ) that for the most rela- 
xed events, My is as large as for part ial ly damped events and there is no evident 
effect of an eventual decrease of intr insic angular momentum when the kinetic 
energy loss is the greatest. This appears very clearly in figure 25 where gamma 
mult ipl ic i t ies, which are directly connected to the angular momenta shared by the 
fragments, were measured at different TKE. I f  there was a univoque correspondance 
between low kinetic energies and low impact parameters and therefore low intr insic 
spins in the fragments, as expressed in the histogram of figure 22, My should 
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decrease strongly for the smallest TKE. On the contrary, calculations made accor- 
ding to ref. 62 indicate that there are s t i l l  more than 100~ ~waves contributing 
to energy losses around 250 MeV. 

Now we can try to find a relation between 40 expressed in (11) and the 
interaction time. 

There wi l l  appear three relaxation times, ZR for the radial kinetic 
energy dissipation, T~ for the deformation relaxation and T(i for the i~teraction 
determined by the rotation of the composite system through the angle 40(&i). 

From the study of transport coefficients("O), the mean value of the 
intr insic angular momentum is : 

^ 1 - -#JT~t~rel)LF1- ~tOt~rel ~t ] < J > = ~i - ~(f) = ~i ( exp (- ~ )  (19) 
and 40 is related to the time by intergrating. 

7 ~  dO o f d t~  ~r~et 1 (20) AO = ef dt (~-~) = / z  

The deformation is introduced in the moment of inertia through the dis- 
tance between centers r( t)  = Ro(1 + st) and the coefficient 

t ~(t) = ~o(1 - exp ( -~ - - )  (21) 

The final kinetic energy equation 

B ~ _ ~  E i Ef = +-l-V-~f+ + exp (_ z g) (22) 
2~ Rf ~ rad ZR 

is coupled to the AO equation in order to determine~the interaction time for a 
given ~ ,  z L, with a in i t i a l  radial kinetic energy ~rad 

• 43  The comparison with experlmental data( ) on the energy spectra and also 
Z distributions for the system (86Kr + 166Er)leads(49) to the following average 
relaxation times much shorter than the estimates of Schro~der et al("s) : 

z R = 0.3 10 -21 sec, z = 1.5 10 -21 sec, z = 5 10 -21 sec. 
f 

Depending on ~i varying between 300 and 50, T~fv varies from 5 10 -22 and 10 -20 sec. 

In a schematic example, we would l ike to show how the three components 
of the energy loss are related to the time scale, in figure 26. The width of the 
Z distribution increases as time evolves. On the beginning the radial dissipation 
f i ts  the experimental results by i tse l f ,  then tangential dissipation should be 
added so that the sticking is reached, and f inal ly  one needs the deformation effect 
to explain the largest energy losses. A number of results have been recently suc- 
cessfully analysed in this spi r i t .  On the other hand simpler analysis may be done 
or l ighter systems. One of the advantage of such l ight  systems in the narrow 
window in which Deep Inelastic Reactions take place so that there is no ambi- 

3uity related to ~-fractionation. In the case of (4°Ca + 64Ni) at 182 MeV, the 
kinetic energy loss has been observed (22) from 15 to 70 MeV, in a ~-range between 
58 and 67. The c.m. angular distributions for a few selected bins of kinetic ener- 
gy for the fragment Z = 18 are shown in figure 27 after a procedure for unfolding 
each distribution into a positive and a negative angular contribution, since 
Wilcynski's plots already presented in figure 15 indicate clearly the two contri- 

P.P.N.P. VOL 4 - - H  
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Fi~. 26 : Schematic drying of the relation 
between the charge width, O2Z, and the ra- 
dial energy dissipation (£i = £f), the 
limiting tangential energy dissipation 
(£f = £sticking) and the influence of de- 
formation on the moment of inertia on the 
total kinetic energy loss and time evolution 
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Fi~. 27 : The c.m. angular dis- 
tributions for selected bins in 
the energy spectra of Z = ]8 in 
the reaction (4°Ca + 6~Ni) at 
]82 MeV (ref. 22). 

7 5  

o 

~ 50 
w 

25 

I I i 

J 8 2 M e V  4 0 C 0 + 6 4 N i ~  l e A r  '~ 
V| . I 3 I0 z3 MOV / S e ¢ ~ ~ 7 ~  

I I I 

0 IO 20 30 

8g r - e 

Fig. 28 : Variation of the mean total kine- 
tic energy loss versus rotation angle of 
the composite system (40Ca + 6~Ni) for the 
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butions for 0 < 80 ° . In figure 28, six sets of I0 MeV bins of kinetic energy loss 
between 10 and 70 MeV are shown as a function of the most probable rotation angle, 
for Z = 18 and Z -- 17. Since the results can be f i t ted  by a straight l ine, expres- 
sed by TKE loss = VEt, the energy d r i f t  coefficient can be deduced, and a value 
of 1.3 1023 MeV sec -I was found. The result is rather fast damping of the available 
kinetic energy (around 6.10 -22 sec). In the case of this l ight  system, the part due 
to angular momentum transfer is smeller and the radial dissipation dominates. The 
experimental determination of VE = 1.3 1023 MeV sec -I is not in disagreement with 
the estimates made by Ni~renberg(S ") for the f i r s t  moment of the Fokker-Planck 
equation applied to the energy degree of freedom 

@P (E,t) = v E ~ + D E a2 PI E't) (23) 
- BE = 

However, the microscopic derivation of the velocity coefficient gives a 
smeller value. In order to obtain the actual v E , one should take a width A for the 
possible change of excitation energy in a single step as high as 4 MeV. Let us re- 
mind that A is related to the mean Fourier components of the time-dependent per- 
turbation of the target nucleus : 

~h Vre l 
A = T (24) 

where Vre I is relative velocity and R the interaction radius At I MeV/nucleon, A 
is of th~ order of 2 MeV. In order to account for the large value of v E, one could 
suggest again a contribution of a fast collective process for the f i r s t  stage of 
energy damping. Also, i t  was found that the Z distribution stays very sharp around 
Z = 18 as far as the total kinetic energy loss is smeller than 30 MeV. 

The width of the Z distribution increases signif icantly only when the 
kinetic energy loss has reached 30 MeV. The i n i t i a l  stage of the energy damping 
occurs with a very small change in the variance of the charge distr ibution, so 
that one might again believe that the mechanism is a non-statistical one. The ener- 
gy relaxation occuring in a second step follows the diffusion model l ike the rela- 
xation of the Z asymmetry degree of freedom. 

To conclude on this subject, the radial kinetic energy damping is a 
rather fast process (0.3 10 -21 sec). Then the dissipation of relative angular mo- 
mentum may take more time specially for heavy system when the ~ population goes 
very far (10 -21 sec). In order to reach the lowest kinetic energy observed for the 
fragments, deformation has to develop during somewhat larger times. Although there 
is s t i l l  some controversy on the subject(S2), mass asymmetry equilibration takes 
more time (up to 10 -20 sec) so that the width r Z s t i l l  increases substantially 
whereas the lowest kinetic energy has been reached. 
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5. FIRST STAGE IN ENERGY DISSIPATION AND THE N/Z EQUILIBRATION.- 

The preceeding studies were made on heavy systems and without a separa- 
t ion of each mass. The main purpose was to understand s t a t i s t i c a l  aspects of the 
energy loss. Another approach is to t ry  to discover which are the doorway states 
leading to the energy absorption. This is part icularly true for the f i r s t  steps 
of energy dissipation where i t  is d i f f i cu l t  to assume that equilibrium has already 
been reached, or at least that the int r ins ic degrees play the role of a heat bath. 
As a matter fact, the f i r s t  stage of dissipative collisions is certainly dominated 
by coherent motion of nucleons in their mean single-particle potential, and later 
on, i . e . ,  after 5.10 -22 or 10 -21 s, i t  decays to a complex system of states via 
residual interactions. Therefore i f  one keeps the idea of energy loss due to nu- 
cleon exchange, the doorway configuration is to be searched in a non-adiabatic 
behaviour of nucleons, and described as a highly correlated state--6-~ particle- 
hole excitations. However, another possibi l i ty has been proposed by Broglia et 
ai(59). I t  consists in some type of rapid energy dissipation through the collective 
excitation of surface modes at the early stage of the coll ision. 

In a f i r s t  set of ca lcu la t ions,  the dynamics of the surface deformation 
and the damping of v ibrat ional  modes were studied, using the surface-surface in- 
teract ion.  Recently the mass t ransfer  between the two nuclei has been included in 
the treatment(Sg), and i t  seems that surface v ibrat ions and par t i c le  transfers 
play equal ly important roles. I f  th is  is t rue,  no doubt that the e f fec t  of nucleon 
exchange would wash out the structures due to the surface v ibrat ion mode in the 
energy d iss ipat ion.  

At the present time, there is no de f i n i t i ve  experimental answer to the 
question whether or not a co l lec t i ve  d iss ipat ion mode is needed in order to ex- 
plain the energy damping. In p r inc ip le  the time for  a co l lec t i ve  exc i ta t ion  is 
t yp i ca l l y  several time smaller than the co l l i s i on  time, estimated as the time 
necessary to travel along R I + R 2 with the re la t i ve  ve loc i ty  v, so that 

h 6v 
- # 3 MeV (25) 

Zcoll RI + R2 
I f  one derives the time for  co l lec t i ve  exc i ta t ion  Tex c from the force exerted 
along I fermi (unstead of R I + R 2 = i0 fm) : 

~ v  
- = 30 MeV (26) T I fm exc 

This shows that Tex c is 10 times shorter than Tcoll. 

The observation of giant quadrupole resonances in heavy ion scatter ing 
experiments has been reported(S4°ss). Recently, the exc i ta t ion  of giant mult ipole 
resonances was induced(s6) by z60 p ro jec t i l es  on 12C, 58Ni and Z°SPb. Highly exc i -  
ted modes around 20 MeV were found in 2°Spb. I t  is no doubt that s t r i k ing  evidence 
has been presented for  the poss i b i l i t y  of exc i ta t ion  of strongly co l l ec t i ve  modes 
as a doorway process for  energy t ransfer  from the re la t i ve  motion to exc i ta t ion  of 
the fragments. But of course, th is has been observed in i ne las t i c  scat ter ing 
because the ex i t  channel could exh ib i t  very c lear ly  the character is t ics  of energy 
release in the spectrum. When deep ine las t i c  reactions occur, the co l lec t i ve  exci -  
tat ion w i l l  probably decay most of the time in many i n t r i n s i c  states so that no 
par t i cu la r  structure w i l l  be observed in the energy spectra of the products. 
Therefore i t  might be quite d i f f i c u l t  to f ind out some d i rec t  experimental evidence 
of the par t i c ipa t ion  of giant resonance exc i ta t ion  into the energy d iss ipat ion.  
However, there are two experimental resul ts which may bring more confidence in the 
p o s s i b i l i t y  of including th is  mechanism in the d iss ipat ion process. The f i r s t  set 
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of experimental data has been obtained in Orsay(5v) in a detailed study of the 
energy spectra of fragments emitted after part ial ly relaxed collisions on 
(4°Ca + 4°Ca) at 284 MeV and (63Cu + 63Cu) at 450 MeV. A more recent result has 
been obtained(sa) on ("°Ca + 4°Ca) at a higher energy of 400 MeV. Let us summarize 
the most interesting point. For some fragments of Z and A close to "°Ca, the ener- 
gy spectra do not show a continuous descent from quasi-elastic energies down to 
low kinetic energies. A well marked bump appears at an excitation energy around 
50 MeV, which is particularly pronounced when the spectrum has been taken for an 
individual nucleus (Z and A identif ication), typically ~iCa, "2Sc, 36Ar or ~"Ti in 
the case of 4°Ca, or 6~Zn in the case of 6~Cu. These structures were observed at 
angles sl ightly inside the grazing angle, i .e., between 7 ° and 14 ° . In addition to 
the 50 MeV peak, less marked humps seem to appear at 30 and even at 85 MeV in the 
last experiment ("°Ca at 400 MeV), as shown in figure 29. Furthermore, the Z as 
well as the N width were found s t i l l  rather narrow in the range of excitation 
energies around 50 MeV. I t  means that very few particles are emitted, as expected 
i f  the stat ist ical equilibrium is not achieved. 
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Fi~. 29 : Energy spectra for several fragments close to the projectile 40Ca, in the 
deep inelastic events produced in the reaction (40Ca + 40Ca ) at 400 MeV. 
Well marked bumps appear at 30 and 55 MeV (ref. 49). 

I t  is quite tempting to interprete these results as an evidence for 
giant multipole resonance energy absorption. From the place in excitation energy, 
this would correspond to quadrupole (15 + 15 MeV) and octupole (30 + 30 MeV) isos- 
calar modes. 

However, the experimental results should be analyzed with great care, 
because one should be aware that when target and projectile have equal masses, the 
observation of events at a given angle, Bobs, might correspond to four disruption 
angles after 4 different rotation angles, AB. On the classical Wilczynski's contour 
plots for the projecti le-l ike fragment, the positive branch of the All = f('6) ridge 
corresponds to A'e I = Tar -"eobs , in the c of m system and the negative branch 
cor~sp~;dSctOafgreat~r rotat!on AB-'2 : e--gr + e--obs. But now the same fragment mass 

e rom tne target since AT = Ap . Then, originated from the target 
grazing angle, a positive and a negative branch contributes also to the emission of 
fragments at Bob s , but after A-e 3 = 180 - (~gr +eobs) due to target "negative" -6gr, 
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and after Ae 4 = 180 + (eqr - Oobs) due to target "positive" ~qr. For AO 4, which is 
greater than 180°i complete relaxation is probably achieved and this corresponds to 
an average excitation energy of 140 MeV. But, the bump at E~ = 85 MeV could be 
attributed to partial energy losses selected by the rotation A'e 3 which is of the 
order of 120 ° . Perhaps also the bump at E ~ = 50 MeV could correspond to the effect 
of the negative branch after rotation A-6p, SO that the only real structure would be 
the bump appearing at 30 MeV on the spectrum which decreases from the quasi-elastic 
scattering energy and i t  could be attributed to the quadrupole giant resonance of 
absorption effect. Moreover, a quantitative estimation has been made recently 
explaining the three bumps on the basis of simple angular effects in a symmetric 
system(93). Therefore, the existence of real structures in the energy dissipation 
spectra is not yet entirely established. 

THE CHARGE TO MASS EQUI~BRATION AND THE ISOVE~OR GIAN DIPOLE RESONANCE 

An indirect approach in order to elucidate the role of collective 
degrees as doorway states for dissipative collisions is the charge equilibration. 
The di)ole isovector giantresonance is indeed involved in the charge distribution 
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Fig. 30 : Z distribution width for fixed 
mass number versus total kinetic energy 
loss for deep inelastic products obtained 
in the reaction ( 86Kr + 92Mo). The dotted 
line expresses what would be a temperature 
depandent correlation in the case of 
A = 86 (r.~ ~'~G) (ref. 52). 

E = ELD(AI,Zl) + ELD(A2,Z2) + 

at fixed mass asymmetry in fission or 
in any double center nuclear system, 
as i t  was described in the Goldhaber o 
Teller microscopic model(6°). When 
the two nuclei approach each other, 
the excitation of the isovector E1 
mode is expected. Consequently, i t  
should produce visual effects in the 
N/Z ratio equilibration, which is the 
degree of freedom accessible to expe- 
riment. In this purpose, a t r ia l  has 
been done recently on the system 
(86Kr + 92-98Mo) to follow the atomic 
number distribution for fixed mass 
asymmetry as a function of the energy 
loss(61), and i t  was found that the 
FWHM increases strongly and reaches a 
plateau when the energy loss is grea- 
ter than 30 MeV (figure 30). This 
i l lustrates once more the well known 
fact that the neutron excess degree is 
much faster that the energy damping 
(62). Furthermore, when equilibrium is 
reached, oWZZ is constant although the 
excitation energy increases. Such a 
behaviour means no dependence on the 
temperature and therefore a variance 
which is not ruled by stat ist ical 
fluctuations, but rather by another 
phenomena. I t  is interesting to show 
how this can be related to a giant 
resonance of the composite system. 
Let us write the potential energy of 
this composite system in terms of two 
tangent liquid drops 
ZIZ22 

VN(R ) + ~'(~21)112 (27) ---R--- + 

Since 71 + Z 2 = Z and A1 + A2 = A, ~ depends only on A 1 and Z 1 and for fixed A 1, 
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~(l l )  is a parabola since 
2 

Zl + 1 (N1 " ZI)2 
ELD(A1,Z1) = - a v A 1+ a s A12/3 + a c ~  ~ asy m AI (28) 

with the usual coefficients of the mass formula a., as, a~ and as,, m. The minimi- 
zation of the potential energy is driving the system to the most ~robable <ZI> 
value, __~1.1 A 1 =(4~ = 0 and the most important te rn  are those connected to the 

symmetry energy. The second moment of the atomic number distribution is less sen- 
sit ive that the mean value <Zl> to the subsequent evaporation of particles. Now we 
have to understand i ts physical meaning. Since the potential energy versus Z 1 is a 
parabola, one may describe the neutron excess mode by an harmonic oscil lator. But 
i t  is put in a heat bath at a ten~erature T which corresponds to the intr insic 
degrees. Then we have the usual expression relating the variance to the collective 
frequency ~ and the temperature T. 

1 ~ 

e xp (-T) - 1 
(B~ 2 is the stiffness c) 

where B is the inert ia. We consider two limiting cases : 

i )  when ~iw << T, a2~ = T/B~ 2 = _T . This is not the case since the results show that 
the width r doe~ L not increase with the energy loss as ~"r-. 

ii)-M~ > T, so that 2 ~i 4i~ 
~zz I~-B-5--~Z (3o) 

This is independent of the temperature and we observe a zero point motion (Quantal 
f l  uctuati ons). 

Since figure 30 shows a constant value of ~ZZ (for example at A 1 = 86), 
one may conclude that the phonon energy is mwch greater than the temperature. 
Taking a stiffness coefficient c = 4.5 MeV/Z ~, the expression (30) gives a value of 
~ around 8.6 MeV which is very close to the usual value deduced for the gian E 1 
resonance in a double nucleus A 1 + A 2. 

~ = 79 

All/3 + A21/3 = 8.8 MeV (31) 

Furthermore, the estimates of the time necessary for relaxing the kine- 
t ic  energy is of the order of 3.10 -22 sec, according an expression similar to rela- 
tion(2)applied to the system Kr + Mo. Since the plateau for the FWHM constant va- 
lue Is reached after only 30 MeV of kinetic energy loss over 100 MeV, this gives a 
relaxation time of the order of 10 -22 s for N/Z degree of freedom, very conYparable 
to the time derived from h~ in relation (31). 

The conclusion of this set of experiments is that the giant dipole reso- 
nance may play a strong role in the N/Z equilibration. I t  might also, through this 
intermediate, contribute to the energy dissipation, specially i f  the E I mode is 
coupled to the "intrinsic degrees of freedom. 

Unfortunatly a few other results do not lead to the same clear-cut re- 
sult. For the reaction (Ar + Ni) at 280 MeV, mass and charge distributions have 
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been studied in detail(62). The value of oZ 2 ~hich can be deduced from~m accor- 
ding(31) is of the order of O.Z charge units) , whereas the measured Z distribu- 
tion at constant A was only aZZ = 0.3 (ch.u.) 2. This value was reprgduced with a 
classical stat ist ical temperature dependent distribution, namely oZ ~ = T/c. 

However, in a very recent paper, Moretto(63) has suggested that { 2 
might decrease strongly when E increases. Furthermore the value of 0.3 (c.u.~ 2 
could s t i l l  be associated with a dipole giant ~qnance,i,~ one considers that the 

matterd°Uble nucleuSfact i t  li~ ~n°towlnn~ee~i sr~prese~tu~i de~y ~A~t/Ch + A2~/k'~l n~,=°~= t 1 Lequa ~n !~ l~ t i  A s a 

and the value of~m is probably much smaller than i0 MeV. A value around 4 MeV is 
mo~e reasonable ipn th is  asymmetric system and would f i t  with the measured width 
oZ~ = 0.3 (c .u . )  . 

More recent ly ,  A d i s t r i bu t i ons  for  f ixed Z were measured(64) for  
Z = 12 to Z = 17 in the reaction ("°Ar + 23sU) at 263 MeV and for  Z = 10, to Z = 14 
in the reaction (32S + 238U) at 243 MeV. The authors(6") were able to account for  
the measured width only with s t a t i s t i c a l  asumptions, i . e . ,  thermal f luc tuat ions  
resu l t ing  from one-body energy d iss ipa t ion .  The model s tar ts  again with a potent ia l  
energy at the scission point  calculated on the basis of  the l i qu id  drop formula. 
But in th is  parabol ic potent ia l  curve, when p lot ted versus asymmetry at f ixed Z, i t  
was assumed a thermal exc i ta t ion  energy with a temperature given by Ex = A T2 and 
a p robab i l i t y  for  producting a nucleus (Z) when A I is f ixed obtained by 
the Boltzmann d i s t r i bu t i on  

V(Z,A1) 
P(Z,AI) ~ exp ( - T ) (32) 

where V(Z,AI) is the Z dependent potent ia l  energy. Now the p robab i l i t y  to obtain 
mass A I when the p ro jec t i l e  has a mass Ap , was computed according the t ransport  
theory of NBrenberg. 

A 1 - Ap Vtr) 
P(AI) = (4 ~ D A tR) 1/2 exp (- 4D A tR (33) 

with the usual d r i f t  and d i f fus ion  coef f i c ien ts  for  mass t ransfer  and t R the reac- 
t ion time. 

Then the probability for producting nucleus (ZI,A1) is obtained through 
the normalized product P(Z,AI).P(A1). The diffusion coefficient was calculated 
according Norenberg's data(~). Furthermore, one has to make a correction for neu- 
tron evaporation from these neutron rich fragments, in order to deduced from the 
experimental distributions the distribution prior neutron emission. Finally, the 
results are shown in figure 31. The striking conclusion is indeed that the N/Z 
degree of freedom seems to follow stat ist ical fluctuations with a variance typical- 
ly expressed by thermal effects. This would imply that either the giant resonance 
does not contribute strongly to the process, or some additional effect conceals i ts 
observation. 
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6. DEG~E OF THERMALIZATION OF THE DISSIPATED ENERGY. SHARING OF EXCITATION ENERGY 
BETWEEN THE FRAG~NTS. 

All models based on statistical asumptions for explaining the main fea- 
tures of dissipative collisions prescribe implicitely that a statistical equili- 
brium is obtained for the intrinsic degrees of the fragments. I f  so, the excitation 
energy should be shared between the two fragments in proportion to their masses, 
and the de-excitation processes should show up all the total amount of energy 
which has been dissipated. That means that light particles and gamma rays should 
exhibit the usual behaviour observed in the evaporation mechanism. 

Several sets of experiments have shown that, to a large extent, the 
dissipated kinetic energy is indeed thermalized in both fragments which afterwards 
evaporate light particles. However, in some cases, a small fraction of emitted 
light charged particles cannot be attributed to a normal evaporation mechanism. 
Their angular distribution is strongly focused towards a wall defined direction so 
they are not emitted by the recoiling fragments. 

In a f i rs t  part we shall consider the results relative to the dominant 
feature, i .e. ,  the statistical decay of the excited fragments. 

6.1. Fragment de-excitation b~ classical ev~ooration process 

The f i rs t  approach is an indirect way resulting actually from the check 
of the binary nature of Deep Inelastic Reactions. By detecting in coincidence at 
given correlation angles both fragments and measuring their kinetic energies and 
velocities. One can reconstitute the kinematics. Secondary masses of the two frag- 
ments are obtained by the E and v measurements. Average primary masses can be dedu- 
ced from the kinepmatics since the correlation angle and the energies are known. 

P,P.N.P.  VOL 4-"  H *  
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The difference between primary and secondary masses gives the number of emitted 
nucleons. 

A simple procedure is to identify in coincidence Z I and Z 2. The mean 
missing charge is z~Z = Zp + Z T - (Z 1 + Z2), where Z D and Z T are the atomic numbers 

ZONe + 63Cu of proJectile and target respectively. 
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Fig. 32 : a- Mean missing charge versus E T 
for three different bombarding energies. 

b- Number of charges missing 
after sy~netric splittinB versus excitation 
energy in the reaction (LONe + 63Cu) at 
three bombarding energies (ref. 66). 

Schmitt et al(~6) have applied this 
method to the system 2°Ne + 63Cu at 
7.9, 12.6 and 17.2 MeV/nucleon and 
for dif ferent various kinetic energy 
cuts of nearly equal Z fragments. The 
choice of the correlation angle was 
made on the assumption of symmetric 
exi t  channel. Figure 32 shows that 
AZ, the number of charges emitted 
increases, when the kinetic energy of 
the fragments decreases, and when this 
is transformed into excitation ener- 
gy, i t  increases l inearly with 
EI~ + E2 ~ with a slope of 25 MeV/ 
charge. Assuming that Z~A = 2 ~Z, the 
result of an average of 12.5 MeV per 
nucleon is consistent with the evapo- 
ration model. 

However, one cannot 
exclude preequilibrium emission and 
the result gives only a broad conclu- 
sion that there is no very big dis- 
crepancy between the behaviour of the 
fragment kinematics and the concept 
of a uniform temperature for the 
composite system. 

More sophisticated expe- 
riments were made on the systems in 
which not only atomic numbers but 
masses were ident i f ied, and therefore 
all kinematic quatities were derived. 

The mass of the l ight 
fragment emitted prior particle emission is deduced from momentum conservation : 

m o v o sin e H 
- ( 3 4 )  

mL v L sin(eH+e L ) 

where mov o is the i n i t i a l  momentum and e H, e L the emission angle for heavy and 
l ight  fragments, respectively. 

The measured mass is obtained after particle emission 

PL = 2 EL/VL 2 (35) 

The difference m L - ~L = v is the number of emitted nucleons. 
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I f  one wants to know what sort of particles are emitted, the determina- 
tion of atomic numbers of both fragments is necessary so that the total charge 
defici t  in the exi t  channel could be deduced. Moreover, the width of the fragment 
angular correlation should be analysed, since the contribution to the angular dis- 
tribution variance expected from recoils effects after evaporation depends strongly 
on the mass of the particle evaporated. More precisely, when a particle ~ of mass 
mu is emitted with energy ~ (in the fragment c.m.) and when the fragment has a 
c.m. primary kinetic energy E L , then the variance is given to the f i r s t  order by 

m u ~ 
A°°2 = ½ mL ~LL (m L m~)2 (36) 

Due to d i f f icu l t ies in detecting accuratly low energy heavy fragments, experiments 
of this t6ype have been restricted to l ight or medium mass systems such as 
(S + T i ) ( 7 ) ,  (At + Ni)(68) and (Ar + Ag)(°9). Even so, the exact mass after eva- 
poration mLwas measured only up to A = 50, so that the heavy fragment mass was not 
accuratly determined. 

I f  there was no charged particle evaporation, i t  would be possible to 
obtain the charge and the preevaporation mass of the complementary fragment by 
simple difference with the composite system. But i f  one does so, a discontinuity 
appears at symmetry, as shown on the system (Ar + Ni) studied at Orsay(6') or on 
the system (At + Ag) studied at Berkeley(69). The gap between the two straight 
lines on the diagram of figure 33 represents twice the number of charges evapora- 
ted by the l ight  fragment at symmetric ~ass spl i t t ing.  In the case of Ar + Ni, 
the symmetric sp l i t t ing  corresponds to j (Z 1 + Z2) - 2. In the case of Ar + Ag, 
Moretto et al, have found a shi f t  of 1.3 charge unit per fragment. Evaporation 
calculations predict 1.28 evaporated charges at symmetry. Then, with this correc- 
tion, figure 34 indicates very nicely a linear relationship between ~ and the Z 
of the fragment. 
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Fi$. 34 : Number of missing mass units, ~n, 
versus ~Z of the fragments in deep inelas- 
tic reactions induced by 40At on Ag tar- 
gets, deduced by difference between measu- 
red masses and the mass of the composite 

function of the measured charge Z L. On the system (after correction of l .3 charge 
right hand side are plotted the results for units) (ref. 69). 
complementary heavy fragments assuming 
mH = 98 - m L and Z H = 46 - ZL • 
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Also inclusive measurements(~°) of the fragment charges in a system 
which has been choosen symmetric in the entrance channel, 4°Ca + "°Ca, give the 
result of AZ = 2, quite consistent with the preceding data since the system is 
less neutron rich and favors charged particle emission. Finally a beautiful 
i l lustration of the observation(s2) of the results of the amount of neutron emis- 
sion increasing when the total kinetic energy of the fragments decreases is indi- 
cated in figure 35 where contour plots are shown for the number of events versus 
TKE and masses at fixed Z values of the products in the reaction 86Kr + 92Mo. 

However, the l imitat ion of the methods described above is that they 
give no information on the part ic le  k inet ic  energy spectra and they cannot exclude 
preequilibrium emission by the fragments. A few experiments have been carried on 
to measure l ight  part icles emitted in coincidence with the fragments. For the mo- 
ment the study of neutron emission in the case of rather heavy fragments has been 
the more extensive work. Because of the absence of Coulomb f ie ld ,  neutron veloci-  
ties in the frame of the emitting fragment are lower than those of charged par t i -  
cles and therefore the composition of neutron velocity and emitting nucleus velo- 
city results into a cone of velocity vectors which can be ident i f ied  rather unam- 
biuously. I t  is possible to know by simple kinematical treatment from which 
fragment neutrons have been emitted as shown in figure 36. On the other hand, neu- 
tron kinet ic  energy measurements are not very easy, since the scattering on any 
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Fi R . 35 
cross section d3o/dEdA as a function of 
total kinetic energy and mass number for 
several Z values of fragments in the reac- 
tion (86Kr + 92Mo). When the kinetic ener- 
gy loss increases, the peak of the contour 
plot shifts to lower A values, which cor- 
responds to a greater number of evaporated 
neutrons (ref. 52). 

: Contour plots of the differential Fig. 36 " Contour plot d2o/dv~.dv# for 

neutrons in coincidence with fragments, in 
the reaction 63Cu + 19?Au. vzt and v~ are 
the components of the neutron velocities 
parallel and perpendicular to the beam 
direction respectively (ref. 72). 
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material can modify the time of f l igh t  spectrum. There are a few sets of experimen- 
tal data on systems where the fragments deexcite only by neutron emission and ¥ 
rays. 

The f i r s t  one deals(~I"~2) with neutron and gamma mult ipl ic i t ies and 
neutron energy 
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Fi~. 37 : Center of mass kinetic energy 
spectra of the detected neutrons associated 
to the detected fragment and its partner. 
System (63Cu + 197Au) at a bombarding ener- 
gy of 400 MeV (ref. 72). 
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components of the deep inelastic products in 
the system 6aCu + Zg?Au at 365 and 
443 MeV. An example of the energy 
spectra obtained for the detected 
neutrons associated to the detected 
fragment and i ts heavy partner is 
shown in figure 37. I t  demonstrates 
how i t  is connected with an evapora- 
tion behaviour. Actually a comparison 
was made with an evaporation code(72). 
Moreover, the ratio ~1/~2 between 
mult ipl ic i t ies of neuEro6s issued 
from fragment i and the complementary 
fragment 2 was found proportional to 
the mass ratios M1/M 2 (figure 38). 
This indicates that the excitation 
energy is shared between the two frag- 
ments in proportion to their masses, 
unlike in low energy fission where 
~1/~2 is even the inverse of M1/M 2 for 
nearly symmetric fission where M I be- 
comes close to M 2. Finally, figure 39 
shows the total neutron mult ip l ic i ty 
~T as a function of the excitation 
energy (kinetic energy loss + 0 value). 
The intersect with the abscissa indi- 
cates the mean energy removed by ¥ 

Fi~. 38 : Ratio vl/v2 of the number of 
neutrons associated with each fragment l 
and 2, versus their mass ratio MI/M 2. 

* 0erected fragment at ~0 ° 
• Fragment at 63 ° 
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Fig. 39 : Total neutron multiplicity ~T as 
a function of the excitation energy of both 
fragments. The iine is obtained in a caI- 
culation assuming statistical theory. For 
~;T = 0 the excitation energy is due to 
gamma ray emission (ref. 72). 
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rays. I t  is of the order of 14 MeV, and this corresponds to experimental measure- 
ments. 

Even at rather low energy losses, i .e . ,  around 30 MeV, the ratio Vl/~2 
is s t i l l  equal to M1/M 2. This means a rather fast process for equilibrating the 
excitation amongst the two interaction nuclei. 

These results seem to prove that the assumption of stat ist ical equil i-  
brium among the intr insic degrees is quite valid. Furthermore no additional compo- 
nent can be seen and processes like Fermi je t  or hot spot emission appear probably 
significantly only at higher energies. 

In the systems Xe + Au at 6 MeV/n(73) and 56Fe + 16Silo at 8.5 MeV/n(9"), 
the same conclusion was reached although the total mult ipl ici ty was a bi t  smaller 
than expected. However, the results of Eyal et al(7") on (Kr + Er) support comple- 
tely stat ist ical models. The l inearity observed between v and the mass of the frag- 
ment shows that in both fragments the deformation energy is roughly the same, at 
variance with what is found in fission process. This is quite understandable, since 
the neck between the projectile and the target has a short l i fe time, whereas in 
fission the delay between the saddle point and the scission point is rather long 
and scission can occur at different points of the neck so that the l ight fragment 
may be strongly deformed. 

Very recently, a sl ight ly different result has been obtained(92) in the 
case of Ar + Au at 220 MeV, an energy rather close to the barrier. Because of the 
low kinetic energy in the entrance channel, the excitation energy is not very 
large, and for the lightest fragment, around A = 30 - 40, the number of emitted 
neutrons is larger than expected from a pure stat ist ical sharing of the energy. 
The difference is not very great but signif icative, since instead of v = 1.5, a 
value of 2.2 was obtained. This effect might not have been seen in other cases 
because of the higher energy, so that the deformation energy was relatively too 
small. I t  seems therefore that there is a small fraction of the energy dissipation 
which remains into the surface vibration modes and leads to deformation of the 
shape rather than to intr insic states. However, i t  is by no means equal to the 
part of energy dissipation which goes through nucleon exchange or particle-hole 
excitations, like i t  was predicted by Broglia et ai(59). The results on neutron 
emission indicate very clearly that, although collective mode may play an important 
role, they decay into intr insic states before the scission into tw~ fragments, at 
variance with Broglia's predictions. 

The detection of neutrons is probably the best way to look at the sta- 
t is t ica l  de-excitation process, particularly for heavy fragments since neutron 
emission is the main de-excitation channel. At the inverse the detection of char- 
ged l ight particle wi l l  focuse the attention on reaction mechanisms which dif fer 
from the stat ist ical  evaporation, even i f  the amount of such processes corresponds 
to a small fraction of the possibil i t ies of particle emission at any stage of the 
dissipative reaction. There have been several attempts for measuring protons and 
alpha particles emitted in coincidence with heavy fragments. In most of the cases, 
and particularly at the highest relative velocities, two contributions have been 
recognized. One which can be attributed to a stat ist ical  decay in the rest frame 
of the heavy recoiling fragment as well as the l ight fragment. A second contribu- 
tion the origin of which is not clearly understood, although i t  is probably rela- 
ted to an earl ier stage of the deep inelastic collision and to the f i r s t  step of 
kinetic energy loss. 

In the system ("°Ar + SSNi) at 280 MeV, both radial and azimuthal angu- 
lar distributions have been measured(7s) and the study of s-particle emission is 
particularly interesting. For very asymmetric spl i t t ings, where the analysis is 
the clearest, the contribution for particles evaporated by the l ight fragment is 
restricted to a narrow cone in the laboratory system. The analysis of particles 
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emitted outside this cone has shown that the angular distribution do/d~ is f la t  
and the kinetic energy spectrum corresponds to a temperature around 2.5 MeV when 
the transformation is made into the hea_y.y~_fragment rest frame. The estimated tem- 
perature of the composite system T = /BLm can be estimated around 2.7 MeV which 
is in good agreement with the measured A slope of the energy spectrum. Moreover, 
the azimuthal angular distribution exhibits the usual symmetry around ¢ = 90 ° 
(where @ = 0 for a direction in the reaction plane). 

I t  is known that, according Ericson and Strutinsky(~6), the out-of plane 
distribution depends on the angular momentum of the emitting nucleusjJ~through an 
expressi on 

~2 ( j  + i/2)2 + mR 2 cos 2 ~) (37) 
Wj(~) = exp ( 2~T ~+ mR2 

where~ is the moment of inertia of the emitting nucleus, m the mass of the ~- 
particle. The quantity mR2 is usually small with respect to~  , and a popular sim- 
pl i f ied expression is often taken. 

Ero t mR 2 
Wj(~) = exp ( " T  c°s2 ~) (38) 

The exponent is the ratio of the centrifugal energy of s-particles emitted by a 
rotating emitter to the temperature. 

I t  can also be expressed with the usual spin cut off factor o 2 =~L~ and the orbi- 
tal angular momentum of the particle, 

E ~2 
rot 
2o~ (39) 

A rough estimate for the actual angular distribution has given an average value 
<J> = 30;6, which f i ts  rather nicely the angular momentum transferred to the heavy 
fragment in sticking conditions from an orbital angular momentum in the entrance 
channel equal to 85 ~T. 

The conclusion for this asymmetric spl i t t ing is that al l  the characte- 
r is t ics of the stat ist ical theory are fu l f i l l ed .  However, this is not the case for 
more symmetric spl i t t ing and a contribution appears particularly at backward angles 
for o-particles in coincidence with fragments of Z = 21 - 23, which exhibits higher 
energy spectra and do not obey the kinematics expected for an evaporation process. 

6.2. Emission of light particles at earlier stages o~ the reaction. 

The emission of fast s-particles from the region of i n i t i a l  impact along 
the direction of the classical coulomb trajectories of the incoming projectile has 
been rather clearly observed(~7) in the case of 160 projectiles on 2°ePb and 197Au 
at high energies (around 9 MeV/A and 18 MeV/A). The ejectiles were identif ied as 
12C and 13C and the angular dependence had shown that s-particles in coincidence do 
not originate from a sequential decay of the ejectile or in a particle emission 
from the target l ike fragment. These s-particles could be associated with the tan- 
gential f r ict ion forces and appear :or part ial ly damped as well as for fu l ly  dam- 
ped coll isions. The same type of explanation has been put forward by Inamura et 
al(~8), when they observed a high energy forward peaked ~-component associated with 
large ~-waves above JLcr or in the reaction of I"N on ISgTb. In that peculiar case, 
while the s-particles were emitted, the residual part of the projectiles lOB, were 
absorbed by the target and led to a fusion excited nucleus, IBgYb, which decayed 
by neutron and gamma emission. 
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At lower energies, the process of sequential s-part ic le- l ike transfer 
has been rather well established(79-8°-81) in the case of (14N + 93Nb), 
27AI(~60,~2C~)27AI, SSNi(1~O,~2C~)SSNi and SSNi(160,~60~)S~Fe. This was shown main- 
ly by the observation that the average Q value for the formation of an intermediate 
system is independent of the detection angle of the decay part ic le.  However, the 
intermediate, for example 31p in the ZTAl + 160 reaction(8°), or 62Zn in the 
SSNi + ~60 reaction(8~) emits Q-particles in times shorter than the one associated 
with s ta t is t ica l  equilibrium. The angular distr ibution in the rest frame of the 
emitting system is not isotropic, as i t  should be in a thermally equilibrated nu- 
cleus, and e particle spectra exhibit  a high energy t a i l ,  part icular ly at the maxi- 
mum of the angular distr ibut ion. This is typical of a fast sequential process with 
only partial equil ibration. But we don't know wether the emission originates just 
after scission of the composite system from a high temperature locus, or in a sta- 
t i s t i ca l  decay occuring prior equilibrium as described by Blann(82) in the case of 
highly excited compound nuclei. 

For heavier project i les, l ike S, Ar, Cu or Kr, we already know that the 
s ta t is t ica l  de-excitation process produces the major fraction of the emitted l ight 
particles which are mainly neutrons. However, the study of the emission of alpha 
particles and protons has been recently carried out. When the energy damping is 
very large, the sequential character of the l ight  particle emission is not so easi- 
ly proved. For example, for the 86Kr + 197Au system, Mil ler et al(83) have analy- 
sed l ight  particles (Q, d, p, t) in coincidence with the pro ject i le- l ike fragments. 
Moreover, they have independently studied(84) the de-excitation process of a com- 
pound nucleus, VSBr, produced in a similar range of excitation energy and angular 
momentum. From the data obtained on Fe/F ~, on energy spectra, etc . . . .  they made a 
kinematic model for the de-excitation of'the pro ject i le- l ike fragment and they 
were able to originate a well defined fraction of l ight  particle emission from the 
target- l ike fragment, based on the study of the decay of ~94Hg compound nuclei( '3) .  

However, a third contribution of s-particles was isolated with an angu- 
lar distribution focused in the region normal to the direction of emission of the 
fragments in the c.m. reference frame. Also the mean kinetic energy for these e- 
particles was around the coulomb barrier of the composite system, so that a possi- 
ble origin could be the neck at scission. This phenomenon is rather seldom in 
spontaneous fission and the coulomb f ie ld of the two fragments constrains the Q- 
particles to be emitted in a narrow cone perpendicularly to the fragment separation 
l ine. In the case of Kr + Au at 720 MeV, i t  corresponds to 0.2 Q-particle per deep 
inelastic col l is ion. 

There are also some peculiar cases, where m-particles were measured in 
coincidence with fragments but for a rather small energy loss, in such conditions 
that perhaps specific nuclear structures may have a role. This is the case of a 
recent study of the system 32S + 197Au at 373 MeV(SS). A large coincidence rate 
was measured for Si + Q, when Si fragments s t i l l  carry a large kinetic energy. 
Moreover, a strong focusing effect appeared in the angular distr ibution at an in- 
termediate angle between the fragment direction and the beam direction. This would 
be consistent with a break-up of the excited project i le just  after the col l is ion. 
Perhaps the most interesting data have been obtained(86) recently on the system 
(Ar + Au) at a rather high bombarding energy of 9 MeV/A, because they demonstrate 
a "fast" emission of protons and m-particles from the composite system prior the 
scissions into two fragments. These emissions provide a tool for investigating the 
various aspects of energy dissipation in the intermediate dinucleus system. 

When heavy target nuclei are bombarded by Argon ions, a large part of 
the reaction cross section goes into the production of fragments which presents 
all the characteristics of fission although the l iquid drop fission barrier is 
supposed to vanish. These f ission-l ike products have a Z distribution around sym- 
metric sp l i t t ing,  and one angular distribution following 1/sin 0. However, the 
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reaction occurs probably quickly and this is why Alexander et al(B~) have studied 
protons and ~He emitted in coincidence with those f iss ion- l ike fragments (Z > 27). 
They found an isotropic component from the analysis of the data at backward angles, 
and a forward peak which is more energetic. There are several observations that 
indicate that both emissions preceed fragment acceleration and are originated from 
an ear l ier  stage of the composite system l i f e .  The most interesting data is the 
peak energy of the emitted alpha part icles. I t  is located, event at back angles at 
a higher value that the maximum of s-particles emitted by the compound nucleus 
19"Hg formed in the reaction 12C + 182W and excited at 98 MeV. I t  is consistent 
with the Z ratio of 97/80, so that the predominant fraction of s-part icle emission 
(as well as proton emission)originates from ~37Bk rather than from 19~Au This 
emission preceeds a f iss ion- l ike break-up in a composite system which has a short 
l i fe-t ime but nevertheless where complete energy damping has occured since the 
fragments have typical ly  coulomb repulsion energies, and furthermore the memory 
of the entrance channel has been erased by a complex mass and charge exchange. 

But for the backward angles, such an emission exhibits energy spectra 
which f i t  a nuclear temperature of 2.4 MeV, very close so that observed for exci- 
ted heavy nuclei, i .e., i t  is consistent with a completely equilibrated compound 
nucleus, although we know that the compound nucleus 23~Bk, i f  ever formed, has a 
dominant probabil i ty for f ission and a very low chance for charged part icle emis- 
sion ; since the f ission barrier is only 2 MeV for J = 0 and is zero for J = 10. 
The conclusion is clearly the non-participation of f ission channels in the part i -  
cular equilibrium model which should be applied to the composite system 
("OAr + 197Au). 

The forward-peaked component is also associated to the f ission l ike 
break-up. The energy spectra exhibits a high temperature (T = 3 - 7 MeV) l ike in a 
preequilibrium emission. I t  is not so surprising for this emission which reflects 
memory of the project i le velocity, that in t r ins ic  rate is shorter than the time 
required to arrive at the scission point. 

Let us quote the main conclusion given by Alexander et al. : "Even pr ior 
to the very rapid f ission and quasi-fission processes, "quasi-fission" and "quasi- 
evaporation" must be taking place. These processes as well as their  forward-peaked 
preequilibrium cousins provide a mean of studying the reaction process on a time 
scale comparable to that for energy damping in the entrance channel ." 

4 Moreover, low temperature He emission seems to occur from composite 
nuclei with angular momenta between 0 and 135 I~ while the higher temperature emis- 
sion comes from even higher spin states. 

Very recently, forward l inear momentum transferred to the target nucleus 
~vere measured(87) in the reaction (160 + 238U) at 20 MeV per nucleon. A kinen~tical 
analysis of the coincidences between projecti les residues (N, C, B, Be) and fission 
fragments resulting from the target l ike residues has shown that the mechanism of 
momentum transfer and energy dissipation at such a rather high velocity is closely 
connected with the fast emission of a " jet"  of particles emitted preferential ly 
into the forward direction. 

6.3. Fragment de-excitation by sequential ~ission 

When the heaviest fragment in the ~o-bo~ b~ak-up has a Z2/A value 
high enough and shares an angular momentum, i t  is recognized that i t  undergoes 
f ission. I t  was already noticed in the discovery of quasi-fission(27) for the sys- 
tem (8"Kr + 238U), that a large part of the heavy partner contribution was not ob- 
served at the expected correlation angle, and the hypothesis of sequential f ission 
for Uranium l ike excited fragments was made(88). A detailed i l l us t ra t ion  of the 
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method used to estimate the fraction of missing coincidences on the heavy fragment 
side is shown in figure 40 due to Rajagopalan et aI(89). In this study of sequen- 
t ia l  fission of (86Kr + 197Au) at 730 MeV the authors have demonstrated that the 
Au-like products emerge from the deep inelastic coll ision with in t r ins ic  spins 
co~arab~e2to 19~Hg compound nuclei which were studied(8") separatly by bombard- 
ment of W b~ C. Since in the last case the fission fraction exceeds 0.5 at 
J > 31 h for E = 98 MeV, typical spins in the range 30-40 i~ are estimated for 
Q = 200 MeV (E ~ = 140 MeV) for the Au-like products from the deep inelastic co l l i -  
sions. 

The sequential fission study and particularly the out of plane angular 
distribution has been used in order to extract the in t r ins ic  angular momentum of 
the heavy fragment. These studies have been ini t iated by Vandenbosch et al(9°). 
They assumed that the kinetic energy loss has been transferred to int r ins ic  exci- 
tation energy and rotational energy and that the stat ist ical  theory could be 
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• &O : (top) Energy loss spectra observed at three angles for the system 
~ 197Au ) at 730 MeV. 

(bottom) Comparison of calculated and observed angular correlations for 
coincidence events between Kr-like and Au-like fragments. The fraction of missing 
coincidences at each sweep angle is the ratio (AB/BC). The Q scales in the upper 
parts correspond with the Qsw scale in the lower part. The data have been obtained 
at three trigger angles : 30 ° , 35.7 ° and 4].4 ° . At 30 ° the predominant component of 
Kr-like fragments is quasi-elastlc. At 41.4 ° , all observed events are from very 
deep inelastic collisions. The "sweep" detector was moved through the angular range 
9sw = 30 ° - 70 ° to measure the angular correlations of the heavy fragment (ref. 89) 
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applied to the fragments sharing the excitation energy and the spin. A nice exam- 
ple of the correlation between the kinetic energy loss and the fission probability 
is given by Specht(91) for the four systems (SSNi + 2°SPb), (1°Zr + 2°SPb) and 
(SSNi + 238U) (9OZr + 238U). 

At the present stage, we may conclude that mast of the data are in fa- 
vour of a nearly co~lete transfer of the kinetic energy loss into intr insic exci- 
tation of the fragments. However we have shown that in some cases, peculiar effects 
appear which, even i f  they correspond to a small fraction of the total kinetic 
energy loss, can give useful informations on the mechanism of the energy dissipa- 
tion. I t  might be that a well choosen set of l ight particles emitted with very 
typical characteristics reflect important aspects of the mechanism of energy dam- 
ping. Several theoretical models have appeared- Fermi jets, single fast particle 
emission following giant resonance absorption, "piston" effect - but none of them 
has been really observed experimentally. 

As a conclusion, we may summarize our knowledge on the dissipation of 
kinetic energy in heavy ion collisions. At the contact time, which lasts less 
than 10 -22 sec, the coherent motion of nucleons is adiabatic process during which 
the f i r s t  stage of energy damping occurs. There are some indications that when the 
energy attains around 8 MeV per nucleon a few l ight particles are emitted at that 
stage. Surface vibrations are also quite l ikely and they may be disclosed by the 
observation of structures in fragment energy spectra corresponding to giant reso- 
nances. 

Between 10 -22 and 10 "2~, the highly correlated motion decays into many 
states (collective excitation, particle-hole excitation, nucleon exchange). The 
neutron to proton ratio undergoes an important change from the projectile and tar- 
get ratio to an equilibrium value which is determined by the minimalization of the 
composite system potential energy. This is probably governed by isovector dipole 
giant resonance, but the stat ist ical aspects of the phenomena is also occuring. 
While there are veryclear-cut results on the N/Z equilibration, i t  is not so well 
proved that they are due to the giant resonance process. 

The third stage is the well explored domain of stat ist ical aspects, for 
which the transport theories have been so successful. The heat bath has been 
created by the two f i r s t  steps and the kinetic energy loss increases when time 
evolves between 10 -21 and 10 -22 sec. Mass and charge distributions are broadening 
during this period but the energy loss is achieved (complete relaxation) in the 
quasi-fission events, before the end of the mass spreading, since the mass d is t r i -  
bution width increases during 10 -2o sec. The angular momentum transfer, as disclo- 
sed by gamma mult ipl ic i ty, sequential fission and particle emission measurements, 
follows the radial kinetic energy loss, so that a tangential component has to be 
added. 

A con~posite system has been formed which rotates for a while, the 
angle of rotation depending mainly of n' = ZlZ2e2/~v' . Whether such a system 
corresponds or not to classical sticking is a matter of asymmetry and total mass 
inertia. Before to disrupt into two fragments, the system is certainly deformed as 
this is clearly shown by the magnitude of the total ly relaxed mean kinetic energy 
of the fragments, <E>. The width of this quasi-fission kinetic energy is also an 
interesting data for the knowledge of the shape of the system, and of the neck 
behaviour. There are also some indications that a few l ight particles might be 
emitted, in some cases, from the neck. 

The study of the de-excitation of the fragments is another interesting 
piece of information. From most of the available data, and more particularly from 
neutron emission extensive studies, i t  appears that the nuclear temperature is the 
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same in the l i gh t  and in the heavy fragment. The f ina l  exci tat ion energy, shared 
by the fragments jus t  before par t ic le  emission is s t r i c t l y  proportionnal to the 
number of nucleons. This means that the deformation energy has not been greater in 
the l i gh t  than in the heavy fragment, or more precisely that i t  is also propor- 
tionnal to the volume (or to A) and not to the surface (A2/3) Or independent of A, 
as this could be i f  co l lect ive surface vibrat ion modes would have a leading role 
in the f ina l  stage of energy dissipat ion.  
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