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In a f i r s t part, the Landau-Ylasov dynamical instabi l i t ies found In the 
expansion of an excited nucleus are discussed with their dependence OR the 
I n i t i a l preparation. In a second part, we show the absence of fusion window 
when residual interactions are involved. He describe also onset and 
properties of ineffectual and incomplete fusion for systems l ike w A r + 
" A I and «»U near the Fermi energy and l 2 C • »'»La at 50 MeY/u. 

INTRODUCTION 
The study of highly excited nuclei and their modes of deexcitation have 

been Investigated by various theoretical approaches. Special emphasis has been 
given to the importance of many-body correlations and of fluctuations, arguing 
that mean f ie ld and extended mean f ie ld descriptions should be unable to 
account for physical features involved in disintegration processes. 
Nevertheless, although these descriptions correspond to f i r s t and second order 
truncations of an equation hierarchy, i t Is North to pursue a theoretical 
study in this framework in order to identify which kind of dynamical behavior 
occurs at this level of approximation, where many body correlations (larger or 
equal to three) are neglected. Approximate solutions of the Vlasov and 
Landau-Y1asov equations indicate that : 

- a rapid cooling occurs during f i r s t stages of any deexcitation process. I t 
1s due to a spi l l off of nucléons i n i t i a l l y in the continuum. 
- a dynamical Instabi l i ty develops for excitation energies lepcding on the 
mode of excitation. Aside the growth of fluctuations, congressional rades are 
found to be the most effective. 
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- a two-body colltslon term stabilizes the system by additional nucléon 
transfers into the continuum. 
For a l l these situations, a multigragmentation process requires excitation 
energies above 5 HeV per nucléon for congressional modes and up to 13 MeV 
per nucléon for thermal excitations. 

A question which could be assert is to known whether I t 1s possible to 
reach these physical situations in intermediate energy heavy 1on coll isions. 
In view of our dynamical calculations, our answer is rather negative ; 
furthermore, the low density regions, where many body correlations should 
become important, are not found to be very broad. 

This contribution wi l l be divided into two parts. In section 1 , we recall 
the results obtained in ref . 1) and 2) for the disintegration of highly 
excited nuclei with the VUs'ov and Landau-Vlasov equations. In section 2, we 
w i l l show an exemple that two-body collisions destroy the TDHF fusion window. 
We wi l l discuss entrance channel effects which hinder fusion. For medium and 
heavy systews, Undau-Vlasov results for l inear «omentum transfer, 
deformation, spin and excitation energies of composite systems and particle 
emission wi l l be discussed. 

1 . DISINTEGRATION OF HIGHLY EXCITEO NUCLEI 
Procedures adopted to in i t i a te excitation energy of a nucleus shared in 

congressional and thermal components could be classified by considering a 
sudden heating on the one hand and simultaneous heating and compression on the 
other hand. Congressional energy can be Introduced by a compressions! velocity 
f i e ld x r 2 , where *. is the strength and r is the radial location. Sudden 

.heating 1s achieved by sudden modification of occupation numbers such that the 
locel density remains unchanged as compared with i t s groundstate value. A 
spherical expansion of a nucleus 1s dominated by a rapid decrease of i ts 
excitation energy per nucléon (estimated inside a sphere surrounding the 
residual nucleus) as well as a fast particle emission process. As shown in 
figure 1 for the spherical expansion of a *°Ca nucleus with i n i t i a l heating 
and heating plus compression, a slower regime takes place after the f i r s t 
spi l l off of nucléons. This expansion is calculated with a Vlasov dynamics, 
the excitation energy per nucléon remains near zero, the particles inside the 
continuum at the i n i t i a l time being already emitted. I f one considers the 
involved time scales, one should notice that such an excited system decays 
within a few 1 0 " 2 2 s , as' already expected from stat ic Hartree-Fock 



3 

SPHERICAL 
EXPANSION 

calculations 1,4) 

As a matter of fact, 
a threc-dtnenslonal 
calculation reveals that 
Instabilities develop In 
Vlasov and In Landau-Vlasov 
dynamics, for Initial exci
tation energies depending 
strongly on the node of the 
excitation. Figure 2 shows 
that compression Is much 
more effective than thermal 
excitation In order to 
reach cracking. The curve 
labelled "fluctuation" was 
obtained by generating some 
excitation, some holes being 
punched in phase space (the 
nucléon sampling Is Merely 
rarefied). I t turns out that 
small excitations are 
enough for the growth of 
these fluctuations : 2 HeV 
per nucléon allow a genera
tion of 10 fragments from 
••"Ar nucleus. The open 
question is, of course now 
to generate these fluctua
tions in a reproductible 

manner either at Initial time or during the dynamical̂ process . Since no 
answer can be given so far, one will just stress that some dynamical 
Instabilities are present In Landau-viasov dynamics. These instabilities are 
damped by the collision term, which is estimated as a balance between 
continuous flux. It is exhibited 1n figure 3 where the results of Vlasov 
(without collision term) and Landau-viasov (with collision tern) dynamic; are 
compared. The collision 

3. 12. te. 
TIME a0-*2s] 

FIGURE 1 
Decrease of the excitation energy per nucléon 
(upper part) and the residual mass (lower 
part) of a *0Ca nucleus In Vlasov dynamics. 
The nucleus was Initially heated up to a tem-
rature of 15 HeV (full Unes) and simulta
neously compressed (dashed lines). 
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FIGURE 2 
number a fragments in a three dimensional expansion of M Ar 
nucleus, as a function of the initial excitation energy. The 
three curves are obtained for a sudden heating, a compres-
sional node and for initial fluctuations in phase space. 

compared. The collision tena corresponds exactly to a two-body viscosity which 
makes the cracking process much harder. Moreover, in Landau-Ylasov dynamics, 
contfnutn states are repopulated by nucleon-nucleon scattering. The ability of 
the system to emit particles is enhanced and a substantial cooling is found 
during the expansion. 
In figure 4, a residual nucleus Is defined by the part of the one-body 
distribution located within a sphere around the total center of mass with a 
radius of 8 fa. For Vlasov dynamics, particles located in continuum by the 
preparation procedure are just emitted, carrying out their initially available 
energy : the decrease of the excitation energy per nucléon of the residual 
nucleus saturates when the available energy is exhausted. At variance with 
Vlasov dynamics, Landau-Vlasov dynamics allows the system to move towards 
thermal equilibrium along with the expansion. According to the remaining 
excitation energy, high momentum tails are pulled Into the continuum, cooling 
the remaining system {curve labelled VUU in figure 4) . A stabilization 



FIGURE 3 
Comparison between VTasov (Pig. 3a) and Landau-Vlasov (Fig. 3b) 
dynamical expansion of a sudden heated *°Ar nucleus ( I n i t i a l 
temperature equal to 15 HeV). 
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FIGURE 4 
Time variation of the energy per nu
cléon for the residual nucleus In 
Vlasov ( f u l l Une) and in Landau-VIasov 
(dashed line labelled Villi) dynamics. 
The i n i t i a l nucleus is '•'Ar with an 
i n i t i a i temperature T. > is HeV. 

effect results from this cont i 
nuous flux of particles. This 
behaviour is obviously quite 
different from the growth of 
fluctuations obtained by consi
dering a discrete collisions 
term 6». 

From these calculations, one 
can conclude that break up occurs 
in Landau-Vlasov dynamics for 
excitation energies depending 
on the excitation mode. I t i s 
also found that collisions t l a 
Uehling-Uhienbtck render the 
more cohesive «volution of the 
nucleus. Nevertheless, any i n 
formation about mass distr ibu
tions, for Instance, requires an 
Introduction of many body corre
lations what is beyond the scope 
of our approach. 

, ENTRANCE CHANNEL FEATURES 
GOVERNING FUSION 
In this section, we wi l l 

examine the main features which 
can be expected from Landau-

Vlasov dynamics as far as fusion processes are concerned. We wil l assert the 
following questions : does residual interaction destroy the TOHF fusion 
window 7 could we have some occurence of transparency at least with systems at 
high bombarding energies 7 how decomposite systems behave in incomplete fusion 
recoil i (excitation energies, deformation, spin) 7 could congressional modes 
be present in a fusion process ? how does the cooling of a composite system 
proceed ? 
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2 . 1 . Two-body collisions destroy the TDHF fusion window 

As already mentionned In section 1 , two-body collisions make a nuclear 

system viscous. One expect that this two-body viscosity could damped the 

relative motion between Interacting nuclei which are found to cross each other 

in TDHF calculat ions 7 ' . As a matter of fact, i t was the conclusion or the 

ref . s ' where the l 6 0 + " 0 was studied for head-on collisions In an extended 

TDHF franework. Nevertheless, a renewal of this question was recently given by 

the experimental observation of a possible transparency in 2 B S1 (12.4 HtV/u) 

+ Si reactions ' . The calculated tine evolution of the relat ive distance R 1 2 

between the reaction 

partners 1n Ylasov dyna

mics Indicates that such 

transparency could be 

present In absence of 

residual Interaction 

(Fig. 5 ) . Nevertheless, 

the same calculation 

performed In Landau-

Vlasov dynamics shows 

that this effect Is just 

an artefact of the TDHF 

or Vlasov approximation. 

Because the fusion window 

depends strongly on the 

effective interaction, i t 

could be worth to scan 

various choices before 

drawing any definite 

conclusion. Nevertheless, 

i t turns out that we ob

serve in our calculations 

the same behaviour as the 
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FIGURE 5 
A comparison between Vlasov (dashed l ine) and 
Landau-Vlasov ( fu l l l ine) calculations for the 
time dependence of the relative distance between 
interacting nuclei shows that the transparency 
in *»S1 (12 HeV/u) + « S i with a central Impact 
parameter b « 1 fm is destroyed by the residual 
interaction. 

one obtained In ref 8) . 

the two-body collisions destroy the TDHF fusion window. Since this feature 

cooes from the residual interaction, one could hope that some experimental 

information about the two-body collisions are contained in data as those 
91 

reported 1n ref. ' . 
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2.2. ineffectual fusion above 30 MeV/u for central collisions with light 
systems 

Central collisions arc characterized by a large momentum transfer from the 
relative motion to Internal excitations of colliding nuclei. In figure 6, the 
longitudinal component of the relative momentum between ""'Ar and 2 7A1 at 3$ 
MeY/u incident energy fs calculated as a function of time for Impact 
parameters ranging from b • 0 Fm to b • 10 Fm. The collision simulation Is 

'"ArOSMeV/ul*^! 

to so x to so K n to to m tio no ix tto 
time (fm/c) 

FIGURE 6 
Relative l inear momentum as a function of time for the '•«Ar (35 Me>7u) 
+ 2 7 A1 system at various Impact parameters. This time evolution Is c a l 
culated from the Landau-VTasov equation. 

performed by solving Landau-Ylasov equation. A group of sentral collisions 
with b < 4 Fn can be identif ied with a decrease of the k . by 60 S ; the 
Intermediate and large Impact parameters give less and less momentum transfer 
with large gaps in the f inal values between each considered wave. The previous 
behaviour for the mean values of the momentum is identical for the second 
moments. At the i n i t i a l time, the momentum distribution is a Fermi bisphere 
with a quadrupole moment n equal to 54 for* . During the damping observed in 
figure 6, the calculations Indicate a relaxation towards a unique Fermi sphere 
where n • 0 ftr*. This momentum relaxation Is essentially due to the residual 
Interaction. 
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The two groups of reactions (central and peripheral) can be also recognized 
from the relaxation of the momentum distribution. As a natter of fact, I t Is 
possible to extract from figure 6, the linear moioentue distribution and to 
express tt as a function of the fraction * of the final lost (or transferred) 
momentum over the Initial momentum. Figure 7 shows the result of the 
calculation where the differential cross section do/d* is given In ab units. 
One can see that this distribution exhibits a double-humped structure, 
corresponding to the central collisions on the one hand and to the peripheral 
collisions on the other hand. This general behaviour has been observed also 
In experiments with heavy systems as we will see in section 2.3. 

i0Ar(3SMeV/u)+!7Al 

FIGURE 7 
Relative linear momentum distribution for the k0kr (35 MeV/u) • ! 7 A 1 . 
Central and peripheral collisions are clearly distinguished. 
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For central collisions at 27 HeV/u, the incomplete fusion Is found In the 

calculations even for near head-on collisions (see section 2 .1 ) . Nevertheless, 

for a gain of a few MeV per nucléon (35 MeV/u Incident energy), the relat ive 

energy becomes sufficiently large In order to abort the fusion process. The 

residual interaction damps the relative notion (see figure 8 ) , but the 

remaining relat ive energy induces a rtseparation of the system into two 

fragments by their Coulomb repulsion. These fragments keep, In a large extend, 

the characteristics of the entrance channel. They art located In the 

fragmentation region, as far as their nasses are concerned. Contrary to the 

fragmentation, they are energy relaxed in the center of mass system. This 

mechanism is in fact an ineffectual fusion ( ref . ' and " ' ) . 

The total mass of the fusion product (at 27 MeV/u) or of the composite 

dinuclear system (at 35 HeV/u) decreases with the Incident energy, exhibit ing. 

a l inear variation of the incomplete fusion process between 10 MeV/u to 

30 HeV/u. Above 30 HeV/u, one gets successively, with increasing bombarding 

energy, the Ineffectual fusion and the transparency expected from a mean f ie ld 

theory (figure 8 ) . The absolute values of mass numbers in the figure 8 are in 
„12> On the other reasonable agreement with the observations at 27 MeV/u 

hand, the authors of ref . ' have observed a sharp vanishing of the 

evaporation residue cross sections between 27 MeV/u and 32 HeY/u. This effect 

could be associated with an onset of the ineffectual fusion, whereas more 

detailed analysis have to be done In order to disentangle entrance and ex i t 

channel effects in this reaction. 

Mcw fa-mM-l 

"AC*27AI 

b*0fm 

^ t 

FUSION 
//mEFrecrùïl/; TRAHSPARENCr 

•E/u 

(MeV/u) 

FIGURE 8 
Incident energy dependence of the total mass of the compound or 
composite system in central coll isions. 



11 

2.3. Rtcoll. txeltatlon energies, dtfonutlon and spin of rati dual nucltf 
In incoapltti fusion rtactlons 

Ont of tht most striking ftaturts of Inttnaadtatt energy heavy Ion 
rtactlcns Is tht cohesive natura of tht nuclear system. I t turns out that Man 
flt ld proptrtlts rtaaln of tht pria» iinjwrtenct in tht dynamical evolution. 

Ntvtrthtltss, I t Is wall known that abovt 10 NtV/u, tht •Mantua transfer 
Is Incoapltti bteaust light particles art emitted Into tht continuai during 
first stages of tht col l is ion 1 * ' 1 5 ' . Landau-Vlasov dynaaics account?, for this 
preiqullibrlua Mission and tht llnaar moment» transftr (LHT) is obtained as 
util (see figure 7 for light systems). As a aatter of fact, tht lapact 
paraaettr dependence of the LnT follows roughly the geometrical aodtl, where 
thi fraction of LHT is givtn by tht ratio between tht overlap voluat and tht 
total voluae of Interacting nuclti (figure 9). The deviations observed at 
35 MeV/u for tht ''Kr • «Al system, which wtrt studied experimentally in 
r e f . 1 6 ' . are dut to tht prttquilibriua «aisslon at small impact paraatter. 

(ens 

i 

- • ' ' ' 1 ' 1 ' ' 

eamemcM 
«COMPUTE 

— - \ F U S « W 

\\LAMUU.VLASCY 

\ \ \ \ \ \ 

uKrt35M//vl."Al\ \ \ V 
_ i — i — • — i — 1 i i i . .t_ 

t l l t S ë 7 t » U 
IMPACT PARAMETER 

Jtml 

FIGURE 9 
Impact parameter dependence of the 
linear «omentum transfer for the "Kr 
(35 MeY/u) + Z7A1 system. Geometrical 
incomplete fusion model is compared 
with Landau-Vlasov calculations 
(by courtesy of W. Htttig). 

At high impact parameters, tht larger 
LHT values in Landau-Ylasov art si
gnatures of the tails of the aatter 
density included In this calculation. 
I t is worth to mention that these 
calculations allow one to account 
properly For the experimental re
coils ( r e f . 1 6 1 ) . Figures 10 and i l 
allow one to draw the same col lu
sion for the "Ar (27 HeV/u) + »"U 
systta. The LOT distribution exhi
bits both lapact paraatter ranges 
(central and peripheral). After 
transforation*of the recoil mo
mentum (figure 10) to the folding 
anglt (figure 11) between fission 
fragments which will be emitted by 
the decay of tnt rtcoll nucleus, a 
double humped structure of the 
folding angle distribution is found. 
Tht central «111sion component is 
located at aruund 110* corrélation 
folding anglt. 

file:////lamuu.vlascy


12 

This value compares favor «by with expérimental data of r e f . 1 7 , ' , The 
possibility to fora nuclei carrying all the available energy Is very unlikely. 
Furthermore, one can estlmte that the typical evaporation tine» decrease 
exponentially with increasing excitation energies. For instance, the l ift-t ine 
of a 20*Pb nucleus at a ttaperature of 5 MeY Is of the order of 
1 0 - « s 1 9 , 2 0 , 2 1 ' . Consequently, one could expect that a composite system will 
cool down during the compound nucleus formation processes which requires a few 

-̂  » 

P/Pi 6 corn 

FIGURE 10 
Calculated LMT distributions 
for the *°Ar (27 KeV/u) + «»U 
system. F< represents the Ini
tial relative momentum between 
Interacting nuclei (froa ref. 18). 

FIGURE 11 
Folding angle distribution between 
fission fragments deduced from the 
figure 10 (from ref. 18). 

10- ' ls 2 2 . This effect can be also seen by analyzing results obtained froa the 
Landau-Vlasov dynamical evolution of the one body phase space distribution. 
For the '•"Ar (27 MeV/u) •» " ' U reacïian in a head-on collision, the calculated 
excitation energy (figure 12) which Is deposited into the target Increases up 
to 3 MeV per nucléon In a time scale of 90 fm/c ( I .e. 3 10""s). The 
corresponding temperature which can be defined after this lapse of time is of 
the order of 5 Meï i a dozen of preequiUbriua emitted nucléons is not 
contributing anymore to the composite system. Then the evaporation time fs 
small enough in order to hinder more energy deposition ;' the excitation energy 
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FIGURE 12 
Time evolution of the excitation energy 
per nucléon of the residual target Hke 
nucleus formed 1n the head-on "Ar 
(27 MeV/u) + " 8 U collisions. The points 
corresponds to the solution of the LV 
equation (from ref. 18). The full line 
is drawn for guiding the eyes. 

to A-WIMPwJ» U b'Otm 
1 ) 1 1 1 1 ! 

ZÀÀ/ 
111 I 
a 
o . 1 . . . . 1 

300 llm/ci 

FIGURE 13 
Time evolution of the déformation of the 
nucleus in the LV calculations (points 
and full Une as in fig. 12). The dashed 
area corresponds to experimental analysis 
tref. 18). 

per nucléon decreases rapidlv 
during the following 10"' ls since 
the more energetic nucléons Inside 
the system «re preferentially 
emitted. In this typical 
Incomplete fusion process, I t can 
be noticed that large deformations 
of the composite system develop. 
As a matter of fact, an 
experimental analysis of light 
particle spectre associated to 
fission for this reaction1 8 1 

suggest that deformation as Urge 
as a factor of two for the ratio 
lieetween the major axis are 
observed. This result (dashed area 
in figure 13) 1s fully consistent 
with the result of the calcu
lation, drawn in full line, as a 
function of time. The spin 
distribution of recoil nuclei 

formed versus the Impact 
parameter Is found to be 
triangular for central 
collisions (figure I t ) . The 
mean value in this incom
plete fusion area Is of the 
order of 120•Vunits in the 
calculation, whereas the 
valuesNextracted from out of 
plane light particle 
emissions are consistent 
with spins ranging from 

100 to 120-rr units. 
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/ / i0Ar(27M»V/u) t^'u 
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s » btlm) 
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FIGURE H 
Spin of residual nucleus or heavy fragment formed in an '•"Ar 
(27 MeY/u) + « * u reaction as a function of the impact para
meter. The calculated values allow us to extract a root mean 
square value of spin J ™ . , which can be compared-with expe
rimental distributions [dashed area) (from r e f . 1 B ' ) . 

The few previous graphs indicate that the properties of composite nuclni at 
high excitation energies can be deduced from a microscopic kinetic equation. 
These properties art those determined by entrance channel dynamics, where the 
rôle of correlations seem to be negligible since experimental recoils, 
déformations, excitation energies, spins are satisfactory reproduced by 
Landau-Vlasov calculations. Tor heavy systems l ike *°Ar + 2 , S U , an excitation 
energy of 3 MeV per nucléon can be brougt to a composite system i f the 
bombarding energy is suff iciently high. An increase of this bombarding energy 
far above 30 MaV/u wi l l very l ike ly not allow us to excite the residual 
nucleus more than 3 HeV/nudeon because preequilibrium and particle 
evaporation wil l prevent a higher energy deposition. 
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FIGURE 15a) and b) : Time evolution of averaged densities for an head-on collision of the I 2 C (50 MeV/u) + 1 3 9 t a 
system (from ref. 24 ) ) . 
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2.4 . Compression and monopole oscillations in fusion reactions 
The compound nucleus formation at bombarding energies as high as 50 HeY/u 

was recently shown for the 1 2 C + 1 3 *La system by the observation of complex 
fragments emitted from the compound nucleus. In order to Investigate this 
compound nucleus formation, we have performed ( re f . ) * landau-Ylasov 
calculation for head-on col l is ion. Two dimensional plots In figure 15 
indicate the mean densities (averaged along the direction perpendicular to the 
reaction plane) evolving In time (In fra/c units, I . e . 3 10"**s units) . I t Is 
found that the maximum density p exceeds normal density p. for a tine lag 
of fm/c after the contact time, p n a x reaches around 1.3 p and a monopole 
oscil lation of the compound system (the pressure tensor Is found Isotropic a t 
60 fm/c) develops afterwards (figure 15b). One observes a f lux of particles 
emitted in the forward direction, followed (at 80 and 90 fa/c) by an isotropic . 
emission. These two components have been already widely analyzed In refe
rence for cases of l ighter systems. These low density regions represent a 
small fraction of the total mass. One could expect that the r i l e of 
correlations could become important in these regions, giving some cluster 
emission. On the other hand, the compound nucleus which is obtained In our 
calculaticn wil l very l ikely decay by evaporation of clusters, as claimed In 
ref . . This decay modes are not In the scope of our theoretical approach. 
They should be analysed by following the dynamical emission processes, as 
proposed either in ref . with the account of asymmetric fission channels or 
in ref . where coupled master equations describe chemical kinetics. 

CONCLUSION 
The approximate solutions of Landau-Vlasov equations have been shown to 

give a suitable microscopic description of many relevant situations In 
Intermediate energy heavy Ion physics. The disintegration of nuc'el depends 
essentially on the excitation mode. I t is found, for instance, that 
compression is ouch more effective than thermal excitat ion. A method to 
account for fluctuations is s t i l l to be found, a few a t t e s t s being proposed 
in ref . 5 e t 6. One can also deduce from our Landau-Vlasov calculations that 
the disintegration threshold after compound nucleus formation wi l l not be 
reached very l ikely in heavy ion coll isions. Incomplete fusion seems to be a 
general feature be •'••: SO MeV/u (except for very l ight systems where 
Ineffectual fusion could take place) and our results a;ree reasonably with 
avail at- lata. I t is also found that some congressional energy can be brought 
to a compound nucleus developing monopole oscil lations. 
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