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1. Introduction 

Heavy ion reactions in the Fermi energy domain and above 
(40 - 400 MeV/u lab) are an extremely precious source of 
information concerning such questions as nuclear equilibration, 
multifragmentation. equation of state etc We have made a study on 
partial aspects of these important questions using s. recently 
developped numerical solution of the Landau Vlasov equation (LVE) 
[ 1.2 ] . The validity of this equation for the investigation of quite a 
number of problems in intermediate energy heavy ion scattering 
seems in the meanwhile to be well established 11-61. 

In this first of a series of two papers we concentrate on the 
reaction '39La <• l2C at 50 MeV/u which has recently been carefully 
investigated experimentally by Bowmann et al. (71 with the 
conclusion that there is a formation of a compound nucleus which 
decays by sequential fission. We simulate this reaction by a 
numerical solution of the Landau Vlasov equation and find, in 
agreement with the conclusion of ref. [71. that the system fuses for 
all but the most peripheral impact parameters. This does not 
necessarily mean that the system equilibrates (compound nucleus) 
before it undergoes sequential fission. We therefore also tried to 
calculate in parallel the pressure tensor. This is a very difficult 
quantity to evaluate since it means to calculate local fluctuations. As 
our numerical method (swarm of Gzussians) necessarily 'also 
introduces fluctuations into the system (due to the limited number 
of Caussians practically used) it is not evident to obtain a significant 
result for the local pressure tensor. Nevertheless we tentatively 
conclude that the fused system equilibrates within 8 0 - 1 0 0 fm/c 
after contact time. This is a quite important question since 
agreement between Landau Vlasov dynamics and experimental 
findings concerning such problems as equilibration and 
fragmentation is far from being evident. This stems from the fact 
that in the Landau Vlasov equation -genuine fluctuations are 
missing, a drawback which is often believed to invalidate 
conclusions concerning the equilibration and fragmentation 
processes. In this respect, one should,, on the one hand , be 
aware of the fact that spinodal decomposition is ' 
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very well possible in LVE dynamics as will be 
shown in the following paper; on the other hand, however, the 
conclusions of ref. (71 are not uncontested [81 and it certainly needs 
further experimental and theoretic»! studies to decide on how much 
of fluctuations are misting in the LVE description of heavy ion 
reactions at intermediate energies. In any case the withstanding of 
the agreement between LVE results and the findings of Bowmann et 
aL [71 against future developments remains a quite exciting 
possibility. 

After this detailed study of the La • C reaction at SO MeV/u, 
we then pass on to higher energies and to different more symmetric 
systems. We make a comparison between these various systems 
with the conclusion that they exhibit different behaviours in the 
energy range we have studied. It appears, in particular, that the 
mass asymmetry is a very important parameter in these studies. 

The paper is organized as follows. In section 2 the main 
features of the LVE equation and of our way of solving it are 
recalled. We then study in detail the La • C reaction at SO MeV/u. 
Higher energy La • C collisions are considered in section 3 together 
with a partial study of more symmetric systems such as Sn • Ca and 
As • Se in -he same energy range. Our conclusions are presented in 
section-4. 

I I . The «3«La • »*C reaction at 50 MeV/u 

2. J Preliminary considerations 

la a recent paper by fiowmann et aL 17] the reaction ' J t a * 
IZC at SO MeV/u lab has been carefully analyzed using inverse 
kinematics. The authors come to the conclusion that the system 
passes through a fused compound nucleus C*Nd*) with 284 MeV 
excitation energy which subsequently decays by binary fisrion such 
that the fragments with Z;. Z2 > 12 strongly correlate to Z\* li = 55. 
These conclusions are somewhat contested in a recent work by 
D.H J. Gross [81 who is able to reproduce very well the data of Ref (7] 
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with his theory of multifragmentation. It therefore seemed 
important to us to investigate this reaction theoretically with the 
LVE equation, to see whether we obtain fusion and to study 
equilibration. 

2.2 The CJasov equation with UehJing-UhJenhect collision 
term i Landau-VJasov equation. L VE) 

For completeness let us recall the LVE equation 

* ^ * £ . V r f - V r U { p ) . V p r - H n (2-1) 

where the collision integral Iffl. is calculated in the Uehling-
Uhlenbeck approximation 

I ( r ) . j j j d E ^ a ^ ^ p , ^ . , , ^ ^ ^ ^ ^ , 

ui-ri)(i-fZ)f3r-(i-ou-£3)f2ri) (2-2) 

with f -
( 2«K)3Î^ 

(g degeneracy). 
The LVE equation is the semi-classical limit of 

TDHF (left hand part of eq. (1)) including dissipation due to binary 
collisions (Ilfl). In many aspects this semicfassical approximation 
has been tested by Gassing 13,61 and others [9; 101 and was found to 
be well suited to the energy range we are interested in (E/u > 10 
MeV/u in the lab). Our resolution method of eq. (2-1) is based on an 
expansion of the Wiener function f (r.p,t) on a basis of coherent 
states (typically 4500 in the La • C system). Technical aspects on 
this procedure have been recently presented at length and we refer 
the reader to ref. Ill for further details. Let us anyhow mention two 
shorthcomings of our resolution scheme. 

The first one concerns the use of zero range effective Skyrme 
forces which are well suited only to relatively low energy reactions 
as they basically are obtained as the result of a short relative 
momentum development Reactions at energies of the order of some 
100 MeV/u presumably involve situations in which Skyrme forces 
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are not reliable anymore. As in previous works [1,21 we are using 
the Skyrme like force proposed by Zamick et al 11 1] which yields 
the following mean-field 

U(p)-ftop*5ft3p« (2.3) 

with 

to--3273.6 [MeVfm3] , t 3 -2l290.f l [MeVfm7 /*J 

and which in fact represents a soft equation of state with a 
compressibility of K - 200 MeV. Note that we can also use more 
sophisticated Skyrme forces including isospin and surface terms as 
was the case in our recent study of isospin modes in entrance 
channels of heavy ion reactions 1121. For our present purpose, 
however, the use of the simplified interaction Eq. (2.3) seems 
sufficient. 

The second shortcoming concerns the form of our collision 
integral. Firstly, it is known [9-101 that the form given by Uehling-
Uhlenbeck corresponds to a classical to -> 0) approximation of the 
quantai expression of the collision integral what entails to consider 
the two body collision as a Markovian process. For heavy ion 
reactions at several tens of MeVYA this seems not to be a real 
shortcoming as was shown by Casaing in a recent study [5,61. 
Secondly the effective, in medium corrected, cross section entering 
the collision integral should in principle be calculated from the same 
force as the real part of the mean field [9-101, what corresponds to 
a generalized optical theorem. Instead we here use an approximate 
in medium corrected cross section which has been roughly adjusted 
to the density dependence of the G matrix calculation of Cugnon et 
al [13 I 

5g>«ff-1T<P>3g)free (2.4) 

With 
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Y < p » - r l < l + e i p < 0 - 0 2 f m - ? )) (2-5) 

We should also notice that isospin effects are correctly taken into 
account in the two body collision. 

Let us conclude this discussion by mentioning the fact that we 
are presently working to incorporate finite range forces (as the ones 
proposed by Gogay ) and to calculate the mean-field and the 
collision term consistently with this force (see I Ml). In spite of the 
above mentioned short comings of the present work we feel that 
the results are sufficiently significant to bring new elements of 
information on the reaction 1 3 9 L* * 1 ZC studied in this section as 
well as on the reactions at higher energies investigated in the 
following section. 

2J Tie 139La - JSCreact/oo 

In Figure 1 we show the contour plots of the reaction !3*La + 
1 ZC at 50 MeV/u lab energy for a series of impact parameters (0 s b 
s 7.5 fm). We see that our system fuses for all but the most 
peripheral reactions and we thus obtain a fusion cross section 
approaching the geometrical one 

o c - 4 x R 2 (2.6) 

which is in close agreement with the number obtained in ref. (71. 

In Table 1 are given the characteristic values (average mass 
<A>. charge <Z> and excitation energy E*) of the fusion residue 
obtained both experimentally and theoretically for the La • C 
reaction. The calculation tends to sligthly underestimate the mass 
and the excitation energy of the fusion residue but the theoretical 
results lie inside realistic experimental error bars. Moreover the 
experimental charge of the fusion residue is in good agreement witi 
our estimate. The LVE calculation hence seems to reproduce the 
gross properties of the observed fusion system. A more delicate 
question is however whether this compound nucleus has or not 
reached equilibrium.. This question is of crucial importance for the 
possible further evolution of the system. More precisely the 
interesting point is to know whether the disintegration of the fused 
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system either by sequential fission or (multUfragaentation. occurs 
is an equilibrated nucleus. 

In order to try to answer to this question one has firstly to 
consider the equilibration process in momentum space. The time 
evolution of the momentum distribution 

n(p.t)- f d r f (r.p.t) {2.71 

in the reaction plane is presented in figure 2 in the case of a central 
collision. Note that the 1 2C gives much less contribution than , 3 9 La 
so that the low momentum density on the left hand side at t - 0 
must be att ributed to >2c. The final shape (t > 100 fm/ct of this 
momentum distribution is characteristic of an equilibrated system 
with a regular repartition of momenta in a sphere like "container". 
It will be interesting to compare the momentum distribution of fig. 
2 with the one obtained in a system where no fusion occurs as is the 
case of the more symmetric reactions studied in the next section 
(see figure 20). Figure 2 however essentially gives a global 
indication on the equilibration and the next step is to know whether 
the fusion residue aaually reaches local equilibrium within the 
100/150 fm/c of the first phase of the collision we are studying. 

A way of analysing local equilibration or more precisely the 
local deviation from equilibrium is to study the amount of 
anisotropy of the presssure tensor Pij.|l5l 

Pij(r.t) -J J j ^ p (p-mu(f.t))j (p-mu(r.tl)j f(r,p.t) (2.8) 

where u is the local velocity : 

u(r)- J £flr.p,t) dp (2.9) 
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The numerical evaluation of Pij (eq. (2.8)) is very difficult as it 
essentially represents the fluctuation of the velocities around their 
average values. Since in our six dimensional phase space 
representation of the Wigner distribution we have quite non 
negligible numerical effects due to our initial sampling procedure of 
tbe coherent states (see 111) it is not evident that one obtains from 
eq. (2.8) significant numbers. Moreover representing in some simple 
way the pressure tensor, 'vhich is a 6 component object, is a delicate 
task and we have hence chosen to plot a combination of the 
diagonal elements of Pij, namely n 

., Pnll .y,») * Pyy(l.y.Z.t) „ . . . 

which represents a quantity which should approach 1 when local 
equilibrium is reached. For the central collision chosen tbe off 
diagonal elements of Pij are much smaller than the diagonal ones so 
that (2.10) seems to be an adequate definition. 

In order to overcome the numerical problem of estimating 
accurately n(x.y.z.t) one has, in some way. to average over q. This 
can be done by smoothing n over a local small phase space cell as is 
tbe case in Figure 3, where t^i.yx.l) is presented in the reaction 
plane (y - 0) of the head-on La • C collision. A very interesting point 
appearing from this figure is the way the 1 ZC nucleus locally 
modifies the momentum anisotropy which is "evacuated" forward 
with preequilibrium particles, starting from around 60 fm/c. This 
however does not mean, that 1 2C crosses IMLa as this former 
nucleus is-disintegrated inside U t a at earlier stages t < 50 fm/c as 
can be seen from figure 7. Moreover, the density associated to &C 
(figure 7) only partly participates to the preequilibrium emission. 
The conclusion is hence that 1% induces a strong anisotropy in 
momentum space which is evacuated through preequilbrium 
particles which have their origin in the two body collisions. For 
times longer than 90 fm/c the pressure tensor seems to show 
fluctuations similar to what we find already in an isolate nucleus 
and we tentatively can conlude that for t > 90 fm/c local 
equilibrium is approximately established. As we will see later on. 
in a more symmetric reaction things are slightly different, and there 
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are indications that the the pressure tensor evolves in accordance 
with other quantities more smoothly than in the present case. 

Another way to smooth the pressure tensor is to integrate 
Pijd,y,z,t) over the transverse directions x and y (perpendicular to 
the beam axis) and thus in figure 4 we present (for b - 0) a three 
dimensional plot of an average form of the n function (Eq. 2.10) 
which is calculated as 

n<*>- **?£&?* 
where the < . > stand for an integration over the directions 
perpendicular to the beam axis z. We see from fig. 4 that ti(z,t) (eq. 
(2.11 )) equilibrates after the relatively short time of 90 fm/c which 
is another indication that in the reaction !3*La • i*C local 
equilibrium is reached after = 100 fm/c and thus the 
establishmement of a compound nucleus advanced on experimental 
grounds in Ref. [7] seems to be corroborated by our theoretical 
investigation. 

Let us however mention one difficulty with this interpretation 
of our results. Due to the lack of genuine fluctuations (besides some 
numerical effects) in the mean-field description Eq. (2.1) of the 
reaction we are missing in our calculation any kind of (multi) 
fragmentation and we are thus unable to describe the second phase 
of the reaction namely the deexcitation of the compound nucleus by 
fragment emission. Fortunately enough the experimental set up 
measured essentially two big fragments Z|, Zz > 12 in the exit 
channel so that the deexcitation time should be comparable to the 
one of fission at an excitation energy of 280 MeV (at 100 fm/c we 
obtain a parameter impact averaged excitation energy of 
240 MeV). This fission decay time is known to be approximately an 
order of magnitude larger than tbe 90 fm/c - 0.3.10 2 1 s we need 
for reaching equilibrium. Our conclusion on this point seems 
therefore to be on quite safe grounds. 

It should be noted that there exists another recent theoretical 
investigation on this reaction [81 using multifragmentation theory 
based on pure phase space arguments, and which reproduces in 
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quite some detail the experimental mass distribution (7|. Reference 
[81 is somewhat critical about the conclusions concerning 
equilibration and sequential fission of ref. |7|. We think however 
that the phase space sampling performed in ref. {81 probably 
includes the fission channels. It may therefore not come entirely as 
a surprise that the mass distribution found in I7J is reproduced. So 
the conclusions of [8] are hence not necessarily in contradiction with 
our findings. 

Before leaving this reaction, we want to present some further 
details of it, which can be seen more easily from fig. 5 where a 
three dimensional representation of the time evolution of the 
averaged density (over one direction perpendicular to the beam 
axis) is presented in the case of the central La * C collision. 

Let us firstly note that the compound nucleus formed at 40 
fm/c is highly compressed (p/p 0 - 1.2). This compression, present 
even in the case of large impact parameters, evolves in time as a 
large amplitude giant collective monopole mode as is presented in 
Figure 6. In this figure is plotted the time evolution of the 
maximum density pmsx of the compound nucleus. We have 
computed poux by averaging the maximum values of the local 
density, which presents some fluctuations as a function of the 
position, due to our sampling procedure of the phase space. We 
have checked that the results obtained for p m a » were roughly 
independent of this averaging procedure*. One could wonder 
whether such oscillations (Fig. 6) are really due to a collective mode. 
Indeed one could think that such vibrations are due to the 
oscillation of 1 2C inside "'La. However, as already mentioned in the 
case of the pressure tensor, and. as can be seen from Figure 7. the 
1 ZC completely dissolves inside 13^-a, almost instantly after the 
onset of the collision, which eliminates such an hypothesis. 

The striking feature of Figure 6 is the fact that the period of 
oscillation is, to a large extent, indépendant of the impact parameter 
which eliminates possible kinematical effects and also strongly 
supports the idea of an excitation of a giant monopole mode. A 
rough evaluation of the phonon energy associated to this vibration 
gives-It u * 13 MeV in agreement with what could be expected for 

*) P j n u roughly represents the central denaiCy of the s y s t e e . 
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an excited giant monopole motion in such a nucleus (A = NO). It 
should be mentioned that we have also studied the time evolution 
of the mean-square radius (rms) of the fusion residue (which is the 
standard way of analysing giant monopole modes) and that we have 
found results in complete agreement with the analysis of pu» 
although in such cases the values of the rms are not very easy to 
evaluate due to preequilibrium particles. Note that other collective 
modes such as in particular quadrupole vibrations are also eicited 
in this reaction and relax in a time similar to the monopole mode. A 
comprehensive study of the excitation of collective modes in the 
entrance channel of heavy km reactions will be presented in a 
forthcoming publication 1121 with a particular emphasis on the 
isospin modes (which cannot be properly studied in the present 
calculation with the oversimplified interaction Eq.{2-3)). Results of 
these' calculations show a similar behaviour with strongly damped 
collective oscillations. 

The second point we want to mention is related to the 
emission of light fragments, as much as one is able to describe them 
in the LVE framework. Very shortly after the onset of the collision 
(t = SO fm/c) an anisotropic forward backward emission of matter 
starts,(figure 6) revealing a still not equilibrated system, as was 
already mentioned in the interpretation of the variations of the 
pressure tensor (Figure 3); however at 90 fm/c the particle 
emission seems to be isotropic which is in accordance with the 
equilibration of the pressure tensor at that time 0i«=' 1 ). 

In conclusion of this section it seems that our study confirms 
the interpretation given by Bowman et al (7) that in the reaction 
1&L» * 1 2C at 50 MeV/u an equilibrated hot nucleus is reached 
before decaying into binary break up channels. We think that it is 
not necessarily in contradiction with the findings of Gross (8i who 
reproduces the mass distribution within the framework of a 
mullifragmentation theory. 
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3. Towards higher energies and autre symmetric systea». 
The onset of explosion. 

The fact that the La • C fuses at SO MeV/u is not very 
surprising due to the relatively law available energy in the center 
of mass («330 MeV) of the system. The fusion residue is indeed not 
very excited (B* ? 230 MeV or alternatively E*/u - 1.6 MeV/u). An 
eiciting question is hence to try to heat up this system by 
increasing the beam energy. Another interesting poini is to compare 
the results obtained for the La + C reaction (which is strongly mass 
asymmetric) with more symmetric systems where excitation energy 
can be more easily deposited, as csn be seen below. 

3.1 lie la * C reaction at lugber energies (£M - 7£ 100,135 
and /70MeV/vf 

la figures 8 to 11 we show the La » C system successively at 
73. 100, 133 and 170 MeV/u beam energy in the case of central 
collisions. The cross section for fusion presumably strongly 
diminishes as the energy is increased (we did not calculate it due to 
limited computing time) but even at 179 MeV/u incomplete fusion 
still seems to subsist for head-on collisions. As in the case at 30 
MeV/u, the C nucleus is once more disintegrated insicfe La as MO t : 
seen from Figure 12. The disintegration of C is however quite 
different from the case at 30 MeV/u indicating, as the C nucleus 
nearly crosses the La. that we probably almost reach the threshold 
of partial transparency. On the ether hand the combined «ystem 
looses a lot of preequilbrium particles i'see telow) so that the 
precise definition of fusion looses its meaning. The only things we 
can say is that the system does not break up into fragments within 
60-80 fm/c from the point of maximal compression on. This should 
be seen on the background that break up due to instabilities is very 
well possible within LVB dynamics 116L Calculations at higher 
energies become unfortunately questionable due to our use of zero 
range Skyrae forces. Our conclusion OP this 170 MeV/u case should 
hence be taken with some caution and calls ior th* development in 
LVE simulations of more sophisticated interactions such as the 
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Gogny force I 14 I. Anyhow it seems that in the energy range 
studied for the La • C system one can tentatively conclude that 
direct break up is absent up to = 170 MeV/u for central collisions. 

A summary of the main characteristics of the beam energy 
(E|ah) dépendance of some relevant gross properties of the La • C 
reactions between 30 McY/u and 170 MeV/u i» given in table 2 
and Figure 13 In table 2 are presented the masses, charges 
and energies (beam, center of mass and'excitation energies) of both, 
tfc* colliding nuclei, and the collision product. The E|«Q dépendance 
of the average mass < A >. charge < Z > and excitation energy E* of 
the fusion residue are plotted in figure 13. Note the very smooth 
decrease of < A > and the nearly constant value of < Z >, indicating a 
"saturation of the charge of the fusion residue and consequently a 
preferential preequilibrium emission of neutrons, as expected. A 
very interesting feature of figure 13 is also the decrease and 
saturation of the excitation energy per particle beyond around 100 
MeWu lab energy. This trend indicates the inefficiency of 
asymmetric systems for heating up nuclear matter. Finally, in figure 
M. we show the time dépendance of the maximum density Pm« at 
various lab energy. The striking feature of this figure is the fan that 
the monopole oscillation observed, nearly keeps the same frequency 
for any energy, which confirms the very small temperature 
dépendance of giant monopole modes obtained in static models 
(17,18 J. 

3.2 Marc symmetric systems 

n is very instructive to compare the La * C case with its large 
mass asymmetry (A1/A2 - 0.09) with more symmetric systems. 
Characteristics of the various reactions calculated are presented in 
table 2. We have studied in some details head on collisions for two 
systems ; Sn * Ca and As • Se which have mass assymmetry ratios of 
order AI/A2 - 0.34 and A|/Az - 1 respectively, while the total 
mass is the same as in the La + C casé. The charge asymmetry is 
slightly different in these 3 cases but should not be a dominant 
factor for the disintegration threshold we want to study. It is 
indeed well known from static calculations of hot nuclei (19,201 
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that although this parameter is important, only non negligible 
variations of the charge to mass ratio induce large (10*) changes in 
the limiting theoretical excitation energy a nucleus can store 
without disintegration. 

In figure IS is presented the time evolution of the density 
profile in the reaction plane, for the head-on Sn * Ca collision at 18.6 
MeV/u which corresponds to exactly the same available energy in 
the center of mass of the system as the La » C collision at SO MeV/u. 
As in the La • C case one observes at this, zero level of investigation 
the formation of a fusion residue. Once again a more detailed study 
of this reaction is to be done and essentially leads to the conclusion 

' that an incomplete fusion actually occurs. This can be seen in figure 
16 where a chart of the pressure tensor is presented, in the same 
framework as in figure 3 for La • C The pressure tensor presented 
in figure 16 can be indeed associated to an equilibrated fusion 
residue about 80 f m/c after the onset of the collision. At variance 
with figure 3 there is no clear presence of a local anisolropy. due to 
fast particle emission a feature which could be understood, together 
with a detailed examination of other, less sensitive observables, by 
saying that the Sn + Ca collision at 18.6 MeV/u is softer, in some 
sense, than the La * C one at SO MeV/u. This trend is particularly 
clear when plotting, for example, the quadrupole moment as a 
function of iime. This latter quantity shows much smaller 
oscillations than in the La • C case. A final comparison with La * C 
concerns the time evolution of the maximum density pmu. In figure 
17 is plotted prnu as a function of time for Sn + Ca at 18.6 MeV/u. 
The striking point in this figure is the fact that pmai oscillates with 
the same frequency as the La * C fusion residue (which has 
approximately the same mass) once again supporting the collective 
nature of this monopole osculation. The amplitude of this motion is 
however smaller than in ihc La • C case in agreement with the 
"softer" character vf the Sn • Ca collision. 

The difference between the Sn • Ca and La •. C systems 
appears when increasing the beam energy as can be seen in Figure 
18 where the Sn • Ca collision at SO MeV/u (same center of mass 
energy as the La • C system at 135 MeV/u) is presented. It is clear 
from this figure that we are facing a limiting case between fusion 
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and disintegration, at variance with the La * C reaction at the 
corresponding center of mass energy. 

The final comparison to be made vith the La • C case is the 
one with a completely symmetric system, the As « Se couple, in 
figure 19 is presented the time evolution of the reaction plane 
density in the case of the As • Se collision at 50 MeV/u. This energy 
corresponds to the same (available) energy in the center of mass 
frame as in the La • C collision at I?0 MeV/u. Although some 
caution is necessary in the detailed analysis of the La • C reaction at 
that latter energy the gross behaviors of the 2 collisions are clearly 
completely different, the As • Se system undoubtedly leading to 
fragmentation and explosion. Note that due to the lack of quintal 
fluctuations in the LVE equation the detailed structure of the state 
of the system after the explosion is meaningless. The single relevant 
conclusion is the faa that no fusion occurs. The density in 
momentum space is plotted in figure 20 for the As + Se collision and 
should be compared to the same figure in the case of La • C (figure 
2). In the case of figure 20 one observes a strong concentration of 
low momenta, characteristic of a disintegration into light fragments. 

These various comparative studies lead to the definite 
conclusion that symmetric systems explode much more easily Le. at 
lower beam energy than very asymmetric systems. In other words, 
two "similar" nuclei seem to feel each other much more "efficiently" 
than two "different" ones. In the case of very asymmetric collisions, 
such as the La«C reaction, one even observes a saturation of the 
deposited excitation energy, which indicates the difficulty of beating 
up such assymmetric systems. 

IV. Conclusion 

In this paper we have studied, in the framework of a recently 
developped method of resolution of the Landau-Vlasov equation 
(1.2), various intermediate energy heavy ion reactions in an energy 
domain where the disappearance of incomplete fusion is expected. 
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We have presented a very detailed investigation of the La • C 
reaction at SO MeV/u motivated by the recent experiment by 
Bswmann et al. [7]. We come to the same conclusion as the 
authors of reference [7] . i.e. there is formation of an equilibrated 
incomplete fusiot. residue. The average mass, charge and excitation 
energy we find are in very good agreement with the experimental 
results. Moreover, estimates of the pressure tensor jualitativety 
show that local equilibrium is also reached in this system, about 90-
100 fm/c after the onset of the collision. 

Beyond the case al 50 MeV/u we have also studied in detail 
higher beam energies for the La * C system ranging from 50 to 170 
MeV/u in order to find the disappearance of fusion. At least in the 
central collisions calculated we always do not find direct break-up. 
Calculations beyond 170 MeV/u become questionable due to our 
use of schematic Skyrme forces. We find a smooth A and Z 
dépendance of the formed fusion residue in the 50 - 170 MeV 
energy range, while the excitation energy per nucléon "saturates" at 
about 3-5 MeV/u at around 100 MeV/u beam energy . This 
indicates that asymmetric systems are presumably not the best 
systems for heating up nuclear matter. 

On the contrary the behaviors of more symmetric systems 
such as Sn • Ca or even more so As + Se are completely different 
and one can observe more easily the fragmentation of the system. 
This trend suggests a more detailed study of such symmetric cases 
in order to extract an operational criterion of stability Le. to find a 
definite test to decide whether a system explodes or not. Due to the 
intrinsic limitations of the Landau-Vlasov equation this criterion 
could only give an upper value for the explosion threshold. In 
particular no information could be extracted from the mass and 
charge distribution of the fragments following explosion, due to the 
lack of quanta! fluctuations. We shall however demonstrate in the 
next paper that such a criterion can be obtained at the Landau-
Vlasov level. Moreover we shall see that the stiffness of the 
equation of state could be the real relevant parameter in this field. 
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TABLI CAPTIONS 

Tabic I . 

Comparison between the experimental f?) and calculated [this work) 
values of the average mass <A>. charte <Z> and excitation energy 
E'tin MeV) of the incomplete fusion residue obtained in the L* * C 
reaction at 50 MeV/u. In the case of our calculation an average has 
been made ever the various impact parameters studied (0 s b s 
7.5 fm). 

Takle 2 . 

Characteristics of the various systems and energies studied in this 
work. We successively give the beam energy (Eut,, in MeV)of the 
collision considered, the corresponding center of miss energy (E« 
O.M. in MeV). the charge ratios of the beam (Z|/A|), target (Zj/Az) 
red of the total system (Z/A) .together with the atass of this lattw 
(A). the "result" of the collision (fusion/explosion) and. in the cases 
of incomplete fusion, the average mass <A>. charge <Z> and excitation 
energy (E*. in MeV) of the fusion residue. 
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<A> <Z> E" 

Exp. dau (7] 146 60 284 

LVE results 138 39 240 
(this work) 

Table 



* * " «Ub ^.O.» . » — * ^ t 

«1*1 V * 2 
l 3 9 I * • 1 2 C 50 552 , 0.410 0.500 

135 1491 " * 

" 170 1878 " " 

l 1 6 Sft • < 0 Ck 18.6 552 0.431 0.50 

50 1487 " " 

' 5 M * 7 S Se 50 1887 0.440 0.447 

u t a l Mam Bieceplata 
Z/K A fusion <*> <z> E 

0.417 151 yes 138 59 240 

" yes 128 57 340 

" yes M20 55 300 

0.449 156 yes 145 66 300 

" " I » X X X 

0.444 15*1 no x x x 

«able 2 
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FIGURE CAPTIONS 

Fiture l. 

Contour plots of the density in the reaction plane for the La • C 
system at 50 MeV/u for various impact parameters : Fig (I-a) b - 0, 
Fig ( I -b) b - 3.5 fm. Fig. ( 1 -c), b - 5.5 fm and Fig. ( 1 -d) b - 7.5 fm. 
The contour lines are separated by 0.01 fm-3, each plot represents 
a 40 x 40 fm 2 square and the time step for the drawings is 10 fm/c. 

Figure 2. 

Contour plot of the density in momentum space for the La + C 
reaction at E - 50 M<tV/u and b - 0 f m. The density is drawned in 
the ky - 0 piane and the contour lines'are separated by 0.1 fm'. 
Each square represents a 4 x 4 for* area, and the time step for the 
drawings is 10 fm/c. Note the final shape of the momentum 
distribution (t » 100 fm/c) characteristic of an equilibrated fusion 
residue, with a regular spherical repartition of momenta in a 
sphere-like container. 

Figure 3. 

Contour plot of the n function (Eq.(2-10), estimated from the 
pressure tensor) in the reaction plane of the La • C collisions at E -
50 MeV/u and b • 0 fm. The n function has been smoothed over a 
local small phase space cell in order to eliminate the numerical 
fluctuations due to our initial sampling of the phase space. Each 
square represents, as in figure 1. a 40 x 40 fm 2 area and the 
drawings are separated by 10 fm/c. Note that due to the numerical 
difficulty in estimating properly Pij only qualitative features are 
significant in figure 3. Notice also the strong anisotropy associated 
to the forward emission of preequilibrium particles (see text for 
detaus). to a food accuracy, tb* if . 1 coniaur line (local oqullibrlua) 
corraaaoaas to tha central part of t!i* Initial and final ayatcu. 



Figure 4 

Plot of the integrated value of the q quantity (Eq (2.11) along the 
beam azis z and as a function of time t. Note that, due to the 
integration over x and y, r\ has very smooth variations over ?-
After about 100 fm/c, n tends towards 1 which indicates that in 
some weak sense the pressure tensor is spherical and the system 
locally equilibrated. 

Figure 5. 

Average density as a function of time in the La • C resction at E - 50 
MeV/u and b - 0 fm. Note the forward backward preequilibrium 
emission starting at around 50 - 60 fm/c. and followed by a mcfe 
isotropic decay at about 80 fm/c. Note also the strong monopole 
oscillation in the central density (see also figure 6). 

Figure 6. 

Time dépendance of the maximum density, normalized '.= the initial 
maximum density, (i.e. the equilibrium density) in the La <• C 
collision at E - 50 MeV/u and for various in pact parameters Fig (6-
a) b - 0, Fig (6-b), b - 3 5 fm. Fig. (6-c) b - 5.5 fm and Fig. (6-d) b -
7.5 fm. Note that for any impact parameter, the frequency of the 
monopole mode is the same.witicfa strongly supports the collective 
nature of this motion, in the cas? of the most peripheral impart 
parameter (b - 7.5 fm) incomplete fusion does not occur any more, 
as can be seen from Figure 1, but a non negligible mass transfer is 
still present, responsible for the density oscillation. 

Figure 7. 

Plots of the density profiles of La and C (separately) for the La * C 
reaction at E - 50 MeV/u and b - 0 f m. Conventions are the same as 
in Figure 1. The Carbon density is totally drawn while only the 
contour of La is kept in order to show how Carbon dilutes inside La. 
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Note that the "mixing" of the two nuclei occurs very rapidly ( = 30 
fm/c). 

Figure 8. 

Contour plots of the density in tbe reaction plane of the La - C 
collision at E - 75 Me V/u and b - 0 f m. Conventions are Mis ones of 
figure 1. 

Figure 9. 

Same as figure 8 but for La • C at E - 100 Me V/u and b - 0 fm. 

Figure 10. 

Same as figure 8 but for La • C at E - 135 MeV/u and b - 0 fm. 

Figure 11. 

Same as figure 8 but for LA * C at E - 170 Me V/u ana b - 0 fm. 

Figure 12. 

Same as figure 7 but for La • C at E - 170 Me V/u and b - 0 f m. Note 
that the Carbon nearly crosses the Lanthanum before 
disintregrating inside the latter. 

Figure 13. 

Plot of the average values of the mass < A >, charge < Z > and 
excitation energy E*(in MeV). for the fusion residue as a function of 
the beam energy Eiibtin MeV) for the La • C system between Ebb -
50 MeV/u and Ebb- 170 MeV/u. 

Figure 14. 
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Time dépendance of the maximum density normalized to the u&ial 
maximum density (the same for all energies II in the La • C system 
at zero impact parameters and for various beam energy : Fig 114-a) 
B - 30 MeV/u. Fig (M-b) E - 75 MeV/u. Fig (14-c) E - 100 MeV/u. 
Fig <M-d> E «135 MeV/u and Fig (14-e) E » 170 MeV/u. Note the 
very small vw.iation of the oscillation frequency with the beam 
energy. 

Pigure 15-

Same as figure 8 but for the Sn • Ca collision at E -18.6 MeV/u and 
b - 0 f m. 

Figure 16 

Same as figure 3 but for Sn * Ca at E - 18.6 MeV/u and b - 0 f m 
The ii function (pressure tensor) is smoothed with the same 
procedure as in figure 3. 

Figure 17. 

Same as f^ure M but for Sn * Ca at E - 18.6 MeV/u and b - 0 fm. 
Note tb'.t the frequency of'the oscillation is the same as in the case 
of !t* La • C system (figures 6 and 14). 

Figure 18. 

Same as figure IS but for the Sn • Ca collision at E - 30 MeV/u and 
b - 0 Tm. At t - 110 fm/c the system is still largely diluted 
indicating that we are presumably not facing incomplete fusion 
anymore. 

Figure 19. 

Same as figure 15 but for the As • Se system at E - 50 MeV/u and b 
- 0 fm. In this case the collision undoubtedly leads to an explosion 
contrarily to the La • C reaction at 170 MeV/u which however has 
the same center of mass energy. 
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Figure 20. 

Plot of the density in momentum space for the As » Se collision at E 
- 50 MeV/u and b - 0 fm. The very high density of low momenta is 
characteristic of an exploding system. This figure is to be compared 
with figure 2 where the density in momentum space is plotted for 
the La + € reaction at 30 MeV/u. Conventions are the same as in 
figure 2. 
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I39LO+12C at 50 MeV/A and b= 3.5 Fm 
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I39LO+12C at 50 MeV/A ond b= 0.0 Fm (mom. space) 
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l39lo+t2C at 75 MeV/A ond b= 0.0 Fm 
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139Lo + 12C E - 170.0 MeV/A and b « 0.0 fm 
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116Sn + 40Ca E » 18.6 MeV/A and b » 0.0 fm 
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ll6Sn + 40Co ot 50 MeV/A and b= 0.0 Fn 
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76Se+75As at SO MeV/A and b» 0.0 Fm 
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76Se+75As at 50 WeV/A and b= 0.0 Fm (mom. space) 
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