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Reaction mechanisms in central heavy-ion collisions around the Fermi energy are 

investigated within the Landau- Vlasov semiclassical transport model. It is shown 

that the reaction dynamics precludes the formation of a fusion nucleus: In head­

on collisions, a transition from fusion process to binary mechanisms occurs. A 

pure nuclear transparency is underlined for light symmetric systems around the 

Fermi energy. For medium-heavy systems, the memory of t.he ent.rance channel sti ll 

exist.s but, in addition, dynamical multifragment production is observed. These 

predictions are qualitatively consistent with recent experimental observations. 


Introduction 

In the Fermi energy domain, the main mechanism observed in heavy-ion reac­
tions around the Fermi energy is of binary nature. 1,2 However, the classical 
fusion process st ill contributes by a small part of the reaction cross section 
and it is restricted to the most central collisions. 3 By classical fusion we re­
fer to a process lead ing to the formation of a single cold residue at the end 
of the reaction. At low incident energies (below 15 MeV/nucleon), the fusion 
mechanism is complete and fusion nucleus decays by the standard evaporation 
process. \Vith increasing incident energy, the fusion becomes more and more 
incompJete owing to pre-equilibrium emission. Moreover, the classical fusion 
cross section decreases and vanishes around 50 MeV /nucleon. This trend has 
been observed in various experimental studies 3 and confirmed by very recent 
data for the symmetric Ar+I<CI system at incident energies ranging from 32 
to 74 MeV/nucleon. 4,5 It has been found that the classical fusion cross section 
is about 40 mb at 32 MeV/nucleon and decreases rapidly to zero for incident 
energies higher than 50 Me V /nucleon. Similar results have been obtained for 
the slightly asymmetric system Ar+Ni. 6 

Two interpretat ions are propound to explain the vanishing of classical 
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fusion: i) Opening of new decay channels for the fusion nucleus, such as the 
evaporation of intermediate mass fragments (IMF) or the so-called multifrag­
mentation process; the fusion process still exists and the vanishing of fusion is 
an exit channel effect. ii) The reaction dynamics precludes the formation of 
the fusion nucleus; the fusion disappears owing to an entrance channel effect. 
In this work we are going to show that in the frame of the Landau-Vlasov 
(LV) dynamical model, 7 a transition from the classical fusion process to the 
binary mechanism (BM) is predicted in head-on collisions around the Fermi 
energy. Obviously, in such a scenario, the fusion process really disappears. 

The LV model 7 is based on the quantum Boltzmann equation which is 
solved for a non local effecti ve force (Gogny D 1-G 1) 8 by projecting the one­
body nuclear phase space onto a continuous basis of thousands (here 60 to 100 
per nucleon) of coherent states taken as elementary Gaussian functions. One 
of the main ingredients of the model is the residual nucleon-nucleon (N N) 
cross section <TNN that acts through the collision term. In the simulations 
presented in this work, the free nucleon-nucleon cross section with its usual 
energy and isospin dependence was chosen. In-medium effects are studied 
in 9. Several symmetric systems with a total mass ranging from 32 up to 250 
were investigated for incident energies ranging from 10 Me V /nucleon up to 50 
MeV/nucleon. In this paper we focus mainly on the light Ar+Ar system as it 
has recently been studied by the INDRA collaboration. Preliminary results 
are also shown for the medium-heavy systems Ag+Ag and Xe+Sn. 

Transition from fusion to the binary mechanism: the case of 
light symmetric systems 

Figure 1 shows the simulation results for the Ar+Ar head-on collisions at two 
incident energies: 29 MeV/nucleon (left column) and 30 MeV/nucleon (right 
column). This figure allows to clearly illustrate the transition from fusion 
to BM predicted by the model. Indeed, at 29 MeV/nucleon, a single fusion 
residue is present at the end of the reaction. However, a large deformation of 
dinuclear type persists for a long period which finally recontracts itself. This 
deformation has already been observed in calculations carried out at slightly 
lower incident energies, but it develops with increasing incident energy up to 
the rupture which occurs at 30 MeV/nucleon (see the bottom panel of the 
right column). In this case , two spherical nuclei emerge from the reaction 
around 150 fm/ c. Moreover, the grey scale shows a weak mixing between 
the nucleons of the projectile and the target, proving a strong memory of the 
entrance channel. 

This mechanism implies an important degree of nuclear matter trans-
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Figure 1. Equidistant density-profile 
contours in the configuration space at 
several times of the reaction projected 
onto the reaction plane for Ar+Ar 
head-on collisions at 29 MeV/nucleon 
(left column) and at 30 MeV /nucleon 
(right column). Curves refer to the 
whole system, whereas the scale of grey 
shows the projectile matter density. 
The z axis is along the projectile di­
rection. 

parency, a scenario which has already been mentioned in several works 3 in 
order to qualitatively explain experimental observations. However, neither 
experimental quantitative probes nor careful theoretical studies have been 
performed on this subject yet. A remark concerning the memory of the en­
trance channel can also be made at 29 MeV jnucleon. Indeed, as shown in 
the left column of figure 1, there is a slow shape relaxation and a few nucleon 
mixing over a large period of spatial rearrangement lasting several hundreds 
of fmj c. Thus, the fusion nucleus, detected at the end of the reaction, can be 
rigorously considered as a fully thermalized compound nucleus only beyond 
this period. Such dynamical effects are generally not taken into account, as 
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Figure 2. Charge of the second largest 
fragment Z2MAX versus the charge of 
the largest fragment ZI MAX for the 
Ar+I<CI system at 32 MeV/nucleon. 
The analysis is carried out only for the 
so-call ed well-measured events 5 and 
restricted to the most central collisions 
which are se lected by g lobal variable 
analysis . 
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the deexcitation of fusion nucleus is described using statistical models in which 
the equilibration of all degrees of freedom is assumed from the very early in­
stants of a collision. 10 Study of the heavier Ni+Ni system displays the same 
trend, but the fusion/BM transition occurs at a slightly higher incident en­
ergy (between 31 and 32 MeV/nucleon). That is not so surprising since the 
nuclear matter which has to be passed through is larger in the case of Ni+Ni 
in comparison with the Ar+Ar system. 

The value of the transition energy deserves two comments: i) The tran­
sition energy is strongly dependent on the nucleon-nucleon cross section. 9 

Thus, it could be a right observable to infer on in-medium effects. ii) There 
are no fluctuations in the code; the model is able to provide only an average 
value for the transition energy between fusion and BM. Obviously, any sharp 
transition will never be found experimentally: The fusion process is present 
up to higher incident energies, although with a sharply decreasing weight 4.5 

which cannot be predicted within the frame of deterministic calculations such 
a.s provided by the LV model. 

3 Experimental indications 

The recent INDRA experimental results on the Ar+I(Cl reaction could be in 
agreement with the above scenario. Figure 2 displays the yields of two largest 
fragments as a function of fragment charge. 5 In th is plot one distinguishes 
two components. The component with the large values of ZlMAX and the 
small values of Z2MAX corresponds to events in which a single fusion residue 
is detected and can be attributed to classical fusion. The other component 
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is characterized by two main fragments with approximately the same charge 
(ZlMAX~Z2MAX) and could be attributed to EM such as observed in the 
model. The latter component was interpreted in 5 in terms of dynamical 
fission of the fusion residue, a rather surprising mechanism for such a light 
system. Let us add that at 32 MeV/nucleon, t.he experimental cross section 
associat.ed to each component is found to be approximat.ely t.he same: 43 
and 44 mb, respectively. Moreover, from the same plots at. 40, 52, and 74 
MeV /nucleon one infers t.hat. t.he classical fusion component. disappears pro­
gressively, while at the same t.ime the EM component. is always present. but. 
with a diminishing average values of ZlMAX and Z2MAX 5 (probably due 
t.o an increasing contribution of dynamical emission 11). Both the presence of 
binary processes after selecting very central collisions at. 32 MeV/nucleon and 
the disappearance of classical fusion event.s wit.h increasing incident. energy 
qualit.at.ively endorses our simulation predictions. 

4 	 Transition from fusion to binary mechanism: the case of 
medium-heavy systems 

It is int.riguing to extend t.his st.udy t.o heavier systems. Figure 3 shows the 
simulation result.s for the Ag+Ag (top) and the Xe+Sn (bottom) systems in 
head-on collisions. At 45 MeV/nucleon (left top panel), t.here is st.ill a fusion 
residue (the comment.s concerning the slow shape relaxation and the few nu­
cleon mixing remaining valid). At 50 MeV/nucleon (right top panel), there 
are t.wo main fragments in t.he exit. channel showing that transparency effects 
st.ill exist. for this heavier syst.em (see also the grey scale). However, there is a 
major difference in comparison wit.h light syst.ems: a mult.ifragment emission 
occurs in-between t.he t.wo main fragments. This mult.ifragment. production 
is much clearer for the Xe+Sn system at 50 MeV/nucleon as can be seen in 
t.he right. bottom panel of t.he figure. Since our study of heavy systems is at. 
the beginning, one cannot. draw any definit.ive conclusions. However, let us 
make t.wo comments: i) It. seems that there is a limit. in the syst.em size if the 
pure t.ransparency with no IMF in-bet.ween the t.wo outgoing nuclei is t.o be 
observed. ii) From the above figures of central collisions, the multifragment 
production appears as an induced dynamical process rather than a process 
following the formation of a fully equilibrated fusion nucleus. Let us men­
tion that the dynamical prod uction of fragments in t.he Xe+Sn system at 50 
MeV/nucleon has recently been invest.igat.ed by t.he INDRA collaborat.ion. 12 
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Figure 3. Equidistant density-profile 
contours projected onto the reaction 
plane for the Ag+Ag (top) and the 
Xe+Sn (bottom) head-on collisions x 
at 45 MeV/nucleon (left) and 50 
MeV /nucleon (right column). For 
more detai ls see caption to Fig. 1. 
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Conclusion 

We have found that the vanishing of fusion is due to dynamical effects: the 
binary mechanism becomes the dominant process up to the most central col­
lisions. For light symmetric systems, we observe an effect of pure nuclear 
transparency which leads to the format ion only of two massive fragm ents in 
the exit channel of the reaction, a quasi projectile and a quasitarget . For 
heavier systems, the transparency is also observed in the sense that two rem­
nants of the projectile and of the target are present. In addition, a number 
of fragments a re also produced in the neck region between the two remnants. 
This effect is of dynamical origin a nd the dynamical multifragment production 
seems to be related to the size of the system. The sys tem-size limit for the 
onset of the multifragment production has to be precised and a comparison 
with experiment has to be performed. It will also be interesting to study the 
same phenomena in asymmetric systems. Let us underline that the above 
predictions a re qualitatively consistent with experimental observations, par­
ticularly with the recent results of the INDRA collaboration on the Ar+KCl 
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and Xe+Sn systems. Nevertheless, more quantitative comparisons are needed, 
especially to experimentally probe the existence of pure nuclear transparency 
for light systems. 
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