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Résumé. 2014 Nous avons calculé les sections effcaces de fusion pour différents systèmes à l’aide d’un
modèle dynamique macroscopique. Ce modèle prend en compte la réorganisation des densités des
deux noyaux ainsi que le transfert de nucléons. Les différents mécanismes suivant la capture du
système dans la poche du potentiel d’interaction sont discutés. Les sections efficaces de fusion calculées
sont en accord raisonnable avec les valeurs expérimentales.

Abstract 2014 A macroscopic dynamical model has been used to calculate fusion cross sections for a
wide number of systems ranging from 16O + 27Al to 40Ar + 165Ho. This model takes into account
the reorganization of the densities and the nucleon exchanges. The possible reaction mechanisms
after capture of the system into the pocket of the interaction potential are discussed Two processes
contribute to fusion : compound nucleus formation and fast fission phenomenon. The calculated
fusion cross sections are in overall agreement with the data.
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1. Introduction. - The understanding of the fusion process is one of the oldest problems in
heavy ion physics and it still keeps nowadays a high level of interest while it has been traditionally
closely associated to compound nucleus formation, it seems now that the fusion cross section
cannot always be identified to the compound nucleus cross section. Recent experiments might
indicate the possible existence of a delayed deep inelastic component with a lifetime larger than
the relaxation time associated to mass transfer [1]. As a matter of fact a symmetric mass distribu-
tion is observed similar to the one of the fission products following compound nucleus formation.
Theoretical investigations have also shown this possibility [2-7] and the corresponding mecha-
nism has been called fast fission [3-4]. It can be understood to occur as follows :

If the system is trapped in the entrance potential because of friction forces, it does not necessarily
evolve to a compound nucleus configuration. Indeed, during the reorganization of the densities,
the pocket in the potential energy surface where the system has been trapped, might disappear.
This occurs for instance for large angular momenta when the fission barrier vanishes. Conse-
quently the system reseparates again without forming a compound nucleus. However the mass
distribution of these products will be symmetric if the time during which the system remains trap-
ped is of the order or larger than the relaxation time for mass transfer. This kind of process has
been extensively discussed in references [4-6].
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In this letter we would like to use the model of references [4-6] to calculate the fusion cross
sections for some systems where the experimental data are available. The reason to do this is the
following :
We should aim at a model which explains simultaneously deep inelastic reactions and fusion.

This means that we have to use a dynamical model Indeed there are good static models to describe
the experimental data for fusion but they are unable to describe the properties of deep inelastic
reactions [8]. 

°

The dynamical models [9-11] which have been used up to now for a systematic investigation
of the fusion data do not describe mass and isospin transfer. Furthermore they do not give a
quantitative description of the energy loss observed in deep inelastic reactions and do not treat the
fluctuations around the mean values of the macroscopic variables. As a matter of fact they only
reproduce a limited number of properties for deep inelastic reactions. Furthermore a neglect of
mass and isospin transfer as well as of the role of deformations might change the physical condi-
tions under which the fusion process occurs.

2. Outline of the macroscopic model. - The model which we use has been described at length
in references [4-6]. We shall just recall here a few important things which will be useful for our
purpose.
The heavy ion collision is described by means of 4 macroscopic variables : two of them for the

relative motion of the two ions and the two others for mass and isospin transfer. The deformations
which are induced during the process are simulated by allowing a transition between a sudden
potential [12], V~, in the entrance channel and an adiabatic potential [13], Va, in the exit channeL
In this way the total interaction potential, V, is taken of the form :

with the boundary condition

l(t) is a reorganization parameter which can be rewritten from (1) as :

t is of course the time. l(t) is assumed to fulfil an equation of motion which is chosen a priori
(Eq. (3) of Ret [4]). If we would consider the parameter X as an extra collective variable, this
equation could be understood as leading to an overdamped motion (in the sense of Kramers [14])
for x.

In this model the dynamical evolution of the system is given by a density distribution in phase
space of the collective degrees [15]. This distribution satisfies a transport equation the solution
of which is a gaussian. The first moments of this distribution, which are the mean values of the
collective variables, satisfy Newton equations with friction forces and follow classical trajectories.
The second moments give the dispersion around these mean trajectories. The transport coetti~-
cients, which are the inputs necessary to solve the transport equation are the same as those of
references [5, 6] except for the tangential friction coefficient y~. This latter quantity has been chosen
here to be equal to yr/2 where yr is the radial friction coefficient Indeed the relation = 2 ye
can directly be obtained from the window formula of reference [16]. With this relationship, the
results of reference [6] relative to deep inelastic and fast fission properties remain almost
unchanged.
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3. Fusion cross sections. - The dynamical evolution of the system is followed for different
values of the impact parameter (or initial values of the orbital angular momentum I). In the
interaction region the system loses kinetic energy due to friction forces. This energy loss can be
large enough for the system to be trapped into the pocket of the interaction potential We call

Fig. 1. - Excitation functions for the 160 + 2’Al, 40Ca + 40 Ca, 24Mg + 63Cu, 3$Cl + 58 N~
40Ar + 109Ag, 40Ar + 165Ho. The full curve is the result of our calculation. The experimental values are
extracted from [1, 17-21].
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fusion a trajectory which is trapped in the pocket of the entrance potentiaL We will see later
on that such a trajectory can lead either to compound nucleus formation or to fast fission depend-
ing on the conditions. Trajectories which are not trapped but which correspond to a large energy
loss are associated to deep inelastic reactions.

In figure 1 are shown the excitation functions for several systems for which a lot of experimental
points are available : 160 + "Al (Ref [17]), 40Ca + 4oCa (Ref [18]), "Cl + 5$Ni (Ref [19]),
24Mg + 6aCu (Ref. [20]), 40Ar + 109Ag (Rcf. [21]) and 40Ar + 16’Ho (Ref. [1]). The full curves
are the results of our calculation and the measured fusion cross sections are indicated together
with their error:bars. We note an overall agreement between the experimental data and our
calculations. It should be noted that the calculations have been performed with the same set of
parameters for the transport coefficients. When the fusion cross section aF is plotted as a function
of 1/~cM? the inverse of the centre-of-mass energy, there are three regimes at low, medium and high
bombarding energies [8]. The data shown here show one or two of these regimes among the three
which are possible.
At low bombarding energies the fusion process is mainly determined by the fusion barrier as

it is also the case for static models. This is so because the energy loss almost compensates the
decrease of the potential energy due to the loss of angular momentum [22]. The low energy tail,
which is apparent for the Cl + Ni system, cannot be reproduced by our model because we do not
treat barrier transparency. 

’

As the bombarding energy increases the energy loss due to friction forces is larger than the
decrease of the potential energy due to the loss of angular momentum. As a matter of fact the
fusion cross section is smaller than the one predicted by a static model using the fusion barrier.
This is known in static approaches and was the reason to introduce the critical distance con-
cept [23]. We see however here that there is no need to introduce the notion of critical distance
to explain the data and that the decrease of (1F at medium bombarding energies appears naturally
as a result of friction forces. From our model the need of a critical distance has to be understood
as an overpush necessary to have fusion due to the loss of kinetic energy before reaching the top
of the fusion barrier.
At high bombarding energies we have a third regime in the plot 7p versus 1/E~M where the

critical angular momentum saturates. This is illustrated for instance by the Mg + Cu system.
This can be understood in our model as follows : let /1 be the angular momentum for which the
pocket of the sudden interaction potential disappears. If there is no more a pocket the system
cannot be trapped and fusion is not anymore possible. This means that the critical angular
momentum remains bounded to a value ~. This value is larger than /1 because tangential
friction decreases the orbital angular momentum during the reaction. /g~ can for instance corres-
pond to the value /1 before sticking.

4. What happens to the fusion trajectories. - For completeness we shall now examine what
happens to the trajectories which have been trapped in the pocket of the sudden potential (an
extensive discussion can be found in references [5, 6]). Three cases can happen :

1) The system has a fission barrier and the saddle configuration in the adiabatic potential is
located outside the bottom of the pocket of the sudden potential In this case the system evolves
to a compound nucleus. This occurs for light systems like Ca + Ca, Mg + Al or 0 + AL

2) The saddle configuration is more compact than the configuration corresponding to the
bottom of the pocket Then a compound nucleus cannot be formed and the system reseparates
in two almost symmetric fragments. Such a process corresponds to fast fission or as in reference [7]
to quasi-fission.

3) The system has no more a fission barrier due to angular momentum. In this case a compound
nucleus cannot be formed and we observe fast fission. This process has been discussed at length
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in references [3-6]. This is the case for the Ar + Ho and Ar + Ag systems at large angular momen-
tum.

5. Conclusion. - As a conclusion let us stress a little bit the features which are important,
within our model, for the fusion process.

It turns out that the fusion process is determined in the early stages of the reaction. This means
that the relevant potential energy surface to be considered is the sudden potential This explains
the success of the models based on it As an important consequence a pocket is necessary to trap
the system. This pocket disappears when the product Zi Z2 of the atomic numbers of the two
ions is greater than 2 500-3 000. Consequently fusion cannot be observed for larger values of
Zi Z2 [24]. The adiabatic potential has an importance only to determine the subsequent evo-
lution of the fused system : either to a compound nucleus, when the system remains trapped,
or to fast fission, when it can escape.

Finally it is interesting to consider the influence of charge equilibration. We know from deep
inelastic reactions that this mode relaxes very quickly to equilibrium [25] but it needs first to be
excited A TDHF calculation [26] has shown that this occurs after the system has overcome the
fusion barrier, ie. according to our model after the stage where fusion has been decided. Our
model would support this calculation as we can see in figure 2 for the Cl + Ni system. Here we
have performed two calculations : the full line corresponds to the case where charge equilibration
is gradually excited after a point where the nuclear potential is deeper than - 3 MeV whereas
for the dashed line, charge equilibration gets gradually excited as soon as the densities overlap,
ie. before reaching the top of the fusion barrier. -

We see that this has a great influence on the final results. Indeed, the excitation of the collective
mode results in an increase of its kinetic energy that is not compensated by an equivalent potential
energy loss. Due to the coupling with the other degrees of freedom, some energy is directly pumped

Fig. 2. - Calculated excitation function (full line) for the 35C1 + 62Ni compared with the data of refe-
rence [ 19]. The dashed line is the result of a calculation with an early excitation of charge equilibration (see
text).
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out from the relative kinetic energy. The more underdamped the collective mode, the stronger
the extra damping induced in the relative motion. That is why the charge equilibration mode
affects the fusion cross sections. Therefore, although it has a very short relaxation time, charge
equilibrium seems to be excited after fusion is decided, ie. after passing the top of the fusion
barrier.
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