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Abstract. This contribution presents a journey within the open questions about the current
use of a temperature dependent nuclear viscosity in models of nuclear fission and proposes
an alternative experimental approach by using systems of intermediate fissility. This study is
particularly relevant because: i) systems of intermediate fissility offer a suitable framework
since the intervals between the compound nucleus and scission point temperatures with
increasing excitation energy are much smaller than in the case of heavier systems, ii)
the measurement of observables in the ER channel translates into a larger set of effective
constraints for the models.

1. Introduction
A large variety of studies [1–10] on the fission decay of composite systems with A≈180–250 has shown
that the pre-scission multiplicities of neutrons and charged particles increase monotonically with the
bombarding energy in contrast with the calculations of the statistical model (SM). This finding is
considered as the evidence that fission is a slow process with respect to the lifetime for the emission
of light particles. With increasing excitation energy, the particle decay lifetime decreases and becomes
smaller than the time necessary for the build up of the collective motion of the nuclear matter toward the
saddle point. Consequently, fission does not compete as effectively as predicted by the SM in the early
stages of the decay, and particles and -ray emissions can occur more favorably. In other words, there is
a delay in the collective motion toward the fission barrier not accounted for in the statistical picture. The
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overall cause of the establishment of these transient effects is believed to be associated with the nuclear
matter viscosity which slows down the collective flow of mass from equilibrium to scission. A strong
dissipation due to nuclear viscosity can indeed trigger a variety of effects of dynamical origin, among
which that a compound nucleus committed to fission (already at the saddle point configuration) can still
became an evaporation residue if enough particles are evaporated and the fissility reduced [5].
Most of the estimates of the fission time scale have been obtained from the neutron prescission
multiplicities on the basis of the SM [1]. However, several variants of the SM have been proposed in
the literature to take explicitly into account transient effects, time scales as well as viscosity [1, 2, 6, 7].
Following the initial idea of the “neutron clock” [1], the common trend is to split the path from the
equilibrium to the scission point configuration into two regions, the pre- and the post-saddle. The total
fission time is defined as f = d + ssc , where d is the pre-saddle delay, namely, the characteristic time
which the composite system spends inside the barrier, and ssc is the time necessary to travel the path
from saddle to scission. The relevant observables are computed using d and ssc as free parameters,
along with the other input parameters relative to the specific ingredients of the model, and fit to the
experimental data. However, d and ssc are considered dependent on another parameter, the viscosity
parameter , as well. Following Kramer’s work [11], the inclusion of dissipative effects results in an
effective time-dependent fission decay width f (t) which is smaller than the standard Bohr-Wheeler
decay width by a hindrance factor,


2
f (t) = BW
1 + d − d [1 − exp (−/d )] .
(1)
Here d is a delay parameter, BW is the Bohr-Wheeler fission decay width, and d is the nuclear
viscosity parameter in the pre-saddle region which can be written as d = /2o .  is the so-called
reduced dissipation parameter and o is the potential curvature at the saddle point. Also the saddle to
scission time ssc , might be dependent on the nuclear viscosity parameter ssc in the post-saddle region.
One ansatz widely used is the following:


(2)
ssc = ssc ( = 0)
1 + 2ssc + ssc ·
In general, the nuclear viscosity parameter might be different inside and outside the saddle point.
Furthermore, d , ssc , d and ssc are dependent on the available excitation energy, the temperature
of the nucleus, the fission barrier, the angular momentum.
In spite of the extensive work, estimates of the fission time scales are however quite controversial,
ranging from 5 to 500 × 10−21 s, depending on the system and on the experimental probe. Furthermore,
such estimates are weakened by the fact that different sets of input parameters can result in equally good
fits within the same model [3, 4, 7].
Dynamical models [12–18], based on the Euler-Lagrange, Fokker-Planck or Langevin equations,
have been used in order to estimate the reduced viscosity parameter  and to gain insight on the nature
of dissipation. A set of collective degrees of freedom is chosen and the internal degrees of freedom
constitute the heath bath. Dissipation is the mechanism set up to transfer energy between collective
and internal degrees of freedom. The evolution of the collective variables on a potential energy surface
describes the fission process.
One of the main issues is whether the nuclear dissipation mechanism proceeds primarily by means
of individual two-body collisions (two-body friction), as in the case of ordinary fluid, or by means of
nucleons colliding with a moving potential wall (one-body friction). The analysis of the fission fragment
TKE [12], using the one-body or two-body prescriptions in the dissipation function, indicates that this
observable is not sufficient alone to elucidate this point. Two-dimension Langevin equation has been
used to analyze the TKE and the prescission neutron multiplicity for the nucleus 200 Pb [13]. In this case,
one-body dissipation allows reproducing both quantities, while unusually strong two-body viscosity
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allows reproducing only neutron multiplicity. Similarly, the values of the reduced viscosity parameter
 = 6x1021 s −1 , 15x1021 s −1 and 24x1021 s −1 , extracted from the prescission neutron multiplicities for
the composite nucleus 188 Pt at Ex = 66.3, 99.7 and 101.4 MeV [19], are consistent with one body
dissipation, and indicate that  should increase with temperature.
A different result was found for the system 220 Th by Rubchenya et al. [6] by applying a revised SM:
the effective average value of  decreases with increasing excitation energy, similarly to the temperature
dependence expected for the two-body friction. This result is in striking contrast with the result of
Hofman et al. [3] where their set of data is equally well reproduced by a friction coefficient  which
increases with either Tsaddle or T2saddle (Tsaddle is the temperature at the saddle point), and, in any case,
increases with the projectile energy.
In conclusion, the estimates of , both from statistical and dynamical models, provide a contradictory
picture on the values of , which range from ≈ 2 to 30x1021 s −1 , and result in rather controversial
conclusions on the nature of nuclear dissipation and its dependence on the shape and temperature.

2. Dynamical vs. statistical approach
There are few characteristics of the description of the fission process that come out of these two deeply
different approaches that are quite surprising. In the SM, the viscosity parameters are treated as a
constant free parameters to be adjusted on the experimental data. It turns out that the viscosity is higher
in the post-saddle path than in the pre-saddle one and increases with the temperature or the square of the
temperature. Light particles and/or GDR  − rays are emitted mostly in the post-saddle region where
viscosity is higher. Added to this is the fact that the same data can be reproduced equally well if the
parameter  is taken to be temperature or deformation dependent [7, 8].
In the dynamical approach the compound nucleus can pass the saddle point several times before
eventually undergoing fission and no free parameter is possible in the dissipation model (one- or twobody) except for a strength parameter [17, 18]. Contrarily to what occurs in the statistical approach,
viscosity is higher in the pre-saddle and, hence, light particles and/or GDR  − rays are emitted mostly
in the pre-saddle region. In both one-body or two-body dissipation there is no dependence on the
temperature.
The question is: who is right and how can we disentangle this apparent contradiction. Somehow
the answer could be simple because the statistical approach can only mimic a dissipation model by
introducing ad − hoc parameters. However, it must be pointed out that only neutron multiplicities and
GDR  − rays have been measured in most of the studies and mostly for heavy systems (A ≥ 200),
and the lack of a sufficient number of constraints to the models could, in several cases, be the source of
discrepancies. In order to withdraw a more consistent picture of nuclear dissipation, and its connection
with the shape and the temperature, it seems crucial the take into account a larger number of observables
which can be expected to be sensitive to the nuclear dissipation and to try to reproduce the variety of
observables with a unique set of input parameters.

3. Dissipation in systems of intermediate fissility
The systems of intermediate fissility ( = 0.5-0.6) offer quite a unique environment where nuclear
viscosity can be studied [20]. They are characterized by an evaporation residue (ER) cross-section
comparable or larger than the fission cross-section, and by a shorter path in the deformation space from
the saddle-to-scission point [21]. Consequently: 1) the input parameters of the models can be further
constrained by the energy spectra and multiplicities of the light particles in the ER channel; 2) the effect
of the fission delay over the fission and ER cross section is much more pronounced with respect to
heavier systems because the emission of a charged particle in the pre-saddle region strongly enhances
the probability of producing an evaporation residue as consequence of both a reduction of the fissility
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Figure 1. Left: reduced viscosity parameter vs. deformation of the compound nucleus. Ks is the strength of the
one-body dissipation. Full strength is for Ks = 1. The black solid line is the functional dependency expected in the
case of the two-body. Right: calculated distribution of the fission times in the system 32 S+100 Mo at 200 MeV.

and the large value of the angular momentum necessary to ignite fission. The fact that the potential
energy surface is characterized by a shorter path from the saddle to scission means that the role of
the pre-saddle dynamics relative to the saddle to scission dynamics is enhanced and, hence, some of
the ambiguities on the not-well identified separation and interplay between pre- and post-saddle might
be reduced in the interpretation of the data. We expect that the measurements of neutron and charged
particle multiplicities and energy spectra in the two channels as well as the measurements of the cross
sections of the channels themselves will allow to put more severe constraints onto the models. This
should provide more reliable values of fission delay and of the viscosity parameter, and contribute to a
better comprehension of the nuclear viscosity.
In the system 32 S + 100 Mo at 200 MeV of bombarding energy we have measured at LNL with the
8LP setup several quantities which are expected to be affected by nuclear dissipation, namely, TKEMass distribution of the fission fragments, the fission and ER cross sections, protons and alpha particle
multiplicities in both the ER and fission channels. In a first step, this whole set of data was analyzed
in the frame of the SM [22–26] and it was concluded that although the SM is able to reproduce the
observables related to the fission channel alone without delay, it overestimates the multiplicities of the
protons and alpha particles in the ER channel. The only way found to reproduce the whole set of data is
through the use of a dynamical model in which the fission process, along with the evaporation of light
particles in the fission and ER paths, is treated with a 3D-Langevin approach coupled to the SM [25]. In
particular, only the full one-body dissipation mechanism, with viscosity dependent on the shape of the
fissioning nucleus and not on the temperature, is able to reproduce satisfactorily the whole set of data.
In Figure 1 (left) we show how the reduced friction coefficient varies with the deformation of the
nucleus en route toward fission in the one-body dissipation model. The case that is able to give the best
agreement with the full set of data is represented by Ks = 1, namely, full one-body dissipation (“wall”
and “wall-plus-window”) [25]. The two-body dissipation case is represented by the full thick line. It
is clear that one-body dissipation shows a stronger dependence on the deformation. Furthermore, the
viscosity grows at the beginning of the deformation until a maximum is reached; afterwards, it decreases
monotonically for increasing deformation. This means that viscosity shows the maximum strength only
at the beginning of the collective motion and when the shape is still fairly compact. No dependence on
the temperature is assumed so far. In Figure 1 (right) the time distribution of all fission events shows that
fission can take place in quite a large interval of time. What is normally used in the statistical approach
does not correspond to any of the characteristic times of the distribution above and this confirms the
inadequacy of the SM approach to describe nuclear dissipation. The extension of the time distribution
may also explain why different time scales are extracted with the SM approach when different probes
are used [25].
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Figure 2. Left: pre- and post-scission temperatures vs. initial excitation energy of the compound nucleus [10].
Right: pre- and post-scission temperatures vs. initial excitation energy of the compound nucleus in the case of an
intermediate mass system calculated with a dynamical model [17]. Ks = 1 is for full one-body dissipation.

4. How to probe a temperature-dependent viscosity
The nuclear mechanism of dissipation may indeed depend on the temperature. In many experimental
studies on heavy systems it is commonly found that if the temperature of the compound nucleus TCN
is raised, the temperature at scission point TSC remains almost constant [1, 10, 27]. This supports the
picture in which fission occurs after that the composite nucleus has cooled down until has reached an
excitation energy of roughly 50–60 MeV, independently on the excitation energy of the initial compound
nucleus. This is shown in Figure 2 (left) [10].
If a study on the dependence of nuclear viscosity on the temperature is performed with this picture
in mind (for instance by measuring the excitation function of some observables of the kind above),
inevitably the measurable effects on the observables, which are deduced from the deviations from
the model used, are averaged over an interval of temperatures T = TCN –TSC which grows with the
bombarding energy. In other words, as the interval of temperatures TCN –TSC increases, the observable
effects are integrated over a larger and larger interval of temperatures, and a possible dependence on
the temperature is hidden. Consequently, heavy systems are not the ideal frame for the study of the
dependence of the viscosity parameter from the temperature.
Systems of intermediate fissility have instead a completely different behavior. With our model
[17, 18] we calculated TSC for several systems. In Figure 2 (right) we show the dependence of TCN and
TSC from the initial excitation energy of the compound nucleus for the case of the system 19 F+106 Cd.
The interesting feature of these systems is that TSC also grows with the excitation energy of the initial
compound nucleus, a behavior at variance with that found for heavier systems. This is due to the delicate
balance between the time scale of the fission process and the binding energy of the pre-scission particles:
the neutron prescission emission, which is mainly responsible for the cooling in the pre-saddle region,
is suppressed by the higher binding energy and stronger competition with charged particles. As a result,
the two fission fragments retain most of the initial excitation energy.

5. Conclusions and perspectives
The analysis presented here remarks how promising is the dynamical approach in describing both fission
and ER channel within the same model. A dynamical model allows to penetrate more intimate details of
the fission process. At the same time, the model can be more and more refined if more observables are
measured for the same system. Of course, the model should be oriented on the calculations of quantities
that are directly linked to measured observables. In this respect, we have enlarged the computational
capabilities of our code to include the calculation of energy spectra and angular distribution of the prescission particles. This is a novel feature that constraints even more the model parameters and in turn
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allows to disentangle more characteristic features of the fission process. Furthermore, in this contribution
we have also proposed an alternative scenario where the study of the dependence of the nuclear viscosity
from the temperature seems more suitable.
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