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Considering fission dynamics at low energy, shell and pairing effects can
play a crucial role giving rise in particular to multimodal fission. To follow
the evolution of the compound nucleus along its path to fission we solve
a 2-dimensional Langevin equation taking explicitly particle evaporation
into account. The fragment mass distribution and neutron pre-scission
multiplicity obtained in a fusion-fission experiment performed in parallel are
compared to the predictions leading to an improved theoretical description.
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1. Dynamical description of the fission process

Even if discovered more then 60 years ago, fission remains today, due to
the large number of effects entering its description, subject of theoretical and
experimental debates related to nuclear structure as well as to dynamics. At
high excitation energy the absence of shell effects leads to symmetric fission
only and our theoretical 1-dimensional approach has proven rather successful
[1]. Nowadays a large variety of available experimental data related to fission
at low energy exhibits multimodal fission, i.e. the coexistence of symmetric
and asymmetric splitting [2].

To describe the evolution of the compound nucleus along its fission path,
we use in the present work the Funny-Hills shape parametrisation which only
consists of 3 deformation parameters (¢, «,h) which have a direct physical
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interpretation [3]. In this space we solve the Langevin equation recalled
below in its general multidimensional form:
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To account for symmetric as well as asymmetric fission, at least 2 defor-
mation parameters are needed. In a first approach, we restrict ourselves to
the 2-dimensional (¢, @) space always putting h equal to zero. For the ingre-
dients entering the Langevin equation (inertia, friction, Langevin strength),
let us start with the macroscopic concepts successfully used before to des-
cribe symmetric fission [1,4]. One point where we need, however, to go
beyond this semi-classical picture at low energy concerns the potential ener-
gy which henceforth will include shell and pairing corrections [5].

The Langevin equation is coupled to the Master equations in order to
take into account the evaporation which can occur all along the deformation
process [4]. In the present work, particle emission is considered through 2 dif-
ferent concepts: the statistical Weisskopf model [6] which proved reasonable
at high energy but on the validity of which one might have some doubts at
lower excitation and the recently developed more microscopic Thomas—Fermi
approach which considers the nuclear system as a Fermi gas of nucleons [7].

2. Experimental investigations

In a fusion-fission campaign performed at the JINR in Dubna, a 80
beam (Ej,, = 76 MeV) was used to bombard a 2%9Bi target leading to the
compound nucleus 2?"Pa at an excitation energy of 26 MeV. The fission frag-
ments and the neutrons emitted in coincidence were detected by associating
the spectrometer CORSET [8] and the liquid scintillators DeMoN [9]. Time-
of-flight measurements allowed in particular to extract the fission fragment
mass distribution as well as the neutron pre-scission multiplicity.

In Fig. 1 one can observe that this mass distribution displays multimodal
fission since it consists of 3 different modes: a symmetric fission mode giving
rise to elongated fragments, an asymmetric channel centred at the double
magic spherical 132Sn nucleus and a second asymmetric mode corresponding
to the slightly elongated '“°Ba nucleus [5]. This experiment also showed that
the neutron pre-scission multiplicity slightly increases with the asymmetry
of the fission channel as can be seen in Fig. 1.
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Fig. 1. Fission fragment mass distribution (left) and neutron pre-scission multiplic-
ity as a function of the mass asymmetry (right).

3. Confrontation theory—experiment

To test the validity of the model, the experimental and theoretical mass
distributions are compared on the first part of Fig. 2. Let us try to under-
stand what can explain the stricking disagreement. One main reason con-
cerns the wall-and-window friction model [10] used. Indeed, this macroscopic
concept is known to be valid in the high-temperature limit. On the other
hand recent microscopic calculations [11] showed that friction decreases with
decreasing nuclear excitation. We therefore certainly overestimate friction.
This seems to be confirmed by Fig. 2 where we can see that reducing friction
substantially improves the comparison theory-experiment. In spite of this
better reproduction of the experimental data for a reduced dissipation, the
theory only gives rise to a single asymmetric mode at A = 132, the one at
A = 140 being absent. It is important to recall here that we are working for
the moment in the restricted 2-dimensional (¢, a) deformation space putting
h = 0. We believe that this might be the main reason why we are not able
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Fig.2. Experimental (solid line) and theoretical (histograms) mass distributions
for the system 22"Pa (E;,, = 26 MeV) for different values of friction.
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to describe the deformed '“°Ba shape and expect that, taking h explicitly
into account, the contribution to the mass A = 132 will decrease in favour of
A = 140. In addition, as mentioned before, the Weisskopf evaporation ap-
proach is not well-adapted at low energy. As soon as the intricate treatment
of the composite a—particle emission will be completed we will couple the
more microscopic Thomas—Fermi theory to the full dynamical calculation.
Bearing in mind all these conclusions, we developed our model and present
below the first promising results.

4. Towards a more realistic theoretical description

In order to investigate the influence of increasing the dimension of the
deformation space, we compare in Fig. 3 the potential energy along the
scission line in the 2-dimensional (¢, «) space for h = 0 to the one obtained
after a minimisation with respect to h. One observes that, whereas a single
asymmetric fission valley is present at the mass 132 (Ja| = 0.020) for h = 0,
another asymmetric channel appears after minimisation around a mass near
140 (Jr| = 0.088). This result seems to attest that extending the dimension
of the space could improve the predictions substantially.
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Fig. 3. Potential energy along the scission line for h = 0 and after minimisation
with respect to h (see the text).

Concerning dissipation, we performed a full dynamical calculation using
the temperature dependence of the friction recently proposed by Hofmann
and Ivanyuk [11]. Comparing Figs. 2 and 4 one notices the sensitivity of
a precise description of this temperature dependence.

Finally we give in Fig. 5 a comparison of the evaporation rates obtained
in the Weisskopf and in our recently developed Thomas—Fermi approach [12].
One can see that the latter gives rise to similar but sometimes substantially
larger emission rates. Consequently, on average along the path to fission, we
expect larger pre-scission multiplicities using this more microscopic picture.
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Fig.4. Same as Fig. 2 for the temperature-dependent friction (7T') of [11].
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Fig.5. Neutron emission rates I, in the 2 theories for 3 different deformations:
spherical, deformed, close to scission (from left to right).

5. Conclusion and outlook

We extended our quite successful model describing symmetric fission to
study systems at low energy by solving the Langevin equation in
a 2-dimensional deformation space. The confrontation theory-experiment
indicated that we need to increase the dimensionality of the treatment, that
the temperature dependence of the transport coefficients has to be taken
into account and that the Weisskopf evaporation theory can no longer be
used at low energy. The recent results we have obtained following these 3
directions have been shown as quite promising.

We would finally like to mention another interesting result emerging
from the present work. The pre-scission multiplicity was often considered as
the pertinent variable to study in order to investigate fission processes, [1].
At low energy, however, the number of emitted particles is rather small.
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We have seen here that for multimodal fission where one has to deal with
the competition of at least 2 channels, the fragment distribution seems to be
a relevant variable to investigate dynamics, in particular nuclear dissipation.

REFERENCES

[1] K. Pomorski et al., Nucl. Phys. A679, 25 (2000).
[2] K.H. Schmidt et al., Nucl. Phys. A665, 221 (2000).
[3] M. Brack et al., Rev. Mod. Phys. 44, 320 (1972).
[4] K. Pomorski, J. Bartel, J. Richert, K. Dietrich, Nucl. Phys. A605, 85 (1996).
[5] Ch. Schmitt, Ph. D. Thesis, ULP Strasbourg, IReS, (2002).
[6] V. Weisskopf, Phys. Rev. 52, 295 (1937).
[7] K. Dietrich, K. Pomorski, J. Richert, Z. Phys. A351, 397 (1995).
[8] E.M. Kozulin et al., Scientific Report (1995-1996), FLNR, Dubna 215 (1997).
[9] S. Mouatassim, Ph. D. Thesis, ULP Strasbourg, IReS, (1994).
[10] J. Blocki et al., Ann. Phys. 105, 427 (1977).
[11] H. Hofmann et al., Phys. Rev. C64, 054316 (2001).
[12] A. Surowiec, private communication.



