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Influence of orientation degree of freedom on fission
dynamics of higly excited nuclei
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Abstract. Four-dimensional dynamical model was developed and employed for study
fission characteristics in a wide range of fissility parameter. The three collective shape
coordinates plus the K coordinate, which is the spin of the nucleus with respect to the
symmetry (fission) axis, were considered dynamically from the ground state deformation till
the scission into fission fragments. A modified one-body mechanism for nuclear dissipation
with a reduction coefficient ks of the contribution from a “wall” formula have been used
in the study. The four-dimensional calculations for heavy nuclei could describe the fission
fragment mass-energy distribution (MED) parameters and prescission neutron multiplicity
with almost single ks value, in contrast with 3D dynamical calculations, where a consistent
description of all observables with the same ks is not possible for heavy nuclei. The
estimation of a dissipation coefficient for the orientation degree of freedom K = 0.077
(MeV zs)−1/2 is good for heavy nuclei and lower value of K = 0.05 (MeV zs)−1/2 is needed
for nuclei with mass A  200. The results of 4D and 3D Langevin dynamical calculations
for light nuclei near the Businaro-Gallone point predict close results for the fission fragment
MED parameters and prescission particles multiplicities.

1. Introduction
The nuclear fission is a magnificent phenomenon of a quantal large-scale collective motion during which
the substantial rearrangement of initial compound nucleus results in its splitting on two or more parts.
However, the character of the compound nucleus evolution is still not well established, and it is not
yet understood in detail how the original compound nucleus is transformed into a variety of fission
products. During last decades stochastic approach based on multidimensional Langevin equations has
been extensively and rather successfully used to elucidate many problems of collective nuclear dynamics
in fusion-fission reactions at high excitation energies [1, 2]. It was shown in our previous studies, that in
order to describe the mass-energy distribution (MED) of fission fragments the three independent shape
parameters are needed [3] and optimal choice of the collective degrees of freedom allow to describe
a wide range of experimental data [4, 5]. Numerous three-dimensional (3D) Langevin calculations [2]
have shown the capability of the model to reproduce experimental data for compound nuclei of different
fissility obtained in fusion-fission reactions.
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Recently the significance of orientation degree of freedom (K coordinate), which is the projection
of the total angular momentum (I ) onto the symmetry axis of fissioning nucleus, was demonstrated for
the studies based on statistical model [6, 7]. In these papers an overdamped Langevin equation for K
coordinate were introduced. At present many models do not consider the evolution of K coordinate,
and assume the K fixed and equal to zero. The transition state model at saddle (or scission) point
is implemented in order to calculate the angular distribution of fission fragments. In this case two
inconsistencies are admitted. First, skipping the influence of non-zero K values on the potential energy
surface during dynamical evolution. Second, the assumption that equilibration of K coordinate will be
reached at the saddle or scission point. Therefore, recently the three-dimensional dynamical model was
elaborated to take into account the fourth collective coordinate (K-coordinate) [5]. This coordinate could
substantially influence the dynamical evolution of fissioning system and predicted parameters of fission
fragments mass-energy distribution as well as on the fission timescale [5, 7]. Inclusion of this coordinate
into three-dimensional dynamical model allowed for the first time to have unified dynamical description
of mass-energy distribution together with angular distribution of fission fragments.
The first results of the dynamical calculations based on three-dimensional Langevin model plus
K coordinate (4D) [5] demonstrated the advantage of such calculations, since the 4D dynamical model
allows consistent calculations of fission fragment MED, prescission particle multiplicities and the fission
fragments angular distribution. The calculations performed in Ref. [5] have shown that the 4D model
could describe the fission fragment MED parameters and prescission particles multiplicities for heavy
nuclei using almost the same dissipation strength, which is not possible within 3D calculations. In the
present study we investigate in detail the influence of the K-coordinate on the fission rate, time scale,
and fission observables in a wide interval of fissility parameter. The results of the present study could
be very useful for the qualitative estimations of the influence of K coordinate in the models, which skip
the consideration of this coordinate.

2. Model
In the present study we used a stochastic approach to treat fission process at high excitation energy
[1, 2, 4, 5, 8]. We used recently developed 4D dynamical model for the description of fissioning nucleus
shape evolution. The detailed description of the model could be found in Refs. [2, 5] and here we
only give a short description of basic ingredients. In the present study a modified one-body mechanism
of nuclear dissipation [9–12] was employed to determine the dissipative part of the driving forces
with reduction coefficient from the “wall” formula ks . The value ks = 1.0 corresponds to the “wall”
and “wall-plus-window” formulas, whereas values 0.2 < ks < 0.5 allow to reproduce different features
of the experimental fission fragment MED and particle multiplicities in multidimensional Langevin
calculations [2, 13–15]. The values ks < 1 are also compatible with several theoretical predictions
[11, 16–18].
The description of evolution of the K collective coordinate using the Langevin equation for
overdamped regime has been recently proposed in Ref. [7]:
K = −

√
2K I 2 *V
t + K I  T t,
2 *K

(1)

where  is a random number from a normal distribution with unit variance. The K is a friction parameter
controlling the coupling between the orientation degree of freedom K and the “heat bath”.
The Langevin equations for the shape parameters and Langevin equation for the K coordinate (1)
are connected through the potential energy. The Langevin dynamics of K coordinate is influenced by
the actual value of potential energy V (q, I , K). At the same time, the rotational part of the potential
energy depends on the K value at time t.
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Figure 1. The fission time distribution for the 224 Th (a) and 248 Cf (b) fissioning nuclei in 3D (dashed histogram)
and 4D (solid histogram) calculations obtained with ks =0.25 and different K values.

We choose K to be a constant equal to 0.077 (MeV zs)−1/2 following to the estimations made in Ref.
[7]. This estimation has been obtained for elongated nuclear shapes featuring a neck, which corresponds
to the deformations typical for the descent from saddle to scission point. Since this estimate may be
incorrect by a factor of 2 or more [7], we also performed calculations with different K values, trying
to explore the sensitivity of observables to the ks and K parameters. In our previous calculations we
have found that K  0.077 (MeV zs)−1/2 is appropriate for the description of the anisotropy of angular
distribution for the highly excited fissioning compound nuclei with mass ACN 230–250.

3. Results and discussions
In the present study we investigate in detail the influence of K coordinate on time distribution of fission
events. We perform 3D and 4D calculations for the 224 Th and 248 Cf compound nuclei with ks =0.25 and
different K values, which reproduce the anisotropy of fission fragment angular distribution for these
nuclei [5] . The resulting time distributions are presented in Figure 1.
A fission delay time d = 3 zs is found for both nuclei in 3D and 4D calculations. The d ‘ determines
the time interval 0 < t < d where no fission events occur. In the time interval d < t < tfmax the fission
time distribution has steep rise from 0 to maximum value. At t > tfmax the fission time distribution is
approximately exponential decreasing function with a long lasting tail up to 10−18 s. The tfmax value is
affected very little by the dimensionality of the dynamical model. On the other hand the incline of the

tail is the characteristic mostly affected by the dimensionality. As a result the mean fission time tf ,
indicated by the arrow, demonstrates the strongest sensitivity to the inclusion of K coordinate. Different
incline of time distribution tails in 3D and 4D calculations in Figure 1 is the reflection of the fission rate
decrease in 4D calculations in comparison with 3D ones. In our previous study [5] we have found that
this decrease is caused by the appearance of additional conservative force slowing down the motion in
the fission direction and the increase of fission barrier height after inclusion of non-zero K values in the
dynamical consideration.
2
is presented in Figure 2 for the 224 Th compound
The influence of K coordinate on npre  and M
nucleus. In this figure the results of 3D calculations [4] are compared with the results of 4D calculations
with the similar value of ks coefficient. It was noticed in Ref. [4] that in order to describe the variance of
2
one needs to use the small values ks  0.25, but in order to describe the prescission
mass distribution M
neutron multiplicities one needs to use large ks values around 1. The similar results were obtained in
other study [21]. Thus, the 3D model does not allow to describe the experimental data on npre  and
2
with a single ks value for heavy nuclei [2, 3]. After the inclusion of K coordinate into dynamical
M
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Figure 2. The calculated prescission neutron multiplicity (a) and variance of fission fragment mass distribution (b)
are compared with experimental data [19, 20] for the 224 Th. The open symbols are experimental data, the filled
circles are results of 4D calculations with ks = 0.25 and K = 0.077(MeV zs)−1/2 , the filled triangles – results of
4D calculations with ks = 0.5 and K = 0.077(MeV zs)−1/2 , the filled dimonds – results of 4D calculations with
ks = 0.25 and K = 0.06(MeV zs)−1/2 , and the filled squares – 3D calculations with ks = 0.25.

Figure 3. The prescission neutron multiplicity (a) and anisotropy of angular distribution (b) obtained for the 200 Pb.
The open symbols are experimental data [22, 23], the filled circles are results of 4D calculations with ks = 0.25 and
K = 0.077(MeV zs)−1/2 , the filled squares – 4D calculations with ks = 0.2 and K = 0.05(MeV zs)−1/2 .

modeling both characteristics could be described with almost single ks value. Such result is guaranteed
by the increase of fission barrier height and decrease of the potential energy stiffness with respect to
mass-asymmetry coordinate [5]. In this sense the K coordinate helps to resolve the puzzling task [3, 4]
2
for the region of heavy nuclei.
of describing the npre  and M
In the present study we investigate the influence of K coordinate on the fission dynamics for nucleus
200
Pb formed in the reaction 16 O+184 W → 200 Pb (Elab = 91.6, 97.7, 102.5, and 107.9 MeV). The results
of 4D calculations in comparison with experimental data are presented in Figure 3 for the npre  and
anisotropy of angular distribution. This figure shows that good reproduction of npre  could be obtained
using one-body dissipation mechanism with reduction factor ks = 0.2 − 0.25 independently of K and
anisotropy of angular distribution could be reproduced with ks = 0.2 and K =0.5 (MeV zs)−1/2 .
In order to investigate influence of the K coordinate for light nuclei we performed 4D calculations
for three fissioning systems: 105 Ag (E ∗ =121 MeV), 132 Ce (E ∗ =122 MeV), and 172 Yb (E ∗ =128 MeV).
As there is no experimental data on angular distribution for these nuclei and K does not influence on the
parameters of fission fragment MED and prescission particles multiplicities [5], there is no possibility
to estimate the K , which will fit experimental anisotropy of fission fragment angular distribution.
Therefore, for simplicity we use the K =0.077 (MeV zs)−1/2 , the same as for the heavy nuclei [5].
07001-p.4
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Figure 4. The prescission neutron multiplicity (a) and variance of fission fragment mass distribution (b) obtained
for the different nuclei. The open symbols are experimental data, the filled circles are results of 4D calculations with
different ks values (see text for details) and K =0.077 (MeV zs)−1/2 , the filled squares are results of corresponding
3D calculations.
2
We tune ks value in order to fit available experimental data on npre  and M
for these nuclei in 4D
calculations. As a results we found that ks =0.5, 1.0, and 0.25 are needed in order to describe npre  and
2
for the 105 Ag, 132 Ce, and 172 Yb, respectively. As a next step we performed the 3D calculations for
M
these nuclei with the same ks values as in 4D calculations. Thus, we can estimate how large will be the
influence of the K coordinate on calculated observables. The results of the corresponding 3D and 4D
calculations are presented in Figure 4.
2
values only slightly depend on the K coordinate for the lightest
Analysis shows that npre  and M
105
132
considered nuclei Ag and Ce. In case of heavier nuclei 172 Yb and 200 Pb the difference between 3D
2
and npre , respectively.
and 4D calculations becomes larger. It is about 20 and 30% for the M

4. Conclusions
From our present investigation we can conclude that the 4D calculations for heavy nuclei could describe
the fission fragment MED parameters and prescission particles multiplicities with almost single ks value,
which is not possible within 3D calculations. The estimation of K =0.077 (MeV zs)−1/2 is good for
heavy nuclei and lower value of K =0.05 (MeV zs)−1/2 for nuclei with mass A  200. The results of
4D and 3D calculations for light nuclei near the Businaro-Gallone point predict close results for MED
parameters and prescission particles multiplicities.
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