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Multichannel Fission Model Applied
to 233’235’238U(Il,f)
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In the frame of the multichannel fission and random neck rupture model, the fragment
mass, average Kkinetic energy distributions, and the neutron multiplicities of the
neutron-induced fissions of 2*#*2*( are calculated covering the incident neutron energy
range from thermal to 6 MeV. The theoretical results are in accord with the experimental
data. The dependence of the fission channel probability on the excitation energy has been
investigated.
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1. INTRODUCTION

It is a difficult and interesting task to understand the induced fission mechanism of uranium
isotopes. The multichannel fission and random neck rupture model [1,2] has aroused wide interests
of nuclear physicists because it achieved remarkable successes in investigating the exit-channel
observables of the low-energy neutron induced and spontaneous fissions and deep-inelastic collisions
since the 1980s.

The multichannel fission model (or multi-mode fission model) is gradually developed from
analyzing the experimental results of the post-scission phenomena. The model can be easily applied
to the analysis of the empirical mass distribution of actinide nuclei and quantitatively in good accord
with the experimental data [3]. On the contrary, the other models (e.g., the statistical model) give only
qualitative or semi-quantitative agreement with the experiment [4]. It is unfortunate that the
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multichannel fission model has a weak theoretical basis. In fact, this model is applied to analyzing the
fragment mass distributions only by using several Gaussian fuactions to fit the experimental data of
mass distributions. From the model itself, the prescission shapes of the compound nucleus cannot be
obtained and other fragment properties, such as total kinetic energy distributions, could not be studied.
Brosa, Grossmann, and Moller [1] have computed the potential energy surface from the ground state
up to the scission point for actinide nuclei using Strutinstky’s approach, their results show the presence
of different numbers of fission channels or paths on the potential energy surface for different fissioning
nuclei. They also obtained the prescission shapes corresponding to the fission channels of the
compound nuclei and computed some properties of the fission channels of the compound nuclei and
computed some properties of the fission fragments by combining the multichannel model with the
random neck rupture approximation.

We consider that for the study of fragment properties of the neutron-induced fissions, it is still
the most hopeful procedure to use the multichannel fission and random neck rupture model. However,
it is better to obtain the reasonable prescission shapes before proceeding quantitative calculations. At
present, it is difficult to obtain the reasonable prescission shapes only from this theory. This work is
based on the hypothesis that there are several fission channels for one fissioning system, and different
semi-empirical prescission shapes for different fission channels are adopted. The study of the
post-scission phenomena has been proceeded according to the following steps: 1) the prescission shapes
for different fission channels are determined. 2) In accordance with the random neck rupture, the
fragment mass, total kinetic energy distributions, and neutron multiplicities for each channel are
calculated for the given prescission shapes. 3) The channel probabilities, which represent the relative
populations of the fission modes, are computed. 4) The calculated fragment mass, total kinetic energy
distributions, neutron multiplicities, and the total kinetic energy distributions for a fixed mass fragment
are obtained by the superposition of various channels. In Ref. 2, for the neutron-induced fission of *°U
covering the incident neutron energy range from thermal to 6 MeV, the mass and total kinetic energy
distributions for the fission fragments are calculated assuming the presence of three fission channels
and the dependence of the channel probabilities on the excitation energies is investigated. The
calculated results are in agreement with the empirical data.

2. CALCULATIONS OF THE MASS, AND KINETIC ENERGY DISTRIBUTIONS FOR
FISSION FRAGMENTS

The prescission shapes are made of two relatively large heads connected by a long, thick neck,
where the smooth connection of both heads and the neck is realized by a hyperboloid of revolution.
The shape equation similar to the one in Ref. 2 has been chosen, where its representation contains 9
parameters (I, r, z, ¢, a, I, I, ,-and §) whose meanings can be seen in Ref. 2. Using the shape
parameters for 5U(n,f) obtained by us, the semi-length / and neck radius r of the prescission shape
for 2*28((n,f) can be approximated through the following equations:

l=(Acn/Am0)”3' 10 ’ (1)
r=(Am/Aqw)”3 il 4 03]

where the mass number of the compounanucleus Ao, the semi-length /, and the neck radius 7, of the
prescission shape are for 2U(n,f), and those parameters without subscript 0 for ***¥U (n,f). The
position z of the narrowest point and the curvature ¢ of the neck can be obtained by analyzing the
empirical mass distributions of the fission fragments. A set of five equations can be obtained by
requiring the prescission shape function continuous and continuously differentiable at the transitional
points and the volume conservation of the fissioning nucleus. By solving it, the values of parameters
a, r, r, {, and § can be determined.
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Fig. 1
The comparison between the calculated and experimental
mass distributions [6-10] of the fission fragments for 2*U(n,f)
at E, = thermnal, 0.45, 1.45, 3.15, 4.58, and 5.42 MeV.

The distribution probabilities of each fission channel for **U(n,f) and **U(n,f) are obtained by
fitting the empirical data of the mass distributions of the fission fragments. The results indicate that
for the low energy neutron-induced fissions of uranium isotopes, the standard 2 channel which
represents the properties of the asymmetric fission component is the most important fission channel,
and the superlong channel corresponding to symmetric fission will rapidly increase with the increase
of the incident neutron energy. The above-mentioned trends are in accordance with the results given
from the other authors [1,3,5] who have conducted the multi-mode analyses for the fragment mass
distributions.

Based on both the obtained prescission shapes and the channel probabilities and using the
calculating methods and equations similar to those in Ref. 2, the mass and average total kinetic energy
distributions of the fission fragments for **?*U(n,f) have been calculated and compared with
measurements . For 2*U(n,f), the covering range of the incident neutron energy is E, = thermal,—5.50
MeV and for #8U(n,f), E, = 1.3-5.3 MeV. Asan example, Fig. 1 shows the calculated fragment mass
distributions for #*U(n,f) with the incident neutron energy E, = thermal, 0.45, 1.45, 3.15, 4.58, and
5.42 MeV. The calculated mass distributions are in agreement with the empirical ones. The results of
theoretical calculations also indicate that for the same fissioning system for at different incident neutron
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Fig. 2

The comparison between the calculated and experimental
results [11] of the average kinetic energy distributions of
the fragments for 2*U(n,f) at E, = 1.3, 1.4, 1.5, 1.9,
2.9, and 5.5 MeV.

energies, the most probable mass of the fragment mass distribution for each channel will keep the same
value while the semi-width of the mass distribution for each channel changes. This results should not
take us by surprise because the same prescission shape of the compound nucleus has been used for
different incoming neutron energies.

Figure 2 illustrates the calculated and experimental results of the average total kinetic energy
distributions of the fragments for neutron-induced fission of 2*U with E, = 1.3, 1.4, 1.5, 1.9, 2.9,
and 5.3 MeV. The calculated total kinetic energy distributions of the fragments do notevidently change
with the change of the incoming neutron energy, which conforms to a large number of experimental

measurements .

3. CALCULATIONS OF NEUTRON MULTIPLICITIES

When the nucleus scissions happen at different positions on the neck of the prescission shape, the
fragments can be approximately represented by touching ellipsoids, as a result of the effect of the
strong surface tension [1]. At first, these newborn fragments are in high excitation states and the
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excitation energy release is dissipated by emission of neutrons and +y-rays. If the emission of the
prescission neutrons is neglected, the main portion of the fission neutrons are emitted during the
process of the fragment deexcitation. The emission of the few neutrons which follow §-decay of the
primary fission fragments is not considered because their characteristics are not directly related to the
fission mechanism.

Ifa,, b, a,, and b, represent the major and minor semi-axes of both complementary fragments,
respectively, they can be written as

fz,
a,=(rn+z) /2, #=3/4a) prd , 3)
o -

az=1—a], b§=3/(4a2) pde 9 (4)

where / is the semi-length of the prescission shape, Z, and r, are the arbitrary rupture position on the
neck and the radius of the left semi-sphere, respectively. The eccentricities & of the fragments are
evaluated using the following formula

s=[1—(b,-/ai)2]"2 i=1,2. (5)

The nascent fragments contain both the internal excitation energy of the fissioning nucleus before
scission and the excitation energy into which the deformation energy is transferred from the decay of
the collective motion. The large amount of experimental data indicates that the energy cost of one
neutron emission of the fission fragments is about 8 MeV. Therefore, the theoretical neutron
multiplicity can be calculated as

5 (A)=i W DY (D) /8Y4), ®)

The index i = 1, 2, 3 is for the standard 1, standard 2, and superlong channels, W, the probability for
channel i, Y(4) and Y(A) are the mass distributions for the i-th channel and the superposition of the
mass distributions for three channels; the available excitation energy in the fragment with the mass

number A for the i-th channel, E;"(4) can be calculated by the following formula

EA)=E, A| A +E, , (4, @)

where
E, =E, ,+B)+E, . @

The first term in Eq.(7) is the share of the thermal energy received by the fragment with mass number
A from the prescission nucleus 4.,. E,; is the potential energy difference between the prescission
shape and the spherical shape for channel i,.obtained from Table 8.5 in Ref. 1. B, is the binding
energy of the last neutron of the compound nucleus and E, the kinetic energy of the incident neutron.
The factor k ~0.26 is the fraction of (E,,;+B,) transferred into the internal excitation, which is related
to the odd-even effects in fission [12,13].
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The comparison between the calculated and experimental
results of the neutron multiplicities for **U(n,f) at E, =
thermal, 0.5, and 5.5 MeV.

The second term in Eq.(7) represents the deformation energy of the fragment with the mass
number A, for any fission channel it can be calculated by

l—¢

: _ 22 _2)1/3
EL =B () x {arcsuzls(elﬁ;egmez) _1+2xl: (1 25) i Lte _1]}. 5

with the fissility x obtained from the following equations

r=E2(4) | QEA), : (10)
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Table 1

The theoretically calculated and experimental results
[16,17] of the neutron multiplicities.

Compound _ = i - _
nuclei E, MeV) Ve Vs Vo v Vexp
U Thermal 3.28 2.39 4.45 3.20 2.50
5.5 3.97 3.01 5.08 3.78 3:12
ey Thermal 3.16 2.30 5.55 2.99 2.43
0.5 3.23 2.36 5.64 3.06 2.73
5.5 3.85 2.99 6.23 3.67 3.19
20y 1.5 2.98 2.25 5.24 2.87 2.56
5:5 3.57 2.74 5.80 3.38 . 3.17
Table 2
The analyzing results for the fragment properties of the
thermal neutron-induced fissions of *°U.
Fission Channel The most Widths of mass | Total kinetic Prompt
Authors | - channels probabilities | probable mass distributions energies neutron
[%] [u] [u] MeV] number
standard 2 81.4 141.1 4.96 167+1
Knitter standard 1 18.3 133.9 2.63 187+1
superlong 0.07 118 4.13 157+7
standard 2 147+5 5.9+4 151+4 2.0
Brosa standard 1 133+5 3.4+1 183+6 2.9
superlong 11845 5.5+4 159+4 7.3
standard 2 78.0 140.7 5.10
F.C. Wang | standard 1 18.0 133.9 2.35
superlong 0.2 118 7.14
standard 2 82.1 140.6 4.53 168.3 3.16
This work | standard 1 17.8 133.1 2.47 180.6 2.30
superlong 0.1 118.0 4.88 157.0 5.55

E?(4) =0.70532% | A'*"MeV,
E™(4) =17.944[1-1.7826
(N=2) /AT ] 4£7MeV,

A=44_/Z)(Z-0.9,
A-A4,=4,/Z)(Z_-Z+0.5),

193

(1D
12)
(13)

(14;)

where Egi(4) and EZ'4) represent the Coulomb and surface energies of a spherical nucleus, 4, Z,
Au, and Z,, the mass number and charge number of the fragments and the compound nucleus,

respectively.



194 High Energy Physics and Nuclear Physics

For different incident neutron energies, the neutron multiplicities for ®*#*U(n,f) have been
calculated using Egs.(3)-(14), with the numerical results listed in Table 1, where 7, 7., and 7, are

the prompt neutron number distributions for standard 2, standard 1, and superlong channels, 7 and 7,,,
are the average number of neutrons per fission obtained from calculations and experiments,
respectively. As an example, in Fig. 3, the neutron multiplicities of **U(n,f) as a function of the
fragment mass obtained from our calculations are illustrated for thermal neutrons and the neutrons of
E, = 0.5MeV and 5.5 MeV, together with the experimental results [9,14,15] as a comparison. From
the given figure and table, we can see that the calculated values of neutron multiplicities are higher
than the empirical ones though the trends of them are generally consistent. To carefully adjust the
semi-length / of the prescission shapes of the fission nucleus may effects the results to some extent,
but it seems that the excitation energy of 1-2 MeV should be transferred to other degrees of freedom.

4. CONCLUSIONS

The main post-scission phenomena of the neutron-induced fissions of **U, **U, and **U have
been systematically studied using the improved multichannel and random neck rupture fission model.
By connecting several main parameters of prescission shape with suitable fragment properties, a
method for calculating prescission shape parameters of the fissioning nucleus is presented. This method
has been used to calculate the fragment mass, total kinetic energy, and the prompt neutron distributions
of the fissioning system. It is believed that the prescission shape obtained by the above-mentioned
method in a certain degree can avoid the arbitrariness, considering the certain internal relations existed
in the properties of the fission fragments.

Table 2 is given in order to compare our theoretical calculations with studies of the fragment
properties by other authors. H.H. Knitter er al. [18] have given a formula for fragment mass
distribution as a function of the fragment mass and total kinetic energy and then by fitting to
experimental data obtained the fragment mass and total kinetic energy distributions for the thermal
neutron-induced fission of ?*U. Their calculations can be in good agreement with the measurements .
Wang and Hu [3] analyzed the fragment mass distributions of main actinide isotopes by fitting 5
Gaussian functions to the empirical data and obtaining the channel probabilities from the
measurements . Brosa et al.’s theoretical calculations [1,18] indicate the existence of channels and give
the general characteristics of the fragment mass, kinetic energy, and neutron distributions. The present
work has given both the channel probabilities and prescission shapes for each fission channel and
studied the main fragment properties, with results being generally consistent to other works.
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