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ABSTRACT

The recent determination of the K, J dependence of the neutron induced fission cross section
of 25U by the Dubna group’ has led to a renewed interest in the mechanism of fission from saddle
to scission. The K quantum rumbers designate the so-called Bohr fission channels?, which describe
the fission properties at the saddle point. Certain other fission properties, e.g., the fragment mass
and kinetic-energy distribution, are related to the properties of the scission point. The neutron
energy dependence of the fragment kinetic energies has been measured by Hambsch et al 3, who
analyzed their data according to a channel description of Brosa et al.* How these two channel
descriptions, the saddle-point Bohr channels and the scission-point Brosa channels, relate to one
another is an open question, and is the subject matter of the present paper. We use the correlation
coefficient between various data sets, in which variations are reported from resonance to resonsance,
as a measure of both the statistical reliability of the data and of the degree to which different scission
variables relate to different Bohr charnels. Following the suggestion we made at the 1989 Berlin
Conference on Fifty Years Research in Nuclear Fission,® we have carried out an adjustment of the
ENDF/B-VI multilevel evaluation® of the fission cross section of 2°U, one that provides a
reasonably good f't to the energy dependence of the fission, capture, and total cross sections below
100 eV, and to the Bohr-channel structure deduced from an earlier measurement by Pattenden and
Postma.” We have also further explored the possibility of describing the data of Hambsch et al. in
the Brosa-channel framework with the same set of fission-width vectors, only in a differeat
reference system. While this approach shows promise, it is clear that better data are also needed for
the neutron energy variation of the scission-point variables.

. INTRODUCTION

The existence of resonance structure in the low-energy neutron cross sections of fissile target
materials came as a surprise to many. If one considers each of the possible fission product pairs as
a different fission channel, then the width-to-spacing ratio should preclude observation of
resonances. However, the resonances are there, and there are also pronounced asymmetries 1n the
resonance shapes, suggesting that fission is a few-channel process. At the 1955 Geneva Conference
on Peaceful Uses of Atomic Energy, A. Bohr? provided the explanation that is still accepted: For
excitations near threshold, the fissioning nucleus in passing over the saddle-point is "cold", i.e., not
highly excited. The quantum states representing motion in the fission direction are widely separated
and few in number. Bohr suggested that this model should have two observable consequences.



First, the nuclear angular momentum at the saddle point should be concentrated on a collective
vibration or rotation leading to a characteristic angular distribution of the fragments. If the nuclear
shape at the saddle point is axially symmetric, then the quantum number K, the projection of nuclear
angular ‘nomentum on the nuclear symmetry axis, can be used to characterize the channel.
Secondly, differences in the fission threshold for states of different spin and parity in the compound
nucleus can lead to peculiar selection rules in the fission process. In particular, Bohr suggested tnat
the symmetry properties of the wave function in the asymmetry coordinate at the saddle point could
affect the mass distribution of the fragments for near-symmetric scission in a predictable way. Bohr
went on to state, "If slow-neutron fission of aligned nuclei could be studied, large anisotropies of
the fragments would be expected."

This first paper on the Channel Theory of Fission immediately stimulated two kinds of
experiments. First, there were attempts to study relative variations in the symmetric fission yield.
These were first done for neutron-induced fission of 2°U by the Los Alamos Radiochemistry Group*
and G. A. Cowan et al *"! The positive results of these experiments led to subsequent studies of the
nevtron energy dependence of very asymmetric cold fission,'*'* of the average number of prompt
neutrons emitted per fission, and of the fragment kinetic energies. The second class of experiments
was the determination of K-states by measuring the angular distributions of fragments emitted in
the slow neutron fission of aligned targets of 2*U. These experiments were first carried out by
Roberts and Dabbs et al.,'*"” somewhat later by Pattenden and Postma,® and, very recently, by the
Dubna group.! One problem with these early measurements was that their interpretation was
ambigucus because of a lack of knowledge of the resonance spins. The definitive measurements
by Keyworth et al.'%, leading to the determination of spin-separated cross sections'’, was a crucial
step in understanding of the K data.

The Brosa model and its application to fission has been discussed by Hambsch and Siegler®
at the Seminar on Fission, Pont d'Oye II. The model has two parts, a multi-modal potential-energy
calculation as a function of deformation, and a random neck rupture leading to a distribution of
fragment pairs. For the compound nucieus #¢U, three modes or channels are found, referred to as
Standard I, Standard II, (asymmetric splits) and Superlong, leading to symmetric fragment splits.
At this same conference, Weigmann and Hambsch?' suggested that the Bohr channels might play
a role analogous to doorway states in the fission process; their analysis of the statistical properti<s
c " the Brosa channels and the correlation of Brosa partial widths led them to the conclusion that the
Brosa channels must be fed by common doorway states operating in front of them.

2. CORRELATIONS OF SCISSION-POINT VARIABLES.

When it was first noticed?? that the variation of the Bohr channel K dependence from
resonance to resonance in (?*U + n) from Pattenden and Postma® shows a definitive correlation with
the valley-to-peak ratio in the mass distribution frorn Cowan et al.!* (0.80 with 28 degrees of
freedom, giving a significance level of 0.9999+), many researchers were convinced that the small
variations in fragment mass distribution and kinetic energy, and in v, the average number of prompt
neutrons emitted, were to be explained as a X, J dependence of the modes of motion leading to
fission. Furthzr data showed, however, that the fission process is much more complex than had been



thought. For example, the earliest measurements of the variation of v in 2°U resonances,®* .hose
reported at the second International Conference on the Physics and Chemistry of Fission, were
strongly anticorrelated, and it was obvious that one of them was incorrect. But the theorists were
by no means unanimous about which one it was, or if a variation of v existed or not. Later
measurements®?* at least showed a significant positive correlation with each other, with a
significance level of 0.95, from which it could be inferred that the experimenters were measuring
the same effect and that the variation likely does exist, but the correlation with J, K, the Bohr-
channel descriptors, was not significant. Again, early measurements” of the fragment kinetic-
energy variation in (3°U+n) were suggestive but not conclusive; the data of Hambsch et al.? are the
definitive work, showing that the effect is a real one, and giving the expected significant negative
correlation® of kinetic energy with v (-0.4320.18 for 21 degrees of freedom, with, e.g., the data of
Reed, for a significance level of 0.99+.) But again, Hambsch et al. found that there is a correlation
of the Pattenden-Postma A, coefficients only with the symmetric fission yield, which they attributed
to the Brosa Superiong Channel.

3. MULTILEVEL FiTTING OF THE PATTENDEN-POSTMA A, COEFFICIENTS AND THE
MASS-DISTRIBUTION RATIOS.

Several years ago, we proposed a re-evaluation of the low energy resonance cross sections
of 2% for the U.S. Evaluated Nuclear Data File ENDF/B-VI, and carried out a preliminary fit® to
the spin-separated fission data that attempted to include the Pattender-Postma angular anisotropies
that give the variation of the Bohr fission channels. But this was not incorporated into the later work
by Leal et al.* We did not ever consider any data on the variation of the average numrber of neutrons
emitted per fission, or of any other of the scission point variables presently thought to be
characteristic of the Brosa fission channels. It was first pointed out by Auchampaugh® that a two
(or more) fission channel description of spin-dependent fission cross sections is not unique; there
can be many solutions for the relative orientation of the fission-width vectors. Physically, however,
the relative fission-width vectors must have a fixed orientation in channel space, i.e., only one of
the many possible descriptions is physically the correct one. We assume that this correct solution
is the Bohr-channel representation, the one that fits the raeasurements of Pattenden and Postma and
the Dubna group. An open question is what kind of parametric representation will describe the
energy dependence of the scission-point variables in the Brosa-channel representation.

The analysis by Leal et alé. of the total, fission, capture, and spin-separated fission cross
sections of (#*U+n) adequately accounts for the fission-resonance asymmetries and observable
interference effects. The approach in the present work is to preserve, insofar as is possible, the fit
to the cross sections that Leal et al. obtained, and, at the same time, obtain a set of parameters that
will describe the energy dependence of the Bohr-channel resonance structure as reflected in the
Pattenden-Postma angular-distribution coefficients. In order to accomplish this, a modification to
the SAMMY fitting code was provided by Nancy Larson of ORNL. This modification allows one
to search only on the fission-vector directions in channel space. If we use the calculated Leal
description of the spin-separated fission cross section as the data set to be fitted, and provide an
initial guess parameterization of the fission-vector orientations that give the correct Bohr-channel
compotients, then the SAMMY code will find a local solution that may he close to the vector
orientations of the initial guess. We note that in general there are four different orientations in a



two-dimensional channel space that give the same fission vector components for each resonance,
so if we are fitting a region :hat has several resonances, a unique solution is clearly impossible
unless the off-resonance energy dependence of the data is known.

The present study is an extension of the work we presented at the Berlin conference® and
corrects the error that appeared in that parameter set, where the certain of the K-values for the
charmels were mislabeled. In this st.dy, we have modified the ENDF/B-VI parameter set in such
a way that the predicted cross sections are the same as those in our evaluation, and yet provide a
reasonably good description of the Bohr-channel angular distributions. This same set of fission
vectors also provides a descr:ption of the energy dependence of symmetric fission as measured by
Cowan et al_; and, assuming tne correlation of K with the symmetric yield ratios, we extended the
fit to 80 eV. Finally, we confirm the conjecture in our earlier work that it is possible to obt»in a
reasonable fit to the energy dependence of the “ragment kinetic-energy variation, in the framework
of the two Brosa standard channels, by a simple rotation of the fission-vector coordinate system.
The objective of the present exercise was to examine if it is possible to develop a predictive
capability for the energy dependence of fission variables that are characteristic of the saddle-point
configuration and of the scission-point configuration with the same basic fission-width parameters.
Perhaps this objective has been met. One question remains open: Is there any physical significance
to this result? Or is it simply a demonstration that with enough parameters, one can fit anything.

5. RESULTS AND CONCLUSIONS

Typical fits to the data, corresponding to the parameter set of Table 1, are shown in Figs. 1-
12. The odd-numbered figures show the fitting of the A, coefficients reported by Pattenden and
Postma. The even-numbered figures from 1 to 7 show the Hambsch et al. W /W, ratios; those from
9to 11 the Cowan et al. and Hambsch et al. valley-to- peak mass-distrit ution ratios. Certain features
of the results of this zxercise should be pointed out. First, as Weiginann and Hambsch have noted,
the correlation coefficient between the J=4 partial widths in the K=1 channel and the K=2 channel
is consistent with a random orientation of width vectors. This is noi the case for the J=3 partial
widths, which strongly suggests that our neglect of the K=0 channel for J=3 (so that we can treat the
problem as if it were a two-dimensional space) is not justified. Instead, we should ccnsider the
adoption of the formalism of Vogt®!, as was done in the recent work of Durston® in the multilevel
fitting of the spin-separated fission cross sections of (**U+n).

Perhaps it should be emphasized that all the data sets we used in this analysis share in
common the assumption that the observed variations are considered to be a property of the
resonances, and are reported as an average value for each resonance. This is in marked contrast to
the data of Keyworth et al. on the J dependence of the fission cross section of #*U, where the data
had a high enough statistical accuracy that spin-separated cross sections as a function of neutron
energy could be extracted over the resonances. Only in the case of the recent Dubna measurements
of K is the statistical accuracy adequate for a similar analysis; such measurements for the scission-
point variables is still lacking,
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Fig. 1. Calculated and measured energy dependence of the
angulsr distribution coefficient A,, xs a function of neutron
energy for (**U+n) in the encrgy range 0 10 10 eV.
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Fig. 3. Calulated and measuied e.ergy dependence of the
angular distribution coefficient A, as a function of eutron
energy for (235U+n) in the range from 10 to 20 eV.
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Fig_.s. Calculated and measured energy dependence of the
angular distribution coefTicien! A,, as a function of ncutron
energy for (*"U+n) in the energy range from 20 to 30 eV.
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Fig. 2. Calculated snd m.casured energy dependence of the
ratio W,/W, as a function of neutron energy for (235U+n)
in the neutron encrgy moge from O to 10 eV.
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Fig. 4. Calculated and measured energy dependence of the
ratio W,/W, as a function of ncutron energy for (**U+n) in
the neutron energy range from 10 to 20 oV.
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Fig. 7. Calculated and measured energy dependence of the
angular distribution coefficient A,, as a function of neutron
encrgy for (P**U-+n) in the energy range 30 to 40 eV.
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Fig. 9. Calculated and measured energy dependence of the
angular distribution coefficient A,, as a function of neutron
energy for (**U+n) in the energy range 40 tc 50 eV.
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Fig. 11. Calculated and measured energy dependence of
the angular distribution cozfficient A,, as a function of
aeutron energy for (**U+n) from 50 to 60 eV.
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Fig. 8. Calculated and mezsured energy dependence of the
ratio W,/W, as a function of neutron energy for (**U+n) in
the peutron energy range from 30 to 40 V.
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Fig. 10. Calculated and measured energy dependence of
the mass distribution V/P ratio as a function of neutron
energy for (**U+n) in the energy range fron 40 to 50 eV,
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Fig. 12. Calculated and measured energy dependence of
the mass distribution V/P ratio, as a function of neutron
energy for (**U+n) in the energy range from 50 to 60 eV.
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Fig. 13, Calculated and measured energy dependence of
the angular distribution coefficient A,, as a function of
neutron energy for (P*U+n) in the range 60 to 70 eV.
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Fig. 15. Calculated and measured energy dependence of
the angular distribution coefficient A, as a function of
neutron energy for (2**U-n) in the range from 70 to 30 eV.
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Fig. 17. Calculated and measured energy dependence of
the angular distribution coefficient A,, as a function of
neutron energy for (**U+n) in the range from 80 to 90 eV.
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Fig. 14. Calculsted and measured energy dqimdence of
the mass distribution V/P ratio as a function of neutron
energy for (**U+n) in the energy range from 60 to 70 V.
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Fig. 16. Calculated and measured energy dependence of
the mass distribution V/P ratio as a function of neutron
energy for (**U+n) in the energy rangs from 70 to 80 eV.
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Fig. 18. Calculated and measured energy dependence of
the massz diztribution V/P ratio, as a function of neutron
energy for (®*U+) ia the energy range from 80 to 90 ¢V.



Table |. Kesonance pai.meters for (**U+n). The kefi
column is for resonances of J=3, the right hand for
resonances of J=4. This table is m SAMMY
inpuoutput formsi.  The first column is the resonance
enargy in electron volts (¢V); the sccond is the radistion
width in milli-electrou-volts (meV), the third is the
reduced neutron width (divided by the square root of the
neutron energy i ¢V) in meV, snd the last two colmans
arc the partiat fission widths in meV. The signs in these
columns are those that are assocised with the square
roots of the fission widths, or the fission-width vector
componcats. See C. W. Reich and M. S. Moore, Phys.
Rev. 111, 929 (1958).
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