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ABSTRACT

l%erecultdaamhah ofthe~ J de@enoeoftlM neutron induced fmion cam acction
of ‘W by the Dubna group’ has led to a rumved interest in the mechanhn of fission tim saddle
toscimion. ~K_~titie~d ~hfion*#, ti&dfie
the fuion propertka at the saddle point. Certain other fwion properties, e.~, the fiagamt maaa
and kinetic-energy distibutioq are related to the properties of the scission pint The neutron
energy dependence of the fiagrneat kinetic energies has been measured by Hambach et al.3, who
analyzed their data acarding to a channel description of Broaa et al.’ How these two channel
descriptions, the saddle-pint Bohr channels md the scission-point Mom chann~ relate to one
smther is au open questiom and ia the subject matter of the present paper. We use the correlation
coefficient betwea varimMdata sets, in which variations are reported from resonance to reacmnnce,
as a measure of both the statidcal reliability of the data and of the degree to which different scission
variables relate to difkent Bohr charmels. Following the suggestion we made at the 1989 Berlin
Confbeucc on FIfi Yeas Reswamh in Nhclear Fission,’ we have carried out an adjustment of the
ENDF/B-VI multilevel evaluation of the fwion cross section of “U, one that provides a
reasonably good fit to the energy dependence of the fission, apturq and total cross sections below
100 eV, and to the Bohr-channel structure deduced from an earlier measurem ent by Pattenden end
Postnm7 We have also firther 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 different
rekace systan. While this approach shows promisq it is clear that better data are also needed for
the neutron energy variation of the sciasion-point variables

1, INTRODUCTION

The existence ofreaonance structure in the Iowaergy ncaxtroncmas sections of fissile target
mataisls came aa a mrprise to many, If one wnsiders each of the possible fwion product pairs as
a different fwion channel, then the width-to-spacing ratio should preclude obsemation of
rcscman-. However, the ramnances are there, and there are also pronouncal asymmetries m the
resonance shqm, sueng that fuion is a fewwhaonel process. At the 1955 Geneva Conference
on Peucejid Lb oJAtom/c &qy, A, BohF provided the explmation that is still accepted: For
excitations near thrdml~ the ftioning ❑ucleus in pwing over the saddle-point is “cold”, i.e., not
highly excitd The quantum ~ qmti~ motion in the fission direction are widely separated
and few in number, Bohr sugg~t~ that this model should have two observable consequences.



First the nuclear angular momentum at the saddle point should be concentrated on a mllective
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 ~ the projection of nuclear
angular momentum on the nuclear symmetry axis, can be used to cbacteme “ the channel.
Secondly, di&encea in the fuwionthreshold for states of difTerent spin and parity in the comoound
nucleus can lead to peculim selection Iules in the fission process. In particular, Bohr suggested that
the symmetry properties of the wave fimction in the asymmetry coordinate at the saddle point could
affkct the mass distribution of the fragments for near-symmetxicscission in a predictable way. Bohr
went onto 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. Firs$ there were attempts to study relative variations in the symmetric fwion yield.
l%ese were first done for neutron-induced iission of %J bythe Los Alamos Radiochemistry Groups
and G. A. Cowan et al.%*lThe positive results of these experiments led to subsequent studies of the
nea-tronenergy dependence of very asymmetric cold fwio~1z14 of the average n~bti of prompt
neutrons emitted per fmiou 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 ‘5U. These experiments were fmt carried out by
Roberts and Dabbs et al.,1S17somewhat later by Pattenden and POStmA6and, very recently, by the
Dubna group. 1 One problem with these early measurements was that their interpretation was
ambigucus because of a lack of knowledge of the resonance spins. The deftitive measurements
by KeyWorth et al.’$, leading to the determination of spin-separated cross sections19,was a crucial
step in understanding of the K data.

The Brosa model and its application to fission has been discussed by Hambsch and SieglePO
at the Seminar on Fis”on, Pent d9ye 11. 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
fmgment pairs. For the compound nucieus 236U,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 Hambsch2’ suggested that the Bohr channels might play
a role analogous to doonvay stites in t!!e fission process; their analysis of the statistical propertiw
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 sta~ operating in front of them.

2, CORRELATIONS OF SCISSION-POINT VARIARLES.

When it was first noticed22 that the variation of the Bohr channel K dependence from
resonance to resonance in ~5[1 + n) from Pattenden and Postma6shows a definitive correlation with
the valley-to-peak ratio in the mass distribution froth Cowan et al. 1! (0.80 with 28 degrees of
ftiom, 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 ss a K, J dependence of the modes of motion leading to
fission, Furtk data showed, however, that the fission process is much more complex than had been



- ~-wk~~~m easuranentsof the variakn of v in ‘u resonances,-those
reported at the saxmd IhtenxaIYod Ctm&mxe on tk P&ics d (%nL@y qfF.ksitwg were

-Y ~ +anditwasobvi- thatoneofthem wmbcomct. But the theorisb were

by no means unanimous about which oneit~ orifavariabn ofvaistedorno~ Later
measurem~ at bat showed a signikmt positive COrreMionwith each other, with a
aignificancalevel of 0.95, ilom which it could be infkmd that the _aIters were meswring
the same effkct and that the variation likely does exisg but the cmdation with J, ~ the llohr-
chaonel du@3to~ was not signifkan~ * early meaaumn *of the fragment kinetic-

==li!y~ in ~) m suggedve but not conclusiv~ the data of Hambsch et al.3 are the
Minitive wx& showing that the effect is a real one and gwing the cxpectd aignifkant negative
cmdatkm= ofkinclic mergy with v (-0.43+0. 18 for 21 degrees of fhdo~ wi~ e.g., the data of
~ ti a significance level of 0.99+.) But aga@ Hambscb et al. fmmd that there is a correlation
of the Mtmdm-Postma 4mefficiaIM only with the symm~c fission yield which they tibuted
to the Broaa Supdong Channel.

3. MULTILEVEL FiITING OF THE PATTENDEN-POSTMA &COEFFICIENTS AND THE
MASS-DISTRIBUTION RATIOS.

Sweul ~ ago, we proposed a m-evaluation of the low awgy resonance cross sectiotis
of ~ & the U.S. Evahmted Nhclear Data File ENDF/B-VI, and carried out a preliminary fit? to
the sph-aqmtd f~ion data that attempted to include the Pattend~-Postma regular anisotropms
that give the variation of the Bohr f~ion chaunels. But this was not incorporated into the later work
by Leal et aL6We did not ever considerany dataon the varialion of the average number of neutrons
emitted per fwiom or of any other of the scission point variabl- prewntly thought to be
damtahic of the Brosa fission channels. It was first @.nted out by Auchampaughn that a two
(or more) fmion channel d~cription of spindependent f~ion cross sections is not unique; there
a be many solutions for the relative orientation of the fission-width vectors. Physically, however,
the relative fuwion-width vectors must have a fixed orientation in channel space, i.e., only one of
the many possible descriptions is physically the mrrect one. We assume that this correct solution
ia the Bohr-channel reprewmtatio~ the one that fits the meaaurem ents of Pattenden and Postma and
the Dubna group. An open qu~tion 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 a16.of the total, fissio~ capture, and spin-separated fission cross
mtions of ~sU+n) adquately accmnts for the fission-mcmanw asymmetries and observable
interfbmce efkts. The approach in the present work is to preaewq insofar as is possibl~ the fit
to the cross sections that Led et al. obtained, and, at the same timq obtain a set of parameters that
will describe the energy dependence of the Bohr-channel resonance structure as reflected in the
PattmdaWoatma angular-distribution coefficients. In ord.w to accomplish this, a modification to
the SAMMY fitting code was provided by Nancy Larsonof ORNL. This modification allows one
to search only on the fission-vector directions in channel space. If we use the calculated Led
description of the spin-separated fmion cross section as the data set to be fitted, and provide an
initial gUUMparametrization of the fission-vector orientation that give the correct Bohr-channel
compouerits, then the SAMMY code will find a local solution that may 6e close to the vector
orientation 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 ~hathas 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 conferences and
corrects the error that appearedin thatparameter set, wherethe certain of theK-wdua for the
charrnekwere miskbeled In thisskdy, we have modifkd the ENDF/B-VI parameter set in such
a way that the predicted cross sections are the same as those in our evaluatio~ and yet provide a
reasonably good description of the 130hr<hannel angular distributions. This same set of fksion
vectcm also provides a descr {ptionof the energy dependence of symmetric fission as measmed 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 obtain a
reasonable fit to the energy dependence of the !ragment kinetic-energy variation, in the frmework
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 wriables that are characteristic of the saddle-point
conflgurat.ionand of the scission-point configuration with the same basic fission-width parameters.
Perhaps thii 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 da~ corresponding to the parameter set of Table 1, are shown M Figs. 1-
12. The odd-numbered figures show the fitting of the A2 coefficients reported by Pattenden and
Postma. The even-numbered figures from 1 to 7 show the Hambsch et al. W,fW2 ratios; those from
9 to 11 the Cowan et al. and Hambsch et al. valley-to peak mass-distrhtion ratios. Certain features
of the resuhs of this exercise should be pointed out. First, as Weigmann and Hambsch have noted,
t!!ecorrelation coefficient between the J=4 partial widths in the K=l channel and the K=2 channel
is mnsistent with a random orientation of width vectors. Tnis is not the case for the J=3 partial
widths, which strongly suggests tlmtour neglect of the K=Ochannel 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?l, as was done in the recent work of Durston32in the multilevel
fitting of the spin-separated fission cross sections of ~5U+n).

Perhaps it should be emphasized that all the diaa sets we used in this analysis share in
common the assumption that the observed variations are mnsidered 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 extmcted 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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