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SPIN DETERMINATION OF FISSION RESONANCES

G. A.' Keyworth

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 87545, U.S.A.

INTRODUCTION

Ten years ago, Eric Lyan noted!) that understanding of the neutron cross
sections of the non-fissile nuclei seemed fairly complete through measuremenis and
complex potential models. He then explored the question of how far a similar pro-
gram could be carried cut for fissionable nuclei. Since the theory most funda-
mental to the understanding of fission cross sections at low neutron energies is
the channel theory oi A. Bohr.z‘ Lynn examined the energies and nature of those
internal nuclear states assoclated with the transition of the nucleug through the
fission barrier, the fission channels. He concluded at that time that under=-
standing of this basic theory was far from complete, if not even somewhat super-
ficial, due largely to a lack of pertinent measuremeats. Unfortunately, although
considerable effort has been expended to make relevant measurements and to pursue
complex models, our understanding of the properties of the fission channels has
been only little improved in the last ten years.

In the Bohr theory, the transition states or fission channels are collective
in nature and characterized by the total angular momentum J, the parity 7, and the
projection K of J on the nuclear symmetry axis, assuming that the nuclear shape
during the passing of the saddle point romains axially symmetric. These channels
are assuned to occur in bands, corresponding to particular modes of collective
motion, and each band is characterized by the same K value and parity. Within
cach band, there are a number of different J values. An open flssion channel is
one which is buth emergetically available and has the same J" as the compound
nucleus.

Probably the most straightforward approach to understanding the nature and the
role of these fission channels is in the direct observation of slow neutron fission
resonances. Ideally, one needs to determine the channel quantum numhers, JT and K,
the resonance parameters, E5, I'y, I'f, and I'y, and the detailed behavior of the
fissior products. In particular, onc should study the prompt neutrons, the distri-
bution of fragment masses and energies, and even the total neutron and y-ray
energles, for each fission resvnance. Although broad in scope, these measurements
are presently feasible for a variety of fissionable nuclei. Availability of
intense pulsed neutron sources and, as we will show later, advances in cryogenic
technology preseutly permits observation of the most elusive of these quantities,
the chamiel quantum numbers. In this paper, wa will examine both the present
state of available information on the channel quantum numbers for resonance fission
and the most urgently needed additionsl experiments. Although a weslth of
infrrmation pertaining to resonance parameters in fissionable nuclei exists, very



few measurements pertaining to channel quantum numbers have been made. The
discnssion in this paper will necessarily rely hcavily upon the alignament
measurements of Pattenden and Postma and upon the polarization resulta from an
experimental program conducted jointly by Los Alamos and OJak Ridge scientiata.

EXPERTMENTAL TECHNIQUES

A rather vast amount of effort has been expended in thc past to determine the
spins of fission resonances. Any detailed and complete discussion of the tech-
niques employed would nccessarily be lengthy. DBriefly, the various teclhniques
used may be divided into two basic classifications. The first includes the direct
methods, which encompass both the polarization techniques where a polarized target
and a polarized beam are used and the method of using the total and scattering
cross sections to determine the statistical weight factor, 3. The class of
indirect methods includes all other techniques used to infer the spin of the
fission resonances. Among those techniques are: 1) level interference effects in
elastic scattering and radiative capture, 2) y-ray transitions and multiplicities,
3) fission width distributions, 4) prompt neutron and y-ray cmission, 5) filusion
fragment mass asymmetry and kinetic energy distributions, and 06) the ration of
ternary to binary fission

Of the two direct methods, each has a disadvantage. The wain disadvantage of
the polarized target and polarized beam technique i3 its extreme complexlity.
Although the results are simple to interpret, i.e. resounances of one J value are
dininished while the resonaaces of the other are enhanced, the cxperiuentnl tech-
niques and apparatus are formidable. Althongh this method Is a virtually
infallible method for distinguishing between s-wave resonances of different spin,
care must be taken to determin= the correct absolute spin valucs. 7The single
method which has heen successfully employed to produce significnut polarlzation in
fissionable targets uses the hyperfine splitting in ferromagnetic syntems. This
hyperfine field, which may be several MOe, interacts with the nuclear magnetic
moment, J, to produce the nuclear polarization. However, the sign of the magnetic:
moment 18 frequently unknown and the direction of the hyperfine field may be either
parallel or antiparallel to the applied field. Usually, sufficient information
exists, either from Mossbauer measurements or from model calculations, to determine
the signs of U and the hyperfine splitting. 1In addition, the behavior ot the
observed resonances, such as the spacing or width distribution, may permit absolute
determination of spin valuea. A further indication of the absolute spin 1s found
in the approximate expression relating the polarized cross section, Ops to the
unpolarized cross section, Oy

o, = O (1 + FrE f) (1)

Here f,, is the polarization of the incident ncutron beam, fy is the polarization of
the target, and f; 1s a spln-dcpendent factor given by:
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for J =1+ 1/2

f. = -1forJ=1-1/2. "
1 \

Cleucly, the cnhancement or diminution of a resonance is greater for the J = I - 1/2
ca:e. With sufficlent nuelear polarixzatlion and with a rvea::onably low valuz of the
target £pln 1, this distluctlon permits determination of the absolute value of J.

The motholl of using the total and scattering cross sections is difficulc 1f
n/l" << 1, a common occurrence for fissionable nmuclei. Compurisons between spin
arsignments 1in 2350 and in 237Np*) by the two direct methods show little better
than random agrecment, due presumably to the low ratio of Ty/l.

A peneral lack of consistent sp’.a assignments for resonances in fissionable
muclel by the: various indircct methods would by itself lead one to doubt these
techniques.  llowever, an exccllent exemple for a detailed comparison between such
assignments and those from a polarized beam and target experiment exists in the
heavily studled system 2350 + n.  This comparison is detai’ad in Ref. 3 but we will
revicw the basic results. Cencrally, sgreement between the snin assignments from
the indirect techniques and from the polarization experiments .are necarly random
with a single interesting exception. Four groups"’ of exgcrimentera attempted to
assign spins to low cenergy radlative capture resonances in 35y by cxamining the
de-excitatlen y-rays. Three of these four moasurements are in poor agreement with
the polarization cxperlment while the work of Corvl et al® is in perfect agree-
uont, for those limited cases which they studied. The remaining indirect tech-
nlgques appear to ve less fruitful, cxcept in special cases such as 239Pu where the
ground state spin is 1/2. Only two K~bands exist, OF and 1%, with the 0t channel
belug fully open and the 1t only partially open.

The K-vialue of a fissicn resonance of known J way be directly dotermined by
reaenriug the angular dletcibution of fimulon fragments from an aligned target.
Such a measurcment was attempted originally by Dabbs et al® and later by Pattender
and Postma'’' on 235y in crystals of UO; Rb(1i03)2, and by Kuiken et all'»12) op
23% and 237xp in the same crystal. All these experiments wore handicapped by the
low thermal conductivity of the host crystals with a resultant low degrae of
alignment. This problem may be surmounted by using an intermetallic compound which
exhilbire antiferromagnetism. In sauch a compound, the relatively high thermal
conductivity will permit one to reduce the temperature low enough to achieve a
enflficlent dogree of alignment to unambiguonsly assign K-values to [igsion
rcaonances. In principle, this measurement should be considevably simpler than

the spin determination experiment which requires both a polarized beam and a
polarized target.

EXPERIMENTAL RESULTS

Preuently, unambiguous spiu assignments for resonances in slow noutron-induced
fiseion exist only for 235y, 237Np, and although somewhat more ambiguous, for 23%py.



4

Because of the scope and aumber of meassirctacat:n on 23‘0. the resalider of this
paper will primarily addeess thius slugle nuclens.  We will examine the information
available in the roeolved ruglon, say below 60 oV, amd describo briefly the stntus
ul the uoresolved regfon. 1In both reglona the role of supln will be discussed, with
help from vome new vesults from an experineat u:lng a polarized neutron beam and
polarized 235y tacget.

The resulta from & prelisinacy measureseat made at the Gak Rldge Flecrron
Lincar Acceluerator (OREIA) repocted by Foyworth ef ol™ in 1973 aanipned spios to
65 resouancces below 60 ¢V. The wore revent weacunrenent, with fnereased polart-
zautfon mud statlstical accuracy, permit as-ipmnents to all kvown rosoranzea ln
thls caergy reglon. In these measuremcits, the neutron heam was polarized by trans-
wisslon thirough single crystnls of Lapg¥g4(ii03)y, * 26120 (IMR) 4n which the protens
In the watere of hydration were dynamically polarized. The target waas the lnter-
metallic forromagnetic compound US, wvhich was polarized in a 3No-%ie dilution
refrigerator operated at  0.02°K and Ln a magnetic flcld & 5 kUe. The details of
the methods used ace described in Refs. 3 ang 4.

The data consist of time-of-flight epectra of flsaton cvants wecureing in the
target with the noutron beam polarlized parallel and antiparallel to the targee
polarization, and of the trausmission under the come condttious. The depres ol
polarization of the neutron beam awd of the target was approxilmately S0%Z and 15%,
reapectively. For thza analysls of the mere recunt data, M. 8. MHoore hag devizc! o
oew tachnique of scparuting the componunts of the cress sectlon due to J = 3 and
J = 4. If Nyand Bg are the J = 3 and J = & enlanced count vateu, f.e. the spin
antiparallel and prrallel data, then wa can write

NJ o] A303¢ + A&66¢ (2a)

amd N, = l3030 + n‘u‘¢. (2h)

where 04 and 0, are the cross sections for J = 3 and A » 4, ¢ 18 the nentron (lux,
and the constants A3, A4, B3, and B4 are determined from iy, fy, and U an defincd
in Bq. (1). Solving for the appropriate rpin-depandent cuomponenta, we get

o,@ = (B,‘H] - A,.n,.)l(A.Jn,‘ - n,t\,.) (3a)
and 0,0 = (.\jn,. - BJH’)I(A:‘I;,. = MAL) (3h)

In Figs. 1-4 thesc quantities are plotted for the cnergy ranges 8-44 oV, where the
resonances are resolved, and 200-260 oV, where tho cesvnances are unrcsolved. This
annlytical technique hns greatly facilitated the analysis in both reglona. One can
aimply assign apins from oxomination of the pluts. Using this technique, these
recent data show clearly the ex!stence of previonaly unresolved overlapping levets
of diffcrent apin, ar cxcemplifled by the structurc near 35 cV.
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Fig. 1. Spin-scparated resonance atructure in the firsion of 2350 +n
varrus neutron encrpy In the eneryy range from R to 20 eV. NRNote
the proacnce of the very weak resonance with J = 3 at 9 V. This
reponance has not bren ascen previously due to the masking effect
of the two resopances at 8.8 and 9.3 eV, each with J = 4,

Tn Fig. 5, we have plotted » atatvstep distribution of spacings for rcsonances

withJd = 3 and J = & belcr 360 eV. The distributions have constant slope up to
00 ¢V, and the ratio of the nlopea {s close to what one expects 1f the level
dens tics are propoctionnl to (23 + 1). This suggests that fow lovels are misned
belas 60 ¢¥. We applicd (he Ag test of Dyson and Mehta'®) which also indicated
that few levels are missed. By .equiring that the A, statistic agree with the
value predicted valug the Gausrion Orthogonal Lnscnb;c of Dyson, we found
probable positions for these few mimaing levals. With this technique, we arrived
at the racommendes! average spacing of 1.153 eV and 0.896 eV for the J = 3 and J = 4
cnuea, respectively. This Implics a total of 119 levels below 60 eV, As an inde-
pendent check, we applied a misaing level test which is based upon two assumptlons:
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Fig. 2. Spin-separated resonance structure in the fission of 235y + 4
versus neutron energy in the energy range from 20 to 32 ev.
Note the doublet composed of a resonance with J = 4 at 26.4 eV
and another with J = 3 at 26.55 eV. Although a comparison of
the capture and fission cross sectlons does indicate two rlightly
displaced levels, this doublet has not been previously repaorted.

1) the neutron width distribution is Porter-Thomas, and 2) the widths larger than
<Pg)/4 are accurately known. With these assumptions, and the resonance paramcters
for 235y of Reynolds,'s‘ we estimate that there are 110 & 10 levels below 60 cV,
in reasonable agrcement with the estimate from the Aj test. We thus fecel confident
thut we have identified and assigned spins to a complcte set of resonances in 235y
bhelow 60 eV. The number of levels which are missed in the usual type of measure-
ment, in which the spins are not separated, secems to be substantially lower than
the statistical analysis of Garrison'®) would indicate. We also see no evidence
for a very large number of missing levels as suggested by Felvinci et al.!”V For
cnergles up to 350 cV we have assigned spins to most of the observed structure,
although most individual resonances above 200 ¢V are unresolved.
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fig. 3. Spir-separated regonance structure in the fismion of 2350 +n
versus ncutron energy in the energy range from 32 to 44 eV.
Nctae the separation of the complex structure in the vicinity
of 35 e¢V.

Two sets of rcsonance parameters resulting from mmltilevel anaiysis of total
and all mcasured partial cross sections are available: 1) those of Smith and
Youna"‘ for ENDF/B-11I, and 2) thore of Reynolds for ENDF/B-V. Using the Smith
and Young fission widths, wo calculate {Tg)q- = 0.179 eV and (Tg)4~ = 0.090 oV,
whoveas from Reynold's parameters we get frf)3- = 0.220 eV and (I'f)4- = 0.098 aV.
Thi: discrepancy can be attributed to the different values for the radiation widths
of (I',) = 0.0355 eV determined by Swith and Young and {Ty) = 0.032 eV assumed by
Reynolds. The Bohr--Wheeler estimate, modificd for a douxlc-humped barrier, is
cxpressced by

n{D)
(rg)=22- (4)
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Fig. 4. Spin-separated structure in the fission of 235U + n versue
neutron encrgy In the energy range from 200 to 260 eV.

where n corresponds to the number of open channels. Using this expresslon, wo
arrive at fissiou widths of (Ff)3- = 0.092 eV and <lf)4- = 0.071 eV for cich open
clauncl. The results of the two multilevel analyscc are consistent wich approxi-
nately two open channels for J = 3, or more if the channels are only partially
open, and with no more than one fully open channel for J = 4 resonances.

Additional information regarding the configuration of those fissloa channels
may be gleaned from the Pattenden and Postma'?) data on the angular distribut lon
of fission fragnents from aligner! 235y, This angular distributlon may be expresuscd
As

W) =14 D, AF (1P (cos 0) (5)
n even
n <21
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Observed resonance spacing distribution in (233y + n) below 360 eV.
Data polnts give the number of levels having a resonance energy less
than the energy shown on the abscissa, and correspond to the tips of
the stairs in the usual stairatep plut. The solid lines represent a
fit to the data points below 60 eV, and show the expected (2J + 1)
slopc.



L

Where the A, parameters concain the geumetric factors, the f, are the aligument
paraneters, and P, are the Legendre polynomials. Tn the Pattenden and Pontwma
measurcments, only the Ay terms are measurwed. For a well-resolved resonance with
known gpin and unique K, measuremcat of Az slwuld determiine K. Beraude of the use
of a fisulon bouster target with a relatively long pulse of 230 nv il a slunt (10 =)
flight pacth, few of the rusonanwes in the Pattenden and oatmn vxpetlncnt were well
resolved. Thus, we define an average or effectlve J value for 2390 + n as

9%
J - 3 4 — (6)
eff 03 + 04

where €3 and 04 are the spin-3 and epin-4 cross sectlons uised in Equ. (2a) and (2b).
A plot of A9 versus Jaef is shown in Fig. 6. The solid line in the figure
represents a least-squacres fit to the data and may be used to infer the average
vilue of Ay for pure spin-] resonnaces (Jger ™ 3.0) and for pure spin-4 resvnances
(Jofe = 4.0). Ve thus obtain (An)ja3 = 1.22 and (Ag)yay; = 2.01. Knowing that the
(J,K) = (4,0) channel is forbidden becausce of parlty conscrvatlon and recalling the
asaumptions from above on the number of open channcls for each spin atuate, we may
assume that :lLe two lowest channels, (J,K) = (4,1) and (%,2), acve open. Foowing
the Ay value for each (J,X), we may calculate the contributlon from each channel.
If for the average fission widths we take the mean of the averages from the twn
multilevel analyses, we gzet (Pf)J.g = 0.20 ¢V and (?[> a4 = 0.094 cV. For the J=4
resonances, ve determine (Tgdy ¢ 4,1 = 0.075 &V and 8?;’4 2 = 0.017 ev. Tkis
inplies that since the (J,K -'%4.1) channel is fully open.'thc (3,1) chamiel should
also be fully open with a fission width of .096 eV. Solving for the K = O and 2
channel widths, we get {Tg)y K= 3.0~ 0.020 eV and <Pf>3.2 = 0.084 ¢V. However,
the assumption of (I'g)y g = 0 and thus (Tgly ; = (Tgl3 27=0.100 ¢V is not incon-
slstent with the errors involved. The surp:lulng fact'is that, although 1t has
long been assumed that the channels open in order of ascending K, [ollowing the
sequence of octupole bands observed near the ground states of c¢ven-even nuclel.

Why the (J,K) = (3,0) channel is either completely or nearly completely cloaed can
preaently only be answered hypothatically.

Although we know that the average behavlor is consistent with the ahove
explanation based on the fission channel concept, we do not yet know wherher K 1s
a conserved quantum number in fiszion. One notes 1a Fig. 6 that the points are
nearly uniformly distributed over a broad range of Ay values. This lmplics thut
the vbserved angular diatribution is not consistent with integer K-values, but
rather there is an admixture of the fission channels. However, one musi he wary of
overinterpreting the Pattenden and Poatma results due to the lack of well-reasolved
resonances in this data.

The preceding discuusion addresses only the resolved region in 235y, Tt has
been suggested 2%»21) that the fluctuations in the unresolved region result from
local enhancement due to broad states in the second well of the double-humped
figsion barrier. Keyworth et al®) showed that for 237Np 4+ n, the subthreshold
fission retonances corresponding to a singlec state in the second well all have the
same spin. If the structure in 235y + n involves a similar mechanism, then oue
would expect a spin dependence.
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3 + 04/(03 + 04). The straight line shows a linear
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background recgions reported by Pattencen and Postma.
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Fig. 7. Summed counts (spin-” enhanced plus spin-4 enhanced count rates)
observed in the fission of (235U + n) versus neutron energy in
the energy range from B to 20 eV.

The fiesion cross section of 235y + n in the range 8 - 20 keV 1is shown in the
plot of summed counts, Ng + N,, in Fig. 7. The large fluctuations are clearly
evident. However, the spin-scparated data over the same energy region, shown in
Fig. 8, show minimal evidence for any spin dependence in the fluctuation, possibly
due to the poor statistical accuracy. To test quantitatively for intcrmediate
sttucture, we then pursued statistical tests on broad-bin averages. Following
Migneco et al,2”) we initially carried out a Wald-Wolfowitz runs-distribution test
from 0.1 to 25 keV on Jogs = {Jofg) using bins of 240 and 400 eV, and from 0.1 te
10 keV with bins of 85 eV. Althongh Migneco et al reported that this test gave
sipnificant results when applied to gg for 235y, the test applied to the polari-
z:tion data gave results consistent with a random distribution of spin. A similar
calculation of the serial correlation coefficients of J,¢¢ followed by a Wald-

Wolfowitz test on these cocfficients ogain showed no significant departure from a
random distribution.
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Fig. 8. Spin-separated count rates in the fiasion of (235y + n) versus
neutron energy in the energy range from 8 to 20 keV. Except
for the cluster between 14 and 15 keV, which is clearly spin 4,
it is not obvious that either of these curves correlates with
that shown in Fig. 7.

Another test, however, showed a more interesting result. We calculated the
correlation coefficient between the spin-3 data and the summed counts and between

the spin-4 data and the summed counts, for broad-bin averages. The results, shown

in Table I, imply that the observed structure is attributable to spin 4. Apparently,
there 15 still enough statistical erxor associated with the broad-bin averages that

it masked the effect when we used the usual tests for intermediate structure.

We

do feel, however, that the results shown in Table I are definitive and show that

csfentialiy all the fluctuating part of the 235y figsion cross section in the

reglon analyzed has J=4. We thus conclude that thesa polarization data give strong
support to the hypothesis that the fluctuations in the 23517 fission cross section

are a second-~well phenomenon.
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CONCLUSIONS

Knowledge of the 2350 + n system has been substantially enhanced by removing
uncertainties in the resonance spins. For an understanding of thc average propertles,
division of the resonances into the appropriate spin groups permits an accurate
deceription of the cross section. However, understanding of the underlying fission
process remains incomplete.

For example, with this aspin information, one may search for a dependence upon
J and K of the fission fragment mass distribution, fragment kinetic energy distri-
bution, and V. Although available measurements of these quantities are limited in
resolution and scope, there is no clear evidence for dependence upon spin alomne.
In fact, measurements?!s22) of ¥ over several of the larger resonances in 235y
clearly preclude a dependence of this quantity upon J alone. However, it has been
demonstrated??®) that the (n,Yf) process can account for the relatively large
fluctuations of V in 239py, Although the evidence®*) is less peruuasive in the case
of 235y, this process is probably involved in the V variations. One may well
expect that the fragment mass and kinetic energy distributions are dependeut upon J
and X but the poor state of knowledge of K values coupled with the poor resolution
in existing mcasurements makes detailed interpretation tcnuous.

What is nceded 1s a coherent approach toward answering these questions,
initially in 235y alone. Using the new time-of-flight facility being implemented
at the Los Alamos Meaon Physics Facility (LAMPF), the Weapons Neutron Research
Facility (WNR), we are pursuing such an approach. Using an antiferromagnetic
intermetallic compound of uranium rather than the paramagnetic crystals used by Dabbs
and Pattenden and Postma, we hope to achieve sufficient aligmment of 235y with
sufficient resolution to determine the K-vnlue, or the admixture of K-values, for
each J-valuc assigned in the mecasurements using a polarized target and benm. Con-
currently, we will use the intense low energy neutron flux at the WNR facility to
determine the fragment kinetic enevgy distribution and the fragment mass distribution
for the larger resonancas in 235y, We expect that the results of these proposed
measurements, in conjunction with existing data, will provide answers to thoe
questions on 235y addressed earlier in this paper.

TABLE I

Correlation coefficients and significance levels for the cnrrolation of
spin-3 and spin-4 data with structure in 235y of, from 8 - 25 keV. In this
table, the significance level 1s the prohahility that the obsarved correlation
or larger would occur with a randomly selected sample.

Energy Range Bin Width Signif icance Significanca
(keV) (keV) p(N,,L) of p(N,,1) P(N,,E) . of p(N,,%)

8.0 - 10.4 0.12 -0.01617 ~n0. 50 0.7048 0.0003

10.4 -~ 12.8 0.12 0.2148 0.18 0.6148 0.002

12.8 - 15.2 0.12 0.0889 0.35 0.1815 0.05

15.2 - 20.0 0.24 0.1996 0.20 0.7111 0.0002

20.0 - 24.8 0.24 0.2336 0.16 0.7443 0.0001

24.8 - 4.4 0.48 0.2864 0.11 0.8194 <0.00001
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