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INTERMEDIATE STRUCTURE 1IN UNRESOLVED RESONANCES OF
FISSILE AND FERTILE NUCLIDES*

M. S. Moore

University of California
Los Alamos Scientific Laboratory
Los Alumos, New Mexico 87545

ABSTRACT

i:vidence for the existence of intermediate structure in
the unresolved resonance fission and capture cross gections of
2330 aAnd in the capture cross section of 238 js reviewed.
Certain of the statistical tests that have heen used are known
to he compremised by finite resolution when applied to
unresolved resonance data, but we conclude that over most of
the enerpy ranpge the test results are valid. Parity
assipnments for the structure in 2’.U(n.y) sugpest that
s=wave neatron absorption ik respongible for much of the
structurc. If this is the case, the cross gection fluctuations
are most likely due to {luctuations in the radiative capture
width, rather than in the neutron width. Finally, the
practical effect of the possihle presence of width correlations
in fertile and fissile pnucliden is addresaed.

INTRODUCTION

The discovervl? of intermediate structure in neutron-induced
fission of certain fissionahle isotopes provided strong confirmation ol
the importance of srhell cnrrections leading to a double-humped finsion
barrier.? In the case of fission occurring at excitations helow the
top of both humps in the harrier (subthreshold figkion), the structure is
quite pronounced.  The problem was treated theoretically by Weigmann®
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and Lynn,? who provided a model of the fission process and a formalism

to describe the structure. It is usually assumed that one can represent
motion in the fission degree of freedom by the traversing of a two—humped
one-dimensional potential barrier: the fissioning nucleus initially
finds itself in one of the states in the first well (Class 1 states);
these are coupled through the first barrier to states in the second well
(Class 11 states), which are coupled to the continuum through the second
barrier B. The fission components of the wave function correspond to the
vibrations in the first and second wells. (lass 1 stater are expected to
show relatively large neutron widths and small fission widths, while
Class 11 states show small nevtron widths and large fission widths. The
coupling between the two gives rise to intermediate structure. Analvsis
of subthreshold fission data® has been carried out to provide

information on the shape of the barrier: The magnitude of the
fluctuations is related to the barrier coupling parameters, and the level
density of the Class II or intermediate structure states allows one to
infer the effective excitation in the second well. In this connection,
the significant advantages of a polarized-neutron and polarized-tarpet
measurement in studying intermediate structure should be noted. For
(ZJ'Np + n), Kevworth et al.’ showed that each resonance helonging to

an intermediate-structure clump has the same spin. This implies that
such polarization measurements can be used as an additional tool to
reveal nonstatistical behavior.

EVIDENCE FOR INTERMEDIATE STRUCTURL IN FISSILE NUCLEL

Shortly after the discovery of intermediate gtructure in
subthreshold fission, nonstatistical belavicr was reported in the fission
cross sections of fissile tarpet nuclides, in particular 239, and
35, The evidence was far less conclusive than that for the
suhthreshold=-fissionable target species, however. This is primarily
because the noise level of fluctuations arising from the expected
statistical processeas IR relatively much larper for fissile targets.
Certain of the statistical tests (e.p., the use of serial correlations
ttot had seemed to indicate nonstacvistical hehavior) were found to he
sul ject to misintorgrerntinn because of end effects and finite sample
size 8 0Only for (3°"Pu + n) in the 1+ state (which is verv nearly a
case of subthresheld fission) was the evidence? for nonstatistical
strurture in fission stronp enough to be penerally accepteds  Even here,
the evidence 1s clouded because of the very marked qualitative difterence
in the sizenw of the averape 04 and 1+ ficsion widthas and the strong
prebability that spin assipnments are not completely correct, 10
For (2% n), a considerable amount of structuire was observed in
the fisston cross gection, 11713 hut total cross section
measurement 81 ahowed that much of this structure could he explained ax
fluctuations in the entrance channel, and theae were generally assumed to
he of statistical oripin. The question is not to he answered as simply
as in the case of subthreshold-fissioning species; it is required that



one extract the average fission widths. More nearly complece data are
needed: either the total, scattering, or absorption (capture) cross
sections in addition to fission.

One must also consider resolution effects. Dennis et al.l5 noted
that tests based on runs distributionsl6 and lengths of runs!? are to
be questioned if the energy step size is comparable to the coherence
width {in unresolved resonance data analysis, the significant coherence
width is “'ie resolution width). We have carried out Monte Carlo
simulation tests to study this effect on the Wald-Wolfowitz runs
distribution test as it has heen applied to unresolved resonance data on

50 and 2%%U. We find that if the bin size for averaging is
comparable to the resolution width, the test results can be seriously
compromised. However, if the resolution width is small compared to the
averaging bin width (< 10%), the test results are approximiately valid,
For most of the data on 2*°U and Z’BU, the latter situation is the
one that obtains.

Several studies!8=21 have sugpested that the structure observed in
<T'¢> for (230 + n) is nonstatistical, and again peolarizatinn
measurements<- showed that cach of the anomalous structures has
definite spin. Beer and Knppe]er23 recently wnalyzed the structure in
<T'e> for (43°0 + n) to infer properties of the deformation
potential, under the assumption that the intermediate structure reflects
the level spacing in the second well.

INTERMEDIATE STRUCTURE IN RADIATIVF CAPTURE RY 2'%u

In 1975, Perez et al.?4 reported evidence for intermediate
structure in the radiative capture cross section of 238), Recently,
these and additional data obtained bv a ditferent experimental technique,
but which showed the same nonstatistical behs ior, were analyzed by Perer
et a1.25 20 ynder the assumption that the structure could he artributed
to doorway states in the p3/2 neutron channel.

The conclusions reached have far-reaching implications. 1f
interrmediate styructure exigls and 18 important in the entrance neutron
channel in (2% + n), then, following Miller and Rohr?7 and
K(-rnnﬂc,:’a it should be taken into aceount fovr all the artinmides,
including the lissile gpecies. The analvsiaZe of the Ynlnrizvd-nvnlrun
and polarized=tarpget measurements on the fission of (3% 4+ n) did
sugpeat o poesihility of intermediate structuve in the averape reduceun
neutron widthe, in that the fluctuations were feund to he larper tran
expected, and the averape fission and reduced neutron widths appear to he
correlated, rather than sliphtly anticorrelated as expected from the
models used to explaian intermediate structure in subthreshold figsion.

It has lonp been recopnized that correlated wiuihs imply common doorwav
states: for fissile nucler it might imply that the vihrational levels in
the fission depree of {reedom and certain of the few-quasiparticle or
particle=vibration levels constituting entrance channel doorwavs have a



large overlap. At subbarrier energies these first-well vibrations are
ineffective as fission doorways, but at energies ahove the first barrier,
this is not necersarily so; the large vibrational amplitudes in the first
well carried by such a doorway may allow the possibility of overlap with
entrsnce channel doorways, leading to correlated widths. According to
such a model, the fission cross section would have a pre-equilibrium
component.

PARITY DETFRMINATION OF THE STRUCTURE
IN (3% + n) RADIATIVE CAPTURE

Noting that all the lowest-lying levels in 239 nave even parity,

Corvi et al.29 suggested thot one could measure the intensityv of
primarv transitions feeding these levels relative to trarsitions to all
levelgr, and deduce the parity of p-wave resonances in (3% + ), usine
the property that El transitions are on the average much more intense
than M1 and E2. Corvi's method was used successfullv in assigning 57
resonances as p-wave. The method cannot be used for assigning all
resonances simply because of Porter-Thomas fluctuations in the partial
widthr {or Lthe few most erergetic primary transitions. (Only two such
transitions arc possible for pl/2 resonances, and four for p3/2
resonances.)

For a determination of the parity of the intermediate structurc
reported by Perez et al.,2*"2% carvi's method does not suffer from thix
problem. 1In a tvpical 400 eV energy bin, there are ahout twenty e/t
and p”2 resonances, and about forty p3/2. 1f the atructure is due
to p-wave resonances in which the highest energy primarv transitions
nccur with their expected intensity, the method should pive a reliable
estimate of the relative p-wave contribution. (One estimates cthe variance
as 2/40 for pl/2, 2/140 for p3/2),

We used the method devised by Corvi te assipn the parity of the
Ktructure reported by Perez et al, in two separate runs at the electron
linear accelerator laboratory at the Central Bureau for Nuclear
Measurements at Geel, l‘h-l..:ium.'m The first run confirmed 211 the
structure of Perez et al. and sugpested that at the lowest enerpies, the
mast prominent peak at ~ 13.5 keV does not show the characteristic
p=wave signature. The second run confirmed the results of the first, and
pave the parity ascipnments shown in Fig:e 1. The most prominen. peiks
below 50 keV appear to be due primarily to interactions that do pet
involve the hiphest enerpy transitions. We infer that these are s=wave
interactions.

The mechaninm for radiative capture in the enerpy repion helow 48
keV is rather different for s= and for p-wave neutrons.  For p-wave
neutrons, which account for roughly 2/3 ot the capture, the radiation
width ix rather larper than the neutron width, and the cross gsection for
radiative capture i roughly proportional to the npeutron widths  The



s-wave neutron interactions are dominated mostly by elastic scattering.
The radiation width is generally small compared to the neutron width;
capture is roughly proportional to the radiation width, and the amount of
capture that occurs is nearly independent of the neutron width. (Cf.
Table I1 of the following section.) 1I1f s-wave neutron interactions are
primarily responsible for the prominent observed intermediate structure
resonances below 40 keV, it would appear that at least some of the
observed variation is due to the radiation width, and possibly to
correlations between the average neutron and radiation widths.

A SENSITIVITY ANALYSIS

For many vears, one of the integral tests applied to check the
adequacy of resolved and unresolved resonance evaluations of ?3°U and
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cross section of (%0 4 W), The fluctuations were determined by
tinning the data in 400 eV bine, and subtracting from each point a



23%9p, was to calculate the Bramblett-Czirr experiment,31'32 in which

resonance-self-shielded fission rates were measured as a function of
absorber thickness in broad energy bins to neutron energies of a few
keV. The first attempts to calculate the experiment were done to check
the ENDF/B-111 evaluation;33v34 the results suggested that the 233p,
evaluation could be considered to be satisfactory, but that up to 40%
discrepancies existed between calculation and experimenct for 351.
Subsequent modified evaluations for 2350 gave little improvement, but
recently Czirr33 cleared up the discrepancy in a remeasurement of the
experiment, concluding that the earlier results were not correct.

The Bramblett-Czirr experiment is remarkably sensitive :o small
chaapes in resonance absorption, and we have chosen to carry out a
sensitivity study of the effects of varying the data sets of 2*5U and

U by calcilating a hypothetical Bramblett-Czirr measuremcnt at three
energies for 2%y (0.2, 2, and 20 keV) and at two energies for 2%y
(13.5 and 37 keV). The calculation used an R-function representation
(neglecting fiseion interference) with the basic averagr. parameters shown
in Table 1. Individual resonance parameters for the 235y study were
selected by Monte Carlo sampling, using a Wigner distribution for the
spacing and a Porter-Thomas distribution for the neutron and pa~rtiel
fission channels. The radiative widths were taken as constant. For the
238y study, neutron widths were selected by Monte Carlo for two of the
three channels studied and uniformly over the Porter-Thomarn distribution
for the third, to reduce the number of calculations required. Each of
the variables studied was varied on the averape by 10%. The results are
given in Tables I1 and I11. As expected, we found that the radiative
cagturp cross section of 2%% is not sensitive to changes in
<T">; even a factor of two change leads to only a few percent
in the capture cross section. lowever, if the s-wave neutron and
radiative capture widths are correlated, one can expect changes of the
size attributed by Perez et al. to intermediate structurc. The effect of
width correlations on the 2*°U fission and capture cross sections is
very pronounced. We find that if 10% of the figsion width is
neutror-width correlated for each resonance, this is equivalent to
increasing the fission wisth by ~ BOL, decreasing the radiation width
by - 10%, and giver rather different behavinr in a strongly
self{-shielded environment.

Tt should be noted that rimilar strong effects can hie expected in
and other fertile materials above the threshold for inelastic
scattering. Here one should obsesve an apparent enhancement of the
inelactic width and deecrcase of the radiation width if the neutron
elastic and inelastic widths are partially correlated.

238,

SUMMARY AND CONULUSTONS

Intermediate structure i1 the subthreshold figsion resonances of
fertile nuclides has been known for many years, and is thoupht to be well



TABLE I. Average Resonance Parameters Used in the Calculation of ;
Temperature Dependent Resonance Self-Shielding Reaction Rates for (2%°%U
+ n) and (3% + n) in the Unresolved Resonance Region.

Resonance Strength

Target Spiun Function <I» <T¢.> “T 2> <Ty> ka
(+10-4) (ev) (eV) (ev) (ebs (ev)  (+10-3)

235y 3- 0.968 0.953 0.090 0.090 0.035 2.093

4- 0.968 0.809 0.069 0.022 0.035 2.003

238 1/2+ 1.134 20.9 - - 0.02249 1,823

1/2- 1.7 20.9 - - 0.0229 1.827

3/2- 1.7 1.1 - - 0.0229 1.823

understood in terms of vibrational states in a double-humped potential
barrier. This interpretation of intermediate structure in fission
suggests that there should be a weak negative correlation of the apparent
average fission width and the average neutron width; in the case ol
fissile, or suprathreshold fissioning species, this correlation should be
so small as to be undetectibhle. The question of a possible correlation
of neutron and radiation widths for fertile nuclides has also been
considered over the years. It has generally been concluded that there is
70 reason to expect these widths to be correlated, even though a
significant positive correlation is known to exist in the s-wave
paramcters for the resolved resonances in (2%%U + n). Recently Percz

et al.25 have reported strong evidence for intermediate structure in

the radiative capture cross section of 22%U in the encrgy region helow
100 keV, and nrave fitted the structure with a doorway state model
involving p-wave neutrons. Such a mechanism could lead to partial width
correlatione. TIntermediate structure has alsos heen reported in the
fission croes scctions of fissile nuclei, and in (235 4 n), the

neutron and fission widths appear to show evidence of a positive
correlation, suppestive of a common “eorway and of a mechanism dificrent
from that for subthreshold fission.

Certain of the statistical tests that have heen used to show the
presence of intermediate structure, 17 particulor the Wald=-Wolfowitz runs
and correlation teata, are known to be compromiscd when applisd to
unresolved resonance data ananlysin tecause of finite resolution in the
measurements. We have studied this effect, and conclude that for most of



Table II. Resonance-self-shielded capture cross cections of 238y 4t
13.5 and 37 keV calculated from the average parameters of Table I, at an
assumed temperature of 300 K, and percent changes resulting from the
following: A) multiplying the average s-wave radiation width by a factor
of 1.1; B) multiplying the average s-wave neutron width by a factor of
1.1; C) multiplying both s-wave neutron and radiation widths by a factor
of 1.1, and allowing 10% of the radiation wiidth to be correlated; D)
multiplying the avarage s-wave neutron width by -~ factor of 2,

E) muitiplying the average p 1/2 neutron width by a factor of 1.1;

F) multiplying the average p 3/2 neutron width by a factor of 1.1;

G) multiplying the average p 1/2 radiation width by a factor of 1.1;

H) multiplying the average p 3/2 radiation width by a factor of 1.1; and
J) multiplying the neutron and radiation widths for all p-wave levels hv
a factor of 1.1 with the increase in 'y ‘orrelated to T'y.

E = 13.5 keV:
n

Absorber

Thickness (g /em?): 0.0 0.48 1.86 3.64 8.94 17.96

<On y> (b): 0.666  0.632  0.546  0.453  0.262 0.10%

%X cnange A: +3.2 +3,2 +3.1 +3.0 +2.8 +2.5
B: +0.6 +0.5 +0.3 +0.1 -0.2 -0.6
C: +5.3 +5.2 +4.7 +4,1 +3.0 +1.8
D: +3.1 2.6 +1.0 -0.6 -4.0 -6.8
E: +0.7 +0.7 +0.7 +0.6 +0.6 +0.6
F: +2.5 +2.5 +2.5 +2.5 +2.4 +2.4
G: +1.3 +1.2 +1.2 +1.2 +31.2 +1.2
H: + .9 +2.9 +2.9 +2.9 +2.8 +2,
J: +6.9 +6.8 +6.5 +6.3 +5.7 +5.6

K, = 37 keV;

Absorber

Thickness (p/cm?) 0.0 0.48 1.86 3. 64 8.94 17.96

<0,,Y> (b): 0.388 0.372 0.327 0.276 0.168 0.073

% change A +2.0 +2.0 +2.0 +2.0 +1.9 +1.9
I: 10.2 +0.2 +0.1 +0.1 ~-0.1 -0.4
C: +1.0 +2.9 +2.8 +2.6 +2. +]1.8
D: +1.6 +1.4 +0.8 0.0 -1.7 -3.7
E: +0.5 +0.5 +0.5 +0.5 +0.4 +0.4
F: +1.9 +1.9 +1.9 +1.9 +1.8 +1.6
G: +0.7 +0.7 +0.7 +0.7 +0.7 +0.7
H: +1.2 +1.2 +1.2 +1.2 +1.2 +1.2

J: +6.7 +6.0 +6.5 +6.3 +6.0 +5,9



Table I1Ta. Typical calculated resonance-self-shielded average fission
and capture cross sections of 235y at 300 K, as a function of ahscrber
thickness, for neutron energies of 0.2, 2, 2nd 20 keV, using the average
parameters of Table I.

Absorber Energy = 0.2 keVY Energy = 2. keV Energy = 20 keV
Thickness <og> <0c.> <og> <g> <og> <o>
(g/cm? (b) (b) (b) (%) (b) (b)
0.0 22.43 13.78 6.81 3.99 1.86 1.01
G.47 20.75 12.59 6.61 3.87 1.83 1.00
1.83 16.63 9.77 6.05 3.54 1.74 0.94
3.59 12.70 7.19 5.40 3.15 1.62 0.88
8.83 6.19 3.22 3.86 2.25 1.33 0.72
17.74 2.25 1.06 2.20 1.28 0.94 0.51

Table IIIb. Cfalculatior with the same parameters as part a, with the
exception that 10X of the fission width is correlated with the neutron
width.

Absorber Energy = 0.2 keV Erergy = 2. keV Energv = 20 keV

Thickness <g¢g> <0c> <0g>  <0g> <o¢> <0.>

(g/cm?) (b) (b) (b) (b) (b) (b)
0.0 26.78 9.87 8.14 3.01 2.24 0.83
0.47 24.73 9.10 7.89 2.92 2.20 0.81
1.83 19.5 7.21 7.22 2.67 2.09 0.77
3.59 14.99 5.43 6.45 2.39 1.95 0.72
8.83 7.17 2.55 4.60 1.71 1.60 0.59
17.74 2.51 0.87 2,61 0.98 1.13 0.42

Table Illc. Calculation with the same parameters as part a, with the

exception that I'f is multiplied by a factor of 1.8 and Ty by a
factor of 0.9.

Absorber Energy = 0.2 keV Energy = 2 keV Energy = 20 keV

Thickpess <Tg> <0c> <of> <0> <gg> <0>

(g/cm”) (b) (b) (b) (b) (b) (b)
0.0 26.12 10.14 8.02 2.92 2.27 0.75
0.47 24.21 9.25 7.78 2.83 2.23 0.73
1.83 19.54 7.16 7.13 2.59 2.11 0.70
3.59 15.02 5.25 7.37 2.31 1.97 0.65
8.83 7.41 2.33 4.56 1.65 1.61 0.53

17.74 2.68 0.75 2.60 0.93 1.14 0.38



the energy range f>r which the intermediate structure has been observed
in 2%°0 and 2%°U cross sections, the test results are valid. We have
also carried out a vtudy to assign the parity of the intermediate
structure in 2%%U(a,Y), using the methed devised by Corvi et al.29
for assigning resolved resonances in 238y and 2%2Th as s- or p-wave.
Preliminary results of this study suggest that some of the intermediate
structure report=d by Perez et al. appears to be due to s-wave neutron
absorption. If this is the case, then one must allow for the possibility
that the observed fluctuations are due to fluctuations in the radiation
width, whirh is consideradbly smaller than the average neutron width.
Finally, we address the practical effect of the possible presence of
width correlations in fertile and fissile nuclides. Clearly, the usual
unresolved resonance treatment with width-~fluctuation corrections is not
adequate, because in the usual treatment it is explicitly assumed that
all partial widths are uncorrelated, and only the neutron wicdth
autocorrelation i1s taken into account in calculating the fluctuation
correction. 1t is also clear that for an infinitely dilute
configuration, present methods give correct results, because the changes
in the effective cross sections that may arise from width correlations
can easily be compensated by changes in the average partial widths. It
is the distribution of cross section values in a probability table that
will be wrong, not the averages, and this becomes important only 'n a
strongly self-shielded corfiguration. It may also he noted that the
existence of intermediate structure increases the uncertainty of
extrapolating unresolved resonance parameters in cases where insufficient
data exist.
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