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Spin determination of resonance structure in ( SU+ n) below 25 kev*
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Measurements made with a polarized neutron beam and a polarized target of 'U have been analyzed to
obtain spin-separated fission cross sections of ('"U+ n} below 25 keV neutron energy. Analysis of the cross
section data in the resolved resonance region has been carried out to obtain a better estimate of average
parameters than has been previously available. The average parameters have been used as the starting point
for an extraction of energy-dependent average parameters in the unresolved resonance region. The results of
this analysis show evidence for intermediate structure in the spin-4 component.

NUCLEAR REACTIONS, FISSION U(g,f), E=1 eV-25 keV; measured 8 de-
pendence of o (E), deduced resonance parameters to 100 eV, spin assignments

to 300 eV. Evidence for intermediate structure in ( I'&) .

I. INTRODUCTION

The low-energy neutron-induced fission cross
section of '"U has perhaps been more extensively
studied than that of any other nucleus, yet our
understanding of the fission process in '"U is far
from complete. More than 20 years ago, it was
realized that fission is a few-channel process,
and that, in order to account correctly for the ob-
served asymmetries in the fission resonances, a
multilevel treatment is required. For several
years it has been conjectured that many of the
properties associated with fission, such as the
fragment mass distribution, the fragment kinetic
energy, the number of neutrons emitted, the y-ray
energy release, etc. , should depend on the fission
channels. The most important piece of informa-
tion that has been lacking in such studies is a
complete set of spin assignments for the observed
resonance structure.

In the unresolved resonance region, the existence
of pronounced fluctuations in the neutron-induced
fission eros@ section of '"U below -100 keV is
well established, and several analyses' 4 have indi-
cated that these fluctuations cannot be explained
by the usual statistical model treatment of unre-
solved resonances. The only mechanism that is
known to lead to intermediate structure in fission
is modulation of the fission widths by states of the
second well of a double-humped fission barrier,
called class II states. Cao et a/. ' have concluded
that the observed frequency of the fluctuations in
the fission cross section of "U is consistent with
the systematics of subthreshold fission for non-
fissile targets and of second-well parameters de-
duced from fission isomers. This mechanism re-

quires that each of the fluctuations be produced by
class II states of definite spin. It has been ex-
perimentally verified by Keyworth et al. ' for
( 'Np+n) that each of the subbarrier fission
clumps consists of fine structure resonances
(class I states) which all have the same spin. One
thus expects that if the structure in ('35U+n) arises.
from such a mechanism, the nonstatistical be-
havior in the fission cross section should also
show a spin dependence.

The technique of using polarized neutrons on a
polarized target of '"U, as the definitive method
of determining the spins of resonances in the com-
pound nucleus '"U, has been discussed by Key-
worth et a/. ,"who reported spin assignments for
many of the prominent resonances below 60 eV.
The present paper gives the results of a more ex-
tensive determination of the resonance spins of
( 'U+n), with increased polarization an'd greatly
improved statistical accuracy. These data have
been processed to obtain spin-separated fission
cross sections for each of the two s-wave spin
states. Unambiguous spin assignments could then
be made for all the known resonances in ("'U+ n)
below 60 eV, and several previously unreported
resonances have been observed. Spin assignments
have been made. , for the prominent structure in
('"U+ n) below 300 eV neutron energy, and clear
evidence has been found for intermediate struc-
ture in the spin-4 component of the '"U fission
cross section in the unresolved region.

The next section of this paper describes briefly
the experimental measurement and the method of data
processing, including the error treatment. Section
III contains the treatment of the resolved resonance
region, and Sec. IV the extraction of average pa-
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rameters. In Sec. V, the average parameters are
used in an analysis of the unresolved resonance
region in which energy-dependent average param-
eters are obtained below 25 keV. The results of
this analysis are then used to address the ques-
tion of a spin dependence of intermediate struc-
ture in ('"U+n) in this region.

II. EXPERIMENTAL MEASUREMENT AND DATA
REDUCTION

The measurement was carried out on the Oak
Ridge electron linear accelerator (ORE LA) with
an experimental arrangement identical to that
previously described. ' ' The neutron beam was
polarized by transmission through
La2Mg, (NO, )» 24H, O (LMN) in which the hydrogen
in the water of hydration was polarized. The tar-
get was a polarized sample of '"US. The data
consisted of time-of-flight spectra of prompt fis-
sion neutrons emitted from the sample with the
neutron beam polarized parallel and antiparallel
to the polarization direction of the target, and of
the transmitted neutron beam under the same con-
ditions. Table I summarizes the experimental
running conditions.

The neutron polarization was determined by
monitoring the change in transmission observed
with the LMN polarized and unpolarized before
and after each run, according to the relationship'

&s =&3&s4'3+ &4&44'3 (2a)

+4 +3+34 4 +4+44 4 & (2b)

where cr, and o4 are the spin-3 and spin-4 fission
cross sections, P, and g, are the spin-3-enhanced
and spin-4-enhanced fluxes (which, because of
resonance self-shielding, are not the same), and
A 3 A 4 83 and Bg are constants to be ca lculated
from the neutron polarizations, the nuclear po-
larization, and the target spin. For s-wave neu-

f„=tanh(cosh 'T),
where f„is the neutron polarization and 7 is the
ratio of the count rate observed with the LMN
target polarized to that with it unpolarized. The
average neutron polarization was slightly higher
for the spin-4 enhanced series of runs than for
the spin-3 enhanced series. The absolute nuclear
polarization was not monitored during the exper-
iment; it was left as a free parameter to be deter-
mined from well-known isolated resonances as a
part of the data reduction.

Below 25 keV neutron energy, only s- and p-wave
neutrons are expected to contribute appreciably
to the observed cross section. The data reduc-
tion was carried out by assuming that only s-waves
contribute. If N, and N4 are the spin-3-enhanced
and spin-4-enhanced count rates, then one can
write

TABLE I. Experimental conditions for the second series of runs at ORELA.

Flight path {approximate)

Moderator thickness
Beam burst/second
Beam power (time averaged)
Beam burst width
Sample temperature

Filter array

LMN thickness
LMN area
US target thickness
US target area
Neutron beam area
(at US target)

Average neutron polar izations:

Average nuclear polarization:
Average data collection time:

Fission detector: 13.40 m
Transmission detector: 15.28 m

36.6 mm H, O
1000
60 kW
35 ns
0.01 K

0.047-g/cm2 ~oB, 0.064-cm Cd, 1.27-cm Pb
changed to 0.047-g/cm B, 0.084-cm Cd, 2.54-cm Pb
after the first of seven runs, and
changed to 0.047-g/cm2 ~DB, 0.168-cm Cd, 3.81-cm Pb
after the fourth of seven runs

3.5 g/cm2
10.6 cm2

0.21 g/cm~ at 50' or 0.27 g/cm at 90'
4.7 cm2 at 50' or 3.6 cm2 at 90'

7 cm

spin 3 enhanced runs: -0.501
spin 4 enhanced runs: 0.518
0.18
35 h/run
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trons,

A, = (1+y„y„), (»)
(3b)

(3c)

B(1:=f'f ), (3d)

where f„' and f„are the neutron polarizations par-
allel and antiparallel to the nuclear polarization
vector, f~ is the nuclear polarization, and I is the
target spin.

Equations (2a) and (2b) are solved for the quan-
tities

and

~
= ( 3 ~/p~ —B3N~/p3) (A~B~ —BSA~), (4a)

o, = (B,Ã,/P, —A,N4/(P~) (A,B,—BQ,) . (4b)

The data reduction was carried out by means of
the following: (1) a spin-3-enhanced and a spin-
4-enhanced effective cross section, N, /P, and

N, /P„were constructed by dividing each of the
observed count rates by its flux as determined
from the transmission monitor. The sample was
not thin at the largest resonances (it had a thick

ness of 0.62 x10"atoms/cm' of '"U). One would
expect that, at the peaks of these large reso-
nances, dividing by the transmitted flux would
overcalculate the cross sections. (One should in-
stead divide by the average flux incident upon a
nucleus of '"U in the target. ) However, as shown
in Table I, the '"US target covered only half the
neutron beam viewed by the transmission de-
tector, so to first order the sample self-shielding
with its accompanying flux depolarization was
correctly taken into account. (2) Using Eq. (4),
o, and v, were determined. (3) A small empiri-
cally-determined energy-. dependent background,
varying as 1/E, was subtracted from both v, and

a, to make the between-resonance fission cross
section correspond to acceptable values at low
energies. (4) The data were normalized by set-
ting the integral, from 7.8 to 11.0 eV, of the sum
v, and 0, equal to 241.24 b eV, as recommended
by Leonard. ' (5) Finally, steps (3) and (4) were
repeated until both the between-resonance cross
sections and the normalized integral agreed with-
in the measurement uncertainty.

As a consistency check, fission integrals from
V.4 eV to 20 keV were compared with the recently
published measurements of Gwin et al." As shown
in Table II, the agreement is reasonably good ex-

TABLE II. Integrals of 235U fission cross sections below 20 keV.

q3dE
Energy range (eV)

g (be V) (bev) (b eV)

g
o4dE (o'3 + o'4)dE

Ratio to the data
of Gwin et al,. (Ref. 10)

7.4- 10
10.0- 15
15.0- 20.5
20.5- 33
33.0- 41
41.0- 60
60.0- 100

100.0- 200
300.0- 400
400.0- 500
500.0- 600
600.0- 700
700.0- 800
800.0- 900
$00.0- 1000

1000.0- 2000
2000.0- 3000
3000.0- 4000
4000.0- 5000
5000.0- 6000
6000.0- 7000
7000.0- 8000
8000.0- 9000
9 000.0-10000

10 000.0-20 000

27.9
145.1
59.9

220.2
214.1
421.7
546.4
909
591
613
458
488
391
308
362

3 013
2 020
1 543
1 852
1 574
1 560
1 583
1232
1 390

10 980

194.6
71.1

256,7
232.5
270.2
483.9
404.9

1 160
704
683
911
589
645
459
346

3 742
2 114
2 407
2 064
2 271
1 585
1474
1 735
1 560

14 212

222.5
216.2
316.6
452.7
484.3
905.5
951.3

2 069
1 295
1 296
1 369
1 077
1 036

767
708

6 755
4 134
3 950
3 917
3 845
3 145
3 057
2 967
2 950

25 192

1.026
1.015
1.018
1.031
1.003
1.005
1.009
0.986
1.015
0.988
0.934
0 ~ 969
0.967
0.966
0.972
0.954
0.804
0.862
0.960
1.034
1.001
1.003
1.030
0.980
1.024
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cept between 2 and 4 keV, where these data are
low. A comparison of the present data with a
fine-bin average of the data of Gwin et al. sug-
gests that the discrepancy is due to the incom-
plete removal of the effects of large resonances
in '"La. The collimation system was not tight
enough. to prevent a part of the neutron beam from
streaming around the sides of the LMN target.
While these neutrons did not strike the polarized
sample of '"U, they did strike the larger 'Li-glass
transmission detector. This gives an erroneously
high determination of the effective neutron flux in
the vicinity of strong '"La resonances and a low
apparent fission cross section.

Flight paths were not measured in this experi-
ment, but were determined from the positions of
known resonances in cadmium, lanthanum, and
aluminum present in the beam and in the signal
observed with the 'Li-glass flux monitor. By far
the largest number of these resonances are those
of cadmium, so in essence the energy scale of
the present measurement is that of Liou et al."
For the fission signal, the flight path was estab-
lished by minimizing the fluctuations in the ratio
of fission counts to 'Li-glass counts near these
large resonances; a mismatch in the energy scale
shows up as an asymmetric enhancement and de-
pression of the ratio about such a resonance.

The self-absorption of the 'Li-glass detector,
was taken into account at low energies, but other-
wise the efficiency of the glass was assumed to
vary as I/~1! over the entire region below 25 keV.
This introduces a small systematic error, &1%
below 15 keV and -3% at 25 keV-, compared to the
'Li(n, o) cross section evaluation of Hale. '2

The uncertainty in the measurement is domi-
nated by the statistical uncertainty in the fission
count rate; in the spin-separated cross sections
the statistical uncertainty is quite large because
of the subtraction of two large numbers to obtain
a small difference, as implied in Eq. (4). If all
other sources of error are neglected, the relative
uncertainties in 0, and a, are given by

and because f„and f„' are very nearly equal,

Gay = (N3+N~) '~'.
Vy

It is important to emphasize that this method of
extracting spin-separated cross sections intro-
duces an anticorrelation of 0, and o4 that is en-
tirely due to statistical fluctuations: Whenever
N, or N, shows a large statistical variation, such
a variation will appear, magnified, in both a, and
o4, and in opposite directions.

The energy range spanned by the fission detector
extended below 1 eV, which permitted verification
of the spin assignment of 4 to the 1.14 eV res-
onance. However, the 'Li-glass flux monitor re-
corded events only above 1.6 eV. In order to ex-
tract spin-separated fission cross sections be-
tween 1.0 and 1.6 eV the sum o, +04 was normal-
ized, point by point, to the known" fission cross
section of ('"U+ n) in this region, and the ratio
o,(o, was used to determine the spin-separated
cross sections.

The spin-separated fission cross sections and
their sum, with assigned uncertainties, as deter-
mined from this measurement, from 1.6 eV to 25
keV, are available from the National Nuclear Data
Center (NNDC) at Brookhaven National Laboratory.
The data on file at NNDC have not, been corrected
for the presence of '"La resonance'8 or for p-wave
neutrons, and the assigned uncertainties are only
those due to fission counting statistics, .

HI. RESOLVED RESONANCE ANALYSIS

The spin-separated fission cross sections of
("'U+n) are shown in Figs. 1-12 for the energy

1000 =

, IOO,

IOO

IO

IOO

and

' = (A, 'N, + B,~N, )'~' (A,N, —B,N~),0'3 IO

b

= (B4 N3+A~ N4)
~'

(B~N3 —A4N4) . (5b)

The statistical uncertainty of the sum cr, +0, is
very much smaller than that of the spin-separated
cross sections. From Eqs. (3) and (4) one notes
that

N4
oz =o, + o4 —— f+N + f„f„(A—,B4 —B,A—4), (6)

3 4

0 I 2 3 4 5 6 7 S 9 IO II I2
NEUTRON ENERGY (eV)

FIG. 1. Fission cross sections of ( 35U+pg) from 0
to 12 eV. The lower curve is the spin-3 fission cross
section; the center curve is the spin-4 fission cross
section; the top curve is the sum of the two lower curves,
corresponding to the fission cross section measured
with an unpolarized beam and target. Data below 1 eV
are those of Schermer et al. (Ref. 14) normalized to
the present measurement at the 1.14 eV resonance.
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FIG. 2. Fission cross sections of ( U+g) from 12
to 24 eV. The lower curve is the spin-3 fission cross
section; the center curve is Re spin-4 fission cross
section; the top curve is the sum of the two lower
curves, corresponding to the fission cross section
measured with an unpolarized beam and target.

10.,

I =

I

I I I I I I I I I I I

36 37 38 39 40 4I, 42 43 44 45 46 47 48
NEUf RON ENERGY (eV)

FIG. 4. Fission cross sections of ( U+n) from 36
to 48 eV. The lower curve is the spin-3 fission cross
section; the center curve is the spin-4 fission cross
section; the top curve is the sum of the two lower
curves, corresponding to the fission cross section
measured with an unpolarized beam and target.

region below 300 eV. Data shown in Fig. 1 below
1 eV are those of Schermer et al. ,

"for which a
data-reduction procedure similar to that described
in the previous section for the region between 1.0
and 1.6 eV was carried out. The unknown nuclear
polarization in the measurement of Schermer et
al. was determined to be 4.8/p by normalizing their
point at 1.14 eV to the results of the present mea-
surement. The top curve in Figs. 1-12 is the
sum of vz, (the middle curve) and of, (the lower
curve) and corresponds to the fission cross sec-
tion of ("'U+n) with an unpolarized beam and un-
polarized target. The resolution in the present
measurement is slightly poorer than that of Blons
et al. ,

' but the statistical accuracy of the data

shown as the top curve is much better than that of
any fission data on (23'U+n) that has been previous-
ly reported.

It is apparent from Figs. 1-12 that there is lit-
tle difficulty in assigning spins to the known, pre-
viously observed resonances; these results con-
firm all the spin assignments previously made by
this technique for resonances in ('"U+n), i.e. ,
those by Keyworth et al. ,

"by Schermer et al. ,
"

and by Reddingius et al." They show clearly the
existence of several resonances that have not been
previously reported. The only problem one has
is in deciding which of the previously unobserved
resonances are real and which are spurious.

Resonance parameters for ('"U+n) have been

IOOO-

b~ IOO

I I I I I I I I I I 'I

IOOO-
f I I I I I I I I I I

10
r

IOO

b
IO,

IOO

b~ 10

Io

I

Io

b I-
I .

I I I I I I I I I

24 25 26 27 28 29 30 3I 32 33 34
NEUTRON ENERGY (eV)

35 36

FIG. 3. Fission cross sections of ( U+n) from 24
to 36 eV. The lower curve is the sp'n-3 fission cross
section; the center curve is the spin-4 fission cross
section; the top curve is the sum of the two lower
curves, corresponding to the fission cross section
measured with an unpolarized beam and target.

I I I I I I: I I . I I I

48 49 50 5I 52 53 54 55 56 57 58 59 60
NEUTRON ENERGY (eV)

FIG. 5. Fission cross sections of (
3 U+~) from 48

to 60 eV. The lower'curve is the spin-3 fission cross
section; the center curve is the spin-4 fission cross
section; the top curve is the sum of the two lower
curves, corresponding to the fission cross section
measured with an unpolarized beam and target.
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10
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cl

b

I

60 65 70 75
NFUTRON ENERGY (eV)

I

IIO 115 120 125
NEUTRON ENERGY (eV)

I

130 132

FIG. 6. Fission cross sections of (23~U+g) from 60
to 84 eV. The lower curve is the spin-3 fission cross
section; the center curve is the spin-4 fission cross
section; the top curve is the sum of the two lower
curves, corresponding to the fission cross section
measured with an unpolarized beam and target.

FIG. 8. Fission cross sections of ( ~U+g) from 108
to 132 eV. The lower curve is the spin-3 fission cross
section; the center curve is the spin-4 fission cross
section; the top curve is the sum of the two lower
curves, corresponding to the fission cross .section
measured with an unpolarized beam and target.

reported to 150 eV; from 150 to 300 eV only the
resonance energies of prominent structure are
known. " The analysis of the present data was
done under the same constraints; Table GI con-
tains spin assignments and resonance energies to
300 eV, and fission areas to 150 eV. The reso-
nances in Table III were divided into three cate-
gories: (l) resonances whose existence is con-
sidered definite, (2) resonances considered prob-
able (shown in parentheses), and (3) resonances
considered doubtful or unlikely (shown in brack-
ets). Fission area, s are preserved over broad
energy bands containing several resonances for
the first category, and the uncertainties reflect
statistical uncertainties, wing corr. ction uncer-

I

tainties, and uncertainties arising from the pos-
sible existence of levels in categories 2 and 3,
for which only upper limits of the fission areas
are estimated.

Figure 13 shows a plot of the number of ob-
served and probable resonances of each spin
having E,&E as a function of neutron energy. Ex-
amination of this figure suggests that below about
60 eV, a linear relationship holds, and that the
fraction of missing levels is not energy dependent.
Attempts to use the Dyson-Mehta 6, stati. stic" or
E statistic" to determine the number of missing
levels were not satisfactory; the number of such
levels is simply too large for these tests to be
useful.

1000-

b Ioo

1000

10

C)

b~ 10 =

10

~ t
100"=

~ I

10

b

I

85
I

105 108
I I I

90 95 100
NEUTRON ENFRGY (eV )

FIG. 7. Fission cross sections of ( 3~U+g) from
84 to 108 eV. The lower curve is the spin-3 fission
cross section; the center curve is the spin-4 fission
cross section; the top curve is the sum of the two lower
curves, corresponding to the fission cross section mea-
sured with an unpolarized beam and target.

I I I I I

132 135 140 145 150 155
NEUTRON ENERGY (eVj

FIG. 9. Fission cross sections of ( ~~U+yz} from
132 to 156 eV. The lower curve is the spin-3 fission
c.'"oss section; the center curve is the spin-4 fission
cross section; the top curve is the sum of the two
lower curves, corresponding to the fission cross sec-
tion measured with an unpolarized beam and target.
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OOOO —~
IOO e.
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g IQO:—

IQ

b

IO

I
JH
~ht

I I I

I 56 I60 l65 I 70 i75 I80
NEUTRON ENERGY (eV)

FIG. 10. Fission cross sections of ( ~U+n} from
156 to 180 eV. The lower curve is the spin-3 fission
cross section; the center curve is the spin-4 fission
cross section; the top curve is the sum of the two lower
curves, corresponding to the fission cross section mea-
sured with an unpolarized beam and target.

I I I I

290240 250 260 270 280 300
NEUTRON ENERGY (eV)

FIG. 12. Fission cross sections of ( U+g} from
240 to 300 eV. The lower curve is the spin-3 fission
cross section; the center curve is the spin-4 fission
cross' section; the top curve is the sum of the two lower
curves, corresponding to the fission cross section
measured with an unpolarized beam and target.

The next step in the analysis was the determina-
tion of the total width I' for each resonance. This
was done by calculating a series of Breit-signer
line shapes and broadening them numerically with
a function thought to be representative of the Dop-
pler and resolution function. In this way, one
constructs a series of curves that give the ob-
served full width at half maximum as a function
of the natural width for each resonance. It was
found that this procedure is not very satisfactory
unless the resonance in question is wide, strong,
and fairly weD isolated, because the statistical
accuracy of the spin-separated data is low and
the resolution furiction is not well known.

An alternative procedure, which was adopted,

l000 p-

IOQ =

is to rely on previous measurements of the total,
fission, and capture cross sections that have been
carefully analyzed. In comparing the results of
previous analyses, one finds that they share the
same problem as that described above in deter-

250

200

I 75

~ l50x

~ l25)
IO

IQ-

%~~IIIII!

o IOQ

75
Z.'

IO

l80
l

l90
i I

200 2IO 220
NEUTRON ENERGY {eV)

I

230 240 'o 50 IQO . 150 200 250 300 350
ENERGY (eV)

FIG. 11. Fission cross sections of ( U+yg} from
180 to 240 eV. The lower curve is the spin-8 fission
cross section; the center curve is the spin-4 fission
cross section; the top curve is the sum of the two lower
curves, corresponding to the fission cross section mea-
sured with an unpolarized beam and target.

FIG. 13. The number of observed and probable re-
sonances of each spin having So& E as a function of
neutron energy below 380 eV. The top curve represents
spin-4 resonances; the bottom curve spin-3 resonances.
The fraction of missing resonances is independent of
neutron energy below - 60 eV.
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TABLE III. Spin assignments, resonance energies, and fission areas obtained from the
present work. Resonances whose existence is considered probable are listed in parentheses;
those considered doubtful in brackets.

4
3.

3

3

3
4
3

3

3

3

3

3

4
3
4

3

3
3
4
3

3

3

3
3

3
4
3

3

3
4

3

z, (ev)

1.14
2.03
2.8
3.14
3.61
4.2
4.84
5.52
6.20
6.39
6.95
7.07
7.55
7..70
[s.o]
[8.2]
8.78
8.97
9.29
9.71

10.18
(1o..s)
10.92
[11.3]
11.64
12.39
12.43
12.85
13.26
13.68
13.98

(14.14)
[14.2]
14.50
[14.6]
[14.95]
15.39
15.51
16.08
[16.2]
16.67
[17.o]
17.22
18.05
18.12
18.96
19.28
19.32
20.08
20.13
20.61
20.91
21.06

(21.5)
22.05
22.92
23.38
23.61

00&I (bev)

1.3 +0.3
~1

7.3+0.4
11.6 +2.6
-0.6

1.4 + 0.3
6.5 + 1.2

11.0 + 1.6
12.4 + 0.9
0.9 +0.5
9.8 +0.9

-0 3
~0 5
«,0.5
S2

118 +5
10.9 ~ 3.8
15.3 +2.7
4.2 +0.6
6.4 + 2.9

0.6 ~0.5
«1
12.1 + 2.9
51.3 + 1.4
5.0 + 1.7
6.2+ 0.5
4.1 *0.5
6.3 + 2.0

37.1 + 3.2

&4
3.1 + 1.5

(1 5
«0.9
12.6 +0.9
~j
11.0 +0.7
«1
16.7 ~0.9

w1
0.6 +0.5

13.7 ~1.8
6.6 + 2.5

~3
118 +7
14.2 + 3.6
1.2+1.0
2.1 +0.6
6.5 + 1.0

~p
38.4 + 2.2

1.0 + 0.3
14.9+1.0
11.0 ~1.7
32.8 + 3.0

3

4
3

3
3

3

3

3

3

3

4
3

3

3
3

3

3

3
3
4
3

3

3

3

3

4
3

3

3
4

3

zo (ev)

[23.75]
24.25

(24.3)
(24.4)
24.90
25.40
25.62
26.46
26.52
27.11
27.77
27.95
28.36
28.76
29.0

(29.15)
[29.55]
29.63
[3o.3]
30.59
30.83

(31.3)
31.55
32.02
32.08

(32.52)
33.50
33.65
34.35
34.4
34.84
35.11
35.18
[35.9]
[36.1]
36.45

(36.6)
37.2
37.57
38.08
38.29
[38.89]
39.39
39.88
40.52

(4O.88)
41.22
41.51
41.Sl
42.20
42.46
42.68
[42.85]
(43,2)
43.46
43.93
44.56
44.86

12.8 + 3.2
61
«4
-1.6

2.8 + 2.4
43.8 +4.0
10.2 + 1.6
12.8 + 1.6
2.6 + 1.0

22.8 + 2.0
0
9.5 ~1.4
1.3 + 0.3
1.3 ~ 0.5

(0 5
&1.3

3.3 ~ 0.4
«1.0

6,1 +0.9
9.2+ 1.0

«0.6
0.5

30.5 +
10.2+ 2.7
«0.9
26,5 + 2.2

33.4 +
13 + 6
29.8~ 9.4
44 +9
74.9 ~13

2.1+ 0.8
«1

1.7 + 0.7
1.4 + 0.8
3.3 + 1.6
9.9~ 1.1

«0.5
45.9 + 1.2
8.8 + 3.8

11.6 + 1.2
%0.9

8.0~ 1.7
9.2~ 1.6

13.9~ 2.2
8.5 + 2.1
2.2~ 0.9
1.5 + 0.8

«0.5
S2

5.7~ 1.6
12.6+ 1.6
15.6~ 2.8
25.5 + 3.8

3

3
4
3
4

3
3

3
(4h

4
3

3
3

3

3

3
3

3
3

3
3

3

3
3
4
3
4.

3
4

3

3

3
3

3

3

z, (ev)

(45.7)
45.73
[46.2]
46.8
46.9
47.0
47.91

(47.95)
48.27
48.55
48.78

(49.0)
49.38
50.08
50.36
50.47
51.07
51.25
51.6
[51.7]
[52.05]
52.19
52.9
[53.15]
53.39
[53.65]
54.11

(54.3)
54.88
55.02
55.78
55.85
56.1
56.44

(57.O2)

57.61
57.70
57.97
58.62

(58.85)
(59.12)
59.68
60.16

{6O.25)
60.75
61.11
61.62
61.96
62.40
62.85
63.49
63.73
64.22
64.95
65.73
66.07
66.38
66.45

~,lf (bev)

«0.9
3.5 +O.9

«0.6
15.0 ~ 8.0
4.0 ~ 2.0

14.6 +8.0
12.6 + 2.5

17.1 + 2.8
2.4 + 2.0

16.1 ~2.2

8.5+1.3
1.7+ 0.9

15.7 + 2.4
19.8 ~ 6.4
47.9~ 6.5

43.9 + 5.2

«,2
11.3 + 2.6

4.6 + 1.2
&0.6

8.0 &4.3
28.7 +4.5

' 42.0 + 5.0
14.1 + 6.0
19.7 + 6.0
54.2 & 8.0
«1

3.7 + 3.1
12.7 +4.0
17.1+4,0
22.3+4.0
«,0,7
«1

6.8 + 1.6
16.5 ~ 2.5
«0.9

9.9 ~ 1.8
8.0 +1.7

rtlal 1
2.1 + 0.8
3.9 + 1.2
2.5 ~ 1.0

16.5 ~2.1
2.6 + 1.6
4.5 + 1.2
2.5 ~ 0.4
3.2 + 0.7
2.3 + 0.8
3.3 + 0.8
2.5+ 0.8
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TABLE III. (Continuecg.

gp (eV) Oplf (beV) Zp (eV) apl'y (beV) Zp (eV} ~prf (beV)

4
4
4

4

4

3

4
3

4

3

3

4

4

3

3

3
4
3
3
4.

3

4
3
4

3

4
4

4

4.

(66.89)
67.15

(67.6)
68.22
68.48
69.22
69.39
70.10
70.30
70.48
70.76
71.55
72.4
72.69
74.51
74.55
75.02
75.42
76.2
76.9
77.46
78.0
78.17
78.8
79.53
79.66
80.28

. 80.8
81.3
82.7
82.75
83.6
84.0
84.3
84.8
85.1
85.7

(s5.9)
86.75
86.85
87 ~ 5
88.2
88 ~ 7
89.05
89.7
90.0
90.4
91.1

(91.4)
92.0
92.15
92.45
93.15
94 ~ 0
94.65
94.85

(95.2)
95.5
95.7

(95.9)

61.2
1.6 +

&0.5
0.5
1.6 ~

-0.5
2.0 +
7.7+

16.6+
16.3 +
25.0 +
5.6 ~

13.4 +

4.4 +
20.6 +

9.3 +
7.3 6

20.2 ~
-1 4
~]

9.9~
12.1 4
3.9~
2.0 +
2.4 +
6.5 +
9.2 +
3.3 +

10.6 +
1.8 ~
8.5 ~
7.2 a

42.3 ~
23.1 +

10.2 +
3.1 6

1.5 ~
8.5 +

33.0 +

7.0 +
3

9.3 +
28.0+
%1.5
~4
~p 8
21.1 k

4.3+
7.5 +
1.5+
3.9 +

61
14.0 +
1.4+

S2

0.3

0.4

2.0
5.5
6.3
5.5
1.0
1.6
1.6
3.6
3.3
3.6
2.9

1.3
1.4

4.2
3 4

8.0
4.5

3.6
2.0
1.2
0.9
1.5

3.1
1.0

3
4
3

3

3
4
3

4
3

4

3
4
3

3

1.6
2.2
1.9
1.6
1.2
1.5
1.5
2.0
1.5
1.1
1.5 4
3.2
6.3
6.1
3.3
1.5
1.3

96.4
97.8
98.05

(99.0)
99.4

100.25
(loo.5)
100.85
101.6
101.8
102.65
102.8
103.4
103.7

(1O4.s)
105.15
105.7
106.1
106.4
107.55

(107.6)
108.1
108.6
109.0
109.85
110.1
111.5
111.6
112.8
113.4
114.9
115.8
115.9
116.8

(117.2)
(117.7)
118.1
118.45
118.9
(119.4)
(119.8)
120.0

(120.5}
121.6
121.8
123.5
124.7
125.0
125.7
126.0
126.3
127.5

(12s.o}
128.1
129.5
129.6
131.2
131.6
132.6
133.0

8.8 +1.5

23.3 ~ 2.9
Sl

3.7-0.9
7.8 +2.1
1.8 + 1.2
4.9 + 1.0

r P 7
3.0+ 0.8

-1.9
23.3 +2.9
6.0+2.4
7.7 +2.6

25.1 + 3.4
4.7 +2.4
3.1 ~2.4
3.5 + 1.5

12.4+2.2
~1.8

3.6 +2.2
4.9+1.2
2.2 + 1.0
3.4*1.5
8.5 +1.5
1.7 +1.1
6.3 +1.1
2.4 t 1.6

14.0 + 1.7
1.9+1.2

23.5~3 ~ 6
9.7 + 3.8
1.3 + 0.9

&1
(6
25.5 +4.2
8.2 ~ 5.2

14.5 + 3.0

9
-1.3

-3.8
44.5 + 5.0
5.7 + 1.3

11.4+ 2.7
6.2 + 3.2

17.0 + 10.0
23.3 + 10.0
27.8 + 6.8
2.1 + 1.2

S1.5
13.8 + 2.1
2.9 + 1.6
6.3 + 1.6

16.4 + 4.1
24.5 + 5.2
18.1+ 4.7
5.4+ 5.1

4

3
3

3

3
4
3
3

3
4
3
4
4
3
4
3

3

3
4

3

3

4.

3
4
4
3

3

3
4
n

3

3
4
4
3

3
4
3

133.5
135.2
135.3
136.0
136.4
137.4

(137.9)
139.0
139.1

(139.9)
140.3
141.9
142.0
143.7
144.4
145.4
145.6
146.8
147.2

(148.6)
148.9
149.9
150.0

(151.2)
151.6
152.9
153.4
154.8
155.4
155.8
156.1
156.7

(157.5)
(158.2)
158.6
159.2
160.8
160.9

(161.7)
162.3

(162.8)
163.6
164.9
165.7
166.3
168.0
169.3
170.4
171.6

(173.3)
174.0
174.4

(175.3)
(175.7)
176.3
177.3
177.4
178.7
(179.3)
180.0

19.7 + 3.8
54.3 + 7.5
-4.2

6.8 + 3.2
3.8 + 2.2

14.2 + 2.0
&0.9

1.0~ 0.7
2.7 + 0.8
2.9+ 1.6
7.8 + 1.7

13.3~ 1.4
22.3 + 3.8
2.3~ 0.9
3.2 + 1.2

26.8 + 4.1
5.1 + 4.3
3.0 + 2.3

11.2 + 2.3

19.4+ 3.7
5.9+ 3.8
2.7 + 2.4
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TABLE III. (Continued)

Z, (eV} Eo (ev) Z, (eV)

3

3

3
4
3
4
3
3
4
3
4.

3
4
3

3
3
4
4
4
3
4
4
4
3

3

4

180.5
181.7
182.2
183.4

(183.8)
185.6
186.1
186.6
187.5
189.2
189.5

(189.8}
191.1
192.2
192.4
194.0
194~ 1
196.0
197.8
198.4
200.2
201.8
203.2
203.6
205.2
206.7
207.0
209.5
210.6
211.2

- 212.9

3
4
3
4

3

3
4'

3
4
3

3

3
4

4

3-
4

213.4
213.8
215.2
216.0
217.0
217.5
220.3
220.8
223.3
224.6
224.7
226.6
227.0
228.8
231.1
231.4
232.9
233.6
236.5
238.0
239.8
241.0
242.6
244.0
245.3
245.9
247.5
247.8
249.0
251.5
252.7

4

3

3

4

3

3
3

253.9
255.7
257.8
259.2
860.4
261.4
262.2
264.4
266.0
267.7
269.6
270.7
272.5
273.1
276.6
276.8
278.5
279.4
280.5
284.5
285.5
287.0
289.1
289.8
292.1
294.5
295.6
296.1
297.5
298.4
300.6

mining the total widths; i.e., the total widths de-
termined by shape analysis are so strongly de-
pendent on what is assumed for the resolution
function that no meaningful comparison can be
made. There are but two quantities that seem to
be reasonably well represented by such analyses,
the total area ool" and the fission area o'o?'&. The pro-
cedure used to obtain resonance parameters was
to calculate total and fission areas from previous
results of fitting total and partial cross sec-
tions. "'"" We then selected results that were
in reasonable agreement from Refs. 15, 20, 27-29,
31, 32; and 34, averaged them, and obtained the
standard deviation. If the resonance in question
is isolated, the fission areas generally agree,
within the errors, with the corresponding entry in
Table III. If the resonance in question consists
of a mixed doublet of different spin, which is often
the case, we used our estimated total width for
the wider of the two, calculated O,F from voT'f and
our estimate of the total width, using an assumed
value of 35 meV for I'&, and obtained O,I" for the

narrower of the two by subtraction. If the reso-
nance in question consists of more than two com-
ponents, then we proceeded by stripping the one
with the largest apparent width, then the next
largest, etc. , with a corresponding increase in the
uncertainty. It should be emphasized that this
procedure depends on an estimate of the total width
for the wider of two previously unresolved levels.
Below 60 eV, the procedure is reasonably satis-
factory, but at the higher energies in the range of
60-100 eV, the estimate of the total width be-
comes much less reliable. At energies above
100 eV, where the resolution width approaches 0.5
eV, this resonance analysis procedure could not
be used.

The recommended parameters are listed in Ta-
ble IV. They are not multilevel parameters and
are not expected to describe the resonance asym-
metries. The objective is to provide a more near-
ly complete set of parameters that preserve the
spin-dependent fission strength reflected in the
present work, that are cons'istent with capture and
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TABLE IV. Recommended resonance parameters for (+5U+ g ) below 100 eV.
tion is made that I'„=35 + 2 meV for both spin states.

The assump-

3

3
4

3
4

3
4
3
4

3.
3

3

3
4

4
4
4
4
3
3

3

4
3
3
4
4
4

4
3
4

4
4
3
3
4

4
3

4
3
3

Eo (eV)

0.285 + 0.007
1.144 + 0.015
2.033+0.003
2.762 + 0.013
3.150 + 0.007
3.613+ 0.006
4.2 + 0.2
4.845 + 0.004
5.50 ~0.08
6.2 14 + 0.023
6.382 + 0.015
6.95 + 0.03
7.077 + 0.003
7.55 +0.01
7.70 + 0.0 5
8.766 + 0.019
8.97 + 0.03
9.279 +0.010
9.76 + 0.04

10.177 + 0.021
10.9 + 0.].
11.669 + 0.012
12.396 + 0.004
12.43 +0.03
12.862 + 0.015
13.270 + 0.026
13.6 96 + 0.022
13.996+0.013
14.552 +.0.023
15.408 + 0.007
15.51 + 0.01
16.090 a 0.007
16.664 + 0,016
17.22 + 0,02
18,05 + 0.02
18.12 + 0.03
18.972 + 0.016
19.297 + 0.015
19.32 +0.03
20.08 + 0.03
20.17 +0.04
20.63 + 0.03
20.91 + 0.04
21.068 + 0.014
22.05 + 0.03
22.934 + 0.025
23.411+ 0.009
23.612 + 0.015
24.23 +0.02
24.90 + 0.04
25.40 a 0.04
25.60 +0.02
26.46 +0.02
26.52 +0.04
27.16 + 0.03
27.79 + 0.03
28.00 +0.05
28.36 + 0.02
28.73 +0.03

2gI „(meV)

o.0059 +0.001].
0.0129 + 0.0014
0.0057 +0.0004
0.00078 + 0.00028
0.0122 + 0.0008
0.0250 + 0.0012
0.0011
0.0276 + 0.0007
0.0134 +0.0009
0.0275 + 0.0057
0.1077 + 0.0060
0.0020 + 0.0012
0.0458 + 0.0016
0.0013
0.0013
0.370 + 0.021
0.026 + 0.009
0.051 + 0.015
0.0107 + 0.0024
0.0202 + 0.0039
0.0018
0.174 + 0.010
0.366 + 0.016
0.0172 + 0.0054
0.0213 + 0.00 16
0.0147 + 0.0039
0.016 + 0.010
0.128 + 0.019
0.0279 + 0.0035
0.06 16 + 0.0018
0.0036
0.0940 + 0.0021
0.0699 + 0.0025
0.0025
0.063 + 0.010
0.024 + 0.010
0.0235 +0.0046
0,667 +0.029
0.054 + 0.013
0.010 + 0.006
0.009 + 0.004
0.0401 + 0.0021
0.0031
0.334 + 0.024
0.0036
0.0962 + 0.0047
'0.164 + 0.012
0.163 + 0.016
0.06.9 + 0.006
0.0072
0.0127
0.218 + 0.023
0.064 + 0.011
0.054 + 0.008
0.0147+0.0048
0.124 +0.024
0.0077 +0.0036
0.0365+ 0.0041
0.0078 +0.0057

(me V)

86 +17
107 + 11
10.7+ 1.2
74 +28

103 + 11
52.8+ 4.7

200 ~

3.9+ 0.6
400 +60
132 + 27
11.0 + 2.1

330 +30 ~

27.9+ 2.7
~35 8

200 ~

98 + 9
650 + 50

83 +30
320 +30

62 +13
210

5.8+ 1.1
g2 7+ 2.2

125 +40
109 + 18
134 +48

57 +30
560 + 80
18.4+ 4.6
42.8+ 3.6

175
20.5 + 2.5
97 + 8

105 ~

89 +18
260 + 70

32 + 14
53.2+ 4.9

220 +70~
25 +20

125 *35
41.7+ 4.1

280 ~

24.0+ 2.3
~260

44.5 + 4.4
11.8+ 3.1

126. + 18
30.7 + 4.3

160 ~

160
550 + 60

58 + 10
, 440 + 60'

65 + 25
91 + 7

100 +. 60
109 + 16
40 + 25

go I (meV)

14.5 +2.6
15.8 + 1.7
5.22 + 0.36
0.62 + 0.22
9.0 +0.6

17.3 + 0.8
0.7

16.5 + 0.4
7.5 +0.5

12.4 +3.0
56.0 + 3.1
1.0 ~0.6

22.6 +0.8
0.6

~p 6
164 + 9
11.5 + 4.0
21.9 +6.4
4.6 + 1.0
8.3 ~1.6

~p
67.1 +3.9

136.5 + 6.0
6.4 + 2.0
7.8 + 0.6
5.3 +1.4
5.5 + 3.6

45.0 + 6.7
9.6 + 1.2

20.6 + 0.6
~ ]
30.8 +0.7
22.5 +0.8
~P 8
19.4 +3.2

7 4 +3.0
7.1 + 1.4

200. + 9.
16.3 +4.0
2.9 + 1.6
2.7 6 1.2

11.6 + 0.6
~0.9
95.5 + 6.9
1.0

26.4 + 1.3
44,4 y 3,4
44.1+ 4.3
18.3 + 1.5
1.9
303

56.6 + 6.0
N.4+ 2.8
13.8+ 2.0
3.7 + 1.2

30.9+ 5.9
1.8 + 0.9
9.0 + 1.0
1.9 + 1.4

00 Tf (meV)

10.3 + 1.9
11.9 + 1.1
1.22+ 0.12
0.42+ 0.16
6.8 +0.6

10.4 + 0.7
0.6
1.66 ~ 0.22
6.9 ~ 0.9
9.8 + 1.9

13.3 +2.4
0.9 + 0.5

10.0 + 0.8
Alp 3
~p 5

120 + 9
10.9 + 3.8
15.4 +5.5
4.2 + 0.6
5.3 +1.1

~0 6
9.4 + 1.7

52.4 + 4.2
5.0 + 1.7
5.9 + 0.9
4.2 + 1.5
3.4 + 1.7

42.3 +5.4
3.3 + 0.8

11.3 +0.7
~ ]
11.3 + 1.2
16.5 + 1.1
~0 6
13.9 + 2.7
6.6 + 2.5
3.4 + 1.5

117. + 9
14.2 + 3.6
1.2 + 1.0
2.1 + 0.6
6.3 + 0.5

~P 8
38.0 + 3.0
~0 9
14.7+ 1.2
11.0 + 2.8
34.3 +4.4
8.5+ 1.1

-2.8
53.1+5.7
10.2 + 1.6
12.8 + 1.6
2.4 + 0.9

22.2 6 1.3
1.4+ 0.8
6.8+ 0.9
1.0+ 0.7
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TABLE IV. (Continued)

3

4

3
4,

3

3
3

3

3

3

3
3

4
3
4

3

4
3

3

3

3

4
3

4

29.00 +0.05
29.6 56+0.020
30.593 ~ 0.015
30.869+ 0.015
31.55 +0.02
32.02 + 0.02
32.08 + 0.03
33.518 + 0.013
33.65 ~0.03
34.373+0.017
34.4 + 0.1
34.858 *0.017
35.11 + 0.03
35.18 +0.03
36.45 + 0.03
37.20 +0.05
37.57 + 0.03
38.08 +0.03
38.36 + 0.04
39.410 + 0.012
39.93 + 0.04
40.5]. a 0.03
41.33 + 0.04
41.60 + 0.04
41.873 + 0,013
42.2z +0.04
42.48 + 0.04
42.70 + 0.02
43.40 + 0.02
43.97 +0.03
44,60 + 0.04
44.86 + 0.04
45.82 + 0.04
46.80 + 0.04
46.9 + 0.1
47.02 +0.05
47.97 +0.02
48.31 + 0.02
48.55 + 0.05
48.77 + 0.03
49.45 + 0.04
50.12 + 0.04
50.40 + 0.04
50.51 + 0.04
51.11+ 0.04
51.29+ 0.04
51.63+ 0.03
52.26 + 0.03
$2.9 + 0.2
53.46 + 0.05
54.13+ 0.06
54.92+ 0.04
55.07 + 0.04
55.82 + 0.04
55.9 + 0.3
56.2 + 0.3
56.50 + 0.06
57.66 + 0.06
57.81+0.06
58.10+ 0.06

2gI'„(meV)
0.0057
0.0319
0.038

+ 0.002].
+ 0.007
+ 0.0060.097

0.0026
0.191 + 0.040

+ 0.047
+0.013

0.138
0.309
0.0079
0.340 + 0.031

+ 0.027
+ 0.032
+ 0.050
+ 0.068
+0.009
+ 0.0046
+ 0.0047
+ 0.009
+ 0.007
+ 0.014
+ 0.010
+ 0.0058
+0.010
+0.015
+ 0,014
+ 0.010
+ 0.0060
+ 0.0035
+ 0.009
~0.015
+ 0.028
+0.020
+0.0031
+ 0.025
+ 0.010
+ 0.029
+ 0.017
+ 0.031

0.039
0.192
0.239
0.678
0.0 1.2
0.0093
0.0079
0.018
0.054
0.393
0.052
0.0673
0.049
0.062
0.202
0.063
0.0134
0.0418
0.100
0.084
0.107
0.137
0.0258
0.101
0.022
0.122
0.128

-0.0154
0.116
0.142
O.p44
0.014
0.121
0.122
0.360
0.064
0.362

~0 0]4
0.084
0.033
0.052
0.361
0.325
0.1].8
0.131
0.490

-0.024

+ 0.0].4
+ 0.017
+0.008

+ 0.016
+ 0.038
+ 0.046
~ 0.015
+ 0,023

+ 0.009
+0.009
+ 0.026
+0.038
+ 0.040
+0.061
+ 0.039
+ 0.058

0.].26 + 0.025
0.178 +0.013

I'& (meV)

260
23+7 + 3~3
87 + 12
19.8 + 4.3

160
85. + 30 ~

16.8+ 6.5
27.0 + 2.6

VP R

28.6+ 4.2
730 +470

76 + 14
170 + 40~
100 + 15
125 + 80~
200 + 80 ~

160 + 80 ~

230 + 100
218 + 27'

56.3 + 4.2
164 + 71
161 + 17
140 + 50
190 + 70
15.3+ 1.6
66.7+ 6.8

155 + 70
V.7 + 4.].

18.4 +
161 + 37
99 + 34

660 + 100
100 + 10
103 + 29
460 + 180 ~

68 + 16
38.8 + 8.0

115 + 20
160~
50.5+ 9.9
16.9+ 2.7
34 + 12

49.4 + 8.1
260 +80 ~

67 +12
60 +30

420 +40
120

96 + 14
125 + 33
220 + 100
35.2 + $.7

285 + 35
250 + 130
360 +100 '

53 + 10
-260

110 w 32
38.5 +

7.7+
9.0 +

22.9+
-0.6
44.3 +
32
70.2 +
-]..8
76.3+
8.7 +

42.8 +
53

128
2.7 +
2.0 +
1.7+
3.8 +

11.5 +
82.2+
10.7 +
13.9 +
10.0+
12.7 6
40.9+
12.7+
2.7+
8.4 +

20.0 +
16.6+
21.1+
26.9+
5.0 +

19.4 +
4.3 +

23.3 4
24.2+
26.8 +
2.9

21.9+
26.6+
8.2 +

~2.6
22.3 +
22.4 ~
66.0 +
11.7 6
65.8 +
2.6

15.1+
5.9+
9.3 +

63.9+
57.2 +
20.7 +
22.9+
85.7 +

21.8 +
30.6+

0.5
1.6
1.5

9.4
11
3.0

7.0
6.0
7.0

11
15
2.0
1.0
1.0
2.0
1.6
2.9
2.0
1.2
2.0
3.1
2.9
2.0
1.1
0.7
1.8
3.0
5.5

. 0.6
4.8
2.0
5.5
3.3
5.9

2.7
3.1
1.5

3.0
7.0
8.5
2.7
4.1

1.6
1.6
4.6
6.8
7.0

10.7
6.8

10.2

2.2

1.3+ 0.5
3.1+0.4
6.4+ 0.8
8.2+ 1.7
0.5

31.4+ 3.6
10.2 + 2.7
29.8+ 2.3
~]
33.4+4.5
8.3+ 5.3

28.9+ 5.0
+9

92 + 13
2.1+0.8
1.7+ 0.7
]..4 + Q.8
3.3+ 1.6
9.9+ 1.1

49,5+ 2.5
8.8 + 3.8

11.4 + 1.0
8.0+ 1.7

10.7+4.0
12.1+ 1.1
8.3+ 0.7
2.2 + 0.9
1.5+ 0.8
6.8+ 1.2

13.6+ 3.0
15.5+ 5.2
25.5+ 3.8
3.7+ 0.3

14.4+4.0
4.0+ 2.0

15.3+ 3.6
12.6 + 2.5
20.4+ 3.3
2.4 + 2.0

12.8 + 2.4
8.6+ 1.3
4.0 y ].4

~]
12.9+2.0
19.8 + 6.4:
42.5+ 7.3
7.4 + 3.7

60.3+4.3

11.0+ 1.5
4.6 + 1.2
8.0 + 4.3

31.0 +4.7
50.6 + 6.0
18.1+ 9.4
20.9+6.4
49.6 + 9.3

3 ~ 7+3+1
16.4+ 4.7
15.7+ 1.6

ao 1 (meV) oo I'~ (meV)
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TA~Lg Dr. (Continued)

J

4
3
4
3
4
3
4
3
3
4

3
4
4
3
4
4
3
4
3

3
4
3

4
3
3

3
4
4
3

3
4
3
3
4
3
4
3
3
4
3
4
3
4
3

3

3

3
4
3

.&0

58.67+ 0.05
59.73+0.06
60.20+ 0.05
60.82 + 0.06
61.13+ 0.06
61.62 + 0,06
61.96 + 0.06
62.4 + 0.1
62.92+ 0.07
63.56+ 0.08
63.80 + 0.07
64.30 + 0.07
65,01+0.07
65.80 + 0.07
66.14 + 0.08
66.45+ 0.07
66.52+ 0.07
67.26 + 0.09
68.3 +0.1
68.55 + 0.09
6 9.31+0.08
69,45 + 0.08
70.17+0,09
70.37 + 0.09
70.55 + 0.09
70.83+0.09
71.59+ 0.09
72.41+0.06
72.9 + 0.1
74.57 + 0.08
74.62 + 0.08
75.5 +0.1
75.2 +0.1
76.3 + 0.1
76.79+ 0.09
77.53 a 0.07
78.1 + 0.1
78.25 ~ 0.10
78.8 + 0.1
79.6 + 0.1
79.7 +0.1
80.4 +0.1
80.9 + 0.1
81.45 + 0.].
82.7 + 0.1
82.75+ 0.1
83.6 + 0.1
84.1 + 0.1
84.4 + 0.1
84.8 + 0.1
85.1 + 0.1
85.7 +0.1
86.8 + 0.].
86.9 + 0.1
87.5 + 0.1
88.2 +0.1
88.7 + 0.1
89.1 +0.1
89..7 + 0.1

2gF„ {meV)

0.166
0.053
0.137
0.075
0.069
0.0072
0.0138
0.025
0.018
0.106
0.020
0.150
0.017
0.0457
0.019
0.029
0.017
0.0156
0.0063

+ 0.012
+ 0.012
+ 0.014
+ 0.018
+ 0.018

+ 0.0 12
+ 0.009
+ 0.018
+-0.012
+ 0.006
+ 0.006
+ 0.005/
+ 0.009
+ 0.012
+ 0.006
+ 0.0025

0.138
0.132
0.141
0.196
0.055
0.334
0.038
0.161
0.179
0.154
0.081
0.011

+ 0.080
+ 0.041
+ 0.047
+ 0.048
+ 0.013
+ 0.028
+ 0.006
+ 0.028
+ 0.037
+ 0.032
+ 0.040

0.0122
0.107
0.090
0.040
0.0212
0.039
0.048
0.084
0.025
0.101
0.015
0.210
0.112
0.328
0.206
0.036
0.085
0.027
0.027
0.026
0.077
0.021

+ 0.0028
+ 0.017
+ 0.018
+ 0.035
+ 0.004
a 0.035
+0.034
+ 0.010
+ 0.020
+ 0.007

+ 0.022
+ 0.028
+ 0.070
+0.070

+ 0.028
+ 0.020
+0.021
+ 0.014
+ 0.020

P.266 +0.072
0.067 +0.048
0.011

0.0120 + 0.0050
0.077 + 0.013
0.005

F& {meV)

9
8P 8

26
25
17

140 ~

100 ~

130
100

1.1
100 ~

6.1
40
21

100 ~

12

80
16

10.2
80~
80

120
13
6.2

35
100

7
120 ~

30

32
10

100 ~

50
8

15
100 ~

15
240

8

2.7
13
00
40

50
80

20
30

40
60

118
180
143
130

79
175
400
460
220
600
160

6.8 +
360
27.0 +

101
83

460
62

~35
160
145
115a

22+3 +
220
140
260

68
79.8+

214
260

20
370
60

~260 ~

82
59

320
70

130
25

44p
140
360
87

200 ~

14.5+
29

320 +1
135
260
190
160
200

24
130
80

300
110

~200 ~

28.5+
9.0 +

23.2 +
12.6 +
11.6 +
~ li2
~2&3

4.2+
2.9+

17.5 +
3.2 +

24.5+
2.7 +
7.4 +
3.1+
4.7+
2.7 k
2.5 +
1.0
1.9+

12 2k
ra 2.6

2.1
2.0
2.3
3.1
3.0

I

2.0
1.5
3.0
2.0
1.0
1.0
0.9
1.5
2.1
1.1
0.4

0.8
2.0

21.7 + 12.4
20.7 +
22 ..0+
30.6 +
8.5 +

51.6 +
5.9 +

24.5+
27.2 6
23.3 6
12,2 6

6.5
7.4
7.5
1.8
4.3
0.9

5.6
.4.8
6.1

] .6
1.8 + 0.4

15.9 +
13.4 +
5.9 +
3 ~ 1+
5.8 +
7.0+

12 3+
3.6 +

14.7 +
2 ~ 1

30.3 +

2.6
2.6
5.2
0.7
5.1
5.0
1.4
3.0
1.0

3e2
16.1+ 4.0
47 +10
29.4 + 10

5,]
12.1+ 4.0
3.8 + 2.9
3.8 + 3.0
3.7+ 2.9

10.8+ 2.8
2.9

37.1+ 10
9.3 + 6.7

~],5

21.8+ 1.0
7.5+ 1.8

18.5+ 3.2
9.9+ 1.8
8.0+ 1.7

W ]
2.1+0.8
3.9+ 1.2
2.5+ 1.0

16.5+ 2.1
2.6+ 1.6
3.9+0.6
2.5+ 0.4
3.2+ 0.5
2.3+0.8
3.3 + 0.8
2.5 + 0.8
1.6+ 0.3

~0.5
1.6 + 0.4
9.8 + 0.9
2.0 + 1.4
8.3 + 2.2

17.9+ 5.9
17.6 +6.8
27.0 + 5.9
5.6 + 1.0

35.1+2.0 "
5.1+0.8 "

21.6 + 3.8
9.8+ 3.5

21 2+3.1
7.7+3.8

~],4
1.3~ 0.5
9.9+ 1.6

12.1+2 2
3.9+ 1.9
2.5~ 0.5
2.4+ 1.2
6.5+ 1.5
9.8+ 0.9
3.3+2.0

10.4 +0.7
1.8 + 1.1
8.6 ~ 1.5
7.2 +3.2

42.3 +6.3
23.1+6.1
4.5 +3.3

10.2+ 1.5
31+13
3.2 + 1.0
1.5+ 1.3
8.5+ 1.4

pv 2
33.0+4.2
6.9+4.8

~1o3

~, r {meV) o, I'I {meV)
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TABLE IV. (Cont&n+e@

Ep (eV) 2.gI „(meV) I'f (me V) Op I' (meV) ap I'& (meV)

4

4

4

4

3

89.9 +0.1
90.4 +0.1
91.3 + 0.1
92.1 + 0.1
92.2 + 0.1
92.6 + 0.1
93.2 + 0.1
94.1 + 0.1
94.7 + 0.1
94.9 + 0.1
95.2 + 0.2
95.6 + 0.1
95.7 + 0.1
96.1 + 0.1
96.5 + 0.1
97.9 + 0.1
98.1 +0.1
99.5 + 0.1

0.070
0.494
0.250
0.075

-0.007
0.270

-0.038
0.412
0.019
0.036
0.010
0.160
0.013
0.042
0.085
0.023
0.253
0.045

+ 0.030
+0.015
+0.015

+ 0.027

+ 0.013
+0.019

+0.034
+ 0.014

+ 0.036
+ 0.043
+0.048
+0.015

3
+ 0.033

90
7.9

165
45

-200
30:.7

~200 &

6.0
53

140
~70 ct

68
180 ~

41
122

70 a

86
60

50
2.8

30
16

4.0

1.0
32
50

14
26

9.7+
68.3+
34.4+
10.2 +
~ ]
36.8 +
~5,1
55.8+
2.5+
4.9y

~1.5
21.5 +
~1 .7

5.6+.
11.4 +

33.6 +
5.94

5.0
6.1
6.6
2.1

4,0
2.1
2.1

3.6

1.8
2.5

4.5
1.8

7.0 +4.0
11.5 + 3.8
28.0 +4.5
5.7 + 1.8
0.8

16.6 + 4.5
4.3 +2.0
7.5 + 1.2
1.5 + 0.9
3.9+ 1.5

14.0 + 3.1
1.4+ 1.0
3.0 + 1.0
8.8 + 1.8

23.3 +2.9
3,7 +0.9

~ Fission widths for these resonances were obtained from estimates of the total widths
observed in the present work, as described in the text. The corresponding entries for &p &
were calculated from these estimates by using op Z& and I'& under the assumption that I'&
=35 meV.

The presence of the large lanthanum resonance in this region precludes using the present
data in obtaining resonance parameters, except for the spin assignment.

total cross section data, and that can be used to
obtain average parameters for the statistical
treatment of the unresolved resonance region.

and

I'- x dx=0.969 r'„,
Z/4

(8c)

IV. AVERAGE PARAMETERS IN THE RESOLVED
RESONANCE REGION

f(x)dx = 0.617,
1/n

(8a)

(8b)

A. Level spacings and reduced neutron widths

The tests based on calculation of the Dyson-
Mehta 6, statistic" mere found to be unsatisfac-
tory, because changing the criterion for levels
that are included in the basis set can lead to com-
pletely different solutions for the average spacing.
As an alternate approach, we devised an indepen-
dent missing-level estimator, which is based on
the properties of the reduced neutron width dis-
tribution. In particular, one uses the moments of
the reduced neutron width distribution to estimate
the number of missing levels. The folloming two
assumptions are made: (1) the neutron width dis-
tribution is Porter-Thomas, and (2) the larger
widths are accurately known. If it is assumed
that the larger widths a.re known above (I'„)/4,
then it can easily be shown that the Porter-Thomas
distribution has the following properties:

where x = I"„/(I"„),and f(x) = (1/2vx) exp(--,'x). If
one forms the ratio

Io
& r„o&/4

Z cr„)

it has the expectation value

0.969 0.617
0.704

where n is the number of levels having I'„ larger
than (I'„)/4. To use the missing-level estimator,
one calculates the quantity n+I'o/(+PI o )', start-
ing with the largest value of I'„ in the interval and
adding additional levels, one at a time, going from.
larger to smaller values in the ordered array of
observed values of I"„'. %hen this quantity equals
1.206, the total number of levels in the interval
is n/0. 617. The missing-level estimator was
tested by Monte Carlo sampling from a Porter-
Thomas distribution, and it was found that the ex-
pected relative error varies as IQN, where Vis
the total number of levels in the sample, or -8.6%
for 140 levels. The first attempts" to apply the
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missing-level estimator to ("'U+n) were carried
out with four different independent sets of re-
commended reduced neutron widths for '"U, those
of Smith and Young, "those of Reynolds, "those
of de Saussure et al. ,

"and those of Mughabghab
and Garber, "which for the most part are those
of Blons." The results are 117+ 10, 110+ 10, 110
+ 10, and 107+ 10, respectively, as the total num-
ber of levels below 62 eV. However, when one
uses the recommended set of neutron widths listed
in Table IV, one obtains a significantly larger
value for the estimated total number of levels in
this energy range: 139+12. The reason for this
discrepancy is that the estimator is sensitive pri-
marily to the magnitude and number of large neu-
tron widths, and it so happens that several of the
large neutron widths obtained in earlier work are
actually doublets of mixed spin. The estimate of
139+ 12 is expected to be the most reliable.

From a calculation based on the average pa-
rameters of Table V, we concluded that the prob-
ability that any of the observc9 resonances below
62 eV are p wave is negligibly small. The results
of this calculation also indicate that a few of the
s-wave resonances (approaching 20%%up at 80 eV or
10-12'%%uo on the average) may be too small to be
observed, and that the probability that such res-
onances are missed is slightly higher for spin 3
than for spin 4, because the spin-3 resonances
have larger average fission widths.

As a result of multilevel interference in fission,
the above estimate of 10 to 12'%%uo for the number of
missing levels below 62 eV may very well be too
high. As is well known, "a fission resonance hav-
ing a neutron width with a value of zero is readily
observable if it interferes strongly with one or
more adjacent resonances. Perhaps the best ex-
ample of this phenomenon in ('"U+n) is the 2.8-eV
resonance, for which the parameters obtained by
Reynolds" or by de Saussure et a/. "would give a
peak fission cross section well below 1 b if used
in a single-level calculation. The 2.8 eV reso-
nance is readily apparent in the measured data,

however, and Figs. 1-5 seem to show several
other resonances of this type below 60 eV.

One can also infer that a few levels are still
missing by examining the spacing distribution.
Figure 14 shows the distribution of observed spa-
cings from the recommended resonance energies
listed in Table IV, compared with that calculated
from a Wigner distribution of a mixed sequence
having the relative densities given by the average
parameters in Table V. Although the agreement
is markedly superior to any which has been pre-
viously observed for ('35U+n), the distribution
suggests that a few levels are missed.

To obtain the recommended average spacing,
we have used the result from the missing-level
estimator, that there are 139+ 12 levels below 62
eV. Fitting the stairstep curve of a mixed se-
quence of 139 levels found to be consistent with
the 6, statistic gives the recommended average
spacing d=((D, ) '+(D, ) ') '=0.438~0.038 eV.
The average spacings (D,) and (D,) were obtained
by assuming the spin dependence of the level den-
sity as

p~(2 J + 1)exp[-(J + —,')'/2(x'],

with 0 -6.5 in this region of masses, "'"leading
to the recommended values of 0.953+ 0.082 and
0.809+ 0.070 eV for the spin-3 and spin-4 spacings,
respecti vely.

The recommended average spacing of 0.438
+ 0.038 eV for levels of both spins is somewhat
lower than the 0.53+ 0.03 eV obtained by Michau-
don et a/. " It is in reasonable agreement with the
estimate of 0.38 eV+ 10'%%uo suggested by Garrison's"
statistical treatment of missing levels for '"U.

The calculation of the s-wave neutron strength
function was done in the usual way, by least-
squares fitting of the stairstep curve of +~I'0&„ for
resonances having Ez& E as a function of neutron
energy below 100 eV. The results give 10'(I'„/D)
=0.945+ 0.098 and 1.043+ 0.089 for spin-3 and
spin-4 resonances, respectively, for the parame-
ters listed in Table IV. These parameters pre-

TABLE V. Average parameters for ( U+n) used in the analysis of the unresolved reso-
nance region below 25 keV.

D (eV)

s' = (I'„'/D)
(x10 4) (Ff) (ev) (r,) (eV)

3
4.

2+
3+
4+
5+'

0.953 + 0.082
0.809+ 0.070
1.238
0.953
0.809
0.748

0.945 + 0.098
1.043 + 0.089
2.25

3.0

0.0
0.0
0.49

a
0.40

0.180+ 0.018
0.091+ 0.011
0.394
0.227
0.258
0.179

0.035 + 0.002
0.035 + 0.002
0.035
0.035
0.035
0.035

Neutron strength functions and R for 3+ and 4+ p-wave levels are linear combinations
(weighted by the appropriate g factors) of those listed for 2+ and 5+ levels.
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fitting the slope of the cumulative sum

". ~Lg

I. O

S PAGING (e V)

(.5

FIG. 14. The resonance spacing di.stributiomt for
(23 U+n) below 62 eV. The histogram shows the spacings
obtained from the present work, as -listed in Table V;
the curve shows the spacing distribution calculated from
a signer distribution of a mixed sequence having the
relative densities recommeg, ded in Table VII.

serve the total area O,I' in broad-bin averages;
thus 'the strength function determination:i. s insen-
sitive to levels that may have been missed.

B. Fission widths

Yhe average fission widths listed in Table V are
about a factor of 2.different for the two spin states:
(I'f), = D. 196+ 0.012 eV, (1 &),= 0.103' 0.00'l eP.
However, the determination of the average fission
widths by simply averaging the widths as listed
for the resolved resonance region may be biased
by an experimental problem. The best-known
widths are those which are associated with the
strong narrow resonances; here the cap1t'.ure-to-
fission ratio permits the fission width to be as-
signed with an accuracy comparable to that as-
signed to the radiative capture width. The fission
widths of the weak levels are poorly known, be-
cause one. must rely on shape analysis, and gen-
erally, they are.overestimated because of statis-
tical uncertainties in the data. It is ea ier to fit
the data within the error limits with a ~;esonance
shape that is somewhat too wide than with one that
is too narrow, and the shape-fitting cod,es that are
commonly used seem to reflect this tendency.

To avoid biasing the determination of the aver-
age fission width, an alternate procedure was
adopted, one that is similar to the usual method
of determining the strength function by least-
squares fitting the slope of Q ~I'„„vs E,. It may be
noted that this method of extracting the strength
function is entirely equivalent to fitting the slope
of the cumulative sum P„o,~l'„4@~ vs E, because
the quantities are proportional. In the same way,
fitting the slope of the cumulative sum

Q ~a, ~i'„~v'Z~ gives the quantity (1'„1z('DI'), and

(+ok~ X
- +0)i~ kf)~+~ ~ 7

Z I'), y+ I'x.

gives the quantity (I"„1z/Di'). This procedure is
also similar to that which one uses in calculating
average cross sections in the unresolved reso-
nance region, i.e., it gives a result which is
weighted according to the neutron strengths of the
resonances, and it requires the application of a
width fluctuation correction appropriate to the
number of fission channels in each spin state be-
fore one can arrive at the ratio (I'f)/(I'&). Using
the width fluctuation correction procedure of
Moldauer and the number of fission channels for
each spin, listed in Table V, leads to the recom-
mended average fission widths of 0.180+ 0.018 eV
for spin 3, and 0.091+ 0.011 eV for spin 4, with
the assumption that I"&=0.035 eV for both spin
states, a value chosen on the basis of nuclear sys-
tematics.

The only reason one needs to know the number of
fission channels or degrees of freedom is to cal-
culate width fluctuation corrections properly. As
shown in Table V the number- assumed for the
analysis of the unresolved resonance region was

pf =2 for spin 4, v&
——3 for spin 3. Use of somewhat

different values does not change the conclusions
we reached.

V. VARIATION OF (lf) BEI-Ovf 25 kev

The objective of the unresolved-resonance anal-
ysis is the extraction of a self-consistent set of
average resonance parameters, (I'„), (I'~), and

(I'z), for each s-wave spin state. These average
parameters can be energy dependent; they are
determined for energy bins which'are broad enough
to contain a large number of fine-structure (class
I) resonances, yet narrow enough to show the ef-
fects of possible intermediate structure (class II)
states. The data were averaged in bins which
ranged from 0.05 keV in width at the lowest en-
ergies to 0.5 keV in width near 25 keV. The data
were then renormalized to a "best value" of the
fission cross section of '"U, averaged over the
same bin structure, preserving the ratio of (oz),
to (oz),. This was done to remove the effects of
resonances, primarily in lanthanum, which were
still present in the polarization data. In the pre-
liminary analysis, the "best-value" fission and
capture cross sections used were those of Gwin
et al.";in the final analysis, the "best-value" data
were those obtained by Bhat." Figure 15 shows
the averaged absorption, fission, spin-separated
fission, and radiative capture cross sections
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FIG. 15. Partial cross sections and (e), the aver-
age capture-to-fission ratio for { V+n) from 0.1 to
30 keV, from Ref. 43. The spin-separated fission
cross sections shown in the middle two curves were ob-
tained by renormalizing in each bin such that the sum
gives the recommended fission cross section.

I

(multiplied by the square root of the neutron en-
ergy), and (a), the average-radiative-capture to
average-fission ratio, as a function of neutron en-
ergy from 0.1 to 30 keV. The statistical uncer-
tainties of the spin-separated fission cross sec-
tions are shown by the shaded regions on these
curves.

The next step in the analysis was the correction
of the data shown in Fig. 15 for the p-wave con-
tributions. Most of the cross section at energies
below 25 keV is due to s-wave neutron interac-
tions, and the assumption mas made that the p-wave
interactions can be adequately treated as a cor-
rection that is smoothly varying with energy. The
P-wave average parameters used for this correc-
tion are listed in Table V. The p-wave fission
widths and number of degrees of freedom v& were
chosen by requiring that they give a reasonable
fit to the capture-to-fission ratio of Gwin et al."
at 150 keV. All the data shown in Fig. 15 were
then corrected for p-wave contributions; the cor-

rection for the spin-separated fission cross sec-
tions also requires the use of p-wave polarization

,
i

factors that are not the same for the tmo s-wave
spin states. The treatment of width fluctuations,
both for" the p-wave neutron corrections and for
the extraction of s-wave avera, ge parameters, fol-
lowed the formalism of Moldauer. "

At the conclusion of this preliminary data, ma-
nipulation, there were three sets of data: the
spin-3 s-wave fission cross section, the spin-4
s-mave fission cross section, and the s-wave
absorption cross section corresponding to the sum
of the spin-3 and spin-4 components. If spin-sep-
arated absorption cross sections had been avail-
able, the analysis would have been almost trivial.
In this energy range, the average absorption cross
section varies almost linearly with the average
neutron width, but varies only very weakly with
the average fission width. Thus, the spin-sepa-
rated absorption cross sections, had they been
available, could have been used to extract the av-
erage neutron width for each spin state; the neu-
tron widiths could then have been used to extract
average fission widths consistent with the spin-
separated fission cross sections; and, after a few
iterations, the problem would have been solved.

Spin-separated absorption cross sections mere
not measured in this experiment. To carry out
the analysis, we were forced to resort to assump-
tions and self-consistency arguments. Energy
bin widths of 0.1 keV are large enough to contain
about 100 resonances of each spin state, so that
the Porter- Thomas fluctuations in the average
neutron ~vidths, while not negligible, are not ex-
tremely large (-15%). If there were no interme-
diate structure in fission, the flue. uations in the
average:fission widths should also be relatively
small. 'I'here are thus four average parameters
which might fluctuate: (I'z) „(I'&)„(I'„)„and
(1'„),. However, the three pieces of data available
do not all. ow all four of these to be determined.
As limiti~ng cases, we held each of these parame-
ters constant for al.l bins and solved for the other
three as energy-dependent parameters. We then
averaged the four sets obtained. The average of
the four sets of four parameters will not neces-
sarily de. cribe the data, so a fifth calculation mas
then made, which uses these averaged values as
initial guesses and varies each of the parameters
in turn by a small increment to obtain the final
solution.

The purpose of this study ma, s to test the null
hypothesi ~ that there is no evidence for inter-
mediate st;ructure. We used as the four constant
input parameters the resolved resonance averages
(I"z),= 0.180 eV, (I'z), = 0.091 eV, S', = (I'o/D), = 1.043
x10 ', and. S4=0.954&10 '. We found that the data
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TABLE VI. Spin-dependent neutron strength functions and average fission widths below 25 keV. The asterisk denotes
convergence failure when the resolved-resonance averages are used as the initial guess parameter in the calculation.

Energy
(kev)

g0

(xlO 4)

g0

(x10 4}
(,r&)4
(eV)

Energy
(keV)

g0

(xlo-4)
S40

(xlo 4)
(ry) 3

(eV)
(ry)4
(eV)

0.0- 0.1
0.1- 0.2
0.2- 0.3
0.3- 0.4
0.4- 0.5

0.5- 0.6
0.6- 0.7
0.7- 0.8
0.8- 0.9
0.9- 1.0
1.0- 1.1
1.1- 1.2
1.2- 1.3
1.3- 1.4
1.4- 1.5
1.5- 1.6
1.6- 1.7
1.7- 1.8
1.8- 1.9
1.9- 2.0

2.0- 2.2
2 ~ 2- 2.4
2.4- 2.6
2.6- 2.8
2.8- 3.0

3.0- 3.2
3.2- 3.4
3.4- 3.6
3.6- 3.8
3.8- 4.0

4.0- 4.2
4.2- 4.4
4.4- 4.6
4.6- 4.8
4.8- 5.0

0.945
0.889
1.154
0.828
O.914

0.935
0.933
0.917
0.758
0.967

0.961
0.911
0-.720
0.935
0.865

1.022
0.895
'0.842
0.883
1.105

0.889
0.874
0.964
0.953
0.791

0.806
0.820
0.851
0.739
0.775

0.810
- 0.973

0.866
0.921
0.879

1.043
1.070
1.182
0.989
1.019

1.372 +

1.104
1.244
1.012
1.002

1.100
1.223
1.021
0.979
0.932

0.736*
0.960
0.899*
1.228
1.448

0.966
0.959
1.090
0.758*
0.841*

1.037
1.046
0, 982
1.034
1.147

1.003
1.113
1.116
O. 907
0.857*

0.180
0.129
0.211
0.166
0.281

0.138
0.218
0.125
0.125
0.111

0.123
0.124
0.140
0.285
0.219

0.254
0.279
0.239
0.116
0.114

0.158
0.259
0.252
0.317
0.212

0.187
0.189
0.254
0.134
0.103

0 214
0.230
0.169
0.244
0.256

0.091
0.096
0.107
0.100
0.148*

0.266*
0.130
0.153
0..114
0,.064

0.086
0.216*
0.165*
0,.163*
0., 105

0., 080
0..157*
0,.146*
0.171*
0.163

0.082
0.125
0.164*
0.182*
0.254 +

0.172*
0.200*
0.173*
0.244*
0.280*

0.150*
0.180+

0.180*
0.095
0.117

6.0- 6.5
6.5- 7.0
7.0- 7.5
7.5- 8.0
8.0- 8.5

8.5- 9.0
9.0- 9.5
9.5-10.0

10.0-10.5
10.5-11.0
11.0-11.5
11.5-12.0
12.0-12.5
12.5-13.0
13.0-13.5
13.5-14,0
14.0-14.5
14.5-15.0
15.0-15.5
15.5-16.0
16.0-16.5
16.5-17.0
17.0-17.5
17.5-18.0
18.0—18.5

18.5-19.0
19.0-19.5
19.5-20.0
20.0-20.5
20.5-21.0

21.0-21.5
21.5-22.0
22.0-22.5
22.5-23.0
23.0-23.5

0.836
0.965
1.088
0.818
0.886

0.809
0.944
0.892
0.772
0.896

0.924
0.775
0.823
0.815
0.851

0.953
0.900
0.645*
0.721
0.626

0.677
0.814
0.724
0.757
0.865

0.697
0.981
0.740
0.844
0.708

. 0.768
0.744
0.784
0.773
0.784

1.059
0.937
0.871*
1.068
1.130

1.125
1.192
0.980
1.G66

1.041

1.125
1.019
1.039
1.011
1.210

0.949
1.013
1.219*
0.971
1.082

1.206
1.014
1.059
1.108
0 ~ 999

1.072
0.845
0.983
1.052
1.053

0.927
1.069
1.257*
1.073
0.968

0 ~ 131
0.227
0,261
0.119
0.088

0.115
0.136
0.202
0.106
0.168

0.147
O.136
0.112
0.136
0.109

0.209
0.168
0.059
0.120
0.082

0.048
0.110
0.078
0.097
0.204

0.117
0.230
0.164
0.081
0.059

0.102
0.130
0.080
0.086
0.080

0.106
0.084
0.084
0.110
0.094

0.127
0.126
0.101
0.123
0.102

0.113
0 ~ 114
0.099
0.104
0.180*

0.089
0.096
0.288*
0.119
0.183*

0.167
0.100
0.112
0.138
0.114

0.229+
0.080
0.144
0.091
0.100

0.094
0.177*
0.226*
0.106
0.086

5.0- 5.2
5.2- 5.4
5.4- 5.6
5.6- 5.8
5.8- 6.0

0.742
0.845
0.864
0.843
1.362

1.097
0.970
1.079
1.077
1.124

0.103
0.232
0.195
0.179
0.129

0.231*
0.193*
0.233*
0.138
0.065

23.5-24.0
24.0-24.5
24.5-25.0

0.916
0.769
0.785

1.008
1.061
0.996

0.119 0.088
0.108 0.135
0.139 0.121

are not always consistent with these initial values
for certain of the parameters. In particular, about
one-third of the calculations failed to give a so-
lution with (I'~), set equal to 0.091 eV. The rea-
son for this is not difficult to see: One can easily
find a value of the neutron strength function S,
which is consistent with the spin-4 fission cr oss
section as measured, and with (I'&) ~=0.091 eV.
One then calculates a spin-4 absorption cross
section and subtracts it from the measured s-wave
absorption cross section to get the spin-3 absorp-

tion cross section. If this quantity is less than
the measured spin-3 fission cross section, then no
solution with nonnegative widths is possible, and
the iterative procedure used in the calculation
cannot converge.

The asterisks in Table VI summarize the ener-
gy dependence of such convergence failures for
each of the input parameters. The rate of con-
vergence failure for (1&),=0.091 eV shows clearly
a nonrandom behavior, consistent with the statis-
tical tests indicating the presence of intermediate
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FIG. 16. Average spin-3 fission width for ( U+g)
from 0.1 to 25 keV obtained from the unresolved re-
sonance analysis described in the text. The curve has
no theoretical significance; it is simply the authors
eye guide.

FIG. 17. Average spin-4 fission width for ( U+g)
from 0.1 to 25 keV obtained from the unresolved re-
sonance analysis described in the text. The curve has
no theore. tical significance; it is simply the authors
eyeguide .

structure in ('"U+n) in this region. ' ' It also may
be noted that the initial guess that (I ~), is con-
stant and equal to 0.180 eV never fails to give a
reasonable solution for the other three parame-
ters.

To complete these studies, we allowed (I'f)„or
any of the parameters that failed to give q. solu-
tion, to va.ry by one standard deviation 9om the
resolved-resonance average, repeating this until
a solution consistent with the data could be found.
The resulting average fission widths and neutron
strength functions obtained are listed in Table
VI and the fission widths are plotted in Figs. 16
and 17. The uncertainties in Figs. 16 and 1V are
those which arise from the statistical uncertain-
ties in the spin-separated fission cross sections;
the smooth curves are eye guides drawn to show
the significant structure.

No uncertainties are listed in Table VI. The set
of values shown is only one of many that could be
obtained; in particular, it is the one which is most
nearly consistent with the resolved-resonance av-
erages. The four solutions that were averaged to
obtain the results shown in Table VI have one
striking common feature: They aQ reproduce the
structure in (I'z), shown in Fig. 17. This is true
even for the solution in which (I"~), was set equal
to 0.091 eV; the convergence failures force (I'z),
above the value and qualitatively describe the
structure.

Other solutions were also investigated, with
somewhat different constraints. All the solutions
studied have the same common feature: The rela-
tive fluctuations in the four parameters listed in
Table VI are reproduced, although the magnitudes
are different.

The r&.suits of these studies can be summarized
as follovvs: The data are clearly not consistent
with a constant value of (I'z), as inferred from the
resolved resonances, or with the small variation
(-10-15 /q) expected from Porter- Thomas fluctua-
tions in two or three open fission channels. If
(I"~), is allowed to vary, then its variation is found

to be qualitatively consistent with that shown jn
Fig. 17,. The fluctuations in (I'z), are not small and
not randomly distributed, and they are quite con-
sistent with the conclusions reached, for example,
by Migvteco et a/. ' in their study of intermediate
structure. e in '"U fission: The average spacing is
betweeI', I. 0.5 and 1.0 keV, and the effects are readi-
ly seen with bin widths of 100 to 500 eV. Figure
16 is strongly suggestive that intermediate struc-
ture is also present in the spin-3 component. It
must be emphasized, however, that the data can
also be interpreted as being consistent with the
a,ssumption that the spin-3 average fission widths
are nearly constant, with an average value given
by that observed for the resolved resonances. The
present work definitely confirms the existence of
intermediate structure in the fission widths only
for the spin-4 component.
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