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ABSTRACT

A measurement of the 238U neutron-induced fission cross section has
been performed at the ORELA Linac facility in the neutron energy range
between 5 eV and 3.5 MeV. The favorable signal-to-background ratio and
high resolution of this experiment resulted in the identification of 85
subthreshold fission resonances or clusters of resonances in the neutron
energy region between 5 eV and 200 keV. The fission data below 100 keV
are characteristic of a weak coupling situation between Class I and
Class II levels. The structure of the fission levels at the 720 eV and
1210 eV fission clusters is discussed. There is an apparent enhancement
of the fission cross section at the opening of the 2+ neutron inelastic
channel in U-238 at 45 keV. An enhancement of the subthreshold fission
cross section between 100 keV and 200 keV has been tentatively inter-
preted in terms of the presence of a Class II, partially damped vibra-
tional level. There is a marked structure in the fission cross section

above 200 keV up to and including the plateau between 2 and 3.5 MeV.



I. INTRODUCTION

Narrow intermediate structures in the subthreshold region of the
neutron-induced fission cross section were first observed in 237Np by
Paya et al.! and in 2%°Pu by Migneco and Theobald.? An interpretation

3 and by Lynn,"*

of these structures was given independently by Weigmann
in terms of the double humped fission barrier proposed by Strutinsky.’®
According to this model the observed intermediate structure arises from
the coupling between the Class I states corresponding to the ground-state
deformation of the nucleus and the Class II states in the second minimum
of the double humped fission barrier. Hence a study of subthreshold
fission yields information on the shape of the potential barrier and on
the nuclear states at high deformation, as discussed for instance in a
recent review of neutron-induced fission by Michaudon.®

The 238U(n,f) subthreshold fission is an interesting case of weak
coupling between the levels of the two potential wells.® Although the
existence of subthreshold fission in ?°°U has been known for a long
time,’ only recently has the intermediate structure been observed with
good resolution and over an extended energy range.ad12

The 2°%0(n,f) measurements presented here cover the energy region
from 5 eV to 3.5 MeV with an energy resolution equal to or better than
that of most previous measurements. More significant, in order to
detect very weak fission levels, it is important to have a favorable
signal to background ratio. Most of the background associated with
measurements of subthreshold fission in *3%U arises from fissions of
235y impurities in the 238y sample. The 23%U sample used in the
measurements presented here had an exceptionally high 238y isotopic

purity13 and had less than 2 ppm 235y,



The measurements were done by the time-of-flight technique, util-
izing the ORELA facility'“ as a pulsed neutron source. The shape of
the 2380 to 23%U fission ratio was obtained from the count rates of
sections of the fission chamber containing either 238y or 235y, This
fission ratio was normalized to a value .435 * ,004 for the interval
from 2.35 to 2.95 MeV, the value obtained in a separate experiment
described elsewhere.!® The ENDF/B-IV description of the 2%°U(n,f)-
cross section’® was used to obtain the 238U(n,f)—cross section from
the fission ratio.

A first experiment was done with a flight path of 20 m. The results
of that measurement, the equipment and experimental techniques utilized
have already been described'? and hence will not be discussed here. In
the present experiment the energy resolution was improved by the follow-
ing: (1) the flight path was extended from 20 to 40 m, and (2) the
time-of-flight spectra from the eight 238y sections of the fission
chamber were stored separately and combined after correction for
differences in flight path, whereas in our 20 m experiment12 one
common signal had been used for all eight sectiomns.

The computed resolution width as a function of neutron energy for
the 40 m experiment is given in Fig. 1. The effect of the improved
resolution is illustrated in Fig. 2 where the data from our 20 and 40 m
experiments are compared, in the range 700 to 870 eV.

In section II the results of our 40 m experiment are presented in

some detail and compared with previously reported data and with a recent
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evaluation of the 23%%U fission cross section. In section III we

discuss some of the features of the observed cross section.
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Fig. 2. The 238U(n,f)-cross section for incident neutrom
energies between 700 and 870 eV. The upper curve (right scale)
shows our previously published low resolution data;'? the lower
curve (left scale) shows the present high resolution data. The
improved resolution permits an unambiguous separation of the
Class 1 resonances of the cluster centered at 720 eV.



IXI. RESULTS

The 238U(n,f)—cross section between 5 eV and 100 keV is shown in
Fig. 3. The levels at 6.7, 20.9, and 36.7 eV had already been observed
by Slovacek et al.,’ but the good signal to background ratio of the
present measurement permits the identification of 13 additional fission
resonances between 40 and 600 eV. All the Class I levels in the clusters
centered around 720 eV and 1.2 keV are well-resolved. Between 5 and
100 keV 36 levels or clusters of levels have been identified.

In Fig. 4 the region 10 to 400 keV is shown in more detail. An
enhancement of fission near 120 keV is tentatively interpreted as a
contribution from a partially damped vibrational level centered near
145 keV with a width of about 65 keV. A similar structure was observed
in the 23I+U(n,f)-cross section by James et al.l®

The fission cross section between 100 keV and 1 MeV and between .4
and 3.6 MeV is shown in Figs. 5 and 6. A large number of measurements
have been reported in that range, which have recently been reviewed by
Poenitz et al.!’” who evaluated the fission cross section shown as the
solid line in Figs. 5 and 6. The comparison indicates a good overall
agreement between our data and the evaluation, however, our data show
considerably more structure. This is not surprising because the evalua-
tion is based on several data sets where the cross sections were averaged
over intervals comparable to the widths of the structures. Our data

0 as reported by

agree qualitatively with those of Blons et al.,l
Cierjacks;19 but the measurement of Blons et al. has a somewhat better

resolution in the high energy region and hence shows more structure.
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The measured 238U(n,f)—cross section averaged over decimal energy
intervals between 700 eV and 3 MeV is given in Table I. A total of 85
fission resonances or clusters of resonances have been identified below
200 keV. The fission areas of the 27 resolved resonances below 2 keV
are listed in Table II. The areas of the 36 levels or clusters observed
between 2 and 100 keV are listed in Table III, and the areas of the 22
clusters identified between 100 and 200 keV are listed in Table IV. 1In
Table TII we have also listed the fission areas obtained in our previous
experiment12 at 20 m. The values given in Table IV of ref. 12 were
renormalized upward by 37%, for the following reason: as explained in
ref. 12 the fission areas were based on the assumption that the fission
efficiencies of the 2%%U and ?%°U sections of the chamber were the same.
No measurement of this fission ratio efficiency was then available. 1In
the present experiment the fission areas could be obtained in absolute
value by normalizing the 238y to 235y fission ratio in the interval
2.35 to 2.95 MeV and this yielded the value of the efficiency ratio.!®
The comparison of Table III shows that there is consistency between our
present results and the renormalized 20 m results, but more clusters are
observed with the better resolution available at 40 m.

The fission widths Ff of the 27 resolved fission resonances below

2 keV have been obtained from the measured fission areas Af using the

relation

r.r
212 f'n
JU dE = 15~ 8 7 (L)

where the symbols have the usual meaning.20 For this calculation the

values of the neutron width Fn and total width T were taken from our
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Table I. The 2%%U(n,f)-cross section averaged over
decimal intervals between .7 keV and 3 MeV

Energy Interval Ofs Fission Cross Section” Statistical Error
(keV) (mb) (mb)
7= .8 7.54 .08
.8~ .9 0 .005
.9- 1. 0 .005
1. - 2. .390 .007
2. - 3. 0 <.005
3. - 4, 0 <.005
4, - 5. 0 <.005
5. - 6. 0 <.005
6. - 7. 0 <.005
7. - 8. 42 .01
8. - 9. 0 <.005
9. - 10. .05 <.005
10. - 20 .133 <.005
20. - 30. .086 <.005
30. - 40. .020 <.005
40. - 50. .088 <.005
50. - 60. .099 <.005
60. - 70. .0804 <.005
70. - 80. .0413 <.005
80. - 90. .0184 <.005
90. - 100. .0421 <.005
100. - 200. .099 <,005
200, - 300. .088 <.005
300. - 400. .199 <.005
400. -~ 500. .310 <.005
500. ~ 600. .640 <.005
600. - 700. 1.28 <.005
700. - 800, 2.76 .005
800. ~ 900. 7.87 .009
900. - 1000. 16.58 .02
1000. - 2000. 283.0 .1
2000. - 3000. 536.0

AThe 238y fission cross section was obtained from the measured (?%%y/2%%y)
fission ratio, and the ENDF/B-IV representation of the 235y figgion cross

section.

bIt is estimated that systematic errors amount to about 6%. These arise
from uncertainties in normalization, in background substraction, and
correction for scattering in the structural material of the detector.
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Tables II. Measured fission areas and corresponding fission widths of 26 levels below 2 keV
Resonance Energya Fission Areab Neutron Widthsa Total Widthsa Fission Widthsb
eV 1078 b x eV meV meV neV
6.672 376 15 1.510+ ,015 24.04x .62 9.7% A
20.86 3290+ 66 10.12 * .10 33.19% ,46 55 * 1
36.67 660 40 33.91 + .41 56.83% .50 9.8% 6
66.02 1700+ 70 24.61 + .38 48.30% .51 53 = 2
80.73 233 50 1.91 = .04 26.1 *1.2 62 * 13
102.5 392+ 78 71.64 = .41 96.05% .54 13 = 3
189.6 690+ 130 167.0 *1.7 190.0 *1.8 36 *
208.5 1120+ 130 49.60 + .79 72.42% .89 83 * 10
237.3 327¢ 95 26.48 * .45 51.23% .65 36 11
347.8 2160% 170 81.73 *1.10 104.5 #1.1 233 % 20
376.9 73+ 73 1.148% .024 24,6 £2.4 140 *140
463.1 2370+ 210 5.49 £ .15 29.0 *2.4 1405 *150
478.4 300% 170 4,19 * .10 27.7 £2.4 230 =135
518.3 1250% 190 49.60 * .75 73.2 * .9 232 * 35
535.3 1860+ 200 44.28 * |74 68.1 = .79 370 % 40
595.0 5550+ 280 86.41 *¥1.32 110 #1.3 1015 % 50
619.9 550% 150 30.76 * .51 54.08% .64 144 % 40
708.3 94900£2700 21.79 * .59 45.2 = .81 (33.8+1.0)x10°
721.6 611400£7200 1.72 £ ,06 25.2 £2.4 (1570 *100)x10°
730.1 35600+1700 .93 + .05 24,4 £2.4 (166  +10)x10°
765.1 13000+1100 7.77 + .28 24.8 ¥2.0 7690 * 780
821.6 900+ 530 65.6 *1. 88.2 1.4 240 * 140
851.0 9250 970 62.9 #1. 88.4 *1.7 2680 * 280
856.1 5370 700 86.2 *2, 109.7 *2.1 1420 * 185
1140. 7710+ 860 233.1 *3.2 256.9 %3.3 2350 * 260
1168. 43500+2100 87.7 *2.3 111.8 £2.3 (15.7%.8)x10°
1211. 341300+5700 9.19 = .28 32.7 ¥2.4 (356 *20)x10°

aResonance energies, neutron widths and total widths taken from reference 21.

Fission areas and fission widths obtained from this experiment.

statistical only.

Uncertainties given are
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Table I1I. Fission areas of clusters observed between 2 and 100 keV

This work " Reference 12°
Eo Fission Areab Eg Fission Area
(keV) (b x eV) (keV) (b x eV)
5.718 .025£,003 5.715 .025%2.002
7.098 .075%,004 7.090 .0732.004
7.427 .176%.007 7.430 .184%,008
7.799 .162+.007 7.804 .182%,008
9.348 .0471.004 9.358 .048%.004
11.441 .316%,010 11.43 .378%+.038
11.661%* .010%£.,002
13.578%* .026+.003
14.507 .065%,005 14.48 .057%.005
15.252 .346%,011 15.23 .407%.011
15.496%* .141+.007
15.594 .343%,007 15.56 .345%,010
16.839%* .033+.004
18.107 .079%,006 18.12 .074%.004
19.145% .032+,004
23.028 .063%.006 23.07 .053%.005
25.006 .045%,005 25.03 .037+.005
26.105 .020+.004 26.13 .021%.004
27.399 .150%.009 27.33 .129%,011
28.215 .389%.014 28.23 .353%.021
30.940 .016+.005 30.93 .015%.003
32.322 .160%.010 32.27 .177+.013
35.614 .090+.011 35.67 .083%.008
45.575 .318£.015 45.56 .284%,019
46.381% .053£.006
47.408 .248%,015 47.27 .242%,019
48.289% .0461.006
49.169% .047+.006
50.562 .053£.006 50.53 .059+.009
51.222 .100+.008 51.03 .096%.016
52.763 .155£.011 52.93 .141%,014
54.259 .041t.006
55.257 .215+.013 55.29 .259+.019
59.658 .218+.013 56.407 .089+.008
65.658% .169+.012 57.40T .065%.010
67.451% .089+,009 - ~

?Renormalized: see text

Statistical error only

*Cluster not observed in the work of Ref. 12.
‘Cluster not observed in the present work.
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Table IV. Fission areas of clusters observed between 100 and 200 keV

Eo Area Error”
(keV) (b x eV) (b x eV)
112.9 .106 .013
117.2 .387 .038
119.9 .669 .046
121.8 .123 .019
123.0 .282 .024
124.8 .093 .019
127.2 .443 .039
131.1 .610 .040
133.9 .303 .026
137.1 .210 .017
140.0 .600 .043
143.6 .126 .018
147.7 .503 .032
149.7 .183 .023
151.5 .129 .017
156.1 526 .029
159.1 .362 .030
164.3 430 .025
168.9 .749 .038
172.1 .214 .018
174.5 .345 .028
178.9 .327 .018

a .. . . I .

Statistical error only, systematic errors arising from uncertainties in
normalization, background correction and identification of the cluster limits
are estimated to amount to 87.
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recent evaluation.?! The values used for the neutron and total widths
and the values obtained for the fission widths are also listed in
Table II.

In Table V the fission cross section areas obtained by several
experimenters are compared. The discrepancies between the values are

somewhat larger than expected.

ITI. DISCUSSION

Fig. 7 shows the cumulative sum of observed fission clusters as a
function of neutron energy, up to 75 keV. Below 35 keV this cumulative
sum can be fitted reasonably well by a straight line whose inverse slope
corresponds to a spacing of 1.1 + .1 keV. Between 45 and 55 keV the
cumulative sum can again be fitted by a line of inverse slope correspond-
ing to a spacing of 1.3 % .2 keV. The uncertainties quoted are only
sampling errors assuming a Wigner-distribution of levels?? [i.e., (0.27
D2/N)1/2]. Between 37 and 45.5 keV there is a surprisingly large gap
of about 8 keV with no observable level, see Figs. 3 and 4. (In fact
the "gap" starts near 35.7 keV, but we estimate that between 35.7 and
37 keV small levels could be "obscured" by a large aluminum resonance
which introduces a perturbation in the neutron flux incident upon our
detector, see Fig. 4.) Above 60 keV the slope of the cumulative sum
shown in Fig. 7 suggests that many levels are below the detection
threshold of our measurements. Above 100 keV a new type of structure
appears with relatively larger resonances having an average spacing of

3.3 £ .4 keV; we have already commented on this structure clearly

visible in Fig. 4.
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Table V. Comparison of fission areas obtained by several experimenters!®

Resonance RPI RPI Geel ORNL?»? This work®
Energy (eV) (ref. 8) (ref. 9) (ref. 11) (ref. 12)

6.672 (340%39)x10" ¢ (376%15)x10 °
20.86 (2880+320)x10" © ' (3290#66)x10 °
36.67 (771297)x10"° (660£40)x10™°

708.3 <.07 .094%.007 .0948%,0027
721 6 .31£.08 .26%.04 .56 +.02 .611 *.007
730.1 <,03 .026+.002° - .036 *.002
765.1 <.05 .013%.002 .013 £.002
1108 .05¢.02 N.0.*
1140 .13%.05 .007%.001 .008 *,001
1168 .07+.04 .042%,004 .043 *.,002
1176 .06%.,03 N.O.
1194 .07+,03 N.O.
1211 .11*.03 .20%,04 .35% .02 .341 *.006

1A11 areas are given in b x eV

’Renormalized (see text)

SUncertainty given is statistical only (1 SD)

“N.0. for not observed

5This level was not fully resolved in the work of ref. 12, see Fig. 2,
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Fig. 7. Cumulative number of fission clusters observed
versus incident neutron energy. The 38 clusters are listed
in Tables II and IIT and indicated on Fig. 3. The experimen-
tal resolution does not permit to resolve the Class I levels
above a few keV. The slopes correspond to Class I spacings
of 1.1 keV below 35 keV and 1.3 keV above 45 keV. Above 55
keV a large number of clusters are probably not detected or
not resolved. Note the discontinuity between 35 and 45 keV.
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From the cumulative sum shown on Fig, 7 we estimate that the average
Class II level spacing is of the order of 1 keV. We estimate that we may
miss as much as 25% of the levels and that a realistic estimate of the
Class II spacing at low energy may be DII =1 % .25 keV.

In Fig. 8 the 2%%U(n,f)~cross section is compared to the 2%%U(nm,y)-

cross section®® over the range 20 to 100 keV. There is considerable

2% and

evidence of intermediate structure in the 23%U(m,Y)-cross sectionm,
the comparison shown on the figure was an attempt to determine if the
intermediate structures in the fission and capture cross sections could
be correlated. No significant "fine correlation'" could be observed.
Above 45 keV the capture cross section decreases because of the competi-
tion with the inelastic scattering channel corresponding to the first

2+ level in 238U; at 45 keV, there is a discontinuity in the derivative
of the cross sections (Wigner cusp?®) resulting in a rounded step?® in
the capture cross section (the cross section is slightly enhanced just
below 45 keV and depressed just above.) Intuitively one would expect a
similar behavior in the fission cross section. The data of Fig. 8 show
that, on the contrary, the fission is weak below 45 keV and increases
sharply near 45 keV, a rather surprising result. It is also possible,

of course, that the behavior of the subthreshold fission near 45 keV is

not related to the opening of the inelastic channel.

IV, INTERPRETATIONS OF THE CLUSTERS NEAR 720 AND 1210 eV

In this section we discuss several possible interpretations of the

two clusters centered near 720 and 1210 eV, respectively.
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Fig. 8. Comparison of the **®U(n,f) cross section (lower curve, right-
hand side scale) with the 2%%U(n,Y) cross section (upper curve, left-hand
side scale). Both cross sections have been multiplied by E'/2 to keep the
ordinate scale more uniform. The capture cross section is shown averaged
over two different energy widths: the capture data averaged over 3 keV wide
intervals illustrate the "long-range behavior" of the cross-section. Above
45 keV the capture decreases because of the competition with the inelastic
scattering channel corresponding to the first 2" level in 238y, 1Instead the
fission is enhanced above 45 keV (see text).
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Back et al.?’ have estimated the parameters of the double hump
fission barrier of actinides on the basis of measurements of fission
probabilities and of a study of the systematic trends of these param-
eters with respect to A and Z. For the compound nucleus 239y their
estimates are given in the second and third columns of Table VI. The
last column of the table gives the transmission of each barrier for
neutrons of total energy near the binding energy Sn = 4.81 MeV. These

transmissions were computed by the usual expression:

T = 31 + exp[%-g-(v - sn)]f'l (2)

In the following discussion we shall assume the values of the barrier
parameters given in Table VI.

In Figs, 9, 10, and 11 the fission cross section is compared to the
effective capture cross section®?® over the ranges 5 to 400 eV, 600 to
900 eV and 1.1 to 1.3 keV respectively. The purpose of showing the
capture data in these figures is to locate the position of the large
s—-wave levels. Great care was taken in "aligning" the energy scales
of the two measurements. This was done using the 6.67 eV level and the
dip near 5.9 keV due to an aluminum resonance. We estimate that the
relative energy alignment of our capture and fission data cannot be in
error by more than 1 eV at 1 keV. This alignment is confirmed by the
observation that the 27 fission resonances below 2 keV, listed in Table
IT, all line up to better than * 1 eV with resonances in the capture
data.

If we assume the nominal values of the barrier parameters given by

Back et al. to be correct, then the transmission through the intermediate
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Table VI. Estimated?’ barrier parameters for 233
2My_s )
Barrier V /MeV hw/MeV hw n Transmission
Tnner 6.55 £ 0.30 0.90 12.14 + 2.10 5.3 x 1070
Outer 6.30 + 0.30 0.65 14.40 + 2.90 5.5 x 107°

(Sn = 4.81 MeV, neutron binding energy)
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Fig. 10. Comparison of the 238y (n,f) and 238U(n,Y) cross sections
for incident neutron energies between 600 and 900 eV. The effective
capture cross section®® is not corrected for self-shielding and multiple
scattering and has been multiplied by E!/2, The resonance energies in
eV and neutron widths in meV are from our recent evaluation.?! Note
that all the fission resonances are aligned with well-known s-wave levels.
The areas of the fission resonances are given in Table II.



25

ORNL-OWG 76 - 7648 R2

T I I i I T I I T
1109 1140 1168 195 1211 1245 1273 1299
34 233 87 95 9 252 28 35
177 1267
w 70
g
- —
R 1000
g @
U -
c
$ 8
TN
™ lg 500 — —
'S
[1Y]
| |
o]
[ |
a
€
-~ 120 — —
=
O
~ 100 — —
(&)
]
80 — —
o
o
x 60 — —
(&)
3 40— —
2
o 20 — -
Mg Vel rain
) M&mﬂ&meﬁiwhw l'ﬂmhm -

110 112 114 116 118 1.20 1.22 1.24 1.26 1.28 1.30
NEUTRON ENERGY (keV)
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incident neutron energies between 1.1 and 1.3 keV. The effective capture
cross section?® is not corrected for self-shielding and multiple scattering
and has been multiplied by E!/2, The resonance energies in eV and neutron
widths in meV are from our recent evaluation.2! The areas of the fission
resonances are given in Table II.
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barrier is much larger than that through the outer barrier, hence the
spreading width is much larger than the escape width. In this situation,

% a central resonance in each cluster

as indicated by Weigmann et al.,2
carries most of the fission width and is predominantly Class II.

As indicated in Table IT and illustrated in Figs. 10 and 11, in
both clusters one level carries indeed more than 85% of the fission
width.

Lynn28 has used perturbation theory to estimate the neutron width
r of the predominantly Class II state:

n,II

T ~ II "mn,T T (3)

where DI ¥ 25 eV and DII ¥ 1 keV are the Class I and Class II level

spacings respectively, Fn I ¥ 90 meV is the Class I average neutron
b

. ~ -6 .. R . ,
width and TA ~ 5+ 10 is the transmission of the intermediate barrier.

A value Fn,II % .005 meV is obtained, which is about 300 times smaller
than the neutron width of the 722 eV level and 2000 times smaller than
that of the 1211 eV level.

Block et al.® had already observed the clusters near 720 and 1210
eV with an energy resolution of about 10 eV near 720 eV, and had assigned
the main fission resonances to the well-known s-wave levels at 722 and
1211 eV. Commenting on the difference between the value of the neutron
width of those two levels and the estimated magnitude of a predominantly
Class II level, Lynn28 suggested that the fission resonances near 720
and 1210 eV were not the well-known s-wave levels to which they had

been assigned but were instead resonances with smaller neutron widths,

so far unobserved in capture or transmission measurements.
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This hypothesis seems however difficult to reconcile with the data
presented here; it would require that in both clusters the predominantly
Class II level be very close (EII— EI < 1 eV) to a well-known s-wave
level.

It seems more likely that the predominantly Class II levels are not
observed because their small neutron widths result in fission areas
below the detection threshold of our measurement. We estimate this
threshold for a narrow resonance (I' < .5 eV) around 700 eV to be 5 °* 10—4
b+eV, hence, from Eq. (1) it can be seen that we could probably not
detect a level with a neutron width smaller than 10-7 eV, regardless of
the value of the fission width. Such a value for the neutron width of
a predominantly Class II state is not unreasonable; it is 50 times
smaller than the perturbation theory estimate, Eq. (3), but there are
large uncertainties in that estimate, In particular it was based on a
picket fence model of Class I states with uniform width of 90 meV
(corresponding to an average reduced neutron width?! of 3 meV) whereas
the Class I levels near 720 eV happen to have neutron widths averaging
only about 14 meV.

Another possible interpretation of the clusters near 720 and 1210
eV is based on the assumption that the transmission through the outer
potential barrier is larger than that through the inner barrier. This
assumption is inconsistent with the nominal values of the barrier param-
eters estimated by Back et al. and given in Table VI, but can be made
consistent with these estimates within the uncertainties given. If the
transmission through the outer potential barrier is larger, then the

escape width is larger than the spreading width and the predominantly
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Class II levels decay mostly by fission and are essentially unobservable
in the cross section because of their broad width and low peak value.

Weigmann et al.?? have argued that the gamma-ray spectrum of neutron
capture in a predominantly Class II level should be softer than that of
a Class I level. Their study of the gamma-ray spectra of the levels at
722 and 1211 eV indicated that these spectra were consistent with those
of other Class I levels and inconsistent with the spectra expected from
Class II levels; hence these authors concluded that the levels near 722
and 1211 eV were essentially Class I levels. Browne’? has also inves-
tigated the gamma-ray spectrum of the 722 eV level and, contrary to
Weigmann et al., he finds this spectrum significantly softer than that
of nearly Class I levels and concludes that the 722 eV level is almost
pure Class IT.

There is clearly a need for additional work to resolve this
discrepancy. If we accept the perturbation estimate of the predominantly
Class II neutron width, our interpretation of the clusters is consistent
with that of Weigmann et al., and for the level at 722 eV it is in
contradiction with the conclusion of Browne.

As can be seen in Fig. 9 and in Table II, several s-wave levels
dispersed throughout the resolved resonance region exhibit subthreshold
fission with small but significant fission widths. The width correspond-
ing to direct penetration through the double humped fission barrier was

. . , . . 31 —
estimated using the expression given by Gai et al., Fmin = DITATB/SW,

where TA and TB represent the transmission through the first and second
barrier respectively. These transmissions were computed using the

parameter of Back et al. given in Table VI and the expression given

in Eq. (2).
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The value obtained, Fmin =2.8 ¢ 10-11 eV is a few orders of magni-~-
tude smaller than the values of the fission widths observed which range
from 10“8 to 25 - 10-8 eV, in the interval 5 to 600 eV. It seems also
unlikely that these levels, particularly the levels between 400 and 500
eV, would have such a large fission width through coupling to the Class
II level near 720 eV or to a Class II level near the neutron binding
energy. At the present time, we have no satisfactory explanation for

the magnitude of these fission widths.

V. CONCLUSIONS

We present the results of good resolution, low background measurements
of the 238U(n,f) cross section from 5 eV to 3.5 MeV. The subthreshold
region of the cross section is rich with structures which vary with the
incident neutron energy. At the opening of the inelastic scattering
channel near 45 keV there is a discontinuity in the derivative of the
cross section. One would expect the subthreshold fission to decrease
just above 45 keV, due to the competition with the new channel; instead
a marked and sudden increase is observed.

Below 30 keV the subthreshold fission cross section shows the charac-
teristic pattern of a very weak coupling between the Class I and Class II

states. A value DII =1 * ,25 keV is obtained for the Class II level

spacing.

Several possible interpretations of the well-known clusters centered
near 720 and 1210 eV are discussed. The predominantly Class II level of
these clusters may be below the detection threshold of the measurements,

either due to the small value of its neutron width, or due to the large

value of its total width (mostly escape width).
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A small but significant fission width can be measured for many of
the low energy s-wave levels. These widths appear too large to be due

to direct penetration through the double humped barrier.
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