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for the isodiaspheric system "'I-'"Xe. In that
system the strongest P decay is observed to five
levels near 2.3 MeV.

One of us (J.B.) wishes to thank the Commissari-
at a 1'Energie Atomique, France, for support dur-
ing the course of this work.

*On leave from Nuclear Chemistry Division, C. E. N. G. ,

Grenoble, France.
)On leave from Middle East Technical University, An-

kara, Turkey.
/Work supported in part by the U. S. Atomic Energy

Commission under Contract No. AT(30-1)-905.
~C. M. Lederer, J. M. Hollander, and I. Perlman, Ta-

ble of Isotopes (John Wiley 5 Sons, Inc. , New York,
1967), 6th ed.

2A. C. Pappas and D. R. Wiles, J. Inorg. Nucl. Chem.
2, 69 (1956).

3P. del Marmol and J. Colard, Nucl. Phys. 36, 111
(1962).

4J. A. Cooper, R. C. Gattis, J. O. Rasmussen, and

S. G. Thompson, J. Inorg. Nucl. Chem. 26, 2041 (1964).
~C. E. Bemis, Jr. , Ph.D. thesis, Massachusetts Insti-

tute of Technology, 1964 (unpublished).
J. Blachot, H. ¹ Erten, and C. D. Coryell, Bull. Am.

Phys. Soc. 15, 1669 (1970).
'E. S. Macias, Ph. D. thesis, Massachusetts Institute of

Technology, 1970 (unpublished); and Nucl. Phys. A161,
471 (1971).

R. K. Jolly, Phys. Rev. 136, B683 (1964).
~A. Graue, E. Jastad, J. R. Lien, P. Torvund, and

W. H. Moore, Nucl. Phys. A103, 209 (1967).
A. F. Greendale and D. L. Love, Anal. Chem. 35, 632

(1963).
~~C. E. Bemis, Jr. , and J. W. Irvine, Jr. , Nucl. Instr.

Methods 34, 57 (1965).
H. N. Erten, J. Blachot, and C. D. Coryell, Bull. Am.

Phys. Soc. 15, 1669 (1970).

M. M. Fowler and A. C. Wahl, 160th American Chemi-
cal Society National Meeting, Chicago (1970).
I4E. S. Macias and A. G. Jones, private communication.
"C. D. Coryell, Ann. Rev. Nucl. Sci. 3, 305 (1953).

D. G. Sarantites, G. E. Gordon, and C. D. Coryell,
Phys. Rev. 138, B353 (1965).

~VS. Borg, I. Bergstrom, G. B. Holm, B.Rydberg, L. E.
DeGreer, G. Rudstam, B. Grapengiesser, E. Lund, and

L. Westgaard, to be published.
R. C. Ragaini, G. E. Gordon, and W. B.Walters,

Nucl. Phys. A99, 547 (1967).
~SP. G. Calway and H. D. Sharma, Nucl. Phys. A156,

338 (1970); S. Ohga, T. Tamura, and S. Kagegma, J.
Phys. Soc. Japan 29, 1435 (1970).

H. M. Perdue and R. A. Meyer, Lawrence Radiation
Laboratory, private communication.

N. J. Stone, R. B. Frankel, and D. A. Shirley, Phys.
Rev. 172, 1243 (1968).

L. S. IQsslinger and R. A. Sorensen, Rev. Mod. Phys.
35, 853 (1963).

L. S. Kisslinger, Nucl. Phys. 76, 341 (1966).
24L. D. Wyly, J. B. Salzberg, E. T. Patronis, N. S. Ken-

druk, and C. H. Braden, Phys. Rev. C 1, 2062 (1970).
H. R. Andrews, T. F. Knott, B. Greenbaum, and F. M.

Pipkin, Phys. Rev. 169, 978 (1969).
E. Knanek, R. Simon, R. S. Raghaven, and H. J. Kor-

ner, Phys. Letters 29B, 581 (1969).
27G. Graeffe and W. B.Walters, Phys. Rev. 153, 1321

(1967).
E. S. Macias and W. B. Walters, to be published.

P HYSICA L RE VIEW C VOLUME 4, NUMBE R 1

Subthreshold Neutron-Induced Fission in ' U~

JULY 1971

M. G. Silbert and D. W. Bergen
Los Alamos Scienti~ .. Laboratory, University of CalsJornia, Los Alamos, Nese Mexico 87544

(Received 1 March 1971)

In an attempt to observe subthreshold fission in U, a sample with very low U content
was exposed to the intense neutron beam of the Physics-8 nuclear explosion. A high-sensi-
tivity oscilloscope setting allowed individual fission-fragment pulses from a semiconductor
detector to be counted. In the region from 37 to 327 eV, the average fission width for eight
resonances was determined to be (0.03+ 0.05) x 10 eV. In the keV region, the average fis-
sion cross section was measured to be 61+24 pb from 10 to 3x10 eV and 36+14 pb from
3x 104 to 105 eV.

I. INTRODUCTION

In exploring the systematics of neutron-induced
fission and in characterizing the double-peaked

fission barrier now believed to prevail in the U-
Pu region, it is of interest to examine the fission
behavior of as many diverse isotopes as possible.
Although '"U is readily available, its cross sec-
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tion for neutron-induced fission below the fission
threshold at about 1.5-MeV neutron energy is so
small that knowledge of the subthreshold behavior
is sparse. Measurements are made more difficult
by the large fission cross section of the "'U which
is present in '"U samples. Leonard and Odegaar-
den' were able to set a,n upper limit of 0.2x10 '
eV for the fission width of the lowest-energy neu-
tron resonance at 6.7 eV. The thermal-neutron
fission cross section is known to be small.

One of the experiments included in the Physics-8
nuclear-explosion measurements was an attempt
to observe subthreshold fission in '"U. The ex-
perimental details of these single-pulse neutron
time-of-flight experiments have been described
previously. ' In the present measurement, a sam-
ple of ' 'U was exposed to the intense neutron
beam at a Qight path of 244 m. The sample was
0.9 mg/cm' 'MU vacuum evaporated on a 0.00036-
cm stainless-steel backing with a total of 3.8 mg
of ' U in the neutron beam. The source material
was procured from the Oak Ridge National Labora-
tory from batch No. U-238 Q-505, stated to be
99.9999% "'U with 0.00002% '"U and less than
0.00005% '"U (0.5 ppm). The sample was viewed
by two semiconductor detectors outside the neu-
tron beam. Detector signals were amplified log-
arithmically and recorded photographically by a
combination of moving-film cameras and oscillo-
scopes. ' In the case of '"V, one signal was re-
corded with an oscilloscope sensitivity five times
that normally used, so it was possible to distin-
guish clearly on the film record individual fission-
fragment pulses from the detector.

The experiment reported here establishes a
rather firm upper limit of 0.13X 10 ' eV (2 stand-
ard deviations above the most probable value) for
the average fission width of eight resonances be-
tween 37 and 237 eV, and yields an average fis-
sion cross section of 40+ 13 p.b between 10' and
10' eV.

II. RESONANCE REGION

Many smooth resonances were observed in '"U,
corresponding to known' resonance energies, be-
cause the fission-fragment detectors also respond-
ed to radiative capture in the sample through the
conversion electrons produced by the y-ray cas-
cade. For each capture event in the sample about
1/1000 as much charge wa, s generated in the de-
tectors as for each fission event. The smooth res-
onances then corresponded to the detection of
many conversion electrons, with correspondingly
excellent statistical accuracy. In addition to the
smooth resonances arising from capture, several
dozen fission-fragment pulses were observed scat-
tered throughout the resonance region. The frag-
ment pulses were distinct spikes with a height (at
the 50-0 amplifier input) of -0.8 mV and a width at
the base of -0.3 psec. While most of them were
attributed to the minute "'U impurity in the sam-
ple, some may have been due to subthreshold fis-
sion in '"U.

Eight resonances in '"U were selected for analy-
sis between 37 and 237 eV, the region of highest
cross section times neutron Qux, i.e. , detector
signal. By virtue of our linear-logarithmic ampli-
fiers, individual fragment pulses on a low base-
line were readily observed, but those near reso-
nance peaks were not visible. Each resonance
was then analyzed by the following procedure. A
level of 4 mV was established as the point above
which fragments could not be reliably counted.
Each resonance was divided into that part below
4 mV (the resonance wings) and that above 4 mV
(the central region). The ratio of wing area to
total area was determined by integration of the
smoothly varying electron signal. The number of
fragments in the wings (from 0 to 3 per resonance
in our sample of eight resonances) was counted,
multiplied by the ratio of the total resonance area
to wing area, and converted to a fission area in

TABLE I. Summary of experimental observations. Net 3 U pulses = 2.1 + 3.9. Corresponding average fission width
= (0.03 +0.05}x 10 eV.

Fraction of
Resonance

energy
(eV)

37
66

103
117
165
190
209
237

Total

Number of
observed fragment
pulses in wings

8 +3.4

Expected fragment
pulses from U

1.1
0.6
2.1
0.9
0 4.

0.3
0.3
0.3

5.9+1.9

resonance area
in wings

2.5
2.2
3.1
3.6

35.9
12.5
21.2
36.7



222 M. G. SILBERT AND D. W. BERGEN

beV. Then, since the experimental fission area
is equal to CI'„I'z/E„i', and C, I'„, I', and E„are
known, ' it was possible to calculate a fission width

for each resonance. Because the number of frag-
ments observed in the wings averaged only one
per resonance, they were summed and an average
fission width derived.

The final step was subtraction of the expected
contribution from the 1.9 mg of "'U in the 3.8 mg
of "U in the beam. Sample purity was stated to
be &0.5 ppm "'U. By counting fragments in the
'3'U signal in two regions (50-60 eV and 68-92 eV)
between '"U resonances but with a high "'U fis-
sion cross section, and comparing directly with a
signal from one of the "'U samples, this level of
impurity was confirmed to +32% (26+ 8 fragments
observed). The same signal from a "'U sample
then allowed a prediction of the fragments due to
'"U in the specific resonance wing regions used
to test for '"U fission. The results of this analy-
sis are presented in Table I.

Uncertainties (standard deviations) are based on
the statistical uncertainty and an estimate of the
reliability (+25%) of fragment pulse counting from
the film record. The measured fission width of
(0.03+ 0.05) x 10 ' eV is consistent with a vanish-
ingly small value, or may alternatively be con-
sidered to establish an upper value somewhat be-
low the measurement of Ref. 1. It has the addi-
tional advantage of being an average over a num-
ber of resonances. If it is assumed that this aver-
age value also holds at 0.025 eV, the relation az
=o,l'z/I', can be used to calculate the thermal-
neutron fission cross section. With o,(thermal)
= 2.7 b, I', = 0.025 eV, and I'f ——(0.03 + 0.05) x 10 '
eV, the value for oz(thermal) is (3+5)x10 ' b.

III. keV REGION

Between 10' and 10' eV, the '"U signal was also
amenable to analysis because the baseline level
was low enough to allow observation of individual
fragment pulses. In addition, individual '"U cap-
ture resonances essentially had disappeared, in
contrast to the lower-energy region. Between 10'
and 3x 104 eV, 12 fragments were counted, while
between 3x 10 and 10' eV, 13 fragments were
counted. Here the '"U contribution was negligible,
0.4 fragments being expected in each region.
These count rates correspond to 61 pb+40% and
36 p.b+40% for the two regions, respectively, the
uncertainty being a combination of statistical un-

certainty (+30%) and an estimate of the reliability
(+25%) of fragment pulse counting from the film
record.

IV. DISCUSSION

Comparison can be made between the value for
I'& determined around 100 eV and the average fis-
sion cross section measured at 30 keV. Assuming
that the s-wave contribution at 30 keV is 4 of the
observed cross section, or 10x 10 ' b, the aver-
age fission width can be derived from a sum of s-
wave Breit-Wigner resonances, vz= Ci'„I'z/I'EQ.
For g&

—-10x10 ' b at E„=3x10'eV, with the aver-
age level spacing D = 18 eV, and I'„/i= 1, the cal-
culated value for I'& is 1.3x10 eV. This value
of 1.3x10 ' eV at 30 keV can be compared with
the upper limit of 0.13x 10 ' eV for the 100-eV
region.

This general problem has been discussed by
Lynn, ' who calculated P-wave fission cross sec-
tions for even-target nuclei at 30 keV. Using Fig.
8.28 of Ref. 4, the experimental value of 30x 10 '
b can be reproduced with a fission-barrier height
E& = 1.5 MeV and curvature 6(df -—0.67 MeV.

In terms of a doubled-peaked fission barrier,
the penetrability P can be calculated by the meth-
od of Cramer and Nix' for reasonable values of
the barrier parameters. Since little is known di-
rectly about the parameters of the compound nu-
cleus '"U, values were extrapolated from neigh-
boring nuclei. For barrier heights relative to the
ground state of E„=5.7 MeV, ED =2.6 MeV, and
E~ =6.3 MeV for the first peak, second minimum,
and second peak, respectively, and curvatures
h&„=1.2 MeV, h(d„=0.7 MeV, and K(d~ =0.7 MeV,
the value for I'z DP/2v is w——ithin a factor of 10
of the experimental value of 0.03x10 ' eV at the
neutron binding energy of 4.8 MeV.
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The energy and angular distributions of n particles emitted in thermal-neutron fission of
235U have been studied in a three-parameter correlation experiment for e angles between 50
and 130'. These distributions are compared with the results of trajectory calculations to get
a "best fit" set of initial scission conditions. The derived initial fragment separation of 24 frn
and initial average kinetic energy of 31 MeV are in good agreement with liquid-drop calcula-
tions, while the initial most probable n energy was found to be 3.4 MeV. The results indicate
a shift in the scission point of 1—2 fm towards the light fragment, for a variation in mass ra-
tio between 1.1 and 2. The effect of 0 recoil on the experimental distributions is discussed
in detail.

I. INTRODUCTION

The fission process is normally a binary pro-
cess in which the fissioning nucleus splits into
two fragments of comparable mass. However,
once in every few hundred fission events, a third
light-mass charged particle is emitted, the great
majority of these being n particles. Despite the
relatively low yield, great interest has been
shown in recent years in the long-range alpha
(LRA} fission mode as a tool for studying the con-
figuration of the nucleus at the moment of
sczsszon. "

The early experiments reported on LRA fis-
sion' ' were carried out using the nuclear emul-
sion technique, and showed the preferential emis-
sion of the e particles in a direction normal to
the fission axis. The development of solid-state
detectors permitted detailed measurements of the
o. and fragment energy distributions, both in spon-
taneous fission of '"Cf"' and in thermal-neu-
tron-induced fission in '"U." These showed the
general similarity between binary and LHA fis-
sion with regard to fragment mass and energy dis-
tributions. In the case of Cf ' the angular dis-
tributions were measured for 0. angles between
60 and 120'. A similar experiment reported for
'"U thermal fission"'" utilized the emulsion tech-
nique.

The pronounced peaked angular distribution of
the a particles perpendicular to the direction of

the fission fragments suggests that the e parti-
cles are emitted during the scission process, and
are probably emitted close to the actual point of
scission. ' Detailed trajectory calculations have
been carried out by Halpern, ' Geilikman and
Khlebnikov, ' Boneh, Fraenkel, and Nebenzahl, "
Katase, "and Fong" based on the Coulomb repul-
sion between the three particles, and a "best fit"
of initial scission conditions was obtained from
the experimental results. The calculations of
Boneh et al."for '"Cf spontaneous fission gave
initial average values of n energy of 3 MeV, a
fragment separation of 26 fm, and total fragment
kinetic energy of about 40 MeV at scission. These
values are in contradiction to those obtained by
Fong, "which give an initial fragment energy and
a energy of the order of 0.5 MeV. However, the
higher value of initial fragment kinetic energy ob-
tained by Boneh et al. fits quite well with the pre-
dictions of the liquid-drop calculations of Nix. "
In this type of study it is important to carry out
measurements at well-defined a angles, which
permits comparison of the experimental angular
distributions with calculation. This also permits
applying corrections due to n recoil, which are
angular dependent, to the experimental distribu-
tions.

The experimental arrangement is discussed in
Sec. II, while the experimental results and dis-
cussion are presented in Sec. III. The Appendix
discusses in detail the effect of e recoil on geo-


