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Further radiochemical experiments have been carried out to test the theoretical suggestion that in low-
energy neutron-induced fission, the asymmetric to symmetric fission ratio should depend on the spin of the
fissioning nucleus. In the present work two kinds of experiments were done. In the first, with both Pu2®
and Pu?4, comparisons were made of the asymmetric/symmetric yield ratios for thermal fission with the
corresponding ratios for gross resonance fission with epi-Sm neutrons. In the second kind, monoenergetic
neutrons were employed to study variations of Pu?® fission yields with neutron energy over the 0.297-ev
resonance. If the assumption is made that spin difference is the principal cause of change in the asymmetric/
symmetric ratio in this energy region, the results indicate that this ratio differs by a factor of at least 5.3
between the two spin states of Pu®?. This is the largest effect of this kind observed to date.

INTRODUCTION

N previous work,! an experimental study was made
of the theoretical suggestion®? that the ratio of
asymmetric to symmetric fission should be different for
the two possible spin states of the compound system
formed upon the addition of a neutron to the nucleus.
In that work, radiochemical determinations of the ratio
of asymmetric to symmetric fission yields were carried
out for fission of U?® both with thermal neutrons and
with monoenergetic neutrons of energies corresponding
to the first several prominent fission resonances. This
approach was taken because a multilevel analysis? of the
U2 cross section had suggested that a large fraction of
the cross section at thermal is associated with one spin
state in the compound nucleus, while the first two promi-
nent resonances are associated with the other possible
spin state. Comparison of the asymmetric/symmetric
ratios for thermal and for resonance fission thus was
expected to provide a suitable test of the existence of
possible differences between spin states. This work has
now been extended to Pu?® and to Pu*!. In each case
thermal and resonance fission have been compared.

EXPERIMENTAL PROCEDURES

In all thermal neutron measurements, sample irradia-
tions were made in the VG-23 facility in the graphite
zone of the Materials Testing Reactor where the experi-
mental Cd ratio for In is ~800 and where the thermal
neutron flux is ~2X 10" /cm? sec. For resonance fission
measurements, two kinds of experiments were done. In
the first kind, the Pu samples were enclosed in small
hollow Sm metal cylinders for irradiation in the VG-7
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facility of the reactor where the thermal flux is ~1.0
X 10 /cm? sec and where the experimental Cd ratio
for a 70-ug/cm? Au detector is ~3. The Sm metal
cylinders were 0.165 in. o.d., ~1.125-in. long, and had
wall thicknesses of 0.020 in. These filters served to
accentuate resonance fission while minimizing thermal
fission. In these experiments it was calculated that <19
of the fissions were attributable to thermal neutrons.
Sm coverings were chosen instead of the usual Cd since
the effective “Sm cutoff” is ~0.1-ev lower than the
“Cd cutoff”, which lies close to the middle of the first
large fission resonance in both Pu*® and Pu*!. By the
use of Sm filters more neutrons were available for fission
occurring in the first resonance. Actually, because it was
not possible to fabricate from Sm metal neutron-tight
covers for the irradiation cylinders, a small Cd cover had
to be substituted at the one open end of each cylinder.
As a result, a small fraction of the neutrons reaching
the samples during these irradiations were really epi-Cd
neutrons, although the large majority (calculated as
>989,) were epi-Sm neutrons. In a few early experi-
ments with epi-Sm neutrons, the use of pressed Sm
oxide coverings was attempted. The results were quite
erratic presumably due to “windows” in the oxide filters
arising from nonuniform packing. With the use of Sm
metal this difficulty was corrected.

In the second and more refined kind of resonance
fission experiments, monoenergetic neutrons were em-
ployed. These were provided by the MTR crystal spec-
trometer® fitted with a beryllium crystal. The fissionable
samples were irradiated in the Bragg beam resulting
from diffraction from the 1011 planes. In the regions in
which experiments were run, the energy resolution was
~7.59% with the collimation employed. The mono-
energetic neutron intensities were quite low. Samples of
Pu® which were about one-third “black” at the peak
of the 0.297-ev resonance and which intercepted the
entire Bragg beam had fission rates of ~1X10° fissions/
sec. Background neutrons accounted for 2.59, of the
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total fissions occurring during spectrometer irradiations.
As a result of the low-neutron intensities and resolutions
presently available, only irradiations in the vicinity of
the large 0.297-ev resonance of Pu®® were possible, and
experiments at the higher resonances (7.9 ev and above)
could not be carried out. In order to test for possible
interference effects in fission, which sometimes result in
fairly major changes in measurements made across a
resonance (e.g., in measurements of eta,® the number of
neutrons produced per neutron absorbed in fissile ma-
terial) asymmetric/symmetric ratios at several energies
across the 0.297 resonance were obtained. These were at
0.06, 0.22, 0.297 (peak), and 0.36 ev.

The Pu?® samples used throughout this work had the
following isotopic composition: Pu®? 95.409%,; Pu?,
4.319,; Pu®, 0.289,; Pu*?, 0.019,. For thermal and
epi-Sm irradiations carried on inside the reactor, 0.4
and 0.2 mg samples, respectively, were used. These
samples were prepared by dissolving Pu metal in HCI
and evaporating aliquots of the solution to dryness on
Al foils. For spectrometer irradiations, samples were
strips of Pu-Al alloy of dimensions 4X2% X% in., each
containing about 0.17 g of Pu.

The Pu2¥ used in this work had the following isotopic
composition : Pu*?, 1.109,; Pu*?, 2.18%,; Pu*!, 96.60%,;
Pu*2, 0.129,. Because of the limited amount of Pu?%
available, spectrometer irradiations were not possible,
and only thermal and epi-Sm resonance irradiations
(inside the reactor) could be carried out. Samples each
consisted of 22 ug of Pu®* in nitrate solution evaporated
on Al foils.

After irradiations of Pu samples with neutrons of
various energies, the asymmetric to symmetric fission
yield ratios were obtained by radiochemical isolation
and measurement of the following fission products:
66-hr Mo® (characteristic of asymmetric fission); and
53-hr Cd"5, 27-hr Sn' and 10-day Sn**® (characteristic
of symmetric fission). Similar chemical procedures were
employed in processing all samples. Each of the irradi-
ated samples (including Al backing or Al alloy) was
dissolved in 6M HCI and diluted to volume in a volu-
metric flask. Duplicate small aliquots (4%, of the solu-
tion) were removed and Mo carrier added prior to
isolation of the Mo fraction. Sn and Cd carriers were
then added to the remaining bulk of the solution. After
treatment to assure radiochemical exchange of Sn and
Cd, Pu was reduced to Pu(III) with HI and was then
removed by passing the entire solution through an anion
exchange column loaded with Dowex-1 anion exchange
resin in Cl~ form. The resin was washed with 14 HCI
to thoroughly remove Pu, which passes through the
column while Sn and Cd are retained on the resin. The
resin was then ‘“wet ashed” with hot HNO3;—H,50,
mixture and the oxidation was completed with a few
drops of HClIO,. This radical treatment was necessary
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to assure maximum recovery of the Cd and Sn fractions
which had very low counting rates after the spectrom-
eter irradiations. After separation of the Sn and Cd by
an ammonium polysulfide procedure, the Mo, Sn, and
Cd fractions were purified radiochemically by the proce-
dures described by Kleinberg.” Because of their rela-
tively low counting rates, fission product samples iso-
lated from spectrometer-irradiated Pu®® were all
counted on a low-level beta-counting system having a
background of ~2 counts/min. For purposes of compari-
son, samples from in-pile irradiated Pu®?® were also
counted on this system. The fission product samples iso-
lated from in-pile irradiated Pu?* had sufficiently high
counting rates to be counted on an end-window flowing
methane proportional counter and the low-level system
was not employed in the Pu®! experiments.

Because only the ratios of mass yields of asymmetric
to symmetric fission products for thermal and for reso-
nance fission were required, determinations of absolute
disintegration rates and absolute fission yields were not
necessary. It was sufficient to compare saturated ac-
tivities of the various fission products (which are directly
proportional to their absolute fission yields), each
product being counted in an arbitrary, but standard,
reproducible manner. The counting rates of all samples
were corrected for chemical recovery and decay, and
all samples were normalized to an arbitrary standard
sample thickness by means of self-absorption—self-
scattering correction curves empirically constructed for
this purpose. Decay corrections and resolutions of com-
plex decay curves were based on weighted least squares
analyses of the counting data, carried out on an IBM-
650 data processing machine. Irradiation periodsran from
15 min in the highest flux in-pile irradiations to 120 hr
in the longest spectrometer irradiations.

EXPERIMENTAL RESULTS

Comparisons of the asymmetric to symmetric fission
ratio at thermal and at resonance energies are made in
terms of a quantity R defined as follows:

Aasy,/ Asym,
R=——
Aasy/ Asym

TaBLE I. Comparison of thermal and resonance fission
of Pu*® and Pu®!.

Pu Neutron R, indicated by
isotope  energy, ev Mo%/Cds  Mo%/Sn2!  Mo%/Sn125
239 0.06 1.3340.06 1.26+0.05 1.16 4-0.04
0.22 2.60+0.15 2.82+0.32 1.85 +0.18
0.297 3.00+0.28 3.2840.31 2.05 +0.07
0.36 3.244-0.14 3.224+0.25 1.78 +0.16
All epi-Sm 2414015 2.34+0.06 1.79 40.06
241 All epi-Sm 1.024+0.03 1.014-0.08 0.9954-0.15
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Table II. Comparison of calculated and measured R values for Pu2¥®.
Energy Thermal 0.06 ev 0.22 ev 0.297 ev 0.36 ev

Contribution to o, s from
0.297-ev level

Contribution to o,y from
other spin state

358 b (48%)
388 b (52%)

Calculated R value 1.00 (normalized) 1.21
Observed R value
Mo%/Cdus 1.00 (normalized) 1.3340.06
Mo%/Sn12t 1.00 (normalized) 1.264-0.05

303 b (61%)
192 b (39%)

1100 b (97.4%)
~30b (2.6%)

3265 b (99%)
~30b (~1%)

1120 b (97.4%)
~30b (2.6%)

2.97 3.21 (assumed) 2.97
2.60+0.15 3.0040.28 3.24+0.14
2.8240.32 3.28+0.31 3.2240.25

where A4 is the saturated counting rate for a nuclide,
subscript “asy” refers to an asymmetric fission product
(Mo” in this case), and subscript “sym” refers to a
symmetric fission product (Cd® Sn'?!, or Sn'?%). Primed
activities refer to resonance fission and unprimed ac-
tivities to thermal fission. '

In Table I are summarized the values of R computed
from measurements described above. These values are’
based on the averages of at least three independent
irradiations at each energy, and the errors expressed in
the table are the standard error of the mean.

DISCUSSION

For each experiment where neutrons of a given dis-
crete energy were employed, and for each where gross
epi-Sm neutrons were used, the values of R based on
Cd"® and Sn'? listed in Table I are indistinguishable
within the errors quoted. The R values based on Sn'%,
however, are significantly lower than the corresponding
values based on Cd"® and Sn'?. This is not unexpected
inasmuch as the thermal fission yields of Cd"% and Sn'*
are nearly identical and both nuclides are produced by
fission events which may be described as close-to-com-
pletely-symmetric fission. On the other hand, Sn'?® is
several mass numbers removed from completely sym-
metric fission and therefore might be expected to be a
less sensitive indicator of change in the symmetric/
asymmetric yield ratio.

If it is assumed, as the theory®? suggests, that differ-
ence of spin results in a difference in the ratio of asym-
metric to symmetric fission, and further if it is assumed
that that portion of the thermal cross section not at-
tributable to the 0.297-ev resonance is associated with
the spin state differing from that of the 0.297-ev level,
then the measured R values of Table I may be used to
calculate the ratio of the asymmetric/symmetric ratios
typical of each spin state. A recent multilevel analysis
of the Pu® cross section carried out by Vogt® is not in
disagreement with the above assumption concerning
spin states. Vogt’s analysis indicates the presence of a
bound level which is responsible for a large part of the
thermal cross section, and which may differ in spin from
(does not interfere with) the 0.297-ev level. The single-
level Breit-Wigner formula is thus adequate to describe
this level, and on this basis, calculations have been made

8 E. Vogt, Phys. Rev. 118, 724 (1960).

of the contribution of the 0.297-ev level to the fission
cross section at the five different energies at which R
values were measured. The parameters given in the
BNL “Neutron Cross Sections” compilation® have been
used in these computations. With the respective con-
tributions to fission cross sections as weighting factors,
with the asymmetric/symmetric ratio normalized to
1.00 for fission in the spin state associated with the
bound level, and with an assumed R value of 3.2 ob-
tained from Mo%, Sn'?', and Cd"® data at the peak of
the 0.297-ev resonance, it is calculated that the asym-
metric/symmetric ratio characteristic of the spin state
predominating at the 0.297-ev level is 5.3 times the
ratio typical of the other spin state. Actually if at nega-
tive energies there were an additional level or levels of
the same spin as the 0.297-ev level, and if these were to
contribute significantly to the thermal cross section,
then a value even larger than 5.3 would result. Com-
parisons of experimentally measured R values with
calculated values are listed in Table II.

The self-consistency of the interpretation assumed
above is shown by comparison of the calculated R value
of 1.21 for 0.06-ev neutrons with the experimentally
measured values of 1.33420.06 and 1.260.05. All three
values are in agreement within the errors of the assump-
tions and experiments. The R values obtained at 0.22,
0.297, and 0.36 ev indicate that, as expected, no import-
ant interference effects operate to change the asym-
metric/symmetric ratio across the resonance studied.

Since the ground-state spin and parity'® of Pu®® are
1+, the Pu* compound nuclei formed upon neutron
addition may have spin and parity of either 04, or 14-.
The present results, of themselves, do not permit assign-
ment of spins to each of the two states for which there is
an apparent characteristic asymmetric/symmetric fis-
sion ratio. It is interesting to note that Mostovaya!* has
compared the mass distribution for thermal neutron-
induced fission of Pu?® with that for spontaneous fission
of Pu?®in its ground state and has found that the “peak-
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to-valley’ ratio is much larger for the latter case. How-
ever it does not appear possible to make definite spin-
state assignments in the present experiments on the
basis of Mostovaya’s work, since in the latter work the
observed effects are doubtless mainly due to large excita-
tion energy differences, while in the present work the
effects are presumably due to a different cause (spin
difference) at the same excitation level. It is well known
that differences in excitation energy produce marked
changes in asymmetric/symmetric fission ratios.?

The recent work of Fraser and Schwartz,®® coupled
with the multilevel analysis of Vogt® does, however,
permit indirect assignment of spins to the 0.297 ev and
to the bound level. By means of scattering experiments
Fraser and Schwartz were able to assign directly spin
J=1 to the 7.8, 10.9, and 11.9-ev resonances. Vogt’s
analysis indicates that the 0.297-ev level does not in-
volve the same spin as the 7.8-ev level or the bound
level. Since the 7.8-ev level has spin J=1, and the
analysis indicates that the spin of the bound level is the
same, then the spin of the 0.297-ev level may be deduced
as J=0. However, this is in contradiction to the deduc-
tions of Bollinger, Coté, and Thomas,* who assigned
spin J=1 to the 0.297-ev level.

Finally the data of Table I for fission with epi-Sm
neutrons indicate that, in contrast to Pu®?, Pu*! gross
resonance fission is similar to thermal fission. This is
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rather interesting since the Pu®® and Pu?* fission cross
section curves are quite similar; both have a single
strong resonance at ~0.3 ev followed by an absence of
strong resonances up to ~6 ev, and both have high
thermal fission cross sections with bound levels indi-
cated. If spin is indeed a factor in determining the
asymmetric/symmetric fission ratio at the same excita-
tion energy, then the R values of Table I may be taken
to indicate that for Pu?¥, thermal fission involves the
same weighting of spin states as that involved in gross
resonance fission with epi-Sm neutrons; for Pu® a con-
siderably different weighting must be involved.

As higher intensity monoenergetic neutron sources
become available, further study of Pu®® offers the follow-
ing advantages over other fissile nuclei: the asymmetric
to symmetric ratios can undergo large changes from
resonance to resonance; the resonances are well sepa-
rated and do not have large interference effects; direct
assignments of spins to several resonances have already
been made; and Pu*? spontaneous fission provides a
possible important comparison point for the same
fissioning nucleus at a different excitation level but with
a known spin.
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