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The thermal-neutron fission cross section of 'U has been measured relative to the ground-
state cross section. A rapid radiochemical separation procedure was developed to provide sizeable
(10' to 10" atom) samples that were reasonably free of the parent Pu. From a series of eight
measurements, the value of 1.42+0.04 was obtained for the ratio o. /o. g,

I. INTRODUCTION

The 26.1-min isomeric state of U has been studied
extensively since its discovery and isolation in 1957.'
Despite efforts to obtain samples large enough to make a
measurement of its fission cross section, no such mea-
surements were reported until 1984, while the present
work was in initial stages. While this work was in pro-
gress, we learned of another effort to measure the cross
section at the Institut-Laue-Langevin (ILL). Prior to
this time, most of the experimental work on the proper-
ties of U was devoted to a determination of the
effects of environment on its decay constant and ener-
gy. This —,

'+ state decays to the —,
' ground state with a

half-life of 26. 1 min. The E3 transition proceeds almost
entirely through the emission of very low-energy conver-
sion electrons. The transition energy has been deter-
mined to be 76.8+0.5 eV. We were attracted to a mea-
surement of the fission cross section of this state by the
realization that it is relatively easily populated in
moderately "hot" environments. To allow a determina-
tion of the average fission width and the level densities
of the excited target nucleus, the measurement should
extend to neutron energies of at least 10 keV; however,
we chose to mak. e a first attempt with thermal-energy
neutrons, which are accessible in high intensity at the
Los Alamos Omega West Reactor and for which the
cross section could be expected to be high. We could
then use this experience to develop the techniques re-
quired for the more stringent conditions imposed at
higher neutron energies.

In past studies of U, the collection of samples of
the isomeric state has relied on the fact that in the a de-
cay of Pu, more than 99.8% of the decays directly or
indirectly populate the isomeric state of U. Hence,
collection of the 90-keV a-decay recoils has been the
usual method of obtaining a sample of U . Samples
of adequate size for studies of half-life and isomeric level
energy can be obtained with reasonable areas of plutoni-
um surface. ' However, in order to obtain samples ade-
quate for fission cross-section measurements, rather large
surface areas are required; for example, the area used in
the experiments of Ref. 3 was reported to be 1 m, and a
0.5-m surface has been prepared for sample collection in
experiments at ILL in Grenoble. "

Our first attempts to isolate samples of U from the
a decay of Pu were based on capture of the recoiling

U nuclei from a 0.12-m surface of plutonium by
volatile aerosols suspended in helium flowing past the
surface. The stream of helium was then entrained in a
small-diameter tube and directed to a collection disk of
platinum. By directing several helium streams to the
same spot on the platinum disk, we could then concen-
trate the recoils collected from a large surface area of
plutonium distributed over several plates. The resulting
sample was then introduced into a small fission chamber
for the cross-section measurement. To date we have
been unsuccessful in the use of this so-called "He-jet"
technique. ' The samples produced had only a small
fraction of the expected U, although we could easily
detect and multiscale (i.e., sequentially count to deter-
mine the time dependence of the decay) the conversion
electrons given off in the isomeric decay, and contained
unexpectedly large amounts of Pu (determined by a
counting). Inspection of the plutonium coatings on the
plates used as recoil sources revealed that the plutonium
was badly corroded and had not adhered well to the
plates. We will continue to explore using this technique
because it has the advantage that it is easily scaled up to
provide the larger samples of U required for energy-
dependent cross-section measurements.

II. EXPERIMENTAL APPROACH

There were two developmental efforts required to pur-
sue the fission cross-section measurement for U
These were to develop a low-background fission chamber
that could tolerate the severe conditions in the reactor
thermal column (large y-ray and thermal-neutron
fluxes), and to develop a procedure, possibly radiochemi-
cal, for the separation of adequate samples of U
(10' —10" atoms) from a plutonium source. As men-
tioned above, our attempts to use the He-jet technique
for source preparation have not been successful, so we
turned to a radiochemical approach.

A. Rapid radiochemical separation of U from Pu

We have developed a rapid radiochemical procedure
for the separation of U from milligram quantities of
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Pu. The separation procedure provides a suitable
U sample in a time of 25 —35 min that is basically

plutonium free. The radiochemical separation of urani-
um from plutonium uses a simple selective anion ex-
change step: uranium is absorbed onto AG-MP1 resin
from a 47% hydrobromic acid (HBr) solution but plu-
tonium is not. ' The uranium is then easily eluted from
the column with a very dilute hydrofluoric acid (HF)
solution. ' A detailed description of the procedure will
be published elsewhere.

1. Reagents and equipment

All equipment used in these procedures was new and
not used for any other procedure. The containers were
precleaned with 4M nitric acid (HNO)3, distilled water
and finally with Milli-Q water. Reagents included
Merck Suprapure 47% HBr, and 0.006 M HF prepared
from ultrapure Seastar HF. For each sample prepara-
tion three polyethylene dropping bottles of each reagent
were prepared. These were changed at various stages of
the procedure to minimize the cross contamination from
one stage to another. The columns were prepared in
blue Eppendorf plastic pipette tips which were plugged
with prewashed quartz fiber and filled with pretreated
AG-MP1 50—100 mesh resin. We prepared 2-cm
columns to be used for the initial cleanup steps and 1-cm
columns which had faster flow rates to be used for the
actual separation. All columns were preequilibrated
with HBr immediately prior to use.

2. Radiochemical separation

The plutonium (70—250 mg) was taken up in a
minimum amount of HBr and stored in a Teflon bottle
until used for a separation. The initial steps were per-
formed in a portable plastic glove box positioned in a
fume hood. We removed the uranium that had grown in
from the plutonium solution since the previous separa-
tion by passing the plutonium solution through a five-
column (2-cm length) clean-up series. The plutonium
solution was passed through a column, washed with a
few drops of HBr and collected in a Teflon beaker. The
column was discarded in each case. During the use of
the fifth column, time was marked as the beginning of
the ingrowth period.

After an approximate 15-min ingrowth period, the
plutonium solution containing the freshly grown-in
uranium was passed though a 1-cm column marking the
end of ingrowth. The uranium was absorbed on the
column. The column was then washed three times by
filling it with HBr and forcing the HBr through the
column with a syringe fitted with a rubber stopper. The
uranium was removed from the column with 1 —2 ml HF
solution and was collected in a Teflon beaker. Four to
five ml HBr were added to the collected solution con-
taining the uranium, mixed and passed through another
column. The absorbed uranium was again washed three
times with HBr and the column was removed from the
glove box. Following the removal of the uranium from
this column, the 4—5 ml of HBr was added to the solu-
tion which, after mixing, was passed through a final

column, washed three times with HBr, and eluted with
HF into a warm Teflon beaker. The final sample was
carefully evaporated to a final volume of 0.1 —0.2 ml on a
hot plate with the aid of an air jet gently passed over the
surface. The final drop was transferred to a cold 9.5-mm
platinum disk placed on a Teflon-covered hot plate un-
der a heat lamp, both of which were turned on after
delivery. Following complete evaporation aided by air
jet, the disk was flamed and delivered for irradiation and
counting.

We conducted several separation blanks to ensure that
reagents, equipment, or environment of the procedure
did not introduce fissionable materials into the final sam-
ple. We first performed these blanks in clean room con-
ditions and then repeated them at the location where the
experiment separations were to take place. All blanks
were satisfactory, containing no appreciable fissionable
materials, with the U level in the blanks determined to
be lower than 10 atoms.

We were able to attain a separation factor of uranium
from plutonium of approximately 10' . The number of
atoms delivered for the cross-section measurements
ranged between 6&& 10' and 3)& 10" atoms of U

B. Fission chamber development and data analysis

We constructed a fission chamber using titanium (be-
cause of its low thermal-neutron activation and low
uranium impurity level) and polyethylene insulators.
The chamber, a cylinder 19 mm in diameter and 9.5 mm
long, has plate-like electrodes at both ends. The U
sample, deposited on a 9.5-mm diameter platinum disk,
forms part of one electrode and is accessible by a screw-
top flange at one end of the chamber. A flow of P-10
proportional counter gas (about 0.5 cm /s) was provided
to the chamber at a gauge pressure of about 200 kPa.

A potential of 600 V was applied between the two
electrodes, and the signals picked up at each electrode
by high-speed preamplifiers were analyzed for coin-
cidence to gate a multichannel analyzer for spectrum
analysis. The gated linear signal was then multiscaled
with a threshold level of approximately 40 MeV. Multi-
scaling was typically carried out for 180 min in 1-min in-
tervals. The background rate of the fission chamber in a
thermal neutron flux of —5)& 10" n/cm s was about 100
counts/min, less than 10% of the typical U sample
counting rate.

The U sample provided from the rapid radiochem-
ical separation was loaded into the fission chamber and
inserted into the thermal column of the Omega West
Reactor as quickly as possible (usually within 2 min).
The fission chamber signals were multiscaled along with
a U-flux-monitor signal. The flux monitor was posi-
tioned near the fission chamber at the same elevation in
the thermal column, but far enough away that the neu-
trons produced in the flux monitor would not perturb
the thermal spectrum at the fission chamber location.
The activation cadmium ratios in the fission chamber at
the thermal column position are 117 for ' Au, 100 for" In, and 163 for ' Lu. The neutron spectrum is ap-
proximated by a Maxwellian distribution of temperature
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350 K (75.5 meV is the energy of the most probable flux
in the wavelength representation of the Maxwellian
flux). "

The data obtained in multiscaling the fission chamber
signals and the flux monitor were analyzed as follows.
The fission chamber multiscale spectrum was divided,
channel by channel, by the flux monitor multiscale spec-
trum. The resulting spectrum, typically 180 channels in
length, was then fitted to the function a+be ', where k
is the isomeric state decay constant (0.026 56 min ') and
t is the time elapsed since the end of the grow-in period
during chemical separation. The value for a is the nor-
malized fission rate for U in the deposit (or,
equivalently, the fission rate at long times), while b is re-
lated to the ratio of the isomeric-to-ground —state cross
sections, R =o. /o. g, by the following relation:

III. EXPERIMENTAL RESULTS

Over the period of a year, many experimental mea-
surements were made. Those conducted during the first
and last portions of the year period appeared not to be
subject to difficulties with the chemistry (an involved
procedure, and especially taxing to the person perform-
ing the first few steps in a glove box) which, for example,
would result in an incomplete purging of the uranium
grown-in since the last experiment, difficulties in deposit-
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where a and 1 are the coefficients of the above function,
the multiscale interval is 1 min, tp is the grow-in time, B
is the background rate for the platinum disk used (there
were significant, but small, variations noted from disk to
disk), and "Pu" is a correction term for the fissions due
to any plutonium found in the deposit by later a count-
ing the disk (to a sensitivity of less than 10 atoms of
plutonium).

TABLE I. Summary of individual results.

Date of run Atoms of U Atoms of Pu (R —1)

July 1, 1986
July 2, 1986

May 19, 1987
May 20, 1987
May 22, 1987
June 2, 1987
June 3, 1987
June 4, 1987

6.39 X 10"
3.68 X 10"
1.78X10"
1.02X10"
6.96 X 10'
1.76 X 10"
8.05 X 10'
1.35 X 10"

5.56X 10'
4.32 X 10

1.02 X 10

6.21 X 10'
6.78 X 10'

0.419+0.064
0.403+0.022
0.437+0.022
0.374+0.037
0.466+0.041
0.478+0.022
0.392+0.032
0.386+0.022

IV. DISCUSSION AND FUTURE PLANS

ing the sample on a platinum disk, or a carryover of too
much plutonium. A total of eight samples combined the
qualities of "good" sample size (consistent with that ex-
pected for the plutonium sample size and grow-in
period), adequate fission counting rate, adequate multi-
scale length (some experiments were cut short by power
failures), and low plutonium content.

A typical multiscale spectrum is shown in Fig. 1,
showing also the fit to be expected for the value
R =2.2+0.4 reported in Ref. 3. The value for R shown
as a fit to the data in Fig. 1 is an individual value, and
the uncertainty is statistical. It is clear from the figure
that we do not measure a time-dependent fission rate
consistent with the result obtained in Ref. 3. Although
Mostovoi and Ustroiev report their value on the basis
of 15 independent measurements (not reported individu-
ally), their large uncertainty must reflect considerable
scatter in the individual measurements.

The data for the eight samples used in arriving at a
final value for R are displayed in Table I. The weighted
average value for R is R =1.42+0.44, where the uncer-
tainty is one standard deviation (the values for R —1

were used in the averaging).
We very recently learned of preliminary results ob-

tained for experiments performed at ILL. The
Mol/Ghent/ILL/LANL collaboration has reported
R =1.61+0.44 for 5-meV (most probable energy) neu-
trons and 2.47+0.45 for 70-meV (most probable energy)
neutrons. These values show a trend for increasing iso-
mer cross section with increasing neutron energy but are
not in agreement with our value of 1.42+0.04 for 75.5-
meV (most probable energy) neutrons. These "most
probable energy" values correspond to the energy of the
most probable flux when plotted as a function of neutron
wavelength, a common representation used with neutron
beams available for diffraction studies.
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FICx. 1. Multiscale spectrum of fissions in a U sample.
The data have been condensed to 3-min intervals for conveni-
ence in plotting. The expected fit for the R =o /o.

g value re-
ported in Ref. 3 is shown as the dashed line.

The isomeric state of U has a nuclear structure
character similar to that of the ground state of Pu.
The measurement of the fission cross section induced by
thermal-energy neutrons does not provide enough infor-
mation to deduce any basic fission process parameters.
However, the fact that the ratio of the isomeric and
ground-state cross sections at thermal energies is rough-
ly the same as the ratio of the Pu ground-state to U
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ground-state cross sections allows one, as stated in Ref.
3, to postulate that thermal fission of U likely
proceeds by a level with spin zero in the compound nu-
cleus (by analogy with Pu). The trend of the cross
section as a function of neutron energy from Ref. 4 (the
neutron spectrum for Ref. 3 was not specified), may indi-
cate the possible presence of a strong low-energy reso-
nance in the U (n, f) cross section, suggesting addi-
tional similarity to that for Pu.

It is important to extend this measurement to higher
neutron energies to test the possible cross-section indica-
tions stated above. The Los Alamos Neutron Scattering
Center (LANSCE) provides an intense "white" neutron
source for time-of-Aight correlated measurements of
neutron-induced processes at neutron energies up to
many MeV. Preliminary estimates of sample sizes need-
ed for an experiment at LANSCE lead to a plutonium
"cow" size of 200 —400 g to enable measurements of the
fission cross section at neutron energies up to 100 keV.
Chemical separation techniques may still be possible
with such a size, but if the He-jet approach can be suc-

cessfully developed, the scaling to plutonium source sizes
of hundreds of grams would be direct. Toward this end,
we are continuing our development efforts to employ the
He-jet as a combined separation and concentrating tech-
nique for large source surface areas. The He-jet tech-
nique has been used successfully to transport recoiling
activities with moderately high efficiency at a number of
laboratories, including our own, ' and should be capable
of handling source areas of several m . We are also ex-
ploring the possibility of performing automated chemical
separation on large plutonium samples.
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