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ABSTRACT

The United States and the United Kingdom have been engaged in a joint research program
in which samples of fissile and fertile actinides have been incorporated in fuel pins and
irradiated in the Dounreay Prototype Fast Reactor in Scotland. The purpose of this portion of
the program is to study both the materials behavior and the nuclear physics results —
primarily measurements of the fission-product yields in the irradiated samples and secondarily
information on the amounts of heavy elements in the samples. In the measurements high-
resolution detectors were used to observe (and quantitatively measure) the gamma rays and
x rays corresponding to the decay of several long-lived radicisotopes. Two series of
measurements were made, one nine months following the end of the irradiation period and
another approximately six months later. The samples were milligram quantities of actinide
oxides of 248Cm’ 246Cm, 244Cm, 243Cm, 243Am, 24'Am, 244Pu’ 241PU, 240Pu, 239Pu, ZJSPU, 238{]1
8oy, By, P4y, P3U, B'Pa, B2Th, and 2*°Th that had been encapulated in vanadium holders
and exposed in the core to a total fluence of approximately 2.7 X 10%? “fast” neutrons over a
period of about 12 months. The fission products identified were °'Y, *°Zr, %Nb, '©Ru, 1%Rh
(following decay of '%Ru), 1'9mAg 1258b, 14Cs, 137Cs, #1Ce, 14Ce, P, and Y’Eu.
Because of uncertainties associated with the experiment (e.g. initial sample compositions,
effective fission cross sections, etc.), not all the fission-product yields could be obtained on an
absolute basis. Therefore, the absolute yields of the fission product '*’Cs in the various
samples were designated as monitor data for determining the yields of the other fission
products. The resulting relative-yield fission-product data were manipulated for comparison
with presently existing evaluated data; the comparisons are generally favorable and the
exceptions are discussed. In addition, determinations of the heavy element contents of the
samples provided information on both the initial sample composition and the actinides created
during the irradiation.






1. INTRODUCTION

Following discussions that had been formally initiated as early as 1977, an agreement for
an experimental program entitled “Higher Actipides Agreement” was signed in May 1979 as
part of 2 long-term cooperative program in the field of Liquid Metal Fast Breeder Reactor
(LMFBR) technology between the United Kingdom {UX) and the United Stales under the
LMFBR agreement of 1976. As originally conceived, the experiment was aimed primarily at
an evaluation of materials behavior of the higher actinides in a fuel-pin type of irradiation,
However, the final agreement calied for an additional experiment to carry out simmuitaneous
irradiations  of “physics specimens” of fissile and fertile fuels in order to improve our
knowledge of basic nuclear physics phenomena, e.g., cross-sections and fission-product vizlds.
The present report details the aspects of the experiment primarily concerned with deducing
fission-product yields.

In an overall picture the experiment followed a rather straight-forward chronclogy.
Complete details have been given in a series of reports' of work sponsored by the U.S.
Department of Energy, Office of Breeder Technology Projects, from which experimental
aspects important to the present experiment have been taken. The sample preparation was
performed mostly during 1980 at the Oak Ridge National Laboratory (ORNL) and was
reported in detail by Quinby ef @l.! The assembly of the fuel pins was the responsibility of
Hanford Engineering Development Laboratory (HEDL), which also shipped the pins to the
UK for irradiation. The fuel pins were inserted into the Dounreay Prototype Fast Reactor
(PFR) in early 1982, and irradiation began on August 24, 1982, It was anticipated that a
total-neutron fluence equivalent to 90 Full Power Days (FPD) would be obtained; however, at
the end of the irradiations one year later on August 31, 1983, PFR operations reported a total
irradiation power history eguivalent to 63 FPD. Following the removal of the fue! pins, the
fuel pin containing the physics samples was returped to the U.S,, ultimately arriving at ORNL
during May 1984, Individual samples were removed from the fuel pins, and samples suitable
for gamma-ray assay were prepared from predetermined aliquots of the total samples.
Chemical separations of the actinides or of selected fission elements were not performed; each
gamma-ray-assay sample was to reflect a specific amount of the fotal unseparated sample.
One consequence of this choice of sample preparation was that overall sample sizes were
limited for several actinides because of the large specific activity associated with the actinide
contents of the irradiated sample. A compensation to this limitation, however, was the ability
to determine principal sample actinide masses from the gamma-ray assay for some of the
actinides in the sample as well as for the available fission products in the sample.

The predetermined aliquots for the gamma-ray-assay samples were determined after a
study of the preanalysis caiculations of Broadhead ez al,? which were based upon an
irradiation assumed cquivalent to 90 FPD. To a considerable extent these calculations relied
on the details of the physics specimens as given in the report of Walker er al? As it
happened, the fast neutrons from the actual irradiation history produced less activity in the
samples than had been estimated; however, the differences were readily compensated for
during the actual gamma-ray-counting experiments.



Some of the details of the physics samples encapsulation are repeated from Quinby et al!
Physics specimens were required to be encapsulated in a high-purity material that would not
produce an undesirable background after irradiation. Capsules made from high-purity
vanadium were used for this purpose. A spark source mass spectrographic (SSMS) analysis of
the vanadium is shown in Table 1.

Table 1. SSMS analysis of high-purity vanadium
used for UK/US physics samples®

Element Mass (ppm)
Ag S
As 2
B 5
Ca 0.3
Fe 100
K 1
Mg 10
Mo 50
Na 2
Nb 10
Ni 20
P 20
Si 300
Ta 100
Ti 20
\Y Major
Y 40
Zr 10
S 100
F 0.5

%E]lements not shown arc below detectable limits.



The vanadium capsules were quite small, having a 7.6-mm length, a 1.5-mm outside
diameter, and an interior volume of 0.52 mm’. We remark on both the SSMS impurity
analysis and the small size of the capsules because these aspects impacted the overall results of
the gamma-ray-assay experiment. The small size and the hard constituency of the vanadium
presented a serious challenge in extracting the irradiated actinide samples from the capsuless,
impacting upon the preparation of at least five of the gamma-ray-assay samples. In addition,
peaks were observed in the raw data which could be ascribed to the detection of gamma rays
following the decay of radioisotopes created by neutron interactions with capsule impurity
elements. Knowledge of these impurities was particularly important for those cases in which a
gamma ray from decay of an impurity radionuclide was accidentally degenerate {to within the
resolving power of the measuring system) with a gamma ray from decay of a desired
radionuchide.

The remainder of this report is dedicated to a complete discussion of the gamma-ray-assay
measurements and data reduction. Some detall is presented to provide the reader with a
sufficient description of the experiment so as to judge the quality of the results, and, in
addition, to present some problems which were encountered during the experiment and cur
soluticns to and/or recommendations concerning such problems.

2. EXPERIMENTAL DETAILS

2.1 GAMMA-RAY-ASSAY SAMPLE CONFIGURATION

The fuel pin containing the physics samples was opened about nine months following the
end of the irradiation. This process took place in a well-shielded hood using remote
manipulators. Each vanadium capsule was sawed open and its solid oxide sample was removed
and then dissolved in acid (HNOjy). A portion of this solution was determined by aliquot for
the present measurements, the amount being deduced a priori upon the expected activity of
the total sample indicated by preanalysis calculations of Broadhead er al? Each aliquot was
diluted with HNQO; to a 4-ml volume and transferred to a glass bottle. The material was
sealed in the bottle with a semi-permanent sealing plastic cap impervious to the acid solution.

The given initial sample masses and our aliquots {shares) are given in Table 2, along with
the half lives of the principal isotopes taken from the Table of Isotopes.* (For three isotopes,
namely 24%Pu, 'Am, and 24*Cm, there were two separate samples.) The initial masses were
obtained from the report of Quinby et al' TFor several of the samples, the total masses were
computed, or recomputed, as of August 24, 1982, the date of the beginning of the irradiation,
with supplemental information about the sample material (e.g., isotopic %, concentrations,
dates of measurements) obtained from data given in the report by Walker er 4l Sincs the
gamma-ray-assay samples contained the principal actinides being studied, the gamma-ray
measurements themselves provided an independent determination of the amount of the
principal actinide.



Table 2. Sample principal actinide masses

Principal  Sample Total y-ray assay Isotope half
isotope No. mass (mg)®  aliquot (%) life (yr)?
2307 31 2.921 10.0 8.0 X 10*
B32Th 25 17.771 12.0 1.41 X 100
Bipy 29 2.885 12.0 3.28 X 104
23y 32 7.920 1.0¢ 1.59 X 10°
34y 27 3.442 10.0 2.45 X 10°
3y 28 8.531 1.0 7.04 X 108
26y 26 7.906 5.0 2.34 X 107
238y 11 9.859 5.0 4.47 X 10°
238py 30 2.6874 12.0¢ 87.7

239py 23 7.990 10.0 2.41 X 10*
240py 22 10.537¢ 4.0 6.57 X 10°
240py, 21 10.782 3.0 6.57 X 107
241py 24 4.096° 2.0 14.36
244py 20 2.086 12.0¢ 8.05 X 107
Mlam 15 9.551 1.0 432.
HAm 14 10.383 0.1 432.
3Am 12 9.804 0.2 7.37 X 103
243Cm 10 0.334/ 1.0 28.5

244Cm 9 7.928¢ 2.0 18.1

244Cm 8 7.791# 1.0° 18.1

246Cm 5 6.657 2.0 4.76 X 103
248Cm 4 1.720 10.0 3.50 X 10°

“From Table 13 of Ref. 1.

bFrom Table of Isotopes, Ref. 4.

‘Specimen may have been damaged during its removal from
vanadium capsule.

YRecomputed to be as of August 24, 1982, from data given in
Table 13 of Ref. 1 and additional information given on page 50 of
Ref. 3.

¢Computed from compound weight given in Table 13 of Ref. 1
and additional information given on pages 40, 41, 42, and 44 of
Ref. 3.

fRecomputed to be as of August 24, 1982, from data given in
Table 13 of Ref. 1 and additional information given on page 36 of
Ref. 3.

sRecomputed to be as of August 24, 1982 from data given in
Table 13 of Ref. 1 and additional informaticn given on page 35 of

— A A



Perusal of Table 2 will indicate that four samples prepared for the fuel pin (as described
by Quinby et «l') are missing from the list. These four samples are #6, the second **Cm
sample; #7, the 2"Np sample; #13, the second *3Am sample; and #16, the 2?Pu sample. The
TNp sample was reported as fost during the opening of the fuel pin following the irradiation.
We did oot receive a sample labelled #13 (the second ***Am sample) nor any explanation for
its absence. As for the other two, we received labelled samples presumably containing our
designated aliguots of the designated actinides, and gamma-rav dats were obtained. However,
the results of the gamma-ray measurements indicated that our sample #6 contained a very
substantial amount of *’Am and was very Ikely the missing sample #13. Because of the
uncertainty of the assignment, coupled with apparently satisfactory data for sample #12 (the
first *Am sample), we chose to discard the data obtained from the sample labelled #6. We
alse obtained data for a sample labelied #1€, but it became evident that the results were
inconsistent with identification of the principa! nuclide as **?Pu. In particular, we should have
been rather readily able to identify gamma rays due to decay of ***Pu and 2¥Am and we were
unable to do so. As a consequence it was apparent that the principal actinide was unlikely to
be Py, and as we were unable to identify the principal actinide, we {rather reluctantly)
chose to discard the data obtained with this sample.

We had, also, another mixup in sample description. The sample labelled #32, 23U, was
determined to be 2Th, and the sample labelled #31, ¥°Th, was determined not to be 2Th,
We decided the latter sample was the #°U sample and treated the measurements and
subsequent analyses for both samples on the assumption that the mixup was simply a labelling
switch.

To summarize, fission-product yield data were obtained for fast-neutron fission of 19
different actinides. Samples of two actinides (2*"Np and 2¥?Pu) were apparently lost.

2.2 GAMMA-RAY-ASSAY COUNTING CONFIGURATION

Two different high-resolution detectors were used. One was a large-volume Ge(Li) diode
having a resolution of ~2.1 keV full-width-at-half-maximum (FWHM) for £, ~1.3 MeV.
Measurements were made with this detector for 0.1 € ., € 3 MeV. The second detector was
a low-energy-photon-system (LEPS) intrinsic germanium detector having a reselution of
~0.5 keV FWHM at £, ~120 keV. It was used for measurements of gamma rays and
x rays having energies 20 < F, % 230 keV. The efficiencies of both detectors as functions of
£, were determined using well-calibrated commercially available sources.

The sample-to-detector configuration is shown schematically in Fig. 1. The glass bottle
containing the (liquid) sample was oriented with its cylindrical axis set horizontally, and the
bottle was fixed to a card (not shown) cut to fit intc a *ladder” {also not shown) that has
horizontal grooves cut at fixed distances, D, from the detector. Because of the extended
nature of the source, several corrections had to be made, corrections not needed for the point-
like sources used during the efficiency calibration, The first correction was to the distance, D,
between the bottom of the glass bottle and the detector. The glass bottles were 1.6 cm in
outside diameter, had ~-l-mm thick walls, and were ~6-cm long. The liquid filled
approximately the lower half of the bottle, and we deduced the average path length of source
gamma rays froma somewhere in the liquid to the horizontal plane delineating the lowest side
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SAMPLE - TO - DETECTOR CONFIGURATION
(NOT TO SCALE)

Fig. 1. Schematic representation of the sample orientation with respect to the
Ge(Li) (ot intrinsic Ge) detector. The detector is mounted on a vertical dipstick and
surrounded by lead shiclding. A sample-holder ladder (not shown) made out of
clear plastic is placed along the vertical centerline. This ladder has horizontal slots
machined at known positions so as to provide an accurate value of the distance, D,
from the top of the detector housing to the center of the slot. The sample is in
liquid form and enclosed in a glass bottle permanently capped. The bottle is
mounted on a piece of fiberboard card, and the card is positioned by use of the
horizontal slots machined into the plastic ladder.



of the (horizontally placed) bottle to he 0.5 om. The effect of the finite bottle length was
computed. If 2L = length of the bottle, then the average distance, p(D.L), from a source on a
horizontal line at a distance D is given to first crder by

VIET TG 2 b+ ITT DH - ;zn(mg

DLy = YA

=

Yor D = 15 cmmand £ = 2 om, p ~15.1 cm, and the correction is small. For very nearly all
measurements £ was 15 cm or larger for both detectors. One other correction that was
applied was to correct for gamma-ray absorption by {a) the liguid of the sample, and (b) the
Si(y; of the glass bottle. Gamma-ray atlenuation coefficients were taken from the literaturs,’
and the computed attenuation corrections were checked by testing them on the measurements
of one of the **Am samples, since the intensities of gamma rays due to decay of this radionu-
clide are well known.*

2.3 GAMMA-RAY-ASSAY COUNTING MEASUREMENTS

For each sample at least four separate spectra were obtained, two spectra during the period
June to July 1984 and two spectra during November 1984, The two spectra for each period
consisted of one spectrum for ¢ach of the two different detectors. For a few of the samples
additional spectra were obtained during the period April to July 1985. These later spectra
were obtained to attempt to provide answers to guestions that arose during data reduction of
the carlier spectra. All told, more than a hundred high-resclution gamma-ray specira were
obtained.

An example of spectra obtained with the LEPS detector is exhibited in Figs. 2 to 5. In
these figures, peaks are identified by symbols of the assigned responsible radionuclide. In
addition, four positions are noted where peaks corresponding to the sample actinide, 234U,
would have been observed if the yiclds had been large enough. The fact that none of the four
had a sufficient yield is consistent with amount of cur sample as given in Table 2 and the rel-
atively long half life of 2**U. The only peak in the spectrum that gives an indication of the
principal sample actinide is the comparatively small peak at £, ~16 keV (see Fig. 2), identi-
fied as probably due to thorium Ly x-ray observation, a peak that would be expected following
o decay of any one of the uranium isotopes. The fact that this x ray is observed imiplies an
intermediate half life of the parent uranium isotope, and so is consistent with decay of the iso-
goge 234, This thorium peak is not observed, for example, in the spectrum of the sample of

sy,

An example of spectra obtained with the large-volume (Ge(Li) detector is shown in Figs. 6
to 9. Here again, peaks are identified by symbols of the responsible radionuclides. Essentially
all of the observed peaks have been identified, although not all have been labelled. In Fig. 9,
for example, all of the unlabelled peaks are due to detection of gamma rays following decay of
1R h; however, only the peak at &, —2365 keV (in this figure) was used as part of the
determination of the yield of "“Rh.
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Fig. 2. Portion of the gamma-ray and X-ray spectrum obtained from a
measurement of the 234U sample using the intrinsic-Ge low-energy photon detector.
The copper and zinc K, x rays are due to flourescence by gamma rays of these
elements in thin brass shielding pieces mounted on the front face of the more
massive lead shielding. The small peaks at ~26 and 31 keV are germanium
gscape peaks.
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Fig. 3. Somewhat higher-energy portion of the spectrum shown in Fig, 2. The
dashed lines indicate expected peak positions for detection of gamma rays following
decay of 2*U, the principal actinide of tkis sample. None are observed such that
the mass of **U could be deduced. Also clearly observed are lead K, and K4
X rays due to fluorescence by gamma rays of the lead in the shielding surrounding
the detector. For the |ast measurements made, the shielding was revised to reduce
this background source by a factor of more than 20, Such reduction was necessary
to observe the 75-keV “signature” gamma ray following decay of 2"3Am,
particularly for measurements involying the heavier curium samples.
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Fig. 5. Highest-energy portion of the spectrum of Figs. 2 to 4. Data were
obtained at larger energies, up to 230 keV, but no peaks corresponding to detection
of gamma rays having energies 180 keV € £, < 230 keV were observed during
the measurements involving the 24U sample.
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Fig. 6. Portion of the gamma-ray spectrum from a measurement of the B8y
sample using the large-volume Ge(Li) photon detector. All of the large peaks have
been identified with gamma rays following decay of various fission products, and
the peaks are labelled with isotopic symbols of the responsible radioisotopes.
Resolution of this system may be judged by noting the clear separation of the
756-keV gamma ray from decay of *>Zr from the 765-keV gamma ray from decay
of Nb. The dectector peak response is nearly Gaussian for almost all of the
detectable portion of a given peak. The data-analysis code defines the peak shape
as Gaussian plus a small low-energy contributicn.
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rays following decay of !"Rh.
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Fig. 9. Highest-cnergy portion of the spectrum of Figs. 6 to 8. The peak at
2615 keV is due to a gamma ray of that energy following decay of 2%T¢ a
daughter of **®Th and a part of the rcom background. All of the remaining
observed peaks are very likely due to gamma rays following decay of {%Rh. The
one identified with the isotopic symbol was used during data reduction as part of
the %R h decay in deducing the yield of '"Rh; the other data were not so utilized.
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First-pass data reduction was accomplished using an up-to-date version of the well-tested
computer code TPASS.® Computed peak vields were corrected for detector cfficiency and
were then subjected to comparison with information stored in an isotope-data file’ to deduce
likely responsible radionuclide candidates. In most instances, the analysis was unambiguous,
but in those situations when the code located more than one likely contributing radionuclide,
the final choice, or choices, had to be made by the experimentalist. In addition, the analysis
for each run, as recorded in the print-out material, was carefully scanned for information that
might have been passed over by the computer program.

The results of these calculations, both by computer and manually (when required), were in
the units of the nuraber of atoms of a specified fission product as of the end of the irradiation
(EOI), taken as September 1, 1984. Of course, immediately at the end of the irradiation the
actual yield of the specified fission product was slightly smaller, depending upon the existing
amounts of other fission products which decayed into the specified fission product sometime
after the end of the irradiation but prior to our mcasurements. The fission-product decay that
we were able to observe had to be due to a few, comparatively long-lived fission products; the
values reported here are for cumulative fission-product yields due to fast-neutron fission
induced in each given sample for the actual irradiation history of the ¢xperiment.

In the described manner we were able to obtain yields for the following fission products:
Iy, 957r, 95Nb, 1Ry, 196Rh, 110mAg 125§h, 134Cs, 37Cs, 141Ce, 144Ce, 14Pr, and 1Eu. We
were not able to obtain information on certain other long-lived fission products anticipated in
the preanalysis calculations of Broadhead et al.? The radionuclide ®3Kr is a noble gas and was
dispersed prior to our sample fabrication. The radionuclides ¥Sr, %S¢, and °°Y are, essen-
tially, pure S-ray emitters, as are '7Pm and '>'Sm. Gamma rays may have been observed in
some 5(‘:f the spectra corresponding to decay of other fission products, e.g., 150d, 129Te, 148pm,
and **Eu.

Gamma radiations due to decay of several of the shorter-lived actinides were also observed.
In some cases these “other” actinides were initially part of the sample, and in other cases they
were created during the irradiation. Although not a part of the primary goal of the present
experiment, these data were also reduced. In addition, gamma rays were observed due to
decay of other radienuclides somehow introduced into the experimental samples but that were
not created by neutron interactions with the principal (or any secondary) sample actinide.
These “background” or “contaminant” radionuclides included **Mn, *#Co, %°Co, 3Zn, and, in
particular, '82Ta. [Identification of these background radionuclides was necessary so as to
properly account for their contributions to peaks which corresponded to detection of gamma
rays due to decay of radicnuclides of interest.

2.4 GAMMA-RAY-ASSAY COUNTING ANALYSES

To obtain the absolute yields of radionuclides from the data given in the spectra requires
knowledge of the radionuclide half lives and individual gamma-ray decay emission probabilities
(known as branching ratios). Values for the nuclear data*® that we used are given in Table 3
for the fission products of interest. The radionuclides given in this table have been well stud-
ied, and one may consider most of the given nuclear data as reliable. Uncertainties associated
with half lives werc not propagated in the computations; however, uncertainties in branching
ratios were included in the final uncertainty determinations.
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Table 3. Nuclear data for fission products

Gamma-ray
Radionuclide  Half-life  Energy (keV)  Branching (%)

oty 58.54d 1204.9 0.30 = 0.03
Bz 64.0 d 724.24 442 + 0.5
756.76 54.6 + 0.5

93 Nb 35.0 d 765.84 96.8 + 0.1
Y 39.3 ¢ 497.04 9509 + 0.7
106ph 366.9 ¢ 621.8 9954 0.75
1050.1 145 + 0.10

116m g gb 252.d 884.2 72.6 £ 0.3
937.4 342 + 0.3

1383.9 24.3 4 0.2

1235b 2.758 y 427.89° 29.44 + 0.99
600.56 17.78 £ 0.95

635.90 11.32 + 0.63

463.38 10.45 + 0.57

134 2,066y 604.74 98.6 + 0.3
795.80 878 + 1.4

137 30.14 vy 661.647 86.0 + 0.6¢
Ml 32.5d 145.45 483 + 0.3
e 2847 d 133.53 11.09 % 0.20
144p, 284.7 d° 696.48 1.34 £ 0.02
2185.78 0.74 + 0.03

55y 496y §6.55 30.9 + 2.8
105.31 20.7 £ 2.0

*(f the parent '®*Ru,

*The peak correspopding to detection of the E, =
657.7-keV gamma ray from decay of this isotope is masked
by the very much larger peak similarly corresponding to
decay of '¥(s.

‘MNearly degenerate with 7, == 428.4 keV due to decay of
1R h

“Garmma ray due to decay of daunghter '"""Ba iscrner;
branching corrected to be applicable to decay of ¥7Cs,

*0f the parent *¥Ce.
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The results werc obiained as the absolute values of the number of atoms of the particular
radionuclide that were in the sample at the time of the gamma-ray measurement. In Table 4
results for 137Cs are tabulated. Note that, as obtained and presented, the given results for
137Cs are not related to any informaticn about the sample material, irradiation history, etc.
The uncertainties tabulated with the absclute yiclds include data reduction uneertaintics,
which are dominated by uncertaintics in peak arca deierminations. The tabulated uancertain-
ties do not include unceriainties in the detector efficiency at £, = 662 keV, which, in turn
depend upon the accuracy with which the sample-to-detector distance was determined for a
given measurgment. For point-source measurements this distance is believed known to
+0.1 cm, which would correspond to an uncertainty of ~1.5% for D == 15 c¢m, which should
be quadratically combined with an uncertainty of 2% assigned to the experimental efficiency
at £, = 662 keV for D = 15 cm. The tabulated uncertaintics assigned to the data given in
Table 4 range between ~1% and ~-3%. Comparing the November 1984 measurcments with
the earlier measurements indicates that the former disagree with the latter by more than the
combined uncertaintics for 10 of the 22 samples, a somewhat larger number of disagresments
than might be expected. We noted, however, that such disagreements as were observed were
reflected in overall normalization of a given measurement, such that the ratios of the yields of
the other observed fission products to that for '*7Cs did not vary near as much as did the abso-
lute yields of 1¥7Cs.

As given in Tablie 4, of course, the yields for 137Cs must be further interpreted. The reduc-
tion of these results to quantities of physical interest is discussed in the next section.

Before going on to the next section, however, we give a brief discussion of the various back-
ground radionuclide decays that were observed. As mentioned above, data were cbserved
which could be attributed to decay of several non-fission-product and non-actinide radionu-
clides, in particular '82Ta. These results arc given in Table 5. One may observe that the
reported values span four orders of magnitude. One may also observe an approximate correla-
tion in yields of **Mu, *3Co, and *®Co, but much less correlation of the yields of these three
radionuclides with cither ©Zn or '%*Ta. As mentioned above, the impurity yields were impor-
tant for the data reduction, particularly for '¥2Ta. Of scme concern, pertaining to sample
descriptions, was the source (or sources) of the impurities. Clearly they were in our aliquots.
The substantial variations from one sample to another suggested that the impurities were not
inadvertently added from extrancous scurces during our sample preparations. Hence, it
appeared to us that the impuritics were in the samples. So the impurities in the samples as
deduced using spark source mass spectrographic methods were scanned {see the report of
Walker et al®). Some of thcse SSMS impurity results are given in Table 6, and one may ask
if the reported’ impurity amounts can account for our observations. The observed °Co may
be expected to correlate with the SSMS-deduced Co impurity. The largest reported Co-
impurity amount is for 23°U, and for this sample [using a(i,7) for *?Co of 0.1232 b taken
from Ref. 2, Table 20, page 27] onc may estimate a production of 8.4 X 10!! atoms of *Co
for cur aliquot of the sample, a value which is larger than the observed 1.9 X 10!! atoms of
89Co. For P'Pa and for 2" Am (#15) the estimates from SSMS-given cobalt-impurity values
are 4.4 X 10'° and 2.6 X 10'° atoms, respectively, which are somewhat small compared to
the obscrved values of 5.1 X 10! and 1.6 X 10! atoms, respectively. For the remaining
principal actinides the computed cstimate of expected %°Co is more than an order of magni-
tude smaller than observed. The conclusicn appears to be that the observed amounts of Co
arc larger than cxpected from and rot particularly well cerrelated with the given impurity
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Table 4. Absolute experiments] yieids of the fission product *'Cs in numbers
of atoms® as of the end of the PFR irradiation {September 1, 1983)

Measurement pericds

Principal ~ Sample

isotope No. June-July, 1984 November 1984 April-July 1935
28e1R 31 (3.39 + 0.08) X 10" (7.95 & 0.08) X 10 (8.39 + 0.08) X 1012
22Th 25 (1.164 + 0.015) X 10 (1.178 + 0.012) X 16"

231pg 29 (2.129 + 0.023) X 10% (2.230 + 0.031) X i6" (2162 + 0.034) X 10"
B3y 3?2 (6.32 + 0.10) X 19 (6.43 + 0.08) X 10"

B4y 27 (3.38 + 0.07) X 10" (3.45 + 0.04) X 10" (3.45 + §.05) » 101
35y 28 (4.28 + 0.i2) * 10" (4.55 + 0.06) X 10"

236y} 26 (3.45 + 0.07) X 10" (3.51 + 0.04) X 10"

238y J 11 (2.30 = 0.12) X 10V (8.45 + 0.09) X 101

Bpy 30 (1.434 + 0.016) X 10" (1.388 + 0.016) X 10"

3py 23 (1.899 + 0.029) X 10" (1.862 + 0.0300 X (0"

240py 22 (5.15 + 0.07) X 0¥ {499 + 0.06) X 10"

240py 21 (3.72 = 0.07) X 104 (3.50 + 0.05) X 10"

Wipy 24 (4.38 + 0.06) X 10" {4.37 + 0.06) X 10"

Hépy 20 (1991 + 0.028) X 16" (1.994 + 0.023) X 10%

2lAm 15 (8.72 + 0.16) X 10 (8.73 = 0.09) X {0V

M Am 14 (1.008 + 0.010) X 103 (992 + 0.10) X 1012

M Am 12 (1.352 + 0.013) X 1913 (1.244 £ 0.013) X 10"

3Cm 10 (4.88 + 0.00) X 107 (4.35 + 0.13) X i0"

Mim 9 (2.411 = 0.042) X 10" {(2.552 = 0.035) X 10"

Cm 3 (6.41 + 0.07) X 10V

26 m 5 (2.336 + 0.027) K 10M (2.053 £ 0.022) X 10"

80m 4 (1.714 + 0.022) X 10% (1.714 + 0.020) X 104

"Uncertainties are data analysis uncertainties and do not include uncertainties in overall detection offi-
ciency for £, = 662 keV, sstimated at % 3%, acr that associated with the glass wall attenuation, estimated
at <1%.



Table 5. Background radionuclide decay observed. Units are number
of atomas as of the end of the irradiation (September 1, 1983).

Principal  Sample

isotope no. SMn BCo 0 6374 1827,

80T 31 (440 £ 0.04) X 10" {3.25 + 0.06) X 10" (6.75 = 0.08} X 10 (7.6 £ 21) X 10°  (5.05 = 0.11) X 10!
32 25 (1.87 % 0.04) X 10" (5.8 + 0.8) X 10" (2.40  0.15) X 10" (2.95 + 0.20) X 10'° (3.46 + 0.12) X 10!
Bpgy 29 (3.30 + 0.06) X 10! (7.0 £ 1.2) X 10" (5.1 £0.5) X 10" (3.60 £ 0.08) X 10''  (1.97 + 0.08) X 10!
By 32 {4.82 = 0.08) X 1010 (6.5 = 0.4) X 100 (5.5 £22) X 16" (485 + 0.11) X 1912
By 27 {1.50 = 0.03) X 10U (6.8 £ 0.4) X 10" (420 + 0.22) X 10" (1.87 + 0.06) X 10! {145 £ 0.04) X 1912
B3y 2 (1.6 + 0.8) X 10 (2.0 £ 1.7) X 10 (6.4 + 3.1) X 1010
236y 26 (6.28 =+ (.28) X 1Q¢ (1.94 = 0.17) X 10" (2.35 + 0.16) X 10" (7.07 + 0.14) X 10!
238y 11 (8.70 £ 0.13) X 1p% (6.7 £ 0.5) X 10°  (1.01 £ 0.07) X 10" (2.92 + 0.08) X 101 (6.05 = 0.20) X 10!
8py, 30 (544 £ 0.11) X 10" {455 = 6.07) X 10"  (7.60 = 0.10) X 1o (9.2 £09) X 18° (325 + 0.25) X ip!
Popy 23 (842 % 0.13) X 107 {774 = 0.11) X 107 (8.51 = 0.12) X 10'? (9 £ 3) X 10" (2,05 + 0.30) X 10!
240p,, 22 {2.06 = 0.04) X 10V (190 = 0.22) X 1g¥! {43 £ 02) X 10 {3 = 2) X 10!
240p,, 21 (221 £ 0.06) X 10" (1.24 = 0.05) X 10" (1.85 + 0.11) X 10! (7 +£5)x 10° {7.7 £ 0.8) X 1010
Zlpy, 24 (1.82 = 0.03) X 10" (5.1 £ 0.9) X 10'° (3.5 £ 0.4) X 10 (3 £ 1) X 101
Hapy 20 {348 £ 0.05) X 10" (2.64 £ 0.04) X 1012 (2.99 + 0.05) X 10! {5.06 £ 0.22) X 10 (1,15 + 0.05) X 1¢12
WAm 15 (9.8 + 0.4) X 10" (6.9 + 0.6) X 1610 {5.5 = 0.5) X 16'® (1.65 % 0.07) X 10" (7.3 £ 0.8) X 16!
2IAm 14 (583 +0.17) X 10° (1.6 = 0.1) X 10% 6.2 £ 1.6) X 1¢° {2.5 = 0.2) X 1010 23 +£02) X 10°
M Am 12 (1.86 = 0.09) X 100 (3.9 + 0.9y X 10° (4.6 = 0.6) X 10° (5.5 £ 05 X 10°
*3Crm 10 (1.3 £ 0.4) X 10'° (23 £ 0.3) X 10° (6 £4)X 10° (27 +03) X 10"
MCm 9 (3.64 + 0.19) X 101° (5.1 £03) X 10° (137 £ 0.13) X 10''  (2.78 + 0.19) X 10!
Bem 8 (105 + 0.04) X (0% (8.1 = 1.3) X 10° (1.38 = 0.09) X 101° (1.26 = 0.05) X 10" (1.06 + 0.05) X 10!
26Cm 5 {48 + 0.9) X 10'? (3.2 £ 1.3) X 10¥® (8.8 £ 0.4) X 10'°  (3.34 = 0.07) X 101!
Mom 4 (331 =005 X 16" (1.30 £ 0.05) X 10 {2.45 = 0.25) X 10 (2.62 = 0.12) X 10" (1.36 =+ 0.03) X 101*

0C
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Table 6. SSMS selecied impaurity analyses of actinide samples.”
Units are clemental mass ratio in parts per million.

{mpurity element

Principal

isotope Fe Na Zr Co Zuo
2307 10 109

B21h 100 0.3 0.3 0.3 3
Blp, 1000 1000 10 5 100
33y 25 {7

B4y 40 40 3 3 3
25y 8 <1 i

2y Major® 425 35 85 70
2384 34 25 1 0.3 0.4
238py 200 50 4000
2%y 10 1 <1 <1 2
240pyycd £200 440

241py, 26 28 9
244py $8 26 18
Ml Ame 1000 100 10 30
MIAm 20 <5
23Cme 500

2440 10 5 5 0.03 0.1
256 m 700 30 30

0m 70 10 1 200

From Walker et al, Ref. 3.
"More than 5% of the sample.
“For both samples of this isotope.
¢Also Ta of 350.

¢Also Nd of 20,600,
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values of cobalt in the original samples. Some of the given impurity values of zinc in the sam-
ples appear to be substantially large enough to account for the cbserved 65Zn, but again there
appears to be little correlation between the SSMS-derived element zinc and the observed %5Zn.
Indeed, for 23¥Pu the SSMS method gives a very large zinc impurity, which should correspond
to a %3Zn yield at least a hundred times larger than observed!

Of some concern was the possibility that impurity zirconium could compromise our meas-
urements of the fission product *>Zr. The SSMS-deduced amounts of elemental zirconium are
given in Table 6. Using an effective o(n,y) for %7Zr of 0.018 b taken from the Appendix of
Ref. 2 results in calculated estimates of *>Zr from °*Zr(n,~) reactions for the samples 23!Pa,
236, and 2%6Cm to be at least a factor of a thousand smaller than observed. Hence, it
gsppears that impurity zirconium in these samples does not measurably contribute to observed

Zr yields.

Another fission product that was of interest was 134gu, a shielded radioisotope, and there-
fore expected to have small yields. Of the principal gamma rays expected following decay of
'34Eu, the low-energy E., = 123.1-keV gamma ray was never observed among the rather sub-
stantial Compton background in this region of detected gamma-ray energy (see, e.g. Fig. 6).
The next-most intense gamma ray from decay of **Eu has E v = 1274 keV, a value degener-
ate with a gamma ray following decay of '3Ta as well as with the principal gamma ray fol-
lowing decay of 2?Na. These background gamma rays interfered sufficiently with data analy-
ses to render unreliable tentatively deduced *Eu contributions to our measured spectra.

Since it seemed cvident that the observed !'%2Ta decay could not be accounted for by
SSMS-deduced impurities in the samples, we looked for another source. It appears from
Table 1 that, despite the high purity of the vanadium of the sample container, there was suffi-
cient Ta impurity to account for even the largest amounts of observed 182Ta, although the
mechanism by which the '%2Ta was transferred from the capsule to the oxide sample is
unclear,

3. RESULTS AND ANALYSES

3.1 ANALYSIS OF ¥Cs ABSOLUTE YIELDS

One of the empirically observed features of nearly all low-energy neutron-induced fission is
the resulting bimodal mass distribution, that is, the fissioning process very strongly favors
unequal masses for the two fission fragments. What one obtains then, following measurements
of many fissions of the same initial system, is a distribution of the resulting fragment masses
into two groups, one designated as the light-mass group and the other as the heavy mass
group. Although many details of these mass groups are subject material for ongoing
experiments, some general characteristics are known. For example, one may obtain the
average mass of the light-mass group, M;, and the average mass of the heavy-mass group,
My. If M, is the mass of the sample actinide and M, is the mass of the neutron, then mass
conscrvation dictates
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M, + M, = M, + Mg + oM,

where » is the average number of neutrons generated by the fission process,

The present study includes samples having M, betwzen 230 and 248, and so one aspect
concerns the dependences of My, My, and » on M, Data exist which show that » varies
slowly and somewhatl erraticafly with increasing M 4, from a value of ~2 to a value of ~4.
Thus, most of the increase in sample mass must be reflected in increasing M; + M.
Tnterestingly, there are now sufficient data to deduce that nearly ali of this increase ccours in
M. That is, for neotron fission of the various actinides {on our list), the heavy-mass distribu.
tion changes only moderately and My (~140) chanpes very little for M, between 230 and
248. One may speculate that the physics being observed is related to shell-model aspects of
the description of nuclear isolopes in this mass region; however, such discussion is outside the
scope of this report. We point out that the phenomenon has been experimentally observed,
and that we will utilize this observation to aid in the presentation and understanding of our
data.

Of the various fission products studied {see Tabie 3), the isotope V7Cs provided the hest
results to compare with “cxpectations.” Decay of this radionuclide is readily characterized by
measurement of a single gamima ray haviag energy £, = 661.56 keV {which, to be accurate, is
due to decay of the isomeric state of the daughter ‘ﬁBa radionuelide), This gamma ray hap-
pens to he well separated in encrgy from essentially all other gamma rays we are likely to
ohserve in the present experiment (see, e.g., Fig. 6). Furthermore, the half life of '¥Cs s suf-
ficiently long compared to the time scales of the present experiment that details of the irradia-
tion history and times of measurements have essentially no effect on the overall results,
Lastly, the mass of this radionuclide is close to My for all of the actinide samples studied, as
so the vield of "Cs is expected to be {relatively) large and (relatively, again) constant as ons
progresses from M, = 230 1o 248, at jeast to'a first approximation.

The vield of any {ission product, ¥, should be determined from the experiment as foliows:
Y = N op F M, §8)

where N is the number of sample nuclel, oy is the cross section for fission, F is the fraction of
the fissions which result in the desired [ission product, and N, is the total neutron fluence
through the sample. We now discuss these experimental parameters in reverse order.

We have, according to Broadhead e ¢i,” some information on the nsutron flux of the reac
tor used for this experiment. The mid-plane full-power flux value is given {page 2 of Ref. 2)
as 5 X 109 negutrons/cm?/s; the variation of flux with respect to distance from the midplane
is given in Fig. 2 of Ref. 2; and the position of the physics specimens fuel pin is given on page
21 of Ref. 2. Teutially, it was anticipated that the samples would he exposed to a total neutron
Muence equivalent to 90 davs at full power, and all of the preirradiation analyses’ wers based
upon that value. The actual irradiation history will be discussed in the next section. I was
equivalent 1o 2 total of ~63 days at full power spread out over a year between August 24,
1982, and August 31, 1983, With the information available, one may deduce that IV, varied
between 1.6 X 10% nentrons zud 2.6 > 10% neutrons, depeading upon the position of the
sample actinide in the rod
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The fraction of fissions, F, producing the radicnuclide '*’Cs has been evaluated for fast-
neutron induced fission for 13 of our actinide materials by Rider,® with values of F lying
between 0.0582 and 0.0714 and with associated uncertainties between 0.5 and 23% of F. For
the sample actinides on our list but not included in Rider’s evaluation,® we used a value of ¥
= 0.064 and an asscciated uncertainty of 10% of F. The actinides for which this value of F
was used include 2*°Th, 2**Pu, and the four curium isotopes.

The fission cross seciion, af depends upon the incident-neutron energy, and as shown on
page 3 of Ref. 2, the Dounreay PFR neutron-energy spectrum extends from below 1 keV to
well above 1 MeV. To somewhat simplify the preirradiation analyses, Broadhead et al?
deduced an "average" g, which (values of o) are given in Table 20 of that report.? We used
the values of o thus given for our samples between 20Th and 2*Cm, and (since no value was
given in the referenced table) the value of o, for M8Cm as given in the appendix of that

report® was used.

For many of the samples, the number of sample nuclei, IV, is just the number of nuclei of
the principal actinide and can be deduced from the data of Table 2 (of this report). However,
for several of the samples, the principa! actinide makes up only a fraction of the total of the
fissioning nuclei in the sample. In several of the samples, initially there were other fissioning
nuclei in the sample; for several of the samples other fissioning nuclei “grew” into the sample
during the irradiation, and in some cases these “other” nuclei had larger o, than the principal
actinide in the sample. The largest addition to N, due to “other” nuclei was for the 236U sam-
ple, for which there were almost twice as many fissions of 23U as there were for the principal
actinide, 2’6U. The largest contribution to N, due to fissioning of a “grown in” actinide was
for the »*2Th sample. Broadhead er al.? calculated a growth of 0.225 mg of ***U (from #*?Th
+ n capture, and subsequent decay of 22-min 2*3Th) during a 90-day full-power irradiation.
Correcting this value to the actual 63-day full-power irradiation history yields ~0.158 mg of
produced **U. To be exact, cne ought to compute the effect on N, by using the actual irradi-
ation history, but for our purpose it was assumed that there was an "average" amount of 233U
for the entire irradiation, an amount equal to 0.079 mg, or ~0.0044 of the total sample mass.
However, comparing o, for 233U with that for 2*Th given in Table 20 of Ref. 2 shows that
the former is 292 times larger. Hence, to the approximations of the estimations there should
have been about 1.3 fissions of 23U for every fission of the 2**Th principal actinide. It is diffi-
cult to assign an uncertainty to this estimation of the 2>*U contribution; for purposes of corn-
parison with experimental data we arbitrarily assigned 10% as the uncertainty.

In this manner, a computation of ¥('3'Cs) was carried out for each of our samples. These
were then compared with the experimental data given in Table 4. Ratics of the experimental
data divided by the computed values are plotted in Fig. 10, where the ratios are plotted as a
function of principal sample mass with specific identification given on the figure only when
there were several samples having the same mass. Uncertainties associated with the plotted
ratios were deduced from uncertainties on F as given in the evaluation® (or else the assigned
10% to those not in the evaluation), uncertainties on N; due to including “other” contributions
(but not due to any uncertainty on the given mass of the principal actinide), and uncertainties
on the present experimental data of Table 4, including estimates of the variances on the mean
values deduced from the experimental data. Not included are possible uncertainties on oy or
N,, on the former because there isn’t enough information to deduce what they are, and on the
latier because any error translates into an overall normalization error which may (anyway) be
deduced from the ratios of the data to computation.
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Fig. 18. Absolute yields of 1370 following fast-neutren fission of 19 different
actinides between 2*Th and 2¥Cm. The present measurements are plotted as ratios
to the calculated yields. The latter were deduced from the sample masses, fission
cross sections, >/Cs fission-product yields, and total neutron fluences, which
(parameters) were different for the different actinides. As explained in the text,
the spectral data were carefully studied in an attempl fo deduce plausible
explanations for those ratios clearly at variance with the desired value of 1.0.
Several samples with ratio values less than 0.5 may have been damaged when the
sample material was removed from the vanadium capsules prior to the preparation
of our aliquots.



26

What do the results shown in Fig. 10 indicate? First, we cannot believe that the substan-
tial variations observed can be due solely to the gamma-ray-assay portion of the experiment
(i.e., the portion of the experiment reported herein). The data were obtained in a very regular
manner with proven reliable equipment and measurement techniques. Even so, once we
became aware that agreement with computed yields was less than satisfactory, the experiment
was completely reviewed for possible, previously undetected substantial sources of error. None
were found. Then we reviewed the histories of our samples. As mentioned in Table 2, four
samples were possibly damaged during their removal from the vanadium capsules. These sam-
ples were 23U, 238Py, 2Py, and 2**Cm (#8). The results observed for the last three named
samples may be related to the damage; that is, there was a loss of sample material. For the
other samples there was no ready explanation for observed disagreements.

Of the four parameters of Eq. (1), N, or, F, and N,, the only one amenable to be
checked by the present experiment is N, and that one for only a portion of the principal
actinides. As for the total neutron fluence, IV,, the data in Fig. 10 might be interpreted to
suggest a total neutron fluence of, perhaps, 5 to 10% less than deduced above, but a larger
decrement seems unlikely. As for the "one-group” fission cross section, gy, given in Table 20
of Ref. 2, the given values may need to be recomsidered. As for the fissien-product yield, #
for 137Cs, there may well be very moderate adjustments to the values in the evaluation® and
one may quarrel with the assumed F = 0.064 for the actinides not as yet in the evaluation.
However, as discussed above, it seems unlikely that any of the values of F used in the compu-
tation arc in error by as much as 20%, except perhaps for *°Th and 2**Cm, and an error of
20% is insufficient to account for the departure from unity of several ratios in Fig. 10.

So, the one parameter that could be checked independently by the present experiment is
N,, and this we have done for those actinides having sufficient data on one, or more, observa-
ble gamma rays which could be ascribed as due to decay of the desired principal actinide. The
results of these studies apply to the determinations of NV, only for the amount of material in
our samples.

3.1.1 *Th Sample

The sample labelled “*3U” but believed to be 2*°Th because of the observed 22°Ra decay
was studied for three days with the LEFS detector using D (of Fig. 1) = 5 ¢m. The most
intense gamma ray from decay of 23°Th has E., = 67.73 keV, which is accidently degenerate
with the most intense gamma ray following decay of !8?Ta. The next most intense gamma ray
following decay of *°Th has £, = 143.6 keV and a branching ratio® of 0.044% with an
uncertainty of ~9% its value. Analysis of the results for the observed peak corresponding to
E, = 143.6 keV yiclded a mass of (1.07 + 0.10) X 107* g This value may be compared
with an expected mass of 2.79 X 107% g at the beginning of the irradiation. Using the
gamma-ray-assay deduced value of the 23°Th mass would result in a '3Cs
experimental/calculated ratio of 0.815 =+ 0.110, a ratio closer to unity than exhibited on
Fig. 10.
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3.1.2 ¥'pa Sample

The strongest transition following decay of »'Pa has £, = 27.4 keV and a branching
ratio of ~9.3%. This branching ratio, hOwwer, has an uncertainty of ~20% of ifs value®
There is a definite peak corresponding to £, = 27.4 keV observed in the LEPS data for
21pa. Unfortunately, a peak is observed at #his energy in every LEPS spectrum, e.g., Fig. 2,
which is ascribed to detection of tellurium x rays. An estimaie was made of the contribution
to the peak corresponding to £, = 27.4 keV in the 2’'Pa LEPS spectra due to detection of
tellurium x rays under the assumption that these x rays were due to decay of '°8Sbh.  After
subtracting this estimate, the remainder of the yield of the peak corresponding o £, ==
27 4 keV was used to deduce a mass for the “Y'Pa contribution. The result was a mass of ﬁ i
+ 0.8) X 1074 g, which may be compared with 3.46 X 107* g at the beginning of the irra-
diation or with —3.25 X 107 g estimated at the end of the irmdiatign.

3.1.3 28py Sample

The half life of this actinide is short enough so that the principal gamma-ray transition at
E, = 4349 keV is observed despite its small branching ratio. The branching ratic has sn
uncertainty of ~3% of its value.* The two gamma-ray~d%say measuremcnts with the LEPS
detector resulted in mass determinations of {(3.64 + 0.14) X 1073 g and {3.53 + 0.i4) X
1073 g, for an average of (3.58 + 0.12) X 10~ 5 g. This gamma-ray-assay deduced value
compares with expected values {see Table 2) of 3.49 X 107* g at the beginging of the irradi-
ation or ~3.34 X 107* g at the end of the irradiation. This sample was labelled as damaged.
Apparently some 90% of this sample was “lost” prior to preparation of our aliquot. Using the
gamma-ray-assay deduced mass value results in a ratio of experimental Cs yield to calou-
lated yield of 1.13 + 0.19, where the unceriainty is due almost entirely to that assigned® to
the evaluated value of F.

3.1.4 Py Sample

Although the half life of this actinide is rather long and the branching ratic of the princi-
pal gamma ray is quite small, the energy of this gamma ray, £, = 51.52 keV, is favorabie in
the LEPS spectrum by being sufficiently different from other observed gamma rays. A meas-
urement over ~3 days was made in which D {of Fig. 1) was set at 5 cm. A very small but
well-defined peak was observed at the correct cnergy. A manuval analysis of this peak resuited
in a net peak yield of ~9000 couats out of 1.7 X 10% gross counts, with a statistical error of
~30% on the net vield. Taking all of the corrections into consideration results in a mass of
(2.6 + 0.8) X 1077 g for the principal actinide. This value is substantially smaller than the
7.99 X 107* g anticipated at the beginning of the irradiation or ~7.56 X 107* g estimated
at the end of the irradiation. More than 96% of the sample was lost prior to preparation of
our aliquot, but we cannot deduce when such loss may kave occurred. The ratio of measured
17Cs yield calculated becomes 1.22 + 0.37 using the gamma-ray-assay deduced mass.

3.1.5 %°py Sample
The principal gamma ray associated with decay of this actinide has an energy £, ==

45.24 keV and is essentially degenerate with the £, = 45.30 keV gamma ray due to decay of
I55gu. The yield of the observed peak correspondmg to detection of these two gamima rays is
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too large for just '>>Eu decay. The data were avalyzed to ascertain if a mass of cither of the
240py samples could be deduced after accounting for the ' Eu contribution. The uncertainty
in this procedure is rather large, and the best that could be determined was that the data were
consistent with expected 2*°Py masses determined from the data given in Table 2.

3.1.6 'Pu Sample

This sample clearly contains much more 24! Am than would be deduced from the data tabu-
lated in Table 24 of Broadhead ez al? Qur gamma-ray-assay data indicate >6 times as much
2Am as tabulated.> The data were studied to try to determine the amount of 2*'Pu in the
sample. The principal gamma ray due to decay of 2*'Pu has £ 4 = 148.6 keV, a convenient
energy, but a rather small branching ratio,* i, =19 X 107%. A gamma-ray measurement
was made for ~27 hours for which D of Fig. 1 was 10 cm. This measurement was analyzed
to provide a mass for the 2*!Pu content of this sample. We obtained a mass of 5.03 X 107° g
with an unceriainty of 3.8% on this value. This value of mass may be compared with 8.20 X
1077 g at the beginning of the irradiation according to the data of Table 2. Using the
gamma-ray-assay mass value for *!Pu results in a *’Cs ratio value of 1.00 + 0.07.

3.1.7 *'Am Sample

This actinide is probably the casiest actinide to obtain a precision mass value by gamma-
ray assay. Our data indicate mass values of (9.8 + 0.3) X 107% g for sample #14 and (9.15
+ 0.28) X 1073 g for sample #15, where the uncertainties include those associated with the
efficiency calibration of the LEPS detector. These mass values may be compared with the
expected mass values of 10.4 X 1079 g for sample #14 and 9.55 X 1073 g for sample #15 at
the beginning of the irradiation, and with estimated mass values of 9.83 X 107¢ g for sample
#14 and 9.05 X 1073 g for sample #15 at the end of the irradiation.

3.1.8 28Am Sample

Determining a mass value for this actinide requires a little more care than determining a
value for !Am. Decay of 23Am results in a number of gamma-ray transitions, many of
which are thc same transitions observed in the decay of 2*3Cm. The major difference is a
strong ¥ = 74.66-keV transition gamma ray observed in the decay of 243Am, which is absent
in the decay of >*’Cm. The 74.66-keV gamma ray, however, is essentially degenerate with the
Pb K, x ray cbserved as a part of the background, and so small corrections were needed to
account for this contaminant. We obtained a mass value of (1.67 + 0.07) X 1073 g for the
23Am in the sample. This value is somewhat smaller than the value of 1.96 X 107> g
expected at the beginning of the irradiation or the value of 1.89 X 1073 g estimated for the
end of the irradiation. Using the gamma-ray-assay value of the 2*Am mass would result in a
137Cs ratio of 0.77 £ 0.13, where the uncertainty is dominated by the uncertainty assigned® to
the evaluated value of F.

3.1.9 28Cin Sample

The mass of this sample had io be comparatively small because of the activity associated
with the principal actinide. Our gamma-ray-assay data indicated a mass value of (3.31 =+
0.20) X 107% g at the end of the irradiation. This value may be compared with 3.34 X
10 7% g expected at the beginning of the irradiation according to the data in Table 2, and with
~-3.10 X 107°% g estimated at the end of the irradiation.
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3.1.10 *Cm Sample

The primary gamma ray due to decay of this actinide has F, == 42.82 keV and is essen-
tially degenerate with Gd K, x rays observed from the decay of '"Eu. In our specira the
x ray from the ">Fu decay contributed ~10% of the peak, and so the two *¥Cm mass deter-
minations were only moderately affected. Our gamma-ray-assay data indicated mass values of
(3.02 £ 0.21) X 107° g and (1.252 % 0.051) X 107* g for our samples £8 and #9, respec-
tively. These mass values may be compared with 7.79 X 1077 g and 1.59 % 107% g for
samples #8 and #9, respectively, at the beginning of the irradiation. Sample #8 was labelled as
damaged when we received our aliquot; the loss of sample may have occurred during this last
phase of preparation. We cannot account for the difference in mass for sample #9. Using the
gamma-ray-assay masses would result in *’Cs ratios of 1.01 + 0.12 and 0.95 & 0.1D for
samples #8 and #9, respectively.

3.1.11 Other Samples

Mass determinations could not be made for the actinides not discussed because a definitive
gamma-ray transition was not unambiguously observed. However, some conclusions can be
drawn from those actinide mass determinations which were made. Of the 13 samples for
which the gamma-ray-assay data yielded principal actinide mass values, seven of the gamma-
ray-assay values disagree with mass values expected on the basis of prior reports and assigned
aliquots as delineated in Table 2. Of these szven, two may have incurred losses when the
samples were removed from the vanadium capsules, namely for the **Pu and ***Cm #8 sam-
ples. The lack of agreement for the other five samples is very disturbing and may give one
pause before uncritically accepting as valid mass values for the nine actinides for which the
gamma-ray-assay data were insufficient to preduce principal actinide mass values to check
those expected from the data in Table 2. We grant, on the one hand, that the ratios deduced
and exhibited in Fig. 10 for '*’Cs are by themselves insufficient to specify errors {or their
sources) in the masses of our samples, but, on the other hand, accepting the validity of this
assertion with regard to data for '*’Cs means that the assertion must be valid with regard to
data for the other observed fission products. Cne must accept, perforce, that absolure deter-
minations of fission-product yields from the present gamma-ray-assay data would not be relia-
ble. That is, irrespective of one’s bias with regard to any part {or all} of the results discussed
in this section, the only acceptable presentation of the data for deduced vields of fission pro-
ducts is as relative yields, and in the next section we choose to present the remainder of our
data as yields relative to 1*7Cs yields.

3.2 OTHER FISSION-PRODUCT YIELDS

In this section, the data for other fission products are presented. These other fission pro-
ducts include 91Y’ QSZI‘, 95Nb, lOSRu, 106Ru—106Rh, IIOmAg, HZSSb, 134CS, 141(:6’ 144(:@“1&4?{,
and 'Bu. Of the fission products that we observed for all our principal actinides, only **Nb
had to be considered separately because of the long lifetime of its parent, > Zr.

For all of the other fission products the analyses of the spectral data provided results in the
form of the number of atoms of radionuclide that were as measured and then were corrected
to account for that particular radionuclide decay during the cooling period between the end of
the irradiation and the beginning of the gamma-ray-assay counting period. In this manper the
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effective cumulative yield for each radionuclide and for a particular sample was deduced.
There are errors in this procedure, which depend upon the half life of the pareat of the partic-
wlar radionuclide being reported, but these errors are quite small compared to other uncertain-
ties of the analyses.

The question of how to inteipret these results was next addressed.  Clearly, these results
were sample dependent, and as such would be most amenable to comparison with calculations
such as thosc dene by Broadhead et al? for the preanalysis, provided the sample characteris-
tics were known., However, as discussed in the last section on the '37Cs yields, the evidence
does not favor uncritical acceptance of premeasurement designations of our sample aliquots; at
least that is our conclusion. Therefore, the decision was made to report deduced radionuclide
yiclds as ratios to the '*’Cs yield for each sample that we studied. We did not make correc-
tions in these ratio results to account for fissicns by other than the principal actinide, and so
for data reported for several of the samples, the reported ratios may be at some variance with
values that may be determined for fast-neutron fission of just the principal actinide. As
described, however, these ratio results should be amenable to direct comparisons with calcula-
tions as described by Broadhcad et al? and yet also serve as a basis for determining basic-
physics fission-product yields for inclusion in future compilations and evaluations of the type
performed by Rider.®

The deduced ratio results as obtained for all of the identified fission products except S Nb
are given in Table 7. The results for *>Nb are collected separately in Table 8, where the ratio
data arc given for each separate measurement and are computed as measured; that is, they are
effective at the time of the measurement. As mentioned above, the resuits arc given for the
saimple with no attempt to “correct” the data for contributions by the other-than-principal
actinides. Computation of such contributions requires not only a sophisticated isotope inven-
tory computer code such as that used by Broadhead et al.? but also requires accurate nuclear
data (cross sections, fission-product yields, decay constants, e¢tc.) and some of these data may
be inaccurate or even nonexistent. Indeed, one goal of the present study is to provide data for
the testing of such data libraries as are current, and, perhaps, even to provide results leading
to direct determination of new fission-product yiclds.

Uncertaintics assigned to the ratio data given in Tables 7 and 8 include uncertainties
assigined to gamma-ray branching ratics (see Table 3) and uncertaintics associated with the
data reduction, including those associated with detector efficiency calibrations and sample
gamima-ray attenuation calculations. Measurement uncertainties for 37Cs were <1%, and
there is a fully correlated uncertainty of this magnitude for all of the ratio results for a given
principal actinide. One advantage of presenting the data as ratios is the essential elimination
of uncertainties associated with other parameters of Eq. (1), namely the sample mass, the fis-
sion cross section, and the neutron fluence.

In summary, thea, we have cobtained a nearly complete data set for 11 radicisotopes cre-
ated by fast-neutron fission of some 19 different principal fissionable actinides. Data for the
samples of seven of these actinides, namely B3y, 25, 8py, M0py, 2#1py, 2 Am, and *Am,
should be representative of the principal nuclide, since our estimates indicate that 295% of the
fissions occurred following neutron interaction with atoms of the principal actinide in the sain-
ple. On the other hand, we estimate that for six samples, namely 22T, Bpg, 236y, 24py,
246Cm, and 28Cm, fast-neutron fissions with nonprincipal actinides accounted for >20% of the
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measured yields. Evidently, the best comparisons for the present data will be full-model calcu-
lations of the type already reported by Broadhead et al* Such calculations are guite sophisti-
cated and beyond the scope of an experimental report such as this. However, the experimental
ratio data may also be compared with similar data whick can be deduced from the evaluated
data® at least to uncover any “large” discrepancies. Such comparisons are well within the
scope of an experimental paper, as they may be used to indicate possible experimental prob-
lems and thus give some quantitative credence to the reported results.

3.3 COMPARISONS OF EXPERIMENTAL AND EVALUATED FISSION-PRODUCT
YIELDS

The current evaluation® presents yields for fast-neutron fission of 18 different actinides
including 13 of the present principal actinides, namely 32Th, 2pa, 2323423523623
238,239240.241py - apnd #L2Am, and five actinides not among the present principal actinides,
namely 27238Np, 237U, 2Py, and *’)Cm. For each individual fission-product-yield data set,
ratio data were obtained for each evaluated yield datum with respect to the evaluated datum
for 1¥’Cs, and an uncertainty was assigned to each calculated ratio. This assigned uncertainty
was determined by using the larger of the fractional uncertainties assigned to the yield datnm
for the particular fission product or to the yield datum for 137Cs.  Although such a determina-
tion does not result in a “correct” uncertainty for a deduced ratio, it should be very adequate
for the illustrative purpose at hand.

The experimental data of Table 7 cannot be compared directly to the evaluated ratio data
because the latter are determined from fission-product yields deduced as if from an essentially
instantaneous irradiation, whereas the data in Table 7 are from a substantially extended irra-
diation. The measured fission products of Table 7 all have half lives shorter than that for
B7¢Cs, with the shortest half life being 32.5 days for 141Ce.  For these shorter-lived radioiso-
topes, the details of the irradiation become important, and it was necessary to determine, at
least to first order, the adjustments to the measured yields to deduce yields that would have
been observed following a short irradiation. To determine these adjustements required a
knowledge of the irradiation history at the PFR. This history was provided as a strip chart
spanning the period August 24, 1982 to Augusi 31, 1983. For our purpose, time units of a
day were considered to be of sufficient detail, and so we averaged any fluctuations of smaller
time durations. The operating history that we used is summarized in Table 9. The “maxi-
mum” operating power was stated to be 1/3 of full power; however, we adjusted this value
modestly downward so as to provide an integrated neutron fluence of 63 full-power days.

A short computer program was written to determine the adjustments to the measured
yields. These adjustments, however, are applicable only for those fission products having
essentially instantaneous production (i.e., for which the parent half lives were short with
respect to time intervals of the measurements) and for which radionuclide decay was the mode
of radionuclide disappearance.

The deduced adjustments are collected in Table 10. To determine experimental ratio data
for comparison with the evaluated ratio data requires multiplying data in Table 7 by the
appropriate factor given in Table 10.



Table 7. Fission-product yields for fast-neutron fission. Tabulated data sre ratios of the yields of the fission product

at the top of the column to the yields of ¥*’Cs as of the end of the irradistion.

Principal
Sample no.? isotope Slyd Bz 103 b 106, 106R 1B ¢ HomA o

3 B0y, 0.31 + 0.04 0.228 + 0.011 0.013 = 0.002 0.013 + 0.001

25 81y 0.35 + 0.04 0.416 + 0.017 0.014 + 0.002 0.0059 + 0.0007

29 Bipa 0.19 + Q.13 §.312 = 0.020 0.020 = 0.001 0.020 = 0.002

32 23y 0.24 + 0.03 0.311 = 0.007 0.054 = 0.002 0.029 + 0.003

27 Bay 0.20 + 0.02 0.335 + 0.008 0.048 = 0.004

28 By 0.21 + 0.02 0.340 + 0.010 0.108 + 0.004 0.055 + 0.005

26 ey 0.23 + 0.03 0.340 + 0.011 0.117 + 0.006 0.069 + 0.006

11 28y 0.14 = 0.02 0.285 = 0.009 0.246 + 0.007 0.355 + 0.029

3% 238py 0.092 + 0.010 0.245 + 0.008 0.159 = 0.008 0.321 = 0.027

23 9y 0.11 = 0.05 0.220 = 0.0046 0.172 = 0.009 0.378 + 0.032 0.00010 =+ 0.00004
22 240py 0.082 + 0.010 0.225 = 0.006 0.040 = 0.002 0.120 + 0.010 0.00017 + 0.00002
21 240py 0.079 + 0.012 0.220 + 0.006 0.053 + 0.003 0.128 + 0.011 0.00015 =+ 0.00002
24 2ipy 0.083 + 0.010 0.195 * 0.005 0.076 + 0.004 0.242 + 0.021 0.00013 + 0.00001
20 244py 0.052 = 0.021 0.161 + 0.005 0.176 + 0.009 0.615 = 0.049 0.00027 + £.00004
15 Ham 0.069 + 0.044 0.200 = 0.008 0.144 = 0.006 0.322 + 0.028 0.00013 = 0.00002
14 2 Am 0.080 + 0.009 0.196 + 0.006 0.195 + 0.007 0.455 + 0.039

12 MWam 0.071 + 0.025 0.168 + 0.006 0.183 + 0.006 0.495 + 0.041 0.00020 = 0.00002
10 #(Cm 0.161 + 0.005 0.087 + 0.003 0.227 + 0.019 0.00027 = 0.00003
9 ¥Cm 0.043 = 0.009 0.151 + 0.005 0.198 + 0.007 0.667 + 0.056 0.00030 = 0.00003
8 #4Cm 0.069 = 0.019 0.147 + 0.005 0.159 + 0.006 0.431 + 0.036 0.00029 = 0.00003
5 #Cm 0.054 = 0.019 0.122 + 0.005 0.198 + 0.007 0.690 + 0.057 0.00040 = 0.00003
4 O 0.036 = 0.017 0.108 = 0.004 0.143 + 0.006 0.445 + 0.037 0.00045 + 0.00003

9The tabulated data are for the sample.
bResults may be suspect; consult discussion in the text.
“Results applicable to first isotope (*®Ru, *Ce) include analyses of gamama radiation from decay of the second isctope.

it



Table 7. Cont’d

Principal
Sample no.? isotope 1255h 340 Hice e l4dpc 15Ey

31 2301h 0.0058 + 0.0007 0.0033 = 0.0003 0.224 + 0.008 0.780 = 0.027 0.006 + 0.003
25 B2Th 0.0127 + 0.0018 0.0033 + 0.0004 0.184 + 0.018 0.694 + 0.026 0.0022 = 0.0007
29 Dipa 0.0154 + 0.0036 0.0033 + 0.0003 0.214 + 0.012 0.545 + 0.025 0.0042 + 05.0008
32 B33y 0.019t + 0.0015 0.0030 + 0.0004 0.188 + 0.007 0.464 + 0.017 0.0032 = 0.0007
27 4y 0.0126 + 0.0009 0.0050 + 0.0004 0.210 + 0.016 0.538 + 0.020

28 By 0.0054 + 0.0006 0.0054 =+ 0.0004 0.188 + 0.030 0.605 + 0.019 0,0061 + 0.0008
26 6y 0.0075 = 0.0008 0.0056 + 0.0005 0.190 + 0.018 0.613 + 0.024 0.0095 + 0,0011
11 B8y 0.0085 + 0.0006 0.0060 + 0.0005 0.190 = 0.010 0.530 + 0.021 0.0212 + 0.0022
30 Bipy 0.0253 + 0.0016 0.0061 = 0.0006 0.165 + 0.009 0.346 = 0.011 0.018 + 0.002

23 2%py 0.0172 + 0.0012 0.0057 + 0.0005 0.147 = 0.006 0.352 + 0016 0.021 + 0.003

22 Mopy 0.0140 + 0.0009 0.0056 + 0.0005 0.148 % 0.006 0.434 + 0.014 0.034 + 0.005

21 H0py 0.0140 = 0.0009 0.0057 + 0.0005 0.155 = 0.007 0.432 + 0.011 0.033 + 0.004

24 Mipy 0.0091 + 0.0008 0.0055 + 0.0005 0.172 + 0.011 0.452 + 0.014 0.043 + 0.005

20 4py 0.007¢ = 0.0007 0.0047 + 0.0004 0,165 + 0.006 0.489 + 0.014 0.062 + 0.010

15 BlAm 0.033 + 0.006 0.0067 = 0.0006 0.162 + 0.010 0.397 + 0.014 0.057 = 0.007

14 HlAm 0.035 =+ 0.006 0.0074 + 0.0006 0.172 + 0.010 0.394 + 0.014 0.057 + 0.007

12 MAm 0.0227 + 0.0017 0.0054 + 0.0005 0.178 + 0.020 0.450 + 0.016 0.093 + 0.010

10 MWCm 0.0286 + 0.0020 0.0073 = 0.0007 0.150 + 0.008 0.400 + 0.018

g MCm 0.0237 = 0.0023 0.0056 + 0.0005 0.180 + 0.018 0.438 + 0.016 0.078 + 0.008

8 Mo 0.0233 + 0.0023 0.0060 + 0.0006 0.181 = 0.015 0.432 + 0.016 0.076 + 0.008

5 #5Cm 0.0170 + 0.0016 0.0055 + 0.0005 0.185 + 0.011 0.509 = 0.0{7 0.099 + 0.011

4 MCm 0.0133 + 0.0009 0.0057 + 0.0005 0.208 = 0.009 0.578 + 0.019 0.109 3 0.012

£t
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Table 8. ®5Nb fission-product yields for fast-neutron fission. Data are
ratios of *SNb yields to 137Cs yields at the time of the measurement

Principal Time after Ratio Time after Ratio
actinide irradiation® (X 1073 irradiation® (X 1079
230Tpb 281 11.0 + 0.2¢ 435 2.37 + 0.03
232Th 315 149 + 0.3 428 4.65 + 0.07
1py 321 10.6 + 0.2 434 3.17 + 0.06
33y 316 8.04 + 0.17 428 3.18 + 0.05
24y 450 3.03 + 0.05 624 0.48 + 0.02
35y 284 16.1 = 0.07 446 3.24 + 0.06
2361 284 14.2 + 0.05 436 3.35 + 0.05
B8y 284 13.6 = 0.03 447 2.68 + 0.04
238py 316 8.37 + 0.14 450 2.23 + 0.04
29py 321 8.00 + 0.17 447 2.13 + 0.05
240py 422 320 7.85 + 0.15 431 2.44 + 0.04
H0py 421 301 9.62 + 0.23 434 2.41 + 0.04
241py 320 6.85 + 0.13 432 2.15 + 0.04
44py 319 5.26 + 0.10 446 1.50 + 0.03
HlAm #15 281 9.55 + 0.23 448 1.87 = 0.03
2Am #14 282 10.95 + 0.16 438 2.10 + 0.04
243Am 281 9.02 + 0.13 440 1.70 + 0.03
2Cm 300 6.82 + 0.17 449 1.41 + 0.06
244Cm 49 295 6.99 + 0.17 432 1.70 + 0.04

24Cm #8 299 5.08 + 0.11 — -

246Cm 299 5.48 + 0.09 439 1.25 + 0.02

248Cm 299 4,46 + 0.08 437 1.10 + 0.02
aIn days.

bA third measurement, 600 days after the end of the irradiation
resulted in a ratio of (432 % 6) X 1076,

¢Uncertainties are primarily on peak area determinations.
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Table 9. Irradiation history at the Dounreay PFR for the preseat experiment

Month

Dates
reactor up®

Dates
reactor down

August, 1982
September
October
November
December, 1982
January, 1983
February
March

April

May

June

July

August, 1983

24-25, 27-31
1-30°
1-24

20-22
15-26
21-31
1-30
1-15
14-30
1-31
1-31

26

25-31

1-30

1-31

1-19, 23-31
4,27-28

[S
H

[

<

16-31
1-13

At ~0.3 X full power of the PFR.
bIncluding three days at 0.1 X full power of the PFR.

Table 10. Adjustment factors for the experimental ratio data. These
factors were deduced from the irradiation history of Table 9 and the
half life of each fission product so as to provide an estimate of
the ratio values that would have been measured following an

instantancous irradiation

Fission Adjustment
product factor?
My 3.17
S72r 2.98
103Ru 4.27
106R u 1.300
123G 1.102
14lce 4.96
[44Ce 1.404
135gu 1.052

4Uncertainty estimated at =4 in units of the last digit.
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The “evaluated” ratio data and associated uncertainties are exhibited in Figs. 11 through
18 compared with adjusted cxperimental data for eight observed fission products. The
adjusted experimental data are exhibited as solid points, and the ratios deduced from the eval-
uation are exhibited as open circles. Even though there are no experimental data for compari-
sons, the evaluated ratio values for 237’238Np, 237y, 22py, and 2%2Cm are also shown in all of
these figures. All data are plotted as a function of principal actinide mass, generally without
identifying the principal actinide charge. For example, the datum plotted for principal
actinide mass = 230 is the adjusted experimental value for the *°Th sample; 2°Th is the only
actinide of those in the present discussion having mass = 230. For those principal actinide
masses represented by more than one sample in either the evaluation or the experiment labels
are appended to the plotted points to aid in differentiating the sources of the plotted points.
For example, for mass = 238, there are three evaluations (for 238U, 2®Np, and ?®Pu) and
two experimental samples (for 23¥U and 2*®Pu). In Fig. 11 for this mass, the open-circle
points corresponding to the 23¥U and 23¥Pu evaluations are labelled, leaving the remaining
(unlabelled) open-circle point as being for the 2*8Np evaluation; similarly the 2®Pu experimen-
tal datum for mass = 238 is labelled so that the unlabelled experimental datum for mass ==
238 is for 2U. For mass = 244 in Fig. 11, the data for both of the two ?*Cm samples arc
labelled since two different experimental values were deduced from the data. We recognize
that this manner of labelling is somewhat incomplete and leaves the reader the mental task of
“completing the picture.” In our defense, it was our desire to exhibit overall trends (rather
than detailed comparisons) with these figures, and so to reduce the distraction from the main
point we minimized the labelling.

These eight figures not only provide a visual comparison of the experimental results with
the current state of knowledge, but provide an additional insight into the behavior of fissioning
systems. As an example, in Fig. 11 one may observe a general behavior of the yield of °'Y as
one progresses through the fissioning systems from the lightest to the heaviest principal
actinides. Indeed, different behaviors are observed, and these are discussed for each fission
product,

3.3.1 21y Yield

The experimental results reproduce reasonably well the trend of the evaluated data, but the
experimental data also appear to be ~20% or so too small. One may consider several
plausible explanations for this observation. The branching ratio for the observed gamma ray is
small, 0.3% {as given in Table 2), and, despite the assigned® 10% uncertainty, could be ~20%
smaller. Ancther plausible explanation scems less likely. This explanation has to do with the
fact that the most-probable mass 91 isotope formed in the fissioning process is °'Kr, a noble
gas. Although the half life of 9'Kr is quite short (~-9 s), there may be the possibility of
diffusion of the krypton through the thin vanadium walls. At this writing diffusion rates of
krypton through thin metal foils are not well known, but one could conceive that some fraction
of the *'Kr could have escaped the vanadium cell, and the result would appear as observed in
Fig. 11,
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Fig. 11. Relative yields of °'Y foilowing fast-neutron fission of actinides
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to be about ~20% smaller than equivalent ratios deduced from the evaluation of
Ref. 8; possibly the difference could be rectified by a 20% change in the very small
branching ratio for the 1204-keV gamma ray following decay of *'Y.
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experimental '37Cs fission-product yields. We are unable to explain the lack of
agreement with some equivalent ratios deduced from the evaluation, particularly
for 240py, 24!py, 2! Am (sample #15), and 2$Cm.
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3.3.2 %Zr Yield

The two primary decay gamma rays from decay of this fission product (see Table 2) are
very pronounced in all of the spectra and provide an unambiguous identification of *°Zr, as
well as a reliable determination of the yield of this radionuclide. As shown in Fig. 12, the
experimental data agree quite well with the evaluated values, with only one rather substantial
disagreement. The experimeatal value for fast-neutron fission of 2*?Th is ~25% larger than
the evaluated value. The of for 22Th is comparatively very small, and the present
experimental result may indicate a contribution from an uarelated **Zr(n,~)" Zr reaction with
“contaminant” elemental zirconium. If so, and if the amount of **Zr from this source, namely
~20% of the observed yield, is indicative of the amount of *>Zr from this source in the fission
spectra for all of the other principal actinides, then such “contaminant” contributions to all the
other measurements will be too small to require corrections. The good agreement of the
experimental values with the evaluated values for the rest of the actinides provides a
quantitative measure of the reliability of the data reduction and analyses detailed in previous
sections.

3.3.3 'Ry Yield

Identification of decay of this radionuclide depended on locating and evaluating a
moderately sized peak in the raw data (see Fig. 6) only for the first set of experimental data
since even for that set the cooling time from the end of the irradiation (~300 days, on the
average) was already a factor of ~7 larger than the half life of '®>Ru. Even so, for most of
the spectra an apparently recliable determination of the yield of this fission product was
obtained. However, as is readily observed in Fig. 13, there is an unsatisfactory lack of
agreement of experimental values with evaluated values, especially for fast-neutron fission of
240py and 2'Pu. We are unable to explain the observed behavior as any kind of a physical
phenomenon. Not only are there disagreements between evaluated values and experimental
values, the experimental values for the three actinides having two samples (#*°Pu, **!Am, and
244Cm) also exhibit rather substantial differences between the results of the two samples for
the same actinide. The spectral data and analyses were completely reviewed without locating
an experimental error of the magnitude necessary to account for these observed discrepancies.

3.3.4 106Ry 106Rh Yield

For this case identification of the short-lived daughter, %Rh, of the long-lived parent,
106R y, is quite positive, and a reliable determination of the amount of this radionuclide in a
given sample should be quite unambiguous. Indeed, analyses of the spectra obtained during
November, 1984 confirm the yields obtained from the analyses of the spectra obtained during
June and July, 1984. There is no indication that we had any unsuspected losses from the
samples while they were in our possession. However, as exhibited in Fig. 14, the same lack of
agreement among the experimental values with evaluated values is observed as was exhibited
for 1Ry in Fig. 13. Indeed, one may observe a substantial, if relative, correlation between
ratio values for '>Ru and those for '%Ru-1%Rh. This observation suggests, but most certainly
does not dictate, that a loss of elemental ruthenium could have occurred during the chemical
processing prior to preparation and packaging of our aliquots of these samples. Whatever the
cause for the observed discrepancies, it seems reasonable to suggest that the results for 'Ry
and '%Ru are not unequivocally reliable, including even those for the samples of uranium for
which the experimental values appear to be in relatively good agreement with the evaluated
values.



3.3.5 13555 Yield

The strongest gamma ray obscrved in decay of this radionuclide is accidently nearly
degenerate with a relatively weak gamma ray which occurs in decay of 106Rh, requiring that a
correction be made for the '%Rh decay coniribution to that peak. Other 'Sb gamma rays,
however, provide adequatc identification and quantitative determination for this fission
product, which has a quite small yield for fast-neutron fission of all actinides studied. In
additicn, as exhibited by the evaluated ratios plotted in Fig. 15, there is no observable (at
least visually) trend of fission-product yield vis-a-vis the principal actinide. Indeed, the
agreement between experimental ratic values and cvaluated ratio values is good for the
samples having principal actinides of 2*'Pa, 233U, 3Py, and 2*Pu, and within uncertainties
for samples having principal actinides of 2Pu, 2*'!Am, and **Am. For the *’Th sample,
more than half of the fissions are estimated to be due to fission of 2*3U. The ratio value
plotted {at 0.014) is about that expected if for this sample 50% of the fissions were from 232Th
and the other 50% were from 233U. Similarly, the ratio value observed for the sample
designated as 23U appears to be too small, partly because ~60% of the fissions were due to
the 23U in the sample. Of some concern, however, is the rather poor agreement for the other
samples, in particular those for the principal actinides of 25y, 8y, and *'Pu.  After
complete review, we were unablc to trace these discrepancies to errors in the experiment.

3.3.6 MICe Yield

Identification of decay of this radicnuclide depenued on locating and evaluating a single,
relatively small peak in the raw data (see Figs. 5 and 6) and only for the June and July, 1984
data set. The appropriate peak was observed in all LEPS spectra and in most of the Ge(Li)
spectra. Results for this radionuclide required the largest correction for the irradiation history
because of its short half life. Comparisons of experimental ratio values with evaluated values,
as shown in Fig. 16, show ecxcellent agreement; only for the sample of 23*Th is there
disagreement, and this disagreement is at least partly accounted for by the **3U contribution
mentioned above.

3.3.7 M4Ce- 1Py Yield

For this case identificaticn of the short-lived daughter was very positive. The agreement
among the experimental ratio values with the evaluated values, as exhibited in Fig. 17, is not
as good as observed for the !*'Ce data shown in Fig. 16. The apparent disagreement for
232Th can be ameliorated to a large extent by the estimated 2*3U contribution. However, the
disagreements for the samples having principal actinides of 233U and 2**Pu are a little difficult
to understand, at least if they arc due to errors in the experiment, particularly in view of the
excellent agreement for samples having principal actinides of 233U, 238U, and 2#!Pu.

3.3.8 SEu Yield

The two gamma rays cbserved in decay of this radionuclide are both rather small in
energy, and often one was degenerate with a gamma ray or X ray following decay of the
principal actinide in the sample. In addition, this fission product has a quite small yield for
fast-neutron fission of the actinides studied, although as exhibited in Fig. 18 (unlike for '2°Sb)
there appears to be a rather definite trend toward larger yields for the heavier actinides.
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Apparently, what is being observed relates at least partly to a moderate broadening of the
heavy-mass group and perhaps partly to a small overall shifting of this group toward heavier
masses. An equally important observation, as exhibited in Fig. 18, is that the experimental
ratio data are in reasonable agreement with evaluated ratio data, except for the 2**Pu and
23%py samples.

3.3.9 Summary

In summary, the experimental ratio values are in satisfactory agreement with evaluated
ratios for °Zr, ' Ce, #4Ce-'*Pr, and '>Eu, and perhaps in less satisfactory agreement with
evaluated ratios for '2Sb. For those samples for which the experimental ratio values do not
agree with the evaluated ratio values (at least to within combined assigned uncertainties), the
experimental data were reviewed. For these five fission products the experimental data appear
to be “correct” in the sense that we have not been able to find errors in the experiment.

The comparisons of experimental ratios with evaluated ratios for °!Y indicate an apparent
“comstant” discrepancy of ~20% which could well be due to use {by us) of an incorrect
branching ratio for the observation of the 1204-keV gamma ray following decay of °'Y. And
lastly, the experimental results for the two ruthenium radionuclides do not agree well with
evaluated ratio values; we are unable to account for these discrepancies and so therefore do not
know how to correct for them. We report results for these two radionuclides as we obtained
them, however, with the recommendation that until we better understand all of the processes
involved in sample preparation, the data, as reported in Table 7 for these fission products,
should be treated with caution. Quite likely, some of the experimental data will be usable
once the mechanisms leading to apparent disagreements with evaluated data are understood.
In our opinion, the factors affecting the '®Ru and !%Ru-'Rh measurements are peculiar -
only to the element ruthenivm and should not impact either upon the other measurements nor
upon their reliabilities.

3.4 HEAVY-ELEMENT ACTINIDE YIELDS

As mentioned above, peaks were observed in various gamma-ray spectra which could be
assigned as detection of gamma rays following decay of radioisotopes in the mass region
corresponding to the principal actinides being studied. Yields of these heavy elements were
deduced from the spectra in units of the number of atoms, usually specified at the time of the
end of the irradiation (EOI). However, the preanalysis calculations of Broadhead ef al.? gave
results in units of mass at a time corresponding to EOI + 400 days (and, as mentioned above,
for an irradiation of 90 FPD). In the discussions that follow, therefore, the measured amounts
are given in units of mass (in grams) and at times specified in relation to the actual EQI.

3.4.1 2°Th Sample

Heavy elements definitely observed through their gamma-ray decay include 22%Ra (and
daughters), 2®Th (and daughters) and 23*Pa. Analyses of the measurements provided yield
data as follows: :
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26R3: (9.4 = 1.1) X 1072 g at EOI + 435 d;
28Th:  (1.25 + 0.15) X 100 g at EQI + 281 d,
(1.57 £ 0.14) X 107 %g at ECI + 435 d,
(1.90 + 0.13) X 107 ® g at EOI -+ 600 d;
23pa: (1.20 + 0.11) X 1073 g at EOL

These results should assist in determining cur sample characteristics. In the first place, as
already discussed above, the presence of 226Ra was our first indication that the primary
actinide of the sample was, in fact, 20Th and not 23U. Indeed, the amount is larger than
expected from the preanalysis calculations? by about a factor of three (after allowing for our
sample aliquot of 10%).

The presence of 233Pa coafirmed that our sample had the isotopic characteristics® of the
230Th sample. The total sample was expected to include 3.47 X 10™% g of *?Th prior to the
irradiation. One may compute the number of capture events of the type 22Th (n,v) using an
effective ¢, = 0.454 b taken from Table 20 of Ref. 2. For the total sample, then, 6.5 X
10'% capture events were expected for a neutron fluence of 63 FPD at the 20Th sample
position, or 6.5 X 10! events for our aliquot, corresponding to 2.5 X 1077 g of »*U after all
of the 2Pa decayed. The half life of 2>°Pa is 26.95 days,* and therefore accounting for the
irradiation history of Table 9 requires multiplying the 2**Pa yield at EOI by a factor of 5.9 to
determine the total number of capture events for 232Th. Thus, in our sample the 2*°Pa
measurement indicates a final 23U mass of ~7.1 X 108 g, or a factor of ~3.5 smaller than
the amount of 233U expected from neutron capture on the amount of the 232Th supposedly in
the sample on the basis of its original description.® Recalling from Section 3.1.1 that the
gamma-ray-assay direct measure of the **Th content of the sample was a factor of ~3
smaller than expected, then the smaller yield of 233U from the measurement approximately
confirms our sample’s thorium isotopic composition.

The 2?Th yields are listed as measured, since the yield of this radionuclide was evidently
increasing with time. The amount of 22Th is much too large and its growth is much too rapid
to be due to decay of 232Th, and so must be indicative of the amount of 3?U in the sample.
Thus, the experimental data provide a means to determine a fairly precise value of the amount
of 232U created during the irradiation even though the amount is too small to result in directly
measurable yields of gamma rays due to decay of L 08

3.4.2 Th Sample

For this sample large contributions to the observed spectra are due to detection of gamma
rays from decay of 2*Pa. For this product of neutron capture in 23*Th we obtained

23pa: (2.78 + 0.18) X 107 ¢ g at EOI,

where the uncertainty includes an uncertainty of ~6% associated with values of gamma-ray
branching ratios* as well as an uncertainty of ~2% related to the half life of 233p3 because the
measurements were made some nine half lives after EOL. From the deduced 2*°Pa mass at
EOI, one may determine that the total 22*U mass produced by capture was (1.64 + 0.11) X
1073 g. This mass value may be compared with 1.82 X 1077 g estimated on the basis of our
sample mass (from Table 2), its positicn in the fuel (to determine the total neutron fluence),
and o, = 0.454 b.
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3.4.3 Blpa Sample

By far the largest overall contributions to the observed spectra, in terms of disintegration
rates, are from the gamma rays due to the decay of 1.91-yr ?2®Th and its daughters. As was
the situation for the 23°Th sample, the *?®Th decay that we observed must be due to 2*2U
decay, the 22U being created as a result of neutron capture by 2*!Pa and the subsequent decay
of 1.3-day #*?Pa into 23U. Our measurements result in yield data as follows:

28Th:  (1.079 + 0.021)X 1077 g at EOI + 321 d,
(1.316 + 0.026) X 1077 g at EOI + 434 d,
(1.623 + 0.033) X 1077 g at EOI + 683 d.

For comparison, the preanalysis calculations® predicted 2.09 X 107¢ g for the total sample at
EOI + 400 d for 90 FPD irradiation, which would correspond to ~1.76 X 1077 g at EOI +
400 d for our 12% aliquot adjusted for 63 FPD irradiation.

3.4.4 33U Sample

Although the cross section for the 2*U(n,2n)?3?U reaction is smaller by almost four orders
of magnitude than the cross section for neutron fission of 233U, the preanalysis calculations? do
include a prediction of the amount of 32U expected, and since the “signature” of 22U
presence is “®*Th decay, we analyzed our data for evidence of decay of this radioisotope. A
gamma ray having energy E. = 2614.5 keV due to the decay of 2°*TY, the lightest daughter
in the radioactive chain initiated by the decay of 22®Th, was observed at a detection rate of
about twice the measured background rate for a peak at the gamma ray energy. Analysis of
the data resulted in a yield for 222Th as follows:

222Th: (2.4 + 0.8) X 10712 g at EOIl + 316 d.
3.4.5 B4 Sample

There is a well-defined peak corresponding tc the detection of a gamma ray having E., =
2614.5 keV in the first spectrum taken for this sample (i.e., during June 1984). Because of a
different gain calibration, this gamma ray was too energetic to be observed in the spectrum
obtained during November 1984. However, a second value was provided by a third
measurement made during May 1985. The two y:eld results are

28Th: (1.7 = 0.2) X 1071%g at EOI + 315 4,
(1.56 + 0.08) X 107 1%g at EOI + 624 d.

The source of this amount of 22Th is not apparent either from the sample composition given
in the report of Walker ef al.* or from the preanalysis calculations.? It seems likely that prior
to the irradiation the sample included perhaps 50% of the measured 228Th.

3.4.6 38U Sample

Of the several heavy elements calculated to have yields >107% g in the preirradiation
analysis,” the only one for which data were observed in the raw spectra that could be
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attributed to gamma radiation from its decay was 2*®Pu. A small peak corresponding to £,
= 43.39 keV was observed; analysis of the data resulted in the following yield:

238¥py: (1.8 + 0.6) X 1077 g at EOL

This value is small, and close to the sensitivity of our measurements.

The data for 2*U were also studied for evidence of detection of gamma rays following
decay of 23’Pa as a “signature” of 2*2Th in the sample, the 2*>Th being a daughter of **6U.
There was no indication at all of a peak in the raw data corresponding to £, = 311.8 keV;
the sensitivity of the measurement for ***U was such that we should have been able to
quantitatively delineate a 23*Pa mass of 1 X 107° g at EOI, and probably to verify, at least
qualitatively, the detection of decay of half that much 2*’Pa. From thesc values one may
estimate (see the discussions above on 23°Th and 23?Th) an upper limit of ~4 X 1077 g of
232Th for our aliquot of this sample, or ~8 X 107% g for the total sample.

3.4.7 2*Pu Sample

Spark source mass spectrometry (SSMS) of this sample resulted in the determination® of
5000 ppm by mass of 22Th. A peak corresponding to decay of *3Pa, E. = 311.8 keV, was
definitely observed. Analysis of the data provided the following yield:

233pa: (1.46 + 0.38) X 10 ¥ gat EOL

As discussed above for the 23°Th and ?*?Th samples, one may relate this measured yicld to
the mass of 232Th in the sample. For the ?*®Pu sample, the SSMS mass ratio implies an
original mass of ~17.5 X 107% g of 232Th in the sample, and from this mass one may
compute ~1.34 X 1077 of 233U should have been created for the total sample, or ~1.61 X
1073 g for our ostensible 12% aliquot. Correcting our measurement by 5.9 to account for the
actual irradiaticn history yields a deduced value for ***U production of (8.6 * 2.2) X
1072 g, or a difference of ~2. Recail, however, the discussion of the amount of 23¥Py in the
sample in section 3.1.3: our gamma-ray-assay mass for 2%Pu was smaller by ~10 than the
expected 23%Pu mass. Hence, the measured 233Pa value implies that there is an incousistency
between 232Th and 23®Pu masses in our sample which cannot be explained solely as due to an
unlikely, but not prohibitive, error in determining our aliquot of the total sample.

3.4.8 P°Pu Sample

Preanalysis calculations® indicate that there should be several heavy elements in this
sample having yields which should be amenable to quantitative determination by careful
analysis of our data. Of these elements, the gamma-ray-assay technique should be most
sensitive to decay of 2*'Am, which is created by decay of 2#'Pu. The calculation of Ref. 2
results in a 2*'Am yield of 2.05 X 1077 g at EOI + 400 days. However, this yield was
deduced for a neutron fluence of 90 FPD, and so a correction should be made for the actual
neutron fluence of 63 FPD. In addition, the initial (preirradiation) amount of 2*!Pu was given
in Ref. 2 as 8.9 X 1077 g based on the isotopic analysis value of 0.011% of **'Pu of the total
clemental plutonium in the sample, as reported in Ref. 3. The isotopic analysis value,
however, was performed in 1972, and so the actual percentage of 2*'Pu in the sample was
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smaller than 0.011% at the beginning of the irradiation. It is a little difficult to determine
precisely the amount of *'Am that should have been created by decay of 2*'Pu by a time
given by EOI + 400 d, but we have estimatad 1.23 X 1077 g at EOI + 400 d as a
reasonable value. How does this value compare with a yield deduced from the experimental
data? The data do indicate evidence for detection of a gamma ray at about E, = 59.53 keV,
the energy of the gamma ray having the largest yield in decay of 2*'Am, but the deduced
energy of the observed peak is ~0.15 keV too small if our energy calibration is correct. In
fact, the peak may be due to detection of more than one gamma ray. A better feeling for the
problem can be gained from the experimental spectral data exhibited in Fig. 19; also included
in this figure is the expected response to detection of 59.53-keV gamma rays following decay
of 1.23 X 1078 g of ?*'Am, i.c., the mass corresponding to our aliquot of 10% of the total
sample. Clearly, the **'Am mass in our sample is less than 1.23 X 1078 g However,
determining the mass of *!Am from these data depends on deciding which of these data are
really due to detection of a 59.53-keV gamma ray. Without any additional guidance we would
treat the “peak™ centered at ~59.35 keV as a doublet having a contribution from a 59.53-keV
gamma ray as the higher-energy response. The resulting yield of **!Am, assuming its decay is
that responsible for the detected higher-energy gamma ray, would then be ~2.5 X 107% g for
the measurement time EOQ{ + 446 days.

3.4.9 Hop, Sample

The only heavy element for which a quantitative yield could be determined from the
experimental data was **!Am. Analysis of the measurements provided yield data as follows:

21Am for sample 22:  (3.00 + 0.09) X 1077 g at EOI + 326 d;
M Am for sample 21:  (2.20 % 0.06) X 1077 g at EOI + 309 d
(2.79 + 0.09) X 1077 g at EOI + 446 d.

These values appear to be perhaps ~—10% smaller than estimated from preanalysis calculations
of Broadhead et al.? for the actual total neutron fluence of 63 FPD.

3.4.10 2Py Sample

Of the ten heavy elements other than 2*'Pu for which Broadhead er al.? computed yields
>1 X 1078 g at the end of the irradiation of this sample (for 90 FPD), we observed data
ascribed to detection of gamma rays following decay of two of them. Analysis of the
measurements provided yield data as follows:

MWAm:  (3.04 £ 0.09) X 1073 g at EOI + 329 d,
(3.13 £ 0.09) X 1075 g at EOI + 447 d,
(3.28 + 0.10) X 1073 g at EOI + 622 d;
2Cm:  (1.80 £ 0.39) X 1077 g at EOI + 329 d.

The mass values obtained for **' Am are very consistent with the gamma-ray-assay deduced
mass for our sample of (5.03 + 0.19) g of **!Pu as reported in section 3.1.6. In addition, it is
evident that there must have been ~2.8 X 107> g of *!Am at the beginning of the
irradiation in the sample, an amount which should contribute ~5% of the total number of
fissions created during the irradiation. Finally, the ?*!Am mass results and 2*'Pu mass results
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Fig. 19. Portion of the gamma-ray spectrum from a measurement of the 2*°Pu
sample using the intrinsic-Ge high-resolution detector. Also shown is an exgected
respons¢ for the 59.53-keV gamma ray following decay of 12.3 ng *'Am
superimposed on a constant background of 2880 counts/channel. As discussed in
the text, although a determination of the actual mass of **'Am in this
measurement would be highly uncertain, the predicted mass of 12.3 ng of 2Y'Am is
too large.



53

are consistent with April 15, 1974 being the previous date of 2*'Am separation, as reported in
Ref. 3. Interestingly, the 880 ppm of 'Np in the sample’ can be computed from the
estimated 2! Am in the sample at the beginning of the irradiation.

The amount of 2*2Cm observed at EOI + 329 d may be converted to 1.33 X 1077 g of
22Cm at EOI + 400 d. One may estimate, based on the preanalysis calculations® for
samples of principal actinide *'Am, that an irradiation of 63 FPD of an initial mass of 2.8 X
107° g of 2*'Am would result in production of **?Cm of 1.47 X 1077 g at EOI + 400 d.
Detailed calculations of the type reported by Broadhead er al? are needed to refine this
computation, e.g., calculations that would take into consideration the replenishment of 2*'Am
by the *'Pu decay in the sample under discussion.

3.4.11 *py Sample
Analysis of the gamma-ray data provided the following yield data:

MiAm:  (7.84 + 0.26) X 1077 g at EOI + 327 d;
Am: (3.3 + 0.5) X 1077 g at EOI + 327 d;
25Cm:  (1.73 + 0.21) X 1075 g at EOL

Evidence of decay of other heavy isotopes, e.g., >Pu and 2#?™Am, was sought in the data, but
we could not unambiguously deduce yields for these radionuclides. Compared to the
preirradiation analyses,’ the present sample (12% aliquot) gamma-ray-assay results appear to
be in good agreement with the calculated results for *Am and **Cm and to be somewhat
smaller than the calculated results for 2! Am. (The gamma-ray branching ratios for 2°Cm
were taken from Ref. 9.)

3.4.12 *'Am Sample
Analysis of the data obtained for sample #14 provided yield data as follows:

MImAm:  (8.15 + 0.24) X 1078 g at EOL
2Cm: (7.2 £ 1.0) X 1078 g at EOI + 292 d;
23am: (1.9 + 0.6) X 1077 g at EOI,

Cm:  (1.56 £ 0.07) X 107° g at EOL

These mass values are within ~30% agreement with estimates based upon the preirradiation
analyses.? The yield for the 2#?™Am (T, = 152 yr) was deduced from detected gamma rays
assigned as decay of the 16-hr daughter *?Am. The branching ratio of the 48.6-keV gamma
ray following decay of ?**™Am is not known; however, one may estimate the total internal
conversion coefficient to be ~7.4 X 10° from thzs tables of Rosel et al.!® assuming a pure E4
multipolarity. A peak corresponding to £, = 43.6 keV observed in the data has the correct
energy for the 2*?®Am decay transition, but the extracted yield appears to be several orders of
magnitude too large for such assignment, if the total internal conversion coefficient is at least
as large as the above estimate.

3.4.13 ¥Am Sample

None of the masses computed for heavy actinides other than 2*Am in the preirradiation
analyses? indicated a sufficient mass such that decay gamma radiation would be detected and
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properly identified. For example, the E, = 59.53 keV gamma ray following decay of MAm
is one of the easiest transitions to identify and quantify, but the estimated yield for this
gamma ray was just at the edge of the system sensitivity. Indeed, for this sample (as for the
sample of 43Cm), detection of the gamma rays from decay of the principal actinide dominated
the spectral distributions that were measured.

3.4.14 **Cm Sample
Analysis of the gamma-ray data provided the following yield data:

21 Am for sample #8: (6.0 = 1.2) X 107 % g at EOI;
X1Am for sample #9: (3.2 = 0.2) X 107 ¥ g at EOI;
23Am for sample #8: (5.8 + 0.6) X 1077 g at EOI;
243Am for sample #9:  (2.77 + 0.15) X 10~ % g at EOI;
245Cm for sample #8: (9.2 = 0.7) X 1077 g at EOI;
25Cm for sample #9:  (4.05 + 0.29) X 1078 ¢g at EOL

The measured yields for *°Cm for the two samples appear to be consistent with
expectations based upon the gamma-ray assay of the 2**Cm mass determinations for these two
samples plus estimates of the capture reaction 2*Cm(n,v)***Cm yields for 63 FPD of neutron
fluence. The yields deduced for *!Am appear moderately larger than the estimated yields for
241l Am obtained by first-order scaling of the preirradiation analyses of Ref. 2. The obsecrvation
of Am was somewhat of a surprise. However, as mentioned above, gamma rays from the
23Am decay and from the *$3Cm decay result in quite similar spectra. Indeed, a portion of
the observed data must have been due to detection of gamma rays from decay of 2*Cm, but
the statistical uncertainties of the spectral data were rather poor, and so we were not able to
extract yields for >*Cm with a satisfactory reliability from the data.

3.4.15 *%Cm Sample

Analysis of the gamma-ray data provided the following yield data (at EOI unless otherwise
noted):

Am: (9.5 £ 09) X 107%g;

3Am:  (1.55 £ 0.16) X 107 " g;

MCm: (1.31 + 0.09) X 1078 g

24Cm: (3.0 £ 03) X 107 % g;

MCm: (8.2 £ 22) X 107 7g;

29¢f (1.10 = 0.06) X 1077 g at EOI + 299 d,
(1.15 + 0.05) X 1077 g at EOI + 439 d.

These results appear to be consistent with the results of the preirradiation analyses of Ref. 2.
Direct ratio estimates of yields of these isotopes, as we have done above, are somewhat less
reliable for this principal actinide because of the comparatively substantial preirradiation
abundances of the other curium isctopes in the sample. A complete calculation of the type
reported by Broadhead er al.?2 will be required in this case.
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3.4.16 3Cm Sample
Analysis of the gamma-ray data provided the following yield data for this heavy isotope:

29¢f: (6.47 + 0.29) X 1077 g at EOI + 299 d,
(7.89 + 0.35) X 1077 g at EOI + 437 d.

These results appear to be consistent with the results of the preirradiation analysis of Ref. 2
after adjusting for a 63-FPD irradiation.

3.4.17 Summary

In concluding this discussion of yield measurements of the nonprincipal actinides, it should
be mentioned that the absence of a reported yield should not be construed as an absence of
possible detection of gamma radiation corresponding to decay of the radicisotope in question,
nor even that the possible yield of said radioisotope is very small. We reported herein on those
measurements for which identification with the reported actinide appeared to be reliable and
unambiguous. In addition, as mentioned above, isotopes having long half lives (>10° y for
certain) were simply not observed in the present series of measurements. So, many of the
calculated yields given in the preirradiation analysis® could not be tested. However, a number
of data have been presented, and they should provide testing of future computational methods.

4. SUMMARY AND CONCLUSIONS

The ‘purpose of this experiment was to provide information on yields of radioisotopes,
principally fission products, created by an extended “fast-neutron” irradiation of a fuel pin
containing 26 separate samples representing 21 different fissile actinides that either are found
in the fuel of a fast reactor, or could be found if some alternate nuclear fuel cycle were to be
utilized. Indeed, although many fission-product yields for fast-neutron fission have already
been reported and subjected to evaluation,® there were six principal sample actinides included
in this experiment for which such data have not previously been available. In addition, the
present experiment was expected to provide additional information on all the measured yiclds
by virtue of the simultaneous irradiation of all of the samples.

The results of the data analyses for fission-product yields are illustrated in Figs. 11 to 18.
In particular for %°Zr, *!Ce, **Ce-**Pr, and '5°Eu, definite trends are observed for yields of
these fission products as functions of the actinide sample being studied.

The gamma-ray-assay data also provided checks on several aspects of the experiment, in
particular the masses of the aliquots of the samples we studied. In addition, some of the heavy
actinides produced by capture reactions were amenable to quantitative determinations from
study of the present data. Clearly, such results, while necessarily incomplete overall, do
provide a more comprehensive picture of the nuclear processes which were induced by the total
neutron irradiation.
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A second fuel pin, very similar in content to the pin whose elements were studied and
reported upon in this report, and subjected to a similar 63 FPD irradiation, is awaiting further
study. In addition to possibly shedding fresh light on discrepancies reported herein, controlled
measurements could produce absolute fission-product yield data for '¥’Cs and place all of the
yield data on an absclute basis.

Although the present measurements did provide some results difficult to understand within
the overall framework of the experiment (and these problems were discussed in sufficient
detail to provide some basis for their accomodation in some future experiment and/or
analysis), the measurements also yielded a substantial wealth of data for comparisons with
detailed calculations. We have tried to present and discuss the data in such a way as to
facilitate and guide such calculations and comparisons. One hopes, of course, that detailed
and rigorous calculations will agree well with the data, for in such case a good comparison
tends to support the validity of the calculational procedures as well as enhance credibility of
the experimental measurements. From the experimental viewpoint, however, in the event of
any unsatisfactory agreement with calculation, we can report only that the history of the
experiment reported herein was completely reviewed, and we believe that the results are
correctly presented as obtained. Sic passim.
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