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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 gins 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 radioisotopes. 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 

236U, 235U, 234U, 233U2 23'Pa, 232Th, and 'loTh that had been encapulated in vanadium holders 
and exposed in the core to a total fluence of approximately 2.7 X "fastn neutrons over a 
period of about 12 months. The fission products identified were 91Y, "Zr, 95Nb, 103Ru1 lo6Rh 
(following decay of '*%I), "OrnAg, '25Sb, 134Cs, I3'Cs, '4rCe, '44Ce, 144Br, and '55Eu. 
Because of uncertain ties 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 137Cs in the various 
samples were designated as monitor data Tor 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 informat ion on both the initial sample composition and the actinides creaked 
during the irradiation. 

oxides of 248Cm, 246Cm, 244cm,  2 4 3 ~ ~  9 2 4 3 ~  m, 2 4 1 ~ ~ ,  244pu, 241pu, 240pu, 239pu , 238pu , 238U, 
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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 ~ a ~ ~ ~ r ~ ~ ~ ~  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. 

Ag 
As 
B 
Ca 
Fe 
K 
Mg 
Mo 
Na 
Nb 
Ni 
P 
Si 
Ta 
Ti 
V 
W 
Zr 
S 
F 

5 
2 
5 
0.3 

100 
1 

10 
50 

2 
10 
20 
20 

300 
100 
20 

Major 
40 
10 

100 
0.5 

... .....- ___.. . ._ ... 

'Elements not shown are below detectable limits. 
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The remainder of this report i s  ~ e d ~ c ~ t e ~  to it c ~ ~ ~ ~ ~ e t ~  discussion of the  sa^ 
some 64eea;j as ptesenfed to provi e the reader with a measurements and data r vction, 

sufficient description of the experiment so as to judge the quality of th 
addition, to present some problems which were sneounaered ~~~~~~ the e 
solutions to and/s; recommendations concerning :mch ~ R I & ~ ~ I T H .  

ETA 

2.1 GAM All-ASSAY SA 

The fuel pin containing the physics. samples was opepad about nine months ~~~~~~~~~ the 
end of the ~ r r a ~ i a ~ ~ o n .  Tbis process took place in a ~ ~ ~ ~ " s h i e l d e ~  "and using sernate 

and then dissolved in acid (Kf 
the present ~ e ~ s u ~ ~ m e ~ t ~ ~  the a 

s u k  was sawed open and its solid oxide sample was F ~ ~ Z P Q V ~  

of this solution was ~ e t ~ e r ~ ~ ~ n e ~  by a% 
educed a priori upon the expected a 
ations of ~ r o a ~ ~ ~ e a ~  et a/.' ~ a c h  ~~~~~~~ was 
sferred to a glass bottle. The material was 
plastic cap inmpersriolgs to the acid solution, 

The given initial sam our aliqursts (shares) are given in 'Fable 2, along wi;h 
the half lives of the ~ ~ ~ n c ~ ~ ~ ~  isotopes taken from the Table o f 1 m f  
namely 240Pu, 24'Ana, and 2s4Cm, there were two separate samples 
obtained from the r e p r t  oi" ~ u i n b y  el aL'  or several of  the samples, 
computed, 01- recomputed, as of August 24, 1982, the date of' the begin 
with supplemental i n h r  
dates of ~ ~ d s ~ ~ e ~ e ~ t s ~  
gamma-ray-assay sampl 

from data giwx in the report by 
~ ~ ~ ~ a ~ ~ e ~  the principal actinides being 

emselves provided an i ~ ~ e ~ ~ d ~ n t  ~ e ~ e ~ ~ n a ~ i Q n  of the ~ ~ ~ ~ n t  sf the 
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Principal Sample 
isotope No. 

230Th 31 
232Tb 25 

231Pa 29 

23311 32 

235u 28 
2 3 4 ~  27 

2 3 6 u  25 
238u 11 

238Pu 30 
239Pu 23 
24% 22 
2"Pu 21 

244Pu 20 
241Pll 24 

24"m 15 
24'Am 14 
243Am 12 

243cm 10 
244cm 9 
2 4 4 ~ m  8 
2 4 6 ~ ~  5 
2 4 8 ~ n 1  4 

Total 
mass (mg>" __ ~ 

2.92 1 
17.7'71 

2.885 

7.920 
3.442 
8.531 
7.906 
9.859 

2.687d 
7.990 

10.5 37' 
10.782 
4.096' 
2,086 

9.55 1 
10.383 
9.804 

0.3 34/ 
7.928g 
7.79 l g  

6.657 
1 .I20 

y-ray assay 
aliquot (%) . ._. . . . . 

10.0 
12.0 

12.0 

1 .O' 
10.0 

1 .o 
5.0 
5.0 

12°C)' 
10.0 
4.0 
3.0 
2.0 

12.0' 

1 .o 
0.1 
0.2 

1.0 
2.0 
1 .O" 
2.0 

10.0 

Isotope half 
life (yr)b 

~ ..._.l_l_...... __ 

8.0 x 104 
1.41 X 10" 

3.28 x io4 

1.59 x io5 
2.45 x 105 

2.34 x 107 
4.47 x io9 

1.04 X IO8 

87.7 
2.41 x 104 
6.57 x io3 
6.57 x 103 

8.05 x 10' 
14.36 

432. 
432. 
7.37 x 103 

28.5 
18.1 
18.1 

3.5Q X lo5 
4.76 x IO3 

OFrom Table 13 of Ref. 1. 
bFrom Tahle of Isotopes, R e t  4. 
cSpecimen may have been damaged during i ts  removal from 

vanadium capsule. 
%xompiuted 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.  

/Recomputed 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. 

gRecompnted to be as of August 24, 1982 from data given in 
Table 13 of Ref 1 and additional information given on page 35 of 
- I ^  
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GLASS CONPAl NE R i i  
SAMPLE 
(LIQUID% 

I 

I 

#-DETECTOR 

'I 
SAMPLE - TO - DETECTOR CONFIGURATION 

(NOT TO SCALE) 

Ge(Li) (or intrinsic Ce) detector. The detector is mounted on a vertical dipstick and 
surrounded by lead shielding. A sample-hslder 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 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. 

glass bottle permanently capped. 
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Far each sample at least four separate s eckaa were obtaine ctra during the 
June BO July 1984 and two spectra during 
consisted of one spectru a few of the samples 
additional spectra were tained during the per . These later spectra 
were obtained to attempt to prov 
the earlier spectra. All told, rn 
obtained. 

ovcmber 1984. The two spectra for each perisad 
for each of the two d 

aha ~~~~~~~~~ of 

An example of s 
these figures, peaks 

with the: LEPS detector is e 
~~~~~~S of the assigned 

n, four pOSitiUDlS are n 
ave beer1 ohserved if Ti. 

uffkicient yield is cswsi 

principal sample actinide is I 

a decay of any one of the ~~~~~~~~ isotopes. 
intermediate half life si- the parent wjra 

tope 234&). 

amount of 8 U E  sample as given in 
EitiYclJ' long hasf life of 2349). y peak an the sapec;trum that 

fied as probably due to thorium L ,  x-ray observation, 
The fa 

This I ~ o ~ ~ ~ ~  peak i s  not 
2 3 6 ~  
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COOLING TIME: 449 days I COUNTING TIME: 8300 s 
DISPERSION : 55.5 eV/CHANNEL 

GAMMA-RAY ENERGY ( k e V )  

2. ]PSI%iOB O f  the ~~~~~-~~~ 
ment sf the *"u sam 

The copper and zinc. K ,  x rays are due t 
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 
escape peaks. 
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I Q5 

5 

2 

J 

.... 

! 
I w 

4 
71: 

5 io4 

v 

4.. 1 J..-.;)L.- 
SAMPLE NO, 27: 234U 
COOLING TIME : 449 days 
COUNTING TIME : 8300 s 
DISPERSION : 55.5 eV/CHANNEL 

m 
t- z: 
0 
0 

3 5  

2 

5 

.... 

r--- 

7-7 ---.-- 

.~... i I i . . . ~  ..... 

95 I00 405 I40 145 I20 425 I30 435 440 
GAMMA-RAY ENERGY (keV) 
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5 

2 

1 O6 

5 

-J 
w z z 
I 
V 
\ 
cn 
I- 

Q 
0 

a 2  

5 io5 

5 

2 

lo4 

5 

I 
SAMPLE NO. 4 1 :  238U 
COOLING TIME: 234  days  
COUNTING TIME : 40,000 s 
DISPERSION : 0.824 

- -  

400 200 300 400 500 600 700 800 
GAMMA-RAY ENERGY (keV) 

Fig. 4. Portion of t of the UqJ 

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 'udged by noting the clear separation of the 
756-keV gamma ray from decay of 45Zr from the 7'65-keV gamma ray from decay 
of 95Nb. The detector 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 contribution. 

&sa. All of the large peaks have 
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I SAMPLE NO. 4 4  : '"U ' I  

-I-,-- COOLING TIME : 234 days 
COUNTING TIME : 40000 s 
DISPERSION : 8,824 keV/CHANN%L 

I 

I 1 1- I ~ Ad- ~ 1----i ___ 2 -  
1500 1600 1700 1860 I900 2000 2400 2200 

GAMMA-RAY ENERGY (keV) 

Fig. 8. ~ i ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~  ~ t h  of the § ~ e ~ ~ ~ ~ ~  of . 6 m d  ?- The peak at 
1674 keV is due to the single escape of the 2185- gamma ray 
decal. The other ~ Q U S  unidentified peaks are due to gamma rays following decay 
of I o  Rh. 
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the I06Wh decay in dcducing the y 

daughter of 22ilTh and a part of the room 



First-pass data reduction was accomplished using an upho-date version of the well-tested 
computer code TPASS6 Co puted peak yields were corrected for detector efficiency and 
were then subjected to comparison with information stored in an isotope-data file7 to deduce 
likely responsible radionanclide candidates. In most instances, the analysis was unambiguous, 
but in those situations when the code located ~ O P C  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 number of atoms of a specified fission product as of the end of the irradiation 
(EQI), taken as Sepbeniber 1, 1984. Of course, immediately at the end of the irradiation the 
actual yield of the specified fission product was slightly smaller, ~ e ~ ~ ~ ~ ~ g  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 measurements. 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 cuniulative fission-product yie!ds due to fast-neutron fission 
induced in each given sample for the actual irradiation history of the experiment. 

In the described manner we wehe able to obtain yields for the following fission products: 

were not able to obtain information on certain other long-lived fission products anticipated in 
the preanalysis calculations of Broadhead er 0 1 . ~  The radionuclide 85Kr is a noble gas and was 
dispersed prior to our sample fabrication. The radioiiuclides 89Sr, 90Sr, and 9QY are, essen- 
tially, pure 0-ray emitters, as are 147Pm and '51Sn1. Gamma rays n a y  have been observed in 

and 1 5 4 ~ ~ .  

9 9 > , 1 4 4 ~ r ,  and '"Eu, ~ 7 e  91y, 95zr, 9 5 ~ b ,  1 0 3 ~ ~ ~  106~h I I O ~ A ~  1 2 5 ~ b  1 3 4 ~  137cs, 1 4 1 ~ ~  1 4 4 ~ ~  
S? 

some of the spectra corresponding to decay of other fission products, e+., '15Cd, '29Te , ''8Pm, 

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. Altbsugh not a part of the primary goal of the present 
experiment, these data were also rednced. In addition, gamma rays were observed due to 
decay of other radionuclides son~ehow introduced into the experimental samples but that were 
not created by neutron interactions with the principal (or any secondary) sample actinide. 
These "backgrozlnd" or Mcoiitaininant" radionuclides included 54Mn, 58C0, '%o, 65Zn, and, in 
particular, "'Ta. Identification of these background radionuclides was necessary so as to 
properly account for their comntributions to peaks which corresponded to detection of gamma 
rays due to decay of radionuclides of interest. 

tBY-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 data436 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 rnost of the given nuclear data as reliable. Uncertainties associated 
with half lives were not propagated in the computations; however, uncertainties in braiiching 
ratios were included in the f i n d  uacertainty determinatiom. 
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"The peak corresponding to detehon Id the E ,  2 
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by the very much iaagea peak sirnilaily corresponding to 
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The results w w c  obtained as the absolute values of the number of atoms of the particular 
radionuclide that were in the sample at the t h e  of the gamma-ray measurement. In Table 4 
resdts for 137Cs are tabulated. Note that, as obtained and presented, the given results for 
1 3 7 ~ s  are not related to any informaticil about the sample material, irradiation history, etc. 
The uncertainties tabulated with the Sbsslate yitlds include data reduction uncertainties, 
which are domicated by unccrtaintics in peak area determinations, The tabulated unceaiain- 
ties do not include uncertaintics in the detector cfficiency at E ,  --I 562 key, which, in turn 
depend upon the accuracy with ?+lch the sarnplc-to-detcctor distance was determined for a 
givcrm measureixent. Tor psiat-source measuremerits this distance is believed known to 
k0.1 cm, *which would correspmd to an uncertainty of -1.5% for D --- 15 cm, which should 
be quadratically combined with an uncertainty of 2% assigned to the experimental efficiemy 
at B ,  = 662 keV for D - 15 cm. The tabulatcd unesstainties assigncd to the data given in 
Tablc 4 range betwcera -1% and -.-3Uo. Comparing the November 1984 measurements with 
thc earlier measurements indicates :bat the former disagree with the latter by more than the 
combined uncertaintics for 10 of the 22 samples, a somewhat larger number of disagreements 
than wight be expected We noted, however, that such disagreements as were observed were 
reflected in overall normalization of a given measurement, such that the m ~ i m  of the yields of 
the other observed fission products to that for 137Cs did pot vary near as much as did the abso- 
lute yields of 1 3 7 ~ s .  

As given in Tabk 4, of course, the yields for 137Cs must be further interpreted. The reduc- 
tion of thess results to quantities of physical interest i s  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 observed 
which co;ald be attributed to decay of several nann..fission-product and non-actinide radionu- 
clides, in particular '82Ta. T"hese results are given in Table 5 .  One may observe that the 
reported values span four ordc-rs of magnitude. One may also observe an approximate correla- 
tion in yields of 54Mn, "Co, arid ""co, but much less correlation of thc yields of these three 
radisnuclidcs with either 65Zn or lg2Ta. '4s mentioned above, the impurity yields were impor- 
tant for the data reduction, particularly for Of some concern, pertaining to sample 
descriptions, was thc S O ~ X  (or sources) of the impurities, Clearly they were in our aliquots. 
The substantial variations from one sample to another suggested that the impurities were cat 
inadvertently added from extraneous so~~rces  during our sample preparations. Hence, it 
appeared to us that the impurities wefe in the samples. So the impurities in tlsc samples as 
deduced using spark ssw.ree mass spectrographic methods wcre scanned (see the report of 
Walkcr el d3) .  Ssinc of thesc SSMS impurity results are given in Table 6, and one may ask 
if the reported3 impurity amounts can account for our observations. The observed may 
be expected to correlate with the YSMS-deduced Co impurity. The largest reported Co- 
innpurity amount is for 236U, and for this samplc [using .(n,-y) for 59Co of 0.1232 b taken 
from Ref. 2, Table 20, page ? 7 J  one may estirnatc a production of 8.4 X 10" atoms of "Cco 
for our aliquot of the sample, a value which is larger than the observed 1.9 X 10" atoms of 
""co For 2 3 1 P ~  and for 24'Am (#I51 thc estimates from SSMS-given cobalt-impurity values 
arc 4.4 X 10" and 2.6 X 10'' atoms, respectively, which are somewkdt small comyar?=d to 
the observed values cf 5.1 X 10" and 1.6 X 10" a tom,  respectively. For thc remaining 
principal actinide% the computed cstimate of expectcd 6oCo is more than an order of magni- 
tudc smaller than observed. Thc cordusion appears to be that the observed amounts of 60Co 
are laager than expected from aind m t  particularly well correlated with the given impurity 

~a I 
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(5.32 6 0.10) x 

(4.28 + 0.121 >: 
$3.45 k. 0.07) x 
(3.363 ?r 0.12) x !.P 

(2.230 .c 0.034) x i 14 @.I62 rt 0.034) x lola 

(2 .053 3_ 0,022) x 
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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 observed 65Zn, but again there 
appears to be little correlation between the SSMS-derived element zinc and the observed "Zn. 
Indeed, for 238Pu the SSMS method gives a very large zinc impurity, which should correspand 
to a 6SZn 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 95Zr. The SSMS-deduced amounts of elemental zirconium are 
given in Table 6. IJsing an effective a(n,r) for "Zr of 0.018 b take3 from the Appendix of 
Ref. 2 results in calculated estimates of 95Zr from 94Zr(n,y) reactions for the samples 231Pa% 
236U, and 246Cm to be at least a factor of a thousand smaller than observed. Hence, it 
appears that impurity zirconium in these samples does not measurably eontribute to observed 
95Zr yields. 

Another fission product that was of interest was '"Eu, a shielded radioisotope, and there- 
fore expected to have small yields. Of the principal gamma rays expected following decay ~f 
154Eu, 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. 4). 
The next-most intense gamma ray from decay of 1 5 4 E ~  has E ,  = 1274 keV, a value degener- 
ate with a gamma ray following decay of '"Ta as well as with the principal gamma ray fol- 
lowing decay of 22Na. These background gamma rays interfered sufficiently with data analy- 
ses to render unreliable tentatively deduced 154E~ contributions to our measured spectra. 

Since it seemed evident that the observed '"Ta 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 "'Ta, although the 
mechanism by which the Ig2Ta was transferred from the capsule to the oxide sample i s  
unclear. 

3. RESULTS ANI) ANALYSES 

3.1 ANALYSIS OF I3'Cs A SOLUTE YIELDS 

One of the empirically observed features of nearly all low-energy neutron-induced fission i s  
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 m e a ~ ~ ~ ~ ~ ~ ~ ~ s  
of many fissions of the same initial system, is a distribution of the resulting fragment masses 
into two groups, one designated as tlne 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 L ,  and the average mass of the heavy-mass group, 
M H .  If M A  is the mass of the sample actinide and M,, is the mass of the neutron, then mass 
conservation dictates 





The fraction of fissions, F, producing the radionuclide I3’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 8;. For 
the sample actinides on our list but not included in Rider’s evaluation,* we used a value of F 
= 0.064 and an associated uncertainty of 10% of F. The actinides for whish this vahae of F 
was used include 230rrh, 2444p12, and the four curium isotopes. 

The fission cross section, of, depends upon the incident-neutron energy, and as showw 011 

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 aL2 
deduced an “average” uf, which (values of of> are given in Table 20 of that report.2 We used 
the values of of thus given for our samples between 230Th and 246Ch, and (since no value was 
given in thc referenced table) the value of for 248Cnm as given in the appendix of that 
report2 was used. 

For many of the samples, the number of sample nuclei, N,, i s  just the number of nirclei of 
the principal actinide and can be deduced from the data of Table 2 (of this report). However, 
for several of the samples, the principal 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 gf 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 235U as there were for the principal 
actinide, 236U. The largest contribution to N ,  due to fissioning of a “grown in” actinide was 
for the 232Th sample. Broadhead et aL2 calculated a growth of 0.225 m g  of 233U (from 232Th 
-k n capture, and subsequent decay of 22-min 233Th) 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 233U. To be exact, one ought to compute the effect 8111 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 -4 .0044 of the total sample mass. 
However, comparing af for 233U with that for 232TR 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 233U for every fission of the 232Th principal actinide. It i s  diffi- 
cult to assign an uncertainty to this estimation of the 2 3 3 ~  contribution; for ~~~~~~~~ of cam- 
garison with experimental data we arbitrarily assigned 10% as the uncertainty. 

In this manner, a computation of Y(13’Cs) was carried out for each of our samples. Tlnese 
were then compared with the experimental data given in Table 4. Ratios of tbe 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 evaluation8 (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 me possible uncertainties on af or 
N,,  on the €ormer because there isn’t enough information to deduce what they are, and on the 
latter 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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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 experirnent reported herein). The data were obtained in a very regular 
manner with proven reliable equipment and measurenient 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 reviewedl the histories of our samples. As mentione in Table 2, foul- 
samples were possibly damaged during their reinoval from the vanadium capsules. These sam- 
ples were 233U, 238Pu, 244Pu, and 2 4 4 C ~  (#$). 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. ( l ) ,  N,, CT/ ,  F, and N,,, the only owe amenable to be 
checked by the present experiment is N,, and that one for only a portion of the principal 
actinides. ,4s for the total neutron fluenee, N,,, 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, C T ~ ,  given in Tahk 20 
of Ref. 2, the given values may need to be reconsidered. As for the fission-product yield, k' 
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 ~ ~ a ~ ~ ~ ~ ~ o ~ .  
However, as discussed ahove, it seems unlikely that any of the values of F used in the compu- 
tation are in error by as much as 20%, except perhaps for 23@T'h and 248@n1, and an error of 
20% is insufficient to account for thc departure from unity of several ratios in Fig. 10. 

So, the one parameter that could he checked independently by the present experiment is 
N , ,  and this we have done for those actinides having sufficient data on one, OK 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 N ,  only for the amount of material in 
our samples. 

The sample labelled u233U* but believed to be 230Th because of the observed a26Ra decay 
was studied for three days with the LEPS detector using D (of Fig. 1) = 5 cm. The most 
intense gamma ray from decay of 23'% has E ,  --- 67.73 keV, which is accidently degenerate 
with the most intense gamma ray following decay of '82Ta, The next most intense gamma ray 
following decay of 230Th has E ,  = 143.6 keY and a branchimg ratio4 of 0.044% with an 
uncertainty of -9% its valne. Analysis of the results for the observed peak co~~esp~wding to 
E ,  = 143.6 keV yielded a mass of (1.07 +_ 0.10) X g. This value may be compared 
with an expected mass of 2.79 X g at the beginning of the irradiation. Using the 
gaxrama-ray-assay deduced value of the 230Th mass would result in a 137Cs 
ex~~imimtal/calculated ratio of 0.815 -b- 0.110, a ratio closer to unity than exhibited on 
Fig. 10. 
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The half Me sf this actinide is short enough SQ that the principal ~~~~~~~~~~ ~~~~~~~~~~ at 

ents with the LEPS 
E ,  = 43.49 keV is observed despite i t s  small ~~a~~~~~~ ratio. 'F 
~ n ~ e ~ t a ~ ~ ~ y  of -3% of its value.4 The: two ~ ~ m ~ ~ - ~ a y - ~ s s ~ ~  me 
detector resulted in mass ( ~ e t ~ ~ ~ ~ n a t ~ o n s  of (3.84 2 0.14) X 8 4 4  
IO-' g, for an average of (3.58 I- 0.12) x  IO‘-^ g.  his gam 
compares with expected values (see Table 2) of 3.49 X 10-4 g at t 
ation or -3.34 x IO--" g at the end of the irradiation. This samp~ 
Apparently some 90% of this sample was "lostn prior to preparation of our ~~~~~~~. Using the 
gamma-ray-assay deduced mass value results in a rat 
lated yield of 1.13 -+ 0.19, where the uncertainty i s  
the evaluated value of F. 

of e X ~ ~ ~ l ~ ~ t ~ ~  
e almost entirely t 

Although the half life of this actinide is rather long and the ~~a~~~~~~~ ratio of 
pal gamma ray is quite small, the energy of this gamma ray, E ,  == 51,52 Lev, is 
the LEPS spectrum by being sufficiently diffeient from other ~~~~~~~ gamma rays. A meas- 
urement over -3 days was made in which D :of Fig. 1 )  was set at 5 cm, A very small halt 
w e ~ l " ~ e ~ ~ ~ e ~  peak was obser.ved at the correct cnergy A manual analysis of tbis peak resulted 
in a net peak yield of -9000 counts out gross counts, with B statiseica~ error of 
-30% on the net yield. 'H'aking all of t s into consideration results in a QIPBBSS of 
(2.6 c 0.8) x g for the ~ r ~ ~ c ~ ~ a ~  actinide.  his value i s  s ~ ~ s ~ a ~ t ~ ~ ~ ~ ~  smaller than the 
7.99 x IO-'' g anticipated at the beginning of the ~~~~~~~~~~~ or -7-56 x IO"' g estimatsd 

our aliquot, but we cannot The ratio of ~~~~~~~~~ 

at the end of the irradiatio Ore than 96% Of the Sampk W a s  prior thg paegwationr Psf 
when such ~ O S S  may haw occur 

calculated becomes 1.22 k 8.37 using the ~ ~ ~ ~ ~ ~ - r ~ y - ~ ~ ~ ~ ~  deduced mass. 

The principal gamma ray associated wit ni& has &X esaecgy .e, Is 

8 say due l o  decay c>f 
a", two gamnxaa r3ys is 

45.24 keV and is essentially degenerate with the E ,  = 45.30 
ISsEu. The yield of the observed peak c ~ ~ ~ ~ s ~ ) n a i ~ ~  to detm 
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too large for just '"Eu decay. The data were analyzcd to ascertain if a mass of either of the 
2 4 0 ~ ~  samples could be deduced after accounting for the ' 5 5 ~ ~  contribution.  he uncertainty 
in this procedure i s  rather large, 2nd the best that could be determined was that the data were 
consistent with expected 240Pu masses determined from the data given in Table 2. 

This sample clearly cantaim much more 24'Am than would be deduced from the data tabu- 
lated in Table 24 of Broadhead et aL2 Our gamma-ray-assay data indicate >6 times as muck 
241Am as tabulateda2 The data were studied to try to determine the amount of 24'Pu in thc 
sample. The principal gamma ray due to decay of 241Pu has E, - 148.6 keV, a convenient 
energy, but a rather small branching ratio: I ,  = 1.9 X IOe6. A gamma-ray measurement 
was made for -27 hoim for which 11 of Fig. 1 was IO cm. This measurement was analyzed 
to provide a mass for the 241Pas content of this sample. We obtained a mass of 5.03 X g 
with an unccrtainty of 3.8% on this value. This value of mass may be cornpared with 8.20 X 
I O p 5  g at the beginniiig of the irradiation according to the data of Table 2. Using the 
gamrr~a-ray-assay mass value for 2 4 1 ~ u  results in a 1 3 7 ~ s  ratio value of 1.00 f 0.07. 

This actinide is probably the easiest actinide to obtain a precision mass value by gamma- 
ray assay. Our data indicate mass values of (9.8 -1- 0.3) X g for sample #I4 and (9.15 
k 0.28) X l ow5  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 g for sample #15 at 
the beginning of the irradiation, and with estimated mass values of 9.83 X g for sample: 
#I4 and 9.05 X 10.. 

g for sample #14 and 9.55 X 

g for sample #15 at the end of the irradiation. 

Determining a mass value for this actinide requires a little more care than determining a 
value for 241Am. Decay of 243Am results in a number of gamma-ray transitions, many of 
which are thc same transitions observed in the decay of 243Cm. The major difference is a 
strong E ,  = 74.66-keV transition gamma ray observed in the decay of 243Arnl which is absent 
in the decay of 243Cm. The 74.66-keV gamma ray, however, is essentially degenerate with the 
Pb K, ,  x ray observed 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 3- 0.07) X g for the 
243An1 ia the sample. This value is somewhat smaller than the value of 1.96 X IO-' g 
expected at the beginning of the irradiation or the value of 1.89 X g estimated for the 
end of the irradiation. Using the gamma-ray-assay value of the 2 4 3 ~ m  mass wsuid result in a 
137Cs ratio of 0.44 k 0.13, where the uncertainty i s  dominated by the uncertainty assigned' to 
the evaluated value of F. 

3.1.9 243Cm Sa 

The mass of this sample had to be comparatively small because of the activity associated 
with the principal actinide. Our gamma-ray-assay data indicated a mass value of (3.31 -1- 
0.20) X lo-' g at the end of the irradiation. This value may be compared with 3.34 X 
10 -' g expected at the beginning of the irradiation according to the data in Table 2, and with 
-3.10 X IO-' g estimated a t  the end of the irradiation. 
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The primary gamma ray ue to decay of this actinide has E ,  -- 42.82 keV and is essesp- 
of '55Eu. In O u r  SpeGraa  aha: tially degenerate with Gd K ,  x rays o ~ ~ e ~ v e ~  from the 

x ray from the '%u decay co~t r~buted  -10% sf the pea 
minations were only ratelly affected. ur ~ a ~ ~ a ~ ~ ~ ~ - a s s a ~  
(3.02 k 0.21) X IO and (1,252 k 0 1) x g for o 
tively. These mass values inay be compared ~ 4 t h  7.79 X 10 
samples #8 and #!& respectively, at the beginning of the irrssdiati 
damaged when we received our aliquot; the loss of sample may 
phase of preparation. We cannot account for the d ~ f f ~ r e ~ ~  " 

gamma-ray-assay masses would result in '37Cs ratios of 1. 
samples #$ and #9, respectively. 

3.6.91 Other Samples 

Mass determinations could not be made for the aletinid because a. definitive 
conc4usiom can he 

$E" the 13 samples for 
gamma-ray transition was not unambiguously dmxved. 
drawn from those actinide mass d e t ~ r ~ i n a ~ i o ~ s  which were made. 
which the gamma-ray-assay data yielded princi 
ray-assay values disagree with mass values ex 
aliquots as delineated in Table 2. 
samples were removed from the vanadium capsules, namely for the 238Pu 
ples. The lack of agreement for the other five samples is very 
pause before uncritically accepting as valid mass values for the 
garnma-ray-assay data were insufficient to prcduce principal actinide mass vnlu 
those expected from the data in Table 2. We grant, on the; one hand, that the ra. 
and exhibited in Fig. 10 for 137Cs are by themselves insufficient t~ 
sources) in the masses of our samples, but, on the other hand, accep 
assertion with regard to data for '37@s means that the assertion must be valid with regard io 
data for the other observed fission products. One must accept, perfo , that 19tB.kolpele deter- 
minations of ~ ~ s s ~ o ~ - p r o d u c t  yields from the present g a ~ ~ ~ - r ~ ~ - a s s a ~  a wrssald not be relia- 
ble. That is, irrespective of one's bias with regard to any part (or all the reseah discussed 
in this section, the only acceptable presentation of the data for dedu yields of fission pro- 
ducts is as relative yields, and in the next section we choose to present the remainder of OUT 

data as yields relative to 137Cs yields. 

hide mass values, seven of t 
the basis of prior re 

Of these szven, two may have incurr 

3.2 OTHER FISSION-PRODUCT YIELDS 

In this section, the data for other fission pr~ducts are resented. These other fissicm pro" 
ducts include "Y, ?Zr, 95Nb, *03Ru, '06Ru-106Rh, 'lomAg, *%b, L34Cs, '"'Ce, B44Ce-ia4P~, 
and 155Eu. Of the fission products that we observed for all our ~~~~~~~a~ actinides, only " 'NS 
had to be considered separately because of the long lifetime af its parent, "Zr, 

For all of the other fission products the analyses of the spectr 
form of the number of atoms of radionuclide that were as meas 
to account for that particular radionuclide deleair during the m l a n  
the irradiation and the ~ ~ ~ i n ~ ~ ~ g  of the ~ a m ~ a - r ~ y - ~ ~ ~ ~ y  ~ ~ ~ ~ t ~ n ~  
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effective ciimulahive yield for each radionuclide and for a particular sample was deduced, 
'There are errors in this procedure, which depcnd a p n  the half life of the parent of the partie- 
ular radionuclide being reported, but these errors are quite small compared to other uncertain- 
ties of the analyses. 

The question of how to interpiet thesc results was next addressed. Clearly, these results 
were sample dcpmdent, and as such would be most amenable to comparison with calculations 
such as those dcne by Wroadhcad et aL2 for the preanalysis, provided the sample characteris- 
tics were known. However, as discussed in the last section on the '37@s yiclds, the evidence 
does not favor uncritical acceptance of preineasurrcnent designations of our sample aliquots; at 
least that is our conclusion. Tinerefore, the decisior, was made to report deduced radionuclide 
yiclds as ratios to the 137Cs yield for each samplz that we studied. We did not make correc- 
tions in these ratio rcsiilts to accncnt for fissions by other than the principal actinide, and SQ 

for data reported for several of  the samples, the reported ratios may be at some variance with 
values. that may bc determined for fast-neatroil fission of just the principal actinide. As 
described, however, these ratis rzsults should be amenable to direct comparisons with caleula- 
tions as described by Broadhead et and yct 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 exccpt 95Nb 
arc givm in Table 7. The results for 95Nb are collected separately in Table 8, where the ratio 
data are given for each separate measurement and are computed as measured; that is ,  they are 
effective at the time of tlac measurement. As men:ioned above, the resuits are given for the 
sample 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 invec- 
tory computer code such as that used by Broadhead et ~ 1 . ~  but also requires accurate nuclear 
data (cross sections, fission-product yields, decay constants, etc.) and some sf these data may 
be inaccurate or even nonexistent. Indeed, m e  goal of the present study is to provide data for 
the testing of such data libraries as are ciirrent, and, perhaps, even to provide results leading 
to direct dctermination of new fission-product yie1ds. 

Uncertainties assigned to the ratio data given in Tables 7 and 8 include uncertainties 
assigned to gamma-ray biatlching ratios (see Table 3 )  and uncertainties associated with the 
daia reduction, including ihos:: associated with detector efficiency calibrations and sample 
gamma-ray attenuation calculations, Measurement uncertainties for 137Cs were < 196, and 
there is a fully correlated uncertainty of this magnitude for all of the ratio results for a given 
prificlpal actinide. One advantage of preseating the data as ratios i s  the essential elimination 
of uncertainties associated with othcr parameters of Eq. ( I ) ,  namely the sample mass, the fis- 
sion cross wction, and the neutron flucnce. 

In summary, then, wc have obtaiced a nearly complete data set for 11 radioisotopes tie- 

atcd by fast-neutron fission of some 19 different principal fissionable actinides. Data for the 
samples of seven of these actinides, namely 2331J, 2351J, 238P~1, 24%i, 241Pu, 241Am, and 243trLrn, 
should be representative of the pimipal nuclide, since 8;lr estimates indicate that 395% of the 
fissions occurred following: fieutrorr interaction with atoms of the principal actinide in the Sam- 

plc. On the other hand, w e  estimate that for six samp!es, namely 232Th, 231Pa, 236U, 2"Pu, 
2 4 6 ~ m :  an8 2 4 8 ~ m ,  fast-neutron fissions wvit~i nonprincipal actinides accnunted for >20% of the 
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measured yields. Evidently, the best eo parisons for the present data will 
lations of the type already r e p r t d  by oadbead et uL2 Su  
cated and beyond the scope of an exper ental report such a 
ratio data may also be compared with similar data which c 
data* at least to uncover any "large" discrepancies. 
scope of an experimental paper, as they may be us 
lems and thus give some quantitative credence to the 

Suc 

The current evaluation' presents yields for Tast-neutron fission of 18 
including I3 of the present principal actinides, namely 232Th, "'Pa, 
23*~239~241).241Pu, and 241*243Am, and five actinides not among the pres 
namely 237,238Np, 237&J, 242Pu, and 242Cm. For each individual fission 
ratio data were obtained for each evaluated yield datum with respect to the evaluated datum 
€or I3'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 datum 
for the particular fission product or to the yield datum for 137Cs. Although such a ~ ~ ~ e r ~ ~ n ~ -  
tion does not result in a "correct" uncertainty for a deduced ratio, it should be very a.dequate 
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 ~~s~~~~~~~~ 
instantaneous irradiation, whereas the data in Table 7 are from a  substantia^^^ exten 
diation. The measured fission products of Table 7 ail have half lives shorter than 
137Cs, with the shortest half li€e being 32.5 days for I4'Ce. For these shorter-lived aadisiso- 
topes, the details of the irradiation become irnprtant, and it was necessary to ~ e t ~ ~ m ~ ~ e ~  at 
least to first order, the adjustments to the measured yields to deduce yields that w o d  
been observed following a short irradiation. To determine these adjust ents r e ~ ~ ~ ~ e ~  a 
knowledge of the irradiation history at the PFR. This history was provid as a strip chart 
spanning the period August 24, 1982 to August 31, 1983. For our purpse, time units of a 
day were considered to be of sufficient detail, and so we averaged any ~ u c t u a ~ ~ ~ n s  of smaller 
time durations. The operating history that we used is summarized in Table 9. T 
mum" operating power was stated to be 1/3 of full power; however, we adjusted 
modestly downward so as to provide an integrated neutron fluence of 63 full- 

A short computer program was written to determine the adjustments to the ~~~~~~~~ 

yields. These adjustments, however, are applicable only far those €ission products ~~~i~~ 
essentially instantaneous production (i.e., for which the parent half fives were short with 
respect to time intervals of the measurements) End for which radionuclide decay was the mo 
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. 
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TabIe 9. Irradiation history at the Dwnreay PFR for the preseet experiment 

Dates Dates 
Month reactor up" reactor down _- 

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

June 
July 
August, 1983 

May 

24-25, 27-31 
I -306 
1-24 

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

26 

25-3 1 
1-20 
1-31 
1-19, 23-31 
1-14, 27-28 
1-20 

16-31 
1-13 

"At -0.3 X full power of the PFR. 
%eluding three days at 0.1 X full power of the PFR. 

Table 10. Adjustment factors for %be experimental ratio data. These 
factors were deduced from t4e 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 hare been measured following BIB 

instan tanmuis irradiation 

Fission Adjustment 
factor" product - 

91Y 3.17 
9 5 ~ r  2.98 

'03Ru 4.27 
'MRU 1.300 

1.102 
4.96 
I .404 
1,052 

"Uncertainty estimated at t 4  in units of the last digit. 
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The “evaluated” ratio data and associated uncertainties arc exhibited in Figs. 11 through 
18 compared with adjusted experimental data for eight obsewed fission products. The 
adjusted experimental data are exhibited as solid paints, and the ratios dediiecd from the eval- 
uation are exhibited as open circles. Even though there arc: no experimental data for compari- 
sons, the evaluated ratio values for 23792asNp, 2371J, 242Pu, and 242Cm 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 =r 230 is the adjusted experimental value for the 230Th sample; 23@I’h is the m1y 
actinide of those in the prescnt ~ ~ S C U S S ~ Q ~  having mass = 230. For those principal actinide 
masses represented by more than one sample in either the evaluation or the experiment labela 
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, 238Np, an 
two experimental samples (for 2 3 8 ~  and 2 3 8 ~ u ) m  ~n ~ i g .  11 for this mass, the open-circle 
points corresponding to the 2381J and 238Pu evaluations are labelled, leaving the remaining 
(unlabellled) open-circle point as being for the 238Np evaluation; similarly the 238Pu experimen- 
tal datum for mass = 238 is labelled so that the unlabelled experimental datum for mass = 
238 is for 238U. For mass = 244 in Fig. 11, the data for both of the two 2MCm samples arc 
labelled since two dif€erent 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 fissionitig 
systems. As an example, in Fig, 11 one may observe a general behavior of the yield of 91Y 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 %  91Y YieB 

The experimental results reproduce reasonably well the trend of the evaluated data, but the 
experimental data also appear to be --20% or so too mall. 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 assigned4 30% uncertainty, could be -20% 
smaller. Another plausible explanation seems less likely. This explanation has to do with the 
fact that the. most-probable mass ? I  isotope formed in the fissioning prmess is 91Kr, a noble 
gas. Although the half life of 9 ’ ~ r  is quite short 1-9 s), these 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 f rac t io~~ 
of the 91Kr could have escaped the van ium cell3 and the result would appear as observed in 
Fig. 11. 
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Fig. 11. Relative yields of 91Y following fast-neutron fission ob actinides 
between 2 q h  and t48Cm. The present measurements are plotted as ratios to the 
experimental 137Cs fission-product yields. As discussed in the text, the data appear 
to be about -20% smaller than equivalent ratios deduced from the evaluation of 
Ref. 8; possibly the difference could be rectified by a 2Q% chan e in the very small 
branching ratio for the 1204-keV gamma ray following decay of"Y. 
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Relative yields of 8 5 ~ r  foHowi 
248~m.  he present measurements are plotted as ratios to the 

experimental 37Cs fission-product yields. The data agree well with equivalent 
ratios deduced from the evaluation. 
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Fig. 13. Relativre yields of lo3Rn following fast-neutron fission of actinids 
between 2 q h  a d  248Cm. The present measurements are plotted as ratios to the 
experimental 137Cs fission-product yields. We are unable to explain the lack ~f 
agreement with some equivalent ratios deduced from the evaluation, particularly 
for 2 4 0 ~ u ,  2 4 1 ~ u  24'Am (sample #15), and 243Cm. 
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experimental 137Cs fission-product yields. The unaccountable behavior observed in 
Fig. 13 for '03R~i  is observed in this figinre also. 
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Fig. 15. Relative yields of I2%b following fast-neutron fission ~b actinides 
between *?t% and ‘*Cm. The present measurements are plotted as ratios to the 
experimental 137Cs fission-product yields. No distinct trend as a function of 
actinide mass is evident. 
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16. Relative yields f ‘“Ce followi 
2 4 8 C ~ .  The present measu m e m  are plotted as ratios io the 

experimental 137Cs fission-product yields. The experimental data agree quite well 
with equivalent ratios deduced from the evaluation. 
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Fig. 17. Relative ields of 14Ce-'44Pr following fast-neutron fisim of actinidles 

experimental 137Cs fission-product yields. The experimental results agree 
reasonably well with equivalent ratios deduced from the evaluations for most of the 
principal actinides. 

between 230Th and 24 I7 Cm. The present measurements are plotted as ratios to the 
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 wee^ 230Th and 248~mla.  he pres t masurements are plotted as ratios to the 
experimental 13’Cs fission-product yields. A definite trend as a function of actinide 
mass is observed. The agreement with equivalent ratios deduced from the 
evaluation is reasonable. 
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3.3.2 %Za Yiel 

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. 92, the 
experimental data agree quite well with the evaluated values, with only one rather s u ~ s ~ a ~ t ~ a ~  
disagreement. The exprimeotal value for fast-neutron fission of 232Th is -25% larger than 
the evaluated value. The crf for 232Th is comparatively very small, and the present 
experimental result may indicate a contribution from an unrelated 94Zr(ta,y)95Zr reaction wit 
“contaminant” elemental zirconium. If so, and if the amount of 95Zr from this source, namely 
-20% of the observed yield, is indicative of the amount of 9sZr from this source in the fission 
spectra for all of the other principal actinides, then such “contaminant” contributions to all the 
ether 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 rneasure of the reliability of the data reduction and analyses detailed in previous 
sections. 

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 (-30 
average) was already a factor of -7 larger than the half life of 103Rua Even so, for most of 
the spectra an apparently rdiable 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 
240Pu and 241Pu. 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 (”%, 241Am, and 
244Cm) also exhibit rather substantial differences between the results sf 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. 

For this case identification of the short-lived daughter, 106Rh, of the long-lived parent, 
“Ru, 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 
November, 1984 confirm the yields obtained from the analyses of the spectra 
June and July, 1984. There is IZQ indication that we had any unsuspected 
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  ex^^^^^^^ 
for lo3Ru in Fig. 13, Indeed, one may observe a substantial, if relative, correlation between 
ratio values for ‘03Ru and those for 1osRu-’06Rh. This observation suggests, but most certainly 
does not dictate, that a loss of elemental ruthenium could have occurred during the chernica 
processing prior to preparation and packaging of our aliquots of these samples. Whatever 
cause for the observed discrepancies, it seems reasonable to suggest that the results far 
and “€tu are not unequivocally reliable, luding even those for the samples of uranium 
which the experimental values appear to in relatively good agreement with the evalua 
values. 
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The strongest gamma ray observed in decay of this radionuclide is accidently nearly 
degenerate with a relatively weak gamma ray which occurs in decay of lo6Rhl requiring that a 
correction be made for the lo6Rh decay contribution to that peak. Other I2'Sb gamma rays, 
however, provide adeqaaatc identification and quantitative determination for this fission 
product, which has a quite small yield for fast-neutron fission of all actinides studied. In 
addition, as exhibited by the evaluated ratios plotted in Fig. 15, there i s  no observable (at 
least visually) trend of fission-product yield vis-a-vis the principal actinide. Indeed, the 
agreement between experimental ratio values a d  evaluated ratio values i s  good for the 
samples having principal actinides of 23'Pal 2331J, 23aPu, and 24?Pu, and within uncertainties 
for samples having principal actinides of 238Pu, 241Am, a id  243Am. For the 232TqP sample;, 
more than half of the fissions are estimated to be due to fission of 2331J0 The ratio value 
plotted (at 0.014) is about that expected if for this sample 50% of the fissions were from 232'Xh 
and the other 50% were from 233U. Similarly, the ratio value observed for the sample 
designated as 236U appears to be too small, partly because -60% of the fissions were due to 
the 235U in the sarnp!e. Of some concern, however, i s  the rather p o r  agreement for the cstincr 
samples, in particular those for the principal actinides of 235U, 238U, and 241Pu. Afrer 
complete review, we were unablc to trace: these discrepancies to errors in the experirne~t, 

3.3.6 ' W e  Yield 

Identification of decay of this radionuclide d e p e n d  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. "Ihe appropriate peak was observsd in all LEPS spectra and in most of the @c(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 excellent agreement; only for the sample of 232Th is there 
disagreement, and this disagreement is at  least partly accounted for by the 233U contribution 
mentioned abovc. 

3.3.7 144Ce-144Pr Yield 

For this case identification 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 anieliorated to a large extent by the estimated %J contribution. However, the 
disagreements for the samples having principal actinides of 2331J and 239Pu are a little difficult 
to understand, at least if they are due to errors in the experiment, particularly in view of the 
excellent agreement for samples having principal actinides of 235U, 238U, and 241Pu. 

3.3.8 '"Eu Yield 

The two gamma rays observed in decay of this radionuclide are both rather small in 
energy, and often o m  was degenerate with a gamma ray QT 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 far 125S&) 
there appears to be a rather definite trend toward larger yields for the h.eavier actinides. 
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Apparently, what is being observed relates at least partly to a moderate b r o a d e ~ ~ n ~  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 e x p e r ~ m e ~ t a ~  
ratio data are in reasonable agreement with evaluated ratio data, except for the 238Pu and 
2 3 9 ~ u  samples. 

3.3.9 Summary 

In summary, the experimental ratio values are in satisfactory agreement with evaluated 
ratios for 95Zr, "'Ce, 144Ce-144Pr, and 155Eu, and perhaps in less satisfactory agreement with 
evaluated ratios for '"Sb. 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 91Y indicate an apparent 
"constant" 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 91Y. 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 '03R11 and '06Ru-1MRh measurements are peculiar 
only to the element ruthenium 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 et aL2 gave 
results in units of mass at a time corresponding to EO1 C 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 E01. 

3.4.1 UOTh Sample 

Heavy elements definitely observed through their gamma-ray decay include 22SRa (and 
daughters), 22BTh (and daughters) and 233Pa. Analyses of the measurements provided yield 
data as follows: 
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226R3: 
228Th: 

(9.4 f 1.1) X 10-9g at EOI + 435 d; 
(1.25 k 0.15) X 10W"g at EO1 -+- 281 d, 
(1.57 f 0.14) X 1O-l0g at EO1 4- 435 d, 
(1.90 k 0.13) X g at EO1 -1- 600 d; 
(1.20 + O , I I )  x loh8 g at EOI. 233pa: 

These results should assist in determining our 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, 230Th and not 233U. Indeed, the amount is larger than 
expected from the preanalysis calcuBaticns2 by about a factor of three (after allowing for our 
sample aliquot of 10%). 

The presence of 233Pa confirmed that OUT sample had the isotopic characteristics3 of the 
230Th sample. The total sample was expected to include 3.47 X g of 232Th prior to the 
irradiation. One may compute the number of capture events of the type 232Th ( n , ~ )  using an 
effective cry = 0.454 b taken from Table 20 of Ref. 2, For the total sample, then, 6.5 X 
1015 capture events were expected for a neutron fluence of 63 FPB at the 23@Th sample 
position, or 6.5 x 1014 events for our aliquot, corresponding to 2.5 x g of 2 3 3 ~  after all 
of the 233Pa decayed. The half life of 233Pa is 26.95 days,4 and therefore accounting for the 
irradiation history of Table 9 requires multiplying the 233Pa yield at EOI by a factor of 5.9 to 
determine the total number of capture events for 232Th. Thus, in our sample the 233Pa 
measurement indicates a final 233U mass of -7.1 X 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 des~ription.~ Recalling from Section 3.1.1 that the 
gamma-ray-assay direct mcasnre of the 23@I% 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 278Th yields are listed as measured, since the yield of this radionuclide was evidently 
increasing with time. The amount of 228Th is much too large and its growth i s  much too rapid 
to be due to decay of 232'1.h, and so must be indicative of the amount of 232U in the sample. 
'rhus, 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 232U. 

For this sample large contributions to the observe spectra are due to detection of gamma 
rays from decay of 2 3 3 ~ a .  FOT this product of neutron capture in 2 3 2 ~ h  we obtained 

2 3 3 ~ a :  (2.78 0.18) x g at EOI, 

where the uncertainty includes an uncertainty of -6% associated with values of gamma-ray 
branching ratios4 as well as an uncertainty of -2% related to the half life of 233Pa because the 
measurements were made some nine half lives after EOL From the deduced "3Pa mass at  
EOI, one may determine that the total 233U mass produced by capture was (1.64 -t 0.11) X 

g .  This mass value may be compared with 1.82 X lop5  g estimated on the basis of our 
sample mass (from Table 21, its position in the fuel (to determine the total neutron fluence), 
and cy = 0.454 b. 
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By far the largest overall contributions to the observed spectra, in terns of d ~ s i ~ t e ~ a t ~ ~ ~  
rates, are from the gamma rays due to the decay of 1.91-yr 228Th and its daughters. As was 
the situation for the 23”Th sample, the 228Th decay that we observed must be due to 232U 
decay, the 232U being created as a result of neutron capture by 231Pa and the subsequent decay 
of 1.3-day 232Pa into 232U. Our measurements result in yield data as follows: 

228Th: (1.079 -+ 0.021)X lO-’g at EO1 + 321 d, 
(1.316 +- 0.026) X lO-’g a8 EO1 + 434 d, 
(1.623 .+ 0.033) X 1O-’g at EO1 i- 683 d. 

For comparison, the preanaiysis calculations2 prcdicted 2.09 X 
EO1 + 400 d for 90 FPD irradiation, which would correspond to -1.76 X 
400 d for our 12% aliquot adjusted for 63 FPD irradiation. 

g for the total sample at 
g at EO1 + 

3.4.4 2 3 3 ~  Sample 

Although the cross section for the 233U(n,2n)232U reaction is smaller by almost four orders 
of magnitude than the cross section for neutron fission of 233U, the preanalysis calculations2 d0 
include a prediction of the amount of 232W expected, and since the “signature” of 232U 
presence is 228Th 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 208TQ, the lightest daughter 
in the radioactive chain initiated by the decay of 228Th, was observed at a detection rate of 
about twice the measured background rate for a peak at the gamma ray energy. Analysis af 
the data resulted in a yield for 228Th as follows: 

228Th: (2.4 f 0.8) X g at EO1 f 316 d. 

3.4.5 2 3 4 ~  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 (ie., during June 1984). Because of a 
different gain calibration, this gamma ray was loo 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 yreld results are 

228Th: (1.7 +. 0.2) X IQ-’Og at EO1 4- 315 d, 
(1.56 2 0.08) X lQ-’Og at EOI -t 624 d. 

The source of this amount of 228Th is not apparent either from the sample composition given 
in the report of Walker et oL3 or from the prean:rlysis caIcPrlatiom2 It seems likely that prior 
to the irradiation the sample included perhaps SO% of the measured 228Th. 

3.4.6 ’%J Sample 

Of the several heavy elements calculated to have yields g in the ~ r e i ~ r a ~ ~ a t ~ ~ ~  
analysis,2 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 238Pu. A small peak corresponding to ET 
= 43.39 keV was observed; analysis of the data resulted in the following yield: 

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

'I'he data for 23sU were also studied for evidence of detection of gamma rays following 
decay of 233Pa as a %signature" of 232Th in the sample, the 232Th being a daughter of 236Us 
There was no indication at all of a peak in the raw data corm d i n g  to E,, = 311.8 k e y  
the sensitivity of the measurement for 23aU was such that we should have been able; to 
quantitatively delineate a 233Pa mass of 1 X g at EOI, and probably to verify, at least 
qualitatively, the detection of decay of half that much 233Pa. From these values one may 
estimate (see the discussions above on 230Th and 232Th) an upper limit of -4 X g of 
232Th for our aliquot of this sample, or -8 X IO-' g for the total sample. 

3.4.7 *%3n Sample 

Spark source mass spectrometry (SSMS) of this sample resulted in the determination3 of 
5000 ppm by mass of 232Th. A peak corresponding to decay of 233Pa, E ,  = 31 1.8 keV, was 
definitely observed. Analysis of the data provided the following yield: 

233Pa: (1.46 C 0.38) X 10 -9  g at EOI. 

As discussed above for the 230Th and 232Th samples, one may relate this measured yield to 
the mass of 232Th in the sample. For the 238Pu sample, the SSMS mass ratio implies an 
original mass of -17.5 X g of 232Th in the sample, and from this mass one may 
compute -1.34 X of 233U should have been created foi the total sample, or -1.61 X 
lo-* g for our ostensible 12% aliquot. Correcting our measurement by 5.9 to account for the 
actual irradiation history yields a deduced value for 233U production of (8.6 :k 2.2) X 

g, or a difference of -2. Recall, however, the discussion of the amount of 238Pu in the 
sample in section 3.1.3: our gamma-ray-assay mass for 238Pu was smaller by -10 than the 
expected 2 3 8 ~ u  mass. ~ e n c e ,  the measured 2 3 3 ~ a  value implies that there is an inconsistency 
between 232Th and 238Pu 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. 

Preanalysis calculations2 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 24'Arn, which is created by decay of 241Pu. The calculation of Ref. 2 
results in a 241Am yield of 2.05 X However, this yield was 
deduced for a neutron fluenee of 90 FPD, and so a correction should be made for the actual 
neutron fiuence of 63 FPD. ~n addition, the initial (preirradiation) amount of 2 4 1 ~ u  was given 
in Ref. 2 as 8.9 X g based on the isotopic analysis value of 0.011% of "'PU of the total 
elemental plutonium in the. sample, as reported in Ref. 3. The isotopic analysis value, 
however, was performed in 1972, and so the actual percentage of 241Pu in the sample was 

g at EO1 -t- 400 days. 
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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 havz been created by decay of 24'Pu by a time 
given by EOI + 400 d, but we have estimated 1.23 X 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 241Am, but the deduce 
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 IO-* g of 2 4 ' A ~ ,  Le., the mass corresponding to our aliquot of 10% of the total 
sample. 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 rayo 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 241Am, assuming its decay is 
that responsible for the detected higher-energy gamma ray, would then be -2.5 X IO-' g for 
the measurement time E01 4 446 days. 

Clearly, the "'Am mass in our sample is less than 1.23 X IOp8 g. 

3.4.9 2 4 0 ~ ~  sample 

The only heavy element for which a quantitative yield could be determined from the 
experimental data was 2"Am. Analysis of the measurements provided yield data as follows: 

241Am for sample 22: 
"'Am for sample 21: 

(3.00 2 0.09) X 1Q--7g at E01 + 326 d; 
(2.20 -+ 0.06) X 10-7g at EO1 + 309 d 
(2.79 f 0.09) X 10-'7g at EO1 i- 446 d. 

These values appear to be perhaps - 10% smaller than estimated from preanalysis calculations 
of Broadhead et aL2 for the actual total neutron fluence of 63 FPD. 

3.4.10 241P~ Sample 

Of the ten heavy elements other than 24'Pu for which Broadhead et aL2 computed yields 
3 1  X IO-* 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: 

2 4 1 ~ ~ .  (3.04 1- 0.89) X lov5 g at EO1 + 329 d, 
(3.13 rt 0.09) X 
(3.28 -+ 0.10) X 

g at EO1 + 447 d, 
g at EO1 + 622 d; 

2 4 2 ~ ~ .  . (1.80 -f: 0.39) X g at EO1 -I- 329 d. 

The mass values obtained for 24'Am are very consistent with the gamma-ray-assay deduced 
mass for our sample of (5.03 2 0.19) g of 24'Pu as reported in section 3.1.6. In addition, it is 
evident that there must have been -2.8 X g of 241Am 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 24'Am mass results and '"Pu mass results 
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are consistent with April 15, 1974 being the previous date of '41Am separation, as reported in 
Ref. 3. Interestingly, the 880 ppm of 2 3 7 N ~  in the sample3 can be computed from the 
estimated 241Am in the sample at  the beginning of the irra 

The amount of 242Cm observed at EO1 + 329 d may be converted to 1.33 X g of 
242Cm at EO1 I- 400 d. One may estimate, b a s 4  an the preanalysis calculations2 for 
samples of principal actinide 241Am, that an irradiation of 63 FPD of an initial mass of 2.8 X 
lov5 g of 241Am would result in production of 242Cni of 1.47 X g at EO1 + 400 d. 
Detailed calculations of the type reported by Broadhead et ai.' are needed to refine this 
computation, e.g., calculatiotis that would take into consideration the replenishment of 241Am 
by the 241Pu decay in the sample under discussion. 

3.4.11 Sample 

Analysis of the gamma-ray data provided the following yield data: 

2 4 1 ~ ~ .  . (7.84 0.26) X 10-7g at EO1 + 327 d; 
243Am: 
245Cm: 

(3.3 It 0.5) X 10-7g at EOI + 327 d; 
(1.73 2 0.21) X 10m6g at EOI. 

Evidence of decay of other heavy isotopes, e.g., 238Pu and 242mAm, was sought in the data, but 
we could not unambiguously deduce yields for these radionuclides. Compared to the 
preirradiation analysq2 the present sample ( 12% aliquot) gamma-ray-assay results appear to 
be in good agreement with the calculated results for 243Am and '45Cnn and to be somewhat 
smaller than the calculated results for 241Am. (The gamma-ray branching ratios for 2"Cm 
were taken from Ref. 9.) 

3.4.12 24'Am Sample 

Analysis of the data obtained for sample #I4 provided yield data as follows: 

2 4 2 r n ~ ~ .  . (8.15 -t 0.24) X g at EQI; 

242Cm: (7.2 k 1.0) X 

243Cm: 

g at EO1 + 292 d; 
2 4 3 ~ ~ .  . (1.9 k 0.6) X 10-'g at EQI; 

(1.56 4 0.07) X IO-'g at EOI. 

These mass values are within -30% agreement with estimates based upon the preirradiation 
analyses.2 The yield for the 242mAm (Tin = 152 yr) was deduced from detected gamma rays 
assigned as decay of the 16-hr daughter 242Arn. The branching ratio of the 48.6-keV gamma 
ray following decay of 242mAm is not known; however, one may estimate the total internal 
conversion coefficient to be -7.4 X lo5 from the tables of Rose1 et aZ." assuming a pure E4 
multipolarity. A peak corresponding to E ,  = 43.6 keV observed in the data has the correct 
energy for the 242mAm 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 "3Am Sample 

None of the masses computed for heavy actinides other than 243Am in the preirradiation 
analyses2 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 2a1Am 
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 243Cm), detection of the gamma rays from decay of the principal actinide dominated 
the spectral distributions that were measured. 

3.4.14 w c m  Sa 

Analysis of the gamma-ray data provided the following yield data: 

24’Arn for sample #S: 
241Am for sample #9: 
243Am for sample #8: 
243Am for sample #9: 
245Cm for sample #S: 
245Cm for sample #9: 

(6.0 t- 1.2) X g at EOI; 
(3.2 -+ 0.2) X lo--* g at EQI; 
(5.8 -t- 0.6) X g at EOI; 
(2.77 I 0.15) X lop6 g at EOI; 
(9.2 2 0.7) X g at EOI; 
(4.05 +: 0.29) X 10-6g at EQI. 

The measured yields for 245@m for the two samples appear to be consistent with 
expectations based upon the gamma-ray assay of the 244Cm mass determinations for these two 
samples plus estimates of the capture reaction 2 4 4 ~ m ( n , y ) 2 4 5 ~ m  yields for 63 FPD of neutron 
fluence. The yields deduced for 241Am appear moderately larger than the estimated yields for 
241An1 obtained by first-order scaling of the preirradiation analyses of Ref. 2. The observation 
of 243Am was somewhat of a surprise. However, as mentioned above, gamma rays from the 
243Am decay and from the 243Cm 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 243Cm, but 
the statistical uncertainties of the spectral data were rather poor, and SO we were not able to 
extract yields for 243Cm with a satisfactory reliability from the data. 

3.4.15 246Cm Sam 

Analysis of the gamma-ray data provided the following yield data (at EO1 unless otherwise 
noted): 

2 4 1 ~ ~ .  . 
2 4 3 ~ ~ .  . 

(9.5 t- 0.9) x 10-9g; 
(1.55 t 0.16) x 1 0 - ~ g ;  

243Cm: 
244Cm: 
245Cm: 

(1.31 t- 0.09) X lo-* g; 
(3.0 I 0.3) X lO-’g; 
(8.2 -t- 2.2) X 10-7g; 

g at EO1 + 299 d, 
(1.15 t 0.05) X lO-’g at EO1 + 439 d. 

249Cf (1.10 -t- 0.06) X 

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 isotopes in the sample. A complete calculation of the type 
reported by Broadhead et d2 will be required in this case. 



3.4.16 248Cm Sample 

Analysis of the gamma-ray data provided the following yield data for this heavy isotope: 

239Cf: (6.47 t 0.29) X 101-7g at E81  -I- 299 d, 
(7.89 t- 0.35) X 1OW7g 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 d 
possible detection of gamma radiation corresponding to decay of the radioisotope 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 (>.io5 y for 
certain) were simply not observed in the present series of measurements. So, many of the 
calculated yields given in the preirradiation analysis2 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 2 1 different fissile actinides that either are fou 
in the fuel of a fast reactor, or could be found if some alternate nuclear fuel cycle were to 
utilized. Indeed, although many fission-product yields for fast-neutron fission have alrea 
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 yields 
by virtue of the simultanmus irradiation of all of the samples. 

The results of the data analyses for fissim-product yields are illustrated in Figs. 11 to 18. 
In particular for 95Zr, I4'Ce, 144Ce-144Pr, and "'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 ~f 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 fro 
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 tntal 
neutron irradiation. 



A second fuel pin, very similar inn content to the pin whose elements were studied and 
reported upon in this report, and subjected to a similar 63 FPD irradiation, i s  awaiting further 
study. In addition to possibly shedding fresh light on discrepancies reported herein, controlled 
measurements could produce absolute fission-product yield data for '37Cs and place all of the 
yield data on an absolute 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 accornodation 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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