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Absolute yields have been determined for 47 gamma rays emitted in the decay of 37 fis-
sion products representing 25 mass chains created during thermal-neutron fission of **Th.
Using a Ge(Li) detector, spectra were obtained of gamma rays emitted between 15 min and
0.4 yr after very short irradiations by thermal neutrons of a 15-ug sample of * Th. On the
basis of measured gamma-ray yields and known nuclear data, yields for cumulative produc-
tion of 37 fission products were deduced. The absolute overall normalization uncertainty is
<8%. The results are compared with fission-product yields previously measured, with gen-
erally good agreement. On this basis, and using other measurements for masses not ob-
served in the present experiment, a complete mass distribution for 4 between 76 and 152
was deduced. The measured 4-chain cumulative yields from the present program make up
84% of the total light-mass (4 < 115) yield and 77% of the total heavy-mass yield. The
data were analyzed to obtain values of most-probable charge (Z,) and charge-dispersion (o)
parameters. Based upon insight gained from study of similar data obtained for thermal-
neutron fission of 23U, we postulate a simple functional dependence o =0(Z,), and using
this dependence obtain values of Z,(4) for 15 mass chains created during fission of *Th.
Values of Z,(4) were estimated for other mass chains based upon results of a recent study
of Z,(A4). Charge distributions determined using the deduced mass distribution and the de-
duced sets of Z,(4) and o(Z,) are in very good agreement with recent measurements, exhi-
biting a pronounced even-odd effect in elemental yields. These results may be used to
predict unmeasured yields for 2°Th fission.

NUCLEAR REACTIONS Fission 2°Th(ny, f), measured fission prod-
uct gamma-ray yields; deduced fission-product yields and element and
mass yields.
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INTRODUCTION

The isotope 22°Th is the lightest of the long-lived
fissioning actinides available in sufficient quantity
to study mass and charge distributions. Within the
last year, results of two measurements have been re-
ported for thermal-neutron fission of ***Th; one by
Gindler et al.! obtaining cumulative yields for indi-
vidual fission products and deducing a complete
mass distribution from their own and earlier’~*
data, and the other by Mariolopoulos et al’ obtain-
ing the overall charge distribution for low-Z fission
products (Z=32—40) essentially by total x-ray mea-
surements. The charge distribution which they ob-
tained exhibits a very pronounced even-odd effect in
measured yields of the light elements.” The mass
distribution obtained by Gindler et al.! exhibits a
nominal fine structure and agrees reasonably well
with a recent evaluation® for the light-mass
(A < 115) distribution, but does not agree very well
with most of the evaluated® distribution for the
heavy masses.

As part of an overall program’ !0 to determine
fission-product yields for a variety of fissioning sys-
tems, we obtained data for thermal-neutron fission
of 2°Th. In our first report'! of these data (which
will be designated by the label I in the remainder of
the present report), yields of 39 short-lived fission
products for **Th fission were given. An attempt
was made to utilize these data in conjunction with
the other reported'~* fission yields to determine
charge distributions, but without success, as report-
ed in I. What was determined was that the experi-
mental data reported in I were in only moderate
agreement with evaluated® yields and, in particular,
in rather substantial disagreement (by ~50%) for
A=87, 91, 136, 144, 145, and 146. The primary dif-
ficulties encountered in trying to deduce charge dis-
tribution parameters, as had been done for data for
245Cm fission® and 2*°Cf fission,!® lay partly in the
lack of sufficient fission-product yield data for
ng +2Th to try a two-parameter “best-fit”
analysis for any mass, coupled with the pronounced
even-odd effect’ in Z which rendered meaningless
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attempts to ascertain overall trends by, e.g., plotting
independent yields as functions of [Z—Z(A4)] on
probability paper where Z(A) might be calculated
using simple assumptions.'> In this respect, there-
fore, while many new data were reported in I, the
analysis was incomplete. In particular, there was no
satisfactory procedure to relate the data in I with the
results of Gindler et al.! nor with the results of
Mariolopoulos et al.’ nor the latter two with each
other.

After completing the data reduction of the
remainder of our *’Th fission yield data, it seemed
that it would be necessary to adapt in some manner
the characteristics of charge-distribution parametri-
zations evaluated!® to represent the (much more
complete) data set for 2°U fission. After some
study we discovered a definite, albeit imperfectly de-
fined, relationship between the two standard
charge-distribution parameters, with the net result
that an A4-dependent charge distribution can be re-
duced to one parameter. On the assumption of the
correctness of this observation, and using almost ex-
clusively data obtained for this report and for I, we
were able to perform a completely independent
analysis, resulting in the desired comparisons among
all of the various data! ~* for *Th fission.

EXPERIMENTAL DETAILS

The **°Th sample for these studies was obtained
from an ORNL nuclear materials stock that had
been obtained by milking a sample of 23U. At the
time of our measurements, the sample was 60% by
mass 2°Th (in the form of thorium nitrate) with the
remainder being primarily >°Bi. The ?*Th content
was ~7x107% the 23U content was less than 1%.
Several gamma-ray spectra were obtained prior to ir-
radiation'#; these indicated that the sample was free
of fission products.

For our experiment, ~25 ug of material (=15 ug
of 2Th) was deposited and dried in a small po-
lyethylene container of wall thickness ~0.5 kg/m?
and covered with a lid of similar thickness. This
container was then placed permanently inside a po-
lyethylene capsule designed for pneumatic transfer
to and from an irradiation position at the Oak Ridge
Research Reactor. The neutron flux at the irradia-
tion position was ~ 5 10"*n/cm? s, and the ratio of
thermal neutrons to resonance energy neutrons was
~30:1, measured using gold and manganese foils
and calculated assuming an E ~! epithermal flux.

Data in the present paper were obtained from
three irradiations of this sample. The first was for
150 s, and the taking of gamma-ray spectra com-
menced 15 min after the end of the irradiation. A
well-shielded 90-cm® Ge(Li) detector in a low back-

ground was used. The sample-to-detector distance
was 0.2 m. Thirty-eight spectra were obtained over
a period of six days. The second irradiation was for
1200 s. Following this irradiation, 45 gamma-ray
spectra were obtained using the same 90-cm® detec-
tor and the same geometry; these measurements ex-
tended to five months after the irradiation. The
third irradiation was for 120 s. Nineteen gamma-
ray spectra were obtained using a high-resolution in-
trinsic germanium detector especially set up to study
the low-energy portion of the gamma-ray spectrum
with much better resolution than could be obtained
with the 90-cm® detector. These last measurements
were initiated 10 min after the end of the irradiation
and were terminated within 20 h.

DATA REDUCTION

The primary experimental information deduced
from the measured spectra are photon activities of
particular gamma-ray transitions from decay of fis-
sion products produced during the irradiation or
subsequently from decay of other fission products as
a function of time following the irradiation. These
were extracted from the spectral data using tech-
niques discussed in detail in prior reports.>!®!5 A
given gamma ray was assigned to the decay of a par-
ticular fission product by matching the observed
gamma-ray energy with the expected energy. The
assignment was corroborated (in most cases) by
matching the apparent decay constant of the
gamma-ray yield as a function of time with that of
the assigned fission product. In some cases it was
necessary to include a growth term due to decay of
the parent fission product. To determine fission-
product yields (C), both the efficiency €(E, ) and the
fraction of the decay of the fission product giving
the desired gamma ray (B) are required, as well as
the number of fissions (n;) determined for each run
using known fission cross sections,'®!” sample mass,
and total neutron fluence to an accuracy of +13%.
The branching ratios (B) are discussed in the next
section since they are not part of the experimental
program. The measured intensities for 47 gamma
rays are collected in Table I. Tabulated uncertain-
ties include statistical (random) uncertainties,
Ae(E,), and counting-rate associated uncertainties,
but not the overall uncertainty in ny.

RESULTS

Determination of the yield of a given fission prod-
uct required knowledge of its nuclear properties,
particularly the gamma-ray branching ratio, the
half-life of the fission product, and the half-life of
its parent. These are also tabulated in Table I.
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TABLE I. Intensities of gamma rays associated with decay of fission products created by thermal-neutron fission of
2°Th and deduced fission-product yields.

E, Yield per Assigned Gamma-ray Tip2 T, (parent) Cumulative fission
(keV) 100 fissions* fission product branching ratio (%)° (s) (s) product yield (%)

574  0.95 +0.05 43Ce 122 +1.3 1.15E5 840 7.7 +0.9
1143  0.111+0.006 4Nd 19.0 +2.2 6100 140 0.60 +0.07
127.9  0.165+0.009 147py 8.1 +0.4 834 11 2.02 +0.15
145.45 3.49 $0.12 4ce 48.2 +0.3 2.81E6 1.4E4 7.24 +0.25
149.8  0.300+0.017 BlTe 68. +1 1500 1380 0.44 +0.03
1512 7.20 +0.22 8K r* 78.3 5.2 16130 172 9.20 +0.67
165.85 1.99 +0.08 139Ba 23.8 +0.3 4962 570 8.37 +0.35
168.5  0.88 +0.05 %Sr 19.7 +2.9 444 6 45 0.7
181.1 0.90 +0.05 134Te 180 +1.3 2508 10 5.02 +0.46
190.3 3.46 +0.10 141Ba 46. +3 1080 25 7.53 +0.54
196.3 1.91 +0.14 8K 26.3 +1.4 10200 16 7.24 +0.64
2183  0.76 +0.04 146Ce 20.5 +3.2 834 11 3.7 0.6
228.33  1.039+0.024 132Te 88.2 +0.2 2.75E5 { 168} 1.18 +0.03

252

255.1 1.54 +0.08 192Ba 212 +1.2 636 2 7.27 +0.56
258.3 2.27 +0.23 38xe 315 +1.3 850 7 7.21 +£0.79
266.9  0.342+0.008 3y 6.8 +0.4 36900 446 5.02 +0.32
29328  3.77 +0.09 43Ce 434 +2.0 1.19E5 840 8.68 +0.43
312.1 1.03 +0.06 133Te 72.6 0.8 744 160 1.42 +0.14
3147  0.402+0.027 47py 22, +1 816 56 1.93 +0.16
316.76  1.80 +0.06 146Ce 52.5 +5.7 834 11 3.44 +0.39
343.7 1.00 +0.05 4B, 142 +1.2 1080 25 7.0 +0.7
356.6  2.35 +0.06 833e 68.6 0.5 1344 13 3.42 +0.09
3645  0.503+0.011 B3Iy 82.5 +0.4 6.94E5 1500 } 0.609+0.014

1.08E5

402.7  3.16 +0.09 Y¥Kr 49.5 +1.6 4579 56 6.38 +0.27
487.0  3.68 +0.08 1401 2 459 +1.4 1.15E5 1.11E6 8.01 +0.34
529.5  2.69 +0.06 1331 87.3 +0.2 74880 { 745} 3.08 +0.06

3324

531.0  0.253+0.006 4INd 13.1 0.8 9.56E5 816 1.93 +0.13
537.6 1.95 +0.05 14908, 244 +0.2 1.11E6 66 7.98 +0.20
555.63  3.60 +0.07 Ny 95.1 +0.1 3000 34680 3.79 +0.08
566.0  0.900+0.026 134Te 18.9 +1.3 2508 10 476 +0.36
590.2  2.67 +0.10 3Sr 73. 8 446 6 3.66 +0.42
647.5  0.189+0.013 133 ex 22.1 +2.4 3324 162 0.86 +0.11
6579  0.673+0.030 9"Nb 98.3410.11 432 60840 0.685+0.031°
667.76  1.233+0.033 1321 98.7 +0.1 8222 2.75ES 1.25 +0.04°
743.5  0.647+0.014 Zr 92.8 0.3 60840 4 0.697+0.015
756.9 1.477+40.033 SZr 54.6 +0.5 5.53E6 618 2.70 +0.07
7934  0.173+0.018 1305 99.8 +0.1 2400 102 0.174+0.018
881.0  4.08 +0.11 $Br 42. +3 1908 209 9.72 +0.56
884.31 3.89 +0.10 1341 65.3 +1.0 3156 2508 5.95 +0.18
918.24 1.92 +0.05 Yy 49, +54 1122 75 3.91 +0.39
9344  0.845+0.022 2y 139 £1.0 12600 9756 6.08 +0.47
1024.25  2.092+0.042 o1Sr 33.5 +0.7 34680 59 6.25 +0.18
1131.5 1.135+0.026 1351 22.8 +0.4 23796 18 498 +0.14
1260.4 1.460+0.031 1351 29.0 +0.4 23796 18 5.03 +0.13
13839  4.89 +0.10 928r 90. +10 9756 4.5 5.43 +0.61
1596.6 1.946+0.044 1401 5 95.4 +0.1 1.15E5 1.11E6 8.16 +0.18
1836.0 1.646+0.037 #Rb 214 +1.2 1067 10200 7.69 +0.47

2Does not include +13% absolute normalization uncertainty.

®Values taken from Table of Isotopes, Ref. 18, or our previous evaluations, Refs. 7—10, except as noted.

°Yield of parent (*’Zr and '*’Te).

dGlendenin et al., Ref. 19.
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Most of these data had been evaluated for our previ-
ous measurements,”~'° and the remaining data were
obtained from the Lederer and Shirley compilation'®
or from a more recent measurement.”” The last
column of Table I gives the deduced cumulative fis-
sion yields for the fission products listed in column
3. All of the required nuclear data were completely
reviewed and details of these studies have been
given.”~!® For most of the fission-product yields
(C) obtained in this experiment, errors in T/, con-
tribute very little to an error in C. However, as-
signed uncertainties A B are very important in the
evaluation of the assigned uncertainties AC.
Fission-product yields were obtained primarily for
nuclides having half-lives between 7 min and 65 d

and having yields >0.4%. Yields were not obtained
for all nuclides within this defined set, particularly
those that decay almost entirely by beta-ray emis-
sion, but also for a few for which the primary gam-
ma ray had nearly the same E, as a more intense
gamma ray from another nuclide having a similar
half-life, or for which the primary gamma ray was
nearly degenerate with a strong gamma ray emanat-
ing from the decay of *Th and its daughters.'* In
fact, the **Th decay gamma rays were the primary
interference for E, <300 keV.

There were gamma rays observed for which pho-
ton yield per fission results were not obtained, even
though the gamma ray could have been ascribed to
decay of a specific fission product. We were satis-

TABLE II. Comparisons of measured cumulative fission product yields for thermal-neutron fission of 2*Th.

Fission Measured

product Present ORNL (1982)*  ANL (1981)®  ANL (1966)° McMaster (1965 USSR (1968)¢
835e 3.42 +0.09 3.2940.15 2.54+0.33

$4pr 9.72 +0.56 10.01+0.72

SR r* 9.20 +0.67 9.22+0.30 8.40+0.70

¥Kr 6.38 +0.27 6.46+0.35 7.2140.33 6.80+0.57

8Ky 7.24 +0.64 7.5140.30 7.4940.63

91§y 6.25 +0.18 6.35+0.20 5.7 +1.2

928r 5.43 +0.61 5.40+0.62

2y 6.08 +0.47 6.40 +0.54
3Sr 3.98 +0.42f 3.91+0.31

3y 5.02 +0.32 5.11+0.20 4.40 +0.27
%y 3.91 +0.39 4.5140.43

SZr 2.70 +0.07 2.77+0.08 2.6 +0.5 2.60 +0.20
Zr 0.689+0.014f 0.73+0.03 0.61 +0.05
131y 0.609+0.014 0.56+0.02 0.87+0.18 0.430+0.045
B2 1.21 +0.03f 1.19+0.04 1.2340.25 0.870+0.054
33T 1.42 +0.14 1.49+0.12

1331 3,08 +0.06 ' 2.95+0.09 4.00 +0.96
134Te 4.87 +0.33f 5.72+0.46 5.46+0.43

1341 5.95 +0.18 5.30 +0.66
1351 5.01 +0.12f 5.06+0.16

138X e 7.21 +0.79 7.38+0.64

139Ba 8.37 +0.35 8.96 +0.23
140, 7.98 J_ro.zo}

1401 5 8.09 +0.20 8.57+0.25 7.2 +1.4 8.70 +0.65
l41B, 7.53 +0.54 7.2940.72

141Ce 7.24 +0.25 7.51+0.38 7.8 +1.6 7.83 +0.36
192, 7.27 +0.56 7.25+0.52

43Ce 8.36 +0.32 8.22+0.25 8.87 +0.27
146Ce 3.54 +0.43 3.97+0.24

4INd 1.93 +0.13 2.40+0.07 1.83 +0.27
149N4g 0.60 +0.07 0.65+0.03

*Reference 7.
bReference 1.

‘Reference 2. We assign 20% uncertainties to quoted yields based upon discussion given in the reference.
9Reference 3. An average normalization of 7.77+0.65 was applied to the reported mass spectrometric data.
‘Reference 4. We assign 7.5% uncertainties to results given without uncertainties in the reference.

fWeighted average of several deduced yields.
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fied with analyzing one or two gamma rays associat-
ed with decay of a given fission product, usually but
not always the gamma ray with the largest branch-
ing ratio (B). We attempted to obtain information
for additional fission products, particularly for
PMo, 1%Ru, 1212°Sb, and '3°Cs. However, the ex-
tracted information for each expected gamma ray
was not adequate to determine an unambiguously
correct assignment.

DISCUSSION

The cumulative yields for 31 fission products are
compared with prior results'~*7 in Table II. The
agreement with our data in I is very good, not unex-
pectedly, since there was extensive cross checking
between the two experiments. The agreement with
the recent Argonne National Laboratory' (ANL) ex-
periment is also good with 14 out of 21 comparisons
within the combined quoted uncertainties. The ear-
lier ANL data? in the fifth column have large uncer-
tainties, and the only disagreement is for *'I. The
data for krypton isotopes in the sixth column® are
from mass spectrometric results relative to 6Kr.
We normalized these data to our own using an aver-
age normalization to give the closest overall compar-
ison for the three krypton isotopes. The analysis is
not as satisfactory as it may seem in the table since
this normalization results in a yield for the spec-
trometric ¥Kr of (8.47+0.71)%, which is clearly
low. The present results are in good agreement with
the results* in the last column. The primary con-
clusion from comparisons of all of the data in this
table is that the present results are in reasonable
agreement with all prior measurements. As a conse-
quence the present yields will be used (rather than
“average” values for these fission products) in the
further analyses to obtain chain yields.

The charge distributions for all mass chains are
necessary to complete the task of determining the
mass distribution. For this purpose one would need
to determine independent yields for all fission prod-
ucts created during fission of 2?°Th, a very difficult
task which has not yet been done. To make the
maximum use of the available data, we utilize a sys-
tematic semiempirical description of measured fis-
sion yields, for there is not yet a satisfactory theory
of fission which can be used to predict fission yields.

It has been known for some time'>?° that in-
dependent yields are approximately represented by
Gaussian charge dispersions of the form

P(4,Z)=Q2mwd*)~"
X exp(—0.5{[Z~Z,(A4)]1/0}?), e

where A4 is the mass number and Z the atomic num-
ber of nuclide (4,2Z). Z,(4) is the most probable

nuclear charge for the fission-product decay chain
of mass number 4 and o the charge-dispersion
parameter which may also be a function of 4. The
fractional independent yield for nuclide (4,Z) is then

Fia,z)= [ pa,z)a
Z)= fz_m ,2)dz @)

and the fractional cumulative yield for nuclide (4,Z)
is

Z+1/2
FYA,Z)= P(A4,z)dz . (3)

— 0

Analyses”1®1221 of representative data sets for

several fissioning systems indicate a constant
0~0.62 (+10% depending upon the fissioning sys-
tem) for all 4 will give satisfactory results when
used in Eq. (2). These analyses are incomplete, how-
ever, because for any fissioning system [except
25U(n,f)] there are insufficient data to obtain Z,
and o values from Eq. (2) for each A. Instead, an
approximation to Z,(4) is computed using, for ex-
ample, the unchanged charge distribution (UCD) hy-
pothesis,'* which is a hypothesis that assumes that
no redistribution of charge occurs during fission
(first suggested to explain high-energy fission??).
Then such fractional cumulative yields as have been
determined are plotted versus (Z —Zycp), where
Zycp is computed for each mass number 4, includ-
ing estimates for neutron emission as a function of
A. Data plotted as probability graphs in this fashion
for thermal-neutron fission of **Cm (Ref. 9) and
29Cf (Ref. 10) exhibit a simple systematic behavior
which can be represented by a single value (or at
most two values) for o.

However, for thermal-neutron fission of 2*°U (and
also for 233U) it has become evident that o is not in-
dependent of A and that, where sufficient experi-
mental data exist for a given decay chain,?>~2° both
Z,(A4) and o(A4) can be found approximately by the
plotting of the cumulative yields against A on proba-
bility paper. The values of Z,(4) and o(4) thus ob-
tained do not exhibit any well-defined functional
dependence on 4. It has been anticipated that these
deduced variations in Z,(4) and o(4) must be relat-
ed to odd-even effects, i.e., those (pairing) effects
which tend to enhance even-Z (and perhaps even-N)
nuclide production at the expense of odd-Z (odd-N)
nuclide production observed in thermal-neutron fis-
sion of U by Amiel and Feldstein.® It is clear
from the measurements of Mariolopoulos et al.’
that there is a pronounced enhancement of the total
yields for even-Z nuclides for Z between 32 and 40
for thermal-neutron fission of 2°Th. Thus, to ob-
tain the needed charge distributions for this reac-
tion, it will be necessary to rely upon analyses of the
much more complete set of data for thermal-neutron
fission of 2*°U, and to attempt to adapt what can be
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deduced from such analyses to the present data for
297y,

In 1977, Crouch®® reported an evaluation of fis-
sion yields, including ny, + *°U. To account for
the fact that the independent yields found experi-
mentally for even-Z nuclides are larger than predict-
ed yields obtained using Egs. (1) and (2) and that the
odd-Z nuclide yields are smaller than the predicted
yields, the experimental results were represented by
a modification?® of Eq. (1),

P(4,Z)=N(A)X1+K)(2mo?) "1/
Xexp(—0.5{[Z —Z,(A4)]/0}?), (@)

where K is positive for even-Z radionuclides and
negative for odd-Z radionuclides and N ( 4) is a nor-
malization factor which ensures that

S Fi(4,Z)=1.0 5
z

for every A. All of the available data were subjected
to a least-squares analysis to obtain the best results
for Z,(A) and o(A4), with a tabulation given'® for
Z,(A) and o(4). As noted above, there are no ob-
vious relationships between Z, and 4 or o and 4.
However, plotting o(4) as a function of Z,(A4), as
shown in Fig. 1(a), produces a remarkable relation-
ship between o and Z,; o is “large” for odd Z, and
“small” for even Z,, a relationship independent of
A. This apparent odd-even effect is in addition to
that already included in the analysis represented by
the factor K.

As a check on the possibility (however small it
might seem) that the relationship between o and Z,
exhibited in Fig. 1(a) was a fortuitous result of
Crouch’s analysis,13 Strittmatter’s data and
analysis?’ for the light-mass yields obtained in 1978
(and not included in Crouch’s evaluation') are
shown in Fig. 1(b). Strittmatter’s independently
determined values of o and Z, are different from
Crouch’s values, but the essential characteristic is
the same.

The first time we observed the relationship be-
tween o( 4) and Z,(4) shown in Fig. 1 was thought
to be the first time the effect had been noted. How-
ever, in a recent report by Lang et al.?® on a very
careful measurement of fission yields for 25U(n,, /),
these authors exhibit this same effect on their Fig.
13 as a function of light-mass kinetic energy.
Values of o and Z, obtained from their Table 8 are
very close to the Strittmatter results?’ shown in Fig.
1(b). Thus the modulation of o with Z, has been
observed from three independent analyses of three
different data sets, and may be considered to be con-
firmed. It is interesting that the amplitude of the
modulation is larger for the Crouch evaluation'®
than for the other two analyses, since the Crouch

evaluation presumably accounted for the pairing ef-
fect using the constant K in Eq. (4). It is also in-
teresting, although we make no specific use of this
observation, that the peaks of the modulation in Fig.
1(a) are mostly even-mass A, whereas the odd-mass
A tend to have a less-pronounced effect. For analy-
ses not using a constant K, as shown in Fig. 1(b), the
odd-mass A values have larger amplitudes than in
Fig. 1(a).

The particular data exhibited in Fig. 1 are, of
course, only for ngy, + **°U; we assume, however,
that the even-odd oscillatory character of o as a
function of Z, also applies to the ng +**Th
fission-product data set. A sinusoidal functional
dependence was assumed; specifically

0(Z,)=0.62—0.15cos(7Z,) . (6)

This functional relationship appears similar to one
studied by Wahl.?® Wahl utilized a least-squares
analysis of all of the parameters of the Gaussian
charge dispersion, including possible oscillations for
0, given, in his notation, by

Uz(A )=l7z—(0'AMp)COS{[Zp(A)——SO]TT} .

1.0 T T T 235

NrHermaLt Y
* EVEN MASS
o ODD MASS

o
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— 1,
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——)
.
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o
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5 (6) U.1. (1978)
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FIG. 1. Charge dispersion parameter [0 in Eq. (1)]
plotted as a function of most probable charge [Z, in Eq.
(1)] for analyses of fission product yields from thermal-
neutron fission of 25U. The upper box (a) exhibits the
data for these parameters deduced by Crouch (Ref. 13).
The horizontal line at 0=0.61 represents the value of o
used by Crouch for those 4 for which the independent
yield data were insufficient for a two-parameter analysis.
The lower box (b) exhibits the results deduced by
Strittmatter (Ref. 27) for a completely different set of
data. The horizontal line at 0=0.625 represents only an
approximate average of the points plotted in this box.
Different symbols are used to delineate even and odd
masses, so as to exhibit the lack of a definitive dependence
of o as a function of 4. The lines in the upper box are in-
cluded as eye guides only.



27 YIELDS OF FISSION PRODUCTS PRODUCED BY THERMAL- . .. 259

TABLE III. Fractional yields (%) for Z relative to Z,.

Z= Z;—2 Z;—1 Z;(even) Z;+1 Z;,+2 Z;,+3 Z;+4
Independent yields®
Z,=2Z; + 0.0 0.08 9.69 80.5 9.69 0.08
0.1 0.05 7.10 79.1 13.6 0.19
0.2 0.04 5.57 75.1 18.8 0.53
0.3 0.04 4.72 69.3 24.5 1.43
0.4 0.06 4.26 62.6 29.7 3.37 0.01
0.5 0.08 3.96 55.8 33.5 6.59 0.05
0.6 0.10 3.68 49.4 35.7 10.9 0.17
0.7 0.12 3.36 43.7 36.7 15.7 0.42
0.8 0.12 2.96 385 37.0 20.6 0.82 0.02
0.9 0.10 2.47 339 37.0 252 1.35 0.04
1.0 0.07 1.92 29.5 36.9 29.5 1.92 0.08
1.1 0.04 1.35 25.2 37.0 33.9 2.47 0.10
1.2 0.02 0.82 20.6 37.0 385 2.96 0.12
1.3 0.42 15.7 36.7 43.7 3.36 0.12
1.4 0.17 10.9 35.7 49.4 3.68 0.10
1.5 0.05 6.59 33.5 55.8 3.96 0.08
1.6 0.01 3.37 29.7 62.6 4.26 0.06
1.7 1.44 24.5 69.3 4.72 0.04
1.8 0.53 18.8 75.1 5.57 0.04
1.9 0.19 13.6 79.1 7.10 0.05
2.0 0.08 9.69 80.5 9.69 0.08

Cumulative yields

Z,=Z; + 0.0 0.08 9.77 90.2 99.9 100.0
0.1 0.05 7.15 86.2 99.8 100.0
0.2 0.04 5.61 80.7 99.5 100.0
0.3 0.04 4.71 74.1 98.6 100.0
0.4 0.06 4.31 67.0 96.6 100.0
0.5 0.08 4.04 59.9 . 934 100.0
0.6 0.10 3.79 53.2 88.9 99.8 100.0
0.7 0.12 3.48 47.1 83.9 99.6 100.0
0.8 0.12 3.08 41.6 78.6 99.2 100.0
0.9 0.10 2.58 36.5 73.5 98.6 100.0
1.0 0.08 1.99 315 68.5 98.0 99.9 100.0
1.1 0.04 1.39 26.5 63.5 97.4 99.9 100.0
1.2 0.02 0.84 214 58.4 96.9 99.9 100.0
1.3 0.42 16.1 52.9 96.5 99.9 100.0
1.4 0.17 11.1 46.8 96.2 99.9 100.0
1.5 0.05 6.64 40.1 96.0 99.9 100.0
1.6 0.01 3.38 33.0 95.7 99.9 100.0
1.7 1.44 259 95.2 100.0 100.0
1.8 0.53 19.3 94.4 100.0 100.0
1.9 0.19 13.8 92.9 100.0 100.0
2.0 0.08 9.77 90.2 99.9 100.0

*This table is set up for the integer “Z;” an even number. Thus if the actual Z, lies, e.g., be-
tween 54.0 and 54.9, the Z; of this table is set equal to 54, and one may determine fractional
yields for Z between 52 and 58. If the actual Z, lies, e.g., between 37.0 and 37.9, the Z; of
this table is set to 36 and one may determine fractional yields between 34 and 40.

The overall least-squares analysis for 25U + ny, fis- other fission reactions he studied (**U + ng,
sion resulted in G;~0.53 and 0 s \p~0 to within the 29Py + nyy,, and 2*2Cf spontaneous fission).
calculated uncertainty, and he concluded that the os- However, the existing data for Th + n, fission

cillation could be neglected for »°U + ny, and three definitely substantiate the oscillatory behavior of
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0(Z,), at least for this fission reaction; indeed, one
empirically cannot correlate the various data sets for
29Th fission unless some nonconstant relationship
o=f(Z,) is adopted. We used the functional
dependence given in Eq. (6) because of its simplicity;
the constants 0.62 and —0.15 were determined by
trial and error to give reasonable results as well as to
provide the needed correlation among the various
data sets.

Using Eq. (6) reduces to one parameter Z,(A4)
needed to analyze the data to determine charge dis-
tributions for each 4. Calculations of F(4,Z) from
Eq. (2) were carried out for integer values of Z and
for Z, in steps of 0.1 charge units. After some trial
and error, a value for K=0.25 was adopted, and
then for each Z, the normalization factor N (A4) was
computed, Egs. (4) and (5), resulting in a complete
set of F i(Z,Zp), which are tabulated in Table III.
Also tabulated are F°(Z,Z,), which are the sums of

the Fi(z,Z,) for z<Z. Table Il is set up for Z (of
the fission product) and Z,(4) as functions of an
integer Z;. Z; is chosen an even number for con-
venience (the tabular data repeat for Z; + 2).

It is understood that the tabular values given in
Table III are not expected to be the optimal repre-
sentation of the behavior of the charge distribution
for ny, +2*Th. They were used for the express pur-
pose of determining charge distributions for many
of the different A chains from the present data so as
to determine chain yields from these data.

The next step, then, was to determine Z, for as
many chain yields as there are appropriate experi-
mental data. There are two types of experimental
yield data available for this task, and these are given
in Table IV. The first type gives the results of
analyzing gamma-ray-peak yield data as a function
of decay time having well-defined growth-decay
characteristics so that the fractional contribution of

TABLE IV. Partial fission product yields from thermal-neutron fission of 2**Th.

Two-parameter analysis

Mass E, Parent (T ,,) Daughter (T ,,) C,/Cq (%) Z, range
86 1564.6 Se (15 s) Br (56 s) 82 +26* <34.5
88 1836.0 Kr (2.8 h) Rb (18 min) 96.7 + 1.0 349-35.6
89 1248.1 Kr (3.2 min) Rb (15 min) 87 <+ 5° 35.9—-36.2
91 555.6 Sr (9.5 h) Y* (50 min)® 98.9 + 0.5 36.7—37.0
130 839.5 Sn (222 s) Sb (390 s) 98.6 + 1.4°
134 884.3 Te (42 min) I (53 min) 793 + 2.2 52.2—-52.3
138 1435.9 Xe (14 min) Cs (32 min) 80 + 9° 54.0—54.2
139 165.9 Cs (9.4 min) Ba (83 min) 71 +18 54.6—55.3

- Fractional cumulative yield

Mass Fission product C* (FPy C(4) Ratio (%) Z, range
84 Se 8.28 +0.35 9.72+0.56 8 + 6 34.0—-34.2
86 Br 5.32 £0.54 7.42+0.75 72 £10 34.7-35.1
88 Br ) 3.13 £0.49 7.69+0.47 41 + 7 35.4-35.6
91 Rb 4.35 +0.36 6.35+£0.19 69 + 6 36.8—37.1
93 Sr 3.91 £0.39 5.02+0.32 78 =9 38.1-38.4
94 Sr 3.18 +0.18 3.91+0.39 81 =+ 9 38.0—38.4
95 Y 2.35 £0.36 2.70+0.07 87 <12 38.2—-38.9
131 Sb 0.58 +0.13 0.61+0.02 95 120 <50.9
132 Sb + Sb* 0.74 +0.05 1.254+0.03 59 + 4 51.1-51.3
135 I 5.01 £0.12 5.98+0.15 84 + 4 52.6—52.8
136 I+ I* 32 £0.9 6.11+0.19 52 +£15 53.0—-53.6
136 Xe(Cs) 0.046+0.009¢ 6.11+£0.19 99.25+ 0.15 52.7-52.8
139 Xe 7.7 1.1 8.38+0.35 92 +14 <54.3
140 Xe 3.8 +2.4 8.15+0.20 47 30 54.3—55.3
140 Cs 6.12 £0.69 8.15+0.20 75 9 54.7-55.1
148 Ce 0.88 +£0.35 1.04£0.21 85 +£38 <58.7

*Data from I; Z, adjusted for F¢< 1.0 of daughter.

®If 60% of Sr decays lead to population of Y*.

‘Data may be in error due to Xe gas loss.

9Data from I except for *°I (Table II) and **Xe.
°Independent yield of 13Cs from Gindler et al., Ref. 1.
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TABLE V. Chain yields (%) for thermal-neutron fission of **Th.
Mass Measured® Inferred z, Mass Measured® Inferred z,,’
<76 0.05 £0.02 115 0.023+0.003°¢
77 0.021+0.003¢ (30.9) 116 0.020+0.004
78 0.32 +0.06° (31.4) 117 0.018+0.002¢
79 0.61 +0.08 (31.8) 118 0.017+0.002¢
80 1.15 +0.23 (32.2) 119 0.012+0.002
81 2.15 +0.22¢ (32.6) 120 0.010+0.002
82 408 +0.41¢ (33.0) 121 0.009+0.001°
83 5.83 +0.85¢ (33.4) 122 0.012+0.002¢
84 9.72 +0.56 34.1 123 0.013+0.003
85 9.20 +0.67 (34.4) 124 0.010+0.003
86 7.42 +0.74 347 125 0.007+0.001°
87 6.64 +0.27 (35.3) 126 0.007+0.002 (48.7)
88 7.69 +0.47 35.6 127 0.021+£0.004 (49.1)
89 9.40 +0.72 36.1 128 0.061+0.012 (49.5)
90 8.90 +1.41 (36.4) 129 0.084+0.015°¢ (50.0)
91 6.35 £0.19 36.9 130 0.23 +0.05 (50.4)
92 6.08 +0.47 (37.5) 131 0.609+0.014 (50.8)
93 5.02 +0.32 38.1 132 1.25 +0.03 51.2
94 391 +£0.39 38.2 133 3.08 +0.06 (51.6)
95 2.70 £0.07 38.5 134 6.02 £0.19 52.2
96 1.13 +0.114 (38.8) 135 5.98 +0.15 52.7
97 0.714+0.015 (39.3) 136 6.11 +0.19f 52.9
98 0.20 +0.02¢ (39.7) 137 7.63 +0.25f (53.3)
99 0.15 +0.01° (40.1) 138 8.58 +0.77 54.1
100 0.053+0.011 (40.5) 139 8.38 +0.35 54.4
101 0.019+0.004 (40.9) 140 8.05 +0.20 54.9
102 0.007+0.002 141 7.37 +£0.25 (55.1)
103 0.026+0.004°¢ 142 7.58 +0.58 (55.4)
104 0.019+0.004 143 8.36 +0.32 (55.8)
105 0.013+0.002°¢ 144 9.39 +1.06° (56.2)
106 0.012+0.001¢ 145 5.40 +0.798 (56.6)
107 0.009+0.002 146 3.90 +0.26 (57.0)
108 0.010+0.002 147 1.95 +0.13 (57.4)
109 0.012+0.002°¢ 148 1.04 +0.21 (57.8)
110 0.017+0.003 149 0.61 +0.07 (58.2)
111 0.023+0.003° 150 0.22 +0.054 (58.7)
112 0.020+0.003¢ 151 0.019+0.004 (59.1)
113 0.016+0.002 > 152 0.05 +0.02
114 0.020+0.004
Sums 843 +2.5 154 +£1.7 86.7 +£2.3 155 1.7
Total 99.7+3.0 102.2+2.9

“Does not include uncertainty in absolute normalization assigned to present results.
®Data from Table IV. Values in parentheses were obtained from Eq. (8) for the light masses and Eq. (9) less 0.4 charge

units for the heavy masses.

‘Data taken from Gindler et al., Ref. 1.

dInterpolated reflected data.

*Data taken from Borisova et al., Ref. 4.

fFrom renormalized xenon data of Harvey et al., Ref. 3.

8From %°Ce data of I.
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the parent can be ascertained. (See Refs. 9 and 10
for details.) From the experimental ratios in the
penultimate column of Table IV, one may search the
calculated F¢ in Table III to determine a range of
Z,. For example, for A=139,

C%(Cs)/[C(Cs)+Ci(Ba)]=(71+18)% .

The parent, Cs, has odd Z, so one looks in the
column Z=Z;+1, and finds F°~89% for
(Z;+0.6) and F°~53% for (Z;+1.3). Hence the
applicable range of Z, is 54.6—553. In this
manner, ranges of Z, are given for seven masses.
(For A=130, both the Sn parent and Sb daughter
are isomers.) The second type of data represents
direct determinations of F¢ from measured cumula-
tive yields and estimated chain yields. This is a cir-
cular process, since the chain yields are subject to
adjustments after the ranges of Z, have been de-
duced. In every case, however, the adjustments to
C(A) are small and have no effect (<0.1 units of
charge) in the deduced range of Z,.

Finally, to determine the C(A4) given in Table V,
yield data for specific fission products given in
Table II are corrected for F¢ determined from Table
III from the “best” value of Z, deduced from the re-
sults just discussed in Table IV. Other required
values of Z,, given in parentheses in Table V, were
obtained from the equations for Z, given in the re-
cent report of Waldo et al.?® as discussed below. All
values of Z,(A4) used are also included in Table V.
For most 4, the cumulative fission-product yield for
the fission product given in Table I is essentially the
chain yield C(A4), since F*~100% for these fission
products. For a few A, the required F° < 100%, and
so C(A) is larger than the yield obtained for the
largest Z nuclide of that A. The largest such correc-
tion is for A=90, where F°(Kr)=0.67+0.07 for
Z,=36.41+0.1. The 10% uncertainty in F* is quad-
ratically included in the given AC(A4=90).

In the above fashion, C(A) were determined for
A=84-95, 97, 131—135, 138—143, 145 (from '*Ce
yield in I), 146, 147, and 149, and are given in the
second column of Table V. These C(A4) are shown
graphically in Fig. 2, where the heavy mass yields
are plotted as a “reflection” of the light mass yields,
i.e., for Ay =230—A; —¥, where ¥=2.14 neutrons
per fission.”” Also given in the second column of
Table V are C(4) deduced from data reported by
Gindler et al.! for 4=77, 78, 99, 103, 105, 109, 111,
112, 115, 118, 121, 125, 129, and 144, and from data
reported by Borisova et al.* for A=106 and 118. In
the third and seventh columns of Table V are data
inferred from interpolation or from renormalized
data of Harvey et al.> From the latter reference’ are
C(A) from data for Xe isotopes for 4=136 and 137.
For the interpolated data, interpolations were first
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FIG. 2. Measured mass yields deduced from the
present analysis for thermal-neutron fission of ?*Th. The
heavy-element yield is plotted as a reflection of the light
element, shifted to account for ~2.2 neutrons per fission
observed for 2Th fission.

made of “reflected” data, that is,
C(A4)~C(230—A4 —v). Thus C(96)~C(131.86), and
C(131.86) was determined by interpolating between
the values of C(4) as a power of A for A=131 and
132 [i.e., linear interpolation of the log of C(4)
versus the log of A]. Uncertainties AC( A ) assigned
to these data reflect AC(A4) assigned to the “reflect-
ed” yields. The remaining C(A4) in columns 3 and 7
were determined by interpolation between C(A;)
where 4, <A and C(A,) where 4, > A; these inter-
polated C(A) have assigned uncertainties of +20%
of C(A4).

The last two rows of Table V indicate partial and
total sums of yields. The uncertainties to these sums
reflect partial correlations among the individual
C(A), but not an overall normalization uncertainty
associated with the determination of the number of
fissions, ny. The uncertainty in ny comes primarily
from the uncertainties in the fission cross sections’$
for 22°Th fission, and is ~13%.” This is the overall
uncertainty in normalization quoted in I. The “to-
tal” sums given in Table V suggest that the uncer-
tainty in overall normalization should be less than
~13%. A difficulty in determining a better value is
the fact that 16% of the light- and heavy-mass
yields are inferred (from Table V) and one may
question whether the ~10% uncertainties assigned
to the inferred sums are realistic. On the other
hand, it seems unlikely that either inferred summed
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contribution is in error by a factor of 2, and there-
fore the measured sums should be valid to better
than +10%. We suggest an overall normalization
uncertainty of +7% as a best judgement compro-
mise between +3% indicated in the last row of
Table V and the +13% assigned to Any.

A check on the C(A4) given in Table IV was per-
formed by determining the first moments of the
light- and heavy-mass distributions. From these
data M; =87.8 and My=139.9. The estimated
number of neutrons per fission is given by
230—M; —My =2.3, a value close to the adopted
value!” of 2.14+0.04.

Elemental yields C(Z) were computed from

C(Z) Y F(Z,4)C(A), @)
A

where the F{(Z,A) were taken from Table III for
values of Z,(A4) given in Table V. To do so re-
quired determining all of the Z,(A4) needed, and as
mentioned above, for Z, not obtained from the
analysis summarized in Table III we adopted the
formulae of Waldo et al.?:

Z,(A4 <116)=0.41534 —1.19
+0.167(236—9247/Z5) ,  (8)

Z,(A4>116)=0.41534 —3.43
+0.243(236— 9245 /Z;), (9

where Ar =230 and Z;=90 for the present data set.
Then C(Z;) were compared with C(Zy;=90—Z;),
and the comparisons were not as satisfactory as
desired. Much of the disagreement was resolved by
a uniform subtraction of 0.4 charge units from

Z,(A4>116) of Eq. (9), and these modified Z, are

those tabulated in the last column of Table V. The
results for the C(Z) computations are given in Table

V1, including data of Mariolopoulos et al.’ for light
elements for comparison. The character of the
even-odd effect in C(Z) reported by Mariolopoulos
et al.’ is well defined in the present results; there
are, however, moderate quantitative differences.
The tabular data indicate that the present C(Z;)
compare reasonably well with the C(Zy). It is like-
ly that further “adjustments” to the calculated Z,
[of Egs. (8) and (9)] would provide even better agree-
ment not only of the present C(Z; ) with C(Zy) but
also the present C(Z; ) with the prior C(Z;). It is
also quite likely that adjustments to the constants of
Eq. (6) and/or to the constant K of Eq. (4) would
further improve the desired agreements among the
computed C(Z). During the course of this study we
tried several different “constants” in these last two
mentioned equations, and observed only small
changes in computed C(Z) values. Most important,
however, was that using different constants did not
alter at all the determinations of C(A) given in
Table V.

CONCLUDING REMARKS

The primary data of this experiment are the
gamma-ray yields given in the second column of
Table I. Using literature values for gamma-ray
branching ratios and radionuclide half-lives, ob-
served gamma-ray yields were ascribed to decay of
specific fission products, and cumulative fission-
product yields were determined for these fission
products. The major weakness of this method is the
need to rely on the nuclear data, especially the
gamma-ray branching ratios, any one of which may
be incorrect by more than the assigned uncertainty.
Future evaluations of the ny,+2*°Th fission yields
should seek and use current values for these ratios,
and we encourage adjustments to deduced fission-

TABLE V1. Yields of complementary elements for thermal-neutron fission of 22°Th.

Present results?

Previous results®

Heavy Yield Light Yield Light Yield

element (%) element (%) element (%)
58CC 4.1+0.4 32Ge 4.5+0.6 32GC 5.2+0.4
s7La 7.1+£0.9 33As 6.2+1.0 33As 4.31+0.4
s¢Ba 25.6+2.6 1uSe 22.6+2.0 aSe 27.7+0.7
55CS 14.8+1.1 35Br 13.3+1.2 35Br 12.8+0.8
seXe 242+1.9 Kr 24.942.2 Kt 22.6+0.6
sl 9.9+0.8 +Rb 9.3+1.1 +Rb 12.34£0.7
s;Te 13.0+0.9 3gST 14.3+1.2 3T 10.0£0.5
51Sb 2.440.8 39Y 3.440.3 39Y 3.2+0.6
SOSn 0.9+0.1 4021' 1.0+0.1 4()ZI' 2.0+0.6

#Includes 7% absolute normalization uncertainty.

®Mariolopoulos et al., Ref. 5.
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product yields as dictated by improved nuclear data.

From the deduced fission-product yields in Table
IT combined with those for short-lived fission prod-
ucts in I, supplemented by data obtained by other
groups' ~* for those fission products not unambigu-
ously observed in the present series of experiments,
we deduced a complete set of mass yields C(A4)
given in Table V. This task involved determining a
clearly nonunique set of independent yields given in
Table III as well as a clearly nonunique set of most-
probable charges Z, given in Table V. We do not
claim that the set of Z,(A4), or the F'[Z,Z,(A)] of
Table III, are optimal; it seems likely, however, that
the overall series of computations to obtain these
variables are generally valid, and that the strong
functional dependence of 0=0(Z,) as exhibited in
Fig. 1 is a real effect and can be utilized as done in
this paper.

The mass distribution as shown in Fig. 2 seems
internally consistent except for 4=93, 94, and/or
134, 135. The C(A=94) depends upon the cumula-

tive fission yield for **Y for which we used a smaller
gamma-ray branching ratio'® than given in the
evaluated literature.!® Gindler et al.! obtained
C(**Y)=(4.5+0.4)%, a value somewhat larger than
ours, but not sufficiently so to resolve the observed
difference. The mass yields for 4=84—90 appear to
be in quite good agreement with the complementary
mass yields for 4=138—144, especially considering
the number of variables and calculations required to
obtain these C(A). Indeed, the C(A4) and Z,(A4)
values given in Table V combined with independent
yield values given in Table III can be used to com-
pute any independent yield for ny +2*Th fission,
perhaps more reliably than using the present
Evaluated Nuclear Data File evaluation,® based as it
was only on the data in Refs. 2—4.

We express our appreciation to K. J. Northcutt
for sample preparations, and to R. W. Peelle for his
support and careful review of the manuscript.
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