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Absolute yields have been determined for 105 gamma rays emitted in the decay of 95 fission products representing
54 mass chains created during thermal-neutron fission of "'Cm. These results include 17 mass chains for which no
prior yield data exist. Using a Ge(Li) detector, spectra were obtained of gamma rays between 30 sec and 0.3 yr
after very short irradiations of thermal neutrons on a 1 p g sample of "'Cm. On the basis of measured gamma-ray
yields and known nuclear data, total chain mass yields and relative uncertainties were obtained for 51 masses
between 84 and 156. The absolute overall normalization uncertainty is & 8%. The measured 3 -chain cumulative

yields make up 81% of the total light mass (A ( 121) yield and 92% of the total heavy mass yield. The results are
compared with fission-product yields previously measured with generally good agreement. The mass-yield data have
been compared with those for thermal-neutron fission of '"Fu and for "'Cf(s.f.); the influences of the closed shells
Z = 50, N = 82 are not as marked as for thermal-neutron fission of '"Fu but much more apparent than for
'"Cf(s.f.). Information on the charge distribution along several isobaric mass chains was obtained by
determining fractional yields for 12 fission products. The charge distribution width parameter, based upon data
for the heavy masses, A = 128 to 140, is independent of mass to within the uncertainties of the measurements.
Gamma-ray assignments were made for decay of short-lived fission products for which absolute gamma-ray
transition probabilities are either not known or in doubt. Absolute gamma-ray transition probabilities were
determined as (51+8)% for the 374-keV gamma ray from decay of '"Rh, (35+7)% for the 1096-keV gamma ray
from decay of '"Sb, and (21.2+ 1.2)% for the 255-keV gamma ray from decay of '"Ba.

RADIOACTIVITY, FISSION Cm(n, f) F.„=thermal; measured Q'(Ey T f/2) de-
duced mass, charge yields.

INTRODUCI'ION

Although published data on mass and charge dis-
tributions of the fission products following prompt
neutron emission in thermal-neutron induced and
spontaneous fission cover fissioning systems be-
tween Th and Fm, most of the data are con-

and '"Cf systems. Even for these systems the
data are not complete, and evatuators" must rely
to some extent on semiempirical methods to pro-
vide complete evaluations of mass chain yields.
The mass distributions of all but the heaviest fis-
sioning systems are predominantely asymmetric.
The major variations observed in mass distribu-
tions as a function of increasing mass of the fis-
sioning system are a shift in the peak of the light
mass distribution and an overall broadening of the
distribution of fission products created in both the
light and heavy mass groups. For the lighter fis-
sioning systems, particularly for '"U, '"U, and
'~Pu, yields for the fission product masses 125
to 133 are very similar, increasing from about
0.1@for mass 125 to about 6% for mass 133. It
has been suggested' that the double shell closure
2 =50 (Sn) and N=82 has a marked influence on

the mass yields in low-energy fission for these
systems. However the heavy fission-product mass
distribution' for '"Cf(s.f.) has definitely shifted
toward heavier fission-product production. It is

of interest to determine the character of the tran-
sitions in fission product yields from systems be-
tween the ' Pu fissioning system and the '"Cf
system; the ' 'Cm system, from thermal-neutron
fission of '"Cm, is perhaps the most amenable
for study.

There is another, rather pragmatic, reason for
determining fission-product yields for thermal-
neutron fission of "'Cm. About 90% of the fission
products created during '"Cf production at Savan-
nah River arise from '"Cm fission, ' and a sub-
stantial percentage of fission products created
during transplutonium isotope production at the
High Flux Isotope Reactor at ORNL is due to "'Cm
fission by thermal neutrons. For these, and other
reasons, there have been three experiments' '
performed during the last 15 years designed to
measure mass yields for thermal-neutron fission
of '~'Cm over the whole mass distribution; in addi-
tion, a few experiments have been reported' "de-
voted to measurements of a few fission products
in order to determine charge distributions. The
major difficulty encountered in all of these experi-
ments has been the inability to acquire enough
' 'Cm material to perform the radiochemical sep-
arations generally used in fission-product yield
measurements. In all of the experiments quoted' "
the sample amounts of '4'Cm used were =1 p,g. In
the first experiment reported, von Gunten et al.'
did utilize radiochemical separations so that beta-
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ray counting methods could be used. Subsequent
experiments have depended solely on gamma-ray
counting without chemical separations. All of these
experiments determined ratios of yields with re-
spect to n,h„,&+'"U fission-product yields. Thus,
uncertainties in detection efficiencies, detector
responses, and beta- or gamma-ray decay pro-
babilities were exchanged for uncertainties in '"U
fission-product yields, uncertainties in sample
variables of togo samples, and for uncertainties
associated with large differences in fission-product
yields for the U and Cm systems in the mass
region 109 to 115. Measurements were limited in
all three experiments to the longer-lived fission
products (half-life&30 min). Consequently, less
than half of the total mass yield has been deter-
mined empirically. Overall mass yield curves
were determined for all three principal experi-
ments by assuming that measured yield data could
be reflected about the symmetric fission mass
(- mass 121), and at least for two of the three ex-
periments the resulting total mass distribution was
normalized to 200%0. It may be expected that this
procedure will be approximate, since based upon
measured mass distributions for n,h„z+" Pu and
'"Cf (s.f.) light mass fission-product distribution
for nz„z+' 'Cm may be only an approximate re-
flection of the heavy mass fission-product dis-
tribution. Evidently, yields for fission products
having short half-lives are needed to fill out the
mass distributions in more detail.

Recently, we measured'~ fission-product yields
due to thermal-neutron fission of '"Pu using gam-
ma-ray counting of unseparated fission products.
Since only one sample was used and there were no
chemical separations, gamma-ray counting began
when the sample radioactivity had decreased to a
satisfactory level, which in that experiment was
-20 min after a 100 sec irradiation of a 1 pg '"Pu
sample. We learned that observed gamma rays
could be reliably assigned to decay of spec.'fic
fission products by matching E„and measured life-
times, and consequently were able to obtain yields
for fission products in that experiment having
half-lives as short as 10 min. The number of fis-
sions induced in the" Pu sample was determined
by a "K-factor" method developed previously. "
About 65% of the total mass yield wa, s deduced
from these "pu fission- product measurements. "

Because of the need for definitive fission-pro-
duct yield data for the ORNL transplutonium iso-
tope production program, a similar experiment
was performed for a. 1 p, g sample of '"Cm, with
two major differences. The first was that several
irradiation periods, tailored to allow initial gam-
ma-ray measurements to begin &1 min after a very
short irradiation, were used. In addition, the total.

measurement period was extended to -0.3 yr to
obtain data on longer-lived fission products. The
second difference was that there was not enough
'"Cm available to develop a "K-factor" method
of determining the number of fissions in the ' 'Cm
sample as had been done for the '"Pu measure-
ment. Hence, we relied on a measurement of the
thermal neutron flux and thermal-to-epithermal
ratio at the position of irradiation and a measure
of the sample size to determine the number of fis-
sions. The determination of the number of fissions
in this manner was later verified by determining
the total mass yield based upon our measurements
and comparing to the expected 200/p., it should be
noted that the overall normalization of the present
data was not adjusted to agree with the expected
200% total. Yields were deduced for -90 fission
products, some having half-lives &1 min.

Much of the uncertainty associated with the pre-
sent fission-product yield determinations, parti-
cularly for the short-lived isotopes, is associated
with uncertainties in nuclear data, especially
gamma-ray decay probabilities (i.e. , branching
ratios). In fact, yields were measured for gamma
rays which could be assigned to fission products for
which absolute branching ratios have not yet been
reported. Improved nuclear data will. result in a
more complete set of yield data than can be pre-
sented at the present time. With current knowledge
of relevant nuclear data, the present experiment
identifies -86% of the total mass yield. The mis-
sing -14%0 has been determined by interpolation
rather than by using the reflection method. In ad-
dition, the present data provide a sufficient amount
of information about charge distributions so that,
at least for the heavy fission products, param-
eters needed for estimation of yields of very short-
lived fission products can be obtained from the
data.

EXPERIMENTAL DATA ACQUISITION

The '"Cm sample for these studies was obtained
by chemically separating the C m from a sample
of" Cf which was several months old. Alpha-
particle measurements were made on a small
aliquot of this material, and these indicated -0.2% by
massof' 'Cf inthe sample. The u activity measured
for the total material milked from the ' 'Cf sample
(15.2 s 0.4) kBq of which (14.1 s 0.4) kBq was due
to decay of '"Cm. One-half of the total "'Cm,
corresponding to -1 pg of Cm enriched in the "'Cm
isotope to &99%, was alloca. ted to the sample we
used. In addition, preliminary gamma-ray mea-
surements indicated no evidence for gamma rays
emanating from fission products in the sample.

For our experiment the sample, in the chemical
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form of curium nitrate, was deposited and dried
in a small polyethylene container of wall thickness
-0.5 kg/m' and covered with a lid of similar thick-
ness. This container was then placed inside a
polyethylene capsule designed for pneumatic trans-
fer to and from an irradiation position at the Oak
Ridge Research Reactor (QRR). Details of the
gamma-ray container and capsule have been re-
ported. " The neutron flux at the irradiation posi-
tion was -4.5 x 10"n/cm' s, and the ratio of ther-
mal neutrons to resonance energy neutrons was
-30:1, measured using gold and manganese foils,
and calculated assuming an E ' epithermal flux.

Three irradiation periods, 4 s, 40 s, and 6 min,
were used. The sample was rapidly recovered
following irradiation so that measurements in a
fixed counting geometry could begin within 30 s fol-
lowing the end of irradiation. The timing param-
eters were selected to facilitate the interpretation
of the results of fission products having "short"
(to 10 min), "intermediate" (to 100 h), and "long"
(to 1 yr) half-lives. Following the 4-s irradiation,
data were obtained between 30 s and 45 min after
the irradiation in 20 separate 4096-channel pulse-
height spectra. Following the 40-s irradiation,
data were obtained between 25 min and 21 d after
the irradiation, and following the 6-min irradiation
data were obtained between 1 d and 0.3 yr after
the irradiation. Altogether -115 4096-channel
puI. se-height spectra were obtained and analyzed.

Gamma-ray measurements were made through
the -2 kg/m' end of the capsule using two detector

systems: (1) a 45-cm' Ge(Li) at the QRR close to
the pneumatic-tube facility in a rather high-back-
ground area was used to obtain data following the
4-s irradiation; and (2) a well shielded 90-cm'
Ge(Li) detector in a low-background area was used
to obtain data following the 40-s and 6-min irradia-
tions. For cooling times (3 h a 9.7 kg/m' carbon
plate was placed close to the sample to absorb beta
radiation emanating from the sample. Corrections
for reduction in detection efficiency caused by this
absorber were obtained using standard tables" of
gamma ray attenuation. Amplifier time constants
of 3 p, s were used for good energy resolution; cor-
rections for random summing were determined
empirically" and were equivalent to a "dead-time"
constant of -7 p.s. The sample-to-detector dis-
tances were 0.3 m for measurements using the
45-cm' detector and 0.2 m for measurements using
the 90-cm' detector. These distances were chosen
to minimize true coincidence effects in t;he detector
and dead-time losses, as well as to minimize the
contribution to the overall uncertainty due to any
uncertainty in measurements of the source-to-de-
tector distances. A spectrum obtained using the
45-cm' detector is given in Fig. 1, and a spectrum
obtained with the 90-cm' detector is given in Figs.
2(a) and 2(b). In the latter case essentially all of
the sources of the observed gamma rays have been
identified; one may choose gamma rays to analyze
which are sufficiently isolated from other gamma-
ray data. The data shown in Fig. 1 are consider-
ably more complex.
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FIG. 1. Pulse-height spectrum of gamma rays following a 4-s irradiation of a 5Cm sample by thermal neutrons.
Symbols indicate gamma-ray energy (in keV) and isotopic assignment.
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FIG. 2. (a) Pulse-height spectrum of gamma rays following a 40-s irradiation of a SCm sample by thermal neu-
trons. Nearly all peaks are identified with known fission product decay. (b) High-energy portion of the spectrum shown
in (a).

DATA REDUCTION

To determine fission product yields (C), both
the efficiency e(E„) and the fraction of the decay of
the fission product giving the desired gamma ray
(8) are required. For the 90-cm' detector, the
detector efficiency e(E„) versus E„was determined
for 60 keV & E„&1836 keV using well calibrated
commercially obtained radioactive sources; the
calibration has been discussed in detail in a pre-

vious report. " For a source-to-detector distance
of 200 mm, the uncertainty in a(E„) is &2% (one
standard deviation). For the 45-cm' detector the
efficiency e(E„) versus E„was supplied by person-
nel responsible" for this detector with an estimated
uncertainty of -2%; during the present experiment
the given e(E„) were checked and found to repro-
duce to within -2% expected gamma-ray intensities
for E„&180keV using a calibrated source of "'Ra.
The pulse-height data were reduced using a com-
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puter routine" written for the ORNL decay heat
program. For ingle peaks, the peak areas were
extracted using the computer routine; doublets
were also usually adequately analyzed for individ-
ual peak areas by the code. Multiplet (more than

two) peaks are passed over by the code; some of
these were analyzed manually to obtain informa-
tion on an important gamma ray.

Energies E~ were assigned to the peaks that had
been analyzed, and these were used to obtain the
efficiency e(E„). Then, the gamma-ray intensities
were determined as a function of time following
irradiation. Assignment to a particular fission
product was based upon matching the experimehtal
gamma-ray energy with the known fission-product
gamma-ray energy to +1 keV and in addition
matching the fission-product half-life with the ex-
perimental "half-life" to within the uncertainty
associated with the measurement. General re-
lationships for independent yields and half-lives
for all nuclides in a given mass chain are well
known. '9 " For the present data, it was sufficient
to include only one parent and one daughter decay,
since most of the precursor nuclides have very
short lifetimes and had decayed completely by the
initiation of the first gamma-ray counting period.
Also, the irradiation periods were much shorter
than the cooling periods and so were approximated
as instantaneous irradiations. Thus, the yield (Y)
in a particular measurement of a given gamma ray
due to decay of a fission product and of its parent
is given by

[(Y/&)/B]~=ng~ ' -exp(-X~T}[1—exp(-A. t,)]
p d

&
exp(-X&T}[1—exp(-X t,)]

+ nIC ~~ exp (-&~T}[1—exp (-Xg,)],
where X is the decay constant for a particular nu-
clide, T and t, are, respectively, the cooling and
counting times, the subscript d is for the (daughter)
fission product being analyzed, and the subscript
p is for the parent. Here, C' is the independent
yield, and C' is the cumulative fission yield.

For much of the data, the half-life of the parent
is sufficiently different from that of the daughter
that the analysis of the data could be performed in
the limiting cases. For ~p« ~d

[(Y/e)/B]~-nP' ~ e "~ (1 —e 9'~),A.d

d P

and it is the cumulative fission yield of the parent
which is obtained. For Xp» Xd

A.

[(Y/e)/Bj -nt C~~+C~~ ' e "4r(1 —e &'~), (3)
P d

and the cumulative fission yield of the daughter is
obtained from

Cc —Qf +Cc
d d p (4)

Details of least-squares mathematics required for
the solution of Eq. (2) or (3) have been reported. "
The steps involved were (a) to obtain the efficien-
cy-corrected counting rate Y/e at the beginning
of each counting period, and (b) to obtain the T =0
counting rate intercept Y,/& and its uncertainty
by the least-squares analysis. The cumulative
yield was then obtained from the applicable Eq. (2),
or Eq. (3) plus Eq. (4). The uncertainty tiC was
obtained by appropriately combining uncertainties
&(Yo/e), nn~, 674., and ~.

Several spectra had high count rates, requiring
corrections due to random summing. As a check
on this correction, as well as a check on the live-
time clock on the analyzer, data for 37-min "Cl
and for 15-h '4Na were analyzed. These isotopes
were created during the irradiation from NaCl
contaminant. The counting rates for gamma rays
from these isotopes were large enough to obtain
a good analysis of counting losses, but not large
enough to interfere with data reduction of the fis-
sion products of interest. This check verified that
the corrections which were made were satisfactory
to within the 20% uncertainty (i.e. , 20/o of the dead-
time correction used) assigned to the correction.

Data for some of the peaks observed represented
nearly degenerate gamma rays from decay of two
independent nuclides; an example is E„=590.6 keV
observed as a single, slightly broadened peak.
This peak is due to two transitions, viz. , E„=590.3
keV from decay of 7.4-min 'Sr and E„=590.9 keV
from decay of 14.6-min '"Mo. When the half-lives
were sufficiently different, such data were anal-
yzed first to obtain results for the longer-lived
nuclide; then following an appropriate subtraction
of the component due to the longer-lived nuclide,
the data were analyzed a second time to obtain
results for the shorter-lived nuclide. For E„
=590.6 keV, however, the data were analyzed using
a least-squares method to separate the two con-
tributions. The latter method worked well on all
cases tried except those for E =697 and 974 keV;
these gamma rays occur in the decay of '"Sb (168
s) and '"Sb~ (252 s), and since a reasonable sep-
aration of the individual contributions could not be
obtained, the results for these two gamma rays
represent the sum of '"Sb and '"Sb* contributions.

Data for twelve gamma rays representing ten
parent-daughter contributions were analyzed using
Eq. (1) to obtain the fractional contribution to the
observed data from both the decay of the daughter
and the parent. An example of this type of analy-
sis is shown in Fig. 3 for Te- I- 'Xe7 Ey
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=884 keV due to decay of '"I. Results of these
analyses are given in Table I. A complete dis-
cussion of the least-squares mathematics is given
in subsection B of the Discussion.

For the shortest-lived and longest-lived nuclides
studied, data were available in only a few spectra.
For these cases an estimate for Y,/e was obtained
from each spectrum; that is,

(Y,/e),.= (Y,[T,, t„.]/e)exp. (A. T,), i =1, . . . , n (5)

was determined for each of n spectra having ap-
propriate data. Then the "best" value of Y,/& and
its uncertainty was obtained from the set of (Yo/e),
and associated uncertainties.

The number of fissions created in the 6-min ir-
radiation was determined from the knowledge of
the mass, neutron flux, irradiation time, and

I
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FIG. 3. Analysis of data obtained for E„=884.1 keV
assigned to decay of 4I. A least-squares analysis of the
these data was determined the best fit to the data as
shown by the solid line. The dashed and dot-dashed lines
indicate the time dependence of the decay of this gamma
ray under different initial concentrations of Te and
1341

thermal and resonance-integral fission cross sec-
tions (2030 and 750 b, respectively" ), and was
9.2 x10" fissions. Since the neutron flux imping-
ing on the sample included nonthermal neutrons,
-1% of the fissions in the "'Cm were due to epi-
thermal neutron interactions. It was assumed that
the mass and charge distributions due to this non-
thermal neutron fission in the sample were the
same as for thermal-neutron fission for the fis-
sion-product yields deduced from the data. The
uncertainty in n& was determined by quadratically
combining a 2/q uncertainty in mass, 5% uncertain-
ty in neutron flux, and 5% uncertainties in the fis-
sion cross sections" for a total uncertainty of
-V.V%. Data for the 40-s irradiation were normal-
ized to those for the 6-min irradiation with an
added normalization uncertainty of -1% and data
for the 4-s irradiation were normalized to those
for the 40-s irradiation with an added uncertainty
of 2%p. These latter two normalization uncertain-
ties are included in the tabulated results; the
overall uncertainty of -V.V%0 is not. As discussed
later, the measured yields were summed and
compared with the expected 100% for light masses
and 100' for heavy masses, and the agreement
is sufficient to warrant an overall normalization
uncertainty (V.V%.

The data reduction gives values of yield/fission
for selected gamma rays, the selection being based
upon identification with specific products. These
are tabulated in Table II, along with relative un-
certainties. There were many gamma rays ob-
served for which yield/fission results were not
obtained, even though the gamma ray could have
been ascribed to decay of a specific fission pro-
duct. We were satisfied with analyzing only one or
two gamma rays associated with decay of a given
fission product, usually but not always the gamma
ray with the largest branching ratio (B). We at-
tempted to obtain information for at least one fis-

TABLE I. Partial yields from thermal neutron fission of 45Cm.

Mass E& (keV) Parent (Tg/2) Daughter (T&~2) c,/(c, +c,) (%)

95
109
112
130
132
134
134
135
135
138
140
140

765.8
326.6
617.4
839.4
667.7
884.1

1072.6
526.6
249.8

1435.9
487 ~ 0

1596.6

Zr(65 d)
Ru(34 s)
Pd(21 h)
Sn(222 s)
Te(76 h)
Te(41 ~ 8 min)
Te(41.8 min)
I(6.61 h)
r(6.61 h)
Xe(14.2 min)
B (3O7 h)
Ba(307 h)

Nb(35 d)
Rh(8O s)
Ag(3. 1 h)
Sb(390 s)
I(2.3 h)
I(52.6 min)
r(52.6 min)
Xe*(15.6 min)
Xe(9.08 h)
Cs(32.2 min)
La(40.2 h)
La(40.2 h)

1.2
21
2.4

48
5.20

32.7
31.4
40
14.6
23.1
0.50
0.64

* 0 ~ 5
+12

1.5
+24
~ 0.44
~ 1 ~ 8

4.9
4

+ 0.6
~ 4 ' 8

0.30
~ 0.23
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TABLE II. Intensities of gamma rays associated with decay of fission products created by thermal-neutron fission of
Cm and deduce@ fission-products yields.

E~
(keV) ' Yield per

100 fissions
Assigned

fission product
Gamma- ray

branching ratio (%)"
Ti/2
(s)

Ti)2 (parent) Cumulative fission
(s) product yield (%)

91.1
116.7
120.9
121.8
121.8

0.73
0.43

0.29

0.23

+ 0.03
+ 0.03

+ 0.07

+ 0.11

147Nd

'"Pm

27.9 2 0.5
46.8 *3.6
35.5 *3.0
16 +2

9.56 E5
746

32.3

252

780
4

2 ~ 0

702

2.63 + 0.10
0.92 + 0.10

0.83 + 0.21

1.4 4 0.7
127.3
137.72
140.51
143.26
145.4

165.0
165~ 84
206.2
211.3
218.25

218.75

228.33

249.8
255.30
258.41

266.9
270.10
271.9
275.3
291.8

293.28
298.4
301.70
302.86
316.76

318.9
326.45
336.2
340 ~ 1

342.1

0.10
2.63
3.69
0.98
2.60

1.54
1.63
0 ~ 91
0.51
0.54

2.39

3.54

5.45
0.85
1.52

0.131
2.98
0.89
2.8

1.00

1.93
0.18
0.84
3.61
1.52

1 ~ 32
2.31
0.285
0.264

0.250

+ 0.08
+ 0.17
~ 0.12
~ 0.05
+ 0.07

+ 0.10
~ 0.06
+ 0.09
+ 0.03
+ 0.06

+0 ~ 12
~ 0.05
+ 0.09

+ 0.010
~ 0.25
+ 0.07
~ 1.5
~ 0.25

~ 0.06
+ 0.02
~ 0.38
+ 0.20
+ 0.09

~ 0.07
+ 0.19
+ 0.013
~ 0.017

'53pm
"Nb
"Mo

105Tc
141Ce

iosRu
139B

'09Ru
'4'Nd
146( e

"'xe
132Te

'35xe
142B
"'xe
93Y

106Tc
134Ig

Rh
14sCe

143( e
113Ag

14Spr
107Rh

146( e

105Rh

"'Rh
115Ing

Pm

111Ag

15 +3
90 ~2
90.7 + 0.6

(11 +1) d

48.2 + 0.3
28 *7
22 *4
unknown
25.9 ~1.3~
20.5 + 3.2

50 ~6

88.2 + 0.2

90 ~3
20.0 + 1.8
31.5 ~1.3

6 ~ 8 +0.4
56 +3
79 *3
unknown
unknown

43.4 + 2.0
9 +1'

unknown '

65.9 ~4.6
52.5 + 5.7

19.2 + 0.2
~7k

45.9 6 0.1
22.3 + 0 ~ 5

6.7 ~0.5

324
15
2.38 E5
456
2.81 E6

270
4962
34.5
6228
834

39.7

2.75 E5

32 760
636
850

36 900
36
230
ll
48

1.19 E5
19330
140
1302
834

1.28 E5
80
16 160
1.03 E5

6.46 E5

(short)
3
15
36
14 040

5
570
1.4
138
11

2.3

23 800
1.7
6.5

446
9.5
(short)
1.6
1.3
840
90
48
252
11

15 984
34
1.93 E5
746

19840

0.67
2.34
4 ~ 10
(S.9
5.38

5.5
6.6

1.94
2.68

4.01

6.06
4.24
4.83

1.93
5.32
1.12

4.40
(2.0

5.5
2.88

6.03
3.73
0.57
1 ~ 18

3 ~ 7

~ 0.54
*0.18
+0 ~ 13
+0.9) '
+ 0.16

*0.7
+ 0.11

+ 0.24
+ 0.46
+ 0.32

~ 0.19
+ 0.53
+ 0.10

~ 0.24
*0.3) d

~ 0.32
+ 0.52
+ 0.03'
~ 0.08

+ 0.9

343.67
346.38
357.95

364.5

373.8

381.35
397.44
402.59

407.58

453.S9

0.569 + 0.042
1.14 ~ 0.14
5.94 + 0.21

2.59 + 0.07

2.0 + 0.2

1.60 + 0.13
3.94 + 0.1S
0.251 + 0.018

0.835 +0.054

1.28 + 0.09

141B
103Tc
104Tc

"oRh

136Ig

144L
7Kr

133Te

146pr

14.2 + 1.2
16.3 ~3.0
89 +5

82.5 + 0.4

unknown

99.8 ~5.5
90 y5A

49.5 + 1.6
32.7 6 0.4

48 ~3

1096
50
1086

6.94 E5

44.8
42
4579

745

1440

25
67
60

1.08 E5
16

17.5
1
56

(3324)
834

4.01
7.0
6.67

2.82

1.53
4.31
0.50

2.00

2.66

*0.45
+ 1.6
+ 0.42

+ 0.08

~ 0.14
~ 0.31
*0.04

*0.16

455.51
469.4
475.22
482.15
487.0

1.52
1 ~ 23
0.362
0.276
2.44

+ 0.24
+ 0.30
~ 0.042
+ 0.018
+ 0.07

137Xe

"'Ru
102Tc
12sSn
140La

31 +3
18.0 + 0.7
6.25 + 1.0

62.3 + 6.2
43.0 +1.4

229
15 984
5.3
3546
1.15 E5

25
456
660

1.11 E6

4 9
6.64
5.8
0.44
5.68

*0.9
*0.31
+ 1.2'
+ 0.05
+ 0.25
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(ke V)

Yield per
100 fissions

TABLE II. (Contin, ued)

Assigned Gamma-ray
fission product branching ratio (%)

Ti/2
(s)

pi~2 {parent) Cumulative fission
(s) product yield (%)

497.1
526.6

529.97

531.0
537.60
555.6

5.62
1.12

+ 0.17
+ 0.07

4.83 + 0.15

0.31 *0.09
1.31 *0.04
0.714 ~0.025

"'Ru
135Xe*

133I

14?Nd
140B
91Y

90.9 ~ 0.7
81 +1

87.3 + 0.2

13.1 ~0.8
24.4 + 0.2
95.1 + 0.1

3.40 E6
939

74 880

9.56 E5
1.11 E6
3000

50
23 800

65.5
34 680

6.18 + 0.19
1.38 + 0.07

5.39 ~0.16

2.33 ~0.17
5.39 + 0.16
0.686 + 0.023

558.0
566.08
590.24
590.88
600.5

602.35
617.4
622.2
641 ~ 29
657.9

0.215
0.738
0.68
1.11
0.09

2.61
1.44
0.558
2 ' 73
3.16

+ 0.060
+ 0.033
*0.13
*0.09
+ 0.04

~ 0.15
~ 0.05
+ 0.022
~ 0.10
+ 0.09

114Ag

134Te

93sr
"1Mo
13?I
140 Cs
112Ag
106R}1
142L

9?Nb

12 +3 I'

18.8 + 1.0
73 +8
19.4 + 1.0
6.8 +2.3

72 k3
42 +5
9.8 +0 ~ 5

52.5 +2.5
98.34 + 0.11

4.5
2508
446
887
24.5

65.5
11300
30
5580
432

144
11
6
7
4

13.6
75 600
3.17 E7
636
60 840

1.8
3.92
0.93
5.70
1.2

(3.47
3.42
5.7
4.67
2.99

~ 0.7'
*0.27
+ 0.20
+ 0.52
*0.7
+ 0.25)
+ 0.43
yp 4I
~ 0.28
~ 0.09'

667.76
685.7

697.05

724.30
724.3

4.11 ~ 0.13
0.160 + 0.012

1.79 + 0.10

3.23
2.37

132I
"'Sb
132Sb
132Sb g

105Ru

45Ce

98.7 *0.1
36.6 +0.5
86 +4
99.5 ~0.2
48 *1
68 ~5

8222
3.33 E5

15 984
180

2.75 E5
7560

40

456
30

4.16 + 0.13
0.426 + 0.034

1.83 + 0.15

6.53 + 0.25
3.04 6 0.27

743.4
754.0
754.0
756.7
765.8

2.64
0 ~ 590
0 ~ 086
1.28
2.27

+ 0.10
*0.043
~ 0.009
+ 0.11
+ 0.07

"zr
128Sb g

128Sb

"zr
"Nb

97.96 ~ 0.06
99.75 + 0.15
99.75 + 0.15
54.6 + 0.5
99.82 + 0.01

60 S40
600
32 580
5.53 E6
3.02 E6

4
3546
(short)
618
5.53 E6

2.69
0.59
0.09
2.35
2.28

+ 0.20
~ 0.04
+ 0.01
+ 0.19
+ 0.07

812.8

839.52
839.52
852.2
884.31

912.7
918.74
934.4

973.9

1024.3 0.390 + 0.017

0.478 + 0.019

0.799 ~0.042
0.94 + 0.10
0.199 + 0.013
3.90 + 0.14

1.80 + 0.07
0.946 + 0.037
1.00 ~ 0.05

1.97

129Sb

130Sb

130Sb g

131Tew

134I

133Teg

94Y

"'Sb
'"Sb
132Sb*

"Sr

45.0 +4.5

99.8 +0.1
99.8 + 0.1
21.3 +0.9
65.3 + 1.0
62.8 + 2.6
56 +3
44.0 +4.4
99.9 ~0.1
99.9 ~0.1
33.5 + 0.7

15 550

2400
390
1.08 E5
3156

3324
1122
1382

34 680

132
450
102
222
1382
2508

150
75
63

40

1.18 + 0.06

1.06 + 0.12

0.799+ 0.042
0.94 ~0.10
0.93 *0.07
5.97 +0.23

2.72 + 0.16
1.61 + 0.11
2.24 ~0.24

1.94

1031.9
1048.1
1072.5
1096.2

1114.3

0.591
0.100
0.812
0.40

0 ~ 130

~ 0.040
~ 0.004
+ 0.055
+ 0.06

+ 0.015

"Rb
36CS

134I
133Sb

"'Sn

58
79.8 x 0.9
15.3 ~0.8
unknown

29.8 6 3.3

909
1.13 E6
3156
150

7560

190
shielded
2508
2

0 ~ 82 + 0.09
0.125 R 0.006 '
5.31 + 0.45

p 44

1131~ 5
1180.6
1230 ~ 7
1260.4
1283.23 "

1.25 + 0.04
0.176 + 0.007
0.0379+ 0.0046
1.625 + 0.050
0.552 + 0.065

135I

151Nd

156Eu
135I

139Cs

22.8 + 0.5
15.3 + 1.0
8.46 + 0.60

29.0 +0.4
7.7 +3.1q

23 796
746
1.31 E6
23 796
570

18
4
33 840
18
4p

5.48
1.15
0.44
5.60
6.8

+ 0.22
~ 0.05
+ 0.06
+ 0.19
~ 2.8

1313.0
1383.9
1428.3

1.23
1.18
1~ 50

~ 0.28
+ 0.04
+ 0.13

136I
92Sr
94S

68 +1
90 ~10
95.4 + 0.4

83
9756
75

17
4.5
2 ' 7

1.8
1.31
1.52

+ 0.5
~ 0.15
+ 0.14
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TABLE II. (Continued)

Ey
(keV) ' Yield per

100 fissions
Assigned Gamma- ray

fission product branching ratio (%)
Ti/2
(s)

Tf/2 (parent) Cumulative fission
(s) product yield (Q)

1435.9
1525.4

1596.6
1768.2
1836.0
1897.6

4.36 + 0.29
0.36 + 0.05

5.33 + 0.16
0.798 ~0.047
0.140 2 0.011
0.043 R 0.012

138( s
146Pr

140L
Xe
Rb
Br

76.3 + 1.6
18.3 + 2.2

95.4 ~0.08
16.7 + 0.7
21.4 + 1.2
14.9 ~1.8

1932
1440

1.15 E5
850
1067
1908

850
834

1.11 E6
6.5
10 296
200

5.71 + 0.38
1.97 ~0.35

5.58 + 0.17
4.78 + 0.34
0.58 +0.06'
0.29 + 0.09

Values given to 0.01 keV taken from Borner et al. , Ref. 26. Values given to 0.1 keV taken from Table of Isotopes,
Ref. 27, except as indicated.

Values taken from Table of Isotopes, Ref. 27, or our previous evaluation, Ref. 12, except as indicated.
Estimated from data of Smither et al. , Ref. 28, and the evaluation of Kroger and Reich, Bef. 29.
Values in parentheses may be in error. See text for discussion on these results.' Hansenet al. , Ref. 30.
Franz and Herrmann, Ref. 31.

& Schneider et al. , Bef. 32.
Bjornstad et aE. , Bef. 33.

' Uncertainty estimated from data of Matumoto and Tamura, Ref. 34.
' Recent results of Ikeda et al. , Ref. 43, indicate the existence of two Pr isomers having half-lives of 2.3 and 2.0

min and having different branching ratios for the 302-keV transition. The separate contributions could not be determined
for the present data.

"Uncertainty estimated from data of Fettweis and del Marmol, Ref. 35.
Branching ratio from Harmatz, Ref. 36; uncertainty estimated from data given in Harmatz, Ref. 36.
Estimated from data of Niizeki et al... Ref. 37.

"Estimated from data of Skarnemark et al. , Ref. 38.
Estimated from data of DeFrenne et al... Bef. 39.
Branching ratio from Blachot and Fiche, Ref. 40; uncertainty estimated from data given in Kim, Ref. 41.

"Lee and Talbert, Bef. 42.
' Cumulative fission yield of parent ("5Cd, 02Mo, ~ Cd, ' 6Ru, Zr, Kr).
' Independent yield.
' Branching ratio from Summerer et al. , Ref. 44; uncertainty estimated from data of Summerer et al. , Ref. 44.

sion product for each A between 84 and 156 but
were not successful for A=85, 86, 96, 98, 100,
116-126, 150, 154, and 155 because either the
half-life of the searched for fission product was
too short or else unambiguous gamma-ray assign-
ments simply could not be made. For example,
the 133-keV gamma ray from decay of '"Ce was
masked by the much stronger 133-keV transition
following n decay of ' 'Cm. Data reduction for
'"Xe and '"Xe*was comprised by the slow non-
radiative loss of these noble gases from the sam-
ple, the rate having been measured previously"
as a loss of about 50% in 9 days, slow enough not
to affect measurements for the heavier Xe isotopes
reported in Table I, but fast enough to render data
reduction unreliable for '"Xe and "'Xe*.

DATA ANALYSIS

To determine the yiel. d C of a given fission pro-
duct required knowledge of the nuclear proper-
ties, 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 II. Many of these data had been evaluated

for our '"Pu measurements, "and most of the re-
maining data were obtained from the most recent
Table of Isotopes. " For a few cases a reference
to more current measurements" " is quoted.
Similar tables of fission-product nuclear data have
been given by Theirens et al. ,"'""but without
uncertainties which are required for uncertainty
assignments to the deduced fission yields. Netha-
way et al."and Nagy et al."have also tabulated
nuclear data to be used in fission yield determin-
ations.

There were several gamma rays which were
reliably assigned as decay of particular short-
lived fission products for which absolute branching
ratios are unknown. In these cases onl. y the ex-
perimental gamma-ray yield/fission was deter-
mined and is reported.

The final column of Table II gives the deduced
cumulative fission yields for the fission products
listed in column 3, except for "'Cs (an indepen-
dent yield), except for those fission products for
which the branching ratio B is not known, and ex-
cept for those fission products for which the par-
ent half-life is much longer than the daughter half-
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life and data were such that the contribution due to
independent creation of the daughter could not be
determined. For the nuclides given in Table I,
the least-squares calculation provided not only the
independent yields but also the cumulative yields,
and the latter had smaller absolute uncertainties
than the former for most of the data. For data
requiring application of Eqs. (3) and (4) estimates
of the parent contribution were made from a graph
plotting the fractional yields of Table I as a func-
tion of Z —Z«~ as discussed in the next section.
The uncertainties quoted for the cumulative fis-
sion yields in the last column of Table II include
all of the uncertainties quadratically combined ex-
cept the -7.7% overall normalization uncertainty.

As noted in the report" on '"Pu fission yields,
a problem with the determination of fission-pro-
duct yields in the present manner is the reliance
on nuclear data, particularly branching ratios,
which could be in serious error. The latter situa-
tion appears to be the case for '"Pr. The eval-
uated branching ratio in the Table of IsotoPes" is
(90.9+0.4)% and the half-life is 2.3 min. Recently,
Ikeda et al. ,

"published results showing the crea-
tion of two isomers of '"Pr in '"U fission. For
one isomer the half-life is (2.27 + 0.04) min and

the 302-keV transition has a branching ratio of
=60%' for the other isomer the half-life is
(2.0+0.1) min and the 302-keV transition is =100%.
It is impossible, therefore, to determine the '"pr
yield from the present measurement of the yield/
fission of the 302-keV gamma ray. Consequently,
we were not able to obtain an A. =148 chain yield.
Gamma-ray branching ratios for other short-lived
fission products were similarly investigated if
either the absolute value for the branching ratio
was not available in the literature or else was in
doubt. In the next section results and discussion
for 22 gamma rays are given. To conclude this
section, we report that the nuclear data in Table
II have been subjected to careful review, and given
the present state of knowledge, appear to be cor-
rect.

DISCUSSION

Necessary to complete the task of determining
chain mass (A) distributions are the charge dis-
tributions for all mass chains. These would be
very difficult to obtain experimentally. Studies4"
of representative data particularly for nfl+
and '"Cf(s.f. ) indicate that the charge distribution
for a given A may be represented by a Gaussian
distribution having a most probable charge Z~(A}
and a width parameter o(A); the fractional cumula-
tive yields of fission products for a given A are
related by

Z„cn(A) =(Z~/A~)(A+ v„) . (7)

Z~ and A~ are the charge and mass, respectively,
of the fissioning nucleus, and v„ is the number of
neutrons emitted by the corresponding fission
fragment and is estimated" from

v„=0.53 1v+ 0.062 (A„—143},
v, =0 531v+0.062(A, +143-A~),

(sa)

(Sb)

for heavy and light-mass fragments where v is the
average number of neutrons emitted during fission.
For "'Cm thermal-neutron fission" v =3.832(+1%).
Fractional cumulative yields determined from the
present data are shown in Fig. 4 plotted on a pro-
bability scale versus Z —Z«~. The solid points
indicate data derived from a least-squares analy-
sis using Eq. (1), and the open circles indicate
values obtained from separate determinations of
parent and daughter nuclides, and have generally
larger error bars. Four lines are shown in this
figure, including one showing results4 of analysis
for n,„+"'U fission and one showing results of
analysis of '"Cf spontaneous fission. The slopes
of these two lines are essentially the same, cr

=0.6. The present data for the heavy masses are
reasonably well represented by the '~Cf curve; to
get a slightly better fit, we assumed o =0.6 and
obtained the heavy solid line. The heavy dashed
line was estimated to represent the light-mass
data assuming o =0.6. The separation of - one
unit in Z«~ between the heavy dashed and heavy
solid lines is in agreement with the estimate of
Wahl et al. ,"based on other fissioning systems.

Recently, Gindler' has discussed the problem
of determining the number of neutrons emitted as
a function of fragment mass for several fissioning
systems, including n~„~+' 'Cm. For the purpose
of the present report, we note that the number of
neutrons emitted by a fission fragment computed

8+1/2 (n Z )2
F(Z) = »~ exp ~ dn . (6)o 2w)"' 20'

Analyses4" of representative data sets for several
fissioning systems indicate o =0.6 will give satis-
factory results when used in Eq. (6). These analy-
ses also indicate that, at least empirically, one
may relate Z~ for different fissioning systems. "
In actual practice, there are rarely sufficient data
to obtain Z and o values from Eq. (6) for each A.
Instead, an approximation to Z~(A) is computed
using, e.g. , the unchanged charge distribution
(UCD) hypothesis, "an hypothesis that assumes
that no redistribution of charge occurs during fis-
sion and which was first suggested to explain high-
energy fission. ' Then such fractional cumulative
yields as have been determined are plotted versus
(Z —Z„co). In this hypothesis
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ues for chain yields are given in Table III in the
columns labeled "Measured. " The columns labeled
"Inferred" are estimates based either on previous
measurements'" or best guesses from interpola-
tions of the measured values. A 20% uncorrelated
uncertainty was assigned to individual inferred val-
ues obtained from the interpolation. The separate
columns were summed as indicated at the end of
the table, and the measured sums were added to
the inferred sums ~ The quoted relative uncertain-
ties were combined quadratically, which may
underestimate the uncertainties quoted with the
sums. The "Total" sums are very close to 100%
for the total light-mass and for the total heavy-
mass yields. There are very satisfactory results,
well within the rather large 7.7% experimental un-

certainty associated with determination of the
number of fissions.

A. Comparisons of cumulative fission yields

Z- Zuco

FIG. 4. Fractional cumulative yields for thermal-
neutron fission of Cm plotted on probability scale
versus &- Z„cD. The heavy-mass data are well repre-
sented by the heavy line on this figure. The fact that
the heavy line is linear in this representation means
that the Gaussian width parameter for Eq. {6) is inde-
pendent of A. Two light lines labeled 35U and Cf
indicate similar analysis for n,„+ 3 U and Cf (s.f.),
respectively. There are only two data available for
light masses, and the heavy dashed line indicates the
best estimate under these circumstances for the de-
pendence of the fractional cumulative yield on &- &UcD.

using Eq. (8a) or (8b) approximates closely the
number determined by Gindler" for the import-
ant mass regions. Using p„determined by Gindler"
would not appreciably alter the results shown in
Fig. 4 ~

Having thus determined a reasonable represen-
tation of charge distribution applicable to the
heavy masses, and assuming that the light masses
are satisfactorily represented by the dashed line
in Fig. 4, the fission-product yield data of Table
II were analyzed to obtain the best values for total
chain yields. When only one isotope of a given
mass chain was studied, its fractional. cumulative
yield was determined from Fig. 4. For example,
for '44La, (Z —Z„co) =-0.13, and the fractional
cumulative yield from Fig. 4 is 0.945. Hence the
A =144 chain yield is -6% larger than the fission-
product yield for '44La. For those A for which
there were several fission products measured, or
several gamma rays for the same fission product,
a "best" value was determined by weighted averag-
ing including corrections for &1.0 fractional cumu-
lative yields as discussed for '"La. Derived val-

245 ( f)24s 1.
R„, (Noq)„,

(9)

for each separate activity, where (Nv&) represents
the number of fissions created in the sample. The
ratios of activities, R„,/R„„are the prime ex-
perimental data in these experiments, and the re-
ported' ' measured uncertainties on these ratios
are small ~ Reported uncertainties in the ratio
of the (No&) are likely underestimated; however,
they affect only the total normalization and, as
discussed above, may not be important. The val-
ues of and uncertainties associated with the Y»,
are the most important. In fact, one difficulty in
comparing the separate data sets' ' is associated
with the slightly differing values for individual

Y», and AY235 used by the several authors. How-

ever, overall the values of Y». used are not very
different from those in current evaluations. "'
In Table IV we present the data deduced from the
present experiment for comparison with the data
from prior experiments as originally reported.

Some care should be exercised in comparing the
data sets in Table IV. The uncertainties asso-
ciated with the ANL data set' appear to be absolute
total uncertainties, including normalization un-
certainty. The Savannah River Laboratory (SRL)

As mentioned in the Introduction, prior measure-
ments of fission yields for n, „+"'Cm utilized the
comparison method for determining fission-pro-
duct yields. The technique is to irradiate samples
of '"Cm and "U simultaneously, and then to de-
termine individual fission product activities R from
each sample in as nearly identical manner as pos-
sible. One then obtains the yield for the "'Cm
measurement, Y,4„ from this technique by cal-
culating
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TABLE III. Chain yields (%) for thermal-neutron fission of Cm.

Measured Inferred Mass Measured Inferred

~83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

116-121

Sums

0.29 + 0.09

0.50 + 0.04
0.58+ 0.06
0.82 + 0.09
1.15 + 0.28
1.18 + 0.07
1.31+ 0.15
1.93 6 0.19
1.68 + 0.12
2 ~ 31+ 0.08

2.92 6 0.10

4.10+0.13

5.70 6 0.52
5.8 + 1.2
6.19+0.14
6.67 + 0.40
6.43 + 0.21
5.7 + 0.4
5.5 + 0.5
5.8 ~1.5
3.76 + 0.52

3.7 ~0.9
3.49 + 0.43

2.4 + 0.9
0.57 ~ 0.03

80.48 + 2.62

1.0 ~0.50

0.31 + 0.04
0.37 ~ 0.10

2.55 ~ 0.51

3.45*0.69

4.80 + 0.96

3 ~ 95+ 0.79

2.02 + 0.50

0.46 + 0.20

18.91 + 1 ~ 69

122-126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

~157

0.426
0.68
1.06
1.94
2 ~ 82
4.19
5.39
5.81
6.34
6.30
5 ' 3
6.00
6.6
5 ~ 51
5.38
4.67
4.40
4.56
3.04
2.79
2.57

~ 0.035
+ 0.05
+ 0.12
+ 0.15
+ 0.08
*0.12
+ 0.16
+0 ~ 21
+ 0.16
+ 0.30
+ 1.2
+ 0.20
+1.2
+ 0.14
+ 0.16
+ 0.26
~ 0.24
~ 0.33
~ 0.27
+ 0.12
+ 0.13

1.94 +0.15

1.16 + 0.06
1.4 + 0.7
0.77 + 0.62

0.44 + 0.06

91.49 + 2.11

0.43 + 0.20

2.15 + 0.43

1.50 + 0.30

0.65 + 0.13
0.53 + 0.11

2.0 + 1.0

7.26 + 1.16

Total 99.39 R 3.12 98.75 + 2.41

Harbour and MacMurdo, Ref. 5, report (0.29+0.02) % for the yield of Kr*.
Value for Ag reported by von Gunten et al. , Ref. 6.

data set' includes uncertainties in the ratio mea-
surements and uncertainties in the Y235 used, but
not overall normalization uncertainties. The latter
were not given in their report. For the Bhabha
Atomic Research Centre (BARC} data set' normal-
ization was obtained by determining a complete
mass distribution curve (by refiection about sym-
metric fission) and normalizing to 200%. These
authors suggest the overall errors in their yield
data should be 5-10%. Since 5-10% is larger than
many of the AY, 4, given for the BARC data in Table
IV, it must be assumed that there is a minimum
overall normalization uncertainty of 5% associated
with these data in addition to the quoted uncertain-
ties. Relative errors are assigned to the present
values in Table IV and are comparable to relative

errors given for the previous measurements. ' '
The ANL, SRL, and BARC data sets are cor-

related through the Y235 and AY». and any averag-
ing procedure of these data sets should be cogni-
zant of these correlations. The present data are
not correlated with earlier data, except through
the use of '~'Cm fission cross sections, and even
these correlations may be unimportant since the
absolute normalization of these several data sets
relies directly or by inference upon good agree-
ment with a total of 200'P& for the mass yields. The
major conclusion from comparison of the present
data with prior data in Table IV is that all of the
data sets are in reasonable agreement for most
of the fission product yields within assigned un-

certaintiess.
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TABLE IV. Comparisons of cumulative fission product yields for thermal-neutron fission
of "'Cm.

Fission
product

"Kr
"Rb

Sr
92Sr
93'

95Zr

"Zr
"Mo

103Ru

"'Ru

106Ru

109pd
ii 1Ag
112pd

115Cd

12tSb
'2'Sb
131I
132Te
133(

135Xe
138Cs
139B
140Ba
141Ce

142La
143Ce

'4'Nd
'4'Nd
15ipm

56Eu

ANL (1967)

0.85+ 0.10'

2.40 + 0.30
3 ~ 10~0.35
4.18~ 0.40
6.27~ 0.90
5.78 + 1~ 20

5.75 + 1.40
5.23 + 0.6Q

3.63 + 0.70
1.60 + 0.40
0.41 + 0.07

0.57 + 0.09
1.42 + 0.30
3.18+ 0.40
4.41 ~ 0.80
6.01 + 0.70

5.70 ~ 0.70
5.20 + 0.70

3.85 + 0.60
2.60 + 0.5Q

1.97 ~ 0.40
1.35*0.35

0.25 + 0.06

SRL (1972)

0.61 + 0.04

1.11+0.02
1.25 + 0.11
1.75 + 0.11

2.36 + 0.06
3.00 + 0.06
4.09 + 0.12
5.85 ~ 0.42

3.93 ~ 0.20

2.90 + 0.08
3.85 ~ 0.09
5.52 6 0.08

6.27 + 0.30 g

6.01 + 0.22
5.52 *0.33
5.36*0.08
5.10+ 0.13

4.84 + 0.08
4.39 ~ 0.07
2.18 + 0.05

BARC (1979)

0.82 + 0.02
0.93 + 0.02

2.14 + 0.19
2.89 + 0.08
4.00
6.55 ~ 0.40

3.84 + 0.20

0.38 + 0.01

0.45 ~ 0.10

2.93 + 0.02
3.74 ~ 0.05
5.34+ 0.09

6.90 + 0.01

5.54 + 0.22
4.99 ~ 0.06

4.42 R 0.03
2.50 + 0.03

ORNL {1980}

0.58 + 0.06
0.82 + 0.09
1.18 ~ 0.06
1.31+ 0.15
1.93 ~ 0.19

2.35 ~ 0.19
2.92 ~ 0.09
4.10~ 0.13
6.18 + 0.19
6.43+ 0 ~ 21

5.7 +0.4
3.76 + 0.52
3.7 +0.9
3.42 ~ 0.43
0.57 ~ 0.03

0.43 ~ 0.04
1.06 + 0.12
2.82 + 0.08
4.01 ~ 0.11
5.39+ 0.16

6.06 ~ 0.24
5.71 + 0.38
6.6 + 1.2
5.39 + 0.16
5.38+ 0.16

4.67 + 0.28
4.40 + 0.24
2.57 ~ 0.13
1.94 + 0.15
1.18 + 0.08

0.44 ~ 0.06

Von Gunten, Flynn, and Glendenin, Ref. 6.
Harbour and MacMurdo, Ref. 5.
Ramaswami et a/. , Ref. 7.

d Data for 89S

Data for 9Rh.
Data for Xe.

~ Data for 5I+135Xe.
Data for 4 pm.

B. Comparison of independent fission yields

In Table V are data for independent fission yield
measurements compared with previously re-
ported data. '"" The present data are in good
agreement with ANL' and SRL' "data, but in
definite disagreement with recent BARC measure-
ments. " The discrepancy is of some concern be-
cause the BARC values suggest a much smaller
value for the Gaussian width parameter (o) for
A =135 and at the same time a much larger value
for this parameter for A =140 than o =0.6 ex-
pected from analyses of other fissioning systems.
If the BARC values are closer to true values than
the present data (due to some error in the present
experiment) for these fractional yields, then the

use of the data in Fig. 4 to determine the mass
yields in Table III from the fission product yields
in Table II could be in error for those cases re-
quiring a correction as described above for '"La.
In addition, the use of the results of Fig. 4 to es-
timate C~ in Eq. (3) when required could result in
incorrect values for C~, leading to an error in C»
using Eq. (4). We emphasize that the use of Fig. 4
for the present experiment is primarily for the
purposes just stated, i.e. , to determine fractional
yields when needed in the analysis of the data. Al-
though the present results as shown in Fig. 4 are
consistent with a constant width parameter o. and
with representing Z~(A) as a simple function of A,
they are not sufficient to specify that these are the
only descriptions of c and Z~(A). It has long been
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TABLE V. Comparisons of fractional fission product yields for thermal neutron fission of
'4'Cm.

Fission
product ANL (1967) SRL (1971) BARC (1980) ORNL (1980)

132Te
134Te
135I

136Cs
140B

0.16+ 0.03

0.94 + 0.01
0.59 ~ 0.07
0.83 + 0.02 0.951 + 0.014

0.969 6 0.006

0.948 2 0.005
0.68 + 0.02
0.854 ~ 0.006
0.13 + 0.01
0.994 + 0.003

' Von Gunten, Flynn, and Glendenin, Ref. 6.
b Troutner and Harbour, Ref. 10; Harbour, Troutner, and MacMurdo, Ref. 11.

Datta et a$. , Ref. 8; also Singh et a). , Ref. 9.
Ratio of Te to Te+I.
Independent yield of shielded fission product.

1= (G'Vo G) G'Vo D (10a)

yg ——(G' y G) (10b)

where V-, is the 2x2 covariance matrix of I. This
formalism is exact in the least-square's sense
since Eq. (1) is linear in I, and I, . This is the
formalism used to determine the fractional
yields and uncertainties given in Table I, and
the cumulative yields and uncertainties given
in Table II for the daughter nuclides in Table I.
In particular, the uncertainties quoted in Tables

suggested'" that for n~„„+"'U, o is not constant
and Z (A) is an irregular function of A, and that
there are odd-even effects. " However, even for
this mell-known reaction there are insufficient data
to determine all of the required Z (A) and c(A).

For n, h, & +"'Cm, the present experiment pro-
vides a substantial fraction of the known yield data
for this system, and these data are not sufficient to
provide any further theoretical insight than sug-
gested above. The present data are in good agree-
ment with prior measurements (Tables IV and V)
except for the fractional fission yields of '"I and
'~Ba. These discrepancies are too large to ignore,
in particular, since the measurements are quite
similar. However, the method of analysis of the
data by the BARC group is different from our
method. Our method is a least-squares calculation
using Eq. (1) as a basis. We indicate this calcula-
tion for "Ba—"La-'"Ce. Let I be a two-com-
ponent vector representing the initial concentra-
tions of '4'Ba and "OLa, namely I, =ng~('40Ba) and

I, =n&C~('4OLa) in Eq. (1). Let 5 be the n-compon-
ent vector representing the experimental gamma-
rayyieldsgivenby[(&/e)/B] in Eq. (1). Let Vo be
the n x n covariance array of these data. Finally
let Q be the 2xn array containing BD,/sI, Then"
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FIG. 5. Analysis of the decay of the &596.6-keV gam-
ma ray assigned to decay of ' La, indicating the initial
concentrations of ' Ba and '4 La. The data and calcula-
tions are plotted as ratios (see Fig. 3 for the conven-
tional plot) to enhance the vertical scale. Also shown
are two calculations for two other sets of initial concen-
trations.

I and II make use of the full covariance V-, de-
termination. In Fig. 5 we show results of analysis
of our '"Ba-'"La-'~Ce, E„=1596keV data,
plotted to exhibit comparisons of the data with
three different sets of initial conc entrations of
' 'Ba and '"La. Because these three sets of ini-
tial conditions are not very different (unlike the
data and calculations shown in Fig. 3), a ratio
representation was chosen. The data (given by
experimental points and uncertainties) and the
calculated curves are plotted as a ratio to the best-
fit calculation. Although application of Eqs. (10a.)
and (10b) result in a calculated initial '4'La frac-
tional yield of 0.6% (+34%), subjective appraisal
of Fig. 5 could support initial "La fractional
yields between 0 and 2% as being almost as likely
as 0.6%. However, the BARC value of (3.1+0.6)%
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and

Y =A exp(X, T)[1—e xp(-&,t,)] ' (12a)

exp (-Xl T}[1—exp(-A ~t,) ]
X —X~ A. —A~ exp(-X~T) [1 —exp(-X~f, )] '

where the symbol A in Eq. (12a) equals [(Y/E)/B]
in Eq. (1). Equations (12a) and (12b) are equivalent
to Eqs. (2) and (3}of Ref. 8 for short irradiation;
i.e. , t (of Ref. 8}-0 [except for a missing t in the
numerator of Eq. (2) of Ref. 8 which does not af-
fect the analysis or the results]. From Eq. (11)

and

I, =dY/dX (13a)

I2 = Y(X=0}. (13b)

To get the slope dY/dX and the intercept Y(X =0),
values of Y versus X are plotted, and a straight
line is drawn through the points. In actual prac-
tice, the slope and the intercept are computed us-
ing standard linear least-squares techniques. In

principle, such calculation should parallel that
given by Eqs. (10a) and (10b), where now the D

array will represent the 1' of Eq. (12a), and the 0
array has one column given by the X of Eq. (12b)
and the other column by a unit vector. The covar-
iance matrix Vo will be modified according to the
extra terms containing T and t, of Eq. (12a). We

point out that the standard method of determining
coefficients for linear least-squares regression
analysis is equivalent to using the formalism of
Eqs. (10a) and (10b) for which the covariance ma-
trix Vo is set equal to the identity matrix If this.
is what was done in the analysis of the BARC data
for '~Ba-" La-'~Ce, then the uncertainties in
the experimental gamma-ray yields were not in-
cluded in the analysis. Including the uncertainties
in the analysis would not only result in a larger

for the initial '"La fractional yield is not quite
consistent with the present measurements.

A possible explanation for the apparent difference
in the reported '"La fractional yields may be re-
lated to a subtle and generally unrecognized differ-
ence between the standard linear least-squares
data-reduction methods" and the least- squares
method given by Eqs. (10a) and (10b). The BARC
group' used a graphical technique, based upon the
linear functional dependence of I, and I,. If both
sides of Eq. (1) are divided by

exp(-X~T)[1 —exp(-X~t, )]

the resulting relationship I, and I, can be written as

Y =XI, +I2,

where the symbol "E'" has been redefined to agree
functionally with that used in Ref. 8. Then
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FIG. 6. Analysis of the decay of the 249. 8-keV gamma
ray assigned to decay of '~ Xe. This plot shows the re-
lationship between Y of Eq. 02a) and X of Eq. (12b).
The dashed curve indicates a calculation using a differ-
ent set of initial concentrations.

value for the uncertainty associated with the cal-
culated "La fractional yield than quoted in Ref. 8
but could alter the calculated yield as wel. l.

The discrepancy between the present results for
the ' 'I ' Xe Cs and the BARC resultss for
this decay chain appear to be too large to be ac-
counted for by the above explanation. To ensure
that the graphical technique does not contribute
to an unsuspected difference in the analysis, the
present data were also analyzed by this technique.
The results are shown in Fig. 6. In this figure,
which may be compared with Fig. 1 of Ref. 8,
the line is the "best fit" representation of the
plotted data, and when the slope and intercept
are obtained, the results for the "Xe fractional.
yield are the same as those in Table I. The dashed
line in Fig. 6 is one possible line which when sim-
ilarly analyzed yields 95'po for the '"I fractional
cumulative yield. The present data clearly do not
support this much larger value for the '"I fraction-
al cumulative yield. We have, therefore, care-
fully analyzed the complete 4 =135 data reduction
for a clue to the discrepancy between the two val-
ues for the '"I fractional cumulative yield.
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The relevant part of the decay chain for A =135 is
'"Xe* (T,» =15.6 min)

'b

's5Te +- 'ski 15/o I.T. (527 keV)

135Xe P 135Cs

We observed the 526.6-keV ganlma ray from the
decay of '"Xe* and obtained the fraction of "'Xe*
independent yield (see Table I) and the gamma-ray
yield/fission (see Table II). The additional com-
plication due to time dependence of the Xe ground-
state decay has in the past been assumed to be
negligible. "' We checked this aspect carefully by
determining the complete formula for the '"Xe de-
cay time dependence equivalent to Eq. (1) (i.e.,
for short irradiation period) Fo.r T» T, &,

("' Xe*),
the correction to results obtained using Eq. (1)
due to the independent yield of "'Xe* is &0.5%.

Another possible correction, due to thermal-
neutron capture by '"Xe (o„„-3.6*10' b") during
the irradiation was investigated. During the ir-
radiation the total decay constant becomes

total decay capt ~ (14)

where N is the incident neutron flux. In our case
No-5 x Xdecay However, for Ptrrad 40 s, NAirra
-2 x10 4, and so the deduced independent yield of
'"Xe is not affected by loss of '"Xe by thermal-
neutron capture during the irradiation.

A third possible source of error is a nonradia-
tive loss of '"Xe from the source, e.g. , by diffu-
sion or escape through a pinhole. We have en-
countered this problem in the past. "'" We were
not able to extract results for the 81-keV gamma
ray from decay of 5.3-d '"Xe from the present
spectral data because of a large brompton contin-
uum from x rays following n decay of '"Cm. How-

ever, the '"Cm sample was prepared as nearly
identical as possible to the preparation of the
sample for the '"Pu measurements, "and in those
measurements the '"Xe nonradiative loss rate was
determined to be -50% in 9 days, a loss rate in

rough agreement with diffusion of Xe through the
walls of the polyethylene transport capsule. " It is
not likely that '"Xe escaped from our sample dur-
ing the -24 hours of measurements in sufficient
quantities to affect our results. But, if there
were '"Xe escape, this would reduce the apparent
independent '"Xe fission yield that we report. The
possibility of "'I escape was also studied pre-
viously" with negative results.

Finally, as a check on the internal consistency
of our results we compare the calculated '"I cumu-
lative fission yields determined from analysis of
the 527-keV decay of '"Xe* and 250-keV decay of
'"Xe with those determined from the prominent
1132- and 1260-keV gamma rays from decay of

'"I. These cumulative fission yields are as fol-
lows:

(a) FCY =5.48+0.22 for E„=1132keV,
(b) FCY = 5.60+ 0.19 for E„=1260 keV,
(c) FCY = 5.36 s 0.31 for E„=527 keV,
(d) FCY =5.19+0.23 for E„=250 keV.

The value (d) is the smallest, but not significantly
so, and could be due to the possibility that the
branching ratio (8) of (90+ 3)%'' for the 250-keV
gamma ray from decay of "Xe is too large.

In summary, the present measurements have
been thoroughly reviewed, and several likely
sources of error have been carefully scrutinized.
Qur fractional yield value for A =135 agrees with
the earlier SHL datum, ' "which agreement is
comforting but not sufficient to exclude completely
the possibility of an undetected error in the pre-
sent experiment. Resolution of this discrepancy
may await further experimental results.

C. Comparison of mass distributions

Derived values of chain yields are plotted in
Fig. 7 compared with curves representing evalua-
tions for "'Pu (Ref. 2) and '"Cf (Ref. 4). The re-
sults for the nt„+'"Cm measurements lie between
those for nt„+" Pu and '"Cf spontaneous fission.
The heavy mass distribution appears to be influ-
enced by the Z = 50 (Sn) and N=82 shell closures,
not as marked as for the '4'Pu fissioning system,
but much more apparent than for the '"Cf fission-
ing system. The light mass distribution may indi-
cate a weak contribution of the Z =40 (Zr) and N
=50 shell closures. It is also possible that the
present values indicate fine structure effects sim-
ilar to those observed for lighter fissioning sys-
tems.
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D. Absolute gamma-ray branching ratios

As mentioned at the end of the last section, be-
cause of concern for the accuracy of the nuclear
data required to deduce fission yields, all of these
data were scrutinized carefully. Particularly for
the short-lived fission products, newly available
results were included in the analyses, as indicated
by the footnotes of Table II. Having deduced mass
distributions assuming accuracy of the nuclear
data, it is reasonable to consider the inverse, that
is, to assume accuracy of the mass distributions
of Table III and then to deduce gamma-ray emis-
sion probabilities in the decay of given fission pro-
ducts. Because there are data available, the same
reverse analysis can be done for '"Cf (s.f.).
Wilhel. my's thesis" lists &500 gamma rays and
their half-lives and gamma rays/fission for '"Cf
(s.f.) for 41&E„&724keV. Many, but not all, of
these data were ascribed (sometimes tentatively)
to decay of specific fission products. The latest
Rider and Meek' evaluation includes recommended
cumulative fission product yields and uncertainties
for '"Cf. (s.f.) which may be combined with Wil-
helmy's gamma-ray yield data to determine
branching ratios for specific gamma rays.

All of these data are collected in Table VI for
22 gamma rays for short-lived fission products,
including four fission products (' Ru "'Rh, "'Rh
and '"Sb} for which absolute gamma-ray branch-
ing ratios have not previously been determined.
For the columns labeled "Present data" the gam-
ma-ray yields were taken from Table II, and the
mass yields were taken from Table III excePt for
mass yields deduced from gamma-ray data due to
decay of the fission product in column 1 for that
mass. For example, analysis for ' 'Rh is not in-
cluded in the "Present data" because the mass
yield for A=10'7 was deduced from data in Table II
for '"Rh. However, data exist in the '"Cf (s.f.)
compilation for ' Rh, and it is of interest to com-
pare the deduced branching ratio for the 303-keV
gamma ray with that given in Table II and used in
the present A, =107 chain yield analysis. The data
in the column labeled "Estimated FCY" were ob-
tained from the fractional cumulative yield curves
in Fig. 4. The sixth column givesthededucedgam-
ma-ray branching ratios. For the '"Cf (s.f.} analy-
sis, the seventh column gives data from the tabu-
l.ation in Wilhelmy's report" when it was identified
in that report, or when it was apparent from the
measured half-life, that an unidentified gamma ray
was almost surely from decay of the chosen fis-
sion product. The eighth column contains the Rider
and Meek' recommended yields for the specific
fission products. The ninth column contains the
deduced branching ratios. The last cot.umn of

Table VI gives the branching ratios in the Table
of IsotoPes. " Some are the results of evaluations
by one of the seven authors of the Table of Iso-
toPes; others (in column ten) are the results of
the most recent, or else the preferred, experi-
ment; a few are estimates.

For the four isotopes mentioned at the beginning
of the last paragraph, the best agreement between
the ' 'Cm and the '~Cf analysis occurs for "'Rh,
and an average of these two results suggests a
branching ratio for E,= 373.8 keV to be (51 + 8) /g.

For "'Rh the uncertainty associated with the "'Cm-
derived branching ratio is very large; the '"Cf-
derived branching ratio is suggested. For ' 'Ru,
the two branching ratios plus uncertainties just
overlap. An average of these results suggests a
branching ratio of (26 s 6)/p for E„=206.2 if the
206.2-keV gamma ray belongs to decay of ' Hu as
suggested by Franz and Herrmann. " A difficulty
with this assignment is that this gamma ray is not
reported at all in the experiment on the decay of
'"Ru by Fettweis and del Marmol. " For '"Sb, the
"'Cm-derived value is preferred until a more de-
finitive study on this nuclide is performed.

CONCLUSION AND RECOMMENDATIONS

The goal of the present experiment was to pro-
vide a large body of data on fission-product yields
for thermal-neutron fission of '4'Cm. More data,
in particular the results given in Table I for in-
dependent yields of daughter nuclides, were ob-
tained than had been originally anticipated. The
strong points of the present experiment follow:
(a) lt is essentially an independent measurement
having only the ' 'Cm fission cross sections in
common with prior experiments; and (b) since
chemical separations are not used, relative nor-
malization uncertainties among yields for different
fission products are reduced. Although the basic
spectral data, as exhibited in Figs ~ 1 and 2, appear
quite complicated, for most of the gamma rays
given in Table II data reduction was not unusually
difficult, and the observed deviation of an individ-
ual datum generally was smaller than expected
statistical fluctuations. The major weakness in
determining fission yields by this technique is the
need to rely on nuclear data, and as indicated sev-
eral times above, such data need to be carefully
reviewed. Continued improvement in accuracy and
precision of nuclear data should be encouraged.
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