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Ratios of Independent Yields of the Isomers Te"'-"'" and Te"'-"'" in Fission*
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(Received 2 December 1964)

The independent yield ratios of (30-h Te"'~)/(25-min Te"') and of (53-min Te'@~)/(12.5-min Te'ts)
were measured in the following types of 6ssion U"' with thermal neutrons, and Th'" and U"' with 18-MeV
deuterons and with 33-MeV He4 ions. The fractional independent chain yields of the isomers were measured
by determining the growth curves of the daughter iodine activities extracted at successive time intervals
from aliquots of samples containing tellurium activities quickly separated from fission induced in short
irradiations, and correcting for contributions from precursors. The. isomer-yield ratios for independent
formation for 30-h Te'»~/25-min Tersr and for 53-min Ter»~/12. 5-min Te'w, respectively, are as follows:
1.8+0.4 and 1.55+0.5 for U23'(noh, J'), 33%0.5 and 2.8&1.7 for Th23'(Of33, F), 2.7&0.5 and 1.tp'&0.9 for
Th~'(d&8, F), 5.0&1.0 and 3.1~2.0 for U"'(at33 F) and 3.3+0.5 and. 1.8&1.1 for U~'(dl8, E).The fractional
independent chain yield of Ters'~+Te"' was measured as 0.124+0.014 for U"'(Nqh F) The f.raction of
decay of Sbrs' to Te'+~ was measured and found to be 6.8+1%.On the basis of the measured isomer ratios,
the intrinsic spin of the primary fragment (leading by the emission of neutrons and p rays to the secondary
fragments studied) was estimated. The calculations indicate that in thermal-neutron 6ssion, an appreciably
larger spin (~5A) than that of the compound nucleus must be assigned to the heavy primary fragment in
order to explain the observed isomer ratios in Te"' and Te'33. Similar reasoning in the 33-MeV He4-ion
fission of Th"' indicates that the primary fragment must be given an intrinsic spin value roughly 7A.

I. INTRODUCTION medium- or high-energy fission. Due to the short
P -decay chains in these cases, independent isomer
ratios could in some cases be determined directly or
inferred from cumulative-yield measurements. A trend
of increasing high-to-low-spin isomer ratio with in-
creasing energy of the bombarding particle is observed.
This result is to be expected because the amount of
angular momentum deposited in the compound nucleus
increases with increasing energy and mass of the pro-
jectile. No independent yield ratios in thermal neutron
fission have been published in detail.

In this work the isomer ratios of Te"'"/Te'" and
Te'""/Te"' in thermal neutron fission of U"' were
measured and compared with the results from medium-
energy charged-particle-induced fission, The charged-
particle reactions chosen" were Th"'(n», F) [leading to
the same compound system as U"'(tt, h,F)j,Th"'(die, F),
U"s(rrss, F), and U'"(dis, F). The fraction of p decay of

b131 to Tel3119s was measured because knowledge of th
quantity is required for the calculation of the inde-
pendent Te"'"' and Te"' yields.

' ~[URING the past few years efforts have been made
to obtain information on the distribution of

angular momentum in the 6ssion process. A measure of
the orbital angular momentum between the 6ssion
fragments is obtained from angular distributions of the
6ssion fragments. ' ' From these measurements it is
indicated that, in general, a small fraction of the angular
momentum of the compound nucleus is distributed as
orbital angular momentum between the fragments for
low or medium energy neutron, deuteron, or helium-ion
fission. The rest of the angular momentum should appear
as intrinsic spins of the two fragments.

A more direct measure of the intrinsic spin of the
fragments can in principle be obtained from measure-
ments of the ratios of yields of isomers of the fragments.
Relatively few careful measurements of this type have
been done. ' " Most of the work reported refers to
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II. EXPERIMENTAL PROCEDURE

A. Irradiations and Bombardments

Targets of 200 mg of natural uranium as ammonium
uranyl carbonate were irradiated in the thermal neutron
Qux of the MIT reactor. Use of the pneumatic tube
system made possible quick access to the irradiated
samples, which were available for chemical operations
within j.s to 25 sec after the end of the irradiation.

For the charged-particle experiments, foils of natural
' I. F. Croall and H. H. %illis, J. Inorg. Nucl. Chem. 24, 221

(1962).
"H. Karhanek and R. Vandenbosch, J. Inorg. Nucl. Chem.

26, 669 (1964).
'2 Il refers to 6ssion and the subscript to the energy of the pro-

jectile in MeV or "th" for thermal.
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uranium (137 mg/cm') and thorium (70.9 mg/cm') were
bombarded in the external beam of the Brookhaven
National Laboratory cyclotron. The reduction of the
energy of the deuteron and He4-ion beams by the target
wrapping and the target foils was determined from
range-energy curves. "The average energies of the deu-
terons and He' ions causing fission in the reactions
U"'(d, F), Th23'(d, F), Th"'(n, F)) and U23'(n, F) were
18.1, 18.6, 33.3, and 33.4 MeV, respectively.

In the thermal neutron experiments, the irradiation
times were 45 sec; in the deuteron experiments, 10 to
20 sec; and in the He4-ion experiments, 1 min.

B. Chemistry

Branching Ratio E-xperi ments

The branching fraction of Sb"' decaying to Te'"
was measured in experiments in which antimony was
cleanly separated from tellurium, tin, and iodine ac-
tivities of freshly made fission products. Prom the
antimony in solution, the granddaughter I'" was ex-
tracted at appropriate growth times, and the growth
curves were constructed after correction for iodine
chemical yield.

The irradiated ammonium uranyl carbonate samples
were dissolved in 40 ml of concentrated HCl containing

20 mg Sb(III), 10 mg Te(IV), 10 mg Te(VI), 20 mgI, and 20 mg Mo(VI) carriers in a separatory funnel.
Oxidation was achieved by adding 5 ml of 5% NaOC1
solution, followed by extraction with 20 ml of isopropyl
ether saturated with concentrated HCl. The antimony
was back-extracted as Sb(III) by shaking with 10 ml of
15% hydrazinium hydrochloride (N2HSC1-HC1) solution
containing 50 mg KSCN. The aqueous phase was
washed with 10 ml of isopropyl ether; then 10 mg of
mixed-valence tellurium carrier was added, and the
solution was boiled. The precipitated tellurium was
filtered and discarded, and the separation time was
taken as the middle of the filtration. The filtrate con-
taining the Sb(III) was collected in a 100-ml volumetric
Bask containing 200 mg I in alkaline solution. From
aliquots of this solution, I2 was extracted at appropriate
times by the standard CC14 extraction methods" and
counted for I"'.

Isomer Ratio Experiments-

The tellurium isomer ratios were determined in ex-
periments in which tellurium was quickly separated
from fission products, free from antimony and iodine
activities. This was done by dissolving the target
material in boiling 3M' HCl solution (15 ml) containing
20 mg each of Te(IV), Te(VI), I, and Sb(III). To the
target solution, 5 ml of a 15% solution of N2HqC1-HC1

was added, and SO2 was bubbled through to precipitate

"M. Rich and R. Madey, University of California Radiation
Laboratory Report UCRL-2301, 1954 (unpublished).

' J. Kleinberg and G. A. Cowan, NNclear Science Series Report
NAS-NS 3005 (National Academy of Sciences-National Research
Council, 1960), p. 31.

elemental tellurium. The reaction vessel, with fritted
bottom, was connected with a bell-type vacuum-filtering
apparatus in which a 100-ml volumetric Bask collected
the filtrate without intermediate transferring. The
tellurium separation time was taken as the middle of
filtration. The elemental tellurium was dissolved in
aqua regia after three washings with 3' HCl solution.
From suitable aliquots of this solution, containing 200
mg I carrier and kept alkaline, I2 was extracted" at
appropriate times. These samples containing the iodine
carrier as I, were kept for about 50 h, then boiled to
expel the xenon activities formed, and promptly counted
for I"' and I'". Data were taken for times of about 5,
10, 18, 35, 70, and 140 min, and at five more times up
to 300 h, after tellurium separation.

In the thermal neutron experiments the tellurium
separation times were between 1 and 1.5 min after the
end of irradiation. In the charged-particle experiments,
separation times were from 3 to 4 min, due to foil dis-
solution problems. The longer times in the latter case
could be tolerated, however, because of the higher Te'"
and Te'" fractional chain yields in the charged-particle
cases.

C. Counting

The method applied here was the construction of the
integral growth curve of I"' and I'" obtained in the
decay of the two isomeric pairs Te"', Te"' and Te'",
Te'". The counting of the iodine samples was chosen to
provide only two-component gross decay curves (with-
out perturbation from 12-day Xe"'m 5.3-day Xe'"
2.3-day Xe'"" and 9.1-h Xe"'). A few hours after the
separation of iodine from tellurium, the main radiations
come from 6.7-h I"', 20.8-h I'", and 8.05-day I"' (here
the 2.3-h I"' and 52-min I"' do not interfere), but at
later times the xenon activities mentioned above build
up. By allowing 50- to 60-h decay time and boiling the
samples, the interference from 6.7-h I"' and 9.1-h Xe"'
was eliminated. A survey of the decay schemes of the
nuclides in question" showed that by counting the
y rays falling in the energy band 170 to 2000 keV, all
other interfering activities (in particular the abundant
80-keV y ray from 5.3-day Xe"') were eliminated.

The detectors used were 2.0-X2.0-in, well-type
NaI(TI) crystals. No counting eKciency corrections
were needed as only relative disintegration rates were
required. The total chain activities were measured by
separating the iodine activities from an aliquot of the
target solution after complete decay of the mass 133 and
131 chains to 20.8-h I'" and 8.05-day I"'.Thus, after
appropriate corrections for growth-decay and chemical
yields, the fractional chain yields were obtained as the
ratio of the activity of the iodine from the quickly
separated tellurium to that in the sample representing
the total chain activity.

In the charged-particle experiments the samples were

'~ Nuclear Data Sheets, compiled by K. Way et al. (National
Academy of Sciences—National Research Council, Washington,
D. C., 1962).
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simultaneously followed for decay by recording the
p rays in the bands 170 to 2000 keV and 380 to 2000
keV. The latter type of counting gave a higher 20.8-h
I"' component than the 8.05-day I"' component (which
gives mostly 350-keV y rays), which allowed for more
accurate determination of the 20.8-h I'".This procedure
was necessary because the fractional chain yield of the
Te"' increases more than that of the Te"' as we go from
thermal-neutron- to charged-particle-induced fission.

The analysis of the iodine decay curves into the
20.8-h and 8.05-day components was performed by the
least-squares technique using the zRANrK' , computer
program. "

The counting of the iodine samples for the Sb"'
branching to Te"' was done using the same counting
system discussed above.

III. RESULTS

A. Analysis of the Isomer-Ratio Data

In view of the fact that a large number of activities
having similar half-lives is involved in this problem,
the milking procedure outlined above was used in the
determination of the fractional chain yields of the Te"'
and Te'" isomeric pairs. From the integral growth
curves for I"'and I'",one can determine the activities of
Te"'~, Te"' and Te"' Te'" in the following way. Con-
sider, as an example, the results from U'ss(ntt„F)Te"'.
In Fig. 1, curve j3 gives the growth curve for I"', which
was constructed from the I"' activities extrapolated to

the milking time after correction for iodine chemical
yield. Curve A is the asymptote of 8 having a half-life
of 8.05 days and is obtained from points that are off the
abscissa scale in Fig. i. Curve C, also plotted as D on
the upper time scale is curve A minus 8, and E is its
short-lived component. It can be seen that the diA'erence

of 8 from A yields C or D, a two-component decay
curve with half-lives of 30-h Te"'" (C) and 25-min
Te"' (E).The effective zero-time (tellurium separation)
activities A "'(0), A, '"(0) are related to the true
Te"'" and Te"' zero-time activities A (0)& A, (0)
through the relations given in Appendix A. Figure 2 gives
typical growth curves obtained in U"'(ts&&,F)Te"'
Th232(& F)Telslm, lsl U288(&ss F)Telstar, 131

hypothetical curve corresponding to Te"' /Tets' pro-
duced in the relative amounts of secular equilibrium

LA,"'(0)=Oj. This shows that the relative amount of
ground state falls on going from thermal 6ssion to
charged-particle fission.

Since the nuclides under study are not shielded, cor-
rections must be applied for the contribution to the
measured activities due to decay of precursors dur-

ing irradiation and subsequent decay to the time
of the tellurium separation. In order to avoid
serious errors, the corrections were evaluated using
the exact equations for growth during irradiation and
subsequent decay to the separation time. The antimony
and tin precursors for both mass numbers 131 and 133
were included in the calculations. These corrections
were evaluated using a computer program' written for
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FIG. 1.Analysis of the II3I growth curve
obtained in the decay of Te"'~+Teia',
which was quickly separated from the
fission products in U23'(noh, F). Curve A
is the asymptote of the growth curve, and
is obtained by extrapolation of points
that are off scale (refer to bottom time
scale). Curve B is the II3I growth curve
(refer to bottom scale). Curve t." is the
decay curve of Te"' +Te"' obtained by
subtracting J3 from A (refer to bottom
scale). Curve D is the decay curve C
plotted in the upper time scale. Curve E
is the decay curve of TeI3'& plotted in the
upper time scale.
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f /fgfm +fg
(uncor-

(calc.) rected}

0.110' 1.097
0.110 1.239
0.110' 1.249
0.545 2.970
0.567 2.494
0.545 4.371
0.582 2.800
0.430 1.77
0.430 1.53
0.300 2.7
0.400 1.7
0.303 3.0
0.412

Irrad.
time
(min)

0.75
0.75
1.00
1.00
0.16,
1.00
0.33'
0.75
0.75
1.00
0.167
1.00
0.333

Separ.
time
(min)

1.00~0.10
1.45~0.20
1.25~0.20
4.0 ~0.5
4.0 +0.5
3.5 ~0.5
3.5 W0.5
1.00+0.10
1.45+0.20
4.0 ~0,5
4.0 +0.5
3.5 ~0.5
3.5 +0.5

eff(0)
(10' counts/h)

2.29~ 0.05
2.55' 0.10
1.40~ 0.20
0.60+ 0.10
0.38+ 0.05
0.29' 0.05
0.37+ 0.05

144 a8
162 ~30

1.3 ~ 0.8
2.0 a 1.0
0.8 a 0.6
1.6 ~ 1.0

sf f (0)
(106 counts/h)

3.10~ 0.05
3.95& 0.10
2.23~ 0.15
2.40+ 0.10
1.25& 0.05
1.70+ 0.05
1.37~ 0.05

314 ~12
297 ~23

5.1 ~ 0.3
4.7 ~ 0.2
3.5 ~ 03
3.9 ~ 0.2

~P

50.75
50.75
50.75
52.23
52.16
52.24
52.01
51.57
51.57
52.79
52.59
52.78
52.56

Reaction

U'35(ng„F)Te»1 5o.
U (eg„F)Te»1 NU, o. 2

(~h,F)Te»1 No. 3

Th'" (418,F)Te»'
U~' (nse, t)Te'I
UNS (d' F)Te131

UN'(eg, F)Te'~ N
5

o.
U (N&q, F)Te'~ N
T 932

0. 2

Th {~„,F)Te»3
ThMR (g F)Te133

UNS(~ ~ P)Te13$
UNB (g „P)Te133

& Value taken from R f.e. j.s.

'8 RA. C. Wahl R.

1.8

, R.L. Ferguson D.
. Storms, Ph.D. th Massachus tt I ( )

(1961).

0'm/0'g

1.65
2.00 1.8 a0.4
1.90
3.3+0.5
2.7+0.5
5.0~1.0
3.3~0.5
1.59

1.55&0.5

2,8~1.7
1.7~0.9
3.1~2.0
1.8&1.i
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TABLE II. Decay properties used in the calculation
of the independent isomer ratios.

Nuclide

Sn181
Sn"'
Sb181
Sbl38
Tel31tn
Te131
Te138ws

Te138
I131
I133

Half-life

3.4 min'
30 secb
23 mina
2.64 minb
30 ha, c

25 mina'
53 min~
12.45 min'
8.05 day~
20.8 h.

Branching
fraction to

Te131m 6.8%c
Te133~ 72ojo''
Tel81 19/ d

Te138 13' d

a See Ref. 21.
b See Ref. 22.

o ThiS WOrk.
d See Ref. 15.

e See Ref. 23.

"S. Katcoff, Nucleonics 18, 201 (1960)."P. O. Strom, paper given at the Discussion on Nuclear
Chemistry (I'"ission and Other I.ow Energy Nuclear Processes),
University of Oxford, 1962 (unpublished).~ S. G. Prussin (private communication).

metastable and ground state at the tellurium separation
time as obtained from the analysis of the iodine decay
curves. The seventh column gives the values for the
total independent chain yield for the tellurium isomers

fr,'= fT. '+fr„', obtained using the Zz values of
column six. The last two columns in Table I give the
isomer yield ratios, uncorrected and corrected for pre-
cursor decay, respectively. The ratio of the independent
yields f '/f, ' is equal to the ratio of the cross sections
o. /o, . The magnitude of corrections for precursor decay
in the cases of the metastable and the ground state were
about 1%%uo and 40 to 50%%uo in U"'(nu„F)Te"', respec-
tively, and less than 1%%u~ and 15 to 25'Po, respectively,
for the rest of the cases in Te"'. In the Te"' case the
corrections were invariably less than 10%%uo. The half-
lives and branching fractions used in the calculations
are given in Table II."""The corrected isomer ratios
were found to be rather insensitive to small variations
in the branching fraction of Sb"' to Te"'m to the half-
life of Sn"', and to the assumed Z~. In the thermal neu-
tron case only, the ratio is rather sensitive to the half-life
of Sb"'. For example, in the worst case [Run No. 2 of
U"'(zzg„F)Te"' in Table I],using a half-life of 19.4 min
for Sb"' increases o /o, by 30% over the value obtained
with the assumed 23-min half-life. The assigned errors
in the results cover the changes which might arise from
these uncertainties.

The fractional chain yield of Te"' +Te"' for thermal
neutron fission was found to be 0.124~0.014, compared
with 0.110 used for the Zg calculations. '

The analysis of the growth curves of I"' for the
Te"' "' yieMs was straightforward, as shown in
Fig. 1, and from three thermal neutron runs independent
corroboration of the half-lives was also obtained: Te'",
30+2 h, and Te"' 25+2 min. The runs for Te"'
were more difIicult to analyze because the half-lives are
shorter and closer together. During the course of this

IO~(
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8.05 doy

I02
,.) z4m (0)

/ i
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lo
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l

IQ

I
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I I

50 40
Hours

I

50

Fxc. 3. Analysis of the growth curve of I131 obtained in the decay
of Sb"' data from two independent experiments for the branching
of Sb"' to the Te"' isomers. The asymptotic curve with slope of
8.05 days is based on two points that are oB scale. o data from
Experiment No. 1. data from Experiment No. 2.

investigation, Dr. Prussin" informed us of his study of
Te'"g which provides the half-life 12.45+0.3 min, re-
placing the older value" of 2 min. The growth curves for
I"' were analyzed by computer" for three components:
a positive amount A z"'(0) of Iz" decaying with half-life
of 20.8 h, and negative amounts —A "(0) and.
—A,"'(0) decaying with half-lives of 53 min and 12.45
min. The computer program was also modified to intro-
duce the constraint, A z'"(0)—A '"(0)—A g'z'(0) =0,
required by the decay laws. This modification reduces
the degrees of freedom by one and seemed to give un-
satisfactory results. for the very limited number of
points available. The values of A z"'(0) and A "'(0)were
rather well determined by the unmodified program. It
was decided to take A,"'(0) as the differencebetween
these, assigning a rather large uncertainty in the value.
The better runs gave independent evidence for the
12.45-min half-life of Te'"; Dr. C. E. Semis of our
laboratory has also confirmation of the species.

B. Sb'" Branching-Ratio Experiments

For the measurement of the branching of Sb"' to
Te"', the growth curve of the granddaughter I' ' was
determined as discussed in Sec. IIB.Figure 3 shows the
result of two experiments normalized to the same asymp-
totic activity. The asymptotic activity with half-life of
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TAar.x III. Independent isomer-yield ratios in 6ssion.

Target

U238 s

U238 a

U235 a

U236 s

U236 a

U235 a

U238 a

U283 a

U233 a

U235 b

U235 c

Th232 b

Th282 b

U238 b

U238 b

U233 c

Pu239 C

U235 b

Th232 b

Th282 b

U238 b

U238 b

Projectile

Projectile
energy
(MeV)

42
30
42
42
27
21
42
42
16

thermal
thermal

33
18
33
18

thermal
thermal
thermal

33
18
33
18

Isomer
pair

CS134

Csl34

Cs184

Cs'34

Csl34

S134

Cs134

Cs184

Cs134

Te131

Te131

Te131

Tel31

Te181

Te131

Te131

I'e131

Tel88

Te138

Te133

Te133

Te183

Spin of

8

1i/2
11/2
ii/2
11/2
11/2
11/2
11/2
11/2
11/2
11/2
11/2
11/2
11/2

isomers

4

3/2
3/2
3/2
3/2
3/2
3/2
3/2
3/2
3/2
3/2
3/2
3/2
3/2

4.27
2.33
3.35
1.38'
1.27
1.63
2.23
1.94'
0.75d

1.80
1.7
3.3
2.7
5.0
3.3
2.1
3.4
1.55
2.8
1.7
3.1
1.8

0.81
0.70
0.77
0,58'
0.56
0.62
0.69
0.66d

0.43'
0.64
0.63
0.77
0.73
0.83
0.77
0.68
0,77
0.61
0.74
0.63
0.76
0.64

a See Ref. 11.
b This vpork.

& See Ref. 24.
d Isomer ratio determined by anticoincidence counting.

8.05 days is determined from points that are oG the
scale. Extrapolation of this asymptotic activity to the
time of purification of antimony yields Ai"'(0). The
difference of the later part of the growth curve (t) 5 h)
from its asymptote yields a decay curve with the half-
life of 30-h Te'ai having an extrapolated value A "(0).
It is shown in Appendix 8 that in this particular case the
fraction of the decay of Sb"' to Te"' is given by

Fi——0.835K/(1 —0.1528),

where R=A "'(0)/Ai"'(0). The experimental values
for A '"(0) and Ai"'(0) were 68&10 and 840&20
arbitrary units, giving Fi 6.8&1.0%.Thi——s is in accord
with 5.5~0.5% communicated by Dr. Glendenin, " in
contrast with the old value" of 15%.

IV. DISCUSSION

The available data in the literature on the independelt
isomer-yield ratios in low-energy 6ssion a,re summarized
in Table III. It should be noted that there are many
other reported isomer-yield ratios; however, these have
been omitted for one of two reasons. On the one hand,
for many of the ratios reported for low-energy 6ssion,
the yield of at least one of the isomers is partially a
chain yield, set principally by P branching. On the other
hand, at high energies, where Z~ has moved to the

'4 M. Talat-Erben, I.. E. Glendenin, H. C. GrifTin, and E. P.
Steinberg (private communication).

isomer pair in question or even closer to the line of

P stability& eRects of precursor decay can essentially be
eliminated. However, in these cases, the identity of the
6ssioning nuclides and the mechanisms for their forma-
tion are too ambiguous to permit interpretation of the
results. An example of both problems is given by the
studies of the Cd"' /Cd"' yield ratio by Hicks and
Gilbert' and by Sharp and Pappas. '

Our data for Te"' in thermal neutron 6ssion of U"'
indicate the major fraction, 0.64~0.05, yields Te"'~ of
spin 11/2 —in preference to Te""of spin 3/2+. This
result is in excellent agreement with the privately com-
municated" value of the Argonne group, 0.63+0.03,
also in Table III. This group 6nds the isomer fraction
to be about the same for U"'(Ntq, F) and higher for
Pu'39(e~h F). Our data for Te"' show a similar fraction,
0.61 p. ]p+ '

&
yielding the high-spin Te™.

The data, on Cs"4 indicate an increase in the high-spin
fraction with increasing energy of the bombarding
particle. An increase in the fraction for Te"' and Te'33

is observed when the bombarding particle is changed
from 18-MeV deuterons to 33-MeV He' ions. (Note that
the excitation energy of the initial compound nucleus is
less than 2 MeV greater for the He'-ion bombardment
than with the deuterons. Of course, the initial compound
nucleus is greater by one neutron and one proton in the
former case.) Similarly, for Te"', the fraction increases
in going from thermal-neutron fission to that induced

by charged particles. In the case of Te'" isomers, the
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trend is observed for the He'-ion fission and the expected
increase may well be within the limits of error on the
deuteron measurements (see Table I). The trends ob-
served, that is, increase in the high-spin fraction with
increasing energy and/or mass of the bombarding
particle, are to be expected because of the increase in
angular momentum deposited in the compound nucleus.

We have attempted to make a careful quantitative
investigation of the dependence of the fragment isomer-
yield ratios upon the assumed spin distribution of the
primary Gssion fragments. " First, it is necessary to
estimate the "primary parentage" of the given second-
ary fragment, i.e., the c'ontribution to the yield of
secondary species (Z,A) by emission of no neutrons from
primary (Z,A), the contribution by emission of one
neutron from primary (Z,A+1), etc. We have deter-
mined primary parentage and energies of emitted
neutrons by means of Monte Carlo calculations similar
to those of Dostrovsky et al. ,

" except that we have
ignored charged-particle emission.

In the model presented below, there are many possible
reasonable assumptions. Unfortunately, in many cases,
there are no experimental data upon which a choice can
be made among the assumptions. The choices we have
made below are reasonable, but not unique. We have
tested the model by comparison of various results of
the calculations with experimental data. Some of the
comparisons are noted below and are discussed in more
detail in Ref. 27.

The Monte Carlo calculations were performed for a
wide range of fragment mass numbers around mass
132 and in the complementary light-mass region. 2~ The
primary yield-mass curve was taken from the time-of-
Qight data of Milton and Fraser. "Primary fractional
chain yields were assumed to be given by Eq. (1) with
C=0.94. Original estimates of the primary Z~ values
suggested by Wahl et al." were adjusted slightly to
reproduce better the experimental secondary Z& values.

In order to estimate the distribution of number of
prompt neutrons emitted by the various primary species,
the following procedure was used. The most-probable
sum E of the excitation energies of the complementary
light and heavy primary species, (Zr, ,A &) and (ZE,A E),
respectively, was taken as

E=hM(U"'*) (AMr+hME) —(KE)„(AE/A'I)—, (2)

where the mass excess AM of excited U"' was obtained

"By primary fragments, we denote fragments prior to prompt-
neutron emission."I.Dostrovsky, Z. Fraenkel, and G. Friedlander, Phys. Rev.
116, 683 (1959)."G. E. Gordon, N. K. Aras, and L. A. Wilson, Massachusetts
Institute of Technology, Laboratory for Nuclear Science Progress
Report, MIT-2098-No. 64, 1964 (unpublished); N. K. Aras, M. P.
Menon, and G. E. Gordon (unpublished); G. K. Gordon and
N. K. Aras, to be presented at the International Atomic Energy
Agency Symposium on the Physics and Chemistry of Fission,
Salzburg, Austria, 1965."J.C. D. Milton and J. S. Fraser, Can. J. Phys. 40, 1626
(1962).

from Foreman and Seaborg's table, " those for the frag-
ments from Seeger's mass formula, " and the average
kinetic energy release, (KE), , for divisions into mass
ratio A~/Al, was obtained from Milton and Fraser's
results. " From the assumptions made in Eq. (2), we
have for the dispersion of energies:

0@=OKE
&

and we further assume that

(3a)

(3b)

~ B.M. Foreman, Jr. and G. T. Seaborg, J. Inorg. Nucl. Chem.
7, 305 (1958)."P.A. Seeger, Nucl. Phys. 25, 1 (1961).

"W. M. Gibson, T. D. Thomas, and G. L. Miller, Phys. Rev.
Letters 7, 65 (1962); also, W. M. Gibson (private communica-
tion).

where 0-~~ and o.~~ are dispersions of the excitation
energies of the individual fragments. There are several
implicit assumptions contained in Eqs. (2), (3a), and
(3b). Instrumental studies give (KE), and aKE as a
function of AE/Ar„but for a given AE/Ar, the depend-
ence of (KE). and 0Ka upon ZE/Zl, are not known. The
total energy release, E&[=hM(U"'*) —(DM&+ MME)],
for a given A&/Ar, has approximately parabolic de-
pendence on Z&, generally having its maximum near
Zz~. As implied in Eq. (2), we have assumed that the
KE distribution is the same for each charge division for
a given mass division and equal to the KE distribution
found by instrumental studies for the given mass
division. Thus, changes in Er with ZE/Zl, require
changes in E. Presently, there are no experimental data
upon which to make a choice between Eq. (2) and the
opposite assumption, namely, that the change in Ez
with ZE/Zr, affects (KE), while leaving E approxi-
mately constant. The truth probably lies somewhere
between these extremes.

Equation (3b) implies that there is no correlation be-
tween the excitation energies received by the two
fragments of a given event. Again we have made what
we consider to be a reasonable assumption in the absence
of experimental data. If there is a negative correlation
between fragments, the standard deviations for the
individual fragments will be larger than indicated by
Eq. (3b). On the other hand, deviations from the
assumption implied by Eq. (2), as discussed in the pre-
ceding paragraph, will decrease the standard deviations.

Values of 0-KE were taken from the semiconductor-
detector measurements by Gibson, Thomas, and
Miller. "We further assume that

(~E„'/~EI. ) (@K/&r,):&(AE/A r,), — (4)

where EJ. and EII are the most-probable excitation
energies of the light and heavy complementary frag-
ments, respectively. The relationship between o-'s and
E's was assumed on general statistical grounds. In
principle, one could obtain F(AH/AI) from a complete
theory of the fission process. In the absence of any
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TABLE IV. Parentage and neutron energies in formation of Te'" and Te"3 secondary fragments.

product
nuclide parent

No. of
neutrons
emitted

Contribution
to product yield

Av. neutron kinetic energies (MeV)

1st 2nd 31d

Av. y-ray
energy release

(MeV)

Te131

Te133

Te131
Te132
Te133

Tel33
Te134
Te135
Tel36

0.378
0.468
0.154

0.269
0.384
0.286
0.061

~ ~ ~

0.71
1.01

~ ~ ~

0.84
1.57
1.45

~ ~ ~

0,54

~ ~ ~

0.73
1.33

~ ~ ~

0.53

4.0
3.3
2.6

43
3.6
3.2
2.6

IO

C

7
lA
4l
Ql

s- 6

y

lsd

n n

I I I I

Stage of Cascade

I

155
Te

Fzo. 4. Calculated average spin for the species in the cascade
Te"'~ Te'33+2@ for various B values. The notation Te'33(0),
Te133(1), ~ ~ refers to Te133 after emission of 0, 1, etc. y rays.
Except where noted for 8=10, the values of 0.„and g~ are 4 and
3, respectively.

32 J. Terrell, Phys. Rev. 127, 880 (1962).
3'H. Kahn, Atomic Energy Commission Report No. AECU-

3259, 1954 (unpublished).

satisfactory theory, we have left it as a parameter to be
adjusted freely until it approximately reproduced the
experimental value" of the ratio v~n/v~~ of average
number of prompt neutrons emitted by heavy fragments
of mass AII to that for the complementary light frag-
ments of mass Al. . The implications of the assumptions
made above are discussed in more detail in Ref. 27.

The first step in each iteration for a given species was
the selection of an excitation energy from the distribu-
tion constructed as described above. The selections were
made via the Monte Carlo rejection technique. "The
number and kinetic energies of neutrons emitted were
determined by the same technique as discussed in
Ref. 26. The nuclear level density was assumed to be

proportional to expL2(aE)'"], with a=A/y, the value
of y being left as a free parameter. Neutron separation
energies and 5 values (to correct for odd-even effects on
level density, see Ref. 26) were taken from Seeger's mass
formula and the smooth curve of pairing energy as a
function of A, respectively. "

A number of calculations were performed with 50 to
200 iterations per nuclide in order to find the best values
of the parameters, in particular the charge-dispersion
parameter C, primary Zz values, p, and Il(AH/Ar, ).
Results were compared with various experimentally
known quantities, notably secondary ZJ a,nd vz values,
the gross neutron kinetic energy spectrum, and the
average prompt p-ray energy release. For the mass
region of interest, the experimental quantities were well

fitted using y= 13MeV, C=0.94, and primary Z& values
close (within 0.3 charge units) to those suggested by
Wahl et al. '8 For example, the calculated fractional
chain yield. for Te"'m+Te"' is 0.109, in good agreement
with the experimental value 0.124*0.014 given above.
Results of the calculations on primary parentage of
Te"' and Te"' are listed in Table IV.

It is not possible to determine the spin distribution of
the primary fragments from the observed isomer-yield
ratios of the secondary fragments. However, if we
assume a functional form of the primary spin distribu-
tion, we can determine approximately the average
primary fragment spin that corresponds to the observed
isomer-yield ratio. As suggested by Warhanek and
Vandenbosch on statistical grounds, we assume that the
angular-momentum distribution of the primary frag-
ments is given by

I'(J,)= (2J,+1) expL — J( J+1)/8'], (5)

in which I'(J,) is the probability for primary frgaments
of spin J, and 8 is a parameter somewhat analogous to a
spin-cutoff fa,ctor."

We have used the statistical treatment of neutron
emission developed by Uandenbosch and Huizenga'4 to
determine the change in the spin distribution caused by
the emission of neutrons. In these calculations we have
used values for barrier-transmission coeflicients, T~(E„),
obtained from optical-model calculations based on a

34 R. Vandenbosch and J. R. Huizenga, Phys. Rev. 120, 1313
(1960).
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potential of the type described by Bjorklund and Fern-
bach" and the neutron kinetic energies given in Table
IV. The parameter o„of the spin distribution (see Ref.
34) was taken as constant and equal to 4. For the y-ray
de-excitation process, we assumed that only dipole
radiations are emitted and that three p rays are emitted
in each cascade. The latter is based on the relationship
given by Strutinski ef al."for the average number of

p rays emitted, X~, from a nucleus of excitation
energy E7:

E,=( E„)' '/(/+1), (6)

"F.Bjorklund and S. Fernbach, Phys. Rev. 109, 2951 (1958).
"V.M. Strutinski, I . V. Groshev, and M. K. Akimova, Nucl.

Phys. 16, 657 (1960)."I, R. Huizenga and R. Vandenbosch, Phys. Rev. 120, 1305
(1960).

83 B.T. Feld, H. Feshbach, M. I.. Goldberger, H. Goldstein, and
V. F. Weisskopf, Atomic Energy Commission Report NYQ-636,
1951 (unpublished) .

where / is the assumed multipolarity, and u is the level-
density parameter which we take to be A/13 MeV '.
Under the assumption of dipole radiation, we find a
range of X~ from 2.6 to 3.3 for the E~ values listed in
Table IV. Of the distribution resulting from emission
of two p rays, we assume that all nuclei having J(7/2
decay to the lower isomer (3/2+), all with J)7/2 decay
to the upper isomer (11/2—), and those with J=7/2
divide equally between the isomers upon emission of the
third p ray. From the work of Huizenga and Vanden-
bosch, "the value of the spin-cutoff factor, 0-~, for p-ray
de-excitation is expected to be about 3 or 4. We have
used both values and taken an average of the results.

Before comparing the calculations with experimental
results, we 6rst investigate the sensitivity of the calcula-
tions to changes in the values of the parameters for the
typical reaction Te'"~ Te'"+2l. In Fig. 4 we have
plotted the average spin J of the primary and succeeding
species in the de-excitation chain for various values of
B. We see that the average spin value does not change
strongly with the emission of neutrons and p rays,
particularly for 8 values below 10. Also, in Fig. 4 we
show the effects of variations in cr„and 0-~, the effect of
the former being appreciably greater than that of the
latter. In Fig. 5, we show the dependence of the calcu-
lated fraction of high spin for Te"s~ Te"s+2n as a
function of neutron kinetic energy, here assumed to be
the same for the 6rst and second neutrons, for two
values of B. In this calculation we have used neutron
transmission coefFicients taken from the calculations of
Feld et a/. "We see that the high-spin fraction is very
insensitive to neutron kinetic energy, particularly for
the lower 8 value. This is also rather insensitive to the
number of p rays emitted, S7; for example, for
Te"' —& Te"'+2m and 8=10, the calculated fraction
varies from 0.83 to 0.80 for X~ equal to 1 and 4, respec-
tively. That the calculated fraction is not strongly de-
pendent upon the number of neutrons emitted is demon-
strated in Table V in which we list the calculated

TABLE V. Calculated high-spin fractions of Te' and Te'"
resulting from the various primary parents. '

Product
nuclide

Tel31m g

Parent

Tel31
Te182
Te138

Weighted
average

No. of
neutrons
emitted

Contri-
butions to
product

yield o /(o +o,)
0.378 0.836
0.468 0.823
0.154 0.814

0.826

Tel33m g

Te138
Te134
Tel35
Te136

Weighted
average

0.269
0.384
0.286
0.061

0.836
0.820
0.809
0.793

0.820

a Calculated with B=10, on =4, average of o& —-3 and 4, N& =3, dipole
radiation only, average neutron kinetic energies from Table IV, and trans-
mission coefficients from optical-model calculations (see text).

Fto. 5. Calculated
high-spin fraction, o /
(o- +o.g), for Te'~ re-
sulting from emission of
two neutrons from Te"',
as a function of the
average kinetic energies
of the two neutrons
(here assumed the same
for both). Calculated
using transmission co-
eScients from Feld et ul.
(Ref. 58), with parame-
ters o.„=4,o~=3, X~=3.

0.8—

b 7-
+
b'

b'

0.6 —— 8*6

I

0 I P 3 4 5 6
Neutron Kinetic Energy (hheV)

fractions for Te"' and Te'" resulting from the various
primary parents, all having an assumed primary spin
distribution given by Eq. (5) with 8= 10.

Taking into account the various uncertainties in the
values of the parameters and the effects of such un-

certainties upon the calculated fraction of high spin for
a given 8 value, as discussed in the preceding paragraph,
we estimate that for a given observed fraction, the
uncertainty in determining the corresponding 8 value
is about ~1.5 units at the most. As the average initial
spin varies more slowly than 8 (see Fig. 4), the un-

certainty in average initial spin value is only about
+1.2A in the range of interest here. Including the un-

certainty in the experimental value of the high-spin
fraction raises the uncertainty in the average initial
spin value to 1.4 and 1.5h, respectively, for Te"' and
Te"'.Thus, in spite of the complexity of the calculations
and the uncertainties in the values of the parameters
involved, we may obtain a meaningful estimate of the
average spin of the primary fragments from the ob-
served isomer-yield ratios. The root-mean-square aver-
age (j'). '~' is a little higher. In the limit of large 8,
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.8

Fn. 7. HoBman explanation
{Ref.39) for the origin of frag-
ment spins. (a) Typical asym-
metry of a type that can
produce torques by electrostatic
repulsion. (b) Orientation of
resulting spin vectors.

l2

Flu. 6. Calculated high-spin fraction, 0 /(~ +o,), for Te'" as
a function of 8. The parameters are the same as those given in
Table V, footnote a.

J=s'"8/2 and (J')„'"=B. For 8 equal 5 or 10, the
most-pI'obablc J value ls 3.16 OI' $.85~ J 1s 3.94 01 8.37'
and (J')„'"is 4.58 or 9.56.

In Fig. 6 we have plotted the calculated Te'" isomer-
yield ratio as a function of 8, using our best estimates
of the parameters. The corresponding curve for Te"'
isomers is almost indistinguishable and has not been
shown. The measured fractional yields of high spin,
o /(o.„+oo), of 0.64&0.05 and 0.61 Lio+"' for pro-
duction of Te"' and Te'", respectively, in thermal
neutron fission of 623' correspond to 8 values of
6.0~1.5 and 5.9~1.5, or average initial spin values of
(5&1.5)h for both. These results are in agreement,
within the limits of experimental error, with the value
(7+2)b found for gross fission fragments from thermal
QcutI'on 6sslon of U by Housman who dctcrmincd
angular correlations between y rays and fragments. Also,
from the isomer-yield ratio Cs"'"/Cs'" from photo-
fission of U23', Warhanek and Vandenbosch" have in-
ferred a root-mean-square angular momentum of the
primary parents of about 7.4h, corresponding to J of
about 6.5h.

As the spins of the fissioning nuclei are 3 or 4A

(assuming s-wave neutron capture) to be distributed
between the fragments, the high average spins of the
primary fragments are at first rather surprising.
HOG'man's results further indicate that the fragment
spin vectors are directed preferentially perpendicular to

~ M. M. HoKman, Phys. Rev. 133, 8714 (1964).

the fragment direction of motion. Hc has made a reason-
able explanation of both the magnitudes and orienta-
tions of the fragment spin vectors on the basis of torques
apphed to the fragments by electrostatic repulsion if,
near the time of scission, the fragment system has an
asymmetry of the type shown in Fig. 7(a). His calcula-
tion pred1cts an average primary fragment spin of 5.5
to 7h for fragments in the region of 3=134, in good
agreement with our results. On the basis of his model,
it is easy to see how both complementary fragments can
have spins Jl. and J~ greater than that of the 6ssioning
nucleus as there is a strong tendency for Jr, and Jlr to
be approximately antiparallel, thus largely cancelling
each other. In addition, it should be noted that some of
the angular momentum of the 6ssioning system can be
carried o6 as mutual orbital angular momentum, l;
however, for thermal neutron fission, l would generally
be quite small. 3

In the discussion of charged-particle-induced fission
we shall consider the case of Th'"(n33, F)Te"', with the
same compound nucleus as for U23'(e&h, F). In. this case
we start with a compound nucleus having an average
angular momentum of 12.7A. This value was calculated
uslQg the cIQplI'ical 1clatlons glvcn by HalpcI'n and
Strutinski. ' Here the excitation energy is high enough
to cause neutron emission prior to Gssion. The prehssion
neutrons carry away a relatively small fraction of the
angular momentum of the compound nucleus. StiH, the
average angular momentum in the cession processes com-
peting with neutron emission will be much higher than
that in the thermal-neutron case. If we assume that the
number of prompt neutrons emitted to yield the second-
ary Te"' is roughly two, as indicated by Britt and
Whetstone, 4' we can estimate the average spin value of
the primary fragment to be roughly equal to 7k from
the observed high-spin isomer fraction 0.74.

In this case we have some additional information
a,bout the fragment spins. From the anisotropy of the
6ssion-fragment angular distribution, ' we can use Hal-
pern and Strutinski's model' to find the average value
of E, the projection of the spin of the fissioning nucleus,
J~, along the symmetry axis of the fissioning nucleus.
According to the model, the fragments are emitted in
the direction of the symmetry axis; therefore, the com-
ponent of Jr perpendicular to the symmetry axis be-

H. C. Blitt and S. L. @whetstone~ Il.q Phys. Rev. 133' 3603
(1964).
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comes the orbital-angular momentum of the fragments,
and the fragment intrinsic spins add vectorially to give
a vector of length K along the symmetry axis. The
anisotropy, [o.(0')/fr(90')], of about 1.6 for Th'"(nl, F),
gives an average K of about SA. From the average value
of JH = 7A found above, we see that, again, there is
apparently some cancellation of J~ by JL,. assuming that
Jq is also about 7h. There is little more that can be said.
The Hoffman39 model which successfully reproduces the
observations on thermal-neutron fission of U"' is also
plausible in the case of Th23'(n33, F);however, there is no
evidence in the latter case that the fragments are aligned
preferentially perpendicular to the direction of fragment
motion. Perhaps the most interesting qualitative result
is the observation that in going from U"'(ft&f„F) to
Th"'(n33, F) the average spin of the fissioning nucleus
goes from about 3.5 to 13h; however, the average spin
of the primary fragments in the mass 134 region in-

creases by only about 2A, from 5 to 7A. Thus, the spins
of the two fragments apparently do not line up as nearly
antiparallel as in the case of U"'(Nfh F).
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Consider the chain of mass number 131:

30-h Te&3&m

8.05-day I'"~, with Xy ~m+~mg.

25-min Te"'

It can be shown that the difference of the growth equa-
tion for I"' from its asymptote (growth equation for
t& 10 days) is given by

Af(t) =A "'(0)e "g'+A '"(0)e ""
where

x, (x,—z )
A„"'(0)=A„'

(x,—xf) (z,—x,)

(Ai)

(A2)

n(0) A 0

(z,—x,)

Xmghghz—A (A3)
x,(~,—~,) (~,—~,)

A "(0),A, '"(0) are the effective zero-time (tellurium
purihcation time) activities of Te'"", Te'", respec-
tively; A ', A, are the true zero-time activities of
Te"', Te"', respectively; and the X's are as indicated
above.

Similar expressions hold for the chain of mass
number 133.

National Laboratory, and the IBM-7072 computer of
the Washington University were used in the analysis of
data in this work.

APPENDIX A

Consider the chain
APPENDIX 8

: 30-h Tef3'm(X )

23-min Sbf3'(Xf) 8.05-day If3f(Xf) ~,
j IE

~ 25-min Tefa'P, )

where Fj is the fraction of Sb"' decaying to Te"'m, and F2 is the fraction of Te"' decaying by isomeric transition.
It can be shown that, for X&t, X„t)15, the activity of I"' grown from an initial activity Af(0) of Sb"' is given as

where

and

(t) —A eff(0) e
—off A eff(0) e—off

X2Xz Xghz
Af'"(0)=Af(0) F, 1+ F2 +(1—Ff)

(l,—~f)(~,—~f) (Xg—Xf) (Xf—Xf)

(81)

(82)

A., '"'(0) =Af(0)Ff 1+ Fm (83)

As discussed in the text, Af"f(0) and A„'"(0) are obtained from the experiment.
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Dividing (82) by (83) one has

where
XzX2

Bi 1+ —— F.„and Bs——1+
Ag

—X2 A.g
—Az

A I'"(0) 1 )Ii—Xsq Bs (1—FI)Xs(hs ) I)—

I

—'+
A~et'(0) R Xi—Xii Bi — FIBs)Is(Xs—)Ii)

Thus, 1/R is insensitive to XI, Fs, X, and depends linearly on 1/Fi. Using the above half-lives and solving for
one finds FI——0.835R/(1 —0.152R).
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Proton Polarization in the Sr"(d,p)Sr"*(1.05-MeV) Reaction*

E. J. I.UDWIGt AND D. W. MILLER

Department of Physics, Indiana Un& ersity, Bloomington, Indiana

(Received 16 November 1964)

The polarization of protons from the Sr (d,p)Sr '* reaction exciting the 1.05-MeV state in Sr 9 has been
measured at 14 laboratory angles from 12 to 131' using a deuteron bombarding energy of 11 MeT. In this
reaction, which involves no orbital-angular-momentum transfer by the captured neutron, spin-orbit terms
in the optical-model potentials describing the interactions of the incident and exit particles are considered
to be responsible for the polarization. The measurements were made using a heavy-particle magnetic
spectrometer to select the desired proton group and focus it on the carbon second scatterer. This scatterer
was viewed to the "right" and the "left" by a pair of scintillation counters set at a mean laboratory angle
of 40'. The sign of the polarization seems to correspond to the sign of the slope of the angular distribution,
being negative at the forward angles with apparent sign changes at the subsequent minima and maxima.
This behavior is in approximate agreement with the "derivative rule" for stripping reactions with l„=0
orbital-angular-momentum transfer. The polarization changes most rapidly near the stripping minima and
becomes largest at the backward angles (—28% at 95').

I. INTRODUCTION

NGULAR distributions of protons emitted in
deuteron stripping reactions have been success-

fully fitted by the distorted-wave Born approximation, '
in which the waves describing the incoming deuterons
and outgoing protons are distorted by an optical-model
potential. While theoretical fits to the angular distribu-
tions yield useful information with regard to the re-
action process, a more sensitive test of the theoretical
formulation is obtained when the polarization of the
outgoing nucleons is considered. Since polarized
particles do not result if plane waves are assumed in the
formulation, measurements showing nonzero proton
polarizations from stripping reactions clearly emphasize
the necessity for using a distorted-wave-Born-approxi-
mation (DW8A) treatment.
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Newns' was the first to suggest a measurement of the
proton polarization resulting from a deuteron stripping
reaction. He postulated that the nucleus receives a net
oriented pulse of orbital angular momentum (l„) due to
unequal absorption of the incoming and outgoing beams
of particles. Hence, for a given angular-momentum
transfer to the nucleus (j„), the emitted particle is ex-
pected to be polarized since the neutron and proton
spins are coupled in the deuteron. These absorptive dis-
tortion e6ects alone are not sufficient to account for the
polarizations observed experimentally, however. Neg-
lecting spin-dependent interactions, distorted-wave
calculations' 4 predict polarizations restricted in magni-
tude to &33%.The sign of the polarization is expected
to conform to the rule that I'= ~ for j„=l +2, assum-
ing deuterons are more strongly absorbed than protons
in nuclear matter. (The direction of positive polariza-
tion is taken to be n=k~ xit~ in accordance with the
8asel convention. ) A further consequence of these cal-
culations is the absence of polarization for l,„=0 neutron
transfers. Previousp olarization measurements have

2H. C. Newns, Proc. Phys. Soc. (London) A66, 477 (1953).'ll. C. Newns and M. Y. Refai, Proc. Phys. Soc. (London)
71, 627 (1958).

4 L. C. Biedenharn and G. R. Satchler, Proceedings of the Inter-
national Symposium on Polarizatio Phenomenu of 1Vucleons,
Base/, 1960, Helv. Phys. Acta, Snppl. 6, 372 (1961).


