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The independent isomeric yield ratios for '2Sn, 3°Sb, *!Sn, '32Sb, '**Te, and !*¢I for the photofis-
sion of 2U with 12—30-MeV bremsstrahlung and for 12Sb, '2°Sn, 13°Sb, !*!Sn, 32Sb, '**Te, and *I
for the photofission of 2*U have been determined using radiochemical techniques and gamma spec-
trometry of fission product catcher foils and irradiated uranium samples. The root-mean-square
values of the primary angular momenta of the corresponding fission fragments, J s, were calculat-
ed with the statistical procedure of Huizenga and Vandenbosch and with the more elaborate deexci-
tation model of Min and Martinot. Both procedures gave, except for *°Sb, almost the same J s
values. Our experimental results show a near independency of J.,s on the spin and excitation ener-
gy of the compound nucleus. An increase of the J,s values with the excitation energy of the frag-
ments is observed. In addition, a significant proton odd-even effect on the J,n,, values is present for
the photofission of 23U as well as 2*U. Our experimental photofission results show a qualitative
agreement with the theoretical calculations of Dietrich and Zielinska-Pfabé.

I. INTRODUCTION

It is well known that studies of angular momenta of fis-
sion fragments provide useful information on the scission
configuration and consequently lead to a better under-
standing of the fission process.! In the past, several ex-
perimental techniques, as e.g., measurements of the aniso-
tropy? and number® of emitted gamma rays, ground state
band populations in even-even fission products,* and
isomeric yield ratios,” have been used to obtain informa-
tion on primary angular momenta of fission fragments
produced in different fissioning systems.

It has been well established that in fission most of the
fragments are formed with much higher angular momenta
than those of the fissioning nuclei (see, e.g., Ref. 1). In
the framework of the liquid drop model® this generation
of angular momentum is explained by the excitation of
the “bending” and “wriggling” modes during the descent
from saddle to scission point. In addition, some supple-
mentary angular momentum can be induced by Coulomb
excitation of the fragments after scission.

Recently Denschlag et al.” and Bocquet et al.® have
shown that for 2>>U(ny, f), the initial angular momenta of
the fission fragments strongly depend on the excitation
energy of those fragments. For the spontaneous fission of
252Cf, Wilhelmy et al.* found a much weaker dependence
of the primary spins on the kinetic energy of the frag-
ments.

The results of Denschlag et al.” and Bocquet et al.® for
the primary angular momenta of several fission fragments
produced in the 233%35U(ny,, f) and 2**Pu(ny, f) reactions
were confirmed by Fujiwara et al.° In the same study,’ a
striking proton odd-even effect of the primary angular
momenta, was also observed for the investigated fission
fragments.

In this paper we present the results of our systematic
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study on isomeric yield ratios and deduced J values of
primary angular momenta of fission fragments produced
in the photofission of 233U with 12—30-MeV brems-
strahlung. The independent chain yields were determined
using the catcher-foil technique, direct gamma spec-
trometry of irradiated uranium foils, and chemical separa-
tion techniques. These yields have been published in a
previous paper on the charge distribution in the photofis-
sion of 23523%U (Ref. 10). For all details concerning the
measurement and calculation of the independent chain
yields we refer to that paper.

II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Isomeric yield ratios

For the isomeric pairs produced in the photofission of
235U and 238U, the isomeric ratios oy /(0g +0) (o and
oy are, respectively, the independent chain yields of the
high- and low-spin isomers) deduced from the experimen-
tally determined independent chain yields of Ref. 10 are
summarized in Tables I and II, respectively. In these
tables two different values are given for the isomeric yield
ratio of the isomeric pair *!Sn(< ¥)-BISn(4L7), corre-
sponding to two extreme hypotheses for the absolute in-
tensities of the gamma rays from the decay of *!Sn. Re-
cently the decay of '3!'Sn was investigated by Huck
et al.'* and Schussler et al.'> In the latter study more de-
tailed information on the half-lives of the two tin isomers
and the number, energy, and relative intensity of the ob-
served gamma rays is given. However, the values for the
absolute intensities of the gamma rays cannot be used be-
cause the normalization procedure employed by the au-
thors is not reaction independent. On the other hand, in
the work of Huck et al.,' it is not always evident which
levels of 13!Sb are fed by the two tin isomers. This means
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TABLE 1. Isomeric yield ratios oy /(oy+oy) for the photofission of »°U with 12-, 15-, 20-, and

30-MeV bremsstrahlung.

Isomeric\ E. (MeV)
pairs 12

15 20 30
1290 ( 4L 7)-1298n( 3 ¥) 0.67+0.09 0.62+0.07 0.64+0.08 0.67+0.10
1305(8~)-130Sb(5+) 0.53+0.14 0.53+0.10 0.57+0.09 0.52+0.08
Bign( AL ") Bign( 2 *) 0.36:4:0.06: 0.424_r0.o4: 30.311:0.05: 0.34+0.05*
0.54+0.07 0.59+0.06 0.47+0.05 0.51+0.05°
1328b(8~)-132Sb(4+) 0.40+0.06 0.32+0.05 0.29+0.05 0.33+0.07
135Te( L7 )-1BTe(37) 0.70+0.07 0.69+0.05 0.72+0.06 0.71+0.07
1367(6—)-1%61(2 ) 0.70+0.05 0.76+0.07 0.7240.05 0.7140.05

2Calculated with 7255=0.523 and I355¢=1.0 (Ref. 14).
bCalculated with 7255=0.680 and I3555=0.729 (Ref. 14).

that only two extreme hypotheses for the absolute intensi-
ty of the 798 and 1226 keV gamma lines can be con-
sidered:

(i) All not unamblguously identified gamma transitions
belong to the decay of *!Sn® (T,,=39 s; J”——+)
which leads to a value of 0.68 for the absolute intensity of
the 798 keV gamma line and of 0.73 for the 1226 keV
line.

(ii) On the contrary, the assumption that the same tran-
sitions belong to the decay of 3!'Sn™ (T,,=50 s;
J7™=-L"") isomer leads to a value of 0.52 for the 798 keV
gamma ray and 1.0 for the 1226 keV gamma ray.

The values in Tables I and II for the isomeric yield ratios
of the *!Sn isomeric pair are calculated with these two
_extreme hypotheses. Although from our experiments it is
not possible to determine the half-lives of both *!Sn iso-
mers very accurately, our results are consistent with those
of Schussler et al.,"> T ,,=39 s for *!Sn¢ (J7= —+) and
T,,,=50 s for 13igym (JT=-4L7), but disagree with the
values of Huck et al.,'* who reported a half-life T ,~60
s for both isomers. For the calculation of the independent
chain yields of the tin isomers we used the half-life values
for both tin isomers given by Schussler et al.'®
Since no other photofission data are available in the
literature for these isomeric pairs, we have compared in
Table III our results with those obtained for the same iso-

mers in other low energy fissioning systems.”®16—18 Ag

can be seen from Tables I-III, in general, there is good
agreement between our photofission data and those for the
other low energy fissioning systems. However, for the
isomeric pair *2Sb(87)-1328b(4+), there is good agree-
ment between our results and those of Denschlag et al.,’
but no agreement with those of Imanishi et al.!” An ex-
planatlon for this discrepancy is not obvious. For the
isomeric pairs !26Sb(87)-'%Sb(5+) and '2Sn(37)-
1298n(4-7) no data are avallable in the literature for other
fissioning systems.

B. Primary angular momenta

From the measured isomeric yield ratios of Tables I
and II, the corresponding root-mean-square values of the
primary angular momenta (J ) for the fission fragments
produced in the photofission of 23%2*¥U were calculated
using a statistical model analysis for the deexcitation of
the fission fragments as discussed by Huizenga and Van-
denbosch'®?° and also with a more generalized deexcita-
tion model developed by Min and Martinot?! (computer
code MAMI). The use of the latter procedure was already
described in a previous paper.’> Except for *°Sb, both
methods gave almost identical J.,, values. Only those
obtained with the MAMI code are given in Tables IV and

TABLE II. Isomeric yield ratios oy /(0 +0,) for the photofission of 2*U with 12-, 15-, 20- and

30-MeV bremsstrahlung.

Isomeric \ E. (MeV)
pairs 12

15 20 30
1265b(8~)-1268b(5) 0.42+0.07 0.4240.07 0.43+0.05
129gn(1L 7). 19903 %) 0.70+0.16 0.68+0.11 0.60+0.10 0.6440.12
130gh(8~)-139Sb(5+) 0.59+0.13 0.62+0.14 0.6410.16 0.65+0.15
ign( 1L 131 2 F) 0.51i0.06: 0.48+0.05° 0.49+0.05* 0.47+0.08*
0.70+0.05 0.65+0.05° 0.67+0.07° 0.64+0.08°
1328p(8~)-1328b(4+) 0.36+0.10 0.39+0.10 0.33+0.09 0.41+0.13
133Te( 4 7)-13Te( 3 ) 0.64+0.06 0.63+0.05 0.70+0.08 0.67+0.09
1361(6—)-1361(2 ) 0.70+0.08 0.65+0.06 0.74+0.05 0.72+0.08

2Calculated with 1 798—0 523 and I 1226—1 .0 (Ref. 14).

®Calculated with 7%%%=0.680 and 123c=0.729 (Ref. 14).
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TABLE III. Isomeric yield ratios oy /(o g +0 ) for other low energy fissioning systems.

Isomeric pairs B3U(ny, f) Z5U(ng, f) 29Pu(ng, f)
1305b(8~)-128b(5+) 0.45+0.07* 0.47 +0.12° 0.54+0.09*
131gn( AL 7). 131gn( 3 ) 322253;813?;
1325(8~)-1325b(4+ ) 0.26+0.07° 8:;? _f_g:gi: 0.30+0.08*
133Te( 4L 7)-3Te(3 ) 0.57 +0.05* 8:2?26?8; 0.63+0.06°
053 207

dReference 7.
*Reference 18.

aReference 17.
YReference 8.
°Reference 16.

V. This code gives, in contrast to the Huizenga and Van-
denbosch method,'>?° a more detailed description of the
deexcitation process of the fragments. In each step the
competition between gamma and neutron emission is tak-
en into account, together with the detailed level scheme of
each nucleus of interest. This different treatment gives re-
sults for the *°Sb isomeric pair produced in the photofis-
sion of 233U of J s values which are about 37 lower when
calculated with the MAMI code compared to the values ob-
tained with the Huizenga and Vandenbosch method.!>%°
This means that for nuclei, as e.g., 1*°Sb, in which some
low lying high spin levels of different parities are present,
the results obtained with the MAMI code are more reliable
and should be preferred over those calculated with the
Huizenga and Vandenbosch method. However, the MAMI
code could not be used for the calculation of the J ¢
values for the isomeric pair 1*Sb, in the photofission of
238U, due to the very low mean excitation energy of the
fragments leading to the 1*°Sb isomers. So in this case the
values listed in Table V are calculated with the Huizenga
and Vandenbosch method and are about 37 higher than
the MAMI values for 2*U. The values of the uncertainties
given in Tables IV and V do not include a systematic con-
tribution of about 1.5% (Ref. 23) due to the incomplete
knowledge of the deexcitation process of the fission frag-
ments. As no comparable photofission data are available

in the literature, we have compared our results for J
with the J.,, values of Table VI which were deduced
from the isomeric yield ratios given in Table III.

From Tables IV and V it is clear that, for the photofis-
sion of 233U as well as for 23*U, in the excitation energy
range mentioned above, there is almost no dependence of
the J,s values on the average excitation energy of both
uranium nuclei. This is in agreement with previous re-
sults for the isomeric pairs'**I and *!Te in the photofis-
sion of 23%238y.1311 Both isomeric pairs were also studied
by Diksic and Yaffe?> in the fission of 2**U induced by
30—85 MeV protons, and the same independency of J ¢
on the excitation energy of the compound system was
found. On the other hand, Diksic and Yaffe?® observed
an important increase of the primary angular momentum
for the %I, 1321, and !**Te fragments. Sarantites et al.?
investigated the isomeric pairs 3'Te(<- " )-3'Te(2 ™) and
133Te( AL 7).1337¢( 2 *) for five different fissioning systems
and found the highest fragment spin values for those sys-
tems with the highest excitation energy. However, the
average initial spin of the fragments increased by only
~2#, while the spin of the compound nucleus increased
from ~3.5% to ~13# when going from 2**U(ny,f) to
2Th(ass,f). In our photofission work this behavior
could not be observed. For the isomeric pair *61(67)-
1365(2+) Hamelin et al.'® found an increase for J,,, of

TABLE 1V. J,.(#) deduced from isomeric yield ratios studied in the photofission of »*°U with

12—30-MeV bremsstrahlung.

Isomeric \ E. (MeV)
pairs 12

15 20 30
129§n(AL 7)-12980( 3 ) 5.140.4 4.6+0.4 4.7+0.4 4.9+0.6
130gh(8—)-1308b(5+) 6.5+1.0 6.5+0.8 6.840.7 6.4+0.7
ign( L) Bign(3+) 3.5¢0.3: 3.7+0. 3: 3.310. 3: 3.410. 2:

4.5+0.4 4.7+0.6 4.1+0.5 4.3+0.4
132Gp(8~)-1328b(4 1) 5.9+0.4 5.6+0.5 5.3+0.4 5.5+0.5
1337g( AL 7). 1337e( 3 ) 5.840.7 5.6%0.5 5.840.5 5.840.5
1361(6—)-1361(2 ) 7.34+0.7 7.840.9 7.4+0.7 7.340.7

aCalculated with I355=0.523 and I33%6=1.0 (Ref. 14).

bCalculated with I235=0.680 and I33%6=0.729 (Ref. 14).
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TABLE V. J..(#%) deduced from isomeric yields ratios studied in the photofission of **U with

12—30-MeV bremsstrahlung.

Isomeric \ E. (MeV)
pairs 12

15 20 30
‘2°Sb(8‘)_-'2°Sb(5+)+ 10.4+1.2 10.4+1.2 11.1£1.1
129gn( 4L 7)-18n(3 ) 5.540.9 4.8+0.9 5.010.7
1308h(8~)-138b(5+) 9.4+1.9° 9.9+2.2° 10.3+2.4° 10.4+2.5°
Biqu 1L = 131gu( 3 + 3.9+0.3° 4.0+0.3° 4.0+0.3°

Sn(7 )-"8nalz ) 4.9+0.4° 4.9+0.6° 4.8+0.4°
1325b(8~)-125b(4 ) 5.5+0.6 5.9+0.7 5.4+0.6 6.1+1.0
BTe(47)-5Te(37) 5.240.5 5.1+0.4 5.7+0.8 5.4+0.7
1361(6~)-1361(2~) 7.1%1.1 6.310.7 7.410.7 7.0+0.6

2Calculated with the Huizenga and Vandenbosch method (Refs. 19 and 20).

bCalculated with 1335=0.523 and I335c=1.0 (Ref. 14).

°Calculated with 7235=0.680 and I335s=0.729 (Ref. 14).

about 14 for the 3-MeV neutron induced fission of 2°U
compared with the thermal-neutron-induced fission of the
same nucleus. Also for this isomeric pair this trend is not
confirmed in our experiments.

It is well known that, in the giant resonance region, the
dominant photon absorption is of the E1 type. Therefore
in our photofission work the spin and parity of the com-
pound nucleus 25U is most likely J™=<7, 27, or 27,
while for 23*U it is predominantly J™=1". As the Jp
values for the corresponding isomeric pairs in the photo-
fission of 23°U and 238U are nearly the same, the influence
of the spin of the compound nucleus on the primary angu-
lar momenta of the fragments is negligible. This result is
confirmed by the data of Table VI where, although the J”
values for the different fissioning systems vary between
+7 and £, almost the same J,p, values are found for
the corresponding isomeric pairs.

Dietrich and Zielinska-Pfabé** have calculated, for
several fissioning systems, the average primary fragment
spin as a function of the fragment mass, for different
values of the intrinsic nuclear temperature 7. The results
of the calculations obtained for the fissioning system 23U
are shown in Figs. 1 and 2, for the adiabatic case and for

T=1, 2, and 3 MeV. In the same figures the experimen-
tally determined J,,; values of Tables IV and V, together
with some previously obtained results for the isomeric
pairs '2Sb, 128Sb, 13!Te, and 3*I in the photofission of
235U and the 3'Te, 21, and !**I isomeric pairs in the pho-
tofission of 2**U (Refs. 11, 12, and 13), are compared with
the theoretical values. The depicted points represent aver-
aged values over the bremsstrahlung end point energy.
This procedure can be performed because the J, values
of the primary angular momenta, for corresponding
isomeric pairs, as given in Tables IV and V, are almost in-
dependent of the bremsstrahlung end point energy. Be-
cause the J, values for the corresponding isomeric pairs
obtained in the photofission of 23U and ?**U are almost
the same, it makes sense to compare our 2**U photofission
data with the calculations of Dietrich and Zielinska-Pfabé
for 6U. It should be remembered that for fragments
leading to the isomeric pair 13°Sb, in the photofission of
233y, the averaged J,., value of the primary angular
momentum [indicated by (é) in Fig. 2] was calculated
with the Huizenga and Vandenbosch!®*?® procedure. In
view of the results obtained with the MAMI code for the
same isomeric pair in the photofission of 23°U, this value

TABLE VI. J,,s(#) values for the low energy fissioning systems mentioned in Table III.

Isomeric pairs B3U(n, f) Z5U(n, f) PPu(ng, f)
1308b(8~)-1398b(5+) 9.7+0.6° 9.7+0.6° 11.4+0.8°
131gn(4L7)-B18n(3 ) ggzggz
132g(8)-1328b(5+) 7.4+0.6" St 7.840.6°
133g( AL 7). 13Te( 2 F) 6.0+0.4° gzi;—:g::: 6.5+0.4°

d
U6 2*) 5ot0

aReference 17. dReference 7.

YReference 8. “Reference 18.

“Reference 16.



29 INDEPENDENT ISOMERIC YIELD RATIOS AND PRIMARY ... 1781

B3y T=3MeV 4
_2MeV

—1MeV

adiabatic

o
T

<JRMS>‘hl -
—TT
—e—i
—o—i —e—i
a2l
—e—i
1 1 1

&~
I
1

) IS TSN NN N N NN NN U N N N NN S [ S U W
84 88 92 96 100 104 108112 116 120 124 128 132 136 140 %4 148 152 156
FRAGMENTMASS

FIG. 1. The average root mean square values of the fragment
spins for the photofission of 2**U calculated with the MAMI
code are given by (¢§). The expected values following Dietrich
and Zielinska-Pfabé (Ref. 24) for the fissioning system 2*U and
for different values of the nuclear temperature T are represent-
ed by the solid lines.

is probably too high. The conversion of post-neutron
masses to pre-neutron masses was performed as described
in Ref. 10.

As can be seen from Figs. 1 and 2, the theoretical J,
values show a sawtooth structure and are a function of the
value of the intrinsic temperature 7. This behavior is
caused by the influence of shell effects on the “bending”
mode. The adiabatic case apparently gives the worst
description of the experimental data, but even for the un-
realistic value of T=3 MeV the calculated J, values
are, in general, still too small. Qualitatively there is a cer-
tain agreement between the behavior of the theoretical
Jms values and our photofission results. Indeed, for the
heavy fragments, theoretically as well as in our photofis-
sion data, the lowest J.,, values are found for fragment

238y
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FIG. 2. The average root mean square values of the fragment
spins for the photofission of 28U calculated with the MAMI
code (Ref. 21) are represented by ($). In the case of *°Sb the
corresponding {J.ms) value was calculated with the Huizenga
and Vandenbosch method (Refs. 19 and 20) and given by (7§ ).
The expected values following Dietrich and Zielinska-Pfabé
(Ref. 24) for the fissioning system 23U and for different values
of the nuclear temperature T are represented by the solid lines.

masses with 4~132, and the more the fragments differ
from that doubly magic configuration, the higher the pri-
mary angular momenta will be. In the model of Dietrich
and Zielinska-Pfabé?* the generated angular momentum is
of purely collective nature. It is explained by the excita-
tion of the “bending” and “wriggling” modes during scis-
sion and by post-scission Coulomb excitation of the frag-
ments. On the contrary, in the statistical model of
Fong,? the generated angular momentum is of single par-
ticle nature. In this model much higher J, values are
found for fragments with masses 4~132 (J,~7#),
which may be a hint that the single particle contribution
in the generated angular momentum in the fragments is
not so small.

As mentioned before, Fujiwara et al.® observed in a re-
cent study of the primary angular momenta of fragments
of iodine, xenon, and cesium isotopes produced in the
thermal neutron induced fission of #**>2*U and ?*Pu a
pronounced proton odd-even effect. This means that the
primary angular momenta of the even-Z fragments are
significantly lower than those of the neighboring odd-Z
nuclei. In Figs. 3 and 4 we have plotted, as a function of
the charge of the fragments, the J,,, values obtained in
this study, together with some previous results'! !> again
averaged over the bremsstrahlung end point energy as was
done in Figs. 1 and 2. From Figs. 3 and 4 it is clear that,
for the photofission of 235U as well as for 2*U, the J
values for the even-Z isotopes, tin and tellurium, are sig-
nificantly lower than for the odd-Z isotopes, antimony

235U
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0 N N2 N N
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Z

FIG. 3. The average root mean square values of the fragment
spins for the photofission of 2**U as a function of the charge of
the fragments.
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FIG. 4. The average root mean square values of the fragment
spins for the photofission of U as a function of the charge of
the fragments.

and iodine. This is in agreement with the results of
Fujiwara et al.® and is an indication that there exists a
correlation between the population of the states with high
primary angular momentum and the number of uncou-
pled protons. This effect cannot be explained by a mecha-
nism which takes into account only the collective motion
of the fragments. This proton odd-even effect points to
the role uncoupled nucleons, created between saddle point
and scission point, may play in the generation of angular
momenta in the fragments.

In our photofission experiments it was not possible to
obtain the J.,; values as a function of the kinetic energy
of the fragments. Nevertheless, one can have an idea con-
cerning the behavior of those J,, values of the primary
fragment spins as a function of the mean excitation ener-
gy of the fragments. Indeed, it was noted several years
ago by different groups, e.g., by Denschlag et al.” for the
B5U(ny,, f) fission, that the most neutron rich members of
a given mass chain originate from fragments with the
lowest excitation energy, while for less neutron rich nuclei
it is the opposite. If we define, as was done by Fujiwara
et al.,’ a neutron displacement parameter SN as the
difference between the number of neutrons N in the fis-
sion product and the number of neutrons N, of the most
probable fission product of a given isotopic distribution,
than 8N =N — N, is a measure of the excitation energy of
a given fragment. The more negative the 8N values are,
the higher the excitation energy of the fragments is. The
most probable neutron numbers were deduced from the
isotope distributions published in a separate paper in this
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FIG. 5. The average root mean square values of the fragment
spins for the photofission of 2**U as a function of 8N =N —N,,.

issue.?® In Figs. 5 and 6 the J,, values obtained for the
same isomeric pairs as in Figs. 1—4 are given as a func-
tion of 8N. The conclusion of Fujiwara et al.® that the
mean angular momenta of the investigated fragments in-
crease with increasing excitation energy of the fragments,
up to a certain value of 8N, is confirmed by our experi-
mental results for 2*U and not contradicted by our results
for the photofission of 2*%U.

As can be seen from Fig. 5 we have, for the photofis-
sion of 233U, experimental results for four antimony iso-
topes: A=126, 128, 130, and 132. Based on these data
we calculated a value for the change of J,; per additional
neutron, A{J ) /A(8N)~—0.9%. Taking into account
that, on the average, an energy of 8.6 MeV is needed to
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FIG. 6. The average root mean square values of the fragment
spins for the photofission of >**U as a function of SN =N —N,,.
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release a supplementary neutron,”’ one finds for the an-
timony isotopes an increase of J;; of ~0.1%/MeV. This
is in good agreement with the results of Fujiwara et al.’

III. CONCLUSIONS

We have investigated the primary angular momenta for
a number of fragments produced in the photofission of
235238y with 12—30 MeV bremsstrahlung. The primary
angular momenta calculated with a statistical method
developed by Huizenga and Vandenbosch and with the
more sophisticated treatment of Min and Martinot
showed an independency of the primary angular momenta
on the compound nucleus spin and excitation energy.
Analogous to the results of Fujiwara et al., a proton odd-

even effect on the J,,,; values of the primary angular mo-
menta was observed. The J,; values for the investigated
fragments increased with the excitation energy of those
fragments.
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