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The mass distributions for the photofission of '"U using bremsstrahlung with end-point energy of 12, 15,
20, 30, and 70 MeV were determined by y spectrometry of fission product catcher foils. Smoothly varying
curves without fine structure were obtained. A third hump in the symmetric region is not present. Several
fractional independent chain yields in the mass region 126-140 were measured and the corresponding most
probable charges Z~(E, ) were deduced. A comparison with the charge expected from the unchanged charge
density hypothesis is made and an influence of the 50-proton shell on the behavior of the Z function is

observed. Except in this mass region the determined Z (E,) values are very well described by the empirical
relation of Nethaway. From the isomeric ratios of '2~Sbg-' Sb, "gSbg-' gSb, and '3'Teg-' 'Te average initial

fragment spins are calculated using a statistical model analysis. The values increase with increasing end-

point energy of the bremsstrahlung,

NUCLEAR REACTIONS, FISSION U{y,E), E„~=12,15, 20, 30, 70 MeV;
measured: fragment p-ray spectra; deduced: mass distributions, most pro-

bable charges, isomeric ratios, average initial fragment spins.

I. INTRODUCTION

Very little information concerning the product
yields for the photofission of 'U is available in
the literature. Kondrat'ko et aE. ' investigated the
mass distribution for the photofission of SU with
14-MeV bremsstrahlung by radiochemical analysis
of the target. They measured the cumulative yields
for 18 mass chains and obtained an asymmetric
mass distribution with an additional third peak in
the symmetric region. By measuring the yields of
"Ag, "3Ag ~Cd 'i7Cd~, '3~Ba, and '40aa for

fission induced by bremsstrahlung with 10-, 12-,
14-, 16-, 18-, 20-, 22-, and 25.5-MeV end-
pornt energy, they concluded that the mass distri-
bution for the photofission of "U with 10- to 25-
MeV bremsstrahlung has a maximum for mass
chain116 and minima for the complementary mass-
es 112 and 120. In a more recent paper Petrzhak
et al. mentioned a fine structure peak at mass
134 in the mass distributions for the photofission
of S~Np and 35U with 20- MeV bremsstrahlung.
These results were obtained by the determination
of the relative yields of xenon isotopes by mass
spectrometry,

In a previous paper we studied the mass distri-
bution and the independent yields of a number of
fission products for the photofission of ~U with
25- MeV bremsstrahlung. A yield excess of mass
chain 115 over the yield of the neighboring mass-
es in the symmetric region as mentioned by Kon-
drat'ko et al. ' was not observed. Up to now no
other data concerning the photofission of SU have

been reported in the literature. A systematic in-
vestigation of the changes of the mass distribution
and the independent yields of fission products with
increasing bremsstrahlung end-point energy for
the photofission of 'U has never been done.

In the present work cumulative yields for about
40 mass chains and fractional independent chain
yields for 126Sb& 1268bfn 128Sn 128Sb& 1288bat 131sb

measured for the photofission of U with thin
target bremsstrahlung with 12-, 15-, 20-, 30-,
and 70-MeV end-point energy, using the technique
of y-ray spectrometry of fission product catcher
foils. For the determination of the cumulative
yield of mass 117 and the independent yields of
'~ I and ' 2I, the cadmium and iodine fractions were
separated radiochemically from the catcher foils.

For each bremsstrahlung end-point energy (ex-
cept for 70 MeV) the average excitation energy of
the 35U nucleus is calculated. The changes of the
characteristics of the mass distribution with the
bremsstrahlung end-point energy are studied, and

a comparison with other U photofission results
is made.

Using the value 0.85 for the width parameter c
of the charge distribution, obtained in our pre-
vious work, s the most probable charges [Z (&,)J,
corresponding to the measured independent yields
are calculated (&, being the energy of the electrons
producing the bremsstrahlung). The determined
Z (&,) values are compared to the Z values, fol-
lowing the unchanged charge density (UCD) hypo-
thesis and to those expected from the empirical
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relation of Nethaway. The coefficient b in the
relation of Neth3way, giving the change of 2 with
increasing mass of the compound nucleus, is de-
duced from a comparison between our SU and

U results.
From the isomeric ratios of Sb~-"'Sb,

"'Sb~-"'Sb, and "'Te'-"'Te, the average in-
itial spin of the corresponding fragments are
calculated for each bremsstrahlung end-point
energy, using a statistical model analysis of the
neutron and y-ray emission of the fragments.

II. EXPERIMENTAL PROCEDURE

The experimental setup for the irradiations, the
measuring chain, and the data handling system for
the catcher foil experiments on ' 'U were the same
as in our U photofission studies and are de-
scribed in our previous paper. s The target for the

3 U experiments, prepared at the Central Bureau
for Nuclear Measurements (CBNM) Euratom Geel,
consisted of a 15 mg/cm U~OS layer, enriched up
to 97% 5U, on a 1 mm thick aluminum disk. The
diameter of the active layer was 40 mm. At a
distance of 1 mm the target was followed by a 0.1
mm thick aluminum catcher foil with a purity of
99.999%

For the determination of the cumulative yield of
'"Cd~' and the independent yields of '"I™and'"P', the cadmium and iodine fractions were
separated from the catcher foils, following
radiochemical procedures close to those of
Gleit and Coryell' for cadmium and of Wahl' for
iodine. Owing to the low activity of the irradiated
catcher foils it was not possible to determine the
independent yield of the ground and isomeric state
of I and I separately. For the determination
of the independent yield of I~~ we used the 536.5

keV y-ray with an absolute intensity of 99.8%0 in the
decay of the ground state of ~3oi (Ref. 9). The small
correction for the fraction of ' I that does not de-
cay to 01~ (17% following Ref. 9) was made by as-
suming the value 0.81 found in proton induced fis-
sion' for the isomeric ratio o /o~+cr . The un-

certainty on the independent yield of ' I~' contains
a contribution, owing to this correction. For the
determination of the independent yield of I~'

the 667.7 keV y ray in the decay of the ground
state was used. By an appropriate choice of the
irradiation time and of the cooling and measuring
times, the sum of the independent yields of the
ground and isomeric state of '"I can be obtained.

For an estimation of the contribution of slow
neutron induced fission, the 5U target was re-
placed by scandium and indium samples in the
experimental setup. Based on the cross sections

Sc(y, n) Sc (Ref. 11), "51n(n, )'"In (Ref. 12),

a,nd ~35'~38U(n, 5) (Ref. 13), an upper limit of 2 and

3% for this contribution in our U photofission
experiments with 30- and 70-MeV bremsstrah-
lung was obtained.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Average excitation energy

The average excitation energy of the compound
nucleus 5U in our photofission studies was cal-
culated in the same way as outlined in a previous
paper. For the behavior of the 5U photofission
cross section o(y, F) up to 18 MeV the experimen-
tal data of Caldwell et al. ' and Bowman, Auch-

ampaugh, and Fultz were used. Above this ener-
gy no experimental information on o(y, Fj is avail-
able in the literature. To estimate the U photo-
fission cross section for photon energies between
18 and 30 MeV, a similar behavior as given by
Shotter et al. for the 3 U photofission cross sec-
tion was assumed. This is based on the similarity
of the experimentally determined cross sections
below 18 MeV. The average excitation energies
of the U nucleus after irradiation with 12-, 15-,
20-, and 30-MeV bremsstrahlung, calculated in
this way, are 9.7, 11.6, 13.1, and 14.1 NeV, re-
spectively. The corresponding values of the aver-
age excitation energy of the U nucleus, given in
our previous paper5 are 9.7, 11.6, 13.4, and 14.7
MeV. A comparison between our 5U and our
earlier U results is thus meaningful.

B. Mass distribution

Our results on the mass distribution for the
photofission of 35U are presented in Table I.
Cumulative yields of 34, 38, 39, 39, and 38 mass
chains were obtained for fission induced with re-
spectively 12-, 15-, 20-, 30- and 70-MeV
bremsstrahlung. The mass distributions are nor-
malized to a total yield of 200%%uo as usual. The not-
measured mass yields needed for these normal-
izations and the uncertainties given in Table I are
obtained as described in our previous paper. ' As
already mentioned in the Introduction, up to now

a systematic study of the mass distribution for the
photofission of U with changing end-point ener-
gy of the bremsstrahlung was not performed.
Kondrat'ko and Petrzhak determined the cumula-
tive yield of 18 mass chains for 14-MeV brems-
strahlung and investigated the behavior of four
product yields in the symmetric region for an in-
crease of the bremsstrahlung end-point energy
from 10 to 25 MeV. Petrzhak et al. 3 measured
the relative yields of Xe 132Xe, Xe, and

Xe for 20-MeV bremsstrahlung.
The determined mass yields from our measure-

ments are presented graphically in Fig. 1. For
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TABLZ I. Cumulative yields for the photofission of ~35U.

Mposgg Ep (MeV) 12 15 20 30 70

78
84
85
87
88
89
91
92
93
94
95
97
99

101
103
104
105
106
112
113
115
117
123
125
127
128
131
132
133
134
135
137
140
141
142
143
144
146
147
149
151
153

0.095
1.18
1.74
2.94
3.88
4.55
5.91
6.02
6.17
6.73
6.41
6.02
5.58
4.10
2.74
1.66
1.03

+ 0.047
~ 0.13
+ 0.12
~ 0.25
+ 0.21
+ 0.24
*0.25
+ 0.37
+ 0.50
*0.48
~ 0.36
~ 0.31
+ 0.26
+ 0.25
~ 0.23
+ 0.13
+ 0.07

0.210 + 0.043

0.180 + 0.024

0.218 + 0.040

0.849 + 0.063

4.02 ~0.33
4.73 *0.19
5.83 +0.30
5.96 ~ 0.24
6.59 ~0.28

5.90 + 0.20
5.73 ~ 0.32
5.03 +0.37
~..72 ~ 0.38

2.20 + 0.16
1.86 + 0.13
0.860 + 0.080
0.485 ~ 0.050

0.096
1.44
1.90
3.21
3.88
4.74
5.73
5.76
6.14
6.44
6.33
5.71
5.29
4.18
2.67
1.77
1.24

+ 0.033
~ 0.19
~ 0.14
+ 0.24
+ 0.16
+ 0.25
+ 0.25
~ 0.30
+ 0.50
~ 0.48
~ 0.28
*0.30
+ 0.22
~ 0.24
+ 0.19
+ 0.15
+ 0.07

0.308
0.454
0.916
1.38
4.16
4.79
5.55
5.88
6.19

+ 0.037
~ 0.091
*0.055
+ 0.13
+ 0.25
~ 0.18
~ 0.28
+ 0.20
~ 0.26

5.62
5.45
5.22
4.40
3.50
2.24
1.64
0.811
0.473
0.207

+ 0.21
~ 0.37
+ 0.39
~ 0.31
~ 0.52
~ 0.14
+ 0.12
~ 0.099
+ 0.041
+ 0.028

0.310 + 0.032
0.307 ~ 0.049
0.295 + 0.029

0.133
1.33
1.91
2.79
3.67
4.32
5.49
5.70
6.03
6.01
6.51
5.70
5.38
3.80
2.74
1.79
1.27
0.745
0.476
0.419
0.415
0.401
0.441
0.576
1.15
1.40
4.30
4.93
5.64
5.67
6.32
6.43
5.79
5.36
4.76
4.43
3.65
2.17
1.60
0.842
0.470
0.189

+ 0.025
*0.16
+ 0.14
+ 0.20
+ 0.15
+ 0.22
+ 0.26
+ 0.29
+ 0.40
+ 0.42
+ 0.32
+ 0.28
+ 0.23
+ 0.18
+ 0.20
+ 0.13
+ 0.14
+ 0.106
~ 0.041
+ 0.063
~ 0.043
~ 0.076
+ 0.073
+ 0.068
~ 0.06
~ 0.13
+ 0.36
~ 0.16
*0.29
~ 0.21
~ 0.26
+ 0.62
~ 0.20
+ 0.28
+ 0.35
+ 0.31
~ 0.31
~ 0.12
*0.11
+ 0.067
+ 0.056
~ 0.032

0.135
1.35
1.95
2.84
3.63
4.39
5.64
5.80
5.91
5.98
6.18
5.55
5.23
3.99
2.73
1.77
1.31
0.953
0.568
0.512
0.522
0.534
0.517
0.716
1.17
1.48
4.06
4.63
5.46
5.59
6.03
6.21
5.73
5.44
4.78
4.25
3.60
2.24
1.67
0.847
0.408
0.201

+ 0.027
+ 0.19
+ 0.14
+ 0.21
+ 0.15
+ 0.22
~ 0.24
~ 0.32
~ 0.44
*0.43
+ 0.27
+ 0.29
+ 0.24
+ 0.20
~ 0.20
*0.15
+ 0.11
+ 0.143
~ 0.044
~ 0.071
~ 0.040
~ 0.071
~ 0.051
*0.077
~ 0.06
~ 0.14
~ 0.23
+ 0.21
+ 0.28
+ 0.27
~ 0.25
+ 0.57
~ 0.22
~ 0.29
+ 0.35
+ 0.30
~ 0.30
~ 0.13
+ 0.11
~ 0.069
+ 0.036
*0.034

0.155
1.29
1.81
2.81
3.55
4.24
5.36
5.72
5.55
5.95
6.01
5.27
5.13
3.98
2.76
1.84
1.35
1.11
0.774
0.808
0.711
0.715

0.847
1.21
1.48
3.93
4.46
5.30
5.67
5.80
6.19
5.34
5.18
4.48
4.18
3.62
2.23
1.60
0.818
0.463
0.215

+ 0.019
~ 0.14
~ 0.13
~ 0.21
+ 0.15
~ 0.22
+ 0.23
+ 0.33
+ 0.40
*0.43
+ 0.26
~ 0.27
~ 0.23
+ 0.22
~ 0.20
+ 0.14
~ 0.14
~ 0.24
+ 0.060
+ 0.081
~ 0.051
~ 0.078

+ 0.073
+ 0.06
+ 0.12
~ 0.21
~ 0.21
~ 0.28
+ 0.37
+ 0.26
~ 0.53
*0.23
~ 0.37
~ 0.34
+ 0.30
+ 0.28
~ 0.13

0.09
+ 0.060
~ 0.040
~ 0.037

each end-point energy a smooth mass distribution
without fine structure is obtained. As already ob-
served in our photofission studies on U (Ref. 5),
there is a strong increase of the mass yields for
symmetric fission with increasing end-point ener-
gy of the bremsstrahlung and a nearly independence
of the asymmetric yields. The valley region is
flat: A third peak with a maximum for mass chain
116 and minima for the complementary masses
112 and 120 as observed by Kondrat'ko and Pet-
rzhak is not present in our results. We also do
not observe a yield excess for mass 134 compared
to the neighboring masses, in contradiction to the
results of Petrzhak et al. s

Some characteristics of the mass distributions
are summarized in Table G. The peak-to-valley
ratio (I'/V) decreases from 37+5 to 8.4+0.6, by
increasing the maximum bremsstrahlung energy
from 12 to 70 MeV. From the fragment yields
reported by Kondrat'ko and Petrzhak~ values of
45+ 7, 32 a 3, 21+ 2, and 16+2 for the peak to val-
ley ratio for the photofission with 12-, 14-, 16-,
a~d 20-MeV bremsstrahlung can be deduced. For
the determination of the symmetric fission yield,
the average of the available mass yields in this
region was taken. Although in the experiments of
Kondrat'ko and Petrzhak~ the bremsstrahlung was
produced in the uranium target itself, there is a
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E, (MeV) 12 15 20 30 7Q

J/V
MLM
MHM
FWHM

&u)
'

37 ~5
94.85 ~ 0.07

137.28 + 0.07
14.7 +0.4

2,78 + 0.12

22 +2
94.70 + 0.07

137.24 + 0.07
15.0 + 0.4
3.06 + 0.12

15.5 ~1.4
94.80 ~ 0.07

137.09 + 0.07
15.Q ~0.4
3.15 ~ 0.11

11.7 + 0.8
94.68 + 0.07

137.15 + 0.07
15.0 +0.4
3.25 + 0.11

8.4 + 0.6
94.77 ~ 0.07

137.14 + 0.07
15.2 +0.4
3.26 + 0.11

of the un-tical treatmented by a statis c( ) were obtainedMHM, and p w'Uncertain ties on MLM,
certainties of the yields.
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between the average number of emitted neutrons,
deduced from the monoenergetic photon work of
Caldwell et al. ,

' and our measured values. In the
work of Caldwell et al. too the deviations of the
experimental points from the given straight line
are of the same order of magnitude.

C. Independent yields and Z (E,) values
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In Table III our results concerning the indepen-

dent yields of fission products for the photofission
of 5U are summarized. A comparison with data
from the literature cannot be made as for the
photofission of 5U no independent yields were de-
termined by other investigators.

Starting from the measured independent yields
and assuming a Gaussian shape without odd-even
effects for the charge distribution, the most prob-
able charge values [Z (&,)] of the corresponding
isobaric chains are calculated for each brems-
strahlung end-point energy, ~„ in the same way
as outlined in our previous paper. For the width
parameter c of the charge distribution we adopted,
independent of the photon energy, the value 0.85,
determined in our study on the photofission of
lcU (Ref. 5). The results are given in Table IV.

In Fig. 2 the experimentally determined Z (&,)
values are compared to the most probable charges,
expected from the UCD hypothesis. The lines cor-
responding to Z=50 are also indicated in this
figure. For the necessary conversion of the post-
neutron masses into preneutron masses, we used
the neutron emission curve for the photofission
of 5U with 25-MeV thick-target bremsstrahlung'
multiplied with an appropriate ratio to give the
correct average number of emitted neutron's. As
it was not possible with the elaborated iterative
method to determine I (m*) in the valley region
of the mass distribution below the preneutron mass
128, we adopted, based on the behavior of v(m*)
in the neighboring mass region, 127.3 as the aver-
age mass of the fragments, leading to the post-
neutron. mass 126 for 25-MeV bremsstrahlung in-
duced fission of 'U.

From the comparison, made in Fig. 2 the fol-
lowing conclusions can be drawn:

(a) The Z (&,) values, deduced from the indepen-
dent yield of ' Sb, indicate that the closed 50-
proton shell still has an influence on the charge
division of the fissioning nucleus in the excitation
energy range of our experiments. This could also
be concluded from the fractional cumulative chain
yield of 128Sn in pur phptpfissipn studies pf U
(Ref. 5). This behavior is in agreement with the
observations in thermal neutron induced fission
of U (see, e.g. , Ref. 20).

(b) Except in the vicinity of the closed Z = 50
shell region, there is h nearly constant deviation
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TABLE IV. &&(E,) values for the photofission of 2

Ma~a Q Ea (MeV) 12 15 20 30

126

128

130

131

132

135

136

140

51.24+ 0.11

51 51+Ooio- O.is

52.41 + 0.10

52.93 + 0.06

49.82 + 0.09

50.21 + 0.12

50 89+0~ 09-0.13

51.34+ 0.07

51.60 ~ 0.03

52.50 + 0.04

53.04 + 0.04

53.28 + 0.06

55.01 + 0.07

49.89 + 0.06

50.24 + 0.11

50.97 + 0.05

51.45 + 0.08

51.65 + 0.03

52.55 + 0.04

53.08 + 0.03

53.37 ~ 0.05

55.02 + 0.06

49.97 + 0.06

50.32 + 0.11

51.04 + 0.05

51.47 + 0.08

51.68 + 0.04

52.60 ~ 0.04

53.10 + 0.02

53.40 ~ 0.04

55.09 + 0.04
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FIG. 2. Z& (E, )-ZU~ versus fragment mass number
for the photofission of U with 12-, 15-, 20-, and
30-MeV bremsstrahlung, The open circles represent
the Z& (E~) values deduced from the measured indepen-
dent yields, the triangles the Z& values calculated fol-
lowing Nethaway ref. 6}.

of the charge to mass ratio of the fragments from
that of the fissioning nucleus, but not as large as
observed in thermal neutron induced f ission of
IIIU (Ref. 21). This deviation was explained as the
result of a polarization effect during deformation
or a two-neutron transfer process through the
neck.

The Z values, calculated from the empirical
relation of Nethaway using for the excitation ener-
gy of the compound nucleus the calculated aver-
age excitation energy and using the reference Z
function of Wahl et al. for the thermal neutron
fission of ~U, are indicated in Fig. 2 by the tri-
angles. A good agreement between the calculated
and experimentally determined Z (E,) values is
obtained at each bremsstrahlung energy, except
for the Z (E,) values, deduced from the indepen-
dent yield of i28sb.

As already mentioned in our previous works on
the photofission of U, the influence of the closed
50-proton shell on the Z function, clearly demon-
strated in Ref. 20, was not taken into account in
the used reference Z behavior. The presence of
this tendency caused a discrepancy of about 0.5
charge units between the experimentally deter-
mined Z (E,) values and the Z values calculated
using the Z reference value of Wahl et al 22 for
mass chain 128 in the photofission of U. Owing
to the shift of the 2= 50 line towards lower mass-
es (about 1.f) for the photofission of "U compared
to BU, the influence of the closed Z=50 shell is
not observed around mass 128 but around mass
126 for the photofission of ' U. As a consequence,
in this case a good agreement between the experi-
mental Z (E,) values and the Z values calculated
using the Z reference values of Wahl et al. js
obtained for mass 128 and a discrepancy of about
0.4 charge units is observed for mass 126. From
our photofission studies on '"U and '"U, we can
conclude that the method of Nethaway' combined
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with the reference Z~ function of Wahl et al." is
very useful for the calculation of Z~ values in
photof ission, except in the mass region where the
50-proton shell has an influence on the 2 behavior

From a comparison between the Z (E,) values,
determined for the photofission of ' 'U and '38U,

the shif t of 2 with increasing mass of the com-
pound nucleus 2 (the coefficient b =aZ/M of the
relation of Nethawaye) can be deduced. Excluding
the mass region, where the closed 50-proton shell
is important, average values'b =-0.165+ 0.023,
-0.180+0.022, -0.186+ 0.020, and -0.174+ 0.020
are obtained for 12-, 15-, 20-, and 30-MeV
bremsstrahlung induced fission, respectively.
The coefficient b is found to be rather independent
of the excitation energy in the energy range of our
experiments. Averaging the obtained b values, a
value(5)=-0. 177+0.011 is found, which is close
to the value -0.188+ 0.004 deduced by Nethaway~

from neutron induced fission data for the heavy
fragment mass region.

D. Isomeric ratios

From the measured independent yields of the
isomeric pairs "Sb'(8 )-"~Sb (5'), ' ~She'(8 )-
' 'Sb (5'), and '"Te'(&')-'O'Te (+ ) for the photo-
fission of 'U (see Table III), the corresponding
isomeric ratios cr /(a~+ o ) are deduced directly.
They are given in Table V. A systematic decrease
of o„/(o, + o ) for ' ~Sb and '28Sb with increasing
bremsstrahlung energy is observed, indicating that
an increase of the bremsstrahlung end-point energy
favors the production of the high spin isomer. This
tendency is not so pronounced for Te, for which
the relative yield of the high spin isomer increases
only very slightly with the bremsstrahlung end-
point energy. Also in the study of the production
of the iodine and tellurium isomers in the fission
of ' SU, induced by protons with energy between
30 and 70 MeV, " the isomeric ratio of ' 'Te was
found to be almost constant with increasing bom-
barding energy, while in the case of ' I, '~I, and

Te the high spin isomer was systematically
favored by an increase of the proton energy.

Although the differences remain within the ex-
perimental errors the measured isomeric ratios
for ' 'Te are systematically higher for the photo-

fission pf 35U compared tp U. A cpmparison
with photofission data of other authors on the
isomeric ratios of the studied fission products is
not possible. Also concerning the isomeric ratio
of ' Sb in thermal neutron induced fission no in-
formation was available in the literature. Iman-
ishi, Fujiwara, and Nishi give an isomeric ratio
pf 0.4&y 0.04 and 0.48' 0.04 for Sb in the ther-
mal neutron induced fission of ' U and Pu, re-
spectively. In 'U(n, »f) an upper limit of 0.587
for this isomeric ratio was found (Ref. 24). For
the isomeric ratio of '3'Te values 0.65+ 0.03, 0.66
+0.05, and 0.68+0.03 for '"U(n, „,f), '3'U(s, h, f),
and Pu(n~h, f), respectively were given in Ref. 23.
It appears that in our photofission experiments ap-
proximately the same isomeric ratio values are
obtained as in thermal neutron induced fission.
For 'Te a still better agreement is obtained by
using the value 0.72 of Imanishi, Fujiwara, and
Nishi for the absolute intensity of the 149 keV
y ray in the decay of ~3~Te~ instead of 0.681 (Ref.
25). This leads to an increase of about 0.05 of the
isomeric ratios of ' 'Te in our photofission stud-
ies on ~SU. Also the difference between the ' 'Te
ispmeric ratios for phptpfission pf ~U and 3 U
can partly be eliminated by adopting the value
0.72 for the absolute intensity of the 149 keV y
ray.

Performing a statistical model analysis in the
same way as in our photofission studies on U
(Ref. 5), the average initial spin of the fragments,
leading to the measured isomeric pairs by the
emission of prompt neutrons and y rays, was de-
rived. The different quantities, necessary in this
calculation: the number, energy, and transmis-
sion coefficients of the emitted neutrons, the num-
ber and multipolarity of the emitted y rays, and
the spin cutoff parameters v„and o„are deter-
mined as outlined in pur previous work. ' The
assumptions, made in Sec. IQC of this paper for
the determination of the average number of neu-
trons emitted by the fragments, leading to the con-
sidered fission products, do not much influence
the results, as the emitted neutrons are predom-
inantly s wave.

The average initial spin values, J„deduced
from the measured isomeric ratios are given in

TABLE V. Isomeric ratios Om/(o~ + 0~).

Isomeric pair &, (MeV) 12 15 20 30 70

f28@ %(5+) 128@z(8 )

Sb (5')- Sb (8 )

&3&Te~(Q ) Te (3 )Y 0.59 ~ 0.11

0.52 + 0.12

0.53 + 0.10

0.59 *0.06

0.45 + 0.08

0.49 *0.10

0.61 *0.05

0.42 + 0.07

0.45 + 0.11

0.62 + 0.07

0.34 + 0.05

0.39 + 0.08

0.61 + 0.05
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Isomeric pair/ E, (Mev)

TABLE VI. 7& values (I).

15 20 30 70

126@m(5+) 126@g(8-)

'"Sb (5')-'"Sb'(8-)

&3&Te (- )- Te~(-)
2

'
2

7.0 + 1.6 7.9 + 1.7 8.4 + 1.8
5.6 + 1.8 5.6 + 1.4 5.9 + 1.4 6.0 + 1.4

9.4 + 1,8

5.9 + 1.4

7.5 + 1.6 8.4 + 1.7 9.0 + 1.6 10.4 + 1.6

Table VI. As in our U photofission work a sys-
tematic contribution of 1.2h, inherent in the meth-
od, was included in the given uncertainties. As
observed in different other fissioning sys-

and in our 8U photofission study, s

the deduced J, values of the fragments are sys-
tematically higher than the spin of the compound
nucleus 5U (as the photon absorption in our ex-
periments is predominantly El, only $'

states are excited).
As could be expected from the changes of the

measured isomeric ratios in our "U photofission
experiments, there is a systematic increase with
increasing end-point energy of the bremsstrahlung
of the average initial spin values, determined from
the isomeric ratio of ' 6Sb and Sb. For ' Te
this tendency is not so pronounced. Also in the
proton induced fission of "8U (Ref. 10) an increase
of the calculated fragment angular momentum with
increasing bombarding energy has been found, ex-
cept in the ease of ' 'Te, in which the deduced
average initial spin remained practically constant.

The J, values deduced from the isomeric ratio
of ' Sb and ' 'Te in our photofission experiments
on 'U are almost the same as those obtained in
thermal neutron induced fission. Imanishi, Fuji-
wara, and Nishi deduced from the isomeric ra-
tio of ' BSb for U(n, „,f) and Pu(n, h, f) the J~
values 9.5+ 0. 78 and 9.3+ 0.'76, respectively. For

they obtained the values 6.0+0.48, 6.1+0.68, and
6.2+ 0.48. The uncertainties on the J, values,
given by these authors, include only the statisti-
cal errors and do not include the uncertainty, in-
troduced by the assumptions made during the cal-
culation. As far as the small differences between
these J, values and our photofission results on

5U are not due to differences in the observed iso-
meric ratio values, they are caused by a differ-
ent choice of the parameters in the statistical
treatment of the de-excitation process of the frag-
ments.

Aumann et al. studied the isomeric ratio of the
Pm isomeric pair for the thermal neutron in-

duced fission of U and 5U and for fission of
Th induced by 4He ions with energy in the range

25.8-41.4 MeV. They also found an increase of
the fragment angular momentum, derived from the

4 Pm isomeric ratio, with the excitation energy
and angular momentum of the fissioning nucleus.
As the average angular momentum of the compound
nucleus ' 'U in our photofission experiments re-
mains practically constant with changing end-point
energy of the bremsstrahlung, the observed in-
crease of the determined J, values of the frag-
ments in our experiments must be attributed to an
increase of the excitation energy of the compound
nucleus.

IV. CONCLUSIONS

The mass distribution for the photofission of
'U with bremsstrahlung with end-point energy in

the range 12-70 MeV shows a doubly peaked shape
without fine structure. As in our U photofission
studies (Ref. 5) a strong increase of the symmetric
mass yield with increasing bremsstrahlung energy
and a near indepencence on the excitation energy
of the mass yields corresponding to asymmetric
f ission are observed.

From the measured independent yields Z (E,)
values are deduced in the mass region 126-140.
A tendency of the Z function to remain close to the
Z=50 line is present, showing the influence of the
closed 50-proton shell on the charge distribution
in the excitation energy range of our experiments.
Outside this region a nearly constant deviation of
Z (E,) from Z„co is observed. Except in the mass
region where the Z function reaches the closed
Z= 50 shell, a good agreement between the ex-
perimentally determined Z (E,) values and those
calculated following the method of Nethaway~ is
obtained.

The behavior of the isomeric ratios o /(o +o )
of the isomeric pairs "sSb'-' sSb, '2'Sb'-'2 Sb,
and Te — 'Te with increasing bremsstrahlung
energy indicate that the production of the high spin
isomer is favored at higher excitation energy of
the compound nucleus. The average initial frag-
ment spin values, calculated from these isomeric
ratios are approximately the same as those de-
duced in thermal neutron induced fission.
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