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Abstract The cumulative yields (i.e. the sum of isobaric

independent yield up to the isobar of interest) for various

fission products have been determined in the 8 MeV

bremsstrahlung induced fission of 232Th and 238U by using

off-line gamma ray spectrometric technique. From the

cumulative yields of the fission products, their mass-chain

yields (i.e. the sum of independent yields of all the isobars)

were obtained by using charge distribution correction. The

mass-chain yields in the 232Th(c, f) and 238U(c, f) reactions

were compared with the data of similar excitation energy in

the 232Th(n, f) and 238U(n, f) reactions to examine the

effect of nuclear structure. From these data, it was found

that the yields of fission products for the mass numbers

133–134, 138–140 and 143–144 as well as their corre-

sponding complementary products are significantly higher

than other fission products. Higher yields of the fission

products around the mass numbers 133–134 and 143–144

were explained from the standard I and standard II asym-

metric mode of fission, which indicates the role of shell

closure proximity. However, the amplitude of yields for the

mass numbers 133–134 and 143–144 are reverse in the
232Th(c, f) and 232Th(n, f) reactions than in the 238U(c, f)

and 238U(n, f) reactions, which has been explained from the

point of shell combinations of the complementary

fragments.

Keywords Nuclear reactions � 232Th(c, f) and
238U(c, f) � Ec = 8 MeV bremsstrahlung �Measured

fission product yields and mass-chain yield distribution �
Off-line c-spectroscopy using an HPGe detector �
Comparison of fission yield between 232Th(c, f) and
238U(c, f) reactions

Introduction

Study on mass yield distribution in low energy photon and

neutron induced fission of actinides provides information

about the effect of nuclear structure and dynamics of des-

cent from the saddle to scission point [1, 2]. This is because
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in the photon induced fission, the mass and charge of the

compound nucleus is the same, whereas in the neutron

induced fission, the compound nucleus mass increase by

only one unit. It is a well-known fact that the mass yield

distribution [1, 2] in the photon and neutron induced fission

of pre-actinides (e.g. Au, Pb, Bi) and heavy-Z actinides

(e.g. Es to Lr) are symmetric, whereas for medium-Z

actinides (e.g. U to Cf) are asymmetric with double

humped. On the other hand, the photon and neutron

induced fission of light-Z actinides (e.g. Ac, Th, Pa) are

asymmetric with triple humped mass yield distribution [1,

2]. However, with increase of excitation energy and Z of

the actinides, the mass yield distribution changes from

asymmetric to symmetric and the effect of nuclear structure

decreases. Among these, the photon and neutron induced

fission of Th–Pa–U and U–Np–Pu are interesting and

important for the understanding of basic fission phenomena

and from their application in various types of reactors. In

particular Th and U are more interesting due to their

applications in accelerated driven sub-critical system

(ADSs) [3–6], advanced heavy water reactor (AHWR) [7,

8], conventional light and heavy water reactors and fast

reactor [9–13]. Besides this, the bremsstrahlung and neu-

tron induced fission of 232Th and 238U at comparable

excitation energy near barrier are interesting from the point

of view of nuclear structure effect such as role of shell

closure proximity and even–odd effect. This is because the

bremsstrahlung and neutron induced fission of 232Th and
238U exhibit maximum even–odd effect at excitation

energies near fission barrier.

Sufficient data on fission products yields in low energy

neutron induced fission of actinides are available in various

compilations [14–17]. On the other hand, the fission yield

data in the reactor neutron induced fission of 232Th [18–20]

and 238U [21, 22] are available in literature. Similarly, fis-

sion products yields in mono-energetic neutron [23–47] and

photon (bremsstrahlung) [48–73] induced fission of 232Th

and 238U are also available in literature. Among these data,

the yields of fission products in the bremsstrahlung induced

fission of 232Th at 6.5–14 MeV and of 238U at 6.12–11 MeV

have been determined by Persyn et al. [55] and Pomme et al.

[70], respectively. Their data are based on off-line gamma

ray spectrometric technique but only for heavy mass fission

products. On the other hand, in the 6.44–13.15 MeV

bremsstrahlung-induced fission of 232Th, the yields of fis-

sion products are obtained by Piessens et al. [54] by using

both physical and off-line gamma ray spectrometric tech-

nique. Similarly, in the 6.12–13.15 MeV bremsstrahlung-

induced fission of 238U, the yields of fission products are

obtained by Pomme et al. [71] by using both physical and

off-line gamma ray spectrometric technique. In their data of

physical measurement [54, 71], the real picture of mass

yield distribution of fission products is not clear due to post-

scission neutron emission correction needed for the primary

fission fragments. However, from the data based on the off-

line gamma ray spectrometric measurement, the effect of

nuclear structure is clearly seen. In the neutron- [21, 22, 36–

47] and bremsstrahlung- [58–73] induced fission of 238U, it

can be seen that the yields of fission products around mass

numbers 133–134 are more pronounced compared to mass

numbers 143–144. On the other hand, in the neutron [18–20,

23–35] and 6.44–14 MeV bremsstrahlung-[54, 55] induced

fission of 232Th, the yields of fission products are more

pronounced around mass numbers 143–144 compared to

mass numbers 133–134. Thus, there is a different trend of

mass yield distribution in the bremsstrahlung induced fis-

sion of 232Th and 238U. This can be examined in better way

from the mass yield distribution at excitation energy just

above the fission barrier. In view of this, in the present work,

yields of various fission products in the 8 MeV brems-

strahlung induced fission of 232Th and 238U have been

determined by recoil catcher and an off-line c-ray spectro-

metric technique by using the Microtron facility at Man-

galagangotri University, Mangalore, India. From the yields

of the fission products, their mass yield distributions were

obtained after charge distribution correction. The present

data in the 232Th(c, f) and 238U(c, f) reactions are compared

with the similar data of comparable excitation energy in the
232Th(n, f) [18–20] and 238U(n, f) [21, 22] reactions to

examine the effect of nuclear structure and the one mass unit

change of the fissioning system. Besides even–odd effect,

the role of standard I and standard II asymmetric mode of

fission [74] was also discussed to examine the fine structure

of the mass yield distribution. This is because based on the

standard I asymmetry mode of fission, the yields of fission

products around mass numbers 133–134 and their comple-

mentary products are favorable due to the approach of

spherical shell at N = 82 [75] in the heavy mass fragments.

Similarly, based on standard II asymmetry mode of fission,

the yields of fission products around mass numbers 143–144

and their complementary products are favorable due to the

approach of deformed shell at N = 88 [75] in the heavy

mass fragments.

Experimental details

The experiment was performed by using bremsstrahlung

beam with end-point energy of 8 MeV, produced from

Microtron accelerator at Mangalore University, India. The

bremsstrahlung beam was produced by impinging 8 MeV

pulsed electron beam on 0.188 cm thick tantalum target

[76]. The Ta target, which acts as an electron to photon

converter was located at a distance of 30 cm from the beam

exit window.
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High-purity Th-metal foil of size 3.36 cm2 and mass

0.3275 g was wrapped with 0.025 mm thick super pure

aluminum foil. Similarly, U-metal foil of thickness 2.7 cm2

and mass 0.2608 g was wrapped with 0.025 mm thick alu-

minum foil. They were irradiated separately for 3–4 h with

end-point bremsstrahlung energy of 8 MeV. During the

irradiation, the Microtron accelerator was operated with

pulse repetition rate of 50 Hz and a pulse width of 2.42 ls.

The irradiated sample along with aluminum catcher was

mounted on a Perspex plate and the gamma rays activities of

the fission products were counted by using a 41.1 cm3 HPGe

detector coupled to a PC based 16 K channel analyzer. The

resolution of the detector system was 2.0 keV full width at

half maximum (FWHM) at the 1332.0 keV c-line of 60Co.

In order to minimize the dead time and coincidence sum-

ming effect, appropriate distance between the sample and

the detector was chosen for each measurement. The dead

time of the detector system during counting was always kept

less than 10 %. The c-ray counting of the sample was done

in live time mode and was followed as a function of time.

Measurements of the irradiated sample was done for several

time with increasing counting time to follow the decay and

to have a good counting statistics of the photo-peaks of the

gamma rays of different fission products.

Calculation and results

The numbers of detected c-rays (Nobs) of the nuclides of

interest were obtained from the photo-peak area, after

subtracting the linear Compton background. From the Nobs

of each individual fission product, their cumulative yields

(YR) (i.e. the sum of isobaric independent yield up to the

isobar of interest) relative to 135I were calculated by using

equation [56–58]

YR ¼
Nobs

CL
LT

� �
k

R Ee

Eb
nr Eð ÞU Eð ÞdE

h i
Ice 1� e�ktð Þe�kT 1� e�kCLð Þ

ð1Þ

where ‘n’ is the number of target atoms and rF (E) is the

photo-fission cross-section of the target nuclei in the

bremsstrahlung spectrum with an end-point energy of

8 MeV. Here, U(E) is the photon flux from the fission

barrier (Eb) [77] to the end-point energy (Ee). ‘e’ and Ic are

the efficiency and branching intensity for the c-ray of the

fission product of interest. ‘t’ and T are the irradiation and

cooling times, whereas CL and LT are the clock time and

live time of counting, respectively.

During counting, the live time (LT) clock time (CL)

differ based on the dead time of the detector system.

However, the radioactive nuclide decays based on the clock

time. Thus the term (CL/LT) is used for the dead time

correction of the observed activity (Nobs) and the decay

correction term (1 - e-kCL)/k is based on the clock time

(CL). The term
R Ee

Eb
nrFðEÞUðEÞdE as a whole was

obtained using the cumulative yields of 135I (YI) from Refs.

[55, 70] and using the rearranged Eq. (1) as

ZEe

Eb

nr Eð ÞU Eð ÞdE ¼
Nobs

CL
LT

� �
k

YIIce 1� e�ktð Þe�kT 1� e�kCLð Þ : ð2Þ

The nuclear spectroscopic data, such as the c-ray energy,

branching intensity and the half-life of the fission products

were taken from Refs. [78, 79]. The cumulative yields (YR)

of the fission products relative to the fission rate monitor
135I were calculated using Eq. (1). The cumulative yield of
135I in the 8 MeV bremsstrahlung induced fission was

taken from Ref. [55]. There is no data available in literature

in the 8 MeV bremsstrahlung induced fission of 238U.

However, data in the 7.33 and 8.35 MeV bremsstrahlung

induced fission of 238U are available in Ref. [70]. Thus we

have used the average cumulative value of 135I from the

two end-point bremsstrahlung energies of 7.33 and

8.35 MeV. This assumption is reasonable from the point

of slight variation of the cumulative yield of 135I in the

6.44–8.35 MeV bremsstrahlung induced fission of 238U

[70]. From the cumulative yields (YR) of the fission

products, their mass chain yields (YA) were calculated by

using Wahl’s prescription of charge distribution [17].

According to this, the fractional cumulative yield (FCY) of

a fission product in an isobaric mass chain is given as

FCY ¼ EOFaðZÞ
p

2pr2
Z

ZZþ0:5

�1

exp � Z � ZPð Þ2

2r2
Z

" #

dZ ð3Þ

YA ¼ YR=FCY ð4Þ

where ZP is the most probable charge of an isobaric yield

distribution. rZ is the width parameter and is related to full

width at half maximum (FWHM) of the isobaric yield distri-

bution as FWHM = 2.36 rZ. EOFa(Z) is the even–odd effect

with a(Z) = ?1 for even Z nuclides and -1 for odd Z nuclides.

It can be seen from the above equations that for the

calculation of FCY value of a fission product and mass

chain yield of an isobaric mass chain, it is necessary to

have knowledge of ZP, rZ and EOFa(Z). In the brems-

strahlung-induced fission of 232Th and 238U, the ZP, rZ and

EOFa(Z) values can be obtained from the fission yield data

of Refs. [55, 70]. On the other hand, there are systematic

data on the charge distribution in the reactor neutron-

(average En = 1.9 MeV) induced fission of 232Th and 238U

[80]. The average excitation energies in the 1.9 MeV

neutron induced fission of 232Th and 238U are 6.51 and

6.25 MeV, respectively. Similarly, the average excitation

J Radioanal Nucl Chem (2014) 299:127–137 129
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energies in the 8 MeV bremsstrahlung induced fission of
232Th and 238U are obtained to be 6.52 and 6.53 MeV,

respectively. These values are obtained based on the sim-

ilar calculation of our earlier work [58]. Thus the excitation

energies in the 8 MeV bremsstrahlung- and 1.9 MeV

neutron-induced fission of 232Th and 238U are comparable.

Further, it can be also seen in Refs. [55, 70, 80] that the

average width parameter (\rZ[) in the 8 MeV brems-

strahlung- and reactor neutron-induced fission of 232Th and
238U are nearly the same in spite of the small difference in

N/Z values of the fissioning systems. In view of this, the

average width parameter (\rZ[) values of 0.52 ± 0.08 and

0.55 ± 0.07 from Ref. [80] were used in the 8 MeV

bremsstrahlung induced fission of 232Th and 238U, respec-

tively. The mass dependence of the even–odd factor on rZ

was not considered, which may give rise to an error of

3–5 % in the FCY values. The ZP value of individual mass

chain (A) for the above fissioning systems was calculated

using the relation [17, 81] given below.

ZP ¼ ZUCD � DZP; ZUCD ¼
ZF

AF

Aþ mAð Þ ð5Þ

where ZF and AF are charge and mass of the fissioning

system. ZUCD is the most probable charge based on the

unchanged charge density distribution, as suggested by

Sugarman and Turkevich [81]. The ? and - signs are

applicable to light and heavy fragments, respectively. The

symbol ‘mA’ is the number of neutrons emitted by the

corresponding fragment and is evaluated according to the

method of Erten and Aras [82]. Accordingly, mA for the

light (mL) and heavy (mH) fission product mass is given as

mL ¼ 0:531mþ 0:062 AL þ 143� AFð Þ ð6aÞ
mH ¼ 0:531mþ 0:062 AH � 143ð Þ: ð6bÞ

DZP is the charge polarization given by Coryell et al.

[83] as

rZP ¼ 0:5 ZF � 92ð Þ þ 0:19 AF � 236ð Þ þ 0:19 m� 2:45ð Þ
ð7Þ

where m is the average neutron number in the 8 MeV

bremsstrahlung-induced fission of 232Th and 238U. The m
values in the 8 MeV bremsstrahlung-induced fission of
232Th and 238U were taken as 2.24 [54] and 2.67 [71],

respectively.

The DZP values obtained in the above way for different

mass chains were used in the Eq. (5) to obtain the ZP value.

Then the ZP and the rZ values were used in the Eq. (3) to

calculate the FCY values of the individual fission products.

Finally, the cumulative yields of the individual fission

products and their FCY values were used in Eq. (4) to

obtain their mass chain yields data. The cumulative yields

of the individual fission products and their mass chain

yields in the 8 MeV bremsstrahlung-induced fission of
232Th and 238U along with the nuclear spectroscopic data

from Refs. [78, 79] are given in Tables 1 and 2, respec-

tively. The uncertainty shown in the measured cumulative

yield of individual fission products in Tables 1 and 2 is the

fluctuation of the average value from two determinations

with replicate measurements and the counting statistics

error. The overall uncertainty represents contributions from

both random and systematic errors. The random error in the

observed activity is due to counting statistics and is esti-

mated to be 10–15 %, which can be determined by accu-

mulating the data for the optimum period of time,

depending on the half-life of the nuclide of interest. On the

other hand, the systematic errors are due to the uncertain-

ties in irradiation time (0.2 %), detector efficiency cali-

bration (*3 %), half-life of nuclides of the fission products

(*1 %) and the c-ray abundance (*2 %), which are the

largest variation in the literature [78, 79]. Thus, the overall

systematic error is about 4 %. An upper limit of error of

11–16 % was determined for the fission product yields

based on 10–15 % random error and a 4 % systematic

error.

Discussion

The yields of various light mass (A = 77–107) fission

products in the 8 MeV bremsstrahlung induced fission of
232Th shown in the Table 1 were determined for the first

time, whereas for the heavy mass (A = 127–153) fission

products yields are the re-determined values. The yields of

heavy mass fission products in the 232Th(c, f) reaction are

in close agreement with the values of Piessens et al. [54] at

the end-point bremsstrahlung energy of 8 MeV. However,

in their work Piessens et al. [54] have not shown the yields

of light mass fission products. In the case of 8 MeV

bremsstrahlung induced fission of 238U, the yields of both

light mass (A = 84–113) and heavy mass (A = 127–153)

fission products shown in Table 2 are determined for the

first time. However, the yields of heavy mass

(A = 127–153) fission products in the 238U(c, f) reaction at

end-point bremsstrahlung energy of 8 MeV are in close

agreement with the average yields from the end-point

bremsstrahlung energy of 7.33 and 8.35 MeV [71]. In the

work of Pomm’e et al. [71] also the yields of light mass

(A = 84–113) fission products were not shown.

It can be seen from Tables 1 and 2 that in the 8 MeV

bremsstrahlung induced fission of 232Th and 238U, the

yields of fission products around mass numbers 133–134,

138–140 and 143–144 and their complementary products

are higher than the other fission products. Similar effect has

also been predicted earlier in the bremsstrahlung- [54, 58,

71] and neutron- [18–22] induced fission of 232Th and 238U,

130 J Radioanal Nucl Chem (2014) 299:127–137

123



Table 1 Nuclear spectroscopic

data and yields of fission

products in the 8 MeV photon-

induced fission of 232Th

(E* = 6.52 MeV)

Nuclide Half-life c-Ray energy

(keV)

c-Ray abundance

(%)

YR (%) YA (%)

77Ge 11.3 h 264.4 54.0 0.167 ± 0.031 0.169 ± 0.031
78Ge 88.0 min 277.3 96.0 0.351 ± 0.053 0.351 ± 0.053
84Br 31.8 min 881.61 43.0 7.031 ± 0.723 7.045 ± 0.726

1,616.2 6.2 7.057 ± 0.735 7.071 ± 0.738
85Krm 4.48 h 151.2 75.0 6.089 ± 0.617 6.113 ± 0.617

304.9 14.0 6.252 ± 0.629 6.252 ± 0.629
87Kr 76.3 min 402.6 49.6 5.854 ± 0.599 5.913 ± 0.605
88Kr 2.84 h 196.3 25.9 6.414 ± 0.655 6.511 ± 0.664
89Rb 15.2 min 1,032.1 58.0 8.414 ± 0.864 8.414 ± 0.864

1,248.3 42.6 8.583 ± 0.871 8.583 ± 0.871
91Sr 9.63 h 749.8 23.6 6.180 ± 0.619 6.180 ± 0.619
92Sr 2.71 h 1,024.3 33.0 6.561 ± 0.662 6.561 ± 0.662

1,384.9 90.0 5.610 ± 0.572 5.661 ± 0.576
93Y 10.18 h 266.9 7.3 4.314 ± 0.457 4.314 ± 0.457
94Y 18.7 min 918.7 56.0 3.686 ± 0.386 3.697 ± 0.386
95Y 10.2 min 954.0 16.0 3.807 ± 0.383 3.842 ± 0.391
95Zr 64.02 days 756.7 54.0 3.862 ± 0.446 3.862 ± 0.446

724.3 44.2 3.813 ± 0.402 3.813 ± 0.402
97Zr 16.91 h 743.4 93.0 2.754 ± 0.317 2.779 ± 0.319
99Mo 65.94 h 140.5 89.4 1.589 ± 0.171 1.589 ± 0.171

739.5 12.13 1.767 ± 0.179 1.767 ± 0.179
101Mo 14.61 min 590.1 16.4 1.012 ± 0.188 1.016 ± 0.189
103Ru 39.26 days 497.1 90.0 0.746 ± 0.092 0.746 ± 0.092
104Tc 18.3 min 358.0 89.0 0.574 ± 0.064 0.574 ± 0.064
105Ru 4.44 h 724.4 47.0 0.197 ± 0.026 0.199 ± 0.026
105Rh 35.36 h 319.1 19.2 0.211 ± 0.039 0.211 ± 0.039
107Rh 21.7 min 302.8 66.0 0.058 ± 0.013 0.058 ± 0.013
127Sb 3.85 days 687.0 37.0 0.113 ± 0.021 0.113 ± 0.021
128Sn 59.07 min 482.3 59.0 0.169 ± 0.027 0.172 ± 0.027
129Sb 4.32 h 812.4 43.0 0.440 ± 0.065 0.441 ± 0.065
131Sb 23.03 min 943.4 47.0 1.293 ± 0.204 1.323 ± 0.208
131I 8.02 days 364.5 81.7 1.469 ± 0.231 1.469 ± 0.231
132Te 3.2 days 228.1 88.0 2.634 ± 0.341 2.650 ± 0.344
133I 20.8 h 529.9 87.0 2.980 ± 0.342 2.980 ± 0.342
134Te 41.8 min 566.0 18.0 3.432 ± 0.365 3.639 ± 0.387

767.2 29.5 3.953 ± 0.441 4.046 ± 0.468
134I 52.5 min 847.0 95.4 4.162 ± 0.451 4.162 ± 0.451

884.1 65.0 4.420 ± 0.455 4.420 ± 0.455
135I 6.57 h 1,131.5 22.7 4.037 ± 0.406 4.057 ± 0.406

1,260.4 28.9 4.084 ± 0.443 4.105 ± 0.443
137Xe 3.7 min 455.49 31.0 4.812 ± 0.509 4.812 ± 0.509
138Xe 14.08 min 258.4 31.5 6.196 ± 0.622 6.335 ± 0.637

434.5 20.3 6.162 ± 0.663 6.301 ± 0.679
138Csg 33.41 min 1,435.8 76.3 6.816 ± 0.719 6.816 ± 0.719

1,009.8 29.8 6.727 ± 0.703 6.727 ± 0.703

462.8 30.7 7.077 ± 0.748 7.077 ± 0.748
139Ba 83.03 min 165.8 23.7 7.536 ± 0.786 7.536 ± 0.786
140Ba 12.75 days 537.3 24.4 7.726 ± 0.837 7.726 ± 0.837
141Ba 18.27 min 190.3 46.0 7.175 ± 0.757 7.197 ± 0.759
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which support the present observation. The higher yields of

the fission products around the mass numbers 133–134 and

143–144 and their complementary products can be

explained from the point of view of the standard I and

standard II asymmetric fission modes mentioned by Brossa

et al. [74], which arise due to shell effects [75]. Based on

standard I asymmetry, the fissioning system is character-

ized by spherical heavy fragment mass with A = 133–134

and ZP = 52 due to the approach of spherical shell closure

at N = 82 and a deformed complementary light mass

number. Thus the higher yields of the fission products such

as 133I and 134Te–134I in the 238U(c, f) reaction is due to the

presence of spherical neutron shell at N = 82. The neutron

number of 82 is based on the assumption of one neutron

emission for A = 133–134 with most probable charge (ZP)

of 52. Similarly, based on standard II asymmetry, the fis-

sioning system is characterized by a deformed heavy

fragment mass with A = 143–144 and ZP = 54 due to the

approach of deformed shell closure at N = 88 and slightly

deformed light mass. Thus the higher yields of the fission

products 143–144Ce and their complementary products in the
232Th(c, f) reaction is due to the presence of spherical

neutron shell at N = 82. The neutron number of 88 is

based on the assumption of 2 neutron emission for

A = 143–144 with most probable charge (ZP) of 56. Thus,

the higher yields of fission products 133I and 134Te–134I and

their complementary products in the 238U(c, f) reaction and

for 143,144Ce and their complementary products in the
232Th(c, f) reaction are due to the presence of spherical

shell closure at N = 82 and deformed shell closure at

N = 88, respectively. Only slight higher yields of the 133I,
134Te–134I and their complementary products in the

232Th(c, f) reaction and for 143–144Ce and their comple-

mentary products in the 238U(c, f) reaction will be

explained little later. On the other hand, the higher yields

of fission products 138Xe–138Cs, 139–140Ba and their com-

plementary products in both 232Th(c, f) and 238U(c, f)

reactions are not possible to explain based on only standard

I and standard II asymmetric fission modes [74] unless

even–odd effect is considered. As can be seen, for the mass

numbers 133–134, 138–140 and 143–144, the higher yields

of the heavy and light complementary mass fission pro-

ducts are in the interval of five mass and two charge units

[80]. As for example, the higher yields of fission products

are in the interval of five mass units at A = 133, 138 and

143 or at A = 134, 139 and 144, respectively. The most

probable charge corresponding to the masses of 133–134,

138–140 and 143–144 are even Z at 52, 54 and 56, which

results the A/Z values of 2.5. Thus the difference of two

even charges causes the higher mass chain yields in the

interval of five mass units. This indicates the role of even–

odd effect besides shell effect.

In order to examine above aspects, the mass chain yields

of various fission products in the 8 MeV bremsstrahlung

induced fission of 232Th and 238U from present work are

plotted in the Fig. 1. Similarly, the mass chain yields data

in the reactor neutron induced fission of 232Th [18–20] and
238U [21, 22] from literature are plotted in Fig. 2. This was

done because the excitation energy of the 8 MeV brems-

strahlung and reactor neutron induced fission of 232Th and
238U have the comparable excitation energy. The excitation

energies for the 8 MeV bremsstrahlung induced fission of
232Th and 238U are 6.52 and 6.53 MeV, respectively.

Similarly, the excitation energies for the reactor neutron

Table 1 continued

YR cumulative yields, YA mass

chain yields, 135I fission rate

monitor

Nuclide Half-life c-Ray energy

(keV)

c-Ray abundance

(%)

YR (%) YA (%)

304.7 35.4 7.088 ± 0.749 7.109 ± 0.751
141Ce 32.5 days 145.4 48.0 7.228 ± 0.761 7.228 ± 0.761
142Ba 10.6 min 255.3 20.5 6.234 ± 0.629 6.278 ± 0.635
142La 91.1 min 641.3 47.0 6.415 ± 0.664 6.415 ± 0.664
143Ce 33.03 h 293.3 42.8 7.743 ± 0.803 7.743 ± 0.803
144Ce 284.89 days 133.5 11.09 7.178 ± 0.738 7.178 ± 0.738
146Ce 13.52 min 316.7 56.0 4.323 ± 0.467 4.336 ± 0.469

218.2 20.6 4.957 ± 0.539 4.972 ± 0.541
146Pr 24.15 min 453.9 48.0 5.333 ± 0.572 5.333 ± 0.572

1,524.7 15.6 5.202 ± 0.558 5.202 ± 0.558
147Nd 10.98 days 531.0 13.1 3.285 ± 0.391 3.285 ± 0.391
149Nd 1.728 h 211.3 25.9 1.265 ± 0.142 1.269 ± 0.142

270.2 10.6 1.277 ± 0.138 1.281 ± 0.138
149Pm 53.08 h 286.0 3.1 1.559 ± 0.137 1.559 ± 0.137
151Pm 53.08 h 340.8 23.0 0.601 ± 0.079 0.601 ± 0.079
153Sm 46.28 h 103.2 30.0 0.180 ± 0.031 0.180 ± 0.031
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Table 2 Nuclear spectroscopic

data and yields of fission

products in the 8 MeV photon-

induced fission of 238U

(E* = 6.53 MeV)

Nuclide Half-life c-Ray Energy

(keV)

c-Ray abundance

(%)

YR (%) YA (%)

84Br 31.8 min 881.61 43.0 0.298 ± 0.051 0.298 ± 0.051

1,616.2 6.2 0.303 ± 0.061 0.303 ± 0.061
85Krm 4.48 h 151.2 75.0 0.501 ± 0.052 0.503 ± 0.052

304.9 14.0 0.554 ± 0.093 0.556 ± 0.093
87Kr 76.3 min 402.6 49.6 1.109 ± 0.131 1.115 ± 0.131
88Kr 2.84 h 196.3 25.9 2.765 ± 0.379 2.773 ± 0.381
89Rb 15.2 min 1,032.1 58.0 3.177 ± 0.319 3.177 ± 0.319

1,248.3 42.6 3.665 ± 0.369 3.665 ± 0.369
91Sr 9.63 h 749.8 23.6 4.582 ± 0.468 4.582 ± 0.468

1,024.3 33.0 4.911 ± 0.501 4.911 ± 0.501
92Sr 2.71 h 1,384.9 90.0 4.592 ± 0.467 4.615 ± 0.472
93Y 10.18 h 266.9 7.3 3.906 ± 0.396 3.906 ± 0.396
94Y 18.7 min 918.7 56.0 4.246 ± 0.465 4.259 ± 0.466
95Y 10.2 min 954.0 16.0 6.201 ± 0.691 6.232 ± 0.694
95Zr 64.02 days 756.7 54.0 6.795 ± 0.705 6.795 ± 0.705

724.3 44.2 6.970 ± 0.719 6.970 ± 0.719
97Zr 16.91 h 743.4 93.0 5.998 ± 0.635 6.028 ± 0.637
99Mo 65.94 h 140.5 89.4 4.829 ± 0.524 4.829 ± 0.524

739.5 12.13 4.679 ± 0.469 4.679 ± 0.469
101Mo 14.61 min 590.1 16.4 7.562 ± 0.773 7.565 ± 0.777
103Ru 39.26 days 497.1 90.0 6.722 ± 0.704 6.722 ± 0.704
104Tc 18.3 min 358.0 89.0 4.058 ± 0.422 4.058 ± 0.422
105Ru 4.44 h 724.4 47.0 2.907 ± 0.381 2.922 ± 0.383
105Rh 35.36 h 319.1 19.2 2.975 ± 0.402 2.975 ± 0.402
107Rh 21.7 min 302.8 66.0 0.697 ± 0.102 0.697 ± 0.102
112Ag 3.13 h 617.5 43.0 0.034 ± 0.008 0.034 ± 0.008
113Ag 5.37 h 298.6 10.0 0.022 ± 0.005 0.022 ± 0.005
127Sb 3.85 days 687.0 37.0 0.152 ± 0.021 0.152 ± 0.021
128Sn 59.07 min 482.3 59.0 0.214 ± 0.033 0.216 ± 0.033
129Sb 4.32 h 812.4 43.0 0.626 ± 0.064 0.627 ± 0.064
131Sb 23.03 min 943.4 47.0 2.402 ± 0.265 2.454 ± 0.271
131I 8.02 days 364.5 81.7 3.181 ± 0.349 3.181 ± 0.349
132Te 3.2 days 228.1 88.0 6.154 ± 0.649 6.185 ± 0.652
133I 20.8 h 529.9 87.0 8.257 ± 0.844 8.257 ± 0.844
134Te 41.8 min 566.0 18.0 7.230 ± 0.732 7.733 ± 0.782

767.2 29.5 7.182 ± 0.751 7.682 ± 0.803
134I 52.5 min 847.0 95.4 8.655 ± 0.869 8.655 ± 0.869

884.1 65.0 8.611 ± 0.864 8.611 ± 0.864
135I 6.57 h 1,131.5 22.7 6.921 ± 0.714 6.949 ± 0.714

1,260.4 28.9 6.175 ± 0.662 6.175 ± 0.662
137Xe 3.7 min 455.49 31.0 5.498 ± 0.553 5.498 ± 0.553
138Xe 14.08 min 258.4 31.5 5.992 ± 0.628 6.114 ± 0.642

434.5 20.3 5.834 ± 0.627 5.953 ± 0.641
138Csg 33.41 min 1,435.8 76.3 6.399 ± 0.679 6.399 ± 0.679

1,009.8 29.8 6.558 ± 0.684 6.558 ± 0.684

462.8 30.7 6.364 ± 0.678 6.364 ± 0.678
139Ba 83.03 min 165.8 23.7 6.926 ± 0.733 6.926 ± 0.733
140Ba 12.75 days 537.3 24.4 6.383 ± 0.663 6.383 ± 0.663
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induced fission of 232Th and 238U are 6.51 and 6.25 MeV,

respectively. This is because the reactor neutron has

average neutron energy of 1.9 MeV [21, 22].

It can be seen from Figs. 1 and 2 that the yields of

fission products around mass numbers 133–134 and their

complementary products are higher in the 238U(c, f)

and 238U(n, f) reactions, whereas they are lower in the

232Th(c, f) and 232Th(n, f) reactions. Similarly, the yields of

fission products around mass numbers 138–140 and their

complementary products are higher in the 232Th(n, f) and
238U(n, f) reactions than in the 232Th(c, f) and 238U(c, f)

reactions. These observations cannot be explainable based

on either even–odd effect or standard I and standard II

asymmetric mode unless ones consider the effect of

Table 2 continued

YR cumulative yields, YA mass

chain yields, 135I fission rate

monitor

Nuclide Half-life c-Ray Energy

(keV)

c-Ray abundance

(%)

YR (%) YA (%)

141Ba 18.27 min 190.3 46.0 5.435 ± 0.551 5.451 ± 0.554

304.7 35.4 5.446 ± 0.574 5.462 ± 0.577
141Ce 32.5 days 145.4 48.0 5.562 ± 0.597 5.562 ± 0.597
142Ba 10.6 min 255.3 20.5 4.675 ± 0.503 4.698 ± 0.506
142La 91.1 min 641.3 47.0 4.884 ± 0.523 4.884 ± 0.523
143Ce 33.03 h 293.3 42.8 4.727 ± 0.528 4.727 ± 0.528
144Ce 284.89 days 133.5 11.09 5.105 ± 0.546 5.105 ± 0.546
146Ce 13.52 min 316.7 56.0 2.908 ± 0.293 2.917 ± 0.294

218.2 20.6 2.845 ± 0.288 2.854 ± 0.289
146Pr 24.15 min 453.9 48.0 3.347 ± 0.363 3.451 ± 0.363

1,524.7 15.6 3.198 ± 0.362 3.208 ± 0.362
147Nd 10.98 days 531.0 13.1 2.564 ± 0.347 2.564 ± 0.347
149Nd 1.728 h 211.3 25.9 1.621 ± 0.169 1.626 ± 0.169

270.2 10.6 1.655 ± 0.168 1.659 ± 0.168
149Pm 53.08 h 286.0 3.1 1.734 ± 0.182 1.734 ± 0.182
151Pm 53.08 h 340.8 23.0 0.442 ± 0.059 0.442 ± 0.059
153Sm 46.28 h 103.2 30.0 0.055 ± 0.011 0.055 ± 0.0118
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Fig. 1 Plot of post neutron mass chain yields versus mass number in

the 8 MeV bremsstrahlung induced fission of 232Th

(E* = 6.52 MeV) and 238U (E* = 6.53 MeV)
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complementary shell combinations. Around mass numbers

133–134, the most probable Z is 52 and the fission frag-

ment has spherical 82 n shell if the neutron emission is

around one. For the mass numbers 138–140 and 143–144,

the most probable Z are 54 and 56, respectively. This

corresponds to the deformed 86–88 n shell if the neutron

emitted is around one or two. However, the deformed

neutron shell are not exactly 88, 64 and 56 but lies between

the neutrons number 86–90, 62–66 and 54–58, respectively

[75]. In the case of the 238U(c, f) and 238U(n, f) reactions,

for the fragments at A = 134–135 have the complementary

fragment at A = 105–103 with probable Z = 40, which

correspond to the spherical 82 n and deformed 64 n shell

combinations. In the case of the 232Th(c, f) and 232Th(n, f)

reactions, the fragment of A = 134–135 have the com-

plementary A = 99–97 with probable Z = 38, which cor-

responds to the spherical 82 n shell and 61–59 n without

shell. Thus the higher yields of the fission products 133I

and 134Te–134I and their complementary products in the
238U(c, f) and 238U(n, f) reactions are due to spherical 82 n

and deformed 64 n shell combination, which is absent in

the case of 232Th(c, f) and 232Th(n, f) reactions. In the
238U(n, f) reaction, for the fragment of A = 139 has the

complementary fragment at A = 100 with probable

Z = 40, which correspond to the deformed 86 n and 62 n

shell combination. Thus in the 238U(n, f) reaction the fis-

sion products 138Xe–138Cs and its complementary products

have the unusual high yields of about 11 % [21, 22].

Similarly, in the 232Th(n, f) reaction, for the fragment of

A = 141 has the complementary fragment at A = 92 with

probable Z = 36, which correspond to deformed 87 n and

56 n shell combination. Thus in the 232Th(n, f) reaction, the

fission product 140Ba and its complementary product have

thehigher yields of 8.2 % [20]. The above facts get support

from the observation of very high yields of 10.85 % for
144Ce and 84Br in 229Th (n, f) reaction [84] due to the

presence of deformed 88 n and spherical 50 n shell com-

binations in the complementary pairs. However, in the
235U(n, f) [85] reaction, the yields of 143,144Ce and its

complementary product, is not as high as in the case of
229Th (n, f) reaction [84], which is due to the presence of

single shell of 86–88 n. These observations clearly indicate

the importance of shell combinations in the complementary

fragments pairs.

Besides the above facts of shell combination of the

complementary fragments, the comparable N/Z of the

fragments and fissioning systems also plays its role. As for

example, the fragment with A = 139–141 and Z = 54 is

favorable from N/Z ratio compared to the fragment at

A = 134–135 and 144–145. The fissioning systems
232,233Th* and 238,239U* have the N/Z ratios of 1.578–1.589

and 1.587–1.598, respectively. For the fission products of

A = 133–134, 138–140 and 143–144 with most probable Z

of 52, 54 and 56 have the N/Z ratios of 1.577, 1.593 and

1.571 in their fragment stage. This is based on the probable

neutron to proton ratios of 82/52, 86/54 and 88/56,

respectively. The fission products around A = 138–140

and their complementary products have the N/Z ratio of

1.593, which is closer to the value of the fissioning systems
232,233Th* and 238,239U*. Thus the yields of fission products
138Cs and 139,140Ba and their complementary products are

higher than adjacent fission products in the fissioning

systems 232,233Th* and 238,239U* due the favorable N/Z

ratio besides the presence of deformed 86–56 n and 86–62

n shell combinations of the complementary pairs.

Conclusions

1. The yields of various fission products in the 8 MeV

bremsstrahlung induced fission of 232Th and 238U have

been determined using off-line gamma ray spectro-

metric technique.

2. In the bremsstrahlung and neutron induced fission of
232Th and 238U, the yields of fission products around

A = 133–134, 139–140, 143–144 and their comple-

mentary products in the interval of five mass units are

higher than other fission products. This indicates the

even–odd effect besides the role of shell closure

proximity.

3. The higher yields of fission products 133I and
134Te–134I as well as 143,144Ce and their complemen-

tary products in the 232Th(c, f) and 238U(c, f) reactions

are due to the presence of spherical shell at N = 82

and deformed shell at N = 86–88. This is explainable

from the point of standard I and standard II asymmetric

mode of fission, which indicates the effect of shell

closure proximity.

4. The yields of fission products 133I, 134Te–134I and their

complementary products are higher in the 238U(c, f)

and 238U(n, f) reactions, whereas they are lower in the
232Th(c, f) and 232Th(n, f) reactions. This is due to the

presence of shell combination in the complementary

fragment in the former than later.

5. In the 232Th(c, f), 232Th(n, f), 238U(c, f) and 238U(n, f)

reactions, the yields of fission products 138Xe–138Cs,
139,140Ba and their complementary products are higher

due to the presence of favorable N/Z ratio similar to

that of the fissioning systems besides the effect of shell

closure proximity.
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