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Abstract.  

The yields of various fission products in the 11.5, 13.4, 15.0 and 17.3 MeV bremsstrahlung-

induced fission of 
238

U have been determined by recoil catcher and an off-     γ-ray 

spectrometric technique using the electron linac, SAPHIR at CEA, Saclay, France. The mass 

yield distributions were obtained from the fission product yields using charge-distribution 

corrections. The peak-to-valley (P/V) ratio, average light mass        and heavy mass        

and average number of neutrons      in the bremsstrahlung-induced fission of 
238

U at 

different excitation energies were obtained from the mass yield data. From the present and 

literature data in the 
238

U(γ, f) and 
238

U(n, f) reactions at various energies, the following 

observations were obtained: i) The mass yield distributions in the 
238

U(γ, f) reaction at various 

energies of the present work are double-humped, similar to those of the 
238

U(n, f) reaction of 

comparable excitation energy. ii) The yields of fission products for A = 133–134, A = 138–

140, and A = 143–144 and their complementary products in the 
238

U(γ, f) reaction are higher 

than other fission products due to the nuclear structure effect. iii) The yields of fission 

products for A = 133–134 and their complementary products are slightly higher in the 
238

U(γ, 

f) than in the 
238

U(n, f), whereas for A = 138–140 and 143–144 and their complementary 

products are comparable. iv) With excitation energy, the increase of yields of symmetric 

products and the decrease of the peak-to-valley (P/V ) ratio in the 
238

U(γ, f) reaction is similar 

to the 
238

U(n, f) reaction. v) The increase of 〈υ〉 with excitation energy is also similar 

between the 
238

U(γ, f) and 
238

U(n, f) reactions. However, it is surprising to see that the 〈AL〉 

and 〈AH〉 values with excitation energy behave entirely differently from the 
238

U(γ, f) and 
238

U(n, f) reactions. 

1 Introduction 

The study of mass and charge distribution in low-energy photon- and neutron-   u    fiss o  

of actinides provides information about the eff ect of nuclear structure and dynamics of 

descent from saddle to scission [1,2]. This is because in the photon-   u    fission the mass 

and charge of the compound nucleus is the same as that of the target nucleus, whereas in the 

neutron-   u    fiss o   th   ompou    u   us m ss       s s by o  y o   u  t. It  s   w   -

known fact that the mass distributions [1,2] in the photon- and neutron-   u    fiss o  of 

medium-Z actinides (e.g., U to Cf) are asymmetric with double hump, whereas for light-Z 



actinides (e.g., Ac, Th, Pa) they are asymmetric with triple hump [1,2]. However, with the 

increase of excitation energy and Z of the actinide, the mass distribution changes from 

asymmetric to symmetric and the eff ect of the nuclear structure decreases. Among these, the 

photon- and neutron-   u    fiss o s of Th  U     Pu      mpo t  t fo  th  u    st     g of 

b s   fiss o  ph  om        fo  their application in various types of reactors. The photon- 

and neutron-   u    fiss o  of 
232

Th and 
233

U are of interest for the advanced heavy water 

reactor (AHWR) [3,4] and accelerator-driven subcritical system (ADSS) [5–10]. On the other 

hand photon and neutron-   u    fiss o s of 
235,238

U and 
239

Pu are important in conventional 

light and heavy water reactor and fast reactor [11–15]. Besides this, the bremsstrahlung and 

neutron-   u    fiss o s of 
232

Th and 
238

U above th  fiss o  b       to the end of the giant 

dipole resonance (GDR) region is interesting from the point of view of the nuclear structure 

eff ect such as the role of shell closure proximity and the even-odd eff ect. This is because the 

bremsstrahlung- and neutron-   u    fiss o s of 
232

Th and 
238

U exhibit maximum even-odd 

eff ect at excit t o      g  s      th  fiss o  b      . S m     y    ou   the GDR region the 

bremsstrahlung- and neutron-induced fissions of 
232

Th and 
238

U exhibit significant fission and 

reaction cross-sections. 

Data on fission product yields in the low-energy neutron-induced fission of actinides are 

available in various compilations [16–20]. Sufficient data on fission product yields in the 

reactor neutron- [21,22] and mono-energetic neutron-induced [23–48] fissions of 238U are also 

available in the literature. On the other hand, yields of fission fragments in the excitation 

energy range of the GDR region due to electromagnetic fission in inverse kinematics [49–51] 

are available for neutron-deficient lighter-mass actinides (e.g., 
231−234

U). Similarly, data on 

fission product yields in the bremsstrahlung-induced fission of 
234,235,238

U are also available in 

the literature [52–72] over a broad energy range.  

From the above-mentioned data, it can be seen that in the photon- and neutron-induced 

fissions of 
238

U the yields of fission products around mass numbers 133–135, 138–140 and 

143–145 and their complementary products are higher than the other fission products. This is 

due to the effect of the nuclear structure such as the even-odd effect [73]. Besides this, higher 

yields of fission products around mass number 133–135 and 143–145 is also explainable from 

the point of view of the standard I and standard II asymmetric fission modes as mentioned by 

Brossa et al. [74], which arise due to the shell effect [75]. The role of the nuclear structure 

effect is clear around the excitation energy above second saddle. It has been shown by Pomme 

et al. [68] that in the bremsstrahlung-induced fission of 
238

U, the even-odd effect remains 

constant up to excitation the energy of 2.2 MeV above the second barrier and thereafter it 

decreases. Thus it is interesting to examine the effect of the nuclear structure with the increase 

of the excitation energy beyond 2.2 MeV above second barrier, i.e. at the bremsstrahlung 

energy above 9.5 MeV. In our earlier work at the end point bremsstrahlung energy of 10 MeV 

[72] the nuclear structure effect was observed. Thus it is worthy to investigate the effect of the 

nuclear structure above 10 MeV, i.e. around the giant dipole resonance (GDR) region, where 

the fission cross-section is significantly high. In view of this, in the present work the yields of 

various fission products in the 11.5, 13.4, 15.0 and 17.3MeV bremsstrahlung-induced fission 

of 
238

U have been determined by using the off-line gamma-ray spectrometric technique at the 

electron linac, SAPHIR at CEA, Saclay, France. 

  



2 Experimental details 

The experiment was performed by using a bremsstrahlung beam with end point energies of 

11.5, 13.4, 15.0 and 17.3 MeV, produced from electron linac, SAPHIR at CEA, Saclay, 

France. The bremsstrahlung beam was produced by impinging a pulsed electron beam on a 

light watercooled cylindrical tungsten target of 5 cm diameter and 5 mm thickness. 

High-purity natural uranium metal rod of diameter 2.74 mm and length 5 mm weighing 5.6 g 

was mounted inside a pneumatic rabbit holder. It was irradiated for 30 minutes with the 

bremsstrahlung radiation using the pneumatic carrier facility. Within few seconds, the 

pneumatic rabbit allows us to carry the sample from the irradiation room to the front of the 

detector. Different irradiations were taken for end point energies of 11.5, 13.4, 15.0 and 

17.3 MeV, respectively. During the irradiation, the electron linac was operated with a pulse 

repetition rate of 25 Hz and a pulse width of 2.5 µs. The peak current during irradiation was 

100 mA with an average current of 6 µA. The electron beam current was very stable during 

the irradiation time of 30 minutes. Thus it produced constant photon flux throughout the 

irradiation. After the irradiation, the sample along with its holder was pneumatically taken out 

and fixed at a certain distance from the HPGe detector for gamma-ray counting. The γ-rays 

activities of the fission products were measured by using the ORTEC 40% HPGe detector 

coupled to a PC based 8K channel analyzer. The resolution of the detector system was 2.0 

keV full width at half maximum (FWHM) at the 1332.0 keV γ-line of 
60

Co. In order to 

minimize the dead time and coincidence summing effect, an appropriate distance between the 

sample and the detector was chosen for each measurement. The dead time of the detector 

syst m  u   g  ou t  g w s   w ys   pt   ss th   10%. Th  γ-ray counting of the sample was 

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

irradiated sample were done for several times with increasing counting time to follow the 

decay and to have a good counting statistics for the photo-p    of th  γ-lines of different 

f ss o  p o u ts. Typ     γ-ray spectra of the fission products from the irradiated U sample 

taken after 15 s and 32 min are shown in figs. 1 and 2, respectively. 



 

Fig. 1. Typical γ-ray spectra of various fission products after cooling time of 15 s and 

counting time of 600 s 



 

Fig. 2. Typical γ-ray spectra of various fission products after cooling time of 32 min and 

counting time of 3600 s. 

3 Calculation and results 

3.1 Calculation of the excitation energy 

In the present experiment, we have measured yields of fission products in the 11.5, 13.4, 15.0 

and 17.3 MeV bremsstrahlung-induced fission of 
238

U. For the fissioning nuclei, the average 

excitation energy (E*(Ee)) corresponding to the end point bremsstrahlung energies of 11.5–

17.3 MeV was obtained as done in our earlier work [72] based on the relation [62] 

       
                   
  
 

                  
  
 

 (1) 

where          is the number of photons at energy E for electron energy Ee, σF(E) is the 

photo-fission cross-section of 
238

U as a function of the photon energy (E). 

The bremsstrahlung spectrum          corresponding to an incident electron energy (Ee) was 

calculated using EGS4 computer code [76]. The photo-fission cross-sections of 
238

U in the 

sub-barrier region [77] and the energy range 5–18.3 MeV [78,79] are available in the 

literature. In eq. (1), the value of          from the EGS4 code [76] and , σF(E) from the 

experiment [78] were used to calculate the average excitation energy. For the end point 



bremsstrahlung energies of 11.5, 13.4, 15.0 and 17.3 MeV, the corresponding average 

excitation energies were found to be 9.09, 10.38, 11.6 and 12.71 MeV, respectively. 

3.2 Calculation of yields of fission products from the photo-peak areas 

From the gross photo-p          th   umb   of   t  t   γ-rays (Aobs) fo    ff    t γ-rays of 

the nuclides of interest was obtained by subtracting the linear Compton background. The Aobs 

of each individual fission product is related to their cumulative yields through the standard 

decay equation [72], 

     
  

  
  

                  
                  

 
  (2) 

where Y is the cumulative yield of the fission product, n is the number of target atoms and 

       is the photo-fission cross-section of the target nuclei for the bremsstrahlung spectrum 

with end point energies of 11.5, 13.4, 15.0 and 17.3 MeV, respectively.         
  

  
 is the 

bremsstrahlung flux with photon flux φ from the fission barrier (Eb) to the end point energy 

(Ee). ε and Iγ are the detection efficiency and branching intensity for the γ-ray of the fission 

p o u t  u      of   t   st; λ  s th      y  o st  t     t   to th  h  f-life of the fission 

p o u t of   t   st (λ =    2/T1/2); t and T are the irradiation and cooling times, whereas CL 

and LT are the clock time and live time of counting, respectively. 

The nuclear sp  t os op     t   su h  s th  γ-ray energy, branching intensity and half-life of 

the fission products were taken from refs. [80,81]. The rate of fission             was first 

obtained from the photo-peak activity (Aobs) of th  γ-lines for the fission product 
135

I and by 

using the cumulative yield as 1 in eq. (2). This was done because the precursor of 
135

I is 
135

Te, 

which is very short-lived (T1/2 = 19.0 s). Then the           term was used in the same eq. 

(2) to calculate the cumulative yields (YR) of other fission products relative to fission rate 

monitor 
135

I. For some of the fission product like 
112

Ag, its precursor, 
112

Pd, is long-lived  

(T1/2 = 21.03 h). Thus there is an equilibrium between 
112

Pd and 
112

Ag. The cumulative yield 

of 
112

Pd and independent yield of 
112

Ag is possible to obtain from the decay growth equation 

by using the activity of the 617 keV γ-line. Otherwise the half-life of 
112

Pd and the activity of 

617   V γ-line can be used to determine the cumulative yield of 
112

Ag, which has been done 

in the present work. Similar is the problem for the fission products 
105

Ru − 
105

Rh, 
131

Sb − 
131

I, 
134

T  − 
134

I, 
141

B  − 
141

Ce, 
142

B  − 
142

La and 
146

   − 
146

Pr. As, for example, in the case of 
134

T  − 
134

I, the cumulative yield of 
134

Te has been determined from the activities of 566 and 

767 keV γ-lines. To determine the cumulative yields of 
134

I, it is necessary to use the decay 

growth equation and the activity of the 847 and 884 keV γ-lines. Otherwise it is necessary to 

wait up to the six half-lives decay of 
134

Te and then eq. (2) can be used to determine the 

cumulative yield of 
134

I from the activities of 847 and 884 keV γ-lines. In the present work, 

the latter method was followed to determine the cumulative yield of 
134

I. In the case of 
146

Pr 

  so   ts  umu  t v  y     h s b      t  m     f om  q. (2) by us  g th    t v ty of 454   V γ-

line of the spectra after six half-lives decay of 
146

Ce. Similar is the case for the cumulative 

yields of the fission products 
105

Rh, 
131

I, 
141

Ce and 
142

La, respectively. 

From the relative cumulative yields (YR) of the fission products, their relative mass chain 

yields (YA) w        u  t   by us  g W h ’s p  s   pt o  of  h  g    st  but o  [20]. 

According to this, the fractional cumulative yield (YFCY ) of a fission product in an isobaric 

mass chain is given as 



    
       

     
       

      
 

    
  

     

  
     (3) 

   
  

    
  (4) 

where ZP is the most probable charge and σZ is the width parameter of an isobaric yield 

distribution. EOF
a(Z) 

is the even-odd effect with a(Z) = +1 for even-Z nuclides and −1 for odd-

Z nuclides. 

For the calculation of YFCY value of a fission product and mass chain yield of an isobaric mass 

chain, it is necessary to have knowledge of ZP , σZ and EOF
a(Z)

. In the bremsstrahlung-

induced fission of 
238

U, the ZP , σZ and EOF
a(Z)

 values can be obtained from the fission yield 

data of ref. [68]. Similarly, systematic data on the charge distribution in the reactor neutron-

induced (average En = 1.9 MeV) fission of different actinides are also available in ref. [73]. 

It can be seen from ref. [73] that the average width parameter        in the reactor 

neutroninduced fission of 
238

U is 0.55 ± 0.07. On the other hand, in the proton-induced fission 

of 
238

U at medium excitation energy [82], the value of      is found to be 0.72 ± 0.06. In view 

of this, the average width parameter        value of 0.6 from refs. [68,73,82] was used in the 

11.5–17.3 MeV bremsstrahlung-induced fission of 
238

U. The mass dependence of the even-

odd factor on σZ was not considered, which may give rise to an error of 3–5% in the FCY 

value. The ZP values of individual mass chain (A) for the above fission systems were 

calculated using the prescription of Umezawa et al. [82] given below, 

                     
  

  
           (5a) 

  
       

       
  (5b) 

where ZC and AC are the charge and mass of the compound nucleus, ZF and AF are the charge 

and mass of the fission system and ZUCD is the most probable charge based on the unchanged 

charge-density distribution as suggested by Sugarman and Turkevich [83]. A is the mass of 

the fission product, whereas      and       are pre- and post-fission neutrons. ΔZP (ZP −ZUCD) 

is the charge polarization parameter. The + and – signs for the ΔZP value are applicable to 

light and heavy fragments, respectively. 

The pre- (υpre) and post-scission (υpost) neutrons in the medium energy fission of actinides can 

be calculated based on the prescription of Strecker et al. [84] or Umezawa et al. [82]. The saw 

tooth nature of post-fission neutron emission trend as a function of fission fragment mass is 

possible to obtain by Strecker et al. [84] but not by Umezawa et al. [82]. However, in the 

present work, the prescription of Umezawa et al. [82] was used. This is because the other 

parameters of charge distribution systematics were taken from the same ref. [82]. 

Accordingly, the pre- (    ) and post-scission (     ) neutrons calculated using the relation 

given below [82], 

     
  

       
 

  
 

    
             (6a) 

                      , 

                             , 



                    ,    (6b) 

where E  is the excitation energy of the compound nucleus. For the end point bremsstrahlung 

energies of 11.5, 13.4, 15.0 and 17.3 MeV, the excitation energies of the compound nucleus 

are 9.09, 10.38, 11.6 and 12.71 MeV, respectively. The excitation energies were used in eq. 

(6a) to calculate the      values at three different neutron energies. The of     and       

obtained based on eqs. (6a) and (6b) are used in eqs. (5a) and (5b) to obtain the value of ZUCD 

as a function of mass number for the different fission product. The ΔZP value was then 

calculated by using the following relation [82]: 

                        ,  (7a) 

     
  

 
                                       .  (7b) 

The ΔZP values obtained in the above way for different mass chains were used in eq. (5a) to 

obtain the ZP value. Then the ZP and the σZ values of 0.6 were used in eq. (3) to calculate the 

YFCY value of the individual fission products. The relative cumulative yields (YR) of the 

individual fission products and their YFCY values were used in eq. (4) to obtain their relative 

mass chains yields (YA). The relative mass chain yields of the fission products obtained were 

then normalized to a total yield of 200% to calculate the absolute mass chain yields. The 

absolute cumulative yields (Y) of the fission products in the 11.5, 13.4, 15.0 and 17.3 MeV 

bremsstrahlung-induced fission of 
238

U were then obtained by using the mass yield data and 

YFCY values. The absolute cumulative yields (Y) of the individual fission products and their 

mass chain yields in the 11.5–17.3 MeV bremsstrahlung-induced fission of 
238

U along with 

the nuclear spectroscopic data from refs. [80, 81] are given in tables 1–4. The uncertainty 

shown in the measured cumulative yield of individual fission products in tables 1–4 is the 

fluctuation of the mean value from several measurements. 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 estimated to be 

10–15%, which can be determined by accumulating 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 uncertainties in the irradiation time (0.5%), detector efficiency calibration 

(∼ 3%), half-life of nuclides of the fission products (∼ 1%) and the γ-ray abundance (∼ 2%), 

which are the largest variation in the literature [80,81]. Thus, the overall systematic error is 

about 3.8%. An upper limit of error of 10.7–15.5% was determined at for the fission product 

yields based on 10–15% random error and a 3.8% systematic error. 

  



Nuclide Half-life γ-ray energy 

(keV) 

γ-ray abundance 

(%) 
YR (%)(a) YA (%)(b) 

84
Br 31.8 min 881.6 43.0 0.665 ± 0.066 0.665 ± 0.066 

1616.2 6.2 0.723 ± 0.078 0.723 ± 0.078 

85
Kr

m
 4.48 h 151.2 75.0 0.929 ± 0.062 0.929 ± 0.062 

304.9 14.0 0.896 ± 0.056 0.896 ± 0.056 

87
Kr 76.3 min 402.6 49.6 1.652 ± 0.177 1.658 ± 0.178 

88
Kr 2.84 h 196.3 25.9 2.331 ± 0.188 2.347 ± 0.189 

89
Rb 15.2 min 1032.1 58.0 3.321 ± 0.201 3.321 ± 0.201 

1248.3 42.6 2.931 ± 0.228 2.931 ± 0.228 

91
Sr 9.63 h 749.8 23.6 3.727 ± 0.245 3.727 ± 0.245 

1024.3 33.0 3.966 ± 0.301 3.966 ± 0.301 

92
Sr 2.71 h 1384.9 90.0 4.325 ± 0.111 4.333 ± 0.111 

93
Y 10.18 h 266.9 7.3 3.973 ± 0.239 3.973 ± 0.239 

94
Y 18.7 m 918.7 56.0 4.033 ± 0.150 4.033 ± 0.150 

95
Zr 64.02 d 756.7 54.0 4.962 ± 0.195 4.962 ± 0.195 

  724.3 44.2 5.154 ± 0.192 5.154 ± 0.192 

97
Zr 16.91 h 743.4 93.0 6.145 ± 0.305 6.158 ± 0.306 

99
Mo 65.94 h 140.5 89.4 5.628 ± 0.178 5.639 ± 0.178 

739.5 12.13 5.611 ± 0.244 5.623 ± 0.245 

101
Mo 14.61 min 590.1 16.4 7.102 ± 0.188 7.131 ± 0.189 

103
Ru 39.26 d 497.1 90.0 4.940 ± 0.161 4.940 ± 0.161 

104
Tc 18.3 min 358.0 89.0 3.276 ± 0.312 3.276 ± 0.312 

105
Ru 4.44 h 724.4 47.0 2.614 ± 0.116  

105
Rh 35.36 h 319.1 19.2 2.627 ± 0.102 2.627 ± 0.102 

107
Rh 21.7 min 302.8 66.0 1.079 ± 0.028 1.079 ± 0.028 

112
Ag 3.13 h 617.5 43.0 0.112 ± 0.022 0.112 ± 0.022 

113
Ag 5.37 h 298.6 10.0 0.107 ± 0.017 0.107 ± 0.017 

115
Cd

g
 53.46 h 336.2 45.9 0.079 ± 0.022 0.079 ± 0.022 

115
Cd

total
    0.095 ± 0.022

(c)
 0.095 ± 0.022

(c)
 

117
Cd

m
 3.36 h 1066.0 23.1 0.0072 ± 0.0005  

1097.3 26.0 0.0074 ± 0.0006  

117
Cd

g
 2.49 h 273.4 28.0 0.0668 ± 0.0056  

117
Cd

total
    0.0741 ± 0.0061 0.0741 ± 0.0061 



127
Sb 3.85 d 687.0 37.0 0.344 ± 0.089 0.344 ± 0.089 

128
Sn 59.07 min 482.3 59.0 0.623 ± 0.049 0.645 ± 0.050 

129
Sb 4.32 h 812.4 43.0 1.163 ± 0.078 1.163 ± 0.078 

131
Sb 23.03 min 943.4 47.0 3.805 ± 0.233  

131
I 8.02 d 364.5 81.7 4.194 ± 0.267 4.194 ± 0.267 

132
Te 3.2 d 228.1 88.0 5.307 ± 0.322 5.318 ± 0.323 

133
I 20.8 h 529.9 87.0 7.688 ± 0.217 7.688 ± 0.217 

134
Te 41.8 min 566.0 18.0 7.243 ± 0.289 7.815 ± 0.312 

767.2 29.5 7.683 ± 0.267 8.288 ± 0.289 

134
I 52.5 min 847.0 95.4 8.067 ± 0.367 8.067 ± 0.367 

884.1 65.0 8.245 ± 0.306 8.245 ± 0.306 

135
I
(d)

 6.57 h 1131.5 22.7 5.679 ± 0.260 5.713 ± 0.261 

1260.4 28.9 5.563 ± 0.055 5.996 ± 0.056 

137
Xe 3.7 min 455.5 31.0 6.585 ± 0.167 6.585 ± 0.167 

138
Cs

g
 33.41 min 1435.8 76.3 7.065 ± 0.362 7.079 ± 0.362 

1009.8 29.8 6.825 ± 0.283 6.839 ± 0.283 

462.8 30.7 6.942 ± 0.288 6.956 ± 0.289 

139
Ba 83.03 min 165.8 23.7 6.565 ± 0.362 6.565 ± 0.362 

140
Ba 12.75 d 537.3 24.4 5.396 ± 0.217 5.396 ± 0.217 

141
Ba 18.27 min 190.3 46.0 3.848 ± 0.161  

304.7 35.4 4.115 ± 0.178  

141
Ce 32.5 d 145.4 48.0 4.539 ± 0.350 4.539 ± 0.350 

142
Ba 10.6 min 255.3 20.5 4.689 ± 0.134  

142
La 91.1 min 641.3 47.0 4.751 ± 0.217 4.751 ± 0.217 

143
Ce 33.03 h 293.3 42.8 5.035 ± 0.250 5.035 ± 0.250 

144
Ce 284.89 d 133.5 11.09 4.863 ± 0.206 4.863 ± 0.206 

146
Ce 13.52 min 316.7 56.0 2.837 ± 0.095  

218.2 20.6 2.742 ± 0.117  

146
Pr 24.15 min 453.9 48.0 3.087 ± 0.189 3.087 ± 0.189 

1524.7 15.6 3.126 ± 0.195 3.126 ± 0.195 

147
Nd 10.98 d 531.0 13.1 2.064 ± 0.078 2.064 ± 0.078 

149
Nd 1.728 h 211.3 25.9 1.240 ± 0.078  

270.2 10.6 1.202 ± 0.061  

149
Pm 53.08 h 286.0 3.1 1.285 ± 0.078 1.285 ± 0.078 



151
Pm 53.08 h 340.8 23.0 0.745 ± 0.039 0.745 ± 0.039 

153
Sm 46.28 h 103.2 30.0 0.295 ± 0.011 0.295 ± 0.011 

(a) YR – Cumulative yields. 

(b) YA – Mass yields. 

(c) The yields of 
115

Cd
total

 are based on the ratio of 
115

Cd
g
/
115

Cd
m

 = 6 from ref. [38]. 

(d) 135
I – Fission rate monitor.  

Table 1. Nuclear spectroscopic data and yields of fission products in the 11.472 MeV photon-

induced fission of 
238

U. 

 

Nuclide Half-life γ-ray energy 

(keV) 

γ-ray abundance 

(%) 

YR (%) YA (%) 

84
Br 31.8 min 881.6 43.0 0.793 ± 0.051 0.793 ± 0.051 

1616.2 6.2 0.860 ± 0.039 0.860 ± 0.039 

85
Kr

m
 4.48 h 151.2 75.0 0.989 ± 0.062 0.989 ± 0.062 

304.9 14.0 0.977 ± 0.051 0.977 ± 0.051 

87
Kr 76.3 min 402.6 49.6 1.692 ± 0.101 1.692 ± 0.101 

88
Kr 2.84 h 196.3 25.9 2.400 ± 0.213 2.400 ± 0.213 

89
Rb 15.2 min 1032.1 58.0 2.928 ± 0.180 2.928 ± 0.180 

1248.3 42.6 3.119 ± 0.202 3.119 ± 0.202 

91
Sr 9.63 h 749.8 23.6 3.749 ± 0.236 3.749 ± 0.236 

1024.3 33.0 3.665 ± 0.146 3.665 ± 0.146 

92
Sr 2.71 h 1384.9 90.0 4.395 ± 0.252 4.395 ± 0.252 

93
Y 10.18 h 266.9 7.3 3.861 ± 0.129 3.861 ± 0.129 

94
Y 18.7 m 918.7 56.0 4.016 ± 0.146 4.016 ± 0.146 

95
Zr 64.02 d 756.7 54.0 4.813 ± 0.275 4.813 ± 0.275 

724.3 44.2 4.954 ± 0.197 4.954 ± 0.197 

97
Zr 16.91 h 743.4 93.0 5.822 ± 0.258 5.834 ± 0.259 

99
Mo 65.94 h 140.5 89.4 5.637 ± 0.174 5.648 ± 0.174 

739.5 12.13 5.733 ± 0.258 5.744 ± 0.259 

101
Mo 14.61 min 590.1 16.4 7.919 ± 0.319 7.959 ± 0.321 

103
Ru 39.26 d 497.1 90.0 5.407 ± 0.271 5.407 ± 0.271 

104
Tc 18.3 min 358.0 89.0 3.710 ± 0.259 3.710 ± 0.259 

105
Ru 4.44 h 724.4 47.0 2.490 ± 0.096  

105
Rh 35.36 h 319.1 19.2 2.698 ± 0.180 2.698 ± 0.180 

107
Rh 21.7 min 302.8 66.0 1.147 ± 0.152 1.147 ± 0.152 



112
Ag 3.13 h 617.5 43.0 0.188 ± 0.045 0.188 ± 0.045 

113
Ag 5.37 h 298.6 10.0 0.179 ± 0.051 0.179 ± 0.051 

115
Cd

g
 53.46 h 336.2 45.9 0.141 ± 0.028 0.141 ± 0.028 

115
Cd

total
    0.165 ± 0.028* 0.165 ± 0.028* 

117
Cdm 3.36 h 1066.0 23.1 0.0191 ± 0.0045  

1097.3 26.0 0.0189 ± 0.0055  

117
Cdg 2.49 h 273.4 28.0 0.1349 ± 0.0225  

117
Cd

total
    0.1540 ± 0.0231 0.1540 ± 0.0231 

127
Sb 3.85 d 687.0 37.0 0.331 ± 0.022 0.331 ± 0.022 

128
Sn 59.07 min 482.3 59.0 0.680 ± 0.072 0.680 ± 0.073 

129
Sb 4.32 h 812.4 43.0 1.338 ± 0.079 1.338 ± 0.079 

131
Sb 23.03 min 943.4 47.0 3.771 ± 0.107  

131
I 8.02 d 364.5 81.7 3.878 ± 0.112 3.878 ± 0.112 

132
Te 3.2 d 228.1 88.0 5.351 ± 0.123 5.362 ± 0.124 

133
I 20.8 h 529.9 87.0 7.425 ± 0.271 7.442 ± 0.272 

134
Te 41.8 min 566.0 18.0 7.577 ± 0.289 8.296 ± 0.317 

767.2 29.5 7.740 ± 0.248 8.476 ± 0.272 

134
I 52.5 min 847.0 95.4 8.437 ± 0.372 8.437 ± 0.372 

884.1 65.0 8.303 ± 0.311 8.303 ± 0.311 

135
I 6.57 h 1131.5 22.7 5.671 ± 0.073 5.716 ± 0.073 

1260.4 28.9 5.621 ± 0.056 5.621 ± 0.056 

137
Xe 3.7 min 455.5 31.0 6.525 ± 0.179 6.525 ± 0.179 

138
Cs

g
 33.41 min 1435.8 76.3 7.088 ± 0.281 7.102 ± 0.282 

1009.8 29.8 6.762 ± 0.258 6.776 ± 0.259 

462.8 30.7 6.852 ± 0.196 6.866 ± 0.197 

139
Ba 83.03 min 165.8 23.7 5.941 ± 0.259 5.941 ± 0.259 

140
Ba 12.75 d 537.3 24.4 4.828 ± 0.236 4.828 ± 0.236 

141
Ba 18.27 min 190.3 46.0 3.912 ± 0.197  

 304.7 35.4 3.951 ± 0.141  

141
Ce 32.5 d 145.4 48.0 4.266 ± 0.259 4.266 ± 0.259 

142
Ba 10.6 min 255.3 20.5 4.764 ± 0.202  

142
La 91.1 min 641.3 47.0 4.907 ± 0.287 4.907 ± 0.287 

143
Ce 33.03 h 293.3 42.8 4.940 ± 0.146 4.940 ± 0.146 

144
Ce 284.89 d 133.5 11.09 4.759 ± 0.108 4.759 ± 0.108 



146
Ce 13.52 min 316.7 56.0 3.361 ± 0.067  

218.2 20.6 3.216 ± 0.146  

146
Pr 24.15 min 453.9 48.0 3.389 ± 0.236 3.389 ± 0.236 

1524.7 15.6 3.592 ± 0.107 3.592 ± 0.107 

147
Nd 10.98 d 531.0 13.1 2.361 ± 0.185 2.361 ± 0.185 

149
Nd 1.728 h 211.3 25.9 1.225 ± 0.067  

270.2 10.6 1.214 ± 0.062  

149
Pm 53.08 h 286.0 3.1 1.349 ± 0.084 1.349 ± 0.084 

151
Pm 53.08 h 340.8 23.0 0.776 ± 0.039 0.776 ± 0.039 

153
Sm 46.28 h 103.2 30.0 0.315 ± 0.011 0.315 ± 0.011 

(a) YR – Cumulative yields. 

(b) YA – Mass yields. 

(c) The yields of 
115

Cd
total

 is based on the ratio of 
115

Cd
g
/
115

Cd
m

 = 6 from ref. [38] 

(d) 135
I – Fission rate monitor. 

Table 2. Nuclear spectroscopic data and yields of fission products in the 13.390 MeV photon-

induced fission of 238U. 

 

Nuclide Half-life γ-ray energy 

(keV) 

γ-ray abundance 

(%) 

YR (%) YA (%) 

84
Br 31.8 min 881.6 43.0 0.875 ± 0.061 0.875 ± 0.061 

1616.2 6.2 0.925 ± 0.052 0.925 ± 0.052 

85
Kr

m
 4.48 h 151.2 75.0 1.098 ± 0.045 1.098 ± 0.045 

304.9 14.0 1.148 ± 0.051 1.148 ± 0.051 

87
Kr 76.3 min 402.6 49.6 1.855 ± 0.295 1.855 ± 0.295 

88
Kr 2.84 h 196.3 25.9 2.579 ± 0.189 2.585 ± 0.189 

89
Rb 15.2 min 1032.1 58.0 3.075 ± 0.128 3.075 ± 0.128 

1248.3 42.6 3.170 ± 0.184 3.170 ± 0.184 

91
Sr 9.63 h 749.8 23.6 3.621 ± 0.139 3.621 ± 0.139 

1024.3 33.0 3.749 ± 0.095 3.749 ± 0.095 

92
Sr 2.71 h 1384.9 90.0 4.261 ± 0.128 4.273 ± 0.128 

93
Y 10.18 h 266.9 7.3 3.998 ± 0.212 3.998 ± 0.212 

94
Y 18.7 m 918.7 56.0 4.473 ± 0.251 4.473 ± 0.251 

95
Zr 64.02 d 756.7 54.0 5.268 ± 0.239 5.268 ± 0.239 

724.3 44.2 5.172 ± 0.279 5.172 ± 0.279 

97
Zr 16.91 h 743.4 93.0 5.779 ± 0.172 5.810 ± 0.173 



99
Mo 65.94 h 140.5 89.4 5.137 ± 0.223 5.149 ± 0.223 

739.5 12.13 5.091 ± 0.067 5.091 ± 0.067 

101
Mo 14.61 min 590.1 16.4 7.125 ± 0.301 7.139 ± 0.302 

103
Ru 39.26 d 497.1 90.0 4.947 ± 0.245 4.947 ± 0.245 

104
Tc 18.3 min 358.0 89.0 3.654 ± 0.284 3.654 ± 0.284 

105
Ru 4.44 h 724.4 47.0 2.546 ± 0.061  

105
Rh 35.36 h 319.1 19.2 2.579 ± 0.051 2.579 ± 0.051 

107
Rh 21.7 min 302.8 66.0 1.164 ± 0.089 1.164 ± 0.089 

112
Ag 3.13 h 617.5 43.0 0.206 ± 0.022 0.206 ± 0.022 

113
Ag 5.37 h 298.6 10.0 0.195 ± 0.017 0.195 ± 0.017 

115
Cd

g
 53.46 h 336.2 45.9 0.163 ± 0.028 0.163 ± 0.028 

115
Cd

total
    0.190 ± 0.028* 0.190 ± 0.028* 

117
Cd

m
 3.36 h 1066.0 23.1 0.0256 ± 0.0022  

1097.3 26.0 0.0267 ± 0.0035  

117
Cd

g
 2.49 h 273.4 28.0 0.1615 ± 0.0222  

117
Cd

total
    0.1877 ± 0.0228 0.1877 ± 0.0228 

127
Sb 3.85 d 687.0 37.0 0.529 ± 0.028 0.529 ± 0.028 

128
Sn 59.07 min 482.3 59.0 0.847 ± 0.037 0.867 ± 0.037 

129
Sb 4.32 h 812.4 43.0 1.348 ± 0.162 1.348 ± 0.162 

131
Sb 23.03 min 943.4 47.0 4.183 ± 0.184  

131
I 8.02 d 364.5 81.7 4.217 ± 0.151 4.217 ± 0.151 

132
Te 3.2 d 228.1 88.0 5.482 ± 0.139 5.493 ± 0.139 

133
I 20.8 h 529.9 87.0 6.791 ± 0.334 6.791 ± 0.334 

134
Te 41.8 min 566.0 18.0 7.247 ± 0.318 7.966 ± 0.324 

767.2 29.5 7.214 ± 0.345 8.149 ± 0.396 

134
I 52.5 min 847.0 95.4 8.184 ± 0.373 8.184 ± 0.373 

884.1 65.0 7.927 ± 0.323 7.927 ± 0.323 

135
I 6.57 h 1131.5 22.7 5.576 ± 0.184 5.754 ± 0.185 

1260.4 28.9 5.571 ± 0.055 5.649 ± 0.056 

137
Xe 3.7 min 455.5 31.0 6.743 ± 0.245 6.743 ± 0.245 

138
Cs

g
 33.41 min 1435.8 76.3 7.002 ± 0.222 7.016 ± 0.223 

1009.8 29.8 6.802 ± 0.288 6.816 ± 0.289 

462.8 30.7 6.712 ± 0.249 6.725 ± 0.251 

139
Ba 83.03 min 165.8 23.7 5.871 ± 0.295 5.871 ± 0.295 



140
Ba 12.75 d 537.3 24.4 5.118 ± 0.229 5.118 ± 0.229 

141
Ba 18.27 min 190.3 46.0 4.466 ± 0.256  

304.7 35.4 4.544 ± 0.201  

141
Ce 32.5 d 145.4 48.0 4.568 ± 0.239 4.568 ± 0.239 

142
Ba 10.6 min 255.3 20.5 4.384 ± 0.289  

142
La 91.1 min 641.3 47.0 4.688 ± 0.195 4.688 ± 0.195 

143
Ce 33.03 h 293.3 42.8 4.738 ± 0.139 4.738 ± 0.139 

144
Ce 284.89 d 133.5 11.09 4.437 ± 0.106 4.437 ± 0.106 

146
Ce 13.52 min 316.7 56.0 3.158 ± 0.128  

218.2 20.6 2.874 ± 0.139  

146
Pr 24.15 min 453.9 48.0 3.175 ± 0.184 3.175 ± 0.184 

1524.7 15.6 2.986 ± 0.156 2.986 ± 0.156 

147
Nd 10.98 d 531.0 13.1 2.395 ± 0.162 2.395 ± 0.162 

149
Nd 1.728 h 211.3 25.9 1.214 ± 0.089  

270.2 10.6 1.231 ± 0.067  

149
Pm 53.08 h 286.0 3.1 1.271 ± 0.028 1.271 ± 0.028 

151
Pm 53.08 h 340.8 23.0 0.751 ± 0.011 0.751 ± 0.011 

153
Sm 46.28 h 103.2 30.0 0.318 ± 0.012 0.318 ± 0.012 

(a) YR – Cumulative yields. 

(b) YA – Mass yields. 

(c) The yields of 
115

Cd
total

 is based on the ratio of 
115

Cd
g
/
115

Cd
m

 = 6 from ref. [38]. 

(d) 135
I – Fission rate monitor. 

Table 3. Nuclear spectroscopic data and yields of fission products in the 14.987 MeV photon-

induced fission of 238U. 

 

Nuclide Half-life γ-ray energy 

(keV) 

γ-ray abundance 

(%) 

YR (%) YA (%) 

84
Br 31.8 min 881.6 43.0 0.886 ± 0.044 0.886 ± 0.044 

1616.2 6.2 0.894 ± 0.038 0.894 ± 0.038 

85
Kr

m
 4.48 h 151.2 75.0 1.165 ± 0.088 1.165 ± 0.088 

304.9 14.0 1.126 ± 0.049 1.126 ± 0.049 

87
Kr 76.3 min 402.6 49.6 2.084 ± 0.241 2.084 ± 0.241 

88
Kr 2.84 h 196.3 25.9 2.473 ± 0.263 2.478 ± 0.264 

89
Rb 15.2 min 1032.1 58.0 3.014 ± 0.126 3.014 ± 0.126 

1248.3 42.6 3.129 ± 0.148 3.129 ± 0.148 



91
Sr 9.63 h 749.8 23.6 3.567 ± 0.088 3.567 ± 0.088 

1024.3 33.0 3.813 ± 0.066 3.813 ± 0.066 

92
Sr 2.71 h 1384.9 90.0 4.338 ± 0.215 4.343 ± 0.216 

93
Y 10.18 h 266.9 7.3 3.843 ± 0.104 3.843 ± 0.104 

94
Y 18.7 m 918.7 56.0 4.245 ± 0.115 4.245 ± 0.115 

95
Zr 64.02 d 756.7 54.0 5.136 ± 0.159 5.136 ± 0.159 

724.3 44.2 5.436 ± 0.197 5.436 ± 0.197 

97
Zr 16.91 h 743.4 93.0 6.023 ± 0.197 6.028 ± 0.197 

99
Mo 65.94 h 140.5 89.4 5.901 ± 0.098 5.901 ± 0.098 

739.5 12.13 5.890 ± 0.234 5.890 ± 0.234 

101
Mo 14.61 min 590.1 16.4 7.747 ± 0.158 7.762 ± 0.159 

103
Ru 39.26 d 497.1 90.0 4.781 ± 0.284 4.781 ± 0.284 

104
Tc 18.3 min 358.0 89.0 3.364 ± 0.213 3.364 ± 0.213 

105
Ru 4.44 h 724.4 47.0 2.501 ± 0.148  

105
Rh 35.36 h 319.1 19.2 2.516 ± 0.181 2.516 ± 0.181 

107
Rh 21.7 min 302.8 66.0 1.220 ± 0.098 1.220 ± 0.098 

112
Ag 3.13 h 617.5 43.0 0.299 ± 0.011 0.299 ± 0.011 

113
Ag 5.37 h 298.6 10.0 0.287 ± 0.044 0.287 ± 0.044 

115
Cd

g
 53.46 h 336.2 45.9 0.245 ± 0.016 0.244 ± 0.016 

115
Cd

total
    0.284 ± 0.016* 0.284 ± 0.016* 

117
Cd

m
 3.36 h 1066.0 23.1 0.0290 ± 0.0011  

1097.3 26.0 0.0268 ± 0.0016  

117
Cd

g
 2.49 h 273.4 28.0 0.2352 ± 0.0219  

117
Cd

total
    0.2631 ± 0.0230 0.2631 ± 0.0230 

127
Sb 3.85 d 687.0 37.0 0.656 ± 0.027 0.656 ± 0.027 

128
Sn 59.07 min 482.3 59.0 0.963 ± 0.044 0.986 ± 0.045 

129
Sb 4.32 h 812.4 43.0 1.417 ± 0.071 1.417 ± 0.071 

131
Sb 23.03 min 943.4 47.0 4.239 ± 0.223  

131
I 8.02 d 364.5 81.7 4.442 ± 0.186 4.442 ± 0.186 

132
Te 3.2 d 228.1 88.0 5.661 ± 0.153 5.673 ± 0.153 

133
I 20.8 h 529.9 87.0 6.811 ± 0.208 6.811 ± 0.208 

134
Te 41.8 min 566.0 18.0 6.854 ± 0.294 7.891 ± 0.339 

767.2 29.5 7.199 ± 0.267 8.293 ± 0.308 

134
I 52.5 min 847.0 95.4 8.168 ± 0.367 8.168 ± 0.367 



884.1 65.0 8.225 ± 0.197 8.225 ± 0.197 

135
I 6.57 h 1131.5 22.7 5.514 ± 0.266 5.607 ± 0.271 

1260.4 28.9 5.470 ± 0.054 5.563 ± 0.055 

137
Xe 3.7 min 455.5 31.0 6.788 ± 0.213 6.788 ± 0.213 

138
Cs

g
 33.41 min 1435.8 76.3 6.876 ± 0.228 6.890 ± 0.228 

1009.8 29.8 6.980 ± 0.295 6.994 ± 0.295 

462.8 30.7 6.931 ± 0.283 6.945 ± 0.283 

139
Ba 83.03 min 165.8 23.7 5.564 ± 0.284 5.564 ± 0.284 

140
Ba 12.75 d 537.3 24.4 4.929 ± 0.142 4.929 ± 0.142 

141
Ba 18.27 min 190.3 46.0 4.160 ± 0.213  

304.7 35.4 4.125 ± 0.201  

141
Ce 32.5 d 145.4 48.0 4.327 ± 0.234 4.327 ± 0.234 

142
Ba 10.6 min 255.3 20.5 4.327 ± 0.234  

142
La 91.1 min 641.3 47.0 4.534 ± 0.284 4.534 ± 0.284 

143
Ce 33.03 h 293.3 42.8 4.834 ± 0.219 4.834 ± 0.219 

144
Ce 284.89 d 133.5 11.09 4.245 ± 0.186 4.245 ± 0.186 

146
Ce 13.52 min 316.7 56.0 2.713 ± 0.191  

218.2 20.6 3.047 ± 0.153  

146
Pr 24.15 min 453.9 48.0 3.206 ± 0.186 3.206 ± 0.186 

1524.7 15.6 3.227 ± 0.121 3.227 ± 0.121 

147
Nd 10.98 d 531.0 13.1 2.407 ± 0.137 2.407 ± 0.137 

149
Nd 1.728 h 211.3 25.9 1.165 ± 0.033  

270.2 10.6 1.182 ± 0.022  

149
Pm 53.08 h 286.0 3.1 1.312 ± 0.038 1.312 ± 0.038 

151
Pm 53.08 h 340.8 23.0 0.749 ± 0.028 0.749 ± 0.028 

153
Sm 46.28 h 103.2 30.0 0.323 ± 0.017 0.323 ± 0.017 

(a) YR – Cumulative yields. 

(b) YA – Mass yields. 

(c) The yields of 
115

Cd
total

 is based on the ratio of 
115

Cd
g
/
115

Cd
m

 = 6 from ref. [38]. 

(d) 135
I – Fission rate monitor. 

Table 4. Nuclear spectroscopic data and yields of fission products in the 17.278 MeV photon-

induced fission of 
238

U. 

 



4 Discussion 

The yields of various fission products shown in tables 1–4 in the 13.4 and 17.3 MeV 

bremsstrahlung-induced fission of 
238

U were determined for the first time. On the other hand, 

the fission yields data in 
238

U(γ, f) at end point bremsstrahlung energies of 11.5 and 15 MeV 

are the redetermined values but are in close agreement with the similar data of Pomme et al. 

[69] at 11.13 MeV and Jacobs et al. [64] at 15 MeV. The mass chain yields of various fission 

products in the 11.5–17.3 MeV bremsstrahlung-induced fission of 
238

U from present work are 

plotted in fig. 3. Similarly, the mass chain yields data in the 3.9, 5.5, 6.9 and 7.7 MeV 

neutron-induced fission of 
238

U from the literature [38] with comparable excitation energies 

are plotted in fig. 4. It can be seen from figs. 3 and 4 that in the 11.5–17.3 MeV 

bremsstrahlung- and 3.9–7.7 MeV neutron-induced fission of 
238

U, the yields of fission 

products for A = 133–134, 138–139 and 143–144 and their complementary products are 

higher than the other fission products. This indicates the effect of the nuclear structure. A 

similar effect has also been predicted earlier in the bremsstrahlung-induced fission of 
238

U at 

other energies [52–72] as well as in the neutron-induced fission [21–48] of 
238

U, which 

supports the present observation. The higher yields of the fission products around the mass 

number 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 characterized by spherical heavy fragment mass numbers 133–134 due to the 

spherical 82n shell and a deformed complementary light-mass number. Based on standard II 

asymmetry, the fissioning system is characterized by a deformed heavy-mass fragment near 

mass numbers of 143–144 due to a deformed 88n shell and slightly deformed light mass. 

Thus, the higher yields of fission products for A = 133–134 and 143–144 are due to the 

presence of spherical 82n and deformed 88n shells, respectively. However, the higher yields 

of fission products around mass number 138–140 and their complementary products are not 

possible to explain based on only standard I and standard II asymmetric fission modes [74] 

unless the even-odd effect is considered. The higher yields of the heavy and light 

complementary mass fission products are in the interval of five mass and two charge units. 

This is because the A/Z of the fission products and fissioning system is around 2.5. Thus the 

difference of two charges makes the oscillation of mass yield in the interval of five mass 

units. It can be also seen from figs. 3 and 4 that the amplitude of oscillation in the interval of 

five mass units are comparable in the 11.5–17.3 MeV bremsstrahlung- and 3.9–7.7 MeV 

neutroninduced fission of 
238

U. This is in accordance with their even-odd effects [68,73]. 

However, the even-odd effect is out of phase with shell effect [75] and decreases with 

excitationenergy [68]. The fissioning system 238U∗ [68] has slightly higher even-odd effect 

than 
239

U
*
 [73]. 



 

Fig. 3. Plot of the mass yields distribution in the 11.5, 13.4, 15.0 and 17.3 MeV 

bremsstrahlung-induced fission of 
238

U. 



 

Fig. 4. Plot of the mass yields distribution in the 3.9, 5.5, 6.9 and 7.7MeV neutron-induced 

fission of 
238

U. 

In order to examine the above aspects, the yields of fission products for A = 133–134, 138–

139 and 143–144 as a function of the excitation energy are shown in table 5 from the present 

work and literature data [52–72] in 
238

U(γ, f). Similar data from the literature [23–48] in 
238

U(n, f) are shown in table 6. The yields of fission products for A = 134, 139 and 143 as a 

function of excitation energy are plotted in fig. 5. It can be seen from fig. 5 that within the 

uncertainty the yields of fission products around mass 133–134 and their complementary 

products are slightly higher in 
238

U(γ  f) than in 
238

U(n, f). However, the yields of fission 

products for A = 139, 143 and their complementary products are comparable in 
238

U(γ  f) and 
238

U(n, f). This is reflected in the lower average heavy mass (     in 
238

U(γ  f)) compared to 
238

U(n, f), which shall be discussed later on. These observations cannot be explained based on 

either the even-odd effect or the standard I and standard II asymmetric modes unless one 

considers the effect of complementary shell combinations. Around mass number 133–134, the 

most probable Z is 52, then the fission fragment has spherical 82n shell if the neutron 

emission is around one. Similarly, around mass number 138–39 and 143–144, the most 

probable Z is 54 and 56, then the fission fragment has deformed 86–88n shell if the neutron 

emission is around one or two. Besides this, the deformed neutron shell around 88 and 64 lie 

between the neutron numbers 86–90 and 62–66, respectively [75]. In the case of 
238

U(γ  f) and 
238

U(n, f), for the fragment of  

A = 134, they have the complementary fragment around A = 104 and 105 with probable  

Z = 40. Thus the probable neutrons for the complementary pairs have the spherical 82n and 

deformed 64n shell combination in 
238

U(γ  f). Thus the slightly higher yield of the fission 



products with A = 133–134 and their complementary in 
238

U(γ  f) compared to 
238

U(n, f) is 

due to the spherical 82n and the deformed 64n shell combination in the former rather than in 

the latter. Similarly, in 
238

U(n, f), the fragment of A = 139 has the complementary fragment 

around A = 100 with probable Z = 38. Then the probable neutrons for the complementary 

pairs have deformed 86n and 62n shell combination. Thus the fission products for A = 138 

and 98 in 
238

U(n, f) have unusual high yields around 11% [21]. The difference of one neutron 

between the fissioning systems 
238

U* and 
239

U* seems not so reasonable for the unusually 

different yield for the fission products of A = 138 and its complementary. However, this fact 

gets support from the observation of very high yields of 10.85% for A = 144 and 84 in 
229

Th(n, f) [85] but not as high as in 
232

Th(γ, f) [86]. The higher yields for A = 144 and 84 in 
229

Th(n, f) [85] are due to the deformed 88n and spherical 50n shell combination. Besides the 

shell combination, the higher yields for A = 133–134 and 138–139 in 
238

U(γ  f) and 
238

U(n, f) 

with most probable Z of 54 and 56 are also favorable from the N/Z ratio between 

complementary fragments and fissioning systems. The fissioning systems 
238

U* and 
239

U* 

have a N/Z ratios of 1.587 and 1.598, respectively. For the fission products with A = 134 and 

138 have the N/Z ratios of 1.596 and 1.593, in their fragment stage, are based on the emission 

of one and two neutrons, respectively. This is based on the probable neutron-to-proton ratios 

of 82/52 and 86/54, respectively. Thus the higher yields of products around A = 133–134 and 

138–139 in 
238

U(γ  f) and 
238

U(n, f) are favorable from the N/Z ratio besides the presence of 

the deformed 82n and 64n or 86n and 62n shell combination in the fragment stage. For the 

fission product of  

A = 144, the N/Z ratio is 1.607 by considering the two-neutron emission. The N/Z value of 

1.607 is higher than the value of 1.587 and 1.598 of the fission systems 
238

U* and 
239

U*. 

Besides this the complementary pairs do not have shell combination. So the yield of fission 

products for A = 143–144 are lower than those of the fission products for A = 133–34 and 

138–139 for both the fissioning systems. 



 

Fig. 5. Plot of the yields of fission products (%) as a function of the excitation energy for  

A = 143, 139 and 134 in the 
238

U(γ, f) and 
238

U(n, f) reactions. 

Further, from fig. 5, it can be seen that the yields of the fission products for A = 134, 139 and 

143 decrease with excitation energy. This is due to the decrease of the even-odd effect with 

excitation energy [68,86]. The effect of the excitation energy can be seen in a better way from 

the yields of the symmetric fission products and the peak-to-valley (P/V) ratio. Thus the yields 

of high-yield asymmetric products, the yields of symmetric products and their peak-to-valley 

(P/V) ratio in the bremsstrahlung-induced fission of 
238

U from the present work and the 

literature data [52–72] as a function of the excitation energy are shown in table 7. Similarly, 

the yields of highyield asymmetric products, yields of symmetric products and their P/V ratio 

in the neutron-induced fission of 
238

U from the literature data [23–48] as a function of the 

excitation energy are shown in table 8 for comparison. In the 
238

U(γ  f) and 
238

U(n, f), the yield 

of high-yield asymmetric products is A = 133 or 134 and, for the symmetric product, it is for  

A = 115 or 117 depending upon the availability of data in the literature. The yields of 

highyield asymmetric products and the yields of symmetric products in the bremsstrahlung- 

and neutron-induced fission of 
238

U as a function of the excitation energy from tables 7 and 8 

are plotted in fig. 6. Similarly, the P/V ratio in the bremsstrahlung- and neutron-induced 

fission of 
238

U as a function of the excitation energy from tables 7 and 8 are plotted in fig. 7. It 



can be seen from fig. 6 that, in both 
238

U(γ  f) and 
238

U(n, f), the yields of the highyield 

asymmetric products decrease marginally with excitation energy. However, the yields of the 

symmetric fission products increase significantly with excitation energy. Accordingly, the 

peak-to-valley (P/V) ratio decreases with excitation energy in both the bremsstrahlung- and 

the neutron-induced fission of 
238

U (fig. 7). The increase of the symmetric-product yield (fig. 

6) and the decrease of the P/V ratio (fig. 7) clearly indicate the effect of the excitation energy. 

Further, it can be seen, from fig. 6, that at the same excitation energy, the yields of the 

symmetric products are slightly higher in the 
238

U(γ  f) than in the 
238

U(n, f). These causes a 

slightly lower P/V ratio in the 
238

U(γ  f) than in the 
238

U(n, f) (fig. 7). Besides the role of the 

excitation energy, the difference may be due to the slightly lower height of the outer fission 

barrier of 5.7 MeV in the fissioning system 
238

U* compared to 6.12 MeV in 
239

U* [87]. The 

role of the excitation energy above the outer fission barrier is clearly shown by Pomme et al. 

[68]. It was shown by them that the proton odd-even effect is nearly constant up to the 

excitation energy of 2.2 MeV above the outer barrier. The lower height of the outer fission 

barrier in the fissioning system 
238

U* compared to 
239

U* is due to the pairing effect. 

 

Fig. 6. Plot of the yields (%) of symmetric (A = 115–117) and asymmetric (A = 133–134) 

fission products as a function of the excitation energy in the bremsstrahlung- and neutron-

induced fission of 
238

U. 



 

Fig. 7. Plot of the peak-to-valley (P/V) ratio as a function of the excitation energy in the 

bremsstrahlung- and neutron-induced fission of 
238

U. 

The role of the excitation energy and the pairing effect can also be seen from the average 

heavy mass       , light mass        and neutron number      In order to examine this, the 

     and      in the bremsstrahlung-induced fission of 
238

U at 11.5, 13.4, 15.0 and 17.3 MeV 

from the present work and at other energies from the literature [52–72] are calculated from the 

mass chain yields (YA) of the fission products within the mass ranges of 80–105 and 125–150 

by using the following relation [64]: 

     
        

   
           

         

   
    (8) 

The      and      values obtained from the above relation in the bremsstrahlung-induced 

fission of 
238

U, along with their corresponding average excitation energy        from the 

present work and the literature [52–72],  are given in table 9. Similarly, the      and 

     values in the neutron-induced fission of 
238

U along with their corresponding average 

excitation energy        from the literature [23–48] are given in table 10 for comparison. 

From the compound nucleus mass (AC = 238), and from the      and      values, the 

experimental average number of neutrons          was calculated using the following 

relation [69]: 

                          (9) 



The         values obtained from the above relation in the bremsstrahlung- and neutron-

induced fission of 
238

U at different excitation energies are listed in tables 9 and 10, 

respectively. The average neutron number           at different excitation energies in 
238

U(γ  

f) was also calculated as done earlier [86] in 
232

Th(γ  f) based on the assumption that the 

average energy needed for the emission of neutron is 8.6 MeV [88]. The total excitation 

energy       
    at the scission point used in the calculation of average neutron numbers 

          is obtained from the average Q-value      , average kinetic energy        and 

average excitation energy       as follows [86]: 

     
                   (10) 

From the experimental work of Jacobs et al. [65] and Pomme et al. [69], it can be seen that 

the difference between     and      is around 16.5 MeV throughout the bremsstrahlung 

energy region from 6.12 to 70 MeV. The         value obtained based on the above 

assumption is listed in table 9, which is found to be in good agreement with the experimental 

value. The         values for 
238

U(γ  f) from table 9 and those for 
238

U(n, f) from table 10 are 

plotted in fig. 8 as a function of the excitation energy. It can be seen, from fig. 8, that in both 

the bremsstrahlung- and the neutron-induced fission of 
238

U, the values of         increase in 

a similar way, which indicates the role of the excitation energy. However, within excitation 

energy of 12.5 MeV, the average neutron number in the 
238

U(n, f) reaction is lower than in 
238

U(γ  f). Beyond the excitation energy of 12.5 MeV, the average neutron number is slightly 

higher in 
238

U(n, f) than in 
238

U(γ  f). This is because the average neutron number increases 

faster with excitation energy in 
238

U(n, f) than in 
238

U(γ  f). This indicates that the partition of 

the excitation energy between collective and intrinsic degrees of freedom [75] is different for 

photon- and neutron-induced fission of 
238

U. This reflects in the yield profiles and thus in the 

average      and       values. 

 

Fig. 8. Plot of the average neutron number       as a function of the excitation energy in the 

bremsstrahlung- and neutron-induced fission of 
238

U. 



In order to examine the above aspects, the      and       values for the 
238

U(γ  f) reaction 

from table 9 and for the 
238

U(n, f) reaction from table 10 are plotted in fig. 9. It can be seen 

from fig. 9 that the       value for the 
238

U(γ  f) reaction increases slightly within the 

excitation energy of 2.2 MeV above the outer barrier and then remains almost constant. Thus 

the average       value fo  th  238U(γ  f)     t o   s   ou   137.59 ± 0.21.  o  th  238U(   

f) reaction, with the increase of the excitation energy, the       value decreases from 139 to 

137. The lower and near constant       value of 137.59±0.21 is due to the slightly higher 

yield of the fission products around mass number 133–134    th  238U(γ  f)     t o  th      

the 238U(n, f) reaction, which was mentioned before based on fig. 5. Accordingly, with the 

increase of the excitation energy, the      value for the 
238

U(γ  f) reaction decreases from 98 

to 96. In the 
238

U(n, f) reaction, the yields of the fission products around mass numbers 133–

134 increase with the excitation energy, which was earlier mentioned from fig. 5. Thus the 

     value in the  
238

U(n, f) reaction, decreases with the excitation energy from 139 to 137. 

 

Fig. 9. Plot of the average values of the heavy mass        and the average values of the light 

mass         as a function of the excitation energy in the bremsstrahlung- and neutron-

induced fission of 
238

U. 



Accordingly, with the increase of the excitation energy, the      value for the 
238

U(n, f) 

reaction remains nearly constant or increases slowly from 97.5 to 98. The increase or decrease 

trend of the      and       values with excitation energy in the 
238

U(γ  f) and 
238

U(n, f) 

reactions are due to the mass conservation of the fissioning system. However, the surprising 

different behavior of the      and       values with excitation energy between the 
238

U(γ  f) 

and 
238

U(n, f) reactions is not only based on the mass conservation of the fissioning system 

but it is also due to the different role of the standard I and II asymmetric modes of the fission 

[74] and the shell combination [75] of the complementary fragments. This indicates that the 

role of standard I and II asymmetric modes of the fission is different between the 
238

U(γ  f) 

and 
238

U(n, f) reactions based on the shell combination of the complementary fragments. This 

also indicates that the potential energy surface is different between the 
238

U(γ  f) and 
238

U(n, f) 

reactions due to the single odd-nucleon in the later. 

 

Eγ (MeV) E* (MeV) Y (%) 133-134 Y (%) 139-140 Y (%) 143-144 Reference 

6.12 5.55 7.660 ± 0.383 6.620 ± 0.331 4.580 ± 0.229 [68] 

8.570 ± 0.429 5.700 ± 0.285 4.870 ± 0.244 

6.44 5.86 7.970 ± 0.399 6.560 ± 0.328 4.900 ± 0.245 [68] 

8.340 ± 0.417 6.040 ± 0.302 4.930 ± 0.247 

7.33 6.23 8.430 ± 0.422 7.130 ± 0.357 7.130 ± 0.357 [68] 

8.380 ± 0.419 6.440 ± 0.322 4.980 ± 0.249 

8.35 6.68 8.210 ± 0.411 6.340 ± 0.317 4.980 ± 0.249 [68] 

8.430 ± 0.419 6.060 ± 0.303 4.620 ± 0.231 

9.31 7.19 7.860 ± 0.393 6.510 ± 0.326 4.990 ± 0.250 [68] 

7.690 ± 0.385 6.240 ± 0.312 4.750 ± 0.238 

10.0 7.55 7.429 ± 0.801 5.999 ± 0.114 4.273 ± 0.292 [72] 

8.266 ± 0.297 5.401 ± 0.293 4.786 ± 0.269 

10.0 7.55 6.800 ± 0.600 5.870 ± 0.470 5.940 ± 0.475 [53] 

 - 5.770 ± 0.470 - 

11.1 8.4 7.710 ± 0.389 6.240 ± 0.312 5.110 ± 0.256 [68] 

7.730 ± 0.387 6.030 ± 0.302 4.890 ± 0.245 

11.5 9.09 7.688 ± 0.217 6.565 ± 0.362 5.035 ± 0.250 Present work 

7.463 ± 0.289 5.396 ± 0.217 4.863 ± 0.206 

12.0 9.7 6.800 ± 0.340 - 4.800 ± 0.340 [64] 

6.880 ± 0.230 5.930 ± 0.214 4.600 ± 0.320 

13.4 10.38 7.425 ± 0.271 5.941 ± 0.259 4.940 ± 0.146 Present work 

7.659 ± 0.289 4.828 ± 0.236 4.759 ± 0.108 



15.0 11.6 6.791 ± 0.334 5.871 ± 0.295 4.738 ± 0.195 Present work 

7.231 ± 0.345 5.118 ± 0.229 4.437 ± 0.106 

15.0 11.6 6.340 ± 0.370 - 4.720 ± 0.340 [64] 

6.870 ± 0.250 5.910 ± 0.200 4.240 ± 0.460 

16.0 12.4 7.060 ± 0.400 5.970 ± 0.358 5.320 ± 0.340 [53] 

- 5.770 ± 0.330 - 

17.3 12.71 6.811 ± 0.208 5.564 ± 0.284 4.834 ± 0.219 Present work 

7.027 ± 0.294 4.929 ± 0.142 4.245 ± 0.186 

20.0 13.4 6.300 ± 0.350 - 4.530 ± 0.320 [64] 

6.840 ± 0.220 5.590 ± 0.200 3.970 ± 0.340 

21.0 13.6 - - 4.000 ± 0.100 [52] 

- 4.900 ± 0.100 3.800 ± 0.200 

22.0 13.85 5.610 ± 0.390 - 5.670 ± 0.400 [60] 

- 5.000 ± 0.350 - 

25.0 14.38 6.600 ± 0.528 6.870 ± 0.550 4.510 ± 0.361 [59] 

5.320 ± 0.426 5.530 ± 0.442 3.180 ± 0.254 

25.0 14.38 6.310 ± 0.320 - 4.510 ± 0.330 [62] 

6.590 ± 0.330 5.390 ± 0.220 4.240 ± 0.310 

30.0 14.7 5.930 ± 0.474 6.250 ± 0.500 4.650 ± 0.372 [59] 

- 5.480 ± 0.438 3.270 ± 0.262 

30.0 14.7 6.100 ± 0.310 - 4.390 ± 0.310 [64] 

6.430 ± 0.210 5.620 ± 0.180 3.820 ± 0.320 

35.0 15.08 6.900 ± 0.552 6.060 ± 0.485 4.030 ± 0.322 [59] 

5.450 ± 0.436 4.970 ± 0.398 - 

40.0 15.58 6.580 ± 0.526 5.970 ± 0.478 4.400 ± 0.352 [59] 

- 5.150 ± 0.412 3.470 ± 0.278 

48.0 16.22 6.200 ± 0.300 4.600 ± 0.100 3.800 ± 0.300 [52] 

- 5.000 ± 0.300 3.400 ± 0.200 

70.0 11.87 5.840 ± 0.300 - 4.200 ± 0.320 [64] 

6.120 ± 0.270 5.330 ± 0.170 3.650 ± 0.260 

Table 5. Yields of asymmetric (Y ) products for A = 133–134, 139–140 and 143–144 in the 

bremsstrahlung-induced fission of 
238

U. 

 



En (MeV) E* (MeV) Y (%) 133-134 Y (%) 139-140 Y (%) 143-144 Reference 

1.5 5.85 7.150 ± 0.220 7.110 ± 0.710 4.630 ± 0.290 [38] 

8.120 ± 0.400 6.010 ± 0.180 - [38] 

1.72 6.07 7.080 ± 0.710 - 4.590 ± 0.550 [42] 

6.640 ± 0.740 5.720 ± 0.360 - 

2.0 6.35 7.120 ± 0.210 6.950 ± 0.550 4.650 ± 0.250 [38] 

7.780 ± 0.370 6.100 ± 0.130 - 

2.16 6.55 6.960 ± 0.720 - 4.490 ± 0.490 [42] 

6.540 ± 0.710 5.760 ± 0.310 - 

3.72 8.07 6.500 ± 0.670 - 4.390 ± 0.450 [42] 

6.110 ± 0.750 5.560 ± 0.360 - 

3.72 8.07 6.977 ± 0.587 6.537 ± 0.209 4.592 ± 0.297 [48] 

7.945 ± 0.267 5.684 ± 0.291 4.847 ± 0.255 

3.9 8.25 6.950 ± 0.250 5.430 ± 0.600 4.660 ± 0.270 [38] 

7.760 ± 0.420 6.170 ± 0.480 - 

4.78 9.13 6.170 ± 0.630 5.330 ± 0.710 4.470 ± 0.460 [42] 

6.640 ± 0.400 6.140 ± 0.450 - 

5.42 9.77 6.341 ± 0.211 6.604 ± 0.273 4.912 ± 0.121 [48] 

7.223 ± 0.277 5.930 ± 0.214 5.211 ± 0.178 

5.0 9.35 6.932 ± 0.912 5.893 ± 0.811 4.698 ± 0.609 [45] 

7.112 ± 1.006 5.984 ± 0.778 - 

5.5 9.85 6.770 ± 0.200 6.500 ± 0.470 4.750 ± 0.290 [38] 

7.000 ± 0.500 5.610 ± 0.150 - 

5.98 10.33 6.940 ± 0.760 - 4.640 ± 0.550 [42] 

5.310 ± 0.610 5.850 ± 0.400 - 

6.0 10.35 6.132 ± 0.699 - 4.333 ± 0.377 [37] 

- 5.384 ± 0.291 4.326 ± 0.242 

6.9 11.25 7.100 ± 0.190 6.100 ± 0.450 4.280 ± 0.260 [38] 

7.240 ± 0.860 5.400 ± 0.180 4.750 ± 0.620 

7.1 11.45 6.839 ± 0.595 - 4.691 ± 0.282 [37] 

- 5.346 ± 0.294 5.080 ± 0.295 

7.7 12.05 7.040 ± 0.200 4.540 ± 0.540 4.580 ± 0.270 [38] 

7.020 ± 0.430 4.827 ± 0.204 - 

7.75 12.1 6.818 ± 0.243 6.484 ± 0.124 4.698 ± 0.195 [48] 



7.257 ± 0.215 6.011 ± 0.258 4.827 ± 0.204 

8.1 12.45 6.713 ± 0.665 - 4.775 ± 0.282 [37] 

- 5.146 ± 0.309 4.689 ± 0.609 

8.27 12.72 7.210 ± 0.220 4.890 ± 0.300 4.660 ± 0.140 [43] 

6.550 ± 0.230 5.710 ± 0.170 4.060 ± 0.120 

9.1 13.45 6.308 ± 0.688 - 4.370 ± 0.323 [37] 

- 4.982 ± 0.379 4.272 ± 0.312 

10.09 14.55 6.501 ± 0.176 5.889 ± 0.344 4.471 ± 0.199 [48] 

6.785 ± 0.286 5.449 ± 0.232 4.641 ± 0.206 

11.3 15.65 6.660 ± 0.260 5.100 ± 0.300 4.280 ± 0.160 [43] 

6.280 ± 0.270 5.000 ± 0.190 - 

14.0 18.10 6.080 ± 0.140 5.020 ± 0.330 4.260 ± 0.440 [26] 

6.500 ± 0.150 4.540 ± 0.530 4.689 ± 0.609 

14.1 18.45 5.730 ± 0.370 5.100 ± 0.320 3.830 ± 0.250 [35] 

5.490 ± 0.450 4.600 ± 0.400 3.620 ± 0.190 

14.4 18.75 6.130 ± 0.320 5.130 ± 0.250 3.850 ± 0.090 [36] 

6.340 ± 0.340 4.890 ± 0.270 3.390 ± 0.220 

14.5 18.85 - 4.910 ± 0.300 - [32] 

- 4.860 ± 0.300 - 

14.7 19.05 6.360 ± 0.450 4.400 ± 0.500 4.320 ± 0.350 [39] 

5.630 ± 0.560 4.560 ± 0.214 4.000 ± 0.530 [46] 

14.8 19.15 5.680 ± 0.510 5.440 ± 0.410 4.250 ± 0.100 [34] 

6.350 ± 0.300 4.540 ± 0.400 3.820 ± 0.300 [29] 

14.9 19.25 6.000 ± 0.190 4.620 ± 0.214 4.200 ± 0.140 [41] 

6.500 ± 0.200 4.590 ± 0.150 4.010 ± 0.210 

Table 6. Yields of asymmetric (Y) products for A = 133–134, 139–140 and 143–144 in the 

neutron-induced fission of 
238

U. 

  



En (MeV) E* (MeV) Ya (%)  Ys (%)  P/V Reference 

6.12 5.66 8.570 ± 0.429 - - [68] 

6.44 5.84 8.340 ± 0.417 - - [68] 

7.33 6.23 8.380 ± 0.419 - - [68] 

8.35 6.68 8.430 ± 0.422 - - [68] 

9.0 6.86 7.140 ± 0.660 0.023 ± 0.006 310.4 ± 85.9 [52] 

9.31 7.19 7.690 ± 0.385 - - [68] 

10.0 7.55 6.800 ± 0.600 0.033 ± 0.007 206.9 ± 47.7 [53] 

10.0 7.55 8.821 ± 0.709 0.046 ± 0.002 192.0 ± 17.5 [72] 

11.1 8.4 7.730 ± 0.387 - - [68] 

11.5 9.09 7.463 ± 0.289 0.074 ± 0.006 100.7 ± 9.1 Present work 

12.0 9.7 6.880 ± 0.230 0.075 ± 0.007 78.0 ± 7.0 [64] 

13.4 10.38 7.659 ± 0.289 0.154 ± 0.023 49.7 ± 7.7 Present work 

15.0 11.6 7.231 ± 0.345 0.188 ± 0.023 38.5 ± 5.0 Present work 

15.0 11.6 6.870 ± 0.250 0.172 ± 0.021 31.0 ± 2.0 [64] 

16.0 12.4 6.600 0.173 ± 0.010 38.0 [53] 

17.3 12.71 7.027 ± 0.294 0.263 ± 0.023 26.7 ± 2.6 Present work 

20.0 13.4 6.840 ± 0.220 0.281 ± 0.031 24.3 ± 2.8 [64] 

21.0 13.6 6.600 0.268 ± 0.020 23.0 [52] 

22.0 13.85 6.900 ± 0.500 0.315 ± 0.055 20.0 [60] 

25.0 14.38 6.590 ± 0.330 0.334 ± 0.032 19.0 ± 2.0 [62] 

25.0 14.38 - 0.440 ± 0.060 - [57] 

25.0 14.38 6.870 ± 0.550 0.475 ± 0.038 16.0 ± 0.5 [59,64] 

30.0 14.7 6.430 ± 0.210 0.446 ± 0.045 13.0 ± 0.5 [64] 

30.0 14.7 6.610 ± 0.529 0.522 ± 0.042 12.0 [59] 

35.0 15.08 6.180 ± 0.494 0.529 ± 0.042 11.4 [59] 

40.0 15.58 6.020 ± 0.482 0.542 ± 0.043 10.6 [59] 

48.0 16.22 6.200 ± 0.300 0.600 ± 0.020 11.0 [52] 

70.0 19.9 6.120 ± 0.270 0.737 ± 0.064 8.5 ± 0.3 [64] 

Table 7. Yields of asymmetric (Ya, A = 133–134) and symmetric (Ys, A = 115–117) products 

and P/V ratio in the bremsstrahlung-induced fission of 
238

U. 

  



En (MeV) E* (MeV) Ya (%)  Ys (%)  P/V Reference 

1.5 5.85 8.120 ± 0.400 0.0102 ± 0.0014 796.1 ± 116.1 [38] 

1.5 5.85 - 0.0075 ± 0.0008 825.0 [25] 

1.72 6.07 7.830 ± 0.930 - - [42] 

2.0 6.35 7.780 ± 0.370 0.0121 ± 0.0017 452.0 [25] 

2.0 6.35 - 0.0135 ± 0.0014 - [42] 

3.0 7.35 - 0.029 ± 0.003 238.0 [25] 

3.0 7.35 8.190 ± 0.840 0.034 ± 0.006 240.9 ± 49.2 [33] 

3.72 8.07 7.945 ± 0.267 0.038 ± 0.006 209.1 ± 33.7 [48] 

3.72 8.07 7.490 ± 0.790 - - [42] 

3.9 8.25 7.760 ± 0.420 0.034 ± 0.005 129.0 [38]] 

3.9 8.25 - 0.047 ± 0.005 - [25] 

4.78 9.13 6.770 ± 0.700 - - [42] 

4.8 9.15 - 0.068 ± 0.007 89.0 [25] 

5.42 9.77 7.223 ± 0.277 0.074 ± 0.018 97.6 ± 24.1 [48] 

5.5 9.85 7.000 ± 0.500 0.077 ± 0.011 90.9 ± 14.5 [38] 

5.98 10.33 6.290 ± 0.800 - - [42] 

6.0 10.35 6.132 ± 0.699 0.124 ± 0.010 49.5 ± 6.9 [37] 

6.9 11.25 7.240 ± 0.860 0.134 ± 0.018 54.0 ± 9.7 [38] 

7.1 11.45 6.839 ± 0.595 0.121 ± 0.009 56.5 ± 6.5 [37] 

7.7 12.05 7.020 ± 0.430 0.191 ± 0.032 36.8 ± 6.6 [38] 

7.75 12.1 7.257 ± 0.215 0.202 ± 0.037 35.9 ± 6.7 [48] 

8.1 12.45 6.713 ± 0.665 0.135 ± 0.011 49.7 ± 6.4 [37] 

8.27 12.72 7.210 ± 0.430 0.227 ± 0.009 31.2 ± 1.6 [40] 

9.1 13.45 6.308 ± 0.688 0.191 ± 0.016 33.0 ± 4.5 [37] 

10.09 14.55 6.785 ± 0.286 0.338 ± 0.039 20.1 ± 2.5 [48] 

11.3 15.65 6.660 ± 0.260 0.430 ± 0.050 15.5 ± 1.9 [43] 

13.0 17.35 - 0.570 ± 0.070 8.8 [25] 

14.0 18.35 6.500 ± 0.150 0.860 ± 0.090 7.6 ± 0.8 [26] 

14.0 18.35 - 0.970 ± 0.150 - [35] 

14.1 18.45 6.000 ± 0.210 0.950 ± 0.090 6.6 ± 0.6 [32] 

14.4 18.75 6.340 ± 0.340 0.843 ± 0.048 7.5 ± 0.6 [36] 

14.4 18.75 - 0.975 ± 0.055 - [36] 

14.7 19.05 6.360 ± 0.450 0.860 ± 0.090 7.4 ± 0.9 [57] 



14.7 19.05 - 0.930 ± 0.120 - [57] 

14.8 19.15 6.350 ± 0.300 0.870 ± 0.150 7.3 ± 1.3 [34] 

14.8 19.15 - 0.950 ± 0.070 - [34] 

14.9 19.25 6.50 ± 0.300 0.985 ± 0.039 6.6 ± 0.4 [41]  

14.9 19.05 - 0.834 ± 0.039 - [41] 

15.0 19.35 - 0.780 ± 0.090 6.5 [25] 

16.4 20.75 - 0.870 ± 0.100 5.8 [25] 

17.7 22.05 - 0.740 ± 0.090 6.8 [25] 

Table 8. Yields of asymmetric (Ya) and symmetric (Ys) products and P/V ratio in neutron-

induced fission of 
238

U. 

Eγ (MeV) E* (MeV)                           Reference 

6.12 5.66 98.06 ± 0.14 137.38 ± 0.15 2.56 ± 0.15 2.58 [68] 

6.44 5.84 98.08 ± 0.14 137.40 ± 0.15 2.52 ± 0.15 2.59 [68] 

7.33 6.23 97.95 ± 0.14 137.40 ± 0.15 2.65 ± 0.15 2.64 [68] 

8.35 6.68 97.81 ± 0.14 137.45 ± 0.15 2.74 ± 0.15 2.69 [68] 

9.31 7.19 97.75 ± 0.14 137.55 ± 0.15 2.70 ± 0.15 2.75 [68] 

10.0 7.55 97.68 ± 0.15 137.60 ± 0.15 2.72 ± 0.15 2.79 [72] 

11.1 8.4 97.67 ± 0.14 137.54 ± 0.15 2.79 ± 0.15 2.89 [68] 

11.5 9.09 97.45 ± 0.16 137.68 ± 0.08 2.87 ± 0.16 2.97 Present work 

12.0 9.7 97.25 ± 0.08 137.87 ± 0.07 2.85 ± 0.11 3.04 [64] 

13.4 10.38 97.26 ± 0.12 137.65 ± 0.08 3.10 ± 0.12 3.12 Present work 

15.0 11.6 97.18 ± 0.16 137.64 ± 0.09 3.18 ± 0.16 3.26 Present work 

15.0 11.6 97.01 ± 0.08 137.80 ± 0.07 3.19 ± 0.12 3.26 [64] 

17.3 12.71 97.02 ± 0.16 137.62 ± 0.09 3.37 ± 0.15 3.36 Present work 

20.0 13.4 96.99 ± 0.07 137.61 ± 0.07 3.44 ± 0.11 3.47 [64] 

25.0 14.38 96.84 ± 0.17 137.69 ± 0.18 3.47 ± 0.18 3.59 [62] 

30.0 14.7 96.80 ± 0.08 137.64 ± 0.11 3.57 ± 0.11 3.62 [64] 

35.0 15.08 96.74 ± 0.19 137.62 ± 0.19 3.64 ± 0.19 3.67 [59] 

40.0 15.58 96.67 ± 0.13 137.72 ± 0.19 3.62 ± 0.19 3.73 [59] 

48.0 16.22 96.64 ± 0.14 137.70 ± 0.15 3.66 ± 0.15 3.80 [52] 

70.0 19.9 96.79 ± 0.07 137.55 ± 0.07 3.67 ± 0.11 4.23 [64] 

Table 9. Average light mass       , heavy mass       , and average neutron numbers 

         and          in the bremsstrahlung-induced fission of 
238

U. 



En (MeV) E* (MeV)                   Reference 

1.5 5.85 97.5 139 2.5 [38] 

2.0 6.35 97.5 139 2.5 [38] 

3.72 8.07 97.44 138.89 2.67 [48] 

3.9 8.25 97.4 138.9 2.7 [38] 

5.42 9.77 97.27 138.82 2.91 [48] 

5.5 9.85 97.4 138.6 3.0 [38] 

6.9 11.51 97.5 138.4 3.1 [38] 

7.7 11.05 97.4 138.3 3.3 [38] 

7.75 12.1 97.37 138.33 3.31 [48] 

8.1 12.45 97.48 138.13 3.39 [37] 

9.1 13.45 97.4 138.06 3.6 [37] 

10.09 14.55 97.37 138.03 3.6 [48] 

14.8 19.15 98.0 136.8 4.2 [34] 

Table 10. Average light mass       , heavy mass       , and average neutron numbers 

         in the neutron-induced fission of 
238

U. 

Conclusions 

i) The yields of the various fission products in the 11.5, 13.4, 15.0 and 17.3 MeV 

bremsstrahlung-induced fission of 
238

U have been determined using the off-line gamma-ray 

spectrometric technique. 

ii) In the bremsstrahlung- and neutron-induced fission of 
238

U, the yields of the fission 

products around mass numbers 133–134, 139–140, 143–144 and their complementary 

products are higher than other fission products. This indicates the even-odd effect besides the 

role of shell closure proximity. 

iii) The higher yields of the fission products around A = 133–134 and 143–144 and their 

complementary products are due to the presence of spherical 82n and deformed 88n shell. 

This is explainable from the point of standard I and standard II asymmetric mode of fission, 

which indicates the effect of shell closure proximity. 

iv) The yields of the fission products around A = 133–134 and their complementary products 

are slightly higher in the 
238

U(γ, f) reaction than in the 
238

U(n, f) reaction. This is due to the 

presence of the spherical 82n and deformed 64n shell combination in the complementary 

fragment in the former than in the latter. The highest yield for A = 133–134 and 138–139 in 

the 
238

U(γ, f) and 
238

U(n, f) reactions is also favorable from the comparable N/Z ratio of the 

complementary fragments and fissioning systems besides the shell closure proximity. 

v) It is a surprising fact that, with the increase of the excitation energy, the value of 

     slowly increases in the 
238

U(γ, f) reaction but decreases significantly in the 
238

U(n, f) 

reaction. On the other hand, with the increase of the excitation energy, the value of      



decreases significantly in the 
238

U(γ, f) reaction and increases slowly in the 
238

U(n, f) reaction 

to conserve the mass of the fissioning system. This may be due to the different role of the 

standard I and II asymmetric modes of fission based on the shell combination of the 

complementary fragments and different types of potential energy surface between the 
238

U(γ, 

f) and 
238

U(n, f) reactions. 
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