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Introduction 

 The availability of the General Fission 

(GEF) code helps in the reliable determination of 

fission product (FP) yields, angular momentum 

distributions, isomeric yields and various fission 

parameters [1,2]. The information obtained by the 

GEF code can be used for a detailed comparison 

with experimentally obtained yields to investigate 

the role of single particle effects in governing the 

yields of fission products in the fission of actinides. 

There has been a renewed interest to study the 

effects of proton and neutron shell closure in 

governing the fission fragment / product yields in 

recent past [3-5]. In the present study, thermal 

neutron induced fission of 235U reaction was carried 

out followed by off-line gamma-ray spectrometry 

to measure the yields of the FPs for comparison 

with the prediction of the GEF code. In the present 

study, a special emphasis has been given to the 

short-lived fission products to expand the range of 

neutron and proton numbers of the fission products 

for a detailed comparison with calculations of the 

GEF code to investigate the role of single particle 

effects. Due to the successive beta decays in a 

given mass chain, such a comparison of 

theoretically predicted yields with the experimental 

data is not possible. Solving parent-daughter decay 

growth equations involving two members also 

becomes insufficient for such comparison, 

particularly when extended to short-lived members 

near the beginning of the mass chain. Therefore, in 

the present study, a code has been developed to 

obtain the cumulative fission product activity for an 

irradiated sample for a given irradiation time, 

followed by certain cooling and the counting time 

of the sample. The code is based on solving the 

well-known Bateman equation following a chain of 

beta decay to obtain the activities of the nuclides 

produced either by the direct fission events or by 

the successive beta decay of precursors. A 

comprehensive input file involving the nuclear 

decay data of the fission products predicted by the 

GEF code was prepared for this purpose. The 

nuclear data of the fission products were taken 

from refs [6,7]. The yields obtained for the nuclides 

are either independent or cumulative depending on 

the precursor contribution of the nuclides according 

to their half-lives. The code helps for the direct  

comparison of the experimentally obtained yields 

of the different FPs with that obtained using the 

GEF code to investigate the role of neutron and 

proton shell closure.  A radiochemical separation of 

the Cs isotopes was also carried out to determine 

their direct yields for comparison with the GEF 

calculations in the region Z~54-56. 
 

Experimental Details 

 The experiment was carried out at the 

Pneumatic Carrier Facility (PCF) at the research 

reactor Dhruva at BARC, Mumbai. Total five 

samples were prepared by mixing 10µl of 11.6 

mg/ml UO2(NO3)2 with 100 mg Pb(NO3)2 wrapped 

in Pb foil. The samples were irradiated for 60 sec 

using PCF at Dhruva reactor, Bhabha Atomic 

Research Centre, Mumbai. One sample was 

directly counted, whereas, other samples were used 

for radiochemical separation of Cs. Use of PCF 

helped determining the yields of short-lived fission 

products. The counting follow-up of the irradiated 

samples was carried out according to the half-lives 

of the FPs produced. The gamma-ray spectra were 

fitted using the PHAST software developed at 

BARC to obtain the peak report files [8]. The input 

file containing information on the yields, half-life, 

gamma-ray energy and its abundance, beta and 

isomeric transition (IT) decay branching fractions 

was provided to the code to calculate the expected 

peak areas for the gamma energies corresponding 

to the various products and compare it with that 

obtained by experiment.  
 

Results and Discussion 

The code can be employed to obtain the activities 

and the peak area of all the FPs predicted by the 

GEF simultaneously. Figure 2 shows the 

calculation of the peak areas for the gamma-ray 

energies of corresponding nuclides belonging to 

atomic mass chain 140 at different cooling and 

counting time and its comparison with the 

experimental result. The experimental data has 

been normalized by an overall normalization factor 

of 0.89 obtained as an average of all the 

‘experimental to calculated’ ratios which may most 

likely arise due to the variation of actual neutron 

flux from that used in the calculation. The 

calculation obtained by the code was found to 

follow the half-life trends as well as shows 

reasonable agreement with some of the 
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experimental data, though shows significant 

deviations for certain fission products. The code 

takes into account the branching beta decay, beta 

delayed neutron emission and decay through 

isomeric transition into the calculation of yields of 

the FPs. The top panel of Fig. 1a shows the peak 

areas for fission products 140Xe (T1/2=13.60 s) and 
140Cs (T1/2=63.7 s) after a cooling time of 5 s. 

However, access to fission products having half-

life <~30 s requires further improvement in the 

experimental conditions. In the present study, 

nuclides with half-life close to ~60 s and above 

could be measured as shown in Fig. 1(b) and 1(c).     

The ratio of calculated to experimental peak areas 

was obtained for a large number of fission products 

which was used to generate a contour plot with N 

and Z of the FPs produced (Figure 3). As seen from 

the plot, the experimental yield has been observed 

to show a strong deviation from the theoretical 

prediction at N~88 which indicates stronger shell 

effect at N~88 than that predicted by the GEF code.  

The observed deviation would be a combined effect 

of the deviation at the pre-neutron evaporation 

stage as deviation in the calculated and actual 

fragment mass dependent neutron multiplicity. 

Both the effects clearly establish the strong role 

played by shell closure around N~88 in governing 

the yields of the fission products. A positive 

deviation has also been observed near Z~47 and 

N~68 showing higher experimental yield near 

symmetric region compared to the theoretical 

prediction.  Further analysis to determine the yields 

of Cs isotopes from radiochemically separated 

samples and to determine the overall mass 

distribution from the experimental yields of fission 

products including those of short-lived fission 

products is in progress. 

 

 

Conclusions 

 A code has been written based on the 

well-known Bateman equation to calculate the 

activity of fission products using the yields 

calculated by the GEF code for a direct comparison 

with the experimental data taking care of 

successive beta decays. The present calculations 

consider various modes of decay such as beta 

decay, partial beta decay to isomers, and beta 

delayed neutron emission. The output obtained by 

the code was found to be in good agreement, on the 

average, with the experimental data. However, a 

strong deviation was observed around N~88, 

indicating stronger role of N~88 shell than the 

prediction of the GEF code. An enhancement in the 

fission product yield compared to the prediction of 

the GEF code was also observed near the 

symmetric mass region. Further study near Z~54 

region using the data from radiochemically 

separated samples and determination of overall 

mass distribution is in progress.    
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Fig. 1. Comparison of experimental and 

Calculated peak areas for fission products in 

the mass chain 140 at different cooling and 

counting times.  

Fig. 2. Contour plot of the calculated and 

experimental peak area ratio as a function of 

neutron (N) and proton (Z) number of fission 

products. 
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