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SYNOPSIS 

          Thesis presents the original contribution from the author towards the measurements 
of basic nuclear data related to neutron induced reaction cross sections and fission 
fragment yields for 232Th and 99.3% 238U. Experiments were carried out with the quasi-
mono-energetic neutrons of 2.18-17.28 MeV from the 7Li(p,n) reaction. The neutron 
beam was produced by using the 5-20 MeV proton beam from main line at 6 meter height 
irradiation set up at the 14UD BARC-TIFR Pelletron facility at TIFR, Mumbai, India.  
The measurements reported here for the 2.18, 3.15, 13.5, 15.5 and 17.24 MeV neutron 
energies are done for the first time. Neutron energies above 3.15 MeV reported in the 
thesis correspond to the average neutron flux weighted energy in 7Li(p,,n) reaction. 
Nuclear data, especially neutron induced reactions and fission, have become important in 
the low to high energy range.  They are necessary for (i) development of new concepts of 
nuclear energy systems, (ii) design of reactors and accelerators, (iii) production and 
transmutation of radioactive waste with the use of accelerators and fast reactors, (iv) 
shielding design, (v) dosimetry and applications in nuclear astrophysics. They are also 
necessary for the calculations of the neutron production in the spallation target, for 
developing models of nuclear interactions, nuclear structure and to validate the reaction 
models codes  as well as for the system based on high-current accelerator i. e., 
Accelerator Driven Sub-critical System (ADSs).  ADSs is important for transmutation of 
long-lived radioactive waste beside nuclear energy production. The precision 
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measurements of nuclear data are thus needed for both basic research and applications in 
many branches of science and technology.  
         The availability of high resolution gamma ray spectrometer makes these 
measurements possible from the analysis of fission and reaction products.  We have used 
this technique for the measurement of fission product yield and activation cross section of 
232Th and 238U at various neutron energies. 
         In the present work, measurements of neutron induced reactions are reported for 
neutrons energy range of 2.18-17.28 MeV. Gamma ray spectroscopy was carried out for a 
range of fission and reaction products in the neutron induced fission reactions of 232Th 
and 238U. Contemporary higher multi-group analyses of current reactors, GEN-IV 
reactors and ADSs demand improvements of the nuclear data for 238U and 232Th and 
especially precision measurements at higher neutron energies. Cross sections for 
transmutation and target design for ADSs also demand measurements for reaction cross 
sections for incident neutron energies in the range 10-20 MeV. 
         The problems investigated in this thesis are broadly classified into two parts: 
A. Measurement of reaction cross section 
         As mentioned before, neutron capture cross sections of Thorium and Uranium are 
important for the research, design and development of innovative nuclear reactors, the 
fast reactor and ADSs. Although there are numerous measurements available in the 
literature, markable differences between the sets of measured data and differences in 
various evaluations and libraries are frequently pointed out. With the availability of a new 
neutron irradiation set up at 6 meter height off main line at TIFR Pelletron, it is now 
possible to measure the reaction cross sections at relatively higher neutron energy, due to 
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availability of higher neutron flux.  Our measurements are slightly different from the 
conventional measurements which are based on the neutron flux monitor using the 197Au 
(n, γ)198Au reactions.  The capture cross section for gold is less at higher neutron energies 
compared to thermal neutrons by a factor of 2.5.  So using gold as flux monitor at high 
energy incident neutrons is not as ideal as it is for thermal neutrons. We use 115In (n, 
n’)115mIn reaction as the flux monitor up to neutron energy of 5 MeV and fission product 
yields at higher neutron energies. The experiments were carried out at TIFR-BARC 
Pelletron facility at the 6 meter height irradiation set up of main line.  A stack of Ta-Li-Ta 
was made for the production of neutron beam using the 7Li(p, n) reaction.  About 1.0 cm2 

of 232Th and 238U metal foils with thickness 344.1-634.2 mg/cm2 doubly wrapped with 
0.025 mm thick Al foil was mounted at zero degree with respect to the beam direction at 
a distance of 2.1 cm from the location of the Ta-Li-Ta stack.  The 232Th and 238U metal 
foils were  irradiated for 9-12 hours with 2.18-17.28 MeV quasi-mono-energetic neutrons 
generated from the 7Li(p, n) reaction using the 5-20 MeV proton beam. The proton 
current during the irradiations was around   100-200 nA. After irradiation, the samples 
were cooled for one hour. Then the irradiated target of 232Th and 238U along with Al 
wrapper was mounted on Perspex plate and taken for γ-ray spectrometry.  The γ-rays of 
reaction/fission products from the irradiated 232Th and 238U sample were counted in 
energy and efficiency calibrated 80 c.c.  HPGe detector coupled to a PC-based 4K 
channel analyzer. The counting dead time was kept always less than 5 % by placing the 
irradiated 232Th and 238U sample at a suitable distance from the detector to avoid pileup 
effects. The gamma ray counting of the irradiated sample was carried out in live time 
mode and was followed as a function of time. The 238U(n,γ)239U reaction cross-section at 
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the average neutron energies of 3.15, 13.5, 15.5  and 17.28 MeV and 238U(n, 2n)237U 
reaction cross-section at the average neutron energies of 13.5, 15.5  and 17.28 MeV have 
been determined using activation and off-line γ-ray spectrometric technique.  Since the 
neutrons are not mono-energetic, appropriate corrections to the cross sections are 
incorporated. The experimentally determined 238U(n, γ)239U and 238U(n, 2n)237U  reaction 
cross-sections from present work were compared with the evaluated data of ENDF/B-
VII.1(Evaluated Nuclear Data File), JENDL-4.0(Japanese Evaluated Nuclear Data 
Library), JEFF-3.1(Joint Evaluated Fission and Fusion File) and CENDL-3.1(Chinese 
Evaluated Nuclear Data Library)  nuclear data library. The experimental values were 
found to be in general agreement with the evaluated values of ENDF/B-VII.1 and 
JENDL-4.0 but different from the values of JEFF-3.1 and CENDL-3.1.  It is observed 
that, the 238U(n, γ) reaction cross-section decreases in the energy range of 100 keV to 8 
MeV with a dip at 6-8 MeV. It then increases above the neutron energy of 8.0 MeV and 
thereafter remains constant up to the neutron energy of 14 MeV. However, the 238U(n,2n) 
reaction cross-section increases from its threshold to 8MeV. There after remains almost 
constant up to 14 MeV. Beyond 14 MeV both 238U(n, γ) and 238U(n, 2n) reaction cross-
sections show decreasing trend due to opening of (n, 3n) and (n, 2nf) reaction channels.  
The present data along with literature data in a wide range of neutron energies were 
interpreted in terms of competition between 238U(n, γ), (n, f), (n, nf) and (n, xn) reactions 
channels.  The 238U(n, γ) and 238U(n, 2n) reaction cross-sections were also compared with 
theoretical results of  TALYS computer code.  The TALYS results for 238U(n, γ) reaction 
cross-section over predict the experimental data within the neutron energy of 1 keV to 3 
MeV and thereafter it is in agreement with the experimental data. However, the TALYS 
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results for 238U(n, 2n) reaction cross-sections are in good agreement with the 
experimental data up to 8 MeV. Above 8 MeV, the 238U(n, 2n) reaction cross-sections 
remain constant up to 14 MeV. There after it shows decreasing trend due to opening of (n, 
3n) and (n, 2nf) reaction channels. These cross-sections have been determined for the first 
time using activation and off-line γ -ray spectrometric technique. The 232Th(n, 2n) cross 
section for 17.28 MeV has also been determined using the same technique. The 
experimentally determined 232Th(n, γ) and 232Th(n, 2n) reaction cross-sections from the 
present work were compared with the evaluated data of ENDF/B-VII.1 and JENDL-4.0 
and were found to be in good agreement. The present data along with literature data in a 
wide range of neutron energies were interpreted in terms of competition between 232Th(n, 
γ), (n, f), (n, nf) and (n, xn) reactions channels.  The 232Th(n, γ) and 232Th(n, 2n) reaction 
cross-sections were also calculated theoretically using the TALYS  computer code and 
were found to be in good agreement with the experimental data of present work but are 
slightly higher than the literature data at lower neutron energies. The 232Th( n, γ) reaction 
cross section shows decreasing trend up to the neutron energy of 6-8 MeV. then 
increasing and remaining constant up to 14 MeV. The 232Th(n,2n) reaction cross section 
increases from its threshold energy to 8 MeV and then remains constant up to 14 MeV. 
After 14 MeV both 232Th(n, γ) and 232Th(n,2n) reaction cross sections decrease with 
neutron energy due to opening of (n, 3n) and (n, 2nf) reaction channels. 
B. Measurement of Fission Product Yield data 
         In addition to neutron capture and (n, 2n)  cross sections discussed above, nuclear 
data of fission cross section, fission product yields and decay data including half-lives, 
decay energies, branching ratios are required for many reactor physics calculations. At 
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present, the available experimental data of fission product yields at different incident 
neutron energies is insufficient for the development of fission systematics, whereas the 
theoretical models of fission are still not well understood. Therefore, measurements are 
needed for high energy neutron-induced fission of 232Th and 238U.  Further, not many 
experimental data of fission product yields are available in the neutron energies range of 
16-20 MeV.  In the present study, fission product yield measurement has been carried out 
by neutron irradiation at 9.32 MeV and 12.52 MeV energies on 232Th and 238U targets by 
using off-line gamma ray spectroscopy. Activated targets are counted in highly shielded 
HPGe detectors over a period of several weeks to identify decaying fission products.  The 
fission yields values are reported for twelve fission products.  The results obtained from 
present work at 12.53 MeV have been compared with the similar data of mono-energetic 
neutrons of comparable energy of 14.1 MeV from literature and are found to be in good 
agreement. The fission products yields data at the neutron energy of 9.25 MeV from the 
present work are determined for the first time. There are no data available in literature 
around the neutron energy of 9.25 MeV to compare with the data of present work.  The 
mass yield distribution in the symmetric valley region shows the presence of a third peak.  
Thus the mass yield curve in 232Th( n, f) is triple humped unlike in 238U(n, f), where it is 
double humped.  
Thesis is organized in seven chapters as mentioned below: 
         Chapter-1 includes the introduction and importance of nuclear data such as reaction 
and fission product yield measurements. Here practical application and relevance of 
nuclear data measurements for the design, safety and operations of conventional reactor 
i.e., Pressurized Water Reactor (PWR), Pressurized Heavy Water Reactor (PHWR) and 
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thorium based systems i.e., Advanced Heavy Water Reactor (AHWR) and ADSS are 
discussed. Also the concepts used in the subsequent chapters are discussed in detail.         
Chapter-2 is devoted to the description of the experimental set-up used in the thesis work. 
Chapter-3 includes the measurement of neutron induced reaction cross sections for 238U.  
Chapter-4 describes the 232Th(n, γ) and  232Th(n, 2n) reaction cross-sections measurement 
at  average neutron energies of 2.18, 3.15, 13.5, 15.5 and 17.28 MeV from the  7Li(p, n) 
reaction.   Chapter-5 discusses the measurement of fission product yields in the neutron 
induced fission of 238U at two different energies (9.25 and 12.35 MeV). Chapter-6 reports 
the measurement of fission product yields in the neutron induced fission of 232Th at 
incident neutron energies of 9.25 and 12.53 MeV. Finally the important conclusions 
arriving from the present study and its future prospects are discussed in Chapter-7. 
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CHAPTER 1 
 
1.0     Introduction 
 
         Nuclear cross section data are essential for the design and analysis of nuclear 
energy systems, such as reactor cores layout, fuel elements, and stored mixtures of 
nuclear waste with other materials, burned fuel elements. Data of neutron induced 
reactions with Thorium and Uranium [1] at energies from several keV to tens of MeV are 
also required for nuclear physics applications. More nuclear cross section data 
measurements for Uranium and Thorium are necessary for the design of fast reactors [2], 
Accelerator Driven Sub-critical System (ADSs) [3] and Advanced Heavy Water Reactor 
AHWR [4], energy amplifiers [5], future fusion reactors [6], and GEN-IV [7] reactor 
design. Due to lower priority in some countries where data have been generated, 
availability of experimental information regarding nuclear data for thorium fuel cycle is 
limited. 
         One of the established methodologies for nuclear fission for energy production is 
mixing of thorium with a starter of uranium isotopes to kick off chain reactions as is the 
case in molten salt reactors (MSRs) and pebble bed reactors (PBRs) [7].  Sometimes, 
preference is given in putting thorium into conventional reactors. Some reports suggest 
that alternative reactors like MSRs, PBRs and another type called a fast reactor could 
offer significant advantages over conventional reactors. In addition, thorium reactors 
could theoretically be used to burn up the dangerous plutonium stored in existing nuclear 
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waste stockpiles. 

          Another approach suggested by Carlo Rubbia [5] would be to use thorium in sub-
critical accelerator-driven reactors. Nuclear fission using thorium is within our reach, 
and, can be similar to the conventional nuclear energy and the risks are considerably 
lower. There are some drawbacks to thorium fuel cycles, but they are highly technical. 
For instance, thorium reactors have been criticized as potentially having more neutron 
leak compared with conventional reactors. More neutron leak means more shielding and 
other radiation protection is needed for workers at the power plant [6].  

         In this thesis, two most important nuclear cross section data i.e. reaction cross 
sections of (n,) and (n,2n) have been measured for the first time at energies 
2.18,3.12,13.5,15.5 and 17.28 MeV and fission product mass distribution for 238U and 
232Th at energies 9.35 and 12.52MeV. Although, nuclear data measurements is a part of 
basic research, the accuracy of measurement of cross sections and fission product mass 
yield distribution would provide important input for the development of Nuclear 
Technology. In the present thesis, experiments have been carried out with the quasi-
mono-energetic neutrons in the energy range of 2.18-17.28 MeV produced in  the 7Li(p,n) 
reaction. The neutron beam was produced by using the 5-20 MeV proton beam from main 
line at 6 meter height irradiation set up at the 14UD BARC-TIFR Pelletron facility at 
TIFR, Mumbai, India.  The measurements reported are the original contributions by the 
author. The details about the experimental set ups and measurements covering the sample 
preparation, performed experiments are described in Chapter 2. In  Chapter 3 we 
describes the reaction cross section measurements for 238U, data analysis and comparison 
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with the theoretically obtained results using reaction model computer code TALYS (8,9) 
and different evaluated nuclear data ENDF/B-VII [10], JEFF3.1 [11], JENDL-4.0 [12], 
CENDL-3.1[13].  Chapter 4 describes reaction cross section measurements for 232Th, data 
analysis and comparison with the theoretical and evaluated data.  It is seen that up to 
incident neutron energy of 5 MeV the reaction cross sections are matching with all the 
four evaluated data ENDF-B/VII, JEND-4.0, JEFF-3.1 and CENDL-3.1.  At higher 
neutron energies >10 MeV the reaction cross sections are matching with ENDF-B/VII, 
JENDL-4.0 and JEFF-3.1 but differs from CENDL results. Chapter 5 describes about the 
results on fission product mass distribution for the 238U(n,f)  at incident neutron energies 
of 9.35 MeV and 12.52 MeV respectively.  The results obtained were compared with the 
literature values and found to be within the acceptable limits. Chapter 6 is devoted to 
fission product mass distribution for the 232Th (n,f)  at incident neutron energies of 9.35 
MeV and 12.52 MeV, the results obtained were compared with the literature values.  This 
chapter also covers brief description of nuclear energy systems using 232Th(n,f) as the 
source of energy production. The fission product mass yield distribution becomes more 
symmetric with increasing incident neutron energy. The probability of symmetric fission 
increases with increase in neutron energy. The increase in the symmetric fission 
component with the increase in the incident neutron energy is more prominent in the case 
of thorium compared to uranium. This fact could be seen from peak to valley (P/V) ratio.  
In the case of 232Th(n, f) third peak in the mass distribution is observed. This is because 
of second dip at the outer fission barrier called the thorium anomaly. The yield of fission 
products at mass numbers 133-135, 145-146 and their complementary parts are higher 
because of presence of 82n shells and deformed 88n shells at mass numbers 133-135 and 
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144-145 because of closure of shells. Higher yield at certain mass numbers are because of 
even-odd effect which indicates role of structural effect. Finally, chapter 7 presents a 
conclusion.  

         The basic properties and concepts used for neutron induced cross section and 
fission yield measurements are described in the following sections. 
1.1 Need for nuclear data measurements 
         Based upon the current status of nuclear theory and available models, predictions 
could be made about the probability (likelihood) that a specific nuclear process will occur 
under certain conditions (e.g. incident energy, angle of observation).  The quantitative 
measure of this prediction is the cross section of the process. That is, nuclear theory is 
used to predict the specific cross section of a process. These cross sections are measured 
in laboratory.  Present thesis deals with one of these types of measurements. Comparison 
between theoretical predictions and measurement is used to evaluate the nuclear models 
and validation of the nuclear theory.  
         Sometimes, large difference between the experimental and the evaluated cross 
sections are observed. The expression for the cross sections involves, among others, 
transmission coefficients and level densities [14]. Much work has been done to develop 
models, codes and optical potential parameters recommendations for use in Hauser-
Feshbach calculations [14].  However, a given set of cross section data can often be 
reproduced by several parameter combinations.  This ambiguity reflects our insufficient 
knowledge of the underlying nuclear structure properties at the energies relevant to 
compound-nuclear reactions. Consequently, for cases where there is little or no data to 
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constrain the structure models and cross sections, we opt for more cross section 
measurements. 
1.1.1Neutron induced reaction 
         When a collision occurs between the incident particle and a target nucleus, the 
neutron can cause different type of interactions. The neutron may simply scatter off the 
nucleus. The scattering could be elastic or inelastic. Neutron may actually be absorbed in 
the nucleus. If the neutron is absorbed in the nucleus, it may result in the emission of 
gamma rays and subatomic particle or it may cause the nucleus to fission. A nuclear 
reaction is described by identifying the incident particle, target nucleus, and reaction 
products. The investigation of the fundamental constituents of matter and their 
interactions comes from the experimental and theoretical analysis of nuclear reactions. 
These reactions can be scattering experiments with or without production of particles, 
and decays of the unstable particles produced in these reactions. When the incident 
particles are neutrons, it is called neutron induced reaction. Due to electrical neutrality 
the neutron is able to interact with a nucleus at close distance at all energies.  
        A neutron induced reaction is denoted by A (n, Y) B, when a neutron (denoted by n) 
comes significantly close to the target nucleus A, i.e. closer than the range of the nuclear 
forces ( 10-15 m).  A particle Y is then emitted, leaving a residual nucleus B, which can be 
either stable, radioactive or an isomer. The interaction of the projectile with the target 
nucleus is generally described in terms of the cross section σ(n,Y),  which is a measure of 
probability for a reaction to occur. The cross section is usually given in barns (1 barn = 
10-28 m2) and it is a function of energy of the incident particle. One of the important 
characteristics of neutron induced reactions is its total cross section which is relatively 
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well defined. It is the sum of elastic scattering and reaction cross section.  Cross sections 
are estimated using nuclear reaction models (TALYS). Comparing the measured and 
calculated values of the cross sections for many reactions validates the assumptions of the 
nuclear model. 
1.1.2 Need for reaction cross section measurement 
          As seen from Fig. 1.1, sufficient measured reaction cross sections for 238U are 
available in the  low incident neutron energy region. At incident neutron energies in the 
range 7-14MeV, quite a few measured 238U(n, γ) 239U are reported by Daniels (1982) [15] 
,and one measurement has been reported by by Vuong et al., in 1996 [16] . These 
measurements are following the trend of evaluation and model calculation. Whereas 
measurements beyond 14 MeV carried out by by Panitkin [17,18] and Ding [19] are 
totally different from the evaluations and model calculations. To check this fact we have 
carried out measurements at incident neutron energies of 13.5 and 17.28 MeV.  
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Fig. 1.1 Status of reaction cross section measurements for 238U in the literature 
         Th-cycle did not receive sufficient attention in the past. Most of the available 
experimental data are those generated two to three decades ago. In addition, generally, 
these experimental data are of poor quality and very limited. In recent years there has 
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been a renewed interest in the thorium cycle in connection with transmutation of waste 
and accelerator driven systems (ADS). The concept of the energy amplifier (EA), for 
example, combines the two in a hybrid system based on the thorium fuel cycle and a 
spallation neutron source. Successful development and implementation of these concepts 
depends on the availability of accurate neutron-induced reaction data. A comparison of 
the different neutron data available however shows that, large discrepancies exist for 
some of the cross sections, even in the well studied region of neutron energies 0-20 MeV 
which  is the range of of interest for conventional nuclear technologies.  
         A careful look at the nuclear cross-section data, available in the existing cross-
section libraries shows that, 232Th(n, γ ) reaction cross-section within neutron energies of 
thermal to 2.73 MeV which are based on direct measurements [20,21] and activation 
technique [22,23,24]. As it is seen in Fig. 1.2, sufficient measured reaction cross sections  
and n,2n capture cross sections for 232Th are available in the  low incident neutron energy 
region.  
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Fig. 1.2  Status of reaction cross section measurements for 232Th in the literature.  
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Beyond these there are only two measurements carried out by H.Nail et at.,[ 24] and at 
14.5 MeV (Perkin et al., [25]) using the activation technique. Therefore we have carried 
out measurements at 13.5, 15.5 and 17.28 MeV.  
1.2 Neutron induced fission product mass yield 
         Knowledge of fission [26] and its consequences is important for the nuclear power 
industry and the related field of nuclear waste management and environment clean-up.  
From the point of view of basic research, fission is interesting in its own right as a large 
scale collective motion of the nucleus, as an important exit channel for many nuclear 
reactions, and as a source of neutron rich nuclei for nuclear structure studies and use as 
radioactive beams. In Figure 1.3 a schematic view of the fission process has been shown. 
A nucleus with some equilibrium deformation absorbs energy, becoming excited and 
deforms to a configuration known as the “transition state” or “saddle point” 
configuration. As it deforms, the nuclear coulomb energy decreases (as the average 
distance between the nuclear proton increases) while the nuclear surface energy increases 
(as the nuclear surface area increases). At the saddle point, the rate of change of Coulomb 
energy is equal to the rate of change of the nuclear surface energy. If the nucleus deforms 
beyond this point it is irretrievably committed to fission. When this happens, then in a 
very short time, the neck between the nascent fragments disappears and the nucleus 
divides into two fragments at the “scission point”. At the scission point, one has two 
highly charged, deformed fragments in contact with each other. The large coulomb 
repulsion between the two fragments accelerates them to 90% of their final kinetic 
energy. 
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         The daughter nuclei showing up right at scission of a fissioning mother nucleus are 
called primary fission “fragments”. In the large majority of the cases, the fragments will 
be sufficiently excited to evaporate neutrons in times less than 10−15 s. This means that 
the nuclei detected in experiments are not the primary fragments, but instead secondary 
fragments having lost a varying number of neutrons. The secondary fragments are called 
the fission products (i.e. fission fragments after prompt neutron evaporation). 

         A fission product is denoted symbolically by the notation (A, Z, I) where A and Z 
are respectively the mass number and the atomic number, and I indicates the isomeric 
state (I = 0 for the ground state, I = 1, 2 . . . for the 1st, 2nd , . . . isomeric states) [26]. If a 
fission product has no isomers, or if one is referring to the sum of yields of all its isomers, 
the notation (A, Z) is used. Using this terminology, the following fission yield definitions 
are given. 
1.2.1 Definitions of fission yield 
          In nuclear fission a heavy nuclide splits into two light nuclides, which are called 
fission products. In fission process, the probability of measuring the production of an 
isotope or a nuclide is generally expressed as yield (given in units of production per unit 
fission or in percentage).  Yield is defined in three ways as 
1. Independent Yield IND (A,Z,I) 
2. Cumulative Yield Y (A, Z, I) is the total yield of an individual fission product nuclide 
as sum of its independent yield and of its formation by decay of its chain precursor. 
3.Chain Yield Ch (A) gives the yield of nuclei of given mass number regardless  
of atomic number. This is known as “Chain Yield” because it represents a decay chain of 
beta decay. 
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Independent fission yield, IND (A, Z, I) 
         The independent fission yield, IND (A, Z, I), is the number of atoms of a specific 
nuclide produced directly (after emission of prompt neutrons but excluding radioactive 
decay) per 100 fission reactions. 
Cumulative fission yield, Cumulative (A, Z, I) 
         The cumulative fission yield, Cumulative (A, Z, I), is the number of atoms of a 
specific nuclide produced directly and via decay of precursors per 100 fission reactions. 
The cumulative yield is very nearly equal to the amount produced at a time short 
compared to its half-life but long compared to the half-life of its precursors. However, for 
a radioactive nuclide for which this is not the case, some atoms will have decayed before 
all have been produced. In such a case, at no time will there actually be present the 
reported cumulative yield of atoms per fission present. In the present investigation the 
cumulative yield of fission products in the neutron induced fission of 238U and 232Th(n,f) 
are measured at average incident neutron energies of 9.35 MeV and 12.52 MeV 
respectively. These measurements are done for the first time at these energies. 
Chain yield, Y (A) 
         The chain yield is the number of isobars of a specific mass, produced in 100 fission 
reactions. In other words, the chain yield Y (A) is equal to the sum of all stable or long-
lived cumulative yields for a given mass chain. The cumulative yield of the last (stable or 
long-lived) chain member is generally identical to the chain yield. These chain yields 
apply to fission products after emission of prompt neutrons that takes place in a time of 
10−16 s after scission [Fig. 1.3]. 
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1.2.2 Need for fission product yield measurements 
          From EXFOR compilation [27], it can be seen that sufficient data on fission 
product yields are available in the reactor neutron [28,29 ] energy range. Beyond this 
very limited data are available in the energy range 8 to 14 MeV except few measurements 
carried out using quasi mono energetic neutrons [30-53]. It has been also seen that mass 
yield curve for neutron induced fission are asymmetric for 232Th(n,f) with a triple humped 
distribution. To studies the effect of excitation energy on the mass yield curve there is a 
need for more experimental data at different energies. The yield of fission products are 
higher around mass number (A) 133-134,138-140 and 143-145 and their complementary 
products. Nuclear structure effects disappear at higher excitation energy. Keeping these in 
mind two mass yield measurements were carried out at energies 9.35 MeV. and 12.52 
MeV. No measured data are available at these energies in the literature. 
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Fig 1.3 A schematic view of the fission process [26]. 
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Fig. 1.4  Schematic representation of a double humped fission barrier. Intrinsic 
excitations in the first and second minimum are shown along with the path of fission 
from isomeric states and ground state spontaneous fission. 
  
1.3 Basics of neutron activation technique 
          The principle of neutron activation analysis is that a particle (neutron) induces a 
nuclear reaction in a nucleus of a target element. The product of the reaction is detected 
by its decay properties. Other neutron reactions used in Activation Analysis are induced 
fission, (n, f), for fissionable elements (U, Pu, Th) and inelastic neutron scattering, (n, 
n'γ), in which a radioactive isomeric state of the target nuclide is measured.  
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Fig. 1.5   Neutron Activation Process 
         The most common type of reaction used for neutron activation analysis is the (n, γ ) 
reaction, also threshold reactions like (n,p), (n,xn), (n,α). A schematic of neutron 
activation is shown in the Fig. 1.5. Neutron activation analysis falls into two categories 
(i) prompt gamma ray neutron analysis where measurements take place during irradiation 
(2) delayed gamma ray neutron activation analysis, where the measurements follow 
radioactive decay. The second method is more common, thus, when one mentions neutron 
activation analysis, it is generally assumed that measurement of the delayed gamma rays 
is intended. The quantitative characteristics are the energy of the emitted gamma ray and 
the half life of the nuclide. 
         The probability of a neutron interacting with a nucleus is a function of energy and is 
a characteristic of the nuclide. This probability is called the cross section, and each 
nuclide has its own neutron energy capture cross section [54].  The activity of a particular 
nuclide, at a time t during irradiation, can be calculated from the equation mentioned 
below: 
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Activation Equation 
          Activation of a sample by neutrons is the first stage in Neutron Activation Analysis. 
The reaction rate R per nucleus capturing a neutron per unit of time is given by: 
                                   R = ʃ n(v)v σ(v)dv 
Where   v   stands for neutron velocity    
         n(v)   stands for number density at velocity v 
          σ(v)   stands for reaction cross section 
Production of radioactive nuclei is described by 
                                   dN/dt  =  RN0 - λN                                        (1.2)                         

The disintegration rate of produced radionuclide at the end of irradiation time (tirr ) is 
given by 

                         A(tirr) = N(tirr) λ= N0R [ 1 − exp(-λtirr) ]                  (1.3)                           

This equation can be written in more simplified form as: 

                                  A = N σ φ [ 1 − exp(-λtirr) ]                             (1.4) 

After a delay of time td          

                                                     A = N σ φ [ 1 − exp(-λtirr) ]exp(-λtd)             (1.5) 

For a counting time of tc  

      A = N σ φ [1 – exp (-λtirr)]exp(-λtd) [1 − exp(-λtc)]                    (1.6) 

      A = number of decays per second (Activity) .  
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      N0 = number of atoms of the target isotope at time t=0 

      N = number of atoms of the target isotope.  

      λ = decay constant = 0.693/t1/2 

      t1/2 =  Half-life of the isotope  

      φ = neutron flux n.cm-2.sec.-1 

      σ = activation cross-section 10 -24cm2  

      tirr = irradiation time  

The cross-section and neutron flux density are neutron energy dependent.  
         From this equation we can see that the total activity for a particular nuclide is a 
function of the activation cross-section, the neutron flux, the number of parent nuclei, and 
the irradiation time. It can be seen from Eq. 1.2 that, for any particular radioactive 
nuclide, radioactive decay is also occurring during irradiation; hence the total activity is 
determined by the rate of production minus the rate of decay. If the irradiation time is 
much longer than the half-life of the nuclide, saturation is achieved. What this means is 
that the rate of production and decay is now in equilibrium and further irradiation will not 
lead to an increase in activity. 
         After the sample has been activated, the resulting gamma ray energies and 
intensities are determined using a High Purity Germanium Detector (HPGe) in off-line. 
Given the differences in half-lives for various nuclides, there are optimum times to count 
an activated sample. In general nuclides with relatively short half-lives, of the order of 
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hours to days, are counted within the first week of irradiation. This cooling of 4 to 8 
weeks after irradiation is meant for the short- and medium-lived nuclides to decay, so that 
the gamma peaks from short lived nuclides will not cause any overlap with the peaks of 
long lived nuclides of interest and the activity measurements will become better. Hence, 
activated samples are counted several times up to  a long period after irradiation. 
1.4 Neutron sources 
          Proper neutron sources are necessary for the determination of neutron reaction 
cross sections. There are different methods of producing neutrons, such as in a research 
reactor [55], with spallation sources or by methods of nuclear reactions. Few of the 
methods for generation of neutrons are mentioned here in details. 
1.4.1 The d-d reaction 
         The reaction 2H+2H -> 3He+n+3.3 MeV (the D-D reaction) [56] was historically the 
first reaction to serve as a source of mono energetic fast neutrons. Its usefulness as a 
source of mono energetic neutrons is limited to neutron energies below about 8 MeV, 
since at bombarding energies above 4.5 MeV the deuterons break up and produce a 
continuum of much lower energy neutrons. 
1.4.2 The d-t reaction 
         The reaction 3H +D  =  4He +n + 17.6 MeV (the D-T reaction) [56] is of interest as 
an accelerator-based source for the same reason that it is the most promising reaction for 
a fusion reactor, i.e. it has a very large cross section at low bombarding energies. 
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1.4.3 Protons on lithium and beryllium  
          Here neutrons are generated by a threshold reaction. The neutron spectra from the 
proton bombardment of thick Li [57] and Be targets are quasi-mono energetic. At neutron 
energies above 5 MeV there is a broad maximum for neutrons emitted in the forward 
direction. The intensity of the energetic neutrons decreases rapidly with emission 
angle[57]. Present experiment uses this type of neutron source. Neutrons are generated 
from 7 Li(p, n)7Be reaction. 
1.4.4 Spontaneous   fission  
          Certain isotopes undergo spontaneous fission with emission of neutrons. The most 
commonly used spontaneous fission source is the radioactive isotope 252Cf [58]. When 
purchased new a typical 252Cf neutron source emits between 1×107 to 1×109 neutrons per 
second but, with a half-life of 2.6 years, this neutron output rate drops to half of this 
original value in 2.6 years. Other spontaneous fission neutron sources are produced by 
irradiating uranium or another transuranic element in a nuclear reactor. 
1.4.5 Radioisotopes which decay with alpha particles packed in a low-Z 
elemental matrix 
 
         Neutrons are produced when alpha particles impinge upon any of several low 
atomic weight isotopes including isotopes of beryllium, carbon and oxygen. This nuclear 
reaction can be used to construct a neutron source by inter mixing a radioisotope that 
emits alpha particles such as radium or polonium with a low atomic weight isotope, 
usually in the form of a mixture of powders of the two materials. Typical emission rates 
for alpha reaction neutron sources range from 1×106 to 1×108 neutrons per second. Usual 
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combinations of materials are plutonium-beryllium (Pu-Be), americium-beryllium (Am-
Be), or americium-lithium (Am-Li) [59].  
1.4.6 Radioisotopes which decay with high energy photons co located 
with beryllium or deuterium 
 
         Gamma radiation with an energy exceeding the neutron binding energy of a nucleus 
can eject a neutron. Two examples and their decay products:  
9Be + >1.7 MeV photon → 1 neutron + 2 4He 

2H (deuterium) + >2.26 MeV photon → 1 neutron + 1H [60]. 
1.4.7 High energy photo-neutron / photo-fission systems 
         Photo neutrons are produced when sufficiently energetic photons interact with a 
nucleus causing it to undergo excitation. The nucleus decays by neutron emission (photo 
neutron reaction) or undergoes fission (photo-fission)  releasing neutrons in the process.   
Typically photons begin to produce neutrons on interaction with normal matter at 
energies of about 7 to 40 MeV.  The photons may be produced by bombardment of 
electrons of energy of about 50 MeV on a heavy target. These photons  induce giant 
dipole resonance in target nuclides by a mechanism which is the inverse of internal 
conversion and decay by  neutrons emission by a mechanism similar to that of photo-
neutrons [61]. 
1.4.8 Nuclear fission reactors  
          In a reactor, when a heavy atomic nucleus such as 235U absorbs a neutron, it 
undergoes nuclear fission. Nuclear fission is the process in which a large nucleus splits 
into two smaller nuclei with the release of energy. Nuclear fission reactors produce power 
as well as a very large number of neutrons and can be used for a variety of purposes. 



 
 

32

Some of the reactors used as neutron source are: Swimming Pool Type reactors, Heavy 
water moderated and Natural Uranium Fuel Research Reactors, Miniature Neutron 
Source Reactor ( MNSR) and Multipurpose research reactor[55]. 
1.4.9 Nuclear fusion system 
         Nuclear fusion [62], the combining of the heavy isotopes of hydrogen, also has the 
potential to produces large quantities of neutrons. Small scale fusion systems exist for 
research purposes at many universities and laboratories around the world. A small 
number of large scale nuclear fusion systems also exist including the National Ignition 
Facility in the USA, JET in the UK, and the recently started ITER experiment in France. 
1.4.10 High energy particle accelerators  
         A spallation source is a high-flux source in which protons that have been 
accelerated to high energies hit a target material, prompting the emission of neutrons 
[63]. Spallation reactions are processes where a relatively light accelerated ion such as 
proton impinges on a massive heavy metal target, which results in a breakup of the heavy 
nucleus. This leads to a production of different particles with relatively high energies and 
mainly neutrons with a wide range of different energies. A schematic of  spallation 
reaction is shown in Fig. 1.4. For example a spallation process starts when a proton 
interacts with the target nucleus (e.g. lead) and gives its energy to the nucleons of the 
nuclei. This stage is known as an intra-nuclear cascade. The target nucleus is in a highly 
excited state after the intra-nuclear cascade and evaporates particles and photons to lower 
its energy. After this emission the nucleus further remains in an excited state and can split 
or emit neutrons and mainly gamma photons to lower its excitation energy. Neutrons 
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which result from a spallation reaction have a wide range of energies. The highest energy 
of the resulting neutrons can reach up to the energy of the incident beam particles. 
 

 
 
Fig. 1.6   Schematics of principle of the spallation reaction [63] 
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CHAPTER 2 
Experimental setup 
2.0 Experimental setup details 
         This chapter provides details of the experimental setup, measurements, detectors 
and electronics used in the present study. Present thesis is mainly focused on the 
measurement of reaction cross sections and fission product mass yield distribution in the 
neutron induced fission of 232Th and 99.3% 238U.  Brief description of the accelerator 
facility used in the experiment is given.  The target fabrication techniques are described 
followed by the description of the detector and nuclear data measurement setup. 
2.1 14UD Pelletron accelerator at TIFR 
        14UD Pelletron accelerator is a medium energy heavy ion accelerator facility jointly 
set up by Bhabha Atomic Research Centre (BARC) and Tata Institute of Fundamental 
Research (TIFR) at TIFR campus for research in the field of nuclear physics, atomic 
physics, condensed matter physics and several other areas.  This facility is based on a 14 
MV tandem, Van-de-Graaff accelerator which is a 14UD Pelletron [64, 65] accelerator 
using the pellet charging chain system. It can deliver heavy ion beams of energies (q+1)V, 
where V is the terminal voltage and q is the charge state of the ions after passing through 
the stripper foil located in the high voltage terminal. At present 14 UD BARC-TIFR 
Pelletron accelerator at TIFR, is capable of accelerating ions, except inert gases, from 
proton to nikel up to energy of about 5-8 MeV/A depending upon the ions. The 
accelerator is installed in vertical configuration in an insulating tank of length 26.5 m and 
diameter 5.5 m, filled with SF6 gas.  The schematic diagram of the accelerator is shown in 
Fig. 2.1. 
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Fig. 2.1  BARC-TIFR Pelletron Facility. 

2.2 Target fabrication 
        Preparation of thin target is an important and challenging task in any nuclear 
reaction experiment.  Study of reaction cross sections and fission product mass 
distributions for 232Th and 238U require very thin targets.  Accurate experimental nuclear 
data, demand a careful attention to sample preparation. For each experiment two type of 
samples were prepared such as: 
1. Samples were prepared for Lithium targets for neutron generation using 7Li(p,n)7Be 
reaction. 
2. 232Th and 238U samples for nuclear data experimentation. 
1. Here neutrons are generated using 7Li(p,n)7Be reaction. If the lithium targets used are 
thick then, the incident beam and the reaction products loose energy as they pass through 
the target material. This energy loss will alter the energy definition of the incident beams 
as well as the resolution of the energy spectra of the reaction products. If the target is 
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sufficiently thick the low energy reaction products like evaporation residues and even 
high energy fission fragments, will be stopped inside the target itself. Hence, in an ideal 
case we prefer self-supporting targets or targets with very thin backing material. Targets 
were prepared using the rolling techniques at BARC-TIFR target preparation lab at TIFR. 
Stainless steel plates are generally used for rolling the samples. Different precautions 
were taken for different target materials i.e. lithium sticks with stainless steel plates so oil 
was used between the plate and the target material while rolling. At times this process 
created hole in the lithium foil, subsequently teflon plates were used to cover lithium foils 
while rolling.  A small piece of natural lithium (6Li - 7.42 % and 7Li - 92.58 %)   was 
soaked in paraffin or kerosene first before use. Lithium was first covered with a tissue 
paper and then was placed between two teflon plates of dimensions 50 mm  50 mm and 
thickness 0.7 mm/0.8 mm. The lithium foil was rolled along with the teflon sheets. This 
rolling was done in all the directions so that lithium thickness is uniform. Finally a 
rectangular piece of lithium was cut and its weight was measured. This method gives an 
idea of the thickness of the lithium foil measuring its weight and dimension. 
2. An intensive efforts were made to prepare 0.27-0.28 mm thick 232Th and 0.18-0.33 mm 
thick 99.3% 238U targets. The samples were prepared using the rolling techniques at 
BARC-TIFR target preparation lab at TIFR. Stainless steel plates are generally used for 
rolling the samples.  Total thirteen targets were prepared.  Seven targets were made of 
thorium, out of these five were used for reaction cross section measurement and two were 
used for fission product mass distribution studies.  Six targets were prepared of uranium, 
out of which four were used for reaction cross section measurements and two were used 
for fission product mass distribution studies.  
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2.3 Gamma ray spectroscopy 
2.3.1 HPGe detector set-up 
         Gamma spectroscopy is the quantitative study of energy spectra of gamma-ray 
sources.  A typical gamma-ray spectrometry system is comprised of a detector (HPGe) 
with a shielding mainly lead, to reduce the background, high voltage power supply, 
electronics for signal processing (preamplifier, amplifier, multi channel analyzer); 
computer and dedicated  validated software package for collecting, storing and analyzing 
the gamma ray spectrum. The block diagram of a typical HPGe setup is shown in Fig. 
2.2.  
 

 Fig. 2.2.  HPGe Detector setup with PC based MCA for Gamma Spectroscopic Studies 
 

1.0 High Purity Co-axial Germanium Detector 
2.0 Preamplifier 
3.0 Amplifier 
4.0 Multichannel Analyzer 
5.0 Computer 
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6.0 Bias Supply  
         A high purity germanium semiconductor detector (HPGe) is used here for better 
energy resolution which is very important for identification of radioactive isotopes during 
gamma activation analysis.  The high resolution HPGe detectors are suitable for samples 
containing many radio nuclides (e.g. from the natural radioactive series), when the 
gamma-ray spectrum presents a large number of peaks to be resolved. The detector is 
cooled with liquid nitrogen to a temperature of 77 K to reduce dark current and detector 
noise. The detector produces a signal which is proportional to the energy of the gamma 
rays of the incoming radiation. Gamma rays passing through the detector generate free 
electron and hole pair. The number of electrons (current) is related to the energy of the 
gamma ray.  There are three processes by which gamma ray interaction occur in the 
detector such as Compton scattering, photoelectric effect and production of electron-
positron pairs. The relative magnitudes due to these effects are shown in Fig. 2.3 for a 
germanium detector. In Fig. 2.3, it can be seen that photo electronic interactions are 
dominant at low energies, pair production at high energies and Compton scattering is the 
most important interaction in the mid-energy range. 
         The γ-ray counting of the samples were done in the live time mode.  Modern multi-
channel analyser (MCA) have inbuilt feature of dead time correction by counting in live 
time mode. As the dead time in the analogue to digital converter (ADC) increases, the 
real (clock) time increases proportionally so as to keep fixed live time. To minimise dead 
time and the pile up effect, the sample was placed at a suitable distance from the detector. 
The details of these components have been discussed in the following section. 
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Fig.  2.3 The linear attenuation coefficient of Germanium and its component parts [66]. 
         

2.3.1.1 High Voltage Bias Supply 
         In order to collect the charge formed in the detector, a bias voltage must be placed 
across the detector. The optimum bias voltage is up to 5000 V for a large detector. The 
voltage is chosen low enough to avoid break down, but otherwise high enough for charge 
collection. The bias voltage is maintained at a stable value. 
2.3.1.2 Preamplifier 
         This comes as an integral part of the detector assembly. In order to minimize the 
electronic noise, the input stage of the preamplifier is cooled in the same manner as the 
detector. Preamplifier has two functions in the circuit, (i) it converts low amplitude, short 
duration current pulse from the detector into a voltage pulse whose amplitude is 
proportional to the energy deposited by the gamma ray in the detector, (ii) It maximizes 
the signal to noise ratio of the output pulse and preserves the gamma ray energy 
information. 
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2.3.1.3 Amplifier 
       The purpose of amplifier is to amplify the pulse from the preamplifier into a linear 
voltage pulse in the range of 0 to 10 V. The amplifier also shapes the pulse to meet the 
requirements of the pulse height analysis instrumentation. This is important since the 
analyzer measures the input pulse amplitude relative to a reference voltage so that the 
output pulse from the amplifier should return as fast as possible to stable voltage. 
2.3.1.4   Multichannel analyser  
         The multichannel analyzer (MCA) performs the function of collecting the data, 
providing a visual monitor of the pulse height spectrum produced by the detector. An 
analog-to-digital converter (ADC) converts the analog voltage pulse from the amplifier 
into a binary output. The ADC sorts the pulses into a large number of channels according 
to the height of the voltage pulse and since the height is proportional to the energy of the 
gamma ray, the relationship between the channel number and energy is nearly linear. 
2.3.2 HPGe detector specification 
         Experiments were carried out using an 80 c.c. HPGe detector. The detector 
efficiency was 20 % at 1332.5 keV relative to 3” diameter  3” length NaI (Tl) detector. 
The uncertainty in the efficiency was 2-3 %. The resolution of the detector system had a 
FWHM of 1.8 keV at 1332.5 keV  γ -line of 60Co. HPGe detector has low band gap of 
0.67 ev at 300 K, so it can generate current ( called leakage current ) at room temperature. 
Therefore HPGe detector is operated at 77 K. 
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2.3.3 Detector Parameters 
Resolution  

       The resolution of a detector is its ability to resolve two near by peaks. It is specified 
as full width at half maximum (FWHM), detector resolution depends upon statistics of 
charge creation, charge collection and electronic noise. FWHM is expressed as, 
FWHM= 2σ (2ln2)1/2 

The (%) resolution   at a given energy E is given by  
 R =    (FWHM / E )*100 
Smaller is the R, better is the resolution of the detector. Resolution is generally expressed 
in terms of FWHM at 1332 keV or at 122 keV for low energy. 
Detector Efficiency: 
         The efficiency is the most important parameter since it goes as input in estimating 
the flux and cross sections as per Eq. (3.7). For conversion of the measured count rate to 
the disintegration rate (disintegration per second) of the radionuclide monitored, it is 
important to calibrate the system for efficiency. Calibration was carried out using 
different standard gamma sources such as 133Ba and 152Eu for various gamma energies 
.The results are shown in Fig. 2.5.  The uncertainty in the efficiency was estimated to be 
about 2-3 %. The results are fitted to a suitable function so that efficiency can be obtained 
at γ-ray energies other than the ones at which measurements are carried out. The detector 
efficiency (ε) for the γ-ray energy at a fixed geometry was calculated as follows:      

                        Log ε i   = Σ aj (Log Ei ) j 
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Where aj represent the fitting parameters and Ei is the γ-ray energy which ranges from 
89.85 to 1408.0 keV for 133Ba and 152Eu standard sources.Several fitting functions are 
available. Often two functions are used, one for lower energy (up to 200 keV) and other 
for higher energy range (above 200 keV). Generally a fourth order polynomial (j) 
function is sufficient to fit the whole energy range from 80 keV to 2 MeV. 
2.3.4 Calibration of the HPGe detector 
         For gamma ray spectrometric analysis, the counting was done using a 80 cm3 high 
purity germanium detector (HPGe) detector connected to a PC based 4094 channel 
analyzer. The resolution of the detector was 2.0 keV at the 1332.0 keV of 60Co. Before 
using the detector and analyzer set up, a proper energy calibration was carried out to 
identify the energies of the gamma ray emission spectrum, i.e. the gamma-ray emitter 
radio nuclides contained in the sample. The quantitative analysis, i.e. the activity (Curies) 
and its standard uncertainty determination for each radionuclide present in the sample, 
requires a full-energy peak (FEP) efficiency calibration. For both calibrations, various 
radioactive standard sources with certified activity were used. The energy calibration of 
the detector system was done by using a multi gamma ray standard source such as 152Eu 
having the gamma lines from 89.85 keV to 1408.0 keV. The efficiency calibration of the 
HPGe detector system within 5-1500 keV was carried out using a set of mono energetic 
standard sources such as 241Am, 137Cs, 54Mn and 60Co to avoid co-incidence summation 
error. These sources can be used for efficiency calibration at a distance closer to the 
detector. For a distance greater than 5 cm, the multi gamma ray sources such as   152Eu 
(13.5 y) and 133Ba (10.5 y) were used for efficiency calibration. These two different types 
of efficiency calibration were done to avoid coincidence summing error. The gamma ray 
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energies and abundances along with the half-lives of these radio nuclides are given in 
Table 2.1. 
Table 2.1 Gamma ray Energies of the Radionuclide used for HPGe  Detector Calibration 
 

Nuclide Gamma Lines (keV) γ ray abundance (%) 
Eu-152  
(T1/2=13.54 Yrs)        

89.85 69.95 
121.78 25.6 
244.70 7.6 
344.26 26.5 
411.12 2.2 
443.96 3.1 
488.60 0.4 
563.0 0.5 
678.0 2.0 
688.67 0.9 
778.9 12.9 
867.0 4.2 
964.0 14.6 
1085.0 10.2 
1089.0 1.7 
1112.1 13.6 

1212.95 1.4 
1299.0 1.6 
1408.0 21.0 

 
Ba-133 
(T1/2=10.5Yrs ) 
 
 

80.997 34.10 
276.4 17.80 
302.9 18.33 
356.02 69 00 
356.01 62.05 

Co-60 
(T½=5.26 Yrs)            

1173.23 100.00 
1333.50 100.00 

Mn-54 (T½=0.856 Yrs ) 835.0 99.98 
Cs-137 
(T½=30 Yrs )             

661.66 85.00 
Am-241 
(T ½= 458 Yrs) 

59.54 36 00 
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However, the availability of mono energetic primary standards is a constraint. So in most 
of the cases multi-gamma ray sources like 152Eu (13.5 y), 133Ba (10.5 y), were used for 
the efficiency calibration as they cover a wide energy range and are long-lived.  
         Because there can be  hundreds to thousands of gamma ray interactions per second 
with the detector, an important criteria in system design is the response time of the 
detector to gamma ray interactions (as measured by the dead time).  
 

 
Fig. 2.4 Measured gamma-ray spectrum from a calibrated 152Eu reference source. 

 
         The counting dead time was kept always less than 5 % by placing the sample at a 
suitable distance from the detector to avoid coincidence summation (pileup) effects. The 
energy and efficiency calibration of the detector system was done by counting the γ-ray 
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of standard sources having energies in the keV region and keeping the same geometry, 
where the summation error was negligible. The gamma lines of a typical 152Eu sources 
which is used for detector calibration are shown in Fig 2.4 and the detector efficiency 
calibration is shown in Fig. 2.5. 
2.3.5 Efficiency calibration  
The efficiency values are calculated using known activity sources for the HpGe detector 
using the following equation [66,67,68] 
                                            ε =   Aobs / (εg·t·Λ·p)                                             (2.1) 

where:  ε = is the detector efficiency  
Aobs = is the peak area in number of counts at that energy 
Λ = is the absolute activity of the standard [Bq] 
 t = is the measurement time 
 p = is the probability of disintegration of the particular radionuclide  
 εg = is the geometric efficiency. This is independent of the gamma ray energy and d2.4 
2.4 Experimental details 
2.4.1 Sample mounting and irradiation facility 
         Quasi-mono-energetic [30] and fast neutrons were produced in 7Li(p, n) reactions as 
neutron source for this experiment at the BARC-TIFR Pelletron-Linac accelerator Facility 
(PLF Fig. 2.1). epends upon the solid angle subtended by the source on the detector. 
Present experiments require the neutron yield to be as high as 107-109 n/s.  In the 
experimental setup drift space above analyzing magnet is modified to accommodate a 
proton beam irradiation setup at 6 meter level at this facility (see Fig. 2.6). 
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Fig 2.5 Plot of Log (Eff) as a function of gamma-ray energy ( keV)  
This setup is capable of delivering proton beam in the energy range of 2 MeV to 26 MeV 
and current up to µA range. The shielding at this level is such that radiation is within 
permissible limit when proton beam with high energy and high current is accelerated. 
This setup can provide high neutron yields, produced by bombarding Lithium targets with 
protons of a few MeV. Handling these targets pose specific hazards. Lithium is flammable 
when exposed to air. Specific assemblies have been designed and being used to handle 
such targets which can be directly installed at the 6 meter experimental port without 
exposing the hazardous materials to the users. The sample mounting set up is shown in 
Fig. 2.6 (in this thesis the experiments were carried out at incident proton energies of 4.7, 
5.1, 16, 18 and 20 MeV) with a 100-400  nA beam current. 



 
 

47

       
Fig. 2.6 Set up for Sample Holder at 6 mete 
 
2.4.2 Nuclear data measurement set-up 
         The experiments were carried out using the 14UD BARC-TIFR Pelletron facility at 
Mumbai, India. The neutron beam was obtained from the 7Li(p, n) reaction  by using the 
proton beam in the main line at 6 m height above the analysing magnet of the Pelletron 
facility to utilize the maximum proton current from the accelerator. Furthermore, 7Li(p,n) 
reaction-based setup has less radiation hazards compared to other neutron sources  
because it uses a non-radioactive target to produce neutrons. The geometry of the 7Li(p,n) 
reaction-based setup is shown in Fig. 2.6  The energy spread for proton at 6 meter height 
was maximum 50-90 KeV. At this port, the terminal voltage was regulated by GVM 
mode using terminal potential stabilizer. Further, we used a collimator of 6 mm diameter 
before the target.  The lithium foils were made up of natural lithium with thickness 3.7 
mg/cm2, sandwiched between two tantalum foils of different thickness.  The front 
tantalum foil facing the proton beam was the thinner, with thickness of 3.9 mg/cm2, in 
which degradation of proton energy was only 30 keV.  On the other hand, the back 
tantalum foil was the thicker (0.025 mm), which was sufficient to stop the proton beam. 
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The Ta-Li-Ta stack is shown in Fig. 2.7.  For each experiment fresh lithium foils were 
used.   
         This thesis is mainly focusing around the nuclear cross section and fission yield 
measurements for 238U   and 232Th.   All the samples comprising of natural 238U or 232Th 
metal foils were individually wrapped with 0.025 mm thick aluminium foil during 
irradiation and counting.  The aluminium wrapper was used to stop and collect the fission 
products recoiling out from the surface. The sample foil wrapped with aluminium was 
mounted at zero degree with respect to the beam direction at a distance of 2.1 cm from 
the location of the Ta-Li-Ta stack. A schematic diagram of Ta-Li-Ta stack and foils is 
shown in Fig. 2.7. Different sets of samples were made for different   irradiations at 
various neutron energies for Th and U target materials.  

 
Fig. 2.7 Schematic diagram showing the arrangement used for neutron irradiation 
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CHAPTER   3 
 
Measurements of 238U(n, γ)239U and 238U(n, 2n)237U reaction cross-
sections at the spectrum averaged neutron energies (<E>) of 13.5  and 
17.28 MeV   
         In this chapter we present the measurements of the (n, γ) and (n, 2n) reaction cross-
section of 238U at the spectrum averaged neutron energies of 3.12, 13.5 and 17.28 MeV.  
Neutrons are generated using 7Li (p, n)7Be reaction. Cross sections have been determined 
adopting activation and off-line γ–ray spectrometric technique. The experimentally 
determined 238U(n, γ)239U and 238U(n,2n)237U reaction cross-sections from present work 
have been  compared with the evaluated data of ENDF/BVII.0 and JENDL-4.0, JEFF-
3.1/A and CENDL-3.1.  The experimental values were found to be in general agreement 
with the evaluated values obtained using ENDF/BVII.0, JENDL-4.0 and JEFF-3.1/A and 
CENDL-3.1 values at average incident neutron energy of 3.13 MeV but it differs from the 
values obtained using CENDL-3.1 at 13.5 MeV and 17.28 MeV.  The present data along 
with literature data in a wide range of neutron energies were interpreted in terms of 
competition between 238U(n, γ), (n, f), (n, nf) and (n, xn) reactions channels. The 238U(n, 
γ) and 238U(n, 2n) reaction cross-sections were also theoretically calculated using the 
TALYS [8,9] computer code and were found to be in general agreement with the present 
experimental data. 
3.1 Mechanism of nuclear reactions 
3.1.a Compound nuclear reaction 
         This reaction can be treated as a two-step process. In the first step, the incident 
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particle which stays in the nucleus for a relative long time (10-15 s) delivers its energy to 
many nucleons in the target nucleus, and this energy is rapidly distributed throughout the 
nucleus. The incident particle itself becomes indistinguishable from other nucleons in the 
compound nucleus, and we can say that the compound nucleus ‘forgets’ the way in which 
it was formed. Due to this forgetfulness of the compound nucleus, the second step is 
independent and unrelated to the first step. The excitation energy of the compound 
nucleus is equal to the kinetic energy introduced by the incident particle plus its binding 
energy. This energy is statistically distributed among the nucleons, and each nucleon is 
rapidly colliding with the others and changing its energy.  
3.1.b Pre-compound reaction:  
         With increasing projectile energy (above 10 MeV) sometimes a particle emission 
can occur even before the whole energy could distribute evenly among the nucleons of 
the compound nucleus. 
3.1.c Direct Reactions:     

         This process becomes probable when the projectile spends less time in the vicinity 
of the target nucleus (10-22 s). The interaction between the incident particle and the target 
nucleus takes place usually close to the surface of the nucleus. Only a few nucleons of the 
target nucleus take part in this process. 
3.2 Cross-section of a nuclear reaction 
         A nuclear reaction A(x, y) B occurs, when a projectile x comes sufficiently close to 
the target nucleus A, i.e. closer than the range of the nuclear forces (10-15 m). A particle y 
is then emitted, leaving a residual nucleus B, which can be either stable, radioactive or an 
isomer. The interaction of the projectile with the target nucleus is generally described in 
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terms of the cross section σ(x, y), which is a measure of the probability for a reaction to 
occur. The cross section is usually given in barns (1b =10-28m2) and is a function of the 
energy of the incident particle. 
3.3   Nuclear model computer code TALYS 
       TALYS is a versatile and user friendly computer code to simulate nuclear reactions. 
Many nuclear models are included to cover all main reaction mechanisms encountered in 
light particle-induced nuclear reactions. It also provides a complete description of all 
reaction channels and observables in a nuclear reaction. The basic objective here is the 
simulation of nuclear reactions that involve projectiles like photons, neutrons, protons, 
deuterons, tritons, 3He- and α-particles.  TALYS covers nuclear reactions for the incident 
neutrons of energy range 1 keV - 200 MeV and for target mass numbers between 12 and 
239. It can  incorporates modern nuclear models for the optical model, level densities, 
direct reactions, compound reactions, pre-equilibrium reactions, fission reactions, and a 
large nuclear structure database. It can calculate total and partial cross sections, energy 
spectrum angular distributions, double-differential spectra, residual production cross 
sections and recoils.  The proof that TALYS is able to produce physical meaningful 
results, comparisons of calculated results with experimental data are generally done, there 
are two different options to use TALYS. A very detailed calculation with various adjusted 
parameters and choices for nuclear models, so that specific experimental data are 
reproduced. In second option, a large scale, default calculations for many nuclides, in 
which case adjustment to experimental data is impossible. 
       These two approaches are strongly linked. Since nuclear model calculations and fits 
to experimental data generally require many adjustable parameters, it is important that 
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these parameters all remain within physically acceptable boundaries. Reliability of the 
code is reasonably high because the default calculations produce results that are not too 
far from the measurement.  Starting from these default parameters, usually only one or a 
few parameters need to be adjusted to obtain the best possible result, after which we can 
be pretty confident that we did not end up in some strange corner of parameter space. 
TALYS output are usually compared automatically with available EXFOR database.  
3.4 Practical importance of 238U reaction cross section measurements 
         One of the major components of the nuclear waste comprises of long-lived minor 
actinides such as 237Np, 240Pu, 241Am, 243Am and 244Cm. Almost all the minor actinides 
are generated due to capture (n, γ) and (n, 2n) reactions of 238U and 239Pu followed by 
beta decay. For electricity generation, Light Water Reactors (PWR & BWR) or Heavy 
Water Reactors (HWR) is primary reactor of choice for many decades. In these reactors 
appreciable amount of 237Np is produced by (n, 2n) reaction of 238U followed by beta 
decay. The fuels used in these reactors are mainly based on enriched or natural uranium. 
237Np is one of the most problematic minor actinides generated in these reactors. After 
million of years, 237Np dominates in terms of radio-toxicity to the population because of 
the leakage of the actinide from the disposal site. In order to avoid this, the concept of 
advanced heavy water reactor AHWR) [4] have been proposed in the recent past to 
generate nuclear power.  In AHWR, 232Th-233U in the oxide form is used as the primary 
fuel, where the production of long lived minor actinides such as (237Np, 237Np, 240Pu, 
241Am, 243Am and 244Cm) can be avoided. Significant effort has also been made to 
develop fast reactors [3-7] to fulfill the increased demand of power production. In the fast 
reactor 238U-239Pu in the form of carbide is used as the primary fuel. Since the fast reactor 
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has a fast neutron spectrum, the production of long-lived minor actinides can be 
suppressed. The 239Pu used in the fast reactor is first generated in a research reactor from 
238U(n, γ)239U reaction followed by successive two beta decays. A schematic diagram of 
(n, γ) and (n, 2n) reaction of 238U followed beta decay in the U-Pu fuel cycle is shown 
 below. 

                                        
   
    
 
 
 
 
 

Fig. 3.1 A schematic diagram of (n, γ) and (n, 2n) reaction of 238U followed beta decay in 
the U-Pu fuel cycle 
             
         In the fast reactor, 238U is used as the breeding material to regenerate the fissile 
material 239Pu. Thus the production of fissile nucleus 239Pu depends on the 238U(n, γ)239U 
reaction cross-section, which is required with an accuracy of 1-2 % for predicting the 
dynamical behavior of complex arrangements in fast reactors [2] safely. In fusion-fission 
hybrid systems, a sensitivity study has shown that the production rate of 239Pu can be 
predicted within 1 %, provided that the 238U(n, γ)239U cross-section between 3 keV and 3 
MeV is known within 2 % [69]. In fast breeder reactors the most important region for 
neutron capture of 238U lies between 10 keV to 100 keV [70]. At neutron energy of 100 
keV, the 238U(n, γ)239U reaction cross-section shows a sharp increasing trend due to 
resonance neutron capture. Thereafter it decreases up to 6-7 MeV, where the 238U(n, 

238U →(n,γ) →  239U  → β- →  239Np → β→239Pu 
4.468x1019 y        23.45 m                   2.357 d               24110 y 
↓                         ↓                       ↓                   ↓                                                                
 ↓ (n,2n)                                                    ↓ (n,2n)                                           
 237U → β- →237Np   → (n,γ)  →238Np → β- →238Pu 
  6.75 d               2.144x106 y                   2.117 d                 87.7 y 
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2n)237U reaction cross-section starts. The fast reactor has harder neutron spectrum with 
neutron energy up to 15 MeV, whereas the 238U(n, 2n)237U reaction cross-section has 
threshold energy of 6.18 MeV. Thus above the neutron energy of 6.18 MeV, the 238U(n, 
2n)237U  reaction is one of the reaction channel besides (n, f) and (n, γ) reactions of 238U. 
Above neutron energy of 6.18 MeV, the 238U(n, 2n)237U reaction cross-section increases 
rapidly. Thus the 238U(n, γ)239U and 238U(n, 2n)237U reactions cross-sections at higher 
neutron energy have a strong impact on the performance and safety assessment for fast 
reactor  [71]. 
         237Np itself is generated from 238U(n, 2n)237U reaction followed by beta decay. Thus 
at various neutron energies, it is necessary to have knowledge about the 238U(n, 2n)237U 
reaction cross-section besides the 238U(n, γ)239U reaction cross-section.  The 238U(n, 
γ)239U reaction cross-section data are available in the literature over a wide range of 
neutron energies from thermal to 18 MeV based on direct measurements [72-81] and 
activation technique [81-89]. Similarly, sufficient data on 238U(n, 2n)237U reaction cross-
section is also available in a wide range of neutron energy above 6 MeV from off-line γ-
ray spectrometry and neutron activation methods [88-102].  
         From the literature data [73-91], it can be seen that the 238U(n, γ)239U reaction has 
numerous resonance cross-section from thermal energy to 0.1 MeV. However, above 
neutron energy of 0.1 MeV the 238U(n, γ)239U reaction cross-section decreases up to 6-7 
MeV [15, 82,84]. Above neutron energy of 7 MeV, the 238U(n, γ)239U reaction cross-
section data of D. K. Mc Daniels et al. [15] decreases sharply and remain almost constant 
up to14 MeV. At neutron energy of 9.85 MeV, the data of H. Naik et al. [88] is 
comparable to the data of D. K. Daniels et al. [83]. At neutron energy of 17 MeV, the 
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238U(n, γ)239U reaction cross-section data of Yu. G. Panitkin et al. [16, 17] and V. A. 
Tolstikov et al. [103] increase sharply and thereafter remain constant up to 20 MeV. 
Within neutron energy of 6.18-20 MeV, the 238U(n, 2n)237U reaction become the pre-
dominant mode besides (n, γ) and (n, f) reaction of 238U. It can be seen from Refs. [88-
93] that the increase of 238U(n, 2n)237U reaction cross-section is very sharp from the 
neutron energy of 6.18 MeV to 7-8 MeV and then remains constant up to 13-14 MeV. 
Thereafter, it decreases with increase of neutron energy due to opening of other channels 
such as (n, 2nf) and (n, xn) reactions. 
         From the above observations it is clear that there are three different trends in the 
238U(n, γ)239U and 238U(n, 2n)237U reaction cross-sections data within the neutron energy 
of 0.1-20 MeV [37-71 75-106]. However, for 238U(n, 2n)237U reaction, the cross-sections 
data [88-101] follow a smooth trend without the break up. On the other hand, the 238U(n, 
γ)239U reaction cross-section data [67-88 ] have a sharp fall around neutron energy of 7 
MeV and sudden rise around neutron energy of 16 MeV. In order to examine this aspect, 
it is important to determine the 238U(n, γ)239U reaction cross-section around these energies 
regions in spite of the availability of sufficient data in the literature [67-88]. In view of 
the above facts, in the present work we have experimentally determined the 238U(n, 
γ)239U  and  U238U(n, 2n)237U  reaction cross-section at average neutron energies of 13.5  
and  17.28  MeV using the neutron beam in 7Li(p, n) reaction and by activation technique 
followed by off-line γ-ray spectrometry. 
3.5 Experimental procedure 
3.5.1 Description of the experiment 
The 14UD BARC-TIFR Pelletron facility at Mumbai, India [55] was used to carry out the  
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 present experiment. The proton beam main line at 6 m height above the analyzing 
magnet of the Pelletron facility was utilize to obtained the neutron beam by using the 
7Li(p, n)7Be reaction. The proton energies of the experiment were 16 and 20 MeV, 
respectively. The energy spread for proton beam was maximum 50-90 keV. A collimator 
of 6 mm diameter was used before the Li target to avoid the energy spread of the proton 
beam. The lithium foil used for neutron production was made up of natural lithium with 
thickness of 3.7 mg/cm2, sandwiched between two tantalum foils of different thickness. 
The front tantalum foil facing the proton beam has a thickness of 3.9 mg/cm2, in which 
degradation of proton energy is only 30 keV. On the other hand the back tantalum foil has 
a thickness of 0.025 mm, which is sufficient to stop the proton beam. Behind the Ta-Li-Ta 
stack, the samples used for irradiation were placed.  
         The samples consist of natural U metal foil, wrapped with 0.025 mm thick super 
pure aluminum foil of purity 99.999%. The aluminum wrapper was used as a catcher to 
stop fission products recoiling out from the 238U metal foil during irradiation. The size of 
238U metal foil was 1.0 cm2 with thickness of 29.3 mg/cm2. The Uranium sample 
wrapped with Al was mounted at zero degree with respect to the beam direction at a 
distance of 2.1 cm from the location of the Ta-Li-Ta stack. A schematic diagram of Ta-Li-
Ta stack and sample is described in chapter two (Fig. 2.7). Different sets of Ta-Li-Ta 
stacks and uranium samples along with aluminum wrapper were used for different 
irradiations at various neutron energies. 
         The uranium sample along with aluminum wrapper was irradiated by the neutrons 
generated by impinging the proton beam on the lithium metal foil through the thin 
tantalum foil of the Ta-Li-Ta metal stack. In the first set, the irradiation time was 7 h for 
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neutron beam corresponding to the proton beam energy of 16 MeV.  In the second set, the 
irradiation time was 6 h for neutron beam corresponding to the proton beam energy of 20 
MeV. The proton current during the irradiations varied from 300-400 nA. For the proton 
energies of 16 and 20 MeV, the corresponding maximum neutron energies faced by 
Uranium sample targets were 13.5 and 17.28 MeV, respectively. After irradiation, the 
samples were cooled for sufficient time (6-24 h). Then the irradiated Uranium target 
along with aluminum wrapper were mounted on different Perspex plates and taken for γ-
ray spectrometry. 
         The γ-ray counting of the irradiated uranium samples were done using energy and 
efficiency calibrated 80 cm3 HPGe detector connected to a PC based 4K channel analyzer 
as mentioned before. The resolution of the detector system during counting was 2.0 keV 
at the 1332.0 keV of 60Co. The γ-ray counting of the samples were done up to few months 
to check the half-life of the nuclides of interest. A typical γ- ray spectrum for irradiated 
238U sample for 238U(n, γ)239U and 238U(n, 2n)237U  reactions are given in Fig. 3.2.  
3.5.2 Calculation of Neutron Flux  
         Flux monitoring is important for the measurement of reaction cross section. Here 
the experimental flux has been reported at two different neutron energy ranges. 
a. For the incident neutron energy less than 5 MeV   
           Production of radioactive nuclei is described by( Section 1.3) 
                                                                               
    The disintegration rate of produced radionuclide at the end of irradiation time (tirr ) is 
given by 

                         A(tirr) = N(tirr) λ= N0R [ 1 − exp(-λtirr) ]                     (3.2)                           
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This equation can be written in more simplified form as: 
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Fig. 3.2 Gamma Spectrum of for 238U(n, γ)239U and 238U(n, 2n)237U  reactions   
 
This equation can be written in more simplified form as: 

                                  A = N σ φ [ 1 − exp(-λtirr) ]                               (3.3) 

After a delay of time td          

                                                     A = N σ φ [ 1 − exp(-λtirr) ]exp(-λtd)                (3.4) 

For a counting time of tc  

                     A = N σ φ [1 – exp (-λtirr)]exp(-λtd) [1 − exp(-λtc)]       (3.5) 
 A = number of decays per second (Activity)             
From the peak area, the number of detected γ-ray( Aobs)i at 336.2 keV γ-ray were obtained 
after subtracting the linear Compton background. The gamma line at 336.2 keV comes 
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out  from the 115In(n, n’)115mIn  reaction. The flux (Ф) is determination by the standard 
decay equation. 

               ( Aobs)i  = Nσ Ф aε (1-e-λt) e-λT (1-e-λ ΔT) /λ                    (3.6) 
Where N is the number of target atom, σ is the 115In(n, n’)   cross section,‘ t’, T and ΔT 
are irradiation, cooling and counting time respectively. ‘a’ is the abundance of γ-ray, ‘ε’ is 
efficiency of the γ-ray in the detector system. 
The neutron flux at average neutron energy of 3.12 MeV was obtained to be (1.172 
±0.16) x 108 n cm-2 s-1. This formula is used for En less than 5 MeV. For neutron energy 
less than 5MeV the neutrons generated in 7Li(p,n)7Be are mono energetic. The typical 
gamma ray spectrum for the irradiated Indium foil in shown in Fig. 3.3.  
b.    For neutron energy greater than 10 MeV 
         The neutron flux was calculated using the yield (Y) of fission products such as 97Zr, 
extracted from the experimental yields of Refs. [102,104,110] assuming that the yields of 
asymmetric fission products in the fast neutron induced fission of 238U does not change 
significantly with neutron energy. The neutron flux becomes,  

     (3.7) 
    
     Where,   N  =  number of target atoms, 
      σf(E) =   fission cross-section as a function of neutron energy (E) of 232Th  / 238U 
          a    =    branching intensity  

    ε     =   efficiency of the detector system for the γ-ray of the  fission product. 
       Y     =   Yield of the fission product 
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       φ     =    Neutron flux 
            =    Decay Constant 
       t      =    irradiation time 
      T      =     cooling time 
      CL   =     clock time of counting 
       LT   =     Live time of counting 

 
Fig. 3.3 Typical gamma-ray spectrum of irradiated indium foil 
 
          At average neutron energy of 13.5 and 17.28 MeV, the neutron flux calculated 
using Eq. (1) comes out to be (7.87± 0.12) x106 n cm-2 s-1 and (9.16±0.17) x107 n cm-2 s-1, 
respectively. Folding the neutron spectrum of Fig. 3.4 and   Fig. 3.5 [100,108] with 
238U(n, f) cross section [109] at different neutron energies gives average fission cross-
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section. In natU target, the percentage of 23U is 0.7%. The fission cross-section of 235U and 
238U at high neutron energy are comparable i.e. around 1-2 b. Based on these cross-
sections, the contribution to nat U(n, f)  from the 235U(n, f) at higher neutron energy is 
around 1% and thus its effect is negligible.  
3.6Calculation of average neutron energy (<E> )  
         In the present experiment, the incident proton energies used were 16 and 20 MeV. 
 Neutrons are generated by the 7Li(p, n)7Be  reaction. However, different reaction takes 
place when the proton beam hits the natural lithium target. Natural lithium consists of 
isotopes 6Li and 7Li with abundances 7.42 % and 92.58 % respectively. The degradation 
of the proton energy on the front thin tantalum foil of 3.9 mg/cm2 thickness is only 30 
keV. The Q-value for the 7Li(p, n)7Be reaction to the ground state is -1.644 MeV, where 
as for the first excited state is 0.431 MeV above the ground  state leading to an average 
Q-value of -2.075 MeV. The ground state of 7Be is having the threshold of 1.881 MeV, 
whereas the first excited state of 7Be is having the threshold of 2.38 MeV. With 7Li, a 
second neutron group at EP ≥ 2.4 MeV is produced due to the population of the first 
excited state of 7Be. Thus for the proton energy of 16 and 20 MeV, the corresponding first 
group of (n0) neutron energies are 14.12 and  18.12 MeV to the ground state of 7Be. For 
the first excited state of 7Be, the neutron energy of the second group of neutrons (n1) will 
be 13.62 and 17.62 MeV, respectively. Fragmentation of 7Li(p, γ)8Be*→  4He+3He+n 
(Q= -3.23 MeV) also occurs when the proton energy exceeds the value 4.5 MeV and the 
other reaction channels are open to give continuous neutron distribution besides n0 and n1 
groups of neutrons. 
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Fig. 3.4 Neutron spectrum from 7Li(p, n) reaction at Ep=16.0 MeV calculated using   
                the results of C.H. Poppe et al., and Meadows and Smith [97,100,108]. 
 

 
 
Fig. 3.5 Neutron spectrum from 7Li(p, n) reaction at Ep=20.0 MeV calculated using the 
results of c. h. Poppe et al., and Meadows and Smith [97,100,108].  
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The branching ratio to the ground and first excited state of 7Be up to proton energy of 7 
MeV are given in the Refs. [110, 100], whereas for the proton energies from 4.2 MeV to 
26 MeV are given in the Ref. [98]. For the proton energies of 16 and 20 MeV, the neutron 
energy spectra continue to lower energy one besides n0 and n1 group of neutrons. To 
observe the trend of continuous neutron spectrum, we have generated [Fig. 3.4, Fig. 3.5] 
by using the neutron energy distribution given in Refs. [97,100,108,110]. These 
distributions are obtained by shifting the peak by -0.5 MeV. So for the proton energies of 
16 and 20 MeV the peak of the neutron energies distribution are around 14.12 and 18.12 
MeV (this scaling has been done due to the fact that the maximum neutron energy from 
7Li(p, n) reaction cannot exceed  (EP -1.88) MeV). Based on the prescription given in 
refs.[97,100,108-110]for the proton energy of 16 MeV, the contribution to the n0 and n1 
group of neutrons should be around 72% and 28% of flux under quasi monoenergtic peak 
respectively for a very thin 7Li target, these  flux distributions contain smearing in proton 
energy in thicker target and gives a continuous distribution instead of two separate peaks, 
which may not show sharp peaking at n0 and n1 groups. Therefore at proton energy of 16 
MeV using the neutron distribution given in Fig.3.4, the average energy of these two n0 
and n1 groups  of neutrons (not considering the tailing distribution below)  leads to an 
average neutron energy of 13.96 MeV  MeV. Similarly for the proton energy of 20 MeV, 
the contributions to n0 and n1 group of neutrons are 73% and 27%, respectively, leads to 
an average neutron energy of 17.86  MeV.  Thus after removing the tailing distribution, 
the average neutron energies (<E>) under the main peak region were obtained as 13.50 ± 
0.35 and 17.28 ± 0.35 MeV for the proton energy of 16 and 20 MeV, respectively.  
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3.7 Determination of 238U(n, γ)239U and 238U(n, 2n)237U reaction cross-
sections  
         The 238U(n, γ) reaction cross-section (σ) was calculated from the 277.9 keV γ-rays 
activities (Ai) of the reaction product 239Np (T1/2 = 2.355 d) measured after sufficient 
cooling time.  
Table 3.1 Nuclear spectroscopic data used for the cross sections and flux calculation   

S.No       Nuclide            
 

Half-life            γ-ray 
energy 
(keV)     

γ-ray abundance 
(%) *      

1 115mIn 4.49 h 336.2    45.9 
2   239U        23.54 m   74.7   52.2 
 3 237U 6.75 Days 208.0  21.2 
4 239Np    2.355d 103.7    23.9 
   106.1    22.7 
   228.2    10.7 
   277.9    14.2 
5 Zr-97 16.9 h 743.3    92.8 

 
*The photo-peak activities of the γ-ray energies marked in bold letters are used in the 
calculation. 
 
        This is because in the 238U(n, γ) reaction, the half-life of 239U (23.54 min.), which 
decays 99.6% to 239Np within 3 h of cooling (Table 3.1).  For the calculation of 238U(n, 
γ)239U and 238U(n, 2n)237U reactions cross-sections, the nuclear spectroscopic data used in 
the present work, are taken from the Refs. [105,111] and are given in Table 3.1. It can be 
seen from Table 3.1 that the reaction product 239U has the half-life of 23.54 minutes 
within 3 hours, it decays 99.6% to its daughter product 239Np having a half-life of 2.355 
days. In the present experiment, since the cooling time of the irradiated samples were 6-
24 hours, more than 99.6% of 239U has decays to its daughter product 239Np.  Thus the 
238U(n, γ)239U reaction cross-section (σ) can be calculated from the γ-ray activity of 239Np 
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measured after sufficient cooling time (6-24 h). For the calculation of the 238U(n, 2n)237U 
reaction cross-section, the γ-ray activity of 237U was used after 24-48 hours. In the 
calculation of238U(n, γ)239U and 238U(n, 2n)237U reaction cross-sections, the self 
absorption of the γ-ray energy within the sample was taken care. The net area of the full 
energy photo-peak (Anet) for the γ-lines of 237U and 239Np are obtained by using PHAST 
[111] fitting program. The net photo-peak (Anet) for the γ-lines of 237U and 239Np is 
related to the cross-sections (σ) for the 238U(n, γ)239U and 238U(n, 2n)237U reactions  with 
the following equation: 
 

     (3.8) 
 
All terms in Eq. (3.8) have the similar meaning as in the Eq. (3.7). 
         At average neutron energy of 13.5 MeV, the neutron flux (Φ) of (7.87±0.12) x106 
and (6.69±0.14) x106 n cm-2 s-1 were used in Eq. (3.8) to calculate the 238U(n, γ)239U  and 
238U(n, 2n)237U reaction cross-sections, which are 1.992±0.08 and  1516.75±105.98 mb, 
respectively. Similarly, at average neutron energy of 17.28 MeV the neutron flux (Φ) of 
(9.16±0.17) x107  and  (6.96±0.18) x107 n cm-2 s-1 were used for the   calculation of 
238U(n, γ)239U  and  238U(n, 2n)237U  reaction cross-sections, which are 1.276±0.07 mb and 
1001.58±25.6 mb, respectively.   
         It can be seen from Fig.3.4 and Fig.3.5 that there is substantial contribution to the 
neutron flux from the tail region at the proton energy of 16 and 20 MeV, respectively. 
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Thus for 238U(n, γ)239U reaction, the low energy neutrons also contribute to the cross-
section. In view of this the contribution from the tail region to 238U(n, γ)239U reaction has 
been estimated by using the evaluated nuclear data file ENDF/B-VII [10] and Japanese 
evaluated nuclear data library JENDL-4.0 [12] by folding the  cross-sections with neutron 
flux distributions. The contribution to the cross-section of the 238U(n, γ)239U reaction due 
to the tail part of neutron spectrum at EP = 16 MeV are 1.325 mb and 0.972 mb from the 
ENDF/B-VII [10] and JENDL-4.0 [12], respectively. Similarly, at EP = 20 MeV, the 
contribution to the cross-section of the 238U(n, γ)239U reaction due to the tail part of 
neutron spectrum are 0.86 mb and 0.612 mb from ENDF/B-VII [10] and JENDL-4.0 
[12], respectively. The actual value of  238U(n, γ)239U reaction-cross section due to the 
neutrons from the main peak of the n0 and n1 groups of the neutron spectrum is obtained 
after subtracting the average cross-section due to neutrons from tail region from the 
above mentioned experimental data. Thus the actual experimentally obtained 238U(n, 
γ)239U reaction cross-sections at average neutron energies of 13.5 and 17.28 MeV 
corresponding to proton energy of 16 MeV and 20 MeV are 0.844±0.08 mb and 
0.546±0.07 mb, which are given in Table 3.2. In a similar way, the contribution to the 
238U(n, 2n)237U reaction cross-section due to the tailing part of the neutron spectrum was 
evaluated. These are about 497.2 mb from ENDF/B-VII.0 [10] and 493.5 mb from 
JENDL-4.0 [12] for the average neutron energies of 13.5 corresponding to proton energy 
of 16 MeV. Similarly, at average neutron energy of 17.28 MeV corresponding to proton 
energy of 20 MeV, these are 558.43 mb from ENDF/B-VII.0 [10] and 531.2 mb from 
JENDL-4.0 [12], respectively. Thus the actual experimentally obtained 238U(n, 2n)237U 
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reaction cross-section at average neutron energy of 13.5 and 17.28 MeV from present 
work are 1021.37± 106 and 456.78 ±25.6 mb, which are given in Table  3.2. 
3.8 Uncertainties associated with the measurements 
         The uncertainties associated with the measured cross-sections come from the 
combination of two sets of errors, systematic error and statistical error. This overall 
uncertainty is the quadratic sum of both random and systematic errors. The random error 
in the observed activity is primarily due to counting statistics of γ-ray activities of 
reaction products 239Np from 238U(n, γ) reaction and 237U from  238U(n, 2n) reaction, 
which is estimated to be 10-15%. This can be determined by accumulating the data for an 
optimum time period that depends on the half-life of nuclides of interest. The systematic 
errors are due to uncertainties in neutron flux estimation (~4%), correction in the 238U(n, 
γ)239U  and 238U(n, 2n)237U reaction cross-sections due to the tail part of the neutron 
(~4%) the irradiation time (~2%), the detection efficiency calibration (~3%), the half-life 
of the reaction/fission products and the γ-ray abundances (~2%) as reported in the 
literature [78-80]. Thus the total systematic error is about ~7%. The overall uncertainty is 
found to range between 12 to 17%, coming from the square root of quadratic sum of a 
statistical error of 10-15% and a systematic error of 7%. 
3.9     Results and Discussion 
        The measured cross sections at incident neutron energy of 3.12 MeV is shown in 
Fig. 3.6 The 238U(n, γ)239U  and 238U(n, 2n)237U reaction cross-sections at average neutron 
energies of 13.5 and 17.28 MeV of present work are determined using a neutron source 
from 7Li(p, n) reaction. Since the average neutron energies of 13.5 and 17.28 MeV were 
obtained from 7Li(p, n) reaction at proton energies of 16 and 20 MeV, the neutron 
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spectrum is tailing [Fig. 3.4 and Fig.3.5].  Thus the correction to the 238U(n, γ)239U  and 
238U(n, 2n)237U reaction cross-section due to the tail part of the  neutron spectrum have 
been incorporated, details about the tailing correction is mentioned in section 3.6 in the 
present chapter. Same approach has been used in the earlier work [88] for the 
measurement of neutron induced reaction cross-section of 238U at neutron energies of 3.7 
and 9.85 MeV corresponding to the proton energies of 5.6 and 12 MeV, respectively.  
In order to examine the validity of the present approach, the experimentally determined 
238U(n, γ)239U and the 238U(n, 2n)237U reaction cross-sections were compared with the 
evaluated data from ENDF/B-VII.0 [10], JENDL 4.0 [12],  Joint evaluation fission and 
fusion nuclear data library JEFF-3.1/A [11] and  Chinese evaluated nuclear data library 
CENDL-3.1 [13].  
         These evaluated reaction cross-sections for 238U(n, γ)239U reaction from ENDF/B-
VII.0 [10] and JENDL 4.0 [12]  are quoted in Table 3.2 for the neutron energies of 13.5 
and 17.28  MeV.  Similarly for the 238U(n, 2n)237U reaction, the evaluated cross-sections 
from ENDF/B-VII.0 [10] and JENDL 4.0 [12] in Table 3. 2 are quoted for the neutron 
energies of 13.5 to 17.28 MeV. It can be seen from the Table 3.2 that the present 
experimental 238U(n, γ)239U and 238U(n, 2n)237U reaction cross-sections are within the 
range of evaluated data of ENDF/B-VII.0 [10] and JENDL 4.0 [12], showing consistency 
with our present approach and experimental results. The evaluated data from JEFF-3.1/A 
[11] are same as of ENDF/B-VII.0 [10] and thus not shown in Table 3.2.  However, the 
evaluated data from CENDL-3 [13] are not in agreement with the present experimental 
values and thus are not quoted in Table 3. 2. In Fig.3 6, and Fig. 3.7, we present a detailed 
study comparing our results with various evaluations and available experimental data of 
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the 238U(n, γ)239U reaction cross-sections, and also discuss inconsistencies of the 
available data from literature [16-18, 69-88] given in EXFOR [112]  in various neutron 
energy regions. From Fig. 3.7, it can be seen that the 238U(n, γ)239U reaction cross-section 
from present work at 13.5 MeV is in agreement with the value of Mc Daniels et al. [15]. 
However, the 238U(n, γ)239U reaction cross-section from present work at 17.28  MeV is 
lower than the value of Patikin et al., [17,18]. Besides this, it can be seen from Fig.3.7  
that the 238U(n, γ)239U reaction cross-section decreases systematically from 100 keV to 7 
MeV From Fig. 3.7, it can be seen that the 238U(n, γ)239U reaction cross-section from 
present work at 13.5 MeV is in agreement with the value of Mc Daniels et al. [15]. 
However, the 238U(n, γ)239U reaction cross-section from present work at 17.28  MeV is 
lower than the value of Panitkin et al., [17,18]. Besides this, it can be seen from Fig.3.7  
that the 238U(n, γ)239U reaction cross-section decreases systematically from 100 keV to 7 
MeV. However, at neutron energy of 7 MeV, the data of Mc Daniels et al., [15] is 
suddenly lower compared to the data of Leipunskiy et al., [82] and Patikin et al., [17,18]. 
From the neutron energy of 7 to 15 MeV, the data of Mc Daniels et al. [15] remains 
almost same. Beyond neutron energy of 17 MeV, the experimental data obtained by 
Patikin et al. [17,18] suddenly increases and then remains almost constant up to 20 MeV. 
For a comparison, the data of Ding et al. [19] based on neutron activation technique from 
the review article were shown in Fig.3.7. Further the evaluated 238U(n, γ)239U reaction 
cross-section data from ENDF/B-VII.0 [10], JENDL-4.0 [12], JEFF-3.1/A [11], CENDL 
[13] 
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Fig. 3.6  Plot of experimental and evaluated 238U(n, γ)239U reaction cross-section as a 
function of neutron energy from 1 keV to 5MeV.Experimental value at 3.12 MeV is 
indicated 
 
 
and INDC (VN)-8 [113] were also shown in Fig3. 7. From Fig.3 7, it can be seen that the 
evaluated data of CENDL [13] are in agreement with the earlier data from literature [1-7, 
8, 9]. However, the evaluated data of CENDL [13] disagree with the present data and 
other evaluations. The trend of evaluated data from CENDL [13] is entirely different 
from the evaluated data from ENDF/B-VII.0 [10], JENDL-4.0 [12] and JEF-3.1/A [11]. 
Further, the data of Ding et al., [19] shows agreement with the present experimental data 
and evaluated data from ENDF/B-VII.0 [10], JENDL-4.0 [12] and JEF-3.1/A at lower 
energy only and significantly differ at higher energy. The experimental data of present 
work at 13.5 and 17.28 MeV as well as the data of Mc Daniels et al [15] at 7-15 MeV are 
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in good agreement with the evaluated data of ENDF-B-VII.0 [10], JENDL [12] and JEF-
3.1/A [11]. 

        
Fig. 3.7 Plot of experimental and evaluated 238U(n, γ)239U reaction cross-section as a 
function of neutron energy from 1 keV to 20 MeV. Experimental values from present 
work and from Refs. [16-18,72-88] are in different symbols, whereas the evaluated and 
theoretical values from TALYS (8,9)are in solid line of different color. 
 
 
The experimental data of Leipunskiy et al. [82] and Patikin et al., [17,18] also shows a 
good agreement with the evaluated data [10-12] within neutron energy of 1-4 MeV. 
However, the experimental data of Leipunskiy et al. [82] and Panitkin et al. [17,18] at 
neutron energy of 5-7 MeV and of Panitkin et al., [17,18] at 17-20 MeV are higher then 
the evaluated data [10-12]. To examine this aspect, the 238U(n, γ)239U reaction cross-
section within neutron energy of 1 keV to 20 MeV was also calculated theoretically using 
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computer code TALYS [8,9] as done earlier [88] and are  shown in the Fig. 3. 7.   From 
Fig. 3 7, it can be seen that the 238U(n, γ)239U reaction cross-section [10-13] obtained 
using TALYS computer code [8,9] reproduces the trend of evaluated data of ENDF/B-
VII.0 [10], JENDL-4.0 [12] and JEF-3.1/A. However, within neutron energy of 1 keV to 
3 MeV, the theoretical 238U(n, γ)239U reaction cross-section from TALYS  are slightly 
higher than the experimental and evaluated values. This may be due to the use of default 
parameters in TALYS. However, the values from TALYS are agreeing with the value of 
our present work at 13.5 and 17.28 MeV as well as with the values of Mc Daniels et al., 
[15] at 7-14 MeV. On the other hand, the experimental values of Leipunskiy et al., [82] 
have a close agreement with Panitkin et al., [17,18] at neutron energy of 5-7 MeV. The 
measured values of Panitkin et al [17,18] at 17-20 MeV are higher than the theoretical 
value of TALYS code [8,9]. Higher experimental value at 5-7 MeV by Leipunskiy et al., 
[82] and Panitkin et al., [48] could be due to the contribution from the low energy 
scattered neutrons of the D+D neutron source. Similarly, the higher experimental value at 
17-20 MeV by Panitkin et al., [17,18] may be due to the contribution from the low energy 
scattered neutron of the D+T neutron source. As also mentioned by Panitkin et al., 
[17,18] at low energy scatted neutrons contribute to the higher 238U(n, γ)239U reaction 
cross-section. Therefore, subtracting out the contribution (n, γ) cross section from low 
energy tailing neutrons is important to compare with TALYS calculations and other 
evaluations. In the present work we too found higher uncorrected cross-sections (Table 
3.2) due to lower energy tail part in the neutron spectrum from 7Li(p, n) reaction. Thus 
the contribution to the 238U(n, γ)239U reaction cross-section due to the low energy tail part 
of neutrons has been estimated and subtracted out, which has been mentioned earlier in 
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our calculation. As mentioned before, our experimental data agrees well with evaluations 
and TALYS results. Besides the above observations, the experimental [16-18, 72-88], 
evaluated [10-13] and the theoretical [8, 9] 238U(n, γ)239U reaction cross-section decreases 
from 100 keV to 7 MeV and predict a dip in around 6-8 MeV as shown in Fig. 3 7. The 
dip in the 238U(n, γ)239U reaction cross-section around neutron energy of  6-8 MeV 
indicates the opening of (n, 2n) reaction channel besides (n, nf) channel. Above 8 MeV, it 
increases and shows a bump up to the neutron energy of 14 MeV and then again 
decreases. This can be understood from the saturated 238U(n, 2n)237U reaction cross-
section above 8 MeV. In order to illustrate this, 238U(n, 2n)237U reaction cross-section 
from the present work and literature [72-93] given in EXFOR [112] along with the 
evaluated data [10,12] were shown in Fig. 3.8. The 238U(n, 2n)237U reaction cross-
sections at different neutron energy was also calculated theoretically using computer code 
TALYS [8,9] and plotted in Fig. 3.8. From Fig. 3. 8, it can be seen that the 238U(n, 
2n)237U reaction cross-section from TALYS shows a close agreement with the 
experimental data within neutron energy of 8 MeV. Above 8 MeV, the TALYS results 
seem to over predict the experimental data. Further it can be seen from Fig. 3.8 that the 
experimental and theoretical 238U(n, 2n)237U reaction cross-sections show a sharp 
increasing trend from the neutron energy of 6.18 MeV to 8 MeV and there after remains 
constant up to 14 MeV. Thus the increasing trend of 238U(n, γ)239U reaction cross-section 
beyond 8 MeV up to14 MeV in Fig. 3.7 is due to near constant 238U(n, 2n)237U reaction 
cross-section observed in Fig. 3.8. It can be also observed from Fig. 3.7 and Fig. 3. 8 that 
the 238U(n, γ)239U reaction cross-section shows a dip, where the 238U(n, 2n)237U and 
238U(n, nf) reaction cross-sections show a sharp increasing trend. Similar trend of (n, γ) 
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and (n, 2n) reactions was seen in case of Similarly, above neutron energy of 14 MeV due 
to the opening of (n, 3n) and (n, 2nf) reaction channels, both 238U(n, γ)239U (Fig. 3.7) and 
238U(n, 2n)237U (Fig. 3.8)  reaction cross-sections show a decreasing trend.  
3.10 Summary and conclusions  

 
(i) The 238U(n, γ)239U  and 238U(n, 2n)237U reaction cross-section at average neutron 
energies of 13.5 and 17.28 MeV  are measured using a neutrons source from 7Li(p, n) 
reaction. Since the neutrons are not mono-energetic, corrections in the cross sections are 
incorporated.  
(ii) The 238U(n, γ)239U  and 238U(n, 2n)237U reaction cross-section at average neutron 
energies of  13.5 and 17.28 MeV are in good agreement with the experimental data from 
literature and the evaluated data from ENDF/B-VII.0, JENDL-4.0 and JEFF-3.1/A but 
not with evaluated data from CENDL-3.  
(iii) The 238U(n, γ)239U reaction cross-section decreases from neutron energy of 100 keV 
to 14 MeV with a dip at 6-8 MeV. The 238U(n, 2n)237U reaction increases sharply in the 
energy range from 6.18 MeV to 8.0 MeV and thereafter it remains constant up to the 
neutron energy of 14 MeV. Beyond neutron energy of 14 MeV both 238U(n, γ)239U and 
238U(n, 2n)237U reaction cross-sections show decreasing trend due to opening of (n, 3n) 
and (n, 2nf) reaction channels.  
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Table 3.2 Neutron induced reaction cross section measured values  
          for 238Ucompared to ENDF/B-VII and JENDL-4.0   

 
 
                                  

Neutron 
Energy 

Neutron 
Flux 

n cm-2 s-1 

Cross Sections ( mb) 
Experimental ENDF/B/VII.1 JENDL-

4.0 
238U(n, γ ) 239U 

3.12 (1.17 ±0.16) x 
108 

19.7±0.10 16.8 15.05 

13.5 (7.87±0.12) x 
106 

0.84±0.020 0.930 0.666 

17.28 (9.16±0.17) x 
106 

0.54±0.070 0.460 0.277 

238U(n,2n ) 237U 
13.5 (6.06±0.14) 

x106 
1021.37±0.1 1049.4 1248 

17.28 (6.96±0.18) 
x106 

456.78±25.6 331.43 327.9 
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 Fig. 3.8  Plot of experimental and evaluated 238U(n, 2n)237U reaction cross-section as a 
function of neutron energy for neutron energy 5 MeV to 25 MeV. Experimental values 
from present work and from Refs. [52-57/ 87-93 ] are in different symbols, whereas the 
evaluated and theoretical values from TALYS are in solid lines with different colors.  

 
 
 (iv) The 238U(n, γ)239U and 238U(n, 2n)237U reaction cross-sections were calculated 
theoretically using TALYS code. The TALYS results for 238U(n, γ)239U reaction cross-
section over predict the experimental data within the neutron energy of 1 keV to 3 MeV  
and there after it is in agreement with the experimental data. However, the TALYS results 
for 238U(n, 2n)237U reaction cross-sections are in good agreement with the experimental 
data up to 8 MeV and thereafter over predict the experimental data. 
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CHAPTER 4 
 232Th (n, γ) reaction cross-section at average neutron energies of 2.8, 

3.12, 13.5, 15.5 and 17.28 MeV) and 232Th (n, 2n) reaction cross-section 
at average neutron energy of 17.28 MeV 

 
         In this chapter results on 232Th (n, γ) reaction cross-section measurements at 
average neutron energies of 2.8, 3.12 13.5, 15.5 and 17.28 MeV are reported.  Neutrons 
were generated using 7Li(p, n)7Be reaction.  These reaction cross sections in above 
energies have been determined for the first time using activation and off-line γ -ray 
spectrometric technique. The 232 Th(n, 2n) cross-section at 17.28 MeV neutron energy has 
also been determined using activation and off line gamma spectroscopic technique. The 
experimentally determined 232Th(n, γ ) and 232Th(n, 2n) reaction cross-sections from the 
present work have been compared with the ENDF/BVII and JENDL-4.0 evaluated data 
and are found to be in good agreement. The present data, along with literature data in a 
wide range of neutron energies, were interpreted in terms of competition between 
different reaction channels of  232 Th(n, γ ), (n, f ), (n, n f ) and (n, xn). The 232Th(n, γ ) 
and 232Th(n, 2n) reaction cross-sections were also calculated theoretically using the 
TALYS computer code and were found to be in good agreement with the results obtained 
out of the present experiment but were slightly higher than the literature data at lower 
neutron energies. 
4.1 Motivation behind the measurement of neutron induced reaction 
cross-section of 232Th  
 
         The design of a hybrid reactor (ADSs) and even that of a demonstrator, as well as 
the study of the thorium cycle potentialities require the knowledge of a wide range of 
nuclear cross section data. Today, sufficient data are available for nuclei involved in the 
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uranium cycle, but for those involved in the thorium cycle and for high neutron energies 
the situation is not satisfactory. The experimental data are very scarce. Often 
discrepancies exist between evaluated data, and the data often fed by model predictions. 
For fission and capture cross sections of actinide nuclei, the variation is generally fairly 
small. For the (n, xn) reactions, the average discrepancy is relatively large. Due to the 
recent interest in ADS, a need has arisen for precise nuclear data of  materials  of the 
core, spallation target and structure materials of a hybrid system.  These measurements 
should contribute to better evaluated data, but since all reactions cannot be measured, 
they should also provide adequate constraints on nuclear reaction models like the intra-
nuclear cascade or the pre equilibrium model.  

232Th(n, xn) reactions which do not play a crucial role in classical reactors except for 
x=1 because of their high energy threshold, which increases with increasing x value, 
become more important in fast reactors and even more in hybrid systems. Indeed they 
participate to the neutron multiplication in the spallation target (Pb/Bi). Fast neutrons can 
also escape from the target, and reach the core and then interact with fuel materials by 
(n,xn) reactions. Their role is also important if we consider the thorium cycle. Indeed the 
232Th (n,2n) reaction produces 231Th, which decays to 231Pa that can dominate the radio-
toxicity in some scenarios of fuel reprocessing. Another example concerns the 233U(n,2n) 
reaction which leads to 232U and which decays, after several α and β emissions, on the 
excited states in 208Pb. This last nucleus decays by emitting a high energy (2.6 MeV) γ 
ray that makes the fuel fabrication more complicated. Nuclear  reactors which will be 
using thorium as part of the fuel are, advanced heavy water reactors (AHWR) [4] and fast 
reactors [2]  Recently, accelerator-driven sub-critical system (ADSS)  [5,114-118] are 
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also of primary interest from the point of transmutation of long-lived fission products 
(93Zr, 99Tc, 107Pd, 129I and 135Cs), and incineration of long-lived minor actinides(237Np, 
240Pu, 241Am, 243Am and 244Cm) to solve the problem of radioactive wastes. In AHWR, 
232Th–233U is the primary fuel for power generation. The advantage of 232Th–233U fuel in 
AHWR [4] and ADSS [5, 114-118] over the present reactors based on uranium fuel is that 
it produces thousand times less radiotoxic wastes. Studies have shown that thorium-based 
fuels in fast spectrum systems can efficiently perform the task of reducing plutonium. 
           However, 232Th–233U fuel in combination with ADSS is another method for power 
generation besides for transmutation of long-lived fission products and incineration of 
long-lived minor actinides. an acceptable safety and control characteristics of the reactor 
system. Besides these, thorium in the Earth’s crust is three times more abundant than 
uranium and thus can greatly extend the nuclear fuel resources. It is a fact that 232Th is the 
only nucleus present in nature which give rise to an excess of fissile material 233U in the 
presence of either thermal or fast neutrons, thus making it an excellent choice for nuclear 
fuel of the future. Furthermore, thorium based fuel is an attaractive option because no 
transuranics are produced compared to uranium based fuel, this reduces cost of fuel 
cycle. In the thorium-uranium fuel cycle the fissile nuclide 233U is generated by the 
capture reaction 232Th (n, γ ) 233Th followed by two beta decay A schematic diagram of 
the Th–U fuel cycle is given in Fig. 4.1.Thus, the production of the fissile nucleus 233U 
depends on the 232Th(n, γ ) reaction cross-section, which is required with an accuracy of 
1–2% for predicting the dynamical behavior of complex arrangements in fast reactors or 
ADSs [5,114-119]. In fusion–fission hybrid systems, a sensitivity study has shown that  
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Fig. 4.1  A schematic diagram of (n, γ) and (n, 2n) reaction of 232Th followed beta    decay 
in the Th-U fuel cycle. 
 
the production rate of 233U can be predicted within 1%, provided the 232Th(n, γ ) cross-
section is known within 2% [119,120]. Thus, the neutron interactions and fission cross-
sections for 232Th and 233U in the low neutron energy are important for AHWR [4], 
whereas the neutron interactions and fission cross-sections in the higher energy range are 
important for ADSS [5,114-118] because they dominate the neutron transport and neutron 
regeneration. Thus, the 232Th(n, γ ) reaction cross-section at higher neutron energy has a 
strong impact on the performance and safety assessment for ADSS [5, 114-118]. In ADSS 
a 10% change in the 232Th neutron capture cross section gives rise to a 30% change in the 
needed proton current of the accelerator if the system has to be operated at a sub-critical 
level of Keff ≈ 0.97 [121]. Thus, precise nuclear reaction cross-section data are important 
for the nuclear and shielding design of AHWR and ADSs.  However, the database and 
experience of thorium fuels and the thorium fuel cycles are very limited compared to 
other conventional fuels. A careful look at the nuclear cross-section data, available in the 
existing cross-section libraries shows that, 232Th(n, γ ) reaction cross-section within 
neutron energies of thermal to 2.73 MeV which are based on physical measurements 
[115,122] and activation technique [123-133,134]. Beyond 2.73 MeV, the 232 Th(n, γ 

232Th → (n,γ) →  233Th  → β- →  233Pa → β→233U 
1.405x1010 y                     22.3 m                    26.97 d             1.52E05 y 
     ↓                             ↓                       ↓                      ↓                                                                
     ↓ (n,2n)                                                            ↓ (n,2n)                                           
 231Th→ β- →       231Pa →(n,γ)  →232Pa → β- →232U 
  25.32 h                       32760y                          1.31 d                 68.7 y 
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)reaction cross-section data are available only at 3.7 and 9.85 MeV (Naik et al [136] and 
at 14.5 MeV (Perkin et al [133]) using the activation technique. From these data, it can be 
seen that the 232Th(n, γ ) reaction cross section decreases monotonically from 20 eV to 
3.7 MeV. Beyond the neutron energy in the range of 6–7 MeV, 232Th(n, γ ) reaction cross-
section increases and remains flat within 9.85–14.5 MeV [138,139]. It can also be seen 
from Refs. [133,136] that the 232Th(n, γ ) reaction cross-section at 14.5 MeV is higher 
than the expected trend. At neutron energy higher than 6.44 MeV, 232Th(n, 2n) reaction 
begins and becomes the predominant mode besides fission and inelastic reaction 
channels, which are already significant above neutron energy of  1 MeV.  In contrast to 
232Th (n, γ) reaction cross-section data, sufficient data on 232Th(n, 2n) reaction are 
available from physical measurements [137] and from off-line activation methods [137–
142]. However, the present literature data of 232Th (n, 2n) reaction cross-sections [69-
83,120] are within 11 MeV neutron energy. It can be seen from these data that the 232Th 
(n, 2n) reaction cross-section increases from neutron energy of 6.44 MeV up to the 
neutron energy of 9.86 MeV and then remains constant up to 11 MeV. Keeping these 
facts in mind, it is important to measure the reaction cross-sections 232Th(n, γ ) and (n, 
2n) besides the yields of fission products at higher neutron energy. 
          In the present work, we have determined the 232Th(n, γ ) reaction cross-section at 
average neutron energies of 2.81, 3.12 ,13.5, 15.5 and 17.28 MeV using the neutron beam 
from 7Li(p, n) reaction and by activation followed by off-line γ -ray spectrometry. The 
reaction cross section 232Th(n, 2n) 231Th  is also determined at an average neutron energy 
of 17.28  MeV using the same technique. The neutron interaction cross-sections in the 
energy range 14–18 MeV are of fundamental importance for fission and accelerator 
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driven reactors because they dominate the neutron transport and neutron regeneration. 
The present data along with literature data at different neutron energies, are interpreted 
from the point of view of (n, f ), (n, n f ), (n, 2n f ) and (n, xn) reaction thresholds. 
4.2  Description of the experiment 

         The data concerning (n,xn) reactions are scarce because of the difficulty to measure 
their cross section. Though different techniques are available for the measurement but the 
most common among them is the activation method. The experiment was carried out at 
14UD BARC-TIFR Pelletron Facility at Mumbai, India [64].  The experimental set up is 
similar to what is mentioned in chapter 2 and chapter 3. Thorium foil was wrapped with 
0.025 mm thick super pure aluminum foil and mounted at zero degree with respect to the 
beam direction at a distance of 2.1 cm from the location of the Ta–Li–Ta stack. 
         The experimental arrangement is shown in figure 2.6.  The isotopic abundance of 
232Th in natural thorium is 100%. Different sets were made for different irradiations at 
various neutron energies. For the measurements at the neutron energy of 2.18 MeV and 
3.12 MeV Indium foils were also irradiated along with the thorium foils as flux monitors. 
For neutron energies greater than 10 MeV only thorium foils were irradiated because 
fission products are taken as the flux monitors. The samples were irradiated for 5–7 h 
depending on the proton beam energy. The proton beam energies were 5.8, 6.1,16,18 and 
20 MeV and the proton current during the irradiation was within 300–400 nA. The 
maximum incident neutron energies on thorium targets were 2.8, 3.12, 14.1, 16.1 and 
18.1 MeV respectively. After irradiation, the samples were cooled for few hours (6–24 h). 
Then the irradiated target of thorium along with Al wrapper were mounted on different 
Perspex plates and taken for γ -ray spectrometry. The γ -ray counting of reaction products 
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from the irradiated thorium was done using the same set up as shown in Fig. 2.6.  The  γ-
rays of fission products from the irradiated 232Th sample were counted in an energy and 
efficiency calibrated 80 cc. HPGe detector coupled to a PC-based 4K channel analyzer ( 
set up mentioned in chapter 2 and chapter 3 ) .  A typical γ -ray spectrum from the 
irradiated 232Th sample for 232 Th(n, γ ) and 232Th(n, 2n) reactions are given in figures 4.1 
and 4.2 respectively.  
4.3 Data Analysis  
4.3.1 Calculation of the neutron energy 
         The incident proton energies in the present experiment were 5.8, 6.1, 16, 18 and 20 
MeV respectively. The maximum incident neutron energies on thorium targets were 2.8,  
3.12,.13.5, 15.5, 17.28 respectively.  Neutrons are generated by the 7Li (p, n) reaction. 
The effective energies were calculated following the procedure mentioned in Chapter 3. 

4.3.2 Estimation of the neutron flux 
 
         For higher mono-energetic neutrons up to 5 MeV, the photo peak activity of the 
336.2 keV γ -line of 115mIn from the 115In(n, n’) reaction is used for flux determination.  
Because, neutron-induced fission cross-section of 232Th [120] is a step function, where as 
the fission yields of fission products [121,122] at peak position of the mass-yield curve 
do not change significantly, the neutron flux [22] at neutron energies greater than 5 MeV 
were calculated using the yield (Y) of fission products as 131I, 132Te and 97Zr, extracted 
from the experimental yields of Refs.  [122,123] in the neutron induced fission of 232Th. 
The neutron flux and the observed photo-peak activities (Aobs) for γ -lines of the 
respective nuclide are related by the equation 4.1.  
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Fig .4.2 A typical γ -ray spectrum from the irradiated 232Th sample. 
 

.   
 Fig. 4.3  A typical γ -ray spectrum from the irradiated 232Th sample. 
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a. For the incident neutron energy less than 5 MeV  
         From the peak area,the number of detected γ-ray( Aobs)i at 336.2 keV γ-ray were 
obtained after substracting the linear Compton background. The gamma line at 336.2 keV  
comes out  from the 115In(n, n’)115mIn  reaction. The flux (Ф) is determination by the 
standard decay equation. 

         ( Aobs)i  = Nσ Ф aε (1-e-λt) e-λT (1-e-λ ΔT) /λ                                   (4.1)                                                 

where N is the number of target atom, σ is the 115In(n, n’)   cross section ,  ‘t’, T and ΔT 
are irradiation, cooling and counting time respectively. ‘a’ is the abundance of γ-ray, ‘ε’ is 
efficiency of the γ-ray in the detector system,  
          The neutron flux at average neutron energy of 3.12 MeV was obtained to be  (1.172 
±0.16) x 108 n cm-2 s-1. This formula is used for En less than 5 MeV. The typical gamma 
ray spectrum for the Indium foil in shown in Fig 3.2 
b.For neutron energy greater than 10 MeV 
         The neutron flux was calculated using the yield (Y) of fission products such as 97Zr, 
extracted from the experimental yields of Refs. [102, 104] assuming that the yields of 
asymmetric fission products in the fast neutron induced fission of 232Th does not change 
significantly with neutron energy. The equation used for such calculation is as follows. 
The γ -ray energies and the nuclear spectroscopic data such as the half-lives and 
branching ratios of the reaction products are taken from Refs. [102,104] and given in 
Table-4.1   
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                       (4.2) 
Where, 
       N=  Number of target atoms, 
       Y=   Yield of the fission product [102,104] 
 σf(E) = Fission cross-section as a function of neutron energy (E)  

                of  232Th/238U [102,104],  
 a = branching intensity and ε = efficiency of the detector system for the 
             γ-ray of the fission product. [102,104] 

        φ = Neutron flux
= Decay Constant 
  t = irradiation time,  
Tc = cooling time 
CL = clock time of counting 

      LT = live time of counting. 
4.4 Determination of 232Th (n, γ )233Th  and 232Th(n, 2n)231Th reaction 

cross-sections 
         The radioactive products such as 233Th and 233Pa were produced from 232Th(n, γ ) 
reaction followed by beta decay. Similarly, the radioactive product 231Th was produced 
from the 232Th (n, 2n) reaction. For the calculation of 232Th(n, γ) and 232Th(n, 2n) reaction 
cross-sections, the decay data of 233Th, 233Pa and 231Th are taken from refs [107-111] and 
are shown in Table 4.1. The radionuclide 233Th(T 1/2 = 21.83 m), which was produced by 



 
 

88

the 232Th(n, γ )233Th reaction underwent β  decays to 233Pa(T  1/2 = 26.975 days ). In view 
of this, the 232Th(n, γ ) reaction cross-section was calculated from the observed photo-
peak activity of 233Pa in the γ -ray spectrum of the  sample which has seen 7–15 days of 
cooling 

Table 4.1 Nuclear Spectroscopic data used for 232Th data analysis  

 
So the 233Pa radionuclide was identified through an analysis of the 311.9 keV 
characteristic γ -line. Similarly, the 232 Th(n, 2n) reaction cross-section was calculated 
from the observed photo-peak activity of the 84.2 keV γ -line of 231Th in the γ -ray 
spectrum of a sample which has seen 12–25 hours of cooling. The number of detected γ -
rays (Aobs) of the reaction products 233Th and 231Th was used to calculate the neutron-
induced reaction cross-section of 232Th using equation. (4.1) and is rewritten as: 

                              (4.3) 
 

S.  S.No. Nuclides Half life Gamma ray energy 
          Eγ   ( KeV) 

Abundances  
     ( %) 

1 115In 4.49 h           336.2    45.9 
2 231Th 25.52 h            84.2     6.6 
3 233Th 21.83 minute            86.5    27.0 
4 233Pa 26.97 days           311.9    38.4 
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          All terms in equation (4.3) have the same meaning as in equation (4.1).  In equation 
(4.2) the experimentally obtained neutron flux mentioned before was used to calculate the 
reaction cross sections 232Th(n, γ) and232Th(n, 2n)  at different neutron energies. The 
232Th(n, γ) reaction cross-section for the average neutron energies of 2.8, 3.12, 13.5, 15.5 
and 17.28 MeV were 28.59±0.40, 28.59±0.40, 2.49±0.15, 2.34±0.15 and 1.569±0.141 mb 
respectively. On the other hand, the 232Th(n, 2n) reaction cross-section at neutron energy 
of 17.35±0.35 came out to be 6569±9 mb.  The 232Th(n, γ) cross section values were 
slightly higher because of the contribution from the low-energy neutron reaction cross-
section. The contribution of the cross-section due to the tail region of the neutron 
spectrum for the 232Th(n, γ ) reaction has been estimated using the ENDF/B-VII [8] and 
JENDL-4.0 [10] by folding the cross-sections with neutron flux distributions of Refs 
[97,144]. At proton energies of 16, 18 and 20 MeV, the contribution of the cross-sections 
to the 232Th(n, γ ) reaction cross-section from ENDF/B-VII [10] was evaluated to be 
1.402, 1.570 and 1.019 mb, respectively. On the other hand, the contribution of the cross-
sections to the 232Th(n, γ ) reaction cross-section from JENDL-4.0 [12] for proton 
energies of 16, 18 and 20 MeV were 1.475, 1.709 and 1.113 mb, respectively. The actual 
experimentally obtained cross-sections for 232Th(n,γ)  reaction, after removing the 
contribution from the tail region, comes out to be  1.052±0.166, 0.701±0.171 and 
0.501±0.141 mb for average neutron energies of 13.5±0.35, 15.5±0.5 and 17.28±0.35 
MeV, which are given in Table 4.2.  
4.5 Uncertainties in the measurements  

 
          The uncertainties associated with the measured cross-sections come from the 
combination of two sets of errors, systematic error and statistical error.. This overall 
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uncertainty is the quadratic sum of both statistical and systematic errors. The random 
error in the observed activity is primarily due to counting statistics, which is estimated to 
be 5–10%. This can be obtained by accumulating the data for an optimum time period 
that depends on the half-life of the nuclides of interest. The systematic errors are due to 
uncertainties in neutron flux estimation (~ 2%), the irradiation time (~0.5%), the 
detection efficiency calibration (~ 3%), the half-life of the reaction products and the γ -
ray abundances about (~ 2%) as reported in [107-111]. Thus, the total systematic error is 
about ~ 4.2%. The overall uncertainty is found to range between 6.5 and 10.8%, coming 
from the combination of a statistical error of 5–10% and a systematic error of 4.2%. 
4.6. Results and Discussions 
         The measured neutron capture 232Th(n, γ) 233Th cross sections at incident neutron 
energies of 2.8 MeV and 3.12 MeV are shown in Fig. 4.3.  
         The 232Th (n, γ) reaction cross-section at average neutron energies of 13.35,15.5  
and 17.28 MeV (Table 4. 2) as well as the 232Th(n, 2n) reaction cross section at an 
average neutron energy of 17.28±0.35 MeV (Table 4.2) from the present work are 
determined for the first time. The experimentally obtained reaction cross-sections for the 
232Th(n, γ) and 232Th(n, 2n) reactions are compared with the evaluated data from 
ENDF/B-VII [10] and JENDL-4.0 [12] and are given in Table 4.2. These evaluated 
reaction cross-sections given in Table 4.2 within the neutron energy range of 13–18 MeV 
for 232Th(n, γ) reaction and 17–18 MeV for 232Th(n, 2n) reaction are due to the finite 
width of the neutron energy under the main peak [97,144]. 
         The experimentally obtained 232Th(n, γ) reaction cross-sections at average neutron 
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energies of 13.5, 15.5 and 17.28 MeV as well as the 232 Th(n, 2n) reaction cross-section at 
a neutron energy of 17.28 MeV are within the range of the evaluated data ( Table 4.2). To 
examine this aspect, experimental data from [21,101,144-157] in the neutron energies of 
1 keV to 2.7 MeV are plotted in Fig. 4.4.  The experimental data at neutron energies of 
3.7 and 9.85 MeV from ref. [136] as well as at 14.5 MeV from ref. [137] are also shown 
in Fig.  4.4. In the same figure, the evaluated data from ENDF/B-VII [10] and JENDL-
4.0 [12] are also plotted for comparison. It can be seen from Figure 4.4 that there are no 
data in the energy range of the present work except the data at 14.5 MeV [137]. The 
experimental data at 14.5 MeV are based on the neutron energy from D+T reaction and 
are significantly higher than the value of present work within neutron energy of 13.5–
15.5 MeV. It can be seen from figure 4.4 that both experimental and evaluated 232Th(n, γ) 
reaction cross-sections decrease up to a neutron energy of 6–7 MeV and thereafter 
increase up to 8 MeV and remain flat within neutron energy of 9–14 MeV. Lower value 
of 232Th(n, γ ) reaction cross-section around neutron energy of 6 MeV. In the present 
work, we have used neutron energies from 1 keV to 20 MeV for 232Th target. In TALYS, 
the cross-section for reactions to all open channels is calculated. Several options are 
included for the choice of different parameters such as γ -strength functions, nuclear level 
densities, nuclear model parameters etc. All outgoing channels possible for the given 
232Th(n, γ) and 232Th(n, 2n) cross-sections neutron energy, including inelastic and fission 
channels, were considered. However, the cross-sections for the (n, γ) and (n, 2n) reactions 
were specially looked for and collected. 
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Table  4.2         Neutron induced reaction cross section measured values                          
                        for 232Th Compared to ENDF/BVII and JENDL-4.0  
    Neutron Energy   (MeV) 

   Neutron Flux   n/cm2 /sec 

                  Cross Section  ( barns)    Experimental  

 Evaluated  ENDF-/B-VII.0  JENDL-4.0 
                                                                   232Th(n, γ )233Th 

 
2.80 

 
(2.5 ±0.16) x 108 

 25.0±0.10  28.59±0.40  32.60±0.50 
 3.12  (1.17±0.16)x 108  19.7±0.10 mb,  24.61±0.20  24.39±0.20 
 13.5±0.35  (9.65±0.35) x106  1.052±0.166  1.212-1.147a   

 1.398-1.136 a 

 15.50±0.50  (3.09±0.25) x107  0.701±0.0.171  0.769-0.479b  0.962-0.773 b 
 17.28±0.35  (8.59±0.67) x107  0.503±0.141  0.350-0.262c  0.692 0.556 c 
 
                                                                         232Th( n, 2n) 231Th 
 17.28±0.35  (7.02±0.55) x107  655±99c  436-354c   676-533c 

 
 
aFor 232Th(n, γ ) reaction, the neutron energy ranges are 13–14 MeV. 
bFor 232Th(n, γ ) reaction, the neutron energy ranges are 15–16 MeV. 
cFor 232Th(n, γ ) and (n, 2n) reaction, the neutron energy ranges are 17–18 MeV 
         Theoretically calculated 232Th(n, γ ) reaction cross-section using TALYS computer 
code is also plotted in Figure 4.4. and Figure 4.5  It can be seen from Figure 4.4 and 
Figure 4.5  that, the trend of the experimental and evaluated 232Th(n, γ) reaction cross-
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sections is well reproduced by the TALYS computer code. However, the 232Th(n, γ ) 
reaction cross-section calculated from TALYS are slightly higher than the experimental 
and evaluated data for neutron energies of 100 keV to 7.5 MeV but are comparable with 
the experimental values at neutron energies of 9.85 to 17.28 MeV. This is because in the 
TALYS the fission cross-section as a function of the neutron energy is quantitatively not 
well accounted, though the trend is reproduced. Similar to the evaluated data, the 232Th 
(n, γ ) reaction cross-section calculated using TALYS  code shows a dip in 6–7 MeV 
neutron energy. The dip in the 232Th(n, γ ) reaction cross-section around 6–7 MeV 
neutron energy indicates the opening of the (n, 2n) reaction channel besides the(n, nf ) 
channel. To verify this, 232Th(n, 2n) reaction cross-sections from the present work and 
from [103-107,111] along with the calculated [8,9] and evaluated data [10,12] are plotted 
in figure 4.5. It can be seen from figure 4.4 that the experimental and calculated 232Th(n, 
2n) reaction cross-sections show a sharp increase from 6.6 MeV to 8.0 MeV neutron 
energy and thereafter remains constant up to 14 MeV. Thus, the increasing trend of 
232Th(n, γ ) reaction cross-section beyond 8 MeV (Figure 4.5) is due to the constant 
232Th(n, 2n) reaction cross section (figure 4.6). Furthermore, it can be seen from figures 
4.5 and figure 4.6 that the 232Th(n, γ) reaction cross-section shows a dip, whereas the 
232Th(n, 2n) reaction cross-section shows a sharp increase. This is most probably due to 
the sharing of the excitation energy between 232Th(n, γ) and (n, 2n) reaction channels in 
the neutron energy below 14 MeV. 
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 Fig 4.4   232Th(n,γ) 233Th reaction  cross sections at incident neutron  energies of 2.8 MeV 
and 3.12 MeV. 
 
4.7 Conclusions  
          (i) The 232Th(n, γ)233Th reaction cross-sections at average neutron energies of 2.8, 
3.12 13.5 ±, 15.5  and 17.28 MeV as well as the 232Th(n, 2n)231Th reaction cross-section 
at 17.28±0.35 MeV neutron energy have been determined for the first time. 
(ii) The 232Th(n, γ ) and 232Th(n, 2n) reaction cross-sections at average neutron energies 
of 13.5, 15.5 and 17.28 MeV are in good agreement with the evaluated data from 
ENDF/B-VII and JENDL-4.0. 
(iii) The 232Th(n, γ)  and 232Th(n, 2n)  reaction cross-sections were also calculated using 
the TALYS  computer code and found to be in general agreement with the experimentally 
determined values. 
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 Fig 4.5 Variation of 232Th(n,γ) 233Th cross section as a function of neutron energy. 
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CHAPTER   5 
 
Measurement of mass yield distribution of twelve fission products from 
neutron induced fission of 238 U at incident neutron energies of 9. 35 and 
12.52 MeV  
         This chapter deals with measurement of mass distribution of twelve fission 
products, nuclides, from neutron induced fission of 238U, at incident neutron energies of 
9.35 and 12.52 MeV. It was felt highly desirable, to carry out a detailed comparative 
study on the mass-yield curves, for the neutron-induced fission of 238U,as a function of 
incident neutron energy.  These measurements have been carried out for the first time. Off 
line gamma ray spectroscopic technique was adopted for the measurement. For all the 
twelve fission products, which have been investigated in this thesis, yields are reported 
relative to reference i.e. 97Zr (97Zr fission yield has been taken as reference). The twelve 
fission products for which fission yield values are reported are, 91Sr, 95Zr, 92Sr 97Zr, 105Ru, 
115Cd, 129Sb, 133I, 139Ba, 132Te, 1433Ce, 147Nd.  
5.1 Outline of the present investigation 
 
         Measurement of fission product yields of in 238U(n,f) at two different bombarding 
neutron energies (9.35 and 12.52 MeV) is reported. The measurements were carried out 
using activation and off line gamma ray spectroscopic techniques.  The neutrons were 
generated using the 7Li(p, n) reaction at BARC-TIFR Pelletron facility, Mumbai, 
Activated targets are counted in highly shielded HPGe detectors over a period of several 
weeks to identify decaying fission products The results obtained from present work have 
been compared with the similar data of mono-energetic neutrons of comparable energy 
from literature and are found to be in good agreement. 
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         The term nuclear fission is the process in which a large nucleus splits into two 
smaller nuclei with the release of energy.. Nuclear reactor technology is based on 
neutron-induced fission which occupies a position of particular significance. Although a 
number of neutrons may be released at the instant of fission, the main fragments retain 
approximately the same neutron/proton ratio as the fissioning nucleus. Since this ratio is 
normally too high for stability, each primary fission product decays to a stable isobar by a 
series of beta decay in a chain of isobars (few of the fission product decay in chains are 
shown in Fig. 5.3). The wide number of fission product chains known is indicative of the 
variety of modes of fission which can occur. The position of a primary fission fragment 
in a decay chain is dependent on the nuclear charge distributions at the instant of fission. 
The fraction of fissions in which a given isobar is produced as an initial fragment is 
known as the independent yield of that isobar. Because of the rapid beta decay of many of 
these initial fragments independent yields are often difficult to measure experimentally. 
However for a limited number of' mass chains, measurements are possible in those cases 
where a given isobar is preceded by a much longer-lived or stable isobar and its yield in a 
short irradiation can clearly be attributed to its direct production. 
        The absolute fission yield of one nuclide (in the present experiment 97Zr) has been 
chosen as reference, and its yield values are taken from reference [158]. For others fission 
product measured yields were found relative to 97Zr. Absolute fission yields can also be 
determined by normalization of relative yields, i.e. by imposing the condition that the 
sum of all the yields should be 200%, since each fission results in the formation of two 
main fragments. This is the method which is frequently used to fix the absolute scale for 
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yields on the mass yield curves, which are drawn. Measurements of the yields of fission 
product nuclides are performed using the off line gamma spectroscopic technique. 
5.2 Fission product mass yield distribution 
         Most isotopes in the fission products have extra neutrons, so they tend to decay to 
more stable isotopes through beta emission accompanied by gamma emission. Some 
isotopes in their metastable states could either decay to other isotopes through beta 
emission or release their extra energy through internal transitions. Neither of these types 
of decays changes the mass distribution of the fission products. Typically, the mass 
distribution curve of the fission products has a camel-type curve: two peaks and a valley 
at mass number of about 115.  The initial yields of isotopes near the two peaks do not 
depend much on the materials fissioned or the energy of the neutrons that caused the 
fission. The yields of the isotopes at the valley, however, depend sharply on these 
variables. The decay chains of some isotopes are given in  Fig5.3. The predominance of 
asymmetric fission is a common feature of fission of the heavier elements.  It has been 
observed that product of neutron-induced fission of uranium were complementary light 
and heavy fragments rather than fragments of comparative mass. Two peaks with a deep 
trough between them, indicative of predominantly asymmetric fission. As the energy of' 
the fissioning nucleus is raised, the occurrence of symmetrical fission increases, resulting 
in the raising of the valley of the mass-yield curve and a splaying of the sides of the 
peaks. At very high energies symmetrical fission predominates, and the mass-yield curve 
takes the form of' a single broad hump. 
       Because of the use of 238U, in fast reactor systems and ADSS thorough 
measurements   of fission products yields i.e.,238U(n,f) is important for estimation of 
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safety parameters like delayed neutron fraction, spent fuel composition, decay heat etc. 
These measurements have become possible because of the availability of facilities like 
BARC-TIFR Pelletron accelerator and counting systems like HPGe detector.  The most 
important characteristics of HPGe detectors is their excellent energy resolution. This 
quality of HPGe detector allows the separation of many closely spaced gamma lines, 
which is beneficial for measuring multi gamma emitting radioactive sources as in the 
case of fission products generated in the present experiments.  
5.3 Utility of fission products yield measurement in nuclear energy 
         Fission product generation in the fission process is mainly quantified by fission 
products yield.  Fission products have significance in design, safety and operations of the 
nuclear reactors. A number of reactor parameters are decided by fission products, i.e. 
delayed neutron fraction, isotopic composition of nuclear spent fuel, decay heat 
especially in the cooling time of 1 to 1000 seconds after loss of coolant accident. Many of 
the nuclides contributing to reactivity of the fuel are strong absorbers of neutron and are 
stable such as 147Sm, 149Sm, 151Eu, 155Gd.  Some other sets of fission products such as 
90Sr, 137Cs, 129Sb, 90Y, 99Tc, 129I, 135Cs, 126Sn contribute towards the radio-activity of the 
spent nuclear fuel. These fission products are unstable and highly radio-active. Few of the 
fission products such as 134Cs, 147Nd, and 137Cs give an idea of the SNF( Spent Nuclear 
Fuel). burn-up. Some of the long lived fission products have high solubility in water and 
there is a risk of migration of these elements if groundwater is entering the repository. 
The long lived fission products like 135Cs, 99Tc, 129I display high mobilities. Fission yield 
data, are available in sufficient detail to meet most of the nuclear data needs in the 
thermal neutron–induced fission based systems [159-163].  The data on the reactor fast 
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neutron–induced fission are, available in a limited way in the neutron induced fission of 
238U [164,165]. The development of ADSS systems and advanced reactor program 
requires significant amount of new and improved nuclear data [166].  Accurate nuclear 
data such as fission yields, neutron capture cross-sections, fission cross-sections and 
decay data including half-lives, decay energies, branching ratio, etc. are required for 
many advanced reactor calculations. Further, the advent and development of advanced 
reactors have highlighted the need for accurate determination of fission yields in the 
fission of actinides induced by neutrons. The potential benefits of advanced nuclear 
reactors are many and varied, including improved levels of efficiency in the use of fuel, a 
reduction in the amount of waste, and the ability to recycle at least part of the present 
reactor waste as energy-producing materials. In ADSS [5, 114-118], the energy of neutron 
goes up to 200 MeV. This is because in ADSS high energy (GeV) protons from an 
accelerator strike a heavy elements target like Pb and Bi yields a large number of high-
energy neutrons by spallation reaction. Further, the yields of fission products are also 
needed for mass and charge distribution studies, which can provide valuable information 
for understanding the nuclear fission process. In order to get a mass yield distribution of 
the yields of various fission products in the neutron-induced fission of 238 U, we have 
determined the fission product mass yield using recoil catcher and off-line gamma-ray 
spectrometric technique with average energies of 9.35 and 12.52 MeV.  The measured 
fission yield data from the present work have been compared with similar data from 
mono-energetic neutron induced fission of 238 U to examine the nuclear structure effect. 
 
 



 
 

102

5.4 Description of the experimental setup 
         The experiment was carried out using the 14UD BARC-TIFR Pelletron facility at    
Mumbai, India. The neutron beam was obtained from the 7Li(p, n) reaction [65] by using 
the proton beam main line at 6 m above the analysing magnet of the Pelletron facility to 
utilize the maximum proton current from the accelerator. The energy spread for proton at 
6 m was maximum 50-90 keV. At this port, the terminal voltage was regulated by GVM 
mode using terminal potential stabilizer. Further, we used a collimator of 6 mm diameter 
before the target. The lithium foil was made up of natural lithium with thickness 3.7 
mg/cm2, sandwiched between two tantalum foils of different thickness. The front 
tantalum foil facing the proton beam was the thinnest one, with thickness of 3.9 mg/cm2, 
in which degradation of proton energy was only 30 keV [24]. On the other hand, the back 
tantalum foil was the thickest (0.025 mm), which was sufficient to stop the proton beam. 
Behind the Ta-Li-Ta stack, the sample used for irradiation was natural 238U metal foils, 
which was wrapped with 0.025 mm thick aluminium foil. The aluminium wrapper was 
used to stop and collect the fission products recoiling out from the surface. The size of 
238U metal foil was 1.0 cm2 with thickness of 30.0 mg/cm2. The 238U metal foil wrapped 
with aluminium was mounted at zero degree with respect to the beam direction at a 
distance of 2.1 cm from the location of the Ta-Li-Ta stack. A schematic diagram of Ta-Li-
Ta stack and 238 U metal foils is given in Fig.2.6. Different sets of samples were made for 
different irradiations at various neutron energies. 
         The Ta-Li-Ta and 238 U metal foil were irradiated at proton energies (Ep) of 16.0 and 
20.0 MeV for a period of 15 and 5 h, respectively depending upon the energy of proton 
beam facing the tantalum target. The proton current during the irradiations varies from 
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100 nA to 400 nA. After irradiation, the samples were cooled for one hour. Then the 
irradiated target of 238U along with Al wrapper was mounted on Perspex plate and taken 
for γ-ray spectrometry. The γ-rays of fission/reaction products from the irradiated 238U 
sample were counted in energy and efficiency calibrated 80 c.c. HPGe detector coupled 
to a PC-based 4K channel analyzer. The counting dead time was kept always less than 5 
% by placing the irradiated 238U sample at a suitable distance from the detector to avoid 
pileup effects. 
5.5 Calculation of effective average neutron energy 
         In the present experiment, the incident proton energies were 16.0 and 20.0 MeV. 
The degradation of the proton energy in the front thin tantalum foil was only 40-50 keV. 
The Q-value for the 7Li(p, n)7Be reaction to the ground state is -1.644 MeV, whereas the 
first excited state is at 0.431 MeV above the ground state leading to the Q-value -2.079 
MeV. The ground state of 7Be is having the threshold of 1.881 MeV, whereas the first 
excited state of 7Be is having the threshold of 2.38 MeV With 7Li, a second neutron group 
at EP ≥ 2.4 MeV is produced due to the population of the first excited state of 7Be. Thus 
for the proton energy of 16 and 20 MeV, the corresponding first group of (n0) neutron 
energies are 14.12 and 18.12 MeV to the ground state of 7Be. For the first excited state of 
7Be, the neutron energy of the second group of neutrons (n1) will be 13.62 and 17.62 
MeV, respectively. Fragmentation of 8Be* to 4He+3He+n (Q= -3.23 MeV) also occurs 
when the proton energy exceeds the value 4.5 MeV and the other reaction channels are 
open to give continuous neutron distribution besides n0 and n1 groups of neutrons. The 
neutron spectra have been generated using the neutron energy distribution given by J.W. 
Meadows [100,108] et al., A typical neutron spectrum from 7Li (p, n) reaction for proton 
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energy of 16 and 20 MeV is shown in Fig.5.1 and Fig.5.2, respectively.  Based on the 
neutron spectrum, the flux weighted average neutron energy (<E>) has been calculated 
based on the entire spectrum shown in Figs.5.1 and 5.2 using the following equation. 

<E>= ∑Ei ϕi /∑ϕi )                             (5.1) 

Where ϕi is the neutron flux for the neutron energy, Ei. The flux weighted neutron 
energies were obtained as 9.32 and 12.52 MeV for the proton energies of 16 and 20 MeV, 
respectively.  
5.6 Calculation of fission product yields 
        The photo-peak areas of different -rays of interest were calculated by subtracting 
the linear background from their net peak areas. The number of -rays detected (Aobs) 
under the photo-peak of each individual fission products is related to the cumulative yield 
(Yc) with the following relation, 

Aobs(CL/LT) = Nf (E)Iϒ εYc (1 – exp (-λt))exp(-λT) (1 − exp-λLT ) /  λ        (5.2)             
Where, 
N      =    number of target atoms,
f(E) =    neutron-induced fission cross-section as a function of neutron  
                energy (E) 
I          =     branching intensity for the -ray of the fission product,
       =     efficiency of   line for the detector system, 
t        =     irradiation time,  
Tc        =     cooling time, 
 
CL and LT = clock time and live time of counting respectively. 
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The nuclear spectroscopic data such as the -ray energy, branching intensity and half-life 
of the fission products are taken from Ref. [101,102]. The cumulative yields of the fission 
product relative to fission rate monitor 97Zr were calculated using eq (5.2). The yield of 
fission rate monitor 97Zr was chosen from the point of view of the near constant yield 
with change of neutron energy [158]. For neutron energies of 9.32 and 12.52 MeV, the 
fission yield data of 97Zr in the neutron induced fission of 238 U with neutron energy of 
9.32 and 12.52 MeV was taken from refs. [158].  

 
Fig. 5.1 Neutron spectrum from 7Li(p, n) reaction at Ep= 16.0 MeV calculated using the 
results of C.H. Poppe et al., and Meadows and Smith[97,100,108].  
5.7 Results and Discussions 
 
         The cumulative yields of various fission products relative to 97Zr in the neutron-
induced fission of 238U at flux weighted average neutron energies of 9.35 and 12.52 MeV 
along with nuclear spectroscopic data are given in Table 5.1 and Table 5.2 respectively. 
The uncertainties associated to the measured cumulative yields come from the 
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combination of two experimental data sets. The overall uncertainty is the quadratic sum 
of both statistical and systematic errors. The random error in the observed activity is 
mainly due to counting statistics, is estimated to be 5-10 %. This can be reduced by 
accumulating the data for a longer time period(depending on the half-life of the nuclide 
of interest). The systematic errors are due to uncertainties in neutron flux estimation (~3 
%), irradiation time (~1%), detector efficiency (~5 %), the half-life of fission products 
and gamma-ray abundances (~2%). The overall uncertainty is found to range between 8-
12%, coming from the combination of statistical error of 5-10% and a systematic error of 
6 %. The cumulative yields of different fission products of present work at incident 
neutron energies of 9.35 and 12.52 MeV for neutron-induced fission of 238U were 
determined for the first time. The literature data [158] at the mono-energetic neutron at 
and   are given in the Tables 5.1 and 5.2 respectively for comparison with the present data 
at average neutron energy of 9.35 and 12.52 MeV.  The literature data for neutron induced 
fission of 238U at 11.3MeV and 14.0 MeV are also indicated in Table literature [158] are 
shown in Table 5.2 with the data of the 13.81 MeV from present work. It can be seen 
from Table 5.1 and Table 5.2 that the cumulative fission yields determined from the 
present work at two different flux weighted neutron energies are in general agreement 
with the literature data [158] based on mono-energetic neutron-induced fission of 238U. 
The yields of various fission products in the neutron energies of 9.35 and 12.95 MeV 
from present work and the fission product yield values for comparable neutron energy 
from literature [158] are plotted in Fig.5.4 and Fig.5.5. 
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Fig.5.2 Neutron spectrum from 7Li(p, n) reaction at Ep= 20.0 MeV calculated using the 
results of C.H.Poppe et al., and Meadows and Smith[97,100,108]. 
 
 

Fig. 5.3 Decay schemes of   95Zr, 91Sr, 132Te, 92Sr, 143Ce,   97Zr, 133I,139Ba, 105Ru, 129Sb,115Cd, 147Nd 
 

                                                                      95Zr→β-→95Nb→ β- →95Mo 
91Rb→β-→91Sr→β-→91Y→ β- →91Zr 

132Te→β-→132I→ β- →132Xe 
92Sr→β-→92Y→ β- →92Zr 

143Ce→β-→143Pr→ β- →143Nd 
97Zr→β-→97Nb→ β- →97Mo 

133Sb→β-→133Te→β-→133I→ β- →133Xe→ β- →133Cs 
    139Sb→β-→139Te→β-→139I→ β- →139Xe→ β- →139Cs→ β- →139Ba→ β- →139La     105Mo→β-→105Tc→β-→105Ru→ β- →105Rh→ β- →105Pd 

129Sn→β-→129Sb→β-→129 Te→ β- →129I→ β- →129Xe 
115Pd→β-→115Ag→β-→115Cd→ β- →115In→ β- →115Sn 

147Ce→β-→147Pr→β-→147 Nd→ β- →147Pm→ β- →147Sm  
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Table 5.1: Fission yields of fission products in 238U Fission at En = 9.35 MeV relative 
to  97Zr fission yield at   En = 11.3 MeV as reference Taking 97Zr as reference  
 

Nuclide Half-life Gamma-ray 
energy 
(keV) 

Gamma 
Abundance 

(%) 

Fission yield (%) 
Present Data Z. Li, X.Wang, K. Jing, A. Cui, D Liu, S. 

Su, P. Tang, T. Chih, S. Zhang, J. Gao, 
Radiochim. Acta. 64, 95 (1994)./ 
Joint Evaluated  
Fission and Fusion   File,  
Incident neutron  data,(JEFF/3.1A)**** 
, 2 October 2006 

91Sr 
 

92Sr 
 

95Zr 
 

97Zr 
 

105Ru 
 

115Cd 
 

129Sb 
 

132Te 
 

139Ba 
 

143Ce 
 

147Nd 

9.63 h 
 
 

2.710 h 
 

 
64.02 d 

 
 
 

16.91 h 
 
 

4.44 h 
 
 

53.46 h 
 
 

4.32 h 
 
 

   3.20 d 
 
 
  83.03 m 

 
 

33.03 h 
 

10.98 d  

1024.3 
 

 
1384.9 

 
 

756.7 
 

 
 

743.4 
 
 

724.0 
 
 

336.2 
 
 

812.4 
 

 
228.1 

 
 

165.8 
 
 

293.3 
 
 
          91.1 
  

           33.0 
 
 

90.0 
 
 

54.0 
 
 
 

93.0 
 
 

47.0 
 
 

45.9 
 
 

43.0 
 
 

88.0 
 
 

23.7 
 
 

42.8 
 
 

28.0 

3.831± 0.2                                                   
 
 

3.476± 0.4                                                    
 
 

4.687±0.12                                                  
 
 
 

5.206 ± 0.4                                                    
 
 

3.346± 0.3                                                     
 
 

0.54± 0.05                                                      
 
 

0.94 ± 0.15                                                     
 
 

5.184 ± 0.4                                              
                     
 4.51 ± 0.4  
 
3.306± 0.35 
 
2.209± 0.10                                                                                                                  

3.93 ± 0.15 
 
 

4.18± 0.14 
 
 

5.18 ± 0.18 
 
 
 

5.206 ± 0.046 
 
 

3.64 ± 0.18 
 
 

0.900 ± 0.025 
 
 

1.50 ± 0.09 
 
 

5.36 ± 0.21 
 
 

                          5.10 ± 0.30                                                                                                  
 

 
                         4.28 ± 0.16  

                                                                                                  
 

                         2.39 ± 0.10 
 

***** http://wwwnds.iaea.org/exfor/endf00.htm 
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Table 5.2:  Fission yields of fission products in 238U Fission at En = 12.35 MeV 
relative to 97Zr fission yield at En=14 MeV.  
 

Nuclide Half-life Gamma-ray 
energy (keV) 

Gamma 
Abundance (%) 

Fission yield (%) 
Present Data *****Joint Evaluated Fission and 

Fusion   File, Incident neutron  
data,(JEFF/3.1A),2 October 2006 

91Sr 
 

92Sr 
 

95Zr 
 

97Zr 
 

105Ru 
 
 

    115Cd 
 

129Sb 
 

132Te 
 

133I 
 

139Ba 
 

143Ce 
 

147Nd 

9.63 h 
 
 

2.710 h 
 

 
64.02 d 

 
 

16.91 h 
 
 

4.44 h 
 
 
 

53.46 h 
 
 

4.32 h 
 
 

   
 
 3.20 d 
 
 
   20.80 h 
 
  
  83.03 m 

 
 

33.03 h 
 

10.98 d  

    1024.3 
 

 
1384.9 

 
 

756.7 
 

 
743.4 

 
 

724.0 
 
 
 

336.2 
 
 

812.4 
 

 
 
 

228.1 
 
 

529.9 
 
 

165.8 
 
 

293.3 
 
 
     91.1 
  

        33.0 
 
 

90.0 
 
 

54.0 
 
 

93.0 
 
 

47.0 
 
 
 

45.9 
 
 

43.0 
 
 
 
 

88.0 
 
 

87.0 
 
 

23.7 
 
 

42.8 
 
 

28.0 

3.56± 0.15 
 

3.705± 0.35 
 

4.95± 0..12 
4.79 ± 0.40 
 
3.52± 0.40 
 
 
1.06±.0.05 
 
 
0.991± 0.2 
 
4.5 ± 0.40 
 
5.05± 0.40 
 
4.70 ± 0.40 
 
3.11± 0.36 
 
2.39± 0.11 

3.635 ± 0.084 
 

3.820 ± 0.057 
 

4.594 ± 0.056 
5.206 ± 0.046 

 
3.109 ± 0.047 

 
 

0.900 ± 0.025 
 
 

1.66 ± 0.19 
 

4.690 ± 0.066 
 

5.74 ± 0.17 
 

4.99 ± 0.21 
 

3.855 ± 0.058 
 

2.134 ± 0.041 
 

 
*****http://wwwnds.iaea.org/exfor/endf00.htm, 
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5.8  Conclusion 
         In the present work, the yields of twelve, products in neutron induced fission of 
238U at average neutron energy of 9.35 and 12.52 MeV were determined using recoil 
catcher and off-line gamma ray spectrometric technique. The yields of fission products at 
average neutron energy of 9.35 MeV is determined for the first time this result has been 
compared with the evaluated values using JEFF.3.1/A[158] cross section libraries in the 
literature at incident neutron energy of 11.3 MeV. The present data at average neutron 
energy of 12.52 MeV are in general agreement with the neutron induced fission data of 
238 U for mono-energetic neutron of 14 MeV [158]. 
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Fig. 5.4 Fission yield of fission products for En = 9.35 MeV compared to 11.3 MeV 
values taken from literature. 
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Fig. 5.5  Fission yield of fission products for 238U(n,f) at En = 12.52 MeV compared 
to 14 1MeV values taken from literature. 
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CHAPTER  6 
 

 
Measurement of mass yield distribution of twelve fission products from 
neutron induced fission of 232Th at incident neutron energies of 9.35 and 
12.52 MeV  
 
         This chapter is devoted to experimental studies of fission product mass distribution 
for 232Th (n,f) fission at two different incident neutron energies, .i.e. 9.32 MeV and 12.52 
MeV respectively. These studies have been carried out for the first time using off-line 
gamma spectroscopic technique.  Very little measured nuclear data are available for 
neutron induced fission of thorium at intermediate and high energy, many basic nuclear 
data for 232Th(n,f) reaction are still lacking or are not known well enough for a reactor 
development.  Because thorium will be used in advanced systems like AHWR (Advanced 
Heavy Water Reactor), HTR (High Temperature Reactor), Molten salt reactor, and future 
ADSS systems, an accurate measurement of the fission product mass distribution is of 
significance. 
         In both applications in nuclear power and basic nuclear physics, the fission 
fragment mass distribution is one of the most important characteristics of the fission 
phenomenon. In nuclear energy applications, the composition of fission products must be 
known because they accumulate during the operation of nuclear reactor. The fission 
product composition influences the physical and chemical properties of nuclear fuel. For 
example, fission product may capture or emit neutrons and therefore change the neutron 
balance of the system; also, fission products decay and contribute to the heat released in 
the fission process. In spent nuclear fuel, fission product continues to generate heat due to 
radioactive decay. Typically, fission product dominates the decay heat for the first 50-80 
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yrs after extraction of spent nuclear fuel from reactor. Because very few measurements 
are available in the literature for thorium fission 232Th (n, f)) at intermediate and high 
energy neutrons, fresh nuclear data measurement experimentation is important for 
thorium. The technology 232Th-233U cycle is more complex and more complicated than 
that of the uranium-plutonium cycle. From the point of view of waste handling Thorium 
based systems are superior compared to Uranium based systems (because of the better 
structural stability of Th fuels) and a much lower production of the long-lived  
transuranic elements as waste. Evaluated fission product yields data for the neutron 
induced fission of thorium 232Th (n,f)) are available for the reactor calculations for 
thermal neutrons.  However, the advent and development of advanced reactors such as 
fast reactors [2], advanced heavy water reactor (AHWR) [4] and accelerated driven sub-
critical system (ADSS) [5,114,118]  have highlighted the need for accurate determination 
of fission yields in the fast neutron fission of thorium 232Th( n, f)).  
        The models available so far for interpretation of physics of nuclear fission are not 
been able to explain all the observed experimental facts about fission. It is by 
accumulating more experimental results all the observations related to fission process 
could be explained. As compared to uranium fission, in the case of thorium fission 232Th( 
n, f))  in the region of symmetric fission a third peak is observed.The shape of the mass-
yield distribution of thorium has been a long standing puzzle in fission observations.  
This is because of the presence of third peak in the mass yield distribution in the 
symmetric fission range. The observed fragment mass-yield curves for two different 
incident neutron energies of 9.32 and 12.52 MeV has been measured and presented here.    
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6.1 A brief description of few systems in which 232Th-233U fuel is the 
source for power production 
6.1.1 AHWR (Advanced Heavy Water Reactor) 

         The AHWR reactor is similar to advanced CANDU reactor designs, with pressure 
tubes containing the reactor fuel and light water reactor coolant located inside of 
calandria tubes, surrounded by a low-pressure reactor vessel filled with heavy water that 
serves as both moderator and reflector, as shown in Fig. 6.1.  Air fills the annulus 
between each pressure tube and calandria tube to provide thermal insulation between the 
hot pressure tube and the cooler external heavy water moderator. Use of light water for 
the coolant follows the approach used for advanced CANDU designs, although most 
existing CANDU reactors utilize heavy water for the reactor coolant as well as for the 
moderator. However, the AHWR is a boiling water reactor and uses vertical pressure 
tubes instead of horizontal pressure tubes. As a result, the AHWR refuels only from the 
top of the reactor. In addition, each pressure tube in the AHWR contains only one long 
fuel “cluster,” as compared to the multiple shorter fuel bundles in a typical CANDU 
reactor pressure tube. Coolant flow through the reactor core is provided via natural 
circulation driven by coolant boiling (there are no primary coolant pumps. The AHWR 
operates in a closed fuel cycle with recycle of both 233U and thorium back into the 
reactor.  Overall, 60% of the power generated by the reactor comes from the 233U created 
from thorium. 
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 Fig. 6.1  Schematics of Advanced Heavy Water Reactor [4]  
6.1.2 Molten Salt Reactor  
          In a molten salt reactor, the fuel is dissolved within a fluoride salt mixture 
(producing either Uranium Fluoride or Thorium Fluoride) and circulated around a 
graphite moderated core. While deliberately allowing a nuclear reactor’s fuel to melt 
down might, from a safety point of view seem slightly counter intuitive, actually it does 
present certain advantages. Obviously a “melt down” accident is no longer a worry (its 
already melted down). UF4 and TF4 both have a negative temperature co-efficient, thus 
when the temperature drops, the reactivity increases, when it rises up, the reactivity 
decreases. Also, as the fuel requires slow neutrons to maintain chain reactions, removing 
the fuel from the core, should shut down the reactions. Many Molten Salt designs have a 
series of emergency dump tanks at the base (thus gravity fed) into which the fuel can be 
dumped in an emergency. As a further backup measure the valve controlling the tanks can 
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be a freeze plug of solid salt. If the temperature in the core exceeds some threshold level, 
or the cooling loop/blower maintain the freeze plug is turned off, the fuel escapes out of 
the core and into the dump tanks. 
         Thus a MSR type reactor offers several passive safety advantages over conventional 
reactor types. Another advantage is the ability to process the fuel as the reactor runs by 
passing it through a chemical plant, this removes the various isotopes that would 
otherwise “poison” the nuclear reactions and force a shutdown and fuel replacement (as 
is regularly the case in a conventional reactor). This would also reduce the nuclear waste 
volumes produced by these reactors. MSR’s also operates at a low vapour pressure, 
which means they don’t need the high pressure forged parts of other reactor types. In 
theory the core should also be relatively small and compact (indeed the initial attempts to 
build one were focused on the idea of a reactor that could be carried inside a plane, see 
ARE) which of course has numerous advantages. It may also be possible, as with many 
Generation IV reactors, to use MSR’s to produce hydrogen via the Sulfur-Iodine process 
and utilize the more energy efficient Brayton cycle. 
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Fig. 6.2 Schematics of Molten Salt Reactor [168]. 

6.1.3  Accelerator Driven Sub critical System(ADSs) 
        The core of such an ADSS is mainly thorium, located near the bottom of a 25 meter 
high tank. It is filled with some 8000 tones of molten lead or lead-bismuth at high 
temperature – the primary coolant, which circulates by convection around the core. 
Outside the main tank is an air gap to remove heat if needed. The accelerator supplies a 
beam of high-energy protons down a beam pipe to the spallation target inside the core, 
and the neutrons produced enter the fuel and transmute the thorium into protactinium, 
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which soon decays to U-233 which is fissile. The neutrons also cause fission in uranium, 
plutonium and possibly transuranics present, releasing energy. A 10 MW proton beam 
might thus produce 1500 MW of heat (and thus 600 MWe of electricity, some 30 MWe of 
which drives the accelerator). With a different, more sub-critical, core a 25 MW proton 
beam would be required for the same result.  The major sub-systems of ADSS are: 
(i) High power proton accelerator – 1 GeV, _10 mA current. 
(ii) Spallation target – heavy element (Pb,W, U. . . ), for _10 MW beam power. 
(iii) Sub-critical core – fast neutron system, thermal neutron system or a combination of 
fast and thermal neutron system. 

  
 
 
            Fig. 6.3 ADS System Basic Concept [5,114-118]. 
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6.2 Experimental setup for fission studies  
 

         Experimental setup is similar to what is mentioned in Chapter 5 for 238U fission 
product mass distribution. Experiment was carried out using the 14UD BARC-TIFR 
Pelletron facility  The neutron beam was obtained from the 7Li(p, n) reaction 
[98,131,142] by using the proton beam main line at 6 m height above the analyzing 
magnet of the Pelletron facility to utilize the maximum proton current from the 
accelerator. The energy spread for proton at 6 m height was maximum 50-90 keV. At this 
port, the terminal voltage was regulated by GVM mode using terminal potential 
stabilizer. Further, we used a collimator of 6 mm diameter before the target. The lithium 
foil was made up of natural lithium with thickness 3.7 mg/cm2, sandwiched between two 
tantalum foils of different thickness.  
        The front tantalum foil facing the proton beam was the thinnest one, with thickness 
of 3.9 mg/cm2, in which degradation of proton energy was only 30 keV [24]. On the other 
hand, the back tantalum foil was the thickest (0.025 mm), which was sufficient to stop the 
proton beam. Behind the Ta-Li-Ta stack, the sample used for irradiation was natural 232Th 
metal foils, which was wrapped with 0.025 mm thick aluminum foil. The aluminum 
wrapper was used to stop and collect the fission products recoiling out from the surface. 
The size of 232Th metal foil was 1.0 cm2 with thickness of 700.2 mg/cm2. The 232Th metal 
foil wrapped with aluminum was mounted at zero degree with respect to the beam 
direction at a distance of 2.1 cm from the location of the Ta-Li-Ta stack. A schematic 
diagram of Ta-Li-Ta stack and 232Th metal foils is shown in Fig. 2.6. Different sets of 
samples were made for different irradiations at various neutron energies. 



 
 

120

         The fission cross section for thorium at energies specified in this thesis are less than 
half the values for uranium, so thorium samples were irradiated for longer time compared 
to uranium.  The 232Th metal foils were irradiated for a period of 10 and 5 h with the 
neutron beam generated by impinging proton beam of 16.0 and 20.0 MeV on Ta-Li-Ta 
stack. The proton current during the irradiations varies from 100 nA to 400 nA. After the 
irradiation, the samples were cooled for one hour. Then the irradiated target of 232Th 
along with Al wrapper was mounted on Perspex plate and taken for γ-ray spectrometry.  
         The neutron energies are same as mentioned in Chapter 5 and the decay chains of 
the fission products are also mentioned in the same chapter. The flux and energy 
weighted effective neutron energies come out to be 9.32 MeV and 12.52 MeV 
respectively. The gamma rays used for analysis their abundances are shown in Table 6.1 
and Table 6.2. Besides these natural thorium emits gamma lines. These natural thorium 
gamma lines require special precautions during gamma spectroscopy. 
6.3 Data analysis and mass yield distribution calculation 
         The net photo-peak areas of different -rays of interest were calculated by 
subtracting the linear background from their gross peak areas. The number of -rays 
detected (Aobs) under the photo-peak of each individual fission products is related to the 
cumulative yield (Yc) with the following relation, 
 Aobs(CL/LT) = Nf (E)Iϒ εYc (1 – exp (-λt))exp(-λT) (1 − exp-λLT ) /  λ        (6.1)             

Where, N= number of target atoms,
f(E) = neutron-induced fission cross-section as a function of neutron energy (E) of 
the target with average neutron flux (φ) 
I= branching intensity for the -ray of the fission product
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= efficiency of the detector system 
t = irradiation time, Tc= cooling time 
CL and LT = clock time and live time of counting, respectively 

         The nuclear spectroscopic data such as the -ray energy, branching intensity and 
half-life of the fission products are taken from Refs. [101,102]. The cumulative yields of 
the fission product relative to fission rate monitor 97Zr were calculated using Eq. (6.1). 
The yield of fission rate monitor 97Zr was chosen from the point of view of the near 
constant yield with change of neutron energy [169]. For neutron energies of 9.32 and 
12.52  MeV, the fission yield data of 97Zr in the neutron induced fission of 232Th  with 
neutron energy of 14 MeV was taken from Ref. [169].  
6.4 Results and Discussions            
         The results of the fission product mass yield measurements at incident neutron 
energy of 9.35 MeV are presented in Table 6.1 and depicted in Fig. 6.1 for comparison 
fission yield values taken from JENDL are also shown at incident neutron energy of 14 
MeV. There are no data available in the literature close to 9.35MeV, so results were 
compared with 14MeV values. 
         It could be said that, in the relative fission yield measurement the total error in the 
measurements are less because no flux or fission cross sections will be required in the 
expression for relative yield calculations.Uncertainties in the fission yield values are 
obtained taking into account all sourced error including random and systematic error 
propagation. The results of the fission product mass yield measurements at incident 
neutron energy of 12.52 MeV are presented in Table 6.2 and depicted in Fig. 6.2 for 
comparison fission yield values taken from JENDL are also shown at incident neutron 
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energy of 14 MeV. Probability of increase of symmetric fission with increasing incident 
neutron energy has been observed in the present experiment. The increase in the 
symmetric fission component with the increase in the incident neutron energy is more 
prominent in the case of thorium compared to uranium. This fact could be seen from peak 
to vally ratio  ( P/V)  
         Thorium has its inbuilt gamma lines, because of these lines more care is required 
during gamma spectroscopy of thorium compared to uranium. The third peak in the mass 
distribution is observed in the present experiment. This is because of presence of second 
dip at the outer fission barrier called the thorium anomaly. 

6.5 Uncertainties in the results. 
          The overall uncertainty is the quadratic sum of both statistical and systematic 
errors. The random error in the observed activity is particularly due to counting statistics, 
which is estimated to be 5-10 %. This can be obtained by accumulating the data for an 
optimum time period that depends on the half-life of the nuclide of interest. The 
systematic errors are due to uncertainties in neutron flux estimation (~3 %), irradiation 
time (~1%), detector efficiency (~5 %), the half-life of fission products and gamma-ray 
abundances (~2%). The overall uncertainty is found to range between 8-12%, coming 
from the combination of statistical error of 5-10% and a systematic error of 6 % 
6.6 Conclusions 
         The observations made here are important from the ADSS point of view.  In ADSS 
high energy neutrons contribute to fission.  Since the probability of symmetric fission 
increases with increase in neutron energy, the mass of the fission products are expected to 
be near the symmetric split. 
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Table 6.1. Nuclear spectroscopic data and fission products yields in the neutron 
induced fission of 232Th at average neutron energy of 9.35 MeV relative to  97Zr 
fission yield at  En = 14.0 MeV  
 

Nuclide Half-life Gamma-ray 
energy (keV) 

Gamma Abundance 
(%) 

Fission yield (%) 
JENDL-4.0 

Fission Product 
Sub-library  

(J40-2010)FPY-
2011 

Present Data 

91Sr 
 

92Sr 
 

95Zr 
 

97Zr 
 

105Ru 
 

115Cd 
 

129Sb 
 

132Te 
 

133I 
 

139Ba 
 

143Ce 
 

147Nd 

9.63 h 
 
 

2.710 h 
 

 
64.02 d 

 
 

16.91 h 
 
 

4.44 h 
 
 

53.46 h 
 
 

4.32 h 
 
 

      3.20 d 
 
 
     20.80 h 
 
  
    83.03 m 

 
 

33.03 h 
 

10.98 d  

1024.3 
 

 
1384.9 

 
 

756.7 
 

 
743.4 

 
 

724.0 
 
 

336.2 
 
 

812.4 
 

 
228.1 

 
 

529.9 
 
 

165.8 
 
 

293.3 
 
 
          91.1 
  

           33.0 
 
 

90.0 
 
 

54.0 
 
 

93.0 
 
 

47.0 
 
 

45.9 
 
 

43.0 
 
 

88.0 
 
 

87.0 
 
 

23.7 
 
 

42.8 
 
 

28.0 

5.98±0.24 
 
 

5.74±0.40 
 
 

4.77±0.30 
 
 

3.41±0.15 
 
 

1.28±0.07 
 
 

1.11±0.07 
 
 

1.24±0.12 
 
 

3.32±0.13 
 
 

4.68±0.38 
 
 

5.82±0.23 
 
 

5.14±0.31 
 
 

1.87±0.11 

5.37±0.23 
 
 

5.26±0.37 
 
 

4.59±0.40 
 
 

3.41±0.15 
 
 

1.13±0.09 
 
 

1.10±0.07 
 
 

1.41±0.16 
 
 

3.18±0.11 
 
 

4.77±0.23 
 
 

5.55±0.26 
 
 

5.04±0.21 
 
 

1.57±0.16 
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Fig 6.4 Fission Product Yield for 232Th(n, f) fission at incident neutron energy of  9.32 
MeV compared to the literature values at 14 MeV. 
 
         The increase in the symmetric fission component with the increase in the incident 
neutron energy is more prominent in the case of thorium compared to uranium. From  
Figs 6.1 and 6.2 it is observed that,the fission product mass distribution becomes more 
symmetric with increasing incident neutron energy. The probability of symmetric fission 
increases with increase in neutron energy. The increase in the symmetric fission 
component with the increase in the incident neutron energy is more prominent in the case 
of thorium compared to uranium.This fact could be seen from peak to vally ratio  ( P/V). 
Thorium has its inbuilt gamma lines. These require special care during gamma 
spectroscopy. In the case of thorium third peak in the mass distribution is observed. This 
is because of second dip at the outer fission barrier called the thorium anomaly. The yield  
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Table 6.2. Nuclear spectroscopic data and yields of fission products in the neutron 
induced fission of 232Th at average neutron energy of 12.52 MeV relative to 97Zr 
fission yield at En =14. 0 MeV  

Nuclide Half-life Gamma-ray 
energy (keV) 

Gamma 
Abundance (%) 

Fission yield (%) 
Present Data JENDL-4.0 Fission 

Product Sub-library  (J40-2010)FPY-2011 
91Sr 

 
92Sr 

 
95Zr 

 
97Zr 

 
105Ru 

 
115Cd 

 
129Sb 

 
132Te 

 
133I 

 
139Ba 

 
143Ce 

 
147Nd 

9.63 h 
 
 

2.710 h 
 

 
64.02 d 

 
 

16.91 h 
 
 

4.44 h 
 
 

53.46 h 
 
 

4.32 h 
 
 

      3.20 d 
 
 
     20.80 h 
 
  
    83.03 m 

 
 

33.03 h 
 

10.98 d  

1024.3 
 

 
1384.9 

 
 

756.7 
 

 
743.4 

 
 

724.0 
 
 

336.2 
 
 

812.4 
 

 
228.1 

 
 

529.9 
 
 

165.8 
 
 

293.3 
 
 
          91.1 
  

           33.0 
 
 

90.0 
 
 

54.0 
 
 

93.0 
 
 

47.0 
 
 

45.9 
 
 

43.0 
 
 

88.0 
 
 

87.0 
 
 

23.7 
 
 

42.8 
 
 

28.0 

5.66±0.32 
 
 

5.89 ± 0.23 
 
 

4.23 ± 0.21 
 
 

3.41±0.15 
 
 

1.12± 0.15 
 
 1.21 ± 0.05 
 
 1.17±0.14 
 
 3.44±0.19 
 
 

   5.20±0.05 
 
 

5.56±0.26 
 
 
5.17± 0.15 
 
 
1.93±0.57 

5.98±0.24 
 
 

5.74±0.40 
 
 

4.77±0.38 
 
 

3.41±0.15 
 
 

1.11±0.07 
 
 1.28±0.07 
 
 

1.24±0.12 
 

 
3.32±0.13 

 
 

5.10±0.31 
 
 

5.82±0.23 
 
 

5.14±0.31 
 
 

   1.87±0.11 
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of fission products at mass numbers 133-135, 145-146 and their complementary parts are 
higher because of presence of 82n shells and deformed 88n shells at mass numbers 133-
135 and 144-145 because of closure of shells. Higher yield at certain mass numbers are 
because of even-odd effect which indicates role of structural effect. 
 

  
 
 
 
 
  
 
 
 
 
 
 
 
Fig. 6.5 Fission Product Yield for 232Th( n, f) fission at incident neutron energy of  12.52 
MeV compared to the literature values at 14 MeV. 
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 CHAPTER 7 
 

Summary and Conclusions 
 
         This dissertation describes our investigation on neutron induced cross section and 
fission yield measurements for thorium and uranium nuclei.  Present results are first 
measurements of basic nuclear data i.e. reaction cross section and fission product mass 
distribution for 238Uand 232Th at specified energies using activation and off line gamma 
ray spectroscopy. It also includes the new possibilities opened up using the findings of 
this work. 
7.1 Part – I Summary of Reaction cross section Measurements  
         The neutron capture cross section of (238U(n, γ)239U ) were measured at incident 
neutron energies of 3.12 MeV, 13.5.MeV and 17.28 MeV respectively. Experimental 
results were compared with the evaluations obtained using different cross section libraries 
i.e. ENDF/B-VII.0, JENDL-4.0, JEFF-3.1/A and CENDL-3. It is observed that, all the 
evaluations match with the measured results at incident neutron energy of 3.12 MeV.   
For incident neutron energies of  13.5  MeV and 17.28 MeV  ENDF/B-VII.0, JENDL-4.0, 
JEFF-3.1/A  evaluations match with the measurements but CENDL-3 evaluations do not 
match with the measurements. 
         238U(n,2n)237U  reaction cross sections were measured at incident neutron energies 
of 13.5.MeV and 17.28 MeV respectively. The results obtained from the present 
measurement were compared with the evaluated values of ENDF/B-VII.0, JENDL-4.0, 
JEFF-3.1/A. It is observed that, evaluations match with the experiments. 
         Experiments were carried out to measure 232Th(n, γ)233Th  reaction cross sections at 
incident neutron energies of 2.18, 3.12, 13.5 and 17.28 MeV respectively. The results 
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obtained from the present experiment were compared with the evaluated results using 
different cross section libraries e.g. ENDF/B-VII.0, JENDL-4.0.The evaluations are 
matching with the measurements. 
          232Th(n,2n)231Th  reaction cross sections were measured at incident neutron energy 
of 17.28 MeV.  232Th(n,2n)231Th cross sections were evaluated using different cross 
section libraries i.e. ENDF/B-VII.0, JENDL-4.0. It is seen that, the evaluations match 
with the experimental results. 
          For comparison with the present measurements, the detailed model calculations 
were performed using computer code TALYS. At incident neutron energies less than 8 
MeV, the capture cross sections for Uranium and Thorium are less compared to the values 
obtained using TALYS. This could be due to default parameters in TALYS. This is 
opening up an opportunity for adjustment of input parameters in TALYS in the future. At 
incident neutron energies greater than 10 MeV the experimentally obtained cross sections 
match with TALYS. 
7.2 Part – II Summary of Fission Studies  
         The second part of my thesis deals with the measurement of fission product mass 
distribution in 238U(n,f) and 232Th(n,f) fission at two different incident neutron energies 
i.e. 9.35 MeV and 12.52 MeV respectively. The following is concluded from the 
measurements. 
          In the present work, the yields of twelve, products in neutron induced fission of  
238 U(n,f) at average neutron energy of 9.35 and 12.52 MeV were determined using recoil 
catcher and off-line gamma ray spectrometric technique. The yields of fission product in  
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 238U fission at average neutron energy of 9.35 MeV is measured for the first time. This 
experimentally obtained data is compared with the closest data available in literature at 
11.3 MeV [158]. The results obtained in the present experiment present at average 
neutron energy of 12.52 MeV are compared with the neutron induced fission of 238 U for 
mono-energetic neutron of 14 MeV. The results are in general agreement. 
         The results of the fission yield measurements of 232Th(n,f) at incident neutron 
energy of 9.35 are reported for the first time, the closest available literature values taken 
from evaluated results obtained using cross section data JENDL at incident neutron 
energy of 14 MeV[169]. The results of the fission yield measurements at incident neutron 
energy of 12.52 MeV mentioned here are compared with the evaluated values of 
JENDL[169] at incident neutron energy of 14 MeV. 
         The fission product mass distribution becomes more symmetric with increasing 
incident neutron energy. Means probability of symmetric fission increases with increase 
in neutron energy. The increase in the symmetric fission component with the increase in 
the incident neutron energy is more prominent in the case of thorium compared to 
uranium. This fact could be seen from peak to vally ratio (P/V).  This is applied for 
238U(n,f) and 232 Th(n,f). In the case of Th(n,f) third peak in the mass distribution is 
observed. This is because of second dip at the outer fission barrier called the thorium 
anomaly. 

         The yield of fission products at mass numbers 133-135, 145-146 and their 
complementary parts are higher because of presence of 82n shells and deformed 88n 
shells at mass numbers 133-135 and 144-145 because of closure of shells. Higher yield at 
certain mass numbers are because of even-odd effect which indicates role of structural 
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effect.Many of the measured fission product yields behave qualitatively as would be 
expected from what is known about the changes in the mass yield distribution with 
increasing incident neutron energy. Measurements could be repeated in the future at finer 
energy intervals. Few more experiments would be needed to get better feeling of Th(n,f) 
reaction and its dependence on incident neutron energy. 
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