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Preface

Study of nuclear reaction mechanism is a fundamental tool to study the proper-

ties of nucleus as well as the behavior of nuclear force between the nucleons inside

the nucleus and hence to understand the nuclear structure. The nuclear physics

study is considered to be started with the discovery of radioactivity by Henry

Becquerel in 1896. The history of nuclear reaction was started when Rutherford

observed the first nuclear reaction in 1919. A nuclear reaction is a process in

which a projectile nucleus is bombarded with a target nucleus, leading to the

emission of particles and/or radiation leaving behind the residual nucleus. The

outcome from a nuclear reaction is reported and recorded as nuclear data which

includes observed reaction yield, energy and angular distribution of particle, half-

lives, decay modes, etc. by studying the characteristics of the emitted particle

and residual nucleus. An important component of the research and develop-

ment for nuclear physics is the improvement of the fundamental nuclear data.

Nuclear data is the information describing the properties of atomic nuclei and

the fundamental physical relationships governing their interactions. These data

characterize fundamental physical processes that underlie all nuclear technolo-

gies. The applications of nuclear data today include all areas of nuclear science

and technology. Apart from energy applications for fission power reactors and

fusion reactor technology, there are significant non-energy applications includ-

ing radiation therapy, nuclear medicine, radiation safety, waste management and

environmental research, materials analysis, etc.

In order to understand the interaction mechanism in a nuclear reaction dif-

ferent nuclear reaction models have been proposed. It was Niels Bohr first to

xiii
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propose a satisfactory model to explain the reaction mechanism. According to

him the incident particle fuses with the target forming a compound system and

its energy and angular momentum are shared among all the nucleons in the

compound system. Then it decays by an emitting particle(s) or gamma rays and

de-excite to ground state. This decay of the compound nucleus is independent

of its mode of formation. This is termed as a compound nuclear mechanism or

independent hypothesis and is found to be validated at lower excitation energy.

It was proved experimentally by S.N Ghosal in 1950. On the other hand, at

very high excitation energies the direct reaction mechanism will prevail. which

is expected to take place within a time of ≈ 10−22 sec, i.e., the time required for

the incident particle to pass through the nucleus. It is expected that emission

of particles may also takes place during the equilibration of compound system.

The emission of a particle from the nucleus before attaining the equilibrium state

is referred to as the Pre-equilibrium Emission. In PE mechanism the projectile

may share its energy among a small number of nucleons which may further,

interact with other nucleons and during this cascade of nucleon-nucleon interac-

tion through which the projectile energy is progressively shared among the target

nucleons a particle may be emitted long before the attainment of statistical equi-

librium. And the Pre-equilibrium (PE) emission process has been identified as

the prominent reaction mechanism at moderate excitation energies.

The isomeric cross-section ratio(ICR), defined as the ratio of the cross-section

for the formation of the isomeric state to the total production cross-section σm

σm+σg
,

is known to depend on the spin of the states, incident energy, and the reaction

channels. The actual probability for the isomeric state is total cross-section times

the isomeric cross-section ratio and we are looking to produce sufficient yield of

the isomeric state for the practical applications. Hence, this data is important.

From the nuclear physics point of view, the experimental and theoretical studies

on the ICR, as a function of incident particle energy, should, therefore, lead to

useful information on the spin-cutoff parameter, angular momentum transfer,

the level structure of the product nucleus as well as the progress of nuclear
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reaction mechanism. Hence it is important to have information about the various

parameters that may affect the relative isomeric population. The knowledge of

excitation functions and isomeric cross-section ratio has served as a powerful tool

for the study of the nuclear reaction mechanisms. The nuclear reaction data will

help to update the existing nuclear data files, re-measurement of cross-sections,

new cross-section measurement, development of new computer programs, etc.

The isotopes of indium and indium containing compounds have large vari-

eties of applications in the field of medical, industrial, and astrophysics. Indium

radioisotopes namely 110 In, 111In, 113m In, and 114m In are widely used for ther-

apeutic and diagnostic purposes, due to their convenient half-life, gamma-ray

energy and abundance etc. They are also used for labeling of cellular blood com-

ponents and a monoclonal antibody, myocardial damage detection, localization

of abscess in polyeystic kidney, radiolabeled immunoglobulin therapy, imaging

for cancer etc. 115In is an important material in making alloys and is widely used

to make gold and platinum much harder. It is also used in multiple junction solar

cells. Besides, compounds of indium are used in making optical devices. These

important isotopes of indium can be produced from different natural elements like

Indium and cadmium etc. Natural Indium is having the isotopes (natural abun-

dance in percentage) 113In(4.29%) 115In(95.71%) and natural Cadmium is hav-

ing the isotopes (natural abundance in percentage) 106Cd(1.25%), 108Cd(0.89%),

110Cd(12.49%), 111Cd(12.80%), 112Cd(24.13%), 113Cd(12.22%) 114Cd(28.73%)

and 116Cd(7.49%). These can produce the desired isotopes of indium through

charged-particle induced reactions.

Keeping the above fact in mind, in the present work, a systematic study

of proton-induced reaction on natural indium and cadmium resulting in a pro-

duction of various indium isomers and some cadmium isomers have been ana-

lyzed. The excitation function for different residues populated via natIn(p, x) and

natCd(p, x) reactions have been measured from the threshold up to 21.96 MeV.

Isomeric cross-section ratio of above-identified isomers were also determined. The

experiment was carried out at Tata Institute of Fundamental Research (TIFR),
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Mumbai, INDIA, using a 14UD pelletron accelerator. Theoretical analysis of

the data were performed within the framework of two statistical model codes

EMPIRE-3.2 and TALYS-1.8.

The experimental cross-section data produced from proton-induced on natu-

ral indium via different reaction channels 115In(p, p)115mIn, 115In(p, pn)114mIn,

115In(p, p2n)113mIn, 113In(p, p)113mIn, 115In(p, 3n)113Sn, 113In(p, n)113SIn,

115In(p, nα)111mCd and the excitation function produced from proton-induced

on natural cadmium through the reaction channels natCd (p,x) 109gIn natCd (p,x)

110g,mIn, natCd (p,x) 111g,mIn, natCd (p,x) 112g,mIn, natCd (p,x) 113mIn, 116Cd

(p,2n) 115mIn, 116Cd (p,n) 116mIn, 106Cd (p,pn) 105Cd and natCd (p,x) 111mCd,

have been measured, at incident proton energies from 8 to 22 MeV. The data

are analyzed using the statistical model code EMPIRE and TALYS. The data

available in the literature are also compared with the present data.

Many of the evaporation residues formed in these reaction channels have iso-

meric states with a half-life of a few minutes and hours. Isomeric cross-section

ratios are also calculated in such cases. A detailed discussion of the individual

cases have been done in chapter 4 & 5 of the thesis. The measured excitation

function of these isotopes will help efficiently to optimize the production condi-

tion. To the best of our knowledge, the excitation function for the 105Cd isotope

and the isomeric cross-section ratio of 110In, 111In, 112In isotopes measured and

reported for the first time. The general observation of the ICR indicates that

reaction favored population of the higher spin state except near the reaction

threshold where reactions start populating lower energy state irrespective of the

spin state. This trend also found to be increasing with incident energy. Further

variation with incident energy is more prominent. Further, the ICR is found

to depend on the exit channel also. On analysis of the trend of ICR, there is

a strong correlation of relative population with the energy difference between

isomeric state and ground state are observed. No correlation between the rela-

tive population with the lifetime of state and parity between isomeric state and

ground state are observed.
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Chapter 1

Basic Concepts and Thesis

Structure

1.1 Introduction

The nucleus and it’s characteristics were a mysterious thing to hu-

mankind for a long time. The sustained effort of the human mind to explain

the conclusive structure of the nucleus has led to many inventions. The theory

of the atomic structure of the matter by Dalton, the discovery of the electron by

J.J Thomsson, radioactivity by Henry Becquerel, the discovery of atomic nucleus

and the nuclear constituent particles by Rutherford discovery of the neutron by

Chadwick have laid the foundation of “Nuclear Physics”. The study of the nu-

cleus is considered to be started with the discovery of radioactivity by Henry

Becquerel in 1896 [1]. A nuclear reaction is considered as the tool to study the

properties of the nucleus and the nature of the force between the nucleons. A

nuclear reaction is a process in which a projectile nucleus is bombarded with

a target nucleus, leading to the emission of particles and/or radiation leaving

behind the residual nucleus. The residual nucleus will generally be at an excited

energy level. One has the information of the system before the reaction and

the system after the reaction but does not have the information of what exactly
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happening inside a nucleus during the reaction process. This information is in-

ferred from the reaction outcomes. Thus to explain the reaction mechanism,

Niels Bohr [2] proposes a satisfactory model for the nuclear reaction. According

to this model, the incident particle fuses with the target forming a compound

nucleus system by sharing its energy and angular momentum with all the nu-

cleons in the target. The compound nucleus then decays by emitting particles

and/or gamma rays. This decay is independent of the mode of formation. This

is known as Bohr’s compound nuclear mechanism or independent hypothesis[2].

S.N Ghoshal in 1950 [3] has shown that the 64Zn nuclei formed by the bombard-

ment of a proton on copper-63 and alpha on Nickel-60 decay in a similar pattern.

This validated the Bhor’s independent hypothesis. Weisskopf and Ewing [4] have

developed a detailed nuclear reaction theory on the basis of compound nuclear

reaction theory. Hauser-Feshbach [5] developed a theory by accounting the an-

gular momentum and parity of each state in nuclear decay correction for width

fluctuation (WFC) is also applied in the model. Analysing nuclear reaction in

relatively larger energy, it is observed that the compound nuclear reaction theory

is valid at relatively lower excitation energies. On the other hand, at very high

excitation energies, the direct reaction mechanism will prevail[6, 7]. However,

the emission of a particle from the nucleus before attaining the equilibrium state

can be observed in many nuclear reactions induced by fast projectiles, and the

process is referred to as the Pre-equilibrium Emission[8–10]. At moderate exci-

tation energies, Pre-equilibrium (PE) emission process has been identified as the

prominent reaction mechanism. In PE mechanism, the projectile may share its

energy among a small number of nucleons which may further, interact with other

nucleons and during this cascade of nucleon-nucleon interaction through which

the projectile energy is progressively shared among the target nucleons and there

is a reasonable chance that the particles are emitted long before the attainment

of statistical equilibrium. Various models like exciton model(EM)[11], Feshbach

Kerman Koonin model (FKK)[12], Hydelberg model (NVWY)[13] are proposed

for treating the pre-equilibrium emission. A typical energy spectrum of parti-
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cle emitted in a nuclear reaction is shown in figure. 1. 1. The gaussian type

structure in the lower energy side corresponds to the compound nuclear reaction

process, the diffraction type band at the high energy side corresponds to the

direct reaction mechanism and the smooth part in between may corresponds to

pre-equilibrium emission. In order to test the validity of nuclear reaction mod-

els and predict the behaviour of unknown system, it is essential to have a large

number of data on nuclear reactions covering a large number of nuclei in the

periodic table over a wide range of excitation energy.

Figure 1.1: Typical spectra of particles emitted in a nuclear reaction at moderate
excitation energy.

A nuclear reactor is perhaps the most important field utilizing the knowledge

of the nuclear reaction data. Nuclear reaction data is also important in the fields

like space science, astrophysics, industrial and Medical Science, etc. In space

science, the interaction of radiation with electronic devices in space and the effect

on device performance is of significant interest. This is important as India is one

of the super powers in nuclear technology and space exploration. Further, the

nuclear reaction data at extremely low energy-around Fermi energy-is important

in understanding the nucleosynthesis and the formation and structure of the

universe. As for industrial purpose, the radioisotope is used as tracer to monitor

fluid flow and filtration, detect leaks, measure the wear and tear and corrosion
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of component used in machine. It is also used in transportation, weapons and in

agricultural field.

In the field of medical science, radioactive isotopes are widely used for ther-

apy and imaging. Particularly, India is emerging as an economic hub for medical

industry with the treatment using radioisotopes. Apart from that, a large num-

ber of linear accelerators with energies from 5-25 MeV are being commissioned in

Medical institutions. There is a fine chance of secondary emission of gamma-ray

and neutrons from the different parts of radiotherapy facilities and also from pa-

tients leading to the radio-active transmutation of atoms and thereby molecules

in the tissues of the human body. This is a matter of serious concern. In order to

make a realistic prediction of the behaviour of the nucleus as well as the outcome

of nuclear interactions, wheather it is in reactor physics, astrophysics, medical

therapy, isotopic production or space applications, exact data on nuclear reaction

with high accuracy should be generated.

In several cases, the product nucleus may be formed as the nuclide in the

metastable state, which can decay to the unstable or stable ground state with

decay constant λm. The study of the formation of nuclear isomers in a nuclear

reaction will provide important information on the angular momentum transfer,

gamma de-excitation processes and coupling of the channel during the reaction

processes [14, 15]. The relative population of the isomeric state is generally ex-

pressed in terms of isomeric cross-section ratio (ICR). From the measured values

of σm , the cross-section for the formation of the metastable state of the nuclide

and σg, the cross section for the formation of the ground state, the isomeric

cross-section ratio σm

σm+σg
, can be estimated. ICR gives important information

about the nuclear reaction mechanism, particularly that of the energy. This is

particularly important in the case of a highly deformed nucleus, where a state

with a larger value of projection quantum number K are produced [16]. Data on

population of isomeric state and their decay is important in the field of nuclear

medicine and radiodiagnosis. Quim et al. have shown [17] that the isomeric cross

section ratio is primarily governed by the spin of the two level involved, rather

4



than their separation and excitation energies[18, 19]. It depends on spins of the

ground state and excited isomeric state as well as incident energy.

Keeping the above facts in mind, as a part of the systematic study of

nuclear reactions induced by light ion, the excitation functions for reaction

residues populated via 115In(p, p)115mIn, 115In(p, pn)114mIn, 115In(p, p2n)113mIn,

113In(p, p)113mIn, 115In(p, nα)111mCd, 115In(p, 3n)113Sn, 113In(p, n)113Sn, natCd

(p,x) 109gIn natCd (p,x) 110g,mIn, natCd (p,x) 111g,mIn, natCd (p,x) 112g,mIn, natCd

(p,x) 113mIn, natCd (p,x) 115mIn, natCd (p,x) 116mIn, natCd (p,x) 105Cd and natCd

(p,x) 111mCd channels were measured over the proton energy range of 8 - 22

MeV using stacked foil activation technique. One of the isotopes, 115In is an im-

portant material in making alloys and is widely used to make gold and platinum

much harder. It is also used in multiple junction solar cell[20]. In addition, com-

pounds of indium are used in making optical[21] devices. Two of the radioactive

isotopes, namely 113mIn and 114mIn, included in the present analysis, are widely

used in therapeutics and diagnostic purposes[22]. The proton induced on natu-

ral cadmium nuclear reaction is also related to different practical applications.

Such as, cadmium is an important sample for nuclear technologies: it is used for

the production of alloys and in electroplating. Production of medical isotopes:

the reaction product like 114m,111,110,109In are used in therapeutic and diagnos-

tic purposes[23]. Also, it is used in the dose estimation and waste handling by

the production of long-lived products. Theoretical analysis of the data was per-

formed within the framework of two statistical model codes EMPIRE-3.2[24] and

TALYS-1.8[25] and it is also compared with the literature[26–38]. Isomeric cross

section ratio for isomeric pairs 115Inm,g, 114Inm,g, 113Inm,g, 113Snm,g, 112Inm,g,

111Inm,g, 110Inm,g and 111Cdm,g were also calculated. The excitation function

of 105Cd and the isomeric cross-section ratio of 110In, 111In and 112In isotopes

measured and it is reported for the first time. The isomeric cross-section ratio

of the different isomers have been analyzed and various dependence of isomeric

cross-section ratio on different factors such as the spin of states, life time of the

isomeric states, energy of different levels, decay mode as well as the dependence
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of the exit channel has been well explained for a large number of a nucleus with

wide range of energy .

1.2 Structure of the thesis

This thesis furnishes a comprehensive experimental and theoretical study on

some proton induced reactions on indium and cadmium. The production cross-

section and isomeric cross section ratio have been analysed. The excitation

function for the isotopes, thus, produced are measured up to 23 MeV employing

stacked foil activation technique. The theoretical analysis have been done using

the statistical model codes EMPIRE-3.2[19] and TALYS 1.8[20]

A general outline of the study is presented in the first chapter of the thesis.

Detailed introduction to the current scenario in nuclear physics, the importance

of nuclear data, the relevance of the present work and detailed literature survey

are presented here.

In Chapter 2, a brief outline of the nuclear reaction theory and reaction

kinematics are discussed. Various nuclear reaction model and the details of

the statistical nuclear reaction computer codes based on the above models and

relevant parameters are also discussed.

Chapter 3 goes through a detailed experimental analysis of the work. A de-

tailed note on the TIFR pelletron accelerator, activation method, target prepa-

ration, gamma-ray spectroscopic system, formulation to calculate cross-section

and a detailed error analysis has been done in this chapter.

Chapter 4 is devoted to describing the overall result and discussion of the

present work. In the first part of this chapter, we have investigated the excitation

functions for reaction residues populated via 115In(p, p)115mIn, 115In(p, pn)114mIn,

115In(p, p2n)113mIn, 113In(p, p)113mIn, 115In(p, nα)111mCd, 115In(p, 3n)113Sn and

113In(p, n)113Sn channels. These were measured over the proton energy range

of 8 - 22 MeV. Isomeric cross section ratio for isomeric pairs 115Inm,g, 114Inm,g,

113Inm,g, 113Snm,g and 111Cdm,g were also determined. The detailed analysis of

each reaction mechanism.
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In the second part, the study is extend to the calculation of the cross-section

of natCd (p,x) 109gIn natCd (p,x) 110g,mIn, natCd (p,x) 111g,mIn, natCd (p,x) 112g,mIn,

natCd (p,x) 113mIn, natCd (p,x) 115mIn, natCd (p,x) 116mIn, natCd (p,x) 105Cd and

natCd (p,x) 111mCd reaction channels. And the isomeric cross-section ratio of

110In, 111In and 112In isotopes have been measured.

Chapter 5 summarizes the findings of the thesis and expresses future recom-

mendation of this work.
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Chapter 2

Basic Nuclear Reaction Theory &

The computer codes used for

theoretical prediction

2.1 Nuclear Reaction

A nuclear reaction is found to occur when two nuclei interact with

each other. Generally, the collisions may be elastic or inelastic. Experimentally

it is achieved by bombarding projectile a like proton, neutron, α-particle, γ

ray photon, or a heavy nucleus on a target nucleus[1]. In order to overcome

the Coulomb repulsive force between the two nuclei, the projectile should have

enough kinetic energy to approach the target nucleus. If the incident energy is

below Coulomb barrier, a nuclear reaction will not take place. The interaction

occurs within an inter nuclear distance of 10−14m. The energy and angular

momentum exchange may take place between the nuclei during the interaction

stage and a compound nucleus is formed. This nucleus de-excite by the emission

of one or more nucleons leaving behind the residual nucleus or emit radiation.
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2.1.1 Kinematics of Nuclear Reaction

A nuclear reaction is explained by recognizing the incident particle, target nu-

cleus, and the ejectile particle. A nuclear reaction can be represented as

a+X → Y + b (2.1)

or

X(a, b)Y (2.2)

where a is the incident particle, X is the target nucleus, Y is the product nu-

cleus and b is the ejectile particle. Depending on the projectile used, the particle

detected and residual nucleus, the nuclear reaction is classified as scattering, pick

up and stripping, capture, photo disintegration reaction etc[2, 3].

A nuclear reaction is said to be scattering, if the projectile and ejectile are

the same (a=b and X=Y). The scattering is called elastic if the residual nucleus

is left in its ground state it is inelastic when the residual nucleus is left in its

excited state. When the projectile and the target nucleus exchange nucleons and

the projectile gains nucleons from the target the reaction is said to be pick up.If

the projectile losses nucleons (the target gains nucleons) it is called stripping

reaction. If the emission of particles do not take place and the compound system

emits gamma-radiation(X(a,γ)Y), it represents capture reaction. When gamma

ray photon as the projectile then the reaction is said to be photo-disintegration.

To account the reaction energy, which includes the kinetic energies or the

rest mass energies of the reactant and product are formulated. The difference

between kinetic energies of the product and reactant so called Q-value of the

reaction, and it can be represented as:

Q = Eb (1 +
mb

MY

)− Ea (1− ma

MX

) (2.3)

Where, Eb is the kinetic energy of the ejectile, Ea is the kinetic energy of the
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projectile particle, mb,ma,MY ,MX are the masses of ejectile particle, projectile

particle, residual nucleus and target nucleus respectively.

The Q value can also be calculated from the mass difference formula and is:

Q = (MX +ma −MY −mb)c
2 (2.4)

where, c is the speed of light.

Depending upon the Q-value, the reactions are broadly classified into exoen-

ergetic (Q -value is positive) and endoenergetic reactions (Q value is negative).

Further, the system needs minimum energy to occur a nuclear reaction and is

called threshold energy. The threshold energy is given by:

Eth = −QMX +ma

MX

(2.5)

2.1.2 Nuclear reaction cross section

One of the very important quantities in the measurement of nuclear reaction is

the cross-section. The cross-section is defined as the probability of occurence of

the nuclear reaction. The probability is defined as the ratio of the number of

nuclear reaction per unit time to the number of incident particle per unit time.

Let the area of the target is A, the intensity of the incident beam is I and the

number of reaction per unit time is Nr then the probability can be represented

as:

Pr =
Nr

IA
(2.6)

It can also express in terms of effective cross section σr and the number of particle

in the target Nt as:

Pr =
Ntσr
A

(2.7)
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From equation 2.6 and 2.7 we can write

Ntσr
A

=
Nr

IA
orσr =

Nr

INt

(2.8)

The above discussions are for general cases like elastic scattering, inelastic scat-

tering or nuclear reaction with different emitted particle from the incident chan-

nel. The discussions below are some of the specific reaction cross-section for

different channels:

1. Total Cross-Section : It is the cross section for all the channels, in all the

direction. It is measured by considering the number of particles in the incident

beam and the target as the absorber. Let n be the number of incident particle

passing through the thickness of the material dx and δn is the number absorbed

by the target. Thereby considering that the Δn/n as the probability, then by

using the equations 2.7 and 2.8 we can express the total cross section as:

Δn

n
=
dn

n
= −σtNt

A
= −σt ρ dx (2.9)

where σt = the total cross section

ρ = the density of the nuclei in the target

A = Area of the target in which the projectiles are incident

2.Partial Cross-Section : The total cross section may be the benefaction of

the various partial cross sections like elastic scattering, inelastic scattering and

different reaction cross section from different channel. Hence we can write:

σ = σ1 + σ2 + σ3 + ... =
∑
i

σi (2.10)

3. Differential cross section: There should be different angular distribution

for each channel. Then it can be deffined the differential cross section for the

given channel and is the sum of the differential cross section for the zenith (θ)
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and azimuthal angle (φ).

Let the incident beam of intensity (I) interact with the target for the t time.

The number of target particle is Nt and a detector is placed in some angle. Then

the number of particle collected in the detector (dN) for a particular solid angle

dΩ is :

dN ∝ t dΩ I Nt

dN = σ(θ, φ) t dΩ I Nt

(2.11)

where dΩ = Sinθ dθ dφ

When the number of particle in the target can be represented as:

Nt = na A (2.12)

Where na is the areal density and A is the area of cross-section. Then it can

define the number of projectile particle Np as :

Np = I A t (2.13)

Then the equation 2.11 become,

dN = σ(θ, φ) dΩ na Np (2.14)

Hence,

σ(θ, φ) =
dN

dΩ na Np

(2.15)

Where σ(θ, φ) is the differential cross section. Some time it is required to measure

the cross section with energy as well as the angular dependence. Then it is

written as:

σ(θ, φ, E) =
d2N(θ, φ, E)

dΩ dE na Np

(2.16)
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It may be understood that the reaction cross-section from different measure-

ment as a function of angle and energy will give the idea about the reaction

mechanism in different reaction.

2.1.3 Reaction mechanism

Nuclear reaction mechanism can be categorized into direct reaction, compound

nuclear reaction, and pre-equilibrium reaction. The direct reaction takes place

within the time interval of about 10−22 s, which is the time taken by the projec-

tile to traverse through a nucleus. Here the projectile interacts with a nucleon

or a nucleus as a whole and emission take place immediately. When the inci-

dent energy is higher, the projectile enters into the target nucleus, as it interact

with only surface nucleon and emit particles with slightly less energy than the

incident energy. The important features of direct reactions are it usually takes

place at higher energies, The availability of more number of high energy emit-

ted particles and its angular distribution is forward peaking, uniform change of

cross section with energy for the given channel without resonance. The angular

distribution of the direct reaction is described by the modified plane wave Born

approximation[4].

In compound nuclear reaction meachanism the projectile interacts with the

target nucleus and it shares all its energy and momentum among all the nucleons

untile it reaches a statistical equilibrium. After some time, due to the statistical

fluctuation the nucleon or a group of nucleons near the surface may get enough

energy to escape as a molecule. It is the smallest possible energy as well as

it is the height of coulomb potential for charged particle and it is known as

coulomb barrier. The compound nucleus formation have the life of the order

of 10−16sec. There is no memory of formation of a compound nucleus. And it

does not have the information, on what exactly happens during the reaction.

Which have information about the outcomes only. Since, all it’s nucleons are

mixed together, irrespective of the energy and origin. Then it decay by emitting

radiation or particles. It is expected that the decay of the compound nucleus
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depends only on the quantum mechanical parameter of the compound nucleus

such as excitation energy, angular momentum and parity of the states, and is

totally independent of it’s the mode of formation. This is known as Bohr’s

independent hypothesis[5]. In this method, the emitted particle spectrum will

be in isotropic distribution. And it is functioning in the lower excitation energies.

The compound nuclear reaction mechanism was proved by S.N.Ghoshal[6].

At intermediate energies, it can happen that the particle is neither ejected

immediately after the collision as in the case of direct reaction nor after the for-

mation of a compound nucleus. The projectile may interact with some of the

nucleons and share its energy and momentum which may further interact and

share with the other nucleons and during this cascade, some of the nucleons may

get emitted long before the attainment of equilibrium. It is referred to as pre-

equilibrium reaction. At intermediate energies the pre-equilibrium is the major

reaction mechanism[7, 8]. A brief description of the compound nuclear reaction

theory and some of the compound nuclear mechanism and pre-equilibrium mech-

anisms which were actually used in the statistical theoretical model codes are

explained in the following sections.

2.1.4 General Theory

To derive the compound nuclear reaction cross section, it followed a similar

manner that is used for the scattering and reaction cross-section measurement

by considering the basic quantum mechanical procedure of the scattering of nu-

cleons. So, the plane wave is given by

eikz ≈
∑
l

il+1

2kr
(2l + 1)[e−i(kr−lπ/2)− ei(kr−lπ/2)]Pl(cosθ) (2.17)

By introducing a new factor ηl = |ηl|e2iδl , where ηl the complex amplitude

for the lth partial wave and is related to the phase shift δl So the total outgoing
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wave function ψ(r) after an interaction is:

ψ(r) ≈
∑
l

il+1

2kr
(2l+1)[exp− i(kr− lπ

2
)− ηl exp i(kr− lπ

2
)]Pl(cosθ) (2.18)

From above equation it is evident that the ηl indicate the changes in phase

shift and amplitude of the outgoing part of the wave. Then ψsc can be represented

as

ψsc = ψ(r)− eikr (2.19)

=
∑
l

il+1

2kr
(2l + 1)(1− ηl)exp[i(kr − lπ

2
)]Pl(cosθ) (2.20)

Then the scattering cross section σsc can be represented as:

σsc(θ) =
Nsc(θ) dΩ

vdΩ
(2.21)

Where, v dΩ is the incident flux, Nsc is the number of particle scattered per

second from the target in all direction and is given by.

Nsc(θ)dΩ =
�

2iM
|(∂ψsc

∂r
ψ∗sc −

∂ψ∗sc
∂r

ψsc)|r=r0 r
2dΩ (2.22)

=
�k

M
|ψsc(r, θ)|2r20dΩ (2.23)

and v = �k/M

Finally the scattering cross section is given by:

σl
sc =

∫
σsc(θ)dΩ =

π

k2
(2l + 1)|1− ηl|2 (2.24)

Similarly, for the reaction cross-section, it is by considering the net flux absorbed

by the nucleus within the radius r. The total wave function with the effect of

target is given in equation 2.18 favour for this condition. Hence the equation for
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Nr is:

Nr = − �

2iM

∫
(
∂ψ

∂r
ψ∗ − ∂ψ∗

∂r
ψ)r20 sinθ dθ dφ (2.25)

It is seen that the Nr doesn’t have any angular dependence, as it is the case of

absorption not any emission. Hence we obtained the reaction cross section as:

σr =
Nr

V
= πλ2(2l + 1)[1− |η|2] (2.26)

By different value of ηl, the reaction cross section will vary as:

From the above equation it can be see that, for ηl = −1

σsc,l = 4(2l + 1)πλ̄2

and σr = 0
(2.27)

Also for ηl = 0

σ
′
rection = σ

′
sc = πλ̄2(2l + 1) (2.28)

On the other hand, for ηl = 1

σ
′
rection = σ

′
sc = 0 (2.29)

2.1.5 Compound Nucleus Model

The theoretical calculation of reaction cross-section has been done by Ewing

and Weisskopf[9] by developing a partial wave analysis method from the Bohr’s

independent hypothesis[5]. The angular momentum and parity conservation are

not considered in this method. Hauser and Feshbach formulated a theoretical

model (HF Model) which accounts these conservations and also an advanced

H-F method with width fluctuation correction formalism has been developed.

Nuclear level density parameter also plays an important role in the prediction of

the compound nuclear reaction cross-section.
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2.1.6 Hauser Feshbach theory

In the Hauser-Feshbach model the reaction cross section is written as the product

of two factors, the cross section σCN
a (E, Jπ) for the formation of the compound

nucleus in a state of spin and parity associated to the incident channel and the

decay probability Pb(E, Jπ) with the excitation energy Ex into the channel b.

σa,b(E) =
∑
J,π

σCN
a (E, Jπ)Pb(E, Jπ) (2.30)

At particular orbital angular momentum �, the compound nucleus cross-

section is:

σa = πλ̄2a(2�+ 1)Ta (2.31)

where λ̄a is the reduced wavelength in the incident channel, Ta is the transmission

coefficient and is given by Ta = 1−| < S >aa |2, where Saa is average S - matrix.

The decay probability can be expressed in terms of transmission coefficient as,

Pb(E, Jπ) =
Tb(Ex, Jπ)∑
c Tc(Ex, Jπ)

(2.32)

with respect to the reaction channels it might be emission of photon, particle or

fission. Thus we get,

σa,b = πλ̄2a(2�+ 1)
TaTb∑

c Tc
(2.33)

This is the compound nuclear reaction cross-section for the particular pro-

jectile a and target b, with specific angular momentum �. Where Ta and Tb are

the transmission coefficient of incident and exit channel, and Tc is the collective

transmission coefficient for all exit channels. So, when we consider the inter-

acting particle with the spin, then there will be a spin weighting terms in the
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cross-section equation. Suppose the spin of the projectile and spin of the target

combined to form the spin of channel is ’s’, which in turn combine with the

angular momentum to form total angular momentum J. Similarly in the case of

outgoing channel, the probability of getting particular ’s’ is,

P (s) =
(2s+ 1)

(2i+ 1)(2I + 1)
(2.34)

Similarly for J is,

P (J) =
(2J + 1)

(2s+ 1)(2�+ 1)
(2.35)

Now the cross section equation become,

σa,b = πλ̄2a
∑
Jπ

(2J + 1)

(2s+ 1)(2�+ 1)

TaTb∑
c Tc

(2.36)

Here π represent the parity of the compound nucleus. The angular momenta

�, s and J depend on the transmission coefficient. To record the correlation be-

tween the channels in elastic scattering we used the width fluctuation correction

method by Hofmann-Richert, Tepel and Weidenmueller (HRTW)[10, 11].

2.1.7 Width fluctuation correction

The Hauser-Feshbach model (HF) think that there are no correlation among the

formation and decay of the definite compound nucleus. But in elastic case, both

the entrance and exit channels are the same. It shows an increase in the cross-

section of the elastic channel than the Hauser-Feshbach prediction. If only one

elastic channel among a large number of inelastic channels we can neglect the

case. But, when there are only a less number of open channels, the elastic channel

contribution may have a serious effect. So, to address this issue a new model

is developed by Hoffman, Richert, Tepel and Widenmueller (HRTW)[10, 11].

Thus, the nuclear reaction without the contribution of direct reaction, the width
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fluctuation correction reads:

σab =
π

k2a

TaTb∑
c Tc

Wab = σHF
ab Wab (2.37)

where, σab is the average energy cross-section from the channel a to b, π
k2a

is the kinetic factor, σHF
ab is the H-F cross-section, ka is the wave-number of

the projectile, Wab is the width fluctuation correction factor and Tc is the trans-

mission co-efficient and is calculated with the optical model S-matrix element

Tc = 1 − ∣∣〈Scc〉
∣∣2.

2.1.8 Nuclear Level Density

Nuclear level density plays a vital role in the prediction of the nuclear reaction

cross-section. The nuclear level density ρ(E) defined by Bethe[12] is a character-

istic property of every nucleus and it is defined as the number of levels per unit

energy at certain excitation energy. In other words, it is the number of different

ways in which individual nucleons can be placed in the various single particle

orbitals, such that the excitation energy lies in the range E to E+dE. It increases

rapidly with excitation energy. Then the average level density is given by

ρ(E) =
dN

dE
(2.38)

where N (E) is the cumulative number of levels up to the excitation energy E.

It does not have data for every nucleus in a wide range of excitation energy

and angular momentum so we have largely dependent on models to predict the

nuclear level density. There are six level density models of which three are

phenomenological and three are microscopic level densities [13]. Out of many

options for level density calculations, Fermi gas with a constant temperature

model [14] and Gilbert-Cameron Model [15] are employed in our calculation.
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2.1.9 Fermi-Gas Model

The scheme of nuclear energy levels of nuclei differ significantly from one nucleus

to another. The spacing between the nuclear levels will be much larger than

atomic energy levels by an order of 104−6. Light nuclei showing wide spacing

than heavy A nuclei, also there is a noticeable discontinuity in the case of magic

nuclei. There is no satisfactory theory to account for this, even though spin-

parity distribution effect and nucleon pairing effect are taken into consideration.

The intrinsic level density in terms of the spin J, parity π and excitation energy

Ex as

ρ(Ex, J, π) = ρ(Ex)ρ(J, π) (2.39)

where the energy dependence is

ρ(Ex) =
expS√
Det

(2.40)

where S is the entropy and Det is in Eq.2.43. The spin J, and parity π

dependence is given by

ρ(J, π) =
1

2

(2J + 1)√
8πσ3

exp[−(J + 1/2)2

2σ2
] (2.41)

Where σ2 so called spin cut-off parameter, and the magnitude is quantum me-

chanically with suitable substitution given by,

σ2 ≈ 0.623A7/6(
E

EF

)2 (2.42)

The Fermi-gas model determining the dependence of the factors such as the

excitation energy, entropy and the other thermodynamic functions of a nucleus

23



on its temperature T are

Ex = a(kT )2; S = 2aT ; Det =
144a3T 5

π
(2.43)

where a is the level density parameter and is mainly depend on the energy and

mass. To consider the odd-even effect of the nuclei, the excitation energy is

replaced with the effective energy U

U = Ex − δ (2.44)

Where δ is closely related to the pairing energy. With all the substitution the

level density becomes,

ρ(Ex, J, π) =
2J + 1

48
√
2σ3/2a1/4U5/4

exp[2
√
aU − (J + 1/2)2

2σ2
] (2.45)

This equation shows that the Fermi-Gas level density model depends on the

leveldensity parameter (a), cross-section (σ) and pairing energy term (δ).

2.1.10 Gilbert-Cameron Model

The Gilbert-Cameron Model is recommended for the nucleon induced reaction

with excited compound nucleus up to 20 MeV. It promises an accurate explana-

tion of the level densities in the energy region up to the neutron binding energy.

The collective effects are implicitly included in the level density parameter a,

this method leads to the overprediction of the level density. There has been a

regular differences in the level density calculation for even-even, and odd-odd

nuclei corresponding to the even-odd differences of the nuclear masses. So, to

take it into account, a new term the effective excitation energy, U∗ is introduced.

U∗ = U − δ (2.46)
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Where, δ = n 12√
A

with

n =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

0, for odd-odd

1, for odd-even

2, for even-even

(2.47)

The cumulative number of levels as a function of energy is described with the

function,

N(U) = exp
[
(U − U0)/T

]
, (2.48)

where U0 and T are the free parameters. The quantity N(U) is defined as the,

ρlev(U) =
dN

dU
=

1

T
exp

[
(U − U0)/T

]
, (2.49)

and the parameter T correspond to the nuclear temperature.

Thus, in order to explain the level density for the whole energy range, both

the models are combined. ie, at low energy dependence predicted by the above

equation combine with the high energy Fermi-gas model.

2.1.11 Optical Model

The interaction between the projectile and target can’t be studied using the

exact models like compound nuclear formation and direct reaction. This can

be described by an intermediate method, where all the method is included. To

account all these aspects, a model called optical model is evolved. In this model

the target is considered as the potential called optical potential and in general

it can be given as[16, 17]:

U(r) = −V (r)− iW (r) + (
�
2

μc2
)2(

1

r

df(r)

dr
)(VS.O + iWS.O)I.S (2.50)
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The first two term explain the coulumb and combined nuclear effect and

which have the shape of Woods-Saxon[18] equation and the last term explain

the spin-orbit coupling. While the term (1
r
df(r)
dr

) represent the surface potential,

and it expresses that the spin orbit coupling is a surface phenomenon.

The differential elastic scattering cross-section according to equation

σsc(θ) dΩ = π
k2

∣∣∣∣∑l=0

√
2l + 1 (1− ηl) Yl,0(θ)

∣∣∣∣ is given by:

dσel
dΩ

=
π

k

2
∣∣∣∣
∑
l

(2l + 1)1/2(1− ηl)Yl,o(θ)

∣∣∣∣
2

(2.51)

It is then the total cross section that,

σtotal = σsc + σre =
π

k2
(2l + 1)[2Re(1− ηl)] (2.52)

For substituting the target nucleus with the optical potential as given in

Eq.2.50, the detailed properties of the target nucleus cannot be considered. The

ηl in the above equation corresponds to the average properties of the nucleus.

This situation can be simulated using mathematical method of averaging cer-

tain energy range which corresponds to the overlapping of levels. Under these

circumstances the average cross-section can be written as:

< σsc > = πλ̄2
∑
l

(2l + 1) < |1− ηl|2 >

= πλ̄2
∑

(2l + 1)[1− < ηl > − < η∗l + < |η2l | >]
= πλ̄2

∑
l

(2l + 1)|1− < ηl > |2 + πλ̄2
∑
l

(2l + 1)[< |η2l | > −| < ηl > |2]

=
∑
l

< σl
se > +

∑
l

< σl
ce >

(2.53)

where 1/k2 = λ̄2, < σl
se > and < σl

ce > are called the shape elastic scattering

and compound elastic scattering respectively. Similarly the averaged reaction
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cross section is:

< σr > = πλ̄2
∑
l

(2l + 1) < 1− |ηl|2 >

= πλ̄2
∑
l

(2l + 1)[1− | < ηl > |2 − (< |ηl|2 > −| < η > |2)]

=
∑
l

< σl
c > −

∑
l

< σl
ce >

(2.54)

where < σl
c >= πλ̄2(2l + 1)(1− | < η > |2) (2.55)

and is called the compound nucleus formation cross section. The equation

2.53 indicate that the elastic scattering is the sum of the shape elastic scattering

cross section (σse) and compound elastic scattering cross section (σce). Also it

correspond to difference between < |ηl|2 > −| < ηl > |2 which tend to zero

indicates that the incident energy increases. Then < σl
ce > tends to zero. So

the reaction cross section < σre > correspond to the total cross section for the

compound formation. It is easy to see that the total cross section < σT > is

< σT >=< σse > + < σc > (2.56)

At lower energies the role of shape elastic scattering and compound elastic scat-

tering are significant by using the averaging process. At energy above 10 MeV

for heavy and medium nuclei:

σce << σseandσce << σc.Then < σel >≈< σse >. Hence, at higher energies

< σce >→ 0 and at lower energy (below 10 MeV) < σce > is accountable.

2.1.12 Pre-Equilibrium Model

The detailed explanation to the pre-equilibrium phenomenon is given by the

work of J.J Griffin[19] by exciton pre-equilibrium statistical process through ex-

citon model. Simultaneously the Hybrid models is developed in semi classical

scenario. The quantum mechanical explanations are given by Feshbach,Kerman
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and Koonin by developing the multistep direct reaction (MSD) and Multistep

compound (MSC) reaction mechanism.

2.1.13 Exciton Model

The great invention for the understanding of the pre-equilibrium model was done

by introducing the exciton model by Griffin[19]. This model expects that the

projectile, by interacting with the target, gives rise to a simple arrangement

distinguished by a few number of excited particles and holes called excitons

(n=p+h). As the transition rate of these excitons and de-excitons are corre-

sponding to the level density required by Fermi’s Golden rule. The particle and

holes behavior in exciton model as shown in Fig. 2.1. According to Ericson’s

[20, 21] the level density for exciton number n at excitation energy for p particle

and h holes is:

Figure 2.1: Schematic diagram of behaviour of particle and holes in exciton
model.

ρp,h(E) = ρn(E) =
gnEn−1

p!h!(p+ h− 1)!
(2.57)
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where p and h are the number of particles and holes and g is the single-

particle level density. It is seen that for small value of n, the level density

function increases quickly and hence the rate of transition δn = 2 is larger than

the δn = −2. As n increasing the particle level density moderately levels off,

so the transition probability becomes the same (n = +2 become same as for

n = −2) and hence, it is in equilibrium. In this development from n = 3 to n̄,

the particle emission takes place from the given exciton state at any time. Then

the energy differential cross section for pre-equilibrium emission may written as:

σPEQ = σabs
∑
n=n0

Δn=±2,0

DnPn(E) (2.58)

where σPEQ → Experimentally detected absorption cross-section by the

target

Dn → Depletion factor (Probability of reaching n exciton state, without prior

emission)

Pn(E) → Probability of emission of n exciton state of the projectile.

The depletion factor Dn related to the Pn(E) through the equation:

Dn =
∏

n′=n0

[1−
∫
dEPn′(E)] (2.59)

The term in the bracket in the above equation giving the net probability of

reaching n exciton state after taking into account the depletion of the state due

to prior emission. The emission probability can be defined as the ratio of the

rate of emission from n exciton state in a particular channel to the sum of the

rate of transition to all the states including emission to all channels. If λnc (E) is

the emission rate from n exciton state to definite channel c with energy E and

the emission from n = +2, -2 and 0 transitions are λn+, λ
n
− and λn0 respectively.
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Then the emission probability can be defined as:

Pn(E) =
λnc (E)

λn+ + λn− + λn0 +
∫
dE λnc (E)

(2.60)

Then we have to find the expression for λnc (E), λ
n
+, λ

n
− and λ

n
0 as follows.

(i) The λnc (E) value can be obtained from the principle of M. Blann et.al[21].

It starts with the emission of particle from the state n = p + h. The decay

probability can be obtained from the perturbation theory as:

wn(E) = (
2π

�
)|M |2ρn(E) (2.61)

where M is the transition matrix element and ρn(E) is the density of exciton

states. With a clear understanding the decay probability can be written as:

w =
ν σ(ν)

Ω
(2.62)

Also we can writte:

|M |2 = (�νσ(ν)/2πρn(E))

Ω
(2.63)

Then the density of exciton state with the limitation that the exciton is in

continuum with the energy E and E + dE as:

ρn−1(U) =
4π p2 dp dΩ

(2π�)3 dE
(2.64)

If the equation 2.64 is substituted for ρn(E) in equation 2.61, and also use

equation 2.63, then
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wn(E)dE =
mEσinv(E)

π2�3

ρn−1(U)
ρn(E)

dE (2.65)

where m is the reduced mass of the ejectile, E is the channel energy and

σinv(E) is the inverse cross-section. ρn−1(U) and ρn(E) are the level density of

the residual nucleus and composite state (particle and hole) respectively.

Then it can be generalizing the equation 2.61 by considering the number

of emitted particle with ν nucleons, hence the ρn−1(U) can be substituted by

ρn−ν(U)= ρn′(U). And also the equation 2.61 multiplied with the spin degener-

acy of the emitted particle, i.e. (2S + 1). Then it can be recognized that the

λnc (E) have the same meaning as the wn(E). Thus the general expression for the

emission rate is,

λnc (E) =
ρn′(U)

ρn(E)
X
(2S + 1) m ε σin (ε))

π2 �3
(2.66)

where n′ is the excitation number after ν nucleon emission, so n′ = n− v and

U is the residual excitation energy given as U = E − B − ε. Then it possible to

calculate the pre-equilibrium cross-section using equation 2.58.

ii) Using the Fermi’s transition rate rule, the expression for the λn+, λ
n
−, λ

n
o as

follows:

λn+ =
2π

�

∣∣∣M+

∣∣∣2ρn+2

λn− =
2π

�

∣∣∣M−
∣∣∣2ρn−2

λn0 =
2π

�

∣∣∣M0

∣∣∣2ρ0
(2.67)

where
∣∣∣M0

∣∣∣,
∣∣∣M+

∣∣∣,
∣∣∣M−

∣∣∣ are the respective transition element in matrix form

and ρn+2, ρn−2 and ρ0 are the level densities of the state corresponding to the

n+ 2, n− 2 and n exciton state respectively.
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2.1.14 The Hybrid Model

This model is the combination of the Harp-Miller-Berne (HMB) Model and exci-

ton model. The modified form of this model called Geometry Dependent-Hybrid

(GDH)[40] model, by considering the surface effect.

So, according to this model the emission cross-section for the nucleons proton

and neutron as:

σP E Q(E) = σa b s

∑
n=n0

Δn=±2,0

DnP
x
n (E) (2.68)

The above equation is in identical with the exciton model, but the only

difference is the evaluation of the function pxn and it is of the form:

pxn(E) dE = fx
n

[gρn−1 (U) dE

ρn (Ec)

] λnx(E)

λnt + λnx(E)
(2.69)

where fx
n denoted the number of x type of exciton in the n exciton state, λnx(E)

is the emission rate. The ratio gρn−1 (U) dE/ρn (Ec) gives the probability of the

number of excitons in a particular state and gρn−1 (U) dE is represented as the

level density available to the outgoing particle.

Also, the emission rate in the above equation can be described as:

λnx =
σinv v pc
gv V

(2.70)

Here σinv is the inverse cross-section, v is the velocity of the particle, gv is the

single-particle density and V is the volume canceled by the same value in ρc. In

this gv is made geometry-dependent and is expressed in semi-empirical format

as:

gv = gv(R) =
[ 40

V (r)

] A

28
(2.71)
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where V(r) is a nuclear potential and can be expressed as:

V (r) = 40
[< d (R) >

d̄

] 2
3
MeV (2.72)

where 40 MeV is the potential depth in the center of the nucleus and d(R) is the

nuclear density factor. Thus introduce the geometry-dependent factor.

2.1.15 Multi-step Direct (M.S.D) and Multi-step Com-

pound (M.S.C) Model

This model was developed by Feshbach,Kerman and Koonin[22] (FKK) and has

been extended by Kalbach[23] for the pre-equilibrium reaction mechanism. The

counting of levels and particles are done through the quantum mechanical anal-

ysis. In this model, the initial stages are developed by considering the excita-

tion process by two-body interactions. The theory behind the Multi-step Direct

(M.S.D) model is, that at every excitation there should be at least one particle in

the continuum and so there is a finite probability of particle emission per stage.

Obviously, the M.S.D model works only in the first few interactions only when

the particle just enters the nucleus. The particle momentum is in the direction

of the projectile and hence it is peaked in the forward direction.

After a few number of two-body interactions the complete sharing of its

energy and momentum has taken place, the excited number of particles will be

higher, but the energy per particle is small. Also, at this stage there is no particle

in the continuum, but the statistical fluctuation in energy will provide a particle

in the continuum. Hence the direction of emission will be either isotropic or

symmetric about 90. This corresponds to the Multi-step Compound (M.S.C)

nucleus formation, where there is an equilibrium in energy sharing has taken

place but the energy per particle in each state is less. In this way this theory of

pre-equilibrium explained the energy sharing process through two non interacting

chains called P-chain (At least one particle is in the continuum) and Q-chain (All

the particles are in the bound state). Hence, after the initial two-body interaction

the reaction may proceed through either of the p-chain or Q-chain path.
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With all the above consideration, one can get the cross-section as:

σPEQ = σMSD (E) + σMSC (E) (2.73)

The above equation assumes that there is no interference between the two

methods. The values of σMSD (E)andσMSC (E) are calculated using the quantum

mechanical FKK model. The quantum mechanical calculation based on the

exciton model gives σPEQ(E) from the following given equation:

σPEQ = σabs
∑
n=n0

Δn=±2,0

Dn λ
n
c (E) TU(p, h)

= σabs
∑

Dn Pn(E)

(2.74)

where pn(E) expressed as in exciton model as:

Pn(E) = λnc (E) TU(p, h) (2.75)

In the above equation both the Dn and λnc have the same functioning as in

the exciton model, though the calculations are in different. Tu(p,h) is expressed

as:

Tu(p, h) =
1

λn+ + λn− + λn0 +
∫
dE λnc (E)

(2.76)

Physically the above equation corresponds to the mean life of the n-exciton

state with p particle and h holes. While calculating Dn we have to account

the P-chain and Q-chain interaction. Therefore to calculate Dn, we replace it

by S(p,h), which represent the probability of reaching n-states with a different

configuration of p and h. Because P-chain and Q-chain have different S values,

it is expressed as:
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Dn = SU(p, h) + Sb(p, h) (2.77)

where SU(p, h) is the probability of having at least one particle in the con-

tinuum directly through the P-chain or due to statistical fluctuation from the

Q-chain and Sb(p, h) represent the probability of all the particle in the bound

state, which doesn’t lead to emissions. Similarly, λnc (E) is replaced by λUc (E).

Then in the λUc (E) calculation the level density of all the bound and unbound

state ρn(Ec) is replaced with the level density of all unbound states ρv(p, h, Ec)

and expressed as:

λUc (p, h) =
ρ(p− v :;h, U)

ρU(p, h, Ec)
(2.78)

Then the equation 2.75 is replaced with:

σPEQ = σabs

p̄∑
p=p0

SU (p, h) TU(p, h) λ
U
c (p, h, E) (2.79)

where the summation is now over particle p, with p̄ as the number of excited

particle in the compound state.

Then one can calculate σMSD and σMSC obtained from the equation 2.80

and 2.74. The value of σMSD can be calculated in a similar manner with the

replacement of SU(p, h) by Sd(p, h), which is the probability for the formation of

(p,h) configuration with at least one particle in the continuum. It ensures the

system is always in the P-chain prior to the emission and finally contribute to

MSD. Then

σMSD = σabs

p̄∑
p=p0

Sd (p, h) TU(p, h) λ
U
c (p, h, E) (2.80)
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The quantities SU(p, h), Sd(p, h), TU(p, h)and ρU(p, h, E) have been calculated

quantum mechanically by Kalbach[23].

2.2 Nuclear Reaction Codes

To validate the data and test the predictive power of the nuclear theories, sta-

tistical nuclear reaction models are developed. Computer codes are developed

corresponding to specific models. The nuclear reaction computer code with spe-

cific nuclear reaction models are used for generating nuclear reaction data and

nuclear data analysis. In the present work, theoretical analysis have been done

using two independent statistical nuclear reaction computer codes EMPIRE-

3.2[24] and TALYS-1.8[25]. It is to be noted that in order to derive unique

behaviour of the nucleus and the reactions, analysis has been done using single

parameter set for all the reactions over the entire energy range of measurement.

2.3 TALYS 1.8

The TALYS-1.8 nuclear reaction program can provide a complete prediction and

simulation of nuclear reactions. It simulates reactions that includes neutron,

proton, photon, deuteron, triton, hellium and alpha particles, in the energy

region of 1 keV to 200 MeV, by using all the reliable nuclear models. TALYS have

two important purposes; First of all, it used as a nuclear physics meachanism to

compare nuclear reaction models with experimental result and secondly, nuclear

data prediction where no experimental data exists.

The parameter of the nuclear structure and models are executed through an

inherent reference library of the Reference Input Parameter Library (RIPL). The

predictions are based on the pure theoretical analysis of which the direct reaction,

compound nuclear reaction and pre-equilibrium reaction meachanism models.

The models utilized are the Hauser-Feshbach model[26] with the width fluctua-

tion correction (WFC) formalism for the compound nuclear reaction mechanism.

The level densities performs one of the fundamental factor of nuclear reaction

cross-section calculations. One of the major characteristic properties of nucle-
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aus/nuclear reaction is dependence of level density with the excitation function.

There are different level density models derived from phenomenological analyti-

cal function or from microscopic models explained in detail in the above section.

The Gilbert-Cameron model is used as default level density model in this work.

The optical model is used for the analysis of the direct reaction mechanism.

The optical model calculation are performed by the coupled channel code ECIS-

97[27] for deformed nuclei and Distorted Wave Born Approximation for spherical

nuclei. The optical model potentials (OMP) of Koning and Delaroche[28] for

transmission of both neutron and proton. The pre-equilibrium reaction is ana-

lyzed using classical exciton model and a powerful phenomenological method by

Kalbach[29]. In the exciton model, the default two-component model is consid-

ered in the present analysis. Thus the net, pre-equilibrium cross-section for the

present reactions are given by the sum of exciton model, nucleon transfer and

knock-out reaction contribution. For the different projectile and ejectile particle

numbers, the reaction mechanism like, stripping, knock-out and pick-up plays a

significant role and it is deal in TALYS with the powerfull model by kalbach[34]

which predict in much better for the complex particle cross-section. There are

varieties of phenomenological and microscopic level density models[30], of which

the Fermi gas model with constant temperature approach[31] is employed in

the present case. The TALYS input file have been taken in a right way during

the calculations, which includes the following parameters: The essential inputs

like the atomic number, mass number, incident energy or energies, different reac-

tion mechanism (direct, compound or pre-equilibrium) and different level density

model, various exit channels.

2.4 EMPIRE-3.2

The code EMPIRE3.2 is a nuclear reaction computer code, comprising various

nuclear models, designed and developed for calculations in the energy ranges from

1 keV to few hundred of MeV for different projectile particles[21]. The incident

particle can be any of the light ions (eg: photon, proton, ... upto alpha) or the
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heavy ion. This code accounts for all the major nuclear reaction mechanisms, like

direct reaction, compound reaction and pre-equilibrium reaction. Each reaction

mechanisms are well deffined by the different nuclear reaction models, such as

optical model, Hauser-Feshbach model, Multi-step Direct, NVWY Multi-step

Compound and exciton model. Some of the models have been well explained in

the above section.

The code EMPIRE makes use of the Hauser-Feshbach model for statistical

part of the nuclear reaction. The Hauser-Feshbach performance involves different

gamma-ray cascade, multi-particle emission, various gamma-ray strength func-

tion including different level density approaches. EMPIRE-specific level den-

sities are described by several models. Presently Fermi gas model with con-

stant temperature[17] is taken for the calculation. At below 5 MeV incident

energies the HF model with width fluctuation correction formalism (HRTW

formalism[10, 11]) account the correlation of the channels. The Hauser-Feshbach

model explicitly takes into account the conservation of spin and parity of each

partial wave in each stage of de-excitation. Hence the model helps to evaluate

the population of isomeric states and to determine the isomeric cross-section ra-

tio. The pre-equilibrium part of the reaction is carried out with different PE

modules, that are used to serve the emission of particle or gamma’s before the

attainment of equilibrium. The exciton model formalisms (DEGAS or PCROSS)

for the classical approach and NVWY model[13] based on MSD, MSC[14] (Multi-

Step Direct, Multi-Step Compound) approach for pre-equilibrium mechanism in

the quantum mechanical regim. The selection will be done on the order of pref-

erence in the input lines. The exciton model can be enabled using mean-free

path parameter, can be chosen from 1.02 to 2. However, in the present case,

MFP=1.5 is found to better reproduce the experimental data over the measured

range[10]. The direct reaction contribution can be accumulated using the opti-

cal model. Depending on the nature of target, the calculation can be proceed

with the distorted-wave Born approximation for spherical nuclei (Spherical op-

tical model) or the coupled-channels model for the deformed nuclei (deformed
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optical model). The particle transmission coefficients were generated via the

optical model of Koning and Delaroche[15] for neutrons and protons, and also

McFadden and Satchler[16] for alpha particles.

Further, an exhaustive library of input parameters RIPL (Reference input

Parameter Library) covers various inputs, such as nuclear masses, gamma ray

strength functions, optical model parameters, discrete levels and decay schemes,

ground state deformations, level densities, moments of inertia and fission barriers

etc. The results produced in the ENDF format is internationally accepted format

for nuclear reaction data. The comparative plots with the experimental data from

EXFOR can also produce using this code.

2.5 Nuclear Data Libraries

The evaluated proton cross-section data serve as the backbone of data for nuclear

applications. The interested incident energy covers an extremely large energy

range. There is no simple way to interpret the physics of proton interacting

with atomic nuclei throughout this broad range of energies and different nuclei.

comparatively, nuclear physics uses different ways and many distict models to

discuss underlying physics. The published peer-reviewed experimental data and

different theoretical results on proton-nuclear reactions are compiled by several

nuclear data agencies worldwide.

The experimental nuclear reaction database, such as EXFOR (Experimental

Nuclear Reaction Data)[35] keep experimental nuclear reaction data and their

bibliographic information, as well as the information about the authors, institu-

ite and the detaile measurements and analysis in a compressed way. The history

(e.g., whom the data is compiled and the last update dates), and the status (e.g.,

the common deatils of the experiment, the source of the data) of the data set is

also included in this format. Sometimes a huge amount of data may be incon-

sistent and is to be evaluated before they can be used - for example - in medical

purposes and in reactor physics calculations. Such kind of assessment consists

in the judgment and comparison of experimental data, validation, evaluation
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of the systematic errors and statistical errors, checking for internal consistency

and uniformity with standard proton cross-sections,etc. At the end the process

adopted values, obtained by appropriate averaging procedure, are borrowed. The

author often compare experimentally measured cross-sections with the nuclear

model calculated data (with EMPIRE [24] or TALYS [25]) in favour of a single

complete data set. Due to the enormous number of different variables included

in the evaluation process, it includes the arbitrary experimental data and of the

nuclear model parameters, several different evaluated data files are compiled and

managed in worldwide.

The important general purpose libraries are managed by the following li-

braries (and their countries)

I) Evaluated Nuclear Data File (updated in December 2011) (ENDF/B-VII.1)

[36]- USA.

II) Joint Evaluated Fission and Fusion Library. The updated version (JEFF-

3.1.2)[37] is released in February 2012. - Europe.

III) Japanese Evaluated Nuclear Data Library (JENDL4.0), updated version is

released in May 2010 [38]. - Japan.

IV) China Evaluated Nuclear Data Library (CENDL-3.1), released in 2009 [39].-

China.

40



Bibliography

[1] Friedlander, G., Kennedy, J.W., Macias, E.S., and Miller, J.M.Nuclear

Reactions. Nuclear and Radiochemistry, A willey- Interscience Publica-

tion,John Willey and Sons, 1981.

[2] Arthur Beiser: Perspective of Modern physics, McGraw-Hill Book, New

york-1969.

[3] S.B. Patel An introduction to Nuclear physics (1991 ), University of Bombay,

John Wiely, New Delihi, India.

[4] S.T.Buttler:Phy.Rev.80,1095(1950); Nature 166, 709 (1950); Proceedings of

Roy.Society (London) 208A, (1951)559.

[5] N.Bohr, Nature,137(1936)344.

[6] S.N Ghosal, Phys.Rev.80(1950)939

[7] K.Chen, G.Friedlander, G.D Harp, J.M.Miller : Phys.Rev.166(1966)949

[8] H. Ejiri et al., Nucl. Phys. A 305 (1978) 167.

[9] V. F. Weisskopf and D. H. Ewing, Phys. Rev., 57(1940)472.

[10] H.M.Hotmann, J.Richert, J.W.Tepel, and H.A.Weidenmuller, Ann Phys

90(1975)403

[11] H.M.Hotmann, T.Mertelmeier, M. Hermann and J.W.Tepel, Z .Physik A

297(1980)153

41



[12] H. A. Bethe, Rev. Mod. Phys. 9(1937)69.

[13] A.J. Koning, S. Hilaire, M.C. Duijvestijn, AIP Conf. Proc. 769 (2005) 1154.

[14] A.J. Koning, M.C. Duijvestijn, A global pre-equilibrium analysis from 7 to

200 MeV based on the optical model potential, Nucl. Phys. A 744 (2004)

15.

[15] J. Ernst, W. Friedland and H. Stockhorst, Z. Physik., A328(1987)333.

[16] H.Feshbach, C.Porter and V.F Weisskopf., Phy.Rev.96,448(1954)

[17] H.S.Hans and S.C.Snowdon., Phy.Rev.108,1028(1957)

[18] R.D.Woods and O.S.saxon:Phy. Rev. 95, 577 (1954)

[19] J. J. Griffin, Phys. Rev. Lett., 17(1966)478.

[20] T.Ericson:Advances in physics,25 (1960).

[21] M.Blann: Annual Reviews of Nuclear Sciences V.25,123 (1975).

[22] H.Feshbach, A.kerman and S.Koonin:Annls Physics, (N.Y), 125, 429 (1980)

[23] C.Kalbach: Phy. Rev.C23, 124 (1981); Phy. Rev.C24, 819 (1981); Phy.

Rev.C37, 2350 (1988)

[24] M. Herman, R. Capote, M. Sin, A. Trkov, B.V. Carlson, P. Oblozinsk y,

C.M. Mattoon, H. Wienke, S. Hoblit, Young-Sik Cho, G.P.A. Nobre, V.A.

Plujko and V. Zerkin, EMPIRE-3.2 Malta- modular system for nuclear re-

action calculations and nuclear data evaluation, INDC(NDS)-0603 BNL-

101378-2013.

[25] A.J. Koning, S. Hilaire, S. Goriely, TALYS-1.8, Nuclear Reaction Program,

Nuclear Data Section, IAEA, Vienna, December 26 2015.

[26] Hauser, W., Feshbach, H. The Inelastic Scattering of Neutrons. Phys. Rev.

87 (1952) 366-373.

42



[27] J. Raynal, Notes on ECIS94, CEA Saclay Report No. CEA-N-2772, (1994).

[28] A.J. Koning and J.P. Delaroche, Nucl. Phys. A713, 231 (2003).

[29] C. Kalbach, Phys. Rev. C 37, 2350 (1988).

[30] A.J.Koning, S.Hilaire and M.C.Duijvestijn, AIP Conf. Proceed-

ings.769(2005) 1154.

[31] A.J. Koning and M.C. Duijvestijn, A global pre-equilibrium analysis from

7 to 200 MeV based on the optical model potential, Nucl. Phys. A 744, 15

(2004)

[32] H. Feshbach, A. K. Kerman and S. Koonin, Ann. Phys (NY).,125(1980)429.

[33] H. Nishioka, J. M. Verbaarschot, H. A. Weidenmuller, and S. Yoshida,Ann.

Phys.,172(1986)67.

[34] Kalbach, C. Pre equilibrium reactions with complex particle channels.

Phys.Rev. C 71 (2005) 034606-34629.

[35] IAEA-EXFOR. Experimental Nuclear Reaction Data, Available online at:

http://www-nds.iaea.org/exfor

[36] Chadwick, M.B., Herman, M. ENDF/B-VII.1 Nuclear Data for Science and

Technology: Cross-sections, Covariances, Fission Product Yields and Decay

Data. Nuclear Data Sheets, 112 (2011) 2887-2996.

[37] Koning, A.J., et al. The JEFF evaluated data project, in Proc. of the Inter-

national Conf. on Nuclear Data for Science and Technology, Nice, 2007.

[38] Shibata, K., et al. JENDL-4.0: A New Library for Nuclear Science and

Engineering. J. Nucl. Sci. Technol. 48 (2011) 1-30.

[39] Tang, Y., Shi, Z.M., Yu, B.S., Chen, G.C. China Evaluated Nuclear Data

Library CENDL-3.1, 2009.

[40] M. Blann, Phys. Rev. Lett., 27(1971)337.

43



Chapter 3

Experimental Technique

3.1 Introduction

The aim of modeling of nuclear reactions is to get knowledge on the

properties of the nucleus. To check the validity of any of the theoretical predic-

tion it is needed to have extensive data of different parameters through different

experimental techniques. The nuclear reaction is carried out by an accelerated

projectile beam hitting on a target nucleus. The reaction residue can be identi-

fied online or offline measurement methods. In online measurement, the emitted

particles are detected by a spectroscopic setup placed on a particular angle from

the beam path to receive the outgoing particles at that angle exposing a small

solid angle subtended by the area of the detector. Similarly, the residual nucleus

produced in the nuclear reaction are identified by the detection of recoiled nucleus

using suitable detectors for each reaction channel. On the other hand, in the of-

fline analysis the reaction residue is identified by following the activities induced

in the sample. This is typically done by measuring the energy and intensities

of characteristic gamma rays. Thereby determining the residual nucleus quan-

titatively and qualitatively. However, in this technique it is limited to isotopes

having measurable half-life, typically of the order of a few minutes to a few years.

The off-line technique offers good selectivity, sensitivity and simplicity. Hence,

the method of activation analysis has been followed in the present measurement.
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In the present analysis stacked foil activation method[1] has been employed. In

order to get a strong basis, the interested nuclear data are taken from the avail-

able literature. In the present case, The experiment has been performed at the

Tata Institute of Fundamental Research (TIFR), Mumbai, India, using the 14UD

pelletron accelerator. The stacked foil activation technique has been employed.

The activities induced in each sample were exposed to a low background 100 cc

HPGe detector coupled to the ORTECs PC based multichannel analyzer at the

TIFR.

3.2 Pelletron Accelerator

The experiment has been performed at the Tata Institute of Fundamen-

tal Research (TIFR), Mumbai, India, using the 14UD pelletron accelerator. In

view of its installment, this has been used for the basic research in the nuclear,

atomic and material science fields as well as in the accelerator applications. The

TIFR has been functioning as a prime facility for light ion as well as heavy ion

accelerator-based research work in India. There are various researchers at the

application level using this facility at present. Accelerator is the vital part in the

nuclear physics research work. A brief description of the accelerator is given:

The charged particle source is placed at the top of the tower. The different

beams provided by the ion sources are: (i) direct extraction duo plasmatron

(DEDP), (ii) rf source and (iii) SNICS (source of negative ions with Cs sputter-

ing). The cesium sputtering source generates negative ions, which is accelerated

in lower energies (150- 250 keV) for a small region. It is then bent through 900

vertical accelerating region using an injector magnet. As of the first stage, the

negative ion is accelerated due to the electrostatic attraction of the high voltage

at the center of the vertical tower. The high voltage is developed at the terminal

is due to the chain of steel pellet and hence it named as pelletron accelerator.

Secondly, the negative ion acquire a high positive charge by releasing an electron

while passing it through the carbon foil or a very small volume of the gas in

the terminal. The average charge depends on the ions and the terminal voltage.
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Figure 3.1: The pelletron beam hall

Then the high energy positive terminal voltage will act as a repulsive force on

the positive ion to accelerate either to the pelletron area or to the LINAC are

using two-way analysing magnet. The analysed beam is then directed to one of

the beamline in the pelletron experimental hall. The energy (E) of the analysed

ion is related to the magnetic field (B) of the analysing magnet given as:

B(Gauss) = 720.76

√
AE(MeV )

n
(3.1)

Where A is the mass of the analyzed ion and n is the charge state.

Thus the final energy of the ion of charge state n is (n + 1)VT , Where VT is

the terminal voltage (the maximum voltage for this accelerator is 14MV)

3.3 Target

To perform a nuclear experiment a thin, isotropic target is a major and de-

manding requirement. Various techniques such as vacuum evaporation, electro-

deposition, rolling, etc. are employed to prepare isotopic targets for experi-
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ments. In the present experiment, the rolling method is used and is performed

at target laboratory of Bhabha Atomic Research Centre-Tata Institute of Funda-

mental Research (BARC-TIFR) Pelletron Facility, Mumbai. Generally Stainless

steel plates were used in rolling mill to avoid the contamination. The sam-

ples used in the present experiment are self-supported natural indium, cadmium

and aluminum foil as a degrader. A small square shape thin foil of dimension

10mm X 10mm was cut with a knife. The thickness of the target was calculated,

by measuring the weight and area of the square plate target. The thickness of

the natural indium metal foil was 13 mg/cm2 and the thickness of the natural

cadmium metal foil was 5 mg/cm2. The aluminum foils of 2.97 mg/cm2 mass

thickness was used as energy degrader. The samples are mounted on the ladder

as a stack.

3.4 Irradiation

The stacked foil activation method is used in the present study of

proton-induced reaction cross-section measurement. In this method, a number of

the target materials are placed in the form of a stack. Aluminium foil of suitable

thickness was inserted between the sample to have the desired energy falling on

each samples. Also, the foil is used as backing. In single irradiation, a large

number of target nucleus can be irradiated to different incident energies using

this method. In the present analysis, for cross-section and isomeric cross-section

measurement, stacks were irradiated for 1.28-hour long time, keeping in view the

half-lives of medical interested isotopes. The schematic diagram of the stack is

as follows and is given in figure 3.2.

The stacks were irradiated using a proton beam, of energy 22 MeV and an

average current of 23 nA using the Pelletron accelerator, Mumbai (India). The

incident energy reported is the mean energy falling on each sample accounting for

the mean energy loss over the sample and the energy degradation in the samples

and the other degrading foils in the stack. Energy degradation was calculated

using the simulation code SRIM[2, 3]. The beam current was monitored contin-
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Figure 3.2: Typical sample arrangement in stacked foil activation technique

uously through a current integrator connected to the Faraday cup kept behind

the target stack. Thus, the mean energies incident on each sample were 21.96,

21.82, 17.89, 17.68, 12.89, 12.68, 8.89 and 8.61 MeV. The error indicated in the

table for energy is the sum of the inherent uncertainty in the beam energy and

the energy spread in the thickness of the sample as well as aluminum degraders.

3.5 Detector

The Radiation detectors perform a vital role in any of the experimental

nuclear reaction procedures. They are the necessary requirement to detect and

characterize the qualities of radiations ejected in nuclear reactions. The funda-

mental requirement for any of the detectors is its high detection efficiency and

a fine energy resolution. The field of radiation detector design, fabrication, the

data processing technique, recording technique and the analysing method is ex-
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panding and has advanced very quickly. In the stacked foil activation method,

two techniques are used to analyse the irradiated targets. One is the 1) Beta

counting method and the other is 2) Gamma counting method. In the present

study, the activities induced in each sample were followed using a low background

100 cc HPGe detector coupled to the ORTECs PC based multichannel analyzer

at the TIFR, which is one of the semiconductor detectors with high energy res-

olution. A semiconductor detector is simply a highly doped p-n junction diode.

As we know, the semiconductor material germanium is selected for gamma-ray

spectroscopy, because of the higher atomic number (Z). The fact that the pho-

topeak efficiency varies as Z5. The depletion region in the p-n junction diode is

the active region of the detector.

Figure 3.3: The block diagram of gamma ray spectroscopy

A schematic diagram of gamma-ray spectroscopy is shown in Fig 3.3. It

consists of a detector, a pre-amplifier connected with the detector, high voltage
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power supply, an amplifier and a multichannel analyzer for storing and character-

izing the data.The first module in a detection processing block is a pre-amplifier

working as an intermediate between the detector and the signal processing elec-

tronics. The pre-amplifier helps to converts the ionisation charge produced in

the detector during the absorbed event to a step function output pulse and its

amplitude is proportional to the total charge developed in that event. The out-

put signal from the pre-amplifier is delivered to the amplifier. The amplifier is

not only used for the signal amplification but also used to shape the signal into

better spectroscopic performance. There should be an external high voltage for

the proper operation of the detector and is called bias supply. The output pulse

from the amplifier is fed to the multichannel analyzer (MCA). It is an instru-

ment to examine and determine each pulse to which category it should fit, that

is the number of counts in channels. Depending upon the type of MCA, the

number of channels is different, but the standard device rage from 1024 to 8192

channels. Finally, it is monitored in a PC. The geometry dependent efficiency of

the detector for various gamma energies at fixed geometry was determined using

standardized 152Eu point source, which was also used for the calibration of the

detector system.

3.6 Data Analysis

With the above detector, a typical gamma-ray spectrum of the acti-

vated indium sample irradiated with mean proton energy 21.8 MeV is shown in

figure 3.4. The activities of the following isotopes (produced in respective chan-

nels) 115mIn ((p,p)), 114mIn ((p,pn)), 113mIn((p,p),(p,3n)), 113Sn ((p,n),(p,3n))

and 111mCd ((p,nα)) have been identified from their characteristic gamma-rays.

Similarly, the typical portion of the gamma-ray spectrum of the activated cad-

mium sample is also shown in figure 3.5. For the sake of clarity, only the region

from 100 keV to 500 keV has been included in the plot. The activities of the

isotopes, 116m,115m,113m,112g,112m,111g,111m,110m,110g,109g In and 111m,105 Cd have been

identified from the characteristic gamma-ray spectrum.

50



100 150 200 250 300 350 400 450 500 550 600 650 700 750

0

200

400

600

800

1000

7
2

5
.2

4
 k

e
V

, 11
4m

In

5
5

8
.4

3
 k

e
V

, 11
4m

In

3
9

1
.6

9
8

 k
e

V
,11
3m

In
,1
1

3
S

n

3
3
6
.2

4
1
 k

e
V

,11
5m

In

2
5

5
.1

3
4

 k
e

V
,1
1

3
S

n

2
4

5
.4

3
1

 k
e

V
,11
1m

C
d

1
5

0
.8

2
5

 k
e

V
, 11

1m
C

d

C
o

u
n

t

Energy (keV)

Figure 3.4: Spectrum from Indium irradiated with 21.8 MeV proton.

3.7 Formulation

Let the target contains N0 number of nuclei irradiated with a beam of

flux (φ), then the number of activation is given by,

N = Noφσr (3.2)

Where σris the reaction cross-section of the nuclei. The irradiated sample

(radioactive) will decay the residual nuclei simultaneously. If suppose t1, t2, t3

are respectively the irradiation time, the cooling time and the counting time of

the sample. Then the induced activity during the time t1 is :

[
dN

dt

]
t

=
σrφN0{1− exp(−λt1)}

exp(λt2)
(3.3)
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Figure 3.5: Spectrum from Cadmium irradiated with 21.96 MeV proton.

Then, the number of nuclei decayed in t2 to (t2 + t3) is given by,

dN

dt
=
σrφN0{1− exp(−λt1)}{1− exp(−λt3)}

exp(λt2)
(3.4)

Where λ is the decay constant and t1/2 is the half-life of the residual nucleus.

If the activity is detected by a detector of geometry dependent efficiency Gε, then

the absolute counting rate C and the observed rate A are related as follows,

C =
A

(Gε)θK
(3.5)

where θ is the branching ratio of the gamma-ray and K is self-absorption

correction factor of the sample and is given by,
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E 115mIn 114mIn 115In(p, p2n)113mIn 113In(p, p)113mIn

MeV (mb) (mb) (mb) (mb)
8.61± 0.5 1.18± .1 - - 1.68± .3
12.68± 0.4 6.91± 0.7 1.2± 0.2 - 4.28± .43
17.68± 0.37 14.8±1.3 43.8±4.6 - 5.39± .5
21.82± 0.23 19.3±1.7 85.9±7.7 19.16±1.7 -

Table 3.1: Cross section for proton induced reaction on natIn forming
115m,114m,113mIn, residual nucleus

K =
[1− exp(μd)]

μd
(3.6)

where μ and d are the gamma-ray absorption coefficient and the thickness of

the sample respectively. Thus from the above equations, we get,

σr =
Aλexp(λt2)

N0φθKGε{1− exp(−λt1)}{1− exp(−λt3)} (3.7)

Where A represents the total number of activities counted under the corre-

sponding gamma peak, λ is the decay constant of the particular residual nucleus,

φ is the incident proton flux, N0 is the number of the target nuclear isotope per

unit area of the irradiated sample, Gε geometry dependent efficiency of the de-

tector for the given gamma-ray energy, θ is the branching ratio of the particular

gamma-ray, K is the self-absorption correction factor for the gamma-ray in the

sample and t1, t2, t3 are respectively the irradiation time, the cooling time and

the counting time of the sample.

Thus, the reaction cross-sections measured in the respective cases (proton

induced on indium and cadmium) for each incident energy are calculated and

are tabulated in tables 3.1, 3.2, 3.3 and 3.4.
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E 113In(p, n)113Sn 115In(p, 3n)113Sn 111mCd

MeV (mb) (mb) (mb)
8.61± 0.5 381± 40.4 - -
12.68± 0.4 415± 49.2 - 0.08± .007
17.68± 0.37 143±12.8 - 1.02±0.1
21.82± 0.23 - 171±15.4 3.9±0.4

Table 3.2: Cross section for proton induced reaction on natIn forming 113Sn
and 111mCd.

E 116Cd(p,n)# 116Cd(p,2n)# natCd(p,x) natCd(p,x)

(MeV) 116mIn 115mIn 113mIn 112gIn
(mb) (mb) (mb) (mb)

8.96± 0.5 132± 17.4 53.35± 4.9 102.73± 13.12 252.65± 33.7
12.95± 0.4 30.2± 3.86 149.8± 13.18 150.58± 16.37 448± 59.09
17.89± 0.4 24.54± 2.3 235.64± 18.85 174.46± 16.66 91.34± 11.9
21.96± 0.2 20± 2.2 180.5± 13.52 145.58± 13.03 89.01± 9.57

Table 3.3: Cumulative reaction cross-section in (mb) for the ground and isomeric
state of the specific residual nucleus 116m,115m,113m,112gIn. # Cross-section for
the specific reaction channel for the 116m,115mIn residual nucleus without mixing
channels.

E natCd(p,x) natCd(p,x) natCd(p,x) natCd(p,x)

(MeV) 112mIn 111gIn 111mIn 110gIn
(mb) (mb) (mb) (mb)

8.96± 0.5 70.83± 8.4 243± 26.7 186± 26.8 29± 3.5
12.95± 0.4 526± 57.23 308± 27.7 241.01± 31.3 42± 3.8
17.89± 0.4 256.29± 24.23 408± 28.5 220± 29 486± 43.2
21.96± 0.2 311.92± 27.67 699± 47.46 197± 23.68 617± 54.3

Table 3.4: Cumulative reaction cross-section in (mb) for the ground and
isomeric state of the specific residual nucleus 112m,111g,111m,110gIn.

54



E natCd(p,x) natCd(p,x) 106Cd(p,pn)# natCd(p,x)

(MeV) 110mIn 109gIn 105Cd 111mCd
(mb) (mb) (mb) (mb)

8.96± 0.5 205± 24.4 9± 1.3 - 4± 0.5
12.95± 0.4 613± 54.5 88± 8.7 10± 1.3 15± 1.9
17.89± 0.4 1230± 110.7 698± 76.8 665± 79.8 57.8± 7
21.96± 0.2 1110± 109.9 1052± 95 949± 116.5 102± 10

Table 3.5: Cumulative reaction cross-section in (mb) for the specific residual
nucleus 110m,109gIn and 105,111mCd. # Cross-section for the specific reaction
channel for the 105In residual nucleus without mixing channels.

3.8 Detailed error analysis

The uncertainty mentioned in the measured cross-section is the sum of

both the statistical and systematic errors. The systematic errors may be due to

the following factors (a) non-uniform deposition of the target material, (b) beam

current fluctuation, (c) statistical uncertainty in the gamma counting, (d) gamma

spectrometer efficiency, (e) loss of beam intensity due to the passage through the

target stack materials, (f) dead time loss etc. A detailed error analysis of a

similar measurement is given in reference[4].

1. The error in the number of target nuclei: The error in the number of target

nuclei may occur due to the imperfect measurement of thickness and due

to the erratic deposition of the target material. The thickness of the target

was calculated by measuring the weight using an electronic balance and

the area of the target. The average error measured in the present samples

is expected to be ≈ 3%

2. The error due to the beam current fluctuation: During the long run of

the proton beam, the beam current fluctuates slightly which results in the

deviation of incident flux. The necessary arrangements have been done

to make the beam current constant. However there is slight change in

the beam current noted during the run time, the flux has calculated in

individual duration of fluctuation. The changing flux was used in the cross-
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section measurement. With the above consideration, the error due to the

varying flux is approximately 2%.

3. Statistical uncertainty in the gamma counting: This error may arise due

to the uncertainty in the efficiency of the gamma-ray spectroscopy. The

uncertainty in gamma counting was minimised by assembling a large num-

ber of counts for comparatively large time ≈ 3600 sec. This error may be

due to the solid angle effect of the sample. Thus the overall uncertainty in

gamma counting in the present analysis is to be 0.5%.

4. Dead time loss: The dead time loss arises due to the imperfect placing of

the sample and the detector. In the present measurement, it is suitably

adjusted and the whole error is found to be > 1%.

5. Loss of beam intensity due to the passage through the target stack mate-

rials: During the irradiation of the sample stack, the beam passes through

the thickness of the sample material and the beam intensity may decrease.

This varying intensity may introduce certain uncertainty, and it is around

0.9%

Apart from the above uncertainty, the error from the decay constant, branch-

ing ratio has been taken from the IAEA isotope browser and from the table of

isotopes.
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Chapter 4

Result and Discussion

4.1 Proton irradiation on natural indium

In this section, the analysis of the experimental cross-section data of

proton induced on natural indium reaction is being discussed. The reaction cross-

section produced via different channels 115In(p, p)115mIn, 115In(p, pn)114mIn,

115In(p, p2n)113mIn, 113In(p, p)113mIn, 115In(p, 3n)113Sn, 113In(p, n)113Sn and

115In(p, nα)111mCd have been measured, at incident proton energies from 8.61

to 21.82 MeV. The cross sections calculated for the above isomers are tabulated

in Table 3.1 & 3.2. The data are analyzed using the statistical model code

EMPIRE[1] and TALYS[2] having an optimized parameter set. The data are

compared with the data available in the literature[3][4] and are plotted through

figures 4.1-4.9 as a function of proton energy. The nuclear decay data such as

energy, spin and parity, half-lives and decay modes for the above nuclei are tabu-

lated in Table 4.1. The calculation of isomeric cross section ratio has been carried

out in respective cases. Each case has been analyzed in detail in the following

section.

4.1.1 115In(p, p)115mIn Reaction

Figure 4.1 shows the experimental cross-section data for the formation of

metastable state ( 4.486h) of 115mIn along with theoretical calculation and avail-
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Nuclide Half life Ground state Metastable state Eγ Iγ

Spin/Parity Spin/Parity (keV) (%)
115mIn 4.486 h 9/2+ 1/2- 336.24 45.8
114mIn 49.51 d 1+ 5+ 190.27 15.56

558.43 3.2
725.24 3.2

113mIn 99.476 min 9/2+ 1/2- 391.698 64.94
111mCd 48.50 min 1/2+ 11/2- 150.825 29.1

245.395 94
113Sn 115.09 d 1/2+ 7/2+ 225.134 2.11

391.698 64.97

Table 4.1: Decay characteristic of the investigated reaction product.[5]
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Figure 4.1: Experimentally measured and theoretically calculated excitation
functions for the reaction 115In(p, p)115mIn.

able literature data at various incident energies. The ICR calculated for this

reaction is plotted in fig 4.2. In this case both the theoretical value and mea-

surement of F.Tarkanyi and Al Abyed[3][4] matches with present data. Lower

energy point shows a slight discrepancy in all the cases, where the theoretical
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calculations slightly underestimate the measured data. The ground state of this

isotope is a stable state and hence the cross section for the ground state pop-

ulation could not be measured. Hence, for the sake of completeness, the total

production cross section is also plotted for the case of 115In (Ground + Isomeric)

using TALYS and EMPIRE. Both the codes give an identical representation of

cross-section.
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Figure 4.2: Theoretical isomeric cross section ratios for the isomeric pair 115mIn
produced through different reactions 115In(p, p)115mIn and 116Cd(p, 2n)115mIn are
plotted as a function of the incident proton energy.

In the case of isomeric cross-section measurement, the ICR shows more or less

constant relative population of about ≈ 20% to isomeric state (I=1/2+) and ≈
80% ground state(I=9/2+) favouring population of the high spin state for energy

above 10 MeV. Higher spin state population increases very slightly with energy.

In order to see the effect of multiparticle emission, the ICR for the same nucleus

is calculated, as a typical case, for (p,2n) channel. It is found to be decreasing

steadily from 0.42 at ≈ 10 MeV to around 15% for energy above 22 MeV. This
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indicates that multiparticle emission has a critical command on spin distribution

as well as the population states. Considering the nature of prediction of models,

there is a slight discrepancy in the predictions of TALYS and EMPIRE models.

The code EMPIRE predicts a slight enhancement of isomeric state with energy

in the beginning and gradual favouring of high spin state with incident energy.

4.1.2 115In(p, pn)114mIn Reaction

The excitation function measured and calculated, using TALYS and EMPIRE,

for the reaction 115In(p, pn)114mIn are shown in figure 4.3 along with literature

data[3][4]. 114mIn nucleus may be produced through two different reaction chan-

nels viz (p,d) and (p,pn) with threshold energies 6.8 MeV and 9.11 MeV. The

cross-section is comparable in the lower energy region for both the channels,

whereas in the higher energy region,(p,pn) channel contribution is 10 times larger

than the (p,d) cross-section. The code TALYS1.8 provides distinct data for both

the channels. Whereas code EMPIRE does not separate out them. Since the

present case employs activation technique, it is not possible to separate out the

two-channel experimentally. Hence (p,d) cross-section and (p,np) cross-section

could not be analysed separately. However the entire production for this isotope

is considered to be (p,pn) and (p,d) channels and the analysis has been done

accordingly.

Also the radioisotope 114In has two metastable states with an energy of 190.3

keV(49.5d) and 502 keV (43.1ms). Isomeric state of 502 keV decays, with a half-

life of 43.1ms, to the isomeric state of 190.3 keV. In the present measurement,

gamma counting is done after 57 minutes, 502 keV meta-stable state has been

completely decayed to 190.3 keV meta-stable state. 114mIn(49.51d), which decay

to ground state with 96.7% IT. The ground state has the lifetime of 71.9 seconds.

Hence the measured isomeric population is the sum of the population of these

two isomeric states. The data reported by F.Tarkanyi et.al and the theoretical

value are in agreement with present data. Lower energy point shows the slight

discrepancy for the present measurement as well as literature data, where the
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Figure 4.3: Experimentally measured and theoretically calculated excitation
functions for the reaction 115In(p, pn)114mIn.

predicted data is slightly lower than the measured data. For the sake of com-

pleteness, the total production cross section is also plotted for the case of 114In

(Ground + Isomeric) using TALYS and EMPIRE. Both the code shows a similar

trend.

The isomeric cross-section ratio for 114mIn deduced from theoretical models

are plotted in figure 4.4. The ICR shows more or less steady population of ≈
75% isomeric state at 13 MeV (I=5+, t1/2 = 49.5d) and ≈ 25% for ground

state (I=1+) using TALYS and ≈ 60% and ≈ 40% respectively for EMPIRE

calculation favouring the high spin state. The ICR shows a slightly increasing

trend with energy for the population of the higher spin state. To see the effect of

single particle emission and multiparticle emission ICR are calculated for (p,n)

channel and (p,pn) channels. (p,n) channel shows a steady increase of ICR from

threshold up to 13 MeV and after that, it reaches more or less steady state (80%

high spin state). For (p,pn) emission ICR shows a steady state trend at about
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Figure 4.4: Theoretical isomeric cross section ratios for the isomeric pair 114mIn
produced through different reactions 115In(p, pn)114mIn and 116Cd(p, 3n)114mIn
are plotted as a function of the incident proton energy.

≈ 80% favouring high spin state, from the threshold itself. In this case, the

multiparticle emission is not found to reduce ICR in the case of TALYS whereas

it follows the general trend of reducing the higher spin population at higher state

for multiparticle emission.

4.1.3 natIn(p,x)113mIn, 113Sn

The isotope 113Sn may be formed through two different reactions 113In(p, n)113Sn

and 115In(p, 3n)113Sn with threshold energies 1.82 MeV and 18.133 MeV respec-

tively. It has one isomeric state with the half life 21.4 minute and the ground

state has the half-life of 115.09 days. The isomeric state decay to 113Sn with

91.7% IT-producing gamma ray of 77 keV(Ig=0.5) which could not be identi-

fied, separately, due to low energy as well as very low intensity. The ground

state will decay to In113m producing a characteristic gamma ray 391.7 keV and
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255 keV with branching ratio Ig= 64% and 2.11% respectively. Further 113mIn

is produced through the reactions 113In(p, p)113mIn in the lower energy region

and 115In(p, p2n)113mIn and 115In(p, nd)113mIn with threshold of 16.45 MeV &

14.2 MeV respectively in the higher energy region. As discussed in the previous

section (4.2), (p,nd) and (p,2np) cross-section have been calculated separately

using code TALYS1.8. In 20 MeV, (p,nd) reaction is significantly larger.
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Figure 4.5: Experimentally measured and theoretically calculated excitation
functions for the reaction 113In(p, n)113Sn, 115In(p, 3n)113Sn, 115In(p, p2n)113mIn
and 113In(p, p)113mIn.

However after 22 MeV (p,2np) channel supersedes the (p,nd) channel, even

up to 10 times, beyond 28 MeV. This indicates that the deuteron formed either

by pick up or deuteron as a cluster during the equilibration process withstands

disintegration even at higher excitation energies. 113mIn has one isomeric state

with half life 99.476 minutes and a stable ground state. The isomeric state decays

to 113In with 100% IT-producing a gamma ray of 391.7 keV. Hence the observed
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activity of 391.7 keV gamma will be the contribution from the production of

113mIn and 113m+gSn. The contribution from each can be distinguished with ref-

erence to the second gamma energy 255 keV (2.8%) of 113Sn. The corresponding

contribution of 113Sn in 391.7 keV gamma ray is separated out. The remaining

contribution is considered to be from 113mIn. Considering all the above factors,

excitation functions have been calculated experimentally and theoretically for

113m+gSn and 113mIn and are shown in figure 4.5 along with the literature data[3].

Calculations using TALYS and EMPIRE reproduce the present measured data

for both 113m+gSn and 113mIn. Using the theoretical analysis the contribution

from 113In(p,n) and 115(p,3n) for 113Sn and 113In(p,p) and 115In(p,p2n) for 113mIn

are separated and are plotted in fig 4.5.
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Figure 4.6: Theoretically calculated total excitation functions for the reaction
113In(p, n)113Sn, 115In(p, 3n)113Sn, 115In(p, p2n)113mIn and 113In(p, p)113mIn.

The previous measurement of M.M Musthafa et.al[6] has reported a slightly

higher cross section and this may be due to the fact that, the measurement has

been done from the activity of 391.7 keV alone and counted after two half-life
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of the 113mIn. Due to this, the contribution of 113mIn is not properly accounted

for in their measurement. Hence, it shows a small over prediction from the data.

By properly deducting the contribution of 113mIn the data is also in line with the

present measurement. Therefore the present data is better suited for preparing

evaluated data library.
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Figure 4.7: Theoretical isomeric cross section ratios for the isomeric pair
113mSn and 113mIn produced through different reactions 113In(p, n)113Sn,
115In(p, 3n)113Sn, 115In(p, p2n)113mIn and 113In(p, p)113mIn.

The data reported by F.Tarkanyi et.al shows a significantly lower, of more

than one order, in both the cases. However, the theoretical representa-

tion(TENDL) and experimental data differ significantly in their report[3]. This

may be due to the systematic error of the measurement and approximations men-

tioned. For the sake of completeness total excitation function for these reactions,

113In(p, n)113Sn, 115In(p, 3n)113Sn, 113In(p, p)113mIn and 115In(p, p2n)113mIn are

plotted in fig 4.6 using both the codes TALYS and EMPIRE. The ICR for this

two case have been calculated and are shown in fig 4.7.
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In the case of isomeric production of 113Sn through different channels, the

isomeric cross section ratio shows a steady population of ≈ 85% of isomeric

state(I=7/2+) and ≈ 15% ground state(I=1+) favouring the population of the

higher spin metastable state. A slightly higher population of the isomeric state

is seen in the case of single particle emission than multiparticle emission. This

indicates that multiparticle emission carries away larger angular momentum. In

the case of 113mIn nucleus production through different channels, the population

in the higher spin, ground state (I=9/2+) is favoured ≈ 85% than the low spin

metastable state(I=1/2+, T1/2=99.5 m) at 391.7 keV, here also multiparticle

emission slightly reduces the population of higher spin state. However, TALYS

calculations show a steady population of ICR with incident energy, whereas

EMPIRE calculation indicates that higher spin state is favoured as the incident

energy increases.
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Figure 4.8: Experimentally measured and theoretically calculated excitation
functions for the reaction 115In(p, nα)111mCd.
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4.1.4 115In(p, nα)111mCd Reaction

The nucleus 111mCd is produced through 115In(p,nα) reaction with a threshold

energy of 3.491 MeV. The isotope 111Cd has one isomeric state with a half-life of

48.5 minutes decays directly to its stable ground state by 100% IT. Being stable

state the cross section for the population of ground state could not be measured.

Hence the observed activity and the measured cross sections represent the pop-

ulation of the isomeric state (111mCd). Excitation function thus measured for

the reaction is plotted in fig.4.8 along with theoretical calculation and literature

data[3]. Both the theoretical data and literature data are in satisfactory agree-

ment with the present data. For the sake of completeness excitation function

for the total reaction cross section (111m+gCd) is also plotted in the same figure.

The isomeric cross section ratio calculated for this case is plotted in fig.4.9.
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Figure 4.9: Theoretical isomeric cross section ratios for the isomeric pair 111mCd
produced through different reactions 111Cd(p, p)111mCd and 115In(p, nα)111mCd
are plotted as a function of the incident proton energy.
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In the case of 111mCd isotope production, the isomeric cross section ratio

shows a population of≈ 60% of the isomeric state(I=11/2-)at energy 15 MeV and

≈ 40% ground state(I=1/2+) favouring the population of higher spin metastable

state with a small increasing trend with energy.
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4.2 Proton irradiation on natural Cadmium

In this section, the analysis of the excitation function for the proton

induced nuclear reaction on natural cadmium has been done. The isotopes pro-

duced via different reaction channels have been measured separatly at the inci-

dent energy ranges from 8.96 - 21.96 MeV and are analyzed with the statistical

nuclear reaction model codes EMPIRE-3.2[1] and TALYS-1.8[2]. The nuclear de-

cay data such as energy, spin and parity, half-life and decay modes for the above

nuclei are tabulated in Table 4.2[5] Many of the evaporation residues formed in

these reaction channels have isomeric states with half-life of a few minutes and

hours. Isomeric cross-section ratio are also calculated in such cases. The mea-

sured excitation functions for the reactions listed in table 3.3 and 3.4 and the

relevant isomeric cross-section ratios are plotted through figures 4.10-4.28 along

with theoretically calculated data with optimization of parameter sets for code

EMPIRE and TALYS. The literature data, wherever available are also plotted

in respective figures. In the case of isotopes produced from different channels,

due to the varying natural abundance of target isotopes the contribution for the

production of the desired isotopes and hence the observed intensities of gamma

rays, will be the sum of the contribution from each channel and is given as fol-

lows.The observed intensity of each gamma ray A = A1 + A2 + A3 + ... which

is proportional to σ1N1 + σ2N2 + σ3N3 + ..., where A is the observed total in-

tensity of the gamma ray, A1, A2, A3, etc are the intensities contributed from

channels 1,2,3,etc respectively to the total observed intensity, σ1, σ2, σ3, etc are

the cross-sections for the respective channel and N1, N2, N3, etc are the num-

ber of nuclei per unit area of the target isotope corresponding to the respective

channel. Hence, the contribution to the gamma ray intensity from each channel

is deduced accordingly from the known natural abundance of individual target

isotope and theoretically calculated cross-section for each channel at the respec-

tive energies. A detailed discussion of the individual cases has been done in the

following sections.
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Nuclide Half-life Ground state Metastable state Eγ Iγ

Spin/Parity Spin/Parity (keV) (%)
116mIn 54.29min 1+ 5+ 416.86 27.7

1097.33 56.2
1293.56 84.4

115mIn 4.49 h 9/2+ 1/2- 336.24 45.83
113mIn 99.476 min 9/2+ 1/2- 391.698 64.94
112gIn 14.88 min 1+ 4+ 617.52 1.0
112mIn 20.67 min 1+ 4+ 156.61 13.33
111gIn 2.80 d 9/2+ 1/2- 171.28 90.6

245.35 94.1
111mIn 7.7 min 9/2+ 1/2- 537 87
110gIn 4.9 h 7+ 2+ 641.68 25.9

657.76 98.3
884.69 92.9
937.50 68.4

110mIn 69.1 min 7+ 2+ 657.76 98
109gIn 4.2 h 9/2+ 1/2- 203.3 74.2

623.8 5.64
1148.5 4.67
426.3 4.05

111mCd 48.50 min 1/2+ 11/2- 150.825 29.1
245.395 94

105Cd 55.5 min 5/2+ 346.87 4.2
1302.46 4

Table 4.2: Decay characteristics of the investigated reaction products.[5]
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4.2.1 106Cd(p, pn)105Cd reaction cross-section
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Figure 4.10: Experimentally measured and theoretically predicted excitation
function for the 105Cd isotope.

FIG.4.10 shows the measured excitation function for the production of 105Cd

in the present experiment along with the theoretically calculated excitation func-

tions. This cross-section produced for the first time. The isotope 105Cd is pop-

ulated directly via two different reaction channels 106Cd(p,d), 106Cd(p,pn) with

threshold energies 8.727 MeV and 10.973 MeV respectively, and which cannot be

separated experimentally using activation method. The cross-sections for (p,d)

and (p,pn) channels, over the energies, have been calculated separatly using the

code TALYS and are also shown in the figure 4.10. It is to be noted that the

contribution from the (p,d) reaction channel is ≈ 100 times lower than the (p,pn)

reaction channel which is much below the experimental uncertainty. Hence, for

the sake of data tabulation, the measured cross-section is considered to be a

contribution from (p,pn) channel alone. The theoretical prediction of EMPIRE
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is lower estimating the data at lower energy. However, the code EMPIRE does

not calculate the production of (p,d) and (p,pn) channel separatly. Hence, for

the sake of completness, the total production cross-section is also plotted.

4.2.2 natCd(p, x)109gIn reaction cross-section

The isotope 109gIn has ground state half-life of (t1/2= 4.159 h) and two short-

lived isomeric states, 109m1In (t1/2= 1.34 m) and 109m2 (t1/2= 210 ms). These two

isomeric states decay to the ground state by 100% isomeric transition (IT). Thus

the measured cross-section, theoretically predicted data and literature data [7–

10] are shown in FIG.4.11. As the gamma-ray counting process has started after

57 minutes, the measured cross-section is considered as the total cross-section of

both the states have almost completely decayed to the ground state. Hence, the

ground state activity represents the total production of the 109In isotopes.

This isotopes can be formed through the competing different reaction chan-

nels 108Cd(p,γ), 110Cd(p,2n) and 111Cd(p,3n) with threshold energies 0 MeV,

12.82 MeV and 19.86 MeV respectively. Hence, the activity at 8.96 MeV is

purely contributed by (p,γ) channel. The measured cross-section at 12.95 MeV

and 17.89 MeV may have the contribution from both the (p,γ) and (p,2n) chan-

nels. In comparison with the TALYS calculation it is seen that the contribution

from (p,γ) channel is ≈ 0.2% in both the energies and still lesser at higher ener-

gies. This is, however, much less than the experimental uncertainty. Hence, the

observed yields at these points are considered to be from (p,2n) channel alone.

Hence the cross-section reported is the cross-section for 110Cd(p,2n)109gIn reac-

tion. At 21.96 MeV it has the contribution from (p,2n) and (p,3n) channels.

Calculation using TALYS shows that the observed yield has ≈ 80% contribution

from (p,2n) channel and ≈ 20% from (p,3n) channel. Hence, the contribution of

these two channels is deduced accordingly. The EMPIRE calculation in the case

of (p,γ) and (p,3n) are significantly lower estimating the data. And in the case

of (p,2n) it is significantly lesser at low energy, even by the best optimisation of

the parameters.
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Figure 4.11: Experimentally measured and theoretically predicted excitation
function for the 109In isotope.

The data reported by F.Tarkanyi et.al[7], M.U.Khandaker et.al[8]

F.M.Nortaire et.al[9] and S.M Kormali et.al[10] are found to be the total yield

(cumulative cross section) of particular residue since their data renormalized by

the abundance of natural cadmium for each reaction channels, agree with the

present measurement. The shape of the theoretical excitation function follows

well with the measured data.
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Figure 4.12: Experimentally measured and theoretically predicted excitation
function for the 110gIn isotope.

4.2.3 natCd(p, x)110g,110mIn reaction cross-section

The production cross-section for this reaction channel natCd(p, x)110g,110mIn is

very much interesting and at the same time very much complicated due to the

mixing of channels and decay gammas. The 110gIn and 110mIn can be produced

through the competing channels 110Cd(p,n), 111Cd(p,2n) and 112Cd(p,3n) with

threshold energies 4.703 MeV, 11.741 MeV, 21.219 MeV respectively. In both

the case of 110gIn and 110mIn , the yield at 8.96 MeV is purely from the 110Cd(p,n)

channel alone. The production cross-section at 12.95 MeV and 17.89 MeV may
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be the contribution from both the 110Cd(p,n), 111Cd(p,2n) reaction channels.

In the case of 110gIn, on comparison with the TALYS calculation, the observed

contribution has ≈ 72.5% contribution from (p,n) channel and ≈ 27.5% from

(p,2n) channel at 12.95 MeV. At 17.89 MeV, the observed yield has ≈ 83.6%

contribution from (p,2n) channel and ≈ 16.4% from (p,n) channel. Similarly, at

21.96 MeV it has the contribution from (p,2n) and (p,3n) channels. Calculation

using TALYS shows that the observed yield has ≈ 93% contribution from (p,2n)

channel and ≈ 7% from (p,3n) channel. For the 110mIn case, the observed contri-

bution has ≈ 86% from (p,n) channel and ≈ 14% from (p,2n) channel at 12.95

MeV. At 17.89 MeV, the observed yield has ≈ 91.3% contribution from (p,2n)

channel and ≈ 8.7% from (p,n) channel. Similarly, at 21.96 MeV the observed

yield has ≈ 96% contribution from (p,2n) channel and ≈ 4% from (p,3n) channel.

Hence, the contribution from each channel separated accordingly in all the cases.

The 110In isotope has two isomeric states with the ground state of half-life

4.9 hour and short-lived metastable state with a half-life 69.15 minute both

of which decay to stable 110Cd isotope by electron capture(EC)/ β+ emission.

Observed high intense gamma-ray of 657.76 keV (Iγ=98%) is the characteristic

gamma-ray of both the states. Further, the same is also a characteristic gamma-

ray of 110mAg which may be produced through 114Cd(p,αn) reaction channel.

Hence, the activity of 657.76 MeV is complicated and could not be used explicitly

for any of the channel. Thus, the production of 110gIn is calculated from the

other characteristic gamma-rays of energies 884.69 keV (Iγ=93%), 937.5 keV

(Iγ=68.4%) and 641.68 keV (Iγ=26%). Similarly, the production of 110mIn is

calculated from the characteristic gamma-rays of energies 2129 keV (Iγ=2.15%),

2211 keV (Iγ=1.74%) and 2317 keV (Iγ=1.28%) and the cross-section for 110mAg

is calculated using 677.62 keV (Iγ=10.7%) and 687 keV (Iγ=6.53%) gammas.

The experimental excitation function for the reaction natCd(p, x)110g,110mIn

thus calculated are plotted in FIG.4.12 and FIG.4.13 respectively along with

theoretical predictions and the available literature data[9, 11, 12]. From these

figures it is clear that both the theoretical predictions and the measured experi-
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Figure 4.13: Experimentally measured and theoretically predicted excitation
function for the 110mIn isotope.

mental data show a similar trend. In both the cases, the literature data[7–10, 13]

produces the cumulative cross section of the residue not the individual reaction

channel cross section. However, these literature data should be normalized to

compare with the present data.

Since the cross-section for both isomeric and ground state could be measured,

the isomeric cross-section ratio for the production of 110In is also calculated over

the energy range and is plotted in FIG 4.14. ICR is also calculated using TALYS

and EMPIRE, corresponding to the respective contributing channels, and are
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Figure 4.14: Experimentally measured and theoretically predicted isomeric cross-
section ratio for the 110In isotope.

plotted in the figure. The ICR shows the general decreasing trend with energy

up to 20 MeV and a steady nature beyond that for (p,n) channel. For (p,2n)

channel it shows a decreasing trend up to around 28 MeV and steady state after

that. This may be interpreted in terms of the relative spin and parity. In the

present case, the ground state has the spin of 7+ and the metastable state has

the spin of 2+. Hence, as the energy increases the trend of populating higher

state increases with increasing energy. The initial hike, in ICR, seen in the data

for (p,3n) channel, may be interpreted as follows. At the onset of the reaction

channel, the nucleus prefer to populate the ground state. The population to

the excited state increase with energy. On further increase of excitation energy,

larger angular momentum is transferred and the nucleus tends to occupy the
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higher spin state, till it reaches the steady state. This is in tune with our previous

observations[14, 15].

4.2.4 natCd(p, x)111g,111mIn reaction cross-section
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Figure 4.15: Experimentally measured and theoretically predicted excitation
function for the 111gIn isotope.

The radionuclide 111In has two isomeric states, the ground state (t1/2=2.8047

d, Jπ=(9/2)+) and the metastable state (t1/2=7.7 minute Jπ=(1/2)-), and is

an important isotope of medical interest. The ground state 111In has two decay
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Figure 4.16: Experimentally measured and theoretically predicted excitation
function for the 111mIn isotope.

gamma-rays of 171.29 keV (Ig=90.6%) and 245.35 keV (Ig=94.1%), of which

245.35 keV shows the mixing of 111mCd isotope. The contribution of 111gIn of

245.35 keV can be separated by considering the activity of 171.29 keV of 111gIn

nuclei. The radio isotope 111mIn (t1/2=7.7 minute) decay to the ground state with

100% IT, by emitting a single gamma-ray line of 537 keV. The major competing

channels to produce 111In are, 111Cd(p,n), 112Cd(p,2n) and 113Cd(p,3n) with

threshold energies 1.657 MeV, 11.135 MeV and 17.73 MeV respectively.

In both the 111gIn and 111mIn residual nucleus, the cross-section at the in-
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Figure 4.17: Experimentally measured and theoretically predicted isomeric cross-
section ratio for the 111In isotope.

cident energy 8.96 MeV is purely from the contribution of 111Cd(p,n) reaction

channel. At 12.95 MeV and 17.89 MeV the reaction cross-section may be the

contribution from both the (p,n) and (p,2n) reaction channels. Whereas, at

21.96 MeV may have the contribution from both the (p,2n) and (p,3n) channels.

Theoretical calculations with TALYS indicate that at 12.95 MeV both (p,n) and

(p,2n) channels have almost equal cross-section. Hence the observed intensity of

characteristic gamma-ray will have contributions in the ratio ≈13:24 from (p,n)

and (p,2n) channels corresponding to the abundances of 111Cd (12.8%) and 112Cd

(24.13%) respectively. In the case of 111gIn, at 17.89 MeV TALYS calculation

shows the gamma-ray intensity has a contribution of ≈5% from (p,n) channel

and at 21.96 MeV the (p,n) channel contribution is less than 4%. Whereas in the
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case of 111mIn residual nucleus at 17.89 MeV and 21.96 MeV, TALYS calculation

shows the gamma-ray intensity has a contribution of ≈4% and ≈4% from (p,n)

channel respectively. These are well below the limit of experimental uncertainty.

Hence the contribution from (p,n) channel at these two points are neglected.

Thus the measured cross-section at 17.89 MeV is considered to be purly from

the (p,2n) channel in both the 111gIn and 111mIn cases. In the case of 111gIn at

21.96 MeV, calculation using TALYS shows that the observed yield has ≈ 90%

contribution from (p,2n) channel and ≈ 10% from (p,3n) channel. Similarly, for

the 111mIn case, the observed contribution has ≈ 80% from (p,2n) channel and

≈ 20% from (p,3n) channel. Thus the contributions are separated accordingly.

The excitation function thus calculated for the reactions 111Cd(p, n)111gIn,

112Cd(p, 2n)111gIn and 113Cd(p, 3n)111gIn are plotted in FIG.4.15 and that for the

reaction 111Cd(p, n)111mIn, 112Cd(p, 2n)111mIn and 113Cd(p, 3n)111mIn are plotted

in FIG.4.16 along with the theoretical prediction and available literature data[7–

9, 13, 16, 17]. The data for the ground state cross-section are significantly lower

than the present data, particularly the data of F.S.Al-Saleh[13] is varying by

order of 2 at some points. However in the case of population of isomeric state,

the reported data by E.A skakun et.al[17] produced using enriched isotope (93.9%

enrichment) is in good agreement with the present measurement. There is only

one literature data[17] available so far and it is only for the lower incident energy

region. Hence, the data produced in the present measurement at higher energy

region is a new data and can be used for validation of the IAEA recommended

data library.

In this case also, since both the isomeric states(t1/2=7.7 minute, Jπ=(1/2)-

) and ground states (t1/2=2.805 d, Jπ=(9/2)+) have measurable half-life and

that the excitation function have been measured for both the populations corre-

sponding to various channels. The ICR has been determined over the measured

energy ranges for various channels and are plotted in FIG.4.17, along with the

theoretically calculated values. The ICR shows the decreasing trend with energy

up to 18 MeV and a steady nature beyond that for (p,n) channel. For (p,2n)
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channel it shows a decreasing trend upto around 28 MeV and steady state af-

ter that. Whereas in the case of (p,3n) channel there is a steady state upto 26

MeV, and it decreases drastically as energy increases. This may be interpreted in

terms of the relative spin distribution. The tendency to populate the state with

higher spin state ( Jπ=(9/2)+) with incident energy irrespective of its ground

state ( Jπ=(9/2)+) or isomeric state ( Jπ=(1/2)-) in tune with our previous

observation[14, 15].

4.2.5 natCd(p, x)111mCd reaction cross-section
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Figure 4.18: Experimentally measured and theoretically predicted excitation
function for the 111mCd isotope.

The 111mCd nucleus is produced through three different reaction channels viz

111Cd(p,p), 112Cd(p,pn) and 113Cd(p,p2n) with threshold energies 0 MeV, 9.48
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MeV and 16.07 MeV respectively. Hence, the measured cross-section at 8.96 MeV

is purely the contribution from (p,p) channel. Similarly the contribution from

(p,p2n) channel is less than 1.12% in all the desired energy region as compared

to the TALYS calculation. The measured activity at 12.95 MeV, 17.89 MeV and

21.96 MeV may have the contribution from both the (p,p) and (p,pn) channels.

In comparison with the TALYS calculation, it is seen that the contribution from

(p,pn) channel at 12.95 MeV is ≈ 0.2%. It is much less than the experimental

uncertainty.
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Figure 4.19: Theoretically predicted isomeric cross-section ratio for the 111Cd
isotope.

Hence, the measured cross-section at this point is considered to be from (p,p)

channel alone. At 17.89 MeV, calculation using TALYS shows that the observed

yield has ≈ 60% contribution from (p,p) channel and ≈ 40% from (p,pn) chan-

nel. Hence, the contribution from each channel is separated accordingly. At
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21.96 MeV both (p,p) and (p,pn) channels have an almost equal cross-section.

Hence the observed intensity of characteristic gamma-ray will have contribu-

tions in the ratio ≈13:24 from (p,p) channel and (p,pn) channel corresponding

to the abundances of 111Cd (12.8%) and 112Cd (24.13%) respectively. Hence,

the contribution from these channel is separated accordingly. The excitation

function thus calculated for the reaction natCd(p, x)111mCd, the available liter-

ature data[7, 8] and the theoretical prediction are plotted in FIG.4.18. In this

case, TALYS prediction reproduces the experimental data except at high energy

where it is overestimating for (p,p) reaction, whereas the EMPIRE prediction

underestimates the data over the entire range. Predictions of both the models

for (p,pn) channel are in good agreement with the data. The data reported by

F. Tarkanyi et al.[7], M.U.Khandaker et.al[8] shows the cumulative cross section

of the residue and it is in agreement with the present measurement, only after

re-normalization.

The 111Cd isotope has one stable ground state and a metastable state. The

Isomeric state of 396.2 keV, with a half-life of 48.50 minutes, decay to the ground

state by 100% IT. In this case, the ground state is stable, the ICR could not be

determined experimentally. Hence, the ICR is calculated theoretically using both

TALYS and EMPIRE predictions for (p,p), (p,pn) and (p,p2n) channels and are

plotted in FIG.4.19. In this case, the ICR increases with energy up to around 15

MeV and attains a steady state (60% in the case of TALYS prediction and 35 % in

the case of EMPIRE prediction ). Since TALYS better represents the excitation

function, the ICR value predicted by TALYS seems to be more acceptable as

higher the incident energy larger the angular momentum transfer to the system.

4.2.6 natCd(p, x)112g,112mIn reaction cross-section

The competing channels to produce 112In nuclei are 112Cd(p,n), 113Cd(p,2n) and

114Cd(p,3n) reaction channels with threshold energies, 3.397 MeV, 9.99 MeV

and 19.117 MeV respectively. Theoretical calculation with TALYS indicates

that in both the 112gIn and 112mIn cases the measured cross-section at 8.96 MeV
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Figure 4.20: Experimentally measured and theoretically predicted excitation
function for the 112gIn isotope.

may have the contribution from the (p,n) channel alone. In the case of 112gIn,

on comparison with TALYS calculation, the observed contribution has ≈ 85%

contribution from (p,2n) channel and ≈ 15% from (p,n) channel at 12.95 MeV.

Whereas it is ≈ 66% contribution from (p,2n) channel and ≈ 34% from (p,n)

channel in 112mIn case. At 17.89 MeV, the observed yield has ≈ 95% contribution

from (p,2n) channel and ≈ 5% from (p,n) channel. Similarly, at 21.96 MeV the

contribution from (p,n) channel is neglected and it has the only contribution

from both the (p,2n) and (p,3n) channels. The production using TALYS shows
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Figure 4.21: Experimentally measured and theoretically predicted excitation
function for the 112mIn isotope.

that the observed yield has ≈ 58% contribution from (p,2n) channel and ≈
42% from (p,3n) channel. For the 112mIn case, the observed contribution has

≈ 90% from (p,2n) channel and ≈ 10% from (p,n) channel at 17.89 MeV. At

21.96 MeV, the observed yield has ≈ 66% contribution from (p,2n) channel

and ≈ 34% from (p,3n) channel. Hence, the contribution from these channels

are seperated accordingly. The excitation function thus calculated for 112gIn

and 112mIn isotopes, the available literature data[7, 18, 19] and the theoretical

prediction are plotted in FIG.4.20 and FIG.4.21. In the case of 112gIn, the data
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reported by A.V.Muminov et.al[19] and K.Otozai et.al [18] are in very good

agreement with both the present experimental data and theoretically predicted

data in the present interested energy region. It is to be noted that they have used

the enriched cadmium as the target. But,in the case of 112mIn residual nucleus

the data reported by F.Tarkanyi et.al[7], is slightly lower in the low energy region

((p,n) competing channel region) and is in good agreement in the higher energy

region. This is so since the authors have measured the cumulative cross sections

of the residual nuclei using cadmium isotopes having comparable abundances for

the formation of the 112In isotope.
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Figure 4.22: Experimentally measured and theoretically predicted isomeric cross-
section ratio for the 112In isotope.

The 112In has three metastable states and a ground state. The long-lived
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isomeric state decay to the ground state by 100% IT, and the other two isomeric

state have half-life of the order of microsecond(t1/2=2.81μs and t1/2=0.69μs ).

Since, the cross-section for both isomeric and ground state could be measured,

the isomeric cross-section ratio for the production of 112In is also calculated over

the energy range and is plotted in FIG.4.22 along with the theoretical models

EMPIRE and TALYS. The ICR shows a gradual increase in their value as in-

cident energy increases, by favouring the population of high spin isomeric state

(Jπ=4+) of about ≈80% at energy 156 keV and low spin ground state (Jπ=1+) of

about ≈20%. This is to be expected since the higher states get more populated,

irrespective of the reaction channels. In order to study the effect of reaction

channels, the ICR is calculated for different reaction channels. Hence, energy

increment has significant effect on ICR for single particle emission compared to

multiparticle emission. This may be due to the distribution of spin over the

multiparticle.

4.2.7 natCd(p, x)113mIn reaction cross-section

The 113mIn can be produced through 112Cd(p,γ), 113Cd(p,n) and from 114Cd(p,2n)

reaction with threshold energies of 0 MeV, 0.462 MeV and 9.585 MeV respec-

tively. The zero threshold 112Cd(p,γ) reaction have much less than 0.01% cross-

section and it gets diminished further as energy increases. Hence, the measured

cross-section at 8.96 MeV is considered as the major contribution from (p,n)

channel. Calculation by TALYS, at 12.95 MeV shows that the cross-section for

(p,γ) channel is < 0.002%, very much less than the experimental error, and hence

contribution to the yield is still less. The production cross-section at 12.95 MeV,

17.89 MeV and 21.96 MeV may be the contribution from both the 113Cd(p,n) and

114Cd(p,2n) reaction channels. In analysis with TALYS, the observed contribu-

tion has ≈ 80% contribution from (p,2n) channel and ≈ 20% from (p,n) channel

at 12.95 MeV. At 17.89 MeV, the observed yield has ≈ 93% contribution from

(p,2n) channel and ≈ 7 % from (p,n) channel. Similarly, at 21.96 MeV calcula-

tion using TALYS shows that the observed yield has ≈ 93.8% contribution from
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Figure 4.23: Experimentally measured and theoretically predicted excitation
function for the 113mIn isotope.

(p,2n) channel and ≈ 6.2% from (p,n) channel. The observed cross-section have

been deducted accordingly. The results of the above measurement are plotted

in FIG.4.23 along with theoretical calculation and literature data [7, 10, 13, 20].

In this case the data of F.Tarkanyi et.al[7], M.U.Khandaker et.al[8], and F.S.Al-

Saleh et.al[13] are in good agreement with the present measurement similar to

the previous case. Similarly the data, using enriched isotope, by S.M.Kormali
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et.al[10] is remarkably in good agreement with the present data, whereas the

data, using enriched isotope, reported by S.A.Said et.al[20] is almost three times

higher than the present data. However this may be from the unexploited tightly

spaced and unresolved levels in the excitation energy range 1-4 MeV of 113In

nucleus[20] as mentioned in their paper.
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Figure 4.24: Theoretically predicted isomeric cross-section ratio for the 113In
isotope.

The 113In has a stable ground state (Natural abundance of 4.29%) and a

long lived (t1/2=99.476 min) isomeric state. The isomeric state decays to the

stable ground state by emitting a characteristic gamma-ray of 391.698 keV of

64.94% abundance, with 100% IT. In the present case, since the ground state is

stable, the ICR calculated theoretically for (p,γ), (p,n) and (p,2n) channels, using

TALYS and EMPIRE, and are plotted in FIG.4.24. The ICR shows the general

decreasing trend with energy up to 18 MeV and a steady nature beyond that for
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both (p,γ) and (p,n) channels. For (p,2n) channel it shows a decreasing trend up

to around 25 MeV and steady state after that, ≈ 80% for (p,γ) channel, ≈ 85%

for (p,n) channel and ≈ 90% for (p,2n) channel favouring high spin ground state.

Here also the multiparticle emission is less affected by the incident energy.

4.2.8 116Cd(p, 2n)115mIn reaction cross-section
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Figure 4.25: Experimentally measured and theoretically predicted excitation
function for the 115mIn isotope.

In the present case 115mIn can be produced through the 114Cd(p,γ),

116Cd(p,2n) reaction with threshold energies 0 MeV and 8.09 MeV respectively.

By the prediction of TALYS calculation, the activity induced through (p,γ) reac-
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tion channel is less than ≈ 1%, and hence, the corresponding yield is much lesser

at 8.96 MeV and even negligibly smaller, at higher energies the observed activity

of 115In is accounted purely for (p,2n) channel. The result has been plotted in

FIG.4.25 along with theoretical calculation and literature data[7, 8, 17, 21, 22].

The measurements due to E.A.Skakun et.al[17, 21] and A.Hermanne et.al[22],

using enriched isotopes, are in good agreement with the present data. As in the

previous cases, the data due to F.Tarkanyi et.al[7] and M.U.Khandaker et.al[8]

are comparable with the present data after renormalization with the isotopic

abundance.
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Figure 4.26: Theoretically predicted isomeric cross-section ratio for the 115In
isotope.

The nucleus 115In has a long-lived ground state (t1/2=4.41x1014 Year) and a

4.5 hours half-life isomeric state. The 115mIn isomer decay to its stable ground

state by 95% IT, due to the longer half-life (more or less stable), the cross-section
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for the ground state could not be measured in the present case. In this case also

ICR calculated theoretically using TALYS and EMPIRE for both the (p,γ) and

(p,2n) channels and are plotted in FIG 4.26. The ICR shows similar trends with

other cases, favouring higher spin ground state (Jπ=(9/2)+) over lower isomeric

state (Jπ=(1/2)-) at steady population region of energy.

4.2.9 116Cd(p, n)116mIn reaction cross-section
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Figure 4.27: Experimentally measured and theoretically predicted excitation
function for the 116mIn isotope.

The radioisotope 116mIn is produced through the reaction 116Cd(p, n)116mIn,

and there is no mixing of data. The 116In has a short-lived ground state

(t1/2=14.1 second) and two metastable states 116m1In (t1/2=54.29 minute) and
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Figure 4.28: Theoretically predicted isomeric cross-section ratio for the 116In
isotope.

116m2In (t1/2=2.18 second). The second isomeric state (116m2In) has a very short

half-life and decays through 100% isomeric transition (IT) to the first isomeric

state (116m1In). Hence, the isomeric cross-section for 116m1In will have a total

contribution from both the isomeric states 116m1In and 116m2In. Excitation func-

tion thus calculated is plotted in FIG.4.27 along with the theoretical calculation

and the available literature data[7, 8, 13, 17, 22]. Here also, the data due to

F.Tarkanyi et.al[7], M.U.Khandaker et.al[8] by normalizing with the enriched

isotopic abundances and the data due to A.Hermanne[22] and E.A.Skakun[17],

using enriched isotope, are in good agreement with the present data where as,

the data due to F.S.Salah et.al[13] using natural isotopes are considerably lower

than the present measurement. Also, the theoretical representation (EMPIRE)

and experimental data differ significantly in their report[13]
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Since, the ground state of 116In has the half-life of 14.1 second and the gamma

counting was performed after about one hour, the ground state activity could

not be measured. Hence, the ICR could be calculated theoretically using TALYS

and EMPIRE and are plotted in FIG.4.28. The ICR shows an increasing trend

up to about ≈ 45% at 10 MeV and decreases to about ≈ 30% up to 15 MeV

and steady state after that. In this case, the preference of higher spin state at

high energies, which is a general trend all other cases, is not seen. This case is

particularly an odd one in the present work as well as in our earlier analysis [15].

No straight forward explanation could be assigned to this case. Further, this is

to be verified experimentally.

4.2.10 YIELD
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Figure 4.29: Yield of the 116m,115m,113m,112g,112m,111g,111m,110g,110m,109gIn and
105,111mCd residual nucleus.

For the sake of completeness, the integrated yield of each isotope is calculated

as the production cross-section of particular isotope at given incident energy on
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activation of the natural target sample of mixed isotope and is given by Y=

n1σ1φ+n2σ2φ+n3σ3φ etc, where n1, n2 and n3 are the number of nuclei present

in the target φ is the flux of the incident beam and σ1, σ2, σ3 etc. are their

respective channel cross-sections. The yield thus calculated for isotopes of in-

terest at various incident energies are plotted in FIG.4.29. In this case, 110mIn

shows highest production rate over the energy range under study. Similar cal-

culations help in identifying the optimum condition for production of particular

radioactive isotopes for application purposes.
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Chapter 5

Comprehensive Analysis

Excitation functions and isomeric cross-section ratio for 20 reactions induced by

proton on natural isotopes of indium and cadmium have been studied in the

present work. Many of the isotopes so produced are having interest in medi-

cal, industrial and astrophysical applications. The production cross-section and

isomeric cross-section ratio of the indium and cadmium isotopes and the de-

pendence of isomeric cross-section ratio on spin, parity and energy difference of

the ground state and isomeric state, incident energy, exit channel, and the life

time of the states have been investigated in this chapter. The different nuclear

properties such as Ground and isomeric state spin, parity, lifetime, and energy

gap between the states are tabulated in Table 5.1. The detailed discussion of

the individual isotope has been done in the previous chapter 4. Isotopes under

study like 115In, 113In and 111Cd are produced in both the channels. Hence this

chapter is devoted to a comprehensive analysis to derive general characteristic of

nuclear reaction mechanism in the mass region of around A=110. In the present

section, the theoretical analysis using the code Talys 1.8 has been used in the

discussion and it shows better reproducibility for proton-induced reaction.

Figure 5.1 shows the analysis of excitation function for the production of

115mIn nucleus through the reaction channels 115In (p,p), and 116Cd (p,2n). The-

oretical calculation for 114Cd(p,γ) using Talys 1.8 is also shown in the figure.

It is seen that, at moderate excitation energies, the reaction cross section for
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Nuclide Ground state Isomeric state Ground state Metastable state Energy gap

Half-life Half-life Spin/Parity Spin/Parity (keV)
115In 4.41 ∗ 1014Y 4.49 h 9/2+ 1/2- 336.24
114In 71.9 s 49.51 d 1+ 5+ 190.27
113In Stable 99.476 min 9/2+ 1/2- 391.698
112In 14.88 min 20.67 1+ 4+ 156.61
111In 2.80 d 7.7 min 9/2+ 1/2- 537.81
110In 4.9 h 69.1 min 7+ 2+ 62
111Cd stable 48.50 min 1/2+ 11/2- 396.22

Table 5.1: Decay characteristics of the 115In, 114In, 113In, 112In, 111In, 110In and 111Cd
residual nucleus.
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Figure 5.1: Experimentally measured and theoretically predicted excitation func-
tion for the 115mIn isotope produced through proton induced reaction on natural
indium and cadmium.

116Cd(p,2n) reaction is higher by an order compare with that produced through

115In(p,p) reaction channel. Whereas, the isotope production through 114Cd(p,γ)

channel is still less by two order when it compare with (p,p) channel. Similarly,
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Figure 5.2: Experimentally measured and theoretically predicted excitation func-
tion for the 113mIn isotope produced through proton induced reaction on natural
indium and cadmium.

the production cross-section for the 113mIn residual nucleus produced through

the reaction channels 114Cd (p,2n) and 115In (p,p2n) is higher by more than an

order of magnitude when it is produced through 113In (p,p) reaction channels.

Whereas, the cross-section for the 113Cd (p,n) channel is comparable with the

115In (p,p2n) channel up to 18 MeV. Here also, the (p,γ) channel contribution is

less by almost two order. This may be attributed to the higher separation energy

of proton compare to neutron. Similarly, the residual nucleus 111mCd is produced

through the reaction channels 111Cd (p,p), 112Cd (p,pn), 113Cd (p,p2n), and 115In

(p,nα) and are plotted in figure 5.3. The production cross-section for the 111mCd

nucleus through the reaction channel 112Cd (p,pn) is comparable with the 111Cd

(p,p) over the energy range 12-22 MeV. The multiparticle emission reaction is

more populated than the single particle emission reaction.
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Figure 5.3: Experimentally measured and theoretically predicted excitation func-
tion for the 111mCd isotope produced through proton induced reaction on natural
indium and cadmium.

In order to see the effect of angular momentum transfer in the emission chan-

nel and its dependence on parameters like spin, parity and lifetime of the isomeric

pairs, the isomeric cross-section ratio (ICR) for the production of the isotopes

110In, 111In, 112In, 113In, 115In, and 111Cd are analysed in terms of the above pa-

rameters and are plotted through figures 5.4 to 5.9. Figures 5.4 and 5.5 show the

isomeric cross-section ratio for the isotopes 110In and 111In produced through

(p,n), (p,2n) and (p,3n) channels, as a function of excitation energy. From

these figures it is observed that the ICR shows a similar trend, qualitatively

and quantitatively. It depends more on excitation energy available than the type

of channel producing the particular isomeric pair. The small observed variation

in the case of (p,n) channel may be attributed to the onset of pre-equilibrium

at energy around 18 MeV that carries away relatively larger energy limiting
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Figure 5.4: Experimentally measured and theoretically predicted ICR as a func-
tion of excitation energy for the 110In isotope.

the excitation energy to the residual nucleus. Figure 5.6 shows the ICR for

the production of 112In isotope through 112Cd(p,n), 113Cd(p,2n) and 114Cd(p,3n)

channels as a function of excitation energy. Here also the ICR shows similar

trend irrespective of the channel. However, in this case the isomeric state being

higher spin state, ICR shows an increasing trend and gets saturated somewhere

at an excitation energy of 28 MeV. The similar nature of ICR is seen in the

case of the isomeric cross-section ratio of the 115In and 113In nucleus produced

through 114Cd(p,γ), 115In(p,p), 116Cd(p,2n), 112Cd(p,γ), 113Cd(p,n), 113In(p,p),

114Cd(p,2n) and 115In(p,p2n) channels, and are shown in figures 5.7 and 5.8.

However, in the case of nuclei production through (p,p) reaction channel the

notable discrepancy seen at low energies may be attributed to the coulomb effect

in the exit channel, which will be prominent at lower excitation energies. The

coulomb interaction may lead to the population of a higher angular momentum
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Figure 5.5: Experimentally measured and theoretically predicted ICR as a func-
tion of excitation energy for the 111In isotope.

state. Hence, the ground state in the present cases. In the case of (p,p2n) chan-

nel the slight separation from the other channels may be due to the fact that

the excitation energy under consideration may not be sufficient enough to reach

the saturation point of the channel. Figure 5.9 shows the ICR for the produc-

tion of 111Cd through the channels 111Cd(p,p), 112Cd(p,np), 113Cd(p,p2n) and

115In(p,nα). Here also a slight deviation in the case of (p,pn) and (p,p2n) chan-

nels may be attributed to the fact that the excitation energies under discussion

are not enough for ICR to be saturated.

Further in figures 5.10, 5.11, 5.12 and 5.13, the isomeric cross-section ratio

has been plotted for the cases with a finite value of angular momentum differ-

ence in the case of single-particle emission and multiparticle emission. Figure

5.10 shows the ICR for the residual nucleus 110In and 111Cd produced through

the single-particle emission channel and figure 5.11 shows the same residual nu-

cleus produced through the multiparticle emission channel, where the angular
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Figure 5.6: Experimentally measured and theoretically predicted ICR as a func-
tion of excitation energy for the 112In isotope.

momentum difference of this case is 4. Figure 5.12 shows the ICR of the resid-

ual nucleus 115In, 113In and 111In produced through the single particle emission

channel and figure 5.13 shows the ICR of the same nucleus are produced through

the multiparticle emission channel, with an angular momentum difference of 5.

From figure 5.10 it is seen that the single particle emission through 111Cd(p,p)

and 110Cd(p,n) reaction channel shows a steady increase/decrease in ICR up to

18 MeV and both get saturated. In the case 111Cd isotopes the population of

higher spin state gets saturated to a value of ≈ 62% and in the case of 110In

it is saturated to a value of around ≈ 45%. In the case of 112Cd(p,pn) chan-

nel, in figure 5.11, the population of higher spin state gets saturated to a value

of ≈ 65%, whereas in the case of 111Cd(p,2n) reaction channel, it is saturated

to a value of around ≈ 55%. This indicates that there is a slight favoring of

higher spin state for multiparticle emission. The other channels are below the
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Figure 5.7: Theoretically predicted ICR verses excitation energy for the 115In
isotope.

saturation region at this energies. Similarly, in the case of nuclei 115In, 113In and

111In produced through single particle emission, in figure 5.12, the ICR decreases

steadily up to 22 MeV and get saturated thereafter. Here, in all the cases the

population of high spin state is saturated to a value of about 85%. In the case

of the same isotopes produced through multiparticle emission channels, the ICR

shows saturation of higher spin state with a population of about 90%. A small

enhancement of high spin state is noticed for multiparticle emission, in this case

also.

To check whether the isomeric cross-section ratio depends on the life-time of

the ground and isomeric state, the correlation between the isomeric population

with the lifetime are analysed for the present system. The lifetime is related to

the width of the excited states. Shorter the life time larger will be the width

of the state. As the width of the state increases, there is more probability

for the coupling of levels. This may increase the isomeric population to that

state. Isotope produced with similar channel is plotted for this analysis so that
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Figure 5.8: Theoretically predicted ICR verses excitation energy for the 113In
isotope.

Figure 5.9: Theoretically predicted ICR verses excitation energy for the 111Cd
isotope.
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Figure 5.10: Talys.1.8 predicted ICR as a function of excitation energy for the
110In and 111Cd isotopes produced through single-particle emission channel.

Figure 5.11: Talys.1.8 predicted ICR as a function of excitation energy for the
110In and 111Cd isotopes produced through multiparticle emission channel.
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Figure 5.12: Talys.1.8 predicted ICR as a function of excitation energy for the
115In, 113In and 111In isotopes produced through single-particle emission channel.

complex mixing can be avoided to the maximum. Accordingly cases with two-

particle emission channels and are plotted in figure 5.14. Two-particle emission

channels have considered as there are more number of data in the present case.

However, on the analysis of all the available systems under the present study, no

correlation is seen between the population of the isomeric state and the life-time

of the state.

In order to check whether there is any effect of parity change on the relative

population. Cases with parity change and cases with no change in parity are

cross-checked. In the present case the nuclei 110In, 112In and 114In are having

the same parity for the ground state and isomeric state. For the nuclei 111In,

113In, 115In and 111Cd the parity for ground state is +ve and that for the isomeric

state is −ve. On analysing the present data no commendable effect of parity is

observed in the relative population of the isomeric state.

In order to see the effect of difference in energy between the ground state and

isomeric states the data plotted in figure 5.14 is analysed in terms of the energy

difference between the isomeric pairs. A notable correlation is observed. The
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Figure 5.13: Talys.1.8 predicted ICR as a function of excitation energy for the
115In, 113In and 111In isotopes produced through multiparticle emission channel.

result of this observation is shown in figure 5.15 as the plot of relative population

of higher spin state, at an excitation energy of 32 MeV, against energy difference

between the states. Most of the channels with single and two-particle emission

get saturated at the excitation energy of 32 MeV. From this figure it is seen that

the population of high spin state shows an increment with the energy difference.

However, in the case of 111Cd there is a notable deviation from the general

behavior. This may be due to the fact that the proton in the emission channel.

A similar trend is seen in the case of 114In nucleus. However, a detailed analysis

of large number of cases has to be done to make a conclusive statement. This

detailed analysis is beyond the scope of this thesis and has to be considered for

future studies.
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Figure 5.14: Theoretically predicted ICR for the residual nuclei 110In, 111In, 112In,
113In, 114In, 115In and 111Cd produced through two particle emission channel.

5.1 Conclusion

In the present thesis, the effect of various nuclear level parameters on the relative

population of various isomeric states are analysed based on the measurement

and analysis of proton-induced reaction on natural indium and cadmium. It

is established that the relative population depends significantly on the spin of

the state and the excitation energy available for the system. In the region of

saturation of population, it is noted that the population of the states does not

have significant dependence on the emission channel viz. nature of the emission
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Figure 5.15: Relative population of higher spin state against energy difference
between the states for the 110In, 111In, 112In, 113In, 114In, 115In and 111Cd nucleus
at an excitation energy of 32 MeV.

channel, number of emitted particles, and type of emitted particles. However, a

slight favoring of a higher spin state for multiparticle emission is noted. Though

an effect of line broadening is expected to reflect on the higher population of

broader states, such a correlation between lifetime or level width with relative

population could not be seen in the present case. However, a conclusive remark

can be made only after studying a large number of similar cases with isomeric

states of a wide range of life-time. This opens the scope for further investigation

as a future study. On the other hand, the relative population is found to affect

by the energy difference between the states. Larger the energy difference higher

the relative population of high spin state. Whereas, when the energy gap is lesser

the saturation is limited to around 50%. There is a notable deviation of one case

in the present analysis. Hence, this case also needs a detailed study opening

scope for future studies with a large number of cases.
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