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                                  ABSTRACT 

The research work presented in the thesis is based on theoretical study of nuclear 

structure of some nuclei lying in the mass region A ≈ 120. The basic nuclear properties 

help us to explain the structure of a nucleus and in the present work, the properties of 

nuclei have been obtained by using a quantum-mechanical theoretical approach. It is well 

known that nuclear physics deals with the study of properties of nuclei. Measuring 

nuclear properties is of great importance to understand the interactions which bind the 

protons and neutrons together in the nucleus. The basic properties of nuclei allow one to 

extract directly or indirectly information on the nuclear structure, as well as, on the strong 

nuclear force. A new variety of sophisticated techniques have been developed for 

studying the properties of nuclei. Unlike the atom, which has a spherically symmetric 

Coulomb field generated by the nucleus, the nuclear field is composed of a complicated 

superposition of short range interactions between nucleons, and the most stable nuclear 

shape is the one that minimizes the energy of the system. In general, nucleus is not 

spherical, and the nuclear shape is most simply described by a multipole power series, the 

most important term of which is the nuclear quadrupole moment. A positive quadrupole 

moment reflects the elongation of nuclei into a prolate shape, while a negative value 

reflects an oblate shape. The amount of quadrupole moment present in a nucleus gives 

rise to its deformation. Nuclei undergo collective vibrations about both spherical and 

deformed shapes. The degree of softness of these vibrations is characterized by the 

excitation energy required to populate states. Over the last three decades, one of the main 

tasks of the nuclear research is the study of nuclei in the nuclear deformation region. In 

nuclear physics, nuclear deformation region is that region where nuclei are deformed 

showing departure from spherecity and hence, one can study the transition of nuclear 

shape from spherical to well-deformed within an isotopic mass chain. It has been a goal 

of nuclear structure studies to develop models that incorporate all of the features 

described above in order to produce a unified nuclear picture. So, various models, like 

Liquid Drop Model, Shell Model and Deformed Shell Model - Nilsson Model, etc, have 

been developed to study the various nuclear structure properties. But the modified version 

of Shell Model known as Projected Shell Model (PSM), has become quite successful in 

explaining a broad range of properties of deformed nuclei in different mass regions. The 

most striking aspect of this quantum mechanical model is its ability to describe the finer 

details of high-spin spectroscopy data with simple physical interpretations for medium to 
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heavy nuclei. Among the known medium to heavy nuclei, one region of large 

deformation has been observed around the mass number A ≈ 120. 

 Since the discovery of this region of large deformation, a lot of experimental effort has 

gone into understanding the properties of nuclei falling in this region of deformation.  

                    The nuclei have been grouped into various categories like even-even, odd-

mass, and odd-odd nuclei and the present work has been carried out on odd-mass nuclei. 

The study of the high-spin states of odd-A nuclei above the Z=50 closed shell have 

provided a wealth of experimental information regarding the nature of collectivity in this 

region. The coexistence of states with different degrees of collectivity in these transitional 

nuclei has great importance. The Antimony (Z=51) and iodine (Z = 53) nuclei lie between 

the spherical (Z =50) and the well-deformed (Z = 58) region and are of considerable 

interest because of competing shape driving tendencies of the orbitals occupied by the 

neutrons and the protons. Spectroscopic investigations carried out in the odd- mass A ≈ 

120 Iodine nuclei have revealed several bands based upon πg7/2(d5/2) and πh11/2 orbitals. 

These bands are associated with moderately deformed prolate and oblate shapes. In 

addition, bands based upon particle-hole excitations involving πg9/2 extruder orbitals, 

which play a decisive role in the development of collective bands in Sn and Sb nuclei, 

also persist in the iodine nuclei. High-spin structures of Iodine nuclei in this region are 

described by abrupt appearance of energetically favored non-collective oblate states and 

coexistence of weakly collective and non-collective quasiparticle aligned configurations. 

Recent studies of odd mass Iodine nuclei around mass number A ≈ 120 revealed 

maximally aligned states involving all the particles outside the Sn core. In addition to 

these states, non-collective states with the angular momentum of one and two particles 

anti-aligned with respect to the rotation axis were also identified in these nuclei. It has 

also been reported that, since a maximally aligned state is formed by exhausting all the 

spin available within the valence space, further angular momentum can only be generated 

by particle-hole excitations from the core.  

                      Moreover, the odd mass Sb nuclei around mass number A ≈ 120 display a 

variety of excitations at low to very high spins. At low spins, proton shell closure effects 

at Z~50 manifest themselves in the form of vibrational and near spherical excitations, 

whereas the high spin structure is dominated by intruder rotational bands. The intruder 

bands in Sb isotopes arise due to the coupling of the odd proton to the deformed states of 

the Sn core. The deformed states in Sn nuclei are due to the proton two-particle-two-hole 
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(2p-2h) excitation across the Z=50 shell gap. These states have prolate deformation and 

occur at low excitation energy of ≈ 2 MeV. Structures involving a valence proton coupled 

to both spherical and deformed core states have been observed in the odd mass A ≈ 120 

Sb isotopes, in which spherical and deformed states built on the proton configurations 

d5/2, g7/2, and h11/2 were observed. Bands with enhanced deformation due to the odd proton 

in h11/2 orbital have been mapped out in a number of odd mass Sb and iodine isotopes. 

The recent development in experimental techniques has witnessed many interesting 

nuclear structure properties like yrast spectra, band crossing and reduced transition 

probability [B(E2) and B(M1)] in these nuclei. Thus, in order to meet the quality of 

measurements of experimental nuclear structure properties, a quantum mechanical 

microscopic theory is applied which could explain quantitatively and qualitatively the 

finest features of observed data and provides us with a systematic and unified 

understanding of ever accumulating experimental data. Recently, the Projected Shell 

Model (PSM) has become quite popular to study the structure of deformed nuclei. The 

advantage in this method is that the numerical requirements are minimal and therefore, it 

is possible to perform a systematic study for a group of nuclei in a reasonable time frame. 

The PSM is based on the spherical shell model and in PSM, the angular momentum 

projected states are used as the basis for the diagonalization of shell model Hamiltonian.  

Looking at the success of the PSM framework, I was tempted to determine its 

applicability and reliability in the neutron deficient Iodine and Antimony nuclei in the A 

≈ 120 mass region. Thus, to have a deeper insight in the understanding of Yrast bands and 

other nuclear structure properties, a PSM study of 
119-127

I and 
115-125

Sb isotopes has been 

undertaken in the present work. 

The purpose of the present work is to perform a systematic PSM study of the high 

spin properties for the odd mass Iodine and Antimony isotopes. The physical quantities 

that have been described are energy spectrum, transition energies, B(E2) and B(M1) 

values, band diagrams and back-bending. In the present study, an attempt has been made 

to study odd-mass (
119-127

I) and Antimony (
115-125

Sb) isotopes in the framework of PSM 

by employing quadrupole-quadrupole interactions plus monopole and quadrupole paring 

force in the Hamiltonian. The research work is presented in different chapters in the thesis 

and the thesis is outlined as below: 
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CHAPTER 1 

Preface to the thesis 

Chapter 1 contains a brief introduction of the work documented in the present thesis. It 

starts with the general introduction of the nucleus, followed by beginning of nuclear 

physics, its applicability and importance. Introduction with special emphasis on the nuclei 

belonging to mass region A~120, is given in this section. A brief account of various 

studies- theoretical as well as experimental, made in the past on these nuclei using 

different approaches/techniques, is included in this section. A review of various 

interesting nuclear structure properties like rotational bands, back-bending in moment of 

inertia, shape coexistence, transitional probabilities, etc., of these nuclei, obtained by 

various other research groups in the past, have also been highlighted in this chapter. The 

presence of these features in the nuclei belonging to this region, especially in odd mass 

119-127I and 115-125Sb nuclei, is the motivation behind carrying out the present work. Since 

the present thesis is based on application of theoretical nuclear model, so a brief account 

of various theoretical models is also presented in this chapter. The success of PSM in 

studying the nuclear structure properties of nuclei belonging to other mass regions further 

motivated me to employ PSM for carrying out calculations in A ~120 mass region. The 

chapter is ended with the incorporation of plan of the whole work. 

CHAPTER 2 

Theory of applied Projected Shell Model 

The chapter 2 carries the details of the applied calculational framework, Projected 

Shell Model (PSM). It is, in the pure phenomenological form, probably the most widely 

applied model for analysis and extrapolation of low energy nuclear structure data. The 

PSM, although rigorous but still is capable of describing all types of nuclear structure 

mechanisms. The Hamiltonian used in the PSM calculations is composed of single-

particle energies, quadrupole-quadrupole interactions, monopole pairing between like 

particles, and quadrupole pairing interactions, which result in a modification of the 

generally used shell-model approach, and have been discussed in detail in this chapter. 
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CHAPTER 3 

Structure evolution of odd-mass 
119–127

I nuclei within Projected Shell 

Model 

This chapter deals with the study of deformed odd mass isotopic chains of Iodine nuclei 

with mass number varying from 119-127 (i.e. 
119-127

I) using Projected Shell Model 

approach. Iodine nuclei have only three protons outside the Z=50 shell gap, and thus 

belong to a transitional region between vibrational and well deformed nuclei. These 

nuclei are known to exhibit multiplicity of shapes and richness of nuclear structure 

phenomenon and thus, have been of great experimental as well as theoretical interest. In 

the present chapter, PSM calculations are performed on positive and negative parity 

bands of deformed odd mass 
119-127

I nuclei, to analyse the band structure of low lying 

states with quasiparticle excitations. Some nuclear structure properties like yrast spectra, 

band diagrams, back-bending in moment of inertia and reduced transition probabilities 

have been obtained using this approach. From these calculations, it has been found that 

the band head spins of all these isotopes are successfully reproduced which come out to 

be 5/2
+
 for positive parity and 11/2

- 
for negative parity. Yrast spectra for 

119-127
I isotopes 

have been calculated for prolate and oblate deformations and compared with the available 

experimental data. An interesting feature of shape coexistence for 
119-127

I nuclei has also 

been hinted through these calculations by the satisfactory reproduction of experimental 

data corresponding to both prolate and oblate kind of deformations. An occurrence of 

back-bendings have been found in 119-127I isotopes which can be thought to be due to 

change of shape from prolate to oblate as we move towards high spin states. These back-

bendings are found to be taking place at around the same spins at which band crossings 

occur for all these Iodine isotopes. Besides this, an attempt has also been made to 

understand the structure of these isotopes with the help of band diagrams. These band 

diagrams predict that the yrast spectra for all these Iodine isotopes arise because of 1-qp 

states at low spins, whereas for higher spins, 3-qp bands are dominant and contribute to 

the occurance of yrast band, thereby showing the composite structure of these nuclei. 

Further, the reduced transition probabilities, B(E2) and B(M1) values have also been 

calculated for all these Iodine isotopes for which no experimental data was available, 

which provide an opportunity for the experimentalists to look for this data in future.  
The research data presented in this chapter has been published in an international 

journal Nuclear physics A [Nuclear Physics A 952 (2016) 41–61]. 
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CHAPTER 4: 

Projected Shell Model study of odd-mass 
115-125

Sb isotopes  

In the 4
th

 chapter of this thesis, the nuclear structure properties of neutron-deficient       

115-125
Sb isotopic chain by using the projected shell model (PSM) have been explained. 

The projected shell model approach has been applied to study these odd-mass isotopic 

chains of Antimony nuclei using the same set of interaction parameters for all the 

Antimony isotopes. It has been found that the experimental yrast states are very well 

reproduced by the calculated results and the calculated side bands, when plotted in the 

form of band diagrams, predict that the yrast states at lower spins have been dominated by 

the 1-qp band while, at the higher spin values, these states have multi-quasiparticle 

configurations. The PSM calculations have produced the back-bending in moment of 

inertia in these nuclei (115-125Sb) at those values of rotational frequencies which are close 

to the experimental ones. Nevertheless, the PSM results on back-bending have been able 

to reproduce this phenomenon at the same values of spins at which the phenomenon of 

back-crossing in band diagrams occurs. Moreover, the band-head spins of all the 
115-125

Sb 

nuclei have been reproduced successfully by PSM calculations, which turn out to be  

11/2˗ . The reduced transition probabilities, B(M1) and B(E2), have also been calculated 

for these nuclei for which no experimental data was available, which provide an 

opportunity for the experimentalists to look for this data in future.  

The research data presented in this chapter has been published in an International 

Journal [International Journal of Modern Physics E Vol. 26, No. 6 (2017) 175004]. 

CHAPTER 5: 

Summary of the thesis and its future perspectives 

Finally, in the 5th chapter of this thesis, the conclusions drawn from the present research 

work on the nuclear structure of odd mass nuclei like Iodine and Antimony lying in the 

mass region A ≈ 120 have been framed. The successes of the projected shell model in 

explaining the nuclear structure of these odd mass nuclei and the degree by which these 

calculations have reproduced the experimental data have been emphasized in this chapter. 

The research work presented in this thesis is based on the PSM calculations within 1-qp 

and 3-qp excitations but using higher qp excitations may provide some improvement to 

the results and this exercise can be taken up as a future perspectives of the present work.   
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1.     Preface to the thesis 

1.1 Introduction 

At the center of every atom lies a small and dense nucleus.  The nucleus of an atom consists 

of positively charged protons and electrically neutral neutrons which are held together by 

strong nuclear forces that are not normally perceptible in nature because of their extremely 

short range. It carries more than 99.97% of the atomic mass in less than 10
-12 

of the volume 

of an atom.  Due to the small size, strong forces, and many particles in the nucleus result in a 

highly complex and unique quantum system. The study of the nucleus and the forces that 

hold it together constitute the field of nuclear structure physics. The protons of the nucleus, 

being positively charged, generate a spherically symmetric electric field in which the atomic 

electrons orbit. The cloud of negatively charged atomic electrons normally balances the 

positive nuclear charge, making the atom electrically neutral. The mass of the nucleus is less 

than the sum of the constituents, the missing mass ∆M being accounted for by the binding 

energy ∆Mc
2
 (where c is the speed of light), which holds the nuclear system together. The 

nuclear forces generate an attractive potential field which holds the nucleus together and in 

which the nucleons orbit in highly correlated patterns. The volume of nuclei increases 

approximately linearly with mass number A, and the radius is roughly R = 1.2 × 10
-15 

·  A
1/3 

m. 

The radius of the nucleus is very small but this small nucleus is very massive. The whole 

mass of the atom is concentrated in this tiny nucleus and because of this mass it has a very 

high density. It is of the order of 10
17

 Kg/m
3
. Various techniques have been developed to 

estimate of nuclear charge distribution, including electron scattering, the study of muonic 

atoms, and the laser spectroscopy of hyperfine atomic structure. An overall picture of the 

nuclear charge distributions emerges. The nuclear charge density saturates in the interior and 

has a roughly constant value in all but the lightest nuclei. The nucleus has a diffuse skin 

which is of nearly constant thickness. Many nuclei are found to have non spherical shapes. 

Unlike the atom, which has a spherically symmetric Coulomb field generated by the nucleus, 

the nuclear field is composed of a complicated superposition of short range interactions 

between nucleons, and the most stable nuclear shape is the one that minimizes the energy of 

the system. In general, it is not spherical, and the nuclear shape is most simply described by a 

multipole power series, the most important term of which is the nuclear quadrupole moment. 
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A positive quadrupole moment means the elongation of nuclei into a prolate or football like 

shape, while a negative value reflects an oblate shape like that of Earth. An accurate 

determination of nuclear matter distributions, that is, the distribution of both protons and 

neutrons in nuclei, is harder to precisely ascertain. The small nuclear size and tightly bound 

nature impose very restrictive constraints on the orbits that protons and neutrons can undergo 

inside the system. Thus, each nucleus has a series of quantum states that particles can 

occupy. The Pauli principle requires that each particle have a unique set of quantum labels. 

Each nuclear state can then be filled with four particles: two protons with internal angular 

momentum “up” and “down,” and likewise two neutrons. A nucleus is most stable when all 

of its nucleons occupy the lowest possible states without violating this occupancy rule. This 

is called the nuclear ground state. During nuclear collisions the protons and neutrons can be 

excited from their most bound states and promoted to higher lying unoccupied states. The 

process is usually very short lived and the particles de excites to their most stable 

configuration on a time scale of the order of 10
-12

 s. The energy is usually released in the 

form of gamma rays of well defined energy corresponding to the difference in energy of the 

initial and final nuclear states. Occasionally, gamma decay is not favored because of angular 

momentum selection rules.  

The nucleus as a unique many-body system possesses a rich variety of quantum-

mechanical excitations. The competition and resulting balance between the single particle 

and collective degrees of freedom are important factors in the determination of the nuclear 

structure. The single-particle structure that exists for spherical nuclei near closed shells gives 

way to more collective rotational structure for deformed nuclei that have a large number of 

valence nucleons outside closed shells. A challenge of contemporary nuclear structure 

physics is to measure the properties of nuclei far from beta stability in order to unearth the 

unusual changes expected to be there and to test the predictive power of nuclear models. 

The neutron-deficient odd-mass nuclei in the Z > 50 transition region show collective 

features which have generated considerable theoretical and experimental interest in the past. 

The traditional theoretical approaches used for the interpretation of the collective properties 

of these nuclei are based on models of deformed rotors [1] or anharmonic vibrators [2]. Some 

microscopic theories like perturbation expansion [3] and the interacting boson-fermion model 

[4] had been applied for a more detailed understanding of the collectivity of transitional 
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nuclei with 49<Z<61. The transition nuclei with Z =52,53,54,55,56 form an important link in 

the systematics of the transitional region between the primarily spherical Sn nuclei and the 

well-deformed La and Ce nuclei. In early 80s, the experimental studies of very proton-rich, 

medium- to heavy-mass nuclei were difficult. When using fusion-evaporation reactions with 

stable beams and targets to populate these nuclei, the production cross sections are often very 

small (less than 100 µb) and other reaction channels account for more than 99% of the 

reaction products. The physics importance of such studies, however, has been made clear by 

theoretical predictions. For example, the self consistent mean field  calculations [5] show that 

established nuclear structure properties found in nuclei near the line of stability may be 

significantly modified in those near or beyond particle-drip lines. Knowledge about the 

structure of nuclei beyond the proton drip line, therefore, can provide an important basis for 

the understanding of fundamental nuclear interactions. 

The development of modern electromagnetic devices, such as the Argonne Fragment 

Mass Analyzer (FMA) [6], as well as the use of a new generation of highly efficient γ –ray 

detector arrays, such as Gammasphere [7], makes it possible to study some nuclei at or 

beyond the proton-drip line. Experimental studies [8–13] made in the last more than a decade 

have taken advantage of such instruments and successfully obtained information on excited 

states in a number of proton-unbound nuclei. 

The neutron deficient nuclei in the mass A ∼120 lie in a transitional region between 

the primarily spherical Sn (Z =50) nuclei and the well-deformed La (Z =57) and Ce (Z =58) 

nuclei. Transitional nuclei with Z > 50 and A~120 have been a subject of much interest as 

they exhibit significant variations of shapes and deformations with the configuration of the 

valence quasi-particles. As it is observed from the literature [14] that the nuclei in this mass 

region, with a limited number of valence nucleons outside the 
114

Sn core, undergo a transition 

from weakly prolate deformation at low spin to an oblate shape at medium spin. This shape 

change is induced by the successive alignment of nucleons along the rotation axis and, 

finally, the level sequences terminate in maximally aligned oblate states [15-20]. The shape 

coexistence in this region is confirmed by various experimental and theoretical techniques, as 

for example, the low-energy states of the odd-mass I isotopes (Z = 53) are formed by a 

coupling of the odd proton to the levels of neighboring even-even Te nuclei. Bands of low 

collectivity are observed up to the medium-spin region. At higher energies, however, these 
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nuclei exhibit a more complex structure with coexisting weakly collective and noncollective 

quasiparticle aligned configurations [16]. Moreover yrast-line spectroscopy in this region has 

identified rotational bands, most commonly representing collective motion of a rapidly 

rotating prolate spheroid. Additionally, however, detailed analysis has revealed the existence 

of new structures with less commonly observed oblate shapes [21,22].  

Nuclei near the Z = 50 closed proton shell have revealed exotic collective structures, 

which coexist with the expected single-particle properties. In early 90s, rotational "intruder 

bands," extending to both high spin and excitation energy, have been observed. These bands 

have been found in several odd-A antimony (Z = 51) isotopes ranging from 
109

Sb to 
117

Sb 

[23-27], in addition to several even tin nuclei, e.g., 
108

Sn [28]. These systematics have been 

extended to Z = 52, 53 nuclei with data from the Eurogam array [29]. 

Beside these properties, some more interesting experimental results like high spin 

states of the nuclei like Sb, Te, I, and Xe falling in this mass region have also been recently 

[14] studied experimentally using in-beam γ-ray spectroscopy technique. The half-life times 

and excited bands are also observed experimentally in these nuclei. 

 Apart from this, the experimental evidence, so far accumulated in this mass region, 

also indicates that many nuclei are characterized by strong oblate and prolate deformation. 

The above mentioned nuclear structure phenomena indicate that there is a good 

number of nuclear structure properties known experimentally for nuclei lying in the mass 

region A∼120  and there  may be some more nuclear structure properties of interest which are 

still to be known in these nuclei. 

Thus, in order to meet the quality of measurements of experimental nuclear structure 

properties, a quantum mechanical microscopic theory is applied which could explain 

quantitatively and qualitatively the finest features of observed data and provide us with a 

systematic and unified understanding of ever accumulating experimental data. 

It is with this motivation, I have planned to study these nuclear structure properties in 

the nuclei falling in the mass region A∼120 in a microscopic framework of calculations 

known as Projected Shell Model (PSM). The PSM has been developed and designed by Hara 

and his co-workers [30]. Among the theoretical models proposed to describe the high spin 

states of the nucleus, the PSM is one of the most successful one.  So, in my present research 

work, PSM has been used to explain and interpret, qualitatively and quantitatively, the 
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available experimental data of some odd-mass isotopic chains of iodine and Antimony 

nuclei. Since the topic of my Ph.D. work is based on the study of nuclei in the mass region 

A∼120, I am therefore, presenting below a brief review of research work made by various 

research groups in past, revealing this region to be of interest for study. 

1.2 Review of Literature 

In-beam γ- spectroscopy of the most neutron-deficient nuclei around the Z = 50 shell 

closure has provided further insight into the structural evolution of nuclei at high angular 

momentum. Several nuclei in this mass region exhibit novel structures, well-deformed 

intruder bands, which extend to the highest rotational frequencies observed in heavy nuclei. 

A gradual decline of the dynamic moments of inertia with increasing spin -a common feature 

to these intruder bands - has been attributed to a mode of "soft" band termination involving 

the alignment of the valence nucleons [31]. In this process, an initially prolate collective band 

progresses gradually, rather than abruptly, towards a noncollective oblate band, as the 

aligned valence spin is exhausted at termination. An underlying softness of the nuclear 

potential withrespect to the triaxiality parameter γ in the A ∼120  region has been extensively 

examined, both experimentally and theoretically, at lower spin [21]. This γ softness permits 

the strong prolate and oblate driving forces, exerted by high-j (proton) orbitals, to stabilize 

the nucleus at prolate and, less frequently, oblate collective deformations, respectively. 

Indeed, the existence of this oblate shape stability may influence a behavior as observed in 

experimental investigations of spin(I) up to 30ћ, where the abrupt occurrence (in one γ-ray 

transition) of termination of the yrast band into a non collective oblate state has been reported 

[22,32]. This has to be contrasted with the behavior at higher spins of the bands discovered at 

that time, where the soft band terminating process appears to be stretched out over a number 

of transitions in a very wide frequency interval (∆ω> 1.0 MeV/ћ).  

The novel intruder bands, which have emerged from recent studies in this mass 

region, have been discovered in (Z=51) 
109-117

Sb [24,26,27, 33,34] and in (Z=50) 
106,108

Sn 

[35, 28] and (Z=52) 
112,114

Te nuclei [33,36]. These decoupled bands characteristically extend 

to high spins (I =50ћ) and the highest rotational frequencies observed (ћω∼1.4 MeV in 
109

Sb 

[24]). At the lowest spins, they represent collective nuclear rotation built on prolate deformed 

particle-hole proton excitations (intruder states) coupled to single-particle valence orbitals. 
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The 2plh intruder states were first defined in (Z=51) Sb [37], and 2p2h states were isolated in 

(Z=50) Sn nuclei [38]. At increased rotational frequency, the Coriolis force causes the 

valence nucleons to align their spins along the axis of rotation. Concurrent with the 

increasing rotational frequency ω, the slow decline of the dynamic moment of inertia j
(2) 

to 

1/2 to 1/3 of the rigid body value is observed. This remarkable effect may be attributed [31] 

to the process of soft band termination, in which the rotational alignment of the valence 

neutrons occurs in a gradual fashion, driving the nuclear shape from collective prolate (γ = 

0°) toward the non-collective oblate (γ = +60º) shape. 

         The odd-mass iodine nuclei with A=117–125 are characterized by the presence of a 

large number of bands, with the odd proton occupying the different Nilsson orbitals available 

near the Fermi level [39-44]. Both oblate and prolate deformed bands have been reported 

with a moderate quadrupole deformation, characteristics of transitional nuclei. With the 

availability of new experimental data, interpretations have been provided for several of these 

bands in the light of theoretical calculations. The ground-state yrast bands in the odd-A 
121-

125
I arise from the oblate high-K πg7/2 and πd5/2 orbitals [41-44]. Excited πg9/2 and πh11/2 

bands have also been observed in these as well as the lighter 
117,119

I isotopes [39,40]. Three 

quasiparticle bands at an excitation energy of about 2 MeV are also reported in 
119,121,125

I 

[40,41,44]. Liang et al [45] have performed potential-energy-surface [PES] calculations  in 

order to study the kind of nuclear shapes that are likely for the low-lying one quasiparticle 

configurations in the odd-A iodine nuclei. These calculations predict competing prolate and 

oblate shapes for the d5/2 and g7/2 configurations. Although the oblate states are predicted to 

be lower in energy for the iodine nuclei with A >121 and the prolate states are favored for the 

lighter 
119

I, the energy difference between the oblate and the prolate states are predicted to be 

small. This suggests that while the oblate high-K πg7/2 and πd5/2 orbitals are associated with 

the ground-state bands in 
121,123,125

I [41-44], consistent with the predictions of the PES 

calculations, prolate deformed states based on the low-K proton d5/2 and g7/2 configurations 

are not ruled out in these nuclei. Liang et al [41] have indeed pointed out subsequently that 

the states built on the second 7/2
+

2 state in 
121

I may be associated with the low-K πg7/2 prolate 

configuration.  

Interestingly, sequences of similar ∆I=2 states built on the excited 7/2
+
 state have 

been reported in the three odd-A iodine nuclei with A=121–125 [41-44]. The bandheads lie at 
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excitation energy of about 500 keV and decay to the 5/2
+
 ground state. Interband transitions, 

to and from these states, are either very weak or not observed at all. However, the literature, 

which confirms the ground-state bands to be associated with the oblate d5/2 and g7/2 orbitals, 

does not provide a clear interpretation of the structure of the states belonging to the above 

mentioned ∆I=2 sequences in these nuclei. Considering the results of the PES calculations of 

Liang et al [45] that predict competing oblate and prolate shapes associated with the d5/2 and 

g7/2 orbitals, the main aim in this work was to study if the bands built on the second 7/2
+
 

states in 
121,123,125

I indeed have a prolate deformation and are associated with low-K πd5/2 and 

πg7/2 configurations. 

        In xenon nuclei, there are four protons outside the Z=50 shell closure and isotopes are 

known with neutron numbers spanning almost the full range of the 50≤N≤82 major shell.  Xe 

(Z = 54) nuclei lie in a transitional region between the spherical Sn (Z = 50) and the 

deformed rotator Ce (Z = 58), and thus the transitional characters in Xe are found to be 

enhanced leading to a very fragile coexistence of excitation modes based on different 

deformations. The shapes of nuclei in this region are soft to the polarizing effects of rotation 

and  quasiparticle alignment, and the intruder h11/2 orbital plays a dominant role in such a 

polarizing phenomenon at high angular momentum for both neutron and proton 

quasiparticles. In other words, the deformation depends strongly on the occupation of neutron 

and proton intruder h11/2 subshells. Calculations of the total Routhian surface (TRS) [46,47] 

and the cranked shell model (CSM) [48,49] suggest that these high j valence particles exert a 

strong and specific driving force on the γ -soft core. In odd mass Xe, the h11/2 neutron orbital 

with the unique-negative parity forms the yrast rotational bands and their signature splitting 

features can be nicely described by the CSM calculations. In addition, the second negative-

parity rotational bands based on the h11/2 neutron orbital (called the yrare bands) have been 

observed in 
119

Xe [50,51], 
121

Xe [52], 
123

Xe [53,54], and 
125

Xe [55,56]. In contrast to the 

behaviour of the yrast band where the favored states are lower lying in energy, the yrare 

favored states are found to lie above the unfavored states, which mean the signature splitting 

is inverted. Although several investigations for the high-spin structures of 
125

Xe have been 

done in previous works [55,56], experimental information on the yrare states has been very 

limited because of insufficient statistics. Recently Moon et al [57] have firmly established the 

favored and the unfavored yrare states and reported a new band based on the three-
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quasiparticle ν[h11/2]π[(h11/2)
2
] configuration in 

125
Xe. They have extended the energy 

spectrum upto the spin state 43/2
-
. The high spin states have been studied in neutron deficient 

113
Xe[58] through complementary backed- and thin-target 

58
Ni + 

58
Ni experiments. Several 

band structures have been observed to high spin and rotational frequencies. The first 

identification of 
109

Xe and 
105

Te[59] has been made through the detection of the α-decay 

chain 
109

Xe→ 
105

Te →
101

Sn and  marks the closest approach to the N= Z line above 
100

Sn. 

Fine structure was observed in the α- decay of 
109

Xe → 
105

Te placing the energy difference 

between the tentatively assigned 5/2
+
 ground state and 7/2

+
 excited state at 150 ± 13 keV. 

Thus, it is observed from the analysis of the literature for mass region A∼120 that the 

nuclei in this mass region have both oblate and prolate deformed bands with a moderate 

quadrupole deformation i.e., shape coexistence is found to occur in this mass region. 

            The nucleus possess an internal structure leads naturally to a desire to understand and 

predict its structure. The nuclei are composed of quantum mechanical particles, their 

behavior can be predicted by solving the Schrodinger given below. 

                                                    Hψ = Eψ                                                                  (1)   

With H=T+U, where T is the Kinetic energy and U is the nuclear potential. Unfortunately, 

while various properties of the nuclear force are known, the exact form or the nuclear 

potential U is not known. For this reason, a great deal of effort has gone and continues to go 

into discovering ways to model the nucleus despite not knowing the nuclear potential.  

As the results of the studies presented within this work are primarily applicable to the 

study of nuclear structure, a few comments about nuclear structure models are discussed 

below. 

1.3 Liquid Drop Model 

        This model was first proposed by N.Bohr and Kalcker [60] and later on applied by Von 

Weizsacker and Bathe [61,62]. The Liquid drop model assumed that the nuclei of all 

elements are considered to be behave like a liquid  drop of incompressible liquid of very high 

density. In an equilibrium state, the nuclei of atoms remain spherically symmetric under the 

strong action of strong attractive nuclear force just like a drop of a liquid which is spherical 

due to surface tension. The density of a nucleus is independent of its size. The nucleons of 

the nucleus move about within a spherical enclosure called the nuclear potential barrier just 
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like the movement of molecules of a liquid within a spherical drop of liquid. The picture of a 

nucleus as a drop of liquid accounts for the observed variation of binding energy per nucleon 

with mass number. The expression for binding energy (Weizsaecker formula) obtained from 

this model takes the form: 

B.E = a1 A – a2 A
2/3 

– a3 
��

��/�- a4 
(��	�)�

�
 + a5 ��/
 

 1
st
, 2

nd 
,3

rd
, 4

th
 and 5

th
 terms corresponds to volume, surface, coulomb, asymmetry and 

pairing energies respectively. 

        Though liquid drop model explains some of the features of the nuclei, but said nothing 

about the single nucleon. This model predicts very closely spaced energy levels in nuclei 

which is contrary to the observation that the low lying excited states in the nuclei are quite 

widely spaced. It also fails to explain the magnetic moment and spin of the nuclei. It is also 

not successful in explaining the excited states in most of the nuclei. These limitations were 

removed by Shell model, whose brief introduction is given below. 

1.4 Shell Model 

This model has been very successful in explaining a number of nuclear properties such as 

magnetic moment, parity, nuclear angular momentum etc. according to shell model the 

protons and neutrons are arranged around the nucleus in various shells like electrons in outer 

nuclear part. The protons and neutrons shells appear to be independent to each other that is 

why it is also called as independent particle model. When the shell closure occurs, the 

resulting configuration is found to be quite stable. It has been found that the shell closure 

occurs when either the number of protons or neutrons are equal to 2,8,20,28,50,82,126. These 

numbers are referred to as magic numbers. In this model, a nucleon is assumed to move in a 

common potential, determined by the average motion of all nucleons. By considering the 

potentials (square well and harmonic oscillator) one is able to reproduce magic numbers only 

upto 20. In order to obtain a better agreement with experiment, Mayer, Haxel, Jensen and 

Sues in 1949 introduced a non central component in the force acting on the nucleon in the 

nucleus [63]. It corresponds to the interaction between the orbital (l) and intrinsic spin (s) 

angular momentum. Here we assume strong coupling between spin and orbital angular 

momenta of the individual angular momenta giving rise to total angular momentum j, which 
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can take two possible values for s = +1/2 and s = -1/2 respectively. The splitting of these 

levels is given by the empirical formula 

 ∆εl,s =10(2l+1)��	/
 MeV 

 The level with j value (j = 1-1/2) lies higher than the one with larger j value (j = 1+1/2). 

Thus shell model able to explain experimentally observed magic numbers. In addition to this, 

it also explains many other properties of spherical nuclei like the ground state spins and 

parities and energy spectra. But its biggest disadvantage was that it could not explain the 

properties of deformed nuclei. To overcome this problem, Nilsson model came into 

existence, which is briefly explained in the following section. 

 

1.5 Deformed Shell Model - Nilsson Model 

According to Shell model, many nuclei particularly those in the middle of the shell region   

have large quadrupole moments implying large deformations. This means that nucleons do 

not move in a spherical potential given for shell model, but this potential needs to be 

generalised. S.N.Nilsson did this and after his name the model is known as Nilsson Model. 

The Nilsson model describes motion of nucleons in a deformed potential well. It treats a 

deformed nucleus as consisting of independent particles moving in a deformed potential well. 

This model describes the states of motion of the particles in the potential field of a core. This 

model has been successful in describing the properties of the heavier deformed nuclei. 

Nilsson introduced a term proportional to l 
2
 and a spin-orbit term proportional to l.s in the 

Hamiltonian of an isotropic oscillator. The interaction of nucleon with the nuclear field is 

represented by a single-particle Hamiltonian of the form: 

 

�� = - 
ћ�

	�
 �	 + 

�

	
 ( ��

	�	 + ��
	�	 + ��

	�	 ) + C��.�� + D(��	 - <  ��	 >) 

where, ωi  (i = x,y.z) are oscillator frequencies corresponding to the three  axes and is given 

by  

�� = ��(ε,  )[1 - 
	



 ε cos (  + 

	"



 )], 

��  = ��(ε,  )[1 - 
	



 ε cos (  -  

	"



 )], 

�� = ��(ε,  )[1 - 
	



 ε cos  ] 
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Here, the frequencies are chosen to be proportional to the half axes ax, ay, az of the ellipsoid. 

The spin orbit term is conventionally parameterized with a constant κ, and there is also a new 

�&2 
term parameterized by µ, which is introduced to lower the energy of the single particle 

states closer to the nuclear surface in order to correct for the steep rise in the harmonic 

oscillator potential there. Both κ and µ may be different for protons and neutrons and also 

depend on the nucleon number. The Hamiltonian may be diagonalised in the basis of the 

harmonic oscillator using either spherical or cylindrical coordinates. In a Nilsson diagram, 

for a single j and ε > 0, there is a drop in energy for low K values while for higher K values, 

the energy rises. The separation of adjacent K values increases sharply with K. The positive 

value of Nilsson parameter ε corresponds to prolate shape, while the negative value of ε 

represents an oblate shape. Due to very short range forces of the nuclei, a particle in low K 

orbital has large interaction with the rest of the nuclear matter which makes low Ω values of 

a particular j-multiplet, energetically favored as compared to the higher one for a prolate 

shape. For oblate shapes, the situation is reversed. In addition to spherical magic numbers for 

a Nilsson diagram, which appear at 2,8,20,28,50,82,126, there also occur deformed magic 

numbers, which appear at different deformations. For example, in rare-earth region, for 

prolate deformed nuclei, shell gaps occur at nucleon number 66, 70, 76, while for oblate 

deformation shell gap appears at nucleon number 80. As Nilsson model helps in the 

understanding of many of the properties of deformed nuclei, but its main disadvantage is that 

it gives only part of the total energy. In the following section, a brief introduction of yet 

another model which can successfully describe deformed nuclei is given. 

 

1.6 Projected Shell Model 

The PSM is based on the spherical shell model concept but differs from the conventional 

shell model. The PSM uses the angular momentum projected states as the basis for the 

diagonalization of the shell model Hamiltonian. The diagonalization gives rise to the energy 

spectra, and the transition strengths are subsequently calculated using the resulting wave 

functions. These energies can be plotted as a function of spin for various bands and important 

physics can be drawn from these plots. PSM not only describes the high spin states but also 

provides information on the electromagnetic properties of these nuclei. It can also be 
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successfully applied to study the long isotopic chains. Yet another advantage of PSM is that 

the important nuclear correlations can easily be taken into account and configuration space is 

manageable. One can perform a systematic study of nuclei in a limited time frame and 

numerical requirement is also minimal. In recent years, the PSM has become quite successful 

in explaining a broad range of properties of deformed nuclei in different mass regions [64-

82]. The most striking aspect of this quantum mechanical model is its ability to describe the 

finer details of high-spin spectroscopy data with simple physical interpretations. Owing to 

these observations, I have decided to carry out the research work on odd mass 
119-127 

I and 
115-

125 
Sb nuclei in a framework of calculations known as Projected Shell Model (PSM). The 

detail of PSM is given in chapter 2. I have also compared the results of the calculations with 

the experimentally available data.  

This research work is organized in the form of a thesis comprising of five chapters as follows: 

(1) In Chapter 1, the general introduction of nucleus as well as introduction of the present 

thesis along with review of literature is given.  

(2)  In chapter 2, the basic philosophy of the applied model, Projected Shell Model, is 

given, in detail.  

(3) Chapter 3 deals with the detailed microscopic study of positive as well as negative 

parity yrast states of odd mass isotopic chains of 
119-127

I nuclei within PSM 

formalism. Various results obtained in this study along with its physical interpretation 

have been given in this chapter. These results are also compared with the available 

experimental data. 

(4) In chapter 4, different nuclear structure properties like yrast spectra, back-bending, 

band diagrams and transition probabilities have been discussed for negative parity 

yrast states of
 115-125

Sb isotopes by using PSM technique and have also been 

compared with the experimental counterparts.  

(5) Finally, chapter 5 summarizes the whole work of this thesis and final conclusions are 

drawn with regard to the nuclear structure of nuclei lying in the mass region A∼120. 
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2. Theory of the applied Projected Shell Model 

2.1 Introduction 

In order to understand the different properties of the nucleus of an atom, it is necessary to 

have a sufficient knowledge about the nature of the inter-nucleon interaction. Nuclear 

force is a very short range force that acts between the nucleons. Yukawa theory gives us 

some idea about it, which is based on the exchange of a pion between two nucleons, when 

they are at a distance less than the range of the interaction. It may be noted that even if the 

exact nature of the inter-nucleon interaction were known, it would have been extremely 

difficult to develop a satisfactory theory of the structure of the nucleus made up of a large 

number of neutrons and protons, since it is impossible to solve the Schrödinger equation 

exactly for such a many-body system. Various methods have been developed for tackling 

the problem with different degrees of approximation. However, the problem is still far 

from being solved completely. The situation is quite different if we consider the theory of 

the atomic structure. The nature of the forces acting on the electrons in the atom is 

electromagnetic which is well understood. The quantum mechanical theory of atomic 

structure is extensively developed and agrees well with experimental data. Because of the 

above difficulties in developing a satisfactory theory of nuclear structure, different 

models have been proposed for the nucleus, each of which can explain some of the 

different characteristics of the nucleus. The usefulness of a model depends on the extent 

to which its predictions are confirmed by experiments. Every model is not suitable to 

solve a particular problem. Different models have got different limitations like particle 

rotor model, when applied to nuclei with coexisting shapes, can explain only a limiting 

number of states as long as the shape parameters are kept constant right through the 

calculations in this model. High spin states can’t be studied by simple boson model. 

Further, cranking model doesn’t yield proper quantum mechanical wave functions and 

hence can’t be used to obtain quantitative information about electromagnetic transitions 

or form factors. Similarly, spherical shell model can’t reproduce the characteristics of 

very high spin states due to the presence of a large number of quasi-particles, which make 

the prescription of residual interaction between them much more complex. It is also 

possible that a large deformation, which tends to appear at such high spin states, may 

deform the single particle orbits used with the spherical core. To overcome these 
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limitations, Kenji Hara and Yang Sun used an intrinsic basis which spontaneously 

violates the symmetry of the system and restore it by the Projection method. It led to the 

development of Projected Shell Model (PSM) [1]. 

2.2 Logical structure of PSM theory 

         Elliott [2] was the first to point out the advantage of deformed (intrinsic) many-body 

basis and developed the SU(3) shell model for sd-shell nuclei. In this method, the 

classification of basis states and their projection onto good angular-momenta can be 

carried out using the group theoretical method. The SU(3) scheme works satisfactorily for 

lighter nuclei, where the ls- coupling is very weak. Though, in the heavier nuclei, where 

the presence of a strong spin-orbit force is essential for reproducing the shell closures 

(magic numbers) [3], it is no longer valid. Such systems can be better understood by 

Nilsson model [4]. In PSM, the Nilsson+BCS scheme is used for the basis selection and 

the projection of this deformed basis onto good angular-momentum is done numerically. 

These deformed basis help in interpreting the results in a simpler way. Past few decades 

have seen a rise in experimental techniques with the introduction of large �-ray 

spectrometers and versatile heavy ion accelerators which led to successful accumulation 

of large experimental data on many nuclear species. This has further enabled the 

experimentalists to extend the inter-band transitions to high spins as well as an incredibly 

sharp energy resolution. A unified understanding of this ever accumulating high spin data 

needs a proper quantum mechanical theory which can explain quantitatively the best 

features of observed data. PSM [1,5,6,7] has been designed and developed to gather the 

quality of measurements made possible by the modern experimental techniques. Before 

providing a detail theory of PSM, I have discussed the important properties of projection 

operator in brief in the following sub-section. 

2.3 Projection Operator 

The significant properties of the projection operator associated with a compact Lie group 

are attempted in this section. The explicit form of the rotational operator is 

z
Jl

e
y

Jl
e

y
Jl

eR
ˆˆˆ

)(ˆ
−−

=Ω
βα

,                                                        (2.1) 

where Ω is the group parameter which represents a set of Euler angles (α,γ = [0, 2π] and β 

= [0, π]). Further, Ĵ
,s are the angular momentum operators. Its (unitary) representation is  
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)()(ˆ * Ω=Ω I

MKIJ DJKRIM δδνµ µν ,                                           (2.2) 

where )(ˆ ΩR  is the rotational operator and )(Ω∗I

MKD  is the D-function [8] and the symbol 

* means the complex conjugation. The D-functions from a complete set of functions in 

the parameter space of Ω. For a state IMµ  belonging to the angular momentum IM, µ 

represents a set of quantum numbers that specify the quantum state uniquely, so that the 

following closure holds: 

IMIM
IM

µµ
µ
∑ =1                                                        (2.3) 

 On Comparing eqs. (2.2) and (2.3), one gets the following equation given below 

)()(ˆ * Ω=Ω ∑ I

MK

M

DIMIKR νν ,                                                       (2.4) 

which is the multiplet relation between the states belonging to a representation (angular 

momentum) I . Combining equation (2.4) with the orthogonality of the D-functions 

KKMMII

I

KM

I

KM
I

DDd ′′′′′′′∫ +
=ΩΩΩ δδδ

π

12

8
)()(

2
'*

                                                      (2.5) 

one finds that, 

IMKIP KKII
I

MK νδδν ′′=′′ˆ
,                                                       (2.6) 

 the operator { }I

MKP̂  appearing in above equation is known as angular momentum 

projection operator and is defined as 

),()(ˆ

4

2

1

ˆ
2

ΩΩΩ
+

= ∗∫ I
MK

I
MK DRd

I

P
π

                                                        (2.7) 

 Equations (2.3) and (2.6), gives the spectral representation of { }I

MKP̂  and the “sum rule” 

I

MKP̂  =  IKIM νν
ν
∑    ,      1ˆ =∑ I

MM

iM

P                                              (2.8) 

By using the spectral representation, one can easily obtain the properties 
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I

KM

I

MK PP ˆˆ † =  and 
I

KM

I

KM PP
′

′′
ˆˆ =

I

KKMMII P ′′′
ˆδδ                                                       (2.9) 

The projection operators must satisfy the relations ii PP =
†  , PiPj = δijPi and 1=∑i iP  so 

that 
I

MKP̂ is a projection operator only if MK ≡ . 

       The Particle Number Projection Operator (in terms of a Gauge group [element = exp 

(- Ni ˆφ ) and representation = exp (iφ N)]) can also be introduced in a similar way as 

∫ −−=

π
φφ

π

2

0

)ˆ(

2

1ˆ NNiN edP                                                                  (2.10) 

where N̂ → particle number operator.  

          φ→ gauge angle.  

          NP̂ →projection operator  

On combining eqns. (2.7) and (2.10), one gets 

216

12ˆˆˆ
π

+
=≡

I
PPP NI

MK

IN

MK KKMMII

I

KM

I

KM
I

DDd ′′′′′′′∫ +
=ΩΩΩ δδδ

π

12

8
)()(

2
'*                  (2.11) 

Here, I

MKP̂ and NP̂   commute with each other. In the following paragraph we have 

demonstrated how such an operator comes into play in a physical problem taking the 

angular momentum projection operator as an example. 

Let φ  is a “deformed” state, i.e. it is not an eigen-state of the angular momentum. 

Rotational invariance of the Hamiltonian then gives  

( ) HRHR ˆ)(ˆˆˆ † =ΩΩ  ,                                                           (2.12) 

The energy expectation value will remain invariant even if φ is rotated, i.e. all states

φ)(ˆ ΩR   having different orientation Ω are mutually degenerate. Here φ)(ˆ ΩR can be 

linearly independent of φ . Using the following superposition, one can construct a wider 

class of states 
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∫= φΩΩΩψ )(R̂)(Fd
,                                          (2.13) 

where the function F(Ω) can be determined by minimizing the energy expectation  value 

   
ψψ

ψψ H
E

ˆ
=  ,                                                                (2.14) 

This procedure gives an energy lower than that discussed earlier because the space 

spanned by φ)(ˆ ΩR   is larger than that consisting of just a single state φ  which 

corresponds to Ω =0. Using completeness of the D-functions, one can simplify this 

procedure. The trail function F(Ω) can be expanded as  

)(
8

12
)(

2
Ω

+
=Ω ∑ I

MK

I

MK

IMK

DF
I

F
π

,                                                     (2.15) 

putting eq.(2.15) in eq.(2.13), one gets, 

φψ I

MK

I

MK PF ˆ∑= ,                                                (2.16) 

Where, I

MKP̂  → the angular momentum projection operator defined by eq. (2.7).  

             I

MKF →   variational parameters in place of the variational function  F(Ω). 

 If the variational procedure is carried out with eq.(2.16), the summation over I and M  

drops away (i.e., a sharp I and M) due to eqs. (2.9) and (2.12). Here, (2.12) implies that 

the Hamiltonian commutes with the projection operator. Thus, the variational calculation 

can be carried out with  

φψ I

MK

K

I

K PF ˆ∑= ,                                                       (2.17) 

by omitting the summation over I and M. So, ψ  becomes an eigen state of the angular 

momentum. The rotational symmetry violated in the original state φ   is thus recovered in 

the new state ψ . The resulting variational equation takes the form of an eigen value 

equation (and a normalization condition) independent of M.  

0)( =− ′′
′

′∑ I

K

I

KK

K

I

KK FNEH  ,        ∑
′

′′

KK

I

K

I

KK

I

K FNF =1,                                        (2.18) 
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where the Hamiltonian and norm matrix take the form, 

φφ I

KK

I

KK PHH ′′ = ˆˆ  and φφ I

KK

I

KK PN ′′ = ˆ ,                                                    (2.19) 

A given spin I appears more than once in the whole spectrum, if the state φ  is triaxial, 

I=0 being a trivial exception. On the other hand, if it is axially symmetric i.e. if, 

φφ 0
ˆ KJ =  holds where K0 is the conserved K-quantum number, the problem is simple. 

The solution of eq.(2.18) then becomes 

I

KK

I

KK

N

H
E

00

00=   with 
I

KK

I

K

N
F

00

0

1
= ,                                                                 (2.20) 

Only term with K= K0   remains in the summation over K. This represents the most 

primitive form of the angular momentum projection theory, which can describe one 

“rotational band” whose “rotational energy” is obtained by evaluating E as a function of 

spin I, i.e. it does not allow admixture of excited bands. Here, spin I appears only once in 

the spectrum, which is contrary to the triaxial case. For an axially symmetric case, the 

projection operator I

MKP̂  becomes, 

yJiI

MK eddI
ˆ

0

)(sin
2

1 β
π

βββ
−

∫






+ ,                                          (2.21) 

since α and γ can be integrated explicitly when evaluating the matrix elements. The state 

φ  is an intrinsic state and as such is highly degenerate and symmetry breaking state, so 

a better state ψ can be constructed by using this degeneracy, where the violated 

symmetry can be recovered. So, one can accept ψ  as a possible approximate solution of 

the Hamiltonian. Here ψ ( )φ  is referred to as a state in the “space-fixed” (“body-

fixed”) system. There exists two sets of  (mutually commuting) differential operators, the 

space-fixed and body–fixed type, both representing the angular momentum, the latter 

being characterized by “wrong” signs in the angular momentum commutation relations. 

Here, the former (latter) originates the quantum number M(K) of )(ΩI

MKD . Here, M and 

K of the operators I

MKP̂ can be associated with same physical interpretation as those of

)(ΩI

MKD  and, as eq. (2.17) shows, the quantum number M belongs to ψ  and K to φ . 
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Thus, the former (latter) is referred as the “space-fixed” (“body-fixed”) state. So, the 

projection operator transforms a “body-fixed” state into a “space-fixed” state. One may 

find the contents of this projection theory as abstract, but many concepts developed in the 

semi-classical theory, such as the rotor model[9] can also be used in the projection theory 

as they can be translated using an analogy. For example, the structure of the wave 

functions should make it clear that the rotational motion of the “body” as a whole is 

described phenomenologically by the D-function )(ΩI

MKD in the former and 

microscopically by the projection operator I

MKP̂  in the latter. 

2.4 Semi-classical Limit 

Previous subsection gives the projection of just one “configuration” φ  onto a good 

angular momentum. Initially, the formula (2.20) represented the whole contents of the 

angular momentum projection method [10]. Later, a pioneering calculation [11, 12] was 

carried out using the Nilsson + BCS quasiparticle vacuum state 0   for φ  (with K0 = 0 ) 

which represents the ground state band or g-band of a doubly-even nucleus. The outcome 

of the theory is as follows: 

After the α- and γ- integration, the matrix element ( )HOPO
I ˆ,1ˆ0ˆˆ0 00 =  becomes 

( ) ( ) 0ˆ0cossin12
ˆ

2

0

yJi

I eOPdI
β

π

βββ
−

∫+  for I = even                                         (2.22) 

and 0 for I = odd. Here, ( ) ( ) )(cos)(0000 ββπβ I

III Pdd =−−=  is used and the symmetry of 

the integrated with respect to β =
2

π
  due to 000

ˆˆ

== −−
Zy JiJi

ee
ππ

 has been used. 

The above integral is called the “semi-classical” limit. Since the fluctuation of the angular 

momentum is a good measure for the deformation, the result may be written as a power 

series in 2
1

yJ∆
. 

The overlap of 00
ˆ

yJi
e

β−
 can be written in the form  

00
ˆ

yJi
e

β−
= 









′′− ∫
β

ββ
0

0][ˆ0exp yJdi , 
00

][
ˆ

ˆ

y

y

Ji

Ji

e

e
β

β

β
−

−

≡ ,                                       (2.23) 
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which, can be confirmed by differentiating both sides with respect to β. The left-hand side 

of eq. (2.23) corresponds to the characteristic function and the exponent of the right-hand 

side to the cumulant function known in statistical physics. The expansion in terms of 

moments is given by the cumulant expansion, which is a power series expansion of the 

cumulant function. In this case, it can be obtained from the power series expansion of the 

operator [β]  for small β, 

( ) ( ) .........ˆ
2

1ˆ1][ 222 +∆−−−−= yyyy JJJJi βββ                                         (2.24) 

Because of the time reversal symmetry of 0  the first order moment 0ˆ0 yy JJ =  is 

zero. It is better to stop at the second moment 0ˆ00ˆ0 22

yyyy JJJJ =−=∆ , which 

corresponds to the fluctuation of the angular momentum. The following approximate 

relations are thus obtained:  

22

2

1
ˆ

00
βy

y
JJi

ee
∆−−

≈ ;  :ˆ:
2

1ˆ1][ 22

yy JJi βββ −−≈                                        (2.25) 

where: .ˆ:ˆ 222

yyy JJJ ∆−≡  The overlap is strongly peaked at β =0  if .2

yJ∆  is large. The 

integral in eq. (2.22) can be obtained in a closed form by using the approximation given 

by eq. (2.25) as well as an asymptotic form ))1(()(cos 0 ββ +≈ IIJPI  valid for small β, 

where J0(x) is the Bessel function of order zero, and by extending the integration range to 

infinity 

}222

1

0

0

0:ˆˆ0
2

1
0ˆ0))1((

22

ββββ
β

y

J

JOOeIIJd
y





−+
∆−

∞

∫                                        (2.26) 

Also one has, 

,
2

2
exp

2

!2

2

1
exp)(

22

2

22

22

0

0

12









−







=








−

+

∞
+∫ a

b

a

b
L

a

n
xabxJdxx nn

n
n                           (2.27) 

         where Ln(x)  is the Laguerre Polynomial of the order n. The energy I

I

I
N

H
E

00

00=  and 

the norm IN 00  (for I=even only) can thus be written as 
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ℑ

+
+≈

2

)1(
0

II
EEI

 and ,
2

)1(
exp

12
2200












∆

+
−

∆

+
≡≈

yy

I

I

J

II

J

I
QN                              (2.28) 

respectively, where, 

0:ˆ:ˆ0

)(

2

22

y

y

JH

J∆
≈ℑ  and 

ℑ

∆
−≈=

2

0

00

0

00
0 0ˆ0

yJ
H

N

H
E                                         (2.29) 

Where, ℑ is Peierls-Yoccoz moment of inertia, The projected ground state energy E0 is 

lower that the unprojected one, 0ˆ0 H , by an amount 
ℑ

∆ 2

yJ
. This energy gain is due to 

the fluctuation of the angular momentum, which causes a “zero-point rotation”. Since 

,22

yx JJ ∆=∆  it may be written as ( )22

2

1
yx JJ ∆+∆

ℑ
 , this corresponds to fluctuation of the 

rotational energy. 

The norm 
I

N00  represents the probability distribution of the angular momentum in the 

ground state 0  as can be seen by using the spectral representation of eq.(2.8), 

∑==
2

0000 000ˆ0 IPN
II ν . Its approximation Qt is normalized to 1 under the 

replacement ∫∑
∞

=

→
0

2

dI

evenI

. The metric 
2

1
 corresponds to the summation only over I = even. 

From here one can see that the formulas depend only on two quantities, EI - Eo on ℑ and 

I
N00  on 2

yJ∆  , namely eq. (2.28) is the same for any Hamiltonian, which yields the same 

ℑ and 2

yJ∆ . So, the result does not depend on details of the Hamiltonian. 

2.5 Choice of the Hamiltonian 

Right through the text pertaining to the theory of PSM, we have talked about the 

Hamiltonian Ĥ , but its nature is not yet described. The Hamiltonian which has been used 

throughout the present work consists of a sum of schematic (Quadrupole-Quadrupole + 

Monopole + Quadrupole pairing) forces which represent different kinds of characteristic 

correlations between active nucleons. The total Hamiltonian of the present model is 

represented by the equation  
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                       ∑ ∑−−−=
µ µ

µµµµ
χ

PPGPPGQQHH QM
ˆˆˆˆˆˆ

2
ˆˆ †††

0                              (2.30) 

where, 0Ĥ ,  is the harmonic oscillator  single particle Hamiltonian and is given by 

     αα
α

α cEcH ∑= †

0
ˆ   ,        with     )]ˆˆ( ˆˆ 2[ 22 〉〈−−⋅−= llslNE κµκωα h                (2.31) 

Here, Eα → single-particle energy and  

           
†

αc  ( αc )→single-particle creation (annihilation) operators, spherical harmonic  

        α = {N, j, m}→ spherical harmonic oscillator quantum numbers 

        ω → harmonic-oscillator parameter which incorporates the principle of volume    

conservation for nuclei deformed from spherical shapes, s and l → intrinsic nucleon spins 

and orbital angular momenta in the stretched co-ordinate basis. 

     κ and µ → Nilsson parameters   

The remaining terms in eq.(2.30) are residual quadrupole-quadrupole, monopole pairing 

and quadrupole pairing interactions, respectively. The operators appearing in eq.(2.30) are 

defined, as in  ref.[13], as 

βαβµ
αβ

αµ cQcQ )(ˆ †∑= ,        
†††

2

1ˆ
α

α
α ccP ∑=  ,      ††† )(

2

1ˆ
βαβµ

αβ
αµ cQcP ∑= ,               (2.32) 

with 〉′′′|







|〈= ′′ mjNY

b

r
mjNQ NN      

5

4
)( 2

2

µααµ δ
π

,                 (2.33) 

where, 〉|   α 〉|= mjN     , 〉′|   α 〉′′′|= mjN     and b
2
=ћ/mω, 

For the given deformation ε2, the coupling constant (χ) of Q.Q force i.e the (stretched) 

Nilsson potential 
oQ̂

3

2
2 ωε h ) which determines the strength of this force, is given by              

                                 

P
Q̂

P
ω

n
Q̂

n
ω

τ
ω

τ
ωε

3

2

ττ
χ

00

2

hh

hh

+

′
=

′
                 (2.34) 
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 where, 
3

1

1 






 −
±=

A

ZN
oωωτ , with +(-) for τ = neutron(proton) and ћωo = 41.47A-1/3  fm2  

and its value is adjusted via self-consistent conditions with a given quadrupole 

deformation ε2. The quadrupole moments of all active deformed Nilsson orbitals, weighed 

by their occupation numbers, are added to evaluate the expectation values 
noQ and 

poQ   . They depend on the assumed mean-field deformation ε2 and vanish for spherical 

nuclei, leaving χ undetermined in that case. 

 It is assumed that all pairing interactions occur between the like nucleons (i.e., the 

isovector type). The monopole interaction, GM, is given as 

)(
1

21 MeV
AA

ZN
GGGM 







 −
= m                                        (2.35) 

with ˗ (+) for neutrons(protons). Here, G1 and G2 are the two adjustable constants. 

Adjusting the parameters ε2, G1 and G2 will change the energy gap for each shell and, 

thus, will affect the selection of the quasiparticle basis. In the present case, the 

hexadecupole deformation, ε4, has also been included. The values of the empirical 

deformation, ε2, which we have used as an input in the PSM calculations for the nuclei 

lying in the mass region A~120, are given in Tables in the corresponding chapters.  

The strength GQ is assumed to be proportional to GM, with an overall constant γ, for 

quadrupole pairing force, such that 

                         GQ = γ GM                         (2.36) 

Here, γ can be carefully adjusted to get the best representations of the experimental 

observations. 

The second step now is to diagonalize the Hamiltonian in the shell model space spanned 

by a selected set of projected multi-quasiparticle { }κφI

MKP̂  state, where { }I

MKP̂  is the 

angular momentum projection operator which projects the quantum numbers I, M and is 

defined as  
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),()(ˆ
4

2

1

ˆ
2

ΩΩΩ
+

= ∗∫ I

MK

I

MK DRd

I

P
π

                           (2.37) 

Here, )(ˆ ΩR  → rotational operator,  

       )(Ω∗I

MKD  → D function   

       Ω  →Euler angle.  

The D-functions form a complete set of functions in the parameter space of Ω. 

In the PSM calculations presented in the thesis, I have used only angular momentum 

projection{ }I

MKP̂  and not the particle number projection since the essential physics of the 

yrast spectroscopy can be described even without taking it into consideration. Further, 

violation of the particle number caused by the BCS (or HFB) approximation is not so 

dangerous for the projected shell model as usually believed in the sense that the essence 

of the physics obtained by the angular momentum projection alone is not altered even if 

the particle number projection is carried out in addition. It is, therefore, not considered to 

be of absolute necessity for understanding various phenomena related to nuclear 

rotational motion. Further, the spurious state(s) originating from the particle number 

violation will be removed automatically as a zero norm state when the Hamiltonian is 

diagonalized in the number projected basis.  

The multi-quasiparticle configurations are listed below for different types of nuclei: 

Doubly-even nucleus: 
,0aaaa,0aa,0

212121

++++++

ππνννν  

Doubly-odd nucleus:  
,0aa

++

πν  

Odd-Neutron Nucleus:  
,0aaa,0a

21

++++

ππνν  

Odd-proton nucleus:  
,0,0 21

++++

ννππ aaaa
 

where ( )ss πν ′′  represent the neutron(proton) Nilsson quantum numbers which run over 

properly selected (low-lying) quasiparticle states. The configurations that contain three or 
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more like-nucleon quasiparticles been discarded because they have higher excitation 

energies due to mutual blocking of levels and thus are of little use in the present work.  

        In the present calculations, i.e. for odd proton Iodine and Antimony nuclei, the 

multi-quasiparticle configurations used is given as  

{ }00
†
2

†
1

††
ννππκφ aaa,a=                                            (2.38) 

where, †
πa  and †

2
†
1

†
ννπ aaa  are the creation operators for 1-qp and 3-qp’s and ν’s(π’s) are 

neutron (proton) nilsson quantum numbers which run over properly selected (low lying) 

quasiparticle states and 0׀> is the Nilsson + BCS vaccum (0-qp state). Configurations 

with three or more like particles are not included as they have higher excitation energies 

and as such are of little use in the present energy (and spin) ranges. 

The PSM wave function can be written as 

 

                                                                                (2.39) 

where, σ → states with same angular momentum 

κ→ basis states 

��
� →weights of the basis state, determined by diagonalization of shell model hamiltonian   

the space spanned by the projected basis states given above. 

the eigen value equation (for a given spin I) is given as  

                                                                                (2.40) 

 With the following normalization condition 

∑ =
κκ

σσ

σ
κκκ

σ
κ δδ ,,

,, ,,

II

II
fNf                                                                                         (2.41) 

Here, the Hamiltonian and norm matrix are given by 

��� ,� 
	 
����
�����,

�,
	 ���,� and  ���,� 
��������,

�,
	 ���,�                                                    (2.42) 

The Projected Shell Model (PSM) works amazingly well despite its simplicity, though, it 

has obvious short comings. Firstly, the nuclear deformation is restricted to the quadrupole 

κ
κ

σσ φI

MK

K

KIM
Pf ˆ∑=Ψ

0)( ,

, , =− ′′

′

′∑ II

KKK

K

I

I

KK fNEH
σ

σ κ
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type only. Secondly, the neutron-proton interaction is present only in the (particle-hole 

type) quadrupole-quadrupole force. Depending on the problem, all this might be too 

restrictive and one will have to introduce (schematic) forces of a more general type. 

However, for the nuclei under study in the present work, PSM works quite satisfactorily 

and further, as long as the physics under consideration is mainly of the quadrupole-and-

pairing-type collectivities, I find no compelling reasons for not using these simple 

interactions. 
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3.      Structure evolution of odd-mass 
119–127

I nuclei within     

Projected Shell Model 
 

3.1 Introduction 

The nuclei near the closed shell at Z = 50 with mass number A~120 have been the subject 

of extensive experimental and theoretical studies for the many years. These nuclei exhibit 

a variety of nuclear phenomena like co-existence of shapes, large ground state 

deformation, band crossing, rapid variation of structure with changing proton and neutron 

number, etc. The study of low- and high-spin phenomena in the neutron-rich mass-120 

nuclei has also attracted considerable interest in recent years. This has been motivated by 

the increasing power of experimental facilities and improved theoretical descriptions in 

understanding the structure of these unstable nuclei. The Iodine isotopes (Z = 53), which 

lie in the transitional region between the near-spherical Sn (Z = 50) and the deformed Ce 

(Z = 58) nuclei, have well-developed rotational structures in the light odd-mass Iodine 

nuclei with A <121 and these structures are built on proton h11/2 states [1]. The negative-

parity states in the heavier odd-mass Iodine isotopes with A >121, associated with the 

neutron h11/2 orbital, show a vibrational structure similar to the neighbouring even-mass 

Te isotopes [2]. The odd-mass Iodine nuclei with A = 117–125 are characterized by the 

presence of a large number of rotational bands, with the odd proton occupying the 

different Nilsson orbitals available near the Fermi level [3-9]. As a result of the 

availability of enormous experimental data in the odd mass Iodine nuclei near A~120, 

various theoretical approaches have been applied to explain the bands structure, for 

example, the ground-state yrast bands in the odd-A 
121-125

I arise from the high-K πg7/2 and 

πd5/2 proton orbitals [5-8]. Excited πg9/2 and πh11/2 bands have also been observed in these 

nuclei as well as the lighter 119I isotope [4]. Three quasi-particle states with rotational 

bands at excitation energy of about 2 MeV are also reported [4,5,8,9] in 
119,121,125

I. The 

configurations of these states involve the odd-proton coupled to the two quasi-particle 

states of the respective even-even Te core nuclei, where the protons occupy the πd5/2 and 

πg7/2 orbitals while the neutrons are distributed in the νd5/2, νg7/2 and νh11/2 orbitals. The 

PES calculations by Liang et al. [10] have predicted competing prolate and oblate shapes 

for d5/2 and g7/2 configurations in 121,123,125I isotopes. Although the oblate states are 

predicted to be lower in energy for the iodine nuclei with A ≥ 121 and the prolate states 

are favoured for the lighter 
119

I, the energy difference between the oblate and prolate 
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states is predicted to be very small. The experimental studies [4-6] in 119,121,123I isotopes 

show evidence of oblate shape being associated with the bands based on d5/2 and g7/2 

configurations. Low-spin states in 
125

I were first established from β-decay studies of 
125

Xe 

[11,12]. Later, high-spin states for positive-parity and negative-parity up to 25/2
+
 and 

43/2
−
, respectively were identified through in-beam spectroscopy [7,8,13-16] using small 

detector arrays. The previously [16] known negative-parity states up to 43/2− in 125I were 

further extended up to the 63/2− state by Singh et al. [17]. The  γ -ray spectroscopic study 

[7] of the nuclear structure of 
125

I has led to extensions and alterations of the previously 

reported [13,18,19] level scheme of this nucleus, in which several new intra-band and 

inter-band transitions are observed in the positive-parity bands based on πd5/2 and πg7/2 

configurations, indicating mixing of the two configurations in these bands. Negative-

parity high spin states in 123I were measured experimentally [20] and rotational band, built 

on the πh11/2 single particle state, was extended up to spin I = 35/2
−
. Also, recently [21], 

the high-spin states of 
123

I have been studied experimentally by using the 
80

Se (
48

Ca, p4n) 

123
I reaction at 207 MeV in which the level scheme of 

123
I has been extended up to spin I 

= 63/2
-
, where the nucleus undergoes a shape transition from moderately deformed states 

with collective rotation at low spins to non-collective oblate configurations at higher 

spins. It has been reported [5,6] from the study of  the structure of odd-mass iodine nuclei 

121,123
I that the mixing of the πd5/2 and πg7/2 configurations of protons can significantly 

affect the structure of the positive-parity bands based on the 5/2
+
 and 7/2

+
 states, and that 

interconnecting dipole transitions occur between the members of these bands. A large 

number of bands with the odd proton occupying the different Nilsson orbitals near the 

Fermi level were observed [22,23] in the odd-mass 117-127I isotopes. Among these bands, 

∆ I = 2 bands, built on the 11/2-, 7/2+ and 5/2+ states, have been identified and the level 

spacings of these bands follow those of the ground state (g.s.) bands of the corresponding 

even-even Te core nuclei. In-beam γ spectroscopy of the stable nucleus 
127

I has been 

studied experimentally using the 
124

Sn ( 
7
Li,4nγ )

127
I reaction at a beam energy of 32 MeV 

by Ding et al. [24]. They have significantly extended the level scheme of 127I and the 

negative-parity levels, built on  11/2−, πh11/2 particle state, are observed up to 35/2− for 

this isotope. Thus, the literature, available on different research studies applied on the 

neutron-rich Iodine nuclei, reveals that the energy states in these nuclei have been 

extended up to high spins and this was also one of the motivating factors for carrying out 

the present work in the perspective of study of high spin structure of Iodine nuclei. The 

definite information on the spins, parities of the levels and the nature of the transitions, 
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both intra-band and inter-band, is necessary for the better understanding of the structures 

of the various bands in a nucleus. In this regard, different interpretations about the various 

bands have been given to understand the structure of these neutron rich Iodine isotopes. 

The projected shell model (PSM) [25-29] has become quite popular to study the structure 

of deformed nuclei in various mass regions. As PSM uses a truncated valence space, the 

numerical requirements here are minimal and, therefore, a systematic study for a group of 

nuclei in a reasonable time frame is being possible. In the present work, a systematic 

PSM study of some nuclear structure properties of the odd-mass 
119-127

I isotopes has been 

carried out. The physical quantities that have been described are the yrast line, band 

diagrams, backbending in moment of inertia and the reduced transition probabilities 

(B(E2) and B(M1) values). This chapter is planned in the following way. In this chapter, 

Section 3.2 deals with the formal aspects of the theory of applied approach, PSM. In 

Section 3.3, I have discussed various nuclear structure properties that have been obtained 

by using PSM wavefunctions, and have also compared these results with the 

corresponding available experimental ones. Section 3.4 of this chapter contains the 

concluding remarks of the present work. 

 

3.2 Input parameters used in PSM calculations for 
191-127

I isotopes 

The Projected Shell Model (PSM) [25] is a modified form of the shell model approach as 

it differs in a way that, unlike the conventional shell model, PSM begins with the 

deformed (Nilsson-type) single-particle basis for the diagonalization of the shell model 

Hamiltonian. Such a shell model basis violates the rotational symmetry, but it can be 

restored by the standard angular momentum projection technique. The advantage of using 

deformed basis is that it incorporates important nuclear correlations more readily, 

especially for a well deformed system. Detail of this model is given in chapter 2 of this 

thesis, where a general explanation of model is given and for the detailed theory of PSM, 

one may refer to the article given by Hara and Sun [25] and in this section, various input 

parameters used for carrying out calculations on these nuclei are discussed. The most 

striking aspect of this quantum mechanical model is its ability to describe the finer details 

of high-spin spectroscopy data with simple physical interpretations and this model has 

been proved to be quite successful in explaining a broad range of properties of deformed 

nuclei in various regions of nuclear periodic table.  
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Table  3.2.1   Parameters used in present calculations for positive-parity and negative-

parity of 
119- 127

I nuclei. 

 

 

119I   121I 123I 125I 127I 

Positive-parity 

ε2 

 

-0.270 

 

-0.215 

 

-0.227 

 

-0.245 

 

-0.225 

ε4 0.000 0.000 0.000 0.000 0.00 

Negative-parity 

ε2 

 

0.210 

 

0.200 

 

0.170 

 

0.160 

 

0.140 

ε4 0.000 0.000 0.000 0.000 0.000 

 

 

 

Table  3.2.2  Set of Nilsson parameters used as input in the present calculations for 
119-127

I    

                      nuclei. 

 

Major Shell 

N 

Protons 
 

Neutrons 

Κ µ  κ µ  

3 0.090 0.300   0.090 0.250 

4 0.070 0.480   0.070 0.390 

5 0.560 0.540   0.062 0.430 

 

The total Hamiltonian used in the present work is 

∑ ∑−−−=
µ µ

µµµµ

χ
PPGPPGQQHH QMo
ˆˆˆˆˆˆ

2
ˆˆ †††

 (3.2.1) 

where 
oĤ  is the spherical single-particle Hamiltonian which contains a proper spin-orbit 

force. The second term in Eq. (3.2.1) is the quadrupole-quadrupole (QQ) interaction and χ 

represents its strength whose value is adjusted via self-consistent conditions with a given 

quadrupole deformation ε2 , and the last two terms in Eq.(3.2.1) are the monopole and 

quadrupole pairing interactions, respectively. The hexadecapole deformation, �� , has also 

been included in the mean-field Nilsson potential to reproduce experimental energies 

correctly, but in the present set of calculations, its value has been set as zero for all the 119-
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127I nuclei to reproduce the experimental data correctly. The deformation parameters, �� 

and ��, used in the present calculations are given in Table 3.2.1. Spin-orbit force 

parameters (κ and µ) appearing in Nilsson potential are essential to reproduce the correct 

shell filling and are taken from Zhang et al. [30] for the present set of calculations, as 

given in the Table 3.2.2 

The monopole pairing force constant GM is adjusted to give the known energy gaps and in 

the present calculations, it is taken as 

                        
)MeV(

1
21

AA

ZN
GGGM 







 −
= m  (3.2.2) 

where “+ ”(“-”) is for proton (neutron), while, in this work, the values of G1 and G2 are 

chosen as 20.70 and 12.12, respectively for both positive as well as negative parity 

calculations. In the present calculations, I have considered three major shells,  N = 3, 4 

and 5 for protons as well as  neutrons for both positive-parity and negative-parity 

calculations.  

 In the present work, I have assumed that the deformed single-particle states have 

axial symmetry and thus, the basis states, �|��〉, have K as a good quantum number, i.e., 

the intrinsic states are the eigenstates of the K-quantum  number. 

 Quasi-particles defined in the deformed Nilsson + BCS calculations are the starting 

point of the PSM and in the present case for odd-proton nuclei; the chosen qp subspace is 

spanned by the basis set 

where a
†
’s are the quasi-particle (qp) creation operators, ν’s (π’s) denote the neutron 

(proton) Nilsson quantum numbers which run over low-lying orbitals and �|0〉 is the 

Nilsson + BCS vacuum (0-qp state). In Eq. (3.2.3), the low-lying 3-qp states selected for 

the many-body basis are those consisting of 1-qp plus a pair of qp’s from nucleons of 

another kind. This selection is based on physical considerations. In general, 3-qp states 

made by three nucleons of the same kind are also allowed, but such states usually lie 

higher in energy and in the present case for odd-proton nuclei, I have taken 3-qp states 

consisting of one-quasi-proton and two quasi-neutrons. The inclusion of the 3-qp 

configurations is important for odd-mass nuclei for a description of the band-crossing 

phenomenon which is caused by a rotation alignment of a pair of quasi-neutrons. 

                                                          �{|��〉} = ���
� �|0〉, ��

����
� ���

� �|0〉� } �        (3.2.3) 
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 In the PSM, the many-body wavefunction is a superposition of (angular 

momentum) projected multi-quasiparticle states. Angular momentum projection 

transforms the wavefunction from the intrinsic frame to the laboratory frame.  

The total wavefunction is expressed as 

                 
( ) ( )ΩΩΩ

+
=

=Ψ

∫

∑

RDd
I

P

Pf

I

MK

I

MK

K

I

MKIM

ˆ
8

12ˆwith     

   (3.2.4)                                                                   ,ˆ

2π

ϕκ
κ

σ
κ

σ

                 

 

where, the index σ labels the states with same angular momentum and κ labels the basis 

states. I
MKP̂  is the angular momentum projection operator and σ

κf are the weights of the 

basis state κ. 

3.2.1 Deformed single particle states 

 One of the most convenient ways to understand the shell structure of deformed 

nuclei is to plot single-particle energies versus axially symmetric quadrupole deformation 

parameter, ε2, i.e., the Nilsson diagram. It is well known that single particle states in a 

deformed potential play an important role for the formation of low lying multi-quasi-

particle excited configurations. Since the present work deals with the behavior of an 

isotopic chain, which is sensitive to the shell filling of nucleons, it is, therefore, important 

to discuss the deformed single particle states employed in the calculations. Further, due to 

the presence of significant pairing correlations present in the nuclear system, the low 

energy odd-A spectra for deformed nuclei can be completely described in terms of a 

single quasi-particle occupation of the Nilsson diagram orbits lying near the Fermi 

energy. By using Nilsson model, the deformed single particle states are calculated with a 

standard N- dependent Nilsson parameters, κ and µ, given in ref. [30]. In Figs. 3.2.1(a) 

and 3.2.1(b), Nilsson diagrams for protons as well as neutrons are plotted, respectively. I 

have taken only quadrupole deformation parameter, ε2, as a variable. In these figures, 

solid curves denote positive parity single particle states while dashed curves indicate 

negative parity single particle states. In the same figure, the dotted rectangles are also 

shown that enclose the most important single particle states which are occupied by the 

active nucleons near the Fermi surface for formation of positive parity band spectra, 

whereas for negative parity band spectra, these single particle states are enclosed in solid 

rectangles (also shown in the figure) corresponding to deformation range -0.215 to         -

0.270 and 0.140 to 0.210, respectively.   
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                  On examining the Nilsson diagram (see Fig.3.2.1), it is clear that for positive 

parity band spectra, K = 7/2, 5/2, 3/2, 1/2 components from g9/2 orbital, K = 7/2, 5/2 

components from g7/2 orbital for protons and K = 7/2, 5/2, 3/2, 1/2 components from h11/2 

for neutrons, lie in the neighbourhood of the Fermi surface, which are physically 

significant and play an important role to understand the evolution of positive parity band 

spectra in odd mass 119-127I nuclei. Similarly, in case of negative parity band spectra, the 

intruder levels, K= 1/2, 3/2 from h11/2 orbital for protons and K= 1/2, 3/2, 5/2, 7/2, 9/2 

components from h11/2 orbital for neutrons lie near the Fermi surface of the iodine nuclei 

under study. Thus, I can conclude that the positive parity band spectra in 
119-127

I isotopes 

originate from the occupation of g9/2 and g7/2 sub-shells by protons and h11/2 sub-shell by a 

pair of neutrons falling on the oblate side of the quadrupole deformation. The 

configurations of the Nilsson orbitals responsible for producing the positive parity band 

spectra are:  1πg9/2 ⊗  2νh11/2 and 1πg7/2 ⊗  2νh11/2. The negative parity band spectra in 

these nuclei arise from the configuration: 1πh11/2 ⊗  2νh11/2 for positive value of 

quadrupole deformation. 

 

Fig. 3.2.1(a) Nilsson diagram for protons, where the Nilsson single particle energies are in 

MeV’s.  
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Fig. 3.2.1(b) Nilsson diagram for neutrons, where the Nilsson single particle energies are in    

MeV’s.  

  

3.3 Results and Discussions 

Projection of good angular momentum onto each intrinsic state generates the rotational 

band associated with a certain intrinsic configuration�|��〉. The final results are obtained 

by, for each angular momentum I, solving the eigenvalue equation   

����� ′ − ����′���′ = 0
 

�′
 (3.3.1) 

where,
  ϕϕ

κκκκκκ '

I

   
ˆ ˆ

′′′ = KKPHH
 and 

ϕϕ κκκκκκ ′′′′
= I

   
ˆ

KKPN are the matrix 

elements of the Hamiltonian and the norm, respectively and 
I

P̂  is the angular momentum 

projection operator. The energies of each band, Ek(I), are given by the diagonal elements 

of Hkk /Nkk which can be plotted as a function of spin for various bands in the form of 
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band diagrams. Hence, the discussion about these band diagrams as well as some other 

nuclear structure properties is presented in the following subsections.   

3.3.1 Quasi-particle structure of iodine isotopes 

Band diagram plays an important role for the interpretation of the formation of yrast 

states. It is obtained by plotting different energy bands with respect to spin. The PSM 

results for band diagrams for 119-127I isotopes are discussed below isotope-wise for 

positive- as well as  negative-parity states. 

119
I 

(a) Positive parity 

Fig. 3.3.1(a) shows the band diagram calculated at the oblate minimum for 119I isotope, 

where one can see that up to the spin of 17/2+, the yrast band i.e., the low lying band, is 

mainly formed by the combination of two    1-qp bands having Nilsson configurations: 

π7/2[404] and π5/2[402]. At spin 17/2
+
, there occurs a band crossing of the above 

mentioned overlapped 1-qp bands by a 3-qp band with configuration: π1/2[440] ⊗ 

υ(7/2[523] , 5/2[532]), which then alternatively contributes to yrast band up to the spin 

25/2
+
. At spin 25/2

+
, this 3-qp band gets superimposed with another 3-qp band having 

configuration: π7/2[404] ⊗ υ(7/2[523],5/2[532]) and this combination is then responsible 

for the formation of yrast levels up to spin 29/2+. Beyond this spin, one more 3-qp band 

with configuration: π3/2[431] ⊗ υ(7/2[523], 5/2[532]) joins the above mentioned set of 

overlapped 3-qp bands and forms the remaining part of the calculated yrast band. 

(b) Negative parity 

Fig. 3.3.1(b) presents the band diagram at the prolate minimum. From the figure, it is 

clear that up to the spin 27/2
−
, the yrast band is composed of  two 1-qp bands, π1/2[550]  

and π3/2[541], which are then crossed by two 3-qp bands with configurations: π1/2[550] 

⊗ υ(3/2[541], 5/2[532]) and π1/2[550] ⊗ υ(5/2[532],7/2[523]), and contribute to the yrast 

levels up to the spin 39/2−. At higher spins, one more 3-qp band with configuration: 

π3/2[541] ⊗ υ(5/2[532],7/2[523]) superimpose on previously mentioned 3-qp bands and 

results in the formation of yrast band up to the maximun calculated spin.  
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Fig. 3.3.1(a) Band diagram for positive parity for 119I. Only the important lowest lying 

bands in each configuration are plotted.  

 

Fig. 3.3.1(b)  Band diagram for negative parity for 119I. Only the important lowest lying   

                       bands in each configuration are plotted. 
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121
I 

(a) Positive parity  

Similarly, for 
121

I isotope (see Fig. 3.3.2(a)), the band diagram shows that the yrast band 

up to spin 19/2
+
consists of two superimposed 1-qp bands with configurations: π7/2[404] 

and π5/2[402]. At the spin 19/2
+
, these overlapped 1-qp bands get crossed by one 3-qp 

band with configurations:  π7/2[404] ⊗ υ(7/2[523], 5/2[532]), which then  contributes to 

the yrast states up to spin 35/2
+
. After this spin, three more 3-qp bands with 

configurations: π3/2[422] ⊗ υ(7/2[523], 5/2[532] ), π1/2[440] ⊗ υ(7/2[523], 5/2[532] ) 

and π3/2[431] ⊗ υ(7/2[523], 5/2[532]), join the above mentioned 3-qp band and this 

combination of bands then gives rise to the formation of yrast levels for rest of the 

calculated spins. 

(b) Negative parity 

In case of 
121

I, it is clear from the Fig. 3.3.2(b) that yrast band up to spin of 27/2
−
 is 

constructed from two 1-qp bands with configurations: π1/2[550] and π3/2[541]. At spin 

value of 27/2
−
, band crossing occurs and the above mentioned 1-qp bands get crossed by 

a 3-qp band identified as π1/2[550] ⊗ υ(5/2[532], 7/2[523]) which contributes to the yrast 

states up to spin 35/2
−
. At spin 35/2

−
, this 3-qp band gets overlapped with two more 3-qp 

bands with configurations: π3/2[541] ⊗ υ(5/2[532], 7/2[523])  and π1/2[550] ⊗ 

υ(3/2[541], 5/2[532]), which then make the yrast line up to the highest calculated spin. 

 

Fig. 3.3.2(a)  Band diagram for positive parity for 
121

I. Only the important lowest lying        

bands in each configuration are plotted.  
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Fig. 3.3.2(b)   Band diagram for negative parity for 
121

I. Only the important lowest lying   

                        bands in each configuration are plotted.  

 

123
I 

(a) Positive parity  

For the case of 123I (see Fig. 3.3.3(a)), the yrast states up to the spin 19/2+ are arising from 

two overlapped 1-qp bands with configurations: π7/2[404] and π5/2[402]. At this spin, a 

crossing of these bands takes place by a 3-qp band identified as π7/2[404] ⊗ υ(7/2[523], 

5/2[532]), which then is found to be responsible for the formation of yrast band up to the 

spin value of 31/2+. After this spin, this 3-qp band gets overlapped with another 3-qp 

band identified as π1/2[440] ⊗ υ(7/2[523], 5/2[532]) and these two 3-qp bands then 

contributes to the formation of yrast states up to spin 35/2+. Beyond this spin, above 

mentioned 3-qp bands are superimposed by two more 3-qp bands with configurations: 

π1/2[440] ⊗ υ(7/2[523], 3/2[541]) and π1/2[420] ⊗ υ(7/2[523], 5/2[532]) and all these 

bands move together to give rise to the remaining calculated yrast levels. 

(b) Negative parity 

From the band diagram of 123I, given in Fig. 3.3.3(b), one can see that the yrast band is 

formed by the two overlapped 1-qp bands π1/2[550] and π3/2[541] up to spin of 27/2
−
. At 
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the spin 27/2−, these superimposed 1-qp bands get crossed by a 3-qp band identified as 

π1/2[550] ⊗ υ(5/2[532], 7/2[523]) which contribute to yrast line up to the spin value of 

39/2−. After this spin, two more 3-qp bands with configurations: π1/2[550] ⊗ υ(3/2[541], 

5/2[532])  and π3/2[541] ⊗ υ(1/2[550], 7/2[523]) get combined with above mentioned 

bands and contribute to the formation of  the higher calculated yrast states. 

 

 

 

Fig. 3.3.3(a) Band diagram for positive parity for 
123

I. Only the important lowest lying                          

                        bands in each configuration are plotted.  
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Fig. 3.3.3(b)    Band diagram for negative parity for 123I. Only the important lowest lying      

                         bands in each configuration are plotted.  

125
I 

(a) Positive parity  

Fig. 3.3.4(a) shows the band diagram of 
125

I for positive parity states. In this case, a 

combination of two 1-qp bands, π7/2[404]  and π5/2[402]  is contributing towards the 

formation of yrast line up to the spin value of 19/2
+
,
 
which is then crossed by a 3-qp band, 

π7/2[404] ⊗ υ(7/2[523], 5/2[532]) and thus forms the yrast line along with one more 3-qp 

band π7/2[404] ⊗ υ(7/2[523], 1/2[550]) up to the spin value of 25/2
+
. Subsequently, a 3-

qp band π7/2[404]  ⊗   υ(7/2[523], 1/2[550]) becomes lower in energy and contributes to 

the yrast  line up to spin 37/2
+
, beyond which two overlapped 3-qp bands identified as : 

π3/2[431] ⊗ υ(7/2[523], 1/2[550]) and π1/2[440] ⊗ υ(7/2[523], 1/2[550]), are found to lie 

lower in energy, thereby leading to the formation of yrast line up to the highest calculated 

spin value. 
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(b) Negative parity 

For 
125

I, (see Fig. 3.3.4(b)), up to spin 23/2
−
, yrast band is formed from the overlapping of 

two   1-qp bands, π1/2[550] and π3/2[541]. At spin 23/2
−
, band crossing takes place and a 

mixture of two 3-qp bands identified as: π1/2[550] ⊗ υ(5/2[532], 7/2[523]) and π3/2[541] 

⊗ υ(5/2[532], 7/2[523]) becomes lower in energy and contributes to yrast line up to the 

spin value of 31/2
−
. At the spin 31/2

-
, one more 3-qp band with configuration: π3/2[541] 

⊗ υ(1/2[550], 7/2[523]) along with the above mentioned 3-qp bands starts contributing 

towards the formation of yrast band up to the maximum calculated spin. 

 

 

 

Fig. 3.3.4(a)   Band diagram for positive parity for 125I. Only the important lowest lying     

                      bands in each configuration are plotted.  
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Fig. 3.3.4(b)    Band diagram for negative parity for 
125

I. Only the important lowest lying   

                         bands in each configuration are plotted.  

127
I 

(a) Positive parity  

Coming onto the band diagram of 127I, as shown in Fig. 3.3.5(a), till the spin of 19/2+, the 

yrast band arises because of the superimposition of two 1-qp bands, π7/2[404] and 

π5/2[402]. These overlapped 1-qp bands get crossed by a 3-qp band having configuration: 

π7/2[404] ⊗ υ(7/2[523], 1/2[550]), which then contributes to the yrast band from spin 

19/2+ to 35/2+. After this spin, two more 3-qp bands with configurations: π1/2[440] ⊗ 

υ(7/2[523], 1/2[550]) and π3/2[431] ⊗ υ(7/2[523], 1/2[550]) contribute to the remaining 

calculated yrast levels. 

(b) Negative parity 

Finally, for 127I (see Fig. 3.3.5(b)), up to the spin of 21/2−, the yrast line arises due to two 

superimposed 1-qp bands, π1/2[550] and π3/2[541]. After this spin, band crossing occurs 

at 23/2
−
 and two 3-qp bands with configurations:  π1/2[550] ⊗ υ(5/2[532], 7/2[523]) and 

π3/2[541] ⊗ υ(5/2[532], 7/2[523]) become lower in energy and contribute  towards to the 

formation of yrast band up to the  spin value of 35/2
−
. At higher spin range, another 3-qp 

band with configuration: π1/2[550] ⊗ υ(3/2[541], 9/2[514]) also starts contributing along 

1/
2

5/
2

9/
2

13
/2

17
/2

21
/2

25
/2

29
/2

33
/2

37
/2

41
/2

45
/2

49
/2

53
/2

57
/2

61
/2

0

5

10

15

20

Prolate minima
yrast

 

 

(b)
125

I

E
n
er

g
y
[M

e
V

]

Spin(ћ) 

π1/2[550] 

π3/2[541] 

π1/2[550] ⊗ υ(5/2[532], 7/2[523]) 

π3/2[541] ⊗ υ(5/2[532], 7/2[523]) 

π3/2[541] ⊗ υ(1/2[550], 7/2[523]) 



Chapter 3: Structure evolution of odd-mass 119–127I nuclei  

 

49 

 

with the above mentioned 3-qp bands, thereby leading to the formation of the yrast band 

up to the maximum calculated spin. 

 

Fig. 3.3.5(a)    Band diagram for positive parity for 
127

I. Only the important lowest lying  

bands in configuration are plotted.  

 

Fig. 3.3.5(b)   Band diagram for negative parity for 
127

I. Only the important lowest lying   

                        bands in each configuration are plotted. 
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3.3.2 Yrast line  

The yrast line is defined as a sequence of the lowest energy states of each angular 

momentum in a nucleus. In PSM, yrast line is obtained through the process of 

diagonalization of the Hamiltonian in the deformed basis, which in turn, corresponds to 

the configuration mixing or band mixing in shell model. In the present work, the positive-

parity and negative-parity yrast bands have been obtained through Projected Shell Model 

(PSM) calculations for 119-127I isotopes and are compared with the corresponding 

available experimental data. Theoretically, I have been able to obtain the data on positive- 

and negative-parity yrast states in these nuclei up to a maximum spin of 59/2, whereas 

experimental data on the positive-parity  yrast states in these nuclei are available up to a 

maximum spin value of 55/2+, 49/2+, 21/2+, 17/2+ and 21/2+ for 119I, 121I, 123I, 125I and 127I, 

respectively and  up to a maximum spin value of  63/2-, 55/2-, 23/2-, 23/2- and 23/2- for 

119
I, 

121
I, 

123
I, 

125
I and

 127
I, respectively for negative-parity yrast states. The comparison of 

calculated and experimental yrast lines for positive- and negative-parity bands is 

presented in Figs. 3.3.6(a), 3.3.6(b), 3.3.6(c), 3.3.6(d) and 3.3.6(e) for 
119,121,123,125,127

I 

isotopes, respectively. The yrast states (theory and experiment), plotted in these figures, 

have been obtained as a result of energy differences between the energy of an angular 

momentum state from the band head energy for positive- and negative-parity bands, 

separately. From the comparison, the degree of agreement between the theoretical results 

and experimental ones for yrast states can be considered to be satisfactory for the low-

lying states in the iodine isotopes under study. Also, the calculations reproduce 

successfully the experimental band head spins for positive- and negative-parity yrast 

bands of 119-127I isotopes, which have been obtained as 5/2+ for positive-parity band and 

11/2− for negative-parity band. Furthermore, in case of band head energies of positive- 

and negative-parity bands taken together, a comparison of results (theory and 

experiments) for 
119-127

I is presented in Table 3, where the relative energies of negative-

parity band head spin 11/2
-
 with respect to the positive-parity band head spin of 5/2

+
 are 

given. Here, the band head energy of 5/2+ of all the 119-127I isotopes is taken as the 

reference energy with respect to which the band head energies of negative-parity bands 

are calculated. It may be noted that the calculated PSM results for the relative energies are 

in a reasonable agreement with the experimentally measured values, for example, in 
127

I, 

the PSM relative energy of the band head is 1.18 MeV, whereas the observed value is 

1.23 MeV and the values for 
121

I are 1.11 MeV and 0.81 MeV, respectively.  
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           Again, from the comparison made on yrast energies, it is seen that the low-lying 

calculated yrast states are following the experimental ones, while there are some 

disagreements at higher spins. The discrepancy at higher spins could be due to the 

possibility of presence of some degree of triaxiality in these Iodine nuclei, as reported in 

Refs. [4,7,18]. The incorporation of triaxiality parameter in the axial PSM framework 

may help in improving the calculated results for these nuclei. This could also constitute a 

shortcoming of the present framework. Further, the triaxial calculations of these nuclei 

would be taken up as a separate project and this is my aim in future. 

 

Fig. 3.3.6(a) Comparison of the calculated (PSM) yrast energies of the positive and 

negative-parity bands with experimental data for 
119

I.The experimental data 

of yrast lines for positive- and negative-parity states is taken from Ref. [32]. 
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Fig. 3.3.6(b) Comparison of the calculated (PSM) yrast energies of the positive and      

negative-parity bands with experimental data for 121I. The experimental data 

of yrast lines for positive- and negative-parity states is taken from Ref. [33]. 
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Fig. 3.3.6(c) Comparison of the calculated (PSM) yrast energies of the positive and 

negative-parity bands with experimental data for 123I. The experimental data 

of yrast lines for positive- and negative-parity states is taken from Ref. [34]. 
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Fig. 3.3.6(d) Comparison of the calculated (PSM) yrast energies of the positive and 

negative-parity bands with experimental data for 125I. The experimental data 

of yrast lines for positive- and negative-parity states is taken from  Ref. [35]. 
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Fig. 3.3.6(e) Comparison of the calculated (PSM) yrast energies of the positive and 

negative-parity bands with experimental data for 
127

I. The experimental data 

of yrast lines for positive- and negative-parity states is taken from Ref. [36]. 
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values of kinetic moment of inertia (2ℑ(1)
) and rotational frequencies (ћ

2ω2
) are calculated 

by using the formulae [31] as given below 

                                                                  2ℑ(") = (�$%")
&  

             

    (3.3.2) 

                                            ћ' = ()
*($+")($+�)%�� –*($%")$%��  

 

(3.3.3) 

where,  �- = �(.) − �(. − 2) 

 For odd-mass nuclei, backbending is phenomenologically associated with crossings 

between bands with 1-qp and 3-qp configurations. In the present case, 1-qp configurations 

are those from the deformed proton πg7/2, πg9/2 for positive-parity and h11/2 for negative-

parity orbit, while 3-qp ones consist of these proton 1-qp configurations plus a pair of 

h11/2 neutrons for positive as well as for negative-parity. With the band mixing, the yrast 

line jumps from a given angular momentum with a small deformation to a higher angular 

momentum with a large deformation, resulting in a drastic increase in the moment of 

inertia at this angular momentum. In following sub-sections 3.3.3.1 and 3.3.3.2, 

backbending phenomenon for positive as well as negative-parity yrast bands in 
119-127

I has 

been discussed. 

3.3.3.1 For positive-parity bands 

The experimental and theoretical backbending data for 119-127I isotopes are plotted for 

positive- parity in Figs. 3.3.7 (a) - (e). First of all, for 
119

I (see Fig. 3.3.7(a)), the 

experimental backbending occurs at the spin of 25/2
+
, whereas PSM results predict 

backbending at the spin of 19/2
+
, which correspond to the rotational frequencies (ћ

2
ω

2
) of 

0.175 MeV
2
 and 0.247 MeV

2 
respectively. Moreover, it is also observed from the band 

diagram (Fig. 3.3.7(a)) for 119I that the band crossing occurring at 17/2+ is in consistent 

with the phenomenon of backbending taking place at the same spin, which supports the 

accuracy of calculated results. In case of 
121

I isotope, the experimental backbending is 

observed at the spin of 25/2
+
 and theoretical backbending calculated by PSM occurs at the 

spin of 19/2
+ 

corresponding to the rotational frequencies of 0.175 MeV
2
 and 0.216 MeV

2
, 

respectively. Also, it is observed from the band diagram that the band crossing for 121I 

(See Fig. 3.3.7(b)) occurs at 19/2+, which confirms the accuracy of calculated results. 

Next, for 123I isotope, the experimental backbending occurs at the spin of 15/2+, whereas 

theoretically calculated backbending occurs at the spin of 17/2
+ 

corresponding to the 

rotational frequencies for experimental and theoretical backbendings at 0.137 MeV
2
 and 
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0.152 MeV2, respectively. In case of 125I, there is no experimental backbending but 

theoretical backbending has been found to occur at the spin value of 17/2
+
 corresponding 

to rotational frequency of 0.179 MeV
2
, which is happening at the same spin at which the 

crossing of bands occurs, as shown in the band diagram of 
125

I (see Fig. 3.3.7(d)). Lastly, 

for 
127

I (Fig. 3.3.7(e)), the experimental and theoretical backbendings are found at the 

spin value of 15/2+ and 19/2+ with the corresponding rotational frequencies 0.130 MeV2 

and 0.168 MeV2, respectively. 

Table 3.3.1   Relative energies of negative-parity band head spin (11/2-) with respect to    

                      positive-parity band head spin (5/2
+
) of 

119-127
I isotopes. 

 

 

Isotopes 

 

Relative energies of negative-parity band head spin (11/2-) with 

respect to positive-parity band head spin (5/2+) 

Exp. 
 

PSM 

119
I 0.69 1.18 

121
I 0.81 1.11 

123
I 0.94 1.44 

125
I 1.08 1.50 

127I 1.23 1.18 

 

Fig. 3.3.7(a)   Twice the kinetic moment of inertia (2ℑ(1)
) plotted against angular 

frequency squared (ћ2ω2) in comparison with the experimental data for  
119

I, for positive-parity yrast band. 
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Fig. 3.3.7(b) Twice the kinetic moment of inertia (2ℑ(1)) plotted against angular       

frequency squared  (ћ2ω2) in comparison with the experimental data for  

121
I, for  positive-parity yrast band. 

 

Fig. 3.3.7(c) Twice the kinetic moment of inertia (2ℑ(1)
) plotted against angular frequency     

squared (ћ2ω2) in comparison with the experimental data for 123I, for  

positive-parity yrast band. 

0.0 0.2 0.4 0.6 0.8 1.0
20

40

60

80

100

120

 PSM.

 Exp.

(b)
121

I

ћ2ω2

2ℑ
(1

)

0.0 0.2 0.4 0.6 0.8 1.0
20

40

60

80

100

120

 PSM.

 Exp.

ћ2ω2

2ℑ
(1

)

(c)
123

I



Chapter 3: Structure evolution of odd-mass 119–127I nuclei  

 

59 

 

 

Fig. 3.3.7(d) Twice the kinetic moment of inertia (2ℑ(1)) plotted against angular 

frequency squared  (ћ
2
ω

2
) in comparison with the experimental data for 

125
I, for  positive-parity yrast band. 

 

Fig. 3.3.7(e) Twice the kinetic moment of inertia (2ℑ(1)
) plotted against angular 

frequency  squared  (ћ
2
ω

2
) in comparison with the experimental data for 

127I, for  positive-parity yrast band. 
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3.3.3.2    For negative-parity bands 

The experimental and theoretical data of backbending in moment of inertia for negative-

parity states of 119-127I isotopes are shown in Figs. 3.3.8 (a) -(e). In case of 119I, the 

experimental and theoretical backbendings are found to occur at spins of 35/2- and 27/2-, 

with corresponding rotational frequencies (ћ
2
ω

2
) of 0.837 MeV

2
 and 0.557 MeV

2
 

respectively. For 
121

I isotope, the experimental and theoretical backbendings are observed 

at the rotational frequencies of 0.706 MeV
2
 and 0.511 MeV

2 
at spins of 31/2

-
 and 27/2

-
, 

respectively. For 123I, there is no experimental backbending but theoretical backbending 

has been found to occur at the spin value of 27/2-, at the rotational frequency of 0.607 

MeV2.  Also for 125I, there is no experimental backbending but calculated results show 

backbending to occur at the spin value of 23/2
-
, at the rotational frequency of 0.483 

MeV
2
. Lastly, for 

127
I, theoretical results show backbending at the spin 23/2

-
, at the 

rotational frequency of 0.496 MeV
2
, but experimental data does not confirm any 

backbending to occur for this isotope. 

 Further, it has been found from the present calculations that backbending in 

moment of inertia (shown in Figs. 3.3.7 and 3.3.8) occurs at the same spin value at which 

band crossing takes place in all the 
119-127

I isotopes, for positive as well as negative-parity 

states, respectively. 

 

Fig.  3.3.8(a)  Twice the kinetic moment of inertia (2ℑ(1)
) plotted against angular  

                                 frequency squared  (ћ
2
ω

2
 ) in comparison with the experimental data   

for  
119

I, for negative-parity yrast band. 
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Fig. 3.3.8(b)   Twice the kinetic moment of inertia (2ℑ(1)
) plotted against angular  

frequency squared (ћ2ω2) in comparison with the experimental data for 

121I, for negative-parity yrast band. 

 

Fig. 3.3.8(c)   Twice the kinetic moment of inertia (2ℑ(1)) plotted against angular 

frequency   squared  (ћ2ω2 ) in comparison with the experimental data 

for  
123

I, for negative-parity yrast band. 
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Fig. 3.3.8(d) Twice the kinetic moment of inertia (2ℑ(1)) plotted against angular 

frequency squared  (ћ2ω2 ) in comparison with the experimental data 

for
125

I for negative-parity yrast band. 

 

 Fig. 3.3.8(e)   Twice the kinetic moment of inertia (2ℑ(1)) plotted against angular 

frequency squared  (ћ
2
ω

2
 ) in comparison with the experimental data 

for 
127

I for negative-parity yrast band. 
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3.3.4   Reduced transition probability 

One of the vital nuclear structure properties which give important information on the 

nuclear structure are the reduced electromagnetic transition probabilities, B(E2) and 

B(M1). These values represent basic nuclear information complementary to our 

knowledge of the energies of low-lying levels in nuclides. This is one of the most 

important tools available to investigate the wavefunctions of nuclei. Generally, these 

values highlight the extent to which quadrupole distortions are present in the structure of 

the nuclei and in the present work, reduced transition probabilities have been calculated 

using wavefunctions obtained by the projection technique implemented in PSM. 

 The reduced electric quadrupole transition probability B(E2) from an initial state 

(Ii=I) to a final state (If = I - 2) is given by 

2
 ,   

12

2
  ) 2,(  

2
ˆ , iIi

i
I

 
e

IIEB Qfffi I σσ
+

=→  

 

                    (3.3.4) 

where, the operator 
2Q̂  is related to the quadrupole operators. For the calculation of 

B(E2) values, I have used the empirical relations for obtaining the numerical values for 

proton (neutron) effective charges as eπ (eν), which are defined as: 

effee +=1π   and effee =υ  

and in the present set of calculations, I have taken eeff =0.6. 

 In a similar way, one can also calculate reduced magnetic transition probability 

B(M1) using PSM wavefunctions. Magnetic dipole transition strengths are sensitive to the 

single-particle nuclear wavefunction. The reduced magnetic dipole transition probability 

B(M1) from initial state (Ii=I) to  final state (If=I-1)  is calculated by 

( )
2

1

2

,   ,
12

,1 Μ̂ iiff

N

fi II

i
I

IIMB σσ
µ

+
=→  

        

                        (3.3.5) 

where the magnetic dipole operator is defined as 

( ) ττττττ
sggjg lsl
ˆ  ˆΜ̂

1
−+=  

here τ denotes for either π or ν ; gl and gs are the orbital and the spin gyromagnetic factors, 

respectively and are defined as: 

       
[ ]

),,)(,,(
)12)(1(

1
),(

2/1
ISIggIJIg

III
Ig lsl σσσσσ τττττ

τ −+
++

=       

(3.3.6) 
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 and in the present calculations, one can use the free values for gl, whereas for gs ,  the free 

values are damped by a factor of 0.85. The standard free values of gl and gs for protons 

and neutrons are 

,1=π
lg ,0=ν

lg ,85.0586.5 ×=π
sg 85.0826.3 ×−=ν

sg
 

 

In the present calculations, the effective charges as well as damping of free values of gs 

have been used to take into account the effect of core-polarization and meson-exchange 

current corrections. 

The reduced matrix element of an operator Ô(Ô is either Q̂  or Μ̂ ) is expressed by 









=

−

∑∑
i

i

f

f

,,, M

I
     

M

L
     

M-

I
   1   , ˆ , ff

fi

f

ff

fi

i

ii

MI

MMM

IIiiLff ffIOI ) (-
σ

κ
κκ

σ
κσσ      

  ×  
if

ˆˆˆ
 κκ φφ

κκ

i

ii

f

ff

I

MKLM

I

MK POP                

 The theoretical results on the reduced electric transition probabilities, (B(E2)) for 

positive and negative-parity yrast band in 
119-127

I isotopes are shown respectively in Figs. 

3.3.9 and 3.3.10, whereas magnetic transition probabilities (B(M1)) for  positive and 

negative-parity yrast band are shown in Figs. 3.3.11 and 3.3.12, respectively. In Figs. 

3.3.11 and 3.3.12, the usual staggering pattern of B(M1) values is quite visible for the 

whole spin range corresponding to the data being plotted with the present scale along the 

two axes.  

        Further, due to non-availability of experimental data on B(E2) and B(M1) values for 

positive- as well as negative-parity yrast bands on these nuclei, one cannot make any 

comment on their degree of accuracy. However, these results could serve as motivation 

for experimentalists to look for this data.   
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Fig. 3.3.9(a) Calculated B(E2) transition probabilities for the positive-parity yrast band    

                      for 119I 

 

Fig. 3.3.9(b) Calculated B(E2) transition probabilities for the positive-parity yrast band             

for 121I. 
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Fig. 3.3.9(c)  Calculated B(E2) transition probabilities for the positive-parity yrast band      

for 
123

I. 

 

 

Fig. 3.3.9(d) Calculated B(E2) transition probabilities for the positive-parity yrast band      

for 
125

I. 
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Fig.  3.3.9(e) Calculated B(E2) transition probabilities for the positive-parity yrast band     

for 127I. 

 

Fig.  3.3.10(a) Calculated B(E2) transition probabilities for the negative-parity yrast        

band for 
119

I. 
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Fig. 3.3.10(b) Calculated B(E2) transition probabilities for the negative-parity yrast    

band for 
121

I. 

 

Fig. 3.3.10(c).   Calculated B(E2) transition probabilities for the negative-parity yrast 

band for 
123

I. 

0 4 8 12 16 20 24 28 32

0.0

0.5

1.0

1.5

2.0

Spin(ћ) 

 PSM
(b)

121
I

B
(E

2
)[

e2

b
2

]

0 4 8 12 16 20 24 28 32

0.0

0.5

1.0

1.5

2.0

Spin(ћ) 

 PSM

 

(c)
123

I

B
(E

2
)[

e
2

b
2

]



Chapter 3: Structure evolution of odd-mass 119–127I nuclei  

 

69 

 

 

Fig. 3.3.10(d)   Calculated B(E2) transition probabilities for the negative-parity yrast 

band for 125I. 

 

Fig. 3.3.10(e) Calculated B(E2) transition probabilities for the negative-parity yrast band     

for 127I. 
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Fig. 3.3.11(a) Calculated B(M1) transition probabilities for the positive-parity yrast band  

in 
119

I. 

 

Fig. 3.3.11(b)  Calculated B(M1) transition probabilities for the positive-parity yrast band 

in 121I. 
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Fig. 3.3.11(c)  Calculated B(M1) transition probabilities for the positive-parity yrast band    

in 123I. 

 

Fig. 3.3.11(d)     Calculated B(M1) transition probabilities for the positive-parity yrast band 

in 
125

I. 
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Fig. 3.3.11(e)   Calculated B(M1) transition probabilities for the positive-parity yrast band 

in 127I. 

 

     Fig. 3.3.12(a) Calculated B(M1) transition probabilities for the negative-parity yrast band  

in 119I. 
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Fig. 3.3.12(b) Calculated B(M1) transition probabilities for the negative-parity yrast band 

in 
121

I. 

 
 

Fig.  3.3.12(c) Calculated B(M1) transition probabilities for the negative-parity yrast band 

in 
123

I. 
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Fig. 3.3.12(d) Calculated B(M1) transition probabilities for the negative-parity yrast band 

in 125I. 

 
Fig. 3.3.12(e) Calculated B(M1) transition probabilities for the negative-parity yrast band 

in 
127

I. 
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3.4 Conclusions 

Conclusions which are drawn from the present study on 
119-127

I nuclei are as under: 

(i)  The PSM calculations, carried out for yrast line in 
119-127

I isotopes for positive as well 

as negative-parity, show satisfactory agreement with experimental data. The calculations 

reproduce the experimental band head spins (5/2
+ 

for positive-parity and 11/2
- 

for 

negative-parity) of the 119-127I isotopes successfully. The degree of agreement from the 

comparative study of yrast states of 119-127I nuclei indicates that the applied PSM 

framework is quite reliable for the nuclei lying in this mass region. 

(ii) The results on band diagrams show that the yrast lines in 
119-127

I isotopes for positive 

as well as negative-parity arise not only from 1-qp states but also from the multi-

quasiparticle states. The low lying yrast states are found to arise from 1-qp states. As one 

goes to higher angular momentum states, it is found that the intrinsic state changes and 

has 3-qp configurations. 

(iii) The calculations on backbending for 
119-127

I isotopes, for positive as well as negative-

parity, predict their occurrence at the spins which are very close to those at which 

experimental ones are observed. 

(iv) In the present work, the reduced electromagnetic transition probabilities, (B(E2) and 

B(M1)) for yrast states are calculated for the first time. As there is no experimental as 

well as other theoretical data available on reduced transition probabilities for 119-127I 

isotopes for positive as well as negative-parity, so one cannot make any comment on their 

degree of accuracy. Further, it will provide an opportunity to the experimentalists to work 

for this data. 

       To summarise, it is well understood that a systematic study for a chain of nuclei is 

always a serious test for phenomenological nuclear models before they can be used to 

explain or predict an isolated observation in specific isotopes and the present study of 

odd-mass 
119-127

I nuclei in the PSM framework has quite satisfactorily explained the 

results as far as essence of physics has been understood. 

 Furthermore, the results presented in this chapter-3 have been published in an 

international journal with the details: Nuclear Physics A, 952 (2016) 41.  
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4.   Projected Shell Model study of odd-mass 
115-125

Sb isotopes.    

4.1 Introduction 

The structure of high-spin states in neutron deficient nuclei near Z=50 major shell 

closure has explored quite informative results in nuclear physics. Nuclei near this closed 

proton-shell exhibit a variety of collective structures that coexist with the expected 

single-particle structure. The experimental information about the nature of collectivity in 

this region has been provided by the spectroscopic studies of high spin states of odd-A 

nuclei lying above the Z=50 shell closure [1]. The presence of coexistence of states with 

different degrees of collectivity in these transitional nuclei has generated considerable 

interest because these nuclei are near to closed shells, thereby, providing  an excellent 

opportunity to probe important features of nuclear structure. Also, these nuclei are found 

to be particularly good for spectroscopic investigations due to the experimental 

accessibility of many Z = 50, tin nuclei across the N = 50–82 shell. Thus, to have some 

more information about the structure of nuclei lying in the vicinity of Z=50 closed shell, 

an attempt has been made in the present work to study an isotropic chain of odd mass 
115-

125
Sb nuclei in the PSM framework of calculations. Further, before discussing the 

physics of present work and correlating the same with the outcome of the other research 

groups, a brief discussion of the work carried out earlier by various other groups [2-22] 

has been presented below. 

          It has been found from the study of literature on odd-A Sb nuclei that there are 

significant underlying structural changes along with the superficially smooth variation of 

low-energy properties as a function of the neutron number [2,3]. The properties of the 

low-lying levels of these odd-proton Sb isotopes with 115≤A≤125 are reproduced well in 

theoretical calculations [4,5] that take into account an odd proton in the spherical orbitals 

of the Z = 50–82 major shell coupled to the quadrupole and octupole phonon excitations 

of the Z = 50 Sn core. The Antimony isotopes, with only one proton outside the closed 

shell, are expected to behave like spherical shell-model nuclei with the valence proton 

occupying the d5/2 , g7/2 , and h11/2 orbitals and the neutrons outside of N=50 occupy a 

similar shell-model space with the Fermi level depending on the neutron number N. A 

large number of new single-particle states are found in these isotopes of Antimony [6] 
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and these states show the irregular energies typical of shell-model nuclei. Thus, these 

nuclei have been observed to possess a wide range of both spherical and deformed states, 

all of which relate to a coupling of the valence proton to the different structures in the Sn 

core nuclei.  

        An investigation of odd-A Sb nuclei [7] has revealed a collective structure that 

involves the coupling of 2p-2h Sn-core deformed states to the low-K valence d5/2 , g7/2 , 

and h11/2 proton orbitals above the Z = 50 shell gap. The rotational bands in this Z=50 

region regarding these collective structures has been explored in several Z=51 [8-13] and 

Z=50  [13-15] nuclei. Intruder bands in these nuclei based on 2p-2h excitations across 

the shell gap were observed to extremely high frequency approaching ћω = 1.5MeV with 

gradually decreasing dynamic moments of inertia (ℑ(2)
) to values well below the rigid 

body moment of inertia.  

Several experimental studies [16-22] have been devoted to study the level schemes of 

odd-A 
115-125

Sb nuclei in the past few decades. For example, the previously known [1,16] 

level scheme of 
115

Sb has been further extended by Chakrawarthy et al. [17] to an 

excitation energy of ≈10 MeV and a spin of I=51/2
−
. Moreover, the already known 

energy levels have also been confirmed in this study. Further, this study has also 

reported an interesting excited intruder band based on aligned neutrons in the h11/2 

orbital. The low-spin studies [1,18,19] in 
117,119

Sb have identified a number of spherical 

levels of multi-quasiparticle nature whereas, the high-spin [6] level schemes for 
117,119

Sb 

have been observed to possess a wide range of both spherical and deformed states. This 

study [6] has also reported a negative parity band based on πh11/2 sub-shell in 
117,119

Sb 

nuclei.  

Many new transitions were observed [20] for the first time in high-spin study of 

121,123
Sb using γ-ray and electron spectroscopy. Jones et al. [21] have used multi-

dimensional γ-ray coincidence techniques to identify a number of states, and angular 

correlation measurements have been used with intensity-balance techniques to identify 

spins and parities of states in these nuclei. The multiparticle states reported in this study 

are found to be arising from the coupling of a d5/2 or g7/2 proton with νh11/2, νs1/2, and 
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νd3/2 excitations, observed in neighbouring tin nuclei. Proquet et al. [22] identified the 

high spin states upto 31/2
-
 in 

125
Sb for the first time and the isomeric states lying around 

2.3 MeV have been established in 
125

Sb from the delayed coincidences between the 

fission fragment detector SAPHIR and the gamma array. All the observed states have 

been described by coupling a d5/2 or g7/2 proton to an excited Sn core involving either 

vibrational states or broken neutron pairs. 

The overall study made in the past on odd-mass 
115-125

Sb nuclei reveal that the 

negative parity yrast states in these nuclei have been studied upto spins of 51/2
-
, 43/2

-
, 

35/2
-
, 19/2

-
, 27/2

-
 and 31/2

-
 respectively. Thus, the present work is mainly focussed on 

the PSM study of high spin structure of these nuclei and the available range of 

experimental high spins of these nuclei has been further extended upto 59/2
-
 in all these 

nuclei. Further, it has also been found from the available experimental data on these 

nuclei that the ground state spin of these nuclei is 11/2
-
 and the present PSM calculations 

have also reproduced the same band head spin for these nuclei. In the present study, the 

results are obtained for the energy spectrum, back-bending and transition probabilities 

like B(M1), B(E2).  

This chapter is planned in the following way. In this chapter, Section 4.2 deals with 

the formal aspects of the theory of applied approach, PSM. In Section 4.3, I have 

discussed various nuclear structure properties that have been obtained by using PSM 

wave-functions and these results have also been compared with the corresponding 

available experimental ones. Section 4.4 of this chapter contains the concluding remarks 

of the present work. 

      4.2   Input parameters used in PSM calculations for 
115-125

Sb isotopes 

In order to calculate the nuclear structure properties, I have applied a microscopic 

method known as projected shell model (PSM). The PSM has been developed as a shell 

model truncation scheme which is implemented in a deformed single-particle basis [23]. 

Detail of this model is given in chapter 2 of this thesis. The Hamiltonian employed in the 

calculation is                                
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                                  ∑ ∑−−−=
µ µ

µµµµ

χ
PPGPPGQQHH QMo
ˆˆˆˆˆˆ

2
ˆˆ †††  (4.2.1) 

where 
o

Ĥ  is the spherical single-particle Hamiltonian which contains a proper spin-orbit 

force. The second, third and fourth terms represent quadrupole-quadrupole (QQ), 

monopole- pairing and quadrupole-pairing interactions, respectively. The parameter χ 

represents the strength of quadrupole-quadrupole interaction and its value is adjusted via 

self-consistent conditions with a given quadrupole deformation ε2. There is another input 

parameter known as hexadecapole deformation ��, which is normally used to reproduce 

the experimental energies correctly, but in the present calculations, its value has been set 

as zero for all the  
115-125

Sb nuclei to reproduce the experimental data correctly. The 

values of the empirical deformation, �� , along with hexadecapole deformations, ��  , 

which  have been used as an input in the PSM calculations for these Antimony nuclei, 

are given in Table 4.2.1. Spin-orbit force parameters (κ and µ) appearing in Nilsson 

potential are essential to reproduce the correct shell filling and are taken from Zhang et 

al. [24] for the present set of calculations, as given in Table 4.2.2. All pairing 

interactions are assumed to occur between the like nucleons. The monopole interaction, 

GM, is given as 

                         

)MeV(
1

21
AA

ZN
GGGM 







 −
= m

 
(4.2.2) 

with − (+) for neutrons (protons). Here, G1 and G2 are the two adjustable constants. The 

adjustment of the parameters ��, G1 and G2, will change the energy gap for each shell 

and, thus, will affect the selection of the quasiparticle basis. In the present calculations, 

G1 and G2 are taken as 18.00 and 12.14, respectively for each of the odd-mass 
115-125

Sb 

isotopes. These calculations are performed by considering three major oscillator shells 

(N = 3, 4 and 5) for both neutrons and protons.  

The following set of multi-qp configurations is used for odd-proton nuclei: 

�                                         {|�	〉} = 
��
� �|0〉, ��

����
� ���

� �|0〉� } �                                            (4.2.3)                                               

where a
†
’s are the quasi-particle (qp) creation operators, ν’s (π’s) denote the neutron 

(proton) Nilsson quantum numbers which run over low-lying orbitals and �|0〉 is the 
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Nilsson + BCS vacuum (0-qp state). In Eq. (4.2.3), the low-lying 3-qp states selected for 

the many-body basis are those consisting of 1-qp plus a pair of qp’s from nucleons of 

another kind and this selection is based on physical considerations. In general, 3-qp 

states made by three nucleons of the same kind are also allowed, but such states usually 

lie higher in energy. The inclusion of the 3-qp configurations is important for odd-mass 

nuclei for a description of the band-crossing phenomenon which is caused by a rotation 

alignment of a pair of quasi-neutrons.    

In the present PSM calculations, one-dimensional angular momentum projection 

method for axially deformed nuclei is applied to project the intrinsic axial basis onto 

good angular momentum states. Here, the many-body wave function is a superposition 

of (angular momentum) projected multi-quasi-particle states and angular momentum 

projection transforms the wave function from the intrinsic frame to the laboratory frame.  

The total wave function is can be written as 

( ) ( )ΩΩΩ
+

=

=Ψ

∫

∑

R̂Dd
I

P̂

,P̂f

I

MK

I

MK

K

I

MKIM

28

12
with     

           

π

ϕκ
κ

σ
κ

σ

 

 

 

 

                                             (4.2.4) 

 

where, the index σ labels the states with same angular momentum and κ labels the basis 

states. 
I

MKP̂  is the angular momentum projection operator and 
σ

κf  are the weights of the 

basis state κ. In my calculations, I have not included the particle number projection and I 

have used only angular momentum projection I
MKP̂ , as all essential features of the PSM 

are very well described by angular momentum projection alone and particle number 

projection adds no new physics. Although, the particle number projection may improve 

the results, the essential physics of the yrast spectroscopy can be described even without 

taking it into consideration. Further, violation of the particle number caused by the BCS 

(or HFB) approximation is not so dangerous for the Projected Shell Model as usually 

believed in the sense that the essence of the physics obtained by the angular momentum 

projection alone is not altered even if the particle number projection is carried out in 
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addition. I, therefore, do not consider it to be of absolute necessity for understanding 

various phenomena related to nuclear rotational motion. 

Table 4.2.1  Deformation parameters used in present calculations for 
115-125

Sb nuclei. 

 
 

115
Sb 

 

117
Sb   

 

119
Sb 

 

121
Sb   

 

123
Sb          

125
Sb      

 

  ε2 

 

-0.190    

 

-0.190    

 

-0.180    

 

-0.190    

 

-0.170        -0.170 

  ε4    0.000  0.000  0.000  0.000   0.000        0.000  

 

 

Table 4.2.2  Nilsson parameters (κ and µ) used as input parameters in present calculations  

                    for 
115-125

Sb  nuclei . 

Major Shell 

N 

Protons 
 

Neutrons 

κ µ  κ µ  

3 0.090 0.300   0.090 0.250 

4 0.070 0.480   0.070 0.390 

5 0.560 0.540   0.062 0.430 

 

      4.3    Results and Discussions  

4.3.1   Yrast spectra 

The spectra comprising of lowest energy states of each angular momentum in a nucleus is 

known as yrast spectra and it is obtained by a diagonalization of the Hamiltonian 

(Eq.(4.2.1)) in the deformed basis (Eq.(4.2.3)). A quantitative prediction for the yrast 

energies of rotational bands in 
115-125

Sb are presented in this section. By using PSM, 

rotational bands are calculated upto the maximum spin of 59/2
-
 for negative parity in these 

isotopes and are plotted in the Figs. 4.3.1(a)-4.3.1(f). Experimental data for the yrast states 

for the negative-parity in these nuclei are available up to a maximum spin value 51/2
−
, 

43/2
−
, 35/2

−
, 19/2

−
, 27/2

− 
and 31/2

−
 for 

115
Sb, 

117
Sb,

 119
Sb, 

121
Sb, 

123
Sb, and

 125
Sb 
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respectively. This data has been taken from Refs. [25-30] and is also shown for 

comparison in the same figures. The comparison of the theoretical yrast spectra with the 

corresponding experimental one indicates that the range of low-spin yrast states has been 

reproduced quite satisfactorily in 
115-125

Sb nuclei, whereas some discrepancies have been 

observed at intermediate and high spins which could be due to the fact that I have 

employed the same set of input parameters for all these Sb nuclei. Moreover, in order to 

make the calculations consistent for any isotopic mass chain of nuclei, the use of same set 

of interaction parameters is the basic requirement of PSM approach and this could be 

constructed as the limitation of PSM method. Further, one more interesting feature which 

is quite noticeable from PSM results on yrast states is that, the band head spin of all these 

115-125
Sb has been calculated as 11/2

−
.The experimental data on negative-parity yrast states 

also gives the band head spin for 
115-125

Sb to be 11/2
−
, which clearly indicates that the PSM 

results on yrast states have successfully reproduced the band head spins of 
115-125

Sb nuclei.  

  Furthermore, the discussion about the origin of different yrast states in these odd-mass      

115-125
Sb nuclei using PSM is explained in the next section 4.3.2 of this chapter, where the 

arise of yrast states has been explained on the basis of band diagrams.  
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Fig. 4.3.1(a) Comparison of calculated energies of yrast band with experimental data [25] for 
115

Sb. 
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Fig. 4.3.1(b) Comparison of calculated energies of yrast band with experimental data [26] for 
117

Sb. 
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Fig. 4.3.1(c) Comparison of calculated energies of yrast band with experimental data [27] for 
119

Sb. 
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.  

Fig. 4.3.1(d) Comparison of calculated energies of yrast band with experimental data [28] for 
121

Sb. 
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Fig. 4.3.1(e) Comparison of calculated energies of yrast band with experimental data [29] for 
123

Sb. 
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Fig. 4.3.1(f) Comparison of calculated energies of yrast band with experimental data [30] for 
125

Sb. 
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4.3.2    Quasi-particle structure of antimony isotopes. 

Band diagram is a collection of the band energies and is obtained by plotting different 

energy bands with respect to spin. It is an indispensable tool which helps in checking the 

adequacy of the multi-quasi particle configurations involved in the calculations. The band 

diagrams, presented in Figs. 4.3.2 (a)–4.3.2(f), show the composition of negative-parity 

yrast bands in 
115-125

Sb isotopes.  

      In case of 
115

Sb isotope Fig. 4.3.2(a), the low lying yrast states are generated by 1-

quasi proton band 1πh11/2 [-11/2], K = -11/2 upto the spin  25/2
−
. After that, a 3-qp band 

identified as 1πh11/2 [-11/ 2] + 2υh11/2 [9/2, -7/2], K = -9/ 2 crosses this 1-qp band at spin 

25/2
−
 and remains lowest in energy upto the spin 31/2

−
. At this spin of 31/2

−
, another 3-

qp band with configuration: 1πh11/2 [-11/2] + 2υh11/2 [-7/2,5/2], K = -13/2  crosses the 

above mentioned    3-qp band and becomes lower in energy, which then forms the 

remaining part of the calculated yrast band.  

     For 
 117

Sb isotope (see Fig. 4.3.2(b)), the yrast band upto spin 21/2
−
 is formed by a 1-

qp band  with configuration: 1πh11/2 [-11/2], K = -11/2 .This 1-qp band is then crossed by 

a 3-qp band with configuration  1πh11/2 [-11/2] + 2υh11/2 [9/2, -7/2], K = -9/2 and this 3-qp 

band is responsible for the formation of yrast states from 21/2
−
 to 27/2

−
 . At  this spin 

27/2
−
, this 3-qp band is overlapped with one more 3-qp band with configuration: 1πh11/2 

[-11/ 2] + 2υh11/2     [-7/2, 5/ 2], K = -13/2 and their combination then contributes to the 

arise of yrast states  upto the spin of 31/2
-
. Thereafter, one of the above mentioned two 

overlapped   3-qp bands with configuration 1πh11/2 [-11/ 2] + 2υh11/2 [-7/2, 5/ 2], K = -13/ 

2 is found to be contributing for the formation of yrast band all alone and makes the yrast 

spectra upto the last calculated spin.  

  Further, Fig. 4.3.2(c) represents the band diagram of 
119

Sb, in which the yrast band 

arises due to one 1-qp band with configuration  1πh11/2 [-11/2], K = -11/2] up to a spin of 

21/2
−
. At this spin 21/2

−
, this 1-qp band gets crossed by a 3-qp band identified as 1πh11/2  

[-11/ 2] + 2υh11/2 [-7/2, 5/ 2], K = -13/ 2 which contributes to yrast spectra upto the spin 

value of 51/2
−
. After this spin, a mixture of two more 3-qp bands with configurations: 

1πh11/2 [9/2] + 2υh11/2         [-7/2,5/2], K = 7/ 2 and 1πh11/2 [-7/2] + 2υh11/2 , [-7/2,5/2], K = 
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-9/2  gets superimposed  with above mentioned 3-qp band, which then collectively make 

the yrast line up to the last calculated spin.  

  Furthermore, in case of 
121

Sb isotope (see Fig. 4.3.2(d)), PSM calculations predict 

that, a 1-qp band with configuration 1πh11/2 [-11/2], K = -11/2 is contributing towards the 

formation of yrast line up to the spin value of 19/2
−
, which is then crossed by a 3–qp 

band identified as 1πh11/2 [-11/ 2] + 2υh11/2 [-7/2, 5/ 2], K = -13/ 2, and contributes to 

yrast spectra upto the spin value of 49/2
−
. At this spin 49/2

-
, a mixture of two overlapped 

3-qp bands with configurations: 1πh11/2 [9/2] + 2υh11/2 [-7/2,5/2], K = 7/ 2 and 1πh11/2 [-

7/2] + 2υh11/2 , [-7/2,5/2], K = -9/2 joins the above mentioned 3-qp band and afterwards 

forms the ground states upto the last calculated spins. 

  Now coming to 
123

Sb, given in Fig. 4.3.2(e). In this case, yrast is contributed by a 1-

qp band with configuration 1πh11/2 [-11/2] , K = -11/2 upto spin 19/2
-
. Afterwards, band 

crossing occurs at I = 19/2
−
 and a 3-qp band which is responsible for this crossing is 

1πh11/2 [-11/ 2] + 2υh11/2 [-7/2, 5/ 2], K = -13/ 2, becomes lower in energy for giving rise 

to yrast spectra upto the spin value of 49/2
−
. At this spin, a set of two overlapped 3-qp 

bands with configurations: 1πh11/2 [9/2] + 2υh11/2 [-7/2,5/2], K = 7/ 2 and 1πh11/2 [-7/2] + 

2υh11/2 , [-7/2,5/2], K = -9/2 along with the above mentioned 3–qp band starts 

contributing towards the formation of yrast band up to the maximum calculated spin.  

  Lastly, for 
125

Sb (see Fig. 4.3.2(f)), upto the spin of 19/2
−
, the yrast spectra arises 

because of one 1-qp band, 1πh11/2 [-11/2], K = -11/2. After this spin, band crossing occurs 

due to a 3-qp band  with configuration: 1πh11/2 [-11/2] +2υh11/2 [ -7/2,5/2], K = -13/2 

which becomes lower in energy and contributes  towards to the formation of yrast band 

upto the spin value of 47/2
−
. At next higher spin range, two more overlapped 3-qp bands 

with configurations: 1πh11/2 [9/2] + 2υh11/2 [-7/2,5/2], K = 7/ 2 and 1πh11/2 [-7/2] + 2υh11/2 

, [-7/2,5/2], K = -9/2 also take part in contributing towards the formation of the yrast band 

along with the above mentioned 3–qp band up to the maximum calculated spins. 
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Fig. 4.3.2(a)  A representative band diagram for 
115

Sb. Here, only the important lowest lying bands  

in each configuration are plotted.  

 

Fig. 4.3.2(b) A representative band diagram for 
117

Sb. Here, only the important lowest lying  bands 

in each configuration are plotted.  
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Fig. 4.3.2(c)  A representative band diagram for 
119

Sb. Here, only the important lowest lying bands 

in each configuration are plotted.  

 

Fig. 4.3.2(d)   A representative band diagram for 
121

Sb. Here, only the important lowest lying bands 

in each configuration are plotted.  
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Fig. 4.3.2(e) A representative band diagram for 
123

Sb. Here, only the important lowest lying bands 

in each configuration are plotted.  

 

Fig. 4.3.2(f) A representative band diagram for 
125

Sb. Here, only the important lowest lying bands 

in each configuration are plotted.  
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4.3.3     Back-bending in moment of inertia in yrast bands 

Back-bending in moment of inertia is the most important quantity characterizing the 

nuclear rotational bands. So, the behaviour of rotational bands can be studied by the 

phenomenon of back-bending in moment of inertia. The mechanism of back-bending can 

be explained as a result of the crossing of the ground band with another rotational band 

having a larger moment of inertia and carries important information on the interplay 

between the ground band and bands with alignment of a pair of quasi-particles. In Figs. 

4.3.3(a)-4.3.3(f), I have compared the PSM results with experimental data on back-

bending in moment of inertia for the 
115-125

Sb isotopes for negative- parities. Here, the 

back-bending in moment of inertia has been discussed on the basis of plots between  

twice the kinetic moment of inertia (2ℑ(1)
) and square of corresponding rotational 

frequency(ћ
2ω2

).These quantities are calculated by using the formulae [31]  as 

2ℑ(�) =
(2� − 1)

�
 

   

(4.3.1) 

 

ћ� =
 !

"(� + 1)(� + 2) − $�
 
– "(� − 1)� − $�

  (4.3.2) 

 

where the transition energy,   ! =  (�) −  (� − 2) 

Figs. 4.3.3(a)-4.3.3(f), show the comparison between theoretical and experimental values 

of back-bending. For 
115

Sb, the experimental back-bending is observed at spin 15/2
- 

corresponding to rotational frequency (ћ
2
ω

2
) of 0.19 MeV

2
, while PSM predicts the back-

bending at spin of 23/2
- 
with rotational frequency of 0.25 MeV

2
.  

  For 
117

Sb isotope, PSM predicts the back-bending at spin 19/2
-
, whereas experimental 

back-bending is observed at spin of 15/2
-
 with corresponding rotational frequencies of 

0.14 MeV
2
 and 0.13 MeV

2
, respectively. For 

119
Sb, the experimental and theoretical back 
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bendings have been found to occur at the spin values of 15/2
-
 and

 
21/2

-
, respectively at 

the rotational frequencies of 0.12 MeV
2 
and 0.13 MeV

2
.
  

  In 
121

Sb, back-bending is predicted theoretically at the spin 19/2
-
 with corresponding 

rotational frequency 0.10 MeV
2
, whereas experimental back-bending is observed at the 

spin of 15/2
-
 with corresponding rotational frequency of 0.07 MeV

2
.  

  For 
123

Sb and 
125

Sb, PSM predicts back-bendings at the same spin of 17/2
-
, which 

correspond to the rotational frequencies of 0.12 MeV
2 

and 0.14 MeV
2
, respectively, 

whereas experimentally, these have also been found to occur at the same spin value of 

15/2
-
 for these two isotopes corresponding to the same value of rotational frequency of 

0.02 MeV
2
 in these isotopes.  

  Thus, it can be concluded from the discussion on back-bending phenomenon that 

PSM has predicted the back-bending in moment of inertia at almost the same value of 

rotational frequency at which experimental one occurs in all the odd mass 
115-125

Sb 

isotopes. Further, it has also been found from the present calculations that back-bending 

in moment of inertia (shown in Figs. 4.3.3(a) - 4.3.3(f)) occurs at the same spin value at 

which band crossing takes place  in all the 
115-125

Sb isotopes (see Figs.4.3.2(a) - 4.3.2(f)), 

for negative-parity states. 
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Fig. 4.3.3(a) Twice the kinetic moment of inertia (2ℑ(1)
) plotted against rotational                       

frequency squared (ћ
2
ω

2
) in comparison with the experimental data for 

115
Sb. 

                       

Fig. 4.3.3(b)  Twice the kinetic moment of inertia (2ℑ(1)
) plotted against rotational  

  frequency squared (ћ
2
ω

2
) in comparison with the experimental data for 

117
Sb. 
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Fig. 4.3.3(c)  Twice the kinetic moment of inertia (2ℑ(1)
) plotted against rotational frequency 

squared (ћ
2
ω

2
) in comparison with the experimental data for 

119
Sb. 

 

Fig. 4.3.3(d)  Twice the kinetic moment of inertia (2ℑ(1)
) plotted against rotational frequency    

squared (ћ
2
ω

2
) in comparison with the experimental data for 

121
Sb. 
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Fig. 4.3.3(e)  Twice the kinetic moment of inertia (2ℑ(1)
) plotted against rotational frequency     

                      squared (ћ
2
ω

2
) in comparison with the experimental data for 

123
Sb. 

 

 Fig. 4.3.3(f)  Twice the kinetic moment of inertia (2ℑ(1)
) plotted against rotational frequency     

                       squared (ћ
2
ω

2
) in comparison with the experimental data for 

125
Sb. 
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4.3.4.    Reduced transition probability 

The transition probabilities, B(E2) and B(M1), can give important information on the 

nuclear structure and provide a stringent test of a particular model. Generally, these 

values emphasize the widespread occurrence of quadrupole deformation in nuclides and 

in the present work, the reduced transition probabilities B(E2) have been calculated by 

using a quadrupole operator obtained from PSM wave functions, as given by Eq.(4.3.3). 

   From an initial state (Ii=I) to a final state (If = I - 2), the reduced electric quadrupole 

transition probability B(E2) is represented by  

 

2
 ,   

12

2
  ) 2,(  

2
ˆ , iIi

i
I

 
e

IIEB Qfffi I σσ
+

=→

 

           (4.3.3) 

Here, the operator 2Q̂  is related to the quadrupole operators. In order to calculate B(E2) 

values, the numerical values for proton (neutron) effective charges, as eπ (eν), have been 

employed, which are defined as: 

effee +=1π   
and

 effee =υ  

and in the present set of calculations, I have taken eeff =0.6. 

 In addition to this, the reduced magnetic transition probability B(M1) has also been 

calculated using magnetic dipole operator M1 obtained from PSM wavefunctions, as 

given by Eq.(4.3.4). Magnetic dipole transition strengths are sensitive to the single-

particle nuclear wavefunction. The reduced magnetic dipole transition probability B(M1) 

from initial state (Ii=I) to  final state (If=I-1)  is given by 

( )
2

1

2

,   ,
12

,1 Μ̂ iiff

N

fi II

i
I

IIMB σσ
µ

+
=→

 

                 (4.3.4) 

where the magnetic dipole operator M1 is given by the following relation 
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( ) ττττττ
sggjg lsl
ˆ  ˆΜ̂

1
−+=

 

here τ denotes either π or ν ; gl and gs are the orbital and the spin gyromagnetic factors, 

respectively and are defined as: 

[ ]
),,)(,,(

)12)(1(

1
),(

2/1
ISIggIJIg

III
Ig lsl σσσσσ τττττ

τ −+
++

=

 

     (4.3.5) 

 

and in these calculations, one can take the free values for gl, whereas for gs ,  the free 

values are damped by a factor of 0.85. The standard free values of gl and gs for protons 

and neutrons are 

,1=π
lg ,0=ν

lg ,85.0586.5 ×=π
sg 85.0826.3 ×−=ν

sg
 

In these calculations, the effective charges as well as damping of free values of gs have 

been used to take into account the effect of core-polarization and meson-exchange current 

corrections. 

The reduced matrix element of an operator Ô ( Ô  is either Q̂  or Μ̂ ) is written by 
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                                                                                 (4.3.6) 

 Fig.4.3.4 represents the calculated values of the reduced electric transition probabilities, 

{B(E2)} for negative-parity yrast band in 
115-125

Sb isotopes, whereas, the calculated data 

for  magnetic transition probabilities {B(M1)} for negative-parity yrast band in these 

isotopes have been presented in Fig.4.3.5. Since experimental data on B(E2) and B(M1) 

values for yrast bands on these nuclei are not available, so one cannot make any comment 

on their degree of accuracy. However, these values have been calculated for the entire 

range of transitions upto which the maximum yrast levels have been obtained in the 

present work. Further, since the calculated data on B(E2) values do not show much 

variation in the domain of upper-lying transitions and remain almost constant for these 

transitions, it therefore indicates that the deformation in the 
115-125

Sb isotopes is constant 
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for the higher-spin region of transitions. Thus, the prediction of this feature of constant 

deformation in the domain of higher-lying transitions in these odd-mass Sb isotopes by 

the present PSM calculations throws an opportunity for the experimentalists to work for 

this kind of data in future.    

 

                      Fig. 4.3.4(a) Calculated B(E2) transition probabilities for yrast band in 
115

Sb. 

 

                      Fig. 4.3.4(b) Calculated B(E2) transition probabilities for yrast band in 
117

Sb. 
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                      Fig. 4.3.4(c) Calculated B(E2) transition probabilities for yrast band in 
119

Sb. 

 

 

 

                      Fig. 4.3.4(d)   Calculated B(E2) transition probabilities for yrast band in 
121

Sb. 
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                   Fig. 4.3.4(e) Calculated B(E2) transition probabilities for yrast band in 
123

Sb. 

 

 

 

                    Fig. 4.3.4(f) Calculated B(E2) transition probabilities for yrast band in 
125

Sb. 
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Fig. 4.3.5(a) Calculated B(M1) transition probabilities for the yrast band in 
115

Sb. 

 

 

 

            Fig. 4.3.5(b) Calculated B(M1) transition probabilities for the yrast band in 
117

Sb. 
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Fig. 4.3.5(c) Calculated B(M1) transition probabilities for the yrast band in 
119

Sb. 

 

 

    

Fig. 4.3.5(d) Calculated B(M1) transition probabilities for the yrast band in 
121

Sb. 
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          Fig. 4.3.5(e) Calculated B(M1) transition probabilities for the yrast band in 
123

Sb. 

 

 

 

 

                  Fig. 4.3.5(f) Calculated B(M1) transition probabilities for the yrast band in 
125

Sb. 
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4.4    Conclusions 

By using a microscopic method known as Projected Shell Model (PSM), the structure of 

odd-proton 
115,117,119,121,123,125

Sb isotopes for negative parity is studied and analyzed in 

this chapter. PSM calculations reproduce the band head spin of all these nuclei correctly, 

which turns out to be 11/2
-
 for 

115-125
Sb. The results on the band diagrams have reported 

that the yrast spectra do not arise from single intrinsic (1-qp) state only but also from the 

multi-particle (3-qp) states. The PSM calculations have produced the back-bending in 

moment of inertia in these nuclei at those values of rotational frequencies which are close 

to the experimental ones. Nevertheless, the PSM results on back-bending have been able 

to reproduce this phenomenon at the same values of spins at which the phenomenon of 

band-crossing in band diagrams occurs. Again, the reduced electromagnetic transition 

probabilities, (B(E2) and B(M1)), for yrast states are also predicted for various transitions 

in these Sb isotopes for which there is no experimental data available.  

         Further, I would like to mention here that similar PSM calculations have already 

been successfully performed by me on Iodine nuclei (
119-127

I) lying in the same mass 

region around Sn core and those research results have already been published in the 

Ref.[32] . The present work on Sb nuclei is a continuation of the series of PSM 

calculations made by me on nuclei lying around Sn. So, based on the amount of 

qualitative research results obtained on Antimony and Iodine nuclei, PSM can be 

considered to be quite reliable and successful in interpreting and correlating the available 

data on some nuclear structure quantities of nuclei lying in the Sn core region. Hence, 

PSM is consistent in its application on describing nuclear structure properties of nuclei 

lying around Sn. 

Furthermore, the results presented in this chapter-4 have been published in an 

international journal with the details: International Journal of Modern Physics E, 26 

(2017) 175004     
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5   Summary of the thesis and its future perspectives 

5.1 Conclusions: 

The nuclear structure properties in the mass region A≈120 present a very interesting case of 

nuclear deformation for study. In this thesis, a theoretical investigation of the odd mass nuclei 

lying in the mass A≈120 has been done by using the projected shell model. The nuclei for which 

the theoretical investigation has been made are the Iodine (
119-127

I) and Antimony (
115-125

Sb). The 

conclusion drawn from the results presented in the thesis are summed up as follows. 

In chapter 1, a brief introduction with special emphasis on the nuclei belonging to mass 

region A≈120 is presented. It starts with the general introduction of the nucleus, followed by 

beginning of nuclear physics, its applicability and importance. A brief account of various 

studies- theoretical as well as experimental, made in the past on some odd mass Iodine and 

Antimony isotopes nuclei using different approaches/techniques, is included in the same chapter. 

Since the present thesis is based on application of theoretical nuclear model, so a brief account of 

various theoretical models is also presented in this chapter.  

In chapter 2, a detail explanation of the applied quantum mechanical framework, i.e. 

Projected Shell Model (PSM), has been presented as this model has been extensively used to 

describe different nuclear structure properties of neutron deficient odd mass Iodine (
119-127

I) and 

Antimony (
115-125

Sb) isotopes. This model has been chosen in the present work as it has 

advantages over all models. For example, this model helps in describing the finer details of high-

spin spectroscopic data with simpler interpretation. Further, the numerical requirements in this 

model are minimal and therefore, it is possible to perform a systematic study for a group of 

nuclei in a reasonable time frame. This model has also been found quit successful in describing 

the essence of important physics from the calculated results. 

In chapter 3, of this thesis, the results of the PSM calculation for 
119-127

I isotopes have 

been presented. For performing these calculations, the projected shell model (PSM) has been 

applied with the deformed single-particle states generated by the standard Nilsson potential using 

the same set of input  parameters to study an odd mass isotopic chain of Iodine isotopes (
119-127

I). 

Some nuclear structure properties like yrast spectra, beck-bending, band diagrams and reduced 

transition probabilities have been studied for both positive as well as for negative parity bands 
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for odd mass 
119-127

I isotopes and their comparison is also made with the available experimental 

data. By using PSM technique  band head spins of all these nuclei have been successfully 

reproduced which is found to be 5/2
+
 for positive parity and 11/2

-
 for negative parity. Yrast 

spectra for 
119-127

I isotopes for positive as well as negative parity have been calculated for oblate 

and prolate deformations respectively and compared with the available experimental data. The 

calculated bands obtained before configuration mixing, when plotted in the form of band 

diagrams, predict that the low lying yrast states arise from 1-qp states. As one goes to higher 

angular momentum states, it is found that the intrinsic state changes and has 3-qp configurations. 

An occurrence of back-bendings have been found in 
119-127

I isotopes, for positive as well as 

negative-parity and these calculated back-bendings have been predicted to occur at the spins 

which are very close to those at which experimental ones are observed. In the same chapter, the 

reduced transition probabilities, B(M1) and B(E2) have also been calculated for all these Iodine 

(
119-127

I) isotopes for which no experimental as well as other theoretical data was available. 

In chapter 4 of this thesis, the results of the calculation for
 115-125

Sb isotopes have been 

presented. Some nuclear structure properties like yrast spectra, band diagrams, beck-bending and 

reduced transition probabilities for negative parity has been studied for these Antimony isotopes. 

Results obtained are then compared with the experiment data. PSM calculations on these nuclei 

are able to reproduce their band head spins which turn out to be 11/2
− 

for all these 
115-125

Sb 

isotopes. Yrast spectra for all these Antimony isotopes (
115-125

Sb) is found to be in good 

agreement with the experimental data at lower spins, while at higher spin values, PSM shows 

little higher energies than the experimental ones. Band diagrams have also been plotted for      

115-125
Sb isotopes and from these band diagrams, band structures have been understood, which 

reveal that yrast spectra do not arise from single intrinsic (1-qp) state only but also from the 

multi-particle (3-qp) states. The PSM calculations have produced the back-bending in moment of 

inertia in these nuclei at those values of rotational frequencies which are close to the 

experimental ones. The PSM results on back-bending have been able to reproduce this 

phenomenon at the same values of spins at which the phenomenon of band-crossing in band 

diagrams occurs. The reduced transition probabilities, B(M1) and B(E2), have also been 

calculated for these 
115-125

Sb isotopes. However, experimental data on B(E2) and  B(M1) values 

for these isotopes was not available but I have calculated these values for  this Antimony isotopic 

chain as this attempt would encourage the experimentalists to look for this data in future. 
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To conclude, a comprehensive analysis of the nuclear structure of 
119-127

I and 
115-125

Sb 

nuclei in the mass region A≈120 have been performed in the present research work. An overall 

satisfactory agreement between the experimental and calculated values for these odd mass Iodine 

and Antimony isotopes predicts the reliability of the applied model (PSM).  

5.2 Future Perspectives 

The Projected Shell Model (PSM) is able to explain in better way the different nuclear structure 

properties of nuclei around mass number A≈120, but its capability can be raised by adding more 

interactions, i.e. higher order terms can be included in the interaction Hamiltonian of PSM to 

increase the exactness of the result. Moreover, the present PSM calculations have been 

performed by considering axially deformed shell model basis which leads to some discrepancies 

in the result of Iodine and Antimony isotopes at higher spins, as these nuclei contain some 

degree of triaxiality. So, the addition of triaxiallity parameter could lead to better results for these 

isotopes. The work presented in this thesis also provides an opportunity for the experimentalists 

to look for the data for high spin yrast states as well as transition probabilities in future as their 

confirmation will further help in understanding the quasiparticle structure of these nuclei. The 

research work presented in this thesis is based on the PSM calculations within 1-qp and 3-qp 

excitations but using higher qp excitations may provide some improvement to the results and this 

exercise can be taken up as a future perspectives of the present work.   

 

 

 

 


